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Highlight:
A core-shell TiO.@NiFe2O4 catalyst showed high activity and stability in direct amide synthesis

with easy regeneration from coke by a treatment with a 30 wt. % hydrogen peroxide solution.
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Abstract

Core-shell composite magnetic catalysts TiO2@NiFe2O4 with a titania loading of 9-32 wt. %
have been synthesised by sol-gel method for direct amide synthesis in a radiofrequency (RF)-heated
continuous flow reactor. The catalyst calcination temperature was optimised in the range of 350-500
°C and the highest activity was observed for the catalyst calcined at 500 °C due to conversion of
titania into catalytically active anatase phase. No reaction between the magnetic core and the titania
shell was observed up to the calcination temperature of 1000 °C and no sintering of titania shell was
observed after calcination at 500 °C. The comparison of direct amide synthesis in a continuous flow
fixed bed reactor under conventional and RF heating demonstrated that the RF heating mode
increased the apparent reaction rate by 60 % and decreased the deactivation rate due to a better
temperature uniformity. The titania weight normalised reaction rate in the RF-heated reactor was
constant for titania loadings above 17 wt. %, while it decreased by a factor of 3 at lower titania
loadings because of interactions between the ferrite core on the thin layer of the catalyst. The catalyst
deactivation study showed that the deactivation rate could be accurately described by a first order
kinetics and that the main reason of deactivation was coking. The catalyst regeneration via
calcination at 400 °C resulted in the catalyst sintering, while a treatment with a hydrogen peroxide

solution at 90 °C fully recovered catalytic activity.

Keywords: sol-gel synthesis; core shell; titania; direct amide synthesis; radiofrequency
heating.



1. Introduction

Synthesis of amide molecules is essential in pharmaceutical, medical, biological as well as
polymer industries 1. In pharmaceutical industry in particular, the synthesis of 65 % of drug
candidates involves the amide bond formation 4. However, traditional amide synthesis routes require
either the synthesis of halogen derivatives or application of coupling agents in order to facilitate the
reaction under relatively mild conditions 8. The main drawback of this approach is the utilization
of large, often stoichiometric, amounts of expensive, toxic, halogenated agents which require
additional separation stages, resulting in poor atom economy and generation of large amounts of
toxic waste. This problem was recognized as the one of most topical problems of pharmaceutical
synthesis *.

A desired scenario for the amide synthesis, the direct reaction between readily available
carboxylic acids and amines, is currently very limited because (i) thermal (non-catalytic) synthesis of
amides in this way is only possible for a very limited range of reactants, (ii) it requires long reaction
time and (iii) high temperature which is usually unacceptable for thermo liable pharmaceutical
molecules "°. For example, the amide yield in the reaction between aniline and 4-phenylbutyric acid
after 48 hrs is as low as 4 % at 120 °C 8 To increase the reaction rate, many metal oxides
demonstrated catalytic activity such as CeO2, CaO, MgO, ZnO, Y203, TiO2, ZrO2, Nb20s, Al>Os,
SiO, 1912 as well as solid acids like Amberlyst-15, HBEA, niobic acid, mont-K10, nafion-SiO and
IBA %14 Among them, titania provides a unique combination of low price and high catalytic
activity 17, Hosseini-Sarvari et al. 1° applied nanosized sulfated titania to direct amide synthesis in
a batch reactor using a wide range of substrates and obtained the yields of 70 — 98 % in 3 - 12 h at
115 °C. Nagarajan et al. ® demonstrated quick (under 30 min) amide synthesis with the yields
ranging from 83 to 98 % using sulfated titania nanotubes at 110 °C. Microwave heating applied by
Gaudino et al. 8 resulted in the product yields over 55 % at 100 °C within 60 min over a commercial
P25 TiO; catalyst.

The literature data shows that the application of titania catalysts in direct amide synthesis
allows for high amide yields within the reaction time of less than an hour at moderately high reaction
temperatures. However, the efficiency of widely studied batch processes is limited for such reaction
conditions. In particular, low heat transfer rates via reactor walls in stirred tank reactors may result in
non-uniform temperature profile in large reactors with a possibility of hot spot formation in stagnant
zones resulting in accelerated catalyst deactivation. Moreover, an inefficient mechanism of heat
transfer, conduction through the reactor walls and convection through the reaction solution, results in

high energy consumption and increases product costs. A promising solution to these problems lies



with the combination of (i) continuous flow processing coupled with (ii) radiofrequency (RF)-heated
reactors.

