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Chapter 1

Nanocrystalline Spinel Catalysts
for Volatile Organic Compounds
Abatement

Adriana Urda, Ionel Popescu, and Ioan-Cezar Marcu

1.1 Introduction

Volatile organic compounds (VOC) are chemicals with relatively low molecular
weight and high vapor pressure at normal temperatures, which are emitted into
atmosphere from many sources [1]. Since they are linked to global environmental
problems (e.g., photochemical smog, stratospheric ozone depletion, formation of
tropospheric ozone), and also to health problems such as toxicity and carcinogenic-
ity [2], their presence in atmosphere is monitored and regulated and their emission
is controlled by different conventional or emerging methods [1, 3, 4], such as
adsorption, scrubbing, and oxidation processes (thermal, catalytic, etc.).

Due to their net advantages, the catalytic processes are widely used for the abate-
ment of VOC [1, 5-8]. In order to be able to convert VOC from gases with dilute
levels of such compounds, the catalysts need to be both very active and selective [2].
Most industrial scale applications use noble metals (Pt, Pd) with high activity for the
catalytic combustion of VOC [1], but because of their price, high sintering rate, and
sensitivity to poisoning, many efforts are dedicated to the research of metal oxide
catalysts that could be able to replace them [5, 8]. Indeed, a high number of research
papers have been published on this subject, leading, in the last decade, to several
review papers and book chapters focusing either on catalytic combustion of VOC [2,
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9-11] and methane [12], or on different types of oxide catalysts, such as mesopo-
rous silica-supported catalysts [13], ordered porous transition metal oxides [14],
cobalt oxides [15], pillared clays [16, 17], and layered double hydroxide-derived
mixed oxides [18]. Although the number of papers reporting spinel-based catalysts
for total oxidation constantly increased in the last decade, only two review papers
contain sections dedicated to them [10, 12].

Oxide spinels are magnesium aluminate (MgAl,O,)-related mixed oxides with
the general formula AB,O,, with cations A and B located in tetrahedral and octahe-
dral interstices of the cubic close-packed lattice of oxide anions [19]. The A cations
can be all located in tetrahedral sites (normal spinels), in octahedral sites (inverse
spinels), or they can be distributed between these two types of sites (random spi-
nels) [19] depending on the cation size, covalent bonding effects, and crystal field
stabilization energies. Spinels are used in numerous applications, among others, as
magnetic materials [20-23], electronic equipment [24, 25], materials for solid oxide
fuel cells [26], gas sensors [27], photocatalysts [28—31], or adsorbents [32, 33] for
the removal of contaminants from water, catalysts [6, 23, 34-39], and cores for
magnetically separable catalytic materials [23, 40, 41]. Catalytic combustion [5, 42,
43], water gas-shift reaction (WGS) [23], methanol or ethanol reforming [23, 44,
45], oxidative dehydrogenation of alkenes [46, 47], hydrocarbon selective oxidation
[23, 34, 48], oxidative coupling of methane [43], esterification [49], CO oxidation
[23, 50-53], selective reduction [54], N,O decomposition [55], and water photore-
duction [56, 57] represent reactions catalyzed by spinel compounds. Among this
type of solids, ferrospinels (AFe,0,), manganites (AMn,0O,), and cobaltites
(ACo0,0,) attracted most interest in the catalytic combustion of VOC. The recent
achievements in the design and preparation of these spinel-based materials in cor-
relation with their main physicochemical characteristics and the consequences on
their catalytic performance in complete oxidation of VOC are discussed below
through the most relevant examples from the literature published in the last decade.

1.2 TIron-Based Spinel Catalysts

According to their crystalline structure, ferrites can be classified into hexagonal
(MFe,0,9), garnet (M;Fe;0,,), spinel (MFe,0O,, where M is a divalent, usually tran-
sition metal, e.g., Fe, Co, Ni, Cu, Mn, Zn), and orthoferrite (REFeO;, where RE is
a rare earth cation) compounds [23, 33].

Most spinel ferrites have a structure between normal and inverse spinel lattice,
the structural formula being usually written as (MIZfCFei+ )[Mi*Fe;ﬁC]Oi’ , where ¢
represents the degree of inversion (the fraction of tetrahedral sites occupied by Fe**
cations), the round brackets denote tetrahedral (A) sites, while the square brackets
show the octahedral (B) sites [58].

Ferrites, both doped and undoped, are studied for the total oxidation of VOC due
to their redox ability and stability in oxidative conditions [38, 59, 60]. A mini-review
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discussing their preparation and applications, mainly for organic reactions, has been
recently published by Kharisov et al. [23].

Many organic compounds were tested in catalytic combustion reactions cata-
lyzed by spinel ferrites: methane [42, 43, 61, 62], ethane [63], propane [5, 7, 8, 64],
propene [65], butane [63], 1-butene [65], acetone [7, 66], ethanol [60], and aromat-
ics such as benzene [7] and toluene [4, 35, 67].

Magnetite, Fe;O,4, has an inverse spinel structure, with the 32 oxygen anions
forming a close-packed cubic lattice, and the iron cations placed both in 8 of the 64
tetrahedral (A) and 16 of the 32 octahedral (B) sites [23, 25]. It can be represented
by the formula: Fe* [FeffyFeffyFef;yme:IO . » Where V represents cationic vacan-
cies in the lattice, and y = 0 is for pure magnetite, while y = 1 is for maghemite
(y-Fe,0s, fully oxidized magnetite). At temperatures lower than 860 K, the tetrahe-
dral sites in magnetite are occupied by Fe** ions, while the octahedral sites are
populated with Fe?* and Fe** ions in equal proportions, ensuring a ratio of 2 between
Fe** and Fe?* cations [23]. Substitution with Mg?*, Zn>*, or AI** cations improves the
stability of the ferrites, while transition metals such as Ni?*, Cu®*, Mn*, or Co**
strongly modify their redox properties [29]. Some ferrites where Fe** was partly
substituted by M** cations (e.g., Gd**) [68] showed enhanced electrical properties.

Cobalt ferrite has a cubic spinel structure, with the Co** ions preferably placed in
the octahedral sites, but not exclusively, the distribution reportedly depending on the
thermal treatment of the sample [69]. When manganese or chromium ions substitute
some of the Fe** ions, they enter in the octahedral sites and displace some of the
Co* intro tetrahedral sites [69, 70], and chromium is more effective than manga-
nese for this displacement [69]. NiFe,O, ferrite has an inverse spinel cubic structure,
with the tetrahedral sites completely occupied by Fe** ions, while the octahedral
sites are occupied by Ni** and Fe** cations [20, 36, 71]. When zinc replaces some of
the Ni cations, a mixed spinel structure, Ni,_,Zn,Fe,0,, is obtained [72], with Zn**
ions strongly preferring the tetrahedral sites and Ni** the octahedral ones. The nor-
mal spinel structure of ZnFe,O, results when all the nickel ions are replaced by Zn.
Manganese ferrite has a cubic structure [30] with a partial inverse cation distribu-
tion: ca. 20% of the Mn?* cations are situated in octahedral sites, while the rest
occupy tetrahedral positions [63]. CuFe,O, has a stable, low temperature phase with
tetragonal distortion due to the Jahn-Teller effect of the Cu(Il) ions, but above
760 °C the structure becomes cubic [64]. When the solid is cooled down slowly to
room temperature, the tetragonally distorted spinel structure is observed, while
rapid quenching from high temperature maintains the cubic lattice [64]. The tetrag-
onal Cu ferrite is an inverse spinel, with the Cu®* ions sitting mainly in the octahe-
dral sites and the Fe** found in almost equal proportions in both octahedral and
tetrahedral sites [64].

The catalytic properties of ferrites together with the nonstoichiometry and num-
ber of vacancies depend significantly on the cation distribution in the tetrahedral or
octahedral sites in the spinel structure [7, 38, 73] and on the preparation method [35,
44, 64]. Since the octahedral sites are almost exclusively exposed at the surface,
cation species that occupy them are determinant for the catalytic activity [7, 8, 54].
It is believed that the cations occupying tetrahedral sites are inactive or less active
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from catalytic point of view due to stronger metal-oxygen bonds and lack of acces-
sibility to reactants [54]. The redox and electronic properties that are of interest in
catalysis can be tuned by varying the chemical composition of ferrites, by substitut-
ing part of the M** or Fe** cations with different cations to obtain mixed ferrites [38,
39, 43, 74].

1.2.1 Preparation Methods

Several methods are mentioned in the literature for the preparation of ferrite
nanoparticles, as follows:

— Coprecipitation [5, 6, 28, 35, 36, 44, 45, 47, 60, 64, 74-76], by far the most com-
mon route, usually starting from the metal nitrates, but also from chloride [46,
60, 77], acetate [75], sulphate [50, 51], or industrial Cu-rich sludge [78]. NaOH
[36], Na,CO; [44], NH,OH [21, 60, 77], or H,C,0, [60] were used as precipitat-
ing agents. Different sizes were reported for the nanoparticles (as small as 2 nm
[23], but usually above 20 nm [21, 44, 75]) and with medium to high surface
areas. However, impurity phases (e.g., a-Fe,0; [21, 28, 46, 60]) were sometimes
reported besides the spinel ferrite phase, possibly due to loss of M?** cation dur-
ing washing [75]. This method can be used in combination with other techniques,
such as sonochemical, high-energy ball milling [23, 44], or combustion [27]. In
order to avoid the formation of secondary phases, it was proposed [40, 58, 79] to
prepare first a layered double hydroxide precursor with a M?*/(Fe?* + Fe**) molar
ratio of 1/2, which, upon calcination, would lead to a pure ferrite phase;

— Citrate precursor [20, 21, 29, 64, 72, 80], with citric acid added usually in excess
[49, 70, 81] for the complete coordination of metallic ions, and sometimes fol-
lowed by self-combustion [8, 49, 70, 72] or freeze drying [81]; from this method,
pure ferrite phases were reported [8, 21, 49, 70, 72, 81];

— Solvothermal, mainly using water (hydrothermal) [23, 29, 31, 36, 47, 48, 67, 76,
82], but also organic solvents (ethylene glycol [30], triethylene glycol [22]). The
synthesis is conducted in autoclave reactors at temperatures above 100 °C (usu-
ally above 200 °C), in some cases in the presence of surfactants (the same as the
solvent, but sometimes different, e.g., cetyl trimethyl ammonium bromide,
CTAB [31]), and yields high surface area solids [31, 48]. Some authors [82]
reported the formation of a Fe,O; side phase besides the ferrite product;

— Sol-gel [7, 29, 36, 37, 59, 66], sometimes followed by self-combustion [34, 39,
83, 84] or supercritical drying [58]. Common fuels in self-combustion are dex-
trose (CsHgO5), glucose (C¢H,Og), sucrose (C;,H»,0yy), urea (CH4N,O), and gly-
cine (C,HsNO,) [84]. Alternatively, self-combustion can be ignited by an
electrically heated wire [83]. These fuels form complexes with the metal cations
in solution, enabling homogeneous distribution, and generate heat in exothermic
process. The solids need to be calcined in a final step to eliminate all traces of
organic compounds;
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Solid-state reaction (ceramic technique) [25, 29, 52, 64, 67, 69, 71, 85], starting
from the metal oxides that are calcined at high temperatures (usually above
1000 °C). Because of the high temperatures and long thermal treatment times
required for the preparation, in some cases phase separation and nonstoichiom-
etry occur [58]. If temperature is not high enough, or time is not sufficiently long,
incomplete reactions in the solid state lead to impurity phases (e.g., a-Fe,0;),
[85];

Thermal decomposition of polynuclear coordination compounds [6, 32, 43, 61,
86-88], using complexing agents such as tartaric acid [6, 43]. Pure ferrite phases
were obtained in many cases [32, 61, 87, 88], but some reports mention the pres-
ence of side oxide phases [6];

Mechanochemical [5], starting from the metal salts (nitrates [S] or chlorides
[89]) in stoichiometric ratio. The salts are grounded in a mechanical mortar until
they dissolve in their crystallization water, then crystalline ammonium carbonate
[5] or sodium borohydride [89] is added. In the case of (NH,4),COs;, a paste is
formed, then calcined to form the ferrite phase [5], while the use of NaBH, leads
directly to ferrite [89];

Combustion [23, 24, 27, 43, 55, 63, 90] is used because the heat generated in the
exothermic reaction accelerates the process, and it produces nanosized oxide
particles [42, 91]. Typically, a concentrated solution of the precursors, such as
metal nitrates and urea [42], glycine [63, 91], or glycerol [63], is heated at high
temperatures for a short time, so the excess water is evaporated and then ignition
occurs to produce the very fast synthesis reactions. Pure ferrite catalysts were
obtained using this procedure [42, 63, 91]. The nanoscale crystalline-sized solid
obtained by this method was explained [91], taking into consideration two fac-
tors: (1) an atomic or molecular dispersion of the reactants before combustion, so
when ignition occurs only a short-distance diffusion of atoms is necessary for the
nucleation to take place; and (2) the rate of the combustion reaction is so high
that there is not enough time for the long-distance diffusion of atoms that would
lead to a growth of the crystallites. The characteristics of the obtained solids can
be tuned by modifying the intensity of the combustion reaction through the varia-
tion of the oxidizer-to-fuel ratio or by mixing different fuels, which determine
the combustion reaction temperature [63];

Water-in-oil microemulsion [21, 92, 93], starting from metal salts (e.g., nitrates)
and using an organic solvent (e.g., n-octane [92], xylene [93] or heptane [21]),
surfactants such as cetyl trimethyl ammonium bromide (CTAB) [92], sodium
dodecylbenzenesulfonate (NaDBS) [93], or poly(oxyethylene)nonylphenyl ether
[21] for the preparation of the microemulsion, and NH,OH [21, 92] or hydrazine
[93] as precipitating agent. The metal hydroxides precipitate is formed, being
confined in the microemulsion droplets. These droplets act as nanosized reactors
for the precipitation reaction, since the surfactant layer surrounding them pre-
vents the coagulation of the particles [92]. From this preparation route, pure
ferrite phases were reported, with particle sizes below 20 nm [21, 92, 93], the
size being controlled by varying the relative concentration of the metal salts,
surfactant, and solvent [93].
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Ferrites prepared by different methods lead to different physical (e.g., specific
surface area) [20, 36, 76] and catalytic properties [36, 76]. For hydrothermal [36,
67, 76], sol-gel [7, 36], and citrate precursor self-combustion [20] methods, single-
phase pure ferrite was reported, while solid-state reaction and coprecipitation pro-
duced in some cases [36, 67, 76] mixtures of ferrites with the corresponding oxides.
For NiFe,0, ferrites obtained by coprecipitation, the surface Fe/Ni ratio observed
by XPS analysis was very high as compared to theoretical values, confirming the
presence of impurity oxides besides the ferrite phase [36, 76]. Also, as the particle
size decreases, a change in the ferrite structure is observed, from inverse spinel to
mixed spinel [20].

Nanosized spinel ferrites proved to be a viable alternative for combustion cata-
lysts, even for stable and nonreactive molecules [5, 8, 59].

