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Abstract

Abstract

Zincosilicate BEA supported catalysts were prepared and used on propane dehydrogenation
and ethanol conversion to 1,3-butadiene. Ga/BEA was highly active and selective in propane
dehydrogenation. The rate determining step was found to be shifted as a function of propane
pressure and a kinetic model of the catalytic cycle was established. The reaction pathway of
ethanol conversion to 1,3-butadiene was demonstrated to be an Aldol condensation pathway on
Zn-BEA and 1,3-butadiene productivity was significantly improved with the addition of Y on
Zn-BEA.

Zusammenfassung

Katalysatoren mit Zinkosilikat-BEA als Tréger wurden hergestellt und fur die
Propandehydrierung und die Umwandlung von Ethanol in 1,3-Butadien verwendet. Ga/BEA
war bei der Dehydrierung von Propan hochaktiv und selektiv. Es wurde festgestellt, dass der
geschwindigkeitsbestimmende Schritt in Abhéngigkeit vom Propandruck verschoben ist, und
es konnte ein kinetisches Modell des katalytischen Zyklus erstellt werden. Der Reaktionsweg
der Ethanolumwandlung in 1,3-Butadien erwies sich als Aldolkondensationsweg auf Zn-BEA,
und die Butadienproduktivitat wurde durch die Zugabe von Y auf Zn-BEA erheblich verbessert.
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1.1 Zeolite

1.1.1 Composition and structure of zeolites

Zeolites are inorganic microporous crystalline materials, composed of TO4 tetrahedra with O
atoms linked to the neighboring T-atoms, and form well-defined channels and cavities of
molecular dimensions (Figure 1.1). Traditionally, silicon and aluminum are used as the T-atoms
(as called aluminosilicates for these zeolites), whereas, other elements, such as Ti, Ga, Zn, Fe,

B, P, and transition elements, etc. have also been incorporated into the zeolite framework.[1]

.Si4+ .AI” .Oxygen . Negative Charge

Figure 1.1 Idealized structure of zeolite framework of tetrahedral [SiO4]* with a substitution of Si by Al
generating a negative charge. Adapted with permission from ref. [2]. Copyright (2002) Elsevier.
With different chemical compositions and synthesis methods, zeolites have a variety of
topologies and features. For example, the channel systems may run with one, two, or three
directions, leading to one-, two-, or three-dimensional pore structures, respectively depending
on the interconnection and spatial disposition of the zeolite structure.[3] There are currently
259 framework structures that have been listed according to the Structure Commission of the
International Zeolite Association.[4] The different topologies result in different pore
dimensions, pore sizes, cages, pockets, and other structural features. According to the structure
topology, zeolites can be classified based on framework type codes, such as BEA, MFI, MOR,
CHA, and so on (Figure 1.2). The number of T-atoms forming the largest opening giving access
to the channels or cages of zeolite structure can be 8, 10, 12, and more than 12, therefore zeolites
are also referred to as small (8 member rings, mr), medium (10 mr), large (12 mr), and extra-

large (>12 mr) pore zeolites.[3]
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CHA FER

Chabazite/SAPO-34 Ferrierite

LTL MOR BEA FAU

zeolite L Mordenite Beta (polymorph A) zeolite Y

BEA

Figure 1.2 Typical zeolite structure with different topologies. Adapted with permission from ref. [3].
Copyright (2021) Royal Society of Chemistry.
Due to the high thermal stability, well-determined topology, high microporosity, high internal
surface area, and notable adsorption and shape-selective properties, zeolites are among the most
critical materials for various industrial applications including catalysis, ion exchange, gas
separation, and so on.[5] In the particular case of heterogeneous catalysis, which has been the
driving force for a rational approach to zeolite synthesis, the study focuses on the discovery of
new structures and alternatives for zeolite materials. Among various zeolites, zeolite BEA was
first reported by Mobil Oil in 1967.[6] Its structure was determined in 1988 [7, 8] and it was
the first example of a three-dimensional and large-pore zeolite with 12 mr (of size 6.6x6.7 A?
along the a and b axis, and 5.6x5.6 A2 along the ¢ axis).[9] Currently, zeolite BEA has found
industrial use as well as being the subject of many scientific studies.
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1.1.2 Acid sites in zeolite

A completely siliceous zeolite, primarily composed of SiO4 units, is stoichiometrically SiO;
which is electrically neutral. When the tetrahedrally coordinated tetravalent framework Si atom
is substituted with a trivalent element, for example, AI**, it results in a negative charge in the
lattice which requires the presence of an extra-framework (EX) counter-cation to keep the
overall framework neutral (Figure 1.1).[10] When this counter-ion is a proton that is bonded to
a framework oxygen atom that in turn is bonded to one Al and one Si atom, the zeolite presents
Brensted acidity. The Brgnsted acid sites (BAS) are the so-called bridging hydroxyl groups
(Scheme 1.1a).[11] For the zeolites with different substituted framework atoms at T position (T
= B, Ga, Ti, Fe, P, In, etc.), the Bransted acid strength of the zeolites varies greatly.[12] For
example, the acid strength with a predicted trend of [B] < [Fe] < [Ga] < [Al ] was discovered
for the corresponding substituted zeolites with experimental (e.g., ammonia temperature
program desorption (TPD), Infrared spectroscopy (IR), and catalytic activity) and
computational measurements.[13, 14] When Zn is incorporated into the zeolite framework,
referred to zincosillicate, we expect that theoretically a Zn?* substituting a tetrahedrally
coordinated framework Si would generate two negative charges in the lattice, which in turn
would lead to two BAS with two protons to compensate the charges. However, no BAS but
only Lewis acid sites (LAS) were observed on zincosilicates Zn-BEA by IR spectroscopy of

adsorbed pyridine.[15]

Other than the bridging hydroxyl groups in zeolites, the silanol groups (SiOH) are the second

most important type of hydroxyl groups. The SiOH groups located on the external surface of

zeolites are called the terminal/free silanol groups (Scheme 1.1b) while the ones in the internal

pores are called internal silanols. Some of these silanol groups show weak Brgnsted acidity.[16]

|

e O\A,/ —Si—OH
™~

\Si
PN / (b) |

(@)

Ngo A
© >A'_OH o N/ N\

Scheme 1.1 Schematic representation of different types of hydroxyl groups and acid sites in zeolites.

Adapted with permission from ref. [11]. Copyright (2011) John Wiley and Sons.

LAS in zeolites are important for their catalytic activities too. They mainly originate from two

ways in the zeolite: (1) when the negative framework charges are balanced by EX metal cations,
4



Chapter 1

which can be incorporated via ion exchange, it usually forms LAS; (2) some Al atoms are not
tetrahedrally coordinated into the zeolite framework, leading to the EX aluminum (EX-Al)
species and framework defects, which generate LAS (Scheme 1.1c, d).[11] The EX-Al and
defects can be formed via dealumination of the zeolite framework via calcination, hydrothermal
treatment, treatment with strong acids and so on. It has been reported that the LAS accompanied
by vicinity bridging OH groups can form superacidic BAS.[17, 18] Zincosilicate CHA is known
to have two different types of LAS, the “closed” and “open” sites in metal substituted zeolites
(Scheme 1.2).[19, 20] The closed site represents the two negative charges generating from a
bare Zn?* cation (Scheme 1.2a) and compensated by two monovalent metal cations, while the
open site is a mono cation ion-exchangeable site (Scheme 1.2b).[21, 22] The Zn-BEA was also
reported to have different types of LAS (Scheme 1.3), and the structure of these LAS was
examined by extended X-ray absorption fine structure (EXAFS) and IR spectroscopy of
adsorbed pyridine/acetonitrile.[15]

(a) (b)

i H
Si Si Si
N, S N
/Zn\ Zn
B VAERN
0] @] 0O 0
si”” s si”” g
M* M
Closed site Open site

Scheme 1.2 Structures of two different Zn sites in zincosilicate CHA. Adapted with permission from ref.
[22]. Copyright (2018) John Wiley and Sons.

H

Si Si Si ; - M* .
\ 1 | Si S
VRN
o) 0 0 o 7 ONA
. N e] 0
si” Si s, s si”” s
M M*
Z, Z, Z,

Scheme 1.3 Structure of three different Zn sites in zincosilicate BEA.[15]

In general, zeolites have been applied in a large number of academic and industrial fields with

their Bragnsted or Lewis acid characteristics, particularly in heterogeneous catalysis.
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1.1.3 Application of zincosilicate in catalysis

To obtain suitable zeolite catalysts with proper acidic, basic, or bifunctional properties, the
parent material plays an important role in tailoring catalysts in the right manner for the
envisaged reaction. In the case of acidic zeolites, the parent material can significantly influence
(1) the chemical nature of acid sites, i.e., BAS and LAS; (2) their respective concentration or
density; (3) their strength and strength distribution; and (4) accessibility of these acid sites at
various locations, for example, on the external surface or inside the micropores.[12, 23] These
properties are all highly related to their catalytic activity. The substitution of T-sites with Zn in
zeolite frameworks has been studied for more than a quarter of a century.[24-28] Among the
259 types of zeolite frameworks known so far, 37 types that include Zn in the framework
structure have been studied.[4, 23] They can be prepared by hydrothermal synthesis or post-
synthesis treatments.[29] The substitution of Zn for the T-sites has some advantages over the
introduction of Zn via ion exchange or impregnation. For example, the Zn will not be removed
from the framework easily. The micropore blockage due to Zn cations located at the pore
opening can also be reduced. The unique Zn sites with different properties from Al sites provide

improvements on the catalytic activity in different fields.[23]

The large pore Zn-BEA (denoted CIT-6) was used on propane dehydrogenation.[30] A Pt-
modified Zn-MFI was also found to reduce coking compared with Pt-modified H-ZSM-5 in
propene aromatization.[31] Furthermore, several zincosilicates (i.e., CIT-6, VPI-8, Zn-MFI,
and Zn-MCM-41) were prepared to catalyze the Diels-Alder cycloaddition-dehydration
reactions of ethene and methyl 5-(methoxymethyl)furan-2-carboxylate which can be derived
quantitatively by partial oxidation of biomass-based 5-hydroxymethylfurfural. Zn-BEA was
found to be the most selective catalyst.[15] Similar Diels-Alder cycloaddition-dehydration
reactions (e.g., direct production of dimethyl terephthalate from ethene and the dimethyl ester
of furan-2,5-dicarboxylic acid) were not accessible with framework Sn-, Ti- or Zr-based LAS
previously, demonstrating the superior activity of Zn sites in zincosilicates.[15]

Meanwhile, the superior selectivity and capacity of zincosilicate for stabilizing divalent cations
such as Co?*, Cu?*, Fe?*, and Ni?* for catalytic applications have also been discovered.[22, 32]
Aluminosilicate zeolites, in order to stabilize the active monomeric site of divalent metals,
require two AI** within proximity (e.g., Al paired configuration) because the substitution of one
framework Si** atom with one AI** atom only generates one negative charge in the lattice.[22]
The isolated (unpaired) framework AI®* sites remain as BAS (when counterbalanced by

protons), even after ion exchange with divalent metals, and hence cause side reactions and

6
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catalyst deactivation.[15] In contrast, zincosilicate-like zeolite materials are promising
platforms to stabilize divalent cations, taking advantage of two charge imbalance generated per
Zn atom in the framework and they contain few BAS.[15] A zincosilicate in CHA topology
was first synthesized by Koike et al. and it possessed a remarkably higher ion exchange ability
for Ni?*, compared to that of aluminosilicate and zincoaluminosilicate analogs.[33] Davis et al.
also prepared Ni?* exchanged zincosilicate in other topologies (i.e., Ni-Zn-BEA and Ni-Zn-
MCM-41) and used them for oligomerization of propene to higher molecular weight liquid
hydrocarbons (Cas, i.e., Cs and Co) for blending into gasoline and distillate transportation fuel
streams.[21] Compared with two Ni-containing aluminosilicates (Ni-HiAI-BEA and Ni-USY),
zincosilicates demonstrated higher average selectivity to target products, as both of the
aluminosilicate materials catalyzed cracking reactions, forming unwanted side products. The
mesoporous zincosilicate Ni-Zn-MCM-41 showed the best ~99% selectivity to Cs, products.
Furthermore, Pt?* was ion-exchanged on Zn-MFI and encapsulated bimetallic PtZn
nanoclusters were formed via controlled demetallation and alloying with the framework Zn. An
excellent shape selectivity and substrate specificity of the material was proved on the selective
production of p-chloroaniline from the competitive hydrogenation of p-chloronitrobenzene and
1,3-dimethyl-5-nitrobenzene.[34]

Until now, the discovery of the structure and nature of the active sites in zincosilicate and the
exploration of more sustainable synthesis routes for important chemicals with zncosilicates are
the main challenges. In this work, Zn-BEA is used as the parent support for most catalysts, and
Ga or Y sites were added via incipient wetness impregnation followed by other treatments to

produce the final catalysts.
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1.2 Propane dehydrogenation

Propene is a key commodity chemical used for the production of polypropylene, acrolein,
acrylonitrile, oxy alcohols, and other chemical intermediates.[32, 35] Propane dehydrogenation
(PDH) is an important method to obtain exclusively one particular alkene instead of a mixture
of products from steam cracking and fluid catalytic cracking of naphtha, light diesel, and other
oil byproducts, which are the most common methods for obtaining alkenes.[35] It is of current
and future interest due to the increasing availability of the raw material (i.e., propane) from
shale gas. PDH produces propene and H» as the main products (Scheme 1.4). As a highly
endothermic reaction with a standard enthalpy change (AH2ogx ) of 124.3 kI'mol?, a
considerably large amount of energy input is required for the forward reaction. Indeed, higher
reaction temperatures (typically >823 K) and lower propane pressures (pcsHg) are usually

applied to achieve high conversions (>50%).[35] However, unwanted C-C bond cleavage
reactions are also favored by most zeolite catalysts under these conditions, producing methane
and ethene as the byproducts. Ethane is another byproduct formed via hydrogenation of ethene
or direct hydrogenolysis of propane.[36] Propene is more reactive than propane, and it easily
undergoes multistep secondary reactions including oligomerization, cyclization and
aromatization on the same catalysts.[37, 38] As a result, the byproducts typically include
methane, ethene, ethane, C4-Cg hydrocarbons, and aromatics.

H2+/\—-| —R
/

/\/
\

Ho

CH; + /
"
~

P

Scheme 1.4 Simplified reaction pathways of propane to propene and byproducts.

To date, several representative processes for traditional propane dehydrogenation have been

commercialized.[39, 40]

1.2.1 Conventional route of propane dehydrogenation

Several emerging representative processes for propane dehydrogenation, like Catofin, Oleflex,
FBD-4, PDH, STAR, ADHO, FCDh, and K-PRO™ technologies have been industrialized in
recent years.[35, 36] The simplified diagrams of these processes are shown in Figure 1.3 [36,
41] and the catalytic data are summarized in Table 1.1. Among them, the Catofin and Oleflex

8
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processes are the two most widely applied PDH technologies. The commercial catalysts used
for PDH are mostly Pt- and Cr-based catalysts. Catofin and FBD-4 processes use Cr-based
catalysts, while the Oleflex, PDH, STAR and FCDh use Pt-based catalysts.[35] Apart from
them, the catalysts of ADHO and K-PRO™ contain neither Cr nor Pt.[36]

In the Catofin process,[42, 43] the K(Na)-CrOx/Al203 catalyst (>18 wt.% CrOx) has been used
owing to the low price and high catalytic activity. Around 87% selectivity towards propene can
be achieved at 40% conversion of alkanes with stable dehydrogenation performance (2-3 years
lifetime). The system has low requirements on raw material indexes and fast load lifting speed
after each feeding. However, in addition to the toxicity and environmental hostility, the low
efficiency and large energy consumption are the disadvantageous. For another Cr-based catalyst,
the FBD-4 process uses a basic metal-doped CrOx/Al2Os catalyst.[44] The propane conversion
and propene selectivity are similar to that of the Catofin process (up to 45% conversion and
80% selectivity). However, unlike the Catofin process, the catalyst has to be transported to the
regeneration tower (973 K) to remove the carbon deposit on the surface and then transferred
back to the reaction tower for the next propane dehydrogenation cycle.

For Pt-based catalysts, the Honeywell UOP Oleflex process was commercialized in 1990.[45]
It converts the propane-rich liquefied petroleum gas feedstock into chemical- or polymer-grade
propene products with fully recyclable Pt-based alumina catalyst, which has low production
cost, high returns on investment and low environmental footprints. For the “PDH” process by
Linde and BASF Companies,[46] the latest catalyst focuses on Pt-Sn catalyst with more than
90% propene selectivity under isothermal operation. The catalyst lifetime can exceed 2 years
due to the reduced coke accumulation. The STAR catalyst (Pt-Sn on Zn-Ca aluminate) is based
on zinc and calcium aluminate support and exhibits excellent dehydrogenation performance
with 35% propene selectivity at >80% conversion.[47] It is considered to be the only
propane/butane dehydrogenation technology that can take advantage of oxidative
dehydrogenation. Dow Chemical Company uses a fluidized catalytic dehydrogenation (FCDh)
technology with shale gas as the feedstock.[48] Approximately 93% propene selectivity was
achieved at ~45% propane conversion over K-promoted PtGa/Al.Os catalyst. The simplicity of
this system has largely achieved over 20% capital saving versus other commercial

technologies.[36]

In 2016, a non-toxic, non-corrosive and non-noble metal oxide catalyst was reported by the
China University of Petroleum for propane/butane dehydrogenation, which has been

successfully industrialized in Shandong Hengyuan Petrochemical Company Limited.[49] The

9
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process (ADHO technology) is operated with a highly efficient circulating fluidized bed reactor,
and the catalyst has to be regenerated for continuous dehydrogenation reaction. At the end of
2018, the new propane dehydrogenation process, K-PRO™, was reported with the use of
another novel catalyst free of noble metals and Cr. The technology is based on the commercially
proven KBR Catalytic Olefins Technology (K-COT™) and the catalyst can be reused for 4-6
years.[36]

Feed
reactor in dehydro § ‘_'f ) 52 [
\ w ;’.‘.'.’.'.’.3 :l, J U To fuel gas Optional steam
Feed Air I—‘—'V—’ 'ﬂ?ﬁ Fuel Flue . system genera(lon}_
F/E
. L reactor in dchyd? ] r‘? l ' h‘mm Exchanger
‘ [ w2 | M| | Products | BT
Reactor o} Reactor OD ) i —
Stream Reheat [ —-] onnefiow and Handling
l l reactor in 7N ;. o N : Feed :r::c'l:: :Ir‘:!;ln @ Reeenaic
Products  Exhaust Air | '*9"¢RUON oy ‘iR Products .
\_  Catofin )
1964 1990 2016
1986
/ FBD-4 Oleflex

Products to
separation unit

Feed

Purging gas 1

Figure 1.3 The representative technologies of propane dehydrogenation to propene. Adapted with
permission from ref. [36]. Copyright (2021) Royal Society of Chemistry.
All the catalysts in Table 1.1 exhibit excellent propane dehydrogenation activity with above
80% propene selectivity, however, most of them have a high tendency to coking and sintering
(particularly Pt-based catalysts), leading to fast deactivation. The frequent regeneration also
leads to large energy consumption and high operating cost. The economical and/or
environmental issues caused by Pt- and Cr-based catalysts have not yet been solved.
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Table 1.1 Summary of the catalytic data of representative propane dehydrogenation technologies. Adapted with permission from ref. [36]. Copyright (2021) Royal

Society of Chemistry.

