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Abstract

Mayenite (12Ca0-7Al,0;) is a mesoporous calcium aluminum oxide, with a characteristic crystalline structure. The frame-
work of mayenite is composed of interconnected cages with a positive electric charge per unit cell that includes two molecules
[Ca24A128064]4+, and the remaining two oxide ions O®~, often labelled “free oxygen”, are trapped in the cages defined by the
framework. Starting from mayenite structure several derivatives have been prepared through advanced synthetic protocols by
free oxygen substitution with various anions. Mayenite and its derivates have been intensively investigated in many applica-
tions which include catalysis (oxidation and reduction, ammonia synthesis, pinacol coupling), environmental sensors and CO,
sorbent materials. In this review, we summarize our recent results on the main applications of mayenite and its derivatives.

Keywords Mayenite - TCE - Catalysis - Oxidation reactions

1 Mayenite (Ca,,Al,,0;;) structure
and preparation methods

During the past decades an increasing interest has been
devoted to the already known material called mayenite,
mainly because of its peculiar chemical structure which is
useful for a wide range of applications. Mayenite (C12A7)
has the formula 12Ca0-7Al1,0; and it is a mesoporous cal-
cium aluminate as shown in the CaO-Al,O; phase diagram.
Discovered in Mayen (Germany) as a rare mineral, mayenite
is mainly found as a component of alumina cements. May-
enite structure has a positively charged lattice framework
[C2124A128064]4+ per unit cell that includes two molecules
and twelve cages with a free space of 0.4 nm in diameter
(Cucciniello et al. 2017a). The chemical formula for the unit
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cell may be represented as [C2124A128064]4+ «20%" and it has
a body centered cubic crystal structure belonging to the I-
43d space group with a=11.989 A and Z=2. The two oxide
ions O%~, namely “free oxygen”, are trapped in the cages
defined by the framework satisfying the overall electroneu-
trality condition. Due to the space confinement, the guest
species are limited to mono or diatomic such as 0%, 0,
0,7, 0,27, OH™ (Ruszak et al. 2007; Dong et al. 2013). May-
enite derivatives were obtained by exchanging the O*~ ani-
ons with other active species, such as OH™, F~ and CI~, O,",
electrons, S2~, CN~ and H™ (Hayashi et al. 2002a,b,2005,20
07,2014a; Kitano et al. 2012; Schmidt et al. 2014; Eufinger
et al. 2015; Proto et al. 2015).

As shown in Fig. 1, the important role played by mayenite
alongside the academic community is also confirmed by the
publications trend: according to the Scopus® database, dur-
ing the past 10 years there has been a sensible increase in the
number of publications about the synthesis, characterization
and applications of mayenite and its derivatives.

Several methods have been reported for the mayenite syn-
thesis, which involves the use of low-cost starting materi-
als (aluminum and calcium precursors, mainly nitrates and
hydroxides). The preparation of mayenite plays an important
role in determining the properties of the material, among
them surface area and concentration of the oxide anion
in the nanocages. This approach is able to modulate the
chemical-physics properties of this functional material and
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Fig. 1 Trend of the peer-review 50
manuscripts per year which con-

tain “mayenite” in abstract, key-

words and title. Adapted from 40
Scopus® (accessed 6/2021)
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consequently the potential application field. Here, we dis-
cuss the most common preparation methods.

Mayenite can be prepared by following the ceramic
method reported by Li et al. (2011), using a stoichiomet-
ric mixture of Ca(OH), and Al(OH); in distilled water.
The mixture is grounded under magnetic stirring for 4 h at
room temperature, afterwards, is placed in a stainless-steel
autoclave at 150 °C for 5 h. The obtained solid is filtered
and dried at 120 °C overnight, crushed into fine powder
and finally placed into a furnace at 1000 °C in air for 4 h.
This material generally shows a very low surface area (< 10
m? g!) and a low reducibility (0.45 mmol H, g~! of may-
enite), determined by means of temperature programmed
reduction (TPR), corresponding to a poor oxygen anion con-
centration in the nanocages (Intiso et al. 2019a).

