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Abstract.

The effect of alkaline earth metals and transition metals such as calcium and vanadium on Solid
phosphoric acid catalyst (SPA) structure is questionable. The influence of calcium and vanadium
doping and other SPA catalyst synthesis conditions on the SPA catalyst structural parameters

(that is, free acid, crystallinity, pore volume and mechanical hardness) was investigated.

The SPA catalyst was synthesized using the impregnation method at a mixing temperature of 75
C using both amorphous and synthetic kieselguhr together with phosphoric acid. In addition to
that, calcium and vanadium doped SPA catalyst was also synthesized. It was observed that the
pre-calcination (drying the synthesis mixture at 200 °C for twenty minutes) step is crucial for
the extrudability of the SPA reaction mixture. Different geometries of SPA catalysts such as
cylindrical and quadrilobed shaped catalyst were synthesized and calcined at varying
temperatures ranging from 400 °C up to 800 °C. The optimal calcination temperature of 500 °C
was reported. The synthesized catalyst was characterized using XRD, N»- adsorption, XRF,

Mercury Intrusion Technique, TEM, STEM and EDS techniques.

Herein, pore volume data from the calcium and vanadium promoted SPA catalyst indicated that
the SPA catalysts have the slit-shaped and ink-bottle type of pores. However, the un-promoted
SPA catalyst exhibited a narrow distribution of uniform pores connected by constrictions. This
forms the novelty part of this study since SPA catalyst porosity data is not available in the open

literature.

SPA catalyst synthesized from synthetic kieselguhr exhibited higher crystallinity compared to
SPA catalyst synthesized from amorphous kieselguhr. However, data from TEM characterization
revealed that there is no difference in grain size of the SPA catalyst synthesized from
amorphous and synthetic kieselguhr. Nevertheless, SPA catalyst calcium and vanadium doping
foster the synthesis of larger crystal grains compared to the grains of un-promoted SPA catalyst.
This led to the conclusion that the use of calcium and vanadium as doping agents will not result
in the synthesis of SPA catalyst with higher mechanical strength compared to un-promoted SPA
catalyst. EDS confirmed the homogeneous distribution of the calcium and vanadium atoms on

the SPA catalysts surface.
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Chapter 1
1. Introduction.

The synthesis of a solid phosphoric acid catalyst (SPA) from environmentally friendly raw
materials (that is diatomaceous earth and phosphoric acid) led to it being characterized as an
environmentally friendly catalyst. The diatomaceous earth(kieselguhr) is formed by the
assembling of the remains of the obsolete diatoms in lakes or marine sediments?®. The remains
are composed of amorphous silica that can be used as structural support in catalysts synthesis.
The diatomaceous earth is mined and dried at 200 °C to drive off volatiles and used without
further processing?. The particle sizes of the kieselguhr used in SPA catalysts synthesis influence
the structure of the catalyst. Very fine particles of the support foster marked aggregation of the
SPA catalyst crystal grains. Contrary to that, synthesis of SPA catalyst using course kieselguhr
particles promotes poor agglomeration of SPA catalyst crystal grains resulting in lower catalyst

hardness3.

The agglomeration mechanism of the SPA catalyst crystal grains in the catalyst crystal system
dictates the pore structure of the catalyst and it is the structure of the pores that influences the
pore volume of the SPA catalyst®. In catalysis science, open pores are the class of pores that are
connected to the surface of the catalyst and they contribute to the pore volume of the catalyst.
Whereas closed pores are a category of pores that are not accessible to the surface of the
catalyst and do not contribute to the pore volume and specific surface area of the catalyst®. A
study to investigate the optimum kieselguhr particle size that is needed for the development of

porous SPA catalyst structure is required.

The chemical composition of the kieselguhr is somewhat influenced by its geological source®.
Paunka et al., investigated diatomaceous earth naturally mined from Bulgaria and reported a
silica content of 67 % and alumina concentration of 14 %’. However, Derek et al., reported 85 %
silica content and alumina concentration of 4 % of the kieselguhr mined in the United States of
America & One would question the effect of the variation in the chemical composition of the

kieselguhr on the structure of the SPA catalyst.
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The SPA catalyst was invented by Ipatieff in late 1935° with the structure suited for the
oligomerization of C2-Cs olefins. It was later used for alkylation of aromatics and conversion of

propylene to distillate products?®.

Feed Product
= Polygasoline
| ]
= (3 alkenes ] P;?JI:::E
= (4 alkenes ] Nonene
®» Mixed C3 alkenes/C4 . Tetramer
alkenes " Cumene

Figure 1.1 The reactant material oligomerized by SPA catalyst and the subsequent

products(adapted from reference 11)*%.

The oligomerization of short-chain alkenes over solid acid catalysts is a mature technology.
However, it represents an efficient route for the synthesis of petrol and diesel for the transport
industry!?. As such the efficiency of the oligomerization reaction is somewhat related to the
efficiency of the solid phosphoric acid catalyst and other solid acid catalysts3. It can be
improved by the conventional method of manipulating the catalyst structure and the active

phase of the catalyst!4.

The active component of the solid phosphoric acid catalyst is unbonded free phosphoric acid®.
That is the phosphoric acid which is not chemisorbed to the kieselguhr support and this free
acid is a Brgnsted acid. The amount of free phosphoric acid in the SPA catalyst influences
catalyst structure. It was reported that the SPA catalyst with 30 wt. % free acid and above is
pulpy compared to a rigid catalyst with free acid of less than 30 wt. %'°. The free phosphoric
acid dissociates according to the following reaction scheme below to give dihydrogen

phosphate and hydronium.
H3PO4(aq) + H20aq) © H2POyqq) + H30(yg) Ks = 7.25 x 1073

Reaction scheme 1.1 The dissociation of phosphoric acid in an aqueous environment?!’.
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The free phosphoric acid fosters the formation of phosphoric acid propyl ester intermediate
during the propylene oligomerization reaction. The formed propyl ester is unstable and
decomposes to give phosphoric acid and a propyl dimer. The dimer further polymerizes into an

oligomer of propylene?.

The concentration of the free phosphoric acid in the SPA catalyst influences the amount of the
acidic species(HsO*) in oligomerization reactions. High free acid content corresponds to higher
SPA catalyst activity(higher propylene conversion rate)'°. However, there are different types of
free phosphoric acid reported in SPA catalysts dependening on synthesis conditions. The typical
synthesis conditions of SPA catalyst are (i) Silica content of 95 %, (ii) P20s concentration of 72 %,

(iii) Calcination temperature of 300 °C and (iv) Calcination time of 30 minutes 2°.

Zhu et al., investigated the type of free phosphoric acid in a SPA catalyst to find the free acid
species ratio in a SPA catalyst composed of 26 wt. % P,0s. The author reported that there is 35
wt. % H3POs, 7 wt. % H4P207 and less than 1 % polyphosphoric acid species in free acid 2.
Furthermore, if there is 9 — 26 wt. % P,0s in the free acid, the SPA catalyst can have 75 wt. %
propylene conversion. Nevertheless, their work did not study the influence of such high free

phosphoric acid on the SPA catalyst structure.

Even though the amount of free acid depends on synthesis conditions it is also to a lesser
extent dependent on the elemental concentration of the ancillary metals in kieselguhr
support(Ca, K, Al and Fe)?2. Santander et al., investigated the use of SPA catalyst for
levoglucosenone production via cellulose fast pyrolysis. The authors synthesized aluminium
promoted SPA catalyst and reported a correlation between the free acid and the concentration
of aluminium in catalyst support. The higher the concentration of aluminium in synthesized SPA
catalyst the lower the free acid. This was however due to the formation of aluminium
phosphates?3. The study is lacking on the effect of other ancillary minerals on the free

phosphoric acid content in SPA catalyst.

Prinsloo et al., investigated the effect of low-quality kieselguhr on SPA catalyst parameters (that
is free acid, silicon phosphate and acid to silica ratio). The author reported no variation in

phosphoric acid. Moreover, the optimum ratio of the phosphoric acid to silica was found to be a
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function of the morphology of the amorphous kieselguhr, the concentration of the acid, and the

mixing temperature?*. The author also reported the optimal mixing temperature of 150 °C.

The question could be, what would happen to the synthesis mixture if phosphoric acid and
crystalline silica are mixed at lower temperatures? How could pre-calcination (drying at 200 °C
for 20 minutes) influence the SPA catalyst crystal grain growth? In what way will the use of
crystalline kieselguhr influence the SPA catalyst grain size? The solutions to the stated
hypothesis could be used to determine the feasibility of using low mixing temperatures such as
75 °C. Low mixing temperature is beneficial to the development of homogeneous crystal grains

especially in the presence of crystal seeds?®.

At the mixing temperatures(reaction temperature) below 100 °C, the mixture of phosphoric
acid and amorphous kieselguhr is amorphous?®. In fact, controlled calcination of the amorphous
mixture could result in the development of the smallest possible homogeneously distributed
crystal grains?’. Smaller grains closely agglomerate compared to bigger grains which leave void
spaces in their packing. The close packing of the small crystal grains enhances catalyst

mechanical strength?.

The structural integrity of the SPA catalyst is highly influenced by the presents of water. This is
so even though the feed material used in the oligomerization reaction is hydrated?. The
crystalline silicon phosphates of the SPA catalyst have hygroscopic and polar hydroxyl groups.
These polar hydroxyl groups interact with the oxygen and hydrogen elements of water resulting
in the formation of hydrogen bonding®. The formed hydrogen bonding partially weakens the
silicon-phosphorus bond of the crystalline phases in the SPA catalyst. This influences the
geometry of the catalyst structure ultimately causing structural collapse3l. To that end, the
development of the SPA catalyst with a structure that can tolerate hydration conditions of the
feed material is required.