Technology FBD-4 Catofin Oleflex PDH STAR ADHO FCDh K-PRO™
Developer Snamp'rogetn- ABB uoP Linde-BASF Phillips China University Dow Chemical KBR
Yarsintez Lummus of Petroleum Company
Time 1964 1986 1990 1995 1999 2016 2016 2018
- Horizontal . Tubular Tubular - Up-flow Fluidized
Reactor Fluidized bed fixed bed Moving bed & 4 bed fixed bed Fluidizedbed i4ized bed  bed (riser)
i K(Na)-Pt-Sn/ i Pt-Sn/ZnAl204/ Refractory Pt-Ga-K/ Non-Pt,
Catalyst CrO«/Al203 K(Na)-CrOx/Al203 AlOs Pt-Sn/ZrO: CaO-AlOs mixed oxides Si-ALOs non-Cr
T [K] 823-873 833-923 798-978 823-923 753-893 773-923 ~873 ~873
P [bar] 1.1-15 0.2-0.5 1-3 >1 5-6 - 1 15
WHSYV [h7] -- <1 4-13 - 0.5-10 1-10 - -
Dilute gas None None Cyclic H2 None Stream None N2 --
. Continuous  Reaction 6 h,  Reaction 6 h, . . .
. . Continuous . . X . Continuous Continuous Continuous
Operating period regeneration 15-25 min operation, regeneration regeneration reqeneration reqeneration regeneration
9 5-10 days 3h 2h 9 9 9
Catalyst life [years] -- 2-3 1-3 >2 >5 -- -- 4-6
Conversion [%] 45-50 40-45 30-40 40-45 ~35 ~50 ~45 ~45
Selectivity [%] 80-85 82-87 85.5-88 95 80-90 ~90 ~93 87-90
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1.2.2 Propane dehydrogenation over Ga modified catalysts

Generally, the PDH is catalyzed by metal-based catalysts, metal oxide-based catalysts and other
formulations, and an illustration of these catalysts is shown in Figure 1.4.[36] Among them,
Ga-based catalysts have been intensively studied as they have more advantages over the toxicity,
high cost and deactivation from Cr- and Pt-based materials. The dehydrogenation activity of
Gaz03 supported on ZSM-5 was first reported in the late 1980s for the conversion of propane
to aromatics.[50, 51] In the interim, both bulk and supported Ga.Oz have been used as
dehydrogenation catalysts. In early reports, Ga modified H-ZSM-5 showed high aromatic
selectivity but not propane conversion.[52] The mechanism of propane aromatization has been

proposed, in which PDH is the primary step of aromatization.[53, 54]

a
Metal-based
catalysts
oxide support  carbon support carbide support polymer
() « V-O-Al
—_— {
Metal oxide-
based catalysts CrO,-based YO,-based
C
Other
formulations | ¢arpidemitride/sulfide  carbon zeolites M@zeolites

Figure 1.4 Model illustrations of different PDH catalysts: (a) metal-based catalysts, (b) metal oxide-
based catalysts, and (c) other formulations. Adapted with permission from ref. [36]. Copyright (2021)
Royal Society of Chemistry.

In recent years, the addition of Ga into zeolites has been reported to be particularly effective for

light alkane dehydrogenation.[55-58] Ga/H-ZSM-5 catalyst had a PDH rate of two orders of

magnitude higher with respect to parent H-ZSM-5. The homotopic Lewis-Brgnsted acid pair,
12
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formed by the interaction of a BAS with a Ga*, were proposed as the active site.[59] Another
Ga/H-MFI catalyst prepared via vapor-phase exchange was also used on PDH and propane
cracking.[60] One order of magnitude higher PDH rate was achieved compared to the parent
H-ZSM-5. The PDH rate was two orders of magnitude higher than the propane cracking rate,
which resulted in superior propene selectivity. [GaH]?* cations were found to be the active
centers for both propane dehydrogenation and cracking independently of the Ga/Al ratio.[60]
Furthermore, a Ga-MFI obtained by isomorphous substitution of Ga in the MFI zeolite
framework was also highly efficient for PDH.[61] The bridged framework Ga provided lower
Brgnsted acidity than Al and the presence of 3-mercaptopropyl-trimethoxysilane in the
synthesis led to a weaker Brensted acidity and stronger Lewis acidity, enhancing its PDH
performance with higher dehydrogenation rate and selectivity. The LAS from highly dispersed
EX-Ga®* species were regarded as the main active sites[62] and the framework Ga sites were
much less active.[63, 64] Moreover, the PDH performance was greatly improved with
hierarchical Ga-MFI zeolite compared to bulk Ga-MFI catalyst by the repetitive branching or
utilization of a long chain alkyl structure directing agent during the synthesis. A harder re-
adsorption of propene and an advantageous quasi-2D distribution of BAS and LAS near the
mesopores were responsible for the superior performance.[65] In order to inhibit the cracking
and secondary reactions, high silica Ga-BEA catalysts were prepared from the dealuminated
zeolite BEA. Ga was also found to substitute Al to generate BAS by the dry-gel conversion
method. With the substitution of Ga for Al, the larger micropore surface area and higher Si/Ga

ratio contributed to a higher propane conversion rate and propene selectivity.[32]

With diverse synthetic methods to incorporate Ga into zeolites,[32, 59-61, 65-69] a variety of
Ga active species (e.g., Ga®*, Ga*, [GaO]*, [GaHx]*", [Ga(OH)]**, [Ga(OH).]* and GaOx
clusters) have been suggested both experimentally and theoretically.[70-78] Nevertheless, the

nature of these active sites remains to be debated. Meanwhile, propene selectivity is often

limited by severe secondary reactions, such as dimerization and aromatization reactions, as they
can be catalyzed by isolated BAS or isolated Ga cations easily.[79-81] It is highly important to
introduce active and stable sites in zeolites for PDH while minimizing the number of sites that
catalyze secondary reactions with propene. The exploitation of new efficient strategies for
improving the activity, selectivity, stability, economical efficiency, and environmental
friendliness by different preparation methods, supports and promoters is of significant

importance.
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1.3 Catalytic conversion of ethanol to 1,3-butadiene

The production of bio-derived ethanol has supplied 90% of the ethanol on the market
nowadays.[82, 83] Around 67% bioethanol is used as transportation fuels to replace the
nonrenewable ones as it has a higher octane number and can reduce greenhouse gas
emissions.[84] However, it has drawbacks including the need for engine adaptations, only 2/3
energy density of gasoline, and the propensity to absorb water which may cause severe damage
to the engine.[85] The production of value-added chemicals from bioethanol has been compared
with its use in the transportation sector and it would be more economically viable with less CO;

emissions.[86]

As shown in scheme 1.5, in the last few years, new technologies and strategic partnerships
motivated to upgrade ethanol to more valuable chemicals such as ethene, acetaldehyde (AcH),
ethyl acetate, acetic acid, 1,3-butadiene (1,3-BD), n-butanol, and so on.[87, 88] Among them,
1,3-BD is an important feedstock for the production of high-performance synthetic rubbers,
which are extensively used in tires, toughened plastics, and many other products.[89] Currently,
1,3-BD is mainly produced from the isolation of naphtha steam cracker fractions from paraffinic
hydrocarbons mixture, which is followed by distillation, in the manufacture of ethene and its
higher homologues.[88] It accounts for over 95% of the worldwide 1,3-BD production.[90] The
development of a cheap and sustainable process for 1,3-BD production from biomass-based
resources would result in a reduced reliance on oil resources.

L -

isobutylene acetaldehyde hydrogen

NS

== -« oy —» EEN

ethylene ethanol 1,3-butadiene
HO
)J\OEt /U\OH
1-butanol ethyl acetate acetic acid

Scheme 1.5 The conversion of ethanol to a number of important bulk chemicals. Adapted with
permission from ref. [88]. Copyright (2013) John Wiley and Sons.
1,3-BD was firstly found to be formed in small amounts by passing ethanol over powdered
aluminum at the beginning of the 19" century by Ipatiev.[91] In 1915, the work of

Ostromislenskiy showed that larger quantities of 1,3-BD could be produced by passing a
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mixture of ethanol and AcH over alumina or clay catalysts.[92] Several research groups
developed a two-step process including ethanol dehydrogenation and the reaction between AcH
and ethanol to produce 1,3-BD.[93-95] Later, Lebedev noticed that it was possible to produce
a considerable amount of 1,3-BD in one step with ethanol as the only feedstock, as shown in
Scheme 1.6.[96] The one-step process used a catalyst consisting of silicon and magnesium
oxides, with small amounts of other oxides present as promoters. It exhibited both dehydration
and dehydrogenation activities. Even though the two-step process gave a higher 1,3-BD yield
with higher purity, the greater simplicity and economic efficiency made the one-step process a

more promising strategy for 1,3-BD production.

Metal-oxide catalyst

2 7
OH ™ 673773k

NG+ 2H0 + H,

Scheme 1.6 The conversion of ethanol to 1,3-BD in one-step Lebedev process. Adapted with

permission from ref. [88]. Copyright (2013) John Wiley and Sons.

1.3.1 Reaction mechanism of the production of 1,3-butadiene from ethanol

In recent years, more and more research articles about the conversion of ethanol to 1,3-BD have
been published. However, the mechanism including several cascade steps has not yet been
unequivocally established. The current understanding of the reaction mechanism comes
predominantly from fragmentary evidence gathered over several decades by different research
groups. The one- and two-step processes are generally recognized to follow the same reaction
pathway.[97] Herein, two of the leading pathways including Prins reaction and Aldol

condensation routes are discussed in detail.
1.3.1.1Prins reaction route

Generally, AcH is regarded as an important precursor to 1,3-BD formation. Gruver et al.
proposed ethene as an intermediate for 1,3-BD formation over aluminated sepiolite catalysts,
since both 1,3-BD selectivity and ethene selectivity increased at the same time with the total
conversion.[98] As a result, a Prins-like reaction between AcH and ethene (both derived from

ethanol), followed by dehydration to yield 1,3-BD has been suggested (Scheme 1.7).
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=N - )\/
but-3-en-2-ol

Scheme 1.7 The Prins reaction mechanism from ethanol to 1,3-BD. Adapted with permission from ref.

[88]. Copyright (2013) John Wiley and Sons.
The Prins reaction enables the formation of C-C and C-O bonds (dioxanes) through an acid-
catalyzed condensation of alkenes with aldehydes. The products can be unsaturated alcohols,
glycols and acetals.[99] The production of 1,3-BD from ethanol via this route is of current
interest because of the availability and low cost of lower olefins from shale gas and AcH from
bioethanol. The Prins reaction usually requires LAS or BAS with weak-to medium strength, as
strong acid sites would lead to severe coking and catalyst deactivation.[100] The catalysts have
been reported to be homogeneous mineral acids (e.g., sulfuric acid) and homogeneous Lewis
acids (e.g., SnCls, BF3, and ZnCl»).[101] In the Prins reaction between ethene and AcH, the
main products are diols 1, unsaturated alcohol 2, and alkyl dioxanes 3 (scheme 1.8).[102] The
overall product yield and selectivity depend on the employed reaction conditions, solvent, and
catalyst.[103] Secondary compounds such as pyrans and dienes could also be formed via
consecutive reactions of the primary products. Under anhydrous conditions and an excess of
ethene, the cationic intermediate will lose a proton to form an unsaturated alcohol (i.e., 3-buten-
1-ol, 2), which is the most desired product, since it affords 1,3-BD by simple thermal
dehydration. When AcH is excess and at lower reaction temperatures, the reaction product is
mainly a dioxane, 3. And with water and a protic acid (e.g., sulfuric acid) present, the favored
pathway is to a 1,3-diol, 1.[100, 103]

TR N
J I $
1 2 3

Scheme 1.8. Prins reaction of ethene and AcH.

The weakness of the Prins-like reaction for 1,3-BD synthesis is the protonation of ethene. It is
an indispensable step and would generate a highly unstable primary carbocation, therefore, it
has a high energy barrier.[110]
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1.3.1.2Aldol condensation route

Toussaint and co-workers proposed an alternative mechanism based on the Aldol condensation
between two AcH molecules formed upon ethanol dehydrogenation.[104] The Aldol
condensation pathway is more favorable compared with the Prins-like pathway from theoretical
calculations.[88, 105] It generally consists of five key steps, including (1) ethanol
dehydrogenation; (2) AcH condensation to 3-hydroxybutanal (i.e., acetaldol); (3) acetaldol
dehydration to crotonaldehyde; (4) reduction of crotonaldehyde to crotyl alcohol; and (5) crotyl

alcohol dehydration, corresponding to Scheme 1.9 a to e, respectively.[97]

OH
a b
2 /\OH —_— 2 AO —T MO

2H,
Ethanol AcH Acetaldol
ci—Hzo
o “oH
€ »>
AN = o IT TN
-Hzo ‘F\
1,3-BD Crotyl alcohol  *H2  Crotonaldehyde

Scheme 1.9 The Aldol condensation pathway to 1,3-BD.[97]

Ethanol non-oxidative dehydrogenation is well-established as the first step to generate AcH
which participates in the formation of C4 precursors. With co-feeding deuterated and 4C-
labelled AcH and ethanol, the reversibility of ethanol dehydrogenation and the formation of
1,3-BD precursors from AcH were demonstrated.[106, 107] The Aldol condensation of two
AcH molecules to 3-hydroxybutanal (commonly known as acetaldol) is the second elementary
step (Scheme 1.9b). The acetaldol has been reported to be mostly absent in continuous flow
heterogeneous catalytic reactions due to its high instability (i.e., rapid dehydration to
crotonaldehyde).[108-110] Davis and co-workers studied the Aldol condensation of AcH on
TiO», hydroxyapatite and MgO. Crotonaldehyde was the only product observed.[111] Gao et
al. studied the one-step process using the pulse reaction technique with a mass spectrometry
over MgO-SiO; catalyst, and the sequential formation of AcH, acetaldol, crotonaldehyde, and
1,3-BD was observed.[112] Taifan et al. observed a band at 1273 cm™ with diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS), previously assigned to acetaldol, when
reacting ethanol over MgO-SiO, during the temperature-programmed surface reaction
(TPSR).[113] The quick dehydration of acetaldol to crotonaldehyde has been generally
accepted as a key step in the Aldol condensation pathway. Crotonaldehyde was consumed at
the same time to form crotyl alcohol (Scheme 1.9 d), making it an unstable secondary product
as well.[109, 114]
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Ethanol and H> can both be the hydrogen source for the reduction of crotonaldehyde to crotyl
alcohol.[97] From theoretical calculation, the energy barrier is lower when using ethanol via
the Meerwein-Ponndorf-Verley-Oppenauer (MPVO) reaction.[88] As a result, publications
often disregard the role of H»,[108] focusing instead on ethanol as more than a source of AcH
in the reduction of crotonaldehyde.[104, 115] With isotopic labeling experiments, the
deuterated crotyl alcohol was detected when labeled ethanol reacted with crotonaldehyde, and
it is replaced by unlabeled crotyl alcohol upon switching to a non-isotopic feed, which further
confirmed that ethanol was involved in crotyl alcohol formation.[116, 117] Moreover, the
chemisorbed crotyl alcohol was found to disappear with the detection of signals attributed to
vapor-phase 1,3-BD in DRIFTS monitored TPSR experiments, identifying crotyl alcohol as a
kinetic precursor to 1,3-BD.[113] The dehydration of crotyl alcohol is highly favored
thermodynamically,[88, 118] and can take place readily upon its formation on most “ethanol-
to-1,3-BD catalysts”. Therefore crotyl alcohol is often absent from the output stream of

reactors.[97]

Although many researchers have subsequently adopted the general features of this mechanism,
insufficient evidence has been gathered to conclude whether the generally accepted pathway
follows a single mechanism or is dependent on the catalyst. Different suggestions have been
proposed to what constitutes the rate determining step (RDS) in the reaction. Crotonaldehyde
formation and crotonaldehyde reduction have both been proposed as the RDS and further

studies are in progress.[119]

