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Abstract

Abstract

Keggin type heteropoly acids (HPA) either pure, supported or their salts have been
synthesised, characterised and their catalytic activity tested against the
cyclodehydration of 1,4-butanediol gas phase and liquid phase reactions, the
dehydration of geraniol in liquid phase reactions and bio-diesel synthesis using
rapeseed oil and methanol.

Raman spectroscopy, B.E.T isotherms, powder XRD, ammonia TPD and TGA
indicate that the supported HPAs are present on the surface of the supports
investigated. B.E.T experiments show that substituting all but one the acidic protons
with caesium increases the surface area of the HPA. Once the remaining proton is
substituted, the surface area decreases but remains higher than the unsubstituted free
HPA.

The dehydration of 1,4-butanediol was performed and it was found that under
the conditions investigated that the reaction was irreproducible. The dehydration and
isomerisation of geraniol showed that the reaction proceeds at relatively low
temperatures and that the super acidic nature of the heteropoly acids was a key factor
in the reaction. The geraniol experiments were found to be first order.

Keggin type HPAs were able to catalyse the transesterification of rapeseed oil
(RSO) to fatty acid methyl esters (FAME) however, the highly solubility of HPAs in
methanol prevented reusing the catalyst. The transesterification of RSO with
methanol were found to be first order. The conversions obtained in the
transesterification of RSO were lower than mineral acids in comparison under the

same reaction conditions.
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Introduction

Chapter One: Introduction

1.1 Introduction

New classes of acid catalysts that can operate efficiently while using lower
quality feed stocks will be important in the future, as oil reserves decrease in quantity
and quality. Since the growth of the global economy is driving unsustainable
consumption, there is a need for sustainable products and manufacturing processes to
be invented and utilised by industry. Traditional acid catalysts are used in the
petroleum industry to convert lower value commodities into higher value or higher
functionality products'”. The mechanisms for acid catalysed cracking reactions are
well understood®™® and usually involve the formation of carbonium ions that can
undergo isomerisation. In industry, many homogeneous stoichiometric amounts of
Lewis acids (e.g. AlCl3) and mineral acids (e.g. H,SO4) are used in acid catalysis and
result in significant volumes of waste, as the acids need to be quenched before
discharging or disposal®. Increasingly, environmental legislation is making disposing
of waste acid more expensive forcing companies to adopt ‘greener’ solutions to waste
management'”.
Heterogeneous catalysis is a more favoured approach. Solid heteropoly acids offer
safer working conditions and more eco-friendly approach to acid catalysis than
traditional soluble acid catalysts.

The aim of the project is to investigate the catalytic properties of the Keggin-
type heteropoly acid in various reactions in order to synthesise fine chemicals from
lower value chemicals. Supported and unsupported heteropoly acids will be used in

order to compare and contrast the differences in both homogeneous and
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heterogeneous reaction conditions. Caesium salts of the heteropoly acid silicotungstic
acid have been synthesised. The heteropoly acids will be characterised by Raman
spectroscopy, powder XRD, TGA, ammonia TPD and BET to assess the identification
and purity of the compounds.

A gas phase heterogeneous reactor with on-line GC analysis has been
constructed to test the activity of the catalysts under investigation. The dehydration of
alcohols has been used as a way of assessing the acid strength of the heteropoly acids.
The transesterification of vegetable oil with methanol has been assessed with
supported, unsupported heteropoly acids and their caesium salts.

1.2 Heteropoly acids history and structure

Heteropoly acids (HPA) were discovered by Berzelius in 1826"? but the
formula and crystal structure was not determined until 1933 by Keggin by powder X-
ray diffraction. The Keggin structure of HPAs has the general formula Hg . X*M;,04¢

where X is typically, but not limited to, PV, Si'v, Ge'Y or As" and where the M atom is

Sl
Yy

Figure 1.2.1: The Keggin structure

typically Mo"" or WV

Since the discovery of the Keggin structure, two other structures have been identified,
the Wells-Dawson [(X"+)2M|8062]“6'2") (where X represents PV, Ge'Y or As¥ and M
represents Mo"' or W"") and the Anderson structure (XMg02s" )19 The Keggin
structure is built on a distorted edge and corner-sharing WOQs octahedra, with the
length of the W-O bonds between 2.44A in bridging oxygens (Oy) to 1.7A in terminal

oxygens (O;) Tungsten and Molybdenum are the favoured metals as the radii of the
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metal cations are 0.74A and 0.73A respectively, which allow them to fit into the
framework of the HPA anion. This is complemented by the accessibility of empty d
orbitals for metal-oxygen = bonding. '*'*)

Other atoms have similar radii to 0.74A but lack the ability to change their
coordination to oxygen from 4—6 upon polymerisation in solution or they lack the
empty d orbital for n bonding. For example, Cr®" is a good  electron acceptor, but its
small size means it can only coordinate to 4 oxygen atoms, Te®" has the right
coordination number but it is a poor 7 electron acceptor and is unable to form double
bonds with unshared oxygen by pn-dr interaction.'?

Solid heteropoly acids have a discrete ionic structure of reasonably mobile
structural units (the heteropoly anions and their countercations e.g., H', H;0", etc)
unlike zeolites and polymer based solid acids, for example Amberlyst-15, the protons
are extremely mobile and heteropoly acids exhibit a ‘pseudoliquid’ phase!'>'®. This is
where small polar molecules are absorbed into the bulk of the heteropoly anion.
Heteropoly acids are extremely soluble in polar solvents such as water, lower
alcohols, ethers, esters, ketones, etc. Heteropoly acids are not readily soluble in non-
polar solvents like hydrocarbons‘'".

1.3 Synthesis of heteropoly acids

The synthesis of heteropoly acids is based on the polymerisation of octahedrally
coordinated metal oxides around a heteroatom in an acidified solution. The external
oxygens prevent the heteropoly acid from forming larger structures by being polarised
towards the W or Mo atoms '?. The MOj octahedra formed are slightly distorted
which allows the heteroatom to be accommodated .The external oxygens are weakly

basic and so as a consequence can only weakly bond to protons. Keggin HPAs can be

easily synthesised at room temperature. The simplest method to synthesise a Keggin
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HPA is by the acidification of phosphoric acid (H3;PO4) and sodium tungstate

(Na;WOy), which undergoes the following reaction:
12WO4> + HPO4” + 23H" — PW ;040" + 12H,0

The solution must be of a pH of less than 1, as the HPA isomer is only stable at this

pH. It is also easily isolated by solvent extraction to yield a white powder!'®.

1.4 Acidity of HPAs
HPAs are strong Bronsted acids due to the surface charge density of the anion

being delocalised over the large sized polyanion'?, leading to a weak interaction with

the counter-ions. There are six acid sites present in HPAs:'”

1. Proton sites in HPAs (e.g. H3[PW,04¢)).

2. Proton sites in acidic salts (e.g. Csy sHo sPW2040).

3. Lewis acid sites in salts (metal counter-ions e.g. LaI"[PWI 2040]

4. Proton sites generated by dissociation of co-ordination water:
Ln(H,0),”*— Ln(H,0)a(OH)** + H'

5. Proton sites generated by reduction of salts: Pd[SiW,040] + 4{H}— 2Pd° +
Hi[SiW1,040]

6. Protons generated by partial hydrolysis of polyanions: [PW1,040]> + 2 H,0 —

[PW,03]" + {WO3} +4H"

The dissociation constants of HPAs in acetic acid have been studied and have
been shown to be stronger than normal mineral acids such as sulphuric acid, HBr and
HCI. The dissociation constants were given in the form pK; = -log Ki, where Ki is the

acid dissociation constant. '®
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Acid pK;
Ha[S1W2040] 4.87
H3[PW1,040] 4.70
H3[PMo0,,040] 4.68

HBr 5.60

H,SO4 7.00

HCI 8.40

Table 1.4.1: Dissociation constants of HPA and mineral acids at 25°C in acetic acid"®

Acid strength can also be determined by the Hammett acidity function H, ¢

(H, = pKgy+- log ((BH')/[B]) where [B] is the concentration of the indicator B, [BH']

is the concentration of the conjugated acid and Kpy+ is the equilibrium constant for

the reaction: BH" — B+ H"

The Hammett acid strength value of 100% H,SOy is -11.94, while acids with a

Hammett value less than -12 are classed as superacids.

Solid Acid -H,
Nafion 12
H;3[PW12040] 13.2
AICl;3-CuCl, 13.7
SbFs/S10,-Al,0;3 13.7

Table 1.4.2: Hammett function for some solid acid catalysts

(16)

The acid strength decreases when tungsten is replaced by molybdenum or

vanadium and when the central atom phosphorus is replaced by silicon. The general
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acidity increases with a decrease in the negative charge of the heteropoly anion, or an

increase in the charge of the central atom." D

1.5 Acid Catalysed Reactions
1.5.1 Homogeneous Catalysis

Tungsten containing HPAs exhibit high catalytic activity and are more active
than sulphuric acid and phosphoric acid in terms of molar concentration of the
catalyst or the proton concentration when the HPA are assumed to be a tri or tetra
basic acid. ¥ Variations in the water content in the systems examined found no cause
of the difference in catalytic activity. Determination of the acidity of HPAs by use of
Hammett indicators found that the HPAs acidity ranged from between -8.2 to -3.7 on
the H, scale at concentrations at <0.01mol/l, while conventional acids such as H;SO4
and H3PO, required to be at concentrations of 5.0 and 4.5mol/l, respectively, to be in
the same range.

In the etherification of diethylene glycol with ethanol'®, H3[PW,204] and
H4[SiW204¢] catalyse the reaction with 60% conversion and 75% selectivity and with
56% conversion and 78% selectivity to diethylene glycol ethyl ether respectively.
H,SO4 was used in molar amounts 1000 times more concentrated and converted 18%
of the diethlyene glycol with a selectivity of 41%.