One drawback of the ferrite catalysts is their rather small specific surface area [7,
8, 49, 66, 77, 84]. Some studies used ferrites supported on high surface area sup-
ports (e.g., silica [59]) in order to improve dispersion and, therefore, the catalytic
activity. Other studies used core-shell multicomponent structures that prevent sin-
tering and aggregates forming at high temperatures [77]: e.g., a NiFe,O, core, with
a Si0, shell porous enough to allow reactants and products transport to and from the
catalytic core surface.

1.2.2 Ni-Fe Spinels

Benrabaa et al. [36] observed that in NiFe,O, prepared by sol-gel method some of
the Ni?* ions were placed in tetrahedral sites, where they are less stable than in octa-
hedral sites. This influences the H,-TPR behavior of the ferrite, with Ni** being
reduced at lower temperatures, and in turn, influences the catalytic activity of the
ferrite [36].

H,-TPR experiments of NiFe,O, prepared by coprecipitation route [45] showed
two peaks, one at low temperature (350 °C) attributed to reduction to Ni and Fe;0,,
the second one at higher temperatures (ca. 520 °C), belonging to the reduction of
Fe;0,. Magnetite prepared by the same route as the Ni ferrite showed three main
reduction events: the low temperature one (400 °C) corresponded to FeO(OH)
impurity species being reduced to Fe;O,, the second (550 °C) and the third one
(650 °C) significantly overlapping were attributed to the reduction of magnetite to
FeO and Fe. By comparing the reduction profiles of the two ferritic materials, it has
been concluded that the presence of Ni** ions increases the reducibility of magne-
tite. This feature has a positive effect on the catalytic activity of ferrites when lattice
oxygen is involved in oxidation reactions.

Nickel, cobalt, and magnesium ferrites were prepared from layered double
hydroxides as precursors, and then coated with SiO, and AL,O; to be used in applica-
tions as catalysts or catalyst supports [79]. The layered double hydroxides precur-
sors were prepared by coprecipitation from nitrates, using NaOH and Na,CO; as
precipitating agents. By calcination at 900 °C, pure spinel ferrites were obtained,
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which were covered with a SiO, coating (1-3 pm) by using a Na,SiO; solution. The
final porous Al,O; coating was deposited from an alumina sol using hexamethylene-
tetramine solution as coagulating agent, the final solid having a ferrite/SiO,/AL,O;
mass ratio of 7.6/7.3/85.1. Since the silica and alumina shells are porous (average
pore size ca. 20 nm) and have high specific surface areas (ca. 190 m? g™!), the final
solid can be used as catalyst or catalyst support and can also be magnetically recov-
ered from the reaction due to the ferrite core.

A NiFe,0,@8Si0, core-shell structure was prepared [77] in a one-pot synthesis,
starting from FeCl,, Ni(NO;), and NH,OH, in the presence of a surfactant (polyeth-
ylene glycol hexadecyl ether dissolved in cyclohexane). After the ferrite was pre-
cipitated, a tetraethyl orthosilicate solution in methanol was added to provide the
shell. It has been observed that the concentration of surfactant determined the shape
of the final nanoparticles: nanorods were obtained instead of nanospheres when the
concentration was doubled. Nickel ferrite nanoparticles with inverse spinel struc-
ture were prepared at 500 °C, with a secondary impurity phase of amorphous Ni
oxide, but at 900 °C a Fe,O; phase was also observed. The H,-TPR profile for the
uncoated NiFe,O, shows that the reduction at low temperatures leads to the forma-
tion of metallic Ni + Fe,Os. The SiO, coating stabilized the ferrite and delayed the
reduction until higher temperatures. It was proposed that the Fe,O; phase formed by
aggressive reduction of the core-shell structure may segregate to the surface and
delay reduction of the underlying species. The porous shell allows transport to and
from the core surface, but also prevents or retards sintering of the core particles,
which can be used as catalysts over a large range of temperatures.

1.2.3 Co-Fe Spinels

The structural and chemical evolution of a CoFe,O, spinel, prepared by solid-state
reaction, was investigated by in situ neutron diffraction in isothermal conditions
(900 °C) when the partial pressure of oxygen was lowered from 107 to 10~! atm
[85]. The composition of the solid was determined to be CoO nFe,O; (n =1 and 2),
in two phases: a Coy»7Feq73(CoyssFeqs5)O4 spinel, and a second phase containing a
mixture of the spinel with unreacted a-Fe,Os. The spinel (content of the octahedral
sites shown in brackets) had a composition with a slightly higher inversion degree,
but close to the stoichiometric ferrite (Co:Fe = 1:2), and the second phase contained
64 wt. % spinel (with identical composition as the first phase) and 36 wt. % hema-
tite. As the partial pressure of oxygen decreased (corresponding to a reduction reac-
tion), the evolution observed for the second phase was: a-Fe,O; — (Fe, Co);0,
spinel — (Fe, Co),_,O wustite — (Fe, Co)O rock salt — y-(Fe, Co) alloy — a-(Fe,
Co) alloy. In the first step of the reduction, hematite is converted to magnetite with
a spinel structure:

6Fe,0, (hematite) — 4Fe,0, (magnetite)+ O, (1.1)
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From diffraction patterns during reduction, it was proposed that the transforma-
tion involved a homogeneous internal process, in which the Fe spinel spontaneously
precipitated at the interface between hematite and the Co spinel from adjacent grains.

CoFe,0, was prepared by Tong et al. [34] by a self-combustion method starting
from nitrates and citric acid, with different molar ratios between Co* and Fe’*, i.e.,
1:4.0; 1:2.8; 1:2.0; 1:1.5; and 1:1.1. The purpose of the study was to prepare non-
stoichiometric spinel ferrites. Pure spinel cobalt ferrite was obtained only for the
stoichiometric ratio (1:2.0). The other solids did not contain nonstoichiometric fer-
rites, but just either Fe,O; (first two samples) or Co,O; (the last two samples) addi-
tional phases. The mean particle sizes, determined from the XRD pattern, decreased
from 34 to 21 nm as the Co:Fe molar ratio decreased.

The same self-combustion route was used by Bhagwat et al. [84] to prepare
CoFe,0,, starting from the metal nitrates and using different fuels for the combus-
tion step: ethylene glycol, glycine, and urea. All obtained solids were pure ferrites,
without impurity phases and had similar sponge-like morphologies. The crystallite
size (calculated from the XRD patterns) and specific surface areas were influenced
by the organic compound used as fuel: the smallest particles (~15 nm) were obtained
with urea, while glycine yielded the largest crystallites (~22 nm). The differences
were attributed to the different ignition temperature and heat of combustion gener-
ated by the fuels.

A different study investigated the Ni and Co ferrites prepared by the citrate
method [81] using four different procedures: (1) the metal citrate precursor solu-
tions (0.3 M metal salt solution, metal-to-citric acid ratio = 1:1, 10% excess citrate,
pH =7) were freezed at —80 °C, then sublimated at —48 °C and 150 mTorr for 48 h;
(2) the same procedure, but with metal-to-citric acid ratio = 1:2; (3) the same proce-
dure as in (1), but with pH = 10; (4) the same procedure as in (1), but with diluted
metal salt solutions (0.15 M). The FT-IR study of the precursors showed that, as the
ratio between metal and citric acid increased, the bands attributed to citric acid are
progressively replaced with those belonging to deprotonated citrate groups, while
those related to hydrogen bonding in citric acid molecule are substituted by a dif-
fuse band corresponding to a protonated hydroxyl group. These findings led the
authors to conclude that a triionized citrate ligand was chelating the transition metal
ions. The XRD patterns showed the formation of highly crystalline ferrites, while in
the case of the sample obtained with metal-to-citric acid ratio = 2, a small diffrac-
tion line corresponding to hematite impurity was observed. The preparation proce-
dure had a marked effect on the morphology of the solids: bulky particles resulting
by the aggregation of primary particles were observed when the amount of citric
acid was doubled, while at higher pH a corrugated web of microfibers was obtained.
As the calcination temperature was increased from 600 to 1000 °C, increased crys-
tallinity and crystallite sizes were observed due to sintering.

The synthesis of CoFe,0, was investigated by Yan [91] using three routes: com-
bustion, sol-gel, and solid-state reaction, the resulted solids having similar charac-
teristics. In the combustion method, glycine, serving as a fuel for the combustion
reaction, was oxidized by the nitrate ions. In order to completely decompose the
residual organic compounds, the solids were calcined afterwards. By modifying the



1 Nanocrystalline Spinel Catalysts for Volatile Organic Compounds Abatement 9

glycine-to-nitrate (G/N) ratio, the reaction temperature can be controlled and, con-
sequently, the crystallite size of the obtained ferrite. The authors observed that, for
G/N values in the investigated range (0.2-2.5), the lower the G/N ratio, the smaller
the sizes for the ferrite crystallites.

CoFe,0, and MgFe,O, were studied as catalysts for the total oxidation of meth-
ane, together with several Cr-based spinels prepared by solution combustion route
[42]. The synthesis method was adopted for the pure spinels that it produces, with
relatively high specific surface areas compared to other methods. 75, (temperature
corresponding to 50% CH, conversion) was used as an index for the catalytic activ-
ity. The two ferrite catalysts showed poor results (7, of 549 °C and 580 °C, respec-
tively) and total conversion at ca. 620 °C, while the Cr-based spinels had higher
activity (75, of 369 °C and total conversion below 500 °C, similar to Pd/y-Al,O;),
mainly due to their higher specific surface areas. The authors observed a strong cor-
relation between the catalytic activity and the oxygen desorption capacity, namely
the amount of o oxygen desorbed at low temperature (below 450 °C), where the
most active spinels displayed their combustion activity [42].

Methane combustion was also investigated on Co ferrites obtained by thermal
decomposition of ferrioxalate coordination compounds [61]. The oxalate precursor
was prepared in situ from 1,2-ethanediol and nitric acid (1 M or 2 M), with Fe and
Co nitrates, in aqueous medium. When HNO; 1 M was used, a
[Fe,Co(C,0,);(OH),(OH,),]-2H,0 (I) coordination compound was obtained, while
[Fe,Co(C,0,)4(OH,)¢] (II) compound was synthesized when HNO; 2 M was used.
The corresponding pure ferrites, CoFe,O, (I) and CoFe,O, (II), were obtained by
thermal decomposition of the coordination compounds precursors. Both solids
showed mesoporous structures, with nanosized particles (below 12 nm). When
tested in the combustion of methane, they displayed good catalytic activities, with
CoFe,0, (I) showing conversion values only slightly lower than a Pt/Al,O; refer-
ence catalyst (Engelhard), but better than CoFe,O, (II). However, in stability tests
the CoFe,0, (I) solid lost about 40% of its activity in the first 3 h on stream. The
authors attributed this decline to a collapse of the pore structure and proposed to
disperse the high surface area ferrites on thermally stable supports such as barium
hexaaluminate [61].

The influence of the preparation method for NiFe,O, and CoFe,0, was investi-
gated by Urda et al. [5], the prepared ferrites being tested in the combustion of
propane. Nickel ferrite was prepared by coprecipitation (method M1) from nitrates
using NaOH, while CoFe,0, was synthesized, besides the M1 method, by the mech-
anochemical method (M2) using Co and Fe nitrates and crystalline ammonium car-
bonate. All solids had cubic spinel structures with, for CoFe,O, samples, a small
amount of a-Fe,O; side phase. The sample prepared by the M2 method showed
higher crystallinity and lower specific surface area. CoFe,O,-M1 was the most
active, leading to complete conversion of propane into CO, and H,O at 400 °C, the
order of activity being as follows: CoFe,O,-M1 > NiFe,0,-M1 > CoFe,0,-M2
(Fig. 1.1). CoFe,O, prepared by both M1 and M2 methods were stable for 24 h on
stream, and their physico-structural characteristics remained unchanged after the
catalytic tests [5].
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Fig. 1.1 Propane conversion as a function of the reaction temperature for the Co and Ni ferrospi-
nel samples (Reaction conditions: 2% vol. propane in air, total VHSV = 6000 h~!). (Reproduced
from ref. [5] with permission)

Pure cobalt ferrite, prepared by pulsed spray evaporation chemical vapor deposi-
tion (PSE-CVD) from metal acetylacetonates, was used as catalyst for the low tem-
perature combustion of olefins and dimethyl ether [65]. CoFe,O, proved to have
high activity for the combustion of propene, 1-butene, and dimethyl ether, without
producing CO or hydrocarbon secondary products. This was attributed to the high
mobility of oxygen species in the ferrite lattice.

To find correlations between the synthesis procedure and the catalytic activity,
CoFe,0, was prepared by different coprecipitation procedures and studied in the
total oxidation of ethanol [60]. Metal chlorides or nitrates were used as starting
materials, and precipitation was achieved with NaOH, NH,OH, or H,C,0,. When
NaOH was used as precipitating agent, the formation of spinel structure was
observed even before the calcination step, as also observed by Cheng et al. [82], and
a pure ferrite phase was obtained after the thermal treatment. A pure ferrite phase
was also observed for the samples precipitated with oxalic acid, the spinel phase
being formed at temperatures as low as 500 °C. When ammonia was used as pre-
cipitating agent, a small amount of Fe,O; side phase was obtained, the sample had
smaller specific surface area and, consequently, lower catalytic activity in ethanol
oxidation. Solids prepared from chloride salts also showed poor performances,
attributed to the poisoning effect of chloride ions. The best results (total conversion
at 310 °C) were obtained starting from nitrate salts, using NaOH as precipitating
agent and a calcination temperature of 500 °C.
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1.2.4 Cu-Fe Spinels

A similar, very detailed study for the influence of the preparation method on the
catalytic activity in propane combustion was performed for CuFe,0, [64]. The cop-
per ferrite was prepared by three different ways: solid-phase reaction (SP) starting
from CuO and Fe,0;, coprecipitation from nitrate precursors (NIT), and decompo-
sition of the citric acid precursor (CIT). As expected, the obtained materials had
different activities in the catalytic combustion of propane, strongly influenced by
the crystal size, cation distribution in the spinel structure, and physicochemical
properties (specific surface area, porosity, reducibility) derived from the different
preparation procedures. The wet chemical methods (NIT, CIT) produce a spinel
structure at lower temperatures than the solid-state reaction, with higher homogene-
ity and smaller particle sizes. The authors inferred that the presence of Cu ions, both
in the octahedral and tetrahedral sites in the structure, keeps the active sites sepa-
rated, maintaining the stability of the ferrite catalysts. The XRD pattern for the cata-
lyst prepared by SP route showed the formation of ferrite lattice only above 800 °C,
and after calcination at 900 °C, displayed the single-phase cubic structure. The
samples obtained by the wet chemical methods, which were calcined at 700 °C,
showed the tetragonal structure. For the CIT route, a very thorough study of the
transformations occurring with increasing calcination temperature was performed
using XRD, IR, and TG-DTA techniques. The XRD pattern of a poorly crystallized
tetragonal CuFe,O, lattice was visible even at 150 °C, and the diffraction lines
became more intense with increasing calcination temperature. IR spectra also
showed the disappearance of most of the lines attributed to the citrate precursor and
the presence of bands belonging to copper ferrite at 150 °C. The TG curve showed
a smooth weight loss below 150 °C, attributed to water vaporization, followed by a
gradual mass loss between 150 and 300 °C, corresponding to the thermal decompo-
sition of the citrate precursor. Above 300 °C, only a slight mass loss and no thermal
effects are observed in the formed ferrite phase. The particle size of the ferrite
obtained by CIT route was smaller compared to the ferrites obtained by other meth-
ods. The Méssbauer spectra confirmed the presence of Fe** cation both in the octa-
hedral and tetrahedral sites with almost equal proportions, but in the ferrite from the
CIT route the octahedral presence has a slight predominance. EDX scanning of the
ferrite obtained from citrate precursor confirmed that Cu and Fe are well-dispersed
on the surface of the solid, with Fe/Cu ratio of 2. Consequently, the authors con-
cluded that the ferrites have inverse spinel structures, the degree of inversion
depending on the preparation method and calcination temperature. The preparation
method had a significant influence on the catalytic activity in propane combustion,
the conversion values decreasing in the order: NIT > CIT > SP. It was observed that
the presence of Fe* ions in equal proportions in the typically inverted CuFe,O,
spinel obtained by the NIT method favored the catalytic combustion of propane
compared to the partially inverted spinel obtained by CIT route. Total conversion
was obtained for the NIT sample at ca. 650 °C.
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Tu et al. [78] investigated the preparation of CuFe,O, ferrite from industrial
Cu-rich waste sludge and tested it in the catalytic combustion of isopropyl alcohol.
The authors studied the influence of reaction temperature (30-500 °C), oxygen con-
tent in the reaction mixture (10%, 15%, and 21%), space velocity
(GHSYV = 8000-30,000 h™'), and alcohol inlet concentration (500-2000 ppm). The
best results were obtained at 180 °C, GHSV = 30,000 h~!, oxygen concentration
21%, and 2000 ppm alcohol in the reaction mixture. The catalyst could be recycled
five times without any treatment, while stability tests for 100 h showed only a minor
decline in the catalytic conversion during the first 24 h on stream, then reaching
stable values.