1.3.2 Typical catalysts for the conversion of ethanol to 1,3-butadiene

Many catalysts have been tested and reported in the literature since the research first began in
the 1920s.[91, 92] Simultaneous attainment of high 1,3-BD productivity and selectivity is
always challenging. The two main processes we mentioned before, the one-step process, which
directly converts ethanol over a single catalyst to 1,3-BD, and the two-step process, where
ethanol and AcH are both used as the feed to form 1,3-BD, require different active centers in
the catalysts. For example, the one-step process needs active centers for both ethanol
dehydrogenation and C-C bond coupling while the two-step process usually uses a catalyst that
is highly active for C-C bond coupling.[120] Some transition-metal components (e.g., Cu, Zn,
and Ag) exhibited high dehydrogenation activity while some rare-earth metal components (e.g.,
Y, La, Ce, Pr, and Nd) appeared to be active for the formation of C4 products.[121] As a result,
it has been proposed to merge these components in multifunctional catalysts to achieve the

highest 1,3-BD productivity and selectivity.
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The conversion of ethanol and AcH to 1,3-BD can be achieved with a series of MgO-SiO-
catalysts with different structural properties due to different calcination temperatures.[122] The
presence of LAS and intermediate amount of basic sites in MgO-SiO> calcined at 500°C greatly
improved the catalytic activity with a high 1,3-BD selectivity of 80.7%. With an appropriate
amount of water (10 wt.%) in the feed (mixture of 22.5 wt.% AcH/67.5 wt.% ethanol/10 wt.%
water), the formation of n-butanol and coke precursors can be inhibited. On the other hand,
metal-containing (M = Ag, Cu, Ni) oxide (MOx= MgO, ZrO, Nb2Os, TiO2, Al203) supported
on silica showed improved dehydrogenation activity and can be used for the one-step 1,3-BD
production.[109] The best catalytic performance was achieved over Ag/ZrO,/SiO; catalyst with
a 74% selectivity towards 1,3-BD. Tantalum-containing SiBEA zeolite with mononuclear Ta
(V) was also active for the conversion of ethanol and AcH mixture into 1,3-BD, with selectivity
of 80-90% at total 45-30% conversion of the mixture.[123] Similarly, with doping Ag, Cu, and
Zn as additional dehydrogenation sites, the one-step conversion of ethanol to 1,3-BD can be
achieved with a selectivity of 73% at 88% ethanol conversion over CuTaSiBEA at 598 K. The
1,3-BD selectivity increased in the order of TaSIiBEA < ZnTaSIBEA < AgTaSIBEA <
CuTaSIiBEA.[124]

Recently, some publications used Zn and Y as the active centers for this reaction. Isolated Zn
and Y sites supported on dealuminated zeolite BEA were prepared via incipient wetness
impregnation and were found to be active for ethanol dehydrogenation and 1,3-BD formation,
respectively.[125] In contrast to the widely reported reaction pathways, the authors proposed
that the C-C bond coupling on Y-DeAIBEA proceeds via the reaction of co-adsorbed AcH and
ethanol to form crotyl alcohol and water directly. When a bicomponent 0.15Zn-0.225Y -
DeAIBEA was used, the synergistic effect of the bifunctional sites could be observed. The 1,3-
BD productivity was 66.6 mmol-g*-h™* with a Cs olefin selectivity of 61.6% (52% of 1,3-BD
and 9.6% of butenes) at 673 K. Additionally, the structural confinement effects of different
zeolites were also studied on constructed bicomponent Zn/Y/zeolite catalysts. The initial 1,3-
BD productivity decreased with 5%2Zn-5%Y/BEA > 5%Zn-5%Y/MCM-41 > 5%Zn-5%Y/SiO;
under identical reaction conditions.[121] The intermediates can better react with each other on
the coexisting neighboring Zn and Y sites to generate 1,3-BD in the BEA structure rather than
escape as unwanted byproducts.[126] The highest 1,3-BD productivity of 43.1 mmol-g*-h?
with a selectivity of ~63% was achieved on 2%2Zn-8%Y/BEA, even though the catalyst showed
great activity loss during the reaction.[125] The study of the deactivation mechanism of
Zn/Y/BEA found that AcH produced from ethanol was rapidly involved in a subsequent Aldol

condensation with the simultaneous production of acetone.[127] AcH and acetone can go
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through self- and cross-condensation reactions to produce unsaturated long-chain aldehydes
and ketones. Finally, 2,4-dimethyl benzaldehyde was formed from cyclization reactions. It
gradually covered the active sites and led to catalyst deactivation.

So far, more and more researchers focus on the development of efficient catalysts to improve
1,3-BD productivity. The reaction mechanism is always under debate and remains to be
investigated.
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1.4 Scope of this study

Zeolites supported metal catalysts are important catalysts in different fields in both industry and
academia. Zincosilicate based zeolites have been applied to several important reactions,
including dehydrogenation, Diels-Alder reaction, oligomerization, and so on. In the first part of
this work, a series of zeolite catalysts based on zincosilicate BEA were prepared and
characterized. Their physical and chemical properties were determined to better understand the

catalytic performance on propane dehydrogenation and ethanol conversion.

In the second part, Ga-based materials have been reported to be promising catalysts for propane
dehydrogenation, and these materials exhibited different performances with varied preparation
methods. Even though a series of Ga active site structures have been proposed, the mechanism
remains in debate. Ga/BEA catalysts prepared via hydrothermal synthesis of zincosilicate Zn-
BEA, incipient wetness impregnation of Ga and leaching of Zn via H> reduction were applied
on propane dehydrogenation. The study of reaction order, propane adsorption, Kinetic isotope
effect, rate determining step, kinetic equations, activation energy, number of active sites were
carried out. A comparison with several other catalysts (i.e., Ga/Zn-MFI, Ga-BEA (HS), Pt/Ga-
BEA (HS)) is also presented.

In the third part, the conversion of ethanol to 1,3-BD, which is an important reaction in the
manufacture of bioethanol to useful chemicals, is discussed. Zn-BEA and Y/Zn-BEA were
applied on ethanol conversion due to their excellent potential on dehydrogenation and C-C bond
coupling reactions, which are two main steps in the formation of 1,3-BD from ethanol. The
catalytic performance, reaction pathway, rate determining step and reaction kinetics were

investigated. The 1,3-BD productivity was greatly improved with the addition of Y to Zn-BEA.

This work provides a better understanding of the application of zincosilicate catalysts on
heterogeneous catalysis and highly inspires the studies on propane dehydrogenation and ethanol

conversion to 1,3-BD.
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2.1 Abstract

Zincosillicate with BEA structure (Zn-BEA) was prepared and used as support and catalyst for
propane dehydrogenation and ethanol conversion. Ga and Y were introduced into Zn-BEA via
incipient wetness impregnation. With subsequent H; treatment, the demetallization of Zn was
carried out to produce Ga/BEA with both framework and extra-framework Ga sites. Zn-BEA
has a significant amount of LAS and few BAS. An increase in BET surface area and micropore
volume was observed on Ga/BEA after Zn-leaching. The BAS and LAS of Ga/BEA increased
linearly with Ga loading. For Y/Zn-BEA, mainly the LAS concentration increased with Y
loading compared to Zn-BEA. On the contrary, the micropore volume decreased with Y loading,
suggesting an introduction of Y into the micropores. For comparison, Zn-MFI and Ga-BEA
(HS) from direct hydrothermal synthesis were prepared and Ga and Pt were introduced by
incipient wetness impregnation on Zn-MFI and Ga-BEA (HS), respectively.
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2.2 Introduction

Zeolites continue to play an increasingly important role in heterogeneous catalysis in both
industry and academia. Substituting a tetrahedrally coordinated framework Si** with Zn?
instead of AI**, as in traditional aluminosilicate, has been found to provide unique advantages
compared to aluminosilicates and zeolites with Zn introduced via ion-exchange or
impregnation.[1, 2] The knowledge about the structure and properties of these materials is a

prerequisite for understanding their catalytic performance.

Different characterization techniques have been applied to investigate zeolite materials (Table
2.1). X-ray diffraction (XRD) and elemental analysis examine the crystalline structure, Si/Al
ratio and other metal contents of the materials. N2 physisorption reveals the specific surface
area and micropore volume in the zeolites. These are important parameters to verify the
successful synthesis and are related to their catalytic performance. Most importantly, similar to
other solid acids, zeolites possess both BAS and LAS, which are typically bridging hydroxyl
groups and coordinatively unsaturated cations, respectively. IR spectroscopy has been
established as an essential tool to investigate intermolecular interactions within zeolites, for
example, hydrogen and coordination bondings.[3] IR spectra of activated zeolites typically give
rise to two or more major bands in the hydroxyl spectral region, with silanol groups at 3710-
3760 cm™* and O-H stretching mode of the bridged group at 3600-3620 cm™.[4, 5] The bridged
hydroxyl group is the most important chemical entity as they are typically strong BAS. Pyridine
was first proposed as the adsorbed probe molecule to give valuable information on the acidic
properties as early as 1963,[6] giving ring vibrations in the region 1600-1400 cm™ to identify
pyridine bounding to different surface sites.[7] The quantitative information according to the

nature, number, and strength of the acid sites reacting with pyridine can also be determined.[8]

The Zn-BEA was synthesized and used as the parent sample for most catalysts in this work.
The Ga/BEA, which is the main catalyst used on propane dehydrogenation, was prepared in
general via three steps including the synthesis of Zn-BEA, Ga addition via incipient wetness
impregnation and Zn leaching by H> treatment. When applying the catalysts on ethanol
conversion to 1,3-BD, Y was introduced to Zn-BEA by incipient wetness impregnation to
improve the 1,3-BD productivity. For comparison, Zn-MFI, Ga-BEA (HS, HS refers to
hydrothermal synthesis), Ga/Zn-MFI, Ga/MFI and Pt/Ga-BEA (HS) were also prepared. In this
chapter, we describe the preparation methods and the characterization of the physical and
chemical properties of all the prepared catalysts. It helped to rationally design the catalysts and
obtain further understanding of their catalytic performance.
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Table 2.1 The properties of catalysts measured by different characterization techniques

Characterization technique Physical and chemical properties measured
XRD Crystallographic structure
N2 physisorption BET surface area and micropore volume
Elemental analysis Element content
IR spectroscopy of pyridine adsorption Concentration and strength of LAS and BAS

2.3 Catalyst preparation

2.3.1 Zn-BEA

Hydrothermal synthesis of Zn-BEA was carried out according to a method previously reported
by Davis et al.[2, 9] The synthesis gel was prepared by adding colloidal silica (LUDOX@AS-
40), zinc acetate dihydrate (Alfa Aesar, >98.0%), tetracthylammonium hydroxide (TEAOH,
Sigma Aldrich, 35 wt.% in water), lithium hydroxide monohydrate (Sigma Aldrich, >99.0%)
and water with a molar composition of 1 SiO»/0.03 Zn(OAc)./0.65 TEAOH/0.05 LiOH/30 H,O
into a Teflon liner. Subsequently, the Teflon liner was introduced into a stainless steel autoclave
and heated at 410 K for 7.5 days. The obtained solid was separated from the liquid by
centrifugation, and afterward washed with water and dried at 353 K overnight. The dried
powder was calcined in 100 mL-min synthetic air (20% O2 in N2) by 1 K-min to 823 K and
kept at 823 K for 10 h to remove the structure directing agent. The zeolite was further converted
into proton form by ion exchange with 1.0 M NHsNO3 (Sigma Aldrich, >99.5%) solution at

353 K for 10 h followed by the same calcination procedure as described above.

2.3.2 Zn-MFI

Hydrothermal synthesis of Zn-MFI was carried out according to a previously reported
method.[2] Zinc sulfate heptahydrate (Sigma Aldrich, >99.0%) was dissolved in distilled water
and ammonia solution (Sigma Aldrich, 25% solution in water) was added into the solution until
the pH increased to ~6 to form a white precipitate (Zn(OH).). Then the precipitate was filtered,
washed thoroughly with distilled water, and dried. Later sodium hydroxide (Sigma Aldrich,
>98%) and tetrapropylammonium hydroxide (TPAOH, Sigma Aldrich 40% solution in water)
dissolved in distilled water were added to the precipitate. The mixture was stirred until the
precipitate dissolved. Colloidal silica (LUDOX@AS-40) was finally added with thorough
stirring to maintain a homogeneous synthesis gel with a composition of 1 Si0/0.067 Zn0/0.105
TPAOH/0.107 Na2O/14.6 H20. The gel was charged into a Teflon-lined autoclave and heated
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in a rotating oven at 443 K for 4 days under autogenous pressure. The obtained solid was
recovered by centrifugation, washed with distilled water, and dried at 353 K overnight. Then
the as-synthesized sample was calcined in 100 mL-mint synthetic air by 1 K-min to 823 K
and kept for 18 h. Following this, the zeolite was ion-exchanged with 1.0 M NHsNO3 (Sigma
Aldrich, >99.5%) solution at 353 K for 1 h and separated from the liquid by centrifugation. The

same calcination procedure was used to generate the proton form of Zn-MFI.

2.3.3 Ga-BEA (HS)

The Ga-BEA was synthesized according to a method previously reported in [10, 11]. Colloidal
silica (LUDOX@AS-40), sodium hydroxide (Sigma Aldrich, >98%), tetraethylammonium
hydroxide (Sigma Aldrich, 35 wt.% in water), Ga(NOs)3z (Alfa Aesar, >99.99%) and distilled
water were added into a Teflon liner to form a homogeneous gel with a molar composition of
0.2 (TEA)20:1 Si02:0.008 Ga203:0.1 Na203:15 H>O. The pH of the final gel was ~13. Finally,
the Teflon liner was introduced into a stainless steel autoclave and heated at 410 K for 8 days.
The as-synthesized sample was separated from the liquid by centrifugation, and afterward
washed with water and dried at 353 K overnight. Then it was calcined in 100 mL-min synthetic
air by 1 K-min to 823 K and kept for 10 h. Subsequently, it was converted into proton form
by ion exchange with 1.0 M NHsNO3z (Sigma Aldrich, >99.5%) solution at 343 K six times
followed by the same calcination procedure as described above.

2.3.4 Ga/Zn-BEA and Ga/Zn-MFI

The Ga/Zn-BEA and Ga/Zn-MFI were prepared via incipient wetness impregnation of the
above-prepared proton form zeolites with aqueous Ga(NQO3)s (Alfa Aesar, >99.99%) solution
(Table S2.1). The impregnated sample was dried at 353 K overnight and calcined in 100
mL-min! synthetic air by 5 K-min™ to 823 K and kept for 5 h. They are denoted as Ga/Zn-
BEA-X or Ga/Zn-MFI-X, where X refers to the Ga weight content (wt.%) of the sample.

2.3.5 Ga/BEA and Ga/MFI

Ga/BEA and Ga/MFI free of Zn was obtained by reduction of the above prepared Ga/Zn-BEA
and Ga/Zn-MFI under 50 mL-min™ Hz by 15 K-min at 823 K for 24 h, during which the Zn
was completely leached. Part of Ga was found to be incorporated into the zeolite BEA
framework but not MFI. The samples were finally calcined in 100 mL-min synthetic air by 5
K-min! to 823 K and kept for 5 h. They are denoted as Ga/BEA-X and Ga/MFI-X, where X
refers to the Ga weight content (wt.%) of the sample.
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2.3.6 Pt/Ga-BEA (HS)

The Pt/Ga-BEA (HS) was prepared via incipient wetness impregnation of the above-prepared
proton form Ga-BEA (HS) with aqueous Pt(NHs)s'(NOz)2 (Sigma Aldrich, >99.995%%)
solution. The impregnated sample was dried at 353 K overnight and calcined in 100 mL-min-1
synthetic air by 5 K-min™ to 823 K and kept for 5 h. They are denoted as Pt/Ga-BEA (HS)-Y,

where Y refers to the Pt weight content (wt.%) of the sample.

2.3.7 YIZn-BEA

The Y/Zn-BEA was prepared via incipient wetness impregnation of the above-prepared proton
form Zn-BEA with aqueous Y(NOz3)s (Sigma Aldrich, >99.99%) solution. The impregnated
sample was dried at 353 K overnight and calcined in 100 mL-min* air by 5 K-min to 823 K
and kept for 5 h. They are denoted as Y/Zn-BEA-Z, where Z refers to the Y weight content
(wt.%) of the sample.

2.4 Chemical and physicochemical characterization

All X-ray diffraction measurements were performed on a PANalytical Empyreal System
diffractometer, equipped with a Cu-Ka radiation and operating at 45 kV and 40 mA. The
diffractograms were measured using a sample spinner stage in a 26 range between 5 and 50°

under ambient conditions.

The Ga and Zn contents in catalysts were determined by an AA280FS Fast Sequential Atomic
Absorption Spectrometer from VARIAN. The acid mixture solution (2% H2SOa, 1% HNOz and
5% LaCls) was used to digest the solid samples for Ga and Zn measurement.

Pt contents in catalysts were determined by a Cary 100 UV-Vis Spectrophotometer from
Agilent Technologies. Y contents in catalysts were determined by a 700 Series inductively

coupled plasma-optical emission spectrometry (ICP-OES) from Agilent technology.

The N2 sorption measurements were performed using a PMI Automatic Sorptometer. The
zeolite samples were outgassed under vacuum at 523 K for 2 h and cooled to liquid N>
temperature (77 K) before measurement. The micropore volume of zeolites was determined by
the t-Plot (Lippens and de Boer) method.[12]

The concentration of acid sites on the catalysts was determined by IR spectroscopy of adsorbed
pyridine using a Bruker VERTEX 70 IR spectrometer. All the spectra were recorded at specific
temperatures under <10 mbar vacuum. Prior to the pyridine adsorption, a self-supporting
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wafer of catalysts was activated in vacuum at 723 K for 1 h (heating rate 15 K-min*). For Zn-
BEA, Ga/Zn-BEA, Ga/BEA, Ga-BEA (HS), Pt/Ga-BEA (HS), Zn-MFI, Ga/Zn-MFI and
Ga/MFI, pyridine was adsorbed on the catalyst at 313 K with increasing pressure from 107 to
1 mbar and the final pressure was kept for 1 h until the adsorption equilibrium. Then the
spectrum was taken after the cell was outgassed under vacuum at 313 K overnight and at 373,
573 and 723 K for 1 h, respectively. Concentrations of LAS and BAS were determined via
quantifications of the bands related to coordinatively adsorbed pyridine (Py-LAS) and
protonated pyridine (PyH"), using molar extinction coefficients of 3.26 and 4.32 pmol-cm 2,
respectively. The LAS/BAS and the strong LAS/BAS (sLAS/sBAS) refer to the sites remaining
after evacuation at 373 K and 723 K for 1 h, respectively. For Y/Zn-BEA, differently pyridine
was adsorbed at 423 K for 1 h until equilibrium and the LAS/BAS refer to the sites remaining

after evacuation at 423 K for 1 h.