The solid phosphoric acid catalyst structural collapse contributes to pressure drop in the
petrochemical reactor which follows the Forchheimer model32. The model tells us that pressure
drop is the sum of viscous and inertial contributions33. Analysis of the solid phosphoric acid

catalyst pressure drop data and reports points to the lack of continuous structural engineering
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of the solid phosphoric acid catalyst structure3*. The pellets or extrudates of SPA catalyst in a
reactor suffers from mechanical stress that results in the formation of fines, which can cause
turbulent fluid flow, blockage and pressure drop across the reactor and if not attended to, can
cause variation in heat flux3>. To that end, the generation of fines from the SPA pellets in a fixed
bed reactor is considered a SPA catalyst mechanical hardness issue which is related to the SPA
catalyst synthesis conditions.

Coetzee et al., investigated the influence of synthesis conditions on silicon phosphate, focusing
on the effect of silicon pyrophosphate on the SPA catalyst hardness3®. Their findings clarified
the correlation between the silicon-pyrophosphate phase and the particle crushing strength of
the catalyst. However, silicon pyrophosphate is not the only crystalline phase in SPA catalyst3’.
Further studies investigating the role of other crystalline phases such as silicon orthophosphate

and silicon hydrogen phosphate are required to characterise their effects on catalyst hardness.

Aomura and Ohtsuka investigated the influence of the mineralogy of kieselguhr from different
sources on the SPA catalyst structure. The author argued that, the geological origin of the
kieselguhr influences the elemental composition of the kieselguhr consequently its density, the
higher the concentration of ancillary metals(such as Al, Ca, K, Mg and Fe) in kieselguhr the

higher the density of the kieselguhr32,

The kieselguhr with high density fosters the synthesis of SPA catalyst with low free acid due to
the formation of metal phosphates3®. The author concluded that the most active SPA catalyst
was synthesized from the kieselguhr with low bulk density, large micropore volume, high acid
holding power, and high heat stability. Although true and correct, their study is lacking on the
effect of crystalline kieselguhr on solid phosphoric acid catalyst parameters such as the pore

volume, free acid, crushing strength and crystallinity.
2. Problem statement.

The environmental friendliness of the SPA catalyst makes it a preferred catalyst in the
oligomerization and the synthesis of fine chemical processes*°. However, the solid phosphoric
acid catalyst crushing strength is reported to have a direct relationship with the oligomerization

reactor pressure drop*'. The SPA catalyst pellets in a packed bed reactor disintegrate into fine
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powders, which agglomerates together causing the turbulent flow of the gaseous olefin feed,

this result in pressure drop.

The SPA catalyst crushing strength is a structural problem that can be resolved by a controlled
morphological manipulation®?. Investigation into the synthesis conditions of the SPA catalyst
such as calcination temperature can help to unravel the SPA catalyst crystallization
mechanism*. Understanding the SPA catalyst crystallization mechanism helps the designing of
the crystal grains with high grain boundaries that inhibit stress propagation and enhances SPA

catalyst hardness**.

The interconnection between synthesis conditions (that is, calcination temperature, shape
formation and metal promotion) and catalyst structure (that is, crystallinity, porosity, pore size
distribution, surface area and mechanical strength) is poorly understood. How does metal
promotion influence the SPA catalyst crystal grain size? How will the metal-doped SPA catalyst
crystal grain size influence the mechanical hardness and porosity of the catalyst? Therefore,
how is the nanostructure related to the bulky properties of the catalyst, and in what way does it

influence the overall parameters of the catalyst?
3. Rationale and Motivation.

SPA catalyst is traditionally calcined at temperatures below 400 °C*, changes in the synthesis
conditions, especially calcination temperature, alter the crystallite size?. Thermal treatment of

the material will induce a cell expansion which could result in altered catalyst morphology.

The core issue is to bridge the knowledge gap between synthesis conditions and SPA catalyst
parameters (chemical and physical parameters; that is free acid, porosity, mechanical hardness,
and grain sizes). The ideal approach to effectuate this goal is based on the structural design of
the catalyst, followed by controlled synthesis*’. However, a prerequisite for a rational
structural design of the solid phosphoric acid catalyst is a complete understanding of its
structure®®. Therefore, the investigation into the empirical relationship of catalyst synthesis

conditions and their physicochemical properties is imperative.
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4. Dissertation overview.

Chapter 1 introduced the study and provides the background and concepts to the study, by
referring to the literature on these discourses and summarizing previous research on Solid
Phosphoric Acid catalysts. Chapter 2 presents a description of the experimental work covering
the SPA catalyst synthesis using both mined and synthetic kieselguhr as silica sources. Chapter 3
focuses on the presentation and discussion of the experimental data of the SPA catalysts that
were synthesized in Chapter 2 and the interpretation of the results. Chapter 4 delves into the
morphological study of the SPA catalyst. Chapter 5 draws the overall conclusions of the whole

study, stating the limitations and suggestions for future work.
1.2 Literature Review.

The use of the solid phosphoric acid catalyst for oligomerization of olefins in petrochemical
reactions has been around for nearly a century®. Various solid acid catalysts are used in the
dimerization and trimerization reactions to yield C7 - Co carbon chains®®. The examples of solid
acid catalysts are sulphated zirconium oxide, alumina silicates, MCM-41 supported
tungstophosphoric acid catalyst and H-ZSM-5 zeolite®l. The oligomerization process over solid
acid catalysts has given the petrochemical industry flexibility in the synthesis of liquid fuels
from polyalkenes compared to the use of a liquid mineral acid catalyst such as hydrofluoric acid

and sulphuric acid®2.

The liquid mineral acids are very effective in oligomerization reactions however, they have a
high acid regeneration cost due to purification and denitration®3. In addition to that, they are
environmentally hazardous with a high risk that can emanate from accidents during catalyst
transportation and they are very corrosive to the reactor surfaces. The risk of using a liquid acid
catalyst in oligomerization processes outweighs its benefit in favour of using a solid acid

catalyst for the same process>*.

Solid Phosphoric Acid catalyst belongs to the group of solid acid catalysts used in
oligomerization reactions>. The solid phosphoric acid catalyst was initially invented for catalytic

polymerization of olefin by Ipatief®. The catalyst later found use in ethylation of benzene, in
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Fischer-Tropsch processes, moreover SPA catalyst can be used in the upgrading of the Fischer-
Tropsch processess’.

The solid phosphoric acid catalyst is synthesized from environmentally friendly raw materials,
that is diatomaceous earth and phosphoric acid 8. Kieselguhr is mined and thermally treated to
remove organic matter and impurities to match the catalyst grade requirements®. Its
outstanding physical properties such as high silica content, low density because of a high
porosity that fosters high BET specific surface area makes it a preferred candidate for catalyst
support®®.

The phosphoric acid can be produced by three different methods which are (i) Wet process, (ii)
Dry kiln process and (iii) Thermal process. However, thermal synthesis of phosphoric acid yields
industrial grade (75-85 wt. % P.0s) of phosphoric acid that is suitable for the synthesis of solid
phosphoric acid catalyst®!. The process involves oxidation of elemental phosphorus in ambient
air at temperatures above 1650 °C to give phosphorus pentoxide Reaction scheme 1.2 below.
P, + 50, —> 2P,0;

Reaction scheme 1.2 Synthesis of phosphorus pentoxide®?.

The synthesized phosphorus pentoxide is hydrated with water to give phosphoric acid syrup

Reaction scheme 1.3 below.

A
2P,05 (s) + 6H,0(l) —  4H3;P04(aq)

Reaction scheme 1.3 Synthesis of phosphoric acid from phosphorus pentoxide and water®,

1.2.1 Influence of phosphoric acid concentration on SPA catalyst parameters.

Phosphoric acid has a broader range of applications, it can be used as an intermediate in
pharmaceuticals especially in anti-nausea medicines®. In the food industry, phosphoric acid is
used as a food additive that acts as an acidity regulator and an acidulant in beverage drinks®.
Above all, 80 % of the produced phosphoric acid find its application in the synthesis of fertilizers
in the agriculture industry®®.

In catalysis, the concentration of the phosphoric acid used depends on the application of the
synthesized catalyst. The phosphoric acid with P,Os concentration below 50 % can be used for

the catalysis of Passerini reaction®’. The phosphoric acid used for the synthesis of SPA catalyst
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with application in oligomerization reactions requires that the concentration of P,Os be 70 %
and higher®, This is done to ensure that the free acid concentration requirement of the
oligomerization reaction can be achieved.

The naming of a phosphoric acid(PA) species is derived from the number of phosphorus atoms
in @ phosphoric acid polymer Hn+2PnO3n+1, Where n is an integer. If there is one phosphorus atom
such as H3POs, the acid species is called orthophosphoric acid, two phosphorus atoms such as in
HaP,07, the name becomes pyrophosphoric acid and if they are as many as n phosphorus
atoms, n>3, the acid is called polyphosphoric acid®°.

The phosphoric acid concentration is expressed in terms of percentage weight phosphorus

pentoxide’®, alternatively, it can be expressed as an equivalent percentage H3POa (% H3POa)

mass % . However, 100 % H3PO4 does not consist of a single species but a mixture of

p
0.316

water, H3POa, and HaP,07 it is also referring to the state of dryness 7!. As a result, when
phosphoric acid is impregnated on a silicon dioxide support, the acid strength and proton
density do not have a direct relationship with the phosphoric acid concentration’?.

