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Abstract

In this work the hydrodechlorination of @PCFCICRCI to produce unsaturated
CROCF=CR, was studied over a series of supported metal ysasal Currently this
molecule is produced from the precursor;GEFCICRCI by dechlorination with zinc
powder. An important cost on the economic and emvitental balance is represents by the
large amount of ZnGlproduced and to be disposed of. A new approactedban gas-
phase hydrodechlorination over supported catabatdead to a new sustainable process.
During the feasibility step of this project, sulmtally two kind of materials were studied:
metals supported over activated carbon and Pd/@eiesp supported over MCM-41
mesoporous silica.

Observed catalytic performances were strongly degetnon the metal and support used.
All carbon-supported Ru, Pd, and bimetallic catslygre fairly active and yielded the
target product COCF=CF,, the higher selectivity being obtained with rutivem and
palladium-based materials. Nevertheless, Ru-bastdysts showed poor stability and this
deactivation may be attributed to the depositionhddrinated organic species blocking the
active sites. On the other hand, palladium-comgincatalysts showed high stability.
Ru/Pd and Pd/Cu bimetallic catalysts exhibited lgrgn selectivity and stability,
highlighting the possibility for these materials be employed in the GBCF=CF,
production process.

During the second part of this thesis, a serielsimktallic meso-structured Pd/Cu MCM-
41 catalysts were studies to overcome possible mmassfer limitations. The materials
were obtained by different synthesis methods. Teerporation of Pd and Cu during
MCM-41 synthesis, did not destroy the typical hexag array and ordered pore system of
MCM-41. However, the calcination for the removaltbé template provoked significant
segregation of oxides. The impregnation leads tee-poclusion and formation of Cu
particles and large bimetallic PdCu species. Largetal particles leads to lower
CROCFCICRCI conversion, while the monometallic particles citrease the selectivity
to CRROCF=CHF,, fostering the dehalogenation to /CH=CF,.






Chapter 1

1 Aim of the work

The environmental sustainability of industrial puation is a growth engine for develop
new plant technologies and substitute old process#sducing a new production
philosophies, focused on the optimum use of allahalable chemicals, maximizing the
process efficiency but taking into strongly accotiné¢ intrinsic hazards of the used
chemicals.

One of the acts of awareness historically higherthe impact to the chemical
manufacturing was certainly to be considered as/teana Convention for the Protection
of the Ozone Layer and thus, the consequent Mdrinediocol. Indeed, after a period of
great development and application of these orgaomimpounds containing chlorine,
fluorine and bromine, known by various commerciedras and with an extremely high
worldwide production, the proven harmful effectstba stratospheric ozone layer of these
compounds imposed their elimination. The huge amoti€FCs produced up to 1995 in
the world (240.000 ton/year) represent a strongeinmp to chemical research aimed at
destruction, substitution and transformation ofsthenolecules and the conversion of the
systems and technologies dedicated to the productiod use of these chemical
compounds. In this area has assumed growing impm@tathe reaction of
hydrodechlorination of chlorofluorocarbons, in partar directed to the production of
unsaturated fluorinated hydrocarbons that show raesteng characteristics for the
production of polymers with specific properties wfechanical strength, thermal and
chemical resistance.

Within our collaboration with SOLVAY SPECIALTY POLMERS ITALY, the desire to
transfer the knowledge, developed on the CFCs lojgbidorination reaction, leads to this
investigation focused on the study of innovativetalysts for the production of
perfluoromethylvinyl ether (indicated by the abbegn MVE) according to the reaction:

CROCFCICRCI + H; —» CROCF=CFk, +2HCI

Currently the trifluoromethyltrifluorovinyl etherCOCF=CF) commercial production

process, based on PCFCICRCI precursor dechlorination, is carried out usiihg t

1



1. Aim of the work

reprotoxic dimethylformamide as solvent and stombtric amount of Zn, produces large
quantities of by-products such as Zn@hd exhausted solvent, resulting in a significant
cost to be calculated in the economic and environahebalance. A new approach,
investigated into this work, based on-&bsisted gas-phase dechlorination over metal-
supported catalysts, may lead to a new sustainabtess, where the unique stoichometric

co-product, hydrogen chloride, could be reusedtdorimation processes.

Specifically, the work was carried out accordingte points:

* Preparation and characterization of noble meiatsed carbon supported catalysts.
* Survey of the catalytic performance.

« Study of the deactivation phenomena.

* Optimization of the synthesis of mesoporous supd@CM-41.

* Preparation and characterization of PdCu/MCM-dthlysts.

* Test in the hydrodechlorination reaction of PA@OM-41 catalysts.

Finally, the success in the catalyst design forhtydrodechlorination o€F;OCFCICRCI
(ADM) led to the filing of patent and publicationsy addition to the scale-up of the

industrial plant nowadays in progress.



Chapter 2

2 Introduction

2.1 Fluoropolymers

Since their discovery, sixty years ago, fluoringpatiymers are still in growing, providing
solutions and new possibilities to an incredibleougs areas of technology sucheasergy
storage and transformation, optical data transomssn addition to the best-known
application as coating, piping, membrane, wire amable thanks to their crucial,
outstanding and flexible properties. Despite of bheky laboratory observation which
evidenced the first sample of this new family oftenals (PTFE), nowadays, the valuable
answers to several industrial and technologicaliests come from difficult tasks of
optimization and formulation of these polymers, vehthe presence of fluorine confers
unique properties. Indeed, as well as the physacal chemical properties of organic
compounds are strongly affected by the introduatibfiuorine, the basic characteristics of
this nobel gas and of the carbon-fluorine bond @¢dug considered as a guidelines to
understand the unique combination of propertighisfclass of polymers [1].

First of all, fluorine atoms form the strongest damong all the single bonds involving
carbon. The C-F bond has high ionic character andtriongly polarized by the most
electronegative element, but has extremely low ee@f polarizability. These evidences
are directly connected to the weak intermolecutacds between fluorinated molecules
responsible of the reduced cohesive energy of tienmals.

Moreover, fluorine has not only the higher valueetdctronegativity, but has a relatively
small size. These properties ensure the absensteié problems leading to a possible
total substitution of hydrogen in a molecule, amadting into account this, is clearly
intelligible how the outstanding chemical resisanevidenced by highly fluorinated
organic molecule is due to a protective shieldwdrine atoms over the carbon skeleton.
The stiffness of the fluorine containing moleculasadue to an extended repulsive forces
between fluorine atoms and fluorinated groups, Wwhicrease rotational energy around

carbon-carbon bonds.



2. Introduction

Furthermore, because of its small size, fluorine ba added to replace hydrogen in a
preformed polymer crystal framework, resulting he tformation of many structurally
disordered polymers and copolymers of fluoroethgten even with random
stereochemistry.

Nevertheless, the research in this field is stdtywmuch present, because this unique
combination of properties leads to advantageousdasativantageous behaviors. As above
mentioned, the first and more pleasing propertresralated to the chemical and thermal
stability. Furthermore, in front of highly techngioal requests, this class of materials are
excellent in providing dielectric characteristigsarticularly low refractive index, UV
resistance, flame resistance, solvent resistandeako low coefficient of friction, good
lubricant and releasing characteristics and oled-teydro-phobicity.

However, the very weak cohesive energy hits somgsipt-mechanical properties of
highly fluorinated materials, leading to a limitatiin their creep resistance, strength, and
dimensional stability. Obviously, these disadvaatageached the maximum negative
effect when the fluorination degree of materialshigh or total, in fact, an excellent
example of this is the PTFE, which since his apgpicn has been subjected to changes that
could make it more workable and melt processable.

The pathway taken in the innovation of fluorinaggolymers, introducing partially or
totally non-fluorinated monomers has on the onedhamproved some properties of the
final polymer, in particular the physico-mechanipabperties, thanks to the interactions
increased between C-H and C-F bonds and groupsh®mther hand the presence of
bonds C-H has reduced some of the properties aiamical and thermal stability of the
final material. For this reason, the developmerd &ormulation of various fluorinated
polymers are strongly influenced by the purposeisd, and are evolving along with the
emerging technologies, leading to a large numbeprotiucts with apparently identical
constituent monomers, but radically different imte of final properties.

As above mentioned, since his development, PTFEsubgected to changes in order to
improve the processability of these highly fluotadh materials. The behavior sought, led
to the definition of a family of thermoplastic fltapolymers [2].

Within this family, the use of perfluorovinyletherdias assumed more and more
importance allowing to “break” the polymer cristaily, improving the melt-processability
of the materials. Obviously, the modification intigated are numerous, in fact, some are
fully fluorinated polymers, obtained by copolyménig tetrafluoethylene with small

amounts of some other perfluorinated monomer; saraenomopolymers of other fluoro-
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2. Introduction

olefins, while others are copolymers of a fluorefol with ethylene. However, as a class
these materials display some common charactetistiamely thermal and chemical
stability, solvent resistance, flame resistancelediric properties, surface properties,
which are of critical value in the very numerousglagation sectors.

2.2 Survey of hydrodechlorination technologies

Since its introduction, the Montreal Protocol hapresented and still represent a strong
motivation for the enactment of legislation on gahses harmful to the ozone layer.
Obviously, all the positive results in terms of gmBouse gas emissions have been
achieved thanks to the development of methodoldgiethe management and disposal of
CFCs, HCFCs and HFCs.

The treatment technologies for these substancesdasded into two categories:
conversion and destruction. The conversion is @rrent aimed at the transformation of
these compounds in others with lower environmeimahct and in several cases products
of industrial interest. Among the treatments of va@nsion, what is more applied in the
industrial field is definitely the hydro-dehalogéioa reaction that allows the removal of
the halogens, with production of hydrogen halided @ormation of hydrocarbons
(fluorocarbons or other molecules of industriaénesst).

On the other hand, the treatments of destructionsisb in a conversion of the
chlorofluorocarbons compounds in hydrogen halidé @Q». The developed technologies

for this purpose consist in :

. Irradiation with UV raysy and ultrasound;
. Oxidation with supercritical ;
. Heat treatment such as incineration and pyiglys

A W DN P

. Catalytic destruction.

Nowadays the used methodology is the destructiohdat, while the other technologies
are still under study. From an industrial pointvggw, the treatments of incineration are
conducted at high temperatures in the presencexgfem, maintaining condition of
extremely high pressure due to the flame inhibipooperties of CFCs.



2. Introduction

This type of technology is designed to be resistarihe corrosive phenomena, caused by
the presence of hydrogen halides and elementagéaléormed during the treatment, in
addition to the produced GO

Furthermore, a valid alternative to incineratioonsists in the pyrolysis treatment using
high temperature plasma (between 10000 and 30000Tg Ar-plasma is formed by
monovalent ions of argon accelerated by a highuiaqy electric field, where the CFCs
are transported with the aid of an oxidizing gashsas oxygen or water steam. The use of
the latter allows minimizing the formation of sedany products such as ¢&nd CECI,
which are characterized by particularly high valagbkalf-lives.

However, it must be remarked that both technologresproposed as energy- consuming ,
in the sense that use large amounts of energhéar eperation [3].

In fact, the biggest problem in the technologiesiestruction is the energy consumption
related to the high temperatures required. On therchand, considering the conversion
technologies, the problem is on the effectivenésbenconversion, which can be improved
by implementing the use of a catalyst. Obvioudhg tlevelopment of a catalytic system
capable of ensuring high catalytic performancejstasce to deactivation and to the
aggressive conditions of the reaction environmisnipt an easy task.

The process most commonly used today consistscataytic oxidation of CFCs, in the
presence a catalyst of the type BP®Q-ZrO4 V.05 and WOs, which show high
catalytic activity, even if affected by deactivatiphenomena.

2.2.1 Hydrodechlorination reaction

Regarding the techniques of conversion, is cegaore of the most important the
hydrodechlorination reaction, which provides thesgbility of converting a CFC
compounds into a dechlorinated compounds and hedragloride, less dangerous for the
environment and of strong industrial interest [@)e products that are usually achieved by
these processes are HFC and unsaturated fluorosariloe first compounds are not
harmful to the ozone layer because is completethldenated (lack of radical initiator),
while fluorinated olefins are used as monomerstlier synthesis of highly technological
fluoropolymers.

In the process of dechlorination, the halogenatdistsates react with a hydrogen donor,
generally H, forming a mixture of hydrocarbons, halogenatedanic substances and
hydrogen halide. Chlorine atoms contained in théemde are extracted and replaced by
hydrogen, leading to the formation of HCI [4].
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2. Introduction

The dehalogenation reaction is selective for tHerate atoms because the energy of C-Cl
bond is lower than the C-F bond, with the resudt the fluorine atoms are not involved in
this mechanism, if not in negligible percentagdse Values of the energy of C-F bond in
CFCs ranging from 500 to 540 KJ/mol, while the ealdor the C-Cl bond in the same
molecule are reported to be around 320 KJ/mol.

The hydrodechlorination reaction is generally @trout at temperatures between 200 and
300°C [5] and allows to obtain mixtures of compaosind which the chlorine has been
eliminated (unsaturated) or substituted by hydrodére use of suitable catalysts allows to
obtain significant yields even at moderate tempeest with high selectivity to the
products of interest. The choice of the active phalalys an important role in obtaining
mixtures of mono-and poly - hydrogenated compoumtdeed, studies performed until
now have identified as best catalyst’'s active phasenetals of VIII transition group
having the best activity and selectivity. In pautar Pd finds great applicability thanks to
its CI/H exchange high selectivity and to its gaegistance to deactivation induced by
acids produced by the reaction [6]. Other metalghsas Pt, Ni, Ru and Rh, showed
interesting catalytic properties due to their &piln promote adsorption of hydrogen for
homolytic rupture of the covalent bond; however tMsanot still clear is the interaction

mechanism between the active phase and haloges#tstrates [7].

2.2.1.1 Hydrodechlorination to unsaturated product

As above mentioned, the hydrodechlorination react®one of the processes of CFCs
conversion, most interesting when products of comsiakinterest such as olefins are
generated, also because they are particularly usethe production of polymeric
fluorinated materials.

The formation of an unsaturated fluorinated prodaeblves the removal of two chlorine
atoms bound on two adjacent carbon atoms, withesulent formation of a double bond
and hydrogen chloride [8]. However, the reactionntda be completely selective towards
the removal of chlorine and therefore could be feninseveral defluorinated compounds
through the elimination of HF.

The typical reaction of hydrodechlorination is fb#owing:

R:-CFCI-CFCI-R + H, — R;-CF=CF-R + 2HCI
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Usually in this type of processes a secondary im&ctiproducing partially hydrogenated
by-products can occur, by substitution of one oremthlorine atoms, to give a mixture of
various saturated or unsaturated compounds. The f&etprs that contribute to the
formation of the expected product with high selatti could be summarized as the
operative conditions, the relationship between riegents fed and the type of catalyst
used. The catalysts which contain metals with d taffinity for hydrogen, show high
catalytic activity and at the same time a propgnttvard hydrogenated products. As
example platinum atoms, as found in literature,eha\great affinity with Blin gas-phase
(as well as the Rh, although in lesser amount),clwhnakes it very active in the
hydrodechlorination, especially for the formatiof molecules totally dechlorinated
(saturated). On the other hand, ruthenium showgrafisant activity towards reactions
that lead to unsaturated fluorinated moleculeshatsame time it's possible incurring in
deactivation phenomena, due to the formation ajooliers on the catalyst surface [9].
Nickel shows a good selectivity for the reactiorhgtirodechlorination with formation of
unsaturated molecules, but the activity is muchelothan Pt or Pd-based catalysts, if not
mantaining temperatures above 300°C and high&FC molar ratio with respect to the
noble metals containing catalysts.

In literature, mixed catalysts containing Pd andwiich have shown a good activity
toward unsaturated products mono-substituted (REFHH) have been reported [10].
Moreover, catalysts containing Ni and P, in thenrfoof Ni,P , NgP and Ni.Ps, have
shown good catalytic results at moderate temperat(200°C), with conversion values
around 65%, with the possibilities of reaching esluaround 95% by increasing the
operating temperature (300°C). These mixed systehwsy a greater catalytic activity than
the monometallic catalysts, caused by a highenigfftoward the hydrogen molecule [11].

2.2.1.2 Reaction behaviors

The hydrodechlorination reaction is generally &trout at temperatures between 200 and
300°C at atmospheric pressure. The literature sts@veral assumptions concerning the
reaction mechanism. According to the proposed nmeshm the reaction of
hydrodechlorination is composed of two stages: fir@ step is the CFCs molecule
adsorption on the surface through C-CI bond cleayegsulting in the formation of metal-
carbon and metal-chlorine bonds. These speciesnichAlly bound to the active phase,
react with the activated hydrogen chemisorbed encttalyst surface, with the formation

of a hydrofluorocarbon and HCI (Figure 1).
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The by-products formation depends on the speed lbatween the dehalogenation and the
hydrogenolysis reaction [8].

In fact, at the beginning a molecule will be adsarlon the surface due to one C-CI bond
cleavage (with formation M-C bond) and subsequetttly intermediate can react with
activated hydrogen on the catalyst surface, formi@@)/H mono-substituted product, or in
the case of a second C-Cl bond cleavage, a cadmnplex. The CI/H mono-substituted
product is obtained when the hydrogenolysis speeudater than the C-Cl cleavage speed.
On the contrary, the formation of poly-hydrogenatgezecies could indicate a strong
interaction between active sites and intermediateaking a hydrogenolysis reaction
necessary for breaking the M-C formed bonds [7].

In the case of a reaction that favors the formatibfluorinated unsaturated molecules, the
mechanism provides an adsorption of CFC through darbon atoms: the desorption of
the molecule of interest is no longer due to hydragysis, but to a rearrangement of the
substrate, with double bond formation. The hydnogdsorbed in this case has only the
function of eliminating the halogen from the sudathrough the formation of the

corresponding hydrogen halide [7].

CF,0 F

F —_—
F CICl HH
™~ F L 2HCl
> @)
F Cl

1,2-dichloro-1,1,2-trif luoro-2-(trif luoromethoxy)ethane

(ADM) F
F
> 7
F
FooF

1,1,2-trif luoro-2-(trif luoromethoxy)ethene (MVE)

CF,0 F

E F
F
— F O F
Cl H H el F}/ H
cl . S

1-chloro-1,2,2-trif luoro-1-(trif luoromethoxy)ethane (AMH)

Figure 1. Different intermediates formed during tlgas-phase hydrogen-assisted
dechlorination.

According to the theories developed, the completglyrogenated products are formed by
consecutive extractions of chlorine atoms from gubstrate, with the formation of

carbine-like intermediates, which are then hydragea.
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As previously expressed, nowadays the trifluoroyl&ifiuorovinyl ether (CROCF=CF)
commercial production process, based opH-CICFRCI precursor dechlorination [12],

is carried out using the reprotoxic dimethylformdmas solvent and stoichometric amount
of Zn, produces large quantities of co-productshsas ZnC] and exhausted solvent,
resulting in a significant cost to be calculatedhia economic and environmental balance.
With the aim of investigating a new approach, ttetsg point of this work will be to
design a metal-supported catalysts for theaskisted gas-phase dechlorination, leading to
a new sustainable process, with HCI as unique odymt [13].
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Chapter 3

3 Materials and Methods

3.1 Activated carbon supported catalysts

Activated carbon is an industrially well-known narftg a class of carbonaceous
products derived from procedures of oxidation, oarbation or pyrolysis of various
materials. Mainly applied in the impurities remouvatéatment for gases and liquids,
activated carbons are especially suitable becatishenr high surface area and high
adsorptive properties (Table 1). In fact, the stefaf activated carbons can trap impurities
through physical van der Walls interactions, arelghesence of a high surface area can be

directly related with a high adsorptive power [1].

Impregnation
Chemicals Quantity, wt% Activated carbon” Examples for applications
Sulfuric acid 2-25 Fl1-4 mm @ ammonia, amine, mercury
Phosphoric acid 10-30 F -4 mm O ammonia, amine
Potassium carbonate 10-20 F 14 mm @ acid gases (HCI, HF, SO,, H,S, NO,), carbon disulfide
Iron oxide 10 Fl-4 mm©® H>S, thiols, COS
Potassium iodide 1-5 F 14 mm @ H,S. PHs, Hg, AsHj, radioactive gases/radioactive
methyl iodide

Triethylenediamine 2-5 F 1-2 mm @ radioactive gases/radioactive methyl iodide

G 6-16 mesh
Sulfur 10-20 F 1-4 mm 0@, G mercury
Potassium permanganate 5 F3+4mm0® H,S from oxygen-lacking gases
Manganese IV oxide G 6-16 mesh aldehyde
Silver 0.1-3 F3+4mm@ F: phosphine, arsine

0.05-0.4 G 8-30 mesh G: domestic drinking water filters (oligodynamic effect)

Zinc oxide 10 F 1-4 mm @ hydrogen cyanide
Chromium-copper-silver 10-20 F 0.8-3 mm @ civil and military gas protection
molybdenum salts

G 12-30 mesh phosgene, chlorine, arsine

G 616 mesh chloropicrin, sarin, and other nerve gases
Mercury (II) chloride 10-15 F3+4mm@ vinyl chloride synthesis, vinyl fluoride synthesis
Zinc acetate 15-25 f3+4mmo vinyl acetate synthesis
Noble metals 0.5-1.0 F,G,P organic synthesis, hydrogenation
(palladium, platinum) 0.5 G 2-5 mm purification of terephthalic acid

“F = pelletized activated carbon, G = granulated activated carbon, P = powdered activated carbon, @ = pellet diameter.

Table 1. Summary of the major industrial applica®f activated carbon [2].

