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Preface

Sustainable development and alternative energy constituted urgent needs in the last decade. Re‐
newable chemicals, energy and bio-resources use became challenging topics in the sustainable,
renewable and green sciences. This encourages and turns primordial needs the works in certain
fields as developing of new and green catalysts for chemical transformations, in the domains of
energy, environmental, pharmaceutical, agro-alimentary and cosmetically applications; evalua‐
tion of bio-resources compounds largely available for many applications in energy or as additives
to fuels and other applications as well as developing new synthesis routes by avoiding the use of
toxic and environmentally damage materials.

This volume contains a series of six contributions as review and original papers treating ‘Green‐
house Gas Conversion Efficiency in Microwave’, ‘Biomass Green Process’ and ‘Green Synthesis
and Catalysis’.

Green and efficient catalyzed conversion of CO2 to valuable compounds is widely developed today.
Chapters 1 and 2 of the first section of this book report non-thermal plasma and microwave technolo‐
gies that provide attractive and alternative route in comparison to the other classical technologies for
converting greenhouse gases, such as CO2 and others, into valuable fuels and chemicals. Chapter 3, in
the second section, reports catalytic conversions of biomass-derived furaldehydes towards biofuels.
Chapter 4, in the third section, reports a green synthesis of oligomer calixarenes using efficient micro‐
wave heating that leads to a high selectivity and efficiency in shorter reaction time instead of the
traditional thermal heating. In the last section, Chapter 5 describes an environment-friendly ap‐
proach in the synthesis of catalysts based on a metal/polymeric nanocomposite particle for catalytic
environmental applications. Finally, the last chapter systematically reviews the synthesis of hierarch‐
ical TS-1 zeolites and their catalytic applications in several oxidation processes at Sinopec to replace
the hazardous and polluted traditional routes.

Dear readers, this volume represents a good degree of high-value research. Nevertheless, we look
soon to complete the work by editing other volumes. We hope you find this book enjoyable and
illuminating in similar line to our previous works Hydrogenation-2012 and Recent Advances in Or‐
ganocatalysis, and any comments you may have are warmly welcome.

We would like to thank all the authors for their precious contributions and their co-operation
with us and in adhering to the time-right deadlines. We thank warmly the Lebanese University
for giving us all the facilities to complete this volume.

Finally, we wish to express our gratitude to the staff at InTech for their kind assistance in bringing
this book to fruition.

Iyad Karamé
Faculty of Sciences I, Lebanese University

Beirut, Lebanon

Hassan Srour
CPE of Lyon, CNRS-F

Lyon, France
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Chapter 1

Enhancing the Greenhouse Gas Conversion Efficiency
in Microwave Discharges by Power Modulation

Nikolay Britun, Guoxing Chen, Tiago Silva,
Thomas Godfroid,
Marie‐Paule Delplancke‐Ogletree and Rony Snyders

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67875

Abstract

Scientific interest to the plasma-assisted greenhouse gas conversion continuously in-
creases nowadays, as a part of the global Green Energy activities. Among the plasma
sources suitable for conversion of CO2 and other greenhouse gases, the non-equilibrium
(low-temperature) discharges where the electron temperature is considerably higher
than the gas temperature, represent special interest. The flowing gas discharges
sustained by microwave radiation are proven to be especially suitable for molecular
gas conversion due to high degree of non-equilibrium they possess. In this Chapter the
optimization of CO2 conversion efficiency in microwave discharges working in pulsed
regime is considered. The pulsed energy delivery represents new approach for maximi-
zation of CO2 conversion solely based on the discharge “fine-tuning”, i. e. without the
additional power expenses. In our work several discharge parameters along the gas flow
direction in the discharge have been studied using various diagnostic techniques, such
as optical actinometry, laser-induced fluorescence, and gas chromatography. The results
show that CO2 conversion efficiency can be essentially increased solely based on the
plasma pulse frequency tuning. The obtained results are explained by the relation
between the plasma pulse parameters and the characteristic time of the relevant energy
transfer processes in the discharge.

Keywords: green energy, greenhouse gas decomposition, plasma-assisted CO2 conver-
sion, power modulation, optical spectroscopy, laser spectroscopy, optical diagnostics

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



1. Introduction

The basic green energy activities include reduction of the greenhouse gas emission, in particu-
lar the emission of CO2, development and implementation of the green energy sources, as well
as the local conversion, reforming and utilization of the greenhouse gases (see Figure 1). The
last activities are represented by the well-known carbon capture and storage (CCS) and carbon
capture and utilization (CCU) techniques being under intensive development during the last
decades [1, 2]. Among the approaches suitable for local conversion of the greenhouse gases,
and in particular CO2, the plasma-assisted conversion based on decomposition of the mole-
cules of interest in the low-temperature discharges is of a special interest. The efficiency of such
a conversion depends on various factors, such as the proper choice of plasma source, as well as
its careful optimization. The plasma source optimization in this case implies tuning the funda-
mental physical parameters, such as the electron density and temperature, the vibrational
excitation of the molecules of interest, the discharge pressure, the residence time of the mole-
cules in the active zone, etc. For successful optimization detailed plasma source characteriza-
tion is required, preferably using nonintrusive in-situ plasma diagnostics methods [3] often
combined with plasma modeling [4].

Since the end of 1970s the utilization of low-temperature discharges is considered as a rather
promising approach for molecular gas decomposition [5, 6], which can be applied for conversion
of CO2 as well as the other greenhouse gases. It is well-known that the low-temperature plasma
discharges represent unique media where selectivity toward the various plasma chemical pro-
cesses can be realized [6, 7]. This is a result of the high level of nonequilibrium between the main

Figure 1. The role of plasma-assisted CO2 conversion among the other green energy activities.
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degrees of excitation in the discharge, such as electronic, translational, rotational, and vibrational
ones. At the same time, as also shown previously, the vibrational excitation is particularly crucial
for molecular dissociation in many cases [7, 8]. A high degree of nonequilibrium is especially
pronounced in the microwave (MW) discharges where 90-95% of the applied electro-magnetic
field energy is absorbed by plasma electrons further transmitting their energy to the vibrationally
excited molecular states, while the gas temperature remains relatively low, typically about a
thousand degree K or lower [6, 9].

A decisive role of the asymmetric vibrational mode of CO2 (see below) for its efficient plasma-
based decomposition has also been deduced based on the past research. The mentioned efficiency
is defined, however, by several mechanisms working along with the mentioned vibrational
excitation, such as: (i) fast excitation of the CO2 asymmetric mode by plasma electrons as a result
of the electron-vibrational (e-V) energy transfer, (ii) several orders of magnitude faster vibrational-
vibrational (V-V) energy transfer, providing fast vibrational excitation of CO2 molecules up to the
dissociative level (≈5.5 eV), and (iii) rather slow vibrational-translational (V-T) transfer. The fast
V-V process facilitates so-called vibrational “ladder climbing,” i.e., fast excitation of the highly
excited vibrational states of CO2 result in its dissociation [6]. The low gas temperature in the
discharge, on the other hand, is important for keeping the V-T energy transfer at a relatively low
level, thus sustaining the vibrational excitation for a longer time. This time may vary from few µs
to tens of ms, depending on the discharge parameters, as discussed below in this Chapter. As a
result, the energy efficiency (defined below) up to 0.8 in the subsonic [10] and about 0.9 in a
supersonic [11] gas flows may be achieved in the microwave plasmas. The nonequilibrium
discharge conditions can also be effectively realized in the other discharges, for example in a
gliding arc plasma (GAP) as a result of the arc length extension resulting in gas cooling [12].

Nowadays, the scientific interest to the greenhouse gas decomposition in the low-temperature
discharges is growing. This is related to both low-pressure and high-pressure (atmospheric)
cases. Apart from the general green energy trends, the growing interest is particularly based on
the fast development of the scientific tools targeted to advanced nonintrusive discharge diagnos-
tics as well as the powerful data processing systems, which are crucial for discharge kinetic
modeling.

Talking in particular about the MW plasma sources we should note that along with their general
effectiveness for molecular gas decomposition, the power modulation effect is known to be an
additional alternative for enhancing the CO2 conversion in these discharges [13]. To realize this
effect, an electromagnetic wave with a filling frequency in the GHz range (serving to sustain the
discharge) is periodically modulated by nearly squared pulses with a certain repetition rate,
typically in the kHz range. Such modulation might be very important when the vibrational
excitation is involved in a molecular decomposition process, as in the CO2 case [6]. Since in the
pulsed MW discharges the characteristic time of V-T energy transfer may be comparable to the
typical plasma pulse repetition period (µs–ms range), a resonance-like effect between the power
delivery and the energy transfer processes may be achieved. Thus, the periodic power delivery in
these discharges represents an additional way for improving the efficiency of CO2 conversion, at
the same time requiring understanding of the corresponding physical processes. An optimization
performed without increasing of the total power consumption might be extremely beneficial from
the practical point of view.

Enhancing the Greenhouse Gas Conversion Efficiency in Microwave Discharges by Power Modulation
http://dx.doi.org/10.5772/67875
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In spite of the numerous works devoted to plasma-based greenhouse gas conversion in the
MWdischarges [11, 14, 15], dielectric barrier discharges (DBDs) [16–21], GAPs [22–24], radio-
frequency (RF) discharges [25], as well as in different discharges using plasma cataly-
sis [14, 26–28], the effects of CO2 conversion and power modulation are still far from being
understood fully. The number of the research works in this domain is also very limited,
mainly by the theoretical speculations of the usability of pulsed plasma regime in MW and
DBD cases [29], as well as by few experimental evidences of the pulsed discharge, benefits so
far only shown for DBD case [17–19]. At the same time, the domain of the power modulation
in MW low-temperature plasmas, representing one of the most promising nonequilibrium
media for selective plasma chemistry, remains mainly unexplored. This chapter addresses the
mentioned gap by demonstrating the importance of power modulation in the kHz range for
improving the CO2 decomposition in microwave discharges.

2. The basics of plasma-assisted CO2 conversion

2.1. The structure and dissociation of CO2 molecule

The structure of CO2 molecule is schematically shown in Figure 2. This triatomic molecule
possesses three vibrational modes, namely the symmetric stretch mode (with the main vibra-
tional energy gap equal to about 0.17 eV), the double-degenerated bending mode (0.083 eV),
and the asymmetric mode (0.291 eV). The different energy gaps for the listed modes define the
differences in the energy transfer rates between them and the translational particle motion (V-T
transfer), as discussed in Section 2.3. The vibrational excitation states for CO2 are normally
denoted through three vibrational quantum numbers corresponding to symmetric (v1), bend-
ing (v2), and asymmetric (v3) vibrational modes.

One of the possible pathways for CO2 decomposition is the electron impact dissociation:

CO2 þ e ! COþOþ e ðthe energy required is ≈ 5:5 eVÞ: ð1Þ

However, as a result of recombination of atomic O with vibrationally excited CO2 (denoted as
CO2

vibr) another CO molecule can be produced [6], and an effective energy per one produced
CO molecule becomes ≈ 2.9 eV:

Oþ CO2
vibr ! COþO2ðthe energy required is ≈ 0:3 eVÞ: ð2Þ

As mentioned earlier, the actual CO2 dissociation strongly relies of the e-V energy transfer
resulting in the excitation of the lowest vibrational states of CO2 molecule, e.g.:

eþ CO2 ! CO2ð0, 0, 1Þ þ e, ð3Þ

where the parenthesized numbers represent the vibrational quantum numbers mentioned
above. The excitation of higher vibrational states is occurring at the same time as a result of
the fast energy transfer between the different vibrational states within the same vibrational
mode (i.e., V-V transfer), e.g.:

Green Chemical Processing and Synthesis6
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CO2ð0, 0, 1Þ þ CO2ð0, 0, 1Þ ! CO2ð0, 0, 2Þ þ CO2ð0, 0, 0Þ: ð4Þ

The vibrational transfer between the different modes (V-V’ or nonresonant transfer) is less
efficient, having the typical transfer rates several times lower, according to [30].

In addition to the above-mentioned reactions, the various two- or three-body collisional pro-
cesses leading to O atom recombination (some of them are exothermic) may also be important
for the total energy balance in the O-containing discharges. These processes may involve both
ground state (3P) as well as the first excited (1D) state of atomic oxygen, as well as the other
states [31]. Among the typical examples are:

Oð1DÞ þO2 ! Oð3PÞ þO2, ð5aÞ

Oð3PÞ þOð1DÞ ! Oð3PÞ þOð3PÞ, ð5bÞ

Oð3PÞ þOð3PÞ þO2 ! O2 þO2ðX, 0Þ, etc: ð5cÞ

2.2. The parameters defining CO2 conversion

The CO2 conversion efficiency in the discharge (as a result of CO2 dissociation following by O�

recombination) is usually determined as a ratio between the densities of the decomposed CO2

molecules to their initial density:

χ ¼ ½CO2�dec:
½CO2�init:

, ð6Þ

where ½CO2�dec: and ½CO2�init: refer to the decomposed and initial CO2 molecular density,
respectively. Let us note that in the pure CO2 case, χ can be defined simply as ½CO�=½CO2�init: ,
where [CO] is the density of CO molecules produced.

Figure 2. The structure of CO2 molecule showing three vibrational modes. The first quantum oscillator gap energies for
each mode are parenthesized.

Enhancing the Greenhouse Gas Conversion Efficiency in Microwave Discharges by Power Modulation
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At the same time, the energy efficiency η is normally defined via the enthalpy of CO2 dissoci-
ation (ΔHCO2 ¼ 2:9 eV) and the energy spent for production of one CO molecule (ECO) [6]:

η ¼ ΔHCO2

ECO
: ð7Þ

In a general case, both χ and η quantities are defined locally, as the supplied energy might be
different depending on the point of interest in the discharge. Combining last two expressions
and defining the specific energy input ðSEIÞ as the energy delivered per a single CO2 molecule
in a certain discharge volume (usually expressed in eV or eV/molec), the energy efficiency
yields:

η ¼ χ
ΔHCO2

SEI
: ð8Þ

The specific energy can be usually determined via the power P applied to the discharge and
the flux of the gas F in the discharge tube:

SEI ¼ P
F

, or using more convenient units, SEIðeV=molecÞ ¼ 0:014
PðWÞ
FðslmÞ , ð9Þ

where P is in Watts and F is in slms (slm stands for standard liter per minute).

2.3. The main energy transfer channels in CO2 plasma

In molecular plasma, the interaction between translational, rotational, and vibrational degrees
of freedom, involving also the plasma electrons, leads to formation of the numerous energy
exchange (relaxation) channels responsible for excitation or depletion of the corresponding
energy subsystems. Some of these channels are especially important for understanding of the
plasma-assisted CO2 decomposition, due to the crucial role of the vibrational excitation in
this process. Among them are the translational-translational (T-T), rotational-translational
(R-T), as well as the e-V, V-V, and V-T channels mentioned above. The physical nature as well
as the corresponding characteristic times for these energy relaxation mechanisms are described
below.

2.3.1. T-T and R-T energy transfer

The T-T energy transfer is responsible for gas thermalization (i.e., establishing kinetic gas
temperature). The characteristic time of this process can be estimated via the mean free path
of the gas atoms and molecules and their mean velocity, being typically in the μs range for the
gas pressure of several Torr and gas temperature of several hundred degree K. The R-T
process, on the other hand, shows how fast the rotational degrees of freedom in molecular
gas will be in the equilibrium with the translational (kinetic) motion of the gas particles. In
order to estimate the characteristic time of this process, the model proposed by Parker [32] can
be used (see Ref. [6] for further details). According to this model, the characteristic time of the
R-T process can be determined based on the number of collisions necessary for equilibrium

Green Chemical Processing and Synthesis8
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R-T process can be determined based on the number of collisions necessary for equilibrium

Green Chemical Processing and Synthesis8

between the rotational and translational degrees of freedom in discharge. The estimation of this
time (for variety of gases) at about 20 Torr of the gas pressure leads to the values τR�T < 0.1 μs,
so the R-T equilibrium can be considered nearly instantaneous in the time scale related to this
work, as compared below.

2.3.2. e-V energy transfer

For the efficient plasma-based molecular decomposition in the most low-temperature dis-
charge cases, an efficient transfer of the electron energy to the vibrational degrees of freedom
of the corresponding molecules is critical. In the case of CO2, the characteristic time of this
process can be determined through the corresponding rate coefficient ke�V as

τe�V � ðke�V ∙neÞ�1, ð10Þ

where ne is the electron density in plasma. Assuming that the electron density in the micro-
wave discharge in the considered gas pressure range is about 1012–1013 cm�3 [33], and taking
ke�V ≈ 10�8 cm�3/s [34] corresponding to excitation of the lowest CO2 vibrational level, we
obtain τe�V ∼10–100 μs. As we can see, under our conditions this process is much slower than
the R-T energy relaxation.

2.3.3. V-V energy transfer

The rate of establishing vibrational equilibrium within each vibrational mode of a certain
molecule is defined by the V-V energy transfer and the corresponding characteristic time. In
the case of CO2 molecule, the V-V rates are roughly comparable for all three vibrational modes
(see Figure 2) having the differences within the order of magnitude [30]. A rough estimation of
the V-V characteristic time for the asymmetric mode of CO2 gives

τV�V ¼ ðkV�V ∙½CO2�Þ�1 � 3 ns, ðat 20 Torr and 300KÞ, ð11Þ

where kV�V is the corresponding rate coefficient (kV�V ∼ 5�� 10�10 cm�3/s for the first energy
levels of the asymmetric mode, according to Ref. [6]), and ½CO2� is the ground state number
density of CO2 molecules in the discharge estimated in our case using the actual values of the
gas pressure and temperature. As we can see that the V-V process is nearly instantaneous
being faster than both R-T and e-V processes.

2.3.4. V-T energy transfer

While the plasma electrons transfer their energy to the CO2 vibrational modes, the vibrational
excitation might be suppressed by the translational motion of gas particles, as a result of V-T
energy transfer. This effect should be considered harmful for the efficient CO2 decomposition,
taking into account the importance of vibrational excitation in this case. The characteristic time of
the V-T process, τV�T, varies significantly spending on the gas pressure and gas temperature and
can be estimated based on several models available elsewhere [5, 6]. One of them is represented
by a semiempirical expression proposed by Millikan and White [35]:
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τV�T ¼ 1
p
exp 1:16 � 10�3μ

1
2ðħωÞ43 T0

�1
3 � 0:015μ1=4

� �
� 18:42

h i
, ð12Þ

where τV�T is the relaxation time (s), p is the gas pressure (atm), T0 is the gas temperature
(K), μ is the reduced mass of the colliding molecules (a.m.u.), and ħω is the vibrational gap for
the corresponding vibrational mode (also expressed in K). The expression (12) is very sensitive
to the gas temperature as well as to the vibration mode under consideration, giving extremely
long characteristic times for the CO2 asymmetric mode (∼105 s). This might be related to the
fact that this expression describes well only the first (lowest) vibrational states of the CO2

bending mode, for which (at 20 Torr and 1000 K) the estimates give τV�T ≈ 15 μs, whereas at
300 K this value increases to about 150 μs.

The role of the gas temperature in the V-T energy transfer is additionally illustrated in Figure 3,
where the τV�T time is calculated in the 300–3000 K temperature range. The calculations clearly
show that τV�T can vary by nearly two orders of magnitude in the mentioned temperature

Figure 3. The characteristic time of V-T relaxation as a function of gas temperature calculated (based on Ref. [35]) for three
vibrational modes of CO2 at 1 Torr (a), and for the bending vibrational mode at different gas pressure (b).

Process Characteristic time (at 20 Torr) Comment Source

T-T <0.1 µs Tgas ¼ 300 K [36]

R-T <0.1 µs Tgas ¼ 300 K [6, 32] **

e-V * ∼10 µs Te ¼ 1.5 eV, ne ∼ 1013 cm�3 [34, 37] **

V-V <0.01 µs Tgas ¼ 300 K [6]

V-T (bending) 150 µs Tgas ¼ 300 K [6, 35] **

V-T (bending) 15 µs Tgas ¼ 1000 K [6, 35] **

* Done for the symmetric stretch and bending CO2 vibration modes: (1,0,0) and (0,1,0).
** In case of multiple literature sources the results are averaged.

Table 1. The estimates for the characteristic time of the main energy transfer processes described in the Section 2.3.
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range. The calculations also point out on a primary role of the CO2 bending mode in this process,
as the one corresponding to the fastest V-T transfer (see Figure 3(a)). Naturally, the τV�T time is
inversely proportional to the gas pressure since the number of collisions per unit time defining
the V-T energy exchange rate is directly proportional to pressure (see Figure 3(b)).

The rough estimates for the characteristic times corresponding to the main energy exchange
processes described in this section are summarized in Table 1.

3. The experimental

3.1. The plasma sources used

The pulsed microwave discharges (surfaguide-type) have been used as the plasma sources in
this study. In these discharges, plasma is sustained by an electromagnetic wave with the filling
frequency in the microwave range (either 0.915 or 2.45 GHz in our case) coming out of two
orifices in the surfaguide [38], as schematically shown in Figure 4. In our case, the electromag-
netic radiation has been modulated by the nearly square pulses with the repetition frequency
ranging from 0.5 to 30 kHz. The duty ratio of the pulses was kept equal to 50%. The discharges
were sustained in the quartz tubes (14 mm in diameter and 31 cm long) in which the gas flow
has been regulated by digital mass flow controllers. Each quartz tube was additionally cooled
by a flow of Si oil (∼2 l per minute) having the temperature of about 5�C (in the 0.915-GHz
system) or 10�C (in the 2.45-GHz system). The total gas flow rate has been varied in the range
from about 0.08–2.7 slm. Both pure CO2 and CO2 þ 5% N2 gas mixtures have been utilized.
The time-averaged power applied to the discharge was always fixed at the level of either
0.4 kW (2.45-GHz system) or 1.0 kW (0.915-GHz system). The reflected electromagnetic radia-
tion has been minimized in each plasma source using three-stub automatic tuning systems.

Figure 4. The illustration of the surfaguide microwave discharge system. The modulation of the initial electromagnetic
wave (filling frequency of either 2.45 GHz or 0.915 GHz) by the kHz pulses is shown schematically.
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The reflected power was always around 5% for 2.45-GHz system, and totally negligible (pre-
sumably <1%) in the case of 0.915-GHz system. Further experimental details related to the
mentioned microwave systems can be found elsewhere [15, 39]. The diagnostics of the micro-
wave discharge has been undertaken both in the discharge active zone (i.e., near the wave-
guide excitation point) and in the postdischarge (at about 40 cm below the plasma excitation
point), as described in the following section.

3.2. The diagnostic techniques used

3.2.1. Diagnostics in the discharge zone

Optical emission spectroscopy (OES), including emission actinometry and ro-vibrational analy-
sis, has been applied for characterization of the CO2 conversion efficiency as well as the gas
temperature in the discharge zone. Gas temperature has been also monitored by a thermocouple
at the beginning of the postdischarge (i.e., about 17 cm below the excitation point). The rotational
band from the CO Angstrom system corresponding to the B1Σþ (v’ ¼ 0) – A 1Π (v” ¼ 1) optical
transition has been used for the rotational temperature determination in the discharge. Gas
temperature has been assumed equal to rotational temperature of CO molecules, based on the
analysis undertaken elsewhere [15, 40].

In order to determine the CO2 conversion efficiency in the discharge area, the optical actinom-
etry method based on the addition of a small amount of molecular nitrogen (5% in our case) to
the CO2 gas has been applied. This method is based on the measurement of the emission lines
ratio between the unknown species in the discharge (CO) and the known admixture (N2). As a
result, assuming corona excitation in the discharge volume, the absolute density of species of
interest can be determined, as performed recently by Silva et al. [15]. The relative error of this
method is supposed to be <10%, based on our estimations.

An Andor Shamrock-750 monochromator having 0.75 m of focal length and equipped with an
Andor iStar-740 series intensified charge coupled device (ICCD) camera has been used for
spectral acquisition in this work. The spectral resolution during the measurements was equal
to about 0.05 nm (at 500 nm). The accumulative ICCD mode of the spectral acquisition has
been used for all the measurements.

3.2.2. Diagnostics in the postdischarge zone

In the case of 2.45-GHz plasma source, the products of CO2 dissociation (such as CO ground
state molecules and O ground state atoms) have been detected in the postdischarge area
using a two-photon absorption laser-induced fluorescence (TALIF) technique [41]. This tech-
nique is based on the laser excitation of the molecular or atomic species in the discharge or
postdischarge by a simultaneous absorption of two laser photons, following by a spontane-
ous emission of light (fluorescence) corresponding to an optical transition between the upper
(excited) state and the intermediate state. The spectral schemes using laser excitation at 225.6 nm
(for O atom) or 230.07 nm (for CO molecule) following by the fluorescence at 844.7 nm (O)
or 483.5 nm (CO) have been applied in this work [42, 43]. The summary of the corresponding
spectral transitions used for O and CO detection by TALIF technique is given in Table 2.
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ASirahdye laserworking at 10Hzof repetition rate andhaving5 nsof thepulse durationpumped
by a Spectra Physics YAG:Nd laser has been utilized for TALIF diagnostics. A Coumarin 450 dye
solution (in ethanol) has been used in the dye laser. During the measurements, the laser pulses
were not synchronized with the plasma pulses, thus giving the time-averaged values of the
corresponding ground state densities in the postdischarge. The provided averaged values are
supposed to reflect an overall system performance regarding CO2 conversion, being especially
interesting from the applications point of view.

Another type of diagnostics applied to the 0.915-GHz MW discharge was a gas chromatogra-
phy (GC) technique. The GC technique is based on the different gas elution time on the
analyzer walls, representing ex-situ time-averaged gas analysis, which has been used for
characterization of various gas mixtures, including the products of the CO2 decomposition [11].
In spite of being an ex-situ technique, GC provides the results that can be compared with the
laser-based (in-situ) techniques for the stable dissociation products, which is valid for CO
ground state molecules. In our case, a Bruker 450-GC gas chromatograph equipped with a
sampling system has been used for the postdischarge characterization of the dissociation
products in the 0.915-GHz MW source. In the described GC system, a low-pressure gas sample
is diluted with carrier gas (argon) before its injection into the gas chromatograph for the
further ex-situ analysis.

4. Optimization of CO2 conversion in microwave plasma

4.1. The emission spectroscopy analysis

CO2 decomposition in a flowing gas discharge can often be noticed visually by changing the
color of the discharge before and after the excitation point (waveguide position) in the dis-
charge tube. This corresponds to the formation of CO molecules in the so-called discharge
“active zone” (being approximately 6 cm wide in our case, according to Ref. [15]), where the
decomposition process is mainly taking place. In the case of CO, the observed emission

Spectral parameter Values

Specie of interest O [42] CO [43]

Lower state O(3P2) CO(X1Σþ)

Upper (laser-excited) state O(5P) CO(B1Σþ)

Energy gap 10.74 eV 10.78 eV

Laser excitation wavelength 225.6 nm 230.07 nm

Fluorescence wavelength 844.68 nm 483.50 nm

Bandpass filter used 840 nm 480 nm

Table 2. The spectral transitions for TALIF diagnostics of the ground state O and CO in the postdischarge of the 2.45
GHz MW source used in this work.
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corresponds to the CO Angstrom band (CO(B1Σþ) – CO(A 1Π)) and partially to the third
positive (3P) CO band (CO(b3Σþ)–CO(a 3Π)) [44], as shown in Figure 5. In the CO2-N2 gas
mixture, these effects are qualitatively similar to the pure CO2 case. The O atom emission
triplet around 777 nm is also clear in both cases, whereas the N atom emission around 821
nm is rather negligible in the case of N2 admixture, as shown in Figure 5(b).

The emission spectra corresponding to the CO2-5%N2 gas mixture and taken in a wider
spectral range are presented in Figure 6. As we can see that at higher gas pressure, a much
stronger contribution of the N2 and N2

þ molecular bands such as N2 second positive band
(N2(C

3Πu)-N2(B
3Πg)), N2

þ first negative band (N2
þ(B2Σu

þ)-N2
þ(X2Σg

þ)), and N2 first posi-
tive band (N2(B

3Πg)-N2(A
3Σu

þ)) is evident. The contribution of the CO Angstrom ro-vibra-
tional band is rather strong in both cases. The structure of all the observed CO rotational

Figure 5. Time-averaged emission spectra measured in the 2.45-GHz MWdischarge at two different special positions for
pure CO2 (a) and CO2 þ 30%N2 mixture (b). Gas pressure is about 2 Torr. Bold arrows indicate the top and bottom
measurement points. The spectral correction is applied in both cases. The corresponding discharge photographs are
shown on the left side.
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bands is different at high and low pulse repetition frequency. At low frequency, they are
more elongated toward the shorted wavelengths corresponding to higher gas temperature in
the discharge, confirmed by calculations, whereas the gas temperature is essentially lower at
high frequency.

In addition, the low pressure spectra possess much more pronounced continuum band in
the 400–600 nm range (Figure 6(a)). Such a strong contribution of the continuum band is
likely related to the chemiluminescence induced by the CO–O recombination process, as
also detected in Ref. [15] and analyzed in Refs. [45, 46].