The catalytic combustion of toluene was also investigated on copper ferrites
obtained from the respective nitrates by coprecipitation with Na,CO; solution at
pH = 9 [35]. The influence of the annealing temperature was investigated between
300 and 800 °C. Below 500 °C, only amorphous materials were obtained, while at
higher temperatures the product was a mixture of cubic and tetragonal ferrites, the
latter increasing in importance with the annealing temperature. The distortion of the
cubic structure with increasing temperature to form the tetragonal phase was attrib-
uted to the higher proportion of Cu in octahedral positions. From Mdssbauer spectra
of the solids annealed below 500 °C, the presence of finely dispersed iron contain-
ing particles with sizes below 10—12 nm was noticed. At higher temperatures, the
spectra showed the typical octahedral and tetrahedral coordination of Fe** ions in
ferrites and also the presence of Fe®* in a hematite side phase. In the catalytic tests,
the higher the annealing temperature, the lower the catalytic activity, an effect that
was attributed to the transformation of cubic spinel to the tetragonal one and also to
the increase in particle sizes with the annealing temperature. Under reaction condi-
tions, no significant phase change was observed, only further crystallization. The
authors observed a good correlation between the activity and the reduction ability
determined from H,-TPR measurements.

1.2.5 Zn-Fe Spinels

The influence of the pH during the synthesis of Zn ferrite by coprecipitation was
studied by Lee et al. [46]. The authors used aqueous buffer solutions as coprecipita-
tion medium in order to control the pH and prepared several ZnFe,O, samples at pH
values between 6 and 12. All preparations produced the desired pure ferrite phase,
except for that performed at pH = 6, which also gave a-Fe,0; side phase. The exper-
imental Fe/Zn ratio was in good agreement with the theoretical value, except for the
sample prepared at pH = 6 for which it is 3.24, likely due to the formation of
Fe,O; phase.

MeFe,0, spinels (Me = Zn, Mn, Ni, Co, Cu) were investigated as potential oxy-
gen carriers or reactive support in Chemical Looping Combustion (CLC) of meth-
ane [62]. In CLC, direct contact between fuel and air is avoided by using oxygen
carriers (such as metal oxides) to transport oxygen from air to the fuel. Combustion
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takes place in one reactor, where fuel is oxidized by the oxygen carrier, and the
reduced carrier is reoxidized with air in a different reactor. The advantage is that the
effluent of the combustion reactor consists only of CO, and H,O; therefore, pure
CO, can be obtained after steam condensation, without being diluted with N,. The
oxygen carrier must have high oxygen transfer capacity, ferrites being considered
good candidates for this process. The pure spinel ferrites were obtained by solid-
state reaction at different temperatures (1000 °C for Me = Ni, Zn, and Co; 1165 °C
for Mn and 750 °C for Cu), based on the phase diagrams of the corresponding fer-
rites. Since the CLC process requires redox cycles, the solids were tested to deter-
mine their oxygen transfer capacity and the stability during repeated cycles. In this
respect, ZnFe,0, and NiFe,O, showed that they can deliver larger amounts of lattice
oxygen compared to MnFe,O,, but they do not regain all of it during reoxidation;
e.g., Ni ferrite is very active during the first cycle (80% CH, conversion at 1000 °C),
but deactivates very fast (38% conversion in the second cycle) due to sintering and
loss of active surface area. ZnFe,0O, loses activity due to an almost complete decom-
position to hematite and metallic Zn. Co and Cu ferrites regain most of the trans-
ferred oxygen and are more stable, CuFe,O, showing the best performance, with
high methane conversions (>99%) and low CO selectivity (max. 6%), although
some decomposition to CuFeO, was also observed in this case. Therefore, the
authors concluded that these ferrites can be used either as oxygen carriers (Cu fer-
rite) or reactive supports for other oxygen carriers (the rest of the ferrites) in the
CLC of methane [62].

1.2.6 Mn-Fe Spinels

C;-C, light alkanes were used as test molecules to investigate the catalytic activity
of MnFe,0, obtained by solution combustion method [63]. It was suggested that the
existence of manganese ions in various oxidation states (Mn** and Mn*" were
detected by XPS) could be useful in redox catalytic reactions. The fuel for the com-
bustion consisted of a mixture of glycerol and glycine in various proportions, i.e.,
1:0, 0.75:0.25, 0.5:0.5, and 0.25:0.75, and after ignition, the obtained solid was
thermally treated in argon flow at 400 °C. Single-phase ferrites were obtained in all
cases, with crystallite sizes increasing with glycine proportion in the fuel (from ca.
8 to 73 nm), due to the fact that combustion proceeds very rapidly and a higher
amount of heat is released by glycine. The solids obtained with fuel mixtures con-
taining up to 50% glycine showed similar textural and catalytic properties, while the
ferrite obtained with 75% glycine had different properties, such as lower specific
surface area, larger pores, different morphology (polyhedron shape, compared to
spherical for the other three solids), different surface Mn/Fe atomic ratio, different
reduction behavior, and lower catalytic activity. The temperature corresponding to
50% conversion decreased from C, to C, (450 °C for methane, 300 °C for ethane,
240 °C for propane, and 225 °C for butane), but, for each tested compound, the
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observed values were identical or very close for the ferrites prepared with up to 50%
glycine.

1.2.7 Ternary and Quaternary Ferrites

NisCogsFe,0,, CuFe,0,, and MgFe,O, were tested by Rezlescu et al. [66] in the
catalytic combustion of acetone. The ferrites, prepared by sol-gel self-combustion
route starting from nitrate salts, had spinel structures without impurity phases: Mg-
and Ni/Co samples showed cubic spinel structures, while Cu-ferrite had a tetragonal
distorted lattice due to Cu** ions. They showed a rather poor activity in the catalytic
combustion of acetone, none of them exhibiting complete conversion up to
550 °C. Cu ferrite, with ca. 95% acetone conversion at 550 °C, showed the best
activity. The authors concluded that the higher activity observed for the Cu- and Ni/
Co samples is due to the variable oxidation state of the Cu, Ni, and Co ions distrib-
uted in the octahedral sites of the spinels.

NipsCogs5Sc,Fe, O, (x = 0.05; 0.1 and 0.2) [7] and MgFe,0, [83] ferrites, pre-
pared by a sol-gel self-combustion method starting from metal nitrates, polyvinyl
alcohol, and NH,OH, were tested in the catalytic combustion of acetone, propane,
and benzene. In Niy5CogsSc,Fe,_,O,, only low amounts of iron can be replaced by
scandium, due to the large difference between their ionic radii (0.069 nm for Fe vs.
0.088 nm for Sc). An inverse spinel structure was observed for all samples, in which
the Sc** ions preferred the octahedral coordination. With scandium incorporation,
the crystallite size decreased while the specific surface area increased, attributed to
the structural disorder produced by the voluminous Sc ions leading to a delay in
crystallite growth. The catalytic tests showed a temperature shift towards lower val-
ues upon scandium incorporation, the activity increasing substantially with Sc load-
ing. The best results were obtained for the solid with x = 0.2, and for propane and
acetone, without deactivation for 40 h on stream. These results were attributed to the
smaller crystallite size, larger surface area, and the presence of oxygen vacancies in
the ferrite structure due to scandium ions present in the octahedral sites [7]. Similar
results were obtained for MgFe,O, in the combustion of propane, acetone, and ben-
zene [83] and of Pb-free gasoline vapors [90].

A similar study was conducted for NiysCogsSc,Fe,_, O, ferrites (x = 0.1 and 0.2),
prepared by the same citrate route followed by self-combustion [8]. Their activity
was compared with that of some perovskites with related compositions, in the cata-
lytic combustion of propane. The authors observed the same preference of Sc** ions
for the octahedral site in the ferrite structure, but they observed a decrease in pro-
pane conversion as scandium loading increased, contrary to the findings of Rezlescu
etal. [7].

Total oxidation of toluene was investigated on several nickel and manganese fer-
rite catalysts obtained by two different methods: (1) hydrothermal synthesis and (2)
ceramic method involving oxides calcination [67]. Cubic spinel NiysFe,sO, and
Mn ¢sFe, 350, ferrites were obtained by hydrothermal synthesis procedure. NiFe,O,,
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Nig sZn, sFe,O,, and MnFe,O, were intended to be prepared by the ceramic method,
but incomplete ferritization was observed, leading to a complex mixture of phases.
For the first two samples, NiO and ZnO, respectively, were observed in different
amounts, besides the ferritic phase, while the last sample consisted of a mixture of
a-Fe,O; and Mn,0;. The well-structured, pure ferrites obtained hydrothermally
showed a very low catalytic activity in the total oxidation of toluene, while the mix-
ture of a-Fe,0; and Mn,0; was the most active catalyst, with conversion values over
80% at 500 °C. The authors presumed an intrinsic, intimate interaction between the
individual oxidic phases, since a test performed in similar conditions on a physical
mixture of the two oxides, or of the ferrites with the corresponding oxides, showed
poor catalytic activity.

Carp et al. [86] explained the differences resulted in the structure and properties
of the Ni-substituted Zn ferrites obtained by several preparation methods. There are
two problems that have to be overcome when preparing modified zinc ferrites: (1)
zinc is volatile at high temperatures, changing the stoichiometry of the final product
and also leading to Fe?* formation, and (2) the presence of three different cations,
possibly resulting in different intermediate and final phases. When solid-state reac-
tion is used for the preparation, a mixture of simple ferrites is formed instead of
Zn,_,NiFe,O,, while a homogeneous ferrite is obtained only above 750 °C. The
hydrothermal route produces either individual ferrites or defective, nonstoichiomet-
ric oxides, and the real stoichiometric ferrites are formed at 850 °C. The combustion
method leads to a pure Ni-Zn ferrite at 1100 °C, but the decomposition of a poly-
nuclear coordination compound (with the malate anion as ligand) produced the
mixed Zn;_\Ni,Fe,O, ferrite (prepared with x = 0.25, 0.50, and 0.75) at relatively
low temperature, i.e., 500 °C, while evolving nontoxic compounds (CO, and H,O).
IR spectra suggested that the malic acid (C,HOs) is coordinated to the metal ions
both through its two carboxyl groups and its OH group. The final ferrites were
obtained with crystallite sizes in the range of 65-85 nm.

ZnFe, ,Nd,O, (x = 0; 0.25; 0.5; 0.75; and 1) were prepared by Papa et al. [43]
using the combustion route from tartrate precursors and then tested in the catalytic
combustion of methane. As the Fe** ions are progressively replaced by Nd**, the
cubic structure of the zinc ferrite coexists with the newly formed orthorhombic
phase of NdFeO;. The authors explained the formation of the latter phase by a lim-
ited solubility of Nd** ions with larger ionic radius (1.16 A compared to 0.87 A for
Fe?*) in the spinel lattice. The ZnNd,O, oxide showed a distorted tetragonal struc-
ture, with (ZnO,)*~ and (Nd,0,)*" alternating units, in which Nd** are surrounded by
807 ions, while Zn** only by 40% ions. The catalytic activity in methane combus-
tion showed a maximum (in the kinetic regime) at x = 0.5, where the authors postu-
lated the highest concentration of lattice defects. Since Fe** and Nd** have the same
oxidation state, these defects are not electrically charged, but due to significant dif-
ferences in their ionic radii, lattice strains appear and a new crystalline phase is
formed. In this way, the reduction behavior changes and the oxygen mobility within
the lattice is affected. The catalytic combustion activity is therefore related to the
degree of Fe** substitution with Nd* in the octahedral positions of the spinel.
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Cu,Ce,_,Fe,0, ferrites (x = 0; 0.2; 0.5; 08; 1) prepared by a sol-gel method fol-
lowed by self-combustion were also studied as catalysts in toluene combustion [39].
The XRD patterns showed the inverse spinel structure gradually disappearing as Ce
loading increased, while CeO, diffraction lines were observed starting from x =0.8. A
decrease in the pore sizes was observed with increasing Ce content, while the BET
surface areas remained constant and low (10 m? g7"). The catalytic activity decreased
in the order: Cu,Cey,Fe,O, > Cu,sCe,sFe,O, > CuFe,O, > Cu,,Ce,sFe,0, > CeFe,0,.
The authors found a correlation between the order of activity and the amount of
surface electrophilic oxygen and oxygen vacancies, with a maximum concentration
at x = 0.8. At the same x value, the XPS measurements showed a maximum for the
Ce**/Ce** ratio that decreased at higher Ce content. This suggested that the presence
of Ce* facilitates the formation of oxygen vacancies and promotes the catalytic
activity in toluene combustion.

The different ferrospinel catalysts hereby described are summarized in Table 1.1
together with their preparation methods and catalytic applications in VOC
combustion.