Thanks to their excellent performance in purificatpurpose, world demand for activated
carbon will rise around 10% annually, especiallpgidering the biggest growing markets
of China and India, where the factory emissionsukht®e checked more frequently. On

the Table 2 are reported the main fields of usd,thair evolution in the last decade [3].
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3. Materials and Methods

US ACTIVATED CARBON DEMAND
(million pounds)

% Annual Growth

Itern 2004 2008 2014 2004-  2009-
2009 2014
Activated Carbon Demand 430 565 1175 56 15.8
Liquid Phase Applications 328 360 505 1.9 7.0
Gas Phase Applications: 102 205 670 15.0 26.7
Industrial Air Purification 38 150 585 309 313
Motor Vehicles 34 20 44 101 1741
Other Gas Phase 29 35 41 3.8 3.2

©,2011 by The Freedonia Group, Inc,

Table 2. Activated carbon demand, estimated bgtsst US agency [3].

The chemistry of adsorption phenomena over activatebons can be simplified

by considering several factors:
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- the graphitic cross-linked structure gives to Hutivated carbons an irregular
porous structure.

- the kinetics of adsorption can be dramaticalfe@td by pore size distribution.

- the outer layer of carbon atoms contains unsegdrgroups, which are important
sites for chemical adsorption.

- the activation process governs the final porosftgarbons by clearing the pores
from disorganized carbons and by producing surf@@@ps containing oxygen,

hydrogen, nitrogen and sulfur.

- likewise, through the residual non-graphitizab&bons content, the activation
process governs the surface propensity for oxydemesorptions and then the
surface oxidation.

- the surface degree of oxidation, is influencedabivation process, raw materials
and ash content. It can be generally associateul fwitctional groups (carboxyl,

carbonyl, phenolic and quinonic) leading to an aatphc character in aqueous
solution.

- The ash content depends on the raw materials iydcomponents (calcium,

magnesium, iron, potassium, sodium, zinc, lead,dopper, vanadium, etc.) may
change adsorption process modifying the interaabioactivated carbons with the

molecules to be removed.
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The use of activated carbons is specially diffusdsdconsidering the catalytic purpose,
when is necessary a significant resistance to glyeeasiveness of reaction conditions, and
when is required an extremely high specific surfaea.

On the other hand, the great surface area and poisity showed, can significantly limit
uses of the activated carbons, to gas-phase readtiat involve small molecules and in
the case of liquid-phase reaction, to low-viscosjpgrative conditions.

Obviously, the introduction of the active phase,jolhis generally constituted by noble
metals, is performed by incipient or wet impregmatimethods and by ion-exchange

depositions.

Catalysts Preparation

In this work, ruthenium, palladium, palladium/rutingm, palladium/gold, palladium/silver
and palladium/copper catalysts with different metahtent were prepared by incipient
wetness impregnation (Ru{IPdCh, HAuCl,, AgNO; and CuC] supplied by Sigma-
Aldrich) using activated carbon (surface area 188M@) as support. Catalysts were dried
overnight at 120°C, then activated with pureati330°C for 1 h.

3.2 Mesoporous silicate MCM-41

The mesoporous silicate MCM-41, certainly the desbwn member of the molecular
sieve family M41S, was first discovered and repbrée the beginning of the nineties,
following (but also encouraging) a strong developtria the field of the self-assembled
microstructure serving as a structure-directivenégelndeed, the extremely high surface
areas and the precise tuning of pore sizes acHeeVave focused the interest of the
researchers in this field, leading to a great nurob@ublications about synthesis, catalytic
properties and innovative applications which atateel to the their structure [4].

With the aim of exploiting the particular structueand morphological properties, a large
number of investigation were proposed about théugmon of dopants, partly shown in
Table 3. The great number of studied systems asoelridenced that other mesoporous
ordered oxides were found to be possible for suetal® as Sb, Fe, Zn, Pb, W and Mo.
However, most mesophase not yield porous mateaiadscollapse when the template is
removed, both by conventional heating and ion exgha

The interest in doping the MCM-41 with other metatgnarily comes from the intention

of conferring catalytic properties to this highigdered structure, but despite of the relevant

13



3. Materials and Methods

number of possible mechanism proposed, the amodinthe incorporation, the
reproduction of the mesophase, the stability ofpgtepared structure and the shape of the
mesoporous phase frequently cannot be predictedh®ather hand, it must be remarked
that, into the first publication reported by the baresearcher, the mesophase MCM-41
has been considered in order to introduce dopamth#gt case aluminium) [5]. The huge
amount of publications in this field represents divect consequence to the great synthetic

flexibility of these materials, in addition to thepreciable fine-tuning possibilities.

Authors Metal  Sidopant Synthesis
dopant  maolar ratio routet!
Beck et al =l Ad I5 &+I-
Corma &t al #H Ti 56 St
Reddy et al.® Y il A i
Tanev &t al.#3 Ti 10eH Ao
Sawari et al ™ B 6.258 e i
Luan et al™d Ad 10 L i
Fu et alB Al = Jik] 5+
Zhao, Goldfark ¥ Mn §] hind i
Abdel-Fattnh, Pinnavaiatd &n ] 5o
Chenpg et al 24 i 3 §+-
Cheng, Flinowski= GG, A 57, 57 5
Koyvano, Tatsumil™ Ti RO ST i MOCM-AR)
Tuel, Gontier =l Al 6 Sopo
Gia 3l 5
Fe 55 5P
B 7 5
Tuel et al ! Zi 17 5o
Ulagappan, Rao® Cr 3y i
Zhang, Pinnava g% Ti 50 S+ (MOCMAR)
Cr SpH S+ {MCM-<R)
W S ST MOCM-R)
Zhang eral #8 Ti 2T, Th Stxrt, e
v 434 131 StX-rE e
Cr 163, 70 Stx-r e
in 3332, 118 . Sy
Mo 05, 199 o v B b
Echchahed et al.#7 Fe: 40 S+ [MCM-4EB)
He et alF® Fe 2 5
Jones etal = iy 25 Stf-
Zhang, Ying®l Mh 10 St
Wong et al®! Zx 5 ST

[a] MCM-41 structure, unless otherwise noted, [b] Molar ratio values of
precursor mixture, not of calcined materials,

Table 3. Authors and the reported elements intredunto the silica framework, following
the suggested synthesis route [4].

3.2.1 Proposed formation mechanism

LCT mechanismFollowing the similarity between lyotropic phasasd the M41S family
of mesoporous molecular sieve, the Mobil reseaschemoposed “a liquid crystal

templating mechanism” based on two possible meshiampathways of synthesis (Figure

14



3. Materials and Methods

1). The first one, postulated that the silicatecprsors (or other dopants precursors)
occupied the space between a previously formeddguoered array, deposing on the micellar
rods. Indeed, this liquid crystal phase denoteld@ss typical for the lyotropic phases.

On the other hand, in the second proposed mechati&rinorganic precursors interact
with the template, favoring the formation of thexagonal arrangement. However, no
explanation of this role of the inorganic precussaas suggested. Taking into account the
synthesis conditions in terms of pH (high pH valas proposed) the organic template
could be considered as a positive center, intergatiith the inorganic precursors which
finally condense into a solid, and the obtainedopesous materials could be viewed as a
continuous silica framework with encapsulated organmpounds [5].

The subsequent treatment for the template remawealuged the typical MCM-41 opened

mesopores.

hexagonal

surfactant micelle micellar rod

Figure 1. LCT mechanism, proposed by the Mobilasdeers.

Furthermore, as it is now known, the synthesis itmms$, used for preparing the
mesophase following the method proposed by Beek ,ah particular in terms of template
concentration, are far below to the critical mieetioncentration excluding the required
hexagonal LC formation necessary to the first pseplgpathway 1 [4].

Indeed, an alternative study, carried out with diiva of further investigating the molar
ratio between silica source and organic templdthigin template/silica source molar ratio
have reported the formation of different ordere@ys, classified and labeled as MCM-48,
MCM-50 and so on (Figure 2) [6].
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Figure 2. Phase sequence of template-water bingstes [6].

Despite to the significant number of proposed sytthmethodologies, in this moment
have been advanced no definitive explanations wbdchindicate a formation mechanism
prior to another, but has took strength the hypmthé¢hat the interaction between the
inorganic precursors and the template is critioaklie synthesis success.

Several mechanism, based on the general ideahbatdilicate species interact with the
template favoring the LC formation, were proposed.

Silicate rod assemblyCarrying out a’N NMR study of the LC formation mechanism,
Davis and coworkers have proposed that the formatio MCM-41, under the Mobil
conditions, began with the deposition of multiggdr of silicate over the micellar rods.
The final steps of hydrothermal treatment and adawpr the complete condensation of
the silica source, leading to the ordered MCM-4lageh) previously constitute of

disordered silicate-encapsulated rods (Figure B) [7

Figure 3. Silicate-encapsulated rods, ordered i@ tlexagonal array [4].

Silicate layer puckeringRealizing the samé’N NMR study of the LC formation
mechanism, Steel and coworkers reached a diffensterpretation, advancing the
possibilities that the LC phase, prior to becameharagonal array, was constituted of
silicate layer intercalated with cylindrical rods.this case, the aging treatment favor the
puckering around the rods, leading to the well-kndCM-41 structure (Figure 4) [8].
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Figure 4. Puckering of silicate layers proposed3igel et al. [8].

Charge density matchingtarting from a similar arrangement, Monnier amacky have
proposed that the intercalated template was nopeshan cylindrical rods, but in a
complete lamellar phase induced by the electrastatieraction between the anionic
silicates and the cationic template. When theat#idayer began to condense, the anionic
charge associated with the silica source was redand, in order to maintain the charge
balance, the silicate layer collapse transformimg lamellar structure into the hexagonal
MCM-41 structure (Figure 5) [9,10].

2,
5

s

Figure 5. Charge density matching mechanism [9].

Similarly, the formation of the mesoporous maternalled FSM follows the same

intercalation mechanism that cause a lamellar-t@atpenal phase transformation.
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After introducing the template by ion-exchange intmeral kadenite, its structure swells

to a final product very similar to MCM-41 (Figuré [@1].

-
CoHansMMe,

)
_,ﬂ \'\ J;'F'{, - ,ﬂg

= A
\ \r
a) ;@fc«. rA ~...\ ¥,

A

kanemite silicate—organic mesoporous
complex material

Figure 6. Folding sheet of kanemite, intercalatéwen organic template [11].

Firouzi and coworkers have reported an interessingly, carried out witfH and 2°Si
NMR spectroscopy, suggesting a true cooperativeassembly of the silicates and
template molecules at low temperature and high g@bdt 14). Under these conditions,
that prevented condensation of the silicate spe@ebkexagonal phase was found, in
agreement with the effect of electrolytes on marephase transformation to hexagonal.
When this silicatropic liquid crystal, called SL@as heated the silicates has began to

condense, forming the known MCM-41(Figure 7) [12].

X 0%

0-/"..:; o o @

LR, or P ® e
e - L ©

.g a {P
micelles and isolated caqaomc inorganic silicate anions
surfactant molecules  {for example, D4R cligomers)

ion exchange

Jamellar SLC hexagonal SLC

Figure 7. Silicatropic liquid crystal template basmechanism, suggested by Firouzi et al.
[12].
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3.2.2 MCM-41 synthesis

Since their discovery on 1991, a several numbesyothetic procedures were reported
based on sodium silicate, tetraethylorthosilicatemed silica and colloidal silica
precursors. Because of this on the beginning ofrthestigation different procedures and
silica source were evaluated. In this work, MCM-=ldpports were prepared by using
sodium silicate and tetraethylortosilicate as ail&ource and cetyltrimethylammonium
bromide as templating agent. The synthetic proeunvolved the preparation of the gel,
hydrothermal treatment and calcination.

Preparation of the gel

Sodium silicate MCM-41 (Sil)The synthesis was performed according to the ploee
reported by Beck and co-workers [5]. CTABr (ceighethylammonium bromide, 99%,
Sigma-Aldrich) and deionized water were stirred@m temperature until the mixture
became homogeneous. Then sodium silicate (27%, Si@ma-Aldrich) was added to the
mixture under vigorous stirring and aged for anrhdu order to favor the silicate poly-
anions condensations the pH was adjusted by addirejully a diluted aqueous solution
of H,SO, (96%, Sigma-Aldrich). The acid solution must bewdly added to the gel in
order to avoid any local decrease in pH, which dowsults in a fast and disordered
condensation of the silanols. Indeed, a typicad amidition involves at least 2 hours,
depending on the batch volume. The obtained maarposition of gel mixture was 1.0
SiOy: 0.55 CTABTr: 0.14 HSOy: 73 HO. The sample was labeled Sil.
Tetraethylorthosilicate MCM-41 (TEOSThe synthesis was performed according to the
procedure reported by Cassiers and co-workers [@BABr and deionized water were
stirred at room temperature until the solution leea clean. Then the
tetramethylammonium hydroxide solution (TMAOH, 2%.9 aqueous solution, Sigma-
Aldrich) and the tetraethylorthosilicate (TEOS, 28, Fluka) were added to the mixture,
maintaining a vigorous stirring at 70°C for 2 houBgcause of this, the treatment at 70°C
and the consequent vaporization of ethanol (forimethe condensation of silanols) could
increase the viscosity of the gel, which shouldcbetrolled by closing the container,
stopping the condensate. The obtained mixture, avittolar composition equal to 1.0 SiO

: 0.25 CTABr : 0.20 TMAOH : 35 kD, was aged at room temperature for 24 hours and
labeled TEOS.
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Hydrothermal treatment

Traditional hydrothermal treatment (HTY.he gels prepared according with the Beck and
Cassiers methods were treated at 100°C for 144HRMFE-lined stainless-steel autoclave.
Materials treated as above mentioned were indicdtie the label HT (p.e. Sil-HT or
TEOS-HT)

Microwave-assisted hydrothermal treatment (MWhe treatment was performed in a
Milestone StartSYNTH microwave oven. The pressurd temperature was kept under
control at 1.6 bar and 125°C [14]. The gel mixtumsre reacted on 75 ml PTRE
autoclaves for 7 hours at 125°C. The obtained naddéerwere denoted as Sil-MW or
TEOS-MW.

Calcination

The slurries were filtered, washed with deionizeatex, and dried overnight at 60°C. The
solids were calcined at 540°C for 6 hours in staticto degrade and remove the organic
template and its residuals. order to preserve the structure, a heating rafriif/min was
utilized [15].

3.2.3 Pd/Cu containing MCM-41 samples preparation

Incipient wetness impregnated catalysts (i-PdCu-SHTi-PdCu-THT). After template
removal, MCM-41 supports were impregnated with Rdl £u species by incipient
wetness impregnation of an appropriate BdZid CuCl aqueous solution (molar ratio
1:1). The catalysts, were dried overnight at 128n@ finally treated with pure hydrogen
flow at 330°C for an hour.

“Direct introduction” catalysts.Pd and Cu were incorporated in the course of MAM-4
synthesis using silicates, by adding the Bd@dd CuC] aqueous solution (molar ratio 1:1)
to the template solution. The pH was optimized \toiéh metal hydroxides precipitation,
and then was finally added the silica source. Télengixtures prepared were treated by
microwave irradiation at 125°C for 7 hours, as abwowentioned for purely siliceous
MCM-41. Filtered and dried powders, after the adatment at 540°C, were reduced with
hydrogen flow at 330°C. The synthesized catalystsewlabelled d-PdCu-SMW or d-
PdCu-TMW.
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3.3 Characterization methods
3.3.1 X-ray diffraction analysis

Powder X-ray diffraction analysis (XRPD) were wigelised in catalysis to obtain
information about chemicals on samples, investitfaesvolution of crystalline phases but
also to acquire morphological information in theeaf MCM-41 silicate materials.
XRPD analysis could provide a large range of infation, such as:

- qualitative indication about crystallinity degree

- qualitative identification of sample’s chemicdigses

- quantitative analysis (introducing an internalngtard)
Bragg’'s Law constitutes the cornerstone of diffogcam elaborations, providing a relation
between diffraction angle and the spacing of ciiyse planes, like a fingerprint for
crystalline phases [16].

ni= 2d siry
where:
n = diffraction order
A = radiation wavelength
d =spacing of crystalline planes
0 = incident radiation angle
Furthermore, especially considering the formatibraltoys, the Vegard's Law has been
used to calculate the solid solution compositianfrthe distortion onto crystalline unit
cell parameters.
aag = Xaa + (1-X)as

where:
ang = solid solution’s unit cell parameter
an, a = unit cell parameters for A and B componentseespely

X = molar fraction

XRPD measurements were carried out in differenfratifometer (Philips PW1710 and
PANalytical X'PertPro) based on Bragg/Brentano getygn basically equipped with a
proportional detector, using a Ni-filtered CwKadiation A=1.5418 A) at 40 mA and 40
kV. For all catalysts, the first diffraction pattein the 5-80° @ range was collected with a
step size of 0.1° and time for step of 2 seconid® $econd time, specific methods were

used to refine the information quality, decreadimg step size to resolve close reflections
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or decreasing the acquisition velocity to magniflections intensity. Metals alloying
were investigate in specific range using a highfgoerance detector with a step size of
0.05° and time for step comparable to 800 secokldseover, in the case of MCM-41
based materials, the small angle diffractogram w@kected over the 1.6-15 6Zange,
0.1° step size and 10 counting time and the widgeadiffractogram was collected over

the 25-50 °R range, 0.1° step size and 5 counting time.

3.3.2 Transmission electron microscope analysis

Transmission electron microscope analysis (TEM)ldcdae considered one of the most
reliable and flexible analytical technique, thaulcbprovide information about particle
distribution, composition, dimension and shape.hHigsolution images, formed from the
interaction between the transmitted electrons tiinoa thin-layer of dispersed sample are
just one of the obtainable results, just one oftibiectable radiations. In fact:

- diffraction patterns can be used to identify @sagnd space groups

- high resolution images can be used to measur@clpasize and structure

formation, such as the hexagonal arrangementedit@M-41 channels [16].
With the aim of revealing the particle compositi@n EDS micro-probe can be used,
which is based on the elaboration of emitted xfrayn an irradiated sample (similarly to
X-ray fluorescence analysis). When in a inner devel a vacancies are created trough an
incident high-energy radiation, an electron traosifrom the outer level to the vacancies,
leads to an emission of characteristic radiatidihe intensity of the emitted radiations can
be linked to the energy difference between thetmlrdevels, that identifies it as typical
for each element. In fact, every element produ@®raplex spectrum, resulting from a
wide range of possible electron transitions. Irtipalar, emitted radiation can be classified
according to the shell from which the electronjected (K, L and M from the inner one)
and the width of the electron transition §s one levelp e y respectively two and three
levels). Moreover, the presence of sublevels contributesré¢ate a spectrum complicated
and unique for each element.
TEM analysis were performed on a TEM/STEM FEI Tedt0 working at 200 KeV. The
samples were prepared by dispersion of the powdaicohol (ethanol or isopropanol) and

deposition in a holey-carbon film supported wittitanium grid.
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3.3.3 Thermo-gravimetric analysis

Thermo-gravimetric analysis are usually and friigfuused to evaluate the thermal
stability of materials but also to observe the \ei¢pss of samples subjected to a
progressive increase of temperature. Observin@tamis on the slope of this weight loss,
is possible to recognize the precise temperaturesravdegradations and substances’
evolution occur. In fact, the above mentioned weighs can be attributed to the evolution
of adsorbed substances or to a thermal degradatioraterials and templates in the case
of porous catalysts preparation. The temperatunehath substances are desorbed from the
surface of a heated solid reflects the strengthhef surface bond, and this analytical

methods is clearly interesting for analyze exhaasdlysts.

3.3.4 Temperature programmed desorption, reduction and oxidation analysis

Determining the strength of surface bonds and acteon between metal phases and
materials surface is fundamental for catalysts querince understand. Temperature
programmed analysis can provide red-ox informataout materials and following
specific reagent diffusion model can provide infaton about metals particle size and
homogeneity:

- reduction and oxidation behavior can be comphetdeen materials

- profile areas could be used for quantitative wsial

- maximum temperature can be related to metalghardimension

Temperature Programmed Analysis (TPDRO; desorptiediction and oxidation) were
carried out in a Thermo Scientific TPDRO 1100 wotkiwith a 5% H/Ar reduction

mixture and 5% @He oxidation mixture.

3.3.5 Nitrogen adsorption analysis

A typical adsorption/desorption measurement verslastive pressure plmver a solid
provide several information about the morphologigedperties of samples. Considering
that progressively higher pressure are used duniigpgen adsorption, capillary
condensation occurs in pores increasingly largaking it possible to evaluate the pore
size distribution. The Kelvin equation shows howpisssible to observe the nitrogen
condensation in pores at pressures lower than dh@ation pressure, indeed, when a
capillary condensation occurs, the vapor pressulewered in concave meniscus of liquid
[17].
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P =2y 1

"POTTRT =1,

where:

Im is the radius of curvature

v is the surface tension

V is the molar volume

Moreover, applying computational models and equaticNLDFT, BJH, t-plot, HK and
BET) to the obtained isotherms is possible to measieresting parameters such as the
pore size distribution, the attributable volume éacch type of pores, the specific surface
area and many others. It must be remarked thatseingf models is suitable for calculated
parameters for a class of materials, but in othsecthe introduction of alternative models
could be more suitable [18]. Similarly, the anatysonditions should be specific for each
class of materials.