In a typical catalytic reaction, different surface geometries provide different configurations to
the reactant molecule for bonding 73. Phosphoric acid exhibits self-dissociative behaviour as

shown in Reaction scheme 1.4 below.

QH,PO, — ——> H, PO} + H,PO;
2H3P04 <+—> H4P207+H20
3H,PO, ~ +——> H,PO} + H,P,03~ + Hy0%

Reaction scheme 1.4 Self-dissociative behaviour of phosphoric acid’4.

The self-dissociative property is liable for Brgnsted acid sites on SPA catalyst, these acid sites
promote oligomerization reactions to proceed via both carbocation and ester formation
routes’>.

Reaction scheme 1.4 shows that orthophosphoric acid and pyrophosphoric acid can coexist in
equilibrium. During the preparation of the SPA catalyst, phosphoric acid reacts with silicon
dioxide to form different phosphate phases’®. It is reported that pyrophosphoric acid has better

catalytic activity in olefin oligomerization’”’. However, the influence of either orthophosphoric
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acid or pyrophosphoric acid on the morphology of the solid phosphoric acid catalyst remains

guestionable.

1.2.2 The correlation between the SPA catalyst synthesis method and the final crystalline
silicon phosphate polymorph.

Silicon and phosphorus are the major elements that form the cornerstone of the solid
phosphoric acid catalyst. As such it is a silicon phosphate-based catalyst, various methods have
been used to synthesize silicon phosphates such as non-hydrolytic sol-gel reaction’®. In which,
nanocrystalline silicon orthophosphate was synthesized via condensation of silicon acetate, and
tris(trimethylsilyl) phosphate. The reaction was carried out in non-aqueous solvents driven by
the elimination of trimethylsilyl acetate which provides a homogeneous network with a high
content of Si—O—P bonds’®. The method is difficult to control and can result in the synthesis of

amorphous and crystalline silicon phosphate phases containing octahedral SiOs units.

Furthermore, high temperature and the high-pressure reaction of silica, P4O10 and H3PO4 have
been used to synthesize silicon-phosphate compounds’®. This method was successfully used to
synthesize silicon pyrophosphate from silicon orthophosphate. The starting material was
silicon orthophosphate that was subjected to 16 GPa(Giga Pascal) pressure and a maximum
sintering temperature of 2000 °C targeting a single crystal of silicon pyrophosphate®. This
method is difficult to control and can result in the synthesis of different and undesired silicon
phosphate phases. This is clarified by the formation of eight different structural polymorphs of

silicon pyrophosphate reported by the author on using this method??.

In addition to that, researchers have attempted to synthesise silicon phosphate material with
high purity by exploiting the chemistry of the mSiO>—nP,0s system, where m and n are the
molar ratios of the silica and phosphorus pentoxide, respectively. Stearns et al., synthesized
silicon phosphate hydroxide, SiPO4(OH), at 8.3 Gigapascal and 1000 °C®. However, after
doubling the pressure and temperature conditions, that is at 16 Gigapascal and 2000 °C,
Leinenweber et al., synthesized high-pressure crystalline polymorph of SiP;0;. The formed

silicon pyrophosphate was as stable as the same SiP,07 synthesized at ambient conditions®°.
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The high pressure and high-temperature synthesis conditions suffer from reproducibility
challenges, it is difficult to control the polymorph of the crystalline silicon phosphate material

that can be synthesized by the high pressure and temperature conditions.

The preferred solid phosphoric acid catalyst synthesis method is the impregnation method due
to its versatility. Whereby, phosphoric acid is impregnated on the porous kieselguhr and mixed
in a mixing chamber to form a paste which could be calcined in air to foster crystallization®3.
The calcination conditions can be altered depending on the desired crystalline silicon
phosphate phase. The impregnation synthesis technique allows the researcher to tailor a
variety of synthesis conditions and optimize the catalyst parameters such as free acid,

mechanical hardness, porosity, and silicon to phosphorus ratio®*.

The solid phosphoric acid catalyst used for polypropylene oligomerization is synthesized
targeting the phosphorus to silicon ratio of 1.5 and above. Phosphorus to silicon ratios that are
lower than 1.5 means the catalyst does not have enough free phosphoric acid to catalyze the
propylene oligomerization reactions®. This is because the active component in the SPA catalyst
is the free phosphoric acid that depends on the relative amount of P,Os in the catalyst.
Therefore, lower phosphorus to silicon ratio means lower P,Os content ultimately lower free

acid and consequently poor catalytic activity®®.

1.2.3 The effect of the type of kieselguhr support on SPA catalyst physical and chemical
parameters.

Kieselguhr is formed from the remains of obsolete diatoms deposited in ocean or lakes, mined,
ground up and processed to suit the end-user requirements®’ it is rich in silicon dioxide. Acidic
treatment of kieselguhr can change the physical and chemical parameters of the support
material. Khraisheh et al., treated diatomaceous earth with sulphuric acid and hydrochloric
acid®. The author reported that the hydrochloric acid treatment of the kieselguhr resulted in
the removal of the surface OH groups of the support. The process ultimately reduced the

surface area on the surface of the kieselguhr, this lowers the efficiency of the SPA catalyst.
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R. Wang, et al., assumed that the kieselguhr support does not influence the activity of the SPA
catalyst®. Contrary to Kotsarenko et al., findings reported that the diatomaceous earth support
forms the phosphates which are catalytically active®. However, there is a general agreement
among the research community that, there is an interrelationship between the surface
phosphoric acid and the crystalline silicon phosphates of the SPA catalyst support®. In an
oligomerization reaction, the water in the feed material hydrolyses the crystalline silicon
phosphates of the SPA catalyst support and reinstitute the acidic P-OH groups on the SPA
catalyst surface®?. To that end, the SPA catalyst with high crystalline silicon phosphates content

has longer catalyst life compared to the SPA catalyst with low crystalline silicon phosphates®.

Gianguido, et al., studied Phosphoric acid on silica, alumina, and titania focusing on catalyst
surface acidity and reactivity towards olefin oligomerisation®*. In their findings, alumina and
titania supported catalysts reported higher total acid. This was due to the availability of both
Lewis and Brgnsted sites on alumina and titania supported catalyst whilst there was only
Brgnsted acid sites reported for silica-supported phosphoric acid catalyst®. Nevertheless, the
study is silent on the optimum concentration of the alumina. Alumina can react with
phosphoric acid at ambient conditions to form molecular sieve aluminium phosphate rendering

the phosphoric acid poisoned for the oligomerization reaction®®.
Al203 + 2H3PO4 —_— 2Alp04 + 3H20

Reaction scheme 1.5 Formation of aluminium phosphate from the reaction of aluminium oxide

and phosphoric acid®’.

In a similar study, Fougret et al., studied the effect of the carrier material on the performance
of SPA catalyst during hydration of ethylene. The support material that was used to synthesize
the SPA catalyst used for their investigation was zinc oxide/titania, tin oxide/titania, zirconia
oxide and niobic acid 2. All these oxides reported poor catalytic activity which can be attributed

to the formation of strong bonds between the support material and phosphoric acid®®.

3Zn0 + 2H3P04 —_—) Zn3(PO4)2 + H20
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Reaction scheme 1.6 Formation of zinc phosphate from a reaction of zinc oxide and

orthophosphoric acid*.

The formed zinc orthophosphate is insoluble in water therefore once the surface phosphoric
acid is used up during catalytic oligomerization there is no replenishment of the acidic group P-
OH this explains the low catalytic activity of the zinc oxide/titania supported SPA catalyst. A
good SPA catalyst carrier should have weak interactions between the support material and

phosphoric acid 1°2,
1.3 The influence of metal doping on SPA catalyst silicon phosphate crystalline phases.

Vanadium is not part of the naturally found metals in kieselguhr, but its phosphates VO(POs):
and (VO),P.07 are used for the oxidation of alkanes and aldol condensation of formaldehyde
with acetic acid to form methyl vinyl ketone 192, Vanadium pyrophosphate phase (VO)2P207
shares structural similarities to silicon pyrophosphate (SiP207) phase in SPA catalyst!®3, The
(VO)2P207 can be synthesized by reacting vanadium pentoxide and phosphoric acid according to
the following synthesis scheme.

V,05 + H3PO; — 2V 0, + H3PO,

Vo, + H;p0, —» VOHPO0,0.5H,0 + 0.5H,0

Reaction scheme 1.7 Synthesis of vanadium hemihydrate%,

The reduction of the hemihydrate could be aided by the use of hydrocarbon solvents'®, after
which it can undergo a structural transformation in the calcination step to give (V0),P,0,. The
(VO),P207 crystallizes into a monoclinic symmetry with a space group P2:; and lattice
parameters a = 7.28 A, b = 16.58 A and ¢ = 9.58 A and B = 89.97 ° 1%, The vanadium
pyrophosphate can be formed in excess if the starting material have the P: V ratio of 2 or
morel%197 The structure of the (VO).P.0; closely resemble that of silicon pyrophosphate
SiP207 which is a SPA catalyst crystalline component phase!®®, Having said that, the effect of
vanadium pyrophosphate on the physical parameters of the solid phosphoric acid catalyst was
guestionable.

