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Abstract

This paper reports the activity of different Ce-BEA zeolites for the catalytic oxidation of
trichloroethylene and it is focused on determining the nature of the catalyst active sites. The study
was made by using a microporous zeolite BEA, two types of desilicated BEA zeolites and mildly
steamed desilicated BEA zeolites. The catalysts were prepared by introducing Ce to the zeolites with
incipient wetness impregnation and their structural, textural, and acidic properties were established.
The evolution of TCE conversion was correlated with the physicochemical properties of the zeolites.
It is shown that highly developed mesopore surface area, well-dispersed cerium species and a high
number of Brgnsted sites results in the highest activity. The activity and selectivity of the Ce-loaded
zeolites were found to be dependent on the number of high strength Brgnsted acid centres. The
formation of tetrachloroethylene needed the presence of Brgnsted acid sites. Similarly, the
hierarchical materials with a higher density of hydroxyls showed higher yields to HCl while the

formation of chlorine was prevented.

Keywords: cerium; zeolites; acidic properties, oxidation of trichloroethylene; superoxide radicals
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1. Introduction

Industrialization, while important for the economic growth and development of a society has a major
impact on the natural environment. Chlorinated hydrocarbons (CI-VOCs), belonging to the group of
volatile organic compounds (VOCs), have gained acceptance as chemical solvents and intermediates
in the polymer industry but the harmful effects of VOCs emissions have led to new environmental

legislation [1].

Thermal incineration is a commonly used method for the treatment of streams containing a high
concentration of volatile organic compounds. The main disadvantage of this approach, from the
economical point of view, is the high cost of exploitation e.g. to achieve complete trichloroethylene
(TCE) destruction, temperatures exceeding 800 — 1200 °C are required. Simultaneously, other
disadvantages from the environmental point of view are the poorly controlled emissions of
undesirable by-products, dangerous for human health [2,3]. Some alternative technologies have
been proposed e.g. low-temperature condensation [4], biochemical methods [5], adsorption-based
techniques [6] and catalytic combustion [7]. The last one is the most interesting from the economic
and environmental point of view as it uses low temperatures and does not transfer the pollutants to

another phase as in condensation or adsorption technologies.

Different catalysts as alumina supported noble metal have been deeply investigated in terms of
destructive oxidation of CI-VOCs [8]. It has been described that the use of platinum and palladium as
active phases results in active and selective catalysts at low temperatures, however, their industrial
application is limited because of the cost and sensitivity of the noble metal catalysts that can be
easily poisoned [9,10]. Thus, non-noble metal catalysts such as Cu or Co-BEA [11], Cu—CuNaHY [12],
Cu/Mg/Al hydrotalcites [13], Mo and/or W-based bronzes [14], Co/Ni-Fe-Al mixed oxide [15], Mn-
doped ZrO; [7], V20s—WOs3/TiO, [16] or mayenite materials [17], become low cost alternatives
offering improved activity and resistance to poisoning. Especially, zeolites have gained interest as
potential active catalysts in CI-VOCs oxidation [18,19] because of their high surface area, adsorption
capacity and thermal stability. Recent literature reports have revealed the potential of H-zeolites as
an effective alternative to noble and metal oxide catalysts used in most commercial applications for
VOCs removal [20,21]. G.A. Atwood et al. [18] have shown that at room temperatures acid sites
located in ZSM-5 facilitate TCE adsorption resulting in an improved oxidative activity [19]. Kosusko et
al. [3] have established a relationship between the catalytic activity for VOC destruction and the

adsorption capacity of reactants over zeolites.

Cerium oxide plays an essential role as an oxygen-storage component. Its catalytic activity is linked

with the ability to undergo a facile redox reaction, namely Ce* to Ce*. This in turn enables Ce-based
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catalysts to mimic analogous behaviour of noble metals[22]. Therefore, the Ce-based materials serve
as an oxygen buffer in prominent chemical reactions, most notably water-gas shift reactions,
hydrocarbon oxidation[23], NOx conversion into nitrogen[24,25], and oxidation of chlorinated volatile
organic compounds. A plausible reaction mechanism of TCE catalytic combustion over CeO, catalysts
is following: TCE associatively adsorbs on the active sites of CeO; surface, chemisorption takes place
by breaking two C—Cl bond. Then a chloroacetylene (C;HCI) intermediate is formed on the CeO;
surface. This intermediate is very reactive thus can be easily dissociated further by CeO,. The
dissociated C;HCI can be totally oxidized by adsorption oxygen species (07)[26]. If the residence time
for C,HCI molecule is short sufficiently this intermediate undergo further dissociation and
decomposition to HCI/Cl, and CO,/CO on active sites of CeO; catalysts. Unfortunately, at prolonged
residence times the formation of 1,2,4-, 1,2,3- and 1,3,5-trichlorobenzene, and hexachlorobenzene
has been reported[27]. Ceria may therefore play a dual role in the destruction/formation of aromatic
pollutants as it strongly fixes phenyl radicals; a crucial step in the surface-mediate formation of

dioxin-type compounds[28,29].

In the fully TCE oxidation relatively non-hazardous compounds such as carbon dioxide, water, and
hydrochloric acid are obtained. However, it is well known that Al-O bonds in the zeolite framework
can be easily attacked by the HCl formed, leading to the formation of volatile AICls. Extraction of Al
atoms causes an intense drop in the acidic properties as well as clogging of micropores or even a
partial collapse of the zeolite framework [30-32]. The type of zeolite structure, the Si/Al ratio, the
number of Brgnsted acid sites, the crystal size or the number of defect sites are factors affecting the
demetalation processes of a zeolite [33] and this is strongly enhanced by the presence of water and
HCI. Then, the modification of the pore hierarchy in the zeolite through the production of secondary
mesoporosity, by a caustic treatment, may favour a fast diffusion of both HCl and water molecules
preventing the Al-sites from extraction. Besides, the presence of intracrystalline mesoporosity can
also alter the speciation of both redox and acid sites in the zeolite. For instance, Al atoms reinserted
[34] in the zeolite framework during alkaline treatment were found to form protonic sites of the
nature similar to the protonic sites in amorphous aluminosilicates. Those protonic sites have shown
lower resistance toward dehydroxylation than typically zeolitic Si(OH)AI bridging hydroxyls [35-37].
What is more, aluminium centres located on the mesopores surface can react with molecules

containing Cl.