N, adsorption/desorption isotherms (-196°C) were quaréd in a Micromeritics ASAP
2020 instrument. Samples were previously outgasse®0 minutes at 150°C and 30

umHg, and then heated for 120 minutes at 350°C.
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Chapter 4

4 Activated carbon supported catalysts
4.1 Introduction

Several heterogeneous metal catalysts supportechctimated-carbon were prepared
following the previously explained procedures atdd®ed on the hydrodechlorination of

CFROCFCICRCI (ADM) in the presence of hydrogen. The hydrodechation activities

of catalysts containing Ru, Pd, Ru/Pd, and Pd/iEBneint were investigated at different
metal content, different contact time and also iffergnt molar ratio in the case of

bimetallic active phases. The main purpose of plaig of the investigation was to define

the best metal components for the active phases, tha minimum characterization of the
materials used, necessary for the understanding b@en reported. In a large number of
catalytic trials using different catalysts the maroduct detected was the expected
product, CEFOCF=CF, (MVE). All the possible products were reported tbe following

F
F
> 7 e
+H, F
F F

-2HCI

scheme [1].

1,1,2-trifluoro-2-(trif luoromethoxy)ethene (MVE)

+H, X %
% —_—
-HCI —
F o)
1-chloro-1,2,2-trifluoro-1- (trlfluoromcthoxy)cthanc (AMH)
F
thane

F

1,2-dichloro-1,1,2-trifluoro-2- (trlfluoromcthoxy)c

+ H2 o = -
ol X -HF
-HF
1-chloro-2,2-difluoro-1- (trlfluoromethoxy)ethene (AMH*)
F
*2H, F +H,
-2HCl -HClI

F
H
F

1,1,2-trifluoro-2-(trif’ Iuoromcthoxy)clhanc (AMH2)

Scheme 1. Reaction pathway proposed for the hydnboliénation of CROCFCICFCI
[1].

26



4. Activated carbon supported catalysts

4.2 Monometallic catalysts
4.2.1 Catalytic performance of Ru-based catalysts

The hydrodechlorination of GBCFCICRCI was performed over Ru-based catalysts
summarized on Table 1. At the very beginning o$ hivestigation, an accurate literature
research was carried out in order to enrich therkedge in this reaction, which needs a
catalysts able to interact with halogenated spedas also activate hydrogen without
hydrogenate the formed double bond.

When the hydrodechlorination was performed over W%datalysts, which is also
commercially available, different operative coraliis such as temperature, contact time
and ADM feeding rate were used to investigate &rrthe effects on catalytic performance

2].

Sample Description Metal Content [%wt] Precursors
0,5 Ru IWI? on Activated Carbon (AC1) 0,5 RuCl,
1,0 Ru IWI? on Activated Carbon (AC1) 1,0 RuCl,
1,5 Ru IWI? on Activated Carbon (AC1) 1,5 RuCl,

@ Incipient Wetness Impregnation

Table 1. Materials and composition of Ru-based Igata involved in the
hydrodechlorination study.

4.2.1.1 Effect of Ru content on catalytic activity

Figures 1 and 2 show the activity of Ru-based gstslwith different metal contents. In
particular, Figure 1 shows the evolution of ;OEFCICFCI conversion with the time on
stream (TOS). On the other hand, on Figure 2 ampaoed MVE selectivity with the time
on stream for each catalysts. The hydrodechloonabf ADM over the ruthenium
reported catalysts generated MVE as the main ptoduwd traces amount of
CROCFCICRH (AMH) and CROCFHCEH (AMH,) molecules, especially at the
beginning of the reaction. Firstly, has appearg¢édrasting that all these materials showed
high values of CFOCFCICRCI conversion, on the range of the industrial retudout at
the same time a high loss of activity must be hggtied, particularly prevalent in the case
of materials with higher Ru content (1.5%wt.).

When 0.5%Ru catalyst was used on reaction, thettrgduct was formed with very high
selectivity (98% after 9 h on stream), and by-pridiike CI/H mono-substituted products
(CROCFHCRCI or CROCFCICEH) were produced in trace amount. The increase of

noble metal content to 1% wt. didn’'t lead to aniéigt increase, but CI/H mono-
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substituted products formation increased slighdly, it was related to the amount of
hydrogen activated by ruthenium active sites. ldeorto reveal a possible trend on by-
product formation, another Ru-catalyst was prepangd a higher metal loading, equal to

1.5% wt. The obtained results showed unexpectedesabf conversion and selectivity.

Indeed, the expected gBCFCICRCI conversion enhancement was really interestirtg bu
considering this behavior, is also true that deatibn trend appeared worse with respect
to the lower Ru-content catalysts. On the contrangexpectedly, over this catalyst, a

decrease in the GBCFCICREH production was observed concomitant with a small
formation of the di-hydrogenated product OEFHCFEH. Nevertheless, considering the

cumulative amount of “hydrogenated” products, whagipeared higher (GBCFHCFCI

or CROCFCICRH and CROCFHCRH), a relationship between MVE selectivity,

hydrogen coverage and noble metal content couttidmmized.
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Figure 1. Ru-based catalysts performance in terrhsCB;O0CFCICRCI conversion.
Reaction conditions: ADM = 16%v/v, contact time ,JABM/H, molar ratio = 1, reaction
temperature 250°C.

For all ruthenium-supported catalysts, a transigné to achieve the steady-state on the
selectivity to perfluorinated olefin (MVE) has bemported during the earliest five hours
of reaction (Figure 1). This behavior was conconitavith a general decrease in
hydrogenated side-products formation such as théH Cieplacement product
CROCFCICRH (AMH) and di-hydrogenated product gFCFHCRH (AMH>).
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Figure 2. Ru-based catalysts performance in terfreelectivity to MVE. Table reports the
selectivity of the main by-products at the steddtes

The observed decrease in formation of the CI/H tdulisn products with time on stream,
could be attributed to different interpretationsieTactivation reductive procedures to
fundamental state of the active phase, generatghahlydrogen coverage over ruthenium
species at the beginning of the reaction. Due tesipte competitive adsorption of
chlorine, which is formed by the dissociative alpgion of CROCFCICFCI, the hydrogen
coverage decreases with the time on stream. Aggioor activity on hydrogen activation
at reaction temperature can lead to a decreasaddsm coverage, and thus, a decrease in
production of mono-hydrogenated molecules; howeter,decrease in formation of CI/H
substitution species, might also be due to a digssamodification on the active phase
that favors multiple interaction with active sitésading to others molecules. At the same
time, is equally possible that these mono-hydrogzhgroducts were produced on a
chemically different active sites that could becaféd by deactivation, also caused by the
hydrochloric acid formed during the reaction.

Nowadays, the reaction mechanism is not well ddfiget, but a previously reported
mechanism in hydrodechlorination reactions, suggedily Mori and co-workers [3],
theorizes the possible interactions between acties and reactive species in
hydrodechlorination of trichloroethane. Some of thlained considerations could be
extend to different possible reaction pathways @ased with ADM hydrodechlorination,
as shown in Figures 3 and 4.

29



4. Activated carbon supported catalysts

F
F. P% .
F F}/
F F

F
F
0] F 1.1,2-trifluoro-2-(trifluoromethoxy)ethene (MVE) F. 0] F
F}/ o] F}/ H
F F H

Cl

1.2-dichloro-1,1.2-trif luoro-2-(trif luoromethoxy)ethane
(ADM)

1,1.2-trifluoro-2-(trifluoromethoxy)ethane (AMH2)
/ i
F o}
X \%\F
F
X F F al
1-chloro-2.2-difluoro-1-(trifluoromethoxy)ethene (AMH*)

—
: ‘where X could be: F or Cl

Figure 3. Reaction products associated with bi-demtntermediate.

F F
F
F _—
F CF,0 Cl
F 0  —
F :
F Cl
F Cl
1.2-dichloro-1.1,2-trif luoro-2-(trif luoromethoxy)ethane F
(ADM) F
F o
F
F Cl
F H
1-chloro-1,1,2-trifluoro-2-(trifluoromethoxy)ethane (AMH)
CF,0 F
= F
E F
D ———
ST
F H
cl F Fooa

..

1-chloro-1.2,2-trif luoro-1-(trif luoromethoxy)ethane (AMH)
Figure 4.Reaction products associated with mono-dentaternrediate.

The previously mentioned mechanism for hydrodeamdtion of vicinal halogen considers
the multiple interaction of molecules with the getisites (or vicinal active sites), leading
to the target product but also to LEEFHCRH (AMH,) depending on the catalytic
system used. Obviously, a single interaction withsmlated active site is already possible
and promote a single dehalogenation reaction, mindua CI/H substitution by-products
like CRROCFHCRCI and CEOCFCICRH (AMH). In the first case, GOCF=CFk, and
CROCFH-CRH can be formed when vicinal active sites stabdizn intermediate
comparable to GO*CF-CFR*. The activated hydrogen amount on catalyst serfac
determines how the intermediates;OFCF-CFE* will be desorbed. On the other hand, the
mono-hydrogenated molecules OCFCI-CRH and CRBOCFH-CRCI, formed from
CRO*CF-CRCI or CROCCIF-CR* intermediates, are probably formed over isolated
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active sites. Furthermore, a separate discusstomgddbe done considering de-fluorinated
by-products like CEOCCI=CF, (AMH*), and cracking molecules such as £EFCI
(CTFE) and COFformed in different quantities depending on th&alydic systems used.
In fact, the more are strong the interaction betwaetive sites and species, the more are
possible eliminations different from chlorine, swehCEO* groups and F*.

Indeed, the selectivity trend observed, during tingee on stream (Figure 2) may be
explained by the hypothesis that the productiomoho-hydrogenated species requires a
single Ru active site and the formation of diffdrgtiermediates, such as §FCF-CFCI

or CROCCIF-CR*. Probably, the interaction between this singldivee site and the
organic substrate could generate some kind ofredrate, such as the above reported,
which are strongly hold-on the active sites. Thamdition could easily evolve to: i)
blocking phenomena of the active sites involved;side-reaction between the adsorbed
intermediates leading to the formation of dimerd aligomers. Considering the hydrogen
coverage of catalysts surface as a key factor ritermediates desorption, the more
hydrogen availability decrease, the more this kihdctive site could be deactivated.
Considering a second mechanism, proposed by dhttico-workers, shown in Figure 5, is
possible to adapt it for the reaction of dechldaiora of ADM. This mechanism is
particularly suitable to consider the different ditions of hydrogen coverage and the
various distribution of the eventually differentige sites of the catalyst [4].

In fact, the reagent, after suffering a dissocaidsorption of a chlorine atom, in section
1, may evolve into section 4, in case there istamdance of hydrogen on the surface, or
evolve to section 2 (or 2a) in presence of a vicsiee more active in coordinating
halogens, or in the case of decreased hydrogesrage of the catalyst surface.

The section 2a, 3 and 6 may evolve desorptionfédrént reaction products. In the case of
the section 2a is considered that the presenbgdrbgen makes it more favorable bond
rupture C-F, while in section 3, coordinating onsigle site interaction with the
intermediate of type x , it is possible to obtale tdesired product or large excess of
hydrogen , also the product AMHThe section 5, through the rotation of the barah
evolve from coordination of four atoms with hydragé a more stable coordination of six
atoms with hydrogen and halogen, evolving rapidlAMH. The presence of two possible
isomers for the product AMH is explained by consiug a different adsorption in section
4, coordinating, through the halogen, the secondariyon.
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Figure 5. Adapted and revised reaction schemehfertydrodechlorination of ADM [3].

Taking a look on AMH selectivity (Figure 2), whiakas slightly higher over 1.0-Ru/C,
and the higher AMHE selectivity over 1.5-Ru/C, another hypothesis ddug justified. At
the beginning of reaction, the hydrogen coverageldcde considered high on every
catalysts, favoring hydrogenated products. Whencttalysts with lower metal content
were used on reaction, their high metal disperprabably favors the formation of single-
site interactions with halogenated species, leadin@ high AMH formation. On the
contrary, the catalyst with higher metal contertyihg a lower metal dispersion, promote
the formation of multiple-site interactions and sequently a high AMHK formation.
Thus, following this and the above mentioned obesgom, the optimal compromise
between performance, metal dispersion and metaénbwas selected on 1%Ru/C.

4.2.1.2 Effect of operative conditions on catalytic activity

In order to observe the effects on product distitims, catalytic tests were conducted
using different temperature, contact time (5 andgd€onds) and various gFCFCICRCI
feeding rate over the sample 1-Ru/C. The effedienfperature was studied in the range
between 220°C and 280°C. Figure 6 and 7 shows tfeeteof temperature on the
conversion and product selectivities using differeeaction temperature for the
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hydrodechlorination of GOCFCICFCI. The conversion of ADM increased around 35%

with reaction temperature between 220°C and 280@°Qust be noted that this advantage

was rapidly lost by different rates on deactivatiphenomena, which lead to equal

performance on ADM conversion after 9 hours of tieac This evidence, supports the

theorized deactivation mechanism that consideteagy adsorption of a “mono-dentate”

intermediate on active sites. Indeed, the turndkeguency was increased, generating a

greater deactivation. Unexpectedly, operative teatpee condition seems to have no

effect on selectivity towards MVE, and thus extewdihis consideration, temperature

condition seems to have no effect on reaction nrashg obviously into the studied range

of temperature.

100

90
80

ADM Conversion (%)

10

70
60
50

| ~
40
| ~.
30
20

\A

—a—220°C
—o— 250°C
—A— 280°C
T~A
A A,
O\O\o &LA\A\A
I—I—I—\Io—\IO\TOO\ \‘\A\A

m_2
I\._Oi>~b=oio_\%\l
ﬁo\o

— :
2 4 6 8 10
TOS (h)

Figure 6. 1.0% Ru-based catalysts performance itMAG@»nversion, at different reaction
temperature. Reaction conditions: ADM = 16%v/v, teahtime 10s, ADM/KHmolar ratio
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Figure 7. Selectivity to MVE over 1.0% Ru-basedilyats, tested at different reaction
temperature.

When Ru-catalysts were used with different contawes or feeding rates, the catalytic
performance on ADM conversion and product seldgtidio not highlight significantly
variations. The obtained results are summarizeHigares 8 and 9, where is also possible
to observe the same trend of performance deaaivai/ith the best of our knowledge at
this point of develop, a dramatic deactivation of¢atalysts was highlighted and no effect
on this was related to the operative contact timeé feeding rate of ADM. The only
difference on deactivation trend could be relatedhe increase on reaction temperature,
which makes the deactivation faster. This behaisom agreement with an energetic
consideration: the more the temperature is high ntlore interactions will be effective for
the formation of intermediates, and thus, if atitacof intermediates can block the active
sites, the more interactions will be effective oenerate intermediates, the more
intermediates will block the active sites, leadtoga decrease on the catalytic conversion
of ADM with time on stream. However, taking intocacnt only this hypothesis, there’s
no way to explain how catalytic trials performedddterent temperature lead to a similar

steady-state value of ADM conversion in long-tetm.r
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Figure 9. 1.0% Ru-containing catalysts performanmc@&DM conversion (on the left side)
and selectivity to MVE (on the right side), testgddifferent feeding ratios. Reaction
conditions: ADM = 16%v/v and 33%v/v, temperatur50°C, ADM/H molar ratio = 1
and contact time = 10s.

4.2.1.3 Effect of Ru content on catalysts chemical-physical properties

In order to investigate further the reason of degatibn and catalytic different activity of
all the Ru-based materials a series of charactenzanalysis were carried out over fresh
and spent catalysts. With the aim of obtaining earcldiscussions, the results will be
reported following an order based on the soughdrinétion. Firstly, the question to be
answered was why the Ru-based catalysts activitiyyoinodechlorination seems to be not
proportional with respect to the metal content. literature, dispersion of metal
nanoparticle were reported to play an importang ial several hydrodechlorinations, in
fact, these reactions have been shown to be irdeeehy surface metal size and amount of

spillover hydrogen [5-7]. Furthermore, hydrodechlation reactions have been considered
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as structure sensitive reaction, observing thatidailorination rates seems to be enhanced
at lower metal dispersion, probably depending ajreater exposition of atomic orbitals
over smaller particles. [8, 9].

Temperature-programmed reduction analysis weraeckhout over these catalysts and
allowed to observe the presence of different Rusphdeposited over the carbon surface
reporting a different Hconsumption profile (Figure 10). The low rutheniwuntent
catalysts (0.5-Ru and 1.0-Ru/C) showed a singlaatash peak, in particular with a peak
maximum on profile placed around 130°C that coudd attributed to the reduction of
amorphous or highly dispersed ruthenium oxide. Qh&olow temperature sides of these
reductions peaks, a small shoulder between 60 @@, &learly observable over 0.5-Ru/C,
could be assigned to the reduction of non-stoicktoia ruthenium oxide usually indicated
as RuQ. On the contrary, over the higher metal contentcRialyst (1.5-Ru/C) three
reduction peaks on the,tdonsuption profile were showed, respectively &,1870 and
230°C.

The lower temperature peak, as above, were assigritéeé reduction of ruthenium oxide,
while the higher one (230°C) was due to a ruthengpacies with lower dispersion or
strongly interacting with the surface [10, 11]. Mover, the peak at 170°C was attributed
to the reduction of residual ruthenium oxychloridearied during the preparation of the
catalysts [12, 13].

In order to compare different analysis, the obtdimesults were normalized with the
samples weight. For all the samples analyzed, tvere a high temperature profile due to
support degradation [14], while, on the lower rargfjetemperature, the intensity of
reduction profile was correlate with the metal emtt highlighting the increase in
ruthenium content.

Based on this consideration, was quite expectedhigh value of ADM conversion
reported at the very beginning of catalytic teserot.5-Ru/C. On the other hand, the
exhibited higher selectivity t&€ OCFHCRH (AMH,) was probably due to the presence
of different active sites or a particularly highndéy of activated hydrogen on the surface
of catalyst.

When the lower Ru-content catalysts (0.5-Ru andRUAC) were used on reaction, as
previously explained, the achieved values of ADNhaErsion were the same despite the
difference on ruthenium content. In fact, observihg reduction profiles, only the 1.5-
Ru/C showed more phases, probably active on hydhboienation reaction, but also more

affected by deactivation.
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Figure 10. Temperature programmed reduction pro@ifeRu-containing catalysts with
different metal loading.

With the goal of better observe the metal dispersiwer the surface of catalystsy-N
adsorption and HR-TEM analysis were carried outviQisly, the best method to be
performed should include the chemisorption of protmecule, but in the case of
activated-carbon supports, this kind of analysia t& unreliable. MNadsorption and
desorption analysis performed at -196°C reportddthe ruthenium catalysts as not
affected by pore occluding into the activated-carbmatrix during the preparation
procedure (Table 2). In particular no evidenceurface areas decrease related to the metal

content were found.

Sample Active Phase Composition Surface area (m?%/g)
Fresh Spent
0,5-Ru/C Ru 0,5 920 ()
1,0-Ru/C Ru 1,0 1041 795
1,5-Ru/C Ru 1,5 990 ()

Table 2. Composition and surface areas of Ru-baa&alysts studied.

XRPD analysis were carried out over the Ru-basedlysis with the aim of observing
different phases and eventually, calculate the talite size, but no reflects were
highlighted together with the activated-carbon gwhous background (Figure 11). Taking

into account this evidence, the ruthenium specsgdcbe considered in an amorphous
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state or smaller with respect to the XRPD limitabbut 4 nm, also generally indicated as

1-2%wt. of crystalline species over an amorphousima
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Figure 11. X-ray diffraction analysis performed oWu-based catalysts and standard Ru
diffraction pattern (degrees and reflections relatintensity), PDF 00-006-0663.

When Ru-based catalysts, with 1.0 and 1.5%wt. nostadent, were analyzed by HR-TEM

microanalysis the same results were showed, higiitig a homogeneous dispersion of Ru
particle all over the catalysts surface. Regardnegl.0-Ru/C histogram on Figure 12, Ru-
particle have reported a size of 1.4+0.6 nm, ineagrent with the absence of XRPD
reflects (under the detection limit). Increasing tRu content around 1.5%wt. a partial

aggregation of particles could be noted resultingh@ histogram showed on Figure 13.
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Figure 12. HR-TEM image, reporting the well-disgeiRu-phase and Ru particle size
distribution histogram associated with 1.0-Ru/C.
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Figure 13. HR-TEM image, reporting the Ru-phasepelision and Ru particle size
distribution histogram associated with 1.5-Ru/C.

Taking into account that the ADM conversion ovethamium containing samples
significantly depends on the metal content, HR-TEMalysis indicated the presence of
very dispersed ruthenium species over all activbarasupported catalysts. Furthermore,
around 1.5% Ru of metal loading was noted a paatglomeration of metal particles
leading to moderate increase of dimension of chijteta These evidence were consistent
with the previously reported XRPD and TPR analysi®wing to theorized that the
observed not-proportional catalytic performanceterms of ADM conversion could be

assigned to the formation of a different Ru-phaseirad the 1.5%wt. metal content.

4.2.1.4 Study on catalysts deactivation

At this point of the investigation, the killing faxr for these Ru-based catalysts must be
certainly considered as the low stability showedrduthe time on stream, with respect to
an evidenced remarkable high selectivity for thpeeted product MVE. In literature, the
deactivation of catalysts used in hydrodechlororatprocesses is attributed to different
phenomena such as [15-17]:

- metal sintering

- surface poisoning by HCI

- heavy halogenated carbon deposition and occluditime active sites.

