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Abstract

Dehydration of Methanol and Ethanol over Silica-Supported
Heteropoly Acids in the Gas Phase

PhD thesis by Rawan Abdullah Al-Faze

Dehydration of methanol (MeOH) to dimethyl ether (DME) and of ethanol (EtOH) to diethyl
ether (DEE) and ethene is of significant interest in relation to sustainable development. DME
is a multimarket product that has attracted attention as a supplement to liquefied petroleum gas
(LPG) and as a clean alternative to diesel. Ethene is the raw material for approximately 30%
of all petrochemical products, and DEE is considered an eco-friendly transportation fuel as
well as a valuable chemical.

This thesis aims to investigate MeOH and EtOH dehydration over Bregnsted solid-acid
catalysts based on tungsten Keggin heteropoly acids (HPAs). Dehydration of MeOH to DME
and of EtOH to DEE and ethene was investigated at the gas-solid interface in the presence of
bulk and SiO-supported HPAs (H3PW12040, (HPW) and HaSiW 12040, (HSIW)) as catalysts.
The acid strength, texture and structural integrity of these catalysts were characterised by use
of ammonia adsorption calorimetry (NHs-MC), Brunauer-Emmett-Teller method (BET), X-
ray diffraction (XRD) and diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS). The strength of the acid sites in the HPA/SIO, catalysts was demonstrated to
increase monotonically with the HPA loading up to 100% loading, and HPW catalysts were
stronger than HSiW catalysts at any loading. In the dehydration of MeOH and EtOH, the
turnover reaction rate for HPW catalysts was higher than for HSIW catalysts, which agrees
with their acid strength. Upon increasing HPA loading, alcohol conversion passed a maximum

and scaled with the number of HPA surface proton sites rather than with the HPA loading. This
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indicated that alcohol dehydration occurred via a mechanism of surface-type HPA catalysis at
the gas-solid interface rather than a bulk-type (pseudo-homogeneous) mechanism.

In addition, the conversion of DEE to ethene and EtOH, which is a step in the
dehydration of EtOH to ethene, was studied at the gas-solid interface in the presence of bulk
and supported HPA catalysts at 130-250 °C and ambient pressure. The catalysts involved
HSIW and HPW supported on SiO2, TiO, and ZrO, as well as the bulk acidic heteropoly salt
CsPW (Cs25HosPW12040). The DEE elimination process was demonstrated to be of zero order
in the DEE partial pressure within the range of 6-24 kPa. The ethene yield increased as the
temperature of reaction was increased, reaching 98% at 220-250 °C and weight hourly space
velocity (WHSV) of 2.2 h'. The most active HPA catalysts were silica-supported HPW and
HSiIW and bulk CsPW salt. The HPA catalysts outperformed zeolites HZSM-5 and ultra stable
Y (USY), which have been reported elsewhere. A correlation between catalyst acid strength
and catalyst activity was established. This correlation indicates that Brgnsted acid sites played
a vital role in the elimination of DEE over HPA catalysts. The results suggest that the reaction
occurred through consecutive reaction pathways: DEE — C2Hs4 + EtOH followed by EtOH —
C2Hs + H20. In this scheme, ethene is both a primary product of DEE elimination and a
secondary product via dehydration of the primary product EtOH. The work provided evidence
that DEE elimination over bulk HPA and high-loaded HPA/SiO; catalysts proceeded via a

surface-type mechanism.
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Chapter 1 : Introduction

1.1. Catalysis

The term catalysis derives from the combination of the Greek prefix "cata” and "lysein”, which
mean down and split or break, respectively [1,2]. The term was coined by Berzelius in 1836
[1]. Catalysis is a phenomenon that occurs when small amounts of a substance, known as a
catalyst, accelerates a chemical reaction without being consumed during the reaction [3-6].
Catalysts can increase the rate of a chemical reaction by providing a more efficient reaction
route with a lower activation energy (Ea) (Figure 1.1) [1,3,4]. The use of catalysts does not

alter reaction equilibrium or the thermodynamics of the system [1,3,4].

Reactants

Potential energy

AH

Products

A J

Reaction coordinate

Figure 1.1. A potential energy profile that illustrates the influence of a catalyst on the activation

energy of reaction [1].

Catalysis plays a fundamental role in manufacturing, particularly in the chemical and
petrochemical industries [7]. In approximately 85% of chemical processes in these industries,
catalysts are used to create products such as polymers, fuels, construction supplies, medicines,

food and other materials in one or more steps [3,8-10]. In addition, catalysts mitigate the
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potential environmental impact of chemical reactions as their involvement leads to removal of
the need for hazardous chemicals, minimisation of reaction waste and a reduced demand for
toxic or volatile solvents [11].

Generally, catalytic processes are categorised into two main types: heterogeneous and
homogeneous [4,5]. In heterogeneous catalysis, the reactants and catalyst are in different
phases, whereas in a homogeneous reaction, both the reactants and catalyst are in the same
phase [4,8,12]. Numerous industrial processes rely on heterogeneous rather than homogeneous
catalysis because the former allows for much easier catalyst treatment, recycling, and
separation than the latter, which entails complicated and costly catalyst separation from the

reaction mixture [12-15].

1.2. Heterogeneous catalysis

Heterogeneous catalysis occurs at a gas-solid or liquid-solid interface on the surface of a solid
catalyst [16]. The first research on heterogeneous catalysis was conducted in the early 1800s
[8]. Faraday, a pioneer in this field, studied the facilitation of oxidation reactions through the
utilisation of platinum as a heterogeneous catalyst [1,2,8]. Later, various catalytic processes
were developed to produce chemicals, pharmaceuticals, polymers and various materials, to
generate energy and for other uses [8,17]. One of the most significant industrial applications
of heterogeneous catalysis occurred at the beginning of the 20™" Century with the development
of industrial synthesis of ammonia from Hz and N2 through use of an iron catalyst [4,6,8].

Further industrial applications of heterogeneous catalysis are displayed in Table 1.1.
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Table 1.1. Industrial processes involving heterogeneous catalytic systems [4,5,8].

Reactant Catalyst Product

CO, CO2, H2 Cu/ZnO/Al;03 CH30H (bulk chemical)
CO, H; Co, Fe C5-C11 hydrocarbons (fuel)
C3-C5 alkanes Zeolites C7-C9 isoalkanes (fuel)
Ethene Organometallics Polyethylene (polymer)
Xylenes, toluene HZSM-5 zeolite p-Xylene (bulk chemical)
Alkanes Pt/Al2O3 Alkenes (bulk chemical)
Nitrobenzene, H: Pd/SiO; Aniline (bulk chemical)

The solid catalysts that are used in heterogeneous reactions are typically porous
materials possessing specific surface areas 1-10° m?g™' [18]. The surface is an abrupt
termination of a solid bulk structure, where atoms exist in an asymmetric environment in which
they are lower coordinated than those in the bulk [3,15]. These low-coordinate atoms (or ions)

are available for interaction with incoming reactant molecules as the catalyst active sites [3].

1.2.1. Reaction steps in heterogeneous catalysis

Catalytic processes on porous solid catalysts occur in seven consecutive steps (Figure 1.2)
[3,8].

(1) Reactive molecules diffuse externally from the gas or liquid fluid phase towards the external
surface of catalyst particle (film diffusion);

(2) Reactive molecules diffuse internally through the catalyst pores to reach the active sites on
the internal surface of catalyst (pore diffusion);

(3) Reactant molecules adsorb to the active sites;

(4) The adsorbed molecules react at the catalyst's active sites;

(5) The product desorbs from the active sites;

(6) The product diffuses internally through the catalyst pores to the outer surface; and

(7) Product molecules diffuse externally to the fluid phase.
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Figure 1.2. The seven steps of a heterogeneous catalysis reaction [8].

The surface of the catalyst plays a prominent role in heterogeneous catalysis [8]. The
larger the catalyst surface area, the greater the number of active sites and the greater the contact
between those sites and the reactant [3,8]. Thus, a catalytic reaction rate can be proportional to
the number of active sites that are accessible on the catalyst surface during the process [3,9,19].
When these active sites have an acidic nature, the materials are considered to be solid acid

catalysts [20]. This type of catalyst is covered in detail in the next sections of this Chapter.

1.3. Heterogeneous acid catalysis

1.3.1. Solid acid catalysts

Heterogeneous acid-catalysed reactions involve an acid-base interaction in which the surface
of catalyst behaves as an acid towards reactant molecules that act as bases [20]. Solid acid
catalysts play fundamental role in the development of large-scale chemical and petrochemical
processes such as cracking, alkylation, isomerisation, hydration and polymerisation, etc.
[8,20,21]. The chemical industry largely prefers solid acids as catalysts over liquid acids

because the former offer significant advantages such as the easy separation of catalysts,
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versatile process engineering, reduced reactor corrosion, continuous production, and
elimination of waste [11,20-22].

Various materials with acidic properties have been applied as solid acid catalysts,
including zeolites, mixed-metal oxides, metal salts, heteropoly acids (HPAS), cation exchange
resins, etc. [20,23]. Table 1.2 shows various examples of solid acid catalysts.

Table 1.2. Types of solid acid catalysts [11,20,21].

Class Example
Metal oxides AlxOs3, TiO2, SiO2 Nb2Os, WOs3.
Clays Montmorillonite, Saponite.

Heteropoly compounds  H3PW12040, HaSiW12040, H3PM012040, and their salts (e.g.,
Ho5Cs25PW12040, etc.) (Keggin structure).

Metal salts AIPO4, Nb3(PO4)s, FeEPO4, NiSOa.
Supported acids H3P04/Si02, HCIO4/SiO2, H2SO4/Si0Os.
Sulfated oxides S04%/Zr02, SO4*/TiOz, SO4%/SN0,.

Mixed metal oxides Si02-Al>03, Si02-ZrOz, SiO2-MgO, Ti0,-SiO2 WO3-ZrO».
Cation exchange resins  Amberlyst-15, Nafion, Nafion-silica composite.
Zeolites Y-zeolites (faujasite), Beta-zeolite, Mordenite, HZSM-5.

1.3.1.1. Acid properties of solid acid catalysts
The acidity of solid acid catalysts depends on the nature, number and strength of acid sites on

the catalyst surface [20,24-26]. In terms of the nature, solid acid catalysts can have Brgnsted

and/or Lewis acid sites [1,20,21]:

e Brgnsted acid site is a donor of proton.

e Lewis acid site is an acceptor of electron pair.

Scheme 1.1. shows a fragment of metal oxide surface that possesses Brensted acid sites
(surface hydroxyl groups) and Lewis acid sites (coordinatively unsaturated surface metal

cations) as well as base sites [12,20,26].
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Catalyst acidity is commonly expressed in terms of the number of acid sites per unit
surface area or weight of the catalyst and is referred to as the density of acid sites [20]. The
strength of acid sites depends on their ability to donate a proton. The strength of Brensted and
Lewis acid sites varies with the coordination number of the oxygen atom of the hydroxyl groups
and the coordination number of the metal cations, respectively [20]. The strength of Bragnsted
and Lewis acid sites is also affected by their location and types of interaction [20].

Various analytical methods have been used to investigate the acidic properties of solid
acid catalysts [19,24,25]. The following methods are the most frequently used: (i) indicator
method (titration with bases); (ii) methods based on adsorption/desorption of basic probe
molecules, which include adsorption calorimetry, temperature-programmed desorption and
spectroscopy of adsorbed molecules; (iii) direct spectroscopic observation of the solid surface;
and (iv) acid-base test reactions. Since no method can identify all acid properties at the same
time, it is preferable to use a combination of methods to gain more comprehensive knowledge
of the acidic characteristics of solid catalysts [20,21,26]. Fundamental understanding of all
parameters that affect acid sites would lead to the ideal scenario in which the acid catalysts
could be rationally designed and synthesised for maximum activity, optimum selectivity and

high performance stability [20].
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1.3.1.2. The role of acid sites in heterogeneous acid catalysis

Heterogeneous acid catalysis is suggested to occur via a carbenium ion (stepwise) mechanism
or a concerted mechanism. Several studies have proposed that Lewis acid sites serve primarily
as adsorption sites, while Brgnsted acid sites activate the reactant molecules through H* transfer

[20,26,28,29].

1.3.1.2.1. Carbenium ion mechanism

This mechanism involves the generation of a carbenium ion intermediate or transition state by
H* transfer from a Brgnsted acid site of an acid catalyst to the reactant molecule [12,20,29]. As
an example, Scheme 1.2 shows the hydration of an alkene through the carbenium ion
mechanism. The rate of reaction is influenced by the acidity of the catalyst (i.e., the number
and strength of acid sites) and the stability of the carbenium ion (primary < secondary <

tertiary) [12,26,27,29].

+
RCH=CH, + OH —>  (RCHCH;)...O" (H" transfer)

B site
OH

|
RCHCH; + OH

+
(RCHCH3)...O0" + H,O0

Scheme 1.2. Hydration of an alkene through the carbenium ion mechanism [27].

1.3.1.2.2. Concerted mechanism

The concerted mechanism implicates bifunctional acid-base catalysis by acid-base pairs
[20,28,29]. Dehydration of an alcohol on a metal oxide, for example, can occur without
carbenium-ion formation through simultaneous abstraction of H* by a base site and of OH™ by
an adjacent Lewis acid site (Scheme 1.3) [12,20,28,29]. In this case, the rate may or may not

correlate with the acidity of the catalyst [29,30].
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Scheme 1.3. Alcohol dehydration over metal oxide through the concerted mechanism [28].

1.4. Heteropoly acids as solid acid catalysts

1.4.1. Definition and background of heteropoly acids

HPAs consist of polyoxometalate (POM) anions and protons as counter cations [31,32].
Heteropoly anions are metal-oxygen clusters that have the chemical formula [XxMmOy]% (x <
m), in which X represents the heteroatom and M the addenda atom [33]. Typical heteroatoms
(central atoms) are P%*, As®*, Si**, Ge** and B3*[20]. In most cases, the addenda atom is either
molybdenum (V1) or tungsten (V1), possessing an appropriate combination of charge and ionic
radius and the availability of vacant d-orbitals for the formation of metal-oxygen n bonds
[31,34,35].

Heteropoly anions are synthesised through a self-assembly of oxoanions in an aqueous
solution at low pH, as illustrated by Egs. (1.1) and (1.2) [20,31,36]. Heteropoly anions can be
separated as a solid with a suitable counter cation, such as H*, NH.", alkali metal cation, etc.

[37].

24H* + PO4> + 12WO4% — [PW12040] * + 12 H20 (1.1)

24H* + Si04* + 12W04> —[SiW12040] ¢ + 12 H,0 (1.2)

In 1826, Berzelius discovered the first heteropoly salt [31]. After that, many heteropoly
compounds were synthesised, and several hypotheses were proposed to explain their structures
[31]. However, the structures of POMs remained unsolved until J.F. Keggin successfully

discerned the crystal structure of 12-tungstophosphoric acid through the use of X-ray
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diffraction in 1933 [38]. Many researchers have contributed to the field of POM chemistry,
including Pope [39-41], Muller [42—44], and Tsigdinos [45-47].

HPAs have unique physicochemical features that include their structural mobility,
strong Bransted acidity, thermal stability, multifunctionality and appropriate redox properties.
Therefore, HPAs can be considered as promising acid, redox and bifunctional catalysts
[32,33,48-52]. Heteropoly compounds have been applied in numerous reactions as catalysts;
they offer significant environmental and economic benefits compared with other solid acid
catalysts [20,31,32,48,53-58]. Many researchers around the world have studied HPAs
catalysis; these include Moffat [50,59,60], Misono [49,55,61], Kozhevnikov [31,32,57,62],

Hill [63-65], and Neumann [66—69].

1.4.2. Structures of solid heteropoly acids

Misono et al. [36,54] proposed a novel hierarchical structural classification of solid heteropoly
compounds, which reflected the importance of HPA structural flexibility. This classification
can be used to explain heterogeneous catalysis by POM compounds [49]. This classification is
illustrated in Figure 1.3. Three distinct structural levels - primary, secondary and tertiary - have
been identified [54]. Generally, HPAs and their salts are composed of ionic crystals in the solid
state [31,32,48]. The heteropoly anion is a primary structure that can be identified in solution
[48]. In the solid material, the structure is composed of POMs, counter cations, water of
crystallisation and other molecules organised in three—dimensional arrangements known as
secondary structures [48,54,55]. The tertiary structure (solid texture) refers to the assembly of
solid HPA [54]. The tertiary structure includes the particle size, pore structure, proton

distribution in the particles, etc., which play a vital role in heterogeneous catalysis [31,48,49].
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(H3sPW12040. 6H20)

triplet /\\

Primary structure,
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(Cs2.5 Ho.sPW12040)

Cs* PW12040%

Secondary structure
(Cs3PW12040)

Figure 1.3. Hierarchical structures of heteropoly compounds (primary, secondary and tertiary)
[48].

The primary structure (the heteropoly anion) can be divided into different classes based
on the atomic ratio of the heteroatom (X) to the addendum atom (M) [36,70]. Table 1.3
illustrates the most common classes of heteropoly anions.

Table 1.3. Most common classes of heteropoly anions [31,56,70].

XI/M ratio Chemical formula (M = Mo or W) X Structure name
1:12 [X™M12040] & P5* Si**, Ge** Keggin

1:11 [X™M1103] 21 P5*, Si**, Ge™ Lacunary Keggin
2:18 [X2"*M15062]16-2")- PS> As™ Dawson

1:6 [X™MeO24] ™ Teb*, 1™ Anderson

Among the structures of heteropoly anions, the Keggin structure is the most commonly
investigated type due to its high thermal stability, strong acidity, tunable redox properties, and

the ease of preparation [31,48,71,72].

10



Chapter 1 LI\LRPO()L

The catalysts that were investigated in this thesis were based on the Keggin structure.
This structure is discussed in a more detail in the next section. Additional information about

other types of heteropoly anions can be found in reviews [31,48,50,73].

1.4.3. The Keggin structure

The Keggin was the first characterised structure of POMs [31]. Over the past 50 years, Keggin
HPAs have been applied in a variety of catalysis processes due to their availability, structural
mobility and thermal stability [31,48,71,72]. The Keggin heteropoly anions have the
composition [XM12040]*®, where X is the heteroatom (P°*, Si**, etc.), x is the oxidation state of
the heteroatom, and M is the addenda atom (Mo®*, W®*, etc.) [48,53,70].

As shown in Figure 1.4, the Keggin anion comprises a central XO4 tetrahedron that is
surrounded by 12 edge- and corner-sharing MOs octahedra. The metal-oxygen octahedra are
organised into four groups (M30O13) of three edge-sharing MOs octahedra associated with the

central XOg4 tetrahedron [31,32].

+ 12 @

Figure 1.4. Keggin structure of heteropoly anions PM12040° [74].

The Keggin structure contains four distinct forms of oxygen atom [31,32,73,75] (Figure

1.5). These are present as:

e 12 terminal M=0y;
e 12 corner-bridging quasi-linear M—Op>—M linking two M3O13 groups;
e 12 edge-bridging angular M—Op1—M shared by the octahedra within a M3O13 group and

e 4 internal X—O—M.

11
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These oxygen species can be identified through application of 'O nuclear magnetic resonance
spectroscopy (YO NMR) or through use of Fourier transform infrared spectroscopy (FTIR)

[31,36,50].

Figure 1.5. Location of oxygen atoms in the PW1,040> anion (Keggin structure) [76].

The most common Keggin-type HPAs that are commercially available as crystalline
hydrates are 12-phosphotungstic acid (HsPW12040, HPW), 12-silicotungstic acid (H4SiW 1204,
HSiIW), 12-silicomolybdic acid (H4SiM012049, HSiMo0), and 12-phosphomolybdic acid

(H3PM012040, HPMo) [57,77].

1.4.4. Proton structures of heteropoly acids

The identification of structure and location of proton sites in solid HPAs is essential for their
use as acid catalysts. Solid HPAs and their salts are composed of a polyanion and hydrated or
non-hydrated protons as counter cations (H*, HsO*, HsO.") [48,54,55]. The HPA crystal
structure is strongly dependent on the hydration state, which can be controlled easily by thermal
treatment [32,49,54,78]. In solid HPAs, the hydrated and non-hydrated protons, which can be
represented as [H(H20)n]*, have been identified by the solid-state *H NMR [31]. In the stable

solid HsPW 12040 hexahydrate, which involves six crystallisation water molecules per Keggin

12
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unit, the bulk protons are present as hydronium ion dimers (HsO2") [32]. The H502" ion binds
to the terminal oxygen atoms in the Keggin unit and joins four neighbouring heteropoly anions.
The acidic protons are found in the HsO>" bridges between lattice points, as illustrated in Figure
1.6 A [32,54]. The crystalline structure of hexahydrate (HsO2%)3[PW12040]> has been
determined via neutron and single-crystal X-ray diffraction [20,54,78,79]. When the number
of crystallisation water molecules is less than six, the acidic protons might be linked directly
to the polyanion's peripheral oxygen atoms as H* or H3O" (hydronium ion monomer) or could
remain as HsO2" bridges (Figure 1.6 B, C and C") [54,78,80].

Hydrated and non-hydrated protons form the crystal structures of solid HPAs by linking
the neighbouring heteropoly anions [31]. Hydrated protons possess high mobility, which
induces high proton conductivity in crystalline HPA hydrates [20,31]. It has been proposed
that, in HPA solids, the protons can be transferred across the hydrogen-bonded network in the
same way that they move in an aqueous solution [20,72]. Non-hydrated protons, in contrast,
are less mobile and probably hop between surface oxygen atoms in the Keggin unit or between

neighbouring Keggin anions [31,72,81].

Figure 1.6. Schematic structure of bulk proton sites in solid HsPW12040.nH20 (n = 0-6) [54].

13
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The location of the bulk protons in heteropoly anions has been the topic of several
studies [72,82-84]. There are two potential protonation centres in Keggin anions: terminal
oxygens (M=0¢) and bridging oxygens (M—Ow—M; edge-sharing) [72,85]. In solid HPW and
HSiW hydrates, application of the ’O NMR technique and comparison of the solid state and
solution spectra of the HPAs have indicated the predominant protonation of the terminal
oxygens in the solid state [82—84]. In anhydrous HPW, on the other hand, the acidic protons
are located on terminal and bridging oxygens of the Keggin unit [80,85]. The protons, both
hydrated and non-hydrated, can participate in heterogeneous catalysis.

In solid HPAs, the surface protons seem to be stronger than the bulk protons [31]. It
has been suggested that the proton sites on the surface of Keggin HPAs are located at the

bridging oxygen atoms [31,32].
1.4.5. Properties of heteropoly acids

1.4.5.1. Thermal stability of heteropoly acids

The thermal stability of HPAs is important for their application in heterogeneous catalysis
[48,50]. Some solid HPAs are thermally stable and can be utilised in reactions that occur at
temperatures of up to 300-350 °C [31]. Nevertheless, this may not be sufficient for reactions
that require higher temperatures or for catalyst regeneration [20,31,57], which is usually
achieved through combustion of coke at 450-550 °C in an oxygen atmosphere [31,57].

Several analytical methods can be used for the evaluation of HPAs thermal stability.
These include thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
differential thermal analysis (DTA), infrared spectroscopy (IR), solid-state NMR and X-ray
diffraction (XRD) [31].

Keggin HPAs decompose thermally through a multistage process that produces an

oxide mixture [33]. Scheme 1.4 illustrates the course of the thermal decomposition of HPW.

14
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The thermal stability of HPAs can be determined via assessment of the decomposition

temperature that results in the loss of all acidic protons [31,32,57,86].

<100 °C 200 °C 450-470 °C 600 °C
H3PW12O40.6H20 : H3PW12040 : PW12 385 1/2P205 + 12WO3
-(n-6)H,0 -6H,0 -1.5H,0

H3PW12040.HH20

Scheme 1.4. Thermal decomposition of Keggin HPW hydrate [31,33].

From TGA the decomposition temperature of Keggin HPAs reduces in the order: HPW
(465 °C) > HSiW (445 °C) > HPMo (375 °C) > HSiMo (350 °C). It can be seen that HPW is
the most stable compound in this series [31]. At higher temperatures, the Keggin structure
decomposes completely into its constituent oxides in the same order as above and at
temperatures of 610 °C, 540 °C, 495 °C, and 375 °C, respectively [51].

Heteropoly salts have a higher thermal stability compared with their parent acids. For
example, the acidic salt CsSPW (Cs25Ho.sPW12040) begins to lose protons at 500 °C, and hence

is more thermally stable than the parent HPW [48,49,87].

1.4.5.2. Acidity of heteropoly acids
The acid properties of HPAs are influenced by the following factors: the composition of the

heteropoly anion, the counter cation (if present), the type of support (for supported HPAs) and

the way in which the HPAs is dispersed on the surface of support [20,48,88].

1.4.5.2.1. Bulk heteropoly acids

The acidity of HPAs in solutions has been characterised in terms of Hammett acidity functions
and dissociation constants [48,62]. The acidity of bulk HPW and HSIW has been well
documented regarding the nature, the number, the strength and the distribution of acid sites

[32,48,49,88-92]. The nature of acidic sites (Bragnsted or Lewis) has been characterised via
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FTIR spectroscopy of adsorbed pyridine [48,93]. Solid HPAs are purely Bransted acids and
are stronger than other traditional solid acids such as aluminosilicates (SiO2-Al.0O3) [31,49,62].
The acid properties of HPAs have also been revealed through thermal desorption of basic probe
molecules. Okuhara et al. [48] utilised this method to compare the acid strength of HPW and
SiO2-Al20s. They reported that, pyridine molecules that had been adsorbed to the surface of
Si0O2-Al203 were totally desorbed at 300 °C, whereas in HPW, the pyridine molecules remained
adsorbed at much higher temperature. These results confirmed that HPW was much stronger
than SiO2-Al03 [31].

The strong acidity of HPAs can be explained based on the electrostatic theory. The
electrostatic interaction between large heteropoly anions and protons is significantly weaker
than that found in mineral acids. This is because the negative charge of the heteropoly anion is
dispersed over 36 outer oxygen atoms. Besides, the m-backdonation in the M=0O terminal
groups reduces the negative charge on the outer surface of polyanion [31,36,48].

The acid strength of HPAs can be precisely assessed through use of NH3 adsorption
microcalorimetry (NH3-MC) [49,94-96]. Jozefowicz et al. investigated the acidity of various
solid bulk HPAs at 150 °C [96]. They observed that the acid strength of bulk HPAs declined
in the following order:

HPW > HSiW > HPMo > HSiMo.
The HPA acid strength reduces when the addenda atom W(VI) is replaced by Mo(V1) and the
heteroatom P(V) is exchanged with Si(1V). This order is consistent with the electrostatic theory
since the strength of acid sites decreases as the negative charge of the heteropoly anion

increases [62].
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1.4.5.2.2. Salts of heteropoly acids

HPA salts can be formed by the ion exchange method. The protons in the parent acids exchange
with metal ions without altering the Keggin structure [32,49,97]. The nature of the counter
cations controls the features of HPA salts such as the thermal stability, porosity, solubility and
acidity [49,56]. The HPA salts can be categorised into two main groups according to the size

of the counter cation [98].

e Group A: HPA salts with small metal cations such as Li* or Na*. These salts have small
surface areas (1-15 m?gt), some ability to absorb polar molecules in the solid bulk and are
highly soluble in water (hydrophilic salts) [32,98].

e Group B: HPA salts with large metal cations such as Cs* or K*. Group B salts have large
surface areas (50-200 m?gt), do not absorb polar molecules in the solid bulk, are water-
insoluble (hydrophobic salts) and are more thermally stable than Group A salts

[20,31,32,56].