In this work, we attempted to answer the question whether the nature of acidic sites influences the
oxidation of trichloroethylene by changing the acidic properties of the microporous zeolites with
caustic and thermal treatments. Such procedure provoked the transformation of the Si(OH)AI

bridging hydroxyls into both Lewis as well as new Brgnsted acid sites, typical of mesoporous

4



1 amorphous materials. The catalytic parameters of the materials obtained were discussed in terms of

2 acid sites, pore hierarchy, and cerium dispersion.
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2. Materials and methods

2.1. Catalysts preparation

A commercial microporous ammonium beta zeolite of Si/Al=19 (CP814C supplied from Zeolyst
Corp.) denoted as H-B was used as parent material. The mesoporous materials were prepared from
the parent zeolite by a caustic treatment. It was performed with a 0.2 M solution of NaOH or with a
0.2 M solution containing a mixture of NaOH and TBAOH with a molar ratio TBAOH/(NaOH+TBAOH)
of 0.4 (samples denoted as H-BN and H-BT, respectively). 100 cm?® of the solution was added to 3.0 g
of zeolite at 65°C for 15 min. After that the suspension was cooled down in an ice-bath, filtered and
washed until neutral pH. Subsequently, Na*/NH," ion-exchange was carried out using a 0.5M solution
of NH4NOs3 at 65°C for 1 h. Finally, the zeolites were again filtered, washed with distillate water and
dried overnight at room temperature. All the zeolites were calcined at 450°C for 7 h to be transferred
in their protonic forms. Mildly steamed materials, hereafter denoted with 550 as a subscript, were
obtained by the calcination of zeolites at 550°C in the presence of water vapour in static conditions.
v-Alumina and silica were used as reference catalyst supports to investigate an effect of the support-

originated Lewis acid sites on oxidation of trichloroethylene.

The incorporation of the cerium to all the samples was realized by incipient wetness
impregnation. The dry support was impregnated with an aqueous solution of cerium nitrate
hexahydrate (Ce(NOs); 6H,0 >99% from Merck). The nominal mass loading of cerium was 2% wt. for
all catalysts. To achieve incipient wetness a liquid/solid ratio of 1.12 cm®/g was used. After
impregnation, the samples were dried overnight at room temperature and calcined at 450°C for 7 h

in air atmosphere.
2.2. Catalyst characterization

The textural parameters of the catalysts were obtained by liquid nitrogen sorption (-196 °C)
measurements on ASAP 2420 Micromeritics after activation in vacuum at 400 °C for 12 h. Surface
areas were calculated using the Brunauer, Emmet and Teller (Sger) model and the de Boer “t-plot”
method was applied to calculate the micropore volume (V,) and micropore surface area (S.). The

external surface area was estimated as Sexr = Sger - Sy.

Powder X-ray diffraction patterns (XRD) were collected using a PANalytical Cubix diffractometer,
with CuK, radiation, A = 1.5418 A and a graphite monochromator in the 26 angle range of 5-50°. The
X-ray patterns were used to determine the relative crystallinity value (%Cryst) for all studied
catalysts. The calculation of the relative crystallinity value was based on the integral intensity of the

characteristic peaks in the range between 20° and 30°.
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The chemical composition of all samples was achieved by inductively coupled plasma (ICP-OES)
measurements in a Varian 715-ES ICP-Optical Emission Spectrometer. The samples were degassed

under vacuum at 350 °C for 10 h prior to analysis.

The temperature-programmed reduction (TPR) of all the catalysts was carried out using the flow
of mixture gases H, and He (10 vol % H; in He) as a reducing agent (flow rate = 40 cm® min?). A
sample (20 mg) in the form of powder was packed in a quartz tube (@ = 5 mm), treated in a flow of
helium at 250 °C for 2 h, then in oxygen flow for 1 h at the same temperature and cooled to room
temperature (RT). Then the catalyst was heated at a rate of 5 K min™ to 800 °C in the presence of the
reducing mixture. Hydrogen consumption was measured by a thermal conductivity (TCD) detector.
For calibration, known amounts of hydrogen were injected into the hydrogen-helium flow (before

and after each TPR run).

The high-resolution TEM micrographs were obtained using transmission electron microscope
(JEOL 2100F UHR) working at 200 KV, with Field Emission Gun (FEG). The sample was suspended in
ethanol and sonicated for 5 min. A drop was deposited onto a copper grid coated with an ultrathin

layer of carbon until dryness.

FTIR study of the samples was made using self-supporting wafers (ca. 5-10 mg/cm?). Prior to the
study, the materials were pre-treated in situ in the quartz IR cell at 450 °C or 500 °C under vacuum
conditions for 1 h. The IR spectra were recorded with a Vertex 70 spectrometer equipped with an
MCT detector. The spectral resolution was 2 cm™. The concentration of Brgnsted and Lewis acid sites
was determined by quantitative IR adsorption studies of pyridine (Avantor Performance Materials
Poland S.A.). The sample was saturated with pyridine vapour at 170 °C and next evacuated at the
same temperature to remove the gaseous and physisorbed pyridine molecules (Py). Then, the IR
spectrum was taken at the same temperature. The concentration of Brgnsted and Lewis sites was
calculated using respectively the intensities of the 1545 cm™ band of the pyridinium ions PyH* and
the 1450 cm™ band of pyridine coordinatively bonded to Lewis sites (PyL). The values of the
extinction coefficient were 0.07 cm?/ umol™? for the PyH* band and 0.10 cm?/umol™ for the PyL band
[36].

The acid strength was determined based on Py thermodesorption studies. The conservation of
the 1545 cm™ band of the PyH* ions band under the desorption procedure at 450 °C was taken as a
measure of the acid strength. The ratio, Pysso/Pyi70 (Pyaso and Pyi70 are intensities of PyH* ions band
upon the desorption at 450 °C, and evacuation at 170 °C, respectively) expresses which ratio of

pyridine molecules neutralizing protonic sites survived the desorption at 450 °C.
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The micro-Raman analysis was performed with a Renishaw InVia dispersive spectrometer
equipped with a CCD detector and integrated with a Leica DMLM confocal microscope. An excitation
wavelength of 514.5 nm was provided by an Ar-ion laser (Spectra-Physics, model 2025). The spectra
were recorded at ambient conditions with the resolution of 2 cm™. The Raman scattered light was
collected with a 500lympus objective in the spectral range of 1000-2000 cm™. The same number of
accumulations were taken from three different points of the surface of each catalyst and then

averaged.