Small volume of continuous flow reactors provide a substantial increase in heat and mass
transfer rates increasing utilization efficiency of the equipment *2°, In addition, flow reactors are
intrinsically safe because a rupture of the reactor wall operating even under high pressure results in
the release of minute amounts of hazardous substances. This allows for safe handling dangerous
materials or a drastic expansion of possible reaction conditions 2. These advantages result in process
intensification, an increase in reaction rates per reactor volume by a factor of 2 to 1000 compared to
conventionally used batch systems 2%, As a result, flow reactors with a millilitre-range diameter could
produce kilogram quantities of product when operated for a whole day ?2. Flow reactors easily allow
to reach and exploit intrinsic limitations on product selectivity of the catalysts, resulting in an
increased economic efficiency of the processes 1% 23 24,

Despite of these advantages, there are very few works which studied amide synthesis in
continuous flow. Mascia et al. 2> demonstrated a more than 6-fold decrease in the reaction time (from
300 to 47 h) in a flow compared to a batch reactor using in a homogeneously acid-catalysed reaction
of an anhydride with an amine. Furthermore, the overall reaction apparatus was simplified in flow
reducing the number of unit operations from 21 to 14 mainly due to simplification in the downstream
steps such as pharmaceutical formulation, mixing and granulation. Gustafsson et al. 26 showed
feasibility of flow synthesis for a wide range of amides using highly reactive trimethylaluminium
agent. Liu and Jensen 2’ combined heterogeneous oxidation, gas-liquid separation and oxidation
amination for the synthesis of amides from amines and alcohols. However, the complexity of the
system required may be a limitation of the approach. Comerford et al. ** showed the feasibility of the
direct amide synthesis from 4-phenylbutyric acid and aniline in continuous flow over an acidic silica
catalyst.

The problem of low energy efficiency, which is vital for the processes operating in the
temperature above 100 °C on a large scale, can be significantly improved using non-conventional
heating sources like microwave or RF heating 2. Moreover, when heat is transferred from the walls,
the temperature gradient through the cross section may lead to lower temperature in the central part,
resulting in low reaction rates. Recently, the RF-heated continuous flow reactor where heat is
generated by the magnetic particles in the alternating magnetic field has been applied in the organic
synthesis 2°32, As heat is uniformly generated over the entire catalyst volume, it provides much a
smaller radial temperature gradient and reduced heat loss to the environment. Additionally, Ceylan et
al. 2 has demonstrated higher yields (80 vs 65 %) of organic reactions conducted in an RF-heated

reactor compared to that in a conventional continuous flow reactor. RF heating also provides a
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further advantage of catalyst separation simply using a magnet, decreasing the recycle costs of
heterogeneous catalysts 33-%,

In our previous contribution, we reported feasibility of the direct amide synthesis conducted
in an RF-heated continuous reactor packed with a P25 titania/nickel ferrite catalyst obtained by solid
state synthesis 2. The amide yield of 35 % was demonstrated with optimisation of ball milling time
performed. However, the approach of a mixed composite (catalytic and magnetic) particles has its
intrinsic limitations. Firstly, magnetic nanoparticles exposed to the reaction medium can be corroded
in solutions with high acidity or alkalinity, which decreases the catalyst lifetime and may result in
by-product formation. Secondly, the ball milling step used for catalyst preparation provides high
mechanical impact on titania nanoparticles resulting in poor control of the catalyst morphology and
low surface area. Both problems can be solved with the application of a core-shell catalyst which
avoids these problems and has been proved to be efficient in a range of chemistries *8, The aim of
this work was to obtain a TiO2@NiFe204 magnetic composite catalyst with a core-shell structure for
direct amide synthesis in an RF-heated continuous reactor, and to optimise its heating and catalytic

properties.

2. Experimental

2.1 Synthesis of composite catalysts

The nickel ferrite nanoparticles were synthesized by a sol-gel method 3°. A solution of 51.69
g iron (111) nitrate nonahydrate, 18.6 g nickel (1) nitrate hexahydrate in 250 mL ethanol was mixed
with a solution of 36.9 g citric acid in 150 mL ethanol. After stirring the mixture for 24 h, a2 M
ammonia solution was added dropwise to adjust the pH to 2. Under stirring, the temperature was
increased to 90 °C to evaporate the solvent until the total volume decreased to about 150 mL. The
slurry was dried further in an oven at 90 °C, grinded and then calcined in air at 700 °C for 1 h with a
heating rate of 2 °C min™. The obtained material (3 g) was dispersed under ultrasound in 300 mL
water/ethanol (20:80 v/v) solution of 1 M ammonia and 3 mM cetyltrimethylammonium bromide
(CTAB).

The titania sol was prepared mixing 85 mL tetrabutyl titanate, 25 mL diethanolamine and 285
mL ethanol followed by hydrolysis under vigorous stirring caused by dropwise (20 mL h') addition
of a water/ethanol solution (10 mL/100 mL). The resulting translucent sol was left aging for 24 h
under stirring at room temperature and then without stirring for another 24 h.