Furthermore, the question to be answered was sbijhy the Ru-based catalysts activity
on hydrodechlorination has showed a gradual destaiiv with the time on stream, but
also why these catalysts have reported a conconaktemge into the products distribution.
In order to investigate these behaviors revealedRotbased catalysts, XRPBE-SEM

TPR, N;-adsorption, TPD-MS analysis and various reactivegirocedures were tried.
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First of all, considering the possible deactivat@aused by sintering of the active metal
phase, XRPD analysis over Ru/C fresh and speriiystdavere carried out. The results for
the 1.0%Ru catalysts, were reported on Figure 1dit dearly showed no evidence of
increased reflections that could be ascribed ttesad ruthenium phases. Moreover, the
obtained patterns of diffraction did not presentyg eeflections attributable to chlorinated

species, excluding chloride or oxychloride formatas poisoned ruthenium phases.
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Figure 14. X-ray diffraction analysis performed over fresh amént 1.0-Ru/C catalysts.

As above mentioned, the detection limit of XRPD Igsia, did not allow to reveal

variations on active phases under 4 nm. FE-SEM warged out over fresh and spent
catalysts with the aim of further investigating @sgible sintering phenomena. Figure 15
shows the microscope imaging of 1.0-Ru/C catalysth in the fresh state (A) than on the
spent state (B). Regarding the fresh catalyst, ladisperse phase of ruthenium particles
were observed. On the contrary, over the spentysatthe ruthenium phase reported a
good dispersion but also some greater particlagat;g a slight sintering. These data
have suggested the presence of a slight sintetieggmena, but it was not clear if the

deactivation observed in catalytic performance @¢dod assigned to.
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Figure 15. FE-SEM imaging of fresh 1.0-Ru/C (A) apént 1.0-Ru/C (B).

Temperature-programmed reduction analysis, wer&iqusly considered in order to
obtain information about the different phases d¥ercontaining catalysts.

Taking into account the observed different ruthemiphases as showed on Figure 10, it
can be assumed how the faster deactivation rate(edd over 1.5-Ru/C) could be due to
stronger interaction between halogenated speciéghandifferent active sites evidenced
by this sample, leading to a halogenated speoesrage greater with respect to the lower
ruthenium content catalysts.

In terms of surface coverage, the performed arsabys N,-adsorption over spent catalysts
have showed a loss of surface area from 1041 tan¥& (Table 2).In fact, a significant
decrease on surface area were evidenced overealipignt catalyst, which could indicate
some kind of organic depositiorNevertheless, the relationship of this surfaceaare
decrease with observed catalyst deactivation iteancbecause also palladium containing
samples suffered from similar decrease, but dicemmtenced any deactivation phenomena
related to the formation of carbonaceous.

In order to obtain information about the reasodedctivation, several regeneration step of
Ru-supported catalysts was studied by meansobrHHe thermal treatments during a
performed trial (Figure 16).

41



4. Activated carbon supported catalysts

100 1 2 3
O e i B
0 7 50° 0" = ADM Conversion
80 4 o i i i o Selectivity to MVE
;\c? 7 -o ! ' :
2 1 : ; 5 Regeneration Treatments
% 60 + i : ; Procedure Gas T°C
3 50 - | 5 : 1 He 400
&b e ! : § 2 H2 300
S 40 | "mamg, 3 ; - 3 H2 400
% ] L LI - L]
5 30 ™ . e
o T |
10 - |
0 : i : : : : |
0 5 10 15 20 25 30 35
TOS (h)

Figure 16. Effect of different regeneration proceztion ADM conversion (full squares)
and selectivity to MVE (empty circles) over 1.0RuReaction conditions: ADM = 16%
vlv, contact time = 10s, ADMAnolar ratio = 1 and temperature = 250°C.

Regeneration steps were carried out approximatiedy 40 hours of reaction at 250°C
switching the reactor feed to flowing He ok lnd the catalyst was heated for 2 h at
different temperatures (300°C and 400°C). Thus,system was switched back again to
the reaction feed.

Figure 16 reported the obtained results over tH®RW/C catalyst, showing ADM
conversion and selectivity to MVE before and afteveral treatments. Regeneration steps
were revealed to be un-effective when He gnére used at low temperature (<400°C),
instead of the significant performances recoveaftgr a reductive treatment with; it
400°C. However, the regeneration treatment hasrgtste a partial recovery on ADM
conversion but also a concomitant decrease ontséigdo MVE due to an increased
formation of CI/H mono-hydrogenated products. Thieskaviors could suggest a partial
recovery of the hydrogenation activity caused byim@erease on hydrogen coverage,
bringing the surface to similar condition with respto the beginning of the reaction. The
causes of this behavior could be also consider sngorary unblocking of surface, as
above mentioned, occluded by some kind of interatedistrongly interacting with active
sites. Nevertheless, the recovered activity on dgelchlorination was rapidly lost and the
trend in ADM conversion has resumed the same ratkeactivation reported before the
regenerative treatment, indicating that the treatnméth hydrogen temporary improve the

cleavage of strong interactions between active sitel halogenated adsorbed species.
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4. Activated carbon supported catalysts

With the goal of investigate the nature of the hwofdspecies over the Ru containing
catalysts, several TPR/TPD analysis were perforomespent catalysts, trying to reproduce
the above mentioned treatments condition and fafigwhe off-gas with a process mass
spectrometer able to detect up to 100 AMU. Thesa elddence the presence of two main
adsorbed species over the catalyst surface, atdowerature (fac 260°C), where the
desorption was probably due to species physisavheattive carbon porosity, and at high-
temperature (fac 420°C), where the desorption was probably duepgciss strongly
bonded to the catalyst surface. The first invetibgato deeper the knowledge about these
observations was performed with a TPD analysis ®pant activated-carbon (without
metal active phase) where, only the low-temperati@sorbed species were evolved, and
thus, were ascribed to physisorbed species intontioeoporous structure of activated-
carbon. Moreover, another investigation with then abf shedding light over these
evidences, was showed on Figure 17. The fragmesggyreable to carbon support
degradation were reported (oxidized evolved gasa@@® CQ), even if performed in He

flow, at high temperature (<400°C).
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Figure 17. MS-monitored He-TPD analysis over satitvated-carbon.

Excluding the mentioned species produced by detcadaf carbonaceous support, on
Figure 18 were reported the obtained distributidnfragments due to halogenated
adsorbed species, performing a desorption analysie flow. Various peaks assigned to

*CF3;, *CF.Cl, *CF,, *COF, and *CFH were observed in the temperature range 150-
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500°C and were formed following the reaction showadrigure 19. The *Cffragment
was present from 170°C to 400°C, and may be atgthto trifluorometoxy substituent
cleavage, common to reagents {OEFCICRCIl) and main products such as
CROCF=CR and CROCFCICRKH. On the contrary the GEI* fragment was present only
after 350°C, thus were probably due to the therehetomposition of chemisorbed
compounds mainly present in the form of saturateteoules. Moreover, the presence at
high temperatures of *CFHand *CF, fragments may be ascribed to the degradation of

hydrogenated compounds, which are strongly adsavbezhtalyst surface.
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Figure 18. MS-monitored He-TPD analysis over spaumbased catalyst.

*CF; P—— Common to all the adsorbed species

Only from di-hydrogenated product fragmentation
%
CFH, p——> *CFH-CF,H = *CFH, + *CF,

*CF, P—— from *CFH-CF,H - *CFH, + *CF, and MVE fragmentation

Common to all the species, from CF;0* cleavage and

*COF |—— o
decomposition

From mono-hydrogenated productand similarly from ADM
CF3-O-CFH-CF,Cl > CF,-O-CFH* + *CF,Cl

*CF,Cl f——>

Figure 19. MS-monitored He-TPD analysis; ldentifioa and assignment of observed
fragments.
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When the Ru spent catalyst was analyzed by temperptogrammed method with
reducing mixture (5%Hk95%Ar), the adsorbed species were destroyed bymtde
degradation and hydrogenolysis at a lower temperatuth respect to the treatment of
flowing He. The regeneration treatment in He flomlmbly requires higher temperatures
than 400°C to degrade the heavy halogenated cordpdbat are deposited on catalysts.
Taking into account all the explained evidence,dbactivation of Ru-based catalysts can
be ascribed to halogen-containing carbonaceousespaccumulated on the Ru surface
during the reaction. These species can be partiathoved from the surface of the catalyst
by hydrogen treatment at high temperature.

In order to conclude this survey on Ru-based csiislyan overall interpretation of catalytic

performance can be proposed.

Hypothesis that:

- ruthenium activity is insufficient on the actiiat of hydrogen

- [AMH] and [AMH ] are proportional to the amount of activated hgemo on the surface
- regeneration treatments unblock ruthenium adites

Introducing:

[INT]®
Tdeact: X [H—

b and Tdesorp X [Hads]
ads]

where:

rieactiS USed to indicate the deactivation rate observed

a and b are the reaction order,and a> Db

INT is used to indicate some strongly interactipeaes (not the total) formed on the
surface

Hagsis used to indicate the residw@adtivate hydrogen on the surface

resorlS USed to indicate the desorption velocity from srface

The hydrodechlorination performed over a high metaitent Ru-catalyst, take place on a
greater number of active sites and generates adngiunt of intermediates adsorbed on
the surface of catalyst (high [INT]). As suggestedthe hypothesis, an insufficient ability
on hydrogen activation, joint to a highsdslconsumption (low [k{), lead to a higher
deactivation rate. During the catalytic trial, timsufficient ability in hydrogen activation
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4. Activated carbon supported catalysts

caused a gradual decrease in desorption ratesdantermediates due to lower availability
of hydrogen on the catalyst surface. At the samme tidecreasing the free active sites, a
gradual decrease in generated intermediates amdbadishydrogen make slow the rate of
deactivation more than the decreased hydrogen dacsucould make the deactivation
faster because the [INT] exponent a is greater tivifH.qd exponent b.

Based on the same consideration (a > b), catalyils performed at higher temperature
have reported a higher deactivation rate, in fath respect to an thermodynamic increase
(even if equal) in formation of [INT] and [d] the different exponent make the
deactivation faster at higher temperature and gdlgein the case of higher amount of
effective interactions.

Regarding the regeneration treatments, obvioushenshydrogen is used as flowing gas
increases the amount of activated hydrogen on tinlace (there are not competitive
chlorinated species in the gas flow) making fatterdesorption of blocked intermediates.
When the reaction feed was switched back to thetogathe catalyst presents a larger
amount of activated hydrogen (with respect to taildrium regulated by competitive
interactions during reaction) leading to an imp\electivity to hydrogenated species
such as AMH and AMH In this case, the deactivation rate after thattnent seems to be
higher with respect to the previous observatiorbpbly because the cleaned up sites are
sterically more favorable to form intermediate®sgly adsorbed and responsible for the

deactivation.

4.2.2 Catalytic performance of Pd-based catalyst

A several number of papers [2,18] identified thelidded active phase as an active noble
metal in the hydrodehalogenation of GISCCIFR, (CFC-113). Pd-base catalyst, reported

on Table 3 is compared on catalytic performancen whie same metal content of Ru-

catalyst.
Sample Description Metal Content [%wt] Precursors
1,0 Pd IWI? on Activated Carbon (AC2) 1,0 PdCl,
1,0 Ru IWI® on Activated Carbon (AC2) 1,0 RuCl,

@ Incipient Wetness Impregnation

Table 3. Materials and composition of the catalystglved in the hydrodechlorination
study.
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4. Activated carbon supported catalysts

When Pd-based sample was employed for the hydrémtewtion of CROCFCICRCI,
the initial conversion was greater than Ru-catalystgure 20) and there was no evidence

of deactivation during all the trial’s time on stra.
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Figure 20. Catalytic performance in ADM conversiover 1.0-Ru/C and 1.0-Pd/C

catalysts. Reaction conditions: ADM = 19%uv/v, terapgre = 250°C, ADM/H molar
ratio = 1 and contact time = 10s.

Observing the high stability of catalytic perfornsarover Pd-catalyst, on the first catalytic
trials (not reported), the laboratory equipmentsemgpgraded to be suitable for long run
trials. This upgraded lab-scale plant has a lacgalytic bed, lengthening the stabilization
time, but allowing the study of longer-term deaation.

4.3 Bi-metallic catalysts

In the last years, a relevant number of catalyatet on noble metals such as rhodium,
ruthenium, palladium and platinum have been studiadthe hydrodechlorination of
different chlorofluorocarbons [19, 20]. One of tkey factor to understand the different
reactivity of the metals, could be considered asrapetitive interaction onto active sites
with both hydrogen or halogenated species, thatdcganerated an excess of activated
hydrogen on surface of catalysts. The differeninaff of metals with hydrogen or
halogenated species was explained in terms of thi#arent electronic structure and the
physicochemical properties. Another factor whictswansidered is the halogen exchange

activity. Indeed, the hydrodehalogenation reactionld produce a relevant coverage of
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4. Activated carbon supported catalysts

halogen on catalyst surface, avoiding a correchaxge between the adsorbed halogen
and the adsorbed species (reagents, products emiediiates) leading to side-reactions,
destructive cracking and fragmentation, which ceagcréase the expected product
selectivity.

Palladium and platinum based catalysts are veryl| wadnsidered for the
hydrodechlorination of different chlorocarbons aciorofluorocarbons. Indeed, these
catalytic systems shows high activity and seleistivd non-chlorinated products [21].
However, in the case of platinum catalysts a naligible metal leaching, caused by
volatility behavior of tetra-chloro coordinated fpteum, must be considered. However,
both of them, mainly produce a fully hydrogenatecthpounds, for a rapid hydrogenation
of the produced olefin, due to their high capatityactivated H[22]. On the contrary, the
high energy of absorption of intermediates on Rsedacatalysts leads to problems of
deactivation probably due to a lower capacity tvate hydrogen and thus to promote a
dissociative desorption of intermediates from gatasurface.

In order to modify the competitive interaction orstctive metal sites with both hydrogen
or halogenated species, is possible to formuldienaetallic active phases, trying to obtain
both the ability to activate hydrogen than the igbiio interact with halogenated species
[23].

This development was generally accepted as a waydtae a modification on the metal
electronic state by the introduction of a secondaimén fact, palladium based catalysts
were reported as strongly affected on catalytidgoerance by the presence of a second
component [24]. Nevertheless, it must be noted ttiaimost part of literature deals about
CFC’s destruction through complete dehalogenatiod #& is not predictable if this
modification is important for the selectivity towdarolefin sought on ADM
hydrodechlorination reaction [22].

Taking into account these considerations, a safdsi-metallic catalysts was prepared
such as Pd/Au, Pd/Ag and Pd/Cu based catalysts.

4.3.1 Catalytic performance over Ru/Pd catalysts

Prior to that, a series of catalysts that comesifa different idea was prepared, trying to
combine the selectivity to target product, obsererRu-based catalysts, to the ability of
activate and release hydrogen (spillover propgrabserved on Pd-based catalysts.
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4. Activated carbon supported catalysts

On the basis of this consideration, in order to rionp the selectivity to the desired
product, Ru/Pd bimetallic catalysts at differentt@heatio were prepared and employed in

the reaction (Table 4).

Sample Description Metal Content [%wt] Precursors
Ru,Pd;  [IWI° on AC2, molar ratio 4:1 3,2Ru-0,8 Pd RuCl, - PdCl,
RugPd; IWI? on AC2, molar ratio 8:1 3,2 Ru-0,4 Pd RuCl; - PdCl,

@ Incipient Wetness Impregnation

Table 4. Materials and composition of the catalystglved in the hydrodechlorination
study.

Figure 21 and 22 show the data obtained over ttatyst RuPd/C and RgPd/C (4/1 and
8/1 Ru/Pd molar ratio). Over this catalysts, Cl/bb&itution and hydrogenated by-
products were produced in very low amounts, whilg@_F=CF, was formed with very
high selectivity. However, as also observed for mlthenium-based catalysts, the
CROCFCICRCI conversion gradually decreased with time onasire suggesting an
active sites covering during reaction. The deatitwaphenomena was proportional to the
Ru content, indeed, an increase on the Pd molar, redn be generally related to the
capability of activate hydrogen, favoring the imediates desorption, as mentioned in the
case of mono-metallic Ru-based catalysts.
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Figure 21. Catalytic performance in terms of ADMnheersion over 4/1 and 8/1 Ru/Pd
molar ratio catalysts. Reaction conditions: ADM =9%v/v, temperature = 250°C,
ADM/H,; molar ratio = 1 and contact time = 10s.
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Figure 22. Catalytic performance in terms of saiegt to MVE, over 4/1 and 8/1 Ru/Pd
molar ratio catalysts. Reaction conditions: ADM =9%v/v, temperature = 250°C,
ADM/H,; molar ratio = 1 and contact time = 10s.

4.3.2 Catalytic performance over Pd/Au catalysts

In order to confirm the role of a second metal ottee palladium properties in the
hydrodechlorination of GJOCFCICRCI, different elements were used in combination
with Pd in the active phase. Following the ideairdfoduce an elements much more
interactive with halogenated compounds, variousARdiased catalysts were prepared,

which are reported on Table 5.

Sample Description Metal Content [%wt] Precursors

1:1 PdAu  [IWI? on AC2, molar ratio 1:1 1,0 Pd - 1,85 Au PdCl, - HAuCl,
1:2 PdAu  [IWI? on AC2, molar ratio 1:2 1,0 Pd-3,7 Au PdCl, - HAuCI,
1:4 PdAu  |IWI® on AC2, molar ratio 1:4 1,0 Pd - 7,4 Au PdCl, - HAuCl,

@ Incipient Wetness Impregnation

Table 5. Materials and composition of the catalystglved in the hydrodechlorination
study.

When molar ratio 1:1 and 1:2 Pd/Au-based catalyst® used on the hydrodechlorination
of CROCFCICRCI, the conversion of ADM ranged between 60 and BOPlke reported
conversion for these catalysts increase propottiponath the increase in Au content
(Figure 23).
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Figure 23. Catalytic performance in terms of ADMneersion over 1:1, 1:2 and 1:4
Pd/Au molar ratio catalysts. Reaction condition®M = 19%v/v, temperature = 250°C,
ADM/H, molar ratio = 1 and contact time = 10s.

On the contrary, the observed selectivities tatidinget product were not proportional to the
Au content. Over these catalysts, the CI/H mono-tgenated species were produced
without any decrease with the time on stream. Defidy with respect to the pure Pd
catalyst, the target product selectivity has bessrehsed by light cracking fragment and a
hydrofluoroether identified as @GCH=CF,.

The observed different performances in the hydroldemation of ADM could be explain
considering the structure-sensitive behavior oftiea, mentioned by Mori and coworkers,
and considering the effect of hydrochloric acid Aa-containing catalysts [3]. In fact,
hydrochloric acid is a well-known sintering ageat fold particles, and this phenomena
cannot be excluded during reaction [25]. Figure sbbdws the XRPD characterization
analysis carried out over fresh and spent Pd/Agethaatalysts, where several number of
diffraction’s lines could be attributed to cubic lgjophase (PDF 01-089-3697) and
palladium hydride (PDF 03-065-0557). Moreover, arcreéase in the intensity of
reflections was clearly observable, and could leted to a sintering phenomena, but the
presence of vicinal reflections between the Pd idgdand the Au diffraction patterns
didn’t allow to apply the Debye-Scherrer Law anttakate the crystallite size.
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Figure 24.X-ray diffraction analysis performed over fresh asgentl:1 Pd/Au molar
ratio catalysts

4.3.3 Catalytic performance over Pd/Ag catalysts

With the aim of investigating the effect of the @ed component on Pd catalytic
performance, a series of Pd/Ag catalysts were peelday incipient wetness impregnation.
In order to avoid precipitation of silver chloridelifferently from the others catalysts, Pd
were impregnated as nitrate. The Pd/Ag catalystedeon hydrodechlorination are shown
on Table 6.

Sample Description Metal Content [%wt] Precursors
1:1 PdAg  [IWI? on AC2, molar ratio 1:1 1,0Pd-1,0 Ag Pd(NO;), - AgNO;
1:2 PdAg  |IWI? on AC2, molar ratio 1:2 1,0 Pd- 2,0 Ag Pd(NO,), - AgNO;

@ Incipient Wetness Impregnation

Table 6. Materials and composition of the catalystglved in the hydrodechlorination
study.

The hydrodechlorination of ADM, conducted over Pghdased catalysts, has reported
different results, especially compared to Pd/Auebasatalysts (Figure 25). In fact, respect
to the Pd/Au catalysts, increasing the content bé tsecond component, the
CFROCFCICRCI conversion decreases. Probably, on the hydrdo@cation reactions,

Ag has an own activity lower than Au, so introdurig to Pd can lead to the expected

electronic modification of palladium atoms but gaise to a conversion decrease.
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Figure 25. Catalytic performance in terms of ADMheersion over 1:1 and 1:2 Pd/Ag
molar ratio catalysts. Reaction conditions: ADM =9%uv/v, temperature = 250°C,
ADM/H; molar ratio = 1 and contact time = 10s.

Figure 26 shows the catalytic performance in teomselectivity to the expected product
for the Pd/Ag -based catalysts. First of all, difatly with respect to the previously
reported catalysts, this materials have reportadresient time to achieve the steady-state
in terms of selectivity that has exceed the entiad time on stream. During all the test, the
selectivity to the expected product increased iitie on stream, from an initial value
around 50% to 80%. 1:1 Pd/Ag and 1:2 Pd/Ag haverted similar performances, with a
slight difference from the fiftieth hours, repogia final higher selectivity for the high Ag-
contend catalyst, 1:2 Pd/Ag. Taking into accouset heviously reported performance for
the Pd-based catalyst, the introduction of Ag ® Bld-containing active phase produce a
general decrease of by-product formation (Figure, 2iore preeminent for the de-
fluorinated product COCCI=CF, (AMH?*).
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Figure 26. Selectivity to MVE over 1:1 and 1:2 ARgl/molar ratio catalysts. Reaction
conditions: ADM = 19%v/v, temperature = 250°C, AMd/molar ratio = 1 and contact
time = 10s.