4.2. CO2 conversion efficiency and related results

The main results on the CO2 conversion efficiency (χ) and energy efficiency (η) are described in
this section aiming at comparison of two mentioned MW plasma sources. The obtained data
are presented as a function of the plasma pulse repetition frequency (f) aiming at the clarifica-
tion of namely the effect of plasma power modulation on the CO2 conversion.

The relative density of the CO ground state molecules detected by the TALIF technique in the
postdischarge of the considered MW plasma sources is shown in Figure 7. The beneficial effect
of power modulation is evident in this case leading to a fourfold increase in the CO density (so
the corresponding CO2 conversion efficiency) at low pulse frequency. The maxima of χ are
observed at about 0.5 kHz (for the 2.45-GHz system) and at about 0.8 kHz (for the 0.915-GHz
system). Apart from the different positions of these maxima, in the 2.45-GHz case, maximum
appears to be much narrower than that detected in the 0.915-GHz discharge case.

As also clear from Figure 7(a), the O production is strongly suppressed at low pulse frequen-
cies (below 1 kHz), when the dissociation of CO2 reaches its maximum. At the same time, the
O2 density also has a maximum at low frequency (detected in the 0.915-GHz system though),
pointing out on the efficient O-recombination process under these conditions (see Figure 7(b)).
Note that the CO and O2 densities determined by GC are not different by a factor of two in this

Figure 6. Time-averaged emission spectra taken in the 2.45-GHz MWdischarge at high and low plasma pulse frequency
at 1 Torr (a) and ∼20 Torr (b) in the CO2 þ 5%N2 gas mixture. No spectral correction is applied.
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case, due to the fact that calibration of our GC system response was not performed. Finally, the
CO density decay slopes measured in two different plasma sources reveal rather similar
behaviors.

The data on the CO2 conversion efficiency as a function of the plasma pulse frequency deter-
mined by optical actinometry in the 2.45-GHz system (in the discharge area) and by GC in the
0.915-GHz system (in the postdischarge area) are compared in Figure 8. As we can see that
there is a fourfold difference between the observed maximum values of χ in these two cases.
This is related to the power differences between the considered plasma sources as well as to the
fact that the actinometry measurements were performed in the center of the discharge tube
where the CO2 conversion is not yet fully accomplished. After the corresponding corrections,
the obtained conversion efficiency values appear to be very similar for both systems. The
energy efficiency values corresponding to the observed χ maxima in this case are 0.14 and
0.16, respectively. In addition, in the case of Figure 8(a), the CO2 conversion curve does not
reveal a clear maximum at low plasma pulse frequency, which is only present in the 0.915-GHz
case (Figure 8(b)). This phenomenon might be related to the gas displacements in the dis-
charge tube, as well as to the differences in the discharge geometry. The physical reasons for
the observed behavior of χ and CO production in the postdischarge are discussed in the
following section.

An interesting behavior of the gas temperature in the discharge tube along the gas flow direction
has also been detected, as a result of combination of ro-vibrational spectral analysis and

Figure 7. (a) Normalized density of CO and O in the postdischarge as a function of the plasma pulse repetition frequency
(f) measured by the TALIF technique in the 2.45-GHz MW system. (b) The relative density of CO and O2 molecules
measured in the 0.915-GHz MW system by GC. The points of measurement are indicated below.
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thermocouple measurements. The corresponding results are shown in Figure 9. The gas temper-
ature in the discharge zone has been measured in this case using the rotational band of CO,
following by the Boltzmann plot approximation for the obtained rotational populations, as
described elsewhere [15, 47]. As a result, the error bars in Figure 9(a) correspond to the error of
Boltzmann fit applied to the rotational distributions for each data point.

As we can see that a trend for CO2 conversion efficiency shown in Figure 8(a) clearly correlates
with the one obtained for the gas temperature in the discharge zone, shown in Figure 9(a) for
the 2.45-GHz MW source (the point of measurements is indicated by a dot). At the same time,
at the end of the discharge tube (indicated by a square), the temperature behavior is roughly
opposite. In this case, the gas temperature is somewhat reduced at low plasma pulse frequen-
cies (see Figures 9(b) and 9(c)). The observed temperature reduction is especially clear in the
case of 0.915-GHz plasma source, when the gas temperature drops by nearly 200 K at low
pulse frequency. In this case, we can talk about the existence of a temperature gradient
established between the excitation point in the discharge and the end of the discharge tube
(beginning of the postdischarge). Apparently, this gradient is much larger at low pulse repeti-
tion frequencies (about 600 K in our case, based on Figure 9(a) and 9(b)) compared to the high
frequency (only about 300 K). Based on the data shown in Figure 9(c), one can speculate that
this effect might be also similar in the 0.915-GHz plasma source case (for which the Tgas data in
the discharge area are not available).

Figure 8. The CO2 conversion efficiency χ as a function of the plasma pulse repetition frequency (f) measured in the
discharge region of the 2.45-GHzMW system by optical actinometry (a), and in the postdischarge region of the 0.915-GHz
MW system by GC (b). The energy efficiency corresponding to the maximum χ values is equal to 0.14 (a) and 0.16 (b). The
points of measurement are indicated below.
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4.3. Discussion

Several physical effects should be taken into account for proper explanation of the observed
CO2 conversion efficiency as a function of the plasma pulse frequency, as well as its relation to
the measured gas temperature, both in the discharge and the postdischarge areas. Among the
main physical phenomena responsible for the efficient molecular decomposition, the vibra-
tional excitation of CO2 molecules, the gas displacement in the tube, as well as V-V and V-T
relaxation processes in the discharge should be considered. The CO rotational temperature, at
the same time, being determined using a CO rotational emission band, is supposed to be an
indicator for the other important processes in the discharge, such as V-T energy transfer. This
temperature is supposed to be in equilibrium with the kinetic gas temperature rather quickly

Figure 9. The evolution of the gas temperature as a function of plasma pulse repetition frequency (f) measured in the
discharge area (a) and at the end of the discharge tube (b) in the 2.45-GHz MW system, as well as at the end of the
discharge tube in the 0.915-GHz MW system (c). Pure CO2 gas is used. The points of measurement are indicated below.
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relaxation processes in the discharge should be considered. The CO rotational temperature, at
the same time, being determined using a CO rotational emission band, is supposed to be an
indicator for the other important processes in the discharge, such as V-T energy transfer. This
temperature is supposed to be in equilibrium with the kinetic gas temperature rather quickly
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(µs scale) as a result of the fast R-T transfer, according to our estimations (see Table 1), giving
nearly instantaneous image of the gas heating.

According to our estimations, the plasma electrons transfer their energy to the (lowest) CO2

vibrational states during the time τe�V ∼ 10–100 µs. This time might be somewhat smaller at
higher gas pressures, as one may expect a slight increase in ne in this case [33]. At the same
time, the equilibration of the vibrational distributions for each vibrational mode is taking place
nearly instantaneously, with a time constant in the order of magnitude of 0.01 µs or less,
estimated for our discharge conditions. Finally, the loss of the vibrational excitation as a result
of vibrational energy transfer to the translational gas motion through the bending vibrational
mode (resulting in gas heating) takes place with a characteristic times ranging roughly
between 15 and 150 µs in our case, depending on the gas temperature. Let us also note that
the V-T energy exchange occurs faster in the discharge active zone, where the gas temperature
may exceed 1000 K (thus τV�T < 15 µs), and slower in the other parts of the discharge when the
temperature might be close to the room temperature (τV�T ∼ 150 µs).

The gas velocity (i.e., gas displacement) in the tube is another key parameter defining the
residence time for CO2 molecules in the discharge active zone (∼6 cm wide in our case). The
rough estimations for the gas velocity based on the ideal gas low give the values of about 40 m/s
in the 2.45-GHz source case (at 20 Torr, 1100 K, and 2.7 slm of a total gas flow), and about 30 m/s
in the 0.915-GHz case (at 30 Torr, 1600 K [48], and 2 slm of a total gas flow).

Taking into account the above-mentioned estimations, the observed processes along the gas flow
direction can be explained as follow. At first, in the discharge zone (the excitation point), the CO2

vibrational excitation is initiated by the fast e-V energy transfer. The e-Tand T-Tenergy exchange
channels, at the same time, may contribute to the overall gas heating. In addition, the gas heating
due to the V-T transfer should also occur, which is supposed to be more efficient at longer
plasma off-times (i.e., at low frequencies). Even though the V-T characteristic time is rather short
according to our estimations (∼15 µs at 1000 K), its contribution at lower pulse repetition
frequency is supposed to be more pronounced, likely resulting in the increase of gas temperature
at low frequency measured in our case (see Figure 9(a)). Note that the gas temperature has been
determined in this work based on the time-average spectral data and the time-resolved measure-
ments may be necessary for a full clarification of the temperature evolution. The additional
experiments [49] indicate that the vibrational temperature of the N2(X) ground state molecules
in the active zone decays rapidly under the increase of the pulse repetition frequency, following
the trends obtained for CO density (Figure 7(a)) and CO2 conversion (Figure 8(a)). Rather fast
nonresonant V-V’ energy exchange taking place between N2 and CO2 (see Ref. [50] and refs
therein) leads to similar expectations for the CO2 vibrational temperature as well. This leads to a
conclusion that vibrational excitation is the main reason for higher CO2 dissociation at low pulse
frequency, in spite of the fact that the V-T transfer is also enhanced in this case (gas temperature
increase is observed). A gradual decay in the CO2 dissociation (Figure 8) leading to a weaker CO
production (Figure 7) at high frequencies is most probably related to a less efficient e-V transfer
at shorter plasma pulse durations. The top estimations of the e-V transfer time in our case
correspond to the pulse frequency of about 5 kHz, only roughly correlating with the obtained
data still requiring final clarification first of all based on the precise measurements of the electron
density in the discharge active zone.
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The presence of maximum in the frequency dependences of χ (0.915-GHz case, Figure 8) and
CO density in the postdischarge (Figures 7 and 8(b)) at low pulse frequencies deserves special
attention, since the gas displacement in the tube may play a decisive role in this effect. Three
cases can be considered explaining the observed data, namely: (i) a slow gas displacement,
when the gas displacement is small between two consecutive plasma pulses, (ii) a “resonant”
gas displacement, when the gas displacement time in the active zone is almost equal to the
plasma pulse duration, and (iii) a fast gas displacement, when the gas displacement time is
shorter comparing to the time between two plasma pulses. Since in our case, the gas velocities
are comparable for both the 2.45-GHz (∼40 m/s) and 0.915-GHz (∼30 m/s) systems, it can be
shown that nearly the resonant case is realized at low plasma pulse frequency (0.5 kHz) in both
systems. This results in a nearly maximum system performance in terms of CO2 decomposi-
tion and energy efficiency. More pronounced χ-maximum found in the 0.915-GHz case, as well
as its position shifted toward higher plasma pulse frequency values may be a result of the
differences in system geometry as well as the errors related to gas pressure and especially gas
temperature determination, which are the critical parameters for gas velocity.

We should note that at lower pulse frequencies (or higher gas flows) one may expect a significant
drop in the CO2 decomposition, as the fast gas displacement limit will be achieved and some
portions of the passing gas will remain untreated by plasma. On the other hand, at higher pulse
frequencies, as observed in our case, a considerable drop in the CO2 conversion should be likely
explained by a combination of several factors, such as (i) a decrease of the e-V transfer contribu-
tion at shorter pulse durations, (ii) a decrease of the role of dissociative recombination of CO2

þ

(via the reaction: e þ CO2
þ ! CO þ O, see Ref. [29]) in this frequency range, as suggested by

Silva et al. [49], (iii) decomposition of COmolecules in the active zone when residence time is too
long. The third argument, however, is supposed to play a minor role, due to the synchronous
changes of both CO and O2 densities observed in the postdischarge detected by GC, as shown in
Figure 7(b).

Finally, some attention should also be given to the gas temperature differences in the excitation
point and at the beginning of the postdischarge, as well as to the corresponding temperature
gradient between these points. At low plasma pulse frequency, the high values of both gas
temperature and CO2 conversion are observed, whereas the O ground state density reaches its
minimum. The gas temperature at the beginning of the postdischarge is rather low in this case,
resulting in a high temperature gradient between the tube center and its end. At high fre-
quency, on the other hand, CO2 conversion drops several times, along with the CO density,
measured in the postdischarge. The O ground state density in the postdischarge is roughly 10
times higher in this case (see Figure 7(a)). Also, the gas temperature is getting lower in the
discharge area and higher in the postdischarge (comparing to the low frequency case), flatten-
ing the mentioned temperature gradient.

Based on our experimental data, the observed gas temperature phenomena may be explained by
the O atom recombination. Considering two main ways of this recombination, namely the
reaction (2) and reactions (5) mentioned above, we can conclude that at low frequency ground
state, O gets efficiently recombined either with CO2

vibr. or with atomic/molecular oxygen. The
additional heat released as a result of (some) recombination processes (along with the e-T energy
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transfer) is a probable reason for the gas heating in the discharge area. As a result of the efficient
O-recombination, the delivery of ground state O to the postdischarge is significantly reduced in
this case, the corresponding heat release is reduced as well, resulting in a low temperature. On
the other hand, at high pulse frequencies CO production drops (partially due to the reduced
O-CO2

vibr recombination), letting more O ground state atoms to be formed as a result of electron
impact dissociation in the discharge area and to be transported to the postdischarge. The O-
recombination processes, other than O-CO2

vibr one, are still taking place all the way down to the
postdischarge, thus “blurring” the hear release along the discharge tube and flattening the
temperature gradient between the excitation point and the end of the tube. The O-O recombina-
tion on the termocouple surface might also be an important factor contributing to the observed
tempearture elevation in this case.

The given explanation, however, describes the observed temperature behavior only in the first
approximation, do not taking into account numerous additional O-recombination reactions,
e.g., those involving excited O states (such as O(1D) state), as well as the processes in which O
ions are involved (such as Oþ þ O2(a) ! O2

þ þ O(3P) or Oþ þ O� ! O(3P) þ O(3P), see Ref.
[31]), which may additionally contribute to the O ground state density distribution along the
discharge tube, as a result of quenching of the excited O states. The reactions (5a) and (5b)
mentioned above also correspond to this case. This described temperature effects may still
need a further clarifications in the future, based on the kinetic discharge modeling. It is already
clear, however, that these effects may play a key role for the future optimization of the plasma-
based CO2 conversion in the microwave gas-flowing discharges, since by lowering the gas
temperature the lifetime of CO2 vibrational excitation might be significantly enhanced, which
is favorable for efficient CO2 conversion.

4.4. Comparing with literature

In this section, the most prominent results obtained based on the power modulation in the
pulsed microwave plasma considered in this work are compared with the available literature
data. The most competitive literature results have been chosen for this purpose, representing
microwave, DBD, and gliding arc discharges. The discharges operating with catalysis, i.e., using
a plasma-catalyst synergy, are not considered (except for one example). The corresponding data
are summarized in Figure 10.

As we can see, the most competitive results are grouping around the diagonal line
corresponding to the value of SEI of 2.9 eV/molec, as the virtual limit of the CO2 conversion
(when χ ¼ η ¼ 1) can be reached only in this case. The beneficial effect of the plasma power
modulation (indicated by solid arrows) resulting in about twofold increase of the CO2 conver-
sion and energy efficiencies is evident for both microwave plasma sources described in this
chapter. In addition, the effect of plasma catalysis studied by Chen et al. [28] in the 0.915-GHz
source is also given for illustration (indicated by dashed arrow). More than a twofold gain for
both χ and η values has been achieved in this case.

Considering the other discharge types, the most promising results on the CO2 conversion have
been obtained so far in an atmospheric DBD discharge using the effect of power modulation
(open square in Figure 10), thus one more time underlining significance of this effect for better
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plasma-assisted CO2 conversion. Somewhat lower conversion efficiency has been achieved in
an atmospheric GAP case, as studied by Indarto et al. [23] (open circle). On the other hand, two
other examples related to the low-to-moderate pressure microwave discharges, one
representing high conversion efficiency, but rather low energy efficiency attained as a result of
applying high SEI [15] (open up-triangle), and the other representing the well-known work of
Asisov et al. [11] where a supersonic gas flow enabled high energy efficiency (open down-
triangle). These two examples are shown in order to illustrate the well-known χ-η tradeoff,
especially evident in the nonoptimized discharge cases. In this regard, the results presented in
this work clearly demonstrate the importance of the discharge tuning, as one of the possible
ways to partially overcome this tradeoff, simultaneously achieving high conversion and
energy efficiencies of CO2 conversion.

5. The perspectives

Based on the obtained experimental results as well as on the comparison with the literature
data, it is clear that there is a definite room for further improvement of the CO2 conversion in
low-temperature microwave plasma. It should be noted that the improvements achieved by
tuning only the plasma parameters, without changing the energy expenses in the whole
system, are implied in this case. The beneficial effect of modulation (i.e., timely interruption)
of the electric power delivered to the discharge is already evident based on the results
described in this chapter. At the same time, there are still few physical parameters that should

Figure 10. The optimized values of the CO2 conversion efficiency (χ) and energy efficiency (η) obtained in this work in
both the 2.45-GHz and 0.915-GHz plasma sources and compared to the most competitive literature data. The gain
obtained by the power modulation and the catalysis effects in our case is indicated by solid and dashed arrows
(respectively).
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be considered critical for the further maximization of the plasma-assisted CO2 conversion. The
main factors influencing these improvements are summarized in Figure 11, and can be
subdivided into three following groups:
• Power-related parameters

• The parameters related to gas mixture and gas dynamics

• Plasma catalysis

Among the power-related parameters, the plasma pulse duty ratio, as well as the gas residence
time (related to the gas velocity in the discharge as well as to the gas pumping speed in the
whole system), requires deeper investigation. One may expect an essential improvement of the
CO2 conversion efficiency as a result of more careful optimization of the gas residence time in
the active zone, along with the optimization of the plasma pulse duty ratio, in order to fully
utilize the resonant effects related to the relevant energy transfer processes described in this
work.

The second group includes the gas mixture control as well as the gas flux optimization
including gas expansion effects. The influence of the gas mixture in the microwave plasma
has already been studied recently showing a beneficial effect for CO2 decomposition [14]. The
optimization of the gas flux dynamics, e.g., via the gas expansion for the sake of lowering
kinetic gas temperature, on the other hand, represents a powerful way to control the V-T

Figure 11. Summary of the critical factors influencing CO2 conversion in microwave flowing gas discharges.
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transfer rates, and thus the vibrational distributions of the molecules of interest. This work is
supposed to be assisted by plasma modeling targeted at clarification of the numerous impor-
tant kinetic processes.

Finally, the plasma catalysis activities are supposed to be especially beneficial since an essential
gain in the CO2 conversion efficiency can be achieved in this case. As shown recently [14, 28],
the regenerative properties of the Ni-based catalysts are the microwave plasma combined with
their long lifetime [51] enable roughly a twofold increase in the overall CO2 conversion and
energy efficiencies. The questions related to the utilization of plasma catalysis for improve-
ments of the CO2 conversion efficiency are discussed in the following chapter.

6. Conclusions

Several physical aspects related to the power modulation during the plasma-assisted conver-
sion of CO2 in the low-to-moderate pressure flowing gas microwave discharges are discussed.
The beneficial effects of controlling the plasma pulse frequency (in the vicinity of 1 kHz or
lower in our case) for increasing the CO2 conversion efficiency are clearly demonstrated.

In particular, it was shown that by tuning the plasma pulse repetition frequency, the CO2

conversion and energy efficiencies can be improved several times. In the 2.45-GHz plasma
system, a fourfold overall improvement has been registered. Based on the estimations of the
characteristic time corresponding to the relevant energy transfer processes for the studied
pulse frequency range (0.5–30 kHz), it was concluded that the electron-vibrational as well as
vibrational-translational energy transfer mechanisms are mainly responsible for the optimi-
zation of CO2 conversion in a flowing gas microwave discharge. A resonant-like relation
between the characteristic time of the mentioned processes and the plasma pulse-on time
may lead to either high or low CO2 decomposition efficiency, depending on the plasma pulse
frequency. The maximum efficiency found so far corresponds to the frequencies of about
0.5–0.8 kHz depending on the studied plasma source.

At the same time, the gas temperature in the discharge active zone (i.e., near the excitation
point) is supposed to be strongly influenced by the V-T and e-T energy transfer, as well as by
the O atoms recombination at low repetition frequencies. Under these conditions at the begin-
ning of the postdischarge, the gas temperature is somewhat reduced, as compared to the high
frequency case. At high pulse frequency, the gas temperature in the active zone is getting lower
by few hundreds degree K, presumably mainly due to the reduced O recombination (which is
an exothermic process), whereas at the end of the discharge tube, it elevates following the O
atom density, which is higher in this case. Numerous processes involving O atom kinetics
should be studied by modeling, however, before clarifying this question fully.

In addition to the modulated microwave power delivery to the discharge, studied in this work,
the other ways of optimization of the MW plasma-based CO2 conversion are suggested.
Among them are the optimizations related to the gas residence time, plasma pulse duty ratio,
gas admixture, gas expansion in the discharge tube, and plasma catalysis. The results
described in this chapter, combined with the suggested ways for the CO2 conversion
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improvements are supposed to be useful for the industry-oriented applications dealing with a
local plasma-assisted CO2 conversion.
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Abstract

Climate change and global warming caused by the increasing emissions of greenhouse 
gases (such as CO2) recently attract attention of the scientific community. The combination 
of plasma and catalysis is of great interest for turning plasma chemistry in applications 
related to pollution and energy issues. In this chapter, our recent research efforts related to 
optimization of the conversion of CO2 and CO2/H2O mixtures in a pulsed surface‐wave sus‐
tained microwave discharge are presented. The effects of different plasma operating condi‐
tions and catalyst preparation methods on the CO2 conversion and its energy efficiency are 
discussed. It is demonstrated that, compared to the plasma‐only case, the CO2 conversion 
and energy efficiency can be enhanced by a factor of ∼2.1 by selecting the appropriate con‐
ditions. The catalyst characterization shows that Ar plasma treatment results in a higher 
density of oxygen vacancies and a comparatively uniform distribution of NiO on the TiO2 
surface, which strongly influence CO2 conversion and energy efficiencies of this process. 
The dissociative electron attachment of CO2 at the catalyst surface enhanced by the oxygen 
vacancies and plasma electrons may explain the increase of conversion and energy efficien‐
cies in this case. A mechanism of plasma‐catalytic conversion of CO2 at the catalyst surface 
in CO2 and CO2/H2O mixtures is proposed.

Keywords: green energy, CO2 conversion, plasma catalysis, microwave discharge,  
NiO/TiO2 catalyst
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1. Introduction

One of the biggest concerns of the twenty‐first century is the effect of global warming and its 
destructive consequences on the global ecosystem. Evidence indicated that the main cause of 
increased amounts of greenhouse gas emissions (such as CO2) are the human activities related 
to the industrialization and burning of the fossil fuels. The process of conversion of CO2 along 
with the other greenhouse gases into value‐added chemicals or new fuels has attracted consid‐
erable attention because of the current background of fossil resources depletion and increase 
of CO2 emissions. If a renewable (from sunlight or wind) or nuclear energy source drives the 
dissociation of CO2 or other greenhouse gases, the renewable or nuclear energy can be stored as 
chemical energy in fuels. In this context, CO2 reutilization to synthesize syngas, valuable fuels, 
or chemical compounds as well as pure CO2 dissociation into CO and O2 is of a special interest. 
Large efforts have been made to develop energy‐efficient technologies [1–7].

Different techniques for conversion of CO2 into value‐added chemical compounds or fuels 
activated by heat or electricity have been developed and studied, namely thermolysis, photo‐
catalysis, and electrochemical methods [1–5]. The CO2 thermal splitting is thermodynamically 
and energetically favorable only at very high temperatures (1400–1800°C) and the conversion 
efficiency is very low. A prototype of CO2 thermolysis chamber using only solar energy was 
developed by Traynor and Jensen [2]. The measured net conversion of CO2 to CO was close to 
6% under optimal conditions. The maximum conversion of solar to chemical energy was 5%. 
Recently, photocatalytic conversion of CO2 using solar energy has attracted more and more 
attention. However, one of the greatest drawbacks is the low conversion efficiency at present. 
Moreover, its application is limited due to the numerous disadvantages [3, 4]: (1) inefficient 
reactor system, (2) catalyst activation needing long periods of irradiation, and (3) inefficient 
exploitation of visible light. High‐temperature electrolysis is another promising method since 
it can effectively convert the electrical energy into chemical energy (78–87%) [5]. Electrolysis 
of CO2 in the liquid phase has been investigated extensively while only few studies have been 
reported for electrolysis of CO2 in the gas phase. Much effort should be made to overcome the 
drawbacks such as short‐term stability of electrolytes, using expensive or scarce materials, 
and whole system heating.

Plasma technology represents an alternative approach to the above‐mentioned methods. The 
nonthermal plasma technology is considered to be an attractive alternative to other (clas‐
sical) technologies for converting inert carbon emissions (such as CO2) into valuable fuels 
and chemicals, due to its nonequilibrium characteristics, environmental‐safety, scalability, 
and low power requirements [6]. The fundamental properties and usefulness of the nonther‐
mal plasmas for conversion of carbon dioxide as well as for related plasma technologies are 
extensively reviewed by Fridman [6], Zou and Liu [7], and by the other numerous authors. 
Nonthermal plasmas including dielectric barrier discharges (DBDs) [8–13], microwave dis‐
charges (MWs) [14–21], gliding arc plasmatrons (GAPs) [22–24], glow discharges [25], radio 
frequency (RF) discharges [26], and corona discharge [27] have been investigated for CO2 
conversion so far. However, a known trade‐off between the energy efficiency and conver‐
sion efficiency is observed in plasma‐assisted dissociation of pure CO2. In order to overcome 
this trade‐off,  a plasma‐assisted catalytic process with plasma activation of the catalysts to 
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increase the conversion efficiency while maintaining high energy efficiency has been pro‐
posed. The combination of heterogeneous catalysis and plasma activation, known as plasma 
catalysis, has attracted increasing interest [28–31]. Plasma‐catalytic conversion of CO2 is a 
complex and challenging process involving a large number of physical and chemical reac‐
tions. The efficiency of this process can be controlled by means of the plasma parameters 
themselves, as well as by the catalyst properties. This suggests that more systematic studies 
on both the plasma effects and the chemical effects of the catalyst are necessary.

It is well known that the vibrational excitation is considered to be the most efficient elemen‐
tary process in CO2 plasmas to stimulate the endothermic CO2 decomposition via the so‐called 
vibrational ladder climbing process [6]. Due to its high degree of nonequilibrium, microwave 
plasma excites highly vibrational states of CO2 molecules, which are energy‐efficient for CO2 
decomposition. In this regard, combining catalysis with microwave plasmas could be espe‐
cially promising, as the catalyst surface can reach a somewhat elevated temperature and pos‐
sibly induce a synergy. Up to now, there are only a limited number of attempts for combining 
catalyst with microwave plasma [15, 17, 19–21].

The present Chapter critically summarizes the plasma‐catalyst phenomena for optimiza‐
tion of the microwave plasma‐assisted CO2 conversion focusing on NiO/TiO2 catalysts. It is 
focused on the investigation of several plasma‐catalytic effects and their influences including 
the catalyst preparation methods, plasma activation and NiO content, aiming at enhancing 
our understanding of the plasma‐catalytic CO2 conversion process.

2. Brief theoretical background

The excitation of both CO{_2} and water vapor is required  for effective dissociation. The high 
energy plasma electrons have the ability to efficiently excite and dissociate CO2 and H2O via 
collisional processes. The dissociation of a CO2 molecule is represented by the following global 
reaction [6]:

   CO  2   → CO +   1 __ 2    O  2  ,  ΔH = 2.9 eV / molecule  (1)

The process given by Eq.1 can be represented by an electron impact CO2 dissociation [6]:

   CO  2   → CO + O,  ΔH = 5.5 eV / molecule  (1a)

following either by O recombination into O2 [Eq. (1b)] or by the reaction with a ground state 
(but vibrationally excited) CO2 molecule [Eq. (1c)]:

  M + O + O →  O  2   + M   (  M is a particle )     (1b)

  O +  CO  2   → CO +  O  2  ,  ΔH = 0.3 eV / molecule.  (1c)

Besides this, CO can be easily converted into CO2 with the production of H2 in the presence of 
water, which is known as the water‐gas shift reaction (WGSR):

  CO +  H  2   O ⇄  CO  2   +  H  2   , ΔH = − 0.4 eV / molecule (forward direction).  (2)
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Rather than disassociating the CO2 directly, H2 can reduce CO2 to CO via the reverse direction 
depending on the reaction conditions. The analysis of the CO2 and H2O dissociation thermo‐
dynamics shows that the WGSR is favored in the forward direction if the temperature is less 
than about 827°C. Above that value the WGSR is favored in the reverse direction [5].