2.5 Characterization results

2.5.1 Ga/Zn-BEA and Ga/BEA

All the catalysts are in the crystalline structure of the zeolite BEA, as shown by consistent XRD
patterns (Figure 2.1).[13] The Ga impregnation and afterward the removal of Zn under
reduction in Hz did not change their diffractograms. In addition, diffraction peaks of GaOx and

ZnOx species were not detected.[14, 15]
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Figure 2.1 XRD patterns of (a) Ga/Zn-BEA-0; (b) Ga-BEA-0; (c) Ga/Zn-BEA-0.7; (d) Ga/Zn-BEA-1.5;
(e) Ga/Zn-BEA-1.9; (f) Ga/Zn-BEA-3.0; (g) Ga/Zn-BEA-5.0; (h) Ga/BEA-0.6; (i) Ga/BEA-1.4; (j)
Ga/BEA-2.1; (k) Ga/BEA-3.2; (I) Ga/BEA-4.6.

S

IR spectra of adsorbed pyridine on the zeolites were used to measure qualitatively and
quantitatively the acidity of the different samples. Pyridine adsorption on parent Zn-BEA gave
characteristic bands at 1452, 1455 cm™ (pyridine interacting with Lewis acid site, Py-LAS),
1444 cm™ (hydrogen-bonded pyridine, Py-H) and 1548 cm™ (pyridinium ions, PyH") after
evacuation at 373 K (Figure 2.2a). The band at 1452 cm is attributed to ZnO,[2] formed with
a very low content during zeolite calcination. This band was not observed upon evacuation at
723 K. However, the band at 1455 cm™ remained after evacuation at 723 K, indicative of
stronger Lewis acidity. It is suggested this band may arise from the lattice Zn site coordinated
to the zeolite framework.[2] The small band at 1548 cm™ at 373 K is indicative of BAS-OH
interacting with pyridine and it disappeared after evacuation at higher temperature. The parent
Zn-BEA contains a much higher amount of LAS (542 pmol-g?) than of BAS (28 pmol-g?)
(Table 2.2).
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Figure 2.2 IR spectra of pyridine adsorbed on parent Zn-BEA. Evacuation for 1 h at (a) 373 K; (b) 573
K; (c) 723 K. The spectra were the difference spectra of Zn-BEA before and after pyridine adsorption.
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Figure 2.3 IR spectra of pyridine adsorbed on Ga/Zn-BEA-5.0. Evacuation for 1 h at (a) 373 K; (b) 573
K; (c) 723 K. The spectra were the difference spectra of Ga/Zn-BEA-5.0 before and after pyridine
adsorption.

Table 2.2 shows the main results of the physicochemical characterization of Ga/Zn-BEA. The
BET surface area and micropore volume of Ga/Zn-BEA did not change compared to the parent
Zn-BEA. All Ga/Zn-BEA samples have similar micropore volume of 0.13 + 0.01 cm3.g™* and
BET surface area of 324 + 8 m?.g™. The effect of Ga impregnation did not cause changes in the
zeolite structure. Pyridine adsorption on parent Ga/Zn-BEA-5.0 mainly gave characteristic
bands at 1452, 1457 cm™ (Py-LAS) and 1548 cm™ (PyH") after evacuation at 373 K (Figure
2.3a). Moreover, the LAS and BAS concentration of all Ga/Zn-BEA also stayed constant with
parent Zn-BEA. The Ga sites introduced by incipient wetness impregnation cannot generate
BAS, and the introduced Ga may cover some of the original Zn sites to make them inaccessible

to pyridine, therefore, the total LAS concentration stayed the same.
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Table 2.2 Physical and chemical properties of Ga/Zn-BEA catalysts

BET surface  Micropore volume, LAS BAS sLAS sBAS

Samples? Ga, [wt. %]
area, [m?-g] [cm3-g1] [umol-g7]
Ga/Zn-BEA-0 0 332 0.14 542 28 236 5
Ga/Zn-BEA-0.7 0.7 323 0.14 545 40 187 6
Ga/Zn-BEA-1.5 15 317 0.13 525 26 223 4
Ga/Zn-BEA-1.9 1.9 325 0.15 519 31 246 6
Ga/Zn-BEA-3.0 3.0 329 0.15 554 40 198 8
Ga/Zn-BEA-5.0 5.0 316 0.15 515 38 277 9

The Zn concentration is around 6 wt.% for all the catalysts from elemental analysis.

Table 2.3 shows the physical and chemical properties of the prepared Ga/BEA catalysts. All
the Ga/BEA samples had similar micropore volume of 0.16 + 0.01 cm®-g™* and BET surface
area of 355 + 15 m?-g™, demonstrating that different concentrations of Ga did not change these
properties. Compared to the corresponding precursors (Ga/Zn-BEA), the BET surface area and
micropore volume both increased slightly, e.g., the micropore volume from 0.15 to 0.16 cm®.g"
L and the BET surface area from 316 to 365 m?-g for Ga/BEA-4.6. It is hypothesized that the
removal of Zn formed silica defects and Ga** migrated at high temperature to coordinate with

the O atoms of neighboring silanols.

Ga/BEA-0 was obtained via H treatment to remove Zn from parent Zn-BEA. Zn was
completely leached as shown by the results from elemental analysis. To investigate the
structural changes before and after the removal of Zn, the difference IR spectra of Ga/BEA-0
and Ga/BEA-4.6 (before and after Zn removal) are compared in Figure 2.4a and 2.4b. An
increase of the broadband at 3508 cm™ and the sharp band at 3745 cm™ were observed after Zn
leaching with Ga/BEA-0 (Figure 2.4a (iii)). The bands are assigned to H-bonded internal silanol
groups (3508 cm™?) and free silanol groups (3745 cm™), respectively.[16-18] These
observations support the hypothesis of the formation of defect sites by the removal of Zn?*.
Pyridine adsorbed on Ga/BEA-0 showed bands of the ring vibrations at 1452 and 1455 cm™
(Py-LAS), 1444 cm™ (Py-H) and 1548 cm™ (PyH") after evacuation at 373 K (Figure 2.5). The
concentration of LAS and BAS was estimated to be 46 pmol-g™* and 10 umol-g, respectively
(Table 2.3).
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Table 2.3 Physical and chemical properties of Ga/BEA catalysts

LAS BAS sLAS sBAS

Samples? Ga, BET surfac_e Micropore _
[wt.%)] area, [m2-g1]  volume, [cm3-g7] [umol-g-]
Ga/BEA-0 0 355 0.15 46 10 18 5
Ga/BEA-0.6 0.6 370 0.17 135 29 62 8
Ga/BEA-1.4 1.6 356 0.15 132 65 115 27
Ga/BEA-2.1 2.1 351 0.15 155 96 126 21
Ga/BEA-3.2 3.2 341 0.15 175 95 159 20
Ga/BEA-4.6 4.6 365 0.16 220 168 251 72

aThe original Zn content is 6 wt.% on Ga/Zn-BEA and the remaining Zn content is 0 wt.% for all Ga/BEA
from elemental analysis.

With the addition of Ga, major differences were observed in both the IR spectra (Figure 2.4b)
and the acid site concentration (Table 2.3). An increase in external silanols (3745 cm™) and EX
Ga-OH species (3690 cm™) was seen on Ga/BEA-4.6 after Zn leaching. On the contrary to
Ga/BEA-0, no change was observed in the internal silanol networks (3508 cm™) in Figure 2.4b
(iii). This suggests that Ga healed the silicon defects of the zeolite framework during Zn
leaching. Moreover, a significant amount of BAS (168 umol-g*) was generated with Ga/BEA-
4.6, as the incorporation of Ga®* into a lattice defect would lead to the formation of a BAS. This
Si-OH-Ga band was observed at 3612 cm™ (Figure S2.1). It appeared at a slightly lower
wavenumber than the Ga bridging OH groups in gallosilicate MFI at 3620 cm™,[19] indicating
the different environment of Ga incorporated in BEA. It should be noted that Nakai et al.
prepared high silica Ga-BEA from a dealuminated zeolite, using the dry gel conversion method
generating BAS, while this was not observed for Ga impregnated dealuminated zeolite BEA.[20]
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Figure 2.4 (a) IR spectra of (i) Ga/Zn-BEA-0; (ii) Ga/BEA-0 and (iii) subtracted spectra of (i) from (ii);
(b) IR spectra of (i) Ga/Zn-BEA-4.6; (ii) Ga/BEA-4.6 and (iii) subtracted spectra of (i) from (ii). The
spectra were normalized to the overtone area.
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Figure 2.5 IR spectra of adsorbed pyridine on Ga/BEA-0 after evacuation for 1 h at (a) 373 K; (b) 573
K; (c) 723 K. The spectra were the difference spectra of Ga/BEA-0 before and after pyridine

adsorption.
The IR spectra of adsorbed pyridine on Ga/BEA-4.6 showed bands at 1446, 1457, 1490 and
1545 cm* (Figure 2.6), indicating interactions with BAS and LAS. The band at 1457 cm™

(adsorption on Ga** sites) remained after evacuation at 723 K, indicating a high Lewis acid
strength in agreement with the literature.[21, 22] Both the BAS and LAS concentrations

increased with Ga loading in zeolite (Table 2.3).
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Figure 2.6 IR spectra of adsorbed pyridine on Ga/BEA-4.6 after evacuation for 1 h at (a) 373 K; (b)
573 K; (c) 723 K. The spectra were the difference spectra of Ga/BEA-4.6 before and after pyridine
adsorption.

2.5.2 Ga-BEA (HS) and Pt/Ga-BEA (HS)

As expected, the hydroxyl vibration region of IR spectra of Ga-BEA (HS) showed characteristic
bands at 3615 (bridging OH group) and 3682 cm™ (hydroxyl groups on the EX-Ga species)
(Figure 2.7 a), which is in good agreement with Chao et al.[11] It has been reported that the
EX-Ga species can be generated by calcination and it was observed on the IR spectrum of
evacuated GaNHs-H-BEA that was prepared by Ga ion exchange with NH4-H-BEA.[23] With
pyridine adsorption, the characteristic bands including 1457 cm™ (Py-LAS), 1444 cm™ (Py-H
or pyridine sorbed on EX-GaOy, Py-GaOx)[24] and 1547 cm™ (PyH") were observed after
evacuation at 373 K (Figure 2.7). The concentration of LAS and BAS were 440 umol-g* and
560 umol-g?, respectively (Table 2.4), and particularly large percentages of BAS (70%) and
LAS (99%) were proved to be SBAS and sLAS. Both acid site concentrations were much higher
than that in Ga/BEA-4.6 catalyst with the same Ga content. Therefore, more Ga sites were
incorporated to generate BAS during hydrothermal synthesis. The concentration of BAS and

LAS were above the total Ga concentration (660 umol-g™) in the zeolite.
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Figure 2.7 IR spectra of Ga/BEA (HS) (a) after activation; (b) adsorbed pyridine after evacuation for 1
h at (i) 423 K and (ii) 723 K. The spectra were the difference spectra of Ga/BEA (HS) before and after
pyridine adsorption.

The BAS and LAS concentrations on Pt/Ga-BEA (HS) were also estimated by IR spectroscopy
of adsorbed pyridine (Table 2.4). The BAS concentration decreased with Pt loading, suggesting
that Pt might cover some acid sites and hindered their interactions with pyridine. Another
possibility would be that some tetrahedrally coordinated framework Ga sites became partial or
total EX-Ga sites or GaOx clusters during the calcination after Pt addition, leading to lower
BAS concentration.[25] Differently, the LAS was kept in a similar concentration after Pt
addition. The sLAS concentration appeared to be a little higher than the LAS concentration and
this could be due to the errors from the deconvolution of the bands at 1457 and 1446 cm™

(Figure 2.7D).
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Table 2.4 Acid site concentration of (Pt/)Ga-BEA (HS) catalysts

Ga content Pt content LAS2  BAS SLAS SBAS
Samples 0 gl [wt.%] .-l
[wt.%]  [umol-g] [umol-g*]
Ga-BEA (HS) 0 440 560 436 393
Pt/Ga-BEA (HS)-0.1 4.6 660 0.1 470 504 475 338
Pt/Ga-BEA (HS)-0.2 0.2 445 440 460 306
aThe LAS concentration only refers to the band at 1457 cm™.
2.5.3 Ga/Zn-MFI and Ga/MFI
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Figure 2.8 IR spectra of adsorbed pyridine on Zn-MFI after evacuation for 1 h at (a) 373 K; (b) 723 K.

The spectra were the difference spectra of Zn-MFI before and after pyridine adsorption.

Table 2.5 Physical and chemical properties of MFI catalysts

LAS BAS SLAS sSBAS
Samplesa Ga [wt.%] Zn [wt.%]
[umol-g]
Zn-MFI 0 3.1 208 0 82
Gal/Zn-MFI-2.7 2.7 3.1 190 0 55 0
Ga/MFI-1.2 1.2 0 29 0 13 0

The acid site characteristics of Zn-MFI prepared via direct hydrothermal synthesis were also
measured by IR spectroscopy of adsorbed pyridine (Figure 2.8). Similar to Zn-BEA, Zn-MFI
contained only LAS and no BAS, with characteristic bands at 1454 cm™ (Py-LAS) and 1444
cm? (Py-H). With lower Zn content (3 wt.% compared to 6 Wt.% in Zn-BEA), the LAS

concentration was also around half as that in Zn-BEA (Table 2.5).
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Figure 2.9 IR spectra of adsorbed pyridine on (a) Ga/Zn-MFI-2.7 and (b) Ga/MFI-1.2 after evacuation
for 1 h at (i) 373 K; (ii) 723 K. The spectra were the difference spectra of zeolites before and after
pyridine adsorption.

With the addition of Ga, the LAS and BAS concentration did not change. Three bands at 1452,
1454 cm™ (Py-LAS) and 1444 cm™ (Py-H) were observed on Ga/Zn-MFI-2.7 (Figure 2.9a).
Different from the incorporation of Ga into zeolite framework in Zn-BEA during H. treatment,
both Ga and Zn were found to be leached during H. treatment. Ga and Zn contents decreased
from 2.7 wt.% and 3.1 wt.% to 1.2 wt.% and O wt.% respectively from Ga/Zn-MFI-2.7 to
Ga/MFI-1.2. No BAS was generated and the LAS concentration decreased from 190 to 29
umol-g! on Ga/MFI-1.2 (Figure 2.9b). Ga0 is volatile above 473 K and it can be formed
during the reduction of Ga oxides in H; treatment,[26] therefore it might be the reason for Ga
leaching from Ga/Zn-MFI-2.7. Correspondingly, a large band at 1444 cm™ was observed on
Ga/MFI-1.2 (Figure 2.9b), which could be from the H-bonded pyridine by silanol nests formed
after Zn removal. A band at 1458 cm™ (Py-LAS) was observed on Ga/MFI-1.2, which could be
from the EX-Ga sites in zeolites.[21, 22] However, only 13% of these LAS remained after
evacuation at 723 K compared with 91% in Ga/Zn-BEA-3.2, indicating the different strength

of these Ga acidic sites in MFI and BEA zeolites. H» treatment had different impacts on Ga/Zn-
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MFI and Ga/Zn-BEA. The different framework environments led to different nature, locations

and concentrations of acid sites.

2.54 YI/Zn-BEA

The crystalline structure of all Y/Zn-BEA zeolites was confirmed using powder XRD as shown
in Figure 2.10.[13] The diffractograms of BEA zeolite did not change upon Y impregnation. In
addition, diffraction peaks of Y203 and ZnOx species were not detected.[14, 27] All the Y/Zn-
BEA samples had similar BET surface area of 337 + 19 m?-g* and microspore volume of 0.15

+ 0.01 cm3.g?, showing that different loadings of Y did not change these morphological

properties.
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Figure 2.10 XRD patterns of all the materials. (a) Y/Zn-BEA-0; (b) Y/Zn-BEA-0.6; (c) Y/Zn-BEA-1.2; (d)
Y/Zn-BEA-2.2; (e) Y/Zn-BEA-4.3; (f) Y/Zn-BEA-6.4.
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Figure 2.11 IR spectra of adsorbed pyridine on Y/Zn-BEA-2.2 after evacuation for 1 h at (a) 423 K; (b)

723 K. The spectra were the difference spectra of Y/Zn-BEA-2.2 before and after pyridine adsorption.
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The IR spectra of pyridine adsorbed Y/Zn-BEA-2.2 (Figure 2.11) had characteristic bands at
1545, 1492, 1454, 1452 and 1447 cm™. The band at 1545 cm™ and 1492 cm™ were from Py-
BAS and Py-B/LAS. The bands at 1454 and 1452 cm™ were attributed to pyridine adsorbed
Lewis acid Zn sites compared with the spectra of parent Zn-BEA. The H-bonded pyridine and
Lewis acid Y sites interacting with pyridine can both show a band at around 1447 cm™,[28]
however, this band partly remained after evacuation at 723 K, showing a strong acidity different
from the H-bonded pyridine. It increased with the loading of Y from 0.6 to 6.4 wt.% (Figure
S2.7). It was also barely visible on the parent Zn-BEA, therefore, it was assigned to pyridine
interacting with Y Lewis acid sites. In general, the LAS concentration increased with Y loading
(Table 2.6), which can also be seen from the increase of the band at 1447 cm™ on different
Y/Zn-BEA samples in Figure S2.7. The BAS concentration of Y/Zn-BEA was slightly higher
than that of parent Zn-BEA, and it increased slightly with increasing Y loading.

Table 2.6 Physical and chemical properties of Y/Zn-BEA catalysts

LASP BAS sLAS® sBAS

sk v SIS Moogoe ST 99 2

Y/Zn-BEA-O 0 332 0.14 492 23 236 5
Y/Zn-BEA-0.6 0.6 348 0.15 456 25 216 0
Y/Zn-BEA-1.2 1.2 355 0.16 534 40 259 0
Y/Zn-BEA-2.2 2.2 337 0.14 590 45 297 0
Y/Zn-BEA-4.3 4.3 332 0.15 637 38 288 0
Y/Zn-BEA-6.4 6.4 318 0.14 668 60 294 0

aThe Zn content is 6 wt.% on Y/Zn-BEA
bThe LAS and BAS concentrations were determined after evacuation at 423 K for 1 h.
¢The sLAS and sBAS concentrations were determined after evacuation at 723 K for 1 h.