CW-EPR spectra were recorded using Bruker X-band ELEXSYS E500 spectrometer operating at
9.7 GHz and 100 kHz magnetic field modulation. A microwave power of 2 mW, modulation amplitude
of 0.1 mT, a conversion time of 81.92 ms, a time constant of 40.96 and 16 scans were applied in the
measurements. The samples were measured without prior activation, after degassing for 30 min at
room temperature and after activation at 450°C under vacuum. In the next step adsorption of 50
Torrs of oxygen at 450°C was performed. After 20 minutes, the samples were outgassed for 1 min at
the same temperature. Spectra of all samples were recorded at ambient and liquid nitrogen
temperatures (-196 °C). In order to determine the EPR parameters of the paramagnetic species, a

simulation procedure (EPRSIM32) was used [38].
2.3. Catalyst activity

Prior to the catalytic tests, all the catalysts were pelletized, then crushed and sieved to obtain
grains of 0.25-0.45 mm diameter. The catalytic tests have been performed in a quartz fixed bed
reactor. The desired mass of the catalyst (0.68 g) was placed on a quartz plug located inside the
reactor. Crushed quartz was placed above the catalyst as a preheating zone. The temperature was
measured with a K-thermocouple located inside the reactor and the reactor was heated using an
electric oven. The flow rate was set at 400 cm® min™ and the gas hourly space velocity (GHSV) was
15000 h'! at atmospheric pressure. The residence time, based on the packing volume of the catalyst,
was 0.24 s. Liquid trichloroethylene was injected in air flow with a syringe pump in order to have
1000 ppm of TCE in the gas flow. The reaction temperature was increased from 150 to 550 °C in steps
of 50 °C. The catalysts were kept at each temperature for 30 min before the analysis of the gaseous
products. The overall length of the reaction was 6 h. The organic compounds present in the gas flow
were analyzed with a Bruker 450 gas chromatograph equipped with an HP-5 column and with a flame
ionization detector. CO and CO; were separated with micropacked columns and analyzed with a
thermal conductivity detector. The chlorine products, i.e. Cl, and HCI were absorbed in a solution
containing NaOH 0.0125 M. The concentration of the absorbed Cl, was determined by titration and

the HCI concentration was measured using an ion selective electrode. All the experiments were
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repeated three times to assure the reproducibility of the results. In all the experiments the error
analysis of triplicate results was under 5%. Calculation of conversions and selectivities is described

elsewhere. [11]

3. Results and discussion
3.1. Structural and textural characterization

XRD patterns of cerium-containing zeolites show the presence of the characteristic peaks of
BEA zeolites with peak intensities similar to those of the native supports confirming the stability of
catalysts prepared. However, some loss of crystallinity in detected (% Cryst., Table 1) due to the
generation of secondary mesoporosity. No amorphous material was detected and no peaks
associated to cerium oxides were observed, indicating that cerium particles are beyond the detection
limit of the X-ray diffraction due to good dispersion of cerium oxide species on the catalyst surface

and/or to their amorphous nature [39] and low content.

Ce-H-p

Wﬂf&»

u‘\ﬂ&,

Ce-H-B'
Ce-H-B!

550

N
5 10 15 20 25 30 35 40 45 50
20/°

Fig. 1. XRD patterns of Ce-modified materials

The textural analysis was carried out by N, physisorption (Table 1). The surface area of the parent
zeolite increases after the caustic treatments due to the increase of the mesopore surface area (52 to
377 m?/g). This is typical for zeolites with highly developed secondary mesoporosity. The generation
of mesopore system only marginally influences the microporous environment, what is reflected in
the maintaining or the negligible decrease of the Vmicro values. Calcination at 550 °C slightly changed
the micropore volume and surface area of the parent zeolite H-B, whereas obvious alteration of Vcro

parameters of desilicated zeolite H-BNsso and H-B'sso is indicative for their lower thermal resistance
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than parent counterpart. The external surface area (Smeso) Values are higher for mildly steamed

desilicated zeolites H-B"sso and H-B'sso than for non-treated analogues.

The cerium deposition affects the micropore volume and micropore area values for all the
materials studied. The observed changes are representative for the preferential accommodation of
cerium species in micropores. The Ce-doped hierarchical zeolites seem to possess lower thermal

stability. Calcination at 550 °C leads to a significant drop of micropore volume, in exception of Ce-H-
B".
The textural properties of alumina and silica are also affected by cerium moieties resulting in the

reduction of surface area and pore volume.

Table 1. The composition of the zeolites determined by chemical analysis (Si/Al), the % of crystallinity
calculated from XRD patterns and textural parameters from low-temperature N, adsorption for the materials
studied.

Zeolite  S/Ale  WCryst  Selmigl] e e e e
H-B 100 724 52 672 0.28 0.10
Ce-H-B 19 91 675 47 629 0.26 0.15
H-Bsso 100 740 80 660 0.27 0.19
Ce-H-Bsso0 89 578 64 514 0.21 0.15
H-gN 91 915 366 528 0.26 0.54
Ce-H-gN 85 838 468 370 0.18 0.57
H-BNss0 90 848 377 482 0.23 0.53
Ce-H-BNs50 12 82 715 341 374 0.18 0.46
H-p" 89 843 236 606 0.30 0.46
Ce-H-B7 85 882 303 579 0.29 0.51
H-BTss0 87 892 384 508 0.24 0.54
Ce-H-Bss0 81 804 409 395 0.2 0.51

Vpore [cm3-g?]
y-Al,03 - 265 - - 0.39
Ce-y-Al;0; - 222 - - 0.30
Si0, ) - 460 - - 0.55
Ce-SiO, - 411 - - 0.42

The generation of secondary mesoporosity is clearly observed by transmission electronic
microscopy (HAADF-STEM). The crystallites of mesoporous zeolites are around 350 nm and identical
to the parent zeolite BEA. The incipient wetness impregnation procedure did not modify the overall
appearance of the zeolite at a microscopic level. In HAADF-STEM micrographics, the particles of
cerium oxide can be easily observed only for Ce-SiO; (Fig 2). In the zeolites mildly steamed at 550°C,
cerium particles with higher crystallite size can be distinguished (1-5 nm) suggesting the location of
those moieties on the mesopore surfaces. For the zeolites Ce-H-B, Ce-H-BN, and Ce-H-B' the

effortfully detected cerium particles of the 1.5 nm evidence their very high dispersion within

10
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micropore structure. The micropore environment favors the formation of the smallest cerium
species, still however in mesoporous materials Ce-species evidence only slightly lower stability

against sintering in comparison with microporous analogues [40,41]. Higher crystallite size of cerium

species over silica and alumina can be related to the lower specific surface area of both supports.