The decomposition of a H2O molecule is given by the following reaction [6]:

   H  2   O →  H  2   +   1 __ 2    O  2   , ΔH = 2.6 eV / molecule  (3)

Traditionally, in order to characterize the process efficiency, two main parameters reflecting 
the energy efficiency and conversion efficiency are used: conversion efficiency and energy 
efficiency. By definition [4], the energy efficiency η of dissociation process is given by

  η = χ   ΔH  ____ SEI    (4)

where ∆H is the dissociation enthalpy of the global reaction [Eq. (1)], that is, 2.9 eV/molecule 
in the case of CO2, χ is the CO2 conversion efficiency [Eq. (5)], and SEI is the specific energy 
input per molecule (in eV).

The conversion efficiency of CO2 is defined based on the following ratio:

  χ =   
  moles of CO  2    converted 

  ___________________   moles of CO  2    supplied    (5)

In our case,  χ  is calculated by comparing the gas chromatography (GC) CO2 peak area with‐
out and with the presence of plasma discharge, as described in Ref. [15]. The specific energy 
input per molecule, SEI, is given by the ratio of the discharge power (P) to the gas flow rate (F) 
through the discharge volume and it can be expressed in eV per molecule.

  SEI =    P  ___ F    (6)

3. Experimental part

3.1. The microwave discharge reactor

Figure 1 shows a schematic diagram of the surface‐wave microwave set‐up used in this work. 
The discharge was sustained in a quartz tube (14 mm in diameter and 31 cm in length) by an 
electromagnetic wave with a filling frequency of 915 MHz. The quartz tube was additionally 
cooled by 5°C oil. In order to minimize the reflected microwave power, the impedance of the 
waveguide was automatically adjusted by a three‐stub tuning system. The reflected power 
measured for each condition was always below the detection limit of the measuring probe 
and thus considered negligible. The CO2 or the other gases (Ar, O2, H2, or H2O) used in our 
study are injected from the top of the system. The gas flow rate was regulated by electronic 
mass flow controllers ranging between 0 and 6 standard liter per minute (slm). The water 
vapor was generated in an Omicron technologies vaporization system producing a vapor flow 
rate between 0 and 3 slm. The obtained discharge pressure was ranging from 30 to 60 Torr. 
A reactor containing the catalyst was placed at the end of the plasma quartz tube, about 2 cm 
below the end of the tube. The sine microwave waveform (at 915 MHz) is modulated in square 
pulses using a dedicated power supply. Accordingly, the kHz range frequency is related to the 
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modulation frequency, on top of the base frequency. In the present study, a 50% duty cycle 
was used: a pulse duration of 300 µs and a period of 600 µs (pulse frequency = 1.67 kHz). A 
more detailed description of the microwave set‐up can be found elsewhere [15, 19, 32].

3.2. Characterization of plasma and dissociation products

The composition of the postdischarge was analyzed by a Bruker‐450 gas chromatograph 
(GC) system equipped with a carbon molecular sieve column and a molecular sieve 5A 
column in series and connected to a thermal conductivity detector (TCD). Argon was used 
as a carrier gas in order to facilitate detection of H2. CO2, CO, H2, and O2 were success‐
fully detected by GC. No hydrocarbons were detected by this current system. The micro‐
wave discharge was also characterized by optical emission spectroscopy (OES), which is 
a useful technique to study the large variety of chemical processes in plasma. The light 
emission from diatomic molecules is generally represented by a set of ro‐vibrational emis‐
sion bands in the studied spectral range (∼300–800 nm) [33]. The vibrational populations, 
gas temperature, densities of the various particles and radicals, vibrational temperature, 
and molecular dissociation degree can be obtained through the analysis of these emission 
bands (as well as the atomic emission lines). The corresponding experimental data is given 
in the previous Chapter and also can be found elsewhere [17, 18]. The present Chapter is 
mainly dedicated to the effects of plasma catalysis.

Figure 1. Schematic representation of surface‐wave microwave set‐up with the discharge diagnostic facilities used in 
this work.
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3.3. Catalyst preparation

In the present work, we consider two different types of the catalyst treatment: conventional 
calcination and plasma treatment. Pellets (6 mm diameter and 1 mm thick) made from pure 
anatase powder (Sigma‐Aldrich) were used as a catalyst support. We use plasma  calcination 
as a replacement of the conventional calcination in the plasma‐treatment process. Three 
types of catalyst were prepared by plasma processing and are denoted in this work as: NiO/
TiO2 (O2), NiO/TiO2 (Ar), and NiO/TiO2 (CO2) which corresponds to the catalysts pretreated 
with pure O2 plasma, pure Ar plasma, and pure CO2 plasma, respectively. The catalysts 
prepared by conventional calcination are referred to as, NiO/TiO2 (Air‐C), NiO/TiO2 (Ar‐C), 
for calcination in air and argon, respectively. A catalyst (NiO/TiO2 (Ar‐P)) was also studied 
with an Ar plasma for a longer time (similar to conventional calcination). The summary 
of the preparation conditions and Brunauer‐Emmett‐Teller (BET) surface areas is given in 
Table 1. More details about these two catalysts and the preparation can be found in the cor‐
responding literature studies [15, 21].

3.4. Catalyst characterization techniques

The surface area of the catalyst was determined by nitrogen adsorption at a temperature of 
77 K using BET analysis. At the same time, the analysis of the catalyst crystalline structure 
was conducted using X‐ray diffraction (XRD) on the catalyst powder (Bruker advanced X‐ray 
diffractometer (40 kV, 40 mA) with a Cu Kα (0.154 nm) at a scanning rate of 2°/min from 
20 to 90°). TEM (transmission electron microscopy) (Philips CM 200) images were used to 
characterize the morphology and crystalline size. The Raman spectra were collected using 
a Bruker spectrometer equipped with a 532‐nm argon ion laser as the excitation source (the 
laser power was 2 mW). The spectrum range was from 40 to 1000 cm−1 and the spectral resolu‐
tion was 0.5 cm−1. Raman spectrometry was also used to detect the presence of defects in the 
crystal lattice. Ultra violet ‐to‐ visible (UV‐VIS) diffuse reflectance spectra were obtained by 
a Cary  spectrophotometer using BaSO4 as a background at a resolution of 1 cm−1. It was used 

Catalysts Description BET surface area (m2/g)

TiO2 Catalyst support (pure anatase) 12

TiO2 (Ar) Ar plasma treated for 40 minutes 12

NiO/TiO2 (O2) O2 plasma treated for 40 minutes 15

NiO/TiO2 (CO2) CO2 plasma treated for 40 minutes 19

NiO/TiO2 (Ar) Ar plasma treated for 40 minutes 19

NiO/TiO2 (Air‐C) Conventional calcination in air for 
2 hours

18

NiO/TiO2 (Ar‐C) Conventional calcination in Ar for 
2 hours

17

NiO/TiO2 (Ar‐P) Ar plasma treated for 2 hours 19

Table 1. Summary of various catalysts and pure TiO2 applied for plasma‐assisted catalytic conversion of CO2.
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3.3. Catalyst preparation
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prepared by conventional calcination are referred to as, NiO/TiO2 (Air‐C), NiO/TiO2 (Ar‐C), 
for calcination in air and argon, respectively. A catalyst (NiO/TiO2 (Ar‐P)) was also studied 
with an Ar plasma for a longer time (similar to conventional calcination). The summary 
of the preparation conditions and Brunauer‐Emmett‐Teller (BET) surface areas is given in 
Table 1. More details about these two catalysts and the preparation can be found in the cor‐
responding literature studies [15, 21].
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77 K using BET analysis. At the same time, the analysis of the catalyst crystalline structure 
was conducted using X‐ray diffraction (XRD) on the catalyst powder (Bruker advanced X‐ray 
diffractometer (40 kV, 40 mA) with a Cu Kα (0.154 nm) at a scanning rate of 2°/min from 
20 to 90°). TEM (transmission electron microscopy) (Philips CM 200) images were used to 
characterize the morphology and crystalline size. The Raman spectra were collected using 
a Bruker spectrometer equipped with a 532‐nm argon ion laser as the excitation source (the 
laser power was 2 mW). The spectrum range was from 40 to 1000 cm−1 and the spectral resolu‐
tion was 0.5 cm−1. Raman spectrometry was also used to detect the presence of defects in the 
crystal lattice. Ultra violet ‐to‐ visible (UV‐VIS) diffuse reflectance spectra were obtained by 
a Cary  spectrophotometer using BaSO4 as a background at a resolution of 1 cm−1. It was used 
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NiO/TiO2 (Air‐C) Conventional calcination in air for 
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18
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17
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for measurements of the bandgap energy and the absorbance of ultraviolet light as a function 
of the wavelength.

4. Plasma‐assisted catalytic conversion of CO2

4.1. The influence of catalyst preparation method

In the field of catalysis, the nature of the catalyst in terms of its physical structure and chemi‐
cal properties is a key factor for its effectiveness in a particular process. The activity of the 
adsorption sites provided by the catalyst determines the mechanisms that provide the lower 
energy reactive pathways [28]. The formation of these adsorption sites could be sensitively 
affected by catalyst preparation conditions, and the understanding of the chemical basis for 
this is essential. The nonthermal plasma, having highly energetic electrons and chemically 
reactive species (e.g., free radicals, excited atoms, ions, and molecules), may modify surface 
properties of the catalyst, enhance the dispersion of the supported metals, and even create 
disorder in their crystallite structure, depending on the nature of the gas phase, and the exper‐
imental treatments conditions. In this work, in order to study the relationship between the 
catalyst preparation method (its structure, morphology, and defect) and its efficiency in the 
CO2 conversion, two different catalyst preparation methods, namely the conventional calci‐
nation and plasma treatment, were considered. Comparison of CO2 conversion and energy 
efficiencies in the microwave discharge with and without catalysts as well as the effect of dif‐
ferent preparation methods are investigated and presented in Figure 2. Thermally calcinated 

Figure 2. CO2 conversion and energy efficiencies are shown for the NiO/TiO2 catalysts prepared by different methods 
(conventional calcination vs Ar plasma treatment). (a) Plasma only, (b) NiO/TiO2 (Air‐C), (c) NiO/TiO2(Ar‐C), (d) NiO/
TiO2 (Ar‐P). Flow rate = 2 slm; pressure = 30 Torr; SEI = 6.95 eV/molecule. pulse frequency = 1.67 kHz.
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catalysts (NiO/TiO2 (Air‐C) and NiO/TiO2 (Ar‐C)) affect the CO2 conversion rather insignifi‐
cantly (in comparison with the plasma‐only‐assisted CO2 dissociation). On the other hand, it 
is clear that the presence of plasma‐activated catalyst (NiO/TiO2(Ar‐P) significantly enhances 
the CO2 conversion and energy efficiencies compare to the plasma‐only‐assisted decompo‐
sition. The CO2 conversion and energy efficiencies increase from 23 to 43% and 10 to 18%, 
respectively, compared to the plasma only case. For better understanding of the influence of 
the different preparation methods on chemical and physical properties of the catalysts, the 
chemical composition and morphology of the catalysts were studied by XRD, BET analysis, 
TEM, and Raman spectroscopy.

The catalyst characterization based on XRD and TEM results shows that an Ar plasma treat‐
ment results in a very uniform distribution of nickel oxide on the TiO2 and the possibility of a 
higher Ni2+ concentration into the TiO2 lattice. Raman spectroscopy was used in order to access 
the phase constitution and lattice defects of the catalyst support (TiO2). All observed Raman 
peaks correspond to the characteristic Raman modes of the anatase TiO2 structure [34, 35] 
(Figure 3). The peak shift in Raman spectra indicates that the vibrations of the TiO2 lattice are 
considerably affected by the presence of Ni ions. The largest shift and broadening occur for the 
Ar plasma‐treated catalyst (NiO/TiO2 (Ar‐P)), as shown in Figure 3. The Eg peaks are associated 
with the symmetric stretching vibration mode of O‐Ti‐O in TiO2. This mode is very sensitive to 
local oxygen coordination surrounding the metal ions. According to a previous detailed analy‐
sis of Raman spectra of TiO2 and doped‐TiO2 samples [15], the broadening and shifting of the 
main bands can be attributed to the presence of oxygen vacancies. These results indicate that 
plasma treatment can induce higher density of oxygen vacancies compared to the conventional 
calcination. To get a valuable insight into the catalyst activation process, a two‐dimensional 
model of Ar plasma was developed in the modeling framework PLASIMO [36–38]. The results 
from the simulation imply the effective catalyst activation by the Ar metastable species (4s 1s5 
and 4s 1s3 states) at the catalyst chamber region [21]. The complex environment encountered 

Figure 3. (a) Raman spectra of conventional calcined and plasma‐treated catalysts and pure TiO2; (b) full‐width at half‐
maximum (FWHM) in Eg modes in the different catalysts and TiO2 support.
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in plasma could lead to the unusual catalyst structure, formation of smaller particles, better 
dispersion, and stronger interaction between the catalyst and the support.

4.2. The influence of plasma gas for catalyst activation

As mentioned above, plasma plays an important role in tailoring the properties of a catalyst 
by the selective doping of a material with heteroatoms and its subsequent modification of the 
bandgap of a material which can affect both activity and selectivity [28]. However, modifica‐
tions of the catalyst depend on the nature of plasma gas and experimental treatment condi‐
tions. The influence of preactivation of the catalyst using three different gases, namely O2, Ar, 
or CO2, on the CO2 conversion and energy efficiencies as well as on the chemical and physi‐
cal properties is studied in this section. The CO2 conversion and energy efficiencies are not 
altered significantly in the presence of TiO2 (Ar) support (without doping agent) compared 
to the plasma‐only CO2 decomposition case, as shown in Figure 4. The presence of NiO/TiO2 
(Ar) significantly increases the CO2 conversion efficiency and energy efficiency almost twice 
from 23 to 42% and 9.6 to 17.5%, respectively, comparing with the plasma‐only experiment 
results. However, the CO2 conversion and energy efficiencies were not significantly affected 
when NiO/TiO2 (O2) and NiO/TiO2 (CO2) catalysts are used. To understand this effect, the 
analysis of different catalysts and supports was undertaken by XRD, BET, Raman spectros‐
copy, and UV‐VIS spectroscopy. Similar crystallite sizes (around 46 nm) were observed for 
pure TiO2 support, TiO2 (Ar) and NiO/TiO2 catalysts prepared by plasma [15]. On the other 
hand, the lattice constant c increases slightly with the addition of NiO and the largest increase 

Figure 4. CO2 conversion and energy efficiencies are shown for the NiO/TiO2 catalysts prepared by plasma treatment 
with different gases (O2, Ar, CO2). Flow rate = 2 slm; pressure = 30 Torr; SEI = 6.95 eV/molecule. Pulse frequency = 1.67 
kHz. Reprinted with permission from Ref. [15]. Copyright 2016 Elsevier.
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is observed for NiO/TiO2 (Ar) catalyst based on the comparison of the lattice values for the 
NiO/TiO2 catalysts with pure TiO2. The observed TiO2 lattice expansion might imply that a 
few Ni2+ ions are incorporated into the TiO2 lattice ( the ionic radius of Ni2+ (0.83 Å) is larger 
than that of Ti4+ (0.75Å) [39]). As we have discussed in Section 4.1, the oxygen vacancies are 
probably mainly responsible for the blue and red shifts as well as for widening of the Raman 
peaks corresponding to Eg modes. Together with the XRD results, we conclude the substitu‐
tion of Ti4+ ions by Ni2+ distorts the TiO2 lattice and generates oxygen vacancies to maintain 
charge neutrality. As it is noted from Figure 5 that the largest shift and widening occur for 
the Ar plasma‐treated NiO/TiO2 catalyst. This indicates that the Ar plasma treatment leads to 
a higher concentration of oxygen vacancies in the presence of NiO. In order to study the dop‐
ing effect on the catalyst optical properties, the bandgap energy Ebg was calculated based on 
the UV‐VIS spectra [15]. The obtained bandgap energies are 2.85, 2.79, 2.60, 2.49, and 2.17 eV 
for pure TiO2, TiO2 (Ar), NiO/TiO2 (O2), NiO/TiO2 (CO2), and NiO/TiO2 (Ar), respectively. 
These results are consistent with the previous findings that the increasing of oxygen vacancies 
results in a narrowing bandgap energy for TiO2 [40–43]. The pure TiO2 support and the TiO2 
support pretreated with Ar plasma were also investigated. No influence of Ar plasma pre‐
treatment on the TiO2 support surface area and its crystalline structure as well as on the defect 
formation has been found. Therefore, it proves that an important condition for the formation 
of oxygen vacancies by means of Ar plasma pretreatment is the presence of Ni2+ which leads 
to incorporation of the Ni2+ ions in the TiO2 lattice.

Figure 5. Raman spectra of TiO2‐supported NiO catalysts, TiO2 (Ar), and pure TiO2 support. The enlarged view of the 
intense Eg peak is shown in the inset. Reprinted with permission from Ref. [15]. Copyright 2016 Elsevier.

Green Chemical Processing and Synthesis38



is observed for NiO/TiO2 (Ar) catalyst based on the comparison of the lattice values for the 
NiO/TiO2 catalysts with pure TiO2. The observed TiO2 lattice expansion might imply that a 
few Ni2+ ions are incorporated into the TiO2 lattice ( the ionic radius of Ni2+ (0.83 Å) is larger 
than that of Ti4+ (0.75Å) [39]). As we have discussed in Section 4.1, the oxygen vacancies are 
probably mainly responsible for the blue and red shifts as well as for widening of the Raman 
peaks corresponding to Eg modes. Together with the XRD results, we conclude the substitu‐
tion of Ti4+ ions by Ni2+ distorts the TiO2 lattice and generates oxygen vacancies to maintain 
charge neutrality. As it is noted from Figure 5 that the largest shift and widening occur for 
the Ar plasma‐treated NiO/TiO2 catalyst. This indicates that the Ar plasma treatment leads to 
a higher concentration of oxygen vacancies in the presence of NiO. In order to study the dop‐
ing effect on the catalyst optical properties, the bandgap energy Ebg was calculated based on 
the UV‐VIS spectra [15]. The obtained bandgap energies are 2.85, 2.79, 2.60, 2.49, and 2.17 eV 
for pure TiO2, TiO2 (Ar), NiO/TiO2 (O2), NiO/TiO2 (CO2), and NiO/TiO2 (Ar), respectively. 
These results are consistent with the previous findings that the increasing of oxygen vacancies 
results in a narrowing bandgap energy for TiO2 [40–43]. The pure TiO2 support and the TiO2 
support pretreated with Ar plasma were also investigated. No influence of Ar plasma pre‐
treatment on the TiO2 support surface area and its crystalline structure as well as on the defect 
formation has been found. Therefore, it proves that an important condition for the formation 
of oxygen vacancies by means of Ar plasma pretreatment is the presence of Ni2+ which leads 
to incorporation of the Ni2+ ions in the TiO2 lattice.

Figure 5. Raman spectra of TiO2‐supported NiO catalysts, TiO2 (Ar), and pure TiO2 support. The enlarged view of the 
intense Eg peak is shown in the inset. Reprinted with permission from Ref. [15]. Copyright 2016 Elsevier.

Green Chemical Processing and Synthesis38

Figure 6. Evolution of the conversion efficiency and energy efficiency of CO2 as a function of the discharge pressure at 
different SEI.

Figure 7. Dependence of the CO2 conversion and energy efficiencies on the NiO content in the NiO/TiO2 catalysts treated 
by Ar plasma. Flow rate = 5 slm; pressure = 60 Torr; SEI = 2.9 eV/molecule. Pulse frequency = 1.67 kHz.
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4.3. The influence of pressure and NiO content

First, the total pressure effect on the CO2 decomposition was studied in the absence of cat‐
alyst in the range of 20–60 Torr at different SEI (Figure 6). As the pressure increases, our 
experimental data clearly show an improvement in CO2 conversion, which is in good agree‐
ment with published results obtained in microwave plasma at low pressure [6]. These pres‐
sure‐dependent results can be understood based on the increase of electron‐neutral collision 
frequency in the plasma phase which favors the vibrational excitation of the asymmetric 
vibrational mode of CO2 and leads to higher CO2 conversion efficiency [6]. In addition, η 
drops when SEI increases whereas at the same time χ increases. This trade‐off between χ and 
η has been observed in other CO2 experiments as well [6, 10]. From this result it is clear that χ 
does not increase to the same extent as SEI does. The effect of nickel contents on the CO2 con‐
version and energy efficiencies was investigated at 60 Torr. Increasing the nickel content from 
2.5 to 10 wt% results in an increase of the CO2 conversion and energy efficiencies up to 42% 
(Figure 7). However, at higher nickel content, there is no significant change in the conversion 
of CO2. Figure 8 shows the X‐ray powder diffraction patterns of NiO/TiO2 catalysts for dif‐
ferent NiO contents. For nickel contents ranging from 2.5 to 10 wt%, very weak diffraction 
peaks were observed at 2θ = 43.5o, corresponding to the (200) crystal planes of face‐centered 
cubic NiO lattice. As a result of further increase of the NiO content, NiO diffraction peaks 
become clearly visible. This increase in the NiO content does not increase the population of 

Figure 8. XRD patterns of plasma‐treated catalysts with different NiO loading and pure TiO2: (a) TiO2, (b) 2.5 wt% 
NiO, (c) 5 wt% NiO, (d) 10 wt% NiO, (e) 15 wt% NiO, (f) 25 wt% NiO. The peaks, associated with the anatase phase 
and denoted with * in the XRD pattern of the pure TiO2 (anatase) support, are observed with the similar intensity in all 
samples.
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Ti4+ substituted by Ni2+ in the TiO2 lattice. Further investigations are necessary to obtain a bet‐
ter understanding of the role of NiO.

5. Discussion

Among several factors giving significant improvements in both χ and η values, the following 
two groups are of special interest: the nature of plasma activation gas and NiO content on the 
TiO2 surface. Compared to the plasma‐only case, the CO2 conversion and energy efficiencies 
were multiplied by a factor of 2.1 by selecting the appropriate catalyst preparation methods 
(plasma) and the NiO content. In agreement with previous study [19] on the CO2  conversion 
efficiency and the corresponding relative Raman shifts of the three Eg modes observed in NiO/
TiO2 (O2, Ar, CO2), NiO/TiO2 (Air‐C), NiO/TiO2 (Ar‐C), NiO/TiO2 (Ar‐P), and in TiO2 (Ar) 
(shown in Figures 3 and 5), the present results indicates that the higher activity observed on Ar 
plasma‐treated NiO/TiO2 catalysts could be linked to the formation of surface oxygen vacancies.

It is well known that photocatalysts can be activated through the formation of electron‐
hole (e‐‐h+) by photoillumination of the catalyst surface. TiO2‐based catalysts are extensively 
studied for CO2 photoreduction because of the adequate bandgap of TiO2 (3.2 eV for ana‐
tase phase). Liu et al. [44] have shown that the mechanism of activation and subsequent 
reduction of CO2 involves the participation of protons and electron transfer. However, 
with a pure TiO2 (Ar) support, no difference in the CO2 conversion efficiency compared 
to plasma only case was found, as shown in Figure 8. Hence, the observed improvements 
in our work could not be explained by the possible photoreduction of CO2 induced by the 
plasma radiation.

Nowadays, the fabrication of oxygen‐deficient surfaces has increasing interest, which is an 
important strategy for improving the photocatalytic CO2 dissociation [44–46]. Oxygen vacancy 
(Vo) has been considered as the active site for the adsorption and activation of CO2. The elec‐
tron attachment to a CO2 molecule adsorbed by an oxygen vacancy leads to the formation of a 
transient negative ion CO2⁻ that decomposes to give CO and fill the Vo with an oxygen atom 
between a Ni2+ and Ti4+ ions (the oxygen atom is Obr) [15]. The threshold energy for this one‐
electron process is found to be 1.4 eV [44, 47]. The dissociative electron attachement (DEA) of 
CO2 observed on the catalytic surface can occur also in the gas phase [6]. However, the maxi‐
mum value of the DEA cross‐section is low (∼10⁻22 m2) and the threshold energy of 5–10 eV [6] 
is high compared to the threshold energy of 1.4 eV [47] for the DEA at the catalyst surface. So, 
the DEA process for CO2 occurs more easily for adsorbed CO2 on the TiO2 defective surface 
than for CO2 in the gas phase. As the activity of our catalyst remains constant over time, a 
regeneration of Vo is necessary [15].

A study of CO2 conversion efficiency in different gas mixtures in the presence of NiO/TiO2 
(Ar‐P) has also been investigated [19, 21]. It was found that the CO2 conversion efficiency 
was also enhanced independently of the mixture when NiO/TiO2 (Ar‐P) is used. A synergy 
between the catalyst and plasma is clearly demonstrated. The CO2 conversion and energy 
efficiencies in 90% CO2–10% H2O increase from 30 to 52% and 12.5 to 22%, respectively, 
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when the activated catalyst is combined with the plasma. We found previously that oxygen 
vacancies enhanced the CO2 conversion in the plasma‐catalytic dissociation of pure CO2 
[15]. The electrons supplied by the plasma enhance the dissociative attachment of CO2 on 
the oxygen‐deficient catalyst surface. We suggest that the following processes can be dis‐
tinguished on the catalyst surface in the plasma‐catalytic CO2/H2O conversion (Figure 9). 
CO2 could be reduced to CO via reaction with H radical or direct dissociation by healing 
the oxygen vacancy sites [1, 48, 49]. The active species OH and adsorbed oxygen atom react 
with each other to form atomic hydrogen and O2, resulting in the regeneration of oxygen 
vacancy. The oxygen vacancy can also be regenerated via the recombination on the surface 
of a bridging oxygen atom with a gaseous oxygen atom [15, 50, 51]. The presence of atomic 

Figure 9. A tentative mechanism of plasma‐catalytic CO2 decomposition on the catalyst surface.
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O peaks and water dissociation product (OH and H) peaks in the emission spectrum of CO2/
H2O  microwave discharge was detected and reported in our previous study [17]. The plasma 
supplies energy to the catalyst surface and thus additionally enhances the recombination 
process. The regeneration of oxygen vacancies can be confirmed by our experimental results 
[19, 21]. The CO2 conversion and energy efficiencies remain more or less constant over time, 
at least for 150 minutes of continuous operation. Hence, a synergistic effect between the 
plasma and the NiO/TiO2(Ar‐P) catalyst leads to significantly improved CO2 conversion and 
energy efficiencies, which can be attributed to the dominant surface reactions driven by the 
plasma.

A two‐dimensional χ‐η chart compares the energy efficiency for CO2 conversion using differ‐
ent types of nonthermal plasmas (Figure 10). The influence of the NiO content, as well as of 
the other effects studied (such as H2O effect) in this and previous work [19, 21] is clearly visi‐
ble. Selected results on CO2 conversion taken from the literature are given for comparison. The 
data points corresponding to our study look very promising. The highest energy efficiency of 
about 90% was reported by Asisov et al. in microwave plasma in supersonic flow [14]. The cor‐
responding CO2 conversion was only about 10%, which is significantly lower than that (42%) 
obtained in this work for pure CO2 decomposition with a catalyst. The highest reported con‐
version efficiency was about 80% while the energy efficiency was less than 6% [18]. A balance 
between CO2 conversion and energy efficiencies in the plasma processing of CO2 is especially 
important for the development of an efficient and cost‐effective process. The combination 

Figure 10. Comparison of the conversion and energy efficiencies for CO2 with different types of non‐thermal plasmas: 
 ‐ Pure CO2;  ‐ CO2‐Ar mixture;  ‐ CO2‐H2O mixture;  CO2‐H2O ‐Ar mixture; ‐CO2‐N2 mixture. PM 

stands for Preparation Method, MW‐ss stands for a Microwave discharge with supersonic gas flow. The SEI values are 
given for reference.
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of the microwave plasma and the Ar plasma‐treated NiO/TiO2 catalyst leads to significant 
enhancement in the CO2 conversion and energy efficiencies of the plasma  process, as well as 
the balance between them.

6. Conclusions

This work critically summarizes the effects of various plasma operating conditions and cata‐
lyst preparation methods on the CO2 conversion and its energy efficiency in a surface‐wave 
sustained microwave discharge. As a result, one can conclude that the catalyst preparation 
method has a significant impact on the chemical and physical properties of the catalysts, 
which in turn strongly influence CO2 conversion and energy efficiencies. Ar plasma treat‐
ment  is supposed to result in a higher density of oxygen vacancies and a very favorable 
distribution of nickel oxide on the TiO2 surface comparing with the classical calcination in 
air or in argon.

The oxygen vacancies are the key factor explaining the catalytic activities in CO2 decomposition. 
These vacancies are stabilized by the presence of Ni2+ ions in the anatase lattice. The plasma 
pretreatment allows to both create oxygen vacancies, and to incorporate the nickel into the TiO2 
lattice to stabilize these vacancies. The dissociative electron attachment of CO2 at the catalyst sur‐
face enhanced by the oxygen vacancies and plasma electrons can explain the observed increase 
of CO2 conversion as well as the energy efficiency. A mechanism is proposed that explains the 
observed plasma‐catalyst synergy, which has led to improved CO2 conversion and energy 
efficiencies.