2.5.5 H-BEA

H-BEA-5 (Si/Al=5) and H-BEA-75 (Si/Al=75) were purchased from Stid Chemie company and
tested as reference samples for ethanol conversion. Their acid site concentration was
determined by IR spectroscopy of adsorbed pyridine (Table 2.7, Figures S2.5 and S2.6). As
expected, H-BEA-5 with a lower Si/Al ratio had much more acid sites than H-BEA-75 and both
catalysts had more BAS than LAS. A large percentage of these acid sites have high acidic
strength (except for the LAS in H-BEA-75) as the bands mostly remained after evacuation at
723 K for 1 h.
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Table 2.7 Acid site concentration of H-BEA catalysts

LASa BAS sLASb sBAS
Samples Si/Al
[umol-g]
H-BEA-5 5 483 1148 489 810
H-BEA-75 75 60 126 18 117

aThe LAS and BAS concentrations were determined after evacuation at 423 K for 1 h.

bThe sLAS and sBAS concentrations were determined after evacuation at 723 K for 1 h.

50



Chapter 2

2.6 Conclusion

A series of zeolites including Zn-BEA, Zn-MFI and Ga-BEA (HS) were synthesized
successfully. Subsequent addition of Ga on Zn-BEA and Zn-MFI, Pt on Ga-BEA (HS) and Y

on Zn-BEA via incipient wetness impregnation produced Ga/Zn-BEA, Ga/Zn-MFI, Pt/Ga-BEA
(HS) and Y/Zn-BEA. With further reduction of Ga/Zn-BEA by H,, complete Zn leaching
occurred and Ga/BEA was finally obtained. Different from Ga/Zn-BEA, the leaching of both
Ga and Zn occurred during the Ho treatment of Ga/Zn-MFI. With the addition of these metals
in zeolites, no obvious changes on the diffractograms, BET surface area and micropore volume

were observed.

With H> treatment on Ga/Zn-BEA, the diffractograms did not change while the specific surface
area and the microspore volume increased a bit. It indicated small changes in the zeolite
structure, as the removal of Zn generated more silicon defects and Ga migration occurred at
high temperature. With further measurement of pyridine adsorbed IR, the parent Zn-BEA has
542 umol'g? LAS and 28 pmol'g? BAS. All Ga/Zn-BEA have similar BAS and LAS
concentrations with respect to Zn-BEA. Ga addition did not affect the BAS or LAS
concentration. With H treatment to remove the Zn, only 46 umol-g* LAS and 10 umol-g™
BAS were measured on Hy treated Zn-BEA (that is Ga/BEA-0). On the contrary, a significant
amount of BAS was found on Ga/BEA-X (X=0.6-4.6 wt.%), for example, 175 pmol-g™? LAS
and 95 pmol-g™! BAS on Ga/BEA-3.2. The difference in the hydroxyl region of the Ga/Zn-BEA
and Zn-BEA before and after H, treatment also indicated the incorporation of Ga into the zeolite
framework, leading to the generation of BAS. The BAS and LAS concentration increased
linearly with the increasing Ga loading on Ga/BEA catalysts. For comparison, the synthesized
Zn-MFI showed 208 pmol-g™? LAS and no BAS. The Ga-BEA (HS) with the same Ga content
(4.6 Wt.%) as Ga/BEA-4.6 (220 umol g™ LAS and 168 pmol-g™* BAS) was found to have 440
umol-g? LAS and 560 umol-g® BAS, suggesting that more Ga was incorporated into the
framework to generate BAS during hydrothermal synthesis.

Looking at the Y/Zn-BEA, low BAS concentration was found on all Y/Zn-BEA while it
increased slightly with the addition of Y. Three main LAS showed characteristic bands with
pyridine adsorption at 1454, 1452 and 1447 cm™. The former two were assigned to pyridine
adsorbed Zn sites and the latest one was assigned to pyridine adsorbed Y sites whose intensity
increased with Y loading. Correspondingly, the LAS concentration of Y/Zn-BEA increased

gradually with Y loading.
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2.7 Appendix

Table S2.1. Ga content in Ga/BEA and Ga/MFI catalysts

Samples Introduced Ga content [wt.%] Final Ga content from elemental analysis [wt.%)]

Ga/BEA-0.6 0.6 0.6
Ga/BEA-1.4 1.6 1.4
Ga/BEA-2.1 2.1 2.1
Ga/BEA-3.2 3.2 3.2
Ga/BEA-4.6 4.8 4.6
Ga/MFI-1.2 3.2 1.2
3612 cm™’

g | © |
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g |
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Figure S2.1. IR spectra of pyridine adsorbed at 313 K on (a) Ga/Zn-BEA-4.6; (b) Ga/BEA-4.6. The
spectra were obtained by subtracting the spectrum taken after activation from the spectrum taken after
pyridine adsorption. The band at 3612 cm! disappeared after pyridine adsorption and it can be seen

more obviously from the decrease of the band on these subtracted spectra.
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Figure S2.2 XRD patterns of as-synthesized Zn-MFI.
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Figure 2.4 XRD patterns of as-synthesized Ga-BEA (HS).
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Figure S2.5 IR spectra of adsorbed pyridine on H-BEA-5 after evacuation for 1 h at (a) 423 K; (b) 723
K. The spectra were the difference spectra of H-BEA-5 before and after pyridine adsorption.
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Figure S2.6 IR spectra of adsorbed pyridine on H-BEA-75 after evacuation for 1 h at (a) 423 K; (b) 723
K. The spectra were the difference spectra of H-BEA-75 before and after pyridine adsorption.
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(d)
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Figure S2.7 IR spectra of adsorbed pyridine on Y/Zn-BEA-X (a) X=0.6; (b) X=1.2; (c) X=4.3; (d) X=6.4
after evacuation for 1 h at (i) 423 K; (ii) 723 K. The spectra were the difference spectra of Y/Zn-BEA-X

before and after pyridine adsorption.
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Chapter 3

3. Highly active and selective sites for propane
dehydrogenation in zeolite Ga/BEA
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3.1 Abstract

Highly selective Ga-modified zeolite BEA for propane dehydrogenation have been prepared
via grafting Ga on Zn-BEA followed by removal of Zn via reduction by H>. An 82 % propene
selectivity was achieved at 19 % propane conversion at 813 K. Based on the kinetic analysis, a
model of the catalytic cycle was established based on elementary steps of propane adsorption,
first C-H bond cleavage, B-H transfer, propene desorption and H> desorption. The propane
dehydrogenation rate is determined by the C-H bond cleavage of propane at low pressures,
however, at high pressure, the rate is limited by desorption of H> from the catalytic site. The
concentration of active sites was quantified by the reversible adsorption and desorption of H:
on catalysts. For comparison, Ga-BEA (HS) from hydrothermal synthesis and Pt/Ga-BEA (HS)
were also tested. Ga-BEA (HS) showed comparable activity as Ga/BEA and the addition of Pt
greatly improved the propane dehydrogenation activity.
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3.2 Introduction

Propene is a key raw material in the chemical industry for the production of a wide variety of
products.[1] The dehydrogenation of propane (PDH) has attracted growing interest due to the
surges in hydrocarbon production from shale gas. As the key reaction step appears to be the
cleavage of the first C-H bond of propane, Cr- and Pt-based catalysts are widely used in
commercially implemented processes (e.g., Catofin & Oleflex processes).[2, 3] However, rapid

deactivation and limited propene selectivity restrict their applications.

The substitution of Ga®* for A** in MFI and the addition of Ga-oxide nanoclusters is highly
effective for dehydrogenation but also leads to substantial cyclization and aromatization.[4-6]
Schreiber et al. showed the formation of homotopic Lewis-Brgnsted acid pairs in Ga/ZSM-5,[7]
formed by the interaction of a BAS with a Ga*, replacing another BAS, led to an increase of
two orders of magnitude in PDH rate, with respect to parent H-ZSM-5. Diverse synthetic
methods have been extensively studied to incorporate Ga into zeolites,[7-15] suggesting a
variety of Ga active species both experimentally and theoretically.[16-24] Although the
catalytic activity of these supported Ga catalysts for PDH has been extensively explored, the

nature of their active metal sites is often a point of contention. Isolated BAS and isolated Ga

cations tend to catalyze secondary reactions, such as dimerization and aromatization, decreasing
the propene selectivity with propane conversion.[25-27] The challenge for catalyst synthesis
lies, therefore, in combining highly active sites with blocking C-C bond cleavage and

oligomerization.

In a quest to synthesize materials with highly uniform active sites, we chose the zeolite
framework BEA substituted with Zn as the parent material. Ga>" cations have been introduced
via incipient wetness impregnation. The synthesis strategy allowed to replace Zn with Ga
leading to Ga Lewis and Brensted acid sites. Zn is removed in this approach via reduction at
elevated temperatures, leading to gradual vapor phase removal. The nature and concentration
of these Ga3' sites are probed by IR spectroscopy of adsorbed pyridine and in situ H;
temperature-programed desorption. The effects of Ga®" sites on PDH in terms of activity,
selectivity as well as reaction mechanism are investigated by Kinetic studies, isotopic
experiments and operando propane uptake measurements, without, however, being able to
atomistically define the active sites. Finally, Ga-BEA (HS) from hydrothermal synthesis and
Pt/Ga-BEA (HS) were also tested on PDH for comparison.
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3.3 Experimental

Catalyst resting

The catalysts were tested for PDH reaction in a fixed bed plug flow reactor, consisting of a
quartz glass tube with 4 mm inner diameter. In a typical test, 10 mg of the catalyst with particle
size of 180-300 um mixed with SiC (250-500 um) was loaded in the middle of a quartz tube
supported between two quartz wool plugs. Prior to the reaction, the catalyst was pre-dried in
situ under 10 mL-min™* He at 823 K for 1 h. Subsequently, the reaction was carried out at 1 bar
total pressure (with He as a carrier gas) with a total flow rate of 5-100 mL-min* (weight hour

space velocity, WHSV: 0.21~106 gcaHg'gear -h™) at 813 K. The pressure of propane (pc,tg) Was

in the range of 2-100 mbar. The products were detected with an online Agilent 6890 series gas
chromatograph (GC) equipped with an HP-PLOT/Q column (30 m x 0.320 mm) and an FID
detector. The conversion of propane and yield of products were calculated based on the peak
areas from GC analysis. The cracking rate was determined based on the concentration of
produced methane, and the dehydrogenation rate was determined based on the concentration of

produced propene.
Kinetic isotopic experiment

CsDs (Sigma Aldrich, 99 atom% D) was used for the measurements of the kinetic isotope effect
(KIE). The experiments were performed by the same reaction procedure as section 2.3 at 2, 20,
40, 60 and 100 mbar of pcsHg OF Pcspg at 813 K. The reactant was switched from CsHg to C3Dsg

after 21 h time on stream (TOS) until the reaction was in a steady state. The samples were taken
every 30 min in 2 h by GC and the switch between CsHg and C3Dg was subsequently repeated
and further carried out at different pressure.

Temperature-programed desorption of H2

The desorption experiment of H> was carried out directly in the same fixed-bed reactor and the
desorbed H> was analyzed by an online mass spectrometer. Typically, 50 mg catalyst were first
pre-dried in 10 mL-min"! He at 823 K for 1 h and then cooled to liquid N> temperature in a
liquid N2 bath. Then, at liquid N> temperature, the adsorption of H> was started by switching
the gas from He to 15 mL-min H; and kept for 15 min. Afterward, the gas was switched back
to 30 mL-min! He to flash the catalysts for half an hour. Then the liquid N2 bath was removed
and the temperature of the reactor increased to room temperature gradually. Subsequently, the
reactor was heated to 813 K by 30 K-min™ and kept for 30 min and finally cooled to room

temperature.
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Propane adsorption

The heat of adsorption of propane on Ga/BEA-3.2 was measured with a Setaram TG-DSC 111
calorimeter connected to a high vacuum system. The catalyst (about 20 mg) was placed in a
quartz crucible and activated at 723 K for 1 h under vacuum (<10 mbar). After cooling to 313
K, propane was dosed to the system stepwise with controlled pressure from 0.3 to 24 mbar.
Each step was equilibrated until the sample weight and thermal flux were constant. The
adsorption enthalpy was obtained by integration of the heat flux signal and normalized to

propane uptake.

34 Results and discussion of Ga/BEA on propane

dehydrogenation

3.4.1 Catalytic performance of Ga/BEA

Figure 3.1a shows the reaction of propane on Ga/BEA-3.2 with increasing contact time (weight
hour space velocity?, WHSV?). Propane conversion was negligible in the absence of catalysts.
The conversion of propane increased linearly with WHSV at low conversions, however,
deviated at higher WHSV, reaching the equilibrium conversion at 28 % at 1 bar and 813 K.[28]
The selectivity of propene began to deviate moderately beyond 10 % conversion in Figure 3.1b
and 3.1c, because of secondary (higher order) reactions consuming propene. Methane and
ethene were the main byproducts generated from the cracking of propane. While propane
cracking should produce equimolar amounts of methane and ethene, the yield of ethene
gradually overtook that of methane at higher conversions. This suggests a second pathway to
produce ethene such as cracking of higher hydrocarbons formed by oligomerization of propene.
And the deviated methane yield at conversion above 12% in Figure 3.1b indicates an increasing
selectivity, which could also result from the formation of methane from cracking of higher
hydrocarbons at higher conversions. Notably, C4 to Ce hydrocarbons and aromatics were

observed at higher propane conversions as secondary products, e.g., formed from propene.
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Figure. 3.1 (a) The propane conversion and product yield at different WHSV-! over Ga/BEA-3.2; (b)

The yield of different products at different conversion over Ga/BEA-3.2; (c) Propene yield as a function

of conversion with different Ga/BEA-X catalysts. Reaction condition: 813K, 1 bar, 5-100 mL-mint, 50

mg catalyst, pcgHg 20 mbar.
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Figure. 3.1b shows the product yield as a function of propane conversion on Ga/BEA-3.2 at
813 K. At low conversion, the selectivity to propene was 93% with methane (3.5% selectivity)
and ethene (3.3% selectivity) being the main side products. The selectivity to propene decreased
gradually with propane conversion, reaching 82 % at 19 % conversion. The yield of methane,
ethene and aromatics increased correspondingly, while a remarkably high selectivity to propene
was still achieved. All Ga/BEA catalysts showed the same trend highlighting the similarity of
the sites generated (Figure 3.1c). At 873 K 72 % propene selectivity was achieved at 40 %
conversion (Figure S3.3). The selectivity was significantly higher than for previously reported
Ga modified zeolites [18, 29] and comparable to the benchmark catalysts Pt/Al,Os and
Cr303/Al,03 (~ 75% at 40% conversion).[29-31] Notably, the ratio of ethene/methane was close
to one at conversions up to 35% at 873 K, suggesting the second pathway to form ethene and

aromatization became less significant at higher temperatures.

In order to investigate the impact of the concentration of Ga®* on the PDH, the Ga/BEA with
Ga loadings (0 - 4.6 wt. %) were studied at 813 K (Figure S3.1). Figure 3.2 shows the rate of
propane conversion, as well as rates of dehydrogenation and cracking of propane. For the parent
Ga/BEA-0, a reaction rate of 0.05 umol-g*-s* was observed at low conversions (<0.1%),
showing a propene selectivity of 93%. The byproducts were methane, ethene and ethane. The
secondary products (i.e., C4 to Cs hydrocarbons and aromatics) from oligomerization and
aromatization were not detected. For Ga/BEA-X (0.6 - 4.6 wt.%), propane conversion rates
were between 0.25 - 2.5 pmol-g s, increasing by two orders of magnitude in comparison to
Ga/BEA-0. With the increase of Ga content, the PDH rate first increased until a Ga content of
3.2 wt. % (Ga/original Zn ratio of 1/2) and decreased at higher Ga content. This suggests the
optimal Ga content entails the replacement of two Zn atoms. The stabilization of one Ga cation
would involve two silanol nests. These silanols could originate from vacant Zn sites and/or

previous silanols.
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Figure. 3.2 Rates of conversion, dehydrogenation and cracking of propane as a function of Ga
content. Reaction condition: 813 K, 1 bar, 50 mL-min-t, 10 mg catalyst, pczHg 20 mbar, at 21 h TOS.

Rates were determined at conversions below 4%.

3.4.2 Reaction kinetics

The PDH rate (Figure 3.3a) increased gradually with pcshHg to a plateau, with a concurrent
decrease of the reaction order from 0.8 at 2 mbar to 0.2 at 100 mbar (Figure 3.3c). The
dependence of the cracking rate on pc;Hg had the same trend as the PDH rate (Figure S3.7). A
reaction order of 0.9 was determined at pcsHg around 2 mbar, a reaction order of 0.3 at 100 mbar.
While the decrease of the reaction order with pcsHg could be attributed to increasing coverage
of active sites. However, the in situ determined constant propane uptake on the catalyst during
the reaction (Figure 3.3b, for Ga/BEA-3.2) indicates that this is not a valid hypothesis. The
negligible weight increase with different pcsng indicates that the coverage of propane is very

low.

The PDH rates of CsHg and C3Ds on Ga/BEA-3.2 were 0.47 and 0.29 pumol-g*-s™? at 2 mbar,
respectively, corresponding to a KIE of 1.6. The KIE suggests the cleavage of the C-H bond as
the rate determining step (RDS) in agreement with the literature.[32, 33] The KIE value
decreased with increasing pcsHg and reached 0.8 at 100 mbar (Figure 3.3c). The KIE below 1 at
high pressure, is speculated to be caused by the desorption of H» as the RDS.[34] With a lower
zero-point energy (ZPE) of D> compared to Hz, the H. desorption step has a higher energy
barrier compared to D> desorption, leading to an inverse KIE. Thus, we hypothesize that the
RDS shifts from C-H bond cleavage to Hz desorption with increasing pcsHg. Interestingly,
Biscardi and Iglesia proposed H. desorption to be the RDS in propane dehydrogenation on

Ga/H-ZSM-5 at 773 K, suggesting an irreversible recombinative desorption step of H atoms.[35]
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Figure 3.3 (a) PDH rate as a function of pcgHg on Ga/BEA-3.2; (b) Propane uptake on Ga/BEA-3.2
during the reaction at 813 K; (c) The decrease of reaction order and KIE as a function of pczHg On

Ga/BEA-3.2. Reaction condition: 813 K, 1 bar, 100 mL-min-t, 10 mg catalyst, pczHg 2-100 mbar.