The core-shell composite catalysts were prepared by adding dropwise (20 mL h?) the titania
sol obtained into the suspension of NiFe>O4 nanoparticles under vigorous stirring. The solid material
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obtained was centrifuged, washed with ethanol (3x20 mL), dried in air at 70 °C overnight and
calcined in air at the desired temperature for 1 h with a heating rate of 1 °C min™. The samples
obtained are referred to as T-X-Y where index X is the measured titania loading (wt. %) and Y is the
calcination temperature in °C. The first indexes are different for the catalysts recovered after the
reaction: spent catalyst (ST); regenerated with a 30 wt. % aqueous solution of H20., chemically-

treated (CT); and thermally regenerated catalysts, thermally-treated (TT).

2.2 Catalyst characterization

Powder X-ray diffraction (XRD) study was performed using a PANalytical Empyrean
diffractometer with a Fe-filtered Co Ka radiation (0.179 nm) with a scanning rate of 2° 26 min™.
The resulting data were re-calculated into Cu wavelength (0.154 nm) for proper comparison with
literature data. The infrared spectra were recorded in transmission mode in the 2000-400 cm™ range
and a resolution of 2 cm™ using an Avatar360 Nicolet IR spectrometer. The catalysts (3-5 mg) were
mixed with KBr (3-5 mg), pressed into self-supporting wafers and placed in an in-situ cell with CaF>
windows.

The TiO. content in the composite catalysts was determined via an energy dispersive
spectrometry (EDS) using a Jeol JSM-6700F scanning electron microscope (Table 1). The powdered
materials were applied on an adhesive conductive tape and studied without additional metal coating.
The catalyst morphology was studied with a Philips, Tecnan F20 transmission electron microscope
operated at 200 kV. The catalysts were dispersed in ethanol under sonication and a droplet of the
suspension was applied on the carbon-coated copper grids.

The as-synthesized samples (20 mg) were characterized by combined thermogravimetric and
differential thermal analysis (TG-DTA) on a STA 449 C Netzsch Analyser in a 10 mL min* flow of
20 vol. % Oa/N, and a heating rate of 10 °C mint. The temperature programmed oxidation analysis
was performed for the spent samples placing 50 mg of the sample into a U-shaped quartz tube
between plugs of quartz wool. After waiting for 1 h at 25 °C in the flow of N2, the flow was switched
to a mixture containing 1 vol. % Oz, 1 vol.% Ar (internal standard), and 98 vol. % N2 and the
temperature was increased linearly at a rate of 10 °C mint. The concentrations of CO, CO; and H-0O
were recorded by a quadrupole mass spectrometer.

The magnetic properties of the catalyst were measured at room temperature using a vibrating
sample magnetometer, Princeton Measurements Corporation MicroMag 3900 VSM, equipped with a
2 T electromagnet. The saturation magnetization (Ms) was evaluated from the hysteresis loop. The
specific absorbtion rate (SAR) under the RF field was determined as the initial thermal power of the



catalyst under RF heating. An insulated glass tube was loaded with 10 mg sample and 50 uL water,
placed in the middle of a 5-turn coil and heated with a RF generator (Easyheat 0112, current 200 A).
A fibre optics temperature sensor inserted into the sample recorded the temperature increase and the
first 30 s of linear temperature increase was used for (SAR) calculation *°.

Table 1. Titania in the catalysts studied: nominal (@nomina) and determined by EDS (®eps).

T-9-400 1.4 8.9

T-17-400 13.9 16.7
T-26-400 24.3 26.0
T-32-400 32.5 32.0

2.3 Catalytic activity testing

The catalytic activity of the composite catalysts was measured in the amide synthesis in a 160
mL Parr continuously stirred tank reactor. The catalyst, 680 mg, and the reactants, 50 mM aniline, 50
mM 4-phenylbutyric acid (PBA), 50 mM tetradecane (internal standard) in 100 mL p-xylene, were
added into the reactor. The reactor was purged with N2 on stirring, pressurised to 6 bar with N2 and
heated to 150 °C. The reaction was carried out at a stirring rate of about 950 min. The samples (1-2
mL) were collected at regular intervals. A series of experiments with various stirring rates and
catalyst weights confirmed the absence of mass transfer limitations.

The optimized TiO.@NiFe2Os catalysts were tested in a continuous flow reactor. The
catalyst, 320 mg, pressed and sieved to obtain the fraction of 125-250 um, was placed in the central
part of the reactor forming a catalyst bed with a length of 5 mm. To preheat the reactant solution, a 5
mm preheating section consisting of catalytically inert iron oxide pellets (pellet size: 125-250 pm)
was placed before the catalyst bed. A Fiso FOT-L-SD optic fibre temperature sensor was attached to
the outer surface of the reactor, which was insulated with a 1 cm thick layer of glass wool and placed
into an 8-turn induction coil connected to an RF generator operating at 223 kHz (Easyheat) The
electric current of the RF generator was controlled with a PID controller to provide a constant bed
temperature.