Researchers have suggested that the synthesis of composite compounds have a positive

additive effect on final material'®. This implies that for a solid phosphoric acid catalyst, the
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catalyst hardness which is influenced by silicon pyrophosphate can be improved by additional

vanadium pyrophosphate if the catalyst is promoted by vanadium.

Hypothetically, the addition of vanadium pentoxide to a synthesis mixture of phosphoric acid
and silicon dioxide could result in the composite formation of vanadium pyrophosphates and

110 |n view of that, vanadium was selected as a suitable

silicon pyrophosphates phases
candidate for the promotion of solid phosphoric acid catalyst. Herein, vanadium pentoxide was
used to synthesize vanadium promoted solid phosphoric acid catalyst to enhance SPA catalyst

crushing strength!?,

1.4 The effect of calcination temperature on SPA catalysts physical and chemical
parameters.

Calcination temperature is an important factor in determining the physicochemical parameters
of the catalyst. It influences the catalyst hardness, crystal structure, pore volume and pore size
distribution!?,

1.4.1 Influence of calcination temperature on SPA catalyst silicon phosphate crystalline
phases.

Phosphoric acid and Silicon dioxide react to form different silicon phosphate species as

presented in Reaction scheme 1.8 below.

SIOZ + 2H3P04 — SI(HPO4)2-H20 + H20

5Si0, + 6H;P0, <+ Si;0(PO,);+9H,0

5Si0, + 10H,P0, <+— 5SiP,0, + 15H,0

Sio, + 3HsP0,  *—> SiHP,0,, +4H,0

Reaction scheme 1.8 Reaction of silicon dioxide and phosphoric acid to give different silicon

phosphates®®.
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Historically, two different silicon phosphate phases were reported as silicon orthophosphate
and silicon pyrophosphate respectively!!3. Thomas et al., investigated the synthesis, structure,
and acid function of solid phosphoric acid catalysts using nuclear magnetic resonance. The
author reported the presence of silicon orthophosphate and silicon pyrophosphate phases and
a further phase of silicon hydrogen phosphate monohydrate®?. The author suggested a direct
proportionality between phase distribution and calcination temperatures. Their study is lacking

on the effect of the identified crystalline phases on the pore volume of the SPA catalyst.

1.4.2 The correlation between calcination conditions and silicon pyrophosphate polymorph.

Coetzee et al., investigated the effect of calcination temperature on SPA catalyst hardness3®,
the author reported that an increase in calcination temperature results in an increase in the
conversion of silicon orthophosphate to silicon pyrophosphate. Although true as it is, the report
is lacking details such as what is the optimal calcination temperature that gives optimal silicon
pyrophosphate which will ultimately give optimal SPA catalyst hardness? What is the crystallite
size range that corresponds to the beneficial calcination temperature, how does the atomic
distribution of the silicon and phosphorus atoms on the SPA catalyst influence the catalyst
mechanical hardness? Nevertheless, in this work, the study of the crystallite and grain size was
conducted, the knowledge gained could be used to investigate the rate of formation of the

silicon phosphates and optimal porosity.

1.4.3 The effect of calcination temperature on SPA catalysts pores volume and pore
structure.
The internal void space is an important parameter of the SPA catalysts, as it defines SPA catalyst
permeability to reactants, products and finally, it's mass and heat transfer coefficient!'4. The
pore shapes, size and pore size distribution directly influences the SPA catalyst activity and
selectivity!!>. The rate of the product formation in SPA catalytic reaction is a function of
available surface area which is directly influenced by the pore size distribution and pore
structure. The details of SPA catalyst porosity, pore size distribution and the effect of synthesis

conditions on the SPA catalyst pore structure are not available in the open literature.
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The understanding of the science of porosity provides invaluable information for the
development of porous SPA catalyst!!®. The catalyst micropores can limit the size of reactants
that can diffuse through them and vastly contribute to the specific surface area!’. The catalyst
characterized by micropores has a larger specific surface area compared to the catalyst

characterized by macropores!!®, Typically, there are two types of pores in catalyst materials,

these are.

(i) Closed pores, these pores are inaccessible to the catalyst surface and reacting
species, it may be such that some of the internal surface areas is inaccessible to
bulky reactant molecules and can limit the rate of conversion to products®®.

(ii) Open pores are pores with the opening of the pore channel accessible to the

catalyst surface and the reactants and products, they contribute to the rate of

conversion of reactants to products?°,

However, porosity and pore shape is affected by calcination, an uncontrolled increase in
calcination temperature can cause material thermal shock, resulting in microcracks which can
be wrongly quantified as pore volume of the SPA catalyst*?!. The over calcination of the catalyst
can result in catalytic material loss and false-positive pore volume!??. In this work, SPA catalyst
pore volume is defined as all cavities and void spaces found in the catalyst.

The catalyst pore size can be controlled successfully through morphological manipulation and
various synthesis methods. Targeting synthesis of hierarchical pores in SPA catalyst, corn starch
was added during synthesis at impregnation temperature of 75 °C'2, This enhances porosity
but hardness might shift towards the lower side. This is so because porosity is inversely
proportional to mechanical hardness, that is the catalyst with high porosity exhibits lower
catalyst hardness'?*. Herein, the influence of synthesis conditions on SPA catalyst pore

structure was investigated.

1.5 Influence of water content on SPA catalyst mechanical crushing strength.

Significant work has been done to investigate the influence of hydration on SPA catalyst

performance, however, more focus was directed on hydration from the feed during catalysis.
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Bethea et al., reported that high hydration levels negatively affect activity and catalyst
lifetime'?>. This is because water molecules form hydrogen bonding with silicon phosphates
thereby hydrolyzing the silicon phosphates resulting in SPA catalyst structural collapse, yet
under hydration, can result in the SPA catalyst becoming brittle and prone to high catalyst loss
on attrition'?®, SPA catalyst structural collapse and attrition pitfalls are both related to the

levels of water in the SPA catalyst structure.

During SPA catalyst synthesis water can be added as steam on calcination process step*?’. The
effect of water addition during calcination on the SPA catalyst properties was initially
investigated by Fougret et al., the author reported that an increase in hydration during
calcination results in an increase in unbonded free phosphoric acid'?®. In a similar study,
Coetzee et al., clarified that increasing the water concentration reduces the relative silicon
pyrophosphate content and the catalyst crushing strength ultimately lowering the SPA catalyst
crushing strength. In addition to that, the amount of free acid in the SPA catalyst increased with
an increase in water concentration. These observations indicate that silicon pyrophosphate

reacts with water to form silicon orthophosphate and silica in a hydrolysis reaction??,

1.6 PXRD characterization.

1.6.1 Introduction

Knowledge of catalyst composition and structure is vital to the understanding of catalysis
chemistry. PXRD offers a unique way to accurately measure atomic spacing, strain and
preferred orientation?®. It is widely used for the characterization of solid, crystalline
materials®3!. Information from a diffraction experiment can be used to fingerprint the material

under analysis with the aid of a suitable database!3?.

1.6.2 Crystallography

Diffraction experimental results provide useful information such as peak intensities which are
determined by atomic coordinates within a unit cell as well as scattering factors. Peak positions

(d-spacing) are influenced by the shape, size, and symmetry of the unit cell. The peak shape is
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affected by instrumental effects and the microstructure of sample 133, A crystal is a solid made
up of repeating unit cells in three-dimensional space!3*. A crystal structure and its diffraction
pattern are related to each other by Fourier transformation from reciprocal to real space!®.
The diffraction pattern is a Fourier transform of the crystal structure, corresponding to the
pattern of waves diffracted from an incident X-ray beam by a single crystal. The unit cell has
lattice points which are geometric locations of atoms 36, The arrangement of these atoms in a
unit cell is described by Miller indices, which have a constant distance between parallel hkl
throughout the lattice and is referred to as d-spacing!®’. The d-spacing is unique to each

crystalline phase, hence we can use them to identify crystalline phases in reference peaks!3®

The data from XRD can be used to calculate crystallite size using the Scherrer model with an
assumption that all crystallites are spherical*®. This model is prone to errors, especially if the
sample under investigation has non-spherical crystallites. That being said, Transmission
Electron Microscopy was here used as a complementary technique to allow visualization of the

shape of the crystal grains of the synthesized SPA catalysts4°.
1.7 TEM characterization.

Transmission electron microscopy (TEM) was used to investigate the SPA catalysts morphology
as a complementary technique to PXRD. TEM utilizes a beam of electrons that passes through
the ultra-thin sample to the detector, a 2D image is formed using a charge-coupled device
camera®l., The images can be used to extract morphological, compositional, and
crystallographic information engrained in them. This technique can create high-resolution 2D
images which are easier to interpret compared to 3D SEM images'#*2. The 2D TEM images allow
the researcher to view the sample at a molecular level and investigate a wide range of

characteristics!®3.
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1.8

Objectives

The main objectives of this study are to

Vi.

Vii.

viii.

Synthesize cylindrical Solid Phosphoric Acid catalyst using phosphoric acid.

Synthesize cylindrical calcium promoted Solid Phosphoric Acid catalyst using

phosphoric acid.
Synthesize quadrilobed Solid Phosphoric Acid catalyst using phosphoric acid.

Synthesize quadrilobed calcium promoted Solid Phosphoric Acid catalyst using

phosphoric acid.

Synthesize vanadium promoted Solid Phosphoric Acid catalyst using phosphoric acid.
Investigate the effect of calcination temperature on crystallinity.

Study the influence of catalyst shape on porosity, crush strength and surface area.