At the same time, there is still a room for further improvement of the CO2 conversion and 
energy efficiencies through the optimization of the plasma parameters (e.g., high pressure 
and high flow rate) and the modification of catalysts (e.g., loading different metal nanopar‐
ticles on TiO2). In addition, it is very promising to explore the possibility of H2O‐CO2 as an 
alternative system to conversion of carbon dioxide to value‐added compounds, such as syn‐
gas, methanol, and formic acid. We expect that the results presented in this study will provide 
useful insights into the plasma‐assisted CO2 conversion in the presence or absence of cata‐
lysts, which may be used for greenhouse gas conversion in industry.
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of the microwave plasma and the Ar plasma‐treated NiO/TiO2 catalyst leads to significant 
enhancement in the CO2 conversion and energy efficiencies of the plasma  process, as well as 
the balance between them.

6. Conclusions

This work critically summarizes the effects of various plasma operating conditions and cata‐
lyst preparation methods on the CO2 conversion and its energy efficiency in a surface‐wave 
sustained microwave discharge. As a result, one can conclude that the catalyst preparation 
method has a significant impact on the chemical and physical properties of the catalysts, 
which in turn strongly influence CO2 conversion and energy efficiencies. Ar plasma treat‐
ment  is supposed to result in a higher density of oxygen vacancies and a very favorable 
distribution of nickel oxide on the TiO2 surface comparing with the classical calcination in 
air or in argon.

The oxygen vacancies are the key factor explaining the catalytic activities in CO2 decomposition. 
These vacancies are stabilized by the presence of Ni2+ ions in the anatase lattice. The plasma 
pretreatment allows to both create oxygen vacancies, and to incorporate the nickel into the TiO2 
lattice to stabilize these vacancies. The dissociative electron attachment of CO2 at the catalyst sur‐
face enhanced by the oxygen vacancies and plasma electrons can explain the observed increase 
of CO2 conversion as well as the energy efficiency. A mechanism is proposed that explains the 
observed plasma‐catalyst synergy, which has led to improved CO2 conversion and energy 
efficiencies.

At the same time, there is still a room for further improvement of the CO2 conversion and 
energy efficiencies through the optimization of the plasma parameters (e.g., high pressure 
and high flow rate) and the modification of catalysts (e.g., loading different metal nanopar‐
ticles on TiO2). In addition, it is very promising to explore the possibility of H2O‐CO2 as an 
alternative system to conversion of carbon dioxide to value‐added compounds, such as syn‐
gas, methanol, and formic acid. We expect that the results presented in this study will provide 
useful insights into the plasma‐assisted CO2 conversion in the presence or absence of cata‐
lysts, which may be used for greenhouse gas conversion in industry.
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Abstract

Upgrading of biomass resources toward high-energy compounds (biofuel) is a crucial 
technology for sustainable development because utilizations of biomass resources can 
contribute to the low CO2 emission on the basis of carbon neutral concept. In this chap-
ter, recent advances on catalytic hydrogenation and hydrogenolysis of biomass-derived 
furaldehydes, dehydration products of saccharides, for example, called as hydroxymeth-
ylfuran (HMF) and furfural, toward biofuels over heterogeneous catalytic system are 
introduced. Some approaches on mechanistic study and reactor design are also men-
tioned in this chapter.

Keywords: biomass, furaldehydes, biofuel, hydrogenation, hydrogenolysis

1. Introduction

In the past decades, owing to the rise of a living standard through social infrastructure devel-
opment in the world, the energy demand growth has been stronger with increase of global 
gross domestic product (GDP), and it would rise further 30% till 2040 [1, 2]. While concerns 
on global warming derived from CO2 emission have been debated in Intergovernmental 
Panel on Climate Change (IPCC) and Conference of the Parties (COP), they established global 
guidelines to participate in a sustainable development toward “zero emission.” New energy 
sources and technologies have been current; however, it is still a great challenge to fabricate a 
low carbon society where high quality of life is constructed with low CO2 emission. The rate 
of renewable energy including solar, geothermal, waste, wind, biofuels, wood, and hydro-
electric power was only below 10% in the total primary energy consumption diagram still 
now [1].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



A facile transformation of biomass-based resources is one of the crucial technologies to reduce 
the emission of CO2 according to the carbon neutral concept; that is, the amount of CO2 emis-
sion owing to biomass consumption (burning) is equal to the amount of CO2 storage during 
its growth (photosynthesis). Thus, the balance of CO2 concentration in the atmosphere on the 
basis of biomass utilization process is scarcely influenced. A lot of efforts have put into the 
investigations of new biomass transformation processes and derived technologies (e.g., see 
[3–8]). In this chapter, recent advanced catalytic transformations of biomass-based furalde-
hydes (furfurals) toward biofuels via hydrogenation/hydrogenolysis are introduced.

2. Transfer hydrogenation of furaldehydes to biofuels

A schematic reaction pathway for transfer hydrogenation/hydrogenolysis of biomass-based 
furaldehydes toward biofuels and chemicals is summarized in Scheme 1. Investigations on the 
synthesis of tetrahydrofuran (THF), tetrahydrofurfuryl alcohol (THFA) [9, 10], and 2-methyl-
tetrahydrofuran (2-MTHF) [11] are attractive to serve biomass-based green solvent and pre-
cursor for aliphatic alcohols such as 1-butanol, 1,5-poentandiol, and 2-pentanol, respectively 
[12]. Moreover, furaldehyde-based diols of 2,5-bis(hydroxymethyl)furan (BHMF) [13–15] and 
2,5-bis(hydroxymethyl)tetrahydrofuran (BHMTHF) [16–18] are the candidate for biomass-
derived monomer source. Note, BHMF is also called as 2,5-dihydroxymethylfuran (DHMF) as 
a popular style. Accordingly, the strategy to rule such competitive reactions among reduction, 

Scheme 1. Schematic reaction pathway for transfer hydrogenation/hydrogenolysis of biomass-based furaldehydes 
toward biofuels and chemicals.
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ring-hydrogenation, hydrogenolysis, and decarbonylation is the key factor in the biorefinery 
on the transfer hydrogenation of furaldehydes.

The products of 2-methylfuran (2-MF), 2,5-dimethylfuran (DMF), and 2,5-dimethyltetra-
hydrofuran (DMTHF) have been counted on as biomass-based fuels (biofuels) as well as 
conventional biomass-derived transportation fuels such as bioethanol and biodiesel. These 
furan-based biofuels possess high-energy density [lower heating value (LHV): 28–32 MJ L−1], 
low volatility [higher bp. (336–367 K) compared to ethanol], and good combustibility [research 
octane number (RON): 82–131]. Additionally, these are immiscible with water and stable com-
pound in stage and thus would be an easier blender in gasoline than bioethanol. The DMF 
applications as automotive fuel have been challenged on a single-cylinder or multicylinder 
gasoline engines [19–21].

2.1. Synthesis of DMF by HMF hydrogenolysis

Synthesis of DMF from HMF is one of major researches for biofuel productions. First of all, 
studies on the synthesis of DMF from HMF hydrogenolysis (Scheme 2) have been introduced 
in the following five contents.

 2.1.1. At pressurized hydrogen condition

Chidambaran and Bell provided 15% yield of DMF from hydroxymethylfuran (HMF) over 
Pd/C catalyst in ionic liquid/acetonitrile mixed solution under pressured H2 (6.2 MPa) [22]. 
Recently, Saha and co-workers achieved 85% yield for DMF from HMF via BHMF intermedi-
ate with combined use of Pd/C and Lewis acid ZnCl2 at lower pressurized H2 (0.8 MPa) [23]. 
The improvement induced by ZnCl2 agent was due to the facilitation on the rate-determinating 
step of BHMF to DMF via cleavage of C─O bonds. The synergism with Zn2+ was varied by 
the metal center: Pd/C/ZnCl2 was faster than Ru/C/ZnCl2, and Ni/C shows poor synergism. 
Interestingly, BHMF was identified as an intermediate product during the reaction, and it was 
52% yield at maximum with the Ru/C/ZnCl2 system.

Ru-supported catalyst is examined by several groups in HMF hydrogenation at pressur-
ized H2 in recent days. Zu et al. investigated Ru/Co3O4 catalyst and conducted 93% yield 
for DMF at 403 K and 0.7 MPa H2 [24]. In this system, Ru is responsible for hydrogenation, 
while CoOx works for the adsorption of hydrogenation product and then breaks the C─O 
bond. Nagpure et al. suggested Ru-NaY zeolite composed with Ru particles (Av. 2.8 nm) 
on the external surface served 78% yield of DMF under H2 (1.5 MPa) at 493 K in a short 
duration of the reaction (1 h) [25]. According to the TOF value in DMF production at the 

Scheme 2. Synthesis of DMF from HMF hydrogenolysis.
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same  condition, the reactivity of metal was expected as following order Ni (5.2 h−1) < Cu 
(6.4 h−1) < Au (16.4 h−1) < Pt (60.8 h−1) < Rh (80.2 h−1) < Pd (98.6 h−1) < Ru (156.0 h−1), though 
the detailed information of size or surface area of other metals was not shown. The Lewis 
acidity of NaY zeolite was expected to increase deoxygenation ability and helped to improve 
the DMF yield in the reaction. On the other hand, Hu et al. gave 95% for DMF production 
over Ru/C catalyst at 473 K and 2 MPa H2 [26]. The acid sites on carbon support supposedly 
promoted the hydrogenation of HMF to DMF. In addition, the authors also examined a 
combined use of ionic liquid (1-butyl-3-methylimidazolium chloride) and cellulose-derived 
sulfonated carbonaceous catalyst for HMF production from biomass-derived carbohydrates 
and successive hydrogenation of the extracted HMF to DMF over Ru/C catalyst, and then, 
more than 82% DMF yield was successfully obtained. It was generally known in the case of 
Ru catalyst that the reactivation by heating under H2 flow is required to remove the deposi-
tions of high-molecular-weight by-products blocking the active Ru sites [26, 27].

In the case of Ni catalyst, the acidity of support is also expected to be the key function for 
deoxygenation step. Huang et al. explained the Ni particles mainly played a role in the hydro-
genation step but had limited deoxygenation, whereas W2C particles mainly promoted the 
deoxygenation step of hydroxymethyl group but had limited hydrogenation ability. They have 
served 96% yield of DMF by using the synergy between Ni and W2C particles at 4 MPa H2 [28]. 
It should be noted that the observed major intermediate was not BHMF but 5-MF in this study.

2.1.2. With hydrogen donor agent

Because the concentration of other undesirable byproducts via ring-open and ring hydro-
genation such as BHMTHF, 5-methyltetrahydrofuran (5-MTHFA), DMTHF, and hexanediol 
increased at higher H2 pressure [24, 29, 30], several approaches instead of the utilization of 
pressurized H2 agent had been examined to build up further possible way in the catalytic 
system. Jae et al. applied 2-propanol as a hydride donor for Ru/C-catalyzed HMF hydrogena-
tion and gave 81% yield for DMF at 463 K under pressurized N2 (2.04 MPa) [27]. Two ethers 
via etherification of 2-propanol and BHMF or 5-MFA (denoted as ethers 2 and 3 in Scheme 3) 
were detected in the reaction, and the expected reaction network in the presence of 2-propanol 

Scheme 3. Reaction network of the hydrogenation of HMF into DMF in the presence of 2-propanol.
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is described in Scheme 3. Nagpure et al. demonstrated Ru-Mg(Al)O catalyst with 58% yield 
of DMF at 493 K for 4 h at 1 MPa H2 assisted by hydrogen transfer from 2-propanol solvent 
[30]. Continuous-flow transfer hydrogenation/hydrogenolysis of HMF in 2-propanol yielded 
72% DMF with Pd/Fe2O3 catalyst at 2.5 MPa pressure and 453 K through BHMF production 
at an initial stage (70% sel. at 50% conv.) [31]. Utilization of hydrogen donor agent would be 
a versatile strategy for the reaction.
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(ii) combined effect of CO2 and H2O forced the reaction to move in the direct of HMF → DMF. 
Weak acidic condition derived from CO2 dissolved in water would be one of the crucial factors 

Scheme 4. Reaction network of the hydrogenation of HMF into DMF in the presence of formic acid.
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behind the hydrogenation of HMF to DMF. This catalytic system could be applied for furfural 
hydrogenation and 100% yield of 5-MF or 2-MTHF was achieved under optimized condition.

Hansen et al. demonstrated Cu-doped porous Mg-Al-Ox (Cu-PMO) catalyst with supercritical 
methanol in a stainless steel bomb reactor [35]. According to their concept, the rapid deoxy-
genation of HMF in the presence of Cu-PMO drastically diminished undesired side reac-
tions such as polymerizations and condensations. Total yield of three main products of DMF, 
DMTHF, and 2-hexanol was reached to be 61%. The maximum yield for DMF was 48% at 
533 K for 3 h reaction.

2.1.4. Under ambient operation conditions

In order to decrease the operation risks owing to the utilization of pressurized and/or high-
temperature conditions, application of ambient condition for the target reaction is an ideal 
system. Moreover, as an additional issue, the undesired formation of insoluble humin is often 
observed and decreased the yield in furaldehyde utilizations at elevated reaction tempera-
ture [36]. One of impressive approaches under ambient operation conditions was reported by 
Bekkum et al. They have studied HMF hydrogenolysis under atmospheric H2 at 333 K with 
Pd/C catalyst and gave 35.7% yield of DMF in 1-propanol solvent through propyl ether inter-
mediates formation; the 2-methyl-5-(propoxymethyl)furan was detected in the initial stage 
with high yield (>80%) [37], while in 1,4-dioxane, mainly BHMF is formed with 80% yield at 
the same reaction condition.

Figure 1. Effect of CO2 pressure on the conversion and product profile. Reaction conditions: catalyst: substrate = 1:5, 
353 K, 2 h, 1 MPa (H2), water (1 mL). Reproduced with permission from The Royal Society of Chemical (RSC) of Ref. [29].
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Bimetallic catalysts for upgrading of biomass resources into high-value fuels and chemicals 
were the one of research interests in biomass conversion in the last decade [38–40]. Such 
movements motivated researchers to investigate bimetallic catalytic system for HMF hydro-
genation with an atmospheric pressurized H2.

Ebitani et al. prepared the PdAu bimetallic nanoparticles supported carbon (PdxAuy/C) cata-
lysts with different Pd/Au molar ratio (x/y) and applied to the HMF hydrogenation in an 
atmospheric H2 in the presence of HCl agent [41]. In the monometallic catalysts, Pd100/C and 
Au100/C gave 60 and 0% yield for DMF yield, respectively. While, in the bimetallic PdAu 
series, increasing the Au contents in PdxAuy leads to increase the DMF yield till Pd/Au = 50/50 
(presumption) and then slightly decrease; that is, positive effect on the coexistence of Au in 
Pd active center in the reaction was observed. With consideration of XRD experiments, they 
proposed that the highest yield for DMF, 96% at ambient H2 condition with HCl agent at 
333 K, would be served over the Pd73Au27 sites formed on as-prepared Pd50Au50/C catalyst. 
It is expected that electronic and/or geometric changes in Pd, that is, the internal electronic 
transfer from Pd to another atom in agreement with the Pauling electronegativity scale and/
or the modification of Pd-Pd atomic distance due to the insertion of another atom would play 
a crucial role for Pd-alloy mediated reactions [42, 43]; however, the detailed mechanism is a 
subject for a further study in HMF hydrogenation over PdAu/C catalyst.

2.1.5. Over bimetallic active sites

Approaches with bimetallic catalyst have been also investigated by other researches. Dumesic 
and coworkers studied the bimetallic Ru catalytic system for the reaction. The 46% yield of 
DMF from HMF was produced over RuSn/C catalyst at 473 K in the presence of lactone 
using a Parr reactor [44]. They also reported a systematic production of DMF using bimetal-
lic RuCu/C catalyst in 1-butanol phase to afford 71% yield for 10 h at 393 K and 0.68 MPa H2. 
This vapor-phase hydrogenolysis is capable for a two-step reaction from fructose connected 
with biphasic reactor for in-situ formed HMF feeder [45].

Interestingly, Yu et al. found the combination of low-selective Ni species in high conversion and 
inactive Fe species for HMF hydrogenation by alloying contributed to the significant catalytic 
performance at 3.0 MPa H2 in n-butanol [46]. The selectivity to DMF showed a volcano-type 
behavior with increasing Fe loading, and the Ni2Fe1/CNT catalyst gave the highest 91% yield 
for DMF at 473 K for 3 h. The author also reported 96% yield toward BHMF production at lower 
temperature (393 K); that is, the reaction temperature markedly affected the product distribu-
tion. It was expected that the longer C─O bond on Ni-Fe than that on Ni might facilitate the 
conversion of HMF to DMF as the main route. Wang et al. also induced the favorable adsorption 
of the C═O or C─O bond over that of the C═C by applying PtCo bimetallic sites. They achieved 
98% yield of DMF formation from HMF at 453 K and 1 MPa H2 over PtCo encapsulated in hol-
low carbon sphere (PtCo@HCS) catalyst in 1-butanol [47]. The author also indicated that the 
lower reaction temperature at 393 K served 70% yield of BHMF with PtCo@HCS catalyst.

A robust and highly active CuZn nanopowder (60 mesh) catalyst for the conversion of HMF 
to DMF was examined by Barta and coworkers [48]. They achieved 90% yield for DMF in 
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 concentrated HMF (10 wt%) of cyclopentyl methyl ether (CPME) solution at 493 K under 
pressurized H2 (20 bar). Catalytic conversion of HMF toward BHMF was also tested with 
same system, and >95% yield and selectivity were obtained with the CuZn nanopowder cata-
lyst at 393 K and H2 (70 bar) in ethanol solvent.

Recently, Yang and coworkers provided 90% yield of DMF from HMF at 483 K with formic 
acid in a stainless steel autoclave under self-generated pressure [49]. In this report, a reaction 
route involving 5-MF instead of BHMF as an intermediate has been ascertained over NiCo/C 
catalyst. The reaction system proceeded over alloys with non-noble metals would be a futural 
target for next generation.

2.2. Synthesis of DMTHF from HMF hydrogenation

Owing to the ring-hydrogenation step, direct synthesis of DMTHF from HMF (Scheme 5) would 
require different strategies. Yang and Sen applied the water-soluble RhCl3 species with HI acid 
agent in the transformation of fructose to DMTHF in chlorobenzene/water biphasic reaction sys-
tem under H2 (2.07 MPa) [50]. This powerful catalytic system served the end product of DMTHF 
or 2-MTHF from various saccharides such as fructose, glucose, sucrose, inulin, cellulose, and 
corn stover with significant activity (ca. 50–80% yield) at 433 K. Further mechanistic study on 
HMF conversion [51] revealed that the HI agent behaved as both acid catalyst for the initial dehy-
dration of saccharides to the corresponding furans and as reducing agent in hydrogenolysis step 
of carbinol group in HMF via the formation of 5-iodomethylfurfural intermediate (Scheme 6). 
While the Rh species catalyze not only the C═O hydrogenolysis and C═C hydrogenation but 
also re-hydrogenation of produced iodine to HI with hydrogen. Overall, such efficient catalytic 
system, that is, the dehydration/reduction ability of HI combined with the hydrogenation/hydro-
genolysis ability of the Rh catalyst, effectively facilitated the conversion of fructose to DMTHF.

Mitra et al. carefully surveyed the effects of HMF concentration, Pd loading and kinds of 
acidic additive in Pd/C-catalyzed hydrogenation/ hydrogenolysis of HMF at 0.21 MPa H2 in 

Scheme 5. Synthesis of DMTHF from HMF hydrogenation/hydrogenolysis.

Scheme 6. HI-assisted hydrogenolysis of carbinol group via formation of iodo intermediate.
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dioxane. Under the optimized condition, DMTHF (>95% yield) and DMF (85% yield) was 
produced in the presence of acetic acid and dimethyldicarbonate, respectively. It is likely that 
the tendency for ring-hydrogenation against hydrogenation/hydrogenolysis was decreased 
in higher HMF concentration and amount of catalyst loading [32].

It would be noted that though at higher pressurized H2 condition (70 bar), Pd/Al2O3 (>99% 
yield), Pd/C (89% yield), and Ru/C (88% yield) are also found to be a good catalyst for DMTHF 
production from HMF in ethanol solvent at 393 K, as reported by Bottari et al. [48].

2.3. Synthesis of DMF from 5-MF or 5-MFA hydrogenation

5-MF based transformations to DMF (Scheme 7) has received little attention. The condensed-
phase C─O hydrogenolysis of 5-MFA to DMF at 493 K was carried out by the copper chro-
mite (CuCr2O4·CuO) catalyst pre-reduced with H2 at various temperature (513–633 K) [52]. The 
authors selected the simplified system in order to examine the relationship of the Cu oxidation 
state and C─O hydrogenolysis activity which was the one of intermediate steps during hydroge-
nation/hydrogenolysis of biomass-derived HMF or 5-MF toward DMF. The surface concentra-
tion of Cu0 and Cu+ was varied by a reduction temperature, and reduction at 573 K caused the 
highest activity, an initial rate for the production of DMF and DMTHF divided by BET surface 
area of catalyst was 108 mmol m−2 min−1 and the highest concentration of Cu0 and Cu+ sites. It 
concluded that the Cu0 was primarily responsible for the activity; however, unfortunately, the 
detailed role of Cu+ could not be ruled out at that time.

2.4. Synthesis of 2-MF and 2-MTHF from furfural or FFA hydrogenation

Furfural derived reaction path for 2-MF and 2-MTHF production (Scheme 8) has attracted 
many scientists. The gas-phase selective cleaving the C═O bond outside the furan ring of 
furfural was performed on Mo2C [53]. It was considered that the strong interaction between 

Scheme 7. Synthesis of DMF from 5-MF or 5-MFA hydrogenation.

Scheme 8. Synthesis of 2-MF and 2-MTHF from furfural or FFA hydrogenation.
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C─O bond of furfural in the aldehyde group and Mo2C surface-assisted selective deoxygen-
ation affording to 60% selectivity for 2-MF production, although the conversion of furfural 
seems to be low. Zhu et al. investigated a fixed-bed reactor test of furfural hydrogenation 
over a commercial catalyst (Cu/Zn/Al/Ca/Na = 59/33/61/1/1, atomic ratio) [54]. The 87% yield 
from furfural and 93% yield from FFA were obtained toward 2-MF formation at 523 K. In 
the same group, recently, further advanced examination on a continuous two-step fixed-bed 
reactor system over catalysts utilizing a combination of acidic Hβ-zeolite for the former dehy-
drogenation step of xylose to furfural and Cu/ZnO/Al2O3 for the latter hydrogenation steps 
of produced furfural in a mixture of γ-butyrolactone/water as solvent was attempted to the 
direct conversion of xylose to 2-MF via FFA formation [55]. It was observed that the main 
product can be simply tuned by the hydrogenation temperature, and the 87% yields of FFA 
and 2-MF was formed at 423 and 463 K under 0.1 MPa H2, respectively. The 2-MF was fre-
quently detected at higher reaction temperature in the FFA synthesis from hydrogenation of 
furfural with moderate yield (35%) [56].

In the FFA hydrogenation reaction, Pd/Fe2O3 catalyst yielded 31% for 2-MF under batch con-
ditions at a transfer hydrogenation of FFA in 2-propanol, though the conversion of furfural to 
2-MF was scarcely occurred (13% yield) at 453 K [31]. The former value reached to be 76% in 
a continuous-flow reactor, while the Pd/TiO2 catalyst showed 71 and 88% yield for 2-MF for 
constant and continuously controlled pressured H2 (0.3 MPa) condition in an autoclave reac-
tor at room temperature (298 K) [57].

In order to avoid the use of high H2 pressure, Zhu et al. designed a two-stage packing fixed-
bed reactor system with Cu2Si2O5(OH)2 (copper phyllosilicate) in the upper reactor conju-
gated with Pd/SiO2 catalyst in the bottom reactor [11]. The Cu2Si2O5(OH)2 itself possessed 
an outstanding hydrogenation ability and gave 84.6% yield for hydrogenation-deoxygen-
ation of furfural toward 2 MF, while Pd/SiO2 catalyst gave a significant hydrogenation 
performance for the C═C bonds in furan ring, serving 87.7% yield of ring-hydrogenation 
of 2 MF toward 2 MTHF at 443 K. Accordingly, such a dual solid catalyst system achieved 
up to 97.1% yield on the direct production for 2-MTHF with 100% conversion of furfural 
under atmospheric pressure (Figure 2). Thereafter, bimetallic CuPd-supported ZrO2 cata-
lyzed hydrogenation by using a batch reactor in the presence of 2-propanol as hydrogen 
donor was highlighted by other research group [58]. The molecular ratio of Cu/Pd gave 
significant influences on the yields for 2-MF and 2-MTHF; for example, the highest yield 
for 2-MF (63.6%) and 2-MTHF (78.8%) was obtained over Cu10Pd1/ZrO2 and Cu10Pd5/ZrO2 
catalyst, respectively, with 2-propanol (14 mL) at 493 K in 1-mmol scale operation. It was 
denoted that the reaction mainly proceed through furfural → FFA → 2-MF → 2-MTHF 
sequence.

To clarify the crucial factor to prevent C─C bonds breaking while effectively breaking 
the C─O bonds in formyl group in furfural to form 2-MF, suppressing the furan formation, 
Resasco et al. studied the addition of 5-wt% Fe into 2-wt% Ni/SiO2 catalyst with coimpregna-
tion method formed Ni-Fe bimetallic alloys and yielded 39% of MF from furfural and ca. 78% 
from FFA on NiFe/SiO2 catalyst at 523 K in vapor-phase conversion of furfural [59]. Controlled 
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experiments with monitoring the yields of products in the conversion of furfural, FFA, and 
THFA suggested that enhancement of both hydrogenolysis and reduction in decarbonyl-
ation activity increased following to increase the Fe content in bimetallic catalyst. Notably, 
the authors further investigated the reaction with benzyl alcohol, which strongly supported 
that coexistence of Fe in Ni-Fe/SiO2 catalyst significantly promoted the hydrogenolysis path 
to toluene rather than the decarbonylation path to benzene (Figure 3). The DFT calculation 
approaches determined that configuration of the adsorbed furfural on NiFe was much dif-
fered from Ni, and the significant lengthening of the C─O bond in formyl group caused on 
bimetallic NiFe surface would be a crucial factor to facilitate the reaction for C─O hydroge-
nolysis rate observed experimentally.

The same group also has claimed the importance of the differences in the molecular-surface 
interactions between the aldehydes and active surfaces affording to furan or FFA during fur-
fural hydrogenation over PdCu/SiO2 catalyst in a flow reactor [60]. In the case of PdCu/SiO2, 
the formation of FFA via reduction gradually became dominant in the hydrogenation reaction 
of furfural in comparison with the formation of furan via decarbonylation as function of Cu 
loadings onto Pd/SiO2 prepared with co-impregnation method; that is, the decarbonylation 
rate is greatly reduced on PdCu catalyst, but the hydrogenation (reduction) rate is increased. 
The changes in electron structure of PdCu alloy different from that of pure Pd resulted in 
a lower extent of electron back-donation to the π* system of the aldehydes and a less sta-
bility toward the η1(C)-acyl intermediate formation affording to furan, and these increased 

Figure 2. Systematic design for one-step conversion of furfural toward 2-MTHF with a dual solid catalyst in a fixed-bed 
reactor.
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Figure 3. Yield of products from the reaction of benzyl alcohol over Ni-Fe bimetallic catalysts as a function of Fe loading. 
Reaction conditions: W/F = 0.1 h, H2/Feed ratio = 25, 523 K, 1 atm. Reproduced with permission from Elsevier of Ref. [59].

Figure 4. An expected mechanism for furfural conversion over Pd catalyst. Reproduced with permission from Elsevier 
of Ref. [60].
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the frequency for FFA production drastically through the hydroxyalkyl intermediate path 
(Figure 4).

Mechanistic studies for understanding and controlling the reactivity for hydrogenation reac-
tions on metal catalysts have been an attractive subject. Advanced review articles for this area 
would be helpful for further study (e.g., see [61, 62]).

3. Conclusions

Due to the high oxygen content in biomass resources, investigations on deoxygenation via 
hydrogenation/hydrogenolysis reaction open up a lot of insights for catalytic and system-
atic design on biomass upgrading toward biofuel and blender. As introduced in this chapter, 
bimetallic catalyst and/or utilization of transfer hydrogen donor have been a growing interest 
instead of conventional system using pressurized H2 and monometalic catalyst. Mechanistic 
studies with systematic experiments have been a powerful tool to reveal the reaction path and 
optimize the reaction conditions to provide target compound selectively. As the next research 
generation, alloying of terminal precious sites with addition of transition metals would have 
been getting more attentions in hydrogenation/hydrogenolysis of furaldehydes. It needs to be 
underlined that pyrolysis of biomass resources toward gas, char, and/or biooil is an energetic 
movement [63–65]. These transformation technologies of biomass would be a key component 
to fabricate sustainable social design with low carbon emission.
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Abstract

The synthesis of calixarenes can be conventionally done by heating at high temperature 
for a few hours and using various solvents in large quantities. The greener synthesis can 
be done with microwave-assisted synthesis and the solvent-free method, where both of 
these methods can reduce reaction time, energy use, solvent, and waste, with a higher 
percentage yield than that from the conventional synthesis method, making the synthesis 
of cyclic oligomer calixarenes and their derivatives more environmentally friendly.