The observed properties of Pd/Ag active phasesatatyzing hydrodechlorination reaction
could be explained considering the key factor ¢ifvég: the ability in hydrogen activation.
In fact, differently with respect to the others ktallic Pd containing active phases, the
introduction of silver make greater the hydrideniation enthalpy. Figure 28 shows
relationships between the heat of hydride formadind the alloying effect with the content
of second metal. This figure shows an approximatelgar trend where the heat of
formation decreases introducing Cr, Co, Ni, Cu, Rhand Au. When the fraction of Ag
increase, on the other hand, the heat of formatiorease leading to a more stable hydride.
Taking into account this evidence, reported inrditere by Hara and co-workers, the
formed hydride species over Pd/Ag - based catatysikl be considered more stable. With
regard to the catalyst performance in terms ofctieley to perfluoromethylvinylether, it
seems to be clear that this active phase contaiRicigand Ag, stabilizing a strong
interaction with hydrogen, gives rises to less bgeénated products [26]. Considering this,
the greater enhancement on the expected prodectisél, could be considered related to
hydrogenated products, but is not the whole trlitte largest contribution in increase the
target product selectivity depends on a great dserén the formation of de-fluorinated
product CEOCCI=CF, (AMH*), probably due to a decrease in the strengththe

interactions with the halogenated species (Figie |2 fact, a C-F cleavage results more
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difficult to be achieve when the interactions bedweactive sites and species are less

strong.
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Figure 27. Comparison in hydrogenated and defluatea products between 1.0-Pd/C and
1:1 Pd/Ag molar ratio catalysts. AMH (GBCFHCRCI or CFROCFCICRH) and
CFR;OCCI=CF, (AMH*) are shown.

50 v T T T T T T
Pd-AE and Deuterium System
45 S
3 I . gy e
s M ___—% = Pd-Au
X e . » Pd-Co
:g 351 \‘E‘*‘E‘E?‘;a o @ s PA-Cr[10] -
o Y ““\,‘:“x,“ v ~—- v Pd-Cu
S 30t \}\“\“;\\‘ » + Pd-Ni[4] .
Nt ¢ Pd-Pt[s]
25| . ¢ Pd-Rh[7] |
Y & Pd-Ag[9]
20 i 1 L \ 1 L 1 v |Pd-Ag I
0 5 10 15 20 25

AE content / at.%

Figure 28. Change in the heat of hydride formatignPd-AE alloys against AE contents
[26].

55



4. Activated carbon supported catalysts

4.3.4 Catalytic performance over Pd/Cu catalysts

A previously mentioned paper, by d’ltri and co-werk, consider the role of each metals
into a bimetallic Pt/Cu based catalysts for therbgdchlorination of 1,2-dichloroethane.

The interactions with hydrogen and halogenatedispaould be respectively attributed to
the noble metal and copper.

4.3.4.1 Effect of active phase composition on catalytic activity
In order to complete the survey of possible elewtrstate modification on Pd-based
catalysts, the introduction of copper has beenidernsd, also for the well-known activity

on oxychlorination reaction. Table 7 reports théQRd-based catalysts prepared and used

on reaction.
Sample Description Metal Content [%wt] Precursors
1:1 PdCu  [IWI® on AC2, molar ratio 1:1 1,0 Pd-0,6 Cu PdCl, - CuCl,
1:2 PdCu  |IWI? on AC2, molar ratio 1:2 1,0 Pd-1,2 Cu PdCl, - CuCl,
1:4 PdCu  |IWI® on AC2, molar ratio 1:4 1,0 Pd-2,4 Cu PdCl, - CuCl,

@ Incipient Wetness Impregnation

Table 7. Materials and composition of the catalystglved in the hydrodechlorination
study.

The hydrodechlorination reaction performed over(ed/fbased catalysts have reported
very high value of ADM conversion for all the molaatio, between metals, investigated
(Figure 29). The introduction of copper to the @etphase seems to enhance not only the
selectivity (as explained below) but also the efration rate on the transient time to
achieve the steady-state. Indeed, to an higher aimolu copper, correspond a faster
equilibration, especially in the case of 1:4 Pd#atalyst which is shown stable after just 5
hours with respect to the 25-30 hours of the catalwith low Cu-content. On the other
hand, as in the case of ruthenium catalysts, ittsthwnoting an initial evidence of
deactivation for the higher Cu-content catalysisg&ding the absolute values in terms of
ADM conversion, and considering the intention t@rdase the hydrogenation ability of
palladium active sites, it seems surprising thathed Pd/Cu -based catalysts have shown

higher values in ADM conversion with respect to pluee Pd-containing catalyst.
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Figure 29. Catalytic performance in terms of ADMngersion over 1:1, 1:2 and 1:4
Pd/Cu molar ratio catalysts. Reaction condition®M = 19%v/v, temperature = 250°C,
ADM/H, molar ratio = 1 and contact time = 10s.

When the hydrodechlorination were performed ovelCBdbased catalysts the expected
product was produced as main species with tracaiars@f ClI/H mono-hydrogenated and
de-fluorinated products (Figure 30). In the caséd.:@fPd/Cu and 1:4 Pd/Cu catalysts, the
selectivity to the expected product were close®®%. As previously mentioned and
explain in details, in the case of Ru-containintalysts, the hydrogen coverage seems to
have a great influence in desorption of intermediatreacting with adsorbed species
leading to hydrogenated molecules, but also fagotite desorption rate and indirectly
some deactivation phenomena. The increase of Cigwmban the active phases, probably
introduce an electronic modification in palladiunoras, which have been revealed to be
poorly active in hydrogen activation and probalolyhe well-known palladium behavior of

spillover [27].
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Figure 30. Selectivity to MVE over 1:1, 1:2 and 1P4/Cu molar ratio catalysts. Reaction
conditions: ADM = 19%v/v, temperature = 250°C, AMd/molar ratio = 1 and contact
time = 10s.

4.3.4.2 Effect of metal precursors on catalytic activity

In order to optimize the catalyst preparation pdaces, some different kind of metal
precursors were involved in catalyst synthesisiarttie reactivity survey, summarized on

Table 8.

Sample Description Metal Content [%wt] Precursors
Chlorides  |IWI° on AC2, molar ratio 1:2 1,0 Pd-1,2 Cu PdCl, - CuCl,
Nitrates IWI* on AC2, molar ratio 1:2 1,0Pd-1,2Cu Pd(NO;), - Cu(NO3),
AcAc IWI? on AC2, molar ratio 1:2 1,0Pd-1,2Cu AcetylAcetonates

@ Incipient Wetness Impregnation

Table 8. Materials and composition of the catalystglved in the hydrodechlorination
study.

For all the studied precursors, a target molaorbgtween metals were decided, as 1:2
Pd/Cu. Regarding the metallorganic acetyl acetenadenplex, differently with respect to
the other, the impregnation procedures were caroied using a toluene/ acetic acid
solution of precursors. When this catalysts weredus reaction, the obtained value of
ADM conversion were similar to the chloride-premhatalyst. On the contrary, in terms
of selectivity to MVE, the chloride-prepared castlfrave reported values slightly higher
with respect to the acetyl acetonate-preparedysttal
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4. Activated carbon supported catalysts

For graphical reason, this last one catalyst, wagted because the trial time on stream
was too short (just 30 hours) and the performariaimed mainly coincident with the

chloride-prepared catalyst. Moreover, materials progtedures involved in the preparation
of acetyl acetonates-containing catalysts wereeas@ly much more expensive and
difficult to be performed, nullify the interest industrial optics.

On the basis of these considerations, on Figurardlreported the results obtained for
chloride-prepared and nitrate-prepared catalyststelms of ADM conversion, these
catalysts revealed differences, not only in theohlte value, but also on the transient time
to reach the steady-state, which seems to be athiafter fifty hours differently with

respect to the chloride-prepared catalysts (staide 25 hours).
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Figure 31. Catalytic performance in terms of ADMeersion over 1:2 Pd/Cu molar ratio
catalysts, prepared using different precursors. d@ea conditions: ADM = 19%vlv,
temperature = 250°C, ADM/Hmolar ratio = 1 and contact time = 10s.

Observing the obtain results in terms of selegtivd the expected product, shown on
Figure 32, some consideration about catalyst’soperdnce could be expressed. First of
all, it's worth note that the Y-axis scale is memarged, because the difference between
this materials could be considered thin but sigaiit. Differently with respect to the
others discussed comparisons, in this case, dfeeragductive treatment, from the metal
content point of view these catalyst ere equal. fitrate-prepared catalysts have reported
a slightly lower selectivity to MVE, increasing dilugy all the test time with time on stream

much more than the chloride-prepared catalyst, estgyy a continuative modification of
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4. Activated carbon supported catalysts

the active sites. In order to understand the reabehind these differences, on Figure 33
are reported the main by-product selectivities, nehe possible to observe how the CI/H
mono-substituted product (labeled AMH) is respolesitor the lower selectivity at the

beginning of the catalytic trial.
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Figure 32. Selectivity to MVE over 1:2 Pd/Cu molatio catalysts, prepared using
different precursors. Reaction conditions: ADM =24@v, temperature = 250°C, ADM{H
molar ratio = 1 and contact time = 10s.

12,5
D\ —u— chloride, AMH
100 4 = —e— chloride, AMH*
~ ’ Dlﬁj —0o— nitrate, AMH
& ! —o— nitrate, AMH*
(72}
0
S 79
k3]
o
) %
5 50 4
=] /Cutbm@ oo
'5 ] ‘/"' \L_[j@@
& O D @ OO
o c@><-.\- o
\\-_\_
-

0O 10 20 30 40 50 60 70 80
TOS (h)

Figure 33. Comparison in hydrogenated and defluaiea products over 1:2 Pd/Cu molar
ratio catalysts, prepared using different precussorAMH (CROCFHCFECI or
CF;0OCFCICRH) and CROCCI=CF; (AMH*) are shown.
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Taking into account all the previous consideratiansl the observed results, an overall
hypothesis can be proposed, which provides a gdessiplanation for this effect of
precursor. Several times in the course of thisystuere highlighted the importance about
the hydrogen coverage, the competitive absorptiohatbgenated species on the active
sites. Substantially, the structure sensitive bemastarts with the effective distribution of
halogenated species and hydrogen over the surfacatalysts. When different metal
precursors were used to prepare catalysts, diffemystallite (dimension, orientation and
interaction with the surface) were formed. Inde&e, nitrate-prepared catalyst reported a
lower ability to interact with halogenated spedies the other hand, a higher interaction
with hydrogen) and consequently a lower ADM coniersa lower interaction with ADM
and thus a lower C-F bond cleavage (lower seldégtid AMH*, because C-F bond is
more strong than C-Cl bond) and a higher formatérCl/H mono-substituted product
caused by a greater hydrogen coverage of the satalyface.

Concluding, the nitrate-prepared catalysts haverteg an increase of selectivity to MVE,
during all the test time with time on stream caubgdan initial greater distribution in
hydrogen with respect to the chloride-preparediygstta

XRPD analysis were performed over the Pd/Cu-bassdlysts in order to observe
different phases and eventually, calculate the talite size, but no reflects were

evidenced together with the activated-carbon anmurphackground (Figure 34).

. —chloride fresh
nitrate fresh | ___ chloride spent
|- nitrate spent - LA,
. e L ST
S i N
2
‘®
- c
—~ 2
S £
8
%’ P W Mg N v
§ , Angle (20)
£ 1 SN
.'\._.-.-.\.\.,.\.,-—_—-"'! . ._._.""'\"‘—k'»\-\-‘.‘.\-_._ .
I 1 1 1 |
36 40 44 48 52

Angle (26)

Figure 34. XRPD analysis performed over the Pd/Cu-based csttatyepared using
nitrate-precursors and Pd/Cu catalyst prepared gsthloride-precursors (inlay figure).
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4.3.4.3 Effect of contact time on catalytic activity

In order to better understand the nature of theeresl byproducts and the pathway of
reactions, some catalytic trials were conductedh wifferent contact time, such as 2.5, 5
and 10 seconds.

As above explained, a target molar ratio betweetals@vere decided, as 1:2 Pd/Cu.

Thus, when the obtained results were analyzeda# wimediately clear how the contact
time could influence the absolute value of ADM cersion, limiting the time allowed to
the course of the reaction. Obviously as expedteimore was high the contact time, the
more were high the values of conversion reportdzke®ring the performance trends over
this catalyst, on Figure 35, it must be noted hloiw tatalytic system have been stable and

performant since the first hours of reaction, ocheeontact time conditions.
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Figure 35. Catalytic performance in terms of ADMeersion over 1:2 Pd/Cu molar ratio
catalyst, tested with different contact times. Rieac conditions: ADM = 19%vl/v,
temperature = 250°C, ADM/Hmolar ratio = 1 and contact time = 10, 5and 2.5 s

Observing the results in terms of selectivity to EI{Figure 36), is interesting to highlight
that the best performance has been reported itritieconducted at lower contact time.
Trials conducted at 5 and 10 seconds have reptreedame performance, except a small
difference at high time on stream, where the weried out at 10 seconds had slightly
better values. Figure 37 shows the obtained valudgerms of selectivity to AMH, the
main by-product evidenced, completely in agreenweitih the trends observed for the

selectivity to MVE. On the bases of these constitema and which is reported on Figure
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37, is possible to hypothesis that the expectediymto (MVE) and the CI/H mono-
substituted product (AMH) were formed over differeactive sites, characterized by
different interactions with halogenated species @bld to stabilize different intermediates,
and obviously different turn over frequency. Intfaaccording to the previous explained
reaction mechanisms, the production of MVE is cgosat to the formation of an
intermediate like CiO*CF-CR*, bound in a bi-dentate structure, and probablsilga
desorbed as MVE. On the other hand, the evolutmnhé main by-product AMH is
consequent to the formation of an intermediate GkgO*CF-CF,CI or CROCCIF-CR*
which evolves into a cyclic structure with six amnmprobably hardly desorbable from the

catalyst surface.
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Figure 36. Selectivity to MVE over 1:2 Pd/Cu motatio catalyst, tested with different
contact times. Reaction conditions: ADM = 19%vémperature = 250°C, ADM/Hmolar
ratio = 1 and contact time = 10, 5 and 2.5 s.
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Figure 37. Effect of contact time in the selecyiiibt AMH over 1:2 Pd/Cu molar ratio
catalyst.
4.4 Conclusions

Activated carbon supported metal catalysts wereehyidtudied on the dechlorination
of CROCFCICRCI to CROCF=CFE, in the presence of hydrogen. This part of the
research, was mainly focused on evaluating themifit catalytic performance of various
active phases, mono- and bi- metallic, and allowe@vidence the key factors that the
catalyst must possess. All studies catalysts yielttee target product, and the best
performing in terms of selectivity to perfluoromgtrinylether, resulted Ru-based
catalysts; however, factors including hydrogen cage of the catalyst surface, stability
and deactivation of the catalyst are to be consitler the catalyst’s choice.
Pd-based catalysts showed high stability in teri&M conversion, and seem not to be
affected by desorption problems, and as a consegubwg active sites blocking.
Taking into account all the evidenced performaniteseems to be clear that the best
collection of properties could be possessed bynaetallic catalysts, such as the first
explored Pd/Ru -based one. Carrying out a serieatalytic trials over Pd/Ru and Pd/IB
elements, the long-term selectivity and stabilityPal/Ru and Pd/Cu bimetallic catalysts
were observed.
In conclusion, Pd/Ru and Pd/Cu bimetallic catalysisld be employed in the gas-phase

hydrodechlorination of ADM, with high selectivityd high conversion.
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Chapter 5

5 Mesoporous silicate supported catalysts

5.1 Introduction

We demonstrated in the previous chapter that PdfCearbon are eligible catalysts for the
hydrogen assisted gas-phase dechlorination gDCFCICRCI to produce CFOCF=CF.
Nevertheless, the microporous texture of the awt/aarbon support can significantly
limit possible applications of this catalytic systebecause of reduced mass transfer.
Supports with larger pores will overcome the drasiisaand, in particular, MCM-41
silicate mesoporous materials can be used as @liveznSiQ has been used as support for
hydrodechlorination processes since it seems tsuliable in terms of inertness against
HCIl. MCM-41 materials, constituted by an hexagoaabhngement of silica mesopores,
display higher surface area than conventional, & appreciable resistance to strong
acids, hence, they could be an interesting altenaib conventional supports. The
inclusion of monometallic Pd or Cu active speciedMCM-41 structure can be performed
by impregnation, ion-exchange, anchoring or diratroduction of the ions of the metal
into the MCM-41 framework.

In this part of the work several heterogeneous hutlysts supported on mesoporous
silicate MCM-41 were prepared by impregnation aomporation of the Pd and Cu active
species during the MCM-41 synthesis, and studied tlw& hydrodechlorination of
CROCFCICRCI (ADM) in the presence of hydrogen. The hydrodechation activities

of catalysts containing Pd and Cu were investigatedifferent metal content, different
introduction method for metal precursors and akizing different silica source (sodium
silicate or TEOS). The main purpose of the firstt pd the investigation is to provide a
relationship between the various procedures usddglthe synthesis and the properties of
the final material, while in the second part theéakgic performances of the catalysts

prepared are examined.

5.2 Synthesis of MCM-41 supports
Since their development in 1991, several methodssdita sources suitable to prepare the
mesophase called MCM-41 were proposed. Sodiumagliand tetraethyl orthosilicate

were used as precursors and cetyltrimethylammorbusmide as surfactant, modifying
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5. Mesoporous silicate supported catalysts

the previously reported synthesis, by Beck forgbdium silicate based materials and by
Cassiers for tetraethyl orthosilicate based mdsefia 2].

The synthetic methodology used for preparing arm@adl mesoporous silicate is composed
by different steps, such as the preparation ofgiea hydrothermal treatment and finally
the removal of the organic template, which alsoofava structural stabilization of the
obtained materials [3]. Various procedures witlhase steps have been proposed over the
years, enriching the range of procedures usefuttferpreparation of the MCM-41 [4].
Scheme 1 reports the typical steps utilized insfvehesis of MCM-41 structure.

Sil-HT
Sodiumsilicate — Traditional —
heating Calcination Sil-MW
| = = C >
Tetra Ethyl Microwave Teos-HT
Ortho Silicate — assisted —
Teos-MW

Scheme 1. Synthetic methodology for preparing dered mesoporous silicate.

From an analytical point of view, each procedurd aach possibility therein, can lead to
morphological variation in the obtained materialdich can be evaluated observing the
formed mesoporous phase, or something like, duhaglifferent stages of the preparation.

5.2.1 Effect of the silica source

The hexagonal arrangement of the primary mesogore®ed in the material, is developed
during the hydrothermal treatment, due to the preseof an organic template
(cetyltrimethylammonium bromide) which is organized parallel rod-micelle. Indeed,
prior to the hydrothermal treatment, often there @@ evidence of small angle diffraction
reflections related to the presence of the mes@ppiesursors. At the end of the synthesis,
the organic template is removed from the matelealling to pores formation and causing
a variation in the structural equilibria with a sequent decrease in the size of the
porosity. Following the displacement of the fundataé MCM-41 reflections, through
XRPD analysis, this contraction can be measurededd, the most part of the
morphological parameter are ordinarily expressedenms of cell parameter, recalling

some crystallographic concepts [5].
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5. Mesoporous silicate supported catalysts

On Figures 1 and 2 are reported the small angfeadifon patterns of MCM-41 supports
prepared by using different silica sources (sodsilitate and TEOS) both dried and
calcined (unless otherwise specification, the XRatalysis were carried out on calcined
samples). The silicate-based material (Sil-HT) skwhe presence of intense well defined
(100), (110), (200) and (210) reflections before tamplate removal, indicating a long-
range order, but unfortunately a large part of Was lost during the procedure of template
removal by calcinations.

After the hydrothermal treatment, the TEOS-basetérnissare poorly crystallized and the
template removal treatment, did not modify the loaigge order (Figure 2).

Moreover, within the inlay tables on figures, an@wn and calculated the decreases in the
pore size, through the cell parametgrwahich represent geometrically a measure of the
distance between the center of adjacent poresjlagédd from the planes spacingyding
calculated asga= 2(5(100)\/3). Observing the calculated shrinkage, the seizised material
and the TEOS-based material have evidenced basiddferent variation, where the
structural equilibria of the silicate-based ones-Ki3) appeared less strong (shrinkage of
about 16% of the initial pore size). Furthermotenust be evidenced that, despite of the
use of the same surfactant, the rod-micelles forimed different sizes as well as the
resulting mesoporous channels, because of therehtfeconditions (T and pH) of the

mentioned synthesis [6].
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Sample FWHM d spacing a0 delta
- Sil-HT-nc 0,29 43,77 50,54
Sil-HT 0,5 36,75 42 44 8,1
—~
=5 5000 Counts:[
T 4~
~ o
> | O
5= ~
w A
o
[0 .
= calcined
not calcined
[l [l [l [l [l [l [l
1 T 1 T 1 T 1 T 1 T 1 T 1
2 4 6 8 10 12 14

Degrees (26)

Figure 1. XRPD analysis for the sodium silicatedshsMCM-41, highlighting the

shrinkage due to the thermal removal of the orgaeamplate.
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Figure 2. XRPD analysis for the tetraethyl orthisite-based MCM-41,

shrinkage due to the thermal removal of the orgaemplate.
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5. Mesoporous silicate supported catalysts

Taking into account all the previous consideratjansnust be highlighted the possibility
that the large amount of organic charged on theptesrbefore removal of the template
may affect the response in diffraction, decreadivegelectron density contrast between the
pore walls and the pore [7]. On Figure 3 are regmbthe thermogravimetric analysis for
silicate-based and TEOS-based materials (TEOS-efflicating the calcination procedure
that will shortly considered. The profiles of weidbss can be divided into three sections,
attributable to various degradative phenomena. fireeinflection of the curve, at about
100°C, is related to the evolution of water, présernhe samples. In the area between 100
and 350°C, the removal of the template throughHb&mann’s degradation takes place,
decomposing the trimethylamine group, while in tial stretch of the profile the
degradation of nitrogeneous and carbonaceous depeosie observed [5]. The weight loss
related to the removal of the template was aboet ®0%, and thus, is clearly
understandable how this great degradation intoctiennels can cause wide structural
variations in the final material.
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Figure 3. Thermo-gravimetric analysis, organic teéate degradation.