Mayenite can also be synthesized by following the hydro-
thermal method (Li et al. 2011). In this case, a stoichiometric
amount of Ca(OH), and Al(OH); is mixed with distilled
water. The mixture is ground to powder under magnetic stir-
ring for 4 h at room temperature; afterwards, it is placed in
a stainless-steel autoclave at 150 °C for 5 h. The recovered
solid is filtered and dried at 120 °C for 8 h, crushed into
fine powder and finally placed into a furnace at 600 °C in
air for 4 h. With respect to ceramic, mayenite prepared by
the hydrothermal procedure shows a higher surface area (36
m? g~!) and a higher reducibility (1.19 mmol H, g~!) (Intiso
et al. 2019a).

Another widely employed synthesis method is the citrate-
sol—gel procedure, carried out according to the method pro-
posed by Ude and coworkers starting from calcium nitrate
tetrahydrate, Ca(NOj;), - 4H,0, and AI(NO;); - 9H,0 in
distilled water (Ude et al. 2014). The solution is heated
at 60 °C, then 5 g of citric acid (C4HgO-) are added. The
citrate—nitrate mixture is heated and vigorously stirred at
90 °C until a gel is formed (about 12 h). The resulting gel is
placed in a drying oven at 120 °C until a cake-like structure
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is produced. The solid is then crushed into fine powder and
finally calcined at 1000 °C in air for 4 h. Sol-gel mayenite
reports a surface area of 14.9 m? g~! and reducibility of
1.16 mmol H, g™' (Intiso et al. 2019a). A small drawback
of this procedure is that H, uptake can be affected by the
presence of nitrate impurities, sometimes left during the
preparation.

To increase the surface area and the concentration of
oxygen anions in the nanocages, polymer-assisted combus-
tion preparation of mayenite has been recently reported by
our research group (Intiso et al. 2019b). Intiso et al. showed
that the use of polymethylmethacrylate (PMMA) was able to
increase the surface area of the mayenite up to 47.1 m? g~
Herein, mayenite was prepared by adding different amounts
of polymer (10, 20% w/w) to a stoichiometric mixture of
Ca(OH), and AI(OH); in distilled water. The mixture was
ground to powder under magnetic stirring for 4 h, then
placed in a teflon-lined stainless-steel autoclave at 150 °C
for 5 h. The solid was recovered by filtration and dried at
120 °C for 8 h. After, the solid was calcined to obtain the
mayenite phase following an heating cycle of 2.6 °C/min
from RT up to 500 °C in N, atmosphere, T was kept constant
at 500 °C for 4 h in N, to eliminate PMMA, then raised
again at 1.7 °C/min from 500 to 600 °C in air atmosphere
and finally kept at 600 °C in air for 4 h.

Recently, new synthetic approaches have been investi-
gated to produce porous mayenite powder at milder condi-
tions, especially at lower temperatures as well as modified
sol—gel route in the presence of oxalic acid (Rashad et al.
2016) and an assisted solution combustion synthesis (SCS)
(Da Fumo et al. 1996). Herein, mayenite was prepared via
a single fuel approach by mixing Al and Ca nitrates with
urea or glycine followed by an annealing step at high tem-
peratures (Raab and Poellmann 2011). Recently, Gaigneaux
reported the direct formation of pure crystalline mayenite
with a high specific surface via the solution combustion
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technique using glycine and f- alanine as fuels (Meza-Tru-
jillo et al. 2019). Furthermore, the addition of oxalic acid as
a pore generator was also discussed. The mayenite textural
properties were tuned by varying the calcination temperature
making possible the formation of porous mayenite from tem-
peratures as low as 275 °C, reaching a remarkable specific
surface area of 74 m? g~! at 400 °C and displaying a large
pore volume of 0.3 cm? g7,

Recently, ultrasound-assisted approach was successfully
applied for the synthesis of mayenite from calcium and alu-
minum hydroxides and then subsequently impregnated with
Ni by the wet impregnation method. Ultrasound promoted
an effective dispersion of the precursors in a short time of
10 min leading to a high conversion to mayenite after calci-
nation at 1200 °C. Ultrasound treatment also had a positive
effect on Ni impregnation, increasing the dispersion of the
metal in the support and leading to a stronger interaction of
nickel-containing species with mayenite support (Manera
et al. 2020).