Investigate the influence of synthesis conditions on catalyst structure and

morphology.
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Chapter 2

2 Experimental methods.

2.1 Effect of synthesis conditions on physical and chemical properties of SPA catalysts.

The chemical and physical characteristics of a catalyst are greatly influenced by synthesis
conditions. These catalyst parameters include crushing strength, specific surface area, pore
volume and morphology of the catalyst!. The mechanical crushing strength of the catalyst is
essential for the efficient operation of the chemical reactor. A solid catalyst with high crushing
strength has low attrition resulting in longer catalyst life compared to a catalyst with low
crushing strength?. However, catalyst attrition and hardness are interrelated, more so, they are

both influenced by synthesis conditions.

Uncontrolled synthesis conditions such as the calcination temperature of the solid catalyst can
result in the formation of microcracks in extrudates or pellets. The void space formed lowers
catalyst mechanical hardness even though it is beneficial to mass diffusion3. The catalysts
micropores or micro-void spaces influence the specific surface area which is defined as a total
surface area of microporous material per unit mass® These pores can restrict the rate of
conversion of reactants to products by impeding the diffusion of reactants and products.
However, the formation of microcracks and other unwanted void spaces could be reduced by

controlling the drying rate of the synthesized catalyst®.

Controlling the calcination conditions can only be beneficial if the appropriate synthesis method
has been used to synthesize the catalyst. Various synthetic methods such as chemical vapour
deposition, hydrolytic, sol-gel techniques and impregnation technique can be used for the
synthesis of the SPA catalysts®. Styskalik et al., used non-hydrolytic polycondensation template-
assisted synthesis to synthesize SisPs02s. The drawback of their method was that it uses non
environmentally friendly reagents such as toluene’. Leinenweber et al., used high pressure and
high-temperature synthesis technique to synthesize SiP,0-%. The challenges with their method
are the synthesis conditions used are not economically sustainable. Furthermore, there is no

control over the polymorph of the SiP,O7 phase in the catalyst synthesized. In addition to that,
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Khabbouchi et al., has synthesized both silicon orthophosphate and silicon pyrophosphate
phases using acid-activated clay. Their synthetic method does not foster homogeneous

dispersion of silicon and phosphorus atoms on the SPA catalyst®.

In this work, SPA catalysts were synthesized using the impregnation method due to their
versatility. This method allows manipulation of silicon to phosphorus ratios from as low as 0.5
to as high as 5 Si/P ratio during synthesis®. A reason that gives control to the development of a
catalyst of optimum silicon to phosphorus ratio. Silicon and phosphorus in the SPA catalyst
form the basis of the catalyst!?. Therefore, the relationship between these two atoms must be
at the optimum for optimized SPA catalyst structure. The synthesized catalyst was then
modified by heat treatment in a calciner to institute morphological changes such as

crystallization and oxidation'?.

2.2 Influence of the concentration of ancillary minerals in kieselguhr on SPA catalysts

physical and chemical properties.

The major raw materials used in this work for the synthesis of solid phosphoric acid catalysts
are phosphoric acid and kieselguhr. In kieselguhr, there is a variable amount of ancillary
compounds such as metal oxides, clays and salts albeit in low concentrations!?. The quantities
of these other compounds in kieselguhr are influenced by the geological source®3. In some
cases, these elements are incorporated into the crystal structure of the silica polymorph which
can cause changes in the physical parameters of the kieselguhr material after its reaction with
acid'*. Wang et al., reported an increase in the diameter of macropores of the kieselguhr from a
range of 1.3 um - 2.8 um to a range of 2.8 um — 7.5 um after acid treatment of the kieselguhr
material'®>. The author said, “there is a decrease in macropore area, the pore volume, and the

percentage of capillary pore after kieselguhr treatment with acid”.

SPA catalyst synthesis involves the treatment of kieselguhr with phosphoric acid, understanding
the characteristics of kieselguhr after treatment with acids provides invaluable information for
the evaluation of the effect of synthetic kieselguhr on SPA catalyst structure. On this account,
the variation in the morphological properties of kieselguhr from different geological sources

suggests that changing the type of kieselguhr for SPA catalyst synthesis can result in catalyst
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morphological changes. These changes can be beneficial or detrimental to the SPA catalyst
structure. Beneficial if we change the kieselguhr support and get improved SPA catalyst
hardness strength without significantly compromising porosity and detrimental if changing the

kieselguhr lowers the crystallinity and free acid.
2.2.1 Differences and similarities in crystalline phases of the kieselguhr used in this work.

To fully comprehend the effect of kieselguhr support on SPA catalyst, a study of the variation in
properties of the two different kieselguhr used in this work was carried out. The mined
kieselguhr with a SiO; assay of 94.5 % was purchased from Eagle Peacher and dried to drive out
volatiles then used without further processing. The synthetic kieselguhr with a SiO, assay of
89.1 % was purchased from Eagle Peacher and calcined at 700 °C for 24 hours to initiate the

formation of the cristobalite phase and used without further processing?®.

The crystalline and amorphous phases of the synthetic and mined kieselguhr catalyst support
were investigated using the XRD technique!’. Figure 2.1 below, shows the diffraction patterns

of the two kieselguhr types that were here used to synthesize the SPA catalysts.
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Figure 2.1 PXRD diffractogram of synthetic kieselguhr(red graph with distinct peaks that shows
that it is crystalline with a-cristobalite silica phase) and mined kieselguhr (black broadened

graph showing that the material is amorphous)*2.
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The crystallinity differences between synthetic and mined kieselguhr show a definite difference
in the crystallinity of the support material. Such a variation can influence the SPA catalyst pore
volume. More so, the pore volume and pore structure of the catalyst is directly proportional to
the particle size of the support material. Here below, the particle diameter of the kieselguhr

used in this work was investigated.
2.2.2 Influence of particle size of the kieselguhr support material on SPA catalysts porosity.

The support with large particle size foster the synthesis of a catalyst with high porosity due to
poor agglomeration of particles, the opposite is true for the support with fine particles®®. To
that end, the Laser light scattering particle diameter of the mined and synthetic kieselguhr was
investigated. A sample of each 5 g kieselguhr was loaded into the instrument which uses water
as a wet dispersion medium?°. Inside the instrument (Micromeritics Saturn DigiSizer Il 5205
V1.04 particle Analyzer instrument), the sample was homogenized and dispersed, these
dispersed particles scatter a beam of Laser light at different angles corresponding to the
particle sizes?. The intensity data was transferred to the software which uses the Mie equation
to calculate the particle size based on the angle of light scattered, the measurement results are

given as volume-weighted particle size distribution?%23,

Table 2.1 Percentile by volume particle size distribution of synthetic and mined kieselguhr.

Percent finer Particle diameter (um)
Synthetic kieselguhr Mined kieselguhr

100 345+2 325+2

99.0 3022 293+2

90.0 235+2 123+2

50.0 54 +2 18+2

10.0 147 +2 6+2
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Data from Table 2.1 above shows that synthetic kieselguhr has a bigger particle diameter
compared to amorphous mined kieselguhr. 50 % of the particles from synthetic kieselguhr have
a particle diameter of 54 um and below, the same percentile in mined kieselguhr has a particle
diameter of 18 um which means that at 50 % synthetic kieselguhr have bigger particles relative
to mined kieselguhr by more than two times. The hypothesis is what is the impact of variation

in kieselguhr grain size on the mass transfer coefficient of the SPA catalyst and its mechanical

hardness?
2.2.3 \Variation in surface area of the synthetic and mined kieselguhr.

The influence of the particle size on kieselguhr BET surface area and adsorption behaviour was
investigated using Micromeritics TriStar Il 3020 V1.03 (V1.03) instrument and the results are

reported in Figure 2.2, 2.3 and Table 2.2 below.
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Figure 2.2 Isothermal plot showing the adsorption and desorption behaviour of mined

kieselguhr.

The mined kieselguhr has shown a Type IV isotherm with an H3 hysteresis loop for mined

kieselguhr. That means the material was characterized by mesopores which are slit-like pores?“.
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Figure 2.3 Isothermal plot showing the adsorption and desorption behaviour of synthetic

kieselguhr.

The isothermal plot of synthetic kieselguhr in Figure 2.3 above has shown a Type IV isotherm
with an H1 hysteresis loop for synthetic kieselguhr. That means the material was having
mesopores with cylindrical pore geometry and facile pore connectivity?. The differences shown
in the hysteresis loops of mined and synthetic kieselguhr implies that the two silica sources

have different adsorption properties characterized by different pore structures.

Table 2.2 BET surface area of synthetic and mined kieselguhr.