The electrical conductivity of the reaction medium containing H,SOj4
decreased during reaction time and decreased the acidity. This was not observed in
any of the HPAs studied. The acidity losses were thought to of been from the
formation of sulphuric esters of alcohol, while the HPAs do not form its esters with

alcohol.
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Catalyst Selectivity to
Catalyst concentration Conversion (%) diethylene glycol

10°molN1 ethyl ether (%)
H3[PW,040] 1.6 60 75
H4[SiW,040] 1.6 56 78
Ha[SiMo0,2040] 1.6 48 76
H3[PW,04] 1.6 30 77
H,S04 1620 18 41

Table 1.5.1.1: Etherification of diethylene glycol with ethanol at 200°C ¥

In the homogeneous cyclodehydration reaction of diols?? (1,4-butandiol, 2,5-
hexanediol, 2,5-dimethyl-2,5-hexanediol and 1,5-pentanediol) with four unsupported
HPAs (H3[PWi2040], H3[PM012040], Ha[SiW2040], H4[SiM02040]), all the diols
were dehydrated to yield the corresponding cyclic ethers with high selectivity. One
diol, 1,6-hexanediol was found to produce oxa-cycloheptane, five- and six-membered
cyclic ethers. It was found that the weaker acid Hs[SiMo,,049] gave higher selectivity
in this reaction, due to the limited ability to generate ring contraction by carbocationic
processes. 2,5-dimethyl-2,5-hexanediol undergoes cyclodehydration with high
selectivity =~ with HPAs and is  stereospecific, producing cis-2,5-
dimethyltetrahydrofuran ~ from  racemic  2,5-hexanediol and  trans-2,5-
dimethyltetrahydrofuran from meso-2,5-hexanediol. The cyclodehydration occurs by
an intramolecular SN2 mechanism. 1,2-diols (1,2-propanediol, isomeric 2,3-
butanediols and  2,3-dimethyl-2,3-butanediol) undergo  highly  selective

transformations into the analogous carbonyl compound (propanal, 2-butanone and
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3,3-dimethyl-2-butanone). The four HPAs studied were all highly active and selective
for this reaction, with highest selectivity from H3[PW,04o].

In the homogeneous dehydration of pentaerythritol (PE) to dipentaerythritol
(DPE) at 150°C in a sealed Teflon tube with HPAs®"), water was found to increase the

formation of DPE over H3[PW;,040] due to the water suppressing the consecutive

reaction of DPE.
HOH,C HOH,C HOH,C
H
HOH,C CH OH ¢4 HO
H
HOH,C HOH, HOH,C
HOH,C HOH,C HOH,C HOH,C
H,
HOH,C CI; CH,0OH —» HOH,C o CH,OH
HOM,C HOH,C HOH,C HOH,C
HOH,C HOH,C
.
HOHZC"\/ v’—-.C:Hzow +H
HOH,C HOH,C

Figure 1.5.1 Mechanism of DPE formation "

The yield of the DPE decreased with the increase of water added because of a
decrease in conversion. Supported H4[SiW2,040] exhibited some activity without
water present. The addition of water produced a negative effect on yield.

HPAs have been studied in the homogeneous tetrahydropyranylation of
alcohols®. The reaction is used to protect alcoholic and phenolic hydroxyl groups by
forming stable 2-tetrahydropyranyl ethers. Four HPAs, (H3[PW204¢], H3[PMo1,04],
H4[SiW2040], and Hs[SiMo;2040]), were used in the tetrahydropyranylation of

benzyl alcohol and were found to catalyse the reaction. HPAs H3;[PW2040] and
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Hi[SiMo0,,049] were tested with other alcohols to assess their catalytic activity.
Compounds with electron withdrawing or electron donating subsituents were found to
react slowly and give low yields. The deprotection step was performed with

H3[PW;,049] at room temperature for four hours with methanol as the deprotecting

agent.
Product H4|SiM0|2040] H3[PM012040] H4ISiW] 2040] H3[PW|2040]
2,3-dimethyl-
17 10 - -
1-butene
2,3-dimethyl-
15 20 29 22
1,3tadiene
Acetone 15 27 - -
3,3-dimethyl-
44 43 71 78
2-butanone
Unidentified 9 - - -

Table 1.5.1.2: selectivity of the dehydration of 2,3-dimethyl-2,3-butanediol at 150°C *"

HPAs have been studied in the acetolysis of cyclic ethers®®. Tetrahydrofuran
(THF) was completely converted in two hours at 60°C in a reaction mixture of acetic
acid/acetic anhydride (9:1 volume ratio). In this reaction, H3[PW,040] was used and
only one product was obtained, 1,4-diacteoxybutane. The high selectivity and
efficiency of the reaction was reasoned to be due to acetyl cations formed by the
acetic anhydride with the HPA and an excess of acetate anions to react with the
acetylated THF oxocations. Sulphuric and p-toluenesulphonic acid were found to be
nearly inactive in this reaction, as was HPA H3[PMo,,049]. Molybdenum containing

HPAs are well known to be more susceptible to being reduced in organic media,
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which explains its low activity. Both H3[PW2049] and H4[SiW2049] were found to
be highly active and is thought to be due to their higher acidity, higher ability to form

ether complexes and the heteropoly anion stabilising the organic cationic

intermediates.
Catalyst Rate constant
(1 Mol* min™)
Ha[SiW12040] 20.4
H3[PW2040] 20.2
H3[PMO|2040] 0.06
p-Toluenesulphonic acid 0.03
Sulphuric acid 0.16

Table 1.5.1.3: Catalytic activity of THF acetolysis at 60°C **

Caesium ion-exchanged HPAs have been tested as water tolerant catalysts(25 )

H3PW 2040, Cs3PW 12049, Csz sHy sPW 12040 (Cs2.5), H-ZSM, (Si/Al = 628), H=ZSM-5
(SVAl = 40), SiO,, Al;O;3 and SiO,-Al,0; were all tested in the hydrolysis of ethyl
acetate in excess water and their activities compared. It was found that the activity of
the Cs2.5 (per unit weight) was 3 and 35 times greater than H-ZSM, (Si/Al = 628),
H=ZSM-5 (Si/Al = 40) respectively. It was noted that SiO,-Al,O; and Al,O3 were
inactive under the same reaction conditions. The activity per acid amount was 7 times
greater for Cs2.5 than the H-ZSM catalysts. In the hydrolysis of 2-methylphenyl
acetate, Cs2.5 was found to be less active (per unit weight) than H,SO4 and para-
toluenesulphonic acid for the hydrolysis of 2-methylpheny acetate, the activity per
acid weight was 15 times greater than the liquid acids.

In conclusion, HPAs can be used to catalyse reactions in homogeneous

conditions where traditional acids such as sulphuric acid and hydrochloric acid

10
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cannot. HPAs are able to be active at concentrations several orders of magnitude
lower than the equivalent mineral acid, this enables less workup and less waste in
purifying the end products after the required reaction is over. In general, the stronger
HPAs (PTA and STA) are able to catalyse reactions that the weaker (PMA and SMA)
are not, the weaker HPAs generally produce different selectivities to the stronger
HPAs due to interactions with the HPA with intermediate reaction products. The
major disadvantage of HPAs in homogeneous reactions is that they are more
expensive per gram than conventional mineral acids.

1.5.2 Heterogeneous Catalysis

(12,14,16,24-30,60)

HPAs have been supported on silica (31-36),

(27,28,

, zeolites , alumina

3 27,28,38,60) (39,40,43,60)

. . 54,60
, Zzirconia a5480

6), carbon(28’37’25), titania( (28,33,35,41,50).

, niobi and clays
This can increase the surface area of the HPA from ~10m%/g to 100-300m*/g®®. The
most common support is silica with the HPA either supported on the surface by
incipient wetness (silica supported) or incorporated into the silica by hydrolysis of
ethyl orthosilicate (silica included) @ 2739

In gas and liquid phase heterogeneous catalysis, reactions take place on the
surface of the catalyst. This can be on the pore walls or on the outer surface.
Reactions with HPAs can take place within the heteropoly anion leading to two
possible mechanisms, surface and bulk mechanisms. Small, polar molecules are taken
up into the bulk of the heteropoly anion and cause swelling. The rate at which this
happens is determined by basicity and by molecular size.

In the hydrolysis of ethyl acetate by silica included Cs; sHos[PW2040] it was
found that the salt remained an insoluble solid during the reaction®. The activity of

the unsupported and non-included Cs salt was found to be related to the bulk acidity

of the salt, with the activity decreasing with increasing Cs content. In the hydrolysis

11
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of ethyl acetate, the Cs salt could be separated by filtration under low water
concentrations, under a large excess of water, the salt particles formed a colloidal
solution and become unrecoverable in water.

Other  acidic  salts  (NHy):H[PW 5,04, Cs;H[SiW[,04]  and
CsysHos[PMo012049] partly dissolved in  the reaction mixture. The
Si0,/Cs; sHg 5s[PM012040], water/(EtO)4Si and ethanol/(EtO)4Si ratios were
investigated to determine the optimum conditions for Cs; sHg s[PMo204¢] inclusion.
It was found that a high SiO, content reduced leaching of the salt and high water
content accelerated the hydrolysis of the (EtO)4Si, which resulted in more leaching of
the salt due to the lack of inclusion within the support. The included Cs salt was
compared with two other catalysts, Amberlyst-15 and H-ZSM and were found to be
less active than Amberlyst-15 and more active than H-ZSM. On the basis of rate per
unit catalyst weight, the TOF of the Cs salt were found to be higher than both
Amberlyst-15 and H-ZSM. A silica included Cs salt with a silica/Cs; sHg s[PW2040]
ratio of 8 was found to be easily filtered and reusable for the hydrolysis up four times
without deactivation.

H3[PW,04¢] included silica requires higher loadings due to the solubility of
the HPA in water and are more catalytically active than the silica included Cs salt
based on unit weight in the hydrolysis of ethyl acetate. When compared to reaction
systems containing a physical mixture of silica and H3;[PW,040] and homogeneous
H3[PW,040], the mixed and silica supported H3[PW,04¢] systems behaved similarly
to the H3[PW204] dissolved into the reaction medium. The silica included
H3[PW,040] was catalytically more active than the other systems. It is thought that
the H3[PW,204] is trapped in the silica matrix and acting as a highly concentrated

solution.

12



Introduction

The liquid phase alkylation of benzene with ethylene have been performed
with silica supported phosphotungstic acid (PTA) it was found that catalytic activity
increases with loading of the PTA on silica until it reaches a maximum of 50wt. %Y
and decreases. It was found that the bulk PTA had the lowest activity. While 75wt. %
PTA had the greatest number of acid sites and acid strength determined by ammonia
TPD, it was not as active as the 50wt. %. This is explained by the fact that ammonia
can be absorbed into the bulk of the PTA, due to the pseudo-liquid phase exhibited by
HPAs. Pyridine adsorption FT-IR studies support that the Bronsted and Lewis acid
sites in the 75wt % PTA are actually less than the 50wt. % PTA. It was determined

that the pores of the silica of the 75wt. % have been filled with the PTA, therefore,

reactants have less chance of reacting on the surface acid sites.