The reaction under conventional heating was performed using a resistive heating wire as a
heating source. To account for slow conductive heat transfer, the length of the initial pre-heating
zone was increased to insure that the inlet feed reaches the catalyst bed at the desired reaction
temperature. The p-xylene solutions of aniline (100 mM) and 4-phenylbutyric acid (100 mM along
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with 100 mM of tetradecane) were introduced into the reactor at a desired flow rate using two
Shimadzu LC-20AD HPLC pumps. The outlet pressure was maintained at 7 bar (gauge) with a back
pressure controller to allow operation at temperatures above the normal boiling point of p-xylene.
The samples collected were analysed using a gas chromatograph (Shimadzu GC-2010) equipped a 30
m Stabilwax capillary column and a flame ionization detector.

No products other than N, 4-diphenylbutynamide were observed and the carbon balance was
better than 98 % according to the scheme presented in Fig 1. The reaction yield was found to be
limited (to 60 %) by the product solubility. Hence, all reactions were performed in the conversion

range of 10-50 % and the discussion was further focused on the reaction rates.

(o]
o 150 °C, p-xylene, 7 bar
+ NH, NH + HO
TiO, @ NiFe,0,

OH

Fig 1. Reaction scheme of the N,4-diphenylbutyramide synthesis.

3. Results and discussion

3.1 Thermal behaviour

Fig 2 shows TG-DTA curves of NiFe204 nanoparticles, dry TiO2 gel, and composite catalysts.
In the studied temperature range, NiFe2Os showed no change in weight and low thermal effect
demonstrating that the stable phase was obtained by calcination at 700 °C, which is in agreement
with the previous reports 4% 4! (Fig 2a). For the TiO, dry gel (Fig 2b), adsorbed ethanol and water
were removed in the temperature range of 75 to 165 °C. The decomposition of the precursors was
observed in the range from 270 to 323 °C followed by oxidation of residual organic materials above
475 °C #2, The weight of TiO, gel was constant above 570 °C indicating full removal of combustible
materials. The composite catalysts demonstrated behaviour similar to that of the TiO. dry gel (Fig
2¢) — a continuous weight loss in the temperature range below 570 °C was observed caused by the
removal of solvents and organic precursors. The total weight loss increased from 10.2 to 25.1 %
proportionally to TiO2 content showing that organic materials were primarily adsorbed in the titania
layer. The thermal effect above 570 °C in the composite materials was lower than that of NiFe;O4
showing the absence of solid-state reactions between the TiO> framework and NiFe>O4 nanoparticles
in the composite catalysts.
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Fig 2. Thermogravimetric analysis (solid curves) and differential thermal analysis (dashed
curves) of (a) NiFe204 (b) TiO2 dry gel (c) as-synthesised composite catalysts T-17-25, T-26-25 and
T-32-25 with titania loadings of 16.7, 26 and 32 wt. %, respectively.

3.2 Effect of TiO; loading

Four composite catalysts with the TiO> loading of 8.9, 16.7, 26.0 and 32.0 wt. % have been
prepared to investigate the effect of titania content on their activity and stability in the amide
synthesis reaction. The actual TiO> content was in good agreement with the nominal composition
(Table 1), demonstrating efficient incorporation of TiO2 sol onto the magnetic nanoparticles. Nearly
spherical particles were observed in TEM images of all samples (Fig 3). The titania formed a layer
around nickel ferrite nanoparticles (shown with arrows in Figs 3 b-d) with the thickness of about 5-
10 nm. The incorporation of titania coating did not change the average dimensions of the NiFe2O4
core (40-60 nm in diameter), which agrees with the TGA data on the absence of chemical interaction

between the core and the shell during the synthesis (Fig 2).



50 nm

Fig 3. TEM photographs of (a) initial nickel ferrite nanoparticles and (b-d) composite
catalysts calcined at 400 °C with TiO2 loading of (b) 16.7 wt. %, sample T-17-400, (c) 26 wt. %,
sample T-26-400, and (d) 32 wt. %, sample T-32-400. Arrows point to the TiO2 shell as determined
by EDS.