Analysis Synthetic kieselguhr Mined kieselguhr

BET Surface area(m?/g) 2+1 14 +1

The BET specific surface area of the two kieselguhr samples Table 2.2 above is in agreement
with the particle size results, that is larger particles (synthetic kieselguhr) have lower BET

surface area and finer particles (mined kieselguhr) have larger BET surface area. Furthermore,
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the BET surface area results agree with PXRD results in Figure 2.1 above, that is crystalline

synthetic kieselguhr has a larger particle diameter compared to amorphous mined kieselguhr?®,

2.3 Synthesis of the SPA catalysts.
Traditionally, the SPA catalyst is synthesized in cylindrical extrudates and find its application in
fixed bed reactors which can experience pressure drop?’. The feed material in the reactor is
hydrated, the water molecules react with loosely bound free phosphoric acid thereby
deforming the solid structure of the SPA catalyst?®. As such, deformation of extrudates results
in a decrease in reactor volume ultimately causing pressure differences which destabilize the
steady-state of the reactor causing an untimed reactor shut down?°. However, extrudates
degrade at a very lower rate compared to other shaped SPA catalyst3°.
2.3.1 Objectives.
The main objectives of the experiments conducted in this section were to;
(i) Synthesize cylindrically shaped (unpromoted and calcium promoted) SPA catalyst
using H3PO4 acid and mined kieselguhr.
(ii) Synthesize quadrilobed shaped (unpromoted and calcium promoted) SPA catalyst
using H3zPO4 and mined kieselguhr.
(iii) Synthesize vanadium promoted SPA catalyst using H3PO4 and mined kieselguhr.
(iv) Synthesize cylindrically shaped (unpromoted and calcium promoted) SPA catalyst
using H3zPO4 and synthetic kieselguhr.
Herein, naturally mined and dried kieselguhr was used to synthesize SPAM, SPAMCa, SPAMQ,
SPAMQCa and SPAMYV catalyst. In addition to that, a new silica source synthetic kieselguhr was
used to synthesize SPAS and SPASCa catalyst.
The phosphoric acid used was orthophosphoric acid, a colourless liquid purchased from
LABCHEM with an assay of 85 % H3POa, Cl 0.0005 %, NO3 0.001 %, SO4 0.003 %, CHsCOOH 0.001
%, As 0.02 % , Fe 0.02 % and reducing substance (H3PO3) 0.0025 %.

The synthetic kieselguhr, a white powder with an assay of SiO; 89.05 %, Al,03 0.81 %, FeOs 1.5
%, Ca0 0.6 %, MgO 0.3 % and loss on ignition 7.74 % purchased from Eagle Pearcher Minerals®.
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Mined kieselguhr, a yellow powder with an assay of SiO, 94.54 %, Al,O3 1.01 %, FeOs3 0.89 %

Ca0 0.5 % and loss on ignition 3.06 % also purchased from Eagle Pearcher Minerals®.

Vanadium pentoxide (yellow powder) had an assay of V20599 %, CO3 0.02 %, Cl 0.006 %, SO4
0.002 %, Fe 0.01 %, Pb 0.002 % and loss on ignition 0.96 %. The calcium source had an assay of
34 — 40 % calcium basis of HCasO13P3 purchased from Sigma Aldrich. Corn-starch (yellow

powder) had an assay of 99.9 % C,7H48020 purchased from Bunge USA.
2.3.2 SPA catalyst synthesis diagram.

The SPA catalysts were synthesised according to the procedure depicted in the process flow

diagram Figure 2.4 below.
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Figure 2.4 Synthesis of SPA catalysts process flow diagram.
2.3.3 Discussion of the synthesis procedure Figure 2.4

Step 1. Naturally mined kieselguhr was placed in an open container, taken to a laboratory
furnace heated for 16 hours at 200 °C to drive out moisture. The synthetic kieselguhr was
calcined at 700 °C for 24 hours to foster the formation of the a-cristobalite phase. The use of
crystalline synthetic kieselguhr would enable a comparative study on the effect of amorphous
versus crystalline kieselguhr on SPA catalyst structure. The last part of step 1 was heating
phosphoric acid to a uniform temperature of 75 °C and maintained at that temperature. This
was done to lower the viscosity of phosphoric acid which in turn would improve the

homogeneity of the mixture during the phosphoric acid and kieselguhr mixing process3.

The heated phosphoric acid was kept in a sealed glass container because of its hygroscopic
nature. It has a greater affinity for water, in the presence of moisture, hydrogen bonds are
formed between the polar phosphoric acid molecule and water molecules this result in a

change of the concentration of phosphoric acid??.

Step 2. The heat-treated kieselguhr was then transferred to a sealed container and allowed to

cool to ambient temperature in a desiccator cabinet.

Step 3. A suitable quantity of corn starch was added to the kieselguhr samples at room
temperature and mixed for 15 minutes in a Kenwood processor equipped with a rotating

stainless-steel mixing bowl tightly covered to avoid raising dust during mixing.

Step 3a. If the synthesized catalyst was not calcium or vanadium promoted step 3a was skipped
but if it was calcium/vanadium promoted the doping substance was added at step 3a and the
powders were further mixed for 15 minutes. Powders were mixed before the addition of
phosphoric acid to avoid lumping and provide the uniform blending of powders33. The mixing

beater was started at the highest mixer speed to achieve the desired homogeneous mixture.

Step 4. Phosphoric acid was added at step number 4 to a mixture of powders and mixed for

another 20 minutes to promote homogeneous mixing of the reacting species.
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Step 4a. For vanadium promoted catalyst the paste was then allowed to stay for 24 hours

before pre-calcination to foster the development of (VO),P207 phase34.

Step 5. The resulting paste would be pre-calcined at 200 °C for 20 minutes to condition the

paste for forming.

Step 6. For the shaped catalyst the conditioned paste was formed into different cylindrical and

guadrilobed extrudates.

Step 7. The formed extrudates were then calcined at varying temperatures ranging from 400
°C to 800 °C to yield different catalyst series that were placed in a sealed plastic container to

prevent moisture contamination®.
2.3.4 The geometry of the synthesized SPA catalysts.

The following quantities of raw materials were used during the synthesis of the SPA catalyst
and in all synthesized catalysts SPAMT is defined as S = Solid, PA = Phosphoric Acid, M = Mined
kieselguhr, T = Calcination temperature. For SPAMCaT, Ca = Calcium used for doping, the same
is true for SPAMVT, V = Vanadium used for doping. The acronym SPAS was used where
S = Synthetic kieselguhr. The photographs of the synthesized SPA catalysts are presented below

showing distinct shapes of the synthesized catalysts.

SPAMT was prepared by impregnating a mixture of 166.4 g mined kieselguhr, 9.9 g corn starch
with 499.6 g phosphoric acid. The following catalysts SPAM400, SPAM500, SPAM600, SPAM700

and SPAMS800 were prepared.

SPAM400
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Figure 2.5 The photograph of the synthesized cylindrically shaped unpromoted SPAM400
catalyst synthesized using mined kieselguhr and calcined at 400 °C showing cylindrical

extrudates.

SPAMCaT was prepared by impregnating a mixture of 227.8 g mined kieselguhr, 11.6 g corn
starch, 136.2 g Calcium triphosphate with 685.5 g phosphoric acid. SPAMCa400, SPAMCa500,
SPAMCa600, SPAMCa700 and SPAMCa800 catalyst were prepared.

SPAMCa400

Figure 2.6 The photograph of the synthesized cylindrically shaped calcium promoted
SPAMCa400 catalyst synthesized using mined kieselguhr and calcined at 400 °C.

SPAMQT was prepared by impregnating a mixture of 160.1 g, mined kieselguhr, 9.5 g corn
starch with 499.5 g phosphoric acid. SPAMQ400, SPAMQ500, SPAMQ600, SPAMQ700 and
SPAMQ800 were prepared.
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SPAMQ400

™

Figure 2.7 The photograph of the synthesized quadrilobed shaped SPAMQ400 catalyst calcined
at 400 °C and synthesized using mined kieselguhr showing distinct quadrilobed shaped

extrudates with all four vertices.

SPAMQCaT was prepared by impregnating a mixture of 157.5 g mined kieselguhr, 10.1 g corn
starch, 136.2 g Calcium triphosphate and 491.6 g phosphoric acid. SPAMQCa400, SPAMQCa500,
SPAMQCa600, SPAMQCa700 and SPAMQCa800 were prepared.

SPAMVT was prepared by impregnating a mixture of 171.6 g, mined kieselguhr, 10.1 g corn
starch, 18.9 g Vanadium pentoxide with 587.6 g phosphoric acid. SPAMV400, SPAMV500,
SPAMV600, SPAMV700 and SPAMV800 were prepared.

SPAST was prepared by impregnating a mixture of 165.2 g synthetic kieselguhr, 8.8 g corn
starch with 490.1 g phosphoric acid. SPAS400, SPAS500, SPAS600, SPAS700 and SPAS800 were

prepared.
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SPAS400

Figure 2.8 The photograph of the synthesized cylindrically shaped SPAS400 catalyst synthesized

from synthetic kieselguhr, the catalyst is cylindrically shaped just like the SPAMT catalyst series.

SPASCa was prepared by impregnating a mixture of 168.1 g, synthetic kieselguhr, 8.4 g corn
starch, 96.9 g Calcium triphosphate with 501.8 g phosphoric acid. Catalysts SPASCa400,
SPASCa500, SPACa600, SPASCa700 and SPACa800 were prepared.

SPASCa400

Figure 2.9 The photography of the synthesized cylindrical-shaped and calcium promoted
SPASCa400 catalyst synthesized from synthetic kieselguhr and calcined at 400 °C.

2.4  Characterization of the synthesized SPA catalysts.
2.4.1 Free acid and crushing strength of the SPA catalysts.

In this work, determination of free acid was done using Titrando 888 auto titrator calibrated

before experiment using pH buffer 4 and 7 an mV/pH slope of 97 and above was considered
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acceptable. Thereafter about 1 g sample of grounded catalyst was immersed in 100 mL of
deionized water in a 100 mL beaker with a magnetic stirrer at room temperature3®. The sample
was then titrated against sodium hydroxide to endpoint pH 4.4 and the results are reported in
Chapter 3. However, the SPA catalyst-free acid concentration has an inverse relationship with
SPA catalyst crushing strength. High free acid foster lower crushing strength and lower free acid

fosters high crushing strength.