2 Mayenite as active support/catalyst
2.1 VOCs' oxidation and steam-reforming

Volatile Organic Compounds (VOCs) are emitted from a
wide range of outdoor and indoor sources, such as transport
and industrial processes as well as from household products
(Heck et al. 2012; Scire and Liotta 2012). These compounds
have been identified as components of the photochemical
smog and responsible for ground-level smog formation, trop-
ospheric ozone formation, stratospheric ozone depletion and
climate change (Amann and Lutz 2000).

Several techniques have been developed for the destruc-
tion of these contaminants from gases (Aranzabal et al.
2014; Tomatis et al. 2016). Catalytic oxidation represents an
economically effective alternative for the oxidation of VOCs
into CO,, water, and other less harmful products (Liotta
2010). Catalysts allow to work at much lower temperatures
(250-500 °C) than thermal incineration, which results in
the following two main advantages: lower energetic and
operating costs, and reduction of undesirable by-products
formation.

Generally, catalytic activity is evaluated by monitoring
the conversion as a function of the temperature (also known
as light-off curve) (Aranzabal et al. 2014). T, and Ty, (tem-
peratures at which 50% and 90% conversion is reached) are
commonly used to evaluate catalyst activity.

Catalyst activity, selectivity and stability are fundamen-
tal parameters to address the choice of an efficient material
for the abatement of VOCs. Several factors such as water
and other VOCs as hydrogen-supplying compounds can
influence catalytic activity and product (Aranzabal et al.

2014). Catalyst deactivation is due to several mechanisms
that occur depending on the type of the reaction. The most
important are as follows: coke deposition, poisoning, vola-
tilization of active phase and thermal degradation (Aranza-
bal et al. 2014).

In this scenario, mayenite was successfully employed
as an active support for catalysts (or as a catalyst material
itself) for VOCs’ destruction. Furthermore, the ability of
storing oxygen ions in the nanocages is a unique property of
mayenite and several works show its application in catalytic
processes as an oxidant species (Vernoux et al. 2013). The
most promising characteristic of mayenite to be exploited
for catalysis is that the encaged oxygen species can migrate
between the surface and the bulk and they can be gradually
released at elevated temperatures or stored (Lacerda et al.
1988; Teusner et al. 2015, 2016). Therefore, the reported
catalytic activity properties of mayenite have often been
associated with its strong oxidation ability and have been
exploited for applications as oxidation catalyst or active sup-
port for metals in oxidation reactions.

Indeed, the use of mayenite as substrate for Ni catalyst
was reported for biomass tar steam reforming in a fixed bed
reactor using toluene as tar destruction model compound.
1% Ni on mayenite shows excellent performances either in
absence and presence of H,S. Moreover, Ni/Ca,Al,,03;
showed excellent sustainability against coke formation due
to the “free oxygen” in the catalyst. 0,°~ and O, inhibit Ni
poisoning due to the sulphur incorporation in the cages (Li
et al. 2009).

Hosono et al. have investigated the partial oxidation of
methane to CO and H, over mayenite-promoted metals such
as Ni, Co, Pt, Rh and Ru (Yang et al. 2004). On Ni, Pt and
Pd/C12A7, this reaction readily happened at temperatures
as low as 500 °C and attained thermodynamic equilibrium.
Mayenite without any metal catalyst shows good perfor-
mance in the partial oxidation of methane as well. Further-
more, ethane and ethene were also formed at temperatures
higher than 650 °C (10% selectivity at 800 °C) due to the
existence of active oxygen (O~, 0>~, 0,>7) in C12A7 which
readily activated methane into radicals and caused their cou-
pling. When mayenite was promoted by Ni, Pt and Pd, par-
tial oxidation of methane into CO and H, readily proceeded
even at 500 °C.