Percent / %

L7 ats g } 357091
Diaméter/ nm , s & _' Diameter / nm

[ w
(=]
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(=]

123 45
Diameter / nm

12345
Diameter / nm

Fig. 2. TEM micrographs (the Ce-particles are pointed by arrows).

The reducibility of all the catalysts was studied by H,-TPR, and the corresponding TPR profiles are
shown in Fig. 3. For ceria, chosen as a reference system, the first hydrogen consumption peak visible
in the temperature range of 330 - 580 °C is connected with the reduction of CeO; surface species to
non-stoichiometric oxides CeO,.«. The high-temperature peaks located above 670 °C come from the

bulk CeO; reduction [42] The H,-TPR profile of the Ce-modified alumina exhibits a reduction profile

11
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shifted to the lower temperatures than this observed for pure ceria[43]. This tendency becomes
more dominant for Ce-zeolites, both low-temperature and high-temperature reduction peaks are
significantly shifted to lower temperatures (ca. 50 °C). Furthermore, the high-temperature peak
significantly diminishes, evidencing more effective surface reduction than bulk reduction [43]. The
similar reducible behaviour of all the zeolite-based catalysts points to the presence of highly
dispersed cerium oxide-like species, as manifested by TEM micrographs (Fig. 2). The ability of the
Ce™ to undergo a facile redox reaction is the foremost reason for the increase of the surface-oxygen-
vacancies. With respect to CeO,, an increment in the profile area can also be observed for Ce-H-$ and
Ce-H-B" which is associated with higher H, consumption and the achievement of higher reduction

percentage of Ce* moieties accommodated in these zeolites.

295
511
670
Ce-H-B 208
513 705
Ce-H-B'
293 420
660
S
487
728
Ce_AM\/\
525 780

Ceoy\/\

200 400 600 800

Temperature/°C

Fig. 3. TPR profiles performed for Ce-materials studied.

3.2. Spectroscopic characterization
3.2.1. IR studies of O-H region

The region of stretching O-H vibrations is presented in Figure 4. The enhanced population of
isolated silanols (Si-OHiso), represented by the 3745 cm™ band, can be attributed to the external area
development due to mesoporosity fabrication. Also, the formation of hydrogen-bonded silanols as
internal defects is easily detected for mildly steamed H-fBsso. The lower Si/Al ratio in desilicated
materials compared with the parent zeolite indicates an increased number of Al atoms in hierarchical

materials. On the other hand, the band of the bridging Si(OH)AI hydroxyls groups (3605 cm™) did not

12
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rise in intensity suggesting that the Al sites reinserted during desilication do not provide the bridging
zeolitic Si(OH)AI sites. While the cerium species are deposited, the partial consumption of the
Si(OH)Al band is observed due to the effective neutralization of the negative charge of zeolite
framework by one or two positively charged complex cerium hydroxy-ions[44]. The involvement of
the Si-OH groups to the interaction with cerium species can be also concluded, as manifested by the
reduced number of silanols in Ce-zeolites. The erosion of the 3605 cm™ bands in the mildly steamed
hierarchical zeolites provides an argument for the sensitivity of bridging Si(OH)Al hydroxyls to
thermal treatment [35,37,45]. The species that survived high-temperature treatment are hardly
detectable in the IR spectrum as the Si(OH)Al band, the most probably due to the low value of the
absorption coefficient [37]. The Ce-SiO, consists mainly of large separate domains of the two oxides,
as evidenced by TEM images. Indeed, no consumption of silanols is observed after cerium deposition
on silica: the 3745 cm™ band in SiO, and Ce-SiO, materials are of the same intensity. In contrast, for
alumina support, the intensive development of 3732 and 3580 cm™ bands is representative for the
1

formation of cerium oxyhydroxide microphases located on the alumina surface [46]. The 3674 cm™

band characteristic of OH groups associated with Ce3* species[47] is not distinguishable in the zeolitic

catalysts.
Si-OH,
iso Si(OH)AI ‘A=0.25 Si'OHiso ‘A=0.25

3605 H-B Ce-H-B

Jk—/& Si(OH)AI
3605
H-Bsso Ce-H-B5,

' ' 1 1

Hp JL,\C“B

AIV-OH-AI" | A=0.1
3732 (A|VI)3OH
L3676 3580

Cey—Al0,
QN
H-Bgso Ce-H-B55o M

AV-OH
3768

-~

1 1

3800 3600 3400

v/ecm?t
H-BT Ce-H-pT
J \ H'B;;o | JL Ce-H-Bg,

3800 3600 3400 3800 3600 3400 .
v/eml v/cm

Fig. 4. IR spectra in the stretching vibration of O-H group for H- (A), Ce-H-zeolites (B) and H-, Ce-
alumina and silica support (C).

3.2.2. IR quantitative Py adsorption

13
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The concentration of Brgnsted acid sites was quantitatively determined in the pyridine
sorption experiments (PyH"in Fig_Sl. 1, Table 2). The highest number of Brgnsted sites was found for
the purely microporous H-B, i.e. the material with the lowest Al content. The alkaline-treated
materials H-BN and H-B" are enriched in Lewis acid sites, the most probably due to higher
susceptibility of protonic sites to dehydroxylation. Indeed, independently from the pore hierarchy,
the calcination at 550 °C provokes the transformation of Brgnsted sites into Lewis acid entities. The
differentiated nature of Lewis acid sites is clearly seen in the spectra of Py adsorbed. The Lewis
species of the highest strength, thus represented by a higher frequency of PyL adduct band (ca. 1454
cm?) are present in the H-B. The generation of additional mesoporosity does not affect the Lewis site
nature and the electron acceptor sites are represented by the 1455 cm™ band typical of the
microporous material. However, the emergence of the new type of Lewis acid sites of lower strength
(the PyL band at 1444 cm™) can be recognized as a result of the introduction of cerium species. When
considering acidic characteristics of alumina and silica supports it can be anticipated that an
additional number of Lewis sites appeared after the Ce deposition.

Table 2. The concentration of Al atoms from chemical analysis Alicp. The concentration of Brgnsted (B), Lewis

(L) and cerium (Ce) acid sites as well as the strength of sites Aszo/A170 from IR spectroscopy measurements with
pyridine.