Cataly Catalytic activity | Selectivity to ethyl Selectivity to
atalyst
(kg E kg, ') benzene (%) ethylene(%)
10 wt.% PTA 1.11 73.2 99.3
20 wt.% PTA 2.28 71.9 99.4
30 wt.% PTA 2.48 71.2 99.4
50 wt.% PTA 3.16 70.7 99.5
75 wt.% PTA 1.68 69.9 99.4
PTA 1.05 72.2 99.2

Table 1.5.2.1: Transalkylation activity and selectivity of supported PTA and bulk PTA™

Friedel-Crafts type alkylations have been studied with silica supported and
included HPAs®?. HPAs demonstrate varying activities and regioselectivities in the
adamantylation of substituted benzene derivatives depending on the strength of the
acid used. Molybdenum containing HPAs give para-substituted isomers with high

selectivities as the para isomers were formed under kinetic control. No isomerisation
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was observed with the molybdenum containing HPAs after prolonged reaction time.
Tungsten containing HPAs give high meta/para ratios due to the para isomer
isomerising to give the meta compound in the presence of strong acids. For the silica
included HPAs H3[PW,040] and H4[SiW,04¢] gave 100% conversion in 35 minutes
while the HPAs supported on silica also produced 100% conversion and are more
selective to the meta isomer in 35 minutes. The reduced conversion is due to
diffusional hindrance of 1-bromoadamantane to the active sites in the molybdenum
containing HPAs.

In the Friedel-Crafts alkylation of toluene with 5-tert-butyl-1,2,3-
trimethylbenzene the silica included tungsten containing HPAs are more catalytically
active than the silica supported tungsten containing HPAs. After 10 hours reaction
time the conversion is 90% with the silica included HPAs compared to the silica
supported HPAs (50% with H3[PW204] and 60% with H4[SiW2,049]) Conversion
of the silica included HPAs after recovery was reported to be 40% after 5 hours
compared to 60% when fresh catalyst was used. The silica supported HPAs were
inactive after recovery and reuse. The silica included and silica supported
molybdenum-containing HPAs were inactive, this would be due to molybdenum
containing HPAs being less acidic than tungsten containing HPAs. The formation of
the tert-butyl cation in the transalkylation requires stronger acidity than the generation

of the adamantyl cation in the adamantylation.
Me Me Me Me
Me Me HPA Me Me
+ —_— +
tert Bu tert Bu

Figure 1.5.2Transalkylation of 5-tert-butyl-1,2,3-trimethylbenzene “”
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Alkylation of toluene with 1-octene using HPAs supported by MCM-41 showed
100% conversion of 1-octene and a selectivity of 99% for monoalkylation products
) All the catalysts tested (supported and unsupported HPA) showed varying degrees
of activity high selectivity except for the support MCM-41. The catalyst with the
highest conversion and selectivity to the 2-isomer was STA 50%wt supported on
MCM-41. The selectivity to the 2-isomer is dependent on temperature. While the
conversion increases with temperature, the distribution of products after four hours at

120°C was 43.7% 2-isomer, 24.7% 3-isomer and 31.6% 4-isomer.

o
M cHy
CH,

CHy
© PO Nn, 3-Isomer
HiC. -
\ i
\/@\;‘s\om
e CHy

It was found that PTA on MCM-41 was slightly less active than STA on MCM-

Figure 1.5.3 Toluene alkylation scheme ©“?

41 under the same conditions. PTA on MCM-41 reached 100% conversion in two
hours, while under the same conditions STA on MCM-41 reached 100% conversion
in 1.5 hours. Since PTA is generally stronger in acid strength it is likely that the
difference is due to the interaction between the HPA and the support.

In the dehydration of 1,2-diphenylethanol to stilbene with silica supported HPAs
it was found that the reaction was 100% selective to tranms-stilbene'®”. The

dehydration of 1,2-diphenylethanol was carried out at reflux in chloroform and it was
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observed that the reaction proceeded at a high rate with >99% conversion at 30
minutes for silica supported H3[PW204] and H3[PMo01;04]. At 15 minutes the
H3[PW,049] HPA converted 90% of the 1,2-diphenylethanol and the H3[PMo;204¢]
converted 54% in the same time, the reason for this was the highly dispersed
H;3[PW,040] on the silica. The same reaction was carried out with 50% sulphuric acid
with similar results but the HPA catalysed reaction was faster and more
environmentally friendly.

The gas phase isomerisation of n-hexane with silica supported H3[PW,049] the
catalysts show isomerisation activity without a promoter®®. The selectivity of the
isomerisation is greater than that of the cracking with the main products of
isomerisation being 2-methylpentane, 3-methylpentane, 2,3-dimethylbutane and 2,2-
dimethylbutane and the main cracking products were isopentane and isobutane. The
catalyst activity decreases with time on stream, which may be due to coking on the
surface of the catalyst. The HPA has strong acid sites able to isomerise n-hexane but it
requires a promoter with hydrogenating/dehydrogenating function to stabilise the
activity. An increase in the loading of the silica with HPA leads to an increase in the
conversion of n-hexane and a decrease in selectivity for the isomerisation, but the
selectivity to isobutane and isopentane increase. These are the main cracking products

and are thought to result from uncompleted secondary isomerisation.

10% 20% 30% 40% 50% 60%
HPA HPA HPA HPA HPA HPA
loading | loading | loading | loading | loading loading
Compersion | .8 1.3 3.6 44 57 5.6

Table 1.5.2.2: Conversion of n-hexane over silica supported HPA at 22 minutes. Selectivity of samples to 2-
methylpentane is 75.6-79.3% 9
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The isomerisation of styrene oxide to phenylacetaldehyde using PTA on silica
(20% wt) has been investigated under mild conditions®®. Due to styrene oxide
polymerising under solvent-free conditions, cyclohexane was used as a solvent. The
reaction was highly efficient as only 0.08 wt% of the silica supported was needed for
98% conversion in 30 minutes at 25°C with selectivity to phenylacetaldehyde of 50%,
remaining 50% was attributed to oligomers, which were not detectable, by GC. Upon
increasing the temperature to 70°C the selectivity increased to 87% in two hours
reaction time. It was noted that the conversion stopped and was only increased with
the addition of fresh catalyst, which was possibly due to styrene oxide polymer
poisoning the catalyst surface.

HPA promoted by P/AL,O; (1:1 ratio in weight) increased the selectivity for
the isomerisation to 98.9% and the conversion of n-hexane is increased compared to
the non-promoted HPA on silica. 1wt.% Pt/Al,0O; alone did not produce any products

under the same reaction conditions as the silica supported HPA.

10% 20% 30% 40% 50% 60%

Catalyst HPA HPA HPA HPA HPA HPA
loading loading | loading loading loading loading

Compersion | g 252 377 46.6 50.1 46.1

sTt:::em 1.5.2.3: Conversion of n-hexane over silica supported HPA promoted by PYAL,0; at 60 minute on
Isomerisation of n-butane over zirconia supported Pt“? promoted HPAs has
been studied and it was shown that Pt free systems showed little activity for the
reaction with only 7% yield of isomers at optimal temperatures. The HPA free system
also showed little activity for the reaction with yields of isohexane of 18% at 350°C
with selectivity below 50%. The effect of HPA loading at a fixed temperature of
210°C showed that loading of 20% HPA on zirconia gave a yield of 77% and a

selectivity of 95% to isohexane. The selectivity of isohexane is a maximum of ~99%
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at 180°C, at this temperature the yield would drop to 65%. An increase in the
temperature above 210°C leads to a decrease in the yield of isohexanes. The
selectivity drops to below 90% at 250°C. Introducing Zr atoms into the HPA structure
decreases activity as the yield of isohexanes at 160°C with Pt/H;[PW,,ZrO4] was less
than 5%.

The conversion of glycerol to acrolin has been reported with Cs salts of PTA
under gas phase conditions®. Unsupported Cs; sHosPW ;2049 showed high activity
with 100% glycerol conversion with 98% selectivity to acrolin after one hour on
stream. After six hours the conversion decreased to around 40% with around 9%
(w%) coking found on the catalyst surface, however, the selectivity to acrolin was still
high (92% after twelve hours on stream) despite the decrease in conversion. When
doped with Pd there is a decrease in the amount of coke deposited on the surface of

around 4.5%, half that of the undoped catalyst.

OH ~H0 o - HyO0
”O\)\/O“ NS = Oy o

- H,0 3-Hydroxypropanal Acrolein
Glycerol \
(0]
o
CH

Acetol

3

Figure 1.5.4 Dehydration of Glycerol ¥

The gas phase isomerisation of n-butane using H3[PW,04] on natural
montmorillonite clay and acid activated montmorillonite clay have been studied®?.
The reactions were carried out at 473K and the activity decreased with time on
stream. The products formed were isobutane, propane, isopentane and n-pentane. The
isomerisation of n-butane was considered to be a surface type reaction as the TON
increases with increasing HPA content up to a plateau corresponding to pure HPA,

which is an indicator to a surface type reaction.
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The isomerisation of longifolene and a-pinene has been investigated using 20
wt% PTA supported on silica in solvent free conditions®". To determine catalysis
leaching, the catalyst was removed at reaction temperature to avoid re-adsorption of
HPA onto the silica. The supernatant was added to fresh substrate and the reaction
restarted. No further isomerisation products were observed in the leaching
experiments, demonstrating that the level of leaching was insufficient to catalyse the
reaction further. This was attributed to the fact HPAs are insoluble in non-polar
solvents. The isomerisation of longifolene was performed at 80°C for 300 minutes
with 60% conversion to isolongifolene with 95% selectivity. The conversion
increased to 96% at 100°C with 98% selectivity in only 70 minutes reaction time.
Upon increasing the temperature to 120°C the conversion was 100% in 10 minutes
reaction time, however the conversion had decreased to 76%, which was attributed to
the formation of high boiling products, which were not determinable. The
isomerisation of a-pinene to camphene was able to proceed at relatively low
temperatures (60-100°C) with a selectivity of 40-50% to camphene with other
products being formed (tricylene, limonene, a-terpinene, y-terpinene, terpinino-lene
as well as other products which were not determined). The temperature had a
significant effect on the rate as the reaction at 60°C took five hours to reach
completion, whereas the reaction at 100°C reached 90% conversion after one hour.