Considerable research has been performed to define the acid properties of the HPA salts. It
has involved the application of several methods including adsorption and thermal desorption
of basic molecules and solid-state 3!P-NMR spectroscopy [99-102]. Okuhara et al. [48]
examined the acid characteristics of the heteropoly salts CsxHz-xPW12040 and concluded that
CsPW had a useful combination of high surface area (100—-180 m2g™t) and strong surface acidity
(Figure 1.7). It has been reported that the catalytic activity of Cs salt in many reactions

correlates with their surface acidity [20,54,101].

17



N RS

Chapter 1 © LVIRPOOL

80 - r 200
a
o
B 60 | “,"\
S k=)
= £
> N
= ©
S 40 - 1009
o ©
@ o
) o
Q ©
© =
T 20 A >
>
A (7]

0 0

4

X in CsxHzxPW12040
Figure 1.7. Surface acidity and surface area of CsxHz.«PW12040 as a function of Cs content

(adapted from [56]).

CsPW and HPW have comparable acid strengths according to the temperature
programmed desorption (NHs-TPD) studies and indicator tests [49,103]. Regarding the NHs-
TPD, CsPW produced a significantly wider peak than HPW, indicating a heterogeneity of acid
sites.

NHs-MC, which is considered a more accurate technique, has confirmed that CsPW is a strong

acid that is only slightly weaker than the parent HPW (Figure 1.8) [54].
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Figure 1.8. Differential heat of NH3 sorption measured at 150 °C: bulk HPW(0), CsSPW(e)
(adapted from [54]).
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1.4.5.2.3. Supported heteropoly acids

Bulk HPAs have a low surface area (1-10 m?g™?), resulting in a low density of acid sites on the
surface [31,32,48,50,91]. Supporting the HPAs on inert porous materials can enhance the
catalyst surface area and the number of surface proton sites [32,104]. Therefore, supported
HPAs catalysts are mostly applied in heterogeneous acid catalysis (Section 1.4.7).

HPAs have been supported on acidic or neutral solids, which have a weak interaction
with HPAs such as SiO> [93,105-108], acid ion-exchange resin [109,110], ZrO» [107,111,112],
Nb2Os [95,112], TiO2 [107,113], mesoporous silicas MCM-41 [108,114] and SBA-15 [115],
zeolites [105]. It has also been reported that boron nitride (BN) has the potential to be an inert
support for HPAs, albeit with the downside that it has a low surface area [116].

In contrast, amphoteric and basic solid supports such as Al.Oz and MgO are rarely
applied because these supports often decrease the HPA acidity and decompose the HPA
structure [31,32,48,50,91].

Silica is the most frequently applied support because of its inertness towards HPAs and
its availability in a wide variety of textures [11,58,117,118]. An X-ray spectroscopy study [119]
showed that the structural distortion of the Keggin unit in supported HPW catalysts increased
for the following supports in the order shown: SiO2 < TiO2 < ZrO,.

SiOz is relatively inert towards HPAs above a certain level of loading [11,32,120]. The
Keggin structure of HPW and HSiW is preserved when these acids are supported on silica at a
loading above 10%. However, the HPAs may partially degrade at lower loadings due to
interaction with surface silanol groups [49,117].

The acid properties of bulk and supported HPW catalysts were examined by NH3z-MC.
HPW was supported on SiO3, active carbon, ZrO2 and Nb2Os supports and pre-treated at 200
°C for 1 h. The average heat of NH3z adsorption, at half NHz coverage, was found to decrease

in the following order: HPW > HPW/SiO; > HPW/C > HPW/Nb2Os > HPW/ZrO,. This
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ranking also confirmed that the strong interaction of solid HPAs with the supports affected the
acid strength of the HPA catalysts [120].

Alharbi et al. [88] evaluated the acidity of 15% HPW that was impregnated on different
oxide supports using NH3-MC. Table 1.4 presents the effect of support on the acid strengths of
the HPW catalysts in terms of the initial enthalpy of NH3 adsorption. As can be seen, the
strength of the acid catalysts, measured by NH3-MC at 150 °C, decreased with the following
order of supports: SiOz > TiO2 > Nb20s > ZrO, [95].

Table 1.4. Acid strengths of bulk and supported HPW catalysts [88,95].

Catalyst AH, (kJ mol™?)
HPW -195
15%HPW/SIO; -154
15%HPWI/TIO> -143
15% HPW/Nb2Os -132
15% HPW/ZrO- -121

Newman et al. investigated the acidity of SiO.-supported HPW prepared by
impregnation from MeOH at 3.6-62.5% HPA loading using DSC of ammonia adsorption. They
demonstrated that the Keggin unit of HPW remained intact over the whole range of HPA
loadings. Furthermore, they found that the acid strength of the HPW/SiO; catalysts did not
depend on the HPA loading above 6.2% (AH = -164 kJ mol™). However, the catalysts exhibited
weaker acidity at a lower loading (3.6%) (AH = -140 kJ mol™). They assumed that the inability
of highly dispersed clusters of HPW to hydration led to a reduction in the acidity of proton sites
[93].

Bardin and Davis [121] evaluated the acidity of silica-supported phosphotungstic acid
by NH3-MC at a loading range of 5-25% after pre-treatment at 300 °C. Figure 1.9 shows that
the acid strength of HPW catalysts decreased as the HPA loading on the SiO> decreased from

25% to 5%. They observed that at an HPA loading of 25%, the initial heat of NH3 adsorption
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was near to that for the bulk HPW (150 kJ mol™). Besides, it was found that the acid strength
of 5% HPW/SiO: increased as the pre-treatment temperature was decreased. The heats of NH3
adsorption were approximately 100 and 140 kJ mol™ for the pre-treatment temperatures of 300

°C and 200 °C, respectively.
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Figure 1.9. NH3-MC for SiO2 support (o), bulk HPW (a), 5%HPW/SiO: (e), 10%HPW/SiO>
(a) and 25%HPWY/SiO> (m) catalysts after pre-treatment at 300 °C for 2 h (adapted from [121]).

Hence, the acid strength of supported HPAs depends on the nature of support, pre-
treatment temperature and HPA loading. Therefore, modification of these factors can

profoundly affect the activity and stability of HPA catalysts in heterogeneous catalysis.

1.4.6. HPAs in heterogeneous catalysis

Solid HPAs have a broad range of catalytic applications in gas-solid and liquid-solid
heterogeneous systems [122]. According to Misono et al. [48,49,54], there are three main
catalysis processes that occur with solid HPAs: (a) surface-type, (b) bulk type I (pseudo-liquid)

and (c) bulk type I1. These are displayed in Table 1.5.
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Table 1.5. Types of heterogeneous catalysis over solid HPAs [31,49].

Types Comment Examples

Conventional surface Reactions occur on HPA surface Alkane isomerisation
catalysis

Bulk catalysis | Reactants absorbed in HPA bulk and Alcohol dehydration at
(pseudo-liquid phase) react pseudo-homogeneously low temperatures

Bulk catalysis Il Reactions take place on HPA surface, Oxidative dehydrogenation
(redox catalysis) redox carriers diffuse through HPA bulk

Acid catalysis by solid heteropoly compounds is classified as surface type or bulk type
| catalysis [20,49]. Surface-type catalysis is the conventional type of heterogeneous catalysis.
It occurs on the acid sites that are localised on the outer surface and pore walls of solid acid
catalysts [48,49,58,123]. In this case, the rate of reaction is correlated with the number of
surface acid sites [3,8]. For instance, the rate of acid-catalysed reactions over CsxH3z.xPW12049
(2 < x < 3) has been found to scale with the surface acidity [20,54,98,101].

On the other hand, bulk type I catalysis occurs in reactions of polar molecules (e.g.,
alcohols and amines) on bulk HPAs and HPA salts of group A [32,49]. Polar substrates such
as water, primary alcohols and ethers are readily absorbed in the interstitial spaces between
heteropoly anions as they replace crystallisation water or expand the crystal lattice [48,49]. In
this instance, solid HPA catalysts behave similarly to a concentrated solution (pseudo-liquid
phase), and all acid sites, both the surface and the bulk ones, participate in the reaction [58,124].
The rate of such reactions scales with the total number of acid sites or the weight of the catalyst
[31]. This type of catalysis has been suggested for the dehydration of alcohols at low
temperatures and the synthesis of methyl tert-butyl ether (MTBE) [36,49,124]. Misono et al.
[31,48] investigated the dehydration of isopropanol over bulk HPA at a low temperature of 80
°C. They found that bulk HPW showed high efficiency in isopropanol dehydration despite the

low surface area. Therefore, they attributed this behaviour to the bulk type I mechanism.
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1.4.7. Application of heteropoly acids in heterogeneous acid catalysis

The unique properties of HPAs, such as strong Brgnsted acidity, high thermal stability,
hierarchical structures and pseudo-liquid phase behaviour, make them promising acid catalysts.
HPA catalysts have been utilised in a wide range of applications [31,49-51,54]. The strongest
Keggin HPAs, namely HPW and HSiW, are the most frequently used HPAs in heterogeneous
acid catalysis [125]. In general, due to their strong acidity, solid HPA catalysts display superior
activity compared with traditional solid acid catalysts (e.g., zeolites and mixed oxides) [32,88].

Misono et al. studied isopropanol dehydration over various types of bulk solid HPAs,
they found the activity of the HPAs decreased in line with their acid strengths: HPW > HSIW
> HPMo > HSiMo [31,48].

The catalytic activity of bulk and supported HPW at 15% loading in the dehydration of
isopropanol was studied by Alsalme et al. [112]. The reaction was performed at 120 °C, and
the catalytic activity decreased in the order: HPW/SiO, (99%) > HPW (81%) > HPW/TiO-
(67%) > HPW/Nb20s (9%) > HPW/ZrO2 (5%). This follows the order of the acid strength of
these catalysts as measured by NH3-MC (Table 1.4).

It has been found that HSIW/SiO> was a superior catalyst for the direct addition of
acetic acid to ethene to form ethyl acetate [126]. With HSiW/SiO> catalyst, the conversion was
higher than with other acids such as bulk HSiW, WO3z-ZrO, and H3PO4/SiO2. However, the
selectivity for ethyl acetate was over 98% regardless of the catalyst. It has been demonstrated
that the impregnation of HSiW on SiO2 support with a high surface area and moderate pore
size (ca. 6 nm) produced the highest catalyst activity.

The skeletal isomerisation of linear alkanes over HPAs has been investigated by Bardin
and Davis [48]. The activity of bulk and silica-supported HPW catalysts in n-butane and n-

pentane isomerisation at 200 °C declined as the temperature of the catalyst pre-treatment was
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increased [121]. This indicates that the hydration level of HPA has an impact on its catalytic
activity.

HPAs and their salts have also been applied as catalysts for MeOH conversion to
hydrocarbons [50,127]. For example, Meng et al. [128] applied phosphotungstic and
silicotungstic acid metal salts (CuPW, CuSiW, FePW and FeSiW) as the catalysts at 100—
400°C. They found that dimethyl ether (DME) was the main product at low temperatures.
However, at higher temperatures (250-350 °C), the copper-containing catalyst CuSiwW
displayed the highest selectivity for propene and ethene (44%). The high activity of the copper
salt in this reaction can be explained by its optimal acidity.

The synthesis of MTBE from isobutene and MeOH has been examined over various
supported HPMo catalysts in the vapour phase. The catalytic activity was found to decline in
the following order of supports: SiO2 > SiO2-Al203 (13% Al203) > SiO2-Al03 (26% AlLO3) >
Al>03 > MgO. Furthermore, when Al>03 and MgO were used, most of the supported HPA was
decomposed, apparently due to the basic nature of these supports [20,129].

Esterification of acetic acid with butanol was conducted over clay-supported HPAsS.
HPW, HSiW and HPMo were supported on the surface of acid-activated bentonite (HPA/B) at
10-30% loading. The highest catalytic activity and selectivity was observed for 20% HPW/B
catalyst [130].

HPA supported over mesoporous silica MCM-41 was utilised to catalyse glycerol
dehydration in the gas phase [131]. The catalysts were prepared at various HPW loadings (10—
50%). It was found that the conversion of glycerol and acrolein selectivity increased with HPW
loading. The optimum loading was found to be 40% HPW, which exhibited 85% glycerol
conversion and 80% acrolein selectivity at 320 °C. This result indicates that supporting HPW

on MCM-41 generates an appropriate Brgnsted acidity [117].
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HPA catalysts have been utilised in polymerisation processes. Bulk HPW, HSIW,
HPMo and silica-supported HPW catalysts were used for cationic polymerisation of 3-pinene.
Of the three HPAs, the silica-supported HPW catalyst showed the best performance; it

exhibited the highest activity and stability, and polymer yield reached 90% [132].

1.5. Alcohols and ethers as alternative transportation fuels

In recent years, there has been a significant rise in oil consumption as an energy source [133].
The combustion of petroleum-based fuels (gasoline, diesel and liquefied petroleum gas (LPG))
causes emissions of greenhouse gases, particularly CO, which contribute to the environmental
issues such as global warming [134,135]. Most vehicles that operate on gasoline and diesel are
considered to be primary sources of greenhouse gases [134,136]. Biofuels, such as biodiesel
and bio-alcohols, are considered as replacement fuels for internal combustion engines in
vehicles [137-139].

It has been shown that use of biodiesel as fuel in diesel engines can provide economic
and environmental benefits [140]. For instance, use of biodiesel can reduce air pollution as it
lowers emissions of CO», hydrocarbons and particulate matter [140]. However, biodiesel also
has several drawbacks, which include high operating costs, high viscosity and low volatility
[137]. Biofuels can provide solutions to the energy and environmental problems that are
associated with conventional fuels, but further research is required to improve biofuel
properties [137].

Alcohols and ethers have been considered as the possible alternative transportation
fuels [137]. Compared with gasoline, alcohol production is more economical, simpler, and
more environmentally friendly [136]. Primary alcohols such as MeOH and EtOH have higher
octane numbers than petroleum fuels, and this enables the engine to produce power more

efficiently and economically [136]. Besides, alcohol combustion produces less unburned
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hydrocarbons and CO; than combustion of conventional gasoline [139,141]. In addition,
alcohols have a higher vaporisation heat which lowers the peak temperature within the
combustion chamber and, in turn, results in lower NOx emissions and increased engine
efficiency [139]. Although the high vaporisation heat of primary alcohols is beneficial in fuel
performance, it also causes some difficulties during the ignition of engines in cold weather
[136,137,141].

EtOH and MeOH are recognised to be renewable energy sources and feedstock for a
variety of chemicals [142]. Dehydration of EtOH over solid acid catalysts produces ethene, a
critical feedstock in the petrochemical industry, and diethyl ether (DEE), a transportation fuel
with remarkable features (cetane number > 125) [142]. DEE has excellent burning properties,
which make it a prospective alternative fuel or diesel fuel additive. The blending of DEE with
EtOH has been reported to improve the cold start of EtOH-fuelled vehicles [141-143].

MeOH dehydration produces DME, which is another environmentally clean diesel fuel
alternative [142]. DME has a higher cetane number (55-60) and emits significantly less NOx
than does the traditional diesel fuel. Additionally, near-zero smoke generation has been
reported from vehicles that utilise DME as fuel [133,141,144,145].

Therefore, the production of DEE and DME has received significant attention due to

the rising cost of crude oil and the need to improve the environment [146].

1.6. Dehydration of methanol and ethanol using heterogeneous catalysis

Heterogeneously-catalysed dehydration of alcohols can be carried out in liquid or gas phase
over solid acid catalysts. Zeolites (Si/Al) such as HZSM-5 (30), H-Y(80) and H-Mordenite
(90), as well as y-alumina and silica-alumina, have investigated as the solid acid catalysts for
the liquid-phase dehydration of MeOH to DME [147]. H-Mordenite exhibited the highest

activity in this process. However, it suffered from deactivation during the reaction due to coke
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formation. Vanoye et al. [148] reported a strong effect of solvents on EtOH dehydration over
various sulfonic acid catalysts in liquid phase. The solvents affected the reaction rate and the
accessibility of catalyst active sites as well as the rate of catalyst deactivation, which is a serious

limitation of the liquid-phase process.

1.6.1. Dehydration of methanol to dimethyl ether in the gas phase

DME is a simple oxygenated compound that is applied as an environmentally friendly aerosol
propellant and as a refrigerant; it is also an intermediate in the production of chemicals such as
dimethyl sulfate [88,149-151]. In recent decades, DME has received significant attention as a
cleaner fuel alternative to LPG and as a non-polluting substitute for diesel [88]. Therefore,
DME is a promising alternative to conventional fuels [145,152].

DME can be produced from the synthesis gas (H2 + CO) through use of a hybrid
(bifunctional) catalyst or via MeOH dehydration over a solid acid catalyst [153,154]. Typically,
the dehydration of MeOH to DME is carried out over solid acid catalysts such as zeolites and
v-Al203in the gas phase at 240-250 °C [150,155].

Thermodynamically, the dehydration of MeOH to DME is favoured at lower
temperatures owing to the exothermic nature of this reaction. Under such conditions,
production of undesirable by-products such as olefins and/or coke can be avoided, as these are
formed at higher temperatures [156,157].

MeOH dehydration is suggested to be catalysed by Brgnsted and Lewis acid sites of
weak to medium acid strength. Both these sites may be involved in the catalytic reaction,
although it is believed that Brgnsted acid sites of appropriate acid strengths are mainly
accountable for DME formation [147,150,152].

DME formation on Brensted acid sites is suggested to occur by associative or

dissociative pathways (Scheme 1.5) [88]. The associative pathway involves adsorption of two
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MeOH molecules to the catalyst surface, where they react directly to form DME. The
dissociative pathway begins with the adsorption of MeOH and the elimination of water, which
leads to the formation of an adsorbed methyl group. Then the methyl group interacts with a

gas-phase MeOH molecule to produce DME [88,158,159].

Associative pathway

CH;OH

CH,;OH

CH;OH

NG (CH;,0
OH
| 1
CH3ONCH3O /
H,0

Dissociative pathway

CH,0H

Scheme 1.5. Associative and dissociative pathways for dehydration of MeOH to form DME
[88].

The MeOH dehydration reaction can occur on various solid acid catalysts such as y-
alumina, silica-alumina [155,160,161], zeotypes [159,162,163], HPAs [88] and Nafion [164].
However, much of the recent research has concentrated on the optimisation of the conversion
of MeOH to DME in the gas phase over acidic zeolites, particularly MFI (HZSM-5), y-alumina
and HPAs, namely HPW and HSiW, since these catalysts exhibit high activity in ether
production [88,155,157,165-167].

Xu et al. examined the efficiency of y-Al2O3 as a catalyst to produce DME. They found
that y-Al>Os exhibited high MeOH conversion (90%) at 250 °C. However, they pointed out that

the catalyst was poisoned during the reaction, which reduced its activity and stability.
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This result was explained as being due to the competitive water adsorption on the Lewis acid
sites of the catalyst [168].

To improve the activity and stability of y-Al2Os, Yaripour et al. modified the catalyst
with silica at different loadings and compared the MeOH conversion with these catalysts
against pure y-Al2O3 at 300 °C. They observed that the modified y-Al.O3 showed improved
performance compared with the unmodified y-Al.Oz. In addition, the conversion of MeOH
increased as the amount of silica was increased. The catalyst with 6% silica exhibited high
activity and stability without formation of any by-products. These results could be attributable
to the increased strength and number of Brgnsted acid sites on the catalyst surface after
modification with silica [155].

Zeolites have also been investigated in MeOH-to-DME dehydration. Fua et al. studied
the activity of HZSM-5 (25) at 150-330 °C. They found that this catalyst exhibited high activity
in MeOH dehydration even at low temperatures because it possessed strong Bransted acid sites.
However, at higher temperatures (> 280 °C), the DME selectivity decreased due to formation
of hydrocarbons and coke [169]. It is well-known that catalysts with very strong Brgnsted
acidity are prone to deactivation and produce undesired hydrocarbons, which are responsible
for coke formation [167,169].

Vishwanathan et al. enhanced the coke resistance and stability of HZSM-5 (20) in a
wide temperature range of 190-370 °C by partial substitution of Na in HZSM-5. The Na-
modified HZSM-5 significantly improved MeOH dehydration, reaching > 90% conversion and
100% selectivity for DME at 340 °C. These findings were mainly attributed to the reduction of
strong Bregnsted acid sites at the surface [162]. Further, the modified zeolite catalysts were
observed to enhance resistance to the production of coke in the dehydration of MeOH to DME

[146,169-172].
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In the last three decades, HPAs have attracted great attention as catalysts for use in
alcohol dehydration reactions due to their unique catalytic properties. Solid Keggin-type HPAs
have stronger Brgnsted acid sites than those in zeolites and metal oxides [95]. Hence, some
HPAs have exhibited higher catalytic activity than traditional solid acid catalysts in MeOH
dehydration to DME at low temperatures [88,173]. Besides, the presence of heteropoly anions
as conjugated bases is thought to accelerate the reactions. This is in contrast with conventional
proton acids, in which the counter anion is not involved in the activation of the reactants
[31,51,174]. HPW and HSiIW are among the most used HPAs for dehydration of alcohols
[86,157,175].

Many researchers have demonstrated high conversion and selectivity of MeOH
dehydration over HPA catalysts, particularly at low temperatures of 140-180 °C [86,88,173].
However, since bulk Keggin HPAs have low specific surface areas, most protons present in the
bulk of the HPA are inaccessible [31]. This drawback can be overcome by supporting HPAS
on suitable porous supports [176]. Only a few articles have been published on catalysis by
supported HPAs for the dehydration of MeOH.

Ciftci et al. also demonstrated the high activity of HPW during MeOH dehydration
when the catalyst was supported on mesoporous silica (MCM-41) [142]. Supported HPW
catalysts were synthesised by a one-pot hydrothermal method and the conventional
impregnation method. The impregnated catalyst showed higher Brgnsted acidity and higher
activity in MeOH dehydration at 200 °C than that prepared by the hydrothermal method.
However, at temperatures above 200 °C, coke was formed, which deactivated the catalyst. The
catalysts prepared by the one-pot hydrothermal method showed stable performance without
any coke formation and 100% DME selectivity at temperatures below 300 °C [142].

In addition, Ciftci et al. reported that MeOH conversion and DME selectivity over

supported HPA catalysts increased at temperatures up to 200-250 °C but decreased at higher
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temperatures. Schnee et al. found similar results and reported that MeOH conversion over bulk
HPW at 200 °C decreased with the time on stream [157,177].

Alharbi et al. investigated MeOH dehydration over zeolites and supported HPA
catalysts with 15% HPA loading at a MeOH partial pressure of 3.83 kPa and 120 °C [88]. The
results showed that the activity of HPA catalysts was higher than that of HZSM-5 zeolites (10—
120). It was observed that the conversion of MeOH to DME over supported HPA catalysts
declined in the following order: 15%HPWI/SiO, (16%) > Cs225Ho7sPW (13%) >
15%HSiW/SiOz (13%) > CszsHosPW (8.6%) =~ 15%HPW/TiOz (8.7%) > 15%HPW/Nb,Os
(1.3%) =~ 15%HPW/ZrO- (1.7%). This was explained by decreasing the acid strength of the
HPA catalysts the order of supports SiO2 > TiO2 > Nb2Os ~ ZrO- in line with increasing
interaction between the support and the HPA.

The catalytic performance of HSIW supported on ZrO,, TiO. and SiO, for DME
production was studied by Peinado et al. [157]. The catalysts were prepared by wet
impregnation of HSiW on supports at a variety of HPA loadings. Most of the catalysts exhibited
high catalytic activity during MeOH dehydration at 180°C, and MeOH conversion varied
between 40% and 90%. The MeOH conversion decreased in the following order:
73%HSIW/SiO2 (90%) > 52%HSIW/TiO2 (80%) > 46%HSIW/ZrO; (60%) > bulk HSIW
(40%). They indicated that the activity of the catalysts decreased in line with their acidity
(amount of NH3z chemisorbed per gram of catalyst) as follows: 73%HSiW/SiO, (0.382
mmolntz geat) > 52%HSIW/TiO2 (0.274 mMolnHs Geart) > 46%HSIW/ZrO; (0.209 mmolnks
eat' V), except for bulk HSIW (0.512 mmolnmz Gear ).

Ladera et al. [173] studied the dehydration of MeOH over TiO.-supported HPW and
HSIW at a loading that varied from 27% to 70%. The catalysts exhibited high activity during
MeOH dehydration at 140 °C. The catalytic activity of the TiO2-supported HPA was strongly

affected by the loading of HPA on the surface of TiO.. The optimum loading for HPW and
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HSIW catalysts was 37% due to the high HPA dispersion on the TiO> surface. At higher HPA
loadings, the dispersion of HPA decreased due to the formation of larger HPA particles on the
surface, which may have prevented the access of MeOH to the inner acid sites. Although the
catalysts were well dispersed at HPA loadings lower than 37%, the catalytic activity was
reduced at these loadings owing to strong interaction between the HPA and the TiO2 support.

The effect of HPA loading on MeOH dehydration was attributed to the catalyst structure [173].

1.6.2. Dehydration of ethanol to diethyl ether and ethene in the gas phase

Ethene is an essential building block in the chemical industry [178]. Ethene is used to produce
many chemicals such as acetaldehyde, acetic acid and styrene, etc. [179,180]. It is also used in
the production of plastics such as polyethylene, polystyrene and polyvinyl chloride, which are
widely utilised in the packaging and construction industries [180,181]. As stated in section 1.5,
DEE is a prospective alternative fuel and fuel additive because of its high transportation fuel
characteristics (cetane number > 125) [133,141,142]. Moreover, DEE can be used as a solvent
in various fine chemical and pharmaceutical processes [182].

EtOH dehydration is carried out with the use of solid acid catalysts
[48,95,142,179,183]. There are two competitive pathways via which catalytic EtOH
dehydration occurs: the intramolecular dehydration of EtOH to ethene, and the intermolecular
dehydration of EtOH to DEE [95]. These two pathways can occur in parallel during catalytic
EtOH dehydration. At relatively low temperatures, the formation of DEE is favoured
(exothermic), whereas the more demanding EtOH-to-ethene conversion occurs at higher
temperatures (endothermic) [95]. Similar to DME formation from MeOH, the EtOH-to-DEE
dehydration may be represented by associative and dissociative mechanisms (Scheme 1.6).

[88,95].

32



Chapter 1 @ LI\LRPOOL

Associative pathway

CH,CH,0H

OH CH3CH20H

CH,CH,OH

(CH3CH2)2O
H

cmmm OCHzC/

Dissociative pathway

CH,CH,OH

Scheme 1.6. Associative and dissociative pathways for dehydration of EtOH to produce DEE
[95].

The EtOH-to-ethene dehydration is proposed to occur via the E2 elimination route (bimolecular
elimination). This mechanism involves a concerted cleavage of the C—H and C—O bonds in the

alcohol through use of a pair of acidic (H*) and basic (B-) catalytic sites (Scheme 1.7).

CH3CH20H + HB - CHZZCHZ + Hzo + HB

Scheme 1.7. E2 elimination of EtOH to form ethene through use of a pair of acidic (H*) and
basic (B") catalytic sites [95].