The role of mayenite as an active catalyst for the VOCs
oxidation was investigated by Fujita et al. (2006). They
synthesized and tested different calcium aluminosilicate
(Ca,Al,,055 (C12A7), Ca,Al4S1,05, (C12A6) and
Ca ,Al;,S1,035 (C12A5)) for the total oxidation of propyl-
ene and benzene. Mayenite was found to be the most active
catalyst for the oxidation of both pollutants at 575 °C. Both
CO and CO, were formed from the oxidation of benzene,
whereas only CO, was formed from the oxidation of propyl-
ene. The authors attributed the major activity in oxidation
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reaction to O, instead of O,>~. In fact, contrary to 0,%~, the
O, signal was found to disappear upon reacting with hydro-
gen and to appear again by reacting with oxygen. This pref-
erential disappearing/appearing behavior suggests the higher
reactivity of O, species for the oxidation of hydrocarbons.

The authors pointed out that without catalyst (only frag-
mented quartz glass packed), the oxidation reaction of
propylene started around 600 °C, while, in the presence
of the catalyst, the same reaction was observed at 400 °C.
Same results were observed for benzene oxidation; also in
this case, the presence of calcium aluminosilicate catalyst
allowed to reach lower temperature for the total oxidation
of the pollutant.

Zhang and co-workers reported the use of mayen-
ite 12MO-7A1,0; (M =Ca, Sr) as active support for
La, 3Sry,MnO; (LSM) cordierite monoliths catalyst, to
improve its thermal stability (Zhang et al. 2014). The cata-
lytic performances of the synthesized materials were evalu-
ated for methyl methacrylate combustion.

LSM/C,,A, shows the best activity among the three
monoliths. Tyg of MMA on the LSM/C ,A, is about 270 °C,
while Tog on the LSM/AL,O; is 305 °C and on the LSM/
CH, Ty above 340 °C. Thus, the C,,A; support obviously
improves both the physicochemical properties and the cata-
lytic activity of LSM monolith and it is a better supporting
material for LSM monolith with respect to y-Al,O5. These
results are due to the mayenite capability to enhance the dis-
persion of LSM and to inhibit the interaction between LSM
and cordierite or y-Al,Oj5; both crystal structure and surface
morphology of LSM phase can thereby be stable on the may-
enite surface even at high temperature (up to 1050 °C).

Phenol, used as a tar model compound in a laboratory-
scale fixed bed reactor, steam-reforming was carried out by
Wang et al. (2020). The Ni/CaO-Ca,,Al,,05; prepared by
calcination—hydration method exhibited a higher hydrogen
production. The optimum operative condition for the process
was obtained at the temperature of 650 °C with S/C ratio of
3.0. Under this condition, the maximum H, concentration of
69.75% was achieved for Ni/CaO—Ca,,Al,,05;. The corre-
sponding H, yields were 1.61 Lg~! and 1.45 Lg™'. However,
a rapid deactivation of the Ni/CaO-Ca,,Al,;,O5; catalytic
sorbents occurred during the cyclic tests due to the carbon
deposition on the catalyst surface.

Scaccia et al. reported the dry reforming of methane over
15 wt% Ni/CaO-Ca,,Al,,05; catalyst in a microreactor in the
temperature range 600-800 °C under atmospheric pressure,
at a weight hourly space velocity (WHSV) of 120 Lg~! h™!
and by time on stream of 12 h for producing synthesis gas.
The presence of CaO avoids the formation of coke deposit
onto the catalyst surface increasing the reaction productivity
(Scaccia et al. 2021).

Mayenite was also used in combination with iron catalyst
as in the work of Zamboni and coworkers where Fe/CaO/
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Mayenite acts as catalyst in toluene steam reforming. Fe
promotes the H, production, whereas CaO/mayenite simul-
taneously captures CO, during several cycles of carbona-
tion—decarbonation (Zamboni et al. 2015). Moreover, the
presence of the Ca;,Al;,O4; phase improves the CaO sur-
face properties and stabilizes the CO, sorption capacity dur-
ing several cycles. The Fe/CaO/Ca,,Al,,05; bi-functional
material showed the best properties for the simultaneous
toluene steam reforming at low temperature and CO, cap-
ture at 700 °C evaluated as a good compromise for CO,
sorption and biomass gasification. The same authors have
also reported the use of olivine (mixture of Mg,SiO, and
Fe,S10,) catalyst supported on CaO or CaO—Ca,,Al;,05;
used as CO, sorbent phases in biomass reforming of hydro-
gen production in a fast internal circulating fluidized bed
biomass gasifier (Zamboni et al. 2014). The enhancement
of catalytic activity in tar conversion for these bi-functional
materials compared to olivine was demonstrated and attrib-
uted to the presence of well-dispersed iron oxides and the
high content of sorbent on the olivine surface.