After optimisation, camphene and limonene accounted for around 80% of the
products with the remainder made up of a-terpinene, y-terpinene and terpinino-lene.
The catalyst was reused three times without loss of activity, showing that leaching
under non-polar conditions is negligible. Camphene and other bi-cyclic products form
in the presence of Lewis sites, while mono-cyclic products form in the presence of

Bronsted sites. The effectiveness of the HPA catalyst in the isomerisation of a-pinene

19



Introduction

is related to the weak interaction of the heteropoly anion with the reaction
intermediates, which unlike the anions of other Bronsted acids, do not strongly affect
the products and therefore do not promote side reactions.

©0) with

a-pinene isomerisation has been carried out in gas phase conditions
PTA supported on silica, titania, zirconia and niobia at 15 wt% loadings. Reactions
were carried out at 200°C with a-pinene at a concentration of 2.0% by volume in
nitrogen (flow rate 20ml/min) with 0.1g catalyst used. Camphene was the main
reaction product with limonene, terpinolenes, terpinenes, B-pinene, p-cymene and a
number of unidentified monoterpene by-products. Coke deposits were observed on
the catalyst surfaces, it was found that during the first hour of reaction only 50-60% of
the carbon fed ended in the products detected. After three hours on stream 90-100%

of the carbon fed ended up in the products. This shows that the majority of coking

occurs in the first three hours, after three hours little coking occurs on the catalyst

surface.
Conversion Selectivity (mol%)
Catalyst
(%) Camphene Limonene Others

15%H;PW2,04¢/Si0,* 100 27 0 73

15%H3PW 1,040/ TiO;* 94 39 3 73

15%H3PW 5040/ TiOy" 88 56 7 37
15%H3P W ,04¢/NbyO5? 88 32 7 61
15%H;3PW ;,04/NbyO5” 85 36 8 56

15%H3PW2040/Zr0," 74 55 19 26
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15%H3PW1,040/Z10;" 75 51 18 31

Csz.sHo sPW12040 48 67 10 23

Table 1.5.2.4: Gas phase isomerisation of pinene after ten hours reaction time.

a: Catalyst calcined at 300°C
b: Catalyst calcined at 500°C

The selectivity to camphene and limonene increased with reaction time, in line
with catalyst deactivation. The coke is most likely blocking the stronger acid sites of
the catalyst, which indicates that the formation of camphene and limonene is favoured
with the strongest sites deactivated.

PTA supported on niobia, titania and zirconia calcined at 500°C were weaker
acids and showed higher camphene selectivity as well as stronger resistance to
deactivation. This also suggests that the less active acid sites are favour the formation
of camphene and that the stronger acid sites increase the isomerisation and catalyst
coking, which reduces the camphene selectivity.

The alkylation of aniline with methyl-tert-butyl ether (MTBE) and fert-

butanol using H3[PW,,049] supported on K-10 clay*"

gave a conversion of 70%
with MTBE and a selectivity of 84% to the mono-alkylated products, 53% being 2-
tert-butylaniline. The same catalyst gave a 34% conversion with fert-butanol with
50% selectivity to both 2-tert-butylaniline and 4-tert-butylaniline. The HPA loaded
clay was found to be more catalytically active than the clay or HPA alone on a unit
weight basis. The H3[PW204] supported on K-10 clay could be reused twice
without appreciable loss of activity as the conversions were 70% in both cases.
During the third run the conversion was 63% and on the fourth reuse the conversion
dropped to 58%. The alkylation of phenol with benzyl alcohol on zirconia

(43)

supported””’ phosphotungstic acid (PTA) was found to be an efficient catalyst at a

15wt.% loading. Zirconia alone does not show any activity for the reaction. At
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15wt.% loading the conversion is 65%, upon an increase in catalyst loading the
conversion decreases. The selectivity of the reaction also depends on the loading of
the catalyst. The selectivity to benzyl phenol increases from 65% to 75% as the
loading of PTA on zirconia increased from 5% to 15%.

HPA trapped in the channels of MCM-41 are active for the synthesis of
bisphenol-Am). The HPA used is the Cs salt and is introduced by impregnating the
silica surface with caesium carbonate followed with impregnation with HPA. This
results in the insoluble Cs;sHys[PW,040] supported on the silica at the entrances of
the channels. This blocks the channels and reduces the surface area from about
900m?/g to 220m?/g. It was thought that when the caesium salt is introduced it covers
the channel with very little distance between neighbouring molecules. Once the HPA
is introduced the resulting salt blocks the channel.

H +
o H CHg
H;C CH, CHsy

o)

Figure 1.5.5 Synthesis of Bisphenol A ©?
An alternate route for supporting HPA on MCM-41 was to first impregnate the

surface with HPA solution then introduce the caesium carbonate to form the caesium
salt. This is thought to result in a high dispersion of the HPA but with enough distance
between HPA molecules to prevent blockage of the channel once caesium is
introduced. The supported HPA on MCM-41 obtained in this method had a surface
area of 500m”/g. Washing the sample with methanol had little effect on surface area
and pore volume indicating that the HPA anions were bonded to the support. The
resulting catalysts were used in the synthesis of bisphenol-A and showed high activity

for phenol conversion at 160°C and a high selectivity of 60% to p-p-bisphenol-A
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43 and

The Friedel-Crafts isopropylation of benzene with isopropyl mesylate
transalkylation of toluene with S5-tert-butyl-1,2 3-trimethylbenzene catalysed with
MCM-41 supported HPAs with low caesium content are more active than MCM-41

supported HPAs with high caesium content.

Transalkylations
Catalyst Isopropylation Conversion (%) TOF (min™)
conversion (%)
Csy s/ MCM-41 44 0 -
Cs; s/ MCM-41 100 69° (81)° 1.3

Table 1.5.2.5: Activity of catalysts in Friedel-Crafts alkylations. Catalyst amount: 0.1g, under reflux
conditions (43)

a: reaction time 3 hours

b: reaction time 7 hours

The transalkylation of toluene with 5-fert-butyl-1,2,3-trimethylbenzene requires a
high concentration of acid sites to generate the tert-butyl carbocation by dealkylation
of the aromatic compound. The high content HPA salts have a low concentration of
acid sites and are unable to facilitate the reaction by generating the carbocations. The
isopropyl mesylate is able to yield the 2-propyl carbocation intermediate with
supported HPAs with low concentrations of acid sites. Reuse studies of the silica
supported Cs;7 H;3[PW2040] catalyst show a repeated drop in activity for the
transalkylation of toluene, from 90% in the first run, 70% in the second run and 58%
in the third run of 7 hours reaction time.

Ion-exchanged HPAs are not restricted to mono-valent cations, cations of
alkaline earth cations (Be, Mg, Ca, Sr and Ba) have been reported‘“) to have been
exchanged with the protons from phosphotungstic acid and still retained strong
Bronsted acid sites when determined by ammonia absorption. While the substitution

exchanged two acidic protons for one alkaline earth cation, the heat of ammonia

absorption was reported to have been higher than 150kJ/mol.
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The catalytic performance of Cs(NH4);PMo0;2049 and Csy(NH4)PMo0j2040 in
the conversion of methacrolein (MA) to methacrylic acid (MAA)* was investigated
and it was found that the conversion, selectivity to MAA and catalyst lifetime were
greater than that of the parent HPA, phosphomolybdic acid. (PMA). The addition of
the Cs* cations enhanced the thermal stability of the HPA. The introduction of one
Cs' cation significantly improves the conversion and selectivity to MAA, while the
addition of two Cs' cations improves the lifetime of the catalyst, but adversely effects

the conversion and selectivity while still outperforming the parent acid PMA.

Selectivity MAA
Catalyst Conversion (%) Lifetime (h)
(%)
H3PMO]2040 36.4 50.2 Ca.l5
Cs(NH4),PMo0,,04 63.7 56 Ca.200
CSz(NH4)PM01204o 50.7 54 >380

Table 1.5.1.6: The lifetime is defined as the point at which the conversion and selectivity begin to
decrease *°

Vanadium substituted (H3+,[PMo012.:VO40] x = 0-3) polymer supported HPAs
have been used in the heterogeneous lactonisation of 1,4-butanediol*®. The polymer
support was polyaniline and the HPAs were supported by two methods. In the first
method a solution of free H3[PMo;;04] and aniline was polymerised at room
temperature for 24 hours, washed and dried. The two-step method involved
deprotonating the emeraldine salt of aniline with 3% ammonium hydroxide solution
to obtain the emeraldine base. This was then reacted with a solution of H3[PMo0,,04¢]
dissolved in acetonitrile. The resulting catalyst was then washed and dried. The
lactonisation of 1,4-butanediol was done at 80°C for 20 hours in the liquid phase. The
vanadium substituted HPA supported on the polymer made by the second method

were the most active with the order of activity following the trend PMogVs3 >
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PMo;yV; > PMo;V; > PMo;,. The same trend in activity was seen in the catalysts
prepared with the first method and with unsupported vanadium substituted HPA. The
higher activity of the two-step prepared catalysts was thought to be the HPA
immobilised on the surface of the polyaniline and have higher surface areas than the
one-step catalysts. The enhanced activities are thought to down to two factors. The
first is the molecular level dispersion of PMo;,.,.V, (x = 0-3) catalyst on and in the
polymer support, the other effect could be due to electronic modification of the

PMoj,.,V, (x = 0-3) contributed by the support by ionic immobilisation.

Catalyst BET surface area (m’/g)
PMo,; (one-step) 49
Pmo;; (two-step) 140
PMo;,V, (one-step) 70
PMo,,V, (two-step) 184
PMo,oV; (one-step) 52
PMo,,V, (two-step) 100
PmoyV; (one-step) 66
PmoyV; (two-step) 142

Tablel.5.2.7: Surface areas of vanadium substituted HPA supported on polyaniline(46)

Copper exchanged PTA has been used in the cyclopropanation of alkenes ©?.

The copper PTA was synthesised by precipitating an aqueous solution containing 2.0g
of PTA with 0.18g barium hydroxide to neutralise the three acidic protons. To the
neutralised PTA, 0.16g of CuSO4.5H,0 was added to exchange the barium with
copper. The resulting PTA had the formula Cu; sPW,049 and was recovered from the
solution by recrystallisation. Reactions were conducted at 27°C with 5 mol% of the
copper exchanged PTA (Cu-PTA) in a solution of dichloromethane catalysing the

reaction between ethyl diazoacetate (Immol) and an alkene under test. Styrene was
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reacted with ethyl diazoacetate in the presence of 10mmol% Cu-PTA in

dichloromethane.