Numerous acid catalysts have been used in EtOH dehydration to DEE and ethene, such
as alumina, silica-alumina, zeolites, HPAs and phosphoric acid [185-189]. Takahara et al.
[190] examined the catalytic activity of zeolites (H-Mordenite, HZSM-5) and silica-alumina in

EtOH dehydration to ethene at temperatures ranging from 180°C to 300 °C. They reported that
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H-Mordenite was the most active catalyst for this reaction due to the existence of strong
Brgnsted acid sites.

Phung et al. [191] investigated EtOH dehydration through use of commercial H-
Ferrierite (20), H-Mordenite (20), H-MFI (50), H-BEA (25) and H-USY(30) zeolite catalysts,
as well as alumina and silica-alumina (11). They found that at 200 °C, all zeolites showed EtOH
conversion > 45%, which was much higher than the figures for silica-alumina and alumina
(both 20%). The high activity of zeolites was attributed to the presence of Brensted acidic
bridging hydroxyl groups in the zeolite cavities. The activity trend of the zeolite samples at 140
°C was H-Mordenite (16.3%) > H-MFI (11.5%) > H-BEA (7.7%) ~ H-Ferrierite (7.0%) > H-
USY (2.5%). A similar finding was reported by Phung and Busca, who stated that protonic
zeolites (MFI and USY) were significantly more active than alumina or silica-alumina for
EtOH dehydration at temperatures from 200 °C to 300 °C [182].

HPA catalysts were also utilised in EtOH dehydration. Varisli et al. investigated EtOH
dehydration over bulk HPAs (namely HPW, HSiW and HPMo) at 140-250 °C in the gas phase.
The catalytic activity of these HPA catalysts was found to decline in the following order: HSIW
> HPW > HPMo. This result was explained by the fact that HSiW had more protons than the
other HPAs per Keggin unit. In addition, the researchers detected that DEE was the main
product at lower temperatures, whereas increasing the temperature of reaction from 140 °C to
250 °C led to a significant increase in ethene yield. They obtained 75% ethene selectivity over
HPW at 250 °C [192].

Alharbi et al. [95] examined the dehydration of EtOH to DEE over different solid
Brensted acid catalysts based on Keggin-type HPAs in the gas phase. They used HPW and
HSiIW supported on SiOz, TiO2, ZrOz and Nb20Os, with a sub-monolayer loading of HPA (15%).
At 120 °C and at an EtOH partial pressure of 1.48 kPa, the EtOH conversion declined in the

following order: HPW/SiO2 (52%) > HSiW/SiO2 (51%) > HPWI/TiO2 (19%) > HPW/ZrO>
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(7.6%) > HPW/Nb2Os (6.9%). This order corresponds to the acid strength of these catalysts,
which exhibit initial heats of NH3 adsorption of -154, 154, 143, 121 and 132 kJ mol?,
respectively. Under the same conditions, EtOH dehydration was also tested over bulk acidic
Cs salts of HPW (CsxH3.«PW12040). EtOH conversion efficiencies were reduced as the density
of surface proton sites decreased in the Cs salts: Cs2.25Ho.7sPW12040 (49%) > Cs25HosPW12040
(33%) > Cs3sPW12040. This result indicated that the Bransted acid sites played a vital role in
the dehydration of EtOH to DEE over solid HPA catalysts. Similar results were obtained in the
dehydration of EtOH over potassium salts of HPW [193].

Popa et al. [194] investigated the dehydration of EtOH in the gas phase over cobalt salts
of tungstophosphoric acid (CoHPW) supported on mesoporous silica at different loadings (20—
40%). The activity of COHPW/SIiO> catalysts was higher than that of bulk CoHPW. This result
may be due to the high dispersion of CoOHPW on the silica surface.

Several studies have found that DEE can act as an intermediate in ethene production
from EtOH [142,182,190,195]. Garbarino et al. [196] investigated the elimination of DEE over
commercial large-pore y-Al>03 and commercial La-doped y-Al>O3 catalysts at 100-500 °C. It
was observed that the DEE conversion and ethene selectivity were slightly higher on pure
alumina than on La-containing catalysts. All these catalysts reached nearly total DEE
conversion at 350 °C. Generally, doping La®*" on y-Al,Os slightly decreased the catalytic
activity but improved catalyst stability towards coking.

Moreover, the DEE conversion to ethene at 150-450 °C over solid acid catalysts that
included alumina, zeolites (MFI and USY), silica-alumina and calcined hydrotalcite was
examined by Phung and Busca [182]. They observed that DEE conversion at 300°C decreased
in the following order: MFI (98.3%) > USY (83.8%) > alumina (55.9%) > silica-alumina
(52.1%) > calcined hydrotalcite (0.1%). They demonstrated that the protonic zeolites (Bragnsted

acid catalysts) exhibited a higher DEE conversion rate than alumina (a Lewis acid catalyst) and
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calcined hydrotalcite (a basic catalyst). These findings imply that the Bransted acid sites are

active in the conversion of DEE to ethene.

1.7. Research aims and objectives

In recent years, HPAs have received significant attention as catalysts for alcohol dehydration.
HPAs exhibit higher catalytic activities than the conventional acid catalysts and therefore
provide potential environmental and economic benefits. Silica has been demonstrated to be an
effective support for HPAs due to its neutral nature, large surface area, porosity and availability
in a wide range of textures [197]. Silica is also a relatively inert material that interacts weakly
with HPAs. However, there is limited knowledge regarding silica-supported HPA catalysts.
This knowledge gap concerns the effect of HPA loading on the strength of proton sites and
their density in SiO2-supported HPA catalysts. Likewise, there is limited data concerning the
impact of HPA loading on the catalytic performance of HPA/SiO; catalysts used in alcohol
dehydration and related reactions. Such information is essential for catalyst development and
process optimisation and to gain mechanistic insights, for example, regarding the role of bulk
versus surface catalysis in alcohol dehydration over HPA catalysts.

The first aim of this study was to gain detailed knowledge of the acidic properties of
silica-supported HPA catalysts, including the Keggin-type HPAs that are most important for
heterogeneous acid catalysis, namely HPW and HSiW. These catalysts were studied at a wide
range of HPA loadings that are relevant to commercial practice, from 5% to 100%. Secondly,
the knowledge obtained was used to investigate the dehydration of MeOH and EtOH over
HPA/SIO; catalysts to optimise catalyst performance and to gain new mechanistic insights. In
addition, DEE elimination to EtOH and ethene, which is a step in the process of dehydration
EtOH, was investigated in the presence of HPA/SiO> catalysts. Therefore, the work included

the following objectives:
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to examine the impact of the loading of HPA on the acid strength of HPA/SIO> catalysts
via systematic, quantitative evaluation of the acidity of bulk and silica-supported HPW and
HSIW at a gas-solid interface using ammonia adsorption microcalorimetry (NH3-MC) and
simultaneous thermogravimetric analysis and differential scanning calorimetry (TGA-
DSC).

to explore the effect of HPA loading and acid strength on the MeOH and EtOH dehydration
reactions at conditions relevant to practice (5-100% HPA loading);

to gain new mechanistic insights into the role of the bulk-type and surface-type HPA
catalysis in the dehydration of MeOH and EtOH in the gas phase over silica-supported HPA
catalysts; and

to investigate the elimination of DEE to form ethene and EtOH in the presence of bulk and
supported Brgnsted solid-acid catalysts based on tungsten Keggin HPAs (HPW and HSiW)
at a gas-solid interface and to compare the activity and selectivity of HPA catalysts with

those of conventional catalysts such as zeolites and metal oxides.

1.8. Outline of the thesis

The thesis is structured as six chapters and one appendix. Their contents are as follows:

Chapter 1: provides an overview of heterogeneous catalysis and the concepts of heterogeneous

acid catalysis. Additionally, this Chapter contains an overview of HPAs as solid acid catalysts.

Recent research on alcohol dehydration and DEE elimination over solid acid catalysts is also

reviewed.

Chapter 2: contains a description of the synthesis of the HPA catalysts and the techniques that

were applied to characterise these catalysts. It also describes the set-up of a fixed-bed reactor

with on-line gas chromatographic (GC) analysis, reaction conditions and catalyst testing

methodology.
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Chapter 3: describes the acid properties of bulk and SiO2-supported HPA catalysts, which
were studied via NH3-MC, and presents information regarding the structure and
physicochemical properties of the HPA/SIO; catalysts.

Chapter 4: contains details of the dehydration of MeOH and EtOH in the gas phase over bulk
and SiO»-supported Brgnsted acid catalysts based on tungsten Keggin HPAs.

Chapter 5: describes the elimination of DEE to form ethene and EtOH over HPW and HSIW
supported on TiO2, ZrOz and SiO», as well as bulk acidic CsPW salt.

Chapter 6: gives a summary of the major conclusions that were derived from the results of

this work and outlines the proposed directions of future studies.
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Chapter 2 : Experimental

In this Chapter, the experimental techniques that were applied in the gas-phase dehydration of
alcohols and the elimination of DEE over bulk and supported HPA catalysts are described in
detail, beginning with catalyst preparation. The catalysts were investigated using various
techniques such as TGA, BET, XRD and DRIFT spectroscopy to characterise the catalyst
texture and the structural integrity of the HPAs. Additionally, NH3-MC and TGA-DSC were
applied to characterise the strength and number of acid sites on the bulk and silica-supported
HPA catalysts at the gas-solid interfaces. Finally, the catalytic processes were examined using
a fixed-bed microreactor fitted with on-line GC analysis. This is discussed in detail in this

Chapter, along with conversion calculations and product selectivity.

2.1. Chemicals

H3PW12040 hydrate (99%) was purchased from Sigma—Aldrich and Hs4SiW1204 hydrate
(99.9%) was purchased from Fluka; these contained 20 and 28 H20 molecules per Keggin unit,
respectively, according to TGA. The quantity of crystallisation water in the HPAs hydrates was
considered in catalyst preparation. Zeolites NH4*-ZSM-5 (Si/Al = 47 and 12) were provided
by Zeolyst International. These zeolites were transformed into the H* form via air calcination
at 500 °C for 2 h [1].

Anhydrous MeOH (99.8%), EtOH (99.8%), 2,6-di-tert-butylpyridine (>97%), Cs.COs
(99.9%) and ZrOCl2.8H20 (98.0%) were purchased from Sigma—Aldrich. DEE (>97%) was
purchased from Fisher Scientific. Commercial Aerosil 300 silica support (surface area Sget =
300 m?gt) and P25 titania (anatase/rutile = 3:1; Sger = 44 m?gt) were obtained from Degussa
and used without further purification. ZrO oxide was synthesised in-house as described in the
literature [2,3] in order to acquire a catalyst support with a high surface area. NHz (99.99%

pure) was supplied by the British Oxygen Company.
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2.2. Catalyst preparation

2.2.1. Preparation of SiO2-supported HPA catalysts

Silica-supported HPA catalysts, 5-70% HPA/SiO, (HPW and HSiW), were prepared by the
wet impregnation method as described elsewhere [4,5]. A suspension of 5-6 g SiO2 in 60-80
mL of water was stirred with certain quantities of HPA dissolved in a minimum amount of
water. The mixtures were stirred for 3 h and aged overnight at room temperature. Once aged,
the mixtures were dried using a rotary evaporator at 65 °C under a vacuum (3 kPa). Then the
catalysts were ground in a mortar and sieved to 45-180 um particle size. Finally, the catalysts
were pre-treated under a vacuum (102 kPa) at 150 °C for 1.5 h. For comparison, silica-
supported HPA catalysts were also prepared by wet impregnation of SiO2 from a solution of
HPA in MeOH. To preserve the catalysts, they were stored in a desiccator over calcined silica
gel. The loading of HPA in the supported catalysts was quantified from W analysis using
inductively coupled plasma optical emission spectroscopy (ICP-OES). Tables 3.1 and 3.2 in

the next Chapter provide all the obtained data regarding the prepared catalysts.

2.2.2. Preparation of ZrO,- and TiO2-supported HPW catalysts

ZrO»- and TiO,-supported 15% HPW were prepared using the wet impregnation method [2,3].
The HPW was dissolved in a small amount of H2O and mixed with 5.1 g of oxide supports to
make a slurry with a small amount of aqueous phase (~5 mL). Then, the slurries were stirred
for 3 h and aged overnight at room temperature. The catalyst samples were dried in an oven at
100 °C for 24 h. Finally, the catalysts were pre-treated under vacuum (10 kPa) at 150 °C for

1.5 h. Information regarding the prepared catalysts is presented in Table 5.1 in Chapter 5.

2.2.3. Preparation of silica
Compacted silica support was prepared using finely dispersed Aerosil 300 by stirring the SiO>

with water or MeOH for 3 h and ageing overnight at room temperature. Then, the material was
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dried under vacuum (3 kPa) in a rotary evaporator at 65 °C and pre-treated under vacuum (10

3kPa) at 150 °C for 1.5 h.

2.2.4 Preparation of ZrO- support

The catalyst support ZrO> oxide was prepared in the lab using the following method (Eqg. (2.1))

[2,3].

ZrOCly + 2NHz + H20 — ZrO; + 2NH,CI (2.1)
10 mL of 30% aqueous NHz (from BDH) was added dropwise at room temperature using a
burette to a solution of 15 g (0.046 mol) of ZrOCl,.8H20 in 200 mL of H20. This solution was
stirred continuously until it reached a pH of 10 (pH paper) and hydrous zirconium oxide was
formed as a white precipitate. The formed hydrogel was aged with stirring overnight at room
temperature. Then the hydrogel was filtered and washed with distilled water until chloride-free
(as determined by use of 0.02 M AgNQ3) [6]. After this, the oxide was dried at 100 °C for 24

h in an oven and then calcined in air at 400 °C for 3 h.

2.2.5. Preparation of Cszs5HosPW12040

Caesium tungstophosphate (CsPW) was prepared according to the method described in the
literature [7,8]. Dropwise addition of the required amount of aqueous Cs,CO3 solution (0.47
M) to the aqueous HPW solution (0.75 M) with continuous stirring at 40 °C resulted in the
formation of CsPW salt (white precipitate). The precipitate was then aged in the aqueous
mixture for 48 h at room temperature. Then, it was dried using a rotary evaporator under

vacuum (3 kPa) at 45 °C and pre-treated at 150° C/10° kPa for 1.5 h.
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2.3. Catalyst characterisation techniques

2.3.1. Thermogravimetric analysis (TGA)

TGA is a quantitative analytical method that can be used to evaluate sample mass variations
against temperature or time under a controlled gas atmosphere [9,10]. The variations of sample
weight may occur in solid-gas systems owing to chemical interactions or physical changes. For
instance, mass can be gained due to oxidation or adsorption reactions or it can be lost due to
loss of water or volatile substances [9]. TGA can be applied to determine the thermal stability
of a material, the moisture or coke content in a sample and its oxidation temperature [11].

A thermogravimetric analyser consists of a precise balance that is connected to a pan
in which a sample is placed. The pan is inside a programmable furnace and connected to a
thermo-balance [10]. Figure 2.1 displays a schematic diagram of a TGA instrument. The results
of TGA are recorded as the thermogravimetric curve, which displays the weight change in a
sample versus temperature [9].

In this research, a Perkin ElImer TGA 7 instrument was applied to evaluate the water
content of the precursors that were used to synthesise the catalysts and of the synthesised HPAs
catalysts under investigation. The samples were analysed at temperatures that ranged from 25

°C to 600 °C and at a heating rate of 20 °C min"* under N2 atmosphere [12].
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Figure 2.1. Schematic diagram of a TGA instrument [13].

2.3.2. Surface area and porosity analysis

The majority of heterogeneous catalysts are composed of porous solids [14]. The surface area

and pore texture have a major influence on catalyst activity, stability and selectivity [15].

Nitrogen adsorption at boiling temperature of liquid nitrogen (-196 °C, 77K) is the most

common method that is used to assess the surface area and porosity of catalysts [16-19].

Catalysts may contain one or more types of pores, and the texture (size and volume) of

these pores depends on the preparation method [17]. Generally, pore sizes are categorised into

three classes in accordance with the International Union of Pure and Applied Chemistry

(IUPAC) classification [17,20]:

e Micropores - size < 20 A, ultramicropores size < 7 A;

e Mesopores - 20 A < size <500 A; and

e Macropores - size > 500 A.
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In addition, pore walls contribute to the surface area of porous solid catalysts, making the total
surface area of such catalysts much higher than the external surface [17]. Porous solid catalysts
have specific surface areas that range from 1 to 1000 m?g™, whereas their external surface areas
range from 0.01 to 10 m2g™ [17]. The type of the pores determines the contribution of pore
walls to the total surface area (Figure 2.2). The catalyst granules typically contain pores with
various sizes; therefore, it is essential to identify the distribution of pore size (pore volume
versus pore size) [17].

Uniform Funnel
size shaped  Ink bottle shaped Blind pore Through pore

! :

Closed pore  *- |solated pore Porous netword

Figure 2.2. Types of pores [17].

An adsorption isotherm may be obtained by plotting the adsorbed volume of N2 (V)
against its relative pressure (P/Po), and the shape of this isotherm is influenced by the porous
texture of the catalyst [17,18]. Figure 2.3 illustrates the most frequent adsorption isotherm types
that are obtained from N adsorption on the surface of catalysts according to IUPAC
classifications [19-21]. These adsorption isotherms are classified as I, 11, IV and VI, and they
represent microporous, macroporous, mesoporous and uniform ultramicroporous solids,
respectively [17]. The isotherms of type IV (mesoporous solids) are explained in more detail
here because HPA solid catalysts that were the subject of this research belong to this class of

solids (see Chapter 3).
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Figure 2.3. The most common types of N. adsorption isotherms [17].

On a type 1V mesoporous solid material [22], a monolayer of adsorbed N> is formed at low

pressure. At high relative pressures, multilayer adsorption ensues until capillary condensation

occurs, which results in a sharp rise in adsorption volume. Adsorption to the catalyst exterior

surface proceeds until the mesopores are saturated (Figure 2.3) [17,21]. After saturation is

achieved, desorption of N2 occurs through its liberation from the surface and pores in the

reverse direction of the adsorption. This occurs at a lower pressure than N2 adsorption in

mesoporous solids, leading to a hysteresis loop. According to the IUPAC categorisation, solid

catalysts exhibit four distinct types of hysteresis, as shown in Figure 2.4 [17].

Type H1

Adsorbed volume

P/Ps

Adsorbed volume

Type H2

Adsorbed volume
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Figure 2.4. The four hysteresis shapes that frequently obtained in N2 adsorption [17].
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Hysteresis is typically caused because the material is composed of pores of different
sizes and different mouth shapes, as in the ink-bottle pore shape, or shows different behaviours
of adsorption and desorption through cylindrical pores [17,23]. The H1 and H2 types of
hysteresis are correlated with solid compounds that comprise particles that are crossed by
spheroidal aggregates or agglomerates or contain almost cylindrical channels shape [17]. H1
hysteresis occurs in pores of uniform shape and size, whereas H2 hysteresis takes place in pores
of non-uniform shape [17]. The typical mesoporous solid materials, such as supported HPAs,
exhibit hysteresis of types H1 or H2 (see Chapter 3).

In addition, H3 and H4 hysteresis isotherms are commonly observed in solids composed
of agglomerates or aggregates of particles forming nonuniform (type H3) size and/or shape or
slit-shaped uniform pores (type H4). Zeolites and active carbon are considered as typical
examples of this hysteresis type [17,23]. No hysteresis loop has been observed in solid
materials that contain cone- and wedge-shaped pores, or in those with blind cylindrical pores
[17].

The Brunauer-Emmett-Teller (BET) method, developed in 1938, is widely used for
estimating the total surface area of porous solid catalysts [9,17,24]. The BET isotherm can be
used to calculate the volume of adsorbed N2 gas in the monolayer (Vm) and in the solid surface

area (S), as determined by Egs. (2.2) and (2.3) [14], respectively.

P 1 CcC-1P

V(P=P)  VmC  VaCP

(2.2)

Here P is the adsorbate gas pressure at the equilibrium with the surface solid, P, is the saturation

pressure, V is the adsorbed gas volume and C is the constant of BET.
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A plot of P/V (Po-P) versus the relative pressure (P/Po) in the range 0.05 < P/P, <0.35 gives a
linear correlation where the system complies with the BET equation with the intercept 1/VmC
and the slope (C-1)/VinC. Consequently, the value of Vi, can be obtained [14]. The surface area

(SA) can be calculated from the Vi value (Eqg. (2.3)) [14]:

SA = (Va/Va) N.A (2.3)
Here, Va is the molar volume of N2, Na is the constant of Avogadro and A is the area covered
by one N2 molecule (0.162 nm?) [18].

The BET surface area and porosity of the catalysts were determined by use of a
Micromeritics ASAP 2010 instrument at -196 °C. Prior to measurement, the test samples
(typically 100-300 mg) were placed in a tube furnace (heating mantle) at 250 °C for 2 h and
the air evacuated until the vacuum approached 10 umHg, which would remove all adsorbed
gases. Then, the sample was left to cool to room temperature before it was weighed. Following
that, the sample tube was immersed in a dewar flask that contained liquid nitrogen. Finally,
after the pressure of the gas had achieved equilibrium, a sequence of 55 successive nitrogen
doses was applied to produce the isotherm of adsorption. The surface analyser that was applied

in the research is displayed in Figure 2.5.
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Figure 2.5. Micromeritics ASAP 2010 analyser applied to identify the surface area and

porosity of catalysts.

2.3.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES is a spectroscopic method that can be used to elucidate the quantity of elements in a
solution. This extremely precise method can be used to detect traces of elements as low as parts
per billion (ppb) [25]. The instrument contains an optical spectrometer and inductively coupled
plasma. The plasma is generated through the ignition of gaseous argon (Ar) in a radio frequency
(RF) coil that maintains a temperature of around 7000 K. The analysis method is dependent on
the spontaneous emission of photons from excited atoms and ions in an RF discharge [25]. The
solution of the sample is transformed into an aerosol and introduced to the central plasma
channel via an analytical nebuliser [26]. The elements in the sample interact with the plasma
electrons and ions, which excite the electrons to be in higher electronic states. When electrons
relax, they release energy photons at specific wavelengths that are distinctive for each element

that is present [25,27]. The spectrometer records the wavelengths of the energies as emission
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lines, and the intensities of these lines are proportional to the concentration of the element in
the sample solution. The element quantity can be estimated by comparing the intensities of the
emission line with those for standard calibration solutions of the corresponding element [26].
During this research, ICP-OES spectroscopy was applied to measure the W content of
supported HPA catalysts and to evaluate the Si and Al content of NH4"-ZSM-5 zeolites. For
the ICP analysis, 20-30 mg of a catalyst sample was refluxed in a 15% KOH aqueous solution
for 3 h. The solution was diluted with distilled water to 50 mL in a standard measure flask. Mr.
Stephen in the Chemistry Department at the University of Liverpool conducted the ICP-OES

analysis of our catalysts.

2.3.4. CHN analysis

Combustion analysis is an effective technique to measure the carbon, hydrogen and nitrogen
(CHN) content of solid catalysts. Generally, the CHN analysis of solid materials is performed
by placing a small amount of the material under study (~1 mg) in the combustion reactor, where
it is heated to 1000 °C under flowing helium gas, and then exposed to pure oxygen to convert
the carbon and hydrogen to carbon dioxide and water. Then, the gas mixtures pass into a
chromatographic column and are detected by use of GC [28]. This technique was applied in
this study to quantify the content of carbon in the spent catalysts. This figure could be used to
determine the impact of coke on the deactivation of catalysts. The spent catalysts were
examined using a Thermo Flash EA 1112 series analyser in the Chemistry Department at the

University of Liverpool.

2.3.5. Powder X-ray diffraction (XRD)

Powder XRD is one of the most common characterisation techniques that is applied to analyse
the crystalline phase structure of solid materials [29]. The wavelength of X-rays corresponds

to the spacing between the ions or atoms in crystalline lattice planes, resulting in the diffraction
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of X-rays that penetrate the crystal [30]. The method is based on the interaction of incident
monochromatic X-rays (such as those produced by a CuKa source) with the periodic lattice
atoms [29]. The scattering angle of the X-rays is influenced by diverse aspects that follow

Bragg's law (Eq. (2.4)) [31].

nA = 2dSinf (2.4)
In this equation n, 4, d and @ are the reflection order (an integer value), the wavelength of the
X-ray, the lattice planar spacing and the angle of diffraction, respectively.
The Bragg peaks are determined by plotting the intensity of the reflected X-rays against the
diffraction angle 20 [30]. The X-ray diffractogram offers valuable information about the crystal
structure of a solid material and the average particle size. The Scherrer equation (2.5) can be

applied to obtain the crystal particle size of the solid material [30,32]:

t = 0.94/B cosf (2.5)
Heret, 4, 6 and B are the particle thickness, the incident X-ray wavelength, the diffraction angle
and the full width at half maximum (FWHM) of the peak of X-ray diffraction, respectively.

In this work, powder XRD patterns of bulk and SiO2-supported HPA catalysts (fresh
and spent) were recorded on a PANalytical Xpert diffractometer with CuKa radiation (4 =
1.542 A) and attributed to the JCPDS database. Zeolite and HPA/SiO2(m) catalysts were
measured by use of a Bruker D8 discover diffractometer with CuKal radiation (A = 1.541 A).
Crystal particle size was determined using the Origin software. The powdered sample was
typically placed at room temperature on the sample holder and exposed to the X-ray radiation.
The pattern was recorded of 26 at angles that ranged from 4° to 100°. XRD analysis was carried

out in the Chemistry Department at the University of Liverpool.
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2.3.6. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)

Infrared spectroscopy is an efficient technique for the determination of the structural
framework of materials [9,30,33]. This technique depends on the vibrations of chemical bonds
of a compound, which occur in the infrared (IR) region of the electromagnetic spectrum [9,29].
A beam of IR radiation, which is provided by a laser source, passes through a sample, causing
vibration, bending or rotation of the chemical bond [30]. The resulting IR spectrum is plotted
as the intensity of the signal versus the wavenumber (cm™), which can be shown in
transmission or absorption mode [30]. The analysis of the shape, position and intensity of the
absorption peaks in the recorded spectrum reveals details of the sample molecular structure
[30].

In our investigation, DRIFT spectroscopy was utilised to record the spectra of HPA
catalysts. In this method, flat reflectors and an alignment mirror collect diffusely scattered light
directly from the catalyst powder surface and pass it to a detector (Figure 2.6) [9]. A sample
with a high absorption coefficient can be diluted with a diffusely scattering background, such
as KBr, to minimise the amount of absorption. The DRIFTS technique is appropriate for

powder samples [9,34].

Mirror Mirror

IR source /7
/

—

Figure 2.6. Diagram of DRIFT spectroscopic method [34].
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This research examined the structural framework of bulk and SiO2-supported HPA
(fresh and spent) catalysts, and the IR spectra were collected via a Nicolet model NEXUS
Fourier transform IR (FTIR)—Raman spectrometer. For DRIFT spectroscopy analysis, a small
amount of catalyst (16 mg) was diluted with 384 mg of dried powdered KBr (4 wt%) and
ground completely to generate a diffusely scattering matrix that reduced the sample absorption
and thus improved the beam throughput and the resolution of the spectra. At room temperature,
the spectra were recorded by averaging 254 scans with 4 cm™ resolutions ranging from 4000
to 400 cm™. The range of 1200-500 cm™ provided details of the primary structure of the Keggin

HPAs (see Chapter 3).