Considering into detail the differences between ubed silica sources, nevertheless the
loss into the reflections resolution explained aguFe 1, the silicate-based materials have
evidenced superior morphological characteristieggufe 4 shows a comparison between
Sil-HT and TEOS-HT where is possible to observehigher intensity and definition of
the small angle reflections of Sil-HT mesophasepdrticular, the smallgf110) and (200)
reflections were still partially solved, while inEDS-HT samples these reflections have

never been solved, indicating a lower long-rangkeior
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Furthermore, another useful parameter to verify tt@phological characteristics of the
obtained material is the enlargement of the (1@0gction, labelled FWHM (full width at
half maximum) and referred in degrees. Indeed,|ldleer FWHM of the silicate-based
sample is caused by a greater homogeneity in the i the mesoporous channels.
Obviously, it must be highlighted that a width dfet(100) reflection of about 0.5-1

degrees is considered as an index of excellent genety [8].

| Sample FWHM  d spacing a0
Sil-HT 0,5 36,75 42 44
TEOS-HT 0,73 4214 48,66
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Figure 4.X-ray diffraction pattern comparison between sodisititate and TEOS-based
MCM-41.

Certainly, the more suitable analytical method dgaluating the quality of the obtained
materials is the porosimetric analysis byadisorption. On Figure 5 are reported the N
adsorption/desorption isotherms for Sil-HT and TH@B samples, jointly to a graphical
representation of the NLDFT-calculated distribatfor the pore size. Moreover, specific
surface area values and others interesting paresradtéhe supports are shown in Table 1.
In agreement with the values reported in the liteeg all these reported supports have
high specific surface areas (BET method) neversiselihe TEOS-HT sample has reported
lower surface area values (861 sqm/g). The obtaswtierms, on Figure 5, belong to the
reversible type IV of the IUPAC classification. Gime first section of isotherm, up to

0.05p/P a large number of equilibrium point were useddtralated the microporous part
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of the material porosity, while between 0.25 amtD@/g is shown the characteristic rapid
increase of the N adsorbed volume due to capillary condensation imithniform
mesopore channels. Generally, the more is higisltge in the capillary condensation, the
more is narrow the pore size distribution of thesapores. On the other hand, the more are
high the slope in the section before and after digillary condensation, the more are
present pores of a specific size other than theonityj In order to simplify the
consideration, could be useful to consider the is-éike an incremental axis of the pore
size, where the case of increased adsorption games to the presence of a defined pore
size. The position of the capillary condensatiod Hre slope of the curve, depend on the
silica source and the hydrothermal treatment, emuoig differences in the mesopores
distribution. Indeed, all the materials show a oarmesopores size distribution, but Sil-
HT has a distribution centred at 36A while the TEBB sample showed a maximum at
41A. Finally, it must be remarked that in the lpsit of the isotherms, the adsorption
between 0.9-1.0 pfpndicates the presence of larger mesopore and ma@s, probably
attributable to different particle agglomeration.

Sil-HT

TEOS-HT

- —_
o [$)]
L 1

Quantity Adsorbed (cm®/g STP)

o
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Differential Pore Volume (cm®/g)

10 100
Pore Width (Ang)
I J T T

J T y T y T y
0,0 0,2 0,4 0,6 0,8 1,0

Relative pressure (p/p°)

Figure 5. N adsorption/desorption isotherms and pore sizeribistion curves calculated
through the NLDFT method of pure MCM-41 preparedaislifferent silica source.
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Taking into account the previous consideration,Table 1, are summarized the most
important parameters (for our purposes), obtaimgdyang to the N-adsorption/desorption
isotherms some calculation models, like the BETaéiqu, the t-Plot equation, the NLDFT

and so on.

t-Plot mesopore t-Plot mesopore

NLDFT diameter

Sample SSA BET [sgqm/g] Total Vp [mL/g]

area [sqgm/g] volume [mL/g] [A]
Sil-HT 1131 690 0,802 0,956 36
TEOS-HT 861 504 0,807 0,899 41

Table 1.N, adsorption/desorption isotherms elaboration throBET, t-Plot and NLDFT
methods.

In order to complete our discussion, the last patamthe pore-wall thickness, (Table 2)
was calculated subtracting the pore size to thé cell parameter, obtained from the
XRPD d spacing (@ to better evaluate the differences in the mesmpothexagonal

framework [9-11]. In the case of traditional hydretmal treatment for ageing the formed

gel, no evidence of direct relation between pord-theckness and silica source, has been

found.
XPRD cell NLDFT diameter - 2
Sample ST Al (A Silica wall [A]
Sil-HT 42,4 36 6,4
TEOS-HT 48,7 41 7,7

Table 2. Pore wall thickness calculation.

Finally, because of their difference in the lasttp# the adsorption isotherms, several
SEM analysis were performed over Sil-HT and TEOSdgdmples, in order to investigate
possible differences in the agglomeration of phasi¢Figure 6).

Observing the obtained images, an objective asssgscan only detect how the TEOS-
HT sample appears to be constituted of sphericdicfes, while the Sil-HT sample
appears to be more fragmented and presents sonwtlsareas.
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Figure 6. SEM imaging of MCM-41 prepared usingediht silica source.

5.2.2 Effect of the hydrothermal treatment

With the aim of investigating the performed ageiregatment (traditional and microwave-
assisted) and the effect of these procedures oinddematerial, the kind of heating will be
prior considered. Over the years, a large numbegrapers have reported studies focused
on optimize and substitute the traditional hydrothed treatment, conducted at 120°C, in a
PTFE/PFA-filled autoclaves under autogenous presfarrl44 hours [12]. From all these
studies, has appeared of fundamental relevandeythethermal treatment, because during
it, the silica-framework was formed, and some & fimal material behaviors depend on
the hydrothermal treatment conditions, actually ynames, the presence of the MCM-41
phase depends on the right treatment conditions [8]

On the following figure, are reported the small landiffraction patterns of MCM-41
supports, obtained at 125°C and different microwaeatment time (Figure 7), as the
subject of a preliminary study.

Whereas the foregoing, the largest order of thectire was reached after the removal
treatment of the organic template, with the highetgnsity values on the (100) reflection.
Because of it, no major difference were observetherdiffraction patterns of the samples
analyzed before the template removal. Another fattat negatively contributes to the
interpretability of these results, was the procedumvolved in carrying out these
evaluation. Indeed, the repeated interruptionshef hicrowave treatment, to isolate the
individual samples, probably interact with the sssc of the treatment, revealing an
enormous difference between the sample treated mithowave heating for seven hours
continuously or with breaks. Moreover, the sampéated continuously for seven hours
has shown higher reflections resolution and intgngsintly to a narrower distribution of
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the pore size. At the same time, the repeatedrugBons on microwave heating seems to
have a relevant effect in the micelle dimensiord #us, in the absolute pore size of the

final material.
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. 1h
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Figure 7. Evaluation of the morphological propestieelated with the microwave-assisted
hydrothermal treatment.

When the silicate-based samples were compared rinstef different hydrothermal
treatments, as reported on Figure 8, some intagedifferences were highlighted. Indeed,
the small angle diffraction pattern did not reveabrmous differences, but relevant. The
microwave treated sample (MW) has the same reflestenlargement and intensity, but
the (100) reflection was centered in a highgp spacing (lower degrees) and observing the
secondary reflections, generally seems to haveehiggmg-range order. On the others
hand, the greater sensibility of the,-&dsorption analysis evidences great difference
between these materials. In fact, the microwaveatéce one, have reported an
adsorption/desorption isotherms with a capillargdensation step at higher values of’p/p
than the traditionally treated material. Moreovtte isotherm slope, in the capillary
condensation step is higher for the MW-sample, llggting a narrower pore size

distribution for this last sample. Finally, it mus¢ remarked how the total amount of N
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adsorbed, and also the total pore volume, incréaseducing the microwave-assisted

hydrothermal treatment (Table 3).

Taking into account all the previous consideratite, silicate-based synthesis, due to its
sodium silicate-mediated mechanism to form the micklle of template, has reported

interesting effects on the morphological propertbanging the hydrothermal treatment
method.

Sample FWHM dspacing a0 Sil-MwW

Sil-HT 0,5 36,75 42,44
Sil-MW 0,5 41,01 47,35
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Figure 8. XRPD pattern (left-side) N2 adsorptiorgdption isotherms and pore size
distribution curves calculated through the NLDFTthoal (right-side) of pure MCM-41
prepared using sodium silicate as silica source gaaforming different hydrothermal
treatment.

Concluding this evaluation of the microwave-assisteydrothermal treatment in the
silicate-based MCM-41, in the following Table 3 aeported and summarized some
interesting parameters suggested by th@dorption analysis. In fact, the introduction of
this treatment method did not lead to a generarawvgment of the obtained material, but
to a morphologically different framework, characted by the presence of larger
mesopores, with higher pore volume but maintainiing exceptionally high value of

specific surface area, common to the MCM-41 stmectu
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t-Plot mesopore t-Plot mesopore

NLDFT diameter

Sample SSA BET [sgqm/g] Total Vp [mL/g]

area [sqgm/g] volume [mL/g] [A]
Sil-HT 1131 690 0,802 0,956 36
Sil-MW 1109 639 1,125 1,234 42

Table 3. N adsorption/desorption isotherms elaboration throBET, t-Plot and NLDFT
methods.

Finally, an explanation for the observed higher am®f nitrogen adsorbed wher’ ~ 1

on Figure 8, was suggested by SEM analysis on &i§umwhere is evident a more fine
aggregation of the particles leading to an incrédsemation of secondary mesopores for
the MW sample.

EHT = 10.00 kv Signal A = SE1 Date :21 May 2013 EHT =10.00 kV Signal A = SE1 Date :21 May 2013
WD = 85 mm Mag= 10.00KX Time :17:44:35 WD = 8.5 mm Mag = 10.00KX Time :17:49:27
= T 1

Figure 9. SEM imaging of MCM-41 prepared performimifferent hydrothermal
treatment.

Following the same survey methodology, TEOS-bas@dptes are compared in terms of
hydrothermal treatment, between traditional andronvave-assisted method (Figure 10).
In order to carefully evaluate these samples, trbe remarked that the synthesis reported
by Cassiers, and used for preparing the precuigel), (includes two different ageing
procedures, at different temperature, during 24rdiobefore performing the traditional
hydrothermal treatment. Obviously, during theserapsteps the micelle reached a stable
condition, thus limiting the effect of the hydroth®l treatment on the micelle’s sizes.
This observation, is in agreement with the obtaireslilts carrying out XRPD and,N
adsorption analysis. Indeed, the x-ray diffractipattern obtained for TEOS-HT and
TEOS-MW substantially have evidenced the same spdmtween the planes and, clearly,

more or less the same values for the cell paranzgtédowever, the microwave treated
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sample, has reported a lower intensity on the mabcreflection, suggesting a lower
regularity of this material and probably the preseof amorphous areas. Paying attention
on the adsorption analysis, as in the case ofas#ibased materials, noticeable difference
has reported, in particular on the total amounaagorbed nitrogen, due to a higher pore
volume. Differently from the silicate-based MW-sdep the positions and the slopes of
the capillary condensation steps are the same mg#pect to the traditionally heated
sample, in agreement with the reported NLDFT elatian, where the distribution of the
pore sizes are totally overlapped.

Sample FWHM dspacing a0 TEOS-MW
TEOS-HT 0,73 42,14 48,66
TEOS-MW 0,71 42,58 49,17 -
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Figure 10. XRPD pattern (left-side),Mdsorption/desorption isotherms and pore size
distribution curves calculated through the NLDFTthoal (right-side) of pure MCM-41
prepared using TEOS as silica source and perforndiffgrent hydrothermal treatment.

Summarizing the observed results, in the case @34based materials, diffraction and
adsorptive analysis were not in complete agreer(leattle 4). In fact, the Nadsorption

analysis revealed higher pore volume and spesifitace area for the MW-sample, unlike
from what has been shown performing the XRPD amalydere the MW-sample was

appeared less structured and ordered, becauselofvier reflections intensity.
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t-Plot mesopore t-Plot mesopore

NLDFT diameter

Sample SSA BET [sgqm/g] Total Vp [mL/g]

area [sqgm/g] volume [mL/g] [A]
TEOS-HT 861 504 0,807 0,899 41
TEOS-MW 1018 634 1,02 1,129 40

Table 4.N, adsorption/desorption isotherms elaboration throET, t-Plot and NLDFT
methods.

Concluding, the fast volumetric microwave heatigr@ases the ageing time required to
obtain the ordered MCM-41 structure. Furthermores &uggested by N
adsorption/desorption data, the microwave treatmedifies the formation of secondary
mesopores, influencing the formation of particlglagerates as reported previously on
Figure 9 for the silicate-based sample and on Eiddrfor the TEOS-based material.

Teos-HT

EHT = 10.00 kv Signal A = SE1 Date :21 May 2013 —_—
WD = 85mm Mag= 10.00KX Time :18:05:28

E g N

EHT =10.00 kV Signal A = SE1 Date :21 May 2013
WD = 8.5 mm Mag= 10.00KX Time :18:09:38

Figure 11. SEM imaging of MCM-41 prepared perforgnidifferent hydrothermal
treatment.

Silica wall thickness are reported on Table 5. thk prepared supports have values of
wall-thickness in agreement with those reportedhmn literature, moreover, taking into
account how reported by Tuel and co-workers, th@amations of different wall-thickness,
different shrinkage of the arrangement spacing (@ugmplate removal) and probably
different aggregation behaviors of particles, afreen different framework cross-linking
density influenced by different synthesis condisicand thus, in conclusion by different
synthetic methodologies [13].
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XPRD cell NLDFT diameter
parameter a, [A] Iy

Silica wall [A]

Sample

Sil-HT 42,4 36 6,4
Sil-MW 47,3 42 5,3
TEOS-HT 48,7 41 7,7

TEOS-MW 49,2 40 9,2

Table 5.Pore wall thickness calculation varying silica soerand hydrothermal method.

5.2.3 Effect of the metal introduction

The development of the synthetic methodology usedfeparing the MCM-41, and the
morphological modifications related, must be adte@ specific study with the goal of
minimize the possible negative effect due to theduction of the active phase.

In our case, the active phase is constituted bwlireepalladium and copper, obtained by
reducing chlorinated inorganic precursors like Bd&id CuCl. The most widely used
method to introduce inorganic precursors on a tedesupport, is to prepare a solution of
the involved metal salts, and then, deposits inlipient impregnation.

In order to give a list of the precursors introdoictmethods, the nature of the used MCM-
41 as support and the respective metal contehiprd @ble is reported below.

Sample Description Metal Content [%wt] Precursors
i-PdCu-SHT IWI? on Sil-HT MCM-41, molar ratio 1:1 1,0 Pd-0,6 Cu PdCl, - CuCl,
i-PdCU-THT IWI? on TEOS-HT MCM-41, molar ratio 1:1 1,0 Pd-0,6 Cu PdCl, - CuCl,

2 Incipient Wetness Impregnation

Table 6. Procedures and composition of the charadd catalysts.

Figure 12 reports the small angle diffraction paseand the Madsorption isotherms of
the incipient impregnation-prepared PdCu containibigCM-41. The impregnation
procedures (referred as IWI) have evidenced, azeae@, an issue of pore channel
occlusion, clearly shown by the relevant decrease¢he (100) reflection. In fact, as
reported by Chakarova and co-workers [7], the md&gosition decrease the electron
density contrast between the pore wall and the emgpace of the pores, resulting in a
significant decrease of reflections intensitg-adisorption/desorption analysis, on the right
side of the Figure 12, increases the consciousoksise reported XRPD evidence, by
revealing a capillary condensation lacking, andsbggesting a total mesopore occlusion

for the silicate-based materials Sil-HT used fapgare the catalyst labelled i-PdCu-SHT.
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With respect to the other, the TEOS-HT support usadprepare the i-PdCu-THT,
presents a decreased capillary condensation confrrinat most of, but not all, the

mesopore channel are occluded.

Sample FWHM dspacing a0
SiHT 05 3675 4244 i-PdCu-THT
iPdCu-SHT 063 3688 42,59

TEOS-HT 0,73 42,14 48,66

i-PdCu-THT 0,62 405 46,77
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Figure 12. XRPD pattern, cell parameters(left-sidahd N adsorption/desorption
isotherms (right-side) of impregnated PdCu contagnMCM-41 prepared using TEOS

and sodium silicate as silica source and performmgrowave-assisted hydrothermal
treatment.

Taking into account all the previous consideratiam, Figure 13 are reported the NLDFT-
calculated distribution of the pore sizes, wherelésarly observable the total occlusion of
the Sil-HT support mesopores, while in the caséhef TEOS-HT support the occlusion
emerges as partial. Furthermore, the occlusiongrhena explains the displacement of the
distribution maximum down to lower value of abo@t Jable 7). However, in respect of
these results is not yet possible to explain wigygpacing between the planes (Figure 12,
inlay table) for the sample i-PdCu-THT has resultder than the starting bare support
TEOS-HT.
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Figure 13. Pore size distribution curves calculatidough the NLDFT method for the
impregnated catalysts.

From the surface point of view, the specific suefaareas measured by,-Bdsorption
analysis are shown in Table 7, where the pore smouphenomena above observed,
causes a significant decrease in the IWI samplesebdler, in agreement with XRPD
analysis, is possible to observe the almost comgl&ick of mesopore area, reporting a
decrease from 690 to 32 sqm/g caused by the imategnprocedure for the Sil-HT based

sample.
On the other hand, the TEOS-HT based sample hasidtited a partial occlusion of the
mesopores, maintaining more than the half of theaperous specific surface area.

sample SSA BET [sqm/g] t-Plot mesopore t-Plot mesopore TotalVp [mL/g] NLDFT dniameter
area [sqgm/g] volume [mL/g] [A]
Sil-HT 1131 690 0,802 0,956 36
i-PdCu-SHT 618 32 0,259 0,366 6,3
TEOS-HT 861 504 0,807 0,899 41
i-PdCu-THT 609 281 0,537 0,645 39

Table 7. N adsorption/desorption isotherms elaboration throlBET, t-Plot and NLDFT
methods.

Especially considering the “source sensitive” osin phenomena, this evidence could be
explained taking into account the higher startizg ®f the mesopores with respect to the
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silicate-based support. Furthermore, an alternakmanation of this observation could be
referred to an intrinsic difference between therses of silica, sodium silicate and
tetraethyl orthosilicate, in terms of surface cleaf the resulting materials. Indeed,
starting from the hypothesis that the (ionic) sadisilicate could lead to a more
hydrophilic materials with respect to tetraethylhosilicate based materials, an effect in
influencing the deposition phenomena could be clansd.

With the aim of overcoming the observed issueseadiy the IWI method, an alternative
method for introducing the metal precursors wereebiged and applied as explained in
the Methods and Materials chapter. Table 8 showdish of samples prepared by “direct
introduction” synthesis, which consists in introduthe metal precursors during the

formation of the silica framework.

Sample Description Metal Content [%wt] Precursors
d-PdCu-SHT Direct Introduction, Sil-based, HT 1,0Pd-0,6 Cu PdCl, - CuCl,
d-PdCu-SMW Direct Introduction, Sil-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,

Table 8. Procedures and composition of the charamd catalysts.

The characterization results in terms of XRPD anehdisorption analysis are shown in
Figure 14. The reflection patterns and the adsmmpsotherms obtained for d-PdCu-SHT
and d-PdCu-SMW are mostly similar to the equivalpatterns recorded for the bare
MCM-41. Taking into account these evidences, the@usion of these metal precursors
during the framework formation seems to have nectfbn structure order and feasibility.
However, regarding the morphological propertiesheffinal materials, the introduction of
metals seems to lead to higher cell parameterkl|ipiging a significant increase mainly in
the case of sample treated by traditional hydrotlaér heating. In particular, the
introduction of metal, increasing the spacing betwthe planes, makes it more difficult to
be analyze for goniometric limitation, and makesegs suitable in FWHM evaluation.
Nevertheless, the primary (100) reflection appearsow and intense, for each sample.

All of the prepared samples show secondary reflastresolved and intense, indicating a
well-built long-range ordered structure, but conmunthese observations with those
obtained by M-adsorption/desorption analysis, from a morpholalgioint of view, a great
nitrogen adsorption at high {¥/indicates a relevant formation of particles aggtes and

thus, secondary mesopores.
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Sample FWHM d spacing a0
d-PdCu-SMW

Sil-HT 05 36,75 4244
d-PdCu-SHT 04 4275 4936
Sil-MW 05 4101 4735
d-PdCu-SMW 0,44 42,1 48,61

d-PdCu-SMW

Intensity (a.u.)
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d-PdCu-SHT
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Figure 14. XRPD pattern, cell parameters(left-sidepd N adsorption/desorption
isotherms (right-side) of PdCu containing MCM-41tabed by “direct introduction”,

prepared using sodium silicate as silica source gmaforming different hydrothermal
treatment.