1.2.8 The Redox Properties of Ferrites

The reducibility of ferrites can be modified by incorporation of different M?* cations
in the spinel structure and, in turn, it significantly influences the catalytic activity
due to altered redox properties [73]. Khan and Smirniotis studied the H,-TPR pro-
files of some MFe,0, spinels (M = Cr, Mn, Co, Ni, Cu, Zn, and Ce) obtained by
coprecipitation and compared them with the individual oxides. The authors observed
that the positions of the temperature maxima were strongly influenced by the nature
of the cation: Cu?* showed the strongest shift of the Fe,0; — Fe;0, reduction peak
with ca. 160 °C to lower temperatures, followed by Mn** (50 °C) > Ce (ca.
40 °C) > Ni =~ Co (30 °C) > Cr =~ Zn (no shift). However, the maximum for the
reduction of Fe;O, to FeO was less influenced, while the FeO — Fe reduction peak
was not shifted. These features can be correlated with the catalytic activity when
redox reactions are involved [73].

Electrical conductivity measurements of spinel ferrites allowed to find correla-
tions between their semiconductive and redox properties and their catalytic activity
in oxidation reactions. Mathe and Kamble [75] studied Ni,,Co,¢Fe,O, ferrite and
observed five domains with different slopes in the plot of In(p) versus 1/7, in the
temperature range 300-900 K (where p represents the electrical resistivity). Besides
the usual domains attributed to conduction by impurities, ferromagnetic and para-
magnetic conduction, the authors identified a temperature interval (500-833 K)
where some of the Fe** ions in the spinel lattice slowly migrate from tetrahedral to
octahedral sites. This alteration of the cation distribution between the two types of
sites will not lead to a modified crystal structure, but will affect the electrical con-
ductivity of the solid.
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Table 1.1 Preparation and catalytic performance of the ferrospinel catalysts in VOC total
oxidation
Tested chemical
Preparation compound (reaction
Catalyst method conditions) Best results Ref.
Co ferrite and SolC* synthesis Methane T00 =~ 620 °C on Co [42]
Mg ferrite (200-750 °C, 2.5 or 0.4% | ferrite
CH./7.5% O,/He balance;
W/F=0.12 g s cm™)
Co ferrite TD" of ferrioxalate | Methane T = 600 °C [61]
coordination (300-650 °C,
compounds 100 cm?® min™!
(60,000 mL g=' h™1),
1 vol. % CHy, 10% O,, Ar
balance)
ZnFe, Nd,O, |TD" of polynuclear | Methane T =~ 675 °C on [43]
(x=0;0.25; coordination (400-700 °C, ZnFe,_Nd,O, with
0.5;0.75; 1) compounds GHSV =60,000h7",2% | x=0.25and 0.5
CH,, 10% 0O,, Ar balance)
CuFe,_Mn,O, |SSR¢ Methane Conversion of ca. 65% | [38]
(x=0;0.4;0.8; (500-770 °C, at 770 °C on Cu ferrite
1.6;2) GHSV =15,000h"", 1% |(x=0)
CH, in air)
Mn ferrite SolC? Methane Tso =450 °C [63]
(GHSV = 60,000 h™!,
0.01% CH,, 20% O,, N,
balance)
Me ferrite SSR¢ Methane Conversion > 99% for | [60]
(Me = Mn, Ni, (chemical looping Cu ferrite
Zn, Co, Cu) combustion at 1000 °C, in
a pulse reactor)
Mn ferrite SolC? Ethane Tso =300 °C [63]
(GHSV = 60,000 h™!,
0.01% C,H,, 20% O,, N,
balance)
Ni ferrite, Co CoPP¢ and Propane T00 = 400 °C for CoPP | [5]
ferrite mechanochemical | (250-600 °C, Co ferrite at 6000 h™!
methods VHSYV = 6000-
11,000 h™!, 2% propane in
air)
NiysCoysSc, SGe + SelfC’ Propane Conversion of ca. 92% | [7]
Fe,_0, (50-550 °C, at 500 °C
(x=10.05;0.1 GHSV =5100 h™!, 1-2%0
and 0.2) C;Hg in air)
Nig5CogsSc, SGe + SelfC* Propane Toy ~ 370 °C on [8]
Fe,_0, (50-500 °C, Ni, sCoysFe,O4
(x=10.05;0.1 GHSV =5100 h™!, 1-2%o0
and 0.2) C;Hg in air)

(continued)
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Table 1.1 (continued)
Tested chemical
Preparation compound (reaction
Catalyst method conditions) Best results Ref.
Cu ferrite SSR¢, CoPP¢, and | Propane T100 = 650 °C for the [64]
Citbe (200750 °C) ferrites prepared by
CoPP and CitP
Cu ferrite CoPP¢; TD® of Propane T100 = 390 °C for the [6]
polynuclear (25450 °C, sample obtained by
coordination C;Hz:0, = 1:0.9-1:6 (mol/ | TD
compounds mol), contact time = 1 and
2s)
Mg ferrite SGe + SelfC* Propane Tso =312 °C [83]
(20-550 °C,
GHSV =5100 h™")
Mn ferrite SolC* Propane Tso =240 °C [63]
(GHSV = 60,000 h™',
0.01% CsHg, 20% O,, N,
balance)
Mn ferrite SolC? Butane Tso=225°C [63]
(GHSV = 60,000 h™!,
0.01% C,H,,, 20% O,, N,
balance)
Co ferrite PSE-CVD*! Propene Tso =348 °C [65]
(220460 °C, Ty =382 °C
WHSV = 45,000 mL
2. h7!, 1% propene,
10% O,, Ar balance)
Co ferrite PSE-CVD" 1-butene Ts, =358 °C [65]
(220460 °C, Ty, =402 °C
WHSV = 45,000 mL
2. h7', 1% butene, 10%
O,, Ar balance)
NijsFe,sO., HT!, SSR¢ Toluene Conversion of ca. 80% | [67]
Mn, ¢sFe, 3504 (150-500 °C, at 500 °C on MnFe,0,
Ni ferrite GHSYV = 60,000 mL
NigsZny sFe,0, g h7!, 1700 ppm
toluene)
Cu ferrite CoPP¢ and Toluene T100 = 325 °C on the [35]
calcination at (Protuene = 0.9 kPa, sample annealed at
different WHSV =12h") 300 °C
temperatures
Cu,Ce,_Fe,0, | SG® + SelfCf Toluene Ty =215 °C for [39]

(x=0;0.2;0.5;
0.8; 1)

(100-300 °C, 300 mg m~*
toluene in air,

Protuene = 0.8 MPa,

GHSV = 6000 h")

Cuy5Ce2Fe04

(continued)
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Table 1.1 (continued)
Tested chemical
Preparation compound (reaction
Catalyst method conditions) Best results Ref.
Co ferrite CoPP? Ethanol Tipo =310 °C on [60]
(200-400 °C, CoFe,0, prepared
GHSV =30 m*h~'kg™") | from nitrates,
precipitated with
NaOH and calcined at
500 °C
Cu ferrite CoPP!¢ Isopropyl alcohol T00 = 180 °C, [78]
(30-500 °C, GHSV = 30,000 h™',
GHSYV = 8000- 21% O,, 2000 ppm
30,000 h~!, 500— alcohol
2000 ppm alcohol,
10-21% O,)
Cu ferrite, Mg | SG® + SelfCf Acetone Conversion of ca. 95% | [66]
ferrite, (50-550 °C, at 550 °C on Cu ferrite
NiysCogsFe,O4 GHSV =5100 h™', 1-2%o0
in air)
Niy5CogsSc, SGe + SelfC* Acetone Conversion of ca. 92% | [7]
Fe,_0, (50-550 °C, at 550 °C
(x=0.05;0.1 GHSV =5100 h™!, 1-2%0
and 0.2) acetone in air)
Mg ferrite SGe¢ + SelfC! Acetone Ts, =250 °C [83]
(20-550 °C,
GHSV =5100 h™")
Co ferrite PSE-CVD*" Dimethyl ether; olefins Tso =356 °C [65]
(220460 °C, Ty =409 °C
WHSV = 45,000 mL
e ' h7Y, 1% propene,
10% O,, Ar balance)
Niy5CogsSc, SGe + SelfCf Benzene Conversion of ca. 67% | [7]
Fe, O, (50-550 °C at 550 °C
(x=0.05;0.1 GHSV =5100 h™!, 1-2%0
and 0.2) benzene in air)
Mg ferrite SG* + SelfC’ Benzene Tso =425 °C [83]
(20-550 °C,
GHSV =5100 h")
NiysCoosSc,Fe, | SG¢ + SelfC* Pb-free gasoline vapors Tso = 360 °C for NiysC | [90]
0y (x=0, (50-600 °C, 1-2%0 00.55¢).Fe; 304
0.05, 0.10, and gasoline in air, gas
0.20) flow =3 cm?®s™")

2SolC solution combustion

°TD thermal decomposition

°SSR solid-state reaction

dCoPP coprecipitation

°SG sol-gel synthesis

fSelfC self-combustion

£CitP citrate precursor

"PSE-CVD pulsed spray evaporation chemical vapor deposition
HT hydrothermal synthesis
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The study of electrical conductivity could provide evidence in support of their
catalytic properties in VOC combustion reactions [38]. When a p-type semiconduc-
tor is exposed to oxygen, its electrical conductivity increases compared to that in an
inert atmosphere, due to the creation of holes (charge carriers) simultaneously with
new oxygen anions in the lattice, according to the equation [38]:

+h" <207 +2h" < 20;,

(ads) lattice

<0 +h <207

2(ads) (ads)

(0) (1.2)

2(gas)

where h* denotes a positive hole. However, if the same p-type semiconductor is
exposed to a reducing atmosphere, e.g., methane, lattice oxygen is consumed and
oxygen vacancies are formed, with electrons released in the valence band and the
number of positive holes diminishing, therefore decreasing the electrical conduc-
tivity. For the n-type semiconductors, the inverse mechanism is observed: expo-
sure to oxygen leads to electrons from the conduction band (charge carriers in this
case) being consumed, therefore decreasing the electrical conductivity, while
exposure to methane consumes some of the lattice oxygen, with the electrons
being released into the conduction band and leading to higher electrical conduc-
tivity [38].

Popescu et al. [38] used in situ electrical measurements of some manganese-
modified copper ferrites to study the correlation between the catalytic activity in
methane total oxidation and their redox properties. The CuFe, ,Mn,O, spinels
(x =0; 0.4; 0.8; 1.2; 1.6; and 2) were prepared by solid-state reactions between
CuO, Fe,0;, and Mn,0; oxides, at 800 °C. CuFe,0, and CuMn,0, nanocrystalline
spinels were identified in the XRD patterns, together with smaller amounts of indi-
vidual oxides as side phases. The catalytic activity expressed as both the tempera-
ture corresponding to 10% methane conversion and the specific reaction rates at
710 °C decreased with increasing x, indicating a detrimental effect of manganese
incorporation. The authors determined that as Mn is introduced in the structure the
activation energy increases up to x = 0.8, then decreases with increasing x, while
the pre-exponential factor varies in the opposite way accounting for the decreasing
density of the active sites. This compensation effect explains the decrease of the
specific catalytic activity when manganese concentration is increased [38]. From
electrical conductivity measurements, CuFe,O, was determined to be a p-type
semiconductor, while CuMn,0O, an n-type semiconductor. The ternary spinel cata-
lysts show both types of conduction mechanisms, with one type predominant as a
function of temperature: at temperatures below ca. 500 °C they behave as n-type
semiconductors, while at higher temperatures as p-type [38]. Since the transition
from n- to p-type took place at temperatures lower than those needed for 50%
methane conversion, all the ternary spinels were of p-type in the reaction tempera-
ture domain. For CuFe,0,, the presence of the two competing conduction mecha-
nisms was explained [24] by the simultaneous existence of electrons (e~) and holes
(h*) as charge carriers:



1 Nanocrystalline Spinel Catalysts for Volatile Organic Compounds Abatement

21
Fe’* < Fe’ +e (1.3)
Cu” s Cu" +h" (1.4)

The kinetics of these two reactions determine the type and concentrations of the
charge carriers, and hence, the conduction mechanism [6, 38].

Electrical conductivity measurements under conditions as close as possible to
those of catalysis (640 °C, sequential periods under air, under methane-air reaction
mixtures, and under methane-nitrogen mixtures) were performed for the
CuFe,_Mn,O, with x = 0; 0.8 and 2 (Fig. 1.2) [38]. Under air, for x = 0 and 0.8, an
n-type character was observed, while for x = 2 the behavior corresponded to the
p-type. Notably, when methane was contacted with the samples, the nature of the
semiconductivity changed for all three samples: those with x = 0 and 0.8 switched
from p to n-type, while CuMn,0, passed from »n to p-type.

For the solids with x =0 and 0.8, these variations were reversible when the atmo-
sphere was changed again to air. This “breathing” behavior was explained by the
oxidation of methane with lattice oxygen anions from the solid surface, leading to a
partially reduced surface on which anion vacancies were created, in agreement with
a Mars-van Krevelen mechanism. The free electrons thus produced are released into
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Fig. 1.2 Variation of the electrical conductivity under sequential exposures to air, methane—air
mixture (reaction mixture), and methane—nitrogen mixture for CuFe,O, (H), CuFe, ,Mn 0, (@),
and CuMn,O, (A) at 640 °C (¢ in ohm~' cm™"). (Reproduced from ref. [38] with permission)
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the conduction band, thus increasing the electrical conductivity for the n-type semi-
conductors. When contacted with air again, the electrical conductivity values
decrease, indicating that the free electrons are used for the formation of lattice oxy-
gen anions by dioxygen dissociation, thus refilling the anion vacancies (Fig. 1.2).
Similar conclusions were obtained by Munteanu et al. [6] in a study of propane
combustion on CuFe,0,.

In the case of CuMn,0, (x = 2), which is a p-type semiconductor with holes as
charge carriers, each positive hole can be considered an electron vacancy in the
valence band of the lattice oxygen anions or, from a chemical point of view, an O~
lattice species. This species can also activate methane molecules, and oxygen vacan-
cies are generated again when water and CO, are produced. These vacancies are
consistent with the observed reduction of the solid in methane-air and methane-
nitrogen atmospheres, and they are filled when gaseous oxygen reoxidizes the solid.
This is similar with a Mars-van Krevelen mechanism, but involving O~ lattice spe-
cies in line with the p-type character of the solid. However, due to the smaller varia-
tions of the electrical conductivity values observed for this catalyst, the authors
suggested a low concentration of O~ species for this solid, therefore explaining its
low catalytic activity. As a conclusion, the in situ electrical conductivity measure-
ments provided clear and direct evidence for a redox mechanism in which surface
lattice oxygen from the spinel solid is consumed, which can be assimilated to a
Mars-van Krevelen mechanism [38].

1.3 Manganese-Based Spinel Catalysts

Mn-based spinels are active in NO reduction [94], NO decomposition [95], water
gas-shift reaction [96], methanol reforming [97], CO oxidation [98—100], and com-
bustion of VOC [101, 102] such as methane [4], propane [99], ethylene [103], pro-
pylene [103], benzene [104, 105], toluene [100, 104, 106, 107], o-xylene [105], and
2-propanol [108, 109].