2.3.7. Calorimetric methods of analysis

2.3.7.1. Microcalorimetry (MC)

The calorimeter is the most reliable and accurate method to assess the adsorption strength
(either physical or chemical) [35,36]. Tian-Calvet heat-flow microcalorimeters attached to
precise volumetric systems are highly sensitive instruments that can be used to analyse the gas-
solid interactions [36—39].
The apparatus set-up of Tian-Calvet heat-flow microcalorimeter (Figure 2.7) involves two
vessels, one of them for the reference and the other for the sample. These vessels are surrounded
by thermocouples and are placed in the calorimetric block, which operates as a heat sink [40].
Twin heat-flux detectors thermally connect the vessels to the block to maintain them at the
same temperature. The differential coupling of the reference and sample detectors eliminates
external thermal interference resulting in a highly precise signal from the heat exchange with
the solid surface [36,40].

The differential heats of NH3 adsorption on bulk and supported HPA/SIiO> catalysts

were evaluated in a gas flow system (N> flow) by a pulse method at 150 °C and ambient
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pressure using a Setaram C80 Calvet calorimeter fitted with a Metronm DMS Titrino 716
titrator as reported previously [2,3,8].

In this experiment, catalyst samples (0.2-1 g) were pre-treated in situ for 3 h at 150 °C under
dry nitrogen flow (20 mL min™). After the temperature and heat flux had stabilised, the
adsorption heat was measured through application of consecutive pulses of gaseous NH3 (0.25—
0.50 mL, 0.01-0.02 mmol) into the N2 flow using a stainless-steel loop fitted in a Valco valve.
Sufficient time (~40 min) was permitted after each pulse to achieve adsorption equilibrium.
The amount of NHs adsorbed was determined as the difference between the amount of NH3
that was supplied in the pulse and the NH3 broken amount through the sample cell. The latter
was determined via titration with 0.01 M sulfamic acid in an aqueous buffer solution made of
1 M NH4CI (30 mL) and saturated boric acid (2 mL) using a Metronm combined pH glass
electrode with an end point set at pH 5.0. The results then allowed the differential enthalpies
of NH3 adsorption per mole of NH3 adsorbed to be obtained (Figure 2.8). Extrapolation of these
values to zero NH3 uptake gave the initial enthalpy of NHs adsorption, AHo. Typically, in the
first 4-5 pulses, the total NH3 provided was adsorbed on the sample of catalyst, without any
NHs break through the cell observed. This enabled precise identification of the AH, values
without the necessity for NHz titration. The mean absolute error in AH, was usually within £6
kJ mol™. Our AH, values for the bulk HPW and HSiW were consistent with those previously

described in the literature [41-43].
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Figure 2.8. Heat flow traces for NHz adsorption onto bulk HPW catalyst at 150 °C.

2.3.7.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) in combination with TGA can be used to determine

the changes in heat flow and mass of a sample during a physical or chemical reaction [10,45].

It can be used to characterise the physical and chemical transitions of catalysts such as melting,
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glass transition, adsorption, crystallisation, surface reactivity and transformations with mass
change [10,46]. This technique is valuable for determining the acidity of materials [42,47,48].
The acid sites number and their strength distribution can be determined by the NHs pulse
chemical adsorption method using DSC [41].

A Setaram TG-DSC 111 differential scanning calorimeter (Figure 2.9) was used in this
research. The DSC is built around two refractory material tubes that cross the heating furnace
chamber [48]. The detection unit, which operates on the Calvet principle, is in the centre section
of the tubes. The detector surrounds the cylindrical sample crucible, so that accurate
measurement of all heat exchange can be achieved. A symmetrical microbalance is seated
above the calorimetric block, which is placed on a vertical stand. The suspension components
of the microbalance are aligned with the tube axis. The crucibles are brought into the DSC
detection zone by sliding the balance [47].

NHz adsorption on HPA catalysts was determined through use of the Setaram TG—DSC
111 via a pulse process in a flow system (N2 carrier gas) as previously described [3,49]. The
gases N2 and NHz were passed across molecular sieve traps before they were passed into the
system. Catalyst samples (20-80 mg) were placed in the calorimeter and pre-treated under N>
flow (30 mL min) at 150 or 300 °C for 1 h. Then, the temperature was reduced to 150 °C and,
after the sample weight reached stabilization (about 1 h), the measurement was conducted at
150 °C through consecutive 2-5 mL pulses of pure NHz into the N2 flow using a loop fitted in
a 6-port valve. Sufficient time was permitted after each pulse to achieve the adsorption
equilibrium (about 30 min). Weight gains owing to NH3 adsorption, and the corresponding
adsorption heat were recorded. These data enabled the determination of the total amount of
NHz adsorbed and the average enthalpy of NH3 adsorption (AH) (Figure 2.10). The NHz3 pulses

applied (2-5 mL) were large enough to ensure accurate measurement of the NHz adsorbed

76



Chapter 2 Ll\f ERPOOL

amount. Such pulses contained the amount of NHz3 that corresponded to 20-50% of the total

number of protons in HPA catalysts.
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Figure 2.9. Schematic view of TG-DSC 111 Setaram set-up [49].
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Figure 2.10. TGA-DSC traces showing NH3 adsorption onto 71%HSiW/SiO; at 150 °C: TGA
(bottom) and DSC (top) traces.
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2.4. Catalyst testing
2.4.1. Product analysis

2.4.1.1. Gas chromatography (GC)

GC is the most widely applied technique for qualitative and quantitative detection of chemical
compounds [51]. This method can be functional for separation, identification and quantitative
analysis of catalytic reactions [28,51].

A gas chromatograph is composed of three major components: (i) an injector; (ii) a column
with stationary phase that comprises polymeric material; and (iii) a detector, which is used to
determine the analyte composition and concentration [51,52]. Figure 2.11 shows a schematic

diagram of a gas chromatograph.
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Figure 2.11. A diagrammatical representation of a gas chromatograph set-up [51].

During the analysis process, the volatilised sample is injected and swept through a
heated column via an inert carrier gas stream, such as Ar, He, Hz or N2. A split/splitless injector
(Figure 2.12) is the most common inlet that is used to inject the samples into the GC column

[52]. The analyte molecules are dispersed between the column stationary and mobile phases
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based on their polarity and boiling points [52,53]. Therefore, the gas components are eluted to
the detector by the mobile phase at different times. These are called the retention times, which
are identified for each component. However, these retention times vary according to the
conditions of the experiment such as specific pressure, temperature condition, gas flows, etc.

[53].

Rubber septum

=" Septum purge outlet

Carrier gas inlet —» ——

—— , Split outlet

Heated metal block —

. Vaporisation chamber
Glass liner —

Column

NS

Figure 2.12. A split-splitless vaporising injector [53].

A flame ionisation detector (FID) (Figure 2.13), which is the most common type of
detector, was used in this research to analyse the samples [52]. In this detector, the analyte
becomes ionised in a flame that is produced by combustion of Hz in air [53]. An electrical
potential then drives these ions to a collecting electrode, which creates a small current measured
by the detector in picoampers. The charge quantity formed is relative to the concentration of
the compound present. This current, the response of the detector, is amplified and displayed on

the computer as a chromatogram (electron volts (V) against time (min)) [28,50,51].
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Figure 2.13. A flame ionisation detector [53].

In this research, the reaction products were analysed on a Varian Star 3400 CX on-line
GC instrument that was fitted with a flame ionisation detector and i) a 30 mx0.32 mmx0.5 pum,
10 psi SUPELCOWAX 10, ii) CP-WAX 52CB 30 mx0.32 mmx0.5 um, 15 psi capillary
column (polyethylene glycol, stationary phases). The temperatures of the detector and injector
were selected to be 250 °C and 210 °C, respectively. The flow rate of N2 in the column was 2
mL min. The column oven temperature was programmed as displayed in Figures 2.14 and

2.15.
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Figure 2.14. Temperature program of the column oven COWAX 10 capillary column.
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Figure 2.15. Temperature program of the column oven CP-WAX 52CB capillary column.

2.4.1.2. Quantitative analysis of products by gas chromatography

Typically, the quantitative chromatographic analysis requires calibration of the response of the
detector to each analyte. This can be applied by the utilisation of an internal standards method
[55]. The standard calibrations enable the recognition of the response factor for each analyte,

and this helps to quantify each target sample (Eg. (2.6)) [55].

M = 1/R; X Si X M, (2.6)
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In this equation, M and M, are the molar concentrations of the analyte compound and internal
standard, S/S, is the ratio of the peak areas (detector response), and Rsis the response factor of
the product or the reactant relative to the internal standard.

However, this approach cannot be applied for complex mixtures and very volatile
organic compounds. To overcome this situation, the effective carbon number (ECN)
calculation can be used. This method enables theoretical estimates of relative molar response
factors without the need for individual analyte calibrations [55,56]. The ECN of a molecule is
calculated based on the sum of the carbon number and type of existing functional groups [55].
The FID is a mass-sensitive detector that responds to the number of carbon atoms that enter the
detector per unit of time [57].

Thus, in this research, the ECN was used to examine the response factors of the GC
instrument with the FID as well as to calculate the relative molar response factor through use
of Eq. (2.7) [58]. Table 2.1 below illustrates the ECNs and relative molar response factors for

organic compounds that were studied in this research.

Fmolar = (ECN of reference)/(ECN of compound) (2.7)

Table 2.1. The molecular weights, boiling points, ECNs and relative molar response factors

(Fmolar) for the organic compounds.

Compound Molecular weight Boiling point  Effective carbon Relative molar
(g/mol) (°C) number [57] response factor (F)

MeOH 32 65 0.5 1.0

DME 46 -24 1.0 0.52

EtOH 46 78 15 1.0

DEE 74 35 3.0 0.5

Ethene 28 -104 1.9 0.79°

a relative to MeOH.  relative to EtOH.
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The conversion of the reactant, the selectivity of the product, the rate of reaction and
the activation energy were determined using Egs. (2.8) to (2.14).
The yield of product (Yp), total conversion (X) and the selectivity of a particular product (S)

were evaluated by using Egs. (2.8), (2.9) and (2.10), respectively.

moles of product formed _ (SpXFpXB)

Product yleld (YP) = moles of substrate supplied - (Sp+ (X SpxFpxB) x 100 (28)
Conversion (X) _ moles of substrate reacted % 100 = Z Y (2 9)
moles of substrrate supplied p '
.. __ moles of product formed _n
Select1v1ty (S) " moles of substrate reacted x 100 = X X100 (2'10)

Where Sr and Sp are the peak areas of the unreacted substrate and product, respectively, Fp is

the relative response factor, B is the stoichiometry factor of the product relative to the substrate.

In addition, the rate of reaction (R, mol g* h'!) was determined as:

R =X (2.11)
Here, X is the fractional alcohol conversion, W is the weight of HPAs catalyst and F is the inlet
alcohol molar flow rate.

Turnover rates (per accessible Bransted site, h™t) were calculated as [59,60]:

molecules product

TOF =

(2.12)

timeX active site

Furthermore, the activation energy (Ea) for alcohol dehydration and ether elimination
was quantified under low conversion conditions (conversion < 15%). In this case, the rate of
reaction became almost linearly proportional to the conversion of the substrate. Thus, the
activation energy could be determined using the conversion instead of reaction rate at different

temperatures [61]. The Arrhenius equation was applied to calculate the activation energy (Egs.
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(2.13) and (2.14)) [31]. A plot of In k versus 1/T created a straight line, which could be applied

to calculate the activation energy [18].

k = Aexp(—) (2.13)
Ink = InA —E,/RT (2.14)
Here k is the reaction rate constant, A is the pre-exponential factor, Ex is the apparent activation

energy, R is the gas constant and T is the absolute temperature.

2.5. Catalyst testing in fixed-bed microreactor

2.5.1. Dehydration of methanol and ethanol

The dehydration of MeOH and EtOH was conducted under atmospheric pressure at 100—160
°C in a Pyrex fixed-bed downflow reactor (9 mm internal diameter) fitted with an on-line GC
analysis (Varian Star 3400 CX instrument with a flame ionization detector and a 30 mx0.32
mmx0.5 um SUPELCOWAX 10 capillary column for MeOH dehydration and CP-WAX 52CB
30 mx0.32 mmx0.5 pum capillary column for EtOH dehydration). The temperature in the
reactor was controlled by a Eurotherm controller using a thermocouple placed at the top of the
catalyst bed. The alcohols were supplied by passing N2 carrier gas (10-20 mL mint) controlled
by a Brooks mass flow controller through a saturator, which held liquid anhydrous alcohol at
a controlled temperature (£1°C) to maintain the chosen alcohol partial pressure (Table 2.2)
[61]. The downstream gas lines and valves were heated at 120 °C to prevent the condensation
of substrate and product. The set-up of the continuous flow fixed-bed reactor is shown in Figure
2.16.

Before reaction, the catalysts (0.20 g, 45-180 um particle size) were pre-treated in situ
in N2 flow at the reaction temperature for 1 h. Bulk HPW and HSiW catalysts, having high

densities, were diluted with 0.1 g silica to achieve a plug-flow regime [60]. At regular time
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intervals (ca. 15 min), the downstream gas flow was evaluated via the on-line GC to estimate
the conversion of alcohol and the selectivity of product. The product selectivity was defined as
the percentage of MeOH converted into DME and of EtOH to DEE and ethene considering
reaction stoichiometry; for example, 100% selectivity of DME would mean that 1 mole of
MeOH converted to form 0.5 mole of DME. Typically, the carbon balance was retained within
95%, with a mean absolute percentage error of < 5%. Typical traces of GC for the MeOH and
EtOH dehydration are presented in Figures 2.17 and 2.18.

Table 2.2. Partial vapour pressure of MeOH, EtOH and DEE at different temperatures
(calculated from [61]).

Reactant Temperature (°C) Partial vapour pressure (kPa)
0 3.83
MeOH 25 16.7
30 21.5
0 1.48
EtOH 25 7.66
35 13.6
DEE 0 24
MeOH-H-0 (0.18:0.82 mol) 30 3.84 (MeOH), 3.5 (H20) [62]
EtOH-H,0 (2.08:0.25 mol) 35 ~13.6
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Figure 2.16. Continuous flow fixed-bed reactor set-up for dehydration of alcohols and DEE

elimination.

Where the Key is: (1) particulate filter, (2) Brooks mass flow controller [2a MFC is used to

vary substrate pressure at constant N2 flow rate], (3) check valve (non-return valve), (4) 3-way

valve, (5) saturator containing liquid substrate, (6) temperature-controlled water bath, (7)

stirring hotplate, (8) bypass, (9) thermocouple, (10) Eurotherm temperature controller, (11)

furnace, (12) Pyrex tubular reactor, (13) catalyst bed, (14) glass wool support, (15) Valco

multiposition sampling valve with air actuator, (16) product trap, (17) Varian gas

chromatograph, (18) computer.
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Figure 2.17. GC trace for MeOH dehydration to DME.
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Figure 2.18. GC trace for EtOH dehydration to DEE and ethene.
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2.5.1.1. Proton titration by 2,6-di-tert-butylpyridine during alcohol

dehydration

The number of accessible proton sites in HPA catalysts was determined by in-situ titration with
2,6-di-tert-butylpyridine (DTBP) during alcohol dehydration [63,64]. DTBP pulses (6.5-13
umol, 25-50 puL. of 0.26 M DTBP solution in MeOH or EtOH) were injected using a
microsyringe into the gas feed before the reactor at regular time intervals until the reaction was
terminated. The DTBP pulses were injected ~15 min prior to sampling the gas flow for on-line
GC analysis to allow sufficient time for DTBP adsorption onto the catalyst. The DTBP that
passed through the catalyst was absorbed in a trap and analysed by GC. Dehydration rates were
extrapolated to zero linearly to determine the amount of DTBP required to suppress the
reaction. The number of accessible H* sites in the HPA catalysts was assumed to be equal to
the amount of DTBP (per mole basis) required to terminate the alcohol dehydration (using a

1:1 H":DTBP adsorption stoichiometry) [64,65].

2.5.2. Diethyl ether elimination to ethanol and ethene

Elimination of DEE was performed in the gas phase. The catalytic activities were investigated
under atmospheric pressure in the same fixed-bed microreactor that was used in the dehydration
of EtOH. The substrate was fed by passing the carrier gas (N2) flow controlled by a Brooks
mass flow controller through a saturator, which held liquid DEE at 0 °C (ice bath) to maitain
the DEE partial pressure at 24 kPa [61]. The DEE pressure was varied from 6-24 kPa by
diluting the downstream flow with N2 (Figure 2.16).

The reactor was packed with catalyst powder (0.20 g, 45-180 pum particle size). Bulk
HPW and HSiW catalysts were diluted with 0.1 g silica to achieve plug-flow. Before the
reaction, the catalysts were pre-treated in situ in N2 flow at the reaction temperature for 1 h. At

regular time intervals (ca. 15 min), the downstream gas flow was analysed through the on-line
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GC to gain the conversion of alcohol and the selectivity of the product. The selectivity was
defined on a carbon basis as the molar percentage of DEE converted to EtOH and ethene, taking
into account reaction stoichiometry. The carbon balance was retained within 95%, with a mean

absolute percentage error of < 5%. A typical GC trace for the DEE elimination is shown in

Figure 2.19.
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Figure 2.19. GC trace for DEE elimination to EtOH and ethene.
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Chapter 3 : Investigation of acidity of silica-supported heteropoly
acids by ammonia adsorption calorimetry

3.1. Introduction

Bulk solid HPAs, despite their very strong Brensted acidity, have limited use in heterogeneous
acid catalysis because of their low surface area (1-10 m?g™), hence a low density of surface
acid sites [1-6]. For this reason, supported HPA catalysts, which have a greater number of
accessible acid sites, are generally preferred. SiO. is the most common support since it is
relatively inert to HPAs and available in a wide textural variety [6,7]. Silica-supported tungsten
heteropoly acids HPW/SiO, and HSiW/SiO; have found industrial applications as solid acid
catalysts. For example, HSIW/SIiO; is used as the catalyst for synthesising ethyl acetate from
ethene and acetic acid in vapour-phase processes commercialised by Showa Denko in Japan
[8] and BP Chemicals in the UK [9]. The BP process, trademarked AVADA® (AdVanced
Acetates by Direct Addition of acetic acid to ethene), was launched in 2001 on a scale of 220
kt/y at Hull, UK. In 2008, this plant became the property of INEOS, and its capacity was further
increased to >300 kt/y in 2017 [10]. This is the largest application of heterogeneous acid
catalysis by HPA. A silica-supported HPA catalyst is also used in the Hummingbird®
technology for dehydrating bioethanol to polymer grade ethene in the gas phase developed by
BP Chemicals and recently acquired by TechnipFMC [11]. This technology has been
successfully piloted on a commercial bioethanol feedstock with a catalyst lifetime of 2 years
[11].

HPA dispersion on the SiO> surface depends on the HPA loading: at low loadings, HPW
and HSIW form finely dispersed species on the SiO, surface; at higher loadings, HPA crystal
phase is developed [3,4,6]. Various HPA forms have been detected on the silica surface by

TEM: discrete molecules, clusters 5 nm in size and large crystallites of >50 nm. Their relative

98



Chapter 3 @ Ll\LRPO()L

amounts depend on the HPA loading [3,12]. Dispersion of supported HPAs is routinely
characterised by powder XRD [13-15]. IR spectroscopy of adsorbed pyridine has been applied
to assess the dispersion of supported HPW [15,16]. From DSC, the thermal stability of HPA
may be decreased when HPA is supported on silica [2]. Thus, HPW in 30%HPW/SIiO>
decomposed at 568 °C, whereas bulk HPW decomposed at 599 °C. This has been explained by
the interaction of HPW with SiO. support [2].

'H and *'P MAS NMR investigations have indicated the chemical interaction of HPW
with SiOz support [17-23]. A *H MAS NMR study [17] showed the interaction of HPW with
SiO; and the formation of new weaker proton sites on the SiO. surface, probably via

dehydroxylation reaction (3.1) with the surface Si—OH groups (m < 3).

Hs[PW12040] + m(=Si—OH) — (Si)m*(Hz.m[PW12040])™ + mH,0 (3.1)
In HPWI/SIO: catalysts synthesised by conventional wet impregnation of SiO, with a HPW
aqueous solution, different HPA species have been observed by 3P MAS NMR, including
those resonating at -15 ppm with intact Keggin structure and others resonating from -13 to -14

ppm [3,19,20]. These species have been attributed to bulk surface HPW crystallites and the

“interacting” species (ESi—OH2+)m(H3_m[PW1204O]m'), respectively [15,19]. Evidence has been
presented that the “interacting” species may be dimeric heteropoly acids Hg[P,W,304,] or
H¢[P,W,,0,,], formed from HPW in the course of catalyst preparation [20]. The relative
amounts of these species depend on the HPW loading, with the Keggin species by far
dominating at higher HPW loadings [20]. These dimeric HPAs are also strong acids, although
weaker than the parent HPW, as shown by NHs-MC [24,25]. In contrast, the HPW/SiO>
catalysts prepared by impregnation from methanol solution contain exclusively Keggin-type

species over the whole range of HPW loading [3,20]. The formation of “interacting” HPA
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species may be avoided by immobilizing anhydrous Keggin HPAs onto dehydroxylated SiO»
support using surface organometallic chemistry [26]. Therefore, it would be interesting to
compare the strength of acid sites and the catalytic activity of the silica-supported HPA
catalysts prepared from water and MeOH.

The acid properties of the silica-supported HPW and HSiW have been documented,
although less systematically than those of the bulk HPAs, especially regarding the effect of
HPA loading on the acid strength (([1-5,15,27-29] and references therein). This information
is of great importance for the mechanistic understanding of HPA catalysis and catalyst
optimisation. Most NH3-MC and NHs-TPD studies [2,27,30,31] point to decreasing the acid
strength when HPA is supported on silica due to HPA-support interaction. However, a NHz-
DSC study [15] claims that the strength of HPW supported on silica does not depend on the
HPW loading above 6 wt% and is close to the strength of bulk HPW. It should be noted that
the calorimetric results from different sources are not easy to compare because the heat and the
amount of NHz adsorption depend on HPA pre-treatment and adsorption temperature [2,24,32].

This Chapter describes our investigation of acid properties of the silica-supported HPA
catalysts, containing Keggin-type heteropoly acids HPW and HSiW, with a wide range of HPA
loadings from 5 to 100%. As the silica support, a broadly applied commercial Degussa Aerosil
300 is used. Our main goal is to investigate the effect of HPA loading on the catalyst acid
strength. This includes systematic quantitative evaluation of acidity of bulk and silica-
supported HPW and HSiW at a gas-solid interface using NHz adsorption MC and TGA-DSC
complemented by BET, XRD and IR spectroscopic characterisation of catalyst texture and

HPA structural integrity.
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3.2. HPA/SIO; catalysts

Silica-supported HPA catalysts, 5-70%HPA/SiO2, were synthesised by wet impregnation of
silica with an aqueous and methanol HPA solution and dried at 150 °C/10° kPa for 1.5 h as
described in Chapter 2. The catalysts prepared from water are hereafter designated HPA/SiO>
and those prepared from MeOH HPA/SiO2(m). The HPA loading in the catalysts was
determined from W analysis by ICP-OES. The water content, essential for acidity and activity
characterisation, was determined by TGA. The finished SiO-supported catalysts prepared
from water exhibited a 6 + 1% weight loss to 600 °C attributed to the loss of adsorbed water
and silanol groups of silica (Figures 3.1-3.2). For comparison, pure SiO2 compacted by wetting
with water and dried at 150 °C/107 kPa for 1.5 h had a 4% weight loss to 600 °C. HPW/SiOz(m)
catalysts prepared from MeOH had a 4 £ 1% weight loss to 600 °C largely attributable to water
loss, as MeOH would be partly removed and partly dehydrated during catalyst drying. Bulk
HPW and HSiW dried at 150 °C/107 kPa for 1.5 h exhibited 4 + 1% weight loss to 600 °C (see
Figures 7.1-7.5 in Appendix). Further catalyst drying was not practical because alcohol
dehydration yielded water as a by-product. Acidity characterisation (see below) was carried
out on the catalysts with the specified water content to determine catalyst acid strength at

conditions close to reaction conditions for alcohol dehydration (see Chapter 4).
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Figure 3.1. TGA of 26%HPW/SiO; after pre-treatment at 150 °C/107 kPa for 1.5 h (6.5%
weight loss to 600 °C).
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Figure 3.2. TGA of 27%HSiW/SiO; after pre-treatment at 150 °C/10 kPa for 1.5 h (6.9%
weight loss to 600 °C).

3.3. Catalyst texture and HPA structural integrity

The texture of bulk HPAs and silica-supported HPA catalysts HPW/SiO2, HPW/SiO2(m),
HSiIW/SiO, and HSiW/SiO2(m) with HPA loadings of 5-70% is represented in Tables 3.1 and
3.2, together with the texture of pure silica support. It can be seen that the catalyst surface area
(per gram of catalyst) decreases monotonically with increasing the HPA loading from pure

silica support at zero HPA loading down to 5.7 m?g for bulk HPW and 8.01 m?g* for bulk
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HSIW. Analysis shows that this is mainly the result of the addition of dense HPAs to the SiO>
without significant change of the pore structure.

Figures 3.3-3.6 show that HPA loading had only a small effect on the surface area and
the pore volume per gram of silica up to ~70%HPA loading, which corresponds to an average
HPA surface coverage of ~2 monolayers (calculated assuming an HPA cross section of 144
AZ?[1,3,4] and the surface area of Aerosil 300 silica support of ~300 m?/g). Also, the pore
diameter practically did not change up to ~50%HPA loading in the catalysts prepared from
water and MeOH (Figure 3.7). This suggests that in these catalysts HPAs mainly occupy the
external surface and macropores in silica support without blocking meso- and micropores. At
least, this is valid for the range of 0-50%HPA loading most relevant to practical use of these

catalysts [33].

The HPW and HSIiW catalysts prepared from water and MeOH have similar surface areas per
gram of catalyst, however their porosity is different (Table 3.1 and 3.2). Those prepared from
water have a pore diameter and pore volume about 2-fold greater than those prepared from
MeOH. As a result, given practically the same surface area, the catalysts prepared from water
are more compact, having a 2-fold greater bulk powder density (d) than the ones prepared from
MeOH. The same applies to Aerosil 300 silica support (d = 0.054 g cm™): the support
compacted with water is more dense (d = 0.38 g cm™) than that compacted with MeOH (d =
0.21 g cm™) (Table 3.1). This is the result of a predictably stronger interaction of silica with

water than with MeOH.
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Table 3.1. Information about HPW/SiO, catalysts.