The elementary steps for PDH are listed in Scheme 3.1. Propane first adsorbs reversibly on the
site (Scheme 3.1, [C3Hs-S]). Then, the cleavage of the first C-H bond occurs to form an
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intermediate state (Scheme 3.1, [CsH7-SH]). Propene is formed as a result of a B-H transfer
from the alkyl group to the site (Scheme 3.1, [C3Hs-SH2]), leading to the desorption of alkene
and H remains on the site (Scheme 3.1, [S-H2]). Finally, the reaction cycle is completed by the

desorption of Hz and the regeneration of the active site.
Ka
CsHg (g) + [S] <=&= [C3Hg-S]
ki
[C3Hg-S] — [C3H7-SH]
ky
[C3H7-SH] — [C3H6-SH2]
ks
[C3He-SHy] ——  CsHg (g) + [S-H,]

ky
[S-Hy] — Hy(g) +[S]

Scheme 3.1. The elementary steps of propane dehydrogenation.

From the equilibrium of the adsorption step, we have

HC Hg—-S
0= —=22 - la
“ 95 ' pchS/pO ( )
Oc.H.—
95 _ C3Hg—S (1b)

K *Pcung/D°

Where K¢ is the equilibrium constant of propane adsorption, 8¢, 5, s is the coverage of species
[CsHs-S], as presented in Scheme 3.1, and 6s is the coverage of the free site. p° refers to the

standard pressure (1 bar).

Applying steady state approximation to species [C3H7-SH], [C3Hs-SH2] and [S-H], leads to:
ky - 903118—5 =k - 903117—511 = ks - 963116—5112 =ky- 95—112 (2)

The ki (i=1-4) are forward reaction rate constants of the elementary steps in Scheme 3.1. The

Oc.m,-su» Ocyng-sm,, and Os_y, are the coverage of the species [CsH7-SH], [CsHe-SH2], and

[S-H2]. The correlation between other site coverages and 6, s are defined as Eq. (3).

ki B¢ hg-s
Oc,t,-sn = —k; : (3a)
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kl : HC Hg—-S
Oc,Hg-sH, = —k3 : (3b)
3
ki-0c.y.—
Os_p, = % (30)
4
The site balance will give the relation:
Oc,tg—stOc,n,—sut0c,Hg—sH, + Os—p, +0s =1 (4)

If any of the species [CsHs-S], [C3H7-SH] and [CsHe-SH2] has substantial coverages, an
increase of catalyst weight would be expected during the reaction. However, this was not
observed (Figure 3.3b), suggesting very low coverages, i.e., ¢, p,—s = 0,0c,1,—su =

0, 8¢, m,—su, = 0. Thus, only the 0s and 65_,, terms remain in the site balance equation:
65_1.12 + 65 =1 (5)

With equations (1b) (3c) and (5), the expression of s, 65_y, and r, the reaction rate of PDH,

are obtained (derivation details in Appendix 3.7.2):

ks
6, = 6a
* ki KQ Doy /D0 + Ky (6a)
o — ki K3 - (Pcyng/D°) (6b)
ST T ky - K- (Peang /D) + ka
k . KO . o
=Nk Oy = N (Pcsn, /D) 60)

Ky - KS - Py /1°)

ks +1

The variable N is the concentration of active sites on the catalyst. The reciprocal of the rate

equation, Eq. (6¢), gives

1 1 1 1
r

_ + . 6d
N-ky N-ki-K; (Pc,ns/D0°) (6D

which indicates the linearly increasing correlation between 1/r and 1/(pc,u,/p°), With a slope

of /(N - k; - K2) and an intercept of 1/( N - k,). This fits well with the measured experimental
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data on Ga/BEA-3.2 (Figure 3.4). In particular, at low pressure of propane (pcsHg — 0), the Eq.
(6¢) can be simplified as Eq. (7).

im r=N-ky K (Pc,u,/P°) (72)
PcgHg ™0
lim 65 =1 (7b)
pC3H8_)O

When pc, , is very high (pcsHg — +0), the Eq. (6) can be simplified as Eq. (8).

lim r=N-k, (8a)
PczHg >+ ®

lim 6Os_y =1 8b
peim 05—, (8b)

From Eq. (7), at very low pcsHg, the active site is barely covered (6s = 1), and the rate equation
gives a first order dependency on pczHg. The only involved rate constant is ki, indicating the
cleavage of the first C-H bond of propane is the RDS at this condition. Our measured KIE of
1.6 of PDH rates over C3Hg and C3Dg on Ga/BEA-3.2 also showed the factor for the C-H bond
cleavage.[32, 33] From Eq. (8) at high pressure (pcsng — +o0), the active site is nearly fully
covered by Hz (6s_y, = 1), and the rate equals N-ks and is independent of pcsHg. The desorption
of Hz becomes the RDS. This is in line with the measured KIE of 0.8 and the reaction order of
0.2 at 100 mbar propane. The shift of the RDS from C-H bond cleavage to H> desorption is in
agreement with the decrease of the KIE and the PDH reaction order with increasing pcsHg.

3

fepn™! [HMol'-g-s]

0 100 200 300 400 500
(Pcare/P?)

Figure 3.4. Regression of PDH rate over Ga/BEA-3.2 with Eq. (6d). Reaction condition: 813 K, 1 bar,
100 mL-min-t, 10 mg catalyst, pcgHg 2-100 mbar.
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3.4.3 Nature and concentration of active sites

The reaction results on other Ga/BEA catalysts also show good regression with Eq. (6d) (Figure
S3.9), implying that the catalytic activity on all these catalysts is dominated by one type of
active site and follow the same reaction mechanism. This is further supported by Figure 3.5,
which plots log r vs. pcgHg, that all Ga/BEA catalysts show the same dependence, varying only

by the magnitude of the rates. This close analogy between the different catalysts displayed in
Figure 3.5 substantiates the same active site and reaction mechanism, while the different
intercepts on the y-axis indicate different concentrations of the active site. Thus, we note that
different types of sites, such as isolated BAS and LAS, exist on Ga/BEA, but that either only

one site or a fixed combination of sites determine catalytic activity and selectivity.

1 |
E.
o 0
5
£
> « o e
& 1 .
= R * Ga/BEA-0.6 = Ga/BEA-1.4
= R Ga/BEA-2.1 +Ga/BEA-3.2

Ga/BEA-4.6
-2 T T T T
0 20 40 60 80 100

Pcane [mbar]
Figure 3.5. Correlation between PDH rate and pcsHg on different Ga/BEA-X catalysts. Reaction

condition: 813 K, 1 bar, 100 mL-min, 10 mg catalyst, pcgng 2-100 mbar.

To determine the concentration of this active site, we note that H, adsorbs reversely on it as
shown in the elementary step (1) in Scheme 3.1. This allowed us to determine its concentration
by adsorption and desorption of Ho. Figure 3.6a shows the temperature programmed desorption
profile of pre-adsorbed H> on Ga/BEA-3.2 (desorption profiles of other catalysts are shown in
Appendix Figure S3.10). H> was adsorbed on the catalyst at liquid N2 temperature under 1 bar
H> flow and desorbed with a fixed temperature increment in flowing He. The desorption peak
covered a temperature range from 398 to 493 K (Figure 3.6a). The concentration of desorbed
H> directly correlated with the PDH rate (Figure 3.6b), suggesting that stabilizing H on the
catalyst is a critical property of the catalyst. Such a good correlation is not seen when correlating
the rate vs the concentration of Ga, BAS or LAS (Figure 3.2 and Appendix Figure S3.4).
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It suggests that the active sites cannot be solely Brgnsted or Lewis acid induced by Ga. As
reported, the Lewis acidic Ga,O3 catalyst would deactivate rapidly due to the reduction of Ga**
sites during propane dehydrogenation.[36, 37] The dehydrogenation activity and selectivity
also both decreased with the generation of BAS in Ga/SiO., with the BAS preferentially
catalyzing cracking and oligomerization.[37] In contrast to these deactivating catalysts, the
slightly increasing rates of Ga/BEA for PDH were observed with 21 h TOS (Figure S3.1). Thus,
it appears to have a synergy between the BAS from the incorporated Ga site in the zeolite
framework and the LAS from the EX Ga site to contribute to the good PDH performance on
Ga/BEA. We have reported the superior efficiency of the Lewis-Brgnsted acid pair in Ga/H-
ZSM-5 on PDH.[7] Whereas, it was also excluded by the fact that the PDH rate dropped from
2.2 to 0.8 pmol-gt-s? after pre-reducing the Ga®* sites into Ga* by 1 bar Hz at 823 K for 1 h
(Figure S3.5), which was contrary to the results on Lewis-Brgnsted acid pair on Ga/H-ZSM-5.

It should be noted that the concentration of stabilized H, was two orders of magnitude lower
than the concentrations of Ga, BAS or LAS on Ga/BEA. This could either point to a very low
fraction of active sites or to a high kinetic or thermodynamic barrier for the dissociative

adsorption of Ho.
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Figure. 3.6 (a) Hz desorption with the increase of temperature (30 K-mint) on Ga/BEA-3.2; (b)

Correlation between PDH rate at 100 mbar and the concentration of adsorbed H2 on Ga/BEA-X

catalysts.

The activation energies for the first C-H bond cleavage and the H> desorption step were

calculated by the temperature dependence of the regressed N-ki-Kz° and N-ks using Eq. (6d).
The Arrhenius plot for the reactions on Ga/BEA-3.2 from 793 to 843 K is shown in Figure 3.7,
and the activation energies were summarized in Table 3.1. It shows the C-H bond cleavage has
an intrinsic activation energy of 155 + 8 kJ-mol™%, which is 32 kJ-mol™* higher than that of the
H. desorption step. The apparent activation enthalpy of PDH was 129 + 7 kJ-mol ! by Lewis-
Bransted acid pair on Ga/ZSM-5 and 80 + 25 kJ-mol ™ by Ga/H-MFI with [GaH]?* as the main
active site.[7, 13] The results further indicate that the active site on the Ga/BEA is different
from the Lewis-Bransted acid pair or [GaH]?* reported earlier.

6
o Ln(N-K,0k)
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Figure 3.7. Arrhenius plot for Ga/BEA-3.2 from 793 to 823 K. Reaction condition: pcgng 2-100 mbar, 1

bar, 100 mL-min-1, 10 mg catalyst.
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Table 3.1 Adsorption enthalpy and activation energies of elementary steps on PDH over Ga/BEA-3.2

Elementary step Propane adsorption* C-H bond cleavage H2 desorption
AHags® or Ea
(kJ-mol-] -35+7 155+8 123+8

* The calculation of adsorption enthalpy of propane is shown in Figure S3.11.

As H desorption is the RDS at high pcsrg, the heat of Hz desorption on Ga/BEA-3.2 was also

measured to compare with the Ea. From the temperature-programed desorption profile of Hz in
Figure 3.6a, the desorption heat was calculated as 121 kJ-mol™* via the Redhead method
(Appendix 3.7.3).[38, 39] It agrees well with the E, of 123 + 8 kJ-mol™* for the H. desorption
step, substantiates our proposed elementary steps and RDS.

It is well known that the BAS are active for the oligomerization and cyclization steps of alkane
aromatization,[25-27] high aromatics selectivity (>50%) was observed at propane conversion
above 20% on Ga loaded H-MFI.[40] In contrast, low selectivity of aromatics (<6.5%) at high
conversions (i.e., 19% and 40%) was observed on Ga/BEA (Figure 3.1b and S3.3). The good

propene selectivity is more in line with the Lewis acidic CrzOs/Al,03 catalyst.[29] It is possible
that the lower activity of BAS led to less aromatization reactions since it is believed that the
BAS induced by Ga provides lower acidity than Al.[41] It has been also reported that the
bridging OH band associated with framework Ga in the hydroxyl stretching region decreased
its intensity with increasing preheating temperature above 700 K.[42] The Ga had a distinct
tendency to go into either partial or total EX positions via high temperature hydrolysis of Si-O-
T followed by dehydration, leading to the formation of strong Lewis acid centers in the zeolite
pore structure. Therefore, at the high pretreatment temperature (823 K) and the reaction
temperature (813 K), it is likely that some framework Ga sites in Ga/BEA could migrate to EX
and ultimately form small oxidic clusters. It appears to reduce the effect of BAS on aromatics
formation. The EX Ga sites have been suggested to be the main active sites instead of the
framework Ga in gallosilicate catalysts.[43-46] However, if a variety of acid sites can be
simultaneously present in Ga/BEA depending on the pretreatment conditions and they can act
individually or in synergy, the investigation of the site structure and the interpretation of their

catalytic performance will be complicated.
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3.5 Effect of Ga-BEA (HS) and Pt/Ga-BEA (HS) on propane
dehydrogenation
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Figure 3.8 (a) The comparison among Ga-BEA (HS) (Ga 4.6 wt.%), Ga/BEA-3.2 and Pt/Ga-BEA (HS)-
0.1 (Pt 0.1 wt.%) on PDH; (b) Dehydrogenation selectivity of different catalysts with TOS. Reaction
condition: 813 K, 1 bar, 50 mL'-min-t, 10 mg catalyst, pcgnHg 20 mbar.

Ga-BEA (HS) prepared directly from hydrothermal synthesis was tested to compare the PDH
performance with Ga/BEA-3.2. The initial PDH rate was higher on Ga-BEA (HS) (Figure 3.8a)
and the two catalysts showed the same dehydrogenation selectivity (Figure 3.8b). The Ga-BEA
(HS) has much higher BAS and LAS concentrations, thus a higher concentration of catalytic
active sites, leading to a higher initial PDH rate. However, it deactivated by 52% and the PDH
rate decreased from 2.6 to 1.4 pmol-g-ht within 21 h TOS while no deactivation was observed
on Ga/BEA-3.2 under the same conditions. This could be attributed to the much higher
concentration of BAS and sLAS on Ga-BEA (HS) compared to Ga/BEA-3.2 (BAS: 560 vs 95
umol-gt; sLAS: 436 vs 159 pmol-g?). They both can catalyze oligomerization and
aromatization reactions to form coke precursors that gradually covered the active sites.[25-27]
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Furthermore, the PDH rate increased to 17.3 umol-g*-h*! on Pt/Ga-BEA (HS)-0.1 at 10 min
TOS, which was one order of magnitude higher than that of Ga-BEA (HS) and Ga/BEA-3.2
(Figure 3.8a). The selectivity of propene was also improved and it kept stable within 10 h TOS
(Figure 3.8b). Nevertheless, like Ga-BEA (HS), Pt/Ga-BEA (HS)-0.1 deactivated fast to a PDH
rate of 0.7 umol-g™-h™* at 10 h TOS. The sintering of Pt particles [47, 48] and coke deposition
[49] could both be the reasons. With a regeneration of Pt/Ga-BEA (HS)-0.1 in synthetic air at
813 K for 15 min, the catalytic activity was easily recovered for three runs as shown in Figure
3.9, suggesting that the coke deposition was the main reason for the deactivation. The easy and

fast regeneration process suggests a promising commercial potential of the catalyst.
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Figure 3.9 The effect of regeneration on Pt/Ga-BEA (HS)-0.1. Reaction condition: 813 K, 1 bar, 50

mL'min-t, 10 mg catalyst, pcsng 20 mbar, regeneration condition: 813 K in 50 mL min-t synthetic air for

15 min.

The effect of Pt loading was also studied. In Figure 3.10, the PDH rate increased first to reach
an optimal value with Pt content of 0.1 wt.% and decreased further at higher Pt content. On the
contrary, the cracking rate decreased linearly with increasing Pt content, implying that the PDH
and cracking were catalyzed by different active sites. The active sites for cracking are
dominated by BAS whose concentration decreased with Pt loading in Table 2.4, while the PDH
active sites are related to a synergy between Ga and Pt, the optimal activity was achieved at 0.1
wt.% of Pt (Pt/Ga ratio of 1/129). The synergy between Ga and Pt has already been observed
on a catalyst with 1000 ppm Pt, 3 wt.% Ga, and 0.25 wt.% K supported on alumina by
Weckhuysen et al.[50] They proposed the unsaturated Ga®* species as the active species and Pt
as the promoter since the PDH activity did not change when Pt dispersion collapsed at 1023 K
during the regeneration process. In contrast, in an early report of a Ga/Pt/Al.Os catalyst, Ga

was found to have a small effect on the activity but modify the structure of the metallic
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phase.[49] It has also been reported that nanometric Ga-Pt bimetallic particles, supported on
partially dehydroxylated silica, exhibited outstanding catalytic performance on PDH.[51] A
fraction of Ga remained as isolated sites in highly dispersed GaxPt (0.5< x <0.9) alloyed
structure and showed activity far surpassing each of the individual components. Even though
different hypotheses have been proposed, the roles of Pt and Ga remain in debate and further

studies are desired.
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Figure 3.10 The PDH rate as a function of Pt content. Reaction condition: 813 K, 1 bar, 50 mL'min-%,

10 mg catalyst, pcsHg 20 mbar, the rates are obtained at 0.5 h TOS.
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3.6 Conclusion

The controlled incorporation of Ga in BEA via substitution of lattice Zn?* led to a series of Ga-
BEA zeolites with homotopic sites active for propane dehydrogenation. Propane conversion
rate increased with the concentration of Ga from 0.05 pmol-g™-s on the parent sample without
Gato 2.5 pmol-gts™t on Ga/BEA-3.2, however, further increase of Ga concentration to 4.6 wt.%
led to the drop of rate to 1.6 pmol-g™*'s™. A high propene selectivity of 82% was obtained at 19
% conversion at 813 K and 72% selectivity was obtained at 40% conversion at 873 K on
Ga/BEA-3.2.