Differently from the previously reported comparisdoetween silicate-base MCM-41

treated by traditional or microwave heating methibe, adsorption isotherms are not so
different each other, and thus, also the NLDFTwlaked distributions appear almost
overlapped (Figure 15).

However, as previously observed on TEOS-MW samible,desorption isotherm of d-

PdCu-SHT not fully reflects the shaped of the agison isotherms, probably due to an

aggregation that produces a secondary porositytamelative small hysteresis.
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Figure 15. Pore size distribution curves calculatédough the NLDFT method for the
sodium silicate catalysts prepared through “diregtroduction” and treated with different
hydrothermal treatment..

With the aim of underlining the morphological prapes guaranteed by the use of the
“direct introduction”, the following Table 9 repsra comparison between the MCM-41
supports prepared using sodium silicate or tetyhettthosilicate and the metal-charged
MCM-41, prepared using the respective silica sauA® above mentioned in terms of
structure order, is possible to evidence the higlnes of pure MCM-41 regarding to the
specific surface area, with the values of the metataining samples (of about 1000
sgm/g), also evidencing that the inclusion of thetahprecursors during the framework
formation seems to have no effect on the syntheagbility and on the material quality.
The reported values for the Sil-HT samples undeslitihe differences between this sample
and all the others, particularly in the size of tmesoporous channels. However, the
different values of channels size must be attridhitethe digestion conditions, as well as

previously reported, considering the hydrothermedtiment methodologies.
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Sl SSA BET [sqm/e] t-Plot mesopore t-Plot mesopore Total Vp [mL/g] NLDFT dniameter
area [sqgm/g] volume [mL/g] [A]
Sil-HT 1131 690 0,802 0,956 36
d-PdCu-SHT 1105 630 1,143 1,282 41
Sil-MW 1109 639 1,125 1,234 42
d-PdCu-SMW 1041 593 1,249 1,381 40

Table 9. N adsorption/desorption isotherms elaboration thro8ET, t-Plot and NLDFT
methods.

Returning to the preparation considerations, periiog the previously explained
calculation (pore wall = XRPD cell parameter - NLDRfesopore diameter), is possible to
observe how the metal introduction affect the pea#l dimension, leading to thicker walls
(Table 10).

XPRD cell NLDFT mesopore - 2
Sample TSR £, (Al diameter (A] Silica wall [A]
Sil-HT 42,4 36 6,4
d-PdCu-SHT 49,4 41 8,4
Sil-MW 47,3 42 5,3
d-PdCu-SMW 48,6 40 8,6

Table 10. Pore wall thickness calculation varyihg tiydrothermal method.

5.2.4 Effect of the metal content

In order to investigate further the “direct intration” of the metal precursors into the

silica framework, a series of catalysts were pregpancluding an increased metal content.

5.2.4.1 Sodium silicate -based catalysts
On Table 11 are reported the respectively metatecrof Pd and Cu, the preparation
condition in terms of precursors introduction, tkiica source and the hydrothermal

treatment methodology.
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Sample Description Metal Content [%wt] Precursors

1 (PdCu) Direct Introduction, Sil-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,
1,5 (PdCu) Direct Introduction, Sil-based, MW 1,5Pd-0,9 Cu PdCl, - CuCl,
2 (PdCu) Direct Introduction, Sil-based, MW 2,0Pd-1,2Cu PdCl, - CuCl,
2,5 (PdCu) Direct Introduction, Sil-based, MW 2,5Pd-1,5Cu PdCl, - CuCl,

Table 11. Procedures and composition of the charactd catalysts.

All the prepared samples have shown intense andde®hed x-ray diffraction patterns,
on Figure 16, together with a well-developed capyll condensation in the N
adsorption/desorption analysis.

From a morphological point of view, all the sampéggpear well-developed and basically
constituted by MCM-41, reporting a series of difieces in the XRPD patterns and
adsorption/desorption isotherms that are diffidoltcorrelate with the increased metal
content.

Firstly, the 1(PdCu) and the 2(PdCu) present afit maximum in the (100) reflections
with respect to the other synthesis, together withigher resolution of the secondary
reflections (110) and (200). Furthermore, thesepsasnpresent a large difference in the
final range of the Badsorption/desorption isotherms, suggesting awdifft behavior in
aggregating particles.

In particular, the 2(PdCu) sample has shown a grésbrption (more or less the 50%) in
the final range of the isotherm, suggesting a lgngesence of secondary mesopores, but
without indications of trends with the metal coriten
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Figure 16. XRPD pattern, (left-side) ang Bdsorption/desorption isotherms (right-side)
of different PdCu containing MCM-41 obtained by r&tt introduction”, prepared using
sodium silicate as silica source and performingnmiave hydrothermal treatment.

Obviously, the NLDFT calculation, depending on #dsorption/desorption isotherms, is
not able to highlight other differences between #laenples. Observing these reported
calculation (Figure 17) is possible to underlineattthere is not a trend between metal
content and the channels size. Moreover, the parespreferentially mesoporous, in

agreement with those has been shown in the pure MCBUpports.

89



5. Mesoporous silicate supported catalysts

1(PdCu)

1,5(PdCu)

] ’/\—M—/\—_/-\ 2(PdCu)

2,5(PdCu)

Differential Pore Volume (cm®/g)
1

10 100
Pore Width (A)

Figure 17.Pore size distribution curves calculated through NLDFT method for various
sodium silicate catalysts prepared through “dir@aroduction”.

The specific surface area, measured for these sanfjpable 12) is in agreement with the
previously reported samples, generally of about016@m/g, constituted of about 60%

from the mesoporous channels area.

sample SSA BET [sqm/g] t-Plot mesopore t-Plot mesopore Total Vp [mL/g] NLDFT dniameter
area [sqgm/g] volume [mL/g] [A]
1(PdCu) 1041 593 1,249 1,381 40
1,5(PdCu) 1097 656 1,239 1,347 40
2(PdCu) 952 572 1,558 1,672 39
2,5(PdCu) 1046 618 1,192 1,296 41

Table 12. N adsorption/desorption isotherms elaboration throl8ET, t-Plot and NLDFT
methods.

However, considering the wall thickness calculatam Table 13, no trend was found
between thickness and metal content. Becausesyfahd previous reported considerations
in terms of XRPD patterns, it must be paid atteniio the catalysts synthesis which are

observed as difficult to reproduce.
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XPRD cell . NLI?FT mesopore silica wall [A]
parameter a, [A]  diameter [A]
1(PdCu) 48,61 40 8,6
1,5(PdCu) 46,15 40 6,2
2(PdCu) 48,0 39 9,0
2,5(PdCu) 47,0 41 6,0

Table 13. Pore wall thickness calculation varyihg amount of metals introduced.

5.2.4.2 Tetraethyl orthosilicate -based catalysts

With the aim of observing the role of differentical source in influencing the resulting
properties, a similar series of catalysts were gmeg using TEOS as silica source and
increasing the metal content, summarized on Tahble 1

Sample Description Metal Content [%wt] Precursors

1 (PdCu)T Direct Introduction, Teos-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,
1,5 (PdCu)T Direct Introduction, Teos-based, MW 1,5Pd-0,9 Cu PdCl, - CuCl,
2 (PdCu)T Direct Introduction, Teos-based, MW 2,0Pd-1,2Cu PdCl, - CuCl,
2,5 (PdCu)T Direct Introduction, Teos-based, MW 2,5Pd-1,5Cu PdCl, - CuCl,

Table 14. Procedures and composition of the charactd catalysts.

All the catalysts prepared, basically show the kmgwoperties repeatedly observed in
terms of x-ray diffraction reflections pattern amad the N-adsorption/desorption analysis
(Figure 18). However, despite of the good correfatbetween the first three materials,
1(PdCu)T, 1.5(PdCu)T and 2(PdCu)T samples, it nbestemarked that something has
changed on performing the last preparation. Indéleel,sample with the higher metal
content shows an x-ray diffraction pattern with ywéow intensity of the reflections,
leading to serious issues on measuring the crggralphic parameters generally observed.
On the other hand, the capillary condensation sggnerally observed in the ;N
adsorption/desorption analysis has been interrupyegh additional hysteresis, attributable
to higher diameter pores.

Moreover, with respect to the sodium silicate -dabsamples, the final nitrogen adsorption
at higher values of pfpwere less evident, suggesting a lower presenseaafndary pores,

indicating a lower aggregation of particles.
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Figure 18. XRPD pattern (left-side) and Bdsorption/desorption isotherms (right-side) of
different PdCu containing MCM-41 obtained by “diteatroduction”, prepared using
TEOS as silica source and performing microwavesasdihydrothermal treatment.

The observed evidences in the adsorption isotharmgxtremely confirmed by observing
the NLDFT calculation of the pore sizes distribaticeported on Figure 19. In fact,
differently with respect to the other sample, tlaatyst with the higher metal content
shows adsorption within pores of dimension up te980angstrom, also explaining the

significant separation between the isotherms obigdi®n and desorption on Figure 18.
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Figure 19. Pore size distribution curves calculatisdough the NLDFT method for the
TEOS catalysts, prepared through “direct introdocti method.

Furthermore, observing the pore diameter and i@ siall thickness, is not obvious any
trend, leading to consider this synthetic methoctimonore difficult to be reproduced in
the morphological properties than the sodium g#ichased catalysts (Table 15).

sample XPRD cell . NLDFT c‘l’iameter silica wall [A]
parameter a, [A] [A]
1(PdCu)T 48,8 41 7,8
1,5(PdCu)T 49,9 43 6,9
2(PdCu)T 49,6 41 8,6
2,5(PdCu)T 49,1 43 6,1

Table 15. Pore wall thickness calculation varyihg total metal content.

Regarding this series of samples, the positivecdgpedhat in the case of the lower metal
content, no substantial differences compared tobdre-MCM-41 were found. On the
contrary, the sample with the higher metal contleas shown a significant loss of ordered

structure, indicating a limit in the content of @stthat can be introduced in the structure.
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Concluding, in this work, a series of supports &ddCu containing catalysts were
prepared, performing a large number of bare-MCMs#¢hthesis, carrying out several
alternative treatment and finally verifying diffetemetal precursors introduction, a series
of catalysts were obtained in order to study thelghc performance in the hydrogen
assisted dechlorination of gBFCFCICRCI to CROCF=CF.

With the aim of summarizing this discussion focusedthe chemical-physical
properties behaviors of these materials, somedsitieig observation can be reported:

- the use of microwave-assisted hydrothermal treatnteads to faster synthesis,

maintaining the structural properties of the tradial-treated MCM-41.

Crystallinity and structural order of the obtainevdhterials were comparable, or

even better, with respect to those prepared byr#tional heating method.

- according to the expectations, is possible tagtesach step of the synthesis and

all the following treatment (silica source and lottiermal treatment) in order to

obtain different materials with different morphoica properties.

- the introduction of the active phase precursasld be performed by various

methodologies.

- the MCM-41 prepared using TEOS as silica souess s to be more sensitive to

the introduction of metals, significantly worsenitige morphological properties of

the resulting materials.

However, in order to complete the characterizatbnhe catalytic system, the resulting
active phase properties must be carefully evaluatedked, investigating in detail the
behaviors and the deposition of metals during teéhodology of direct introduction, with
the help of TEM/EDS analysis it was possible tchhght substantial differences between
the samples prepared by incipient wetness impregnatnd those prepared by direct
introduction method. The sizes of the metal patolere around 10 and 60 nm, with a
mean size of 30 nm, for the samples prepared lgctdintroduction, with respect to the
surprising narrower particle size distribution afoend 3-13 nm evidenced for the
impregnated samples. In fact, the thermal treatmeqtired for removing the organic
template from the MCM-41 pores (at about 540-550%@) cause sintering of the active
phase particles leading to larger aggregate imitteet-introduction samples. On the other
hand, the impregnated samples were treated at 383@TGrming the reduction to metallic
phase, which could cause a lower sintering of plagi
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Taking into account the previously discussed prigerin the hydrodechlorination
reaction, and its structure sensitive characteratdwthe active phase, is clearly
considerable that the catalytic performance casidpaficantly affected by the variation of
particle sizes and composition. Because of this,inlrestigation focused on verifying the
properties of the formed particles was continuedpbyforming an XRPD study of the

previously evaluated catalysts.
5.2.5 XRPD survey of the segregated phases composition.

Considering the structure sensitive behavior of kyelrodechlorination reaction has
assumed a significant importance the compositiorthef metal particle formed with
different preparation method.

Regarding the sodium silicate -based catalyst§;igure 20 are reported the XRPD pattern
obtained performing a wide range analysis, betwg&érand 50 °@, interesting for the
purpose of this investigation, due to the preseridbe elemental reflection for Pd and Cu
particles. According to the previously reported Im#tions by Kariuki and Ma, Pd and Cu
are used to form various solid mixtures and allolyservable in the chosen range, between
34 and 50 °@ (Table 16) [14,15].

Compound Reference 2Theta [deg] Intensity [%]

Pd 00-046-1043 40.119 100
46.659 60

Cu 00-004-0836 43.298 100
50.434 46

34.129 40

36.373 50

CusPd 00-007-0138 42.319 100
49.015 90

49.699 80

CuPd 00-048-1551 al.424 100
48.213 65

Table 16.XRPD references and reflections placemeott Pd, Cu and PdCu alloys.

When the crystalline unit cell of palladium is ingel by few copper atoms, the distortion
of the crystalline planes caused a displacemetiteofeflection towards lower degrees. On
the contrary, when the crystalline unit cell of pepis inserted by palladium atoms, the
displacement was found to be towards higher degras to an enlargement of the
crystalline planes. Taking into account this coasations and the observation that, to the
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increase of the metal content loaded on the sfliamework corresponds an increased
displacement of the phase reflections, the formatd a mixed metallic phase was
considered, in some case indicated by TEM/EDS aisalys a non-stoichometric mixed
oxide.

In order to maximize the number of information, wasoduced the use of the Vegard’s
Law to estimate the composition of phases that Iméte revealed reflections. In fact, all
the possible alloy phases between Pd and CgP(hct, CuPdfcc) have not given positive
response comparing the calculate spacing betweempl#mnes and the calculate unit cell
parameters, leading to an unique classificatioP@sich phase (at about 49)2and Cu-
rich phase (at about 43R Despite of the extended commitment, the inforomaprovide
by this survey are purely qualitative, indicatingp@ssible effect of the increased metal
content in the particle composition, as well asr@ater intensity in the reflection of the

copper-rich phase with the total metal contentease.

Pd Cu Pd

12d-PdCu-SMW

{i-PdCu-SHT ; ;

34 36 38 40 42 44 46 48 50

Intensity (a.u.)

Degrees (20)

Figure 20. XRPD comparison between catalysts pregdry impregnation or by direct
introduction using sodium silicate as silica source

According to the previous considered survey, ingasing further the phases composition
of the TEOS-based catalysts, the observationsrdifiey for the different placement of the

observed reflections, which suggest a Pd-rich plbasgosition very close to the pure-Pd
in terms of unit cell parameters and thus, compositFurthermore, in this case as in the
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previous, the increased content of metal into thenéwork corresponds to an increased

displacement of the mixed phases reflections (Ei@1y).

Pd Cu Pd

J2d-PdCu-TMW

{i-PdCu-TMW

34 36 38 40 42 44 46 48 50

Intensity (a.u.)
1

Degrees (20)

Figure 21. XRPD comparison between catalysts pregdry impregnation or by direct
introduction using TEOS as silica source.

Due to an unforeseen changes in the synthetic guoee the samples prepared using
TEOS as silica source, and intermediate metal cohi@ve reported a completely different
phase reflections and thus different distributiomish respect to the other samples.

Thus, investigating further this observation, ahé tomplete lack of Cu-rich phase
reflections, a possible match with a non-stoicheimefuPd fcc alloy phase was found,
considering the addition of other copper atom©ieoQ@uPd lattice.

Furthermore, observing the reflection placemerabatut 41°8, differently with respect to
the other catalysts, the increase in metal coneets not correspond to a shift of the

phases reflections (Figure 22).
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Pd Cu Pd
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Figure 22. XRPD comparison between catalysts pregdyy impregnation or by direct
introduction using TEOS as silica source, reporttifjerent phases.

With the aim of concluding this discussion, it e@mty seems important to emphasize that,
to different synthetic methodologies often corregpdlifferent phases, compounds and
species formed. The correlation between this differobserved active phase and the
catalytic properties, especially in gas-phase reast may be difficult to be observed

because of reduced mass transfer or diffusion $sssue

5.2.6 Effect of the method utilized for template removal

In order to overcome the evidenced issues in npetdicle sizes, the ability to remove the
organic template by washing was evaluated followarg alternative method previous
reported by Lang and co-workers, fundamentally thasethe ionic exchange between the
organic template and the ammonium nitrate [13]ngighis method is possible to avoid
the conventional thermal degradation of the orgaemplate, and thus, avoid the high
temperatures which can cause a sintering of theeaphase. The obtained material from
the hydrothermal procedure, was treated refluxingethanolic solution of ammonium

nitrate at 60°C for three times, with an overallnaomium/template molar ratio of 2. As

suggested by FT-IR analysis shown an Figure 23,réwevered and ethanol-washed
materials have shown a gradual and total decreasethe infrared absorption bands

attributed to the template, in particular to théyht substituent of the quaternary
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ammonium (cetyltrimethylammonium bromide). Takingtoi account this success in
removing the organic template, the material obthiwas further investigated to evaluate

the resulted morphological characteristics.

3° wash
2° wash
1° wash

not treated

T% (a.u.)

3100 3000 2900 2800 2700 2600 2500
cm-1

Figure 23.Successfull organic template removal grened by ion-exchange and followed
through FT-IR analysis.

When the ion exchanged meso-phase was analyzedRBADXthe result clearly showed
that the framework formed was poorly crystallizesl;ealing only the (100) reflection and
the secondary reflections due to the long-rangeraade lacking. However, this procedure
has been useful for evaluate, through this indiprobf, the importance of the heating
treatment in consolidating the mesoporous strucamd obtain an extremely ordered

hexagonal pores arrangement (Figure 24).
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Figure 24. XRPD comparison between conventionaticat and ion-exchanged PdCu
containing samples.

With the aim of investigating the metal particlees, transmission electronic microscope
analysis were carried out over ion-exchanged cstiglplso in the Hreduced form.

EDS mapping of the sample obtained by ionic exchamgidenced a homogeneous
dispersion of Cu in the MCM-41 framework, while Rdas segregated forming

agglomerates of about 15 nm, due to their diffeed@ttronic configuration and affinity to

the MCM-41 tetrahedral structure (Figure 25). Traatiple sizes were similar for the

observed PdCu particle formed in consequence taethection treatment. In fact, when

the catalyst reduction was conducted, copper wedacesl and aggregate to the outer

palladium particles, and then, migrate to the pkricore.
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Pd-K Pd-L

Cu-K Cu-L

Pd-K Pd-L

Cu-K Cu-L

Figure 25. HR-TEM and EDS mapping performed overarchanged and calcined PdCu-
MCM-41.

In conclusion, the removal of the template by ioeichange could be considered as a
viable alternative to the conventional thermal timeant, allowing to obtain particles with
lower sizes avoiding the sintering previously reedr

On the other hand, it must be remarked that th& ierchange procedures, generate a
large amount of waste ethanol, polluted by quatgrnammonium residue. The
environmental problem of this procedure is the paormonium nitrate solubility in
ethanol, which joint to the large amount of temglett be removed, considerably increases
the volume of ethanol to be used and then dispotked

Because of this, so far the catalytic system pexpday ionic exchange has not been

produced in sufficient quantity to be used in alyaic test.
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5.3 Catalytic performance in hydrodechlorination of the prepared
Pd/Cu/MCM-41
Several heterogeneous Pd/Cu catalysts supportetesaporous silicates were prepared as
previously explained, thoroughly studied in the pimlogical properties and then on the
hydrodechlorination of GOCFCICRCI (ADM) in the presence of hydrogen. The
hydrodechlorination activities of catalysts were@dstigated according to different silica
source, different hydrothermal treatment, differemthodology of deposition of metals
and different metal content. The main purpose o pfart of the survey was to correlate
the best morphological properties with the catalytiperformance on the
hydrodechlorination of GJOCFCICRCI (ADM) in the presence of hydrogen.
In order to clearly discuss the catalytic perforegnas in the previous chapter, all the

possible products were reported on the followirgesae [16].

F
F
}/O N
+H, F
F F

-2HCI . .
1,1,2-trifluoro-2-(trifluoromethoxy)ethene (MVE)

F
F
F (o)
+H, F
% F H .
F 0
1-chloro-1,2,2-trifluoro-1-(trif luoromethoxy)ethane (AMH)
F>r
F \ F
1,2-dichloro-1,1,2-trifluoro-2- (mfluoromethoxy)ethdne +H F. o
2 P E
HCI F

e
-HF F cl
1-chloro-2,2-difluoro-1-(trifluoromethoxy)ethene (AMH*)
+2H, F | +H,
-2HCl F OY&\ . -HCl
F>r H

1,1,2-trifluoro-2-(trifluoromethoxy)ethane (AMH2)

Scheme 1. Reaction pathway proposed for the hydnboiénation of CROCFCICFRCI
[16].

5.3.1 Effect of the preparation route on catalytic performance

With the aim to further investigate the effect e tatalytic activity of metal introduction

by impregnation catalysts, prepared by incipientness impregnation both over sodium
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silicate and TEOS obtained MCM-41, were testedh@ hydrodechlorination reaction

(Table 17).