2.2 Oxidation of chlorinated compounds

Among VOCs, Cl-VOCs are organochlorinated compounds
that present widespread applications in industry and show
high toxicity and stability in the environment. TCE is a chlo-
rinated solvent that belongs to the class of dense non-aque-
ous phase liquids (DNAPLSs) pollutants (Liotta 2010; Rossi
et al. 2015). It is a colorless non-flammable liquid, hardly
soluble in water with a sweet smell. Very recently, it has
been classified into group 1 compounds by the IARC (Inter-
national Agency for Research on Cancer), indicating that it
is certainly carcinogenic to humans (IARC Working Group
on the Evaluation of Carcinogenic Risks to Humans 2014).
Catalytic oxidation of TCE represented a very efficient tech-
nique to operate at lower temperatures (200-600 °C) with
a drastic reduction of energetic costs with respect to classic
thermal incineration methods. In the past few years, several
works reported the preparation of catalysts able to oxidize
TCE. In particular, metal oxides and supported noble metals
have been described as active catalysts, but they also have
some limitations due to the formation of toxic by-products,
such as chlorine and perchloroethylene (Lopez-Fonseca et al.
2004; Divakar et al. 2011; Romero-Séez et al. 2016).
Blanch-Raga and coworkers synthesized and used
hydrotalcite-like compounds to host metal catalysts, such as
Mg(Fe/Al), Ni(Fe/Al) and Co(Fe/Al), showing good perfor-
mances for the TCE oxidation, mainly due to the presence of
0,™ and O, sites that enhance the catalytic productivity. At
the same time, the authors observed the formation of several
by-products (HCI, PCE and Cl,) (Blanch-Raga et al. 2014).
Acid zeolites have also been evaluated, showing a good
activity but suffering a deactivation process due to chlorine
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attack and coke deposition to the active sites (Aranzabal
et al. 2012).

In order to improve the catalyst activity and selectivity
towards less harmful products, a combination of transition
metal and zeolite has been proposed by several authors.
Blanch-Raga et al. prepared and tested Cu- and Co-doped
beta zeolites in the TCE oxidation (Blanch-Raga et al. 2016).

The results showed that Cu-zeolite synthesized by ion
exchange was the best catalyst in terms of activity and selec-
tivity, due to the combination of the zeolite acidic properties
with the metal redox properties.

Similarly, Golabek et al. reported the activity of differ-
ent Cerium- BEA zeolites for the TCE oxidation (Gotabek
et al. 2019). It was shown that highly developed mesopore
surface area, well-dispersed cerium species and a high num-
ber of Brgnsted sites result in a higher activity. Moreover,
the hierarchical materials with a higher density of hydroxyls
showed higher yields to HCI while the formation of chlorine
was avoided.

In this context, many efforts are directed towards the
research of new catalysts able to oxidize TCE with high
productivity, selectivity and recyclability. The use of noble
or transition metal-free catalysts has to be preferred to avoid
the metals depletion and the high costs for their recovery at
the end of the material life-cycle. In the past few years, our
research focused on the use of mayenite as an active catalyst
for the total oxidation of trichloroethylene (TCE) (Cuccin-
iello et al. 2017a).

We reported the use of undoped mayenite as catalyst for
the oxidation of gaseous TCE. The catalyst was synthesized
by using a hydrothermal method and TCE oxidation was
carried out in a stainless-steel fixed bed reactor. Figure 2
reports TCE conversion over mayenite catalyst.