Samples [un?cl)llc-PgJ] Py [umol-g] (B+|;/1/ Al Pyaso/Py170
B L B+L B L

H-B 856 399 544 715 84% 0.85 0.75
Ce-H-B 364 779 1143 0.90 0.88
H-Bsso 856 396 266 662 77% 0.90 1.00
Ce-H-Bsso 196 566 762 0.80 0.75
H-gN 1200 383 415 798 67% 0.70 0.70
Ce-H-gN 295 730 1025 0.65 0.55
H-BNss0 1200 267 676 943 76% 0.95 1.00
Ce-H-BNsso 262 689 951 0.45 0.75
H-BT 1200 264 424 688 57% 0.75 0.70
Ce-H-BT 372 732 1104 0.65 0.45
H-B"s50 1200 240 415 655 55% 1.00 0.95
Ce-H-Bss50 262 499 761 - 0.40 0.65
y-Al,03 - - 280 280 - - 0.9
Ce-y-Al,03 - 353 353 - - 0.8
Sio; - - 15 15 - - 0.0
Ce-SiO, - 76 76 - - 0.0

The strength of the protonic sites was calculated as the ratio between the PyH* band at the
material treated at 450 °C to that at 170 °C (Table 2). The strength of protonic sites decreases after
mesoporosity fabrication. The Si(OH)AI hydroxyls in mesoporous materials are very prone to
dehydroxylation thus the thermal treatment (calcination and mild steaming) at relatively low
temperatures impose their transformation to Lewis sites. This effect is even more evident at a higher
temperature (550 °C) when the bridging Si(OH)AI hydroxyls band (3605 cm™) is totally erased. It is

worth noticing that the materials H-Bsso, H-B"ss0, and H-Bsso possess a high amount of protonic sites
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detected with pyridine in spite of the low and even marginal intensity of the Si(OH)AI group bands
(Fig. 3). The Brgnsted acidity of protonic zeolites is due to the bridging Si(OH)AI groups formed
through a covalent bond to oxygen atom bridging between a silicon and an aluminium atom. Such
zeolite-like species of defined geometry can be also found in mesoporous aluminosilicates, however,
in very low extent [35,37,45]. On mesoporous surfaces, the proton delivering moieties can be formed
by AIV and AlY entities interacting with neighbouring Si-OH. Both AlY and Al'- originated bridging
hydroxyls showed comparable acidity to protonate ammonia molecules [48]. Further, in mildly
steamed mesoporous zeolites the silanol groups perturbed by neighbouring electron acceptor
aluminium species can also increase the protonic acidity, especially in the presence of strong bases as
pyridine. Among the Ce-mesoporous zeolites, the Ce-H-B' provides the highest concentration of

Brgnsted acid sites.

The total acidity in H-zeolites was also compared per mol of Al atoms (Table 2). The sum of
the concentrations of Brgnsted and Lewis acid sites divided by the amount of Al in the protonic forms
of zeolitic materials (B+L)/Al expresses, which fraction of Al atoms is able to form either Brgnsted or
Lewis acid sites. For microporous zeolite H-B 84 % of all Al atoms is able to be detected by pyridine,
suggesting that a large fraction of Al atoms are exposed on the surface giving rise to acid sites; only
16 % of Al is either hidden in the bulk phase of extra-framework material. The drop of (B+L)/Al value
for desilicated support materials confirms the tendency of Brgnsted acid sites to be transformed in

poorly dispersed extra-framework Lewis moieties.

The Lewis acidity in the Ce-zeolites comes from their initial Al-acidity (1454 cm™) and cerium
(1444 cm™) species deposited. After cerium deposition, the consumption of Al-species (1454 cm™)
accompanied by the rise of the Ce-species band (1444 cm™) is clearly detected in the spectra of Py
adsorbed (Fig. 4). It could point to the formation of Ce-... Al-0 entities[44] that offer poorer electron
acceptor characteristic, if any. The preferential interaction between cerium species and extra-
framework Al-amorphous phase influencing the location of cerium has been reported for zeolite
HUSY [47]. Further, the Ce-species highly dispersed on alumina were described as “precursors” of the
Ce-y-AlOz phase (which contains Ce3*) [49,50]. The number of cerium oxide species was roughly
estimated as the difference between the number of Lewis sites accommodated in H-zeolites and
their Ce-counterparts. Among the zeolites studied, the Ce-H-B" provides a high dispersion of the
cerium species (Fig. 2) and combines distinctive properties regarding highly developed mesopore
surface area with preserved microporosity (Table 1) and a high number of Brgnsted sites preserved
(Table 2). After the mesopore system generation, the strength of both Brgnsted sites decreases in all

the Ce-zeolites, in line with the drop of Pysso/Pyi170 values (Table 2). The presence of the electron
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acceptor Ce species and/or of the Ce/Al phases justify the enhanced number of Lewis acid sites in Ce-

v-Al;0s. The formation of new surface compounds [51] cannot be excluded also in Ce-SiO,.
3.2.3. On the nature of cerium-oxide species

The Raman spectroscopic investigations (Fig.5) were carried out to identify the oxygen
species present in the as made catalysts and in those treated in an oxygen atmosphere. In all the
catalysts the bands characteristic to ceria moieties were not detected, except the subtle band at 460
cm™ assigned to the F; mode of CeO, [52]. The intensity of the F,; mode increases significantly for all
the materials when contacting them with an oxygen atmosphere at 450°C. Both for silica and zeolitic
materials the position of Fy signal was found to be a red-shifted to 457 cm™® and 442 cm?,
respectively compared with the position of bulk CeO, (464 cm™)[52]. It is speculated that both
nanocrystallite size and structural defects in ceria species dispersed affect the position of the Fy
mode [53,54]. The signals at 1150-1060 cm™ and at 880-860 cm™ appearing solely for non-treated
Ce-H-B" and further for oxidized Ce-H-B and Ce-H-B" are associated with the O—0 stretching vibration
mode of surface adsorbed superoxide (0,*") [55] and peroxide 0,* [56] anions, respectively. These
superoxide 0,* and peroxide 0,* moieties are formed by the interaction of the surface adsorbed
oxygen with the electron trapped in the oxygen vacancy and they are indicative for the presence of
highly active redox couple Ce*/Ce3*. The highest amount of reactive oxygen species appear on the
samples Ce-H-B and Ce-H-B" and the lowest on Ce-SiO, and Ce-Al,03 signifying that the presence of
Bronsted acid sites enables the formation of superoxide (0,*") and peroxide 0,* anions. The
enhancement catalytic productivity due to the presence of O,” and 0,2 sites were reported for
hydrotalcite-like compounds hosting metal catalysts, such as Mg(Fe/Al), Ni(Fe/Al) and Co(Fe/Al)[11].
Unquestionably, the role of oxidative properties of O,” and 0,* anions was evidenced by using

undoped mayenite as catalyst for the total oxidation of gaseous TCE[57].
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Fig. 5. The intensity of F2g mode of bulk CeO, at 440-460 cm™(A), superoxide anion (0,*) at ~1100
cm™(B) and peroxide anion (0*7) at 880 cm™ (C) observed for as made and the oxidized form of
catalysts.