Mn;0, has a normal spinel structure, with tetrahedral sites occupied by Mn**
ions, and Mn* ions placed in distorted octahedral sites [103, 104]. CuMn,O, shows
a normal spinel structure with cubic [110] or slightly tetragonal symmetry [111],
reflecting the Jahn-Teller distortion that depends on the concentration of Mn** and
Cu?* ions in octahedral sites. The tetragonal structure has an axial ¢/a ratio slightly
higher than unity but very close to it, which decreases towards 1 with increasing
thermal treatment temperature [111]. NiMn,O, has a cubic spinel structure [108],
and so do Co,Mn;_, O, spinels with x > 0.9 [99].
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1.3.1 Preparation Methods

The preparation methods of manganites are similar to those already discussed for
ferrites:

— Coprecipitation [4, 100, 105, 109, 112, 113] is a commonly used method that
usually starts from nitrates [4, 100, 109, 112, 113], but also from acetates [113]
or chlorides [105] and uses NaOH [4, 100, 112], alkaline carbonates [105, 109],
or tetramethylammonium hydroxide (TMAH) [113] as precipitating agents. An
alternative of this method, the redox-precipitation procedure, uses KMnO, as
oxidant [105, 113]. The redox-precipitation method leads to metal cation loss
(e.g., Cu*) due to the fact that these cations are not involved in the redox reac-
tion; therefore, a high Mn/M ratio is obtained in the final solid, far exceeding the
value of 2 obtained by coprecipitation [113]. Also, minor side phases such as
CuO [113] were reported besides the expected spinel. In some cases [105], the
redox-precipitation does not lead to spinel mixed oxides, but to a mixture of
oxides with different structures. To obtain solids with high specific surface areas,
silica aquagel confined coprecipitation (SACOP) procedure uses a sodium sili-
cate solution to obtain a high dispersion of the metallic cations in the silica aqua-
gel. During calcination that takes place confined inside the pores of the silica
matrix, the growth of the solid nanoparticles is restricted and, hence, high surface
areas are obtained. The silica matrix is removed in a final step by dissolution in
NaOH solution [112];

— Solid-state reaction [104, 111] starts from the corresponding oxides that are sin-
tered at high temperatures in order for the spinel to be formed;

— Chemical complexation method uses metal salts (e.g., nitrates [99] or acetates
[114]) and an organic acid such as H,C,0, [99, 114, 115]. The specific surface
area and the particle size of the spinel depend on the conditions used for the
decomposition of the precursor (oxalate) [99, 114];

— Sol-gel method uses metal nitrates and citric acid [108] or glycine [109] to obtain
a gel. The procedure may include a self-combustion step that increases the tem-
perature above 1000 °C for a short time when the gel is heated [108, 109].
Although the method is used for obtaining pure-phase mixed oxides [109], minor
impurity phases containing single oxides such as CuO and NiO were sometimes
reported [108];

— Solution combustion synthesis uses salts (e.g., nitrates) as oxidants and a fuel
(e.g., C,HsNO,) as reducing agent. The homogeneous solution of the two reagents
is heated in an oven at constant temperature for the reaction to take place, then
the resultant powder is washed and dried. Pure spinel phase was reported for this
method [103];

— Dispersion-precipitation method is a modified precipitation procedure that uses
glacial acetic acid added after precipitation to the obtained slurry to form a stable
homogeneous dispersion of nanoparticles; in the second step, the suspension is
diluted with water and precipitation gradually occurs by agglomeration of the
nanoparticles [100];
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— Spray deposition followed by thermal decomposition [110] starts with a solution
of salts (e.g., nitrates) that is sprayed at temperatures above 400 °C on a surface
(e.g., quartz plate) and heated afterwards at high temperatures for the decompo-
sition to take place completely.

1.3.2 Mn;0,

Toluene combustion was studied on Mn;O, obtained by the dispersion-precipitation
(DP) method [100]. When compared with Mn;0O, obtained by direct precipitation
(P) or by decomposition of manganese acetate (D), the solid obtained by DP method
showed smaller particle size (5-25 nm compared to 30-55 nm and more than
200 nm, respectively) and larger specific surface areas (110 m?> g=!, compared to 37
and 5 m? g7!, respectively), better reducibility and, therefore, higher catalytic activ-
ity in toluene total oxidation. Ty, for the three catalysts were 245 °C, 260 °C, and
280 °C, respectively. The smaller particle size and better reducibility of the catalyst
synthesized by the DP method accounted for its higher activity.

Combustion of benzene and toluene was investigated on 0.5 wt. % K, Ca, or
Mg-modified Mn;0, catalysts obtained by impregnation followed by calcination
[104]. All modified samples showed better activity for the combustion of toluene
than the parent Mn;O,: Ts5¢/To, values were 230/250 °C for both 0.5% K/Mn;0, and
0.5% Ca/Mn;0,, and 232/255 and 245/270 °C for 0.5% Mg/Mn;0, and Mn;0,,
respectively. When benzene was used, 75, and Ty, values were shifted by 10-20 °C
to lower temperatures, indicating that benzene is more easily combusted than tolu-
ene. When benzene-toluene mixtures were tested, a mutual inhibitory effect was
observed and the conversion curves were shifted to higher temperatures. A strong
correlation between the conversion values and the presence of a hydroxyl-like group
defect with higher mobility than the lattice oxygen in the manganese oxide structure
was observed, detected by XPS and TPR. This defect was present in higher concen-
trations in the promoted catalysts; therefore, it has been concluded that K, Ca, and
Mg have an important role in the formation of the mentioned defect.

Mn;0, spinel prepared by solution combustion synthesis, together with other
manganese oxides (Mn,O; and Mn,O,—a mixture of Mn,0O; and MnO, phases),
were tested in the total oxidation of some VOC test molecules: ethylene, propylene,
toluene, and their mixture [103]. O,-TPD and XPS experiments showed the pres-
ence of both chemisorbed oxygen (O~ and O,”, named a species, with high mobility)
and structural oxygen (named B-species) in Mn;0,4, which exhibited higher O,/Og
ratio compared to the other manganese oxides. FTIR spectroscopy by means of NH;
adsorption at room temperature indicated the presence of different types of hydroxyl
groups on the surface of Mn;0,, and also Mn sites acting as Lewis acid centers. At
higher temperatures, the surface hydroxyls can be converted into Lewis acid sites by
dehydroxylation, while water interaction with such centers reconverts them into
hydroxyls. These nanodefects on the surface can favor oxidation reactions, espe-
cially at low temperatures (below 400 °C). The order of activity for all individually
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tested VOC and for their mixture was Mn;O, > Mn,0; > Mn,O,. A Mn;04-based
monolith was prepared by solution combustion synthesis and showed comparable
performances to the Mn;O, powder, which were stable for 10 h on stream without
deactivation. The authors highlighted the importance of the surface defects leading
to a high amount of adsorbed oxygen species on the surface (« species) that promote
total oxidation.

1.3.3 Cu-Mn Spinels

The valence state of copper and manganese ions in CuMn,O, was investigated by
Ghare et al. [110], Gillot et al. [111], and by Valdes-Solis et al. [112] in order to
clarify if copper is present as Cu* or Cu** in the structure. Ghare et al. [110] studied
the spinel structure by electrical conductivity and differential thermal analysis
methods, while Gillot et al. [111] and Valdes-Solis et al. [112] used XPS and FTIR
spectroscopy measurements. While literature proposed either the formula
Cu[Mn*Mn*]0O, or Cu**[Mn**,]O,, Ghare et al. [110] were able to observe that at
ca. 600 K the following transformation occurs:

Cu,” +Mn,*" = Cu,* +Mn,* (1.5)

that was identified as a source of high activity in oxidation reactions [107, 112].
This modification in valence states accounted for a change of the slope in
log R = f(1/T) plots (R = resistivity, the inverse of conductivity) and a small endo-
thermic change in the DTA curve. It has been concluded that both formulas are
correct, but at different temperatures. In Cu*[Mn*Mn*]0,, the numbers of Mn**
and Mn** ions are equal, so the number of charge carriers is large and, hence, the
activation energy of conduction is low; this feature was observed at low tempera-
tures. For Cu?*[Mn*,]Q,, all octahedral positions are occupied by Mn**, so the num-
ber of charge carriers is small and, consequently, the activation energy of conduction
is high; this behavior was observed above 600 K. Therefore, Ghare et al. [110]
concluded that the solid behaves as Cu*[Mn**Mn*]0, at temperatures up to 600 K
and changes to Cu**[Mn**,]O, above this value. XPS and FTIR measurements per-
formed by Gillot et al. [111] on samples treated at 850-930 °C and then rapidly
quenched showed the presence of Cu* in tetrahedral sites and Cu** (in lower amount)
in octahedral sites, which led to the conclusion that, regardless of the preparation
temperature, most copper ions are placed in tetrahedral positions and are monova-
lent, with the Cu*/Cu?* ratio close to 1.5. Another electronic exchange that influ-
ences the electronic configuration has been identified:

Mn,** +Mn,” < Mn,** +Mn,*" (1.6)

the ionic configuration being best represented by the formula:
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(Cu;Mnj'Mn', ) (Cu}’,Mn",Mn}},) OF

The XPS spectra of the CuMn,0, prepared by Valdes-Solis et al. [112] with the
silica aquagel confined coprecipitation method also showed the presence of Cu* and
Mn?* in tetrahedral positions, while Cu?*, Mn**, and Mn** were identified in octahe-
dral sites, but no Mn** was observed in tetrahedral positions.

A study about the influence of the preparation variables on the properties of
CuMn,0, was published by Hutchings et al. [98]. The investigated variables were:
precipitate aging time (30 min—24 h), pH (7.5-10.0), and temperature (25-80 °C) of
the precipitation, [Cu]/[Mn] ratio in the initial solution (from 100% Cu to 100%
Mn), and calcination temperature (300-800 °C). The unaged precursor obtained
during precipitation was identified as a mixture of copper hydroxyl nitrate and man-
ganese carbonate, hence Cu and Mn are found in separate phases. During aging, the
CuMn,0, was formed together with CuO. The BET surface areas were not influ-
enced by the aging time or aging temperature, but by pH and the [Cu]/[Mn] ratio.
The Cu/Mn ratio in the bulk is significantly influenced by the pH of the precipitation
step, since the onset for Cu?* and Mn?* precipitation from solution is found at 7 and
8, respectively, and higher pH is needed for a complete precipitation of Mn?*. At
pH = 7.5, a Cu-rich amorphous solid was produced, while at higher pH values
Cu-Mn spinels were obtained together with Mn,0O; and CuO secondary phases. The
composition of the initial solution also has a marked influence, with the stoichio-
metric ratio leading to the desired spinel. Calcination at low temperatures (300 °C)
leads to poorly crystalline MnCO; and CuO, and at 500 °C, CuMn,0O, was formed.
At higher temperatures, Cu;,Mn,;¢O, and, then, Cu;,Mn, 3O, phases were identi-
fied, together with a Mn,0O; minority phase. The optimum parameters for the syn-
thesis were found to be 12 h aging time, pH =9, precipitation temperature of 80 °C,
[Cul/[Mn] = 1/2, and calcination temperature of 500 °C.

While studying catalytic methane combustion over Cu-(Mn)-Zn-Mg-Al mixed
oxides obtained from layered double hydroxides (LDH) precursors, Raciulete et al.
[4] observed the formation of some spinel phases. Four Cu(Mn)ZnMgAIl-LDH pre-
cursors were prepared by coprecipitation, with (Cu + Mn + Zn + Mg)/Al atomic
ratio equal to 3, Cu/Zn = 1 and Mn/Cu =0, 0.5, 1, and 2. During the thermal decom-
position of the LDH precursors, several spinel phases were identified, such as
Cu, sMn, 50, and CuMn,0,. When solids with Mn/Cu = 1 were further studied for
the influence of the calcination temperature, the formation of the spinel phases was
already observed at 550 °C, besides the periclase-like mixed oxide phase, and
increasing the thermal treatment temperature up to 800 °C resulted in a higher crys-
tallinity (Fig. 1.3). TPR studies showed that the reduction of copper in these solids
is promoted by the presence of manganese, while XPS spectra confirmed the pres-
ence of Cu and Mn species with different valence states and the formation of
Cu, sMn, 50, spinel [4]. In catalytic methane combustion tests, the incorporation of
manganese strongly increased the activity up to Mn/Cu = 1, but only this latter sam-
ple was able to lead to high methane conversion values (94% at 640 °C) (Fig. 1.4.).
It has been suggested that at temperatures below 500 °C, the active phases are CuO



1 Nanocrystalline Spinel Catalysts for Volatile Organic Compounds Abatement 27

x#e

3

s

g Mn1Cu-800

=

(72]

c

[

il

I=
Mn1Cu-650
Mn1Cu-550

10 20 30 40 50 60 70
2-theta (°)

Fig. 1.3 XRD patterns of Mn1Cu-7 mixed oxide catalysts calcined at different temperatures.
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(Reproduced from ref. [4] with permission)

and Cu, sMn, 50,, while the CuMn,0O, spinel becomes active only at higher tempera-
tures. The high intrinsic activities observed were associated with a high reducibility
both in terms of hydrogen consumption and easiness of reduction, related to the
presence of Cu,; sMn, 50, spinel [4].

Cu,Mn,_0O, (0 < x < 1) spinels prepared using an alginate precursor were used
by Behar et al. [107] for the complete oxidation of toluene as model VOC. Alginate
is a natural polysaccharide with carboxylic groups, extracted from brown algae,
which has a high affinity for divalent cations and provides nanoscale oxide disper-
sion and relatively high specific surface areas. Cu;sMn,;O, spinel was obtained
when the [Cu]/([Cu] + [Mn]) ratio in the initial solution varied from 0.1 to 0.57,
together with Mn;0, (for x = 0) and variable amounts of CuO (for x > 0.7). The high
activity of the Cu,; sMn, 5O, spinel in toluene combustion was correlated with its low
reduction temperature, starting at 130 °C, and the presence of Cu*/Cu®" and Mn*/
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Fig. 1.4 The light-off curves for the combustion of methane over MnXCu-650 (open symbols cor-
respond to the second light-off test). (Reproduced from ref. [4] with permission)

Mn* redox systems. However, when Cu, sMn, 50, spinel was supported on TiO,, its
catalytic activity decreased, likely due to an inhibition effect of the support. A
kinetic study [116] showed that the Mars-van Krevelen model describes the total
oxidation of toluene on Cu, sMn, sO, better than other kinetic models, such as power
law and Langmuir-Hinshelwood.

The same Cu, sMn, 50O, spinel was prepared by coprecipitation [105] and tested,
together with other Cu-Mn mixed oxides with different structures, in the complete
oxidation of benzene, toluene, and o-xylene. Although the performances of the
Cu, sMn, 50, spinel were lower compared with the other tested catalysts, it showed
reasonably good activity: Ty, for benzene, toluene, and o-xylene were 295 °C,
280 °C, and 286 °C, respectively. However, CO was produced besides CO,, which
was related to a poor activity for CO oxidation. Slow deactivation was observed for
long time on stream, while the presence of water, SO,, and CO, had an important
inhibiting effect, which was reversible in the case of water. It has been concluded
that the presence of surface oxygen species and oxygen vacancies, observed by XPS
and H,-TPR measurements, plays a major role in the catalytic combustion of VOC.