The PDH exhibited a first-order kinetics concerning propane and the KIE with CsHg and CsDs
turned out to be 1.6 at low pressure of propane of 2 mbar. With the increase of propane pressure,
both reaction order and KIE decreased gradually to 0.2 and 0.8 at 100 mbar. Negligible changes
of the catalyst weight with increase of propane pressure was observed in the propane uptake
measurement, which excluded the high coverage of propane or its Csz-derivatives on the active
sites. Together with Kinetic analysis, we demonstrated the gradual shift of RDS from C-H bond

cleavage at low propane pressure to H» desorption at high propane pressure, The model allowed

to derive a kinetic equation, which showed good regression with the measured rates on all the
Ga/BEA catalysts. With the regressed rate constants, the activation energies of the first C-H
bond cleavage and the H. desorption were calculated to be 155 + 8 and 123 + 8 kJ-mol?,

respectively.

To quantify the catalytic active sites, the concentration of H, adsorbed/desorbed reversely on
the catalysts was determined via temperature-programed desorption of Hz. The measured H;
concentrations correlated proportionally with the PDH rate of all different Ga/BEA catalysts.
The heat of H desorption (121 kJ-mol™?) was in good agreement with the measured activation
energy of the H. desorption step, which further substantiates the kinetic model. Surprisingly,
the determined concentration of adsorbed/desorbed H> was around two orders of magnitude
lower than the concentration of Ga in Ga/BEA catalysts. This indicated only a small fraction of
the active sites could be determined by the method of H. adsorption/desorption or the H:

adsorption is highly thermodynamically or kinetically limited.

For comparison, the Ga-BEA (HS) was synthesized hydrothermally and it showed higher initial
PDH activity compared with Ga/BEA-3.2; however, deactivated fast. Notably, with the addition
of Pt on Ga-BEA (HS), the PDH rate increased by one order of magnitude with Pt/Ga-
BEA(HS)-0.1. and the synergy between Ga and Pt was observed with 0.1 wt.% of Pt. The easy
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regeneration of Pt/Ga-BEA(HS) in synthetic air implied the promising industrial application of
the catalyst.
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3.7 Appendix

3.7.1 Catalytic performance on propane dehydrogenation
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Figure S3.1 Propane dehydrogenation rate as a function of TOS with different Ga/BEA-X catalysts.
Reaction condition: 813K, 1 bar, 50 mL-min-t, 10 mg catalyst, pcgHg 20 mbar.
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Figure S3.2 Propane conversion rate, dehydrogenation rate and cracking rate as a function of TOS
with Ga/BEA-3.2 at high propane conversion. Reaction condition: 813 K, 10 mg Ga/BEA-3.2, 1 bar, 50
mL-min-, pczHg 20 mbar.

A deactivation rate of 31 % on dehydrogenation and 40 % on cracking was observed within 21
h TOS by running the reaction at a high conversion level (24.2% to 15.7%, Figure S3.2).
Thermogravimetric analysis (TGA-MS) showed the deactivation was due to coke deposition,
resulting in a total of 15 mg C/g catalyst. In contrary to the deactivation behavior on both
dehydrogenation and cracking, the dehydrogenation/cracking ratio increased slowly with TOS.
This could be explained by a stronger decrease in the cracking rate due to the higher rate of
deactivation on BAS, assuming protolytic cracking occurs mainly with BAS. The coked
Ga/BEA-3.2 was re-calcined at 823 K for 5 h and re-used, giving nearly the same initial activity
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of 2.3 pmol-g*'s? on propane conversion and a dehydrogenation selectivity of 94%, which

suggests the easy regeneration and good reusability of the catalysts.
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Figure S3.3 The yield of different products at different conversion on Ga/BEA-3.2 at 873 K. Reaction
condition: 873K, 1 bar, 5-140 mL-min-l, WHSV 29.8-0.13 h, pcgng 20 mbar.
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Figure S3.4 Rates of PDH as a function of LAS and BAS concentration. Reaction condition: pcgqg 20

mbar, 1 bar, 50 mL-min-t, 10 mg catalyst, 813 K, at 21 h TOS.
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Figure S3.5 PDH rate on Ga/BEA-3.2 with different pre-treatments. Reaction condition: in situ pre-
drying in He at 823 K for 1 h or reduction in Hzat 823 K for 1 h, 813 K, 1 bar, 50 mL'min-t, 10 mg

catalyst, pcaHg 20 mbar.
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Figure S3.6 Comparison of PDH performance on Ga/BEA-3.2, Ga/MFI-1.2 and Ga/BEA-0. Reaction
condition: 813K, 1 bar, 50 mL-min-, 10 mg catalyst, pcgug 20 mbar.

The rate of PDH on Ga/MFI-1.2 was two orders of magnitude lower than that of Ga/BEA-3.2
and even lower than that on Ga/BEA-0. It also decreased obviously with time, indicating a
significant deactivation. This is expected as both Ga and Zn were found to be leached during
H> treatment of Ga/Zn-MFI-2.7 and finally only a small amount of weak LAS was observed

with pyridine adsorbed IR on Ga/MFI-1.2. It can be concluded that Ga/MFI-1.2 had a low
activity on PDH.
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3.7.2

Reaction kinetics
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Figure S3.7 Measured cracking rate on Ga/BEA-3.2 with pc,Hg ranging from 2-100 mbar. Reaction

condition: 813 K, 1 bar, 100 mL-min-t, 10 mg catalyst.
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Figure S3.8 Measured reaction rates on Ga/BEA-0.6 (a) dehydrogenation; (b) cracking. Reaction

condition: 813 K, 1 bar, 100 mL-min-t, 10 mg catalyst.
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Derivation of the kinetic equation
With the following equations in the manuscript:

Oc,Hg—s

g, = —3fe™S
* K§ Deuug/P°

ki 0 -5
S—Hp = —k4

65_1.12 + HS = 1
Taking Eqg. (1b) and (3c) into (5), we have

ky - 9c3H8—5 N 963H8—s _
ky K¢ Pcymg/D°

Then 6¢,p,—s can be obtained as:

0 ks Kg - Dcuuy/D°
CsHo=5 ™ ey - KO “Deag/D° T ka

Therefore we have:

1 o Ko K Pogu /P _ ky
Kg “Pciug/P° ki KG Deyng/P° ks ki KG - Deyng/P° + ks

0; =

ky K -pc.n
ok ki KE (/P
57 T, T ke - KE - Deym, ky - KS+ (Peyuy /) + ka

St ke
r=N-k,-0 —N-k4'k1‘K£'pC3H8/p0_ ) kl'Kg'(p%Hs/po)
4 YS—H, k1 . Kg . pchS/po + k4 kl . Kg . (pC3H8/pO) ‘1

ks
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Figure S3.9 Regression of experimental data with the kinetic equation 6d. (1/r vs. 1/( pcgHg/pe)) for all
Ga/BEA-X catalysts. Reaction condition: 813 K, 1 bar, 100 mL-min-t, 10 mg catalyst, pcgHg 2-100

mbar.

3.7.3 H2 and propane adsorption on catalysts

Calculation of heat of adsorption of Hz:

AEdeS) . Bn

- . e
From Polanyi-Wigner equation 14,5 = — = Vn exp(— —

Based on the Redhead method for a 1% order desorption [38, 39]

v1'Th AE
AE o5 = RT gy [In =285 — [n —%¢5
E RTmax

Where AEges Is the desorption heat
Tmax IS the temperature of the desorption rate maximum
p is the heating rate

v1 is the frequency factor

Tmax=438 K, f=0.5 K-s 1, 11=10" 571, and lnﬁfﬁ is estimated to be 3.5.
1013 x 438

DEqes=8.314 X 438 X [In— =

— 3.5] kJ/mol=121 kJ/mol

AEdes

Checking In = 3.503, the error is 0.08 %.

max
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Figure S3.10 Hz desorption with the increase of temperature (30 K-mint) on Ga/BEA-X.
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Figure S3.11 The determination of adsorption enthalpy of propane on Ga/BEA-3.2.
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4.1 Abstract

To gain an in-depth understanding of the catalytic properties of Zn-BEA and explore the effect
of incorporating Y for the production of 1,3-BD, the conversion of ethanol to 1,3-BD was
studied over Zn-BEA and Y/Zn-BEA. Zn-BEA was highly active and selective for ethanol
dehydrogenation but not for the subsequent C-C bond formation reaction. 83% selectivity
towards AcH was achieved at 26% ethanol conversion on Zn-BEA. The detailed reaction
pathway for 1,3-BD production involves ethanol dehydrogenation, Aldol condensation of AcH,
3-hydroxybutanal dehydration, crotonaldehyde reduction and crytol alcohol dehydration. The
reduction of crotonaldehyde was found to limit the 1,3-BD production on Zn-BEA, leading to
an accumulation of AcH and a low yield of 1,3-BD (~1.2%). With the addition of Y, 1,3-BD
productivity was significantly improved from 2.8 to 18 mmol‘g '™ with a selectivity of 40%
at 20% ethanol conversion.
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4.2 Introduction

Zincosilicates have attracted increasing attention due to their unique properties compared to
conventional zeolites and many studies have focused on their applications in heterogeneous
catalysis.[1-7] With growing environmental concerns and the need to reduce carbon emissions,
the production of high-value chemicals from renewable resources has attracted intensive
attention in recent decades. Biomass resources are promising alternatives to fossil resources.
The availability of bioethanol has motivated the research for efficient methods to upgrade
ethanol to valuable products such as ethene, 1,3-BD, n-butanol, and others.[8, 9]

1,3-BD is a very useful raw material for the production of tires, toughened plastics, and many
other products.[10] Currently, 1,3-BD is mainly produced from the isolation of naphtha steam
cracker fractions from paraffinic hydrocarbons mixtures, which is followed by complicated
distillation steps, in the manufacture of ethene and its higher homologues.[11] 1,3-BD was
reported to be formed from ethanol via C-C bond formation in the Lebedev process at the
beginning of the 19" century.[12] The catalyst was a silicon and magnesium oxide with small
amounts of other oxides present as promoters, which exhibited both dehydrating and
dehydrogenating activities. It has been reported that transition metals like Cu, Zn, and Ag are
active for ethanol dehydrogenation; and rare-earth metals like Y, La, Ce, Pr, and Nd are active

for C-C formation to produce 1,3-BD precursors.[13]

In recent years, multifunctional catalysts combining both transition metals and rare-earth metals
have been explored for the conversion of ethanol to 1,3-BD.[13-18] In particular, Zn-DeAIBEA
and Y-DeAIBEA were prepared by the dealumination of H-BEA and subsequent agqueous
impregnation.[13, 19] Zn-DeAIBEA was found to be highly active for the dehydrogenation of
ethanol to AcH and Y-DeAIBEA for the subsequent 1,3-BD formation. The highest 1,3-BD
productivity has been reported to be 66.6 mmol-g-h™ with a 1,3-BD selectivity of 52% over
0.15Zn-0.225Y-DeAIBEA (Zn/Al=0.15, Y/AI=0.225) at 673 K.[19] Nevertheless, Li et al.
reported a 2Zn-8Y/BEA (2 wt.%Zn and 8 wt.% Y) catalyst, which was prepared by mixing the
dealuminated zeolite with metal nitrates followed by finely grounding and calcination, having
a 1,3-BD productivity of 43.1 mmol-g*-ht with 63% selectivity.[16, 17] The preparation
methods had a great influence on the catalytic performance of Zn- and Y-based zeolite catalysts.
To the best of our knowledge, the application of Zn-BEA on ethanol conversion has not yet
been reported. The current understanding of reaction mechanism coming from fragmentary
evidence gathered by different research groups gives different possible reaction pathways, for
example, the Prins condensation route and Aldol condensation route.[18] Fully elucidating the
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mechanism will not only enable the rational design of catalysts with tailored performances but

also assist in kinetic modeling.

In this work, Zn-BEA is chosen as the catalyst for one-step conversion of ethanol to 1,3-BD
due to its high activity in dehydrogenation reaction from our previous study, which is the first
step in ethanol conversion to 1,3-BD. Its few BAS can also play an important role in reducing
severe coking side reactions. Further study on the reaction pathway provided clues to modify
the catalyst to accelerate the RDS and obtain higher 1,3-BD productivity. Therefore, Y/Zn-BEA

was applied and 1,3-BD productivity and selectivity were significantly improved.
4.3 Experimental

The catalysts were tested in a fixed bed plug flow reactor, consisting of a quartz glass tube with
4 mm inner diameter. In a typical experiment, 10 mg catalyst with particle size between 180-
300 pum mixed with SiC (250-500 pm) were loaded in the middle of the quartz tube between
two quartz wool plugs. Prior to the reaction, the catalyst was activated at 823 K (15 K-min™) in
synthetic air for 1 h and cooled with flowing N2 for 0.5 h to the reaction temperature. The
reaction was carried out at 543-633 K and 1 bar total pressure but with varying ethanol partial
pressures using N2 as a carrier gas. The performance of different catalysts was all compared
with their catalytic activity at 0.5 h TOS due to the catalyst deactivation during the reaction.
The products were detected with an online Agilent 6890 series GC equipped with an HP-
PLOT/Q column (30 m x 0.320 mm) and a FID detector. The conversion, yield and selectivity
are calculated as:

Ethanol ~— nunreacted,Ethanol

n
Conversion (%) = 100% X
NEthanol

n; formed

Yield;(%) = 100% x

i, theoretically from ethanol

Yield of others (%)= Conversion (%) -Yield of (AcH + ethene + DEE + 1,3-BD) (%)

Yieldi

Selectivity;(%) = 100% X ——7 ——
electivi }’z(/o) % Conversion;

4.4 Results and discussion

4.4.1 Catalytic performance of different catalysts

SiO2, H-BEA-75 and y-Al.O3 were tested for ethanol conversion to compare with zincosilicate

based catalysts in Figure 4.1. SiO2 showed no activity as it has no catalytically active acid sites.
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With BAS as the main active sites, H-BEA-75 produced ethene and diethyl ether (DEE) instead
of AcH and no 1,3-BD was observed. The yield of ethene was much higher than that of DEE
(39% vs 16%), indicating a domination of intramolecular dehydration on H-BEA-75. BAS
could also catalyze secondary reactions including cracking, oligomerization and
aromatization,[20, 21] therefore, H-BEA-75 also gave the highest yield to these side products
(as shown as the yield of “Others” in Figure 4.1). For y-Al203, which contains mainly LAS, no
dehydrogenation but mostly dehydration products were formed. However, the DEE yield was
much higher than the ethene yield, indicating that intermolecular dehydration of ethanol was

more significant on y-Al>Os.

Ga/BEA-3.2 primarily catalyzed intermolecular dehydration of ethanol with DEE as the main
product. It was more active for ethanol dehydrogenation compared to H-BEA-75 and y-Al,O3
with the formation of a small amount of AcH. In contrast, Zn-BEA and Ga/Zn-BEA-1.4 were
mainly active for the dehydrogenation reaction. The selectivity to AcH was 83% and 87% at
corresponding ethanol conversions of 26% and 22%, respectively. The yield of ethene and DEE
were 0.3% and 1.4% for Zn-BEA and 0.3% and 1.8% for Ga/Zn-BEA-1.4. The less favorable
dehydration reactions can be attributed to few BAS on Zn-BEA and Ga/Zn-BEA-1.4.
Additionally, Zn sites have been reported to be very active for ethanol dehydrogenation.[16, 17,
19] Using Zn-MFI also led to an increased AcH selectivity of 89%. Its smaller pore size could
reduce the formation of larger secondary products from AcH condensation and oligomerization,
and lead to higher AcH selectivity and less catalyst deactivation. However, the ethanol
conversion was only 12%, which could be explained by the lower Zn content compared with
Zn-BEA.

100

AcH Ethene DEE 1,3-BD Qthers
80 -

60 -

40

Yield [%]

20 ~

0

Zn-BEA  Ga-Zn-BEA-1.4 H-BEA-75 Ga/BEA-3.2 y-Al203 Zn-MFI Sio2

Figure 4.1 The yield of products from ethanol conversion on different catalysts. Reaction condition: 1

bar, 10 mg catalyst, total flowrate 32 ml-min-t, 60 mbar ethanol, 573 K.
1,3-BD was formed with 1.0% and 1.2% yield on Ga/Zn-BEA-1.4 and Zn-BEA with a
productivity of around 2.8 mmol-g*-h%. All other catalysts gave a 1,3-BD yield that was lower

96




Chapter 4

than 0.1%. Therefore, Zn-BEA can catalyze both dehydrogenation and C-C formation reactions
even though the 1,3-BD formation rate was one order of magnitude lower than that of AcH
formation. The addition of Ga sites did not improve the production of both AcH and 1,3-BD.
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Figure 4.2 (a) The conversion and product yield as a function of TOS on Zn-BEA at 573 K; (b) The
effect of temperature on ethanol conversion over Zn-BEA. Reaction condition: 1 bar, 10 mg catalyst,
total flowrate 32 ml-min-t, 60 mbar ethanol.

The catalytic behavior of Zn-BEA with TOS was monitored in Figure 4.2a. The yield of 1,3-
BD, DEE and ethene decreased significantly from 1.2%, 1.4% and 0.3% to 0.5%, 0.6% and
0.1% from 0.5 h to 10 h TOS. However, the changes in ethanol conversion and AcH yield were
negligible. Therefore, the active sites for ethanol dehydrogenation were stable during the
reaction, while the sites for ethanol dehydration and 1,3-BD formation deactivated fast, which
can be caused by more favorable oligomerization and aromatization side reactions from alkene

and AcH on these sites. We attributed the BAS to be responsible for the dehydration and C-C
97



Chapter 4

bond formation reactions and Lewis acidic Zn sites for the dehydrogenation reaction.[19] The
same change of product yield with TOS was also observed with Ga/Zn-BEA-1.4 in Figure S4.1.
The addition of Ga sites did not change the deactivation behavior of the catalyst. However, it
has been reported that the yield of AcH and 1,3-BD both increased with TOS on Zn-deAIBEA
and isolated Zn sites were proposed to be the active sites for the formation of AcH and 1,3-BD
on Zn-deAIBEA.[19] We, therefore, hypothesize that Zn-deAIBEA and our Zn-BEA should
have different reaction mechanisms. The variation of the reaction temperature was also studied
on Zn-BEA (Figure 4.2b). When the temperature was low, ethene, DEE and 1,3-BD were not
observed. With the increase of temperature, the conversion and all product yield increased,
nevertheless, AcH still remained to be the main product and 1,3-BD vyield was only 1.5%. The
change of temperature is not effective to improve 1,3-BD production.