Sample Description Metal Content [%] Precursors
i-PdCu-SHT IWI® on Sil-HT MCM-41, molar ratio 1:1 1,0Pd-0,6 Cu PdCl, - CuCl,
i-PdCu-THT IWI* on TEOS-HT MCM-41, molar ratio 1:1 1,0Pd-0,6 Cu PdCl, - CuCl,

@ Incipient Wetness Impregnation

Table 17. Materials and composition of the catayswolved in the hydrodechlorination
study.

In Figure 26 are reported the obtained data, whighlight relevant difference between
samples, both in terms of ADM conversion and MVHeestvity. The activity of the
sodium silicate-based catalyst, i-PdCu-SHT, isdbr@ffected by pore occlusion, in fact
as explained above the mesoporous specific sudaea is lacking and this condition
adversely affects the performance. From a mechamsint of view, these evidences, at
least for the ADM conversion, could be explainemts of reduced available area but also

in terms of metallic particle agglomeration (lovepecific surface area of metals).
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Figure 26. Catalytic performance over impregnateztliam silicate and TEOS-based
MCM-41. Reaction conditions: ADM = 16%v/v, conttinote 10s, ADM/KH molar ratio =
1, reaction temperature 250°C.

Taking into account all the previous consideration, Figure 27 are reported the by-
products distribution for i-PdCu-SHT (on the leffes and i-PdCu-THT (on the right side)
with the aim of investigating the observed differenn terms of selectivity to the target
product, MVE. Both the catalysts show as main ydpct HMVE (CROCHF=CR)
which reach, in the case of i-PdCu-SHT samplejqadarly high values of about the 25%.
Following as close as possible, the criteria dgwedo observing the activated-carbon
supported catalysts, at the beginning of the reactilue to the reduction treatment, the
hydrogen coverage of the catalysts surface is higthis situation, the selectivity to MVE
is lowered by a favorite formation of hydrogenapedducts like AMH (CEOCFHCFECI
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or CROCFCICRH) and the de-fluorinated product AMH* (BCCI=CF,) in which case
the formation is favored by the presence of hydnoidpat plays a role in the intermediate
desorption. In particular, observing these catalitals on Figure 27, is possible to expose
some arguments.
- the AMH* product formation is quite small, indicag a relatively weak
interaction between active phase and organic satesADM), unable to induce a
C-F cleavage.
- the AMH products formation highlights differerglavior with respect to the time
on stream (TOS), revealing a decreased formatitimn WOS in the case of i-PdCu-
THT sample, probably due to a gradual decreasénefhiydrogen coverage for
competitive adsorption of halogens.
- the Dby-products, summarized and indicated as efsth contain chloro-

trifluoroethylene (CTFE) and halogenated €pecies, all derived from cracking

reaction.
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Figure 27. By-products formation over impregnatedism silicate (on the left side) and
TEOS-based MCM-41(on the right side). Reaction timm$: ADM = 16%v/v, contact
time 10s, ADM/Hmolar ratio = 1, reaction temperature 250°C.

Investigating further the effects on the catalypierformance, a comparison between
sodium silicate- based samples, treated with diffehydrothermal ageing, is proposed.
These samples, were loaded with Pd and Cu followiegleveloped method called “direct
introduction”, during the silica framework formatiand thus, reduced in flowing,Ho
obtain metallic active phase (Table 18).

Sample Description Metal Content [%] Precursors
d-PdCu-SHT Direct Introduction, Sil-based, HT 1,0Pd-0,6 Cu PdCl, - CuCl,
d-PdCu-SMW Direct Introduction, Sil-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,

Table 18. Materials and composition of the catayswolved in the hydrodechlorination
study.
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When d-PdCu-SHT and d-PdCu-SMW samples were usdtieohydrodechlorination of
ADM, the observed conversion was very low, randwgween 1.5 and 3.0%. Because of
this, all the arguments, in terms of selectivitguld be affected by a significant
uncertainty, due to the small amount of productssmtered. However, all the samples
yield the expected as main product, with valuesalobut 60-65%, showing a gradual

increase in formation with time on stream (Figudg. 2

. —n—d-PdCu-SHT
—0— d-PdCu-SMW

| ——
S

\

50 +

ADM Conversion (%)
N
Selectivity to MVE (%)

t t t t t t t t 30 } t t t t t t t
6 8 10 12 14 16 18 20 6 8 10 12 14 16 18 20
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Figure 28. Catalytic performance over sodium siéechased MCM-41, prepared by
“direct introduction” method and treated with mion@ve heating. Reaction conditions:
ADM = 16%uv/v, contact time 10s, ADM/Ifholar ratio = 1, reaction temperature 250°C.

Taking into account the previous opinion about thecertainly, two objective
consideration are proposed. The product labeled HM36nsidered as a consecutive de-
halogenation of MVE or AMH?*, is formed in relevaamount and decrease with time on
stream. Obviously, as a consecutive formation, tda@ction strongly depends on the first
step, but also depends on the amount of activagddoben over the catalyst surface, in
fact explaining the decrease with time on stream.

From a strict point of view, a consecutive prodootld be characterized by an initial
formation close to zero, and a maximum value pkfter the maximum formation of the
primary product which is transformed into the setany (consecutive) when its amount
over the catalyst surface is relevant. In this ¢hsegpossible reaction pathway suggest that
the HMVE is formed due to an accumulation (or a -desorption) of the MVE
intermediate on the surface of the catalyst, arel ahsence of an MVE production
maximum is probably due to the effect of decredsgttogen coverage on the secondary

reaction feasibility (Scheme 2).
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Scheme 2. Reaction pathway proposed for the hydntatenation of CROCFCICF.CI.

On the other hand it must be highlighted the ineeeaf cracking products (others) with the
time on stream (Figure 29). In order to give anlaxation about these observations, could
be proposed, that the interaction between actias@land substrate seems to be not so
strong, avoiding phenomena of C-F cleavage, evéarlly stable to allow a consecutive,
and several cracking reaction. These last one Kiergc could be favorite to a general

surface acidity, but in this case most probablynfisiructural framework defects caused by
metal insertion, and from Lewis acids (as RYICI
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Figure 29. By-products formation over impregnateadiam silicate-based MCM-41
treated by conventional (on the left side) and owave heating (on the right side).
Reaction conditions: ADM = 16%v/v, contact time , JABDM/H, molar ratio = 1, reaction
temperature 250°C.

In order to investigate possible variation in tleéivee phase, between the impregnation
method and the direct introduction method, sevediliction in programmed temperature

and HR-TEM were performed.
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Observing the obtained data, from programmed réalueinalysis (TPR) shown on Figure
30, a different active phase formation appeargigieshowing reduction peaks different in
the Tnhax Of the profile. Taking into account the impregmbasamples, the catalyst based on
THT support, has a second peak at a higher temperaattributable to a copper-rich
phase, while the sample based on SHT support, ieegeductions generally more favored
(lower temperature) that may indicate a greatepg@msity in activate hydrogen. In fact, the
reduction of the copper, would occur at much higkerperature, between 250 and 350°C,
while the presence of palladium makes the systememeducible by increasing the
availability of activated hydrogen (spillover). Ehevidence is in agreement with the
catalytic performance observed, where the i-PdCli-8&k been revealed as less selective
to MVE due to a particularly high formation of HM\{Eigures 26 and 27).

Regarding the “direct introduction” samples, thduetion profiles have evidenced higher
temperature with respect to the impregnated sampiemuch more symmetry, whereby
the distribution of phase seems to be more homagenealespite of a small shoulder at
about 160°C for the silicate-based sample. Thisasion is in agreement with the
reported low conversion value of ADM (Figure 28)oidover, considering the higher
reduction temperature as an indicator of the icteya strength between active phase and
supports, this evidence could be considered asxptareation of higher formation of
cracking products on Figure 29, because the maeentbtal are inserted in the silica
framework, the more defects are produced in th@@tp structure, leading to a higher

surface acidity, and thus, a higher occurring atking reactions [17].
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Figure 30. H-TPR investigation over impregnated and incorpada®elCu active phase.
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All the reported programmed reduction were caroetl over PdCu containing catalysts,
where is not possible to determine the mechanisnediiction, and then, the particle size
corresponding to the different reduction peakshae profile. Thus, in order to obtain

information about the particle size distributioeyeral studies by electronic microscope
TEM were carried out. The obtained results higtilighelevant difference in particle size
distribution, as summarized on Figure 31. Becaus¢hese evidences, is possible to
attribute the observed difference in reduction terajure profile, also to different particles
diameter, and different composition (evidenced IBSEelemental mapping), which can

also explain the different catalytic propertiesarved above.
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Figure 31. HR-TEM images and particle sizes distiitn for impregnated and
incorporated PdCu active phases.

The reported results, that evidence the presenpartitles with different composition are
totally in agreement with the observed XRPD, chiarémed by the presence of different
mixed metal phases for the sample prepared bytdimgoduction of metal precursors. In
fact, in the case of impregnated sample, there wereliffraction reflection due to the

particularly small particle dimension.

5.3.2 Effect of the total metal loading on catalytic performance

With the aim of concluding this study and the gahbptimization, considering the poor
performance in ADM conversion of Pd/Cu-MCM-41 saesplprepared by direct
introduction of metals during the synthesis, aeserf catalysts with different metal

loading were prepared (Table 19).
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Sample Description Metal Content [%] Precursors

1 (PdCu) Direct Introduction, Sil-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,
1,5 (PdCu) Direct Introduction, Sil-based, MW 1,5Pd-0,9Cu PdCl, - CuCl,
2 (PdCu) Direct Introduction, Sil-based, MW 2,0Pd-1,2Cu PdCl, - Cucl,
2,5 (PdCu) Direct Introduction, Sil-based, MW 2,5Pd-1,5Cu PdCl, - CuCl,

Table 19. Materials and composition of the catayswvolved in the hydrodechlorination
study.

As expected, the catalytic performance in termsA8fM conversion were strongly
dependant from the amount of metals loaded in atayst (Figure 32). In fact, the catalyst
with the higher metal content has the higher ADMwarsion, but in terms of selectivity to
MVE none clear trend is in the obtained values {feg33). Furthermore, all the prepared
catalysts display significant deactivation with énmon stream, simultaneously to an
increase in selectivity to MVE.

Considering the observed values of ADM conversibis, possible to hypothesize that the
hydrpdechlorination reaction, causes by itself lgatadegradation or modification in the
active phase, leading to a decreased value of csiowe On the other hand, the
simultaneous increase in selectivity to MVE, maglicate a focusing of the deactivation
phenomena onto active sites different to thoseoresiple for MVE production, favoring

the formation of MVE as main product.
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Figure 32. Catalytic performance in terms of LEEFCICF,CI conversion over sodium
silicate-based MCM-41 prepared with different metahtent. Reaction conditions: ADM
= 16%v/v, contact time 10s, ADMgkholar ratio = 1, reaction temperature 250°C.

109



5. Mesoporous silicate supported catalysts

80 -
—n— 1(PdCu)
. —o— 1,5(PdCu)

e P et —a—2(PdCu)
< Ve —a—2,5(PdCu)
S ¥ B
w .a
w -1 | -0 o
§ 60 A r -u ) : !

S -o-o” AN A
S / APABA

9 /.A'\.A.AA_A‘A‘A'A_A'QZQA_A-A\ A/A‘A/A
2 50 - - oo
2 B J:'~|:|-EI’D‘|:1’D A
E s AAAAA,LAL A
2 A’A A/A'A
5 AA’A"’A’ i
()] aaA

40 A Aa, L

30 T { T { T } T = T = . = . I

TOS (h)

Figure 33. Catalytic performance in terms of JOCF=CF, selectivity over sodium
silicate-based MCM-41 prepared with different metahtent. Reaction conditions: ADM
= 16%v/v, contact time 10s, ADMgkholar ratio = 1, reaction temperature 250°C.

In order to understand the reason of the increasdelctivity to MVE, the values of
selectivity relative to the main by-product {CFCH=CF,, HMVE) are reported on Figure
34. Indeed, this comparison indicate a quite sintitend respect to MVE selectivity (but in

a reversed form). The catalyst with the lower metitent, 1(PdCu) shows the higher
value of selectivity to MVE and consequently thevéo value in HMVE formation.
Increasing the metal content, increases HMVE foionatleading to lower MVE
selectivity. Thus the formation of @ECH=CF, molecule could be correlate with the
segregated metal presence, in particular with Bcegated species that could increase the

quantity of activated hydrogen able to be insentettie product.
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Figure 34.0bserved formation for @@CH=CF; by product.

At the same way, one more time, it is observed thathydrogen coverage of catalysts
surface and its decrease during the reaction igcityr correlated with catalytic
performance. Thus, focusing the attention to catalgesign, it is important to underline
that not only the composition of active phase ipontant, but also the catalyst capability
of maintaining the optimal value of activated hygo over the surface of catalysts versus
the competitive absorption of chlorine and fluoratems.

On the other hand, it must be remarked that thbserved catalytic performances are not
in agreement with the suggested (by XRPD) majoeradtion between Pd and Cu,
increasing the total metal content. In fact, a gneateraction between Cu and Pd should
decrease the hydrogenation properties of the ¢etaystem, increasing the selectivity to
MVE. Obviously, the studies must be continued irdeor to identify the correct
explanations for the observed catalytic performance

Another key factor for the catalytic stability hasen found carrying out some x-ray
diffraction analysis on used catalysts. The obthidifraction pattern, reported in Figure
35, clearly highlights the great increase in theriCh reflection intensity, probably due to
an extended sintering phenomena which could beidersl responsible for the catalytic
performance variation with time on stream. Furthenem it appears evident the effect of

increased metal content in the importance of theeshg phenomena.
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5. Mesoporous silicate supported catalysts

Taking into account all previous considerationsyitst be remarked that none shift toward
lower degrees was observed for the Cu-rich rethectior both catalysts. On the contrary,
Pd-rich phases appear to be subject to redispemienomena [18] leading to a partial
removal of the Cu atoms from the Pd lattice.
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Figure 35. XRPD investigation over fresh and spextalysts.

The study was continued with another series oflysta prepared with different metal
content, by direct introduction of metal during $dmsed MCM-41 framework formation
(Table 20).

Sample Description Metal Content [%] Precursors

1 (PdCu)T Direct Introduction, Teos-based, MW 1,0Pd-0,6 Cu PdCl, - CuCl,
1,5 (PdCu)T Direct Introduction, Teos-based, MW 1,5Pd-0,9Cu PdCl, - Cucl,
2 (PdCu)T Direct Introduction, Teos-based, MW 2,0Pd-1,2Cu PdCl, - CuCl,
2,5 (PdCu)T Direct Introduction, Teos-based, MW 2,5Pd-1,5Cu PdCl, - CuCl,

Table 20. Materials and composition of the catayswolved in the hydrodechlorination
study.

The use of this method of synthesis leads to csitaljith performance in terms of
conversion and selectivity to MVE difficult to bemained. In fact, differently from the
previously reported silicate-based series, nonardiend in ADM conversion with the

total metal content was observed (Figure 36).
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Figure 36. Catalytic performance in terms of LEEFCICRCI conversion over TEOS-
based MCM-41 prepared with different metal contdRéaction conditions: ADM =
16%v/v, contact time 10s, ADM/Irholar ratio = 1, reaction temperature 250°C.

Focusing the attention on the catalytic performamcderms of selectivity to MVE,
differently respect to the silicate-based sampledicated that the catalyst with the higher
metal content has the higher selectivity to MVEg(Fe 37).

Furthermore, it must be highlight that all the séap except the lower metal content
catalyst showed an increase in the selectivity dEMduring the reaction. Using these
samples the selectivity to the expected productloxsred by an increased formation of
the CI/H mono-substituted product, labeled AMH {OEFCICFRH or CRROCFHCRECI)
Nevertheless, also in this case, in agreement tghpreviously reported data, the main
by-product, with the greater effect in lowering gedectivity to MVE, is HMVE.

With the goal of observe the main by-product treradsomplete comparison is shown on
Figure 38. Obviously, regarding this series of sl@spanother breaking point is originated
in the obtained values of HMVE selectivity, whicppaars divided in two distinct trend,
not related with the metal content, increasing dttention into the difficult synthesis

reproducibility.
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Figure 37. Catalytic performance in terms of LIEF=CF, selectivity over TEOS-based
MCM-41 prepared with different metal content. Reactconditions: ADM = 16%v/v,
contact time 10s, ADM/Hmolar ratio = 1, reaction temperature 250°C.
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Figure 38. Observed formation for g6CH=CF, by product.

The previously reported difference in XRPD analystévealing in some sample a possible
Cu-rich CuPd alloys, are in agreement with the olexk “disordered” catalytic

performance reported by this TEOS-based materials.
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It seems from the above that there is the needniproving the preparation methods in
order to ensure effective and reproducible incapon of the metallic active species in

the support.

5.4 Conclusion

In conclusion, MCM-41 mesoporous silicate were Widgudied in order to investigate
the relationship between each preparation stepstf@dnorphological properties of the
final material, afterwards used as support for pineparation of the metal containing
catalysts. Furthermore, observing that the demosiof Pd and Cu by incipient wet
impregnation has caused pores occlusion, an alieensynthetic methods were developed
with the aim of introducing the metal precursorsrinly the MCM-41 framework
formation. The so called “direct introduction” cigids preparedyoth by the conventional
and microwave treatment, keep the structural axulitel properties of bare supports, but
larger bimetallic particles are formed during teatel removal, with respect to the
impregnated catalysts, also reporting differentipiarcompositions.

PdCu-based catalysts, supported over MCM41, wardiest on the dechlorination of
CFROCFCICRCI to CROCF=CFE in the presence of hydrogen, where all studiedlysis
yielded the target product as main product, andvid1-41 support obtained from TEOS
leads to a more efficient catalyst, nevertheledt Vawer morphological propertieShe
metallic particle size and composition, stronglypeledant from the synthesis conditions,
influence the activity in the hydrodechlorinatioh@~OCFCICRCI to CROCF=CF, and
finally concluding, it must be considered more artpnt for the catalytic purpose, with

respect to thetructural and textural properties MCM-41-based materials.
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Chapter 6

6 Conclusion

In this work,the hydrodechlorination of GBCFCICFCI to CRROCF=CFk, was studied,
focusing our interest basically on catalyst desigme first part of the research, was mainly
focused on evaluating the different catalytic perfance of various active phases, mono-
and bi- metallic, and allowed to evidence the kastdrs that the catalyst must possess to
be active and stable. The second part of this wak mainly focused in optimizing the
MCM-41 synthesis, also incorporating the active gghduring the framework synthesis,
and allowed to observe correlation between the Inpzteicles shape, composition and
size, and the catalytic performance in the hydrbligmation of CEOCFCICRCI to
CROCF=CF,.

The evaluation of various active phases was peddrover activated carbon supported
catalysts, which yielded as main product the exqeeperfluoromethylvinylether. The best
performing in terms of selectivity to expected prodresulted to be the Ru-based
catalysts; however, factors including hydrogen cage of the catalyst surface, stability
and deactivation of the catalyst are to be consttlén the catalyst’s choicéndeed, Ru-
based catalysts showed poor stability regardlesiseofontent of active phase present over
the support, indicating that the deposition of lyehalogenated compounds could block
the active sites.

Contrarily, Pd-based catalysts showed high stgbiiit terms of CEOCFCICRCI
conversion, and seem not to be affected by desorptioblems, and as a consequence, by
active sites blocking. The exhibited performance tfee Pd-based catalyst, in terms of
selectivity to CEOCF=CF,, was lowered by the high Pd hydrogenation progertivhich
mainly lead to hydrogenated products. On the dtlaed, carrying out a series of catalytic
trials over Pd/Ru and Pd/IB elements, the long-teetectivity and stability of Pd/Ru and
Pd/Cu bimetallic catalysts were observed. The ofesecatalytic properties suggests that
the introduction of a second metal induce a madlii in the interaction between
substrates and Pd-based active phase, loweringydogenation properties. Pd/Ru and
Pd/Cu bimetallic catalysts could be employed in ¢fas-phase hydrodechlorination of
CROCFCICRCI to CROCF=CFR, with high selectivity and high conversion.
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6. Conclusion

During the second part of this work, a series aidiallic mesostructured Pd/Cu MCM-41
catalysts were obtained by incipient wetness impmiagn and direct hydrothermal
synthesis using different silica sources, differgrdtal loadings and performing various
synthetic procedures.

Obtained data, in the hydrodechlorination 0;GEFCICFRCI to CRROCF=CF,, indicated
that the use of microwave-hydrothermal method lgadshorter synthesis times and the
MCM-41 supports prepared with this option showedusal properties, long-range order
and distribution of the pore sizes, similar or eVesiter to those prepared by the
conventional method. The deposition of Pd and Cunbipient wet impregnation blocks
the pores, a behavior more remarkable when theosugpobtained from silicate€©n the
contrary, the “direct-introduction” preparation,thdyy the conventional and microwave
treatment, keeps the structural and textural ptegseof bare supports, blatrger bimetallic
particles are formed during template removal pentd by calcination at high temperature
(540°C). The template removal performed by ion-exge has been performed, allowing
the formation of smaller metal particles, but nagdy affecting the MCM-41 structure.
The differences in the metallic particle size andi@nment of metallic species determine
the activity in the hydrodechlorination of gEFCFCICRCI to CRROCF=CHF. In particular,
so far the incipient wetness impregnation routeigishe MCM-41 support obtained from
TEOS leads to a more efficient catalyst.

Nevertheless further studies are required to opgneatalysts thermal treatments, in order
to improve the reproducibility of the synthesizedterials, the distribution of metal

particle sizes and their composition.
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