Vu et al. [106] studied toluene combustion on Cu,Mn,_,O, mixed oxides (y = 0,
0.25, 0.33, 0.50, 0.66, 0.75, 1.0) obtained by incipient wetness impregnation of Cu
and Mn nitrates on a TiO, support, followed by calcination. Formation of



1 Nanocrystalline Spinel Catalysts for Volatile Organic Compounds Abatement 29

Cu, 4sMn, (O, mixed spinel was identified by XRD in all samples except for Mn,0;
(y =0) and CuO (y = 1). A decrease of specific surface area with increasing the Cu
content (y values) was noticed. On all the catalysts, toluene was completely and
selectively converted into CO, at temperatures above 250 °C, with conversion val-
ues maintained at 100% for 14 h on stream. However, at lower temperatures, the
conversion decreased due to deactivation: at 200 °C, it reached 48% after 1 h and
21% after 4 h, but the activity could be completely restored by treatment in air at
300 °C. A direct correlation between the presence of the Cu;,Mn, O, spinel in
higher proportion and the high activity in toluene conversion was observed.

The influence of the preparation method on the performances of CuMnO, mixed
oxides in the total oxidation of toluene was studied by Ye et al. [113]. The Cu-Mn
oxides were prepared either by coprecipitation using tetramethylammonium
hydroxide (CuMn,Q,), or by redox-precipitation with KMnO, (CuMnO,). The sec-
ond method ensured a better dispersion of copper in close interaction with manga-
nese, providing more active sites at the surface and, hence, a higher activity was
obtained compared with CuMn,O, prepared by coprecipitation or with the single Cu
and Mn oxides. Copper was detected by XPS to be present both as Cu* and Cu**,
with a Cu*/Cu* ratio close to 0.5 in CuMn,0,, while manganese was present as
Mn** and Mn*, the latter being predominant. Surface oxygen species with low
coordination (surface oxygen vacancies) were also observed by XPS in high con-
centration in solids obtained by both methods. The order of activity for total oxida-
tion of toluene was CuMnO, > CuMn,0, > MnO, > CuO,. The good performance of
the catalysts obtained by the redox route was ascribed to improved textural proper-
ties such as high specific surface areas, amorphous state, and presence of oxygen
vacancies. The oxidation of toluene was observed to occur also in the absence of
gaseous oxygen and was attributed to the participation of surface and lattice oxygen
species. XRD patterns of the catalysts after the reaction without gaseous oxygen
revealed the presence of MnO and Cu® for CuMn,0,, while Cuy;Mn,,0, and
Cu, sMn, s0, were observed for CuMnO,. It is worth noting that the Cu;sMn,;0,
active phase was also observed in other studies [4, 105, 116] (see above). Some
organic reaction intermediates were observed by ToF-SIMS spectroscopy, such as
benzene, phenol, benzaldehyde, and benzoic acid [113]. All the catalysts deacti-
vated with time on stream, but modifying them with 0.5% Pd or Pt by impregnation
allowed a better resistance to deactivation, without improving activity.

1.3.4 Co-Mn Spinels

Castaio et al. [109] studied the influence of the synthesis method on the perfor-
mances of some Co-Mn spinel mixed oxides in the total oxidation of 2-propanol and
toluene. The solids were prepared by coprecipitation (CP) or self-combustion (SC)
of hydrotalcite-type precursors in order to obtain high specific surface areas and
good inter-dispersion of the cations. The prepared catalysts contained simple spinel
structures of Mn and Co and mixed Co,Mn;_,O,4 (x = 1 or 2) spinel oxides. Those
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prepared by SC method showed smaller particle sizes, but also smaller specific sur-
face areas and larger pores compared to those prepared by CP. The latter method
seemed to favor oxygen mobility due to a cooperative effect between Mn and Co
cations. The results demonstrate the fundamental role of the synthesis method on
the oxygen mobility and, therefore, on the catalytic activity. In the total oxidation of
2-propanol, the catalysts derived from CP procedure had a lower Ty, (242 °C, com-
pared to 262 °C for SC), while in toluene complete oxidation they behaved similarly
(Tyo = 280 °C). In combustion tests of both compounds, the co-precipitated solids
showed better performance than the single Mn and Co oxides, while those prepared
by SC were intermediary between the manganese oxide and the cobalt oxide. Three
complementary factors determined the catalytic behavior of the studied catalysts:
oxygen mobility, redox properties, and oxygen species, both adsorbed on the sur-
face (O,~ and O7), and lattice oxygen ions (O?>~), whose presence was demonstrated
by 0,-TPD, 80 isotope exchange, and H,-TPR.

Co,Mn;_, 0, (0 < x < 3) spinels were prepared by controlled thermal decomposi-
tion of mixed oxalates and tested in the total oxidation of propane [99]. The synthe-
sis method ensured large specific surface areas due to restrained shrinkage of the
crystallites during thermal treatment, the highest value being obtained for x = 1.6
(270 m? g7!). At x values above 0.9, the activity in propane combustion starts to
increase, up to x = 2.3; Co,3Mn,;0, showed the best performance, with complete
conversion of C;Hg at 300 °C. Stability tests for this composition indicated the con-
version was stable for 14 h on stream at 160 °C. The obtained results were explained
by the presence of catalytically active Co** ions in octahedral sites: at low x values,
the activity is not influenced much because the substitution of Mn with Co takes
place in the inactive tetrahedral sites, but when these sites are fully occupied by Co**
(at x > 1) the substitution continues in the octahedral sites, where Mn** is replaced
by Co* and Co*. It is worth noting that, for each Co*" in an octahedral site, the
oxidation of one Mn*" to Mn** takes place in order to preserve the lattice neutrality.
A similar study by Tang et al. [115] concerning total oxidation of ethyl acetate and
hexane over Co-Mn spinel obtained from oxalate decomposition reached the same
conclusions: the high specific surface area and small particle size led to a better
performance than that of the single Mn or Co oxides, and complete oxidation for the
two model compounds was achieved under 230 °C.

Co,Mn;_ 0O, spinel catalysts with different Mn/Co atomic ratios (1:1, 1:2, 1:4,
2:1 and 4:1) were also studied by Huang et al. [117] for the total oxidation of form-
aldehyde at low temperatures. The solids were prepared by anodic electrodeposition
on a flexible carbon textile substrate from a solution of manganese nitrate, cobalt
chloride, and dimethyl sulfoxide at 70 °C, followed by the annealing of the Co-Mn
precursor nanosheets in air at 550 °C. By adjusting the Mn/Co ratio in the initial
electrolyte, x was varied between 0.43 and 0.78 in the final spinel structures. The
Cog6sMn, 350, sample had the highest amounts of Co** content and adsorbed oxy-
gen on the surface, a significant increase in reducibility compared to the other spi-
nels, and more oxygen vacancies on the surface. It was concluded that all these
properties account for its highest performance among the investigated spinels and
single Mn and Co oxides, i.e., 100% HCOH conversion at 100 °C. The order of



1 Nanocrystalline Spinel Catalysts for Volatile Organic Compounds Abatement 31

activity and the temperatures for complete oxidation of formaldehyde followed the
order: CogsMn,;350, (100 °C) > Coy70Mn, 300, (110 °C) > CopssMn, 4,04
(130 °C) > Coy7sMn, »,0, (140 °C) = Coy 43Mn, 5704 (140 °C) > MnO, (170 °C) > CoO,
(180 °C). The Co,;Mn, 350, catalyst also showed excellent stability for 300 h on
stream, even in humid atmosphere. A mechanism was proposed for the process that
includes oxidation of formaldehyde to formate and hydrocarbonate species, which
decompose to CO, and water.

Copper, nickel, and cobalt manganites prepared by the sol-gel self-combustion
method were used in the total oxidation of two model VOC compounds, i.e., toluene
and 2-propanol [108]. For both molecules, the order of activity was
NiMn,O4 > CuMn,0, > CoMn,0,, the better performance of nickel manganite
being attributed to a higher content of Mn?** and a synergetic effect between manga-
nese and nickel in the spinel structure. Toluene was completely oxidized at 350 °C
on NiMn,O,, while for 2-propanol a temperature of 250 °C was necessary on the
same catalyst.

Cobalt manganite prepared by chemical complexation with oxalic acid was stud-
ied in the toluene combustion process and proved to be more active than the metal
oxides, either single (Co;0,, MnO,) or the mixed oxide Co;0,/MnO, obtained by
impregnation [114]. The authors claimed that the high performance was due to a
larger specific surface area and abundant defects in the spinel structure, leading to a
higher number of active sites for toluene adsorption and activation. Co*, Mn*,
Mn*, chemisorbed oxygen, and a high number of oxygen vacancies were identified
in the spinel by XPS. CoMn,O, showed a better stability compared with the other
oxides, with conversion values above 98% at 220 °C for 700 min in the presence or
absence of water vapor (2%). The surface lattice oxygen was proposed to be the
main active oxygen species in the catalytic reaction, an observation similar with that
of Piumetti et al. [103] and Ye et al. [113], while migration of bulk lattice oxygen
promotes the formation of the surface oxygen species. This claim was supported by
the fact that the combustion reaction continued for the spinel for more than 45 min
after the oxygen supply was stopped. When oxygen was reintroduced in the feed,
the oxygen vacancies were replenished and the activity recovered. From the reac-
tion intermediates identified by DRIFT spectroscopy, the authors concluded that
toluene combustion takes place on CoMn,0, through a benzyl alcohol—benzoic
acid—maleic anhydride—acetic acid pathway, finally leading to CO, and H,O, with
anhydride conversion identified as the rate-controlling step. It was shown that the
Co;0,/MnO; mixed oxide catalyzes the combustion reaction on a different pathway
due to low migration of bulk oxygen to the surface and benzoate dissociation as the
rate-controlling step. The differences in structure and reducibility between CoMn,0,
and the other Co-Mn oxides result in different oxygen mobility from bulk to surface
and number of active oxygen species and, hence, different catalytic perfor-
mances [114].

Table 1.2 summarizes the different manganite spinel catalysts hereby described
together with their preparation methods and catalytic applications in VOC
combustion.
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Table 1.2 Preparation and catalytic performance of the manganite spinel catalysts in VOC total

oxidation
Preparation | Tested chemical compound
Catalyst method (reaction conditions) Best results Ref.
Cu,sMn, 5O, | TD*of LDH | Methane 94% conversion at 640 °C | [4]
ina precursors (300-660 °C, 1% CH, in air,
periclase-like GHSV =20,000 h™")
matrix
Mn;0, SolC® Ethene Tio0 =265 °C [103]
(100-350 °C, 1000 ppm
ethene in air,
GHSV =19,100 h™!,
W/F=0.03ghL™)
CoMn;_ 0O, |TD*of Propane T100 =300 °C on [99]
0<x<3) oxalate (30-300 °C, 0.4% propane, Co,3Mn, 5,0,
precursors 20% O, in Ar, 1.63 mL s7")
Mn;0, SolC? Propene T =250 °C [103]
synthesis (100-350 °C, 1000 ppm
propene in air,
GHSV =19,100 h™!,
W/F=0.03ghL™")
Co manganite | TD* of Hexane T100 = 230 °C [115]
oxalate (100-250 °C 1000 ppm
precursors hexane in air, 100 mL min~!,
120,000 mL g=' h~!)
Mn;0, doped | IMP* of Benzene Ti00 =260 °Con 0.5% Ca/ |[104]
with 0.5 wt. | Mn;O, with | (200—400 °C, 2000 ppm C¢Hy | Mn;0,
% K, Ca, and | K, Ca, or Mg | in air, 100 mL min~")
Mg nitrates,
followed by
calcination
Cu, sMn,sO, | CoPP? Benzene Too =295 °C [105]
(200-350 °C, 500 ppm
benzene in humid air,
200 mL min~!,
GHSV = 100,000 h")
Mn;0, SolC? Toluene Ti00 = 265 °C [103]
synthesis (100-350 °C, 1000 ppm
toluene in air,
GHSV =19,100 h™!,
W/F=0.03ghL™)
Mn;0, DPP¢ method | Toluene Too =245 °C [100]
(180-300 °C, 1000 ppmv
toluene in air,
GHSV = 180,000 h")

(continued)
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Table 1.2 (continued)
Preparation | Tested chemical compound
Catalyst method (reaction conditions) Best results Ref.
Mn;0, doped | IMP* of Toluene T100=280°Con 0.5% Ca/ |[104]
with 0.5 wt. | Mn;0, with | (200-400 °C, 2000 ppm Mn;0,
% K, Ca, and | K, Ca, or Mg | toluene in air, 100 mL min~")
Mg nitrates,
followed by
calcination
Cu,Mn,_,O,/ |IWI'of Mn | Toluene T100 =240 °C on the [106]
TiO, (y=0, |andCu (150-300 °C, 500 ppm sample with y = 0.5
0.25, 0.33, nitrates on toluene in air,
0.50, 0.66, TiO,, GHSV =5000 h™!)
0.75, 1) followed by
calcination
CuMn;_ 0O, | Xerogels Toluene Tso =239 °C, T,y =315 °C | [107]
O<x<1) obtained via | (25-450 °C, 1000 ppm on Cu, sMn, 5O,
alginate toluene in air, 100 mL min~")
hydrogel,
calcined at
450 °C
CuMnO, CoPP? and Toluene Too = 190 °C for CuMnO, |[113]
RedoxPPs, (100-300 °C, 800 ppmv prepared by RedoxPP and
calcined at toluene in air, 100 mL min~', | calcined at 200 °C
different GHSV =30,000 mL g~' h™")
temperatures
Cu, sMn, 5O, | CoPP? Toluene Ty =280 °C [105]
(200-350 °C, 500 ppm
toluene in humid air,
100 mL min~!,
GHSV = 50,000 h™)
Cu, Co,and | SG" + SelfC' | Toluene T00 = 350 °C on Ni [108]
Ni manganite (150-400 °C, 0.2% toluene in | manganite
air)
CoMn;_O, | CoPP?and Toluene Ty =280 °C for CoMn,O, |[109]
(x=1or2) SelfC of (100-400 °C, 600 ppm
hydrotalcite- | toluene in air, 280 mL min~")
like
precursors
Co manganite | Chemical Toluene Tso =202 °C, Toy =210 °C, |[113]
complexation | (160-250 °C, 500 ppm Ti00 =220 °C, at
with H,C,0, | toluene, 20% O,/Ar, GHSV =22,500 mL g~' h~!
75 mL min~',
GHSV =22,500, and
45,000 mL g' h™')
Cu, sMn, 5O, | CoPP? o-xylene Too =286 °C [105]
(200-350 °C, 200 ppm
o-xylene in humid air,
100 mL min~',
GHSV = 50,000 h™)

(continued)
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Table 1.2 (continued)
Preparation | Tested chemical compound
Catalyst method (reaction conditions) Best results Ref.
CoMn,_ O, |ED"ona Formic aldehyde T100 = 100 °C [117]
(x=0.43; carbon textile | (4100 mL min~!,
0.58; 0.65; substrate, GHSV = 120,000 mL g~' h™!)
0.70; and followed by
0.78) annealing in
air at 550 °C
Cu, Co,and | SG'+ SelfC’ | 2-propanol T100 =250 °C on Ni [108]
Ni manganite (150-400 °C, 0.2% manganite
2-propanol in air)
CoMn;_, O, |CoPP?and 2-propanol Too =242 °C for CoMn,O, |[109]
(x=1or2) SelfCl of (50-400 °C, 1000 ppm obtained by CoPP
hydrotalcite- | 2-propanol in air,
like 280 mL min~")
precursors
Co manganite | TD* of Ethyl acetate T = 220 °C [115]
oxalate (100-250 °C, 1000 ppm ethyl
precursors acetate in air, 100 mL min~',
120,000 mL g=' h!)
Mn;0, SolC® Ethylene + propylene + Tip0=310°C [103]
synthesis toluene

(100-350 °C, 1000 ppm
mixture in air,

GHSV =19,100 h™!,
W/F=0.03ghL™)

*TD thermal decomposition
°SolC solution synthesis
¢IMP impregnation

4CoPP coprecipitation

¢DPP dispersion-precipitation
fIWI incipient wetness impregnation
2RedoxPP redox-precipitation
"ED electrodeposition

iSG sol-gel synthesis

iSelfC self-combustion
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1.4 Cobalt-Based Spinel Catalysts

Supported and unsupported Co;0, spinel is one of the most active mixed-valence
metal oxides catalysts for the total oxidation reaction of VOC mainly due to its
excellent reduction ability and high concentration of surface electrophilic oxygen
species [2, 11, 15]. Introducing another metallic component into the Co;0, spinel to
form a binary cobaltite is an effective way to improve its combustion catalytic prop-
erties due to the synergy between the two metallic cations [118]. The most relevant
papers published in the last decade focusing on Co-based spinel catalysts for com-
plete oxidation of VOC are reviewed below.