The effect of ethanol partial pressure on the dehydrogenation rate is illustrated in Figure 4.3.
All the data were collected at 0.5 h TOS. The apparent reaction order in ethanol partial pressure
decreased from 0.7 to 0.5 when ethanol partial pressure increased from 4 to 56 mbar.
Furthermore, the activation energy of ethanol dehydrogenation determined from the Arrhenius
plot was 57 = 2 kJ'mol? at 4 mbar in the temperature range of 543 to 633 K. The
dehydrogenation step is the fastest step during the conversion of ethanol, and the transformation
of AcH to 1,3-BD limited the 1,3-BD production.
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Figure 4.3 Effect of Ethanol partial pressure on the rate of AcH formation. Reaction condition: 1 bar, 10
mg Zn-BEA, total flowrate 30 mL-min-1, 573 K.
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4.4.2 Reaction pathways for 1,3-butadiene formation

The investigation of the RDS and reaction mechanism is helpful to adjust the reaction condition
and modify the catalyst to improve 1,3-BD production. Therefore, the two widely discussed

Prins reaction and Aldol condensation pathways were investigated.

In the Prins reaction pathway, an excess of ethene can favor the formation of unsaturated
alcohol that is the precursor of 1,3-BD.[22] With Zn-BEA, the yield of ethene was below 0.5%
and it might limit the Prins reaction between ethene and AcH to form C4 products. Thus ethene
was co-fed with ethanol as the reactants and the results are shown in Figure 4.4. We did not
observe an increase of 1,3-BD yield on Zn-BEA or Ga/Zn-BEA-1.4. AcH remained to be the
main product and more side products with longer carbon chains were observed due to the high
reactivity of ethene via dimerization and further aromatization reactions (as shown as the yield
of “Others”). The direct product from Prins reaction between ethene and AcH (i.e., 3-buten-2-
ol) was not detected via GC-FID analysis. We, therefore, concluded that Ga or Zn sites were

not active for the Prins reaction pathway.
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Figure 4.4 The effect of co-feed ethene with ethanol on the reaction on Zn-BEA and Ga/Zn-BEA-1.4.
Reaction condition: 1 bar, 10 mg catalyst, Ethanol/ethene=4/1, 30 mL-min-1, 60 mbar Ethanol, 573 K.
The yields were calculated based on only ethanol conversion.

Apart from Zn-BEA and Ga/Zn-BEA-1.4, H-BEA-75 and H-BEA-5 were also tested for the
reaction between ethene and AcH, since BAS can be more active for Prins reaction.[23]
However, 3-buten-2-ol was not detected and very low conversions were observed for both
catalysts at 573 K. In the temperature range of 323 K to 663 K, the conversion was always
below 4% and propene was the only main product formed from the cracking of butene from
ethene dimerization on H-BEA-75 (Figure S4.4).[24, 25] When using H-BEA-5 with high BAS

concentration and stronger acid sites, almost no conversion of ethene and AcH (both <0.1%)
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was observed at 0.5 h TOS at 573 K. It is possible that the catalyst already deactivated within
0.5 h. We took the catalysts out of the reactor after 5 min TOS, and expectedly H-BEA-5 turned
dark. The concentration of BAS and LAS decreased from 1.5 and 1.2 to 0.9 and 0.5 mmol‘g™
respectively as measured by pyridine adsorbed IR spectroscopy (Table S4.1). H-BEA-75 turned
dark after 5 min TOS as well. Therefore Brgnsted acidic catalysts like H-BEA are not suitable

for Prins reaction between AcH and ethene due to their fast deactivation.

Meanwhile, a small amount of crotonaldehyde and crotyl alcohol which are typical products
from the Aldol condensation pathway were observed over all catalysts tested (i.e., Zn-BEA,
Ga/Zn-BEA-1.4, H-BEA-75, H-BEA-5). The Aldol condensation pathway was more favorable
than the Prins reaction pathway under the same conditions, suggesting that 1,3-BD formed over
Zn-BEA should be from the Aldol condensation pathway. With a co-feed of AcH
(ethanol/AcH=3.5/1), 1,3-BD productivity increased to 3.4 mmol-g*-h"t on Zn-BEA. The
improvement was not significant as AcH was already formed (Scheme 4.1a) and accumulated
during the reaction of ethanol on Zn-BEA. Therefore the other elementary steps of the Aldol
condensation pathway, i.e., Aldol condensation of two AcH (Scheme 4.1 b), conversion of
crotonaldehyde to crotyl alcohol (Scheme 4.1 d), and crotyl alcohol dehydration (Scheme 4.1

e) were investigated.
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Scheme 4.1 The Aldol condensation pathway and the competing path to ethene and DEE. Adapted
with permission from ref. [26]. Copyright (2020) American Chemical Society.
With AcH as the reactant, crotonaldehyde was the main product (84% selectivity at 15%
conversion) on Zn-BEA at 0.5 h TOS at 573 K (Figure 4.5). 1,3-BD selectivity was below 0.1%
and other byproducts were propene, crotyl alcohol (both yield lower than 0.1%) and some
unknown heavier products. The conversion decreased to 7% and the selectivity remained almost
constant within 5 h TOS. 3-hydroxybutanal, the direct product from Aldol condensation of two
AcH, was reported to be unstable and dehydrated readily to crotonaldehyde once formed.[14,
27, 28] Crotonaldehyde was also the only product observed during Aldol condensation of AcH
on TiO», hydroxyapatite, and MgO.[29] Nevertheless, Gao et al. studied the one-step process
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using the pulse reaction technique with a mass spectrometry over MgO-SiO; catalyst, and
sequential formation of AcH, 3-hydroxybutanal, crotonaldehyde and 1,3-BD were all
observed.[30]
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Figure 4.5 The conversion AcH on Zn-BEA with TOS. Reaction condition: 1 bar, 10 mg catalyst, 30
mL-min?, 573 K, 13 mbar AcH.

Subsequently, the dehydration of crotyl alcohol was also found to occur easily. Around 85%
1,3-BD selectivity was achieved at 94% conversion on Zn-BEA at 573 K at 0.5 h TOS (Figure
4.6). The other byproducts included propene, AcH, butenes, crotonaldehyde and some heavier
products. It is in good agreement with the literature that the crotyl alcohol dehydration is highly
thermodynamically favorable and occurs immediately after formation on most “ethanol to 1,3-
BD” catalysts.[18] Within 5 h TOS, the conversion kept stable and the selectivity decreased
slightly, indicating the good stability of Zn-BEA in this step.
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Figure 4.6 The conversion of crotyl alcohol on Zn-BEA with TOS. Reaction condition: 1 bar, 10 mg

catalyst, total flowrate 30 mL-mint, 573 K, 7 mbar crotyl alcohol.
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Finally, the last step in the route (i.e., Scheme 4.1d) was studied. Ethanol was reported to be a
better hydrogen donor than H. for the MPVO reaction of crotonaldehyde to crotyl alcohol.[11,
27, 31, 32] With the co-feed of crotonaldehyde and ethanol, the carbon conversion was 15% at
0.5 h TOS with low selectivity to crotyl alcohol (7%) and 1,3-BD (12%) (Figure 4.7, detailed
calculation in Appendix 4.6). AcH was the main product with 27% selectivity and ethene,
propene, butenes, and DEE all had selectivity below 0.5%. A significant number of heavier side
products were formed (~53% selectivity). 1,3-BD productivity of 4.5 mmol-g™*-h"t was achieved.
Compared with the other steps, this step is the most inefficient and unselective to target products.
As ethanol itself can produce 1,3-BD, isopropanol which is more reactive in the MPVO reaction
was used to react with crotonaldehyde to further prove the MPVO route on Zn-BEA. As
expected, the 1,3-BD productivity increased to 26.8 mmol-g-h™t. In summary, the reaction
between crotonaldehyde and ethanol is the RDS of the Aldol condensation pathway on Zn-BEA
and it has to be enhanced to obtain higher 1,3-BD productivity.
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Figure 4.7 The conversion of crotonaldehyde and ethanol on Zn-BEA with TOS. Reaction condition: 1
bar, 10 mg catalyst, total flowrate 30 mL-min-t, 573 K, 40 mbar ethanol, 20 mbar crotonaldehyde.

“Others” refers to the products excluding 1,3-BD, crotyl alcohol and AcH.

4.4.3 1,3-Butadiene production with Y/Zn-BEA

Y sites have been reported to be highly efficient for C-C bond formation,[19] and Y/Zn-BEA
with different Y loadings were prepared and used for this reaction. In Figure 4.8, the rate of
ethanol conversion and product formation all reached a plateau until Y content is 2.2 wt.%.
Except for the 1,3-BD formation rate, the other rates all decreased with Y content. The rate of
1,3-BD formation increased until a plateau of ~18 mmol-g*-h"t. And it is one order of

magnitude higher than that on parent Zn-BEA. Correspondingly, the 1,3-BD selectivity was
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~40% at a conversion of ~20% on Y/Zn-BEA at the plateau. At the same time, the AcH
formation rate decreased with Y content as more AcH was consumed to form C4 products with
more Y sites. However, AcH still remained to be the main product, suggesting that the
formation of C4 products still limited the production of 1,3-BD. The formation rates of ethene
and DEE also decreased with increasing Y content. Therefore, ethanol dehydration was not
catalyzed by Y sites. The addition of Y might cover some BAS which were active for
dehydration reaction, and led to the decrease of the formation rates of ethene and DEE.
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Figure 4.8 Effect of Y content in Y/Zn-BEA on ethanol conversion. Reaction condition: 1 bar, 10 mg
catalyst, total flowrate 32 mL-min, 573 K, 60 mbar ethanol.
The conversion of ethanol on Y/Zn-BEA-2.2 as a function of TOS is shown in Figure 4.9. The
conversion of ethanol decreased with TOS, showing a catalytic deactivation during the reaction.
The yield of ethene, DEE and 1,3-BD all decreased with the decrease of ethanol conversion. At
the same time, the yield of AcH increased, which should be due to the decreasing consumption
of AcH for 1,3-BD production with TOS. It also suggests that the active sites to catalyze ethanol
dehydrogenation and C-C coupling reaction are different. Y sites that are active for the C-C
bond coupling deactivated fast during the reaction, while Zn sites that are active for ethanol
dehydrogenation were more stable during the reaction, which could be seen from the behavior
of Zn-BEA with TOS in Figure 4.2a as well. In Figure 4.10, the TOF of 1,3-BD production
normalized on Y sites was constant at Y content from 0.6 to 1.2 wt.% and decreased at higher
Y content. Therefore we postulated that the active sites were isolated Y sites at low Y content
while at higher Y contents, the dispersion and interaction with neighboring acid sites or silanol
groups affected the activity of Y sites.
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Figure 4.9 The conversion and product yield on Y/Zn-BEA-2.2 with TOS. Reaction condition: 1 bar, 10

mg catalyst, total flowrate 32 mL-min-, 573 K, 60 mbar ethanol.
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Figure 4.10 The TOF of 1,3-BD production as a function of Y content. Reaction condition: 1 bar, 10 mg

catalyst, total flowrate 32 mL-min-1, 573 K, 60 mbar ethanol.
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4.5 Conclusion

Zn-BEA was found to be highly active and selective for ethanol dehydrogenation to AcH but
not further C-C bond formation, leading to an AcH formation rate of 92.9 mmol'g*-h™ and a
1,3-BD formation rate of 2.8 mmol-g™*-h™, With further investigation, the formation of 1,3-BD
on Zn-BEA was found to proceed via the Aldol condensation pathway rather than the Prins
reaction pathway. The three elementary steps involving Aldol condensation of two AcH
molecules, crotyl alcohol dehydration and crotonaldehyde reduction via MPVO reaction with
ethanol were studied. The former two steps can be catalyzed selectively (above 80% selectivity
to 1,3-BD precursors) and efficiently with Zn-BEA, while the reduction of crotonaldehyde with
ethanol was found to be the rate limiting step. With the addition of Y via incipient wetness
impregnation, the 1,3-BD production rate increased until a plateau was reached with a Y content
of 2.2 wt.%. The 1,3-BD productivity was significantly improved to 18 mmol'g*-h? at the
plateau (~40% selectivity at ~20% conversion of ethanol), which was one order of magnitude
higher than that on Zn-BEA.

105



Chapter 4

4.6 Appendix
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Figure S4.1 Ethanol conversion on Ga/Zn-BEA-1.4. Reaction condition: 1 bar,
flowrate 32 mL-min-, 573 K, 60 mbar.
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Figure S4.2 Ethanol conversion on Ga/BEA-3.2. Reaction condition: 1 bar, 10 mg

32 mL-min, 573 K, 60 mbar.
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Figure S4.4 Reaction of ethene and AcH on H-BEA-75 at different temperatures. Reaction condition: 1

bar, 20 mg catalyst, ethene/AcH=1/1, total flowrate 15 mL-min-t, 60 mbar ethanol.

When AcH and ethene were used as the reactants (Figure S4.4), the carbon conversion, carbon

yield and are calculated as:

Carbon conversion (%)

(nethene + nACH) - (nunreacted ethene + Nynreacted ACH)

= 100% X
(nethene + NacH )

n.
Carbon yield;(%) = 100% X i,formed

ni, theoretically from total C,

The loss of acid sites on H-BEA-5 after 5 minutes reaction

Table S4.1 Acid site concentration of H-BEA-5 determined from IR of pyridine adsorption

BAS [mmol-g7] LAS [mmol-g1]
Before reaction 1.50 1.15
After 5 min reaction 0.88 0.49

Reaction condition: H-BEA-5, 573 K, 1 bar, total flowrate 44 mL-min1, 84 mbar ethene, ethene/AcH=6/1
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Calculation of carbon conversion and carbon yield

When ethanol and crotonaldehyde (CA) were used as the reactants (Figure 4.7), the carbon

conversion and carbon yield were calculated as:

Carbon conversion (%)

(2 X Nethanot T 4 x nCA) - (2 X Nynreacted ethanol +4 X Nynreacted CA)

2 X Nethanol +4 % Ncy

= 100% Xx

n.
Carbon yield;(%) = 100% X i,formed

ni, theoretically from ethanol and CA

Yieldi

Selectivity;(%) = 100% X ———r7 - ——
electivity;(%) % Conversion;
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5. Conclusion

Zincosilicates have a chemical nature of acid sites different from the traditional aluminosilicates.
Instead of two BAS generated theoretically to compensate the negative charges from a
tetrahedrally incorporated Zn?* in the zeolite framework, few BAS and a significant number of
LAS were observed on Zn-BEA. It is promising to use Zn-BEA as supports or catalysts for
chemical reactions that can be catalyzed by LAS and avoid the side reactions favored by BAS

on traditional aluminosilicate zeolites.

In the first work, Ga®* cations were introduced via incipient wetness impregnation on Zn-BEA.
The substitution of Zn by Ga via reduction at elevated temperatures led to the complete leaching
of Zn and a series of Ga/BEA zeolites with homotopic active sites for propane dehydrogenation.
The propane conversion rate increased first with the concentration of Ga up to 3.2 wt.% and
decreased at higher Ga concentration despite a monotonous increase of BAS and LAS with the
concentration of Ga3*. A very high propene selectivity at high conversion was obtained on
Ga/BEA-3.2 and comparable to the results of benchmark Cr.Os/Al,O3 catalysts.

The PDH exhibited first-order kinetics with respect to propane and the KIE with C3Hg and C3Ds
implied a RDS of the C-H bond cleavage at low propane pressure (2 mbar). As it increases (up
to 100 mbar) the reaction order and the KIE decreased to 0.2 and 0.8, respectively. A high
propane coverage was excluded under our experimental boundary conditions with in situ
measurements. Therefore, a gradual shift of the RDS from C-H bond cleavage at low propane
pressures to H> desorption at high propane pressure was proposed. This kinetic description and
the mechanism are valid for all catalysts investigated showing an activation energy of C-H bond
cleavage of 155 + 8 and H desorption of 123 + 8 kJ-mol 2, respectively. The concentration of
reversibly adsorbed and desorbed H: scales proportionally with the rate of reaction and the
desorption enthalpy agrees well with the activation energy, when the desorption of H: is rate
determining. The low concentration of these sites could either point that the active sites may be
only a very small fraction of available Ga sites or that the adsorption of H is kinetically or
thermodynamically limited. The high selectivity and stability of the catalysts warrant further

investigations into the nature and properties of the active sites.

In the second work, parent Zn-BEA showed high activity and selectivity to ethanol
dehydrogenation to AcH, however, with a very low selectivity (7%) to 1,3-BD. The reaction
pathway of 1,3-BD was proved to be via an Aldol condensation pathway involving 5 elementary

steps of ethanol dehydrogenation, Aldol condensation of AcH, dehydration of 3-
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hydroxybutanal to crotonaldehyde, reduction of crotonaldehyde, and dehydration of crotyl
alcohol. The MPVO reduction of crotonaldehyde with ethanol was rate determining. Another
reaction pathway via the Prins reaction of ethene and AcH was excluded with no 1,3-BD
precursors from this route were observed, and severe catalyst deactivation occurred due to the
favorable oligomerization and condensation reactions of ethene and AcH on acid sites in
zeolites. With incorporating Y in Zn-BEA, the 1,3-BD productivity and selectivity were greatly

improved.

In summary, the findings reported in this thesis provide further insights into the application of
zincosilicates as supports and catalysts in heterogeneous catalysis, in particular for propane

dehydrogenation and ethanol conversion.
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