As can be seen, the catalytic oxidation of TCE started at
T>200 °C, and the conversion drastically increased with the
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Fig.2 TCE oxidation over mayenite catalyst

temperature, and it reached the values of 75% and 90% for
a temperature of 400 °C and 450 °C, respectively. Further-
more, the results showed that TCE was totally converted in
CO, and CO and the released chlorine was incorporated in
the mayenite structure. As mentioned in the introduction, the
high performance of the catalyst is related to its oxidative
properties due to the presence of O, and 0,2~ anion sites
that favors the total oxidation of TCE and avoid the forma-
tion of coke.

Later, we investigated how metal loading can improve
mayenite activity. In particular, several mayenite-based
catalysts loaded with iron (Fe/mayenite) were prepared and
tested for TCE oxidation (Fig. 3).

As can be seen, mayenite loaded with the maximum
amount of Fe (2.0%) was found to be the best catalyst syn-
thesized for the TCE oxidation reaction. This result was
related to the strong interaction between the transition metal
with the mayenite framework, which enhanced the catalytic
performance of the material (Cucciniello et al. 2019).

Fe/mayenite was found to be more active and stable than
the pure material for TCE oxidation, maintaining the same
selectivity. This result was interpreted as the synergistic
effect of the metal and the oxo-anionic species present in
the mayenite framework, thus promoting TCE oxidation,
while avoiding catalyst deactivation. The selectivity was
also evaluated, and the results showed that the presence of
Fe on the mayenite structure did not alter the selectivity
of the reaction, and the main products observed were CO,,
CO and HCI. Stability test was also performed for 2.0%
Fe/mayenite, in comparison with pure mayenite, by using
the catalyst for several hours (12 h) at operative conditions
(T=460 °C, 1700 ppm TCE, GHSV =6000 h™!, 0.8 g of
catalyst). The results showed that the addition of iron in the
mayenite framework allowed to improve the stability of the
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Fig. 3 TCE conversion for Mayenite (circle), 1.5% (square) and 2.0%
(triangle) Fe/Mayenites
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material. Indeed, a partial deactivation of 2.0% Fe/mayenite
was observed only after 12 h, whereby pure mayenite was
totally deactivated after 6 h.

From these results, we realized that mayenite structure
and its catalytic activity are strongly connected. Thus, we
focused our research to evaluate the influence of different
synthetic methods on the mayenite activity for TCE oxida-
tion. Mayenite catalyst was prepared and characterized by
using hydrothermal (HA), sol-gel (SG) and ceramic (CR)
methods, to obtain materials with different physicochemi-
cal properties (crystalline structure, surface area and redox
properties) (Intiso et al. 2019a).

The synthesized catalysts have been evaluated for the oxi-
dation of TCE by monitoring the conversion as a function
of the temperature. Figure 4 reports the light off curves for
a blank experiment, Mayenite HA, SG and CR in absence
of water. For blank experiments (thermal oxidation) there
was no conversion below 500 °C, while in the presence of
mayenite HA, the catalytic activity started at around 200 °C.

As clearly shown in Fig. 4, mayenite prepared by the
hydrothermal route showed the best performance in the
absence of water. The catalyst 7’5, was around 350 °C, whilst
for mayenite SG and CR was 390 °C and 450 °C, respec-
tively. The conversion yield was found to increase drastically
with the temperature, until a total conversion was reached
at 550 °C for mayenite HA, where for Mayenite CR and SG
only the ~85% conversion of the pollutant was obtained.

The differences in the catalytic activity can be related
with the different physicochemical properties of the synthe-
sized materials.

Mayenite prepared by hydrothermal route presented the
highest surface area (measured by BET analysis), the high-
est hydrogen consumption (measured by TPR analysis) and
the highest activity. These results are consistent with the
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Fig.4 TCE conversion in a blank experiment, with mayenite HA,
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existing literature about the fact that activity of the mayenite
is related to the presence of O*~and O,>~ anions that favor
the total oxidation of TCE (Pitkdaho et al. 2011; Joung et al.
2014).

It seems that mayenite synthesized by the hydrothermal
method has a good combination of surface area and redox
properties that explain the great activity of this material in
the TCE oxidation reaction.

The effect of water vapor in the TCE oxidation was also
investigated. The results showed that the addition of water to
the feed stream did not alter the activity of the mayenite HA.