Cu PTA
X «COOEt  +
©/\CH2 + N,CHCO,Et COOE
CH,ClL,. rt

trans

Figure 1.5.6: Styrene cyclopropanation ©*

The reaction was complete in 2.5 hours at room temperature and the product,
ethyl-2-phenyl-1-cyclopropanecarboxylate was isolated as two isomers (frans and cis)
with a 90% vyield. The reaction of cyclohexene with ethyl diazoacetate gave two
isomers (endo and exo) of ethyl bicycloheptane-7-carboxylate, with the endo isomer
the favoured product. The catalyst was separated by filtration and was reused up to

four times with minimal decrease in activity.

EtO0C

CuPTA
@ + N,CHCO,Et (yCOOE‘
CH2CI2, rt.

endo exo

Figure 1.5.7: Cyclopropanation of cyclohexene

The esterification of propanoic acid with butanol using carbon supported
H3[PW,049] and H4[SiW2049] have been studied®”. The catalysts were prepared by
impregnating the supports with an acidified solution of the HPAs. The reaction was
carried out with 0.3 mol of propanoic acid and 0.3 mol of butanol with elimination of

water by formation of an azeotrope with toluene.

Support HPA loading Apparent formula of | Surface areas
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(Wt%) HPA (m’/g)

Aldrich charcoal 50 H; 1[PW12040] 1500

Strem charcoal 31 Ho.6[PW12040] 1000
Lonza graphite 27 H,[PW2040] 310
Vucan-6 27 H; 4[PW2040] 115
Vucan-3 14 H,[PW12040] 75

Tablel.5.2.8: Apparent formula of HPA on carbon supports en

The amount of acid was 5.0x10* mol. The unsupported H4[SiW,040] had
slightly higher activity than the unsupported H3[PW,04¢] catalyst, converting >90%
of the propanoic acid in 175 minutes compared to 85% conversion for the
H3[PW,04¢]. This can be explained by the Hs[SiW,049] HPA having more proton
sites than H3[PW,,049] and showing that the acid strength of the weaker acid is
sufficient enough to catalyse the esterification. The initial reaction rates were
calculated to be 4.8x107 mol min’ for H3[PW,040] and 6.5x10° mol min" for
H4[SiW2040] which is proportional to the number of protons in the HPA.

For the carbon supported HPAs the highest loading were used on various
carbons. Two active charcoals, one from Aldrich and one from Strem Chemicals,
Lonza graphite, two carbon blacks, Vulcan-3 Cabot and Vulcan-6 Cabot. The Aldrich
charcoal was the most active with 66% conversion but its loading was 50% compared
to the other supports. The activity for the supported HPAs is related to how many
catalytically active protons there are in the solid. This was calculated as the mean
number of active protons per Keggin unit. The carbon supported HPAs were all less
active than the unsupported HPAs. The charcoal supported HPA is more active than

the other carbon supports as the surface of the charcoal is not uniform, but covered
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with different functional groups from the process of making charcoal from the
pyrolysis of wood. These functional groups are able to help anchor the HPA to the
carbon support.

The carbon supported HPAs are active catalysts for the esterification of
propanoic acid with butanol or 2-ethyl hexanol but the activity per Keggin unit is
lower than that of the unsupported HPA. The best results with carbon supported HPAs
were with supports, which had a low surface area with the HPA loading as high as
possible. The high surface area supports encapsulated the HPAs, which led to a
neutralisation of charge. On the low surface area supports there is a slight repulsion of
charge that inhibits such encapsulation.

The esterification of acetic acid with butanol (n-butanol, sec-butanol and ter-
butanol) catalysed by different HPAs supported on activated clay has been
investigated®”. The major product was butyl acetate with selectivity of around 100%,
the conversion depended on the HPA and the alcohol used in the reaction. The
different HPAs used were phosphotungstic acid, phosphomolybdic acid and
slilicotungstic acid with loadings of 10, 20 and 30% by incipient wetness
impregnation. The highest conversions were made by the PTA catalysts, followed by
STA, followed by PMA. The conversions with the supported PTA increased with
loading from 10 to 20% but decreased after the loading is increased to 30%. It was
noted that the activity of the free HPA was significantly lower when compared to the
clay supported HPA under the same reaction conditions. The higher activity was
attributed to a high dispersion of the HPA on the clay support, enabling a higher
surface area and more active sites when compared to free HPA.

The esterification of mandelic acid with methanol was investigated with silica

supported PTA with different weight percent of PTA to silica at room temperature®”.
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Weight percentages of PTA to silica were 20%, 40% and 60% and it was found that
the reaction was more efficient at a loading of 40 wt% since no increase in yield or
time were observed when using loadings higher than 40 wt%. Upon using different
alcohols in the esterification of mandelic acid (ethanol, 1-butanol, 1-heptanol and 1-
octanol) it was found that no side products were found during these reactions.

The vapour phase dehydration of isopropanol has been studied with
H3[PW,,040] supported on alumina and titania at 180°C%®”. It was found that the
isopropanol does not react with the supports and decomposes to propene with the
HPA present on the supports. The solid H3[PW1,040] had a surface area of 2m?/g, but
on the supports the acid becomes highly dispersed and increases the catalytically
active surface. The acidity order for the different catalysts studied in this reaction
were TiO,=SiO,> carbon > acidic alumina > basic alumina. The acidity of
H3[PW2040] on both types of alumina is similar to that of the solid H3[PW,04¢]. The
interaction between the support and HPA determines if the ion will be degraded or
not. The acidic alumina contains the [PW12040]3' anion and dimeric heteropoly anions
and the basic alumina causes the HPA anion to form tungstodiphosphate
([P2W2,071]%) and the lacunar species [PW,;039]” on the support.

The H3[PW2040] acid remains intact on the surface of titania and is more
active in the dehydration reaction than the bulk H3[PW,040] while the acidic alumina
had similar acidity to the bulk H3[PW;,04] and the basic alumina had lower acidity

than the bulk H3[PW,04].

Catalyst Isopropanol Concentration (g | Specific
Conversion (%) W/100g) conversion(1/mgW)

Bulk H3[PW2040] | 40 70.43 0.113

HPA/TiO, 30.4 16.13 0.377
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HPA/ALOs(acidic) | 14.2 25.31 0.112

HPA/ALO; (basic) | 4.3 22.31 0.038

Table 1.5.2.9: Isopropanol specific conversion @8 Conditions: Atmospheric pressure, 180°C, time:
4 hours, catalyst mass: 0.5g Isopropanol/helium volumetric ratio: 9.8x10”

The synthesis of fructone using Cs salts of PTA supported on alumina has
been reported®. In the liquid phase reactions of ethyl acetoacetate with ethylene
glycol to synthesise fructone, alumina supported Cs;sHosPWi2040 (30% wt) was
highly stable and water tolerant catalyst. Conversion of ethyl acetoacetate was 98.7%
and selectivity to fructone was over 97%. The catalyst could be reused without
regeneration for up to five reactions.

The dehydration of isopropanol with PTA, CsPTA and 15% PTA on various
supports (SiO,, TiO2, Nb,Os and ZrO,) In these experiments, propene was the major
product with all the catalysts used*®. The activity of the supported catalysts decreases
with increasing calcination temperature from 300°C to 500°C in correlation with
catalysts acid strength. This is due to the loss of proton sites due to dehydration of the
catalysts and a decrease in surface area.

PTA supported on niobia has been used to catalyse the esterification of
palmitic acid or sunflower fatty acid with methanol®?. The loadings on the niobia of
the PTA were at 25% wt% to be the most active in the esterification of the fatty acids
with methanol. The esterification of the fatty acids depends on the acid strength of the
catalysts. The calcination temperature influenced the activity of the catalyst, as
calcination temperatures over 400°C.Upon calcination over 400°C, the Keggin anion
begins to decompose. XRD patterns indicate that the Keggin anions were
decomposing to WO; at these higher temperatures. The activity of the catalysts

increased with temperature, at a temperature of 35°C the conversion for palmitic acid
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reached a near constant conversion of 28% after three hours with little increase after
four hours. The conversion of sunflower fatty acid reached 18.9% conversion at 35°C
after two hours, after four hours the conversion reached 22.5%. Upon increasing the
temperature to 65°C the conversion for palmitic acid reached 99.1% after four hours
and the conversion of sunflower fatty acid reached 97.3% after four hours.

Supported Cs salts of HPAs have been used in biphasic reactions. In the
conversion of D-xylose to furfural, Cs salts of PTA impregnated in silica have been
used in a water-toluene mix“”. The xylose conversion takes place primarily in the
aqueous phase, the product furfural has a higher affinity for toluene and is separated
as it is formed. This leads to higher conversions than as if water alone was used as a
reaction medium. Higher catalytic activity is observed for supported CsHPA with a
loading of 15% (w/w) and is attributed to the higher number of effective acid sites
when compared to supported CsHPA with a loading of 34% and may be due to the
greater dispersion on the silica. Apparent pore blocking is less severe with the lower
loading CsHPA that would also extend the catalysis lifetime.

The doping of HPAs with platinum group metals enhances the regeneration
when used in propene oligomerisation*®. 20% PTA on silica was coked by propene
in a fixed bed reactor at 200°C. When no Pd is present, the coke burns at

approximately 500°C, with the Pd doped PTA at levels of 1.6, 2.0 and 2.5% the coke

burns at approximately 375, 350 and 340°C respectively. The higher the Pd loading,
the lower the combustion temperature of the coke, this enables the regeneration of the
Pd doped PTA to be conducted at temperatures well below the decomposition
temperature of PTA. The Pd doping affects the type of coking on the catalyst,

undoped PTA has both aliphatic and polyaromatic coke deposits. Upon doping with
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Pd, only aliphatic coke is deposited with combusts more readily than polyaromatic
coke.

The catalytic lifetime of HPAs can be extended in supercritical fluids®®.
HPAs could be regenerated by extracting the carbonaceous deposits from the catalyst
surface by supercritical fluids. The isomerisation of n-butane under supercritical
conditions using PTA and STA supported on titania (20% wt) at 260°C and 110 bar,
supported on sulphated zirconia at 215°C and 61 bar and H-mordenite at 300°C and
138 bar as catalysts. During gas phase isomerisation (non-supercritical isomerisation)
the catalysts deactivated due to coking. Under supercritical conditions, the catalyst
activity was stable for over five hours when using titania supported HPAs. The
catalysts coked in the gas phase reactions could be regenerated in supercritical n-
butane to achieve activity close to their original unused state.