Catalyst? Surface Pore Pore de HPA -AH/? NHs/KU"
area®  volume® diameter? (gcm?®) particle size”  (kJ mol?)
(m’g?) (em’g?) (A) (nm)
SiOy 283 1.2 164 0.38
SiOy(m) 279 0.7 94 0.21
5.8%HPW/SIO; 265 1.1 161 0.34 137
3.8%HPWI/SiOy(m) 257 0.7 107 0.16
11%HPW/SIO; 237 1.1 189 0.38 166 2.9
9.7%HPW/SiO,(m) 241 0.7 113 0.17 151
19%HPW /SiO; 233 1.0 166 0.39 169 2.4
16%HPW/SiOx(m) 226 0.6 100 0.19 16 167
26%HPW/SIO, 188 0.8 178 0.46 13 167 2.7
24%HPWI/SiOz(m) 193 0.5 98 0.23 18 175
45%HPWI/SiO; 153 0.7 177 0.56 18 177 2.5
48%HPWI/SIiO,(m) 152 0.4 99 0.32 20 175
68%HPW/SIiO, 104 0.4 140 0.87 24 192 2.1
66%HPWI/SiO2(m) 101 0.2 88 0.53 22 184
HPW 5.7 0.01 74 3.25 56 203 24
HPW (300 °C) (144) 2.7

AHPW/SIO; catalysts prepared by impregnation from water and HPW/SiO,(m) from MeOH, both calcined
at 150°C/10°2 kPa for 1.5 h; HPA loading from ICP analysis (nominal HPA loading in HPW/SIO;
catalysts: 5, 10, 15, 25, 40 and 60%); water content in the catalysts 5—7%; prior to BET analysis, the
catalysts pre-treated at 250 °C in a vacuum. ® BET surface area per gram of catalyst. ¢ Single point total
pore volume at p/p, = 0.97 per gram of catalyst. ¢ Average BET pore diameter. ¢ Bulk density of catalyst
powder. FFrom XRD, calculated from the Scherrer equation. ¢ Initial enthalpy of NHs adsorption from
NHs-MC at 150 °C, average values from 2—3 measurements (6 kJ mol?); the catalysts pre-treated at 150
°C. " Molecules of NH3 adsorbed per Keggin unit from TGA-DSC; the catalysts pre-treated at 150 °C. |
Aerosil 300 silica compacted by wetting with water and dried at 150°C/10- kPa for 1.5 h.J Aerosil 300
silica compacted by wetting with MeOH and dried at 150°C/10°® kPa for 1.5 h. ¥ AH, from TGA-DSC at
150 °C; prior to TGA-DSC, HPW pre-treated at 300 °C.
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Table 3.2. Information about HSiW/SiO, catalysts.

Catalyst? Surface  Pore Pore de HPA -AH/? NHs/KU"
area® volume® diameter? (gcm?®) particle size” (kJ mol?)
(mg?)  (cmg?) (A) (nm)
SiOy 283 1.2 164 0.38
SiOz(m) 279 0.7 94 0.21
5.8%HSIWI/SIO, 259 1.0 150 0.32 138
4.4%HSiW/SiO(m) 255 0.7 103 0.19
11%HSIW/SIiO, 242 1.0 170 0.36 152 3.5
8.3%HSiW/SiOz(m) 245 06 101 0.18 152
17%HSIW/SIiO, 225 0.9 160 0.36 8.3 156 3.7
13%HSiW/SiOz(m) 229 0.6 102 0.22 5.1 158
27%HSiIW/SIiO, 184 0.8 163 0.44 11 153 3.9
27%HSIW/SiO2(m) 192 05 104 0.27 11 160
46%HSIW/SIO; 143 05 146 0.56 15 157 3.7
44%HSIW/SiO,(m) 152 0.4 105 0.33 18 168
71%HSIW/SIiO, 87 0.3 118 0.96 20 160 3.5
65%HSIW/SiOz(m) 91 0.2 97 0.57 20 169
HSiW 8.01 0.01 68 3.50 43 177 2.9
HSiW (300 °C) (138)« 3.2

2 HSIW/SIO; catalysts prepared by impregnation from water and HSiW/SiO,(m) from MeOH, both
calcined at 150°C/10° kPa for 1.5 h; HPA loading from ICP analysis (nominal HPA loading in
HSIW/SIO; catalysts: 5, 10, 15, 25, 40 and 60%); water content in the catalysts 5-7%; prior to BET
analysis, the catalysts pre-treated at 250 °C in a vacuum. ®* BET surface area per gram of catalyst. ¢Single
point total pore volume at p/p, = 0.97 per gram of catalyst. ¢ Average BET pore diameter. ¢ Bulk density
of catalyst powder. f From XRD, calculated from the Scherrer equation. ¢ Initial enthalpy of NH;
adsorption from NHs-MC at 150 °C, average values from 2—-3 measurements (+6 kJ mol™); the catalysts
pre-treated at 150 °C. " Molecules of NH3 adsorbed per Keggin unit from TGA-DSC; the catalysts pre-
treated at 150 °C. " Aerosil 300 silica compacted by wetting with water and dried at 150°C/10 kPa for
1.5 h. 7 Aerosil 300 silica compacted by wetting with MeOH and dried at 150°C/107 kPa for 1.5 h. “XAH,
from TGA-DSC at 150 °C; prior to TGA-DSC, HPW pre-treated at 300 °C.
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Figure 3.3. Effect of HPW loading on surface area and pore volume of HPW/SiO; catalysts

(open markers represent the values per gram of catalyst, solid markers per gram of SiO>).
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Figures 3.8-3.10 represent the nitrogen adsorption-desorption isotherms for compacted
silica support (Aerosil 300), 26%HPW/SiO> and 27%HSiW/SiO- catalysts. All three are type
IV isotherms indicating a mesoporous material [34,35]. In addition, the isotherms have a H2
hysteresis loop, which indicates non-uniform pores in size and/or shape [36,37] as presented in
Figure 2.4 (Chapter 2). Silica has the pores that fall in the macro/mesoporous range [34,37,38].
Figure 3.11 displays the pore size distribution of compacted SiO,, 26%HPA/SIO, and
27%HSiW/SiO; obtained by the BJH method from desorption isotherms. All pore size
distributions peak at 239-329 A pore diameter (mesopores) [39,40]. Similar results were
observed for all HPA/SiO2 and HPA/SiO2(m) catalysts (see Figures 7.6-7.9 in Appendix).
From these results, it appears that supporting HPA practically did not affect silica pores, which

confirm the conclusions made above.
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Figure 3.8. N2 adsorption-desorption isotherm for compacted SiO> support.
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Figure 3.9. N2 adsorption-desorption isotherm for 26%HPW/SiO; catalyst.
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Figure 3.10. N2 adsorption-desorption isotherm for 27%HSiW/SiO, catalyst.
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XRD patterns for HPW/SiO2, HSiW/SiO2, HPW/SiO2(m) and HSIW/SiO2(m) are
shown in Figures 3.12-3.15. In HPW/SIO; catalysts, HPW crystal phase appears from
11%HPW loading, whereas in HSiW/SiO> catalysts, HSiW crystallites are seen from a higher
HSIW loading of 17%. The HPA crystal phase in supported catalysts exhibits the diffraction
patterns exactly matching those for the bulk HPAs [13-15,30,32,36,41-44]. This confirms the
structural integrity of HPW and HSiW on the silica surface, i.e., the same crystal structure of
bulk and supported HPA crystallites. The average size of HPA crystallites on the silica surface
(Tables 3.1 and 3.2) was evaluated from the Scherrer equation, with FWHM (full width at half
maximum) calculated using the Origin software (Chapter 2).

As expected, the size of HPW and HSIW crystallites increases with HPA loading. HPW
and HSiIW crystallites formed from aqueous and methanol solutions at similar HPA loadings
have a similar size (Table 3.1 and 3.2), which suggests that these solvents make little difference
to HPA crystallization [20]. Notably, the HSiW crystallites are smaller than the HPW ones at
similar HPA loadings, indicating a higher HSiW dispersion on the silica surface compared to
HPW.

Therefore, from the BET and XRD data, it can be concluded that in silica-supported
catalysts HPA is mainly localized on the external surface and in macropores rather than within
meso- and micropores of support. Increasing the HPA loading causes the HPA crystallites to
grow without a significant increase in HPA coverage of the silica surface. Also, these results
point to a higher surface proton sites density in HSiW/SiO; catalysts compared to HPW/SiO>
at equal HPA loadings, which is not only because HSiW has more protons than HPW per
Keggin unit, but also due to the higher dispersion of HSiW on the silica surface compared to

HPW. This can affect the activity of these catalysts (see Chapters 4 and 5).
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Figure 3.12. XRD patterns for HPW/SiO> with different HPW loadings: (1) 5.8%, (2) 11%,

(3) 19%, (4) 26%, (5) 45%, (6) 68% and (7) bulk HPW.
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Figure 3.14. XRD patterns for HPW/SiO2(m) with different HPW loadings: (1) 3.8%, (2)
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Figure 3.15. XRD patterns for HSiW/SiOz(m) with different HSIW loadings: (1) 4.4%, (2)
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DRIFT spectra for HPW/SiO,2, HSIW/SiO2, HPWI/SiO2(m) and HSIW/SiOz(m)
catalysts together with the reference spectra of bulk HPW and HSiW are presented in Figures
3.16-3.19. Bulk HPAs display the well-known infrared bands of metal-oxygen stretching
vibrations in the range of 700-1100 cm™ characteristic of Keggin heteropoly anions, in
agreement with the literature [1,4,14,36,43,45,46].

Bulk HPW shows four bands at 808 cm™ (W—O-W edge-sharing), 889 cm™* (W—O-W
corner-sharing), 984 cm?® (W=0) and 1082 cm? (P-O) (Figures 3.16 and 3.18). The
corresponding bands for bulk HSiW occur at 792 cm™ (W—-O-W edge-sharing), 881 cm™ (W-
O-W corner-sharing), 927 cm (Si-0) and 980 cm™ (W=0) (Figures 3.17 and 3.19). It can be
seen that these bands are present unchanged in the spectra of silica-supported HPAs, except for
the bands of W-O-W at 889, 808 cm™ in HPW/SiO, and HPW/SiO2(m) and the band of W-
O-W at 792 cm™ in HSIW/SiO, and HSiW/SiO2(m), which are obscured by the intense bands
of silica centred at 804 and 1108 cm™ [36,44,47]. This shows that the structure of Keggin units
(primary structure) in all HPA catalysts is largely intact, in agreement with previous reports

[4,6,14,22,45].
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Figure 3.16. DRIFT spectra of HPW/SIO, catalysts (KBr mixtures): (1) SiO2, (2)
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Figure 3.17. DRIFT spectra of HSIW/SIO: catalysts (KBr mixtures): (1) SiO2z, (2)
5.8%HSIW/SIO2, (3) 11%HSIW/SiO,, (4) 17%HSIW/SIO2, (5) 27%HSIW/SiO2, (6)
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3.4. Acid properties of HPW and HSiW supported on silica

Initial enthalpies of NH3 adsorption on bulk and silica-supported HPW and HSIW catalysts
prepared from water and MeOH, AH,, representing the strongest catalyst proton sites, are
summarized in Tables 3.1 and 3.2 at different HPA loadings, including bulk HPW and HSiW.
These values were obtained by extrapolating the differential enthalpy of NHs adsorption
measured by NH3-MC to zero NH3 uptake. The catalysts were pre-treated at 150 °C in dry N>
flow for 3 h, and adsorption measurements were conducted at the same temperature of 150 °C.
In these measurements, the total NH3 uptake corresponded to the neutralization of 40-100% of
proton sites in the HPAs present in the catalysts. The absolute error in AH, was * 6 kJ mol™.,

Previously, several studies have reported the AHo values for the bulk HPW and HSIW
[22,24,32,48,49]. It has been firmly established that these values depend on the adsorption and
pre-treatment temperature. The heat of adsorption (-AH,) decreases when the temperature is
increased [24,32,49]. At the same time, the amount of NH3 adsorbed increases with increasing
the temperature [32]. These effects have been correlated with the amount of hydration water
present in bulk HPAs. At lower temperatures, larger amounts of water present in HPA can
cause hydration of NH4" ions, thus increasing the heat of adsorption. Simultaneously, the water
can block access for NHz molecules to the HPA bulk, thus reducing the amount of NH3
adsorbed [32]. Within the temperature range of 150-200 °C, the AH, values are typically close
to -200+10 kJ mol* for the bulk HPW and -180+10 kJ mol™ for the bulk HSiW [22,24,48,49].
Our results from NH3-MC, AH, = -203+6 kJ mol™* for HPW (Table 3.1) and -177+6 kJ mol-
Yfor HSIW (Table 3.2) at the pre-treatment and NHz adsorption temperature of 150 °C (average
of three measurements) are in good agreement with the literature values. Increasing the pre-

treatment temperature to 300 °C at NHs adsorption temperature of 150 °C led to a decrease in
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the heat of adsorption: AH, = -144 kJ mol™* for HPW (Table 3.1) and -138 kJ mol™? for HSiwW
(Table 3.2), as expected.

Figure 3.20 shows the plot of differential heat of NH3 adsorption as a function of NH3
uptake of bulk HPW and HSiW, and Figure 3.21 shows the extrapolation of these data to zero
NH3 uptake. It can be seen in Figure 3.20 that the total NH3 uptake is somewhat less than the
stoichiometric amount, i.e., 3 NH3 molecules per Keggin unit for HPW and 4 for HSiW, which

may be due to the water present in the HPAs blocking access for NHs molecules.
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Figure 3.20. Differential heat of NHz adsorption on bulk HPW and HSiW as a function of NH3
uptake at 150 °C.
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Figure 3.21. Extrapolation of differential heat of NHs adsorption to zero NHs uptake: bulk
HPW (solid circles), bulk HSiW (open circles) at 150 °C.

The reproducibility of microcalorimetric measurements, including batch to batch
reproducibility, for HPA/SiO catalysts is illustrated in Table 3.3. For 27%HSiW/SiO: catalyst,
as an example, the average error in a series of five measurements was 5 kJ mol™. In general,
the error was +6 kJ mol™ in a typical series of 3 measurements.

Figure 3.22 illustrations the initial heat of NHz adsorption (-AHo) as a function of HPA
loading. As seen, the strength of HPA catalysts increases monotonically with HPA loading,
with HPW, as expected, being stronger than HSIW at any loading. This trend can be
rationalized assuming that HPA-support interaction reducing the strength of HPA proton sites
should decline with increasing HPA loading, thus leading to an increase in the catalyst acid
strength. The drop in the adsorption heat below 10% loading may be due to a stronger HPA-
support interaction causing partial decomposition or dehydroxylation of HPA catalysts by
reaction (3.1).

The plots of AH, versus HPA loading above 10% HPA loading (Figure 3.22) can be

represented by linear regressions (Egs. (3.2) and (3.3)) for HPW/SiO2 and HSiWI/SIO,
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respectively, where (HPW%) and (HSiW%) are the HPA loadings in wt%. These regressions
can be used for calculating AH, at any HPA loading above 10% for the catalyst system under

study.

(-AHo) = 0.435x(HPW%) + 159.9 (3.2)

(-AHo) = 0.242x(HSiW%) + 148.2 (3.3)

The increase in adsorption heat with HPA loading is significant: by 37 kJ mol™* for HPW/SiO;
and 25 kJ mol™ for HSIW/SiO- as the HPA loading increases from 10 to 100 %. This should
affect the turnover catalyst activity (per accessible proton site), which generally scales with the
catalyst acid strength obeying the Brgnsted relationship. This is indeed the case, as
demonstrated later in Chapter 4 for the dehydration of MeOH and EtOH.

The HPW/SIO; catalysts prepared from water and HPW/SiO2(m) prepared from MeOH
have practically the same acid strength at the same HPW loading (Figure 3.22). Therefore, the
dimeric heteropoly acids He[P2W18Os2] and He[P2W21071], if formed [20], do not significantly
affect the catalyst acid strength as these HPAs are quite strong themselves [24,25]. From NHs-
MC study [25], bulk Hs[P2W1sOe2] is weaker than bulk HPW, but silica-supported

20%Hs[P2W18062]/SiO2 and 20%HPWY/SiO> have similar acid strengths.
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Table 3.3. Reproducibility of initial enthalpy of NHz adsorption for 27%HSiW/SiO2?.

Catalyst Calcination AH.P
temperature (°C) (kJ mol ™)
27.3%HSiIW/SiO,° 150 -159
27.3%HSiIW/SIiO- 150 -156
27.3%HSiIW/SiO- 150 -151
27.1%HSiW/SiOy" 150 -150
27.1%HSIW/SiO2 150 -147
27.20+£0.11% HSIW/SIiO.° 150 -153+5

aHSiW/SiO; catalysts prepared by impregnation from water, calcined at 150 °C/10° kPa for 1.5 h; HPA
loading from ICP analysis; water content in the catalysts 5-7%; ° Initial enthalpy of NH; adsorption
from NH3-MC at 150 °C; ¢ ¢ Different batches of HSiW/SiO, catalyst. ¢ Average results.
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Figure 3.22. Effect of HPA loading on initial heat of NH3 adsorption on silica supported HPAs.
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The total NH3 uptake was determined for the HPA/SIO; catalysts prepared from water,
as well as for bulk HPW and HSiW, using TGA-DSC. The NH3 adsorption was measured at
150 °C after catalyst pre-treatment at 150 °C. For the bulk HPAs, it was also measured at
150 °C after pre-treatment at 300 °C (TGA-DSC traces for bulk HPW and HSiW are displayed
in Figures 3.23 and 3.24). Figures 3.25 and 3.26 show the TGA-DSC traces of 26%HPW/SiO>
and 27%HSiW/SiO,. The results are given in Tables 3.1 and 3.2 in terms of the number of NH3
molecules adsorbed per Keggin unit, NHs/KU. All supported HPA/SiO: catalysts reached NH3
uptakes close to the stoichiometric values, i.e. 3 for HPW catalysts and 4 for HSiW catalysts,
in agreement with the previous reports [15,30]. As expected, bulk HPW and HSiW adsorbed
less than stoichiometric amounts of NHj3 after pre-treatment at 150 °C than after pre-treatment

at 300 °C (see the last entries in Tables 3.1 and 3.2).
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Figure 3.23. TGA-DSC for NHs adsorption on bulk HPW at 150 °C after pre-treatment at 300
°C: (a) heat flow, (b) weight.
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Figure 3.24. TGA-DSC for NH3 adsorption on bulk HSiW at 150 °C after pre-treatment at 300
°C: (a) heat flow, (b) weight.

20 A - 24
18 - 23.9
~ 16 - 23.8

- 23.7
14 A
e a [ 23.6

- 23.5

Heat flow (a.u.
S
Weight (mg)

, P M -~ L
o AWT'*’";"N;MW i'mlmﬂrww WW“’ (SR o 23.4
[MW Wr“*‘*T Tl G

oy

mmmzww G - 23.3

6 . S : : : 23.2
30 80 130 180 230 280

Time (min)

Figure 3.25. TGA-DSC for NH3 adsorption on 26%HPW/SiO; at 150 °C after pre-treatment
at 150 °C: (a) heat flow, (b) weight.
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Figure 3.26. TGA-DSC for NH3 adsorption on 27%HSiW/SiO> at 150 °C after pre-treatment
at 150 °C: (a) heat flow, (b) weight.

In summary, our acidity characterisation demonstrates that the acid strength of silica-
supported HPA catalysts increases monotonically with HPA loading all the way up to 100%
loading. It might have been expected that at high loadings, ~70%, HPA-silica interaction
would be minimal, and the protons would be as strong as in the bulk HPA. In fact, at 70%
loading, the average HPA coverage of silica surface is only ~2 monolayers, hence the HPA-
support interaction should still be significant to affect the acid strength. The question is how
can the HPA-silica interaction affect the acid strength of HPA ensembles on the surface? Two
mechanisms can be suggested. The first one is via dehydroxylation reaction (Eq. (3.1)) with
the surface Si—OH groups. The second, and more important one, arises from the fact that
protons generally tend to reside on the most basic sites. In bulk HPA, the surface protons are
located on the bridging outer oxygen atoms in the Keggin anion [3,49,50]. In silica-supported
HPA, the protons are expected to be located on the neighbouring oxygen atoms of the support,
which are more basic than the outer oxygen atoms in the Keggin anion. Fast proton mobility in

bulk HPAs is well documented; the proton mobility is accelerated by water present in HPA
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[1,3-5,51]. The presence of water in HPA/SIiO> catalysts should, therefore, enhance proton
migration from the Keggin anion to the neighbouring oxygen atoms of silica. A previous *H
MAS NMR study [17] has reported different proton locations in bulk and silica-supported
HPW. Bulk HPW shows strong proton sites signal at 9.3 ppm. In the spectrum of HPW/SiO»,
only the silanol groups signal at 1.8 ppm can be seen up to 20%HPW loading. 37%HPW/SiO>
shows a signal at 5.0 ppm from weaker proton sites. The signal of strong protons at 9.3 ppm
appears only above 50%HPW loading. This demonstrates that proton sites in HPW/SiO> have
a different chemical structure from the bulk HPW. It has been suggested that in HPW/SiO3, the
proton sites are located on silanol (A) and siloxane (B) groups of silica rather than on the outer

oxygen atoms in the PW12040> polyanion [20,50].

\ \\Si\
<_Si_OH2+> (H3_1[PW50401™) < Son* (H3.4[PW15040]™)
/ ~
n /Sl n

I

A B

Bulk and supported HPA catalysts exhibit different compensation effects in isopropanol
dehydration, attributed to the different chemical structure of the surface proton sites in these

catalysts [50].

3.5. Conclusions

Quantitative information about the acid properties of silica-supported HPA catalysts is of great
significance for a host of reactions occurring in the presence of such catalysts regarding catalyst
optimisation and understanding of mechanistic aspects. In this study, the acid properties of bulk
and 5-70% SiO.-supported Keggin-type HPAs (HPW, HSiW) have been systematically
characterised at a gas-solid interface using NHs adsorption microcalorimetry, complemented
by textural and structural catalyst characterisation using BET, XRD and FTIR. For these

catalysts, a widely applied commercial Aerosil 300 (Degussa) has been used as the silica
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support. From BET analysis, the HPA in these catalysts is mainly localized on the external
surface and in macropores rather than within meso- and micropores of support. XRD shows
that at similar HPA loadings, HSiW has a higher dispersion than HPW on the silica surface.
As a result, HSiW/SiO- catalysts have a higher surface proton sites density than HPW/SiO;
this is not only because HSiW has more protons per Keggin unit but also due to its higher
dispersion on the silica surface in comparison to HPW. It is demonstrated that the acid strength
of HPA/SIO; catalysts increases monotonically with HPA loading, with HPW being stronger
than HSiW at any HPA loading.

Further, this data will be used for in-depth research into the mechanism of alcohol

dehydration and related reactions in Chapter 4 and 5.
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Chapter 4 : Dehydration of methanol and ethanol catalysed by
silica supported heteropoly acids in the gas phase: Surface-type
versus bulk-type catalysis mechanism

4.1. Introduction

Dehydration of MeOH to DME and EtOH to DEE and ethene (Egs. (4.1)—(4.3)) is of significant
interest in relation to sustainable development [1-3]. DME is a multimarket product, which has
attracted interest as a supplement to LPG and a clean diesel alternative [4,5]. Ethene is
considered as one of the essential precursors in synthesising a variety of polymers and

chemicals [6], and DEE is an aprotic solvent, anesthetic and a green fuel alternative [7].

2CH30H — CH3OCHs + H,0 4.1)
CH3CH20H — CH»=CH; + H-0 4.2)
2CH3CH20H — (CH3CH>).0 + H.0 (4.3)

HPAs are one of the most extensively investigated catalysts in these reactions [8-21].
Bulk HPAs have a low surface area (1-10 m?g™), hence a low density of surface acid sites
[8,22-25]. For this reason, supported HPA catalysts are mainly used in heterogeneous acid
catalysis. It has been recently demonstrated that SiO» supported heteropoly acids exhibit higher
catalytic activities in EtOH and MeOH dehydration reactions [9,12,15].

Kinetics and mechanism of MeOH and EtOH dehydration in the gas phase over HPA
catalysts has been the subject of several studies ([9,12,15-18] and references therein). Rigorous
mechanistic investigation of MeOH and EtOH dehydration over a series of highly dispersed
silica-supported HPAs (5 wt% HPA loading), including reaction kinetics and DFT analysis of

elementary steps, has been published [15-17]. Typically, at 100-140 °C, these reactions follow
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the Langmuir-type rate equation and are zero-order in alcohol at a not too low alcohol partial
pressure due to saturation of surface acid sites with alcohol molecules.

In contrast to the finely dispersed supported HPAS, bulk and heavily loaded supported
HPAs could catalyse the dehydration of light C1-C4 alcohols via a bulk-type (pseudo-
homogeneous) mechanism, with all HPA protons, bulk and surface, being catalytically active
sites [8]. This is backed by the ability of bulk HPAs to absorb alcohol molecules in large
quantities into interstitial space [10,26-28]. It has been argued, however, that the bulk-type
process would be diffusion controlled [25,29], hence inconsistent with high activation energies
(Ea) of alcohol dehydration. The reported Ea values for MeOH dehydration over bulk HPW
and HSiW are 82 and 85 kJ mol™ [12]; for i-PrOH dehydration over bulk HPW, Ea = 90 kJ
mol 1 [30]. Linear Brgnsted-type correlations between the turnover rates, In(TOF), and catalyst
acid strengths, represented by the initial enthalpies of NHs adsorption, have been established
for MeOH, EtOH and i-PrOH dehydration over HPA catalysts, which hold for both bulk and
supported HPAs [9,12,30]. For MeOH-to-DME dehydration, this correlation holds for bulk and
supported HPAs (15% loading) as well as for HZSM-5 zeolite catalysts, which suggests that
the reaction with all these catalysts occurs via the mechanism of surface acid catalysis [12].

On the other hand, it has been reported recently that the bulk-type mechanism may be
realized for the dehydration of MeOH over bulk HPW if the HPA is thermally pre-treated to
remove crystallisation water from the interstitial space thus making it available for absorption

of MeOH [10,29].

The aim of this work is to provide new mechanistic insights concerning the role of the
bulk-type and surface-type HPA catalysis in MeOH and EtOH dehydration over silica-
supported HPA catalysts, HPW/SiO, and HSIW/SiO, prepared by HPA impregnation from

water and MeOH. We looked at the effect of HPA loading and acid strength on the dehydration
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reactions at conditions relevant to practice (5—100% HPA loading). The acid properties of these
catalysts were systematically characterised at a gas-solid interface using ammonia adsorption
calorimetry (NH3-MC and TGA-DSC) complemented by BET, XRD and IR spectroscopic
characterisation of catalyst texture and HPA structural integrity (Chapter 3). The stability of
HPA/SIO> catalysts during alcohol dehydration was also examined. The activity of HPA/SiO>

catalysts was compared with the activity of zeolite HZSM-5.

4.2. Activity testing and reproducibility studies

Silica-supported HPA catalysts, 5-70%HPA/SiOz, were prepared by wet impregnation of silica
with aqueous and MeOH HPA solutions and dried at 150 °C/10 kPa for 1.5 h as described in
Chapter 2. Previously, it was found that such catalyst pre-treatment provided the best
performance in alcohol dehydration [9,12,30] and in other low-temperature reactions of polar
molecules [23] in terms of both activity and catalyst stability. Moreover, the catalysts that had
been dried at higher temperatures (250 °C/10° kPa/1.5 h) showed a significant decline in
activity before reaching a steady state, which may be attributable to the adsorption of water
formed during the alcohol dehydration. The acid properties of these catalysts, together with
their textures, are given in Tables 3.1 and 3.2 in Chapter 3. The structural integrity of HPA on
the silica surface was confirmed by DRIFT spectroscopy and XRD (Chapter 3). The
dehydration reactions were investigated through use of the fixed-bed microreactor with on-line
GC analysis. The reactor set-up is presented in Figure 2.16 (Chapter 2).