Keywords: calixarenes, cyclic oligomer, green synthesis, microwave, solvent-free

1. Introduction

A calixarene is a cup-shaped supramolecule. The name is derived from the word “calix,” which 
means a cup. Synthesis of calixarenes becomes very important because these molecules are widely 
used in various fields, especially in its use in a guest-host system molecule. The molecule was 
first reported in 1872 by Baeyer as a reaction product of aldehyde-phenol condensation. The 
same product can also be formed from benzaldehyde-pyrogallol (benzene-1,2,3-triol) conden-
sation reaction. The structure of phenols used in this reaction has reactivity at ortho and para 
positions so that it can form a polymer cross-linked at three positions (two orthos and one para). 
In 1942, Zinke and Ziegler used para-substituted phenols so that the phenols could only react 
at the two ortho positions, thereby reducing the possibility of cross-link formation. By react-
ing p-tert-butylphenol with formaldehyde under a basic condition at 100–220°C, a waxy brown 
paste was produced, which was then recrystallized and formed a crystal decomposed at above 
300°C. The results of the analysis showed that the product had a molecular weight that was in 
agreement with a cyclic tetrameric structure [1]. Similarly, Cornforth reacted p-tert-butylphenol 
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with  formaldehyde. However, the reaction resulted in two crystal products that were rather 
soluble in water with high but nonidentical melting points. Likewise, when p-tert-butylphenol 
was replaced with p-1,1,3,3-tetramethylbutylphenol, two products with different melting points 
were obtained. The results of X-ray showed that the four condensation products had a cyclic 
tetrameric structure. The different melting points, according to Cornforth, indicated that the two 
compounds are diastereoisomers [1, 2].

Calixarene synthesis can be done through a noncomplicated process. The compound 
group is commonly synthesized from 4-alkylphenol, especially 4-t-buthylphenol, through 
a one-stage reaction with formaldehyde and NaOH or KOH as the base. The making of 
calixarenes, known as a base-induced process, results in calixarenes that may vary in their 
aromatic components. The reaction product between phenols or phenol derivatives and 
aldehydes is also known as calixarene, while the reaction product between resorcinol or 
resorcinol derivatives and aldehydes is known as calixresorcinarene. In addition, there are 
several products that use aromatic compounds in the forms of para-alkoxy-substituted ben-
zyl alcohol derivatives, such as p-alkoxybenzyl alcohol, that when reacted with the aid of 
AlCl3 as a catalyst will result in non-hydroxylated calixarenes  [3]. In general, these reac-
tions are illustrated in Figure 1.

The basic structure of calixarenes consists of phenolic units or phenolic derivatives which 
are repeated and interconnected with Ar-C-Ar bridge to form a hollow cycle. The part with a 
broader hollow side is called the upper rim, and the narrow hollow part is called the “lower 
rim” as shown in Figure 2 [4, 5].

The various conformations of calixarenes are caused by the free rotation of sigma bonds at 
methylene, Ar-C-Ar, bridges [6]. For example, calix[4]resorcinarenes have four prochiral cen-
ters on carbon atoms at the methylene bridges, causing the compound to form four differ-
ent diastereoisomers. The relative configurations of the four R substituents at the methylene 
bridges can form a cis for all R substituents (rccc) or a cis-cis-trans to one R (rcct), cis-trans-
trans (rctt), and trans-cis-trans (rtct). The configurations are determined based on their con-
figurations to one of the R substituents on the prochiral center in a clockwise direction [4, 7, 
8]. Figure 3 illustrates the relative configurations of the four R substituents.

In reality, the cyclic tetrameric ring of a calixarene is not a planar molecule and can adopt five 
conformations, namely, “crown” or C4v, “boat” or C2v, “chair” or C2h, “diamond” or Cs, and 
“saddle” or S4 [2, 8]. The five conformations of calixarene is shown in Figure 4. In fact, the 
rccc isomer where all R groups in the same position, so far only found with the macrocyclic 
ring adopted the “crown” or C4v and “boat” or C2v conformations. This is caused by the single 
bond with a tetrahedral shape of R groups so that it can rotate freely. The rccc isomers can 
form conformation “boat” or C2v with the fourth R possesses an all axial and all-cis configura-
tion, while the macrocyclic ring in a boat conformation. In this case, the fourth R leads into the 
annulus of the calixarene (endo). It was also reinforced by the result of a condensation reac-
tion between resorcinol and 4-bromobenzaldehyde with an acid catalyst, where produced 
the rccc isomer of calix[4]resorcinarene in “boat” or C2v conformation [7]. The rctt isomer is 
only found in “chair” or C2h conformation. In the calculation of energy, the rccc isomer in 
the crown conformation (C4v) is favored over the rctt isomer in the chair conformation (C2h). 
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Figure 1. Basic synthesis of calixarene.

Figure 2. The “upper rim” and “lower rim” of calixarenes.
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Figure 4. Calix[4]arene conformations.

Nevertheless, the rccc in boat conformation (C2v) has similar energy to the rctt in chair confor-
mation [51]. The rcct isomer adopts the “ diamond” or Cs conformation [4].

Based on the projection of aryl group on the cyclic tetramer structure of calixarenes, four 
different conformations can be formed depending on the forms of aryl cluster projection, 
which can be upward (u) or downward (d), relative to the plane. The four conformations are a 
cone, partial cone, 1,2-alternate, and 1,3-alternate conformations (Figure 5), each with differ-
ent thermodynamic stabilities [1, 5].

In their development, calixarenes have been successfully synthesized not only in the form of 
the tetramer but also hexamer and octamer. Therefore, the naming of calixarenes is developed 
by inserting a number inside brackets, showing the number of monomers they possess. For 
instance, a calixarene containing eight monomers will be written as calix[8]arene. Furthermore, 
to show the types of phenol used in the synthesis, para substituents are also included in the 
name. The cyclic hexamer of p-tert-butylphenol, for example, is named p-tert-butylcalix[6]
arene. For resorcinol-derived calixarenes, the name is calix[n]resorcinarene, while the sub-
stituents of the methylene carbon are shown by the prefix of “C-substituent.” For example, 
the reaction yield of resorcinol with acetaldehyde is named C-methylcalix[4]resorcinarene, 
indicating the presence of methyl substituents in the methylene carbon. For a more systematic 

Figure 3. R relative configurations at the methylene bridge.
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naming, especially for scientific publication, the basic name of calix[n]arene is maintained, 
whereas the substituent identity is shown based on its position through the number, such as 
shown in Figure 6 [9].

Calixarenes have been broadly used, among others, as liquid crystal materials [10–12], sen-
sors [13, 14], catalysts [15, 16], the stationary phase of chromatography [17], host molecules 
[18–25], or even semiconductors [26]. As a role in the guest-host system molecule, calix[4]
arene and 4-tert-butylcalix[6]arene can be the host molecules for compounds such as trifluo-
romethyl-benzene contained in pesticides [24]. In addition, some calixarene derivatives can 
also be the host for the dye molecules such as orange I (OI), methylene blue (MB), neutral red 
(NR), and brilliant green (BG) [18]. This finding makes calixarenes as a promising candidate 
as a host molecule to be used in chemical sensors to measure neutral organic molecules. In 
addition to being the host molecules for neutral compounds, calixarene and its derivatives were 
also proven to be a host for the molecular ion compounds such as heavy metal ions [19, 20]. It 
is no wonder that calix[n]arenes have been greatly synthesized and yielded various  oligomers 
with n = 4–20 according to their purposes. Various modifications of functional clusters have 
also been developed in order to yield the desired molecular structures, for example, the modi-
fication of the aryl group [27] or the aldehyde. The modification can be in the form of the 
addition of a functional cluster such as alkyl cluster and hydroxyl cluster or the elimination 
of a functional cluster in the starting materials used or further modification of the calixarene 
molecules formed [19]. Some of the modifications make the calixarene structure more rigid, 

Figure 5. Conformation based on the projection of aryl group in tetramer structure of calixarenes.

Figure 6. Calixarene numbering system.
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thereby forming the expected conformations [28]. To cite an example, the addition of ketone 
group into aryl group was done to increase the affinity of calixarene compound to the com-
plex formation of alkali cation [29]. The modification can also be made by adjusting the hol-
low size formed in calix[n]arenes to match the size of a certain molecule both by modifying 
the functional cluster and adding other components [2, 30].

2. Synthesis of oligomer calixarenes

2.1. Conventional synthesis procedures

Various calixarene synthesis procedures and their derivations have been largely developed, 
for example, the procedure developed by Zinke-Ziegler, where the synthesis of calixarene 
started by mixing p-tert-butylphenol, 37% formaldehyde, and NaOH heated at 50–55°C for 
45 h. To remove water content, the reaction compound was reheated at 110–120°C for 2 h. In 
the purification process, the yellow solid yielded was subsequently heated in linseed oil up 
to 200°C for several hours, and the process yielded tetramers. The modification to this proce-
dure was made by Cornforth by directly heating the reaction compound (p-tert-butylphenol, 
formaldehyde, and NaOH) at 110–120°C for 2 h, thereby yielding a very thick product which 
was then refluxed with diphenyl ether for 2 h. Once the compound was cold, the product was 
separated with infiltration and recrystallized to produce white crystals with a melting point 
of 342–344°C for 50%. The procedure was later on known as the Zinke-Cornforth procedure 
[1, 2, 31]. The condensation of p-tert-butylphenol with formaldehyde under basic conditions 
(NaOH, KOH) can yield cyclic tetramers, hexamers, and even octamers with a percentage of 
85–63%. Figure 7 illustrates the reaction mechanisms of calix[n]arene formation under basic 
conditions.

The right mechanism to transform linear oligomer into a cyclic oligomer, according to Gutsche 
[1], can be predicted from the formation of hemicalixarene combined with a pair of linear 
oligomers. Under appropriate conditions, two linear methyl-hydroxylated tetramers combine 
to form hemicalix[8]arene, followed by the release of water to form calix[8]arene [1]. This pro-
cess can also be seen in the synthesis of p-chlorocalix[4]arene, which is a “2 + 2” condensation 
product of p,p'-dichlorodiphenylmethane, such as illustrated in Figure 8.

Similarly, calix[6]arene formation is postulated to be the result of a combination of two linear 
trimers. Based on this postulation, the form of dianion hemicalix[6]arene can be the cause of 
the large amounts of bases required for hemicalix[6]arene synthesis. The following reaction 
in Figure 9, for example, adopts a “3 + 3” condensation that involves two trimers to obtain 9% 
calix[6]arene [32].

Gutsche synthesized p-tert-butylcalix[4]arene with the Zinke-Cornforth procedure to see the 
effect of basic conditions on the cyclic oligomer produced. The yellow thick paste (“precur-
sor”) formed after heating the compound for 1.5–2 h at 110–120°C was diluted with chlo-
roform and washed with aqueous HCl and water several times to neutralize the base. The 
results of Gutsche’s research showed that when the precursor containing a base of 0.03–0.04 
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or equiv. (relative to the number of phenols used) was refluxed for 2 h, it could yield cyclic tet-
ramers. However, the lower the concentration of the base used, the lower the cyclic tetramer 
formations; on the other hand, a higher concentration of the base will increase the formation 
of cyclic hexamers. The findings of this research showed that bases play a role in inducing 
cyclization and are vital in determining the cyclic oligomer formed [33, 34]. The cations used 
as the base catalyst can play the role of a “template” which determines the size or number of 
monomers forming oligomers.

A large cyclic oligomer enables the formation of a larger hollow, and this can be used to absorb 
heavy metals, as can be found in the synthesis of calix[6]arene involving p-tert-butylphenol, 
paraformaldehyde, and bases (KOH) with a proportion of 0.45 mole relative to the p-tert-
butylphenol used. The reaction happened for 4 h by refluxing it in p-xylene. The compound 

Figure 7. Reaction mechanisms of calix[n]arene formation under basic conditions.

Figure 8. Cyclic tetramer formation through “2 + 2” condensation.
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was separated with liquid-liquid extraction using chloroform. The organic phase obtained 
was then evaporated and recrystallized with methanol to yield 65.47% white solids with a 
melting point of 370–372°C. The analysis of the product showed that it is a cyclic hexamer of 
calix[6]arene [35].

Condensation of resorcinol with formaldehyde under acidic conditions formed a linier or 
cross-linked polymer between formaldehyde with resorcinol. This reaction also did not 
produce calixresorcinarene under alkaline conditions. It is not surprising since resorcinol 
and formaldehyde are highly reactive so that the reaction becomes uncontrollable and 
does not produce a cyclic oligomer. Base conditions can be applied to the synthesis of 
calixresorcinarene from 2-substituted resorcinols and formaldehyde. Nevertheless, resor-
cinol used should be substituted electron-withdrawing group at position 2 as shown in 
Figure 10. Electron-withdrawing group at position 2 will reduce the reactivity of resorcinol 

Figure 10. Synthesis of resorcinarenes from 2-substituted resorcinols and formaldehyde in basic conditions.

Figure 9. Cyclic hexamer formation through “3 + 3” condensation.
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so that the reaction will be controlled and it will be suitably carried out under alkaline 
conditions. The presence of electron-withdrawing substituents such as nitro group (−NO2) 
facilitates condensation reactions that occur by directing the reaction site at the meta posi-
tion of the nitro group. The reaction rate decreased from electron-withdrawing substituent 
nitro > acetyl > carboxylate > H due to the ability of the groups to deactivate the resorcinol. 
In contrast, the reaction of resorcinol substituted electron-donating group such as 2-meth-
ylresorcinol or phloroglucinol (=benzene-1,3,5-triol) with formaldehyde under base condi-
tions did not produce a derivative of  calixresorcinarene. Therefore, the acidic conditions 
are more suitable when used  resorcinol substituted electron-donating group in position 2. 
The condensation reaction between  formaldehyde and 2-nitroresorcinol and its analogs 
seems to take place in the irreversible reaction, so it is unknown whether to form a tetra-
mer, pentamer, or hexamer [36].

Besides adding bases, the synthesis of calix[n]arenes can also be done under acidic conditions. 
One such example is found in the procedure of calix[n]resorcinarene synthesis developed by 
Niederl-Hogberg, in which resorcinol was used as an aromatic unit in the reaction. Resorcinol 
is more reactive compared to phenol. Resorcinol was reacted with acetaldehyde by adding 
hydrochloric acid. The reaction took place at 80°C for 16 h and yielded C-methylcalix[4]res-
orcinarenes for 75%. The reaction follows the following mechanism which is illustrated in 
Figure 11.

Figure 11. Reaction mechanism of calix[n]resorcinarene formation under acidic conditions.
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In the condensation reaction catalyzed by acids, kinetic and thermodynamic factors com-
pete with each other. The kinetic factor controls the oligomer rate produced, while the 
thermodynamic factor controls the cyclic structure formation. In this reaction, controlling 
the thermodynamic factor will be very determining for the formation of a small cyclic 
oligomer, such as the formation of calix[4]resorcinarene. To control the thermodynamic 
factor, less reactive aldehydes can be used to slow down the reaction rate. If the aldehyde 
used is very reactive (such as formaldehyde), the reaction will happen very quickly so that 
the kinetic factor will dominate and the majority of the products formed will be polymers 
with linear chains. A modified aldehyde was used in the synthesis reaction of methoxy-
phenylcalix[4]resorcinarene from resorcinol with p-anisaldehyde with the addition of HCl. 
The reaction happened employing reflux for 30 h, yielding 4-methoxyphenylcalix[4]resor-
cinarene as much as 91.54% [37].

The synthesis of calix[4]resorcinarene from resorcinol with acetaldehyde was done by Petrova 
et al. in 2012. The reaction was made by varying the amounts of hydrochloric acid used. The 
reaction occurred at 75°C for 5–24 h. The reaction product was dependent upon the amounts 
of hydrochloric acid used. Increasing the amount of acid can cause the formation of linear 
oligomers. The amount of acid catalyst effective in this reaction was 4% of the resorcinol. In 
addition, the polarity of the solvents used affected the composition of the yielded product. An 
increase in the polarity of the solvent caused an increase in the oligo cyclization. Calix[4]res-
orcinarene with rccc conformation was quantitatively formed very well (76.89%) when 30% 
water-ethanol solvent was used [38].

Calix[4]resorcinarenes synthesized through a condensation reaction between resorcinol 
and an aliphatic or aromatic aldehyde under acidic conditions yield products in the form 
of cyclic tetramer calixresorcinarenes that theoretically can contain four diastereoisomer 
products. However, in reality, only three have been identified to be formed by the reac-
tion with an aliphatic aldehyde and two from the reaction of an aromatic aldehyde with 
resorcinol. The products with crown conformation with all side chains in the axial posi-
tion (rccc) are more desirable and stable thermodynamically. Hogberg reacted resorcinol 
with acetaldehyde by adding hydrochloric acid. The reaction occurred at 75°C for 1 h and 
yielded sediment that was subsequently acetylated. The acetylated product was in the 
form of two isomeric cyclic tetramers, one of which formed cis (rccc) conformation of up 
to 47%, while the other product formed rctt conformation with a percentage yield of 13%. 
This indicated that products with all side chains in the axial position (rccc) are more desir-
able and stable thermodynamically [39]. The same result can be obtained by selectively 
increasing the alcohol proportion in the solvent mixtures used and increasing the reaction 
temperatures and time [39, 40].

Several synthesis methods of calix[n]arenes and their derivatives have been largely devel-
oped to produce high yields. However, the methods require heating at high temperatures and 
a long reaction time. This requirement is disadvantageous, ultimately when the synthesis is 
done on a large scale. The required solvents will be in a very large amount, and the reaction 
time needed will be much longer. This makes the synthesis of calix[n]arenes and their deriva-
tives not environmentally friendly.
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the kinetic factor will dominate and the majority of the products formed will be polymers 
with linear chains. A modified aldehyde was used in the synthesis reaction of methoxy-
phenylcalix[4]resorcinarene from resorcinol with p-anisaldehyde with the addition of HCl. 
The reaction happened employing reflux for 30 h, yielding 4-methoxyphenylcalix[4]resor-
cinarene as much as 91.54% [37].
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oligomers. The amount of acid catalyst effective in this reaction was 4% of the resorcinol. In 
addition, the polarity of the solvents used affected the composition of the yielded product. An 
increase in the polarity of the solvent caused an increase in the oligo cyclization. Calix[4]res-
orcinarene with rccc conformation was quantitatively formed very well (76.89%) when 30% 
water-ethanol solvent was used [38].

Calix[4]resorcinarenes synthesized through a condensation reaction between resorcinol 
and an aliphatic or aromatic aldehyde under acidic conditions yield products in the form 
of cyclic tetramer calixresorcinarenes that theoretically can contain four diastereoisomer 
products. However, in reality, only three have been identified to be formed by the reac-
tion with an aliphatic aldehyde and two from the reaction of an aromatic aldehyde with 
resorcinol. The products with crown conformation with all side chains in the axial posi-
tion (rccc) are more desirable and stable thermodynamically. Hogberg reacted resorcinol 
with acetaldehyde by adding hydrochloric acid. The reaction occurred at 75°C for 1 h and 
yielded sediment that was subsequently acetylated. The acetylated product was in the 
form of two isomeric cyclic tetramers, one of which formed cis (rccc) conformation of up 
to 47%, while the other product formed rctt conformation with a percentage yield of 13%. 
This indicated that products with all side chains in the axial position (rccc) are more desir-
able and stable thermodynamically [39]. The same result can be obtained by selectively 
increasing the alcohol proportion in the solvent mixtures used and increasing the reaction 
temperatures and time [39, 40].

Several synthesis methods of calix[n]arenes and their derivatives have been largely devel-
oped to produce high yields. However, the methods require heating at high temperatures and 
a long reaction time. This requirement is disadvantageous, ultimately when the synthesis is 
done on a large scale. The required solvents will be in a very large amount, and the reaction 
time needed will be much longer. This makes the synthesis of calix[n]arenes and their deriva-
tives not environmentally friendly.

Green Chemical Processing and Synthesis80

2.2. Green synthesis procedures

Various approaches to calixarenes and their derivatives have been attempted, one of which 
is by implementing the concept of “green chemistry.” The synthesis of calixarenes and their 
derivatives requires heating at high temperatures for quite a long time. The heating is usually 
done using conventional heating, where heat transfer occurs conductively. The method is 
relatively slow and inefficient to transfer energy into the reaction system, as it depends on the 
thermal conductivity of the materials used; consequently, the temperature of the reaction vessel 
will be greater than that in the reaction compound. Irradiation with a microwave can produce 
more efficient internal heating because microwave energy penetrates into the containers so 
that it can directly hit the reaction compound, and energy transfer becomes more efficient. 
The phenomenon will depend on the ability of the molecules (solvents or reagents) to absorb 
microwave energy and change it into heat. The thermal energy is obtained when the polar 
molecules try to align themselves with an electric field resulted from microwave irradiation. 
The amount of heat produced depends on the dielectric properties of the molecules. Dielectric 
constants indicate the ability of the molecules to get polarized by the electric field. The electric 
field received by the molecules causes reorientation of the dipolar molecules which in turn 
increases polarity and reactivity by reducing the activation energy. Consequently, the reac-
tion can happen more quickly [41–43].

Organic synthesis using microwave technology has been largely employed, as it can acceler-
ate the reaction time as a consequence of an increase in heating that cannot be achieved with 
conventional heating [44]. This is what happened in Baozhi’s [45] synthesis of p- methylcalix[6]
arene. A reaction compound consisting of formaldehyde, p-methylphenol, and KOH was 
heated with microwave for 2–8 min (output power at 100%). The required reaction time at this 
stage was faster than that when using conventional heating, which could take up to 2 h. After 
solids were formed, reflux was done for 40 min using dimethylbenzene. When cooled down, 
white crystals with a melting point of 361–362°C were yielded for up to 81.7%. The synthesis 
of p-tert-butylcalix[8]arene was done with the same procedure using the microwave as well, 
in which the compound was radiated for 4–8 min. To yield a larger cyclic reaction product, 
the amounts of bases used were increased with a longer reflux time. As previously discussed, 
bases and reflux time play a role in cyclic formation [45].

The same phenomenon was observed when calixarene synthesis was done using resorcinol, 
which is known to be more reactive than phenol. The reaction product in the form of cyclic tet-
ramer calix[n]resorcinarene was obtained after the compound was heated with conventional 
heating for 5–10 h, with a reaction yield of around 60–90%. However, the reaction could be 
faster when the heating method was changed with microwave. One reaction only required 
3–5 min with a greater reaction percentage yield, namely, around 80–90% [46]. This finding 
was put to use in the synthesis of thiacalix[n]arene with n = 4–8 [47].

Aldehyde modification can also be done by using the abundant natural products such as 
vanillin that can be derived from vanillin plant (Vanilla planifolia), cinnamaldehyde from cin-
namon oil, and anisaldehyde from Indonesian fennel oil. The synthesis procedures using 
these materials have been developed for the synthesis of calix[n]arenes and their derivatives 
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with “green chemistry” approach. The three compounds were reacted with resorcinol to 
yield cyclic tetramers, calix[4]resorcinarenes. As previously discussed, the synthesis reaction 
of calix[4]resorcinarenes can occur for 15–30 h using conventional heating. Sardjono et al. 
[48] developed a microwave-assisted synthesis procedure for calix[4]resorcinarenes, where 
resorcinol was reacted to vanillin or cinnamaldehyde. The calix[4]resorcinarenes derivatives 
yielded could be up to 97.9% in 8 min with a ratio of resorcinol to vanillin or cinnamaldehyde 
was 1:1, and the microwave power used 332 W. Another calix[4]resorcinarenes derivatives, 
namely C-anisalcalix[4]resorcinarene could also be yielded for up to 99.5% in 5 min from the 
reaction of resorcinol with anisaldehyde at the ratio of 1:1.2 and 264 W microwave power  
[48]. The three reactions of resorcinol with various aldehydes to form calix[4]resorcinarenes 
is illustrated in Figure 12.

Vanillin in the synthesis of calix[4]resorcinarene derivatives was also employed by Nakajima 
and Kobayashi [20], although they still used the conventional heating method (without a 
microwave). The reaction compound comprised resorcinol and aldehyde (vanillin, syringal-
dehyde, or p-hydroxybenzaldehyde) with a mole ratio of 1:1 and hydrochloric acid heated at 
70°C and stirred for 12 h. The reaction yield was then washed with hot water and purified 
using methanol and ethanol. The third reaction yield formed cyclic tetramers, namely, vanil-
lin calix[4]arene for 32%, syringaldehyde calix[4]arene for 28%, and p-hydroxybenzaldehyde 
calix[4]arene for 37% [20].

Calixarene synthesis commonly needs a lot of solvents which results in a large amount of 
waste. Therefore, a synthesis approach by minimizing the use of solvents has been attempted 
and proved to be more effective. The solvent-free reactions that have been tried, in addition 

Figure 12. Synthesis reaction of calix[4]resorcinarene from resorcinol with various aldehydes.
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to requiring a shorter amount of time, used less energy and could produce better and more 
effective and selective reactions than the conventional method [49]. Solvent-free reactions have 
also been used for calixresorcinarene synthesis, which is a condensation reaction between 
aldehyde and resorcinol. The method has also been widely used in several organic reactions 
and sometimes gives better results than the reaction method in solvents [50].

In calixresorcinarene synthesis, the use of solvent-free method was carried out by mixing 
aldehyde and resorcinol (1:1) with a certain amount of acid catalysts and then ground simul-
taneously. Although all reagents were in solid forms, when mixed they could form a thick 
liquid or paste reaction compound. Isolation of the reaction product can be carried out by 
washing with water to remove the acid catalyst and recrystallize with the right solvent. The 
method was proven to effectively yield calixresorcinarene with various aldehydes. In this 
method, no external heating is needed; only consistent scouring is needed. The scouring can 
be done in order to reduce particle sizes so that the compounding will be efficient. Because 
the reaction forms a thick liquid, not powder compound, then scouring at high intensity is 
not necessary [51].

Using the solvent-free method, the reaction occurs in mere minutes, much faster than the reaction 
time using the conventional method, which requires hours or even days. The percentage yield 
of the solvent-free method is often greater than that of the conventional synthesis method. 
The synthesis of calix[4]resorcinarenes commonly yields isomeric products, with two forms 
of isomer, namely, cis-cis-cis (rccc) and cis-trans-trans (rctt) with “crown” (C4v), “chair” (C2h), 
or “boat” (C2v) conformation. Theoretically, without the effect of solvents, rccc isomers with 
“crown” (C4v) conformation are more desirable than the rctt isomers with “chair” (C2h) confor-
mation [51]. Besides reduced reaction time, synthesis with this method uses a small amount 
of catalyst and does not produce solvent waste, hence meeting the principles of “green syn-
thesis” [51, 52].

The condensation reaction between aldehyde and resorcinol (1:1) with p-toluenesulfonate 
acidic catalyst (5%) occurs for several seconds up to several minutes and yields derivatives of 
calix[4]resorcinarenes with rccc and rctt isomers. Four out of the six reactions were reported 
by Roberts et al. [51] to yield more rctt isomers with “chair” (C2h) conformation than rccc 
isomers with “crown” (C4v) conformation, with a ratio of 2:1. However, in one of the reac-
tions, more rccc “crown” (C4v) isomers were yielded for up to 95%. The distribution of isomer 
products is very possibly related to solubility that also plays a role in the reaction with the 
solvent-free method. In this reaction, increased reaction or heating time of the initial materi-
als up to 85°C for 5 h did not cause an increase in the amount of rccc isomers yielded with 
“crown” (C4v) conformation [51].

Employing the same method, Firdaus et al. [53] reacted vanillin with resorcinol (1:1) and 
yielded C-4-hydroxy-3-methoxyphenylcalix[4]resorcinarene for 52%, with a ratio of rccc iso-
mers to rctt isomers of 1:5. However, when the aldehyde used was replaced with p-anisal-
dehyde, 63% of C-4-methoxyphenylcalix[4]resorcinarene was yielded with rccc isomers two 
times greater in number than rctt isomers. The distribution of the isomer products showed 
that each aldehyde has such a different characteristic that it can yield a different product 
composition. This difference may also be related to the solubility of the aldehyde used in the 
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reaction compound. In addition, the reaction product demonstrated that rccc isomers with 
“crown” (C4v) conformation are more desirable [53].

The solvent-free method is significantly faster than the conventional synthesis method. This can 
also be seen in the synthesis of calix[4]pyrogallolarene that is commonly done with condensa-
tion reaction of pyrogallol and aldehyde using alcohol solvent and acid catalyst and yields in 
rccc “cone” isomers. In the synthesis of calix[4]pyrogallolarene using the solvent-free method, 
an amount of aldehyde was added drop by drop to pyrogallol (1:1) with p-toluenesulfonate 
(3.7%) catalyst and scoured constantly. The reaction yielded vulnerable white solids in 2 min. 
The solids were easily scoured into soft yellow powder in 5 min. As was the case with the syn-
thesis reaction of calix[4]resorcinarene derivatives, no heating was used in this synthesis [52].

The synthesis of C-(p-substituted phenyl) calix[4]resorcinarenes was carried out to see the 
 interaction between host and guest using DMSO by mixing resorcinol with  halogen- substituted 
benzaldehyde in para positions (1:1) under acidic conditions with an addition of 5% solid 
p-toluenesulfonate. The synthesis yielded a product at a percentage of 90–95% by scouring 
without using any solvents [54].