3.2.3. EPR spectroscopy

The electron paramagnetic resonance (EPR) spectroscopy provides direct proof for the highly
dispersed state of ceria in all the materials studied. EPR is a method to detect radicals adsorbed on
the catalysts surface as well as transition metal species dispersed on various supports [58,59]. The
combination of an elevated oxygen transport capacity coupled with the ability to shift easily between
reduced and oxidized states in redox couple Ce*/Ce® as well as the ability of the O uptake/release
and the influence of the preparation procedure on the above properties was evidenced by EPR
spectroscopy (Fig_Sl.3). As mentioned above, 0,°" surface species were identified by Raman
spectroscopy. Evidence for the presence of superoxide radicals was also obtained by EPR studies. The
EPR signals typical for such radicals were observed for all investigated samples after oxygen
adsorption [60]. On the basis of computer simulations, the spectra consist of two, O-EPR and R-EPR,
overlapping signals characterized by g, = 2.024-2.027, g«= 2.016-2.019, g,=2.011-2.012 and g = 2.003,
respectively (Table 3). The order of the g values g, > g« >g, results from the convention adopted in the

literature [49].

Table 3. Characteristics* of the EPR signals obtained upon oxygen adsorption on the outgassed samples.

superoxide radicals Ce¥*
2 8x 8y gL 81
Ce-H-[3T 2.024 2.018 2.011 1.966 1.937
Ce-H-B 2.025 2.016 2.011 1.965 1.937
Ce-H-Bss0 2.024 2.019 2.011 1.966 1.938
Ce-H-BNs50 2.024 2.018 2.011 1.965 1.934
Ce-SiO, 2.027 2.016 2.011 1.965 1.934
Ce-Al,03 2.027 2.017 2.012 1.964 1.937
Average: ~2.025 ~2.017 ~2.011 ~1.965 ~1.936

17



© 00 N o Uu B~ w N

W W W W W N N N NN NNNDNNDNRPR P P RPB P R R R R p
A W N P O O 0 N O 1 B W N P O O KO N O B B W N B O

*Obtained by computer simulation of the spectra. (Fig_SI.3.)

The calculated g parameters for the O-EPR slightly vary between samples, however, they are very
close to those described in literature for superoxide radicals adsorbed on similar materials containing
metal species [38,49,60]. The variation of the g parameters is attributed to the different chemical
environment of the Ce sites, where oxygen is chemisorbed [49]. The observed gy value is considerably
higher than free electron g value (2.0023), indicating the partially covalent character of the
superoxide-metal centre bond. The gz value of superoxide radicals is the most sensitive to an
effective charge of the adsorption centres [60]. In this case, the net charge of cerium ions might be
correlated with the size of nanoparticles. In the ideal macroscopic crystal, Ce* ions are balanced by
0% ions charge. However, for very small nanocrystals or ions in exchange position some
unneutralized charge will be present. Such sites exhibit slightly different effective charges, also
different values the g, component. The observed g, are in good agreement with particles sizes
determined by TEM measurements. The small g, values (2.024-2.025) are observed for the samples
with particles size 1-2 nm, whereas for the nanoparticles equal to or bigger than 5 nm g, increase to
2.027. Further, the presence of Brgnsted acid can affect an effective charge of the nearest
neighbourhood of Ce sites thus gz value of superoxide radicals. Recent research has shown that the
catalytic oxidation of DCE over CeO,/HZSM-5 catalysts was promoted obviously due to the synergy
between acid sites and oxygen mobility[26,61]. The incorporation of ZrO; into CeO; lattice was also
beneficial to increase the acidic sites influencing significantly the catalytic performance[62]. The
signal denoted R-EPR is assigned to the matrix defect created upon samples activation[59]. In
addition to described above overlapping signals, separated one, denoted Ce-EPR, characterized by g,
=~ 1.965 and g|;=1.936 can be seen in EPR spectra. This signal is typically assigned to Ce* ions
formed by ceria reduction [63,64]. In such the case an oxygen atom is removed from the lattice
position, remaining two electrons that reduce Ce* into Ce3* and the formation of the close pair Ce>*—
Vo —Ce® occur. However, due to the strong spin-spin interaction, the ground state of such pair would
be a singlet (S=0), and at temperatures, at which the population of the triplet states would be large,
the observation of the signal by X-Band CW-EPR technique because of the high rate of spin-lattice
relaxation[65]. The V, sites exist as structural defects in stoichiometric CeO,[66] or can be formed by
the loss of surface oxygen lattice in CeO, at high temperatures above[67]. Removal of oxygen from
ceria at high temperatures, in fact, leads to the formation of a continuum of O-deficient (Ce3'— Vo '—
Ce*) nonstoichiometric compositions of the type CeO,. This is in an agreement with our observation
that the Ce-EPR signal is not visible after activation under vacuum at 450 °C (Fig_Sl. 2), however,
appearing after oxygen adsorption together with the signal due to superoxide radicals. This

phenomenon can be rationalized by the assumption, that upon oxygen adsorption an electron from
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Ce* ion is transferred to the O, molecule and O,*~ radical is formed while the Ce3*— Vo' —Ce3* pair is
transformed to Ce3-V,—Ce**-0,"". The EPR studies evidence various responses of microporous Ce-
H-B and hierarchical zeolites Ce-H-B and Ce-H-B" for the oxygen treatment. The quantification of both
Ce® sites and radicals was not attainable in our experimental conditions however the role of the

support in the cerium-oxide species is clearly evidenced.

3.3. Catalytic activity results

The catalysts were evaluated for the TCE oxidation by monitoring the conversion as a

function of the temperature. The results for the SiO,, H- and Ce-zeolites BEA are presented in Fig. 6A.