The SPA catalyst crushing strength characterization was performed using the Dr Schleuniger®
hardness test instrument (MultiTest 50). The instrument was calibrated by an external service
provider and its reliability was evaluated using commercial standard reference material. The
instrument was fitted with movable and fixed jaws in the test area. A pellet under analysis was
pushed in between the jaws. A moving jaw pushes it against a fixed jaw and the lateral force at

the point of pellet breaking was recorded.

2.4.2 A study of the mercury intrusion pore volume and BET surface area of the synthesized

SPA catalysts.

In literature, there is no pore volume and pore structure data for the SPA catalyst, hence in this
work the mercury intrusion pore volume analysis technique was chosen to investigate the
presence of macropores. This was done using AutoPore IV 9500 V1.09 instrument from
Micromeritics Instrument Corporation. The instrument reliability was determined by running a
commercial silica standard concurrently with the samples in different ports (the instrument
have 4 low pressure and 2 high-pressure sample ports). In 1 port a reference material was
analyzed and in the other 3 ports, experimental samples were analyzed. A deviation of the

reference sample greater than 2 % would render analytical results unacceptable.

A sample mass between 1.0 g and 2.5 g of the catalyst in the form that it was synthesized was
weighed and dried in the kiln at 200 °C for 1 hour to drive out moisture3’. The prepared
samples were loaded into the instrument and analyzed initially at low pressure and later at high
pressure. The instrument had sample evacuation pressure of 50 umHg, evacuation time of 5

minutes, mercury filling pressure of 1.5 psi and equilibration time of 10 seconds.
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In addition to the macropore volume analysis, it was important for the analysis of micro and
mesopores to be conducted as well. In view of that, the nitrogen physisorption technique was
chosen for the surface area and pore volume (micro and mesopores) analysis of the synthesized
solid phosphoric acid catalysts. The nitrogen physisorption technique uses
adsorption/desorption isotherms of liquid nitrogen at =196 °C. The reliability of the instrument
was checked by analyzing a known external standard of aluminium oxide and compare the
results to the known value, a deviation to a maximum of 3 % was considered acceptable. In
addition to that, the experiments per sample were repeated until at least 3 results agree then
any result of the three is here reported. Brunauer-Emmett-Teller (BET) data was collected on a
Micrometrics TRISTAR 2000 analyzer. About 0.2 g — 0.5 g of the SPA catalyst(calcined at 500 °C)

samples were analyzed after degassing under N at a temperature of 350 °C for six hours3%,

2.4.3 Determination of crystalline phases in synthesized SPA catalysts using the PXRD

technique.

PXRD analysis of all synthesized SPA catalysts was done using Bruker D2 Phaser diffractometer
operating at 30 kV and 10 mA current, fitted with a LynxEye (1D mode) detector and a
goniometer with a circle radius of 141.1 mm. The instrument measurement reliability was
always checked before the experiment by running a known commercial quartz standard
reference material at the same settings as the experiment. The samples of synthesized SPA
catalyst with a mass of 1 g to 2 g were ground to a fine powder and loaded onto the XRD

sample holder which was taken to the instrument and analyzed.

All PXRD data collection experiments for the synthesized SPA catalyst were run at an angular
angle range of 0 ° to 50 °, but predominantly crystalline phases were only found in the angular
range between 20 ° and 35 °. The X-ray diffraction experiments were conducted in order to
determine if the synthesized SPA catalysts were crystalline or amorphous3. The instrument

settings that were used for all PXRD experiments are reported in Table 2.3 below.
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Table 2.3 PXRD instrument settings used for all PXRD experiments.

Component Value

X-ray source tube type Copper
Wavelength A=1.54184 A
Primary and secondary Soller slits 2.5mm
Receiving Slit 2.5 mm
Fixed Divergence Slit 1.0 mm
Angular angle range 0°-90°
Nickel Filter yes

Scan type Coupled Two theta/theta
Step size ( °/Sec) 0.0080

Time per step (Sec) 0.13

Conventionally, knowledge of the crystallite size of the catalytic material provides the basis for
the design of an optimal catalyst structure. Various crystallite size determination methods can
be used, however, the Scherrer model remain accessible to researchers and it is fairly
accurate®®. The accuracy of the crystallite size from the Scherrer equation is influenced by the
contributions of instrumental broadening, morphological effects and disorder to reflection
width and the potential complication of their anisotropy*. In this work, the Scherrer model was

used to calculate the crystallite size*? this model assumes that all the crystallites are spherical®3.

In addition to the use of the Scherrer model for the determination of the crystallite size, the
morphological investigation of the SPA catalysts can be accomplished by employing various
techniques**. These are Differential Scanning Calorimetry (DSC), thermal analysis, dynamic light
scattering, Porosimetry, interferometry and microscopy®. The Porosimetry techniques give
information about the pores of the catalyst, one can determine pore structure and pore size*®.

This information is secondary, as useful as it is, it does not tell the morphology of the crystal
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system of the catalyst. However, TEM and SEM techniques provide a structured and detailed

morphological investigation of the catalytic material.

2.4.4 Investigation of the synthesized SPA catalysts grain geometry and elemental

composition using TEM and EDS techniques.

Electron microscopy provides a real-time investigation of the catalyst structure*’, which reveals
the crystal grains, shape of the grains, boundaries and information for the determination of
lattice parameters*®. SEM(Scanning Electron Microscopy) and TEM(Transmission Electron
Microscopy) are the commonly used techniques in catalysis research®. They use the beam of
electrons that travel through a vacuum where electromagnets are used to focus the beam on
the sample resulting in interactions inside the irradiated sample affecting the electron beam>°.
These interactions and effects are detected and transformed into images which are then

interpreted>.

The main difference between SEM and TEM is that SEM creates an image by detecting
backscattered electrons, while TEM uses transmitted electrons (electrons that pass through the
sample) to create an image>2. As a result, TEM gives information on the inner structure of the
sample, such as crystal structure, morphology, and stress state information, while SEM provides

information on the sample’s surface and its composition®3.

In this work, transmission electron microscopy (TEM) was used to investigate the SPA catalysts
morphology. TEM utilizes a beam of electrons that passes through the ultra-thin sample to the
detector, a 2D image is formed using a charge-coupled device camera®*. The images can be
used to extract morphological, compositional, and crystallographic information engrained in
them>>. This technique creates high-resolution 2D images>® which allows the researcher to view
the sample at a molecular level and investigate a wide range of characteristics®’. However, like
any other analytical technique, TEM does have its limitations, it is laborious, expensive and

require extensive training before one can generate reliable analytical results®2.

Herein, SPAM500, SPAMCa500, SPAMV500, SPAS500 and SPASCa500 catalysts were analyzed
using TEM. Characterization was done using a JEOL JEM 2100 Transmission Electron Microscope
operated at a voltage of 200 kV at the University of KwaZulu Natal laboratories®®. Detailed
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sample background data was provided in the service request form to the service provider to

enable them to select the most suitable settings and reference material for data validation.

The catalyst pellets were ground in an agate mortar to fine powders®. A small amount of the
catalyst powder was placed in ethanol (99.8 % Aldrich) to form a slurry which was
ultrasonicated for 30 seconds to homogenize the sample®!. It was then dropped cast onto a
copper grid with a lacy carbon film and allowed to dry, after drying the samples were run on
TEM34, In addition to the SPA catalyst TEM crystal investigation, the elemental composition of

the synthesized SPA catalyst was spectroscopically determined.

Energy dispersive spectroscopy (EDS) is a non-destructive technique traditionally used in
scanning electron microscopy (SEM) for the local determination of chemical elements in solid
samples®?, The sample is bombarded with electrons having energy above 30 keV®. The
chemical composition is measured by illuminating a sample in the vacuum chamber with a
focused electron beam®. The electrons bombarding the specimen surface are scattered into
the material and ionizes the specimen atoms by knocking out secondary electrons from the
stationary shells®®. The resulting electron holes are filled by an avalanche of electrons from the

outer shells of the atom®.

The ionized atoms emit X-ray quanta of discrete energy, which are characteristic of the
chemical elements of the sample under analysis®’. The X-ray emitted photons are collected by
an EDS detector near the sample and transmitted to the multi-channel analyzer, in which the
oscillations are separated according to their amplitude®. The number of quanta (the intensity)
of characteristic X-rays emitted in a given time interval by the atoms of the investigated
element is proportional to the concentration of that element in the sample®. The spectra are
transferred to the specialized computer equipped with specialized software for the collection,

observation, calculation and storage of the spectral data’®.

The quantification of atomic composition using STEM-EDS has its challenges such as electron
beam spreading and channelling’?  which can lead to the relative contribution from

neighbouring columns. These effects are dependent on the concentration at the atomic
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columns’? however, its effect can be mitigated by the use of a fine probe that focuses on a

specific column of atoms”3.

In this work, the STEM specimens were prepared by mechanical polishing, followed by Argon
ion milling’4. The atomic-scale chemical mapping and EDS spectral images were acquired as a
series of frames, where the same focal point was scanned multiple times’>. The spatial drifting
of the frames was corrected to build up spectral image data’®. The total spectral image
collection time was 376 seconds. The EDS spectral image data were acquired with an electron
probe of size <0.18 nm and a convergence angle of 23.3 © 77, The elemental mapping was
carried out by collecting point by point EDS spectrum of each of the corresponding pixels in the
map. The collected maps were presented in the form of a matrix of coloured pixels with the

intensity corresponding to the amount of the element’®,
2.5 Conclusion.