Typically, gas-phase dehydration of MeOH and EtOH was examined over SiO»-
supported HPA catalysts at 120 °C for 4 h time on stream. The reproducibility of these results
was studied by repeating the reaction 2-3 times under the same conditions (reaction
temperature and alcohol partial pressure). In some cases, catalyst preparation was also repeated

in order to examine batch-to-batch reproducibility. The representative results are given in Table
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4.1. These results show that the reproducibility of conversion and reaction selectivity in the

repeated runs as well as the batch-to-batch reproducibility were generally good.

Table 4.1. Reproducibility of results for MeOH dehydration over HPA catalysts.?

HPA catalyst Conversion (%) DME selectivity (mol %)
26%HPW/SiO, 28.9 100
26%HPW/SIO, 27.6 100
24%HPWI/SIO; 31.8 100
24%HPW/SIO, 30.3 100
24%HPWI/SIO, 27.6 100
13%HSiW/SiOz(m) 238 100
13%HSiW/SiO,(m) 22.4 100
27%HSIW/SiO2(m) 33.0 100
27%HSiW/SiOz(m) 29.5 100

aHPA/SIO; catalysts prepared by impregnation from water and HPA/SiO2(m) from MeOH. Reaction
conditions: 0.20 g catalyst, 120 °C, 3.83 kPa MeOH partial pressure, 20 mL min? N flow rate, 4 h time

on stream.

4.3. Stability of catalyst performance

The stability of HPA/SiO- catalysts were investigated during MeOH dehydration at different
alcohol partial pressures at 120 °C. It was found that MeOH conversion decreased as the MeOH
partial pressure was increased from 3.38 to 21.8 kPa. At the same time, catalyst stability
improved, with practically no catalyst deactivation at 16.7 and 21.8 kPa MeOH partial
pressures for 24 h on stream (Figure 4.1). The amount of coke that was formed in MeOH

dehydration was also found to decrease with increasing MeOH partial pressure (Table 4.2).
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Figure 4.1. Time course of MeOH dehydration to DME over 26%HPW/SiO- (0.20 g catalyst,

20 mI min N, flow rate, 120 °C and 3.83-21.8 kPa MeOH partial pressure, contact time W/F
=105-18.4 g h mol™?).

Table 4.2. C and H combustion analysis of spent catalysts after use in MeOH dehydration at
different MeOH pressures.

Spent catalyst MeOH pressure (kPa)  C (wt%) H (wt%)
26%HPW/SIO> 3.83 0.21 0.40
26%HPW/SIO> 16.7 0.10 0.50
26%HPWY/SiO> 21.8 0.10 0.50
27%HSIW/SiO; 3.83 0.35 0.43
27%HSIW/SIO, 16.7 - 0.50
27%HSiW/SiO, 21.8 0.10 0.48

Reaction conditions: 0.20 g catalyst, 120 °C, 20 mL min™ N; flow rate and 24 h time on stream.
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A similar stable performance was also detected in EtOH dehydration over 27%HSiW/SiO; at
a higher EtOH partial pressure of 13.6 kPa at 160 °C (Figure 4.2). This can be explained by the
inhibition of catalyst coking at high alcohol pressures. From combustion analysis (CHN) of the
spent 27%HSIW/SIO> catalyst, it was found that less than 0.2% coke was formed in EtOH

dehydration during 24 h on stream.

100 -
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Figure 4.2. Time course of EtOH dehydration to DEE and ethene over 27%HSiW/SiO> (0.20

g catalyst, 20 ml min't N, flow rate, 160 °C, 13.6 kPa EtOH partial pressure, contact time W/F
=29.4 g h mol ™).

Figure 4.3 shows a long-term test of MeOH dehydration over 27%HSiW/SiO> catalysts
at 140 °C at a high MeOH partial pressure of 28 kPa. The catalyst exhibited excellent stability

without any deactivation during 160 h on stream.
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Figure 4.3. Time course of MeOH dehydration to DME over 27%HSiW/SiO2 (0.40 g catalyst,

10 ml mint N, flow rate, 140 °C and 28.1 kPa MeOH pressure, contact time W/F =57.0 g h
mol™).

We also examined the effect of water on the stability of HPA/SiO; catalysts in MeOH
and EtOH dehydration. The dehydration of MeOH was carried out over 27%HSiW/SiO; at
120 °C with the use of a MeOH-H-0 (0.18:0.82 mol) solution for feeding MeOH and water
into the reactor by bubbling a N2 flow through at 30 °C. This provided a gas mixture containing
MeOH (3.84 kPa partial pressure) and water (3.50 kPa H2O partial pressure) (calculated from
Raoult’s law [31]) for the dehydration reaction. The results were compared with those obtained
with pure MeOH (Figure 4.4). As expected, the MeOH conversion in the MeOH-H-0 system
decreased (by 18%) compared with that of pure MeOH. At the same time, catalyst stability
significantly improved, with practically no deactivation observed during 24 h reaction time.
Less than 0.1% of coke was detected in the catalyst after the reaction. It should be noted that

the presence of H2O in the system did not influence the selectivity of DME.
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Figure 4.4. Effect of water on MeOH dehydration over 27%HSiW/SiO- (0.20 g catalyst, 20
ml min? N2 flow rate, 120 °C): (1) pure MeOH (3.83 kPa) and (2) MeOH (3.84 kPa) + H20
(3.50 kPa); DME selectivity was 100% in both cases.

Addition of water also improved the stability of the HPA/SIO, catalysts in the
dehydration of EtOH to ethene and DEE. In this case, EtOH-H>O (2.08:0.25 mol) azeotrope
was used to feed EtOH and water instead of pure EtOH. Comparison of the dehydration of
EtOH over a 26%HSiW/SiO: catalyst with and without addition of H,O at 140 °C and 13.6
kPa EtOH partial pressure is presented in Figure 4.5. In both cases, a good catalyst stability
was observed, yet it was slightly better in the presence of water. As expected, in the presence
of water, the conversion of EtOH (48%) was lower compared with that for pure EtOH (64%).
Also as expected, the DEE selectivity increased at the expense of ethene. This may be attributed
to the competitive adsorption of H,O and EtOH on active sites [21,32,33]. A very stable
performance was observed in the long-term stability test for 24 h on stream when the EtOH
azeotrope was used over a 26%HPW/SiO; catalyst at 13.6 kPa EtOH partial pressure and 160
°C (Figure 4.6). Less than 0.1% coke was found in the catalyst after this reaction. These results

indicate that H>O inhibits catalyst coking and thus improves catalyst stability [34,35].
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Figure 4.5. Effect of water on the conversion of EtOH to DEE and ethene over 26%HSiW/SiO>
(0.20 g catalyst, 20 ml min N, flow rate, 140 °C, 13.6 kPa EtOH partial pressure, contact time
W/F = 29.4 g h mol™): pure EtOH (solid markers) and EtOH-H-O azeotrope (open markers).
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Figure 4.6. Time course of EtOH dehydration (EtOH-H2O azeotrope) over 26%HPW/SiO-
(0.20 g catalyst, 20 ml mint N flow rate, 160 °C, 13.6 kPa EtOH pressure, contact time W/F

=29.4 g h mol?).
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4.4. Effect of HPA loading in dehydration of methanol and ethanol over
HPA/SIO; catalysts

Here we examined the effect of HPA loading and acid strength on alcohol conversion and
product selectivity in the dehydration of MeOH to DME and EtOH to DEE and ethene (Egs.
(4.1)-(4.3)) at the gas-solid interface over HPA/SiO> catalysts over a wide range of HPA
loadings (5-100%), seeking to provide new mechanistic insights regarding the role of bulk-
type and surface-type HPA catalysis in these reactions. The dehydration reactions were mainly
carried out 120 °C at low to medium alcohol conversions to keep the reactions under kinetic
control. Typically, the reaction time was 4 h, during which practically no catalyst deactivation
was detected (see reaction time courses in Figures 4.7-4.9). HPW and HSiW retained the
Keggin structure after reaction, as shown by DRIFT spectroscopy and XRD patterns of spent

HPA/SIO; catalysts (Table 7.1 and Figures 7.10-7.15 in Appendix).
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Figure 4.7. Time course for dehydration of EtOH over 19%HPW/SiO> (0.20 g catalyst, 120
°C, 1.48 kPa EtOH partial pressure, 20 mL min™* N2 flow rate, contact time W/F =271 g h mol’
1 4 h time on stream).
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Figure 4.8. Time course for dehydration of EtOH over 17%HSiW/SiO; (0.20 g catalyst, 120
°C, 1.48 kPa EtOH partial pressure, 20 mL min™* N flow rate, contact time W/F = 271 g h mol-

1 4 h time on stream).
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Figure 4.9. Effect of MeOH partial pressure (16.7-21.8 kPa) on conversion of MeOH to DME
over 26%HSiW/SiO2 (0.20 g catalyst, 20 ml min™* N2 flow rate, 120 °C).
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Representative results on the effect of HPA loading on steady-state alcohol conversion
and product selectivity at a constant contact time W/F are shown in Figures 4.10-4.14. As can
be seen from Figure 4.10, MeOH conversion for both HPW and HSiW catalysts passes through
a maximum at an HPA loading between 25 and 70%. This shows that catalyst activity scales
with the number of surface proton sites in HPA/SIO> catalysts, which follows a similar trend
passing a maximum at 40-50% HPA loading [36]. Notably, HSiW catalysts have a slightly
higher activity than HPW catalysts in terms of the conversion per gram of catalyst despite the
opposite order of their acid strength. For both catalysts, the selectivity to DME was 100%, no
other products were observed. Similar results were obtained for HPA/SiO2(m) catalysts

prepared from MeOH (Figure 4.11).
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Figure 4.10. Effect of HPA loading on MeOH-to-DME conversion over silica-supported HPA
(0.20 g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min™ N flow rate, contact time W/F
=105 g h mol™?, 4 h time on stream; 100% DME selectivity in all cases).
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Figure 4.11. Effect of HPA loading on MeOH-to-DME conversion over HPA/SiO2(m)
prepared from MeOH (0.20 g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min™* N, flow
rate, contact time W/F = 105 g h mol, 4 h time on stream; 100% DME selectivity in all cases).

The higher activity of HSiW compared to HPW per catalyst weight can be explained
by the larger density of accessible proton sites in HSiW catalysts in comparison to HPW ones.
This is because HSiW has the larger number of protons per Keggin unit and a higher dispersion
on the silica surface compared to HPW (see Chapter 3). The turnover reaction rate for HPW
catalysts, however, was higher than for HSiW catalysts in agreement with their acid strength
(see below).

HPW/SiO2(m) catalysts prepared from MeOH exhibited similar activities to HPW/SiO>
prepared from water (Figure 4.12) in agreement with their similar acid strengths (Figure 3.22,

Chapter 3); the same was observed for HSiW/SiO2(m) and HSiW/SiO; catalysts (Figure 4.13).
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Figure 4.12. Effect of HPA loading on MeOH-to-DME conversion over HPW/SiO; prepared
from water and HPW/SiO2(m) prepared from MeOH (0.20 g catalyst, 120 °C, 3.83 kPa MeOH
pressure, 20 mL min* N flow rate, contact time W/F = 105 g h mol™, 4 h time on stream;
100% DME selectivity in all cases).
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Figure 4.13. Effect of HPA loading on MeOH-to-DME conversion over HSiW/SiO; prepared
from water and HSiW/SiO2(m) prepared from MeOH (0.20 g catalyst, 120 °C, 3.83 kPa MeOH
pressure, 20 mL min N flow rate, contact time W/F = 105 g h mol™, 4 h time on stream;
100% DME selectivity in all cases).
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EtOH dehydration showed similar activity trends to MeOH dehydration (Figure 4.14
A), with HSiW being also more active than HPW per catalyst weight. The selectivity to ethene
scaled with EtOH conversion (Figure 4.14 B), passing a maximum, whereas the selectivity to
DEE, as expected, was a mirror image of the ethene selectivity. HPW catalysts gave a higher
ethene selectivity than HSIW catalysts despite the higher EtOH conversion for the HSIW
catalysts. In this regard, it has been shown that the selectivity depends not only on the catalyst
acid strength and the number of accessible proton sites, but also on the geometry of, and local
charges in, the transition states, which are likely to be different for HPW and HSiW catalysts
[17].

A similar behavior was also observed for HPA/SIO> catalysts at higher alcohol partial
pressures 13.6 kPa for EtOH and 16.7 kPa for MeOH, indicating that the accessible surface

protons on HPA catalysts were unaffected by the alcohol pressure (Figures 4.15 and 4.16).
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Figure 4.14. Effect of HPA loading on EtOH conversion (A) and DEE and ethene selectivity
(B) over silica-supported HPA (0.20 g catalyst, 120 °C, 1.48 kPa EtOH partial pressure, 20 mL
min’t N, flow rate, contact time W/F = 271 g h mol™, 4 h time on stream).
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Figure 4.15. Effect of HPA loading on EtOH conversion (A) and DEE and ethene selectivity
(B) over silica-supported HPA (0.20 g catalyst, 140 °C, 13.6 kPa EtOH partial pressure, 20 mL
min’t N2 flow rate, contact time W/F = 29.5 g h mol, 4 h time on stream).
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Figure 4.16. Effect of HPA loading on MeOH-to-DME conversion over HPA/SiO; (0.20 ¢
catalyst, 120 °C, 16.7 kPa MeOH pressure, 20 mL min™ N, flow rate, contact time W/F = 24 g
h mol™, 4 h time on stream: 100% DME selectivity in all cases).

Overall, these results show that HPA loading of about 25% is an optimum one to
achieve the maximum MeOH and EtOH conversion; further increase in HPA loading gives no
significant rise in alcohol conversion. However, ethene selectivity in EtOH dehydration peaks
at about 70% HPA loading (Figure 4.14 B). In these experiments performed at 120 °C, the
maximum ethene selectivity was 60% at 80% EtOH conversion. The selectivity to ethene
reached 100% at 100% EtOH conversion (100% ethene yield) at 160 °C and W/F =271 g h
mol™ for 26%HPW/SiO2 and 27%HSiW/SiO- catalysts (see below). For comparison, one of

the most active zeolites, HZSM-5 (Si/Al = 12.5), gives 98% ethene yield at 220 °C [37].

4.5. Reaction kinetics

With the optimum HPA loadings, 26%HPW/SIO, and 27%HSiW/SiO., the dehydration of
MeOH and EtOH was close to zero order in alcohol at 120 °C and 1.48-21.8 kPa alcohol partial

pressure.
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Figure 4.17 displays the logarithmic plot of the rate of MeOH dehydration over
27%HSIW/SIO; catalyst versus MeOH partial pressure demonstrating the order in MeOH of

0.1+0.1.
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Figure 4.17. Logarithmic plot of the rate of MeOH dehydration over 27%HSiW/SiO2 (mol g°
1 per HPA weight) versus MeOH partial pressure (kPa) at 120 °C, 0.20 g catalyst weight,
10-20 mL mint N, flow rate and 3.83-21.8 kPa MeOH partial pressure.

From zero-order kinetics, MeOH dehydration had a true activation energy (Ea) of 79 kJ
mol* for 26%HPW/SiO2 and 74 kJ mol* for 27%HSiW/SiO; in the temperature range of 110—
140 °C (see the Arrhenius plots in Figure 4.18). EtOH dehydration had the same activation
energy Ea = 72 k] mol for both catalysts in this temperature range. The high Ea values indicate
no diffusion limitations in these dehydration systems, which is also supported by the Weisz—
Prater analysis reported previously [9]. These findings agree with previous reports on alcohol

dehydration on supported HPA catalysts with sub-monolayer HPA loadings [9,12].
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Figure 4.18. Arrhenius plots for MeOH dehydration over 26%HPW/SiO, (dotted line) and
27%HSIW/SIO; (solid line) (HPA/SIO> catalysts (0.05 g) diluted with SiO> (0.15 g), 3.83 kPa
MeOH partial pressure, 20 mL min™ N, flow rate, W/F = 26.2 g h mol; R is the reaction rate
in mol g*h); Ea = 79 kJ mol™? for 26%HPW/SiO, and 74 kJ mol™* for 27%HSiW/SiOx.

4.6. Mechanistic considerations

The finding that the steady-state alcohol conversion passes a maximum upon increasing the
HPA loading at a constant contact time (Figures 4.10-4.16) has an important mechanistic
implication. It shows that the catalyst activity scales primarily with the number of surface
proton sites (H* surface site density) rather than with HPA loading or HPA acid strength (the
latter increases with HPA loading (Figure 3.22, Chapter 3). The H* surface site density in
HPA/SIO> catalysts is well known to go through a maximum at a medium HPA loading; it
increases with loading of HPA up to 40-50% and then declines at higher HPA loadings due to
the sharp decrease in catalyst surface area to less than 10 m?g* for bulk HPA [36]. Thus in
HSIWI/SIO- catalysts, the proton surface site density peaks at 50% HSIW loading, as found

using adsorption of benzonitrile, which adsorbs only on the surface proton sites [36].
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The activity of this catalyst in n-butane isomerization and 1-butene double bond migration
occurring via surface-type catalysis correlates with the proton surface site density [36].

The number of surface proton sites accessible for alcohol molecules in HPA/SIO>
catalysts was determined by in-situ titration with 2,6-di-tert-butylpyridine (DTBP) during
alcohol dehydration using a modified pulse method based on the titration procedure previously
applied for finely dispersed HPA/SiO; and zeolites [15-17,38,39]. Sterically hindered DTBP,
unable to penetrate into HPA bulk, titrates only surface H" sites in HPA [15-17]; it does not
titrate Lewis acid sites. Previous studies [15,17] have found an under a stoichiometric number
of active H* in 5%HPA/SiO; for dehydration of MeOH and EtOH: 2.0-2.5 and 1.9-3.0 per
HPW and HSiW Keggin unit, respectively. The loss of HPA protons may be explained by the
dehydroxylation reaction (Eq. (3.1), Chapter 3) [15]. At a higher HPW loading, in
10%HPWY/SiO, all three HPW protons have been found active in EtOH dehydration, and the
result did not depend on the alcohol partial pressure [17].

Here, the DTBP titration was used to assess the number of active proton sites in
HPA/SiO> catalysts accessible for alcohol dehydration over a wide range of HPA loading. The
number of active H* sites found was close to the stoichiometric values for 10-30%HPA
loading. Figure 4.19 B shows the DTBP titration during EtOH dehydration over
26%HPW/SiO.. The reaction was completely suppressed at a titrant uptake DTBP/HPW = 3.0
mol/mol, which means that all three protons in HPW were active and accessible for the
reaction. The same result was obtained for MeOH dehydration. Interestingly, in EtOH
dehydration, after the first DTBP pulse, a step change in reaction selectivity occurred showing
an increase in DEE selectivity at the expense of ethene (Figure 4.19 A). Evidently, DTBP

primarily inhibited the more demanding pathway of ethene formation.
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Figure 4.19. Titration with 2,6-di-tert-butylpyridine (6.5 umol DTBP injections at each point
starting at 100 min time on stream) during EtOH dehydration over 26%HPW/SiO> (0.20 g
catalyst, 140 °C, 13.6 kPa EtOH pressure, 20 mL mint N, flow rate); reaction time course (A)
and DTBP uptake per mole of HPW (B).
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A similar effect on reaction selectivity was also observed for 27%HSiW/SiO> catalyst.
The DTBP titration during EtOH dehydration over 27%HSiW/SiO> (Figure 4.20) gave an
extrapolated titrant uptake DTBP/HSiW = 2.8, which tailed further beyond DTBP/HSiW = 4
to completely terminate the reaction. This may indicate that initially all four protons in
H4SiW12040 were equivalent and accessible for the reaction. But the last titrated proton in
[HSiW12040]*> may be weaker than the first three and/or less accessible for DTBP, hence

required more DTBP for neutralization.

60 -

EtOH conversion (%)

DTBP/HSIW (mol/mol)

Figure 4.20. Titration with 2,6-di-tert-butylpyridine (6.5 pmol DTBP injections at each point)
during EtOH dehydration over 27%HSiW/SiO2 (0.20 g catalyst, 140 °C, 13.6 kPa EtOH

pressure, 20 mL min N2 flow rate).

In the case of bulk and supported HPA catalysts with higher HPA loadings (> 40%),
the addition of DTBP, although greatly reduced alcohol conversion, did not completely
terminate the reaction (Figures 4.21-4.23). Probably alcohol molecules could penetrate
through the layer of adsorbed DTBP and react with the protons underneath. Hence for these

catalysts it was not possible to accurately measure the number of active proton sites.
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Figure 4.21. Titration with 2,6-di-tert-butylpyridine (13 umol DTBP injections at each point)
during MeOH dehydration over bulk HPW (0.05 g) + SiO> (0.15 g) showing MeOH conversion
versus DTBP uptake per mole of HPW (120 °C, 3.83 kPa MeOH pressure, 20 mL min™® N;

flow rate).

MeOH conversion (%)
©c o B B = = B
(o] (o] o N B~ (o] (o]

o
N

o
(N

o
o

10

o
N
g
(o]
(o]

DTBP/HSIW (mol/mol)

Figure 4.22. Titration with 2,6-di-tert-butylpyridine (13 umol DTBP injections at each point)
during MeOH dehydration over bulk HSiwW (0.05 g)+ SiO (0.15 g) showing MeOH conversion
versus DTBP uptake per mole of HSiW (120 °C, 3.83 kPa MeOH pressure, 20 mL min* N

flow rate).
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Figure 4.23. Titration with 2,6-di-tert-butylpyridine (6.5 umol DTBP injections at each point)
during EtOH dehydration over bulk HPW (0.05 g) + SiO2 (0.15 g) showing EtOH conversion
versus DTBP uptake per mole of HPW (140 °C, 13.6 kPa EtOH pressure, 20 mL min™* N flow

rate).

DRIFT spectrum of bulk HPW catalyst after titration with DTBP during EtOH
dehydration (Figure 4.24) shows the bands at 1530, 1616 and 3370 cm™ characteristics of the
protonated DTBP [38,39]. The same bands are seen in the spectrum of DTBP adsorbed on bulk

HPW.
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Figure 4.24. DRIFT spectra: (1) DTBP (KBr mixture), (2) DTBP adsorbed on bulk HPW (KBr
mixture versus KBr + HPW background) and (3) spent bulk HPW catalyst after titration with
DTBP during EtOH dehydration (KBr mixture versus KBr + HPW background; see reaction
details in Figure 4.23). The labelled bands at 1530, 1616 and 3370 cm™ are attributed to the
protonated DTBP.

Tables 4.3 and 4.4 show the density of H* surface sites and the initial enthalpies of NHs
adsorption for the bulk and SiO2-supported HPW and HSiW catalysts together with turnover
frequencies (TOF) for MeOH and EtOH dehydration. The H* density for 11-27%HPA loading
was calculated assuming that all protons of HPA were accessible, as follows from the DTBP
titration. The H* density for the bulk HPAs was calculated using the Keggin unit cross-section
of 144 A?[8,12,23,24] and the HPA surface area from Table 3.1 and 3.2 (Chapter 3). The H*
surface site density increases from 0.12 to 0.27 mmol g* for HPW/SiO, and from 0.15 to 0.38
mmol g for HSiW/SiO with increasing HPA loading in the range 11-27%. For bulk HPA:s,
the proton site density is 10-fold lower (0.020 and 0.037 mmol g for HPW and HSiW) - only

~2% of the total number of HPA protons.
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Table 4.3. Dehydration of MeOH over HPA/SIO- catalysts.?

Catalyst HPA loading Surface H*®  Conversion 10°R® TOFY  -AHc®
% mmol g* % mol gtht ht kJ mol?

HPW/SIO, 11 0.115 15 14 12 166
17 0.177 26 2.5 14 167f
26 0.271 29 2.8 10 167
100 0.020 6.2 0.59 30 203

HSIW/SiO, 11 0.153 17 1.6 12 152
14 0.195 24 2.3 11 152f
27 0.375 35 3.3 8.9 153
100 0.037 8.5 0.81 22 177

20.20 g catalyst, 120 °C, 3.83 kPa MeOH partial pressure, 20 mL min* N, flow rate, contact time W/F
=105 g h mol™. ® Proton surface site density per gram of catalyst. ¢ Reaction rate R = XF/W, where X is
the fractional alcohol conversion, F is the inlet molar flow rate of alcohol and W is the catalyst weight.
4 TOF per H* surface site. ¢ Initial enthalpy of NH3 adsorption +6 kJ mol™. f Calculated from Egs. (3.2)
and (3.3), Chapter 3.

The TOF values for MeOH and EtOH dehydration, determined from zero-order
Kinetics, are almost constant at lower HPA loadings between 10-30%, where the catalyst acid
strength changes very little. The TOF values increase significantly for bulk HPAs: almost 3-
fold for MeOH and 10-fold for EtOH dehydration, which is consistent with the catalyst acid
strength represented by the enthalpy of NHs adsorption. HPW catalysts have greater turnover
rates than HSiW catalysts, especially for the bulk HPAs, in agreement with their acid strength.
From the TOF values, the reactivity of MeOH and EtOH is very close at relatively low HPA
loadings of 10-30%. Unexpectedly, in the case of bulk HPAs, EtOH is 3—4 times more reactive
than MeOH. This could be caused by a different adsorption geometry of these alcohols on the

surface of bulk crystalline HPAs.
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Table 4.4. Dehydration of EtOH over HPA/SiO; catalysts.?

Catalyst HPA loading ~ Surface H*®  Conversion 10°R® TOFY  -AHc®
% mmol g* % mol g*ht nht kJ mol
HPW/SIO, 11 0.115 36 1.3 12 166
19 0.201 50 1.9 9.3 169
26 0.271 72 2.7 9.8 167
100 0.020 58 2.1 110 203
HSIW/SIO, 11 0.153 41 15 9.9 152
17 0.236 56 2.1 8.8 156
27 0.375 72 2.7 7.1 153
100 0.037 64 2.4 64 177

20.20 g catalyst, 120 °C, 1.48 kPa EtOH partial pressure, 20 mL min? N, flow rate, contact time W/F
=271 g h mol™. ® Proton surface site density per gram of catalyst. ¢ Reaction rate R = XF/W, where X is
the fractional alcohol conversion, F is the inlet molar flow rate of alcohol and W is the catalyst weight.

4 TOF per H* surface site. ¢ Initial enthalpy of NH3 adsorption =6 kJ mol.

The results obtained clearly show that the steady-state activity of silica-supported HPA
catalysts in alcohol dehydration correlates with the density of HPA surface proton sites since
both the activity and the proton site density change in parallel with HPA loading. This indicates
that under the reaction conditions studied, MeOH and EtOH dehydration over bulk and silica-
supported HPA catalysts, prepared from water as well as from MeOH, occurs via the
mechanism of surface-type HPA catalysis within the whole range of HPA loading rather than
via the bulk-type (pseudo-homogeneous) HPA catalysis. For the bulk-type mechanism, the
conversion is expected to scale directly with the HPA loading.

This conclusion applies to the typical HPA/SIO> catalysts i.e., those prepared and pre-
treated by conventional methods. Such catalysts contain variable quantities of water within the

HPA interstitial space resulting from both catalyst preparation and alcohol dehydration. Bulk
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anhydrous HPAs might absorb alcohol molecules into the interstitial space and possibly
initially react through the bulk-type mechanism as claimed elsewhere [10], although once a
steady state is reached, the interstitial space would be filled with water formed in the
dehydration reaction. Most of our catalytic activity tests was carried out at 120 °C to keep
reactions under kinetic control; at higher reaction temperatures, more relevant to practice, the
bulk-type mechanism appears even less likely due to reduction in total adsorption of alcohol
molecules as well as possible diffusion limitations.