In the synthesis of calixresorcinarenes from resorcinol and aromatic aldehyde, Lewis acid is 
frequently used, such as BF3-OEt2, AlCl3, and SnCl4. For example, in the synthesis of resorci-
narene O-acetates from 1,3-di(alkoxycarbonylmethoxy)benzenes with aromatic or aliphatic 
aldehydes (1:1) can be efficiently done at room temperature with the addition of BF3-OEt2 
(boron trifluoride etherate) as a catalyst in order to produce high yields [55]. However, the 
amount of acid needed in this reaction is quite large (50–200% mole). Certainly, this is not 
good for the environment and safety, considering the sensitivity of Lewis acid to water that 
can yield side products in the forms of acidic oxides and metal oxides. Furthermore, the pro-
cess is not efficient in terms of atom economy. The reaction also can yield two diastereoiso-
mers. Lanthanide (III) triflates are selective acid catalysts that have been widely used for the 
formation of carbon-carbon and carbon-heteroatom bonds. Different from the common Lewis 
acid that is frequently used in stoichiometric numbers, lanthanide (III) triflates can be used in 
various reactions in catalytic numbers in the presence of solvents such as THF, DMSO, DMF, 
MeCN, and water. In addition, the stability and solubility of this catalyst in water make 
the compound easily separated and reused. One of the examples of lanthanide (III) triflate 
compounds that can be used as a catalyst is Ytterbium (III) triflate nonahydrate {[Yb(H2O)9]
(OTF)3}. In the condensation reaction of resorcinol with various aldehydes (1:1), to produce 
derivatives of calix[n]resorcinarenes only needs 8% mole of Ytterbium (III) triflate nona-
hydrate as a catalyst. Although the amount of the catalyst is small, the reaction product 
yielded can reach up to 71–94% and this reaction is stereoselective. The reaction is done by 
refluxing for 48 h with ethanol as solvent [56].

Tungstate sulfuric acid (TSA) can also be used in the synthesis of calix[4]resorcinarene deriv-
atives. In the reaction of an aldehyde with resorcinol at 120°C, the addition of TSA could 
produce around 78–95% in 25–80 min. The use of TSA as an acid catalyst is also more environ-
mentally friendly because this acid can be recycled and reused for up to four reaction cycles 
with a decrease in reaction product yield around 3–11% [57].
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3. Conclusion

Calixarenes and their derivatives can form a cyclic oligomer with a number of monomer 
units ranging from 4 to 20 and a basic structure consisting of phenolic units or phenol 
derivatives which are repetitive and interconnected by the Ar-C-Ar bridge to form a hol-
low cycle. Cyclic oligomer calixarene and its derivatives have been widely used in various 
fields, especially as host molecules in a guest-host system. Therefore, it takes a lot of effort to 
synthesize calixarenes and their derivatives. Various modifications of functional groups and 
synthesis methods were made in order to produce the expected configuration and conforma-
tion. These compounds have largely been synthesized by conventional methods by heating 
at 50–120°C for 1.5–45 h, either under acidic or basic conditions. The conventional method 
requires the use of various solvents in large amounts. The percentage yield of the reaction 
employing this method can range from 50 to 91%. The conventional synthesis method that 
requires heating at high temperatures, a fairly long reaction time, and large amounts of sol-
vents has encouraged many researchers to develop more environmentally friendly synthesis 
methods, such as microwave-assisted synthesis and solvent-free methods.

Microwave-assisted synthesis of calixarenes and their derivatives requires 2–8 min with a 
percentage of reaction products of up to 99%. This method has been proven to accelerate 
reaction time without reducing the percentage of reaction products significantly. The syn-
thesis of calixarenes and their derivatives can also be done with the solvent-free method. The 
method only relies on scouring process without heating. Nevertheless, the method requires a 
shorter reaction time with a higher percentage yield than that from the conventional synthe-
sis method. Both microwave-assisted synthesis method and solvent-free method can reduce 
reaction time, energy use, solvent, and waste, making the synthesis of oligomer calixarenes 
and their derivatives more environmentally friendly.
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Abstract

In this chapter, an environment‐friendly approach in synthesizing Au and Au@Ag metal 
nanoparticles using a microgel is demonstrated. Poly(N‐isopropyl acrylamide)/poly‐
ethyleneimine microgel was used as a multifunctional template to reduce metal ions to 
metal nanoparticles, stabilize and immobilize these metal nanoparticles, and regulate 
their accessibility within the template. Such multifunctional roles of microgel template 
were possible due to their unique properties (i.e., amino groups reducing capabil‐
ity, electrostatic and steric stabilizing properties, and swelling/deswelling properties). 
Characterizations of these metal/polymeric composite particles were also performed, 
such as scanning electron microscope (SEM), transmission electron microscope (TEM), 
Zeta‐potential, UV‐vis spectroscopy, X-ray Diffraction (XRD), and X‐ray photoelectron 
spectroscopy (XPS). To test the catalytic activities of both gold and gold@silver nanopar‐
ticles in the microgel template, a model reaction (i.e., reduction of p‐nitrophenol to p‐ami‐
nophenol) was performed. Results showed that bimetallic gold@silver gave 10 times higher 
catalytic activity compared to monometallic gold nanoparticles. With the simple one‐step 
synthesis, a highly scalable process is possible.

Keywords: green synthesis, gold nanoparticles, Au@Ag bimetallic nanoparticles, core‐
shell particles, smart microgel particles, smart materials

1. Introduction to metal/polymeric nanocomposite particles

Metal/polymeric nanocomposite particles are a combination of both metal particles and 
polymers in nanoscale. They come in different terms and play of words. But simply they are 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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 colloidal polymers with metal nanoparticles. Metal nanoparticles that can be incorporated 
into different colloidal polymeric systems are magnetic, semiconductor, and noble metals. 
On the other hand, colloidal polymers act as carriers of these metal nanoparticles. They are 
mostly referred to as polymer templates. These templates can either be soluble (i.e., colloi‐
dally soluble) or insoluble (i.e., solid or heterogeneous) polymers. Figure 1 displays the dif‐
ferent conformations of metal nanoparticles with polymeric templates. For example, metal 
nanoparticles are seen as core (Figure 1a and b [1–2]) or part of the polymeric template shell 
(Figure 1c [3]) or attached to both the core and shell of the composite (Figure 1d [4]).

Applications of metal/polymeric nanocomposites vary from the fields of chemistry (e.g., catal‐
ysis, sensors, and polymers), physics (e.g., optics and electronics), biology (e.g., detection and 
control of microorganism), and nanomedicine (e.g., drug development and immunoassay).

There are two general approaches in synthesizing metal nanoparticles: top‐down and 
bottom‐up. Top‐down methods comprise physical methods such as lithography and 
etching of bulk metals to nanoscopic scale. Bottom-up approaches are more common 
these days than the top‐down. The bottom‐up approach also has an advantage of gener‐
ating uniform nanoparticles with controlled size and shape.

Bottom-up approaches or commonly referred to as wet chemical methods were pioneered 
for more than a century ago [5]. In particular, Michael Faraday’s method used metal‐salt 
solution mixed with reducing agents (e.g., hydrogen, alcohol, hydrazine, or borohydride) 

Figure 1. TEM images of metal nanoparticles (dark dots) encapsulated within its polymeric templates: (a) PNIPAm‐b‐ 
PMOEGMA/Au [Taken from Ref. [1]], (b) PS‐co‐PGA/Au [Taken from Ref. [2]], (c) PS/poly (aminoethylmethacrylate HCl)/
gold particles PNIPAm‐co‐GMA/Au [Taken from Ref. [3]], and (d) PNIPAm‐b‐PMOEGMA/ Au with Ag [Taken from Ref. [4]].
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and later, stabilizing agents (e.g., ligands, polymers, or surfactants). Turkevich et al. [6] and 
Brust-Schiffrin et al. [7] were able to use this similar approach by synthesizing gold nanopar‐
ticles. Their synthetic route involved the reaction of a chloroauric acid with sodium citrate 
solution at boiling temperature (HAuCl4 + Na3C6H5O7 = Au0). Later on, Frens [8] was able to 
control the size formation of gold nanoparticles by varying the reducing agent to gold‐salt 
ratio during the reduction process. Furthermore, Yonezawa and Kunitake [9] used sodium 
3-mercaptopropionate to the prestabilized citrate gold nanoparticles. The Brust-Schiffrin’s 
method involves the reduction of gold‐salt solution using a thiol‐based organic solvent in a 
two‐phase system. The organic layer is separated, evaporated, and mixed with ethanol to 
get rid of excess thiol. The crude product is further dissolved in toluene and precipitated 
in ethanol. A modified Brust-Schiffrin process was carried out by Murray et al. [10] or 
commonly called as “place exchange” process. This process used various functionalities, 
such as bromine, cyanide, ferrocenyl, alcohol, formaldehyde, and anthraquinone, in replace‐
ment of a simple alkane group. Sulfur ligands such as xanthates [11], disulfides [12], di and 
trithiols [13], and resorcinarene tetrathiols [14] have also been utilized for gold nanoparticles 
(AuNPs) syntheses. Biphasic methods of AuNP synthesis can also use similar ligands such as 
phosphine [15], amine [16], carboxylate [17], isocyanides [18], citrate with acetone [19], and 
iodine [20]. Structures of these ligands are shown in Figure 2.

In general, there are three classifications of approaches to prepare AuNPs: (1) nonchemical 
methods such as electrochemical [21] and thermal decomposition of a metal‐salt solution [22], 
photochemical [23], sonochemical [24], laser ablation synthesis [25], and microwave‐assisted 
technique [26]; (2) biological sources such as the use of plant extracts and microorganism‐
assisted formation of metal nanoparticles. Bio-reduction of metal ions involves both intracellu‐
lar and extracellular precipitations of metal nanoparticles within the microorganism (Figure 3) 
[27]. Biomolecules such as proteins are mainly responsible for the synthesis of gold nanopar‐
ticles while enzymes produced in the outer layer membrane of the microorganism are respon‐
sible for the reduction of gold ions. The biological pathways for metal nanoparticles synthesis 

Figure 2. Different ligand molecular structures that can be used for gold nanoparticle synthesis.
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can be carried out by a microorganism (e.g., bacteria [28], yeast (P. jadini), and fungal (V. luteo‐
album) cultures [29]), plants [30–32] and plant extracts [33]. In recent years, development of 
plant extract‐based synthesis of metal nanoparticles has been investigated. Using plant‐based 
synthesis results into more stable and faster rate of synthesis compared in the case of micro‐
organism [34]. (3) Use of a polymer as a template for metal nanoparticles (MNPs) generation 
is commonly called polymer‐mediated synthesis. This emerging type of approach was con‐
ceived to solve the issue on MNP aggregation.

1.1. Polymer‐mediated synthesis of metal nanoparticles

Polymers that have both reducing and stabilizing properties have been developed to syn‐
thesize metal nanoparticles. Such dual properties give pure and homogenous products. The 
main feature of this approach lies on its low cost, high efficiency, and environmentally benign 
nature. Several existing polymers, which display these dual properties (e.g., reducing and 
stabilizing metal nanoparticles), have already been used in the synthesis of MNPs such as 
poly(N‐vinyl‐2‐pyrrolidone) (PVP) [35], poly(allylamine) (PAAm) [36], poly(o‐phenylenedi‐
amine) (PoPD) [37], polyethyleneimine (PEI) [38], and poly(4‐styrenesulfonic acid‐co‐maleic 
acid) (PSSMA) [39]. Mechanisms have been studied in the reducing capacity of the PVP. These 
include a free radical mechanism, oxidation of the hydroxyl end groups [40] and the C=O 
double bond [41]. Other factors include an abundance of amino groups in the PAAm and PEI 
molecules that drive the reduction of gold ions into metal nanoparticles and strong bonding 
between the electrons donor, π orbitals donor, and the lone pair orbitals of amine groups of 
PoPD with the electron-deficient orbitals of gold nanoclusters providing efficient stabilizing 
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(1) Only a small concentration of polymer is used. (2) The functional groups in the polymer 
can serve for dual properties. (3) Polymer template itself can control the size and morphology 
of MNPs and its resultant composite.

1.2. Core‐shell particles (CSP)

With the promising potential of the polymer‐assisted approach on the synthesis of 
metal nanoparticles, the authors make use of polymeric particles. Here, it is referred 
as core‐shell particles (CSP). Some of the commonly used polymers as templates and 
nanoreactors for metal nanoparticle formation are poly(glycidyl methacrylate‐co‐N‐isopro‐
pylacrylamide) [(poly(GMA‐co‐NIPAM))] [42], poly(N‐isopropylacrylamide)‐co‐poly(acrylic 
acid) (PNIPAM‐co‐PAA) [43], glycidyl methacrylate (GMA) and N‐ isopropyl acrylamide 
(NIPAM) [44], polystyrene (PS) core and a polyaniline (PANI) [45], (poly(N‐isopro‐
pylacrylamide‐acrylic acid) P(NIPAM‐AA) [46], long cationic polyelectrolyte chains of 
poly(2‐aminoethyl methacrylate hydrochloride) (PAEMH)) [47], and poly(ionic liquid) 
(PIL) [48].

Over the past decade, a metal‐salt reduction process is the most common method for 
 generating metal nanoparticles. This type of reaction has shown reliability and uniformity 
of metal nanoparticles produced. However, environmental concerns are not well addressed 
or worst not met. For example, the use of different forms of energy (e.g., photoirradiation, 
ultrasound irradiation, and high temperature boiling process) in both electrochemical and 
thermal decomposition methods is far way exploited [49] in addition to long and tedious 
synthetic procedures. And worst, giving low yields [50] with a high polydispersity of metal 
nanoparticles. Such high polydispersity is mostly observed in a reverse microemulsion of 
metal nanocomposite [51]. For metal nanoparticles bound ligands, the consequence of the 
difficulty in dispersing in water hinders the surface modification and functionalization for 
 further applications [7]. As a result of this water incompatibility, metal nanoparticle proper‐
ties are altered [52]. Also, some reducing agents such as sodium borohydride and hydrazine 
are considered toxic chemicals and not tolerable for future commercial scale‐up [53]. Else, 
defective products or impurities may arise from excess reducing agents [54]. As a result, 
impurities left behind may eventually affect the composite material’s functionality and its 
potential applications.

With the existing and emerging technologies in the synthesis of metal/polymeric nanocom‐
posites, there is still a great challenge to the concept of Green Chemistry. This concept aims at 
the development of methods for the synthesis of metal/polymeric in this case, with the least 
impact on humans and environment as a whole. The challenges in creating novel metal/poly‐
mer nanocomposites are: (1) to create a unique template that is an all-in-one platform that can 
reduce metal ions to nanoparticles, immobilize the resultant nanoparticles, and stabilize the 
composite particle; (2) to regulate the accessibility of the metal nanoparticles through control‐
ling external stimuli such as pH, temperature, and electrolyte; (3) to immobilize other organic 
and biological molecules for protection and deliveries; (4) to easily be purified and recovered; 
(5) to efficiently scale up process for commercialization.
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2. Core‐shell microgel template and metal/polymeric nanocomposite 
synthesis

A novel approach was developed with a simple yet versatile synthesis of a variety of amphi‐
philic core‐shell particles [55]. This approach enables to synthesize a broad range of core‐
shell particles with different chemical structure, composition, size, and functionality. The 
process uses aqueous‐based Chemistry, which is environmentally benign, and the particles 
are easy to synthesize in high solids content (up to 30%) in the absence of surfactant. A 
novel feature of this synthetic approach is that it combines graft copolymerization, in situ 
self‐assembly of the resulting amphiphilic graft copolymers and emulsion polymerization in 
a one‐step synthesis. In this chapter, core‐shell microgels were used in the synthesis of mono 
(Au) and bimetallic (Au@Ag) nanoparticles. Briefly, the mechanism involved in the core-shell 
microgel synthesis combines graft copolymerization of vinyl monomer from a water‐soluble 
polymer containing an amino group and self‐assembly of the resulting particle. Graft polym‐
erization of vinyl monomer in water happens when amino radicals are formed. The electron 
transfer and loss of proton form amino radicals during the interaction of alkyl hydroper‐
oxide (ROOH) with the amino group of the polymer backbone (i.e., PEI is mostly used). 
Alkoxyl radicals (RO) are inevitably produced during this interaction. The resulting amphi‐
philic macroradicals undergo self‐assembly forming micelle‐like microdomains, where they 
become loci for the further polymerization of the monomers. The generated RO·radical on 
the other hand initiates homopolymerization of the vinyl monomer or creates radicals for 
further graft polymerization. This process results in well-defined core-shell particle structure 
with a hydrophilic shell and a hydrophobic core.

2.1. Synthesis of AuNPs in PNIPAm/PEI microgel template

The preparation of the Au nanocomposite (Au/(PNIPAm/PEI)) particles was carried out based 
on a previous method [56] developed by Tan et al., performed via the addition of hydrogen 
tetrachloroaurate(III) trihydrate (HAuCl4·3H2O) solution into the as‐prepared PNIPAm/PEI. 
The mixture was continuously stirred and carried out at different temperatures and pHs for 
2 hours and heated at 60°C for about an hour. The resulting gold loaded microgels were then 
purified by centrifugation.

Gold nanoparticle formation in a microgel template is shown in a schematic diagram (Figure 4). 
Such formation from its ionic form is considered to be thermodynamically stable, which does 
not need any activation energy to form gold nanoparticles even at room temperature. Two 
successive reactions occur to complete the gold generation. First is the interaction between 
the negatively charged gold chloride ions (AuCl4

−) and the cationic microgels. Once the gold 
ions are attracted into the microgel, a subsequent redox reaction occurs between the gold 
ions and available amine groups in the microgel template. As a result, gold ions are reduced 
while the amine groups are oxidized. Amine oxidation allows transfer of electrons from the 
amine to the gold ions, thus, generating zero‐state AuNPs. Such reaction was reported by 
Lala et al. [57], wherein they have proposed that the AuCl4

− ions are  electrostatically bound to 
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the  protonated amine group and simultaneously reduced by the unprotonated amine group. 
AuNPs clusters were allowed to grow by further heating or manipulating their temperature 
or pH conditions.

2.2. Synthesis of Au@Ag/core‐shell PNIPAm/PEI microgel composite particles

Au@Ag bimetallic nanoparticle synthesis was carried out through a progressive reduction 
of Au and Ag metal ions as performed previously by Tan et al. [58]. Gold metal ions were 
first reduced to the shell component of the microgel. These gold metal nanoparticles were 
then used as a seed for the successive reduction of the silver ions to silver nanoparticles. 
Appropriate molar ratios of Au3+ and Ag1+ ions were used and mixed for 30 minutes to reduce 
the silver ions to metal nanoparticles further, followed by heating at 60°C for 30 minutes.

Generating bimetallic nanoparticles in a microgel template is shown in a schematic diagram 
(Figure 5a). After the synthesis of microgel template through graft copolymerization, gold 
clusters were first generated on the shell layers of the templates. Such generation is possible 
due to hyperbranched PEI in the shell region, which contains amine groups that are known to 
have reducing ability to generate metal nanoparticles [59]. And through the chelating proper‐
ties of the same amino groups, PEI can also complex with metal ions and metal nanoparticles 
[60]. The preformed gold nanoparticles acted as seeds or nucleation sites for further bimetallic 
nanocrystals formation. Such formation of Au seeds occurred after 30–40 minutes of reaction at 
room temperature which was evident by the change of the solution color from turbid white to 
light pink. The transition of the solution color also signifies the change in ionization potential 
and electron affinity values of Au atoms. Au atoms’ ionization potential becomes higher than 
those of Ag atoms. Such shift results to a larger electronegativity value for Au, wherein signifi‐
cant charge transfer may occur from silver to gold atoms [61]. Simultaneously, silver metal ions 
(Ag+) were reduced to silver nanoparticles through under‐potential deposition mechanism 
[62], or noble metal induced reduction (NMIR) method [63]. Further, illustration of this mecha‐
nism is displayed in Figure 5b. It is shown that gold nanoparticles used as a seed for further 
reduction of silver ions to silver nanoparticles. The AuNP with a bigger size attracts the silver 
ions resulting to a bimetallic alloy nanoparticle. Further heating was necessary to improve the 
crystallinity of the bimetallic nanoparticles. Consequently, heating of these composite particles 
removes partially the template resulting in the naked exposure bimetallic nanoparticles.

Figure 4. Schematic diagram on the synthesis of gold nanoparticles (AuNPs) using PNIPAm/PEI microgel as a template.
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3. Multifunctional roles of PNIPAm/PEI microgel

3.1. Microgel as a nanoreactor

Transmission electron microscope (TEM) images of both the empty PNIPAm/PEI microgel 
template and the gold nanoparticle-filled composite particles are shown in Figure 4. Herein, 
the empty PNIPAm/PEI microgel particles show a core‐shell structure (Figure 6a), while 
AuNP-filled microgel template (Figure 6b) shows darks spots around its perimeter. The gold 
nanoparticles within the microgel template look like clusters of small gold nanoparticles. 
When heated to 60°C for an hour, the gold nanoparticles further crystallized and became 
clearer. The size of the gold nanoparticles was roughly estimated at an average of 17.60 ± 2.34 
nm with a narrow size distribution.

Figure 5. (a) Schematic diagram on the synthesis of bimetallic nanoparticles from Au/PNIPAm/PEI composite particles, 
(b) mechanism on the formation of Au@Ag nanoparticles from Au/PNIPAm/PEI nanocomposites.

Green Chemical Processing and Synthesis98



3. Multifunctional roles of PNIPAm/PEI microgel

3.1. Microgel as a nanoreactor

Transmission electron microscope (TEM) images of both the empty PNIPAm/PEI microgel 
template and the gold nanoparticle-filled composite particles are shown in Figure 4. Herein, 
the empty PNIPAm/PEI microgel particles show a core‐shell structure (Figure 6a), while 
AuNP-filled microgel template (Figure 6b) shows darks spots around its perimeter. The gold 
nanoparticles within the microgel template look like clusters of small gold nanoparticles. 
When heated to 60°C for an hour, the gold nanoparticles further crystallized and became 
clearer. The size of the gold nanoparticles was roughly estimated at an average of 17.60 ± 2.34 
nm with a narrow size distribution.

Figure 5. (a) Schematic diagram on the synthesis of bimetallic nanoparticles from Au/PNIPAm/PEI composite particles, 
(b) mechanism on the formation of Au@Ag nanoparticles from Au/PNIPAm/PEI nanocomposites.

Green Chemical Processing and Synthesis98

The kinetics of the formation of gold nanoparticles was monitored through the UV‐vis absor‐
bance at 525 nm wavelength with time. Such adsorption at 525 nm wavelength is one charac‐
teristic of AuNPs. In Figure 7, the increase of the absorbance was fast in the first 30 minutes 
of reaction and became slower after that, until the third hour of reaction. The reaction started 
to cease after 3 hours, and no significant change of absorbance was further observed. This 
data concludes that both electrostatic interaction and reduction of gold ions to nanoparticles 
simultaneously occurred at a fast rate. This graph further proves that there is a rapid nucle‐
ation during the initial stage of gold‐ion reduction, resulting in numerous Au clusters. It was 
further concluded that the reduction of gold ions to AuNPs using microgel was 625 times 
faster than the naked hyperbranched PEI (linear curve with hollow points).

3.2. Microgel as a stabilizer of AuNPs in composite particles

There are two kinds of stabilization that holds both the AuNPs and the composite material in 
suspension. Such stabilization is due to the microgel template’s property to provide electro‐
static interaction between composite particles and steric effect of the PEI shell.

Electrostatic interaction between the composite particles and the gold nanoparticles within 
the template is the primary contributor to its stabilization. When Au nanoparticles are formed 
and immobilized in the particle template, the overall size of the composite particle becomes 
smaller than the pure template itself. This shrinkage is due to the formation of gold/amine 
complexes resulting in the contraction of the PEI shell. Such contraction of PEI shell reduces 
metal nanoparticles leaking from its template or its individual network‐cage‐like structure. 
Consequently, continuous leaking of naked AuNPs will form aggregates within the template. 
On the other hand, the same repulsion force acts between composite particles. Such force 
prevents them from getting attracted to each other preventing them from forming precipitates 
eventually.

Steric contribution to the stabilization of the AuNPs comes from the hyperbranched structure 
of the PEI‐shell component in the microgel template. This type of stabilization is known in a 
lot of amphiphilic graft copolymers [64]. Such property of amphiphilic copolymers is due to 
the hydrophobic‐hydrophilic interaction of the copolymers involved. This interaction is very 

Figure 6. TEM images of the (a) PNIPAm/PEI microgel template, (b) Au/(PNIPAm/PEI) composite particles synthesized 
at 25°C and pH 7.30, and (c) heated Au/PNIPAm/PEI composite particles.
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significant on the stability of the microgel template itself and in the formation of Au/microgel 
composite particles. When this interaction happens in the microgel template, the PEI shell 
anchors in the gold nanoparticles, while the PNIPAm core is kept together away from the 
shell. With such action, both the shape and stability of the composite particles are achieved.

3.3. Microgel as AuNP immobilizer

The generated gold nanoparticles using microgel template were immobilized through the 
template PEI shell’s properties. Primarily, the weak bonding between the amino group and 
the gold nanoparticles is the primary source of immobilization [65, 66]. Such immobilization 
strongly supported by the hyperbranched nature of the PEI [67], which helps to shield AuNPs 
into a network‐cage like structure. Such construction provides bulkiness and prevents the 
AuNPs from aggregating with neighboring AuNPs or composite particles. Furthermore, PEI‐
shell structure can also link the gold nanoparticles intact [68] within its boundary template.

There are five pieces of evidence to demonstrate the microgel acting as an immobilizer of 
gold nanoparticles: (1) In Figure 6b, AuNPs are seen as fuzzy gray dots embedded within the 
circumference of the microgel, attached in the shell region. (2) There was a decrease in the 
size of the pure microgel template when loaded with AuNPs. The decrease in size was due 
to the encapsulation of the gold metal ions attracted to the template. Absorption of the gold 
metal ions leads to the shrinking of the composite material. (3) There was a decrease in the 
zeta-potential from 30 to 15 mV from a pure microgel to Au-loaded template, respectively. 
Such decrease of the zeta-potential is attributed to the partial consumption of the cationic 

Figure 7. Time courses of the absorbance monitored at 525 nm during the formation of gold nanoparticles in the presence 
of PNIPAm/PEI microgel particles (25°C, at pH 5.6).
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 ammonium ions during the gold‐ion adsorption stage. (4) X‐ray photoelectron spectroscopy 
(XPS) (Figure 14) result further shows proof of the immobilization of AuNP in microgel tem‐
plate. This result verifies the location of AuNPs which are found within 2—10 nm deep from 
the surface of the microgel template. (5) The ligand role of the PEI shell (i.e., complexation of 
the water-soluble PEI with metal ions) plays a significant part of the immobilization of AuNPs. 
This ligand role property results in some advantages of the composite material such as water 
solubility, high capacity for metal uptake, easy separation of polymer complexes, high flex‐
ibility of the molecular conformation, and good chemical and physical stability [69–71].

3.4. Microgel as a smart controller of AuNP accessibility

One of the best features of PNIPAm/PEI microgel template is its ability to regulate its size. Such 
ability is useful in the accessibility of the gold nanoparticles generated within the microgel 
template. This ability of the microgel comes from the stimuli‐responsive nature of the PNIPAm 
or some refer them to smart materials. In the case of PNIPAm/PEI microgel, such sensitivity 
is based on both sensitive pH and temperature. The core part of the microgel, PNIPAm is 
temperature sensitive, while the PEI shell is pH sensitive. The response of this soft template to 
temperature or pH affects its conformational structure. The changes in the structure of the tem‐
plate result in the controlled accessibility of AuNPs as demonstrated in Figure 8. Herein, the 
microgel template loaded with AuNPs is in different sizes under different pH or temperatures. 
At low pH, the template gets protonated and swells. Such swelling exposes the encapsulated 
AuNPs. However, when pH increases, the microgel becomes deprotonated and deswelling 
of the template occurs. By this action of the microgel template, AuNPs embedded within are 
trapped. The same action also controls that degree of plasmon coupling of AuNPs. Such cou‐
pling property originates from the dipole interaction among gold nanoparticles, which allows 
the control of the interparticle distance between gold nanoparticles [72].

On the other hand, when the temperature of the microgel system reaches beyond the lower 
critical solution temperature (LCST) point of the core part, PNIPAm (i.e., 32°C), the entire 
template shrinks. Such shrinking leads to the trapping of AuNPs within the template. But 
when the temperature goes below the LCST of PNIPAm, the template is more open and loose 
than the original condition. This looseness results in easy accessibility of the AuNPs within 
the template.