In conclusion, HPAs in heterogeneous catalysis can be used in a wide range of
reactions, isomerisation, dehydration, hydrolysis, alkylations, esterifications and
etherifications. They are easily supported on many different supports without losing
their primary Keggin structure at high loadings (up to 50%), but do suffer from
deactivation and loss of active HPA to polar liquids. The leaching of active sites by
polar solvents can be decreased by increasing the loading of the HPA to include the
HPA in the bulk of the supports, rather than on the surface. In experiments where the
solvents are non-polar, little leaching is observed with supported HPAs and the
catalysts can be reused many times.

The deactivation by coking can be partially solved by calcining the catalysts
and can be further enhanced by doping the catalysts with platinum group metals, in
particular, platinum at doping level of 2.5% as this promotes aliphatic carbon

deposits, which are burned off at a lower temperature than polyaromatic carbon
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deposits, crucially below the temperature that HPAs decompose (450°C for PTA).
Caesium salts of HPAs are water insoluble and can also be supported on many
different solid supports. The substitution of one or more of the acidic protons with
caesium results in a water insoluble HPA can increase the thermal stability of the
Keggin anion, but at the expense of acidity as the most acidic protons are substituted
preferentially.
1.6 Conclusions

HPASs can be used as supported acids for a number of acid catalysed reactions.
The activity of the catalysts depends on the nature of the support, the acidity of the
HPA, and the loading of the HPA on the support. HPAs can be supported on a wide
range of inert or acidic supports, but basic supports will deactivate the active Keggin
structure. Too high loading and interactions with the support and the acidic properties
of the HPA are lost through transformation of the HPA structure to less catalytically
active ones. The most acidic HPAs contain tungsten as the heteroatom and are
commonly used to demonstrate the superacidic nature of HPAs, as molybdenum
containing HPAs are less active when compared to the tungsten containing HPAS.
Molybdenum containing HPAs while less active do provide different selectivities to
products as the tungsten HPAs can often catalyse intermediate products to give the
kinetic products of a reaction. Molybdenum HPAs are often reduced during reactions.
Supported HPAs are easily recovered from the reactions and are reusable with
lowered activity unlike traditional acid catalysts (e.g. AlCl3). Caesium salts, while
water tolerant, can form unrecoverable colloidal suspensions under a large excess of
water. Caesium salts supported in the channels of MCM-41 show high reusability and
minimal leaching when washed with methanol. HPAs are tuneable catalysts with the

acidity being controlled by the introduction of metal ions to form salts thereby
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changing the number of protons the HPA has, by changing the heteroatom from P to
Si and by changing the metal in the polyanion cage (W or Mo). Further substitution of
other metal atoms in the framework can alter the acidic properties.
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Chapter Two: Experimental

2.1 Synthesis of catalysts
2.1.1 Synthesis of Keggin heteropoly acids

Phosphotungstic and phosphomolybidic Keggin type heteropoly acids were
synthesised using the etherate method as described in the literature. (2 HPAs are
highly soluble in diethyl ether and can be used to extract them from strongly acidified

aqueous solutions.

2.1.2 Synthesis of H;PW ;04 (PTA)

Sodium tungstate dihydrate (Na,WO4.2H,0, >99%, Aldrich, 25g, 0.076
moles) was dissolved in water. Phosphoric acid (H;POy4, 85%, 8.5g, 0.074 moles) was
dissolved in water (distilled, 10ml) to make an 85% H3PQO, solution. 2.5ml of the
H3;POj4 solution was added to the sodium tungstate solution. Concentrated HCI (20ml)
was added to the mixture. The solution was stirred overnight at room temperature. A
white precipitate was found in the flask and was collected. The HPA in the acidified
solution was extracted by adding diethyl ether and extracting the lowest of three
layers after vigorous shaking. The acid was dried on a rotary evaporator until a white

powder was collected.

2.1.3 Synthesis of H;PMo;,04 (PMA)

Sodium molybdate dihydrate (Na,M0O4.2H,0 >99%, Aldrich, 18.3g, 0.076
moles) was dissolved in water (distilled, 45ml). H;PO4 (H3POs, 85%, 8.5g, 0.074
moles) was dissolved in water (distilled, 10ml). 2.5ml of the H3PO4 solution was

added to the sodium molybdate solution. Concentrated HC1 (20ml) was added to the
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conical flask. The solution was stirred overnight at room temperature. A dark green
precipitate was found in the flask and was collected. The HPA in the acidified
solution was extracted by adding diethyl ether and extracting the lowest of three
layers after vigorous shaking. The acid was dried on a rotary evaporator until a green

powder was collected.

2.1.4 Preparation of Supported STA

H3SiW 204 supplied by Johnson Matthey (STA) on silica powder was made
by saturating the support with a solution of silicotungstic acid (26% w/w) for two
hours followed by filtering of the support. The support was divided into two batches,
one batch was dried in a conventional oven and the other batch was dried in a
fluidised bed drier. Base treated alumina (200g) and alumina beads (200g) were
saturated with STA (26% w/w) solution for two hours and dried in a conventional
oven. Carbon-coated silica (100g) and carbon-coated alumina (100g) were saturated
with STA solution (26% w/w) and dried in a conventional oven. All supports were

supplied by Johnson Matthey.

2.1.5 Synthesis of Keggin salts

Caesium salts of silicotungstic acid were prepared by ion exchange ®. To
synthesise CsSTA, Silicotungstic acid (H4SiW 204, Aldrich, 6.22g, 0.019 moles,
99%) was dissolved in a minimum of water (distilled) while under stirring. To this
solution, caesium nitrate (CsNOs, Aldrich, >99%, 0.42g, 0.002 moles) dissolved in
water (distilled, 10ml) was added drop wise. Upon addition of the CsNOs, a white
precipitate is formed. The water was evaporated off until the precipitate was a fine

white paste. The precipitate was dried in an oven and then calcined (200°C, two
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hours, under helium). To synthesise caesium salts with a greater number of caesium
cations, the weight of the caesium nitrate was calculated to achieve the required molar

ratio.

2.1.6 Silica supported caesium salts of STA

Silica supported CsSTA were prepared by precipitating the Cs salt in a silica
slurry. Silica supplied by Johnson Matthey (surface area: 317m’/g) was used as the
support. To this slurry, the free HPA was added to dissolve before adding the caesium
salt solution. Upon addition of the caesium nitrate solution a white precipitate was
observed. After the caesium nitrate was added, the solutions were left to evaporate to
a paste and then calcined at 200°C under helium for two hours. The loading amount

was kept at 16.6wt%. As an example: (g HPA /(g silica+ g HPA)) x 100 = 16.6

2.2 Experimental Catalyst Testing Apparatus

2.2.1 Catalyst synthesis and liquid phase apparatus

A hot plate stirrer, equipped with a fuzzy logic temperature controller, was
used with an oil bath for heating and stirring the solutions. Chemicals and inert
supports were mixed in a two-necked round-bottomed flask with a magnetic stirrer. A
condenser was used when reflux was required. A rubber septum was used to facilitate

samples for analysis.

2.2.2 Vapour Phase Apparatus
The vapour phase reactions of the dehydration of 1,4-butanediol (BTD),
isopropanol and isobutanol were performed in a conventional fixed bed micro reactor.

The apparatus for the reaction is shown in the scheme below:

41



Experimental

Alcohel Fump Saturator

re-er.oir 3lass reactor tube

——

Furnace
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Figure 2.2.2.1 Schematic diagram of gas phase apparatus

The reactor was constructed from a 15c¢cm long, fused silica tube with an internal
diameter of 12mm, fitted half-length with a porous frit to hold the catalyst in place.
The fused silica tube is held in place with Cajun Ultra-Torr joints to facilitate
removal. The catalyst was placed vertically in a Carbolite furnace. Reaction
temperature was measured using a thermocouple placed in the silica reactor, just
above the catalyst bed. The reactor was operated at atmospheric pressure. The reactant
was pumped into the heating oven by a peristaltic pump at a flow rate of 0.019ml/hour
and mixed with the He carrier gas. The carrier gas and the alcohol enter the heated
saturator, where the alcohol is swept up by the carrier gas.

The reactor inlet and outlet lines were heated with heating tape to prevent
condensation of reactants and products. A Brooks Instruments SMART mass flow
controller, calibrated for a flow rate of 0-100ml/min, controlled by a Brooks
Instrument control box regulated the helium flow rate which varied depending on the
reaction. The reaction products were measured on a Varian 3400 Gas Chromatograph
(GC) fitted with a six-foot tubular column coated with 10% sp-2100 on 100/120

supelcoport. The detector used on the GC was an FID
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2.2.3 Gas chromatography analysis set up

The GC analysis system was provided by a Varian 3400 CG and Varian Star
software. The column was chosen to separate out polar compounds (BTD,
tetrahydrofuran, isopropanol and isobutanol). Helium was used as a carrier gas for the
GC. The reactants and products were introduced to the GC by a 6-port valve driven
pneumatically and controlled by the GC timed event program. Figure 2 shows the
sampling valve in the filling position, where the sample flows through the sample
loop and is vented, while the carrier gas flows directly to the column. When the valve
is switched to the injection position, the helium carrier gas sweeps the sample onto the
column. The detector output was recorded on a PC and the data processed by Varian
Star software to allow the peak area to be quantified.

Flame ionisation detector

The flame ionisation detector (FID) was an ion detector, which burns
compounds in a hydrogen/air flame to produce ions. The hydrogen introduced into the
carrier gas from the column is burned in air to produce a noise free flame. When an
organic compound is burnt in the detector, the ions migrate to the collector electrode
under the influence of a polarising field applied to the jet of the detector. The charge
generated by the ions is proportional to the concentration of analyte present. The

current generated is amplified and plotted on screen as a chromatogram.
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6-port valve diagram
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Figure 2.2.3.1 Diagram of 6-port valve showing filling and injecting positions

2.2.4 Autoclave reactor set up

The autoclave used was a Baskerville single vessel autoclave fitted with a
glass insert with an internal volume of 100ml. Mixing of the reactants was done by an
overhead impeller. Heating was provided by a Baskerville control unit connected to a

heating jacket.

2.3 Catalyst Characterisation Techniques
2.3.1 B.E.T isotherms

Surface area measurements were carried out on a Micromeritics Gemini
surface area analyser. A Micromeritics Flow Prep 060 was used to degas the samples
(200°C, nitrogen, two hours) before measurement of the adsorption isotherms. During
operation, the sample tube and the reference tube are cooled in liquid nitrogen and the

adsorptive gas (nitrogen) is dosed into the sample and reference tubes. As the sample
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adsorbs the gas, a transducer located between the sample and balance tubes detects
any pressure difference between the two tubes and causes a valve to balance the
pressures in both tubes. This method of dosing and accounting for the volume of gas
uptake enables the surface area to be calculated using the Brunauer, Emmett and

Teller (BET) method.