Previously, a linear relationship between the turnover frequency of EtOH dehydration
over HPW and HSIW catalysts and the initial enthalpy of NH3 adsorption, AHo, has been
reported [9]. This relationship includes HPW supported on, TiO2, SiO2, Nb2Os and ZrO; at a
sub-monolayer coverage of 15%. Acidic salts Cs25HosPW12040 and Csz.25H0.75PW12040, as
well as 15%HSiW/SIiO; all operate via the surface-type mechanism [9]. Figure 4.25 shows this
plot, with our new results for bulk HPW and HSiW from Table 4.4 added. Excellent fit of these
results into the relationship further strengthens the conclusion about the surface-type

mechanism of HPA catalysis in alcohol dehydration.
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Figure 4.25. A plot of In (TOF) for EtOH dehydration (TOF in h'!) over HPA catalysts vs
initial heat of NH3 adsorption (120 °C, 0.20 g catalyst, 1.48 kPa EtOH partial pressure, 20 mL
mint N flow rate) [9]. The added data for bulk HPW and HSiW (open circles) are from the

present work.

4.7. Comparison of activity of HPA/SiO; catalysts and zeolites

Zeolites are widely applied as solid acid catalysts. Zeolites are crystalline aluminosilicate
materials comprising [SiO4]* and [AlIO4]> tetrahedra connected by oxygen atoms to form a
three-dimensional structure with uniform channels and cages of 3 to 13 A size and high surface
areas (400-800 m?gt) [40-42]. Proton forms of zeolites have a high proton site density,
relatively strong acid strength, large surface area and high thermal stability [43].

Numerous studies have demonstrated the high catalytic activity of zeolites for EtOH
dehydration, including HZSM-5, BEA, Faujasite, Ferrierite and Mordenite [3,37,44-50].
Among zeolite catalysts, HZSM-5 has attracted the most attention owing to its high acidity and
ability to catalyse reactions at relatively low temperatures [3,37,44,45]. Hence, it was important

to compare the activity of HPA and HZSM-5 catalysts in EtOH dehydration.
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For comparison, we chose 26%HPW/SiO2, 27%HSiW/SiO2 and commercial HZSM-5
zeolites (47 and 12). The Si/Al ratios were determined using ICP-OES analysis and found to
be close to those specified by the manufacturer. The surface area and porosity of the HZSM-5
zeolites are gived in Table 7.2 and their XRD patterns are shown in Figure 7.16 in Appendix.
The HZSM-5 zeolite (47) had a proton site density of 0.35 mmol g, which was similar to the
total number of protons in 27% HSiIW/SiO2 (0.38 mmol g*) and 26% HPW/SiO, (0.27 mmol
g!) while HZSM-5 (12) had a 4-fold greater proton site density (1.28 mmol g?).

Figure 4.26 (A-C) shows the light-off tests for these catalysts and demonstrates the
effect of reaction temperature on EtOH conversion and DEE and ethene selectivity. As seen,
the two HPA catalysts performed very similarly; both reached 100% conversion and 100%
ethene selectivity at 160 °C. HZSM-5 (47) exhibited lower activity despite similar proton site
density; it reached 100% EtOH conversion at 200 °C with an ethene selectivity of 99% (1% of
C1—C3 hydrocarbons also formed). HZSM-5 (12) with a four-fold greater proton site density
reached 98.6% EtOH conversion and 94.8% ethene selectivity at 200 °C (5% C:-Cs
hydrocarbons also formed).

Therefore, the HZSM-5 catalyst was significantly less active than 26%HPW/SiO; and
27%HSIW/SIO> per unit catalyst weight. Also, HPAs have been reported to be superior in
activity over zeolites with different Si/Al ratios in MeOH dehydration [12].

The difference in catalyst performance can be explained in terms of the weaker acid
strength of HZSM-5 zeolite compared to HPA catalysts, as determined by NH3z-MC (-AH, =
120-140 kJ mol? for HZSM-5) [12]. Diffusion limitations in zeolite micropores could also
contribute to its inferior catalytic activity [47]. However, zeolites (Si/Al = 47) exhibited good

performance stability in EtOH dehydration for 20 h on stream, as shown in Figure 4.27.
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Figure 4.26. Effect of temperature on (A) EtOH dehydration, (B) ethene selectivity and (C)
DEE selectivity over HPA/SiO2 and HZSM-5 (0.20 g catalyst, 20 ml min N flow rate, 1.48
kPa EtOH pressure, contact time W/F = 271 g h mol™).
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Figure 4.27. Time course for dehydration of EtOH over HZSM-5 (47) (0.20 g catalyst, 20 ml
min’t N, flow rate, 180 °C, 1.48 kPa EtOH pressure, contact time W/F = 271 g h mol™?).

165



Chapter 4 @ LI\LRPO()L

4.8. Conclusions

In this study, we have examined the effect of HPA loading and acid strength in the dehydration
of MeOH and EtOH over HPA/SIO; catalysts with a wide range of HPA loadings 5-100%
prepared by HPA impregnation from water and MeOH. HSiW and HPW catalysts show close
catalytic activities per HPA weight, with HSIW having a slightly higher activity despite its
weaker acid strength. This can be elucidated by the larger number of protons per Keggin unit
and the higher dispersion of HSiW compared to HPW. The turnover reaction rate for HPW
catalysts is higher than that for HSiW catalysts in agreement with their acid strength. The
catalysts prepared from water and MeOH had a very close acid strength and exhibited similar
activities in alcohol dehydration. Besides, HPA catalysts based on SiO, have been shown to
have greater catalytic activity than zeolites HZSM-5.

It has been established that the steady-state catalyst activity correlates with the surface
proton site density of silica-supported HPA catalysts rather than with the HPA loading or HPA
acid strength. This indicates that alcohol dehydration occurs via the mechanism of surface-type
HPA catalysis at the gas-solid interface rather than the bulk-type (pseudo-homogeneous) HPA
catalysis. This conclusion is further strengthened by fitting the activity of bulk HPW and HSiW
into the activity-acid strength relationship for supported HPA catalysts operating via the

surface-type catalysis.
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Chapter 5 : Diethyl ether conversion to ethene and ethanol
catalysed by heteropoly acids

5.1. Introduction

The dehydration of EtOH is a promising reaction for the production of ethene (Eg. (5.1)) and
DEE (Eq. (5.2)) from renewable non-petroleum resources [1-4]. This reaction can be carried
out in the gas phase over solid acid catalysts such as zeolites, metal oxides and HPAs (HPW,
HSiIW) [5-17]. HPAs, having a stronger acidity ([18-23] and references therein), exhibited

high activity in this reaction [7-9,17,24,25].

CH3CH20OH — CH>=CH; + H20 (5.1)
2CH3CH20H — (CH3CH>).0 + H20 (5.2)
(CH3CH2).0 — CH3CH20H + CH>=CH (5.3)

DEE is a key intermediate in the EtOH-to-ethene dehydration [8,13-16]. In the
presence of an acid catalyst, DEE undergoes elimination to produce ethene and EtOH (Eq.
(5.3)); the latter, in turn, dehydrates to ethene (Eg. (5.1)). The mechanism of ethene formation
from EtOH dehydration is debated ([13] and references therein). DEE forms in EtOH
dehydration at low temperatures, whereas ethene forms at higher temperatures, either directly
from EtOH or via DEE elimination or both [13]. Therefore, knowledge about the acid-catalysed
elimination of DEE can shed the light on the mechanism of the EtOH-to-ethene dehydration
and help in optimising the production of ethene. DEE elimination is also of interest in its own
right to convert spent DEE into useful products such as ethene and EtOH [14,16].

The EtOH-to-ethene dehydration is suggested to proceed via the bimolecular
elimination mechanism E2. This mechanism involves simultaneous cleavage of C—H and C-O

bonds in alcohol by a pair of acid H" and base B catalyst sites (Scheme 5.1) [24,26]. From the
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general concept of heterolytic 1,2-elimination reactions [27], a similar E2 mechanism may be
assumed for the acid-catalysed DEE elimination to form ethene and EtOH (Scheme 5.1). E2

mechanism has been suggested for the elimination of DEE on y-Al>Os from DFT modelling

[13].
I?'H_.——OH
E {
CH3CH20H + HB =— II——C I CHZZCHZ + H20 + HB
HH/ \H
—CH,
B BH-C
/ k
CH;CH,0OCH,CH; + HB =—== i —c) ——> CH,=CH, + CH,CH,OH + HB
/ N\
H H

Scheme 5.1. E2 elimination of EtOH and DEE by a pair of acid H* and base B sites.

Several studies on DEE elimination over y-alumina have been published [13-16]
including kinetics [15] and DFT analysis of reaction mechanism [13]. Phung and Basca [14]
have reported the elimination of DEE in the presence of zeolite and oxide catalysts at 150-450
°C, with the catalyst activity decreasing in the order: HZSM-5 > USY > y-Al,03 = SiO2-Al,0s.
The most active catalyst HZSM-5 gives 90% ethene selectivity at 100% DEE conversion at
350 °C; 10% of higher hydrocarbons is also formed [14]. Little has been published, however,
on the elimination of DEE over HPA catalysts so far, except for a brief report by Bokade and
Yadav [8] on DEE elimination over HPW supported on clay at 150-250 °C with a moderate
ethene yield of 58% at 250 °C.

In this work, we investigate the elimination of DEE to ethene and EtOH in the presence
of bulk and supported Brgnsted solid acid catalysts based on tungsten Keggin HPAs (HPW and
HSiW) at a gas-solid interface. Our primary goal is to compare the activity and selectivity of

HPA catalysts with that of conventional catalysts such as zeolites and metal oxides. We also
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aim to establish a relationship between the turnover activity of HPA catalysts and their acid

strength and gain an insight into the reaction mechanism.

5.2. Catalysts and reaction conditions

The Bronsted acid catalysts used in this work included bulk and supported HPA catalysts: (i)
bulk HPW, HSIW and acidic heteropoly salt CsPW; and (ii) silica-supported HPW and HSiW
with a wide range of HPA loadings from 5.8 to 71%. The emphasis was put on the HPA/SIO>
catalysts that are most interesting for practical applications. For comparison, HPW supported
on TiO2 and ZrO> at a sub-monolayer loading of ~15% were also included. The HPA catalysts
were synthesised by wet impregnation of oxide supports (SiO2, TiOz and ZrO.) with an aqueous
HPA solution as described in Section 2.2.2. and dried at 150 °C/10 kPa for 1.5 h [28,29].
CsPW was prepared using the procedure in the literature [30], which was described in Section
2.2.5. From TGA, the finished catalysts contained 5-7% of H2O; further drying was not
practical because the reaction under study yielded HO as a by-product. The HPA catalysts that
are studied in this work have been thoroughly characterised previously regarding their texture,
structural integrity and acid properties (acid strength and acid site density) using BET analysis,
DRIFT spectroscopy and XRD, microcalorimetry and TGA-DSC of NHs adsorption,
respectively (see Chapter 3 and ref. [28,29,31]). The acid properties of these catalysts together
with their texture are summarised in Table 5.1. Tungsten Keggin HPAs are well known to be
the purely Brgnsted acids, as demonstrated by IR spectroscopy of adsorbed pyridine, with their
strength close to super acidity (([18-23] and references therein). The initial enthalpies of NH3
adsorption on bulk and supported HPW and HSiW catalysts extrapolated to zero NH3 coverage,
AHo, represent the strongest catalyst proton sites. The acid strength of HPA catalysts under
study declines in the order HPW > HSIW > CsPW for bulk catalysts and HPW/SiO, >

HSIW/SiO, > HPW/TIO, > HPW/ZrO; for supported catalysts [28,29]. The acid strength
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decreases in the following sequence: SiO2 > TiO2 > ZrOz, which has been attributed to the
increasing interaction between the support and HPA [28,29].

Previously, in Chapter 3, it has been shown that the strength of HPA/SIO, catalysts
increases monotonically with HPA loading up to 100% loading, as illustrated in Figure 3.22
presenting the AH, values from Table 5.1. This trend has been explained by HPA-support
interaction reducing the strength of HPA proton sites at lower HPA loadings. From TPD of
benzonitrile, there is no strong surface Brgnsted acid sites in HSIW/SiO2 with low HSIW
loadings 5-10%; strong acid sites form at higher loadings, probably in the second layer of

HSIW on the SiO2 surface [32].

The conversion of DEE to ethene and EtOH was carried out at 150-250 °C under
atmospheric pressure in a Pyrex fixed-bed reactor fitted with on-line GC analysis as explained
in detail in Section 2.5.3 (Chapter 2). The DEE pressure was varied from 6-24 kPa [33] by
diluting the downstream flow with N». The reactor set-up is presented in Figure 2.16.

Prior to reaction, the catalysts (typically 0.20 g) were pre-treated in situ at the reaction
temperature for 1 h in N2 flow. The downstream gas flow was analyzed by the on-line GC to
obtain DEE conversion and product selectivity. Each catalyst test was carried out at least twice.

Typically, the reactions were conducted for 4 h time on stream (TOS) unless stated otherwise.

176



Chapter 5 @ LI\LRPO()L

Table 5.1. Catalyst characterisation.

Catalyst? Surface area® Pore volume®  Pore diameter® -AH®
m?gt cmgt A kJ mol*
ZrO; 95 0.1 31
TiO, 44 0.1 90
SiO; 283 1.2 164
HPW 5.7 0.01 74 203
HSIW 8.01 0.01 68 177
CsPW 130 0.1 27 164
14%HPWI/ZrO, 69 0.1 29 121
15%HPWITIO, 46 0.2 164 143
5.8%HPWI/SiO, 265 1.1 161 137
11%HPWI/SIO, 237 1.1 189 166
17%HPWI/SIO, 226 0.9 158 1677
26%HPWI/SIO, 188 0.8 178 167
43%HPW/SIO; 150 0.6 150 179f
57%HPW/SIO; 94 0.3 139 185f°
5.8%HSIW/SiO, 259 1.0 150 138
11%HSIW/SiO, 242 1.0 170 152
14%HSiW/SiO, 222 1.0 183 152f
25%HSiW/SiO, 191 0.8 167 154°F
46%HSIW/SIO, 143 0.5 146 157
71%HSiIWI/SIO; 87 0.3 118 160

aHPA loading from ICP-OES analysis. " BET surface area. ¢ Single point total pore volume at p/p, =
0.97. ¢ Average BET pore diameter. © Initial enthalpy of NH3 adsorption extrapolated to zero NHs;
coverage from NHs adsorption microcalorimetry at 150 °C (+6 kJ mol?) (Chapter 3, [28,29]).
Calculated from Egs. ((3.2) and (3.3), Chapter 3).

5.3. Diethyl ether elimination: Thermodynamic analysis
The thermodynamic analysis includes determining the Gibbs free energy, equilibrium constant
and equilibrium conversion for DEE elimination (Egs. (5.3) and (5.4)) and EtOH-to-ethene

dehydration (Eq. (5.1)) in the ideal gas system at 1 bar pressure. Initial thermodynamic data on
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the formation functions A G° and A H°, as well as S° and C,, at standard conditions (298.15 K

and 1 bar) are shown in Table 5.2.

DEE = EtOH + CoHa (5.3)
DEE = 2C,Ha + H20 (5.4)
EtOH = CoHa + H20 (5.1)

Table 5.2. Initial thermodynamic data (298.15 K, 1 bar, ideal gas phase). ?

Compound AG° AfH° Se Cop

kJ mol kJ mol JmoltK1 J moltK1
H20 -228.6 -241.8 188.8 33.6
CaH4 68.4 52.4 219.3 42.9
EtOH -167.9 -234.8 281.6 65.6
Et.O -252.1 342.7 119.5

a CRC Handbook of Chemistry and Physics, 84" ed., 2003-2004.

Equations (5.5-5.10) used for the calculations are given below, where K; is the
equilibrium constant, and x is the equilibrium conversion. ACp was assumed to be independent

of temperature, i.e., ACp = ACy°. Tables 5.3, 5.4, and 5.5 summarise the results.

AH = AH® + AC,° (T - 298.15) (5.5)
AS = AS° + ACy° In (T/298.15) (5.6)
AG = AH - TAS (5.7)
Kp = exp{-AG/RT} (5.8)

For Eqg. (5.1) and (5.3):
Kp = X2P/(1-x?), where P is the total pressure (1 bar).

x = JK,J(P + K,) (5.9)

For Eq. (5.4):
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From this equation, x was calculated by the trial and error method.

Table 5.3. Thermodynamics of DEE elimination (DEE = EtOH + C2Ha).2
T T AH AS AG Ko X
°C K kJmolt  Jmol*K?! kImol?  bar
25 298.15 69.7 158.2 22.53 1.13E-04 0.011
75 348.15 69.2 156.5 14.67 6.30E-03 0.079
125 398.15 68.6 155.0 6.88 1.25E-01 0.334
175 448.15 68.1 153.7 -0.84 1.25E+00 0.746
225 498.15 67.5 152.6 -8.49 7.78E+00 0.941
275 548.15 67.0 1515 -16.10 3.42E+01 0.986
300 573.15 66.7 151.0 -19.88 6.48E+01 0.992

At 1 bar, AC,° = -11.0 J moltK™,

Table 5.4. Thermodynamics of EtOH-to-ethene dehydration (EtOH = C2H4 + H20). 2
T T AH AS AG Kp X
°C K kImol?  Jmol'K? kImol!  bar
25 298.15 45.4 126.5 7.68 4.51E-02 0.208
75 348.15 46.0 128.2 1.37 6.24E-01 0.620
125 398.15 46.5 129.7 -5.14 4.72E+00 0.908
175 448.15 47.0 130.9 -11.66 2.29E+01 0.979
225 498.15 47.6 132.1 -18.21 8.11E+01 0.994
275 548.15 48.1 133.1 -24.86 2.34E+02 0.998
300 573.15 48.4 133.6 -28.17 3.70E+02 0.999

At 1 bar, AC,° = 10.9 J mol*K™.
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The DEE dehydration (Eq. (5.4)) is the sum of reactions (5.1) and (5.3).

Thermodynamic data for reaction (5.4) were obtained by combining the data from Tables 5.3

and 5.4 and shown in Table 5.5.

Table 5.5. Thermodynamics of DEE dehydration (DEE = 2C2Hs + H20).

T T AH AS AG Ko X

°C K kIJmol?  Jmol'K? kJImol?  bar?

25 298.15 115.1 284.7 30.22 5.08E-06 0.016
75 348.15 115.1 284.7 15.98 4.00E-03 0.10
125 398.15 1151 284.7 1.748 5.90E-01 0.52
175 448.15 115.1 284.7 -12.49 2.85E+01 0.96
225 498.15 115.1 284.6 -26.72 6.33E+02 0.998
275 548.15 115.1 284.6 -40.95 7.99E+03 1.00
300 573.15 115.1 284.6 -48.07 2.40E+04 1.00

From the data in Tables 5.3 and 5.5, the equilibrium composition of ideal gas system

containing DEE, EtOH, C>H4 and H2O was calculated. The results are given in Table 5.6.

Table 5.6. Equilibrium composition of ideal gas system containing DEE, EtOH, C2H4 and H,O

(mol% based on C2Ha) as a function of temperature at ambient pressure starting from pure

DEE.
T T Equilibrium composition Comment
°C K DEE EtOH C2Ha H20
0 273.15 50.0 0 0 0
25 298.15 49.0 0.5 0.5 0 from Eq. (5.3)
75 348.15 46.0 15 2.5 25  fromEgs. (5.3), (5.1)
125 398.15 24.0 0 52.0 26.0 fromEq. (5.4)
175 448.15 2.0 0 96.0 48.0 from Eq. (5.4)
225 498.15 0.1 0 99.8 49.9 from Eq. (5.4)
275 548.15 0 0 100 50 from Eq. (5.4)
300 573.15 0 0 100 50 from Eq. (5.4)
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Figure 5.1 shows the composition of an ideal gas system containing DEE, EtOH, C2H4
and H>O at equilibrium as a function of temperature at ambient pressure calculated from
thermodynamic data [33]. This diagram represents the DEE elimination system starting from
pure DEE. Thermodynamic analysis shows that DEE elimination (Eqg. (5.3)) is less favourable
than EtOH-to-ethene dehydration (Eq. (5.1)), with AG° = 22.53 kJ mol (Table 5.3) and 7.7 kJ
mol* (Table 5.4), respectively. The equilibrium concentration of EtOH is very small and passes
a maximum at about 100 °C (Figure 5.1). Phung and Basca [14] have reported thermodynamic

analysis for this system starting from pure EtOH. Our analysis is in agreement with their data.

100
Ethene
_ 801
X
©
E 60 -
c
=
2 40 - Water
o
S
o
]
20 -
oY TOTSEIOY - (EITITIT TP IPINIPOn Beseeeriiiieieins . . .
300 350 400 450 500 550 600

Temperature (K)

Figure 5.1. Equilibrium composition of an ideal gas system containing DEE, EtOH, C>H4 and
H20 as a function of temperature at ambient pressure.
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5.4. DEE elimination over HPA catalysts: DEE conversion and product
selectivity

Our first goal was to compare the performance of HPA catalysts in the DEE elimination with
the most active catalysts reported so far such as zeolites. Since the turnover rates were not
available at comparable conditions, we looked at the ethene yields per catalyst weight at
comparable space velocities (WHSV).

The HPA catalysts showed stable performance in the elimination of DEE regarding
both DEE conversion and product selectivity. Practically no catalyst deactivation was observed
at 130-160 °C, as can be seen from Figure 5.2 showing stable performance of 14%HSiW/SiO>
catalyst at 160 °C for 4 h TOS with 12% DEE conversion. Longer term stability tests (20 h
TOS) at 200 °C showed a stable performance of 17%HPW/SiO> (Figure 5.3) and CsPW (Figure
5.4) at 70-75% DEE conversion. From combustion chemical analysis of spent catalysts, less

than 0.1% coke was formed on the catalysts during these reactions.
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Figure 5.2. Time course for DEE elimination over 14%HSiW/SiO (0.20 g catalyst, 160 °C,
12 kPa DEE partial pressure, 20 ml min* flow rate, WHSV = 2.2 h'%).
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Figure 5.3. Long term stability of DEE elimination over 17%HPW/SiO, (0.20 g catalyst, 200
°C, 12 kPa DEE partial pressure, 20 ml min™t N, flow rate, WHSV = 2.2 h}).
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Figure 5.4. Long term stability of DEE elimination over CsPW (0.20 g catalyst, 200 °C, 12
kPa DEE partial pressure, 20 ml min N, flow rate, WHSV = 2.2 h'l).
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Figure 5.5 displays the temperature effect on DEE conversion and product selectivity
for bulk and silica-supported HPA catalysts. Only ethene and EtOH were observed among the
organic reaction products. As expected from the thermodynamic analysis (Figure 5.1), the DEE
conversion and ethene selectivity increase with reaction temperature, both reaching a
completion at 220-250 °C, whereas EtOH selectivity decreases almost to zero. The values of
DEE conversion and ethene yield at 220 °C are presented in Table 5.7. The most active HPA
catalysts, CsPW, 17%HPWY/SiO> and 14%HSiW/SiO, give 95, 97 and 98% ethene yield,
respectively, at 97-99% DEE conversion at a space velocity WHSV = 2.2 h'l. These HPA
catalysts outperform the best reported zeolite catalysts [14]. Thus HZSM-5 (Si/Al = 140
mol/mol) and USY (Si/Al = 15 mol/mol) give 90 and 97% ethene yield at almost 100%
conversion at 350 °C and ambient pressure [14], i.e. at a more than 100 °C higher temperature
compared to the HPA catalysts. These results have been obtained at a higher WHSV =10.4 h
1114], but the space velocity has a relatively small effect on the ethene yield at this temperature
[14]. y-Al203 and SiO2-Al>03 have been found to be less efficient than HZSM-5 and USY [14].
Previously, DEE elimination over 30%HPW/montmorillonite has been reported to give 58%
ethene yield at 68% DEE conversion at 250 °C, ambient pressure and WHSV = 1.6 h™ [8]. The
low activity of this catalyst can be attributed to a rather basic clay support. Basic and
amphoteric supports such as MgO and Al>Os are known to decrease the acidity of HPAs and
may even cause disintegration of HPA structure [19-21]. Silica is most frequently used for

supporting HPAs because of its inertness and availability in a wide textural variety [19-21,34].
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Figure 5.5. Effect of temperature on DEE conversion (A), EtOH selectivity (B) and ethene
selectivity (C) (0.20 g catalyst, 12 kPa DEE partial pressure, 20 ml min N, flow rate, 4 h
TOS).

Table 5.7. DEE conversion and ethene yield.?

Catalyst 14%HSIW/SiO, 17%HPW/SiO, CsPW HPW HSIW
DEE conversion, % 99 98 97 83 72
C2Ha yield, % 98 97 95 79 67

220 °C, 12 kPa DEE partial pressure, 20 ml min flow rate, 0.20 g catalyst, WHSV = 2.2 h'* (for HPW
and HSiW, 0.30 g catalyst, WHSV = 1.5 h™1). Proton site densities for these catalysts are given in Table
5.9.

5.5. Kinetics of DEE elimination

Kinetics of DEE elimination was studied at differential conditions (DEE conversion 2-12%),
130-160 °C and 6-24 kPa DEE partial pressure. The reactions were conducted for 4 h TOS,
with practically no catalyst deactivation observed (Figure 5.2). Comparison of data in Figure

5.5 with thermodynamic data in Figure 5.1 shows that the reaction system was far from
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equilibrium at 130-160 °C. Thus, at 150 °C (423 K), the equilibrium conversion of DEE is
~90% (Figure 5.1), whereas in our reaction system it was 7-15% (Figure 5.5 A).

For all HPA catalysts the reaction was found to be zero order in DEE as illustrated in
Figure 5.6 for 14%HSiW/SiO;, where the rate of DEE conversion remains almost constant
(0.0020-0.0024 mol gh') at a 5-fold variation of DEE partial pressure (5-25 kPa). Close to
zero-order logarithmic plots for all HPA catalysts are presented in Figures 5.7 and 5.8, with the
order in DEE varying from -0.05 to 0.14. Assuming Langmuir-type Kinetics, this would

indicate that the active sites in HPA catalysts were saturated with adsorbed DEE molecules.
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Figure 5.6. Effect of DEE partial pressure on the rate of DEE elimination over 14%HSiW/SiO-
(0.20 g catalyst, 150 °C, 20 ml min* flow rate, 4 h TOS).
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Figure 5.7. Logarithmic plot of reaction rate R (mol g*h™) vs. DEE partial pressure P (kPa)
for DEE elimination at 150 °C and 20 ml min? flow rate over: 17%HPW/SiO; (0.20 g),
14%HSiW/SiO2 (0.20 g), 14%HPW/TiO; (0.20 g), 15%HPW/ZrO, (0.20 g).
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Figure 5.8. Logarithmic plot of reaction rate R (mol g*h™) vs. DEE partial pressure P (kPa)
for DEE elimination at 150 °C and 20 ml min™! flow rate over: CsPW (0.20 g), HPW (0.30 g)
and HSiW (0.30 g).