The infrared spectra of composite catalysts calcined at 400 °C along with the NiFe>O4 are
shown in Fig 4. In the spectrum of calcined pure TiO. (T-100-400), very broad Ti-O-Ti framework
stretching modes were observed in the range from 1000 to 400 cm™ %%, These vibrations were
partially overlapped by the 590 cm™ band of Fe-O stretching vibrations of NiFe2O4 in the composite
catalysts # #¢, The intensity of the 590 cm™ peak increased proportionally to NiFe;O4 content. Also
the width of the Fe-O band, which was close for all composite catalysts, was noticeable broader
compared to that of NiFe;O4. This broadening suggests a very close contact between NiFe;O4 and

TiO and confirms the formation of the core-shell structure in agreement with the TEM data (Fig 3).
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Fig 4. FT-IR spectra of nickel ferrite nanoparticles, as-synthesised TiO (sample T-100-400)
and composite catalysts calcined at 400 °C containing 8.9 wt. % (sample T-9-400), 16.7 wt. %
(sample T-17-400), 26.0 wt. % (sample T-26-400) and 32.0 wt. % TiO. (sample T-32-400). The
spectra are shifted upwards for clarity.

The magnetisation curves of composite catalysts are shown in Fig 5. All the studied
composite catalysts showed the same coercivity of 0.2 kG. Because coercivity significantly depends
on magnetic particle dimensions, the same coercivity for various catalysts shows that NiFe;O4
particle dimensions were not affected by the introduction of TiO: shell, which is in agreement with
TGA (Fig 2) and TEM (Fig 3) data. On increasing titania content, the saturation magnetization
linearly decreases because of the decreasing amount of the magnetic NiFe2Os. The proportionality
shows that the saturation magnetization is determined only by the nickel ferrite loading, which
means that there is no additional loss of magnetism observed due to the formation of titania shell (see
Insert in Fig 5). The specific absorption rate (SAR) of composite catalysts is directly proportional to
the area of hysteresis loop between the magnetisation curves, decreasing from 1.08 to 0.88 W g as
TiOzincreased from 8.9 to 32 wt. % (Table 2). These data demonstrate that the RF heating properties

of the composite catalysts can be precisely controlled during the preparation stage.
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Fig 5. Magnetization curves of composite catalysts with different TiO, loading calcined at
400 °C.

3.3 Effect of calcination temperature

The calcination temperature has a major influence on the phase composition of the resulting
composite catalysts. The calcination step is necessary to remove the remaining structure directing
agent (CTAB) from the porous network and the temperature should be sufficiently high for its full
oxidation (Fig 2). Moreover, the temperature should provide transition of titania into catalytically
active anatase phase, but not high enough for the sintering or conversion into less active rutile phase
49,50 The effect of calcination temperature on specific surface area and specific absorption rate under
RF heating was studied with the composite catalyst having a titania loading of 26 wt. %. According
to TGA analysis, the temperature around 500 °C was high enough to remove the surfactants. The
literature shows that the formation of anatase takes place around 400 °C followed by its transition to
rutile above 500 °C 1. Hence, the catalysts were calcined at temperatures of 350, 400, 450 and 500
°C to study phase composition and check for possible core-shell interaction. XRD spectra of the
composite catalysts calcined at various temperatures are shown in Fig 6. The formation of anatase
phase started at 450 °C. The XRD peaks at 25.4 and 48.2 °26 could be attributed to the (101), (200)
crystal planes of anatase respectively (JCPDS card 78-2486). The crystallinity of TiOz increased with
an increase in the calcination temperature from 450 to 500 °C as it can be seen from the peak
intensity of the characteristic anatase peaks at 25.4 °20. The peaks at 30.7, 36.0, 37.6, 43.8, 54.8,
58.1 and 64.4 °26 were assigned to NiFe204 (JCPDS card 74-2081). The small peaks at 31.4 and 41.3
°20 were assigned to the (220) and (113) crystal planes of a-Fe2O3 (JCPDS card 33-0664), which
could be typically found as an impurity in the nickel ferrite 4*. The size of NiFe,O4 crystallites in the
catalysts was estimated using a Scherrer equation for the highest intensity (311) peak of NiFe2Oa4to

be 52-57 nm for the initial and calcined catalysts, which agreed with the TEM data. Hence, the
12



calcination temperature of 450 — 500 °C was beneficial considering anatase formation, while neither

core-shell interaction nor rutile formation occurred.
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Fig 6. XRD patterns of nickel ferrite nanoparticles (NiFe.O4) and the composite catalysts
containing 26 wt. % titania uncalcined (T-26-25), calcined at 350 °C (T-26-350), 400 °C (T-26-400),
450 °C (T-26-450), 500 °C (T-26-500). The peaks are assigned to (N) NiFe;O4, (A) anatase titania,
(H) hematite Fe2Oz. The spectra are shifted upwards for clarity.