2.3.2 Raman Spectroscopy

Raman spectra were obtained using a Renishaw Ramascope Spectrograph
fitted with a green Ar" laser (A = 514nm) operated at 20mW. Samples were analysed
in powdered form.

The Raman effect occurs when a symmetric molecule absorbs a quantum of
light and this excites the molecule into a higher vibrational energy state. Upon
relaxation of the molecule into the first vibration energy state, the molecule will emit
a photon that is called Stokes Raman scattering. If the molecule was already at an
elevated energy state, the Raman scattering is called Anti-Stokes Raman scattering'®.

In practice, monochromatic light is used.
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2.3.5 Ammonia Temperature Programmed Desorption (TPD)

The instrument used was a Micromeritics Autochem 2910. The sample is
degassed under helium (100°C) to remove water vapour before dosing with ammonia.
The sample is allowed to equilibrate before the temperature is increased from 100°C

to 600°C at 10°C/min under helium.

2.4 Methods
2.4.1 Liquid Phase Alcohol Dehydration Procedure

2.4.1.1 1,4-Butanediol Cyclodehydration

1,4-butanediol (10ml, Aldrich), internal standard (cyclohexene, 1ml, Aldrich)
1,4-dioxane (40ml, Aldrich) and catalyst (0.05g-0.1g) were refluxed for up to five
hours. Samples (40ul) were taken at regular intervals (0, 5, 10, 30, 60, 120, 180 and

300 minutes) and analysed by GC.

2.4.1.2 Geraniol Dehydration

Geraniol (40ml, Aldrich) was heated to the desired reaction temperature 50-
90°C) and catalyst (0.05-0.1g) was added. Samples (40ul) were taken at regular
intervals, (0, 5, 10, 30, 60, 120, and 180 minutes) diluted and external standard added

(n-hexane). The reaction was monitored by GC.

2.4.2 Vapour Phase Alcohol Dehydration Procedure

Catalyst (0.05-0.1g) was loaded into the fused silica reactor and the reactor
tube was secured in place with the Cajun Ultra-Torr joints. The flow rate of the
helium carrier gas was set to the required rate and the heating tape, heating oven and

furnace were set to the operating temperature. Once the temperatures of the heating
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tape, heating oven and furnace were stable, the alcohol flow was switched on and the
reaction monitored by GC. The first injection was taken after five minutes and the
subsequent injections were taken automatically via the GC program, the intervals

depended on the reaction being performed.

2.4.3 Alcohol calibration and blank tests

To calculate the concentration of alcohol in the vapour phase, the ideal gas
laws and Dalton’s laws were assumed to hold. Measuring the flow of helium into the
saturator leads to a value of V (m’). One mole of gas at standard temperature and

pressure (s.t.p) occupies 0.022414 m’

. therefore, the number of moles of helium is
V/0.022414. Since the number of moles of the alcohol vaporised is mass (w) divided
by molecular weight of the alcohol (M). The helium/alcohol mixture leaves the
saturator at a pressure of Ps with the vapour being at its saturation vapour pressure, ps,
with the carrier gas making up the balance (Ps-ps). The gas and alcohol must occupy
the same volume upon leaving the saturator and their pressures in the mixture must be
in the ratio of the number of moles of each.
Py/ (Ps-ps) = (W/M) / V/0.022414

By knowing the theoretical vapour pressure, ps and the total pressure (atmospheric
pressure: 101kPa) it is possible to know the alcohol concentration leaving the
saturator. For example, a vapour pressure of 10% Isopropanol in helium would
require a vapour pressure of 10kPa, which can be entered into the linear regression
equation derived from the CRC Handbook of Chemistry and Physics (78" Edition) ©:

Ln 10 =-5761.1x + 27.949

This gives a temperature of 35°C
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Experimental

1,4-butanediol at 60°C will be 0.03%. This is an over simplification. To calculate the

concentration of 1,4-butanediol the following equation is used:

p _ (wW/RMM)
(P-p) (V-0.022414)

Where:

P= total pressure

p= vapour pressure of 1,4-butanediol

w= weight of 1,4-butanediol

RMM= relative molecular mass of 1,4-butanediol
V= volume of He flowing into the saturator

0.022414= molar volume of gas

Since the carrier gas and 1,4-butanediol occupy the same volume passing out of the

saturator, the pressures of each will equal the ratio of moles of each. Knowing the

total pressure (atmospheric pressure, 101kPa) and the vapour pressure of 1,4-

butanediol it is therefore possible to calculate the 1,4-butanediol concentration exiting

the saturator.

For a He flow rate of 30ml/min at a temperature of 60°C, the alcohol concentration is

as follows:

Pgat 0.03

Piot-Psat 101-0.03

0.03/101-0.03 = 0.0003%

From this equation, the mass vaporised can be calculated, as all the other variables are

known.
Molar gas flow = 0.0803mole/hour
Moles 1,4-butanediol/hour = 0.0803 x 0.0003 = 2.49x107

Weight vaporised = 2.49x10 x 90 = 2.2x10g/hour

1



#XY *H# #
& - "2
* *$ & ’n
18
C'D 6
1(
IC'?
a' C':
c
1
C
[
1 S 7%
E &
" # J "o
$$ 4 ##
*2 4 %
#$ $:,&Q $ &

8#Q#X9 Y 6 -.2Q

#$

'C D Q*$ "

2:64, & $

" # Qi X Y@T'X> C

881<9% Y( $,*

C
$ #Q#X
& 4
# J
& &

$$



1 @S #$
-() *
-Y65C >N C'@
c'ccce'ccec c'cc 2
<$ ! &
4 $- #
S , * 1 , ' X
8 '$!(92 C*$Q* $ ,*2 ",
"< , " AC *
# & * 3
1 ":':'DS <% ! 2:64, &
+ ()
?CCC
?CCC
cCcccC
?CCC
:CC @cCCcC
. $ BS$

64, & $
1 ccc ? c'cc
* " * $ I #$
># $ & ., & 4%
$.,9% & < C'C Z
* # , $" CX '"& &
Z /
< .#H % 4 &'
),
5CC CCCcC ccC :CC
@



$ 4 ) # " "< 2 $, "<

* & $, ! " $3 * $ S C'C 2 C'C@D
c CC'?2#% " $, / & & # #3 &
* % - .8, / &' $ " $.% &
C'AAA2 - $ # _ :
1 55 2:64, & $ $ 4

3<=%

?2CCC .

cccc -Y NC5>

?2CCC

?2CcCC

D55
cccc
?2CCC ?5A5
C
c 1 c'cccc:c'cccce c'cccoxsCC C'CccC
# ., # , " # # $ #$ & *# ,
, $ # 4% " # # $ $ * 4
n *# , 1

' 4, $ 4% ! & $ 4

# o, # : " 4, $ *H# : #$ & & "

, $ # ! 4, $ $ 4 '



?'S #$ " 4, $
4, S . # ., #
cce Geﬁce:ﬁ'eéecazsssé;m“(:'cc D C'CCs CCC A coeo
Q
43 2" S 4, $ . # # * #
*# , 879 Q 879 ( , 8!( 9
A 'A c'cc :C ccc
A c'cc C: cccc
5C'@ c'cC @ ccccc
<$ ! $-
* " i x g -
* , 2 CX 2 "$ ! $ ,* C*$Q+*
?'5Z 8:5X 9 Z ) 4% ! Z
, & - * $ b,
*H# & 2:64, & $ - *H
, $ 4 " , & & ‘

?7?

># * $

666666666666666666666666666666

c'CccC c'CccC c'CccC c'ccC
879’
#
@'ACDD
A" C
‘9
, 4 &
& S 1,
& "4,
R &
¥ 0# ., " 4, $
.2 4, $ -



o

DCCC
@ccc
?CCC
:CCC
cccC

CcccC

222

$ 4
CX

$

S <%

># * $

4 $
4 $ ?X
@2 592 c? 292 @?
* g * 9
4 $
+
W 8)(19 ;

17" 1 17" )1 )17
/ 01 -
4,8 , @X

" 'AZ & :CX
$.,% & C'AA 2

?7@



Experimental

2.4.6 Vegetable Oil Transesterification Experimental Procedure

Catalyst (0.1-0.05g) was loaded into the glass insert of the autoclave.
Vegetable oil (rapeseed, 20ml) and methanol (7.6ml) were added to the glass insert.
The glass insert was then placed in the main body of the autoclave and sealed. The air
inside was removed by pressurising with helium and venting three times. The
temperature was set to the required level and stirring at 500rpm was started. Once the
temperature was within 10% of the set point, the timer was started. At the end of the
reaction, the heating jacket was removed and a beaker of ice-cold water was placed
around the autoclave body to arrest the reaction. The contents of the autoclave were
allowed to settle before a portion of the lower layer was removed and sent for 'H
NMR analysis ©.

'"H NMR analysis is described in Chapter 6

2.4.7 Materials Used

Sodium tungstate, Supplier: Sigma Aldrich, >99% purity
Sodium molybdate, Supplier: Sigma Aldrich, >99% purity
Phosphoric acid, Supplier: Fisher Scientific, 85%
Caesium nitrate, Supplier: Sigma Aldrich, >99% purity
Silicotungstic Acid, Supplier: Sigma Aldrich, >99% purity
Silica powder, Supplier: Johnson Matthey

Base treated alumina, Supplier: Johnson Matthey
Alumina beads Supplier: Johnson Matthey

Carbon coated silica, Supplier: Johnson Matthey

Carbon coated alumina, Supplier: Johnson Matthey

1,4-butanediol, Supplier: Sigma Aldrich, 99% purity
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Isobutanol, Supplier: Sigma Aldrich, 99% purity
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Characterisation

Chapter Three: Catalyst
Characterisation

3.1 Catalyst Characterisations

In this chapter the catalysts used in the experiments were characterised by
BET surface area measurements, Raman spectroscopy, powder XRD and TGA in
order to determine the extent of HPA on the surface of the supports and what change
the HPA or the support underwent.