Microgel particles were subjected to different temperature conditions at 29°C, 45°C, and back 
to 29°C in aqueous solution to demonstrate the smart properties of the template. Their cor‐
responding structural changes of the microgel particles under different temperatures were 
captured with AFM analysis. Original microgel template at 29°C in a fluid mode is shown in 
Figure 8a with sizes ranging from 100 to 150 nm with quasi-spherical morphologies. When 
the temperature was raised to 45oC (Figure 8b), the templates decreased in size showing 
porous surfaces. Such phenomenon is attributed to the shrinking of the templates as it goes 
beyond its volume phase transition temperature (VPTT). However, when restored to 29°C 
(Figure 8c), the smooth morphology and size of the templates were restored. Such restoration 
demonstrates that the conformational changes of the template triggered by the response to 
temperature are reversible.
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4. Measurements and characterization

4.1. Particle size and surface charge

Dynamic Light spectrophotometer measured the sizes of both pure and gold‐loaded micro‐
gels. Synthesized PNIPAm/PEI microgels have an average hydrodynamic diameter of 402 nm 
while the gold‐microgel composite particles were measured at 298 nm as shown in Figure 9a. 
The polydispersity indices on both unloaded and gold-loaded particles were 0.050 and 0.055, 
respectively. As anticipated, the particle size of the gold‐loaded microgel is smaller than the 
pure microgel. This decline in size is due to the incorporation of the counterions into the 
microgel template during the metal ion absorption and reduction stages. Furthermore, when 
AuNPs are formed, the microgel network immobilizes in‐situ generated AuNPs by capturing 
them on its network-like structure, providing a steric effect on the metal nanoparticles.

The gold‐loaded microgel particles were further characterized based on its surface charge 
expressed in zeta‐potential. Gold‐loaded composite particles have an average zeta‐potential 
of 15 mV at pH 7.00 in an aqueous medium. At this state, composite particles were stable with 
no aggregation or precipitation occurred. However, zeta-potential can be affected by the pH 
solution in a colloidal system. To demonstrate this effect, Figure 9b demonstrates the change 
of the surface charge as a function of pH. In the same figure, gold-loaded microgels can be 
grouped into a three-phase behavior regarding zeta-potential versus pH solution. The first 
phase shows a constant zeta‐potential behavior at a pH range of 2–6.5. The second phase 
is between pH 6.5 and 9.0, which shows a noticeable decrease of zeta-potential. The third 

Figure 8. Left side: conformational changes of microgel template from stimuli response to pH solution and temperature. 
Right side: AFM micrographs of PNIPAM/PEI microgel particles measured in a fluid mode at different temperatures: (a) 
29°C; (b) 45°C; and (c) Cooled from 45 to 29°C. Scale bar: 200 nm.
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phase between pH 9.0 and 11.5 gives a slight change of zeta-potential values. The constant 
zeta-potential in the first phase is attributed to the saturation of microgel template with AuNP 
at this certain range of pH. However, increasing the pH affects the composite material and 
decreases its surface charge surpassing the isoelectric point (i.e., pH 9.2). Further increase of 
pH at this stage may supersaturate the microgel template and then again give a very minimal 
or no effect on its zeta-potential.

To demonstrate the effect of temperature on its surface charge, Figure 10 shows that vary‐
ing solution temperatures from 25 to 40°C strongly affect the zeta-potential of both the pure 
and gold‐loaded microgel particles. An abrupt change of surface charge in the temperature 
range between 29 and 34°C is obvious. This region crosses the VPTT region of the microgels. 
However, prior and after this temperature range, the zeta‐potential was more or less constant. 
Such behavior is attributed to the increase in the surface charge density of the composite par‐
ticles with the decrease in size. Smaller particles result in higher surface charge density, result‐
ing in the shrinking of the composite particles, as also observed in the work of Ou et al. [73].

4.2. Scanning electron microscope (SEM) and transmission electron microscope (TEM) 
images

SEM and TEM images of the AuNP/(PNIPAm/PEI) composite particles are both shown in 
Figure 11. Figure 11a shows uniform spherical morphologies of the composite particles. 
Such morphologies are identical to that of the original microgel template (Figure 11a inset). 
However, partial agglomeration of the particles is also observed which may have occurred 
during the drying of the SEM sample treatment. Figure 11b shows the TEM image of the 
gold‐loaded microgel which shows clearly the location of the AuNPs within the microgel 
template. Specifically, AuNPs reside around the circumference of the microgel attached in the 
shell region. Apparently, these images also show the effectiveness of the immobilization of 
the gold nanoparticles within the microgel network.

Figure 9. (a) Particle size and size distribution of pure microgel template and Au/(PNIPAm/PEI) composite particles 
synthesized at optimum conditions of 25°C and pH 7.30. (b) Zeta-potential profile of gold-loaded microgel (solid points) 
and pure microgel template (hollow points) in different pH solution.
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4.3. UV‐vis spectroscopy

The formation of gold nanoparticles in the presence of microgel template was monitored by 
a UV‐vis spectroscopy as a function of time. In this case, gold nanoparticle formation was 
evident at the absorbance wavelength of 525 nm as shown in Figure 12. Gold formation starts 

Figure 10. Zeta-potential profile of gold-loaded microgel composite particles (solid points) and pure microgel template 
(hollow points) in different temperature conditions.

Figure 11. (a) SEM image of Au/ (PNIPAm/PEI) composite particles, inset is the original microgel template, (b) TEM 
image of Au/ (PNIPAm/PEI) composite particles. The particles were synthesized at 25°C and pH 7.30.
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after 20 minutes of reaction together with the change in color from turbid white to light pink. 
An increase of absorbance happens as further reaction occurs for gold nanoparticle formation. 
This also gives rise on the concentration of gold nanoparticle at higher absorbance. After 4 
hours of reaction, it was observed that there were no more significant changes in the absor‐
bance intensity, which signify that gold nanoparticles have ceased to grow or gold ions have 
ultimately been reduced to nanoparticles. Wavelength absorbance of gold nanoparticles rang‐
ing from 520 to 525 nm is a characteristic of Au nanoparticles with spherical shape with sizes 
ranging from 15 to 30 nm [74].

4.4. High‐resolution TEM (HRTEM) and X‐ray diffraction

To get a closer look at the image of AuNPs immobilized within the PNIPAm/PEI microgels 
template, an HRTEM analysis was performed as shown in Figure 13a. This image reveals a 
five-fold twinned Au nanocrystal with a diameter of 22.5 nm. Top inset of Figure 13a displays 
the selected-area of electron diffraction (SAED) pattern of AuNPs examined, which reveals 
ring patterns indexed as (111), (200), and (222) of a face-centered cubic (FCC) gold lattice. 
Furthermore, this five-fold twinned boundary at the center of an Au nanocrystal can suggest 
formation of a multiply twinned particle (MTP) close to an icosahedral gold nanostructure. 
The fuzzy portion observed on TEM image is attributed to the composite particle’s sensitiv‐
ity to misorientation and distortion of the ideal icosahedrons. Aside from the twin boundary 
observed, the Au nanostructure is mainly composed of (111) planes with a d-spacing of 0.236 
nm as shown in Figure 13b. The lattice plane is separated by a twin boundary indicated as 
a white line on the image. The crystallinity of AuNPs embedded in the microgel template is 

Figure 12. UV-vis spectra profile for reduction of gold ions to nanoparticles using a PNIPAm/PEI microgels versus time 
(minute). Experiment was performed at 25°C, pH 5.6, 200 rpm, with N/Au molar ratio of 28.5.
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analyzed through an X-ray diffractometer in Figure 13c. Au nanocrystals formed have lattice 
arrangements of (111), (200), and (220) at corresponding angles of 38, 44, and 65o. This result 
is consistent with the previous SAED analysis except for the (220) lattice with a dominant 
(111) arrangement.

4.5. Surface composition using X‐ray photoelectron spectroscopy

To further investigate the formation of AuNPs using a microgel template, X‐ray photoelectron 
spectroscopy (XPS) analysis at a depth of 10 nm was used. Results shown in Figure 14 reveal 
an XPS spectra with binding energies of different elements present in the composite particles. 
The binding energies correspond to elements of C, O, N, and Au. Convoluted C1s spectra were 
fitted with peaks at 285.0 and 287.9 eV, assigned to C-C/C-H and C-O bonds, respectively. N1s 
peak fitted at 399.3 assigned to amines coordinated with AuNPs. O1s at 531.2 eV corresponds 
to the carbonyl functional group of the microgel. Zero‐valent AuNPs are observed from its 
two peak characteristics at 84.3 and 88 eV, consistent with literature [75]. Other characteristic 
of AuNP is its XPS spectra peak‐to‐peak distance of 3.7 eV on the Au 4f doublet which further 
gives a standard measure of the Au0 oxidation state [76]. As the AuNPs attached to the amino 
groups, detection of N1s in the XPS analysis weakens due to the overlapping of AuNPs on the 
amine group [77], eventually strengthening the Au signal. This amine‐gold interaction was 
also observed in the work of Kumar et al. [78] and similar to Manna et al. [79]. Nitrogen peak 
was also curve fitted into two components at 399.3 and 401.2 eV. The first one corresponds to 
the amine (free and coordinated to gold) and the other corresponds to the protonated amine 
or ammonium. With the presence of these two peaks, AuNP binding to the amine group is 
more on metal‐ligand coordination (metallic gold atom and amine) than electrostatic interac‐
tion (between ammonium and the negative charges on the surface of the particles).

Further study on the same XPS spectra indicates that there was no significant change of O1s to 
C1s ratio before and after gold loading. Such insignificant change further proves the presence 
of the carbonyl functional group, PNIPAm, in the microgel. The XPS spectra also mean that at 
a depth of at most 10 nm, PNIPAm is present within the shell region partially overlapping the 

Figure 13. (a) HRTEM image of Au nanoparticle embedded within a microgel template, inset is the selected-area electron 
diffraction (SAED) pattern, (b) (111) planes of Au nanocrystal with a d-spacing of 0.236 nm, and (c) XRD spectra of Au/
PNIPAm/PEI composite particles.
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core. With this overlapping of shell component to the core makes the whole microgel system 
shrink whenever PNIPAm shell becomes sensitive to temperature. Such phenomenon further 
verifies our claim that the amine group residing in the PEI shell l is mainly responsible for the 
formation and binding of the AuNPs.

5. Catalytic activities of gold/microgel and gold@silver/microgel 
nanocomposite particles

To demonstrate the catalytic activity of gold and gold@silver nanoparticles in a microgel 
template, a catalytic reduction first order kinetic model (i.e., p‐nitrophenol reduction by 
sodium borohydride) was chosen. Silver and gold metal nanoparticles have a wide absorp‐
tion band in the visible region of the electromagnetic spectrum. Thus, they are easy to 
characterize and with a wide availability of related literature. These metal nanoparticles 
have also been involved in many catalytic organic reactions and synthesis in both pure and 
alloyed form. Previous study suggests that silver preserves the overall spherical morphology 
of the resultant bimetallic eventually prevents the tendency to phase segregate [85]. These 
are the primary reasons why these two metals have been chosen to demonstrate the metal 
nanoparticle forming capabilities of the microgel (i.e., PNIPAm/PEI) template. The p‐nitro‐
phenol solution exhibits a typical absorption peak at around 320 nm under neutral or acidic 
condition. When sufficient amount of NaBH4 is added, the nitrophenolate ions become the 
dominant species and reduce to aminophenol. Such conversion causes the absorption peak 
to shift to 400 nm. In the absence of any catalyst, the reduction of p-nitrophenol by NaBH4 

Figure 14. XPS spectra of AuNP embedded in PNIPAm/PEI microgel template. Inset is the Au 4f core‐level spectra.
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cannot proceed based on a control experiment. And theoretically, this is because the Eo value 
for the reduction of p‐nitrophenol to p-aminophenol was −0.76 V and that of H3BO3/BH4

− 
was −1.33 V versus the standard hydrogen electrode (NHE). However, when a reduction of  
p‐nitrophenol starts, a new peak appears at about 310 nm, which corresponded to the typi‐
cal absorption peak of p‐aminophenol Physical change on the solution color is also obvious 
during the reaction [80]. For the case of gold@silver metal nanoparticle as catalyst, it only 
took 2 minutes to complete the catalytic reaction (Figure 15a). When using monometallic 
Au catalyst, catalytic reactions were completed in 15 minutes and 3.5 minutes using dif‐
ferent amine to gold ratios (i.e., 28.2 and 14.09, respectively). The catalytic activity of the 
bimetallic catalyst is obviously higher than that of the monometallic catalyst using the 
same template.

The kinetic rate constant, which is proportional to its overall kinetic rate in a first order reac‐
tion, was estimated from its slope. The control sample has a rate constant of 5.4 × 10−3 s−1. 
However, when monometallic gold nanoparticles (N/Au = 28.20 mole ratio) was used as a 
catalyst, the reaction proceeded approximately 10 times faster (i.e., with a rate constant of 
2.44 × 10−2 s−1) than without catalysts. Moreover, when bimetallic gold@silver nanoparticles 
were used as a catalyst, the reaction rate was significantly enhanced. The enhancement in 
catalytic activity is attributed to the synergistic effects and the flexible design between the 
two metal nanoparticles [81], in this case gold and silver nanoparticles. The electronic and 
geometrical properties of the synthesized bimetallic nanoparticles can also affect the catalytic 
activity. Similar studies suggest that the increase in the number of low coordination number, 
edge and corner sites can also enhance catalytic activity [82]. Surface science studies conclude 
that the surface electronic structure can be modified by the interactions between the two kinds 
of atoms in the bimetallic alloy owing to ligand [83] and strain effects [84]. Figure 15b shows 
comparison of the different catalytic reaction rates constants by plotting ln (Ct/C0)  versus 

Figure 15. (a) UV-vis spectroscopy profile for the reduction of p‐nitrophenol to p‐aminophenol using Au@Ag/(PNIPAm/
PEI) composite particle as a catalyst. The different colored-curves refer to the different 30 second time intervals, (b) plot 
of ln (Ct/C0) as a function of time for the reaction catalyzed by Au/PNIPAm/PEI in different N/Au mole ratios and Au@Ag 
bimetallic nanoparticles in PNIPAm/PEI template. Inset is the reaction scheme of the catalytic reaction model used (i.e., 
reduction of p‐nitrophenol to p‐aminophenol).
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reaction time for the reduction of p‐nitrophenol. The results demonstrate that the increase or 
incorporation of different metal nanoparticles can significantly increase the reduction rate.

5.1. Modification of AuNP to Au@Ag bimetallic NP and its effect on catalysis

The main goal in making bimetallic nanoparticles is to enhance the catalytic activity in the 
reduction of p‐nitrophenol to p‐aminophenol. Through the introduction of silver ions into the 
as-prepared seed gold nanoparticles, surface modification was achieved in the resultant bime‐
tallic Au@Ag nanoparticles. This modification affects the electronic properties of the resultant 
bimetallic nanoparticles affecting the catalytic activities. Thus, the role of the Ag in the bime‐
tallic structure is a co‐catalyst able to promote the ligand effect [85].

Ligand effect suggests that with the presence of a co-catalyst, Ag is important for the redox 
reaction (i.e., reduction of p‐nitrophenol) occurring on Ag@Au interfaces [86]. These Ag@Au inter‐
faces are the main actors in improving the catalytic activities. Figure 16 demonstrates an Ag@Au 
interface with different work functions (i.e., Au (~5.3 eV) and Ag (~4.7 eV)). Since Ag has a lower 
work function compared to Au, electrons leave from the Ag atom side of the interface toward 
the Au side through a depleted region (Region D). As a result, the Au becomes an electron-rich 
region (Region E). The abundance of electrons on the Au side initiates the uptake of electron from 
the reactants (i.e., p‐nitrophenol) on top of the usual uptake from the depleted region. Thus, the 
more interfaces there are the more depletion and surplus of electron exist, resulting to increase 
the adsorption of reactants to be reduced on top of the interfacial regions. Such mechanism is 
consistent with the study of Zhang et al. [87] wherein the increasing electronegativity of Au with 

Figure 16. Diagram on the transport of electron from an Ag‐Au interface bimetallic NP [Adopted from Ref. [87]].
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respect to Ag facilitates adsorbate binding, increasing the electron transfer to p‐nitrophenol. As a 
result, this reduces the activation energy barrier, thus increasing the catalytic activity.

6. Conclusion

Environment‐friendly approach on the synthesis of metal/polymeric nanocomposite particles 
was demonstrated in this chapter through the fabrication of Au and Au@Ag nanoparticles 
using a microgel template (i.e., PNIPAm/PEI). PNIPAm/PEI microgel template plays a crucial 
role in the reduction of metal salts, stabilization, and immobilization of the resulting metal/
polymer nanocomposites. Furthermore, it can also act as a regulator of metal nanoparticles. 
Catalytic activities of the Au and Au@Ag metal nanoparticles in microgel template were also 
demonstrated in the reduction of p‐nitrophenol to p‐aminophenol.
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Abstract

Since it was claimed by EniChem in 1983 for the first time, titanium silicate‐1 (TS‐1) zeo‐
lite presented the most delightful catalytic performance in the area of selective organic 
oxidation reactions. To enhance the mass diffusion property, hierarchical titanium silicate 
with hollow cavities within crystal was prepared by using a post‐synthesis treatment in 
the presence of organic template, and then, it was commercially produced and employed 
in many industrial catalytic oxidation processes, such as propylene epoxidation, phenol 
hydroxylation, and cyclohexanone ammoximation. Moreover, we also developed several 
totally novel oxidation reactions on hollow titanium silicate (HTS) zeolite, i.e., Baeyer‐
Villiger oxidation of cyclohexanone and chlorohydrination of allyl chloride with HCl 
and H2O2. In all cases, HTS shows much better catalytic performance than TS‐1, attribut‐
ing to the mass diffusion intensification by introducing hollow cavities. On the other 
hand, enormous works on synthesizing hierarchical TS‐1 zeolites with open intracrystal‐
line mesopores have been done via silanization treatment and recrystallization. Based on 
them, several bulk molecule oxidation processes with tert‐butyl hydroperoxide, such as 
epoxidation of fatty acid methyl ester (FAME) and large olefins, have been carried out. 
As a consequence, hierarchical TS‐1 zeolites supply a platform for developing environ‐
mental‐friendly catalytic oxidation processes to remarkably overcome the drawbacks of 
traditional routes.

Keywords: titanium silicate zeolite, catalytic oxidation, novel chlorohydrination 
process, HPPO, hierarchical structure, hydrogen peroxide
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1. Introduction

Framework‐incorporated zeolite is an important kind of acid catalyst, which has already 
been successfully applied or shown great application potentials in many industrial processes 
in last 30 years [1–4]. Since the first claim of titanium silicate‐1 (TS‐1) zeolite by EniChem 
in 1983, serial of metal elements (such as Ti, Sn, Fe, V, Cr, Mn, Zr, Ga, and Ge) have been 
incorporated into the framework matrix of zeotype materials via the isomorphous substitu‐
tion of Al atoms in crystalline aluminosilicates through different approaches [5–10]. When 
Ti4+, Sn4+, and Zr4+ species incorporated into the framework of zeolites, basic subunits are 
neutral, without needing balancing by cation ions, thus no formation of Brönsted acid sites. 
However, these metal ions can accept shared electron pairs from electron‐rich groups (i.e., 
peroxide, carbonyl, and C‐C bonds) to make substrates much more reactive during cata‐
lytic reactions [11–13]. On the other hand, catalytic selective oxidation of hydrocarbons to 
produce oxygenated organic compounds is of great significance to give birth to chemical 
intermediates and fuels. Unfortunately, traditional oxidation approaches always suffer from 
using hazard reagents, complex operation, high energy and cost consumption, low product 
selectivity, and high pollution [14–16].

To avoid these drawbacks, heterogeneous catalysts (specially based on zeolites) have been 
introduced to develop highly efficient oxygenated hydrocarbons transformation due to 
their unique porosity and Lewis acidity for activating oxidants and/or subtracts [17–19]. 
For example, in conventional route, cyclohexanone oxime is produced via a hydroxylamine 
method, which needs four steps, involving ammonia oxidation, production of hydroxyl‐
amine with liquid acids, cyclohexanone ammoximation, and decomposition of ammonium, 
generating a large amount of waste and side products [20–22]. In 1986, a totally novel “one‐
step” cyclohexanone ammoximation process with ammonia (NH3) and hydrogen peroxide 
(H2O2) was developed by EniChem via using TS‐1 zeolite as a catalyst under mild condi‐
tions, with water only as a by‐product [23, 24]. Obviously, Ti‐incorporated zeolites provide 
excellent opportunity to update the efficiency of oxidation processes. However, TS‐1 zeo‐
lite suffered the limitations of mass diffusion, its narrow 10 member‐ring channel [25–27]. 
Thus, a novel post‐synthesis route to modify the traditional TS‐1 was developed by the 
researchers at SINOPEC before 2000, obtaining the far more stable hollow titanium silicate 
(HTS) zeolite. It is worthy to note that HTS zeolite has been commercially manufactured by 
SINOPEC, and applied in several green catalytic oxidation processes, such as cyclohexa‐
none ammoximation, phenol hydroxylation, and propylene epoxidation [28–30]. Moreover, 
several completely new reactions, such as chlorohydrination of allyl chloride and Baeyer‐
Villiger oxidation of cyclohexanone, were initially developed on using HTS zeolite [31, 32]. 
In recent years, a spongy‐like TS‐1 zeolite with abundant of open mesopores was prepared 
via combining the silanization treatment and post‐synthesis route under hydrothermal con‐
ditions. And it also found some bulk molecule oxidation reactions based on this hierarchical 
TS‐1, such as epoxidation of methyl oleate and large olefins. Thus, this review will majorly 
summarize the application of hierarchical TS‐1 we synthesized in the area of oxidation, 
as shown in Figure 1.
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2. Synthesis strategies of hierarchical titanium silicate zeolites

TS‐1 zeolite was claimed by the researcher EniChem in 1983 for the first time, and then it 
attracted kind attentions from the world, owing to its pioneering role in exploiting metal‐
incorporated zeolites [4]. However, in the early years, the key factors for TS‐1 zeolite synthesis 
were far beyond well understanding, thus it was hard to repeat the synthesis of TS‐1 in paral‐
lel, even under the same conditions. That is ascribed to the different crystallization behaviors 
between Ti and Si precursors during hydrothermal synthesis processes. To overcome this 
major drawback, a post‐synthesis method, involving the simultaneous dissolution of frame‐
work atoms and recrystallization of low aggregated species, was developed by M. Lin and 
coworkers at SINOPEC in the end of 1990s [33–35]. In a typical procedure, TS‐1 was syn‐
thesized via the EniChem published method for the first time; and then it was calcined and 
treated by specific agents; in the end, TS‐1 was recrystallized in the presence of SODs at high 
temperature with autogenous pressure. It has been confirmed that unique intracrystalline 
cavities (about several to several tens nm in size) are generated through post‐treatment, and 
this material is referred to as hollow titanium silicate (HTS) zeolite, which is of much better 
diffusion property than TS‐1, as shown in Figure 2 [36]. On the other hand, recrystallization 
treatment promotes the increasing of framework Ti content, with the significant decreasing 
of framework defects (Si‐OH and Ti‐OH groups). Thus, HTS displays far higher stability than 

 

 
Ti-containing  

Zeolites + H2O2 

Figure 1. Catalytic oxidation reactions on hierarchical titanium silicate zeolite with H2O2 as an oxidant under mild 
conditions.
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TS‐1 during catalytic oxidation processes, especially in alkaline ammoximation reactions, due 
to high resistance to ammonia. Up to now, HTS zeolite had been already commercially man‐
ufactured at SINOPEC, and successfully applied in many selective catalytic oxidation pro‐
cesses, i.e., cyclohexanone ammoximation, propylene epoxidation, and phenol hydroxylation, 
presenting desirable economic and social benefits via reducing cost and waste production. To 
the best of our best knowledge, HTS is the first and only hierarchical titanium‐based zeolite 
applied in industry, and the detailed synthesis, characterization, and application have been 
summarized in our previous chapter [37].

Figure 2. Transmission electron microscopy images of TS‐1 and hierarchical TS‐1 zeolites : (A) TS‐1, (B) HTS, (C) TS‐OS, 
and (D) TS‐SP.
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However, these cavities inside HTS zeolite cannot favor the accessibility of bulk organic mol‐
ecules to inner tetrahedral framework Ti sites, owing to the 10‐member ring pore mouth. To 
solve this problem, many attempts and efforts have been paid through introducing meso‐
pores and/or macropores with zeolite particles, including selective removing framework‐
composite atoms, channel filling with soft or hard templates, reassembly of small crystals 
around mesopore templates, and adding amphiphilic organic surfactants and silicon sources. 
Among them, hierarchical TS‐1 zeolite of rich open mesopores (remarked as TS‐OS, as shown 
in Figure 2C) synthesized by introducing amphiphilic organic silane agents is considered as 
another potential industrial catalyst in the near future [38, 39]. It is very easy and available to 
synthesis TS‐OS even in industry, just adding a few amount of organic silane agents, such as 
N‐[3‐(trimethoxysilyl) propyl]aniline and N,N‐diethyl‐3‐(trimethoxysilyl) propan‐1‐amine, 
into conventional TS‐1 synthesis mixture under hydrothermal conditions. That is attributed 
to the inhibition of crystal growth by organic silane groups inside particles, as Si‐C bonds 
are ultrastable at high temperature. It is noted that silane groups are easily aggregated, thus 
mesopores are formed when the organic groups are removed by calcination in air at 550°C. Of 
course, compared with TS‐1, TS‐OS is of high mass transfer capability, allowing the entrance 
of bulk organic subtracts and oxidants. Thus, TS‐OS exhibits much better catalytic perfor‐
mance than TS‐1 in some specific oxidations. It is worthy to mention that organic silane, usu‐
ally serving as coupling agents for binder and coating, are very cheap and easily obtained in 
market, so it is available to synthesis of TS‐OS at large scale.

In addition, to make inner mesopores be more uniform, TS‐OS zeolite was post‐synthesized 
in the presence of long chain quaternary ammonium hydroxide (such as cetyltrimethylam‐
monium hydroxide, CTAOH) under hydrothermal conditions, to give birth to spongy‐like 
TS‐1 zeolite (labeled as TS‐SP), as shown in Figure 2D. As CTAOH can enter into the crystal 
of TS‐OS along mesopores rather than micropores, the dissolution of framework atoms and 
reassembly of soluble Ti and Si species under the impact of CTAOH micelles with zeolite 
particles are simultaneously promoted during post‐synthesis processing, thus forming the 
relatively uniform mesopores, as demonstrated in Figure 3. There are two peaks existed for 
TS‐OS, the first one is ascribed to mesopores created by silane agents and the second one 
is related to intercrystalline mesopore among small crystal particles. The band for TS‐SP is 
very narrow, suggesting the intracrystalline mesopores become much more uniform after 
reassembly.

3. Nature of the activating of H2O2 molecules by TS‐1 zeolite

As it is well known that TS‐1 zeolite is an excellent catalyst via improving the nucleophilic 
attack capability of aqueous H2O2 solution in catalytic oxidation reactions [40, 41]. When 
the H2O2 molecules are adsorbed on the tetrahedral Ti active sites (Figure 4), the negative 
charges on both Oa and Ob atoms in TS2 are −0.460 and −0.476, respectively, which are of 
much stronger nucleophilic attack capability than that in H2O2 molecules (about −0.426), as 
listed in Table 1. It indicates that the H2O2 molecules are activated, with the formation of 
Ti‐OOH species.
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4. Chlorohydrination of allyl chloride with HCl and H2O2 to produce 
dichloropropanol

Recently, we have developed a totally novel route to prepare dichloropropanol (DCP) through 
the chlorohydrination of allyl chloride (AC) with HCl and H2O2 base on HTS as a catalyst, to 
replaced Cl2 and H2O as raw materials in traditional route, as shown in Scheme 1 [42]; that 
is, because Cl2 is highly hazard and harmful for environment and human health, and difficult 
to be stored and transfer, producing a large amount of waste. Most importantly, to avoid the 
production of trichloropropane (TCP), a great deal of water are added to reduce the concen‐
tration of Cl2 and its derivatives (HOCl and HCl), therefore causing the low content of DCP 
(<4 wt%) in final mixture [43, 44]. Obviously, the tradition Cl2 route goes against the principles 
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Figure 3. Pore‐size distribution of TS‐OS and TS‐SP zeolites calculated by the nonlocal density function theory (NL‐DFT) 
method.

Figure 4. Activation of H2O2 molecules by tetrahedral framework Ti sites calculated by the density function theory (DFT) 
method.
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of green and sustainable chemistry, but HCl is very available and less harmful. It is surpris‐
ingly to observe that both AC conversion and DCP selectivity simultaneously over 95% under 
optimized reaction conditions, and DCP concentration is higher than 20 wt% in aqueous solu‐
tion. Thus, this novel route demonstrates very excellent industrial potential, due to its high 
efficiency and low waste produced.