The selectivity of the reaction was evaluated and the main
oxidation products obtained in the trichloroethylene oxida-
tion were found to be carbon dioxide (CO,), carbon mon-
oxide (CO) and hydrogen chloride (HCI). At all the inves-
tigated temperatures, chlorine (Cl,) and tetrachloroethylene
(PCE) were only detected in trace. Furthermore, a stability
test exhibited that after 5 hours of reaction a relevant deac-
tivation of hydrothermal mayenite occurred.

Finally, in order to improve hydrothermal mayenite per-
formances for the TCE oxidation, we developed a new syn-
thetic procedure, based on the addition of different amount
of PMMA (10% and 20% w/w) as a soft template agent dur-
ing mayenite synthesis (Molina and Poncelet 1998; Solsona
et al. 2017). The light off curves of the synthesized mayen-
ites for the TCE oxidation are reported in Fig. 5.

As clearly shown, mayenite 10 was found to be the best
catalyst in terms of T, and Ty, At 200 °C: it was able to
degrade (8% of conversion) TCE, while mayenite and may-
enite 20 were still inactive. The catalyst T, and Ty, for may-
enite 10 were around 350 °C and 440 °C, whilst for may-
enite and mayenite 20 being 350/490 °C and 370/450 °C,
respectively.
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Fig.5 TCE conversion for mayenite (rhombus), mayenite 10 (square)
and 20 (circle)
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As for the studies reported above, the differences among
the catalytic activity of the three materials must be related
to their different physicochemical properties. In particu-
lar, the highest BET surface area and the highest amount
of O, represented the main features determining the best
catalytic performances observed for mayenite (Cucciniello
et al. 2017a; Intiso et al. 2018).

Thus, in order to prepare an active catalyst for the TCE
oxidation, an optimum combination of high surface area and
oxidative properties is required. This can be obtained by
preparing mayenite-based catalyst by adding PMMA as a
soft template agent.

Reaction selectivity was also evaluated and the results
showed that the main TCE oxidation products were CO,, CO
and HCI, confirming our studies described above.

With respect to previous catalytic systems based on
noble-metals supported catalysts, mayenite shows several
advantages, namely (i) a total conversion of TCE in less
harmful C1™ and CO,, (ii) the presence of free 0% ions
made unnecessary the use of noble and heavy metals, thus
reducing the costs and the environmental impact at the end
of the material life-cycle and (iii) inexpensive precursors
for the material synthesis, such as calcium and aluminium
hydroxides.

2.3 Mayenite hydrides and electrides

The substitution of the oxygen anions in the nanocages with
H™ promotes the formation of the so-called mayenite hydride
(Hayashi et al. 2014b; Jiang et al. 2019). This material has
been efficiently used for the reduction of organic com-
pounds. As a matter of fact, selective benzaldehyde reduc-
tion to benzyl alcohol was accomplished using Pd dispersed
on mayenite (Ca;,Al,,033) support. Benzaldehyde reduc-
tion was observed in H, atmosphere (120 °C, 8 atm) and
the catalytic performances compared to commercial Pd/C
catalyst are superior in terms of selectivity and comparable
as activity (Proto et al. 2015). The reduction proceeds also
in the presence of sole mayenite as evidence of mayenite
hydride activity. The use of mayenite hydrides has been also
reported as co-catalyst in hydrogenation reaction. The incor-
poration of C12A7-H™ increases the reaction rate constants
and turnover frequencies of NiW catalysts in hydrodesulfuri-
zation of dibenzothiophene. The use of C12A7-H™ promotes
the reducibility of NiW catalysts, resulting in higher sulfi-
dation degree and more Ni-W-S species (Liu et al. 2021).
Moreover, mayenite was proved to be a cost-effective mate-
rial, in the hydride state (H™), for hydrogen storage and
transportation (Visbal et al. 2021). The authors described
the hydrogen desorption by the reaction of mayenite with
water. This reaction favors the desorption of hydride ions
trapped in the structure. This recently published result is
of high interest also in the light of potential application of

mayenite (100% recyclable because the cage structure can
be recovered by heat treatment after hydrogen desorption)
in portable devices.