1.4.1 Unsupported and Supported Co;0,

In an attempt to enhance the catalytic performance by tuning the catalyst morphol-
ogy, spinel-type cobalt oxide (Co;0,) nanocrystals with different morphologies,
i.e., cubic (C), hexagonal plate-like (P), hexagonal sheet-like (S) and flower-like
(F), denoted as Co;0,-C, Co;04-P, Co;0,-S, and Co;0,-F, respectively, were con-
trollably prepared via a hydrothermal method [119]. Pure and highly crystalline
spinel phases were obtained in all cases. In spite of their different morphologies,
Co050,-S, Co0304-P, and Co;0,-F catalysts predominantly expose {111} planes,
while Co0;0,-C catalyst exposes {001} planes. The ratio between the surface-
adsorbed oxygen (O,4) and surface lattice oxygen (Oy,) species in the Co;0, cata-
lysts, determined by XPS, increases following the order: Co;0,-C < C0;04-S < Cos
0O,-F =~ Co0;04-P. Their activity in methane combustion follows the same order
(Fig. 1.5), which is consistent with the fact that, in general, the lattice oxygen is
involved in selective oxidation, while adsorbed electrophilic species such as O,>,
0,7, and O~ participate preferentially in the complete oxidation. On the other hand,
the Co;0, catalysts exposing dominantly { 111} plane (flower-like, hexagonal plate-
like, and hexagonal sheet-like) were more active than cubic Co;0,, which exposes
mainly {001} planes.

Co;0, with different morphologies was also studied in the total oxidation of
formaldehyde. Thus, rod-like, sheet-like, and cube-like pure Co;O, spinel catalysts
were prepared by a modified precipitation for the former or a hydrothermal method
for the two later [120]. As expected, the oxides have different physicochemical
characteristics. Indeed, the Co;0,-rod sample had a significantly larger specific sur-
face area (83.5 m? g~!) compared to that of Co;O,-sheet (8.5 m? g=!) and Co;04-cube
(3.7 m? g71). Also, Co;0,-rod showed (OH)/O,,, and Co**/Co*" surface ratios larger
and reducibility and basicity greater than its sheet-like and cube-like counterparts.
Accordingly, the Co;0,-rod showed the best performance for the formaldehyde
total oxidation, the T, temperatures being ranked in the order Co;0,-rod < C0;0,-
sheet < Co;0,-cube. Moreover, the Co;0,-rod catalyst completely converted form-
aldehyde at 120 °C, with excellent time on stream stability.
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Fig. 1.5 Correlation between the catalytic activity in methane combustion and surface O,4/Oy,
molar ratio for Co;O4 nanocrystals with different morphologies: cubic (C), hexagonal sheet-like
(S), flower-like (F), and hexagonal plate-like (P) (Reaction conditions: 0.2 vol. % CH, in air;
GHSV = 110,000 h™'). (Data from ref. [119])

High surface area ordered Co;0, catalysts have been successfully prepared by a
nanocasting route using different mesoporous KIT-6 silica as a hard template and
tested in the complete oxidation of propane, as a model of short chain alkane, and
toluene, as a model of monoaromatic hydrocarbon [121]. It has been shown that the
synthesis parameters, i.e., aging and calcination temperatures, of the silica template
strongly influence the physicochemical properties and, hence, catalytic perfor-
mances of the final catalysts. Thus, siliceous KIT-6 hard templates were prepared at
three different aging temperatures (40, 70, and 100 °C) and calcined at 550 °C
(denoted KIT6-40-550, KIT6-70-550, and KIT6-100-550, respectively).
Additionally, the silica sample aged at 100 °C was calcined at 700, 800, and 900 °C
(samples KIT6-100-700, KIT6-100-800, and KIT6-100-900, respectively). They
were impregnated with the Co-precursor (Co nitrate), then calcined at 550 °C for
6 h, and finally the silica template was eliminated using a concentrated aqueous
solution of NaOH to obtain the corresponding mesoporous cobalt oxides C40-550,
C70-550, C100-550, C100-700, C100-800, and C100-900, respectively. These
catalytic materials were shown to be more active in the total oxidation reaction
compared with a conventional Co;0, prepared by simple evaporation of cobalt
nitrate followed by calcination. The best C100-550 catalyst showed T, tempera-
tures (corresponding to 50% conversion) of 196 and 164 °C in propane and toluene
combustion, respectively, which are significantly lower compared to the conven-
tional Co;0, (235 °C and 260 °C, respectively) (Fig. 1.6). Interestingly, an inverse
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Fig. 1.6 Influence of the aging temperature during the synthesis of the silica template (40, 70, and
100 °C) on the catalytic activity of the corresponding mesoporous Co;O, catalysts (expressed as
Tso) in complete oxidation of propane and toluene and comparison with Co;O, prepared by simple
evaporation of Co nitrate (Reaction conditions: 8000 ppm C;Hg in air; GHSV = 12,000 mL
g h7'and 100 ppm C;Hy in air; GHSV = 60,000 mL g.,~' h™!, respectively). (Data from ref.
[121])

relationship between the ordered structure of these catalysts and their activity was
found. For example, the C100-550 catalyst, which possesses a partly ordered struc-
ture, leads to a higher conversion per surface area in propane combustion than the
C40-550 sample which has a highly ordered, bimodal structure. Since the reduc-
ibility was not very different among ordered and non-ordered catalysts, it was con-
cluded that the enhanced activity of the non- or partly ordered catalysts is due to a
higher concentration of highly reactive oxygen defects (a higher concentration of
surface Co** species) in these materials. Notably, it has been shown that these cata-
lysts exhibit high stability at moderate temperatures, regardless of the test molecule.

Ordered mesoporous Co;0O, spinel prepared by the nano-replication method
using either SBA-15 (C050,-S) or KIT-6 (Co;0,-K) templates was studied in the
catalytic oxidation of dibromomethane (CH,Br,) as a model pollutant for Br-VOC
[122]. The ordered mesoporous spinel samples were shown to be the replica struc-
tures of their templates with unimodal pore size distribution centered at 3.9 and
3.6 nm for Co3;0,-S and Co;0,-K, respectively, and have lower crystallinity and
smaller crystallite size compared with a precipitated counterpart (Co;0,-B). Also,
the ordered mesoporous spinel samples have significantly larger surface areas and
better redox properties compared to that of Co;04-B. Both the Co**/Co** surface
ratio and the ratio of the surface-adsorbed oxygen to lattice oxygen (O,4/O1.)
increased following the order: Co;04-B < C0;04-S < C030,-K. In the same order,
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Fig. 1.7 Catalytic activity (in terms of Ty, values) in the oxidation of CH,Br, and Co*/Co*" and
0,4s/Oy ratios for the different Co;O, materials (Reaction conditions: 500 ppm CH,Br,, 10% O,
and balancing N,; GHSV = 112,500 cm? g.,.~' h™!). (Data from ref. [122])

their catalytic performance oxidation reaction of CH,Br, increased. The superior
catalytic activity of ordered mesoporous spinel catalysts was attributed to their high
specific surface areas and strong redox property together with their higher content
of superficial Co** species and surface active oxygen (Fig. 1.7). Notably, the most
active catalyst in this series, i.e., C0;0,-K, also showed the highest selectivity to
CO, at low temperature and a good time-on-stream stability for at least 30 h.

A series of Co;0, catalysts were synthesized at different pH values by a facile
precipitation method, the influence of preparation pH on the catalytic performance
in methane combustion being investigated [123]. The final catalysts were denoted as
Co050,-X, where X (8.0; 8.5; 9.0; 9.5; 10) represents the pH values at the end point
of titration, which strongly influenced their physicochemical characteristics and,
hence, their catalytic performance. Indeed, their surface area passes through a mini-
mum (25.2 m? g7!) and the crystallite size through a maximum (33.4 nm) for
C030,-9.0 sample, which also shows maxima of surface Co?*/Co** (0.46) and O,q/
Oy (0.51) ratios. Notably, the catalytic activity of the Co;04-X samples in terms of
intrinsic reaction rate passes through a maximum for Co;0,-9.0 and correlates well
with the surface Co?*/Co** and O,y/Oy,, ratios (Fig. 1.8). C03;0,-9.0 catalyst also
shows the lowest T, and Ty, temperatures (corresponding to 50 and 90% methane
conversion, respectively), i.e., 344 °C and 413 °C, respectively, and possesses good
long-term stability, no loss of catalytic activity being recorded after 60 h on stream.
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Fig. 1.8 Influence of preparation pH on the surface Co**/Co** and O,4/Oy,, ratios of Co;0,-X cata-
lysts and on their activity in methane combustion (Reaction conditions: 0.5 vol. % CH,, 8 vol. %
0, and balancing N,; GHSV = 18,000 mL g.,,~! h™!). (Data from ref. [123])

A nanosized Co;0, catalyst for the complete oxidation of propane and CO was
prepared by dispersion-precipitation (DP) [124]. Compared with the conventional
alkali-induced precipitation (AP) method, this method involves the reaction between
wet cobalt hydroxide and acetic acid, with the formation of a colloidal dispersion,
followed by a subsequent dilution which destabilizes and precipitates the colloidal
particles. The oxide thus obtained (CoDP) had smaller particle size, lower crystal-
linity, higher surface area, and larger pore volume compared to its conventionally
precipitated counterpart (CoAP). Moreover, CoDP was shown to be more reducible
and to possess larger amount of reactive surface-adsorbed oxygen species. These
superior properties of CoDP make it a significantly better catalyst than CoAP for the
complete oxidation of both C;Hg and CO. Thus, CsHg was completely oxidized on
CoDP catalyst at 240 °C, whereas only ca. 21% conversion was achieved on CoAP,
even at 300 °C. Regarding the catalytic oxidation of CO, complete conversion was
achieved at ca. 110 °C on CoDP catalyst and at ca. 170 °C on CoAP. Notably, CoDP
catalyst showed a good long-term stability in the total oxidation of propane.

Three different methods, i.e., nonequilibrium plasma deposition (NEP),
Langmuir-Blodgett (LB), and impregnation, were used to prepare a series of cobalt
oxide catalysts deposited on precalcined metallic carriers with two different geom-
etries, i.e., wire gauze and sheets, in order to compare the efficiency of deposition,
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the chemical properties of the catalyst, and its catalytic performance in n-hexane
combustion [125]. First, it is worth describing shortly the principles of NEP and LB
methods, which are less usual for the preparation of catalytic materials. The NEP
technique is used to obtain thin-film materials deposited on various carriers, starting
from metal-organic precursors in a plasma reactor operated at low pressure [126—
128]. Thus, the metal-organic precursor is transported with a carrier gas (argon and/
or oxygen) through the region of low temperature nonequilibrium plasma of an
electric discharge where its decomposition/oxidation takes place followed by the
deposition of the metal or metal oxide on the support material [126—128]. Usually,
precalcined Cr-Al stainless steel leaves, steel wire gauzes, kanthal steel, and steel
sheets are used as support materials, while cyclopentadienyldicarbonyl-cobalt (I),
Cu(II)-acetylacetate, etc. are examples of metal-organic precursors [127-129]. The
LB deposition is a technique used to prepare highly ordered, defectless film layers
of controlled thickness and architecture of a compound on a solid surface [130,
131]. In this method, a single layer of molecules is initially organized on a liquid
surface, usually water, before being transferred onto a solid support to form a thin
film having the thickness of a constituent molecule. If the process is repeated, mul-
tilayered films can be obtained [130, 132]. Although the method requires a sophis-
ticated equipment (Langmuir trough), it allows permanent control of the several
physical parameters of layers transferred, such as molecular packing, composition,
and quantity [130-132]. Among the catalyst layering methods used to prepare
deposited cobalt oxide catalysts, the NEP technique was found to be the most ade-
quate for the deposition of materials on the structural reactors for catalytic applica-
tions, since it allows the control of the dispersion of the deposited material,
maintaining at the same time the geometry of the carriers [125]. Contrarily, in the
case of LB method, the deposition efficiency was too low to obtain an active catalyst
within reasonable time, while the impregnation method did not allow the control of
the thickness of the deposited layers [125]. The NEP layering method led to a well-
dispersed cobalt oxide catalyst with spinel structure, which turned out to be only
slightly less active than the commercial Pt catalyst in n-hexane combustion [125].

A series of structured cobalt spinel catalysts prepared by NEP deposition of thin
films on precalcined metallic supports (kanthal sheets) was studied in n-nonane
catalytic combustion reaction [133]. The different catalysts were prepared under
different atmospheres (oxygen-free and oxygen/argon) and residence times of the
precursor (Co(I)-cyclopentadienyldicarbonyl) in the plasma reactor. This induced
significant changes in the catalysts’ structure and morphology, including the amount
and the shape of the particles deposited on the metallic support. The catalytic tests
showed that the most active systems in the n-nonane combustion reaction are the
samples synthesized under oxygenless conditions. Contrarily, the activity is signifi-
cantly lower for the catalysts prepared under synthetic air conditions for which the
dominant form of the cobalt oxide is its amorphous phase highly dispersed on
alumina.