The specific surface area and SAR values of calcined catalysts are listed in Table 2.
Comparing the catalysts calcined at various temperatures with the initial (T-26-25) catalyst, the
specific surface area and SAR decreased by 30 % after calcination at 350 °C. The decrease in the
surface area was likely caused by condensation and densification of the amorphous titania network
resulting in the increase in TiO- particle sizes, which was observed for many porous materials 52-4,

The decrease in SAR values on calcination requires some discussion of heating mechanisms.
There are four mechanisms of heating in RF field: (i) Néel relaxation, (ii) Brownian rotation, (iii)
hysteresis loss and (iv) eddy currents (significant only on the centimetre scale materials). The
mechanisms were discussed in details in our review* as well as in the review of Deatsch and Evans
% Briefly, Brownian rotation is caused by rotation of magnetic particles in the field with the heat
generated via shear stress of the surrounding fluid, Neéel relaxation involves rotation of the magnetic
moment without the particle movement, and hysteresis loss results in shifting of magnetic domains in
multidomain materials > . Hence, for the studied particles about of 50 nm in diameter, all three
mechanisms are expected because the superparamagnetic and single domain diameters for NiFe2O4
are 28 and 100 nm, respectively 5758,

For the series of core-shell catalysts containing 26 wt. % of titania, an increase in calcination
temperature from 350 to 500 °C resulted in a minor increase in SAR values. A much higher value of

the uncalcined materials T-26-25 might be caused by a significantly different surface properties
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which provide a stronger interaction with the solvent (water) resulting in a higher Brownian heat
generation. Comparing the materials with different titania loading calcined at 500 °C, the SAR values
decreased steadily with increasing titania content (Table 2). This phenomenon was obviously
associated with the decrease in NiFe,O4 content as the SAR value for non-magnetic titania is 0.

Table 2. Specific BET surface area of pristine (Sger, initiat) and spent (Sger, spent) COMposite

catalysts and specific absorption rate (SAR) for the pristine catalysts.

Sample SBET, initial SBET, spent SAR
(m?g™) (m?g?) (Wg™)
T-26-25 44.9 n.d. 1.00
T-26-350 31.8 n.d. 0.73
T-26-400 30.7 n.d. 0.76
T-26-450 324 n.d. 0.86
T-26-500 35.1 26.7 0.87
T-9-500 21.9 15.6 1.08
T-17-500 25.0 20.0 1.05
T-32-500 51.9 40.8 0.88
P-25 50.5 n.d. 0.00

n.d — not determined

3.4 Catalytic activity and stability

The catalytic activity of composite catalysts was studied in a stirred tank reactor (Fig 7) with
the reaction rates normalised for the weight of TiO2 in the composite catalysts. The reaction rate
increased with the calcination temperature from 350 to 500 °C in agreement with the formation of
catalytically active anatase phase observed by XRD study (Fig 6). Remarkably, the samples calcined
at 450 and 500 °C demonstrated similar reaction rates, which were 2.5 times higher than that over the
catalyst calcined at 350 °C. An increase in the specific surface area for the T-26-500 compared to T-
26-450 sample might have also contributed to a slightly increased reaction rate (Table 2).
Importantly, the reaction rate over composite catalyst T-26-500 normalised per titania weight
reached the value of that observed over the reference P25 catalyst. This clearly demonstrates that
magnetic functionality can be introduced into catalysts without affecting their catalytic performance.
It should be noted that in spite of a rather high reaction temperature of 150 °C and a single

combination of acid and amine, the approach is suitable for a wide range of other substrates.®® We
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anticipate that for thermoliable substrates (such as chiral compounds) much lower reaction rates are
expected as the temperature should be reduced far below 150 °C. Yet, the overall production rate can
be kept similar by incresing the catalyst loading in the reactor. The current method allows fast and
reproducible preparation of larger amounts of composite catalysts in a very reproducible way.

p
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Fig 7. Reaction rate of amide synthesis over composite catalysts containing 26 wt. % titania
as a function of calcination temperature in a batch reactor. Reaction conditions: temperature: 150 °C,
pressure: 6 bar, concentration of aniline: 0.05 M in p-xylene, concentration of 4-phenylbutyric acid:

0.05 M in p-xylene, catalyst weight: 680 mg, The dashed line designates the reaction rate over the
commercial P-25 catalyst.

To transfer the process to a continuous flow reactor, the benefits of the RF heating were
verified first. The performance of RF-heated and conventionally-heated fixed bed reactors filled with
the same T-32-500 catalyst was compared (Fig 8) showing an increase in the reaction rate by 60 % in
the RF-heated reactor. This difference increased further in the course of the reaction caused likely by
different temperature distribution in the studied reactors. In the conventionally-heated flow reactor,
heat was transferred from the outer surface via the reactor wall to the composite catalyst, which
resulted in a radial temperature gradient in the reactor. On the contrary, the heat was released inside
the composite catalyst particles in the RF-heated reactor. As the heated liquid flows downstream, this
created an axial temperature gradient, which was reduced by placing inert particles between the
catalyst zones®® ®°. Therefore, one might conclude that the reaction rate could be improved without
accelerating deactivation kinetics under RF heating.
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Fig 8.  Reaction rate of amide synthesis over the T-32-500 catalyst in conventionally and
RF-heated flow reactors as a function of time on stream. Reaction conditions: aniline, 0.1 M in p-
xylene at 20 uL min* and, 4-phenylbutyric acid, 0.1 M in p-xylene at 20 uL min™ introduced in a
fixed bed reactor at 150 °C, pressure 7 bar (g), catalyst weight, 320 mg.