A class of extraordinary interest is represented by elec-
tride. Electrides are materials in which electrons behave as
anions. Mayenite electrides were reported by Hosono and
coworkers in 2003 and that they are stable in air at room
temperature exhibiting metallic characteristics (ionic con-
ductivity 1500 S cm™') and a low work function of 2.4 eV
(Matsuishi et al. 2003). One of the most investigated applica-
tions of these electrides consists in the use as active support,
mainly for Ru, for ammonia synthesis from N, and H,. High
surface area (20 m? g~!) electrides are produced through
mayenite reduction with CaH,. Ru/HT-C12A7:e™ catalyst
shows high productivity in the NH; synthesis with a maxi-
mum (2.4 mmol g~! h™!) at 1173 K, which is superior to
that for conventional Ru catalysts (Inoue et al. 2014). The
electron-donating ability of HT-C12A7:e” is able to pro-
mote N, dissociation on the Ru catalyst. Mayenite electrides
have been also reported as active materials in (i) the pinacol
coupling reaction in aqueous media (Buchammagari et al.
2007), (i1) the selective hydrogenation reactions, in combi-
nation with Ru-Fe nanoalloy, of @, f-unsaturated aldehydes
to the corresponding unsaturated alcohols, and (iii) Suzuki
cross-coupling reaction (Ye et al. 2016).

3 Other relevant applications of mayenite
and its derivatives

Mayenite and mayenite-based materials have been exten-
sively used in the past for a wide range of applications. In
2008, Ruszak et al. studied the high-temperature decompo-
sition of nitrous oxide, N,O, over mayenite (Ruszak et al.
2008). This application is very interesting because in the
nitric acid plants, N,O is an undesirable by-product and
two types of N,O removal technologies are available on the
market: a non-catalytic one and a catalytic one. The non-
catalytic technique involves the thermal destruction of N,O
and mayenite support can be used in this context. Authors
show an appreciable conversion of N,O above 850 K and
upon reaching the process temperature of 1150 K the decom-
position of nitrous oxide achieved ca. 90%. From a mecha-
nistic point of view, for the N,O decomposition over oxide
catalysts not containing transition metal ions the anionic
redox mechanism initiated by the oxygen atom transfer was
proposed. In this context the peculiar feature of mayenite,
with its large capacity for storage of the subsurface oxygen
species, opens two interesting mechanistic pathways: super-
ficial recombination of surface peroxy ions and interfacial
recombination of surface peroxy with cage and surface oxy-
gen species.
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CaO/mayenite-based materials have been also used as
active sorbents for atmospheric pollutants in active and
passive samplers (Guerranti et al. 2016). The first use of
mayente for this application was reported in 2012 in com-
bination with CaO for CO, passive sampling. Mayenite
was used to increase the sorbent particle size in order to
inhibit the sorbent leaking from the device (Cucciniello et al.
2012). CaO/Ca ,Al 4,055 75:25 w/w sorbent has been also
used for passive sampling of atmospheric carbon dioxide
for 613C analysis in both indoor and outdoor places (Proto
et al. 2014; Pironti et al. 2021). Successively, mayenite-
based sorbents were employed as active substrates for NO,
sampling. Herein, various CaO/Mayenite substrates having
different weight ratio (w/w) composition were prepared and
their reactivity towards NO and NO, was evaluated. FTIR
and ion chromatography analysis showed a good capacity of
both NO and NO, sorption through the formation of nitrates
and nitrites species on the sorption surface (Cucciniello et al.
2013). The as-obtained results have further been applied for
the preparation of a new NO, active sampler based on may-
enite as sorbent (Cucciniello et al. 2017b).

4 Conclusions

In conclusion, mayenite shows interesting applications as a
consequence of its peculiar chemical-physics properties. The
main features of mayenite have been evaluated in oxidation
reactions, especially for environmental pollutants degrada-
tion. Mayenite acts as active catalyst due to the presence of
oxygen anions into the nanocages that are able to oxidize
organic and inorganic compounds. Mayenite derivatives,
obtained through the anion exchange, also exhibited excel-
lent performances as both active and reactive support or as
catalyst in several important processes.
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