The catalytic activity of the SiO; started at around 400-450°C and rose up to 45% of TCE
conversion at 550°C. Deposition of cerium slightly modifies the catalytic activity and the conversion
of TCE reached 67% at 550°C. The application of H-[3 zeolite results in a much better activity probably
because of the presence of acidic centres in the zeolite that strongly affects the adsorption of TCE
and the subsequent reaction, starting the TCE oxidation at a lower temperature (350°C) and
obtaining an 82% of the TCE conversion at 550 °C. The Ce-deposition in H-zeolites significantly shifts
the catalytic activity to lower temperature: the TCE oxidation starts below 250 °C reaching 100 %
conversion at 450°C for the Ce-zeolites studied (Fig. 6A). Nevertheless, a positive influence of the
generated mesoporosity is observed in the low-temperature range, i.e. 250-325°C. The shortened
diffusion path due to secondary mesoporosity fabrication assures short contact of DCE or HCI
molecules with CeO, with high activity for Deacon reaction. On the other hand, mild steamed zeolites
(calcined at 550°C) (Fig. 6B) present a drop of the conversion and this is more pronounced for the
mesoporous zeolites. This can be associated with the transformation of Brgnsted to Lewis acid sites
observed in all the Ce-zeolites after the steaming treatment (as discussed in Section 3.2.2).
Nevertheless, the Lewis acid moieties also take part in the reaction, as is evidenced by the results
obtained with the Ce-y-Al,03, but it seems that the impact of Brgnsted acidity is more significant. In
this way, in mildly steamed mesoporous zeolites the silanol groups perturbed by neighbouring
electron acceptor aluminium species might have an impact to protonic acidity and for this reason, a

better activity is obtained with the Ce-zeolites that with the Ce-alumina or Ce-silica.

Acidity and redox property was found to play important roles in the DCE decomposition[68],
since the synergy between CeO; species and USY zeolite shows an enhancement in the catalytic
activity for DCE decomposition. The Brgnsted acidity was reported to play a key role in TCE oxidation

since the process is initiated by the chemisorption on Brgnsted sites and protonation of the
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chlorinated molecule [69,70]. Together with this, the reactions of oxygen molecules adsorbed at V,
sites detected by EPR are also essential to recover the catalytic activity of ceria by transforming
adsorbed TCE-originated species into oxygenated species and/or by filling in the oxygen vacant sites.
Several contradicting factors, however, seem to contribute to the overall role of vacant oxygen sites
in promoting versus suppressing the catalytic effect toward decomposition of CI-VOCs. It has been
demonstrated by the DFT approach [71] that the presence of Ce(lll) gives the rise to the electron
affinity for Ce atoms adjacent to the surface oxygen vacant site V,. This, in turn, is reflected by a
lower activation barrier and higher exothermicity for the C-Cl bond fission. Then a clear impact of the

acid/base characteristics of the support on the redox Ce*/Ce3* pair potential is expected.

Among the zeolites studied the non-steamed Ce-zeolites combines distinctive properties
regarding highly developed mesopore surface area (Table 1), high dispersion of the cerium species
(Fig. 2) with high number of Brgnsted sites preserved (Table 2), higher amount of active oxygen
species measured by EPR and finally overall high concentration of acid sites (Table 2) offering the
best catalytic activity. Since the protonic acidity is involved in the chemisorption and the further
transformations of TCE molecules the strength of the protonic sites seems to be the decisive factor

influencing the activity of the catalyst.
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Fig. 6. TCE conversion with all the materials studied.
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Fig. 7. Product distribution in the TCE oxidation reaction over the most active zeolites Ce-H-B" (A, B) and

Ce-H-B (C, D) calcined at 450 °C (A, C) and at 550 °C (B, D).

The different products distribution in the conversion of TCE is shown in Figure 7 over the
most active zeolites Ce-H-BT (A, B) and Ce-H-B (C, D) calcined at 450°C (A,C) and 550 °C (B,D). In all
cases, the main oxidation products obtained in the TCE oxidation were CO, CO,, and HCI. The redox
properties of the catalysts favoured the complete oxidation of the carbon species at temperatures as
high as 450-500 °C. Low amounts of Cl, were detected only at temperatures above 450 °C, this can be
related with the presence of surface OH groups in the zeolite that prevented the formation of Cls, in
line Karmakar and Greene [69] reports. The hydrochloric acid was the main chlorinated product
obtained from the beginning of the reaction. The formation of HCl requires the source of H-atoms
that can be provided by the available H-rich moieties, by the trichloroethylene, by the zeolitic
protonic sites or by water impurities in the gas stream [19]. Then, the formation of HCl in dry

experimental conditions suggests that the zeolite hydroxyls in the structure largely promoted HCI
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formation. Additionally, the formation of AICl; could be considered as another reason for the
declined selectivity to Cl,. The realumination process, inherent to desilication, is responsible for the
enrichment of the grain's surface in aluminium, known as an Al-rich shell. These reinserted into the
framework Al atoms undergo leaching in the presence of chlorine molecules. Tetrachloroethylene

(C2Cls) was detected in the temperature region of 300-500 °C.

The carbon and chlorine selectivities are shown in Table 4. The Ce-zeolites calcined at 4502C present
higher selectivity to CO than the catalysts steamed at 5502C. Obviously, this may be due to the fact
that 50% conversion is obtained at higher temperatures for more selective CO, catalysts (Figs. 6 and
7), nevertheless, higher dispersion of cerium species in the zeolites with higher number of Brgnsted
sites (Table 2) can also favour CO formation. The presence of bulk cerium oxide results in higher
ability to oxidize CO to CO; by its higher oxygen mobility from the bulk to the surface of CeO
nanoparticles comparing with small clusters. It is line with the highest selectivity to CO, observed for
Ce-y-Al,03 characterized by the lowest dispersion (Fig. 2) of cerium oxyhydroxide microphase (Fig. 1).
The amount of formed CO; can be discussed in term of the strength of the Si(OH)AI acid sites. Taking
into account the particular value of CO; selectivity (ca.25%), it can be observed that the similar
amounts of CO; are achieved in the lowest temperature (300°C) by the hierarchical zeolites Ce-H-B'
and Ce-H-BN with sites of the medium strength. More pronounced reduction of the strength of
protonic moieties in mildly steamed Ce-H-B"sso and Ce-H-BNsso offers nearly the same selectivity to
CO,, but this is obtained at a higher temperature (around 400 °C). This can suggest that the hydroxyl
groups on the catalyst surface, mainly Si(OH)AI, are also responsible for bonding of intermediate
product i.e. CO molecules and its further oxidation to CO,, besides their crucial role in TCE molecule
chemisorption. Indeed, the Brgnsted acid sites have been reported to determine the nature of the
carbon-based intermediates formed upon the CO oxidation over copper oxide-cerium oxide
catalysts[72]. Hydroxyl groups are believed to favour the formation of surface bicarbonates, then
their facile decomposition to CO.. It could be also possible that CO, produced at cerium-oxide active
sites is transferred to hydroxyls in a further step, leaving the cerium-oxide sites available again. In
fact, the dependence of selectivity to CO, on the number and strength of Brgnsted acid sites (Table 2,

Fig. 8) seems to provide the evidence to support the former hypothesis.
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Fig. 8. Selectivity to CO, with respect to temperature where reached value of ca. 25 % in function of the
strength of Brgnsted acid sites (from IR thermodesorption studies).