To explore the effect of titania content, the catalytic activity of core-shell composite catalysts
with different TiO2 loadings was studied in the RF-heated flow reactor. Because the SAR values of
these catalysts were different, the intensity of magnetic field (electric current in the RF coil) was
adjusted in these experiments to keep the same temperature of the reaction mixture as listed in Table
3. 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. %. The initial reaction rate over the
composites catalyst increased at a higher titania content which was expected because of the larger
number of the available active sites. However, the initial reaction rate normalized by the weight of
TiO2 showed that the T-9-500 catalyst had a much lower value while those over the other three
samples were close to each other (Table 3). These data indicate that in case of a very thin catalyst
shell there exists an interaction between the NiFe2O4 core and titania shell, which is detrimental for
catalytic activity. A possible cause is the electronic interaction between TiO, and ferrite referred to
as photodissolution phenomenon, which was extensively reported in literature °%. When the
thickness of titania shell increases, this detrimental effect becomes less pronounced as the relative
contribution from the area near the core-shell interface decreases as compared to the total available

surface area.
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Table 3. The reaction rates over composite catalysts in the RF-heated flow reactor. Aniline,
0.1 M in p-xylene at 20 pL min™ and, 4-phenylbutyric acid, 0.1 M in p-xylene at 20 uL min™
introduced in a fixed bed reactor at 150 °C, pressure 7 bar (g), catalyst weight, 320 mg.

Sample Power Initial reaction rate Initial specific Specific reaction
input reaction rate x10* rate in spent
umol g'st  pmol  g- o1 A
(W) (Mmol m=s™) catalyst x10
Ti02'18'1 2.1
(umol m™=s™)
T-9-500 101 0.0048 0.05 2.4 15
T-17-500 117 0.023 0.14 9.9 7.5
T-26-500 134 0.030 0.12 9.0 8.3
T-32-500 142 0.049 0.15 9.7 10.1

A strong deactivation was observed during the direct amide synthesis as shown in Figs 8 and
9. 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 32 . The
deactivation was observed in both RF-heated and conventionally-heated reactors (Fig 8). A similar
effect was reported in the synthesis performed under microwave heating . The effect of titania
loading on deactivation kinetics could be clearly seen when the reaction rate was normalized by the
initial reaction rate (Fig 9). Such deactivation behaviour was modelled using a first order Kinetics
considering slow deactivation caused by blockage of catalysts surface which was caused by the
occurring chemical reaction > %7, The corresponding deactivation rate a (reaction rate r normalised

by the initial rate ro) is presented in Eq. 1

a=r/r,=exX(Kyeei 1), 1)
where Kdeactiv 1S the deactivation constant and t is time on stream.

The values of the deactivation constant were inversely proportional to titania loading as
shown in Fig 9b. 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 a much higher relative deactivation rate compared to the catalyst with a larger number
of sites. In fact, the product of the deactivation constant and titania loading (number of active sites)

was almost constant for the studied catalysts suggesting the same deactivation mechanism.
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Fig 9. (a) Normalized reaction rate as a function of time on stream and (b) deactivation rate
constant as a function of titania loading in the RF-heated flow reactor. . Reaction conditions: aniline,
0.1 M in p-xylene at 20 pL min? and, 4-phenylbutyric acid, 0.1 M in p-xylene at 20 puL min?
introduced in a fixed bed reactor at 150 °C, pressure 7 bar (g), catalyst weight, 320 mg.

After 20 h on stream, the surface area of the spent catalysts decreased by 20-25 % (Table 2).
However the specific reaction rate (normalised per unit of surface area) remained virtually the same
(9.7x10% vs 10.1x10* pmol ms?) in the spent ST-32-500 catalyst having the highest titania loading
while the reaction rate slightly reduced in the catalysts with lower titania loadings (Table 3). Hence,
it can be concluded that both reduced surface area and site blockage are responsible for deactivation.
These processes may occur separately or they can be caused by the same reason such as surface
coking.