Incipient wetness impregnation (IWI) and a combination of IWI and subsequent
combustion synthesis (CS) were used to prepare a series of Co;0,/y-Al,O5 catalysts
with different Co;0, loadings, tested in the catalytic combustion of CH, [134]. The
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IWI method consisted of dripping an aqueous solution of cobalt nitrate onto y-Al,O5
followed by water evaporation, drying, and calcination at 700 °C in air, while for the
IWI/CS method, the impregnation was realized with aqueous solutions of cobalt
nitrate and urea (molar ratio = 2:1), then the dried sample was heated to initiate the
exothermic reactions at 230-250 °C for 5 min. The self-propagating flameless com-
bustion led to the complete IWI/CS catalyst formation within 1-15 min. It has been
shown that the IWI/CS-X catalysts (X =5, 10, 30, and 50, representing the Co;0,
loading as wt %) have lower degree of crystallization, smaller average crystallite
size, greater surface area, and higher degree of dispersion of Co;0, on the y-Al,O;
support, in comparison with the IWI-X catalysts with similar Co;O, content. The
large quantities of vapors (e.g., CO,, H,0O, and NO,) rapidly released in the combus-
tion process, which is completed in a very short time, limit the growth of spinel
crystals. Moreover, for the IWI/CS-X catalysts, the synthesis process determined
the formation of abundant easily reducible surface Co** species. Accordingly, the
IWI/CS-X catalysts have excellent catalytic performance in CH, combustion, being
significantly more active than their IWI-X counterparts (Fig. 1.9). In particular,
IWI/CS-30 catalyst, which possesses the smallest average particle size (6.5 nm) and
the highest surface Co**/(Co*+Co*") ratio, exhibited the best catalytic activity with
total conversion of CH, achieved at 550 °C. On the other hand, the excessive load-
ing of Co;0, in IWI/CS-50 sample led to a diminished catalytic activity.

A series of nanoflower-like nickel foam monolith-supported Co;0, catalysts,
prepared via a green and facile electrodeposition method, was studied in the pro-
pane total oxidation [135]. The amount and interaction of Co;0, loaded on the
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Fig. 1.9 Comparison between T5, temperatures in CH, combustion on catalysts with similar
C0,0, loadings prepared via two methods: IWI (m) and IWI/CS (m) (Reaction conditions: 0.2 vol
% CH,, 10 vol % O,, and N, as the balance gas; GHSV = 36,000 mL g.,~' h™"). (Data from ref.
[134])
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Ni-foam monolith were controlled by the time duration of potential deposition. The
resulted catalysts were denoted as Co-NF-#, where ¢ represents the corresponding
electrodeposition time duration in seconds, i.e., Co-NF-300, Co-NF-600,
Co-NF-900, and Co-NF-3600. For comparison, a pure Co;0, catalyst was also syn-
thesized by thermal decomposition of cobalt nitrate, using the same calcination con-
ditions. For example, it has been shown that Co-NF-300 nanosheet (diameter
1-2 pm) stacked by Co;0, nanoparticles (10-30 nm) presents an abundance of
pores. Such 3D hierarchical microstructures with interconnected pore channels
expose more active sites (larger cobalt oxide surface), without any reactant/product
diffusion limitations. All of the Co-NF-7 are flower-like sheets with the same mor-
phology and microstructure, the electrodeposition time duration having no obvious
effect on these characteristics. On the other hand, the morphology of pure Co;0, is
different from that of Co-NF-¢, its shape being elongated and particle size signifi-
cantly larger (10-50 nm). Co;0, loading and the intensity of the diffraction lines
corresponding to Co;0, with spinel structure increased with the deposition time
duration. The spinel particle size for the Co-NF-7 is small and varies between 18 and
21 nm. Strong interactions between Co;0, and Ni-foams were shown to be formed
during the electrodeposition process, enhancing the reducibility of Co;0,. The Co*/
(Co?* + Co*) ratio calculated from the areas of reduction peaks appears to depend
strongly on the deposition time duration, Co;O, supported on Ni-foam having
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Fig. 1.10 Variation of the specific reaction rates (per gram of Co;0,) at 220 °C and of the activa-
tion energies for the Co-NF-7 catalysts in comparison with pure Co;O, (Reaction conditions:
1000 ppm C3Hg in air; GHSV = 30,000 mL g.,,~! h™!). (Data from ref. [135])
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higher Co** content compared with pure Co;0, sample. Both the Co** content and
catalytic activity increase in the order: pure Co;0, < Co-NF-3600 < Co-NF-900 <
Co-NF-600 < Co-NF-300. With the highest specific activity and the lowest activa-
tion energy, Co-NF-300 sample was found to be the most active in total oxidation of
propane reaction (Fig. 1.10). Moreover, Co-NF-300 sample also possesses good
time on stream stability for 40 h of reaction.

To separately study the geometrical-site-dependent catalytic activity of tetrahe-
drally coordinated Co** sites (Co**ry), octahedrally coordinated Co* sites (Co* ),
and octahedrally coordinated Co** sites (Co*,) in VOC oxidation, a series of
Co-based catalysts, i.e., Co;0,, CoO, CoAl,O,, ZnCo,0,, and CoFe,0,, was pre-
pared by the nanocasting method using mesoporous silica KIT-6 as a hard template
[3]. Thus, starting from three-dimensionally ordered mesoporous Co;0,, Co** or
Co?** sites were replaced with catalytically inactive or less active Zn** (d°), AI** (d°),
and Fe** (d%), respectively. It has been shown that not only Co*', species act as
active sites, but also Co*q, sites exhibit high catalytic activity due to the fact that
they are easily oxidized to active Co** species which were shown to be responsible
for the formation of carboxylate species, the main intermediate in the oxidation of
benzene. Therefore, ZnCo,0, with Co* o, and CoO with Co**o, species exhibit good
catalytic activity in benzene oxidation and high TOF, values at low temperature.
Moreover, ZnCo,0, exhibits good durability at 500 °C and strong water resistance
ability. Contrarily, CoAl,O, with Co**r4 sites show poor catalytic activity and a low
TOF, value.

1.4.2 M-Co Spinels (M = Transition Metal)

A series of ordered mesoporous MCo,04 (M = Cu, Zn, and Ni) spinel catalysts,
synthesized via nano-replication method using mesoporous silica KIT-6 as a hard
template, was tested in the complete oxidation of methane reaction and compared
with bulk MCo,O, spinel catalysts prepared by coprecipitation [136]. The ordered
structure of mesoporous MCo,0, (m-MCo,0,) spinel catalysts was clearly con-
firmed by the combined results of N, adsorption-desorption and TEM and XRD
analysis. Indeed, the N, adsorption-desorption measurements revealed that all the
m-MCo,0, samples show a type IV isotherm with H1 hysteresis loop and a narrow
pore size distribution, confirming the formation of mesoporous structure responsi-
ble for their higher surface area and pore volume than their bulk counterpart
(b-MCo0,0,). Also, TEM analysis clearly suggests that m-MCo,0, spinels are well-
replicated from the KIT-6 template, their wall thickness corresponding well with the
pore size diameter of KIT-6 template. Moreover, the low angle XRD patterns prove
the formation of ordered mesoporous structures of the m-MCo,0O, spinels, in line
with the results of N, adsorption-desorption and TEM analysis. At the same time,
wide angle XRD analysis shows that m-MCo,0, spinels possess smaller size of
crystallites than b-MCo,0, spinels, which leads to greater resistance to decomposi-
tion and higher resistance to sintering during calcination of the spinel phase. XPS



44 A. Urda et al.

analysis revealed that the normalized amount of Co®* cations on the surface decreases
for m-MCo,0O, spinels as follows: m-CuCo,0, > m-ZnCo,0, > m-NiCo,0,.
The catalytic activity of the meso catalysts in methane combustion, expressed as T,
and Ty, temperatures (corresponding to 50% and 90% conversion, respectively), is
considerably lower than that of their bulk counterpart, obviously due to the unique
ordered mesostructure and the excellent thermal stability of the former. Notably, the
activity of the meso catalysts increases with increasing the normalized amount of
surface Co** cations (Fig. 1.11), clearly suggesting that they play a key role in
improving the catalytic activity.

A series of spinel MCo,04 (M = Co, Ni, Cu) hollow mesoporous spheres (HMS)
was prepared by solvothermal alcoholysis, in order to induce a cation-substituting
effect on Co;0, spinel with the aim of improving the activity in total oxidation of
VOC [137]. The cubic spinel was the main phase present in all the catalysts, with
tiny amounts of NiO and CuO side phases in NIHMS and CuHMS, respectively. It
has been shown that the number of the defective sites determined by Raman spec-
troscopy, the surface O,4/Oy, and Co**/Co** molar ratios, and the catalyst reduc-
ibility, both in terms of hydrogen consumption and easiness of reduction, increased
in the following order: CoOHMS < NiHMS < CuHMS. Accordingly, the activity in

207 B Normalized amount of Co3* on the surface 76

B CH, conversion at 400 °C

Normalized amount of Co3* on the surface (%)
Methane conversion (%) at 400 °C

m-NiCo,04 m-ZnCo,04 m-CuCo,04

Catalyst sample

Fig. 1.11 Correlation between the catalytic activity in methane combustion and the normalized
amount of Co** cations on the surface of m-NiCo,0, m-ZnCo,0,, and m-CuCo,O, spinel catalysts
(Reaction conditions: 1500 ppm CH,, 12.12 vol. % O, and balancing N,, total flow rate of
200 mL min~!, GHSV = 60,000 mL g.,~' h™"). (Data from ref. [136])
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Fig. 1.12 Co’**/Co* surface ratio and the surface concentration of A cation in AC0,0, (A = Cu, Ni,
Mn) catalysts and their activity (in terms of Ty, values) in the complete oxidation of benzene
(Reaction conditions: 1000 ppm C¢Hg in air; GHSV = 90,000 mL g.,~' h™"). (Data from ref. [118])

the total oxidation of acetone as model VOC followed the same order. The most
active catalyst, CuHMS, also showed long-term stability and good water tolerance.

Nanocrystalline ordered mesoporous ACo,O4 (A = Cu, Ni and Mn) catalysts
prepared by a simple co-nanocasting method using SBA-15 as a hard template were
studied in benzene total oxidation reaction [118]. It has been shown that both the
surface A content and Co*/Co* molar ratio in AC0,0, decrease as follows:
MnCo,0, > NiCo,0, > CuCo,0,. These characteristics were correlated with the
catalytic performance in benzene total oxidation (Fig. 1.12), MnCo,0, being the
best catalyst in this series. Moreover, it showed high thermal stability and good
tolerance against water vapor. It is worth noting that the oxidation of benzene over
these ACo,0, catalysts involves both the Mars-van Krevelen and Langmuir-
Hinshelwood mechanisms [118].

A series of ZrO,(x)-Co;0, mixed oxide catalysts with x = 0; 0.5; 2; 5; 8; and
10 wt. % and forming a solid solution with the spinel structure was prepared by
coprecipitation and tested in the catalytic combustion of lean methane at low tem-
perature [138]. Their BET surface area increases monotonous with increasing ZrO,
content, while the crystallite size decreases. The surface O,4/O),, molar ratio
increased with increasing ZrO, content from 0 to 2% and then decreased with fur-
ther increasing ZrO,. This is consistent with the variation of the catalytic activity in
methane combustion which passes through a maximum for 2 wt % ZrO, (Fig. 1.13).
Similarly, the surface ratio between the Co?* in tetrahedral coordination and Co* in
octahedral coordination passes through a maximum for the ZrO,(x)-Co;0, system
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Fig. 1.13 Variation of surface O,4/O,,, molar ratio and of the catalytic activity in methane com-
bustion as a function of ZrO, content in ZrO,(x)-Co;0, catalysts (Reaction conditions: 0.5% CH,,
8.0% 0O,, 91.5% N,; GHSV = 12,000 mL g.,.~' h7!). (Data from ref. [138])

with x = 2%, suggesting that the Co?* tetrahedral sites also play an important role in
methane combustion (Fig. 1.14). Notably, no deactivation phenomenon was
observed during the catalytic tests, proving the superior stability of these catalysts.

A series of Cu-containing mixed oxides with spinel structure, i.e., CuCo,0,,
CuMn,0,, and CuCr,0,, prepared by a sol-gel combustion method, was studied in
the catalytic oxidation of 2-propanol as a model molecule of oxygenated VOC
[139]. Cu-Cr mixed oxide was pure CuCr,O, spinel, while Cu-Mn and Cu-Co mixed
oxides consisted of mixtures of spinel and copper oxide phases. The catalysts con-
taining both spinel and CuO phases, i.e., Cu-Mn and Cu-Co mixed oxides, were
shown to be more active than the pure CuCr,0, spinel. This behavior was attributed
to a synergistic cooperation between CuO and spinel phases which enhances the
catalytic performance.

The different Co-based spinel catalysts hereby described, their preparation meth-
ods, and their catalytic applications together with the best performance are summa-
rized in Table 1.3.

The main conclusion of the analysis presented above is that the most important
factors controlling the catalytic performance of Co-based spinels in the complete
oxidation reaction of VOC are the Co*/Co?* surface mol ratio and the ratio of the
surface-adsorbed oxygen to lattice oxygen. They are influenced by the method of
preparation used, including the procedure and conditions adopted for a given
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Fig. 1.14 Variation of Co**/Co’* surface ratio and of the catalytic activity in methane combustion
as a function of ZrO, content in ZrO,(x)-Co;0, catalysts (Reaction conditions: 0.5% CH,, 8.0%
0,,91.5% N,; GHSV = 12,000 mL g.,,~' h™"). (Data from ref. [138])

method, and by the nature and surface concentration of cation M in MCo,0,
cobaltites.

1.5 General Conclusion

Fe-, Mn-, and Co-based spinel oxides catalysts show high catalytic performances,
including stability on stream, for the total oxidation of a wide range of VOC, and
some of them were shown to have activities close to that of the noble metal cata-
lysts. Their catalytic properties are complex functions of their bulk and surface
characteristics which are determined by their composition and preparation method.
Indeed, the method of preparation used to synthesize the spinel oxides and, for a
given method, the nature of the starting materials and reagents, the pH, the aging
conditions as well as the thermal treatment of the catalyst precursors and the post-
synthesis modification strongly influence their phase purity and homogeneity, tex-
tural properties, particle size and morphology, cation distribution in the spinel
structure, density of surface defects and reduction ability and, hence, their catalytic
performance. Also, the redox and electronic properties of the spinels, which are key
factors controlling their activity in total oxidation reaction, can be tuned by varying
their chemical composition. Indeed, the nature of both cations A and M in AM,0,
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= Fe, Mn and Co) binary spinels and the addition of a third cation, which can

lead to a ternary spinel or to phase separation as a function of its ionic size, strongly
influence the catalytic behavior due to synergistic effects between the different cat-
ions or phases rationalized on the basis of enhanced electron transfer and oxygen
nonstoichiometry.

Finally, through the presented examples, this chapter clearly demonstrates the
high potential of Fe-, Mn-, and Co-based spinels as total oxidation catalysts for VOC.
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