On the chlorinated products, the samples calcined at 450°C show lower selectivity to
tetrachloroethylene and Cl; and higher to dichloroethylene and HCl when comparing at the constant

conversion of 50% (Table 4 and Fig. 7).

The formation of tetrachloroethylene comes from the chlorination of TCE by Cl, or by
transchlorination reaction between two TCE molecules. At 50% conversion, no much amount of Cl, is
detected in the products due to the fast conversion of Cl, to HCI or tetrachloroethylene. In absence
of water, HCl is formed by hydrogen abstraction by chlorine from the hydroxyls of the surface of
zeolite according to the reverse Deacon reaction mechanism (Cl, + H20 ¢ 2HCl + 1/20,). Therefore,
the presence of high density of hydroxyls causes the conversion of Cl, to HCI, thus decreasing its
conversion to tetrachloroethylene. In fact, when comparing the selectivity to chlorinated products of
the Ce-H-B and the hierarchical samples Ce-H-B" and Ce-H-B" these latter show higher selectivity to
HCl and lower to tetrachloroethylene whatever the calcination temperature is. In addition, it
becomes clear that chlorination reaction requires the presence of Brgnsted acid sites since
tetrachloroethylene (C,Cls) is absent in the products of Ce-SiO, and Ce-Al,0; with no Brgnsted
acidity.

The presence of a small amount dichloroethylene in the products of samples of Ce-Beta zeolites
calcined at 450°C should be attributed to the transchlorination reaction between two TCE molecules
(2 CHCls ¢ CH.Cl, + C,Cl;) favoured by the higher Brgnsted acid density of these samples
comparing with those calcined at 550°C (Table 2). Again, for this bimolecular reaction similarly as for

other disproportionation reactions in zeolites, the presence of a higher density of Brgnsted acid sites
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is required [61,62]. In the case of Ce-SiO; and Ce-Al;0s, the high yield of DCE should be due to the

dechlorination reaction taking place at a higher temperature than for the Ce-zeolite samples.

The separation of the influence of total BAS acidity and the different acid strength in the selectivity to
C.Cly is shown in Figure 9 out of data from Table 4. In this picture, it can be seen an inverse
correlation between the selectivity to C,Cl, and the total BAS acidity (Fig 9 B). In addition, when
comparing at constant BAS strength it is clearly seen that an increase in C;Cls is obtained for the
samples with lower BAS acidity, which are those mildly steamed at a higher temperature of 550°C. It
means that the acid strength does not have an important influence on the selectivity of C,Cl, and
that it is mainly determined by the number of OH groups with acid Brgnsted sites, which act as
hydrogen donors for the inverse Deacon reaction increasing the yield of HCl and therefore inhibiting

the chlorination reaction of TCE to C,Cl,.

Table 4. Selectivities for TCE oxidation products at a temperature close to 50% conversion.

Selectivity to carbon Selectivity to chlorine
Samples mol% mol%

CO; CO GCH;Cl; CCly HC Cl; GCHxCl;, C)Cl,
Ce-H-B 23.1 54.2 2.8 19.8 29.8 0.0 8.7 61.5
Ce-H-Bs50 19.0 27.7 0.0 53.3 278 0.2 0.0 72.0
Ce-H-g 22.0 463 4.3 27.4 37.7 0.0 8.4 53.9
Ce-H-BNss0 24.2 34.8 0.0 41.0 341 0.3 0.0 65.6
Ce-H-p" 213 479 5.2 256 388 0.0 10.4 50.8
Ce-H-B"s50  24.5 34.6 0.0 409 36.9 0.5 0.0 62.6
Ce-SiO, 29.6 29.5 40.9 0.0 422 0.1 57.6 0.0
Ce-y-Al,O; 48.1 35.9 16.0 0.0 513 3.0 45.7 0.0

Additional information is found when comparing the selectivities of Ce doped amorphous
silica and alumina. The Ce-y-Al,O; presents higher selectivity to CO+C,, while Ce-SiO, shows lower
CO+CO; and higher selectivity to dichloroethylene while none yields to tetrachloroethylene. These
data indicate that the formation of tetrachloroethylene needs the presence of Brgnsted acid sites, as
manifested by the higher selectivity found for the samples Ce-H-B. The higher CO+CO, selectivity of

Ce-y-Al,03should be related to the presence of only Lewis acid sites.
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Fig. 9. Selectivity of C,Cl, as the function of Brgnsted acid sites concentration (BAS) and their strength.

An adequate combination ceria redox and the support’s acidic characteristic is beneficial to the high
activity catalyst for this reaction. The highly acidic Si(OH)AI hydroxyls are the first choice sites for the
adsorption of the chlorinated molecule the first reaction step [73]. In the second step, the Ce3*/Ce**
acts as active centres for C—Cl bonds splitting [74]. Consequently, the dissociative CHx species are
oxidized by the active oxygen species to produce H,O and CO,. Meantime, bicarbonate-mediated
oxidation of the carbon-based intermediates formed over cerium species is started over the strongly
acidic Brgnsted acid sites. Further, a fabricated mesoporosity benefits to a short contact of
chlorinated molecules with CeO, with high activity for Deacon reaction. The process of mechanism is

presented in Scheme 1.
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Scheme 1. The Brgnsted acid site-mediated TCE oxidation route.
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4. Conclusions

Higher dispersion of cerium with a higher amount of reactive oxygen species have been obtained in
zeolite Beta by impregnation of hierarchical samples obtained by caustic and thermal treatment with
NaOH and TBAOH. These samples have shown high activity at low temperature for the oxidation of
TCE. The effect of total BAS acidity, silanols groups, and acid strength has been studied. The number
of high strength Brgnsted acid centres located in Ce-loaded zeolites framework was found to be an
important factor influences on the activity and selectivity of catalysts as well as combination of
mesoporosity and Brgnsted acidity maximizes the activity of Ce-Beta samples for the oxidation of

TCE.
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