To study the mechanism of this route, different Ti‐containing catalysts were evaluated by 
a novel chlorohydrination reaction under almost the same condition, as shown in Figure 5. 
Among the catalysts we tested, HTS shows the highest AC conversion (over 85%), far higher 
than that of TS‐1 (49%), owing to the improvement of mass diffusion through hierarchically 
closed mesopores within HTS zeolite particles. At the same time, HTS and TS‐1 exhibit much 
higher selectivity (>88%) of DCP (including 1,3‐DCP and 2,3‐DCP) than other catalysts, sug‐
gesting tetrahedral framework Ti species help the formation of DCP. And the major product 
catalyzed by TS‐1 and HTS is 1,3‐DCP, while 2,3‐DCP is mainly obtained via the traditional 
Cl2 route. To explicate this phenomena, ring‐opening reaction of epichlorohydrin (ECH) with 
HCl in aqueous solution had been carried out, with a 1,3‐DCP selectivity higher than 98% and 

Atoms Before H2O2 adsorption After H2O2 adsorption Charge difference

H2O2 Oa −0.426 −0.460 −0.034

Ob −0.426 −0.476 −0.050

Ha 0.426 0.410 −0.016

Hb 0.426 0.469 0.043

Table 1. Charge difference of TS‐1 cluster and H2O2 molecule before and after H2O2 adsorption.

Scheme 1. Comparison of traditional and novel chlorohydrination reactions.
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Figure 5. Catalytic performance of different Ti‐based catalysts in novel chlorohydrination of AC with HCl and H2O2 
under mild conditions: (A) AC conversion and (B) DCP selectivity.
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Figure 5. Catalytic performance of different Ti‐based catalysts in novel chlorohydrination of AC with HCl and H2O2 
under mild conditions: (A) AC conversion and (B) DCP selectivity.
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complete AC conversion. In fact, TS‐1 zeolite is of high catalytic activity in olefin epoxidation 
reaction, and many H2O2 oxidized propylene epoxidation units (called HPPO process) have 
been established in global. However, TS‐1 shows poor catalytic performance in the epoxi‐
dation of AC with H2O2 due to the strong electron‐withdrawing effect of Cl atoms on C=C 
bonds [45, 46]. However, in the presence of HCl, the epoxidation reaction can be accelerated, 
which is ascribed to the promotion of chemical balance to DCP via ring‐opening reaction 
catalyzed by H+ species.

It is worthy to note that there are still many serious drawbacks related to the HPPO process, 
attributing to the side‐products caused by H2O [47, 48]. As a result, this route provides a novel 
method to prepare DCP, with high AC conversion and target product selectivity. Above all, it 
is indicated that the mechanism of this route lines in the first epoxidation of AC catalyzed by 
framework Ti species, and then ECH becomes ring opening with HCl. On the other hand, Cl2 
and its derivatives (such as Cl3

−, but no HOCl) are detected by UV‐Raman spectroscopy (with 
an irradiation wavelength of 325 nm). It means that the Cl2‐based chlorohydrination process 
can also be occurred in this route, similar as the traditional route, inferring that epoxidation 
of AC competes with the route of Cl2 [49–52]. What is more, there is only TCP generated cata‐
lyzed by HTS and TS‐1 zeolites, which is relevant with the Cl2 formed via oxidation of HCl 
with H2O2, significantly increasing the utilization efficiency of AC to prepare DCP. Except for 
the desired catalytic activity and selectivity, HTS also gives much higher stability than TS‐1 
when they are treated by 37 wt% HCl solution at room temperature. It is found that, after 3 
months treatment, HTS zeolite still remains as high AC conversion as fresh one, while the 
catalytic performance of TS‐1 becomes fast decreasing when it was acidic treated for 5 days. 
As shown in Figure 6, HTS can be used six times in a novel chlorohydrination route, without 
any decreasing of AC conversion and DCP selectivity, which is attributed to the reincorpora‐
tion of Ti species into framework through post‐synthesis treatment.

5. Ammoximation of ketones with H2O2 and NH3

Ammoximation reaction is very important to produce oximes from ketones and aldehydes in 
industry [53–55]. For example, cyclohexanone oxime, which is a key intermediate for manu‐
facturing ε‐caprolactam, is conventionally prepared via the hydroxylamine oxidation route, 
including hydroxylamine sulfate oxidation (HSO) and hydroxylamine phosphoric oxidation 
(HPO) approaches [56, 57]. Generally, it involves many harsh drawbacks in these approaches, 
i.e., long and complex reaction pathways, high energy and material consumed, generating 
a large amount of waste and side‐products, and harmful for health and environment, as 
shown in Scheme 2. To overcome these drawbacks, a “one‐step” cyclohexanone ammoxima‐
tion process with H2O2 and NH3 was developed by EniChem in 1986 using TS‐1 as a catalyst 
under very moderate conditions [58, 59]. Compared with traditional route, the novel one is 
highly clean and environmental friendly, with evidently reducing of waste production and 
capital cost, only water as a side product. The first 12 Kt/a demonstration unit with TS‐1 
catalyst had been built up by EniChem in 1994, and a commercial 60 Kt/a unit was carried 
out by Sumitomo in 2003. By using HTS as a catalyst, a 140 Kt/a commercial cyclohexanone 
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 ammoximation  process was built by SINOPEC, and it run smoothly for over 10 years since 
2000 [60]. Similar to this process, acetone ammoximation with H2O2 and NH3 catalyzed by 
HTS also carried out, with high acetone conversion and oxime selectivity [61].
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Figure 6. Conversion of AC and DCP selectivity in the reuse experiments six times under the same reaction conditions.
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Scheme 2. Comparison of traditional HSO (HPO) route and novel TS‐1 catalyzed ammoximation reaction for the 
production of cyclohexanone oxime.
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The mechanism of “one‐pot” cyclohexanone ammoximation bases on the in‐situ formation 
of hydroxylamine (NH2OH) through the oxidation of NH3 with H2O2 under the effect of tet‐
rahedral Ti species, and then it reacts with cyclohexanone to form oxime [62, 63]. The coor‐
dination of NH3 and H2O2 with framework Ti sites has been investigated by a spectroscopic 
method, perfectly with an octahedral coordination. And the cyclohexanone ammoximation 
reaction was operated in a stirred reactor through a continuous liquid phase flow, with a 
slurry medium (TS‐1 catalyst concentration is about 2–3 wt%) at 80–90°C. It is noted that the 
TS‐1 and HTS zeolite particles are about 300–500 nm in size, which are too small to be sepa‐
rated by conventional methods and equipment. Thus, the separation of catalyst from reaction 
mixture and solvent (tert‐butanol) is usually carried out in a membrane filter, and then crude 
oxime is withdrawn from the bottom of this reactor for further purification, and the spent 
catalyst should be separated from this reaction system and calcined to remove the organic 
deposit, which fills the channel of TS‐1 zeolite, as shown in Figure 7.

As shown in Figure 8, we can see that HTS zeolite is of far higher catalytic performance 
and longer lifetime than TS‐1 under the same conditions. This is because hollow cavities 
well enhance the mass diffusion within zeolite particles, and relative short residence time of 
cyclohexanone favors the decrease of side products, especially for heavy organic deposits. 
Moreover, the ultrahigh stability of HTS is attributed to the recrystallization of zeolite defects 

Figure 7. Diagrammatic sketch of a “one‐step” cyclohexanone ammoximation process catalyzed by TS‐1 zeolite under 
moderate conditions.
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through dehydrated condensation between Si‐OH and Ti‐OH groups, making it more toler‐
ant to alkaline intermediates.

In addition, in our previous works, the irreversible deactivation of HTS zeolite has been inves‐
tigated by using multiple characterization methods and catalytic evaluations [64–66]. It is 
confirmed that the dissolution of framework Si atoms and the removal of framework Ti atoms 
cause the formation of acidic amorphous TiO2‐SiO2 nanoparticles, leading to the inefficient 
decomposition of H2O2 molecules during catalytic oxidation processes. At the same time, the 
simulated deactivation of HTS in aqueous NH3 solution was also examined, and finally, an 
efficient and easy regeneration method has been developed.

6. Epoxidation of olefins with H2O2

Olefin epoxidation with H2O2 to prepare epoxy compound is an ultrakey reaction for manu‐
facturing chemical intermediates, which is highly relevant with all aspects of human life and 
social production [67–69]. Particularly, propylene oxide (PO), one of the three large propylene 
derivatives, is majorly produced via a combined chlorohydrination‐saponification technology 
and a cooxidation method in traditional route, as shown in Scheme 3. Chlorohydrination 
route lines in the oxidative addition of propylene with Cl2 and H2O to give birth to chloropro‐
panol and HCl, and then chloropropanol reacts with Ca(OH)2, with the formation of propyl‐
ene oxide. We can conclude that the O atom in PO molecule comes from the H2O molecule, 
and a large amount of hazardous by‐products and wastewater are caused by Cl2 and Ca(OH)2 
[70–72]. As a result, a much greener PO manufacture technology catalyzed on TS‐1 (remarked 
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Figure 8. Comparison of catalytic performance of HTS and TS‐1 zeolites in the cyclohexanone ammoximation process 
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facturing chemical intermediates, which is highly relevant with all aspects of human life and 
social production [67–69]. Particularly, propylene oxide (PO), one of the three large propylene 
derivatives, is majorly produced via a combined chlorohydrination‐saponification technology 
and a cooxidation method in traditional route, as shown in Scheme 3. Chlorohydrination 
route lines in the oxidative addition of propylene with Cl2 and H2O to give birth to chloropro‐
panol and HCl, and then chloropropanol reacts with Ca(OH)2, with the formation of propyl‐
ene oxide. We can conclude that the O atom in PO molecule comes from the H2O molecule, 
and a large amount of hazardous by‐products and wastewater are caused by Cl2 and Ca(OH)2 
[70–72]. As a result, a much greener PO manufacture technology catalyzed on TS‐1 (remarked 
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as HPPO) was exploited by EniChem, and then several commercial HPPO units based on 
TS‐1catalysts were built up and run smoothly in around 2010, significantly reducing the gen‐
eration of wastewater and unwanted products [73, 74].

Scheme 4 presents the reaction pathways of epoxidation of propylene with H2O2 under the 
impact of tetrahedral Ti species, while the five‐member ring (originated from framework 

Scheme 3. Reaction networks of chlorohydrination route and cooxidation route for the production of propylene oxide 
in industry.

Scheme 4. Reaction mechanism of propylene epoxidation with H2O2 catalyzed by TS‐1 zeolite.
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Ti site, solvent, and H2O2) mechanism is well accepted, as shown in Scheme 4. To verify this 
mechanism, many characterization and calculation methods were employed and  summarized. 
Since 2000, HTS zeolite was also applied in the HPPO process, showing extreme high catalytic 
performance and stability. Moreover, the commercial 100 kt/a HPPO unit had been estab‐
lished and run well for over 6000 h, based on the promising result of pilot unit (at a 10 kt/a 
scale), as illustrated in Figure 9. The demonstration process of HPPO catalyzed by HTS was 
carried out in a fixed‐bed reactor under mild conditions, with over 97% H2O2 conversion and 
96–99% PO selectivity at the same time, as shown in Figure 10. It is even higher than that 
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Figure 10. Catalytic performance of HTS zeolite in propylene epoxidation at pilot scale.

Figure 9. Diagrammatic sketch of propylene epoxidation with H2O2 catalyzed by HTS zeolite.
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reported by BASF and DOW (the selectivity of PO is about 93.2%), attributing to the benefits 
of intracrystalline mesopores [75].

In addition, after the purification of crude PO in a distillation column, the final PO product 
has a high purity of 99.97%, which had already been used as chemical intermediates to man‐
ufacture 1,2‐ethyl glycerol, oilfield demulsifier, propylene carbonate, triisopropanolamine, 
hydroxypropyl, dimethyl carbonate in market. Up to date, one even larger scaled (300 kt/a) 
industrial HPPO demonstration unit is under constructing, based on the previous experiment 
results [76].

7. Hydroxylation of aromatics with H2O2

Green hydroxylation of aromatics to phenolic derivatives, such as phenol, cresol, catechol, 
and hydroquinone, is still a huge challenge for producing many kinds of fine chemicals in 
industry, due to the strong charge delocalization effect of six‐member ring of benzene [77–79]. 
The production of phenol is mainly on the basis of the commercial cumene process, which 
contains a three‐step process (that is alkylation of benzene with propylene, cumene oxida‐
tion, and acid‐catalyzed decomposition), with acetone as the major by‐product. As acetone 
is very cheap and superfluous than its consumption, this process is suffered by the capital 
cost and acetone market. Moreover, this route has a very complex and long pathway, and 
gives birth to a large amount of by‐products due to the severe reaction conditions. As a result, 
several selective catalysts were proposed, such as V, Fe, and Cu‐based catalysts, but they are 
far beyond to be used in a large scale due to their poor catalytic activity or stability. Direct 
benzene oxidation to phenol with H2O2 catalyzed by TS‐1 is widely accepted as an alternative 
process to the traditional cumene process for producing phenol, as shown in Scheme 5. As 
previously mentioned, the function of TS‐1 catalyst involves the activation of H2O2 oxidant to 
form a highly reactive Ti‐OOH species, which can easily nucleophilic attack the C atoms in 

Scheme 5. Mechanism of benzene hydroxylation with H2O2 catalyzed by TS‐1 zeolite.
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benzene molecules. Moreover, TS‐1 zeolite is ultrastable and can be even used in the strong 
acid media. Some other metal‐incorporated zeolites, such as Ti‐beta, Ti‐MOR, and V‐beta, 
were also evaluated by direct benzene oxidation, but they were of lower catalytic performance 
than TS‐1.

Furthermore, phenol hydroxylation to produce catechol and hydroquinone is also of great 
importance for fine chemical production, such as agrichemical, photography chemicals, anti‐
oxidants, polymerization inhibitors, etc [80, 81]. In conventional routes, the dihydroxyben‐
zenes are commercially produced by several complex processes, including (i) the oxidations 
of aniline and diisopropylbenzene and (ii) sulfurization of benzene and hydrolysis of benzene 
sulfonate [82]. Table 2 shows the detailed technologies for the production of dihydroxyben‐
zenes in industry, but some of them have been sifted out, owing to inevitable limitations. We 
can see that HTS zeolite demonstrates the highest catalytic performance and technical advan‐
tages among these catalysts, especially when taking the environmental and cost benefits into 
consideration. It was developed and commercially scaled up by EniChem in 1986 for the first 
time to substitute the Brichima process, avoiding the separation problem of homogeneous 
catalyst.

After 2000, phenol hydroxylation catalyzed by HTS zeolite was established, with significant 
reduction of financial investment and operation cost. It is worthy to note that the catalytic 
activity of TS‐1 zeolite in this reaction is closely associated with the chemical status of Ti spe‐
cies; only tetrahedral framework Ti species are able to promote the activation of H2O2 oxidant, 
rather than the substrate. Therefore, phenol hydroxylation is usually chosen as a probe reac‐
tion to reveal the intrinsic activity of framework Ti sites incorporated.

Additionally, to illustrate the preponderance of hierarchical structure, both TS‐1 and HTS 
zeolites were evaluated by several aromatic (including benzene, toluene and phenol) oxida‐
tion reactions, as shown in Figure 11. It is observed that HTS zeolite exhibits much higher 
catalytic performance than TS‐1 zeolite in all aromatic oxidation we tested, with ultralong 
lifetime in these reactions as well. This ascribes to the higher content of framework Ti species 
of HTS than TS‐1, and the improvement of mass diffusion via the formation of hollow cavities, 
which is in great agreement with the dissolution‐recrystallization process through post‐syn‐
thesis treatment. Accordingly, these results suggest that phenol molecules are more active 
than toluene, and far more reactive than benzene, in TS‐1 catalyzed aromatic oxidations, due 
to the change of charge property by introducing electronic groups. It is interesting to find that 
the solvent effect takes great impact on the catalytic performance of TS‐1 zeolite, while acetic 
acid can promisingly enhance toluene conversion in the presence of H+ ions.

Approach Catalyst Xphenol (%) Sp‐ and o‐product (%)

Rhone‐Poulenc H3PO4/HClO4 5 90

Ube Ketone peroxide/H2SO4 <5 90

Brichima Fe(II)/Co(II) 10 80

EniChem* (H2O2/phenol = 1/3) HTS 26 >95

Table 2. Different phenol hydroxylation approaches to produce catechol and hydroquinone.
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Generally, the ratio of catechol to hydroquinone is close to 1:1 in the TS‐1 catalyzed phe‐
nol hydroxylation route, and catechol (para‐dihydroxybenzene) is more expansive and of 
even larger requirement than the other one. Recently, we have proposed an efficient route 
to  modify the product distribution, with obviously increasing of para‐product selectivity, by 
introducing acidic‐basic sites via adding MgO‐Al2O3 binary oxides. For MgO‐Al2O3 modified 
HTS zeolite [83], the optimized ratio of para to ortho product is larger than 2, while the phe‐
nol conversion still remains high (>16%). The high p‐dihydroxybenzene selectivity is ascribed 
to the steric hindrance and the synergistic effect between Lewis basic‐acidic sites of mixed 
oxides and tetrahedral framework Ti species in HTS zeolite. In other words, HTS zeolite pro‐
vides an ideal platform to transform aromatics into phenolic derivatives under mild condi‐
tions, to make these processes gradually be much cleaner and greener.

8. Baeyer‐Villiger oxidation of cyclohexanone with H2O2

Baeyer‐Villiger (BV) oxidation is of great importance to convert ketones to esters or lac‐
tones, which are important organic intermediates in the fine chemical industry [84–90]. ε‐
carprolactone is traditionally produced from the BV oxidation reaction of cyclohexanone 
by using peracids as a catalyst and oxidant, e.g., perbenzoic acid, m‐chloroperbenzoic acid, 
and trifluoroperacetic acid. Although peracids route favors high ketone conversion and fast 
product transformation, it suffers serious pollution and operation drawbacks at commercial 
scale [91–97]. Aqueous hydrogen peroxide solutions (usually with 30–50 wt% concentra‐
tion), environmental friendly, cheap, and easy to handle, are considered as a desirable oxi‐
dant to replace hazardous peracids. However, hydrogen peroxide is usually of less attacking 
nucleophilic capability than peracids for activating the carbonyl group of ketones [98–102].
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Figure 11. Catalytic performance of TS‐1 and HTS in various aromatic oxidation with H2O2, reaction conditions: 
(A) benzene/H2O2 = 1:1, solvent free, 70°C, 400 rmp; (B) toluene/H2O2 = 1:1, acetic acid as solvent, 70°C, 400 rmp; (C) phenol/
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In previous works, much effort has been devoted to develop both homogeneous and het‐
erogeneous catalysts in order to improve the performance of BV oxidation of cyclohexanone  
[104–111]. One famous catalyst is Sn‐beta zeolite, reported by A. Corma, with almost 100% 
ε‐carprolactone selectivity in direct BV oxidation of cyclohexanone in organic solvent at low 
temperature (<90°C) [112]. It is confirmed that this route bases on the activation of carbonyl 
group by tetrahedral framework Sn species via the acceptor‐donator of electron pairs between 
framework Sn sites and O atoms in cyclohexanone. In contract, we have found that HTS zeolite 
is also an effective catalyst for the BV oxidation of cyclohexanone with H2O2, but further hydro‐
lysis and oxidation of lactone have been occurred with the formation of 6‐hydroxyhexanoic 
acid and adipic acid, respectively. As for the mechanism of this reaction, the density function 
theory (DFT) method was employed, which suggests that the activation of H2O2 to form highly 
reactive Ti‐OOH species is the driving force of BV oxidation, as shown in Figure 12. However, 
due to its seven‐member‐ring structure, ε‐carprolactone easily reacts with H2O to make ring‐
opening reaction occurred with the formation of 6‐hydroxyhexanoic acid. Then, the hydroxyl‐
substituted acid will further be oxidized by Ti‐OOH species, to give birth to adipic acid in the 
end, as shown in Figure 13. To support our proposed mechanism, the major products of cyclo‐
hexanone BV oxidation were analyzed by the gas chromatography‐mass spectrometry method, 

Figure 12. One possible reaction pathway of cyclohexanone BV oxidation catalyzed by TS‐1 zeolite involving the 
activation of H2O2 molecules [103].
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including 6‐hydroxyhexanoic acid, adipic acid, cyclohexane‐diol, and cyclohexane‐dione. 
As shown in Table 3, HTS zeolite has a much higher conversion (with longer reaction time) 
than Sn‐beta zeolite, without adding any organic solvent. And we also observe that increas‐
ing reaction temperature and H2O content are in favor of high cyclohexanone conversion  
and acid yield. It is in good agreement with the DFT result which indicated that the framework 
Ti species display a totally novel catalytic behavior from that Sn species incorporated, attribut‐
ing to the basic difference of charge property between them.

From the viewpoint of commercial application, although ε‐carprolactone selectivity in HTS 
catalyzed route is far lower, it provides an ideal and green approach to produce adipic acid, 
overcoming the significant drawbacks of oxidation of KA oil with HNO3, and there is no 
organic solvent added, reducing the energy consumption for solvent recycling and purifica‐
tion. Most importantly, the product distribution can be altered, according to market require‐
ment, via changing reaction parameters and processing technologies.

Figure 13. Reaction network of ring opening of ε‐carprolactone and deep oxidation of 6‐hydroxyhexanoic acid to 
adipic acid.

Catalyst Reaction condition Conversion (%) Target product selectivity (%)

Solvent Temp. (°C) Time (h)

ε‐Carprolactone

6‐Hydroxyhexanoic 
acid

Adipic acid

HTS – 90 8 59.51 0.75 61.21 28.52

Sn‐beta MTBE/
dioxane

90 3 52 >98 – –

Table 3. Reaction parameters and catalytic performance of Sn‐beta and HTS in the cyclohexanone BV oxidation 
with H2O2.
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9. Catalytic oxidation of cyclohexane with H2O2 to KA oil

Cyclohexane oxidation to prepare cyclohexanone and cyclohexanol (referred as to KA oil) 
is always a hot spot in the organic chemical industry, contributing to the wide application 
area of KA oil [113–115]. Currently, KA oil is mainly manufactured by the air oxidation 
of  cyclohexane via the formation and decomposition of cyclohexyl peroxide at over 100°C 
in industry, using soluble cobalt carboxylate and metal‐boric acid as a catalyst, or with‐
out a catalyst, with about 80% selectivity of KA oil, as shown in Scheme 6. However, the 
cyclohexane conversion should be kept at ultralow level, about 4–10% for single transfor‐
mation, to reducing the selectivity of undesired products, such as adipic acid and deep 
hydroxylated products. Apart from the harsh reaction parameters, homogeneous catalysts 
are usually difficult to be separated from mixture, with high power consumption. During 
the past centuries, huge efforts on developing benign oxidation of cyclohexane with vari‐
ous oxidants (including O2, H2O2, and tert‐butyl hydroperoxide (TBHP) and catalysts have 
been devoted. Among them, HTS zeolite exhibits delightful catalytic performance, with 
H2O2 as an oxidant under mild conditions, as shown in Figure 14. It is apparent to illus‐
trate that the cyclohexane conversion for HTS zeolite is as twice the time as that of TS‐1 in 
the same reaction conditions, owing to the intensification of the accessibility of framework 
Ti species through hollow cavities. Except for the excellent conversion rate, HTS zeolite is 
also helpful for the high selectivity of cyclohexanone, by promoting the further oxidation 
of cyclohexanol with H2O2.

Particularly, it should be mentioned that the selectivity of KA oil is much higher than that of 
air‐oxidation route, over 90% under optimized conditions. Although H2O2 solution is much 
more expansive than air, there is no need to carry out the complex separation and only few 
by‐products formed, with higher atom utilization efficiency and thus meeting the principles 
of green chemistry. Consequently, this route provides an alternative method for KA oil pro‐
duction to replace the conventional route, and the scale up study is still under investigating 

Scheme 6. Comparison of cyclohexane oxidation reaction network between commercial route and TS‐1 catalyzed route 
with H2O2.
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at SINOPEC. We confirm that it is of great industrial potential, when taking the successful 
commercialization cases into consideration.

10. Epoxidation of fatty acid methyl ester with TBHP

As the fast developing of transformation of biomass to bulk and fine chemicals, green conver‐
sion processes for biomass utilization become particularly important [116–118]. In this con‐
text, epoxy fatty acid ester, one of the largest‐scale chemicals derived from biodiesel, has been 
widely used as environment‐friendly polyvinyl chloride (PVC) plasticizer and intermediates in 
the production of fine chemicals, such as nonanal, nonene, and other bulky molecules used as 
a biolubricant. In industry, epoxy fatty acid ester is adopted by the peracid process (Prileshajev 
reaction, Schemes 7 and 8). However, the Prileshajev method is of low efficiency, high risk, and 
pollution, due to the use of inorganic acid as catalyst and hazardous peracids as an oxidant.

Recently, we have developed a heterogeneous FAME epoxidation process with TBHP cata‐
lyzed by titanosilicate zeolite to replace the Prilezhaev method. While due to mass transfer 
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Figure 14. Catalytic performance of TS‐1 and HTS in cyclohexane oxidation with H2O2 (reaction conditions: H2O2/
cyclohexane = 1:1, 5 wt% catalyst content, 80°C, 500 rmp stirring).
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limitation of FAME, TS‐1 presents low activity with FAME conversion of 16.8% and a fairly 
low epoxy fatty acid ester at 0.5 h. In order to overcome mass transfer limitation in TS‐1, 
 several methods have been proposed. Recently, we have exploited a hierarchical  titanosilicate 
zeolite with spongy structure (TS‐SP) by combining pore‐embedding and post‐treatment 
methods. The specific surface area of TS‐SP calculated by Brunauer‐Emmett‐Teller (BET) 
method (Table 4) is 518 m2·g−1, comparing with TS‐1 of 435 m2·g−1, corresponding external sur‐
face area calculated by the t‐plot method is 342 m2·g−1, which is also far more than traditional 
TS‐1, indicating the existing of mesopores or macropores. Pore‐size distribution and cumula‐
tive pore volume calculated by a nonlocal density functional theory (NL‐DFT) model con‐
firmed that obvious and abundant mesopores distributed in the range of 3–5 nm were formed 
in the zeolite. Thus, in epoxidation of FAME, the uniform mesopores promote the diffusion 

Scheme 8. Reaction pathways of the Prilezhaev reaction with H2O2 in industry.

Zeolites Ti/Si ratio (%) SBET (m2g−1) Sext (m2g−1) Vmicro (cm3g−1) Dmeso (nm)

TS‐1 3.58 435 8 0.181 2.5, 4.3

TS‐SP 3.51 518 342 0.077 3–5.5

Table 4. Textural parameters and elementary composition of titanosilicate zeolites.

Scheme 7. FAME epoxidation process and side reactions catalyzed by TS‐SP zeolite.
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of FAME and TBHP molecules inside the zeolites, leading to the better accessibility of active 
sites and facilitating product transport outside the pores, as shown in Figure 15. As a result, 
the spongy zeolite shows even more remarkable catalytic activity with 91.5% conversion at 
0.5 h, which is 5.4 times as that of TS‐1. What is more, FAME could be completely consumed 
within only 3 h, with the epoxy product selectivity more than 90%, which is far higher than 
that of TS‐1. To the best of our best knowledge, this result is close to the highest performance 
published in the literature so far.

In conclusion, heterogeneous catalytic epoxidation of FAME is of significant importance for 
the environmental protection, saving energy, and improving selectivity of target product, as 
it avoids the use of hazardous peracids and inorganic acids. Those achievements confirm that 
mass transformation limitation of FAME could be solved by introducing hierarchical pores 
with zeolite particles, bringing significant enhancement of catalytic activity in bulk molecule 
oxidation reactions.

11. Conclusion and perspective

In summary, we have systematically reviewed the synthesis of hierarchical TS‐1 zeolites and 
their catalytic application in several oxidation processes at SINOPEC, to replace the hazard 
and polluted traditional routes. In the early years, HTS zeolite was synthesized by using a 
“dissolution‐recrystallization” treatment under hydrothermal conditions, which demon‐
strates much higher catalytic performance than conventional TS‐1 zeolite, due to the diffusion 
improvement by intracrystalline confined mesopores. In addition, post‐synthesis helps the 
reincorporation of Ti species into the framework matrix, thus HTS zeolite exhibits excellent 
activity in many commercial processes, such as propylene epoxidation, cyclohexanone ammo‐
ximation, and phenol hydroxylation. Moreover, we have already developed several interest‐
ing oxidations, such as chlorohydrination of AC with H2O2 and HCl and cyclohexanone BV 
oxidation with H2O2, for meeting the requirements of sustainable and green chemistry. On 
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the other side, we also paid more attention on the exploitation of hierarchical TS‐1 zeolites, 
for enhancing the entrance and mass diffusion with open mesopores, by using combined 
silanization and post‐treatment technologies. Therefore, the application of TS‐1 zeolites has 
been extended to the catalytic oxidation of bulk subtracts and oxidants (TBHP and CHHP), 
showing far better advantages in the epoxidation of FAME with TBHP over the Prileshajev 
reaction with H2O2. Most importantly, after long‐term experiment and thinking, we can ratio‐
nally design and synthesize hierarchical TS‐1 zeolites with different kinds of mesopores at 
molecular scale, according to the demands for specific reactions. Furthermore, these catalytic 
materials provide bright opportunities for replacing traditionally polluted oxidation pro‐
cesses, and many successful cases have been achieved. For further development, many novel 
hierarchical zeolites with different framework composition and new topological structures 
will be prepared, and then these materials will also find many cleaner catalytic reactions, with 
an evident of reducing the generation of waste and unwanted products.
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