In order to study the deactivation mechanism, the temperature programmed oxidation (TPO)
study of spent catalysts was performed. Fig 10 shows CO- profiles obtained in the TPO experiments
over the spent catalysts. It should be mentioned that these concentration profiles were normalized per
titania weight in the catalysts. The CO, peaks at 260, 350 and 465 °C indicate three types of carbon
species formed during the reaction. The amount of carbon species was the highest in the spent
catalyst with the lowest titania loading and it gradually decreased as the amount of titania increased.
The ST-9-500 catalyst had also the highest amount of strongly adsorbed carbon species which
require a temperature in excess of 475 °C for their complete oxidation. The coke was likely formed
on hot spots and required higher temperatures to be removed than the coke obtained on the catalysts

with higher amounts of titania.
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of 5 °C mint in the flow of 20 vol. % O,/N>.

The catalyst regeneration from coke is typically performed by calcination in air. The carbon
from the spent T-32-500 catalyst can be fully removed by the calcination at 400 °C for 1 h as
demonstrated by the TPO experiment (Fig 11). However, even despite of very low calcination
temperature, this procedure reduced the surface area in the regenerated catalyst by 12 %, to 30.2 m?
g, likely because of sintering of the porous titania shell. As a result, the reaction rate in the amide
synthesis over the recovered catalyst in the second catalytic run was not fully recovered after

regeneration (Fig 12).
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Fig 11. CO; profile over the spent ST-32-500 in a TPO experiment with a heating rate of 5 °C

mint in the flow of 20 vol. % O2/N..
To minimise sintering, the catalyst regeneration temperature has to be decreased. Obviously,
calcination in air cannot be performed at the temperature much lower than 400 °C (Fig 11), hence

other decoking agents should be employed. Querini et al. ® successfully used a hydrogen peroxide
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solution for catalyst regeneration as a low-temperature oxidation agent. Following this approach, the
surface area of the regenerated composite catalyst was determined to be 48.5 m? g%, which was
marginally lower than that in the fresh catalyst of 51.9 m? g*. The results of the catalyst testing of
this mildly-regenerated catalysts (CT-32-500) show that the catalytic activity was fully restored (Fig
12). Also the second catalytic run followed the same deactivation kinetics as the first run indicating
that the catalyst was returned to the initial state after the treatment with the hydrogen peroxide
solution. It can be concluded that the dominant deactivation mechanism is associated with the
formation of coke.
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Fig 12. Reaction rate in the RF-heated flow reactor as a function of time over different
composite catalysts: as synthesized T-32-500 catalyst, the same spent catalyst after calcination in air
at 400 °C for 1 h (TT-32-500), and after chemical regeneration with hydrogen peroxide (CT-32-500)
at 90 °C for 22 h. Reaction conditions: aniline, 0.1 M in p-xylene at 20 uL min™* and, 4-phenylbutyric
acid, 0.1 M in p-xylene at 20 uL min* introduced in a fixed bed reactor at 150 °C, pressure 7 bar (g),
catalyst weight, 320 mg.

4. Conclusions

Core-shell TiO2@NiFe2O4 composite catalysts have been prepared by sol-gel method. By
adjusting the amount of titania precursor in the initial synthesis sol, it has been possible to precisely
control titania loading as well as specific absorption rate of the catalysts. Thermogravimetric and X-
ray studies showed that no chemical reaction occurs between the magnetic core and the catalytic
titania shell below 500 °C. The optimisation of the catalyst calcination temperature demonstrated 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 was

observed.
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The catalytic activity was compared in the direct amide synthesis from aniline and 4-
phenylbutyric acid in a fixed-bed continuous flow reactor under conventional heating and RF
heating. The initial reaction rate was by 60 % higher under RF heating. The deactivation rate was
higher in the conventionally-heated reactor due to the presence of a radial temperature gradient. This
allows significant process intensification in RF-heated reactors loaded with composite catalysts.

The catalyst deactivation behaviour was studied for a range of catalysts calcined at 500 °C
and having various titania loading in the range of 9-32 wt. %. The reaction rate normalised by
titania weight was constant over the catalysts with titania loadings above 17 wt. %. However, the
catalyst with a 9 wt. % titania loading showed significantly lower reaction rate because of a negative
influence of the magnetic core onto the catalytic shell as a result of their electronic interaction near
the interface. The catalyst deactivation rate was described by a first order Kinetics demonstrating
deactivation rate constant was inversely proportional to the thickness of titania shell.

The analysis of deactivated catalysts showed that coking was the main deactivation
mechanism. The coke was fully removed by calcination in air at 400 °C leading to sintering of titania
and a non-reversible catalyst deactivation. No sintering of titania was observed after the regeneration
with a 30 wt. % H>0> solution at 90 °C. This regeneration procedure provided full recovery of the
catalytic properties. It can be concluded that a combination of a core-shell composite catalyst with a
continuous flow mode provides a promising way for direct amide synthesis with easy catalyst

regeneration and magnetic separation.
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