Figure 5.9 shows the Arrhenius plots for bulk and silica-supported HPA catalysts. The
activation energies (E) obtained were in the range of 69.5-101.5 kJ mol (Table 5.8). Given
zero reaction order in DEE, the observed activation energies are the true value E. For HPW
supported on montmorillonite, E = 80.6 kJ mol™* has been reported [8]. The high E values and
zero order in DEE indicate that the reactions were not affected by diffusion limitations.

Additionally, the Weisz-Prater analysis supports the absence of internal diffusion limitations
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[35]. For example, for 17%HPW/SiO- at 150 °C, Weisz-Prater criterion was determined to be

Cwp = 1.1-10* << 1 indicating no internal diffusion limitations (see Appendix for details).
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Figure 5.9. Arrhenius plot for DEE elimination over HPA catalysts (0.055-0.20 g catalyst
amount, 12 kPa DEE partial pressure, 20 ml min* flow rate, WHSV = 2.2-8.0 h*!, 130-160°C

temperature range; R is the reaction rate in mol g*h™%).

Table 5.8. Activation energies for HPA catalysts.?
Catalyst 17%HPW /SiO,  14%HSiW/SiO,  CsPW HPW HSiwW

E, kJ mol? 101.5 97.8 91.5 84.1 69.5
4 At 130-160 °C, 12 kPa DEE partial pressure, 20 ml min* flow rate, 0.055-0.20 g catalyst (WHSV =
2.2-8.0h?).

Assuming that in overall DEE-to-ethene conversion the E2 elimination of DEE to
ethene and EtOH (Eg. (5.3), Scheme 5.1) is an irreversible rate-limiting step, with equilibrated
re-adsorption of EtOH, followed by irreversible EtOH dehydration (Eq. (5.1)), with no re-
adsorption of products occurring, the observed DEE conversion rate is given by Langmuir-type

equation (5.11) [15,36]:
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kKD[H+]PD
T 1+KgPg+KpPp

(5.11)
Here, Ke and Kp are the equilibrium constants for EtOH and DEE adsorption on Brgnsted acid
sites, respectively, k is the rate constant of the rate-limiting step, [H*] is the accessible proton
sites density in catalyst, Pe and Pp are the partial pressures of EtOH and DEE. At high Pp,
when the active sites of the catalyst are saturated with the ether, the reaction becomes zero

order in DEE, i.e., R = k[H"], in agreement with experimental data. From this data the values

of turnover frequency (TOF) can be obtained as R/[H*] (see below).

5.6. Mechanistic considerations

Misono et al. [18] proposed two types of mechanism for heterogeneous acid catalysis by HPA
- surface type and bulk type mechanisms. The surface type is the conventional acid catalysis
involving proton sites at the surface of HPA. The bulk type (bulk type | [18]) is suggested to
operate in the case of bulk HPAs with polar reactants, such as lower alcohols, ketones, ethers,
etc., which are capable of being absorbed in large quantities into catalyst bulk in the interstitial
space between heteropoly anions. In this case, all HPA protons, both bulk and surface ones,
are thought to be accessible so that reaction occurs pseudo-homogeneously, and its rate should
scale with the total number of protons or HPA weight. Bulk type catalysis has been
demonstrated for MeOH dehydration over bulk HPW in a static system [20,37,38]. However,
as Moffat argued [20], bulk type reaction via substrate absorption into the interstitial space
would be almost inevitably diffusion-hindered in a steady-state flow system. In contrast,
nonpolar reactants, e.g., hydrocarbons, that cannot penetrate HPA bulk react via the surface
type mechanism [18].

DEE is a relatively polar solvent, which readily dissolves HPAs such as HPW and
HSiW and is capable of absorbing into the bulk of HPA crystallites. Hypothetically, DEE might

react with bulk HPA and high-loaded HPA/SiO, catalysts via the bulk-type mechanism.
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Therefore, here we attempted to gain an insight into the DEE elimination mechanism over
HPA/SIO> catalysts concerning the possibility of bulk-type versus surface-type catalysis.
With silica-supported HPAs at low and medium HPA loadings, both polar and nonpolar
substrates typically react via the surface type catalysis, showing similar dependencies between
catalyst activity and HPA loading - the activity, expressed as substrate conversion or reaction
rate per total HPA/SiO; catalyst weight, increases with HPA loading at a constant HPA/SiO>
catalyst weight, reaching a plateau at 25-40% loading, or passes a maximum [21,32,39]. This
is the result of a trade-off between the density of surface proton sites and their strength at
varying HPA loading. The proton site density (per total catalyst weight) passes a maximum at
a medium HPA loading due to the sharp decrease in catalyst surface area to less than 10 m?g*
for bulk HPA (Chapter 3 [32]), whereas the acid strength increases monotonically with HPA
loading (Figure 3.22). Using the TPD of benzonitrile, which interacts only with the surface
acid sites in HPA, the amount of strong surface Brensted sites in HSiW/SiO: has been found

to pass a maximum at a HSiW loading of ~50% (Figure 5.10) [32]
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Figure 5.10. The amount of strong surface Bragnsted sites in HSiW/SiO; as a function of HSIW

loading from TPD of benzonitrile (adapted from [32]).
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For the surface-type mechanism, in the case of reactions less demanding towards
catalyst acid strength, the activity of supported HPA is expected to scale with the proton surface
site density passing a maximum as the HPA loading increases. Such dependence has been
observed for the dehydration of MeOH and EtOH over HPA/SIO> at 120 °C, which suggests
the surface type mechanism in the whole range of HPA loading including high-loaded and bulk
HPA catalysts (Chapter 4). Figure 5.11, compiled from the data in Chapter 4, shows that the
rate of MeOH dehydration per HPA/SIO, catalyst weight passes a maximum as the HPA
loading increases from 0 to 100% at a constant catalyst weight, whereas the rate per HPA
weight decreases in parallel with decreasing the surface proton sites number per HPA weight,
as expected for the surface type catalysis. The surface type mechanism for MeOH and EtOH
dehydration is also supported by Brensted relation between the catalyst activity and acid
strength, which holds for both bulk HPAs and other catalysts operating via the surface type
mechanism (oxide-supported HPAs with sub-monolayer HPA loadings, CsPW and zeolites
(Chapter 4) [29].

On the other hand, for more demanding reactions, for example, the isomerisation of
cycloalkanes over HPW/SiO2 occurring at 300 °C via the surface type mechanism, the activity
tends to plateau at higher HPW loadings due to the competing effect of increasing proton site
strength [20,40]. Contrary to the surface type, for the bulk type one, the rate per total catalyst
weight is expected to increase with HPA loading, whereas the rate per HPA weight should

remain approximately constant at varying HPA loading.
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Figure 5.11. Plot of MeOH dehydration rate per total HPA/SiO; catalyst weight (A, open and
closed circles) and per HPA weight (B, open and closed triangles) versus HPA loading (120
°C, WHSV = 0.30 h) (Chapter 4).

Figure 5.12 shows the rate of DEE elimination per total HPA/SiO; catalyst weight as a
function of HPA loading for HPW/SiO2 and HSiW/SiO catalysts at 150 °C. The rate increases
with HPA loading up to about 25% loading and levels off at higher loadings. As seen, this plot
is somewhat different from that for MeOH dehydration (Figure 5.11). In fact, it is as expected
for the surface type mechanism for the more demanding DEE elimination occurring at 150 °C
(less demanding MeOH dehydration occurs at 120 °C). The rate of DEE elimination per HPA
weight decreases with increasing HPA loading (Figure 5.12 B), as for MeOH dehydration.
Therefore, these results are consistent with DEE elimination occurring via the surface type
mechanism in the whole range of HPA loading including high-loaded and bulk HPA catalysts.
This cannot completely rule out the participation of bulk protons located near the surface of
HPA, but these do not seem to play a significant role. This conclusion is further strengthened

by Brgnsted relation between the catalyst activity and acid strength (see below).
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Figure 5.12. Plot of DEE elimination rate per total HPA/SiO; catalyst weight (A) and per HPA
weight (B) versus HPA loading (0.20 g catalyst, 150 °C, 12 kPa DEE partial pressure, 20 ml

min flow rate).

It is worth noting that HPW and HSiW catalysts exhibit very close activity per catalyst
weight over the whole range of HPA loading (Figure 5.12) despite HPW catalysts having
stronger acid sites than HSiW ones (Table 5.1). This may be explained by the higher proton
surface site density in HSiW catalysts due to the larger number of protons per Keggin unit and
higher HSIW dispersion on the silica surface compared to HPW catalysts (see Chapter 3).
Nevertheless, the turnover activity (TOF) of HPW catalysts was found greater than that of
HSiIW ones as expected from their acid strength (see below).

Figure 5.13 presents the data shown in Figure 5.12 from a different angle - as product
selectivity versus DEE conversion. Both HPW/SiO, and HSiW/SiO- catalysts give practically
the same ethene and EtOH selectivities. As the DEE conversion increases with increasing HPA
loading, the selectivity to ethene grows at the expense of EtOH. Importantly, the extrapolation
to zero conversion gives a 50:50 ethene/EtOH selectivity, which shows that the initial reaction

step is DEE — CoHs + EtOH. This demonstrates that the whole DEE-to-ethene process occurs
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through a consecutive pathway: DEE — C>Hs + EtOH followed by EtOH — C2Hs + H20,
where ethene is both a primary product of DEE elimination and a secondary product via
dehydration of the primary product EtOH. The mechanism of ethene formation from EtOH
dehydration is still debated ([13] and references therein). DEE forms in EtOH dehydration at
low temperatures, whereas ethene forms at higher temperatures. The question is whether the
ethene forms directly from EtOH or via DEE elimination or both [13]. Our results, therefore,

show that ethene can form via the DEE elimination.
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Figure 5.13. Plot of product selectivity versus DEE conversion for HPA/SiO> catalysts with
HPA loading varied from 5.8 to 100% (0.20 g catalyst, 150 °C, 12 kPa DEE partial pressure,
20 ml mint flow rate).

5.7. Relationship between turnover rate and catalyst acid strength

Table 5.9 shows the density of catalyst surface proton sites and TOF values for the elimination
of DEE at 150 °C for all the HPA catalysts studied including bulk catalysts (HPW, HSiW and
CsPW) and supported catalysts at a sub-monolayer HPA loading of 14-17%. The TOF values

were calculated per surface proton site from zero-order kinetics as R/[H*]. The densities of
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surface proton sites were evaluated as defined elsewhere (Chapter 4, [28,29]). For supported
HPA catalysts with sub-monolayer HPA coverage, all stoichiometric HPA protons were
assumed to be equally accessible for reaction. This is supported by NH3 adsorption calorimetry
[41] and titration with di-tert-butylpyridine [25]. For bulk catalysts, HPW, HSiW and CsPW,
the number of surface protons was estimated using a Keggin unit cross section of 144 A2 and
the catalyst surface areas from Table 5.1 with the stoichiometric number of protons per Keggin
unit [18-21]. The TOF values thus obtained should be regarded as an approximation since the
number of accessible protons could differ from the stoichiometric numbers used in the
calculations. The TOF values thus calculated range from 4.3 h' for 14%HPW/ZrO, to 170 h'
for bulk HPW demonstrating a strong impact of catalyst acid strength on the turnover reaction
rate, as can be seen from the AH, values for these catalysts.

Table 5.9. Proton site density and turnover frequency for HPA catalysts.

Catalyst [HT TOF® -AHS
mmol g ht kJ mol*?
HPW 0.0198 170 203
HSiwW 0.0369 65 177
CsPW 0.0750 53 164
17%HPW/SiO, 0.1751 13 167
14%HSiW/SiO- 0.1946 11 152
15%HPW/TIO, 0.1521 6.9 143
14%HPW/ZrO, 0.1458 4.3 121

a Density of surface proton sites per total catalyst weight. ® TOF per surface proton site at 150 °C, 24
kPa DEE partial pressure, 20 ml min™ flow rate. © Initial enthalpy of NHs adsorption from NH;
adsorption microcalorimetry at 150 °C (6 kJ mol?) (Chapter 4 [28,29]).

Figure 5.14 shows a Brgnsted linear relation between the turnover activity of HPA
catalysts in DEE elimination, In (TOF), and their acid strength determined from initial enthalpy

of NH3z adsorption, AHo. Both parameters were determined at the same temperature of 150 °C
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and similar flow conditions. As seen, the relation holds for the bulk HPAs as well as for the
oxide-supported HPAs - all being the Brgnsted acid catalysts. This implies that Brgnsted acid
sites play a vital role in the elimination of DEE over HPA catalysts. It also implies the same
reaction mechanism for the whole series of catalysts involved [42]. Since this relation holds
for the oxide-supported HPAs with sub-monolayer HPA loadings and CsPW operating via the
surface-type mechanism, on the one hand, and for the bulk HPAs, on the other, it suggests that
the bulk HPW and HSiW would also largely operate through the mechanism of surface

catalysis, in agreement with our conclusion in Section 5.6.

0.0

120 130 140 150 160 170 180 190 200 210
-AH, (kJ molY)

Figure 5.14. Plot of In (TOF) for DEE elimination (TOF in h'!) over HPA catalysts versus
initial heat of NH3z adsorption (150 °C, 0.20 g catalyst, 24 kPa DEE partial pressure, 20 ml min-
L flow rate): (1) 14%HPW/ZrOs, (2) 15%HPW/TiO2, (3) 14%HSiW/SiO2, (4) 17%HPW/SIO,
(5) CsPW, (6) HSIW, (7) HPW.

5.8. Conclusions

Diethyl ether (DEE) is the key intermediate of EtOH-to-ethene dehydration. In the presence of

acid catalysts, DEE undergoes elimination to produce ethene and EtOH; the latter dehydrates
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to ethene. Knowledge about the elimination of DEE can shed the light on the mechanism of
the EtOH-to-ethene dehydration and help to optimise the production of ethene.

In this work, the elimination of DEE has been examined at a gas-solid interface over a
various bulk and supported Bransted solid acid catalysts based on tungsten Keggin HPAs in a
fixed-bed reactor at 130-250 °C and ambient pressure. The most active HPA catalysts are
silica-supported HPW and HSiW and bulk heteropoly salt CsPW giving 95-98% ethene yield
at 220 °C and WHSV = 2.2 h'l. The HPA catalysts outperform the best reported zeolite catalysts
such as HZSM-5 and USY, which give the same yield but at temperatures about 100 °C higher
compared to the HPA catalysts.

A Brgnsted correlation between the turnover catalyst activity and the acid strength of
catalyst has been established, which indicates that Brgnsted acid sites play a significant role in
the elimination of DEE over HPA catalysts. The results obtained point to the DEE conversion
occurring through the consecutive reaction pathway: DEE — C2H4 + EtOH followed by EtOH
— C2H4 + H20, where ethene is both a primary product of DEE elimination and a secondary
product via dehydration of the primary product EtOH. Evidence is provided that DEE
elimination over bulk HPA and high-loaded HPA/SiO catalysts proceeds via the surface-type

mechanism.
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Chapter 6 : Conclusions and future work

6.1. General conclusions

Dehydration of MeOH to dimethyl ether and EtOH to diethyl ether and ethene is of significant
interest in relation to sustainable development. DME is a multimarket product, which has
attracted interest as a supplement to liquefied petroleum gas (LPG) and a clean diesel
alternative. The dehydration of EtOH has long been of interest to produce ethene and DEE
from non-petroleum renewable feedstock. Ethene is the feedstock for about 30% of all
petrochemicals, and DEE is a valuable chemical and a green fuel alternative.

In recent years, heteropoly acids have attracted much attention as catalysts for alcohol
dehydration. HPAs exhibit higher catalytic activities than traditional acid catalysts such as
zeolites and mixed oxides. Silica has been demonstrated to be the effective support for HPAs
due to its neutral nature, large surface area, porosity and availability in a wide textural diversity.
However, the knowledge about the silica-supported HPA catalysts has been limited, especially
about the effect of HPA loading on the strength of proton sites in the SiO2-supported HPA
catalysts and their catalytic performance in alcohol dehydration and related reactions. Such
information is very important for catalyst and process optimisation as well as for gaining
mechanistic insights, for example, regarding the role of bulk versus surface catalysis in alcohol
dehydration over HPA catalysts.

The aim of this study is to gain a more detailed knowledge of the acid properties of the
silica-supported HPA catalysts, containing the strongest Keggin-type heteropoly acids, namely,
HPW and HSiIW, with a wide range of relevant to practice HPA loadings from 5 to 100%. This
knowledge has been used for the investigation of dehydration of methanol and ethanol over

HPA/SIO> catalysts in order to optimise catalyst performance and gain new mechanistic
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insights. In addition, DEE elimination to ethanol and ethene, which is a step-in ethanol
dehydration, has been studied in the presence of HPA/SiO catalysts.

In Chapter 3 of this thesis, the acid properties of bulk and 5-70% SiO»-supported HPAS
HPW and HSIW were elucidated. The acidity of the catalysts was systematically characterised
at a gas-solid interface through use of NH3-MC, and these results were complemented by
textural and structural catalyst characterisation through use of BET, XRD and FTIR. BET
analysis showed that the HPA in these catalysts was mainly localised on the external surface
and in macropores rather than within meso- and micropores of the support. Use of XRD
showed that, at similar HPA loadings, HSiW was more widely dispersed on the silica surface
than HPW. As a result, HSiW/SiO. catalysts were understood to have a higher density of
surface proton sites than HPW/SiO: due to the higher dispersion of HSiW and because HSIW
has more protons per Keggin unit. It was demonstrated that the acid strength of HPA/SIO>
catalysts increased monotonically with HPA loading, with HPW being stronger than HSiW at
any HPA loading. Moreover, the acid strength increased linearly above 10% HPA loading and

could be determined using a linear regression for HPA loadings.

In Chapter 4, the effects of HPA loading and acid strength were examined in the
dehydration of MeOH and EtOH over HPA/SiO: catalysts at a wide range of HPA loadings
(5-100%). The catalysts were prepared by HPA impregnation from water and MeOH. HSiW
and HPW catalysts showed close catalytic activities per HPA weight; HSiW showed slightly
higher activity than HPW despite its weaker acid strength. This can be described in terms of its
larger number of protons per Keggin unit and the higher dispersion of HSiW compared with
HPW. The turnover reaction rate for HPW catalysts was higher than that for HSiW catalysts,
in agreement with their acid strength. The catalysts that were prepared from water and MeOH

had very close acid strengths and exhibited similar activities in alcohol dehydration.
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It was established that the steady-state catalyst activity correlated with the surface
proton-site density of silica-supported HPA catalysts rather than with the HPA loading or HPA
acid strength. This indicates that alcohol dehydration occurs via the mechanism of surface-type
HPA catalysis at the gas-solid interface rather than bulk-type (pseudo-homogeneous) HPA
catalysis. This conclusion was further strengthened by fitting the activity of bulk HPW and
HSIW into the activity-acid strength relationship for supported HPA catalysts operating via

surface-type catalysis.

The work described in Chapter 5 concluded that DEE is the key intermediate of EtOH-
to-ethene dehydration. In the presence of acid catalysts, DEE undergoes elimination to produce
ethene and EtOH; the latter dehydrates to ethene. The elimination of DEE was examined at the
gas-solid interface at 130-250 °C and ambient pressure over various bulk and supported
Brensted solid-acid catalysts that were based on tungsten Keggin HPAs. The most active HPA
catalysts were found to be silica-supported HPW and HSiW and the bulk heteropoly salt CsSPW
provided a 95-98% ethene yield at 220 °C and a WHSV of 2.2 h'. The HPA catalysts
outperformed the best reported zeolite catalysts such as HZSM-5 and USY;; these have been
shown to produce the same yield but at temperatures about 100 °C higher than the temperatures
required for best performance of the HPA catalysts.

A Bransted correlation between the turnover catalyst activity and the acid strength of
each catalyst was established. This correlation indicated that Brgnsted acid sites played a
significant role in the elimination of DEE over HPA catalysts. The results obtained point to the
occurrence of the DEE conversion through the consecutive reaction pathway DEE — CoH4 +
EtOH followed by EtOH — C2H4 + H20, in which ethene is both a primary product of DEE

elimination and a secondary product via dehydration of the primary product EtOH. Evidence
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was provided that DEE elimination over bulk HPA and high-loaded HPA/SIO; catalysts

proceeded via the surface-type mechanism.

6.2. Future work

Despite the compelling data that are presented in this thesis, additional characterisation is
required to understand the precise structure and composition of surface species on the
HPA/SiO> catalysts. Such characterisation would also be beneficial to clarify the precise nature
of the acid sites in HPA/SiO; catalysts.

This study has increased our understanding of the Brgnsted acid catalysts HPA/SiOs.
However, the work that was performed for this thesis was focused on silica-supported HPA
catalysts that used one silica support-commercial Aerosil 300 from Degussa. In the future, it
would be interesting to expand the range of silica supports to include materials that show
different textural properties, in particular those with various surface areas and pore sizes. In
this context, we could prepare these catalysts by the wet impregnation method at optimum
loading that was found in this study (25-30%). In addition, we could investigate the acid
properties of these catalysts and explain how the textural variety of support affected the acidity
and activity of the catalysts.

Moreover, since HPA/SIO: is an efficient catalyst for dehydration of EtOH and MeOH,
it could be tested with other alcohol substrates, e.g., butanol. The application of HPA/SIiO> for
dehydration of butanol to butene may also be attractive as a route to fulfil demand for
petrochemical feedstock and fuel additives.

On the other hand, the 15% TiO2 and ZrO-supported HPW catalysts that were studied
did not show high activity in the DEE elimination and alcohol dehydration reactions [1,2]. This
may have occurred due to a low density of available surface protons and/or weak catalyst

acidity. It would be interesting to carry out a systematic investigation of the acidic and catalytic
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properties of these catalysts (HPW, HSiW) with a wide range of HPA loadings that are relevant

to practice.
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Figure 7.1. TGA of bulk HsPW1,04o after pre—treatment at 150 °C/107 kPa for 1.5 h (3%
weight loss to 600 °C).
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Figure 7.2. TGA of bulk HsSiW1204 after pre—treatment at 150 °C/107 kPa for 1.5 h (3%
weight loss to 600 °C).
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Figure 7.3. TGA of 45%HPW/SIiO; after pre—treatment at 150 °C/10 kPa for 1.5 h (5.7%
weight loss to 600 °C).
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Figure 7.4. TGA of 46%HSiW/SiO; after pre—treatment at 150 °C/10 kPa for 1.5 h (6%
weight loss to 600 °C).
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Figure 7.5. TGA of pure compacted SiO, under N, flow after pre—treatment at 150 °C/10° kPa
for 1.5 h (4% weight loss to 600 °C).
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Figure 7.6. N2 adsorption (solid circles) and desorption (open circles) isotherms of SiO2(m).
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Figure 7.7. N2 adsorption (solid circles) and desorption (open circles) isotherms of: (A)
45%HPW/SiOz and (B) 46%HSiW/SiOs.
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Figure 7.8. N2 adsorption (solid circles) and desorption (open circles) isotherms of (A)
48%HPW/SiO2(m) and (B) 44%HSiW/SiO2(m).
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Figure 7.9. Pore size distribution for (A) HPA/SiO2 and (B) HPA/SiO2(m) catalysts.

215



Appendix LI\LRP()()L

2000 -
1800 A
1600 -
~ 1400 -
1200 -~
1000 H+
800 -
600 -
400
200 ~

Intensity (cps

4 24 44 64 84

2Theta (deg)
Figure 7.10. XRD patterns of spent 26%HPW/SiO, catalyst after MeOH dehydration at (0.20
g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min™* N, flow rate, contact time W/F =
105 g h mol, 4 h time on stream: 100% DME selectivity in all cases).
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Figure 7.11. XRD patterns of spent 46%HSiW/SiO> catalyst after MeOH dehydration at (0.20
g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min** N flow rate, contact time W/F =

105 g h mol?, 4 h time on stream: 100% DME selectivity in all cases).
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Figure 7.12. XRD patterns of spent 27%HSiW/SiO- catalyst after MeOH dehydration at (0.20
g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min** N flow rate, contact time W/F =

105 g h mol?, 4 h time on stream: 100% DME selectivity in all cases).

Table 7.1. Particle size of spent HPA/SIO> catalysts after MeOH dehydration.?

Catalyst HPA particle size (= 1 nm)
Spent 26%HPW/SiO> 14
Spent 27%HSIW/SiO, 10
Spent 46%HSIW/SiO, 16

2(0.20 g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min™ N flow rate, contact time W/F =
105 g h mol?, 4 h time on stream: 100% DME selectivity in all cases).
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Figure 7.13. DRIFT spectra of spent 26%HPW/SIO, catalyst after MeOH dehydration (0.20 g
catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min N2 flow rate, contact time W/F = 105
g h mol?, 4 h time on stream: 100% DME selectivity in all cases).
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Figure 7.14. DRIFT spectra of spent 46%HSiW/SiO> catalyst after MeOH dehydration (0.20
g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min** N flow rate, contact time W/F =
105 g h mol?, 4 h time on stream: 100% DME selectivity in all cases).
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Figure 7.15. DRIFT spectra of spent 27%HSiW/SiO> catalyst after MeOH dehydration (0.20
g catalyst, 120 °C, 3.83 kPa MeOH pressure, 20 mL min** N flow rate, contact time W/F =
105 g h mol, 4 h time on stream: 100% DME selectivity in all cases).

Table 7.2. Texture of commercial zeolites.

Surface area® Pore volume® Pore diameter®
Catalyst?

(m*g) (cm®/g) A)
HZSM-5 (47) 411 0.26 26
HZSM-5 (12) 378 0.22 24

aZeolites were calcined for 2 h at 500°C in air; prior to BET analysis, the catalysts pre—treated at 250

°C in vacuum ? BET surface area ¢ Single point total pore volume ¢ Average BET pore diameter.
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Figure 7.16. XRD patterns for HZSM-5 with Si/Al: (A) 47, (B) 12.

Weisz—Prater analysis

The Weisz—Prater criterion, Cwp (EQ. (7.1)), uses measured values of reaction rate to determine
if internal diffusion is limiting the reaction [1]. If Cwp << 1, there are no diffusion limitations;

when Cwp >> 1, internal diffusion strongly limits the reaction.

l2

Here, r is the reaction rate per unit catalyst weight (mol gs™), p is the bulk density of catalyst
(g cm®), | is the radius of catalyst particle (cm), D is the effective diffusion coefficient (cm?s”
1y and Cy is the bulk concentration of substrate in the feed (mol cm™).

For DEE elimination on 17%HPW/SiO- at 150 °C and 12 kPa DEE partial pressure, the rate r
= XF/W = 1.99-10° mol g*h? = 5.53-107 mol gs? (Figure 5.12 in Chapter 5). Other
parameters are as follows: p = 0.39 g cm™, | = 0.56-102 cm (average particle radius for the
catalyst with 45-180 um diameter of catalyst particles) and Cp = 3.5-10° mol cm™ at 150 °C.

The catalyst had a pore diameter of 15.8 nm in mesoporous range (Table 5.1). The Knudsen
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diffusion coefficient D for transport of DEE molecules into the pore was calculated using Eq.

(7.2) [2]:

p=() ()" (7.2

where R is the gas constant (8.314 J K'mol™?), T is the temperature (423.15 K), M is the DEE
molecular mass (0.074 kg mol™) and d is the mean pore diameter (15.8-10° m). From this
equation, D = 1.8:107" m% = 1.8-102 cm?s™. Overall, from Eq. (7.1) this gives Cwp = 1.1-10°

4 << 1, which indicates no internal diffusion limitations.
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