3.1.1 BET isotherms

HPA Surface area m’/g
STA 4
CsSTA 4
Cs,STA 43
Cs3STA 147
CssSTA 86
SMA 6
CsSMA 28
Cs;SMA 122
Cs3;SMA 50
CssSMA 14
CsPMA 5
Cs,PMA 107
CsPTA 22
Cs,PTA 83
Cs;PTA 132
silica support 249
26% STA on carbon coated alumina 102
26% STA on alumina powder 236
26% STA on carbon coated silica 172
JM supplied silica 20R950 168
26% STA on silica powder 297

Table 3.1.1.1 Surface areas of bulk catalysts, supported catalysts and support
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The type of cation has found to influence the properties of the HPA salt. HPAs
partially neutralised with small cations such as Na*, Fe**, Co®*, and Ni*" have been
found to be highly soluble in polar solvents and water and have a low surface area,
while HPA salts of large cations like Cs™ have higher surface areas and are largely
insoluble in water "), Surface area measurements show that supporting the HPAs on
silica decreases the total surface area when compared to the silica alone @,
Substituting a proton for a caesium cation increases the surface area when compared
to the unsubstituted HPA and increases the dispersion of the HPA on the surface of
the catalyst ). The surface area reaches a maximum when three of four protons are
substituted, in the case of silica containing HPAs, before decreasing when all protons

G \where the free acid and

are substituted. This is in agreement with the literature
mono substituted acids have low surface areas compared to the di and tertiary
substituted HPAs. Increasing the loading of HPA on a silica support does decrease the
overall surface area as well as the average pore volume and size, indicating that most
of the pores are filled with solid HPA . The surface acidity has been found to
increase with successive addition of Cs as an estimation of the concentration of

protons bound to the anion and the surface area. ®

3.1.2 Raman Spectroscopy

The Raman spectra of the Keggin-type heteropoly acids supported on silica
and alumina are shown in figure 3.1.2.1 Raman spectroscopy of the supported
catalysts shows the same characteristic peaks associated with HPAs. The most
noticeable is the peak at around 986cm™', which can be assigned to asymmetric
stretching of v(W=0) while a small peak at 927cm™ in the silica supported STA can

be assigned to the asymmetric stretch v(Si-O). This is in agreement with literature
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Characterisation

attributed to the supports themselves, it is clear that parts of the XRD patterns are
identifiable as the Keggin-type HPA. The XRD spectra agree with similar supported
HPAs in the literature!” This indicates that the STA is at least physically present with
the supports. This is in agreement with the Raman data. At the loading levels of HPA
on the supports it can be shown that the HPA does not undergo structural
rearrangement, but has most likely present as bulk HPA on the surface of the support.
It has been reported’? that the characteristic diffraction peaks of HPA supported on
silica become apparent at loadings above 20 wt.%. Since the catalysts under
investigation are around 26 wt.%, then the XRD pattern obtained is within the
threshold of crystalline HPA being present on the surface. A higher loading may be
possible with a support with a higher surface area than the silica used.” The
unsupported CsSTA and supported CsSTA XRD diffraction patterns agree with the
literature with characteristic peaks at 26 = 23° 20. 2D XRDs of synthesised HPAs
PMA, PTA, Aldrich supplied PTA, Aldrich supplied, silica supported STA, carbon
coated silica supported STA and alumina supported STA are detailed in the appendix
(figures 1-10). The XRD patterns for the supported HPAs are less defined when
compared to the unsupported HPAs. This is expected, as the dispersion of the HPAs
on the surface of the support will decrease the apparent crystallinity of the Keggin

units.
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Characterisation

desorption of weakly held, physisorbed ammonia !"'#?? The STA on silica showed a
sharp peak at 225°C while the other supported STA samples do not, this is indicative
of stronger acidity and less reducibility (%) The carbon coated silica supported HPA
showed a broad, shallow peak at 500°C with a another broad shallow peak at 525°C
with another peak appearing at 575°C before the analysis ends. These signals above
225°C are indicative of the acid sites present with the silica supported HPA and
represent desorption of chemisorbed ammonia. It can be shown that the carbon coated
alumina and the alumina beads have very similar behaviour, while the silica supported
STA has a very definite maxima of ammonia desorption while the carbon coated
silica supported STA does not. The absence of a sharp peak at around 500°C could be
indicative of the carbon coated silica strongly interacting with the heteropoly acid and
decreasing the effective number and acid strength of the heteropoly acids interacting
with the support.? The TPD data shows that there are strongly acidic species on the
supports which is agreement with the Raman, XRD and TGA data. This shows that
there are HPAs on the surface of the supports at a high enough loading to be strongly
acidic, retain their Keggin structure and have a high enough dispersion to retain the
supports high surface area.

It has been reported * that the interaction between HPAs and the OH groups
present on the surface of silica will decrease the acid strength by forming ~-OH," and
HPA’ thereby removing an acidic proton from the HPA anion. It is also noted that
ammonia will interact with the OH groups present on the surface of silica and with the
Lewis acid sites present n the surface of alumina, this would also account for the

broad peak seen at lower temperatures in the TPD data.
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Figure 3.1.5.1: Ammonia TPD of Silica supported STA
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Figure 3.1.5.2: Ammonia TPD of alumina sphere supported STA
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TCD Signal vs Temperature
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Figure 3.1.5.3: Ammonia TPD of carbon coated alumina powder supported STA
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Figure 3.1.5.14: Ammonia TPD of carbon coated silica supported STA
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Gas Phase Alcohol Dehydration

Chapter Four: Gas Phase Alcohol
Dehydration

4.1 Introduction
Alcohol dehydration can occur by heating the alcohol and using an acid as a

catalyst, typical acidic compound used are sulphuric acid or phosphoric acid in liquid

8y 2

phase reactions or sulphated zirconia "’ or alumina ) in gas phase reactions. The
various classes of alcohols differ in their ease of reaction, the order of reactivity
being: tertiary > secondary > primary.

For the dehydration of secondary and tertiary alcohols the mechanism is

generally accepted as below:

CH; CH, CH; CH;
H,C l | CH; + HB H3C O{ + B
H OH H CHy H
CHs CHy H CHs c|:H3

/
HaC i { _— Hac——*iclf + HO
H  CH, H H  CH,
CH; CHj HC CHs
+ [R——
HC — + HB
A |
. H CH; HsC CH,
By

Figure 4.1.1:Dehydration mechanism of a secondary or tertiary HB is a Bronsted acid @

Keggin type heteropoly acids possess strong Brensted acidity @ which is

important in the first step of the mechanism of protonating the alcohol.
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4.2 Cyclodehydration of 1,4-butanediol
4.2.1 Introduction

The cyclodehydration of 1,4-butanediol (BTD) to tetrahydrofuran (THF) was
chosen as the current method uses the Reppe process which involves a reaction
between acetylene and formaldehyde to give 2-butyne-1,4-diol, with subsequent
hydrogenation to 1,4-butanediol. The catalyst most commonly used for this process is
a silica supported copper(Il) oxide, with bismuth oxide added . The saturated diol
is cyclodehydrated to THF with elimination of water by acid catalysis above 100°C.
Using a supported heteropoly acid (HPA) would eliminate the need for the
neutralisation of the above-mentioned acids and reduce the cost of disposal for the
waste generated.

THF is an important and versatile chemical with many uses in industry. Uses
include use as a reaction solvent and it is used in pharmaceutical synthetic procedures.
Another use is as an intermediate in making polytetramethylene ether glycol for use in
the manufacture of urethane elastomers and fibres”. By using a solid catalyst
Envirocat E PZ G, instead of AICl; the synthesis of para-chlorobenzophenone, the
problem of an aqueous quench is solved and HCI emissions are decreased by 75% and
decreasing the weight of the catalysts used by a factor of ten®. Legislation makes
creating liquid effluent waste an expensive mode of operation, making heterogeneous
catalysis a more favoured approach. The fine chemical and pharmaceutical sectors of
the chemical industry produce more by-products than usable products. Solid
heteropoly acids offer safer working conditions and more eco-friendly approach to

acid catalysis than traditional soluble acid catalysts.
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Zirconia catalysts have been used in the synthesis of the vapour-phase
dehydration of 1,4-butanediol . The dehydration of 1,4-butanediol to —3-butene-1-ol
and THF was investigated over zirconia at temperatures of 275-425°C. At 325-
350°C, 3-buten-1-ol and THF were competitively produced from 1,4-butanediol at a
ratio of around 1:1 over zirconia, and the combined selectivities exceeded 90 mol%.
The by-products formed from 3-buten-1-ol, such as 1,3-butadiene, 2-buten-1-ol, 2-
butenal and 1-butanol, which had been observed in the dehydration of 1,4-butanediol
over pure ceria, were suppressed over zirconia at 325°C.

4.2.2 Reaction of 1,4-butanediol

The proposed mechanism for the cyclodehydration reaction proceeds by four

steps to yield THF.

Step one: Protonation of 1,4-butanediol

T H
l.
0:/_\ +
H_o/\/\/ H o H——O/\/\/O‘H
Step two: Elimination of H,O
ChH *.'
H__O/\/\/ \H - H_o/\/\?+ + H20
H

Step three: Ring formation

H H

1. |

?\/\/O
U

Step four: Regeneration of H

V

o

Figure 4.2.2.1 Mechanism of 1,4-butanediol cyclodehydration
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4.2.3 Initial Reactions

The initial reaction yields and selectivities of 1,4-butanediol to THF at
different temperatures using STA on silica powder were investigated. The results
appeared to be very encouraging with very high yields and selectivity to THF. The
level of conversion obta.ined for BTD was stable over many hours of reaction time.
The contact time for the feedstock to pass over the catalyst was 0.04 seconds and the
gas hourly space velocity (GHSV) for the reaction was 96000 hr' The Yield was

calculated by multiplying the conversion by selectivity.

150°C
Time (min) Conversion (%) Yield (%) Selectivity (%)
60 99.3 98.6 99.3
120 99.7 99.4 99.7
180 99.7 99.4 99.7
240 99.7 99.4 99.7
300 99.4 98.8 99.4
175°C
Time (min) Conversion (%) Yield (%) Selectivity (%)
60 99.0 98.0 99.0
120 99.5 99.0 99.5
180 99.5 99.0 99.5
200°C
Time (min) Conversion (%) Yield (%) Selectivity (%)
60 98.1 94 .4 98.1
120 99.2 98.4 99.2
180 99.7 99.4 99.7
240 99.1 98.2 99.1
300 95.1 88.5 93.1
225°C
Time (min) Conversion (%) Yield (%) Selectivity (%)
60 99.0 98.0 99.0
120 99.5 99.0 99.5
180 99.5 99.0 99.5
240 99.5 99.0 99.5
300 99.6 99.2 99.6
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