Herein, the SPA catalysts were successfully synthesized in the form of cylindrical extrudates
with lengths in the range of 6.0 — 10.0 mm using synthetic and mined kieselguhr. The synthesis
of quadrilobed SPA catalyst was met with the hindrance of the polymer inserts failing to
withstand the pressure, however, a few quadrilobed pellets were synthesized. The use of
guadrilobed shaped steel die plates need to be considered for this experiment in future studies.
Synthesis of vanadium promoted SPA catalyst was also successfully carried out. In addition to
that, the synthesis of cylindrically shaped unpromoted and calcium promoted SPA was met with
no challenges. This led to the conclusion that a change in silica source has an insignificant effect

on the shaping of the SPA catalyst.
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Chapter 3

3. Results and Discussion.
3.1 Free Acid content of the synthesized SPA catalysts.

SPA catalyst has different species of phosphoric acid supported on kieselguhrl. These are
orthophosphoric acid, pyrophosphoric acid, triphosphoric acid and polyphosphoric acid?. These
acid species are weakly bonded to the support®. Hence, they are hydrolysable by immersing the
catalyst in water at room temperature for at least ten minutes*. Hydrolysed acid can then be
determined by titration using 0.5 molar sodium hydroxide (NaOH) to a pH of 4.4 >. During
titration, orthophosphoric acid and pyrophosphoric acid react with sodium hydroxide to give

sodium salts as shown in Reaction scheme 3.1 below.
H;PO, + NaOH — NaH,PO, + H,0
NaH,PO, + NaOH —» Na,HPO, + H,0
H, P,0, + NaOH —  Na,H,P,0,+2H,0
Na,H,P,0; + 2NaOH —*» Na,P,0, +2H,0

Reaction scheme 3.1 The reaction of orthophosphoric acid and pyrophosphoric acid with

sodium hydroxide at room temperature(adapted from reference 6)°.

Herein, the data from the titration experiments were used to calculate free acid based on the
qguantity of sodium hydroxide consumed and the mass of the sample used, the amount of free

acid was calculated using Equations 3.1 and 3.2 below.

Free Acid(% H5;PO0,) = % Equation 3.1
Free Acid(% P,05) = ¢ Actd % H3POs Equation 3.2

1.380

Where c is the concentration of NaOH in mol/L, V is the volume of NaOH in Litres, 97.994 mol/g
is the molecular mass of phosphoric acid in mol/g and M1 is the mass of the sample in grams

and 1.38 is the conversion factor from H3PO4 to P20s.
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In the synthesized SPA catalyst, the amount of free acid decreased with an increase in
calcination temperature from 20.1 wt. % P,0s at 400 °C for SPAM catalyst series to 1.5 wt. %
P20s at 800 °C Figure 3.1 below.
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Figure 3.1 Influence of calcination temperature on SPA catalyst (synthesized from amorphous
kieselguhr) free phosphoric acid (wt.% P;0s). Where SPAM is a cylindrical shaped solid
phosphoric acid catalyst synthesized from mined kieselguhr, SPAMQ and SPAMQCa are
qguadrilobed shaped solid phosphoric acid catalysts synthesized from mined kieselguhr
(unpromoted and calcium promoted). SPAMCa is a cylindrical shaped SPA catalyst synthesized
from mined kieselguhr and SPAMV is vanadium promoted SPA catalyst synthesized from mined

kieselguhr.

The decrease in free acid content in SPA catalysts with an increase in calcination temperature
could be caused by thermal dehydration of phosphoric acid’. However, the free acid of the SPA
catalysts synthesized from crystalline synthetic kieselguhr calcined at 400 °C reported very low

acid content compared to the free acid in SPAM catalysts Figure 3.2 below.
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Figure 3.2 Variation in free phosphoric acid of the SPAM and SPAS catalyst synthesized from
amorphous and crystalline kieselguhr, SPAM400 means SPA catalyst synthesized from mined
kieselguhr calcined at 400 °C the same is true for SPAS800 stands for SPA catalyst synthesized

from synthetic kieselguhr and calcined at 800 °C.

The difference in free phosphoric acid reported in Figure 3.2 above lies in the structural
differences of the kieselguhr support used. Amorphous silica has isolated, vicinal and germinal
silanols groups which interact wearily with phosphoric acid via H-bond®. However, SiOH groups
on the surface of the synthetic kieselguhr enhance the adsorption behaviour of SiO; resulting in
strong interaction between silica and phosphoric acid thereby forming silicon phosphates hence

less free (unbonded) acid available®.

The reported variation in free acid results of catalysts synthesized from amorphous and
crystalline (a-cristobalite) kieselguhr prompted the author to do 7 free acid analyses of catalyst
SPAMA400 and catalysts SPAS400 and used the data to determine if there is a statistical

significance variation in the free acid results.
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Table 3.1 Free acid (% P20s) results for SPAM400 and SPAS400 catalysts.

Run

SPAM400

20.1+0.1

19.8+0.1

20.4+0.1

203+0.1

19.5+0.1

20.1+0.1

20.1+0.1

SPAS400

13.5+0.1

13.7+0.1

13.0+0.1

141+0.1

13.4+0.1

13.7+0.1

13.5+0.1

The results in Table 3.1 above were used for statistical analysis and the following statistic were

reported below in Table 3.2.

Table 3.2 Statistical data of catalyst SPAM400 and SPAS400 was used to perform a two-sample

t-test analysis to determine if there is a significant variation in the free acid of the catalyst

SPAM400 and SPAS400.

Statistic

Sample size

Degree of freedom
Sample mean

Sum of squared deviations

Variance

Catalyst SPAM400

20.1+0.1
0.37

0.06

Catalyst SPAS400

13.6+0.1
0.67

0.11
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The two-sample independent mean analysis reported t-value = 41.38 and p-value < .00001 at
a=0.01

The t-test results statistically support the conclusion that there is a significant difference in free
acid exhibited by the amorphous and crystalline kieselguhr used in SPA catalysts synthesis.
However, the decrease in free acid is associated with catalyst dehydration and subsequent

conversion of the orthophosphoric acid to a more condensed pyrophosphoric acid?®.
A
SPAX H,0(s) —————) xH,0(g) + x-1.SPA(s)
Reaction scheme 3.2 Dehydration of SPA catalyst.
Where A is heat energy in KJ.mol™..

However, dehydration of SPA catalyst result in changes in the chemical composition of free

phosphoric acid!! that is;

A
P,0s.3H,0 ¢ N P, 0s.2H,0

Orthophosphoric acid Pyrophosphoric acid
Reaction scheme 3.3 Conversion of orthophosphoric acid to pyrophosphoric acid*2.
Where A is heat energy in KI/mol.

It is evident from Reaction scheme 3.3 that, orthophosphoric acid is more hydrated compared
to pyrophosphoric acid. This means that free acid in catalyst calcined at higher temperatures is
in the form of pyrophosphoric acid®3. Although pyrophosphoric free acid is beneficial to the
catalysis of propene oligomerization by increasing selectivity and activity of the SPA catalyst®4, it

takes harsh calcination conditions to synthesize it.
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3.2 Correlation between the crushing strength and porosity of the synthesized SPA

catalysts.

Hypothetically, low SPA catalyst-free acid should translate into its high catalyst hardness
strength'>. However, practically the relationship of SPA catalyst-free acid and hardness strength
is not so simple. It is influenced by other parameters such as the phosphorus to silica ratio and
the concentration of the phosphoric acid used for SPA catalyst synthesis®. High phosphorus to
silica ratio results in high SPA catalyst crushing strength provided the phosphoric acid is highly

concentrated in the form of pyrophosphoric acid’.

The density of the silicon phosphate phases in the SPA catalyst guides SPA catalysts hardness
strength. Silicon pyrophosphate has a density of 2.9 g/cm? and silicon orthophosphate has a
density of 2.7 g/cm3. The silicon phosphate density data implies that the catalyst with higher
silicon pyrophosphate content should have higher catalyst hardness compared to catalysts with

higher silicon orthophosphate?®.

In this work, the synthesized SPA catalysts were analyzed for crushing strength and the data

was here used to calculate crushing hardness according to Equation 3.3 below?.

F
Cg = & Equation 3.3

Laverage

Where, Csis the crushing strength of a catalyst series in N/mm, F is the average breaking force
in Newtons of 50 analyzed catalyst pellets and L is the average length in millimetres of the 50

analyzed catalyst pellets®.

To capture and minimize the catalyst hardness variation in individual pellets, fifty random SPA
catalyst pellets per catalyst series were sampled for crush strength analysis. The pellets were
run on the instrument using Easy Test Method with a length plausibility range of 6 — 8 mm?°.

The results are reported in Table 3.3 and plotted in Figure 3.3 below.
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Table 3.3 Influence of calcination temperature on SPAM, SPAS and SPASCa crushing strength.

Calcination temperature/ °C  SPAM SPAS Crush(N/mm) SPASCa
Crush(N/mm) Crush(N/mm)
400 38+2 28+2 352
500 4312 302 3612
600 47 £2 35+2 362
700 48 £ 2 35+2 39+2
800 48 £ 2 362 40+ 2
70
= I - 1
L 50
< I I —
< 20 ——— SPASCa
m— SPAS
m— SPAM
4(I)0 560 660 760 860

Calcinationtemperature/°C

Figure 3.3 Influence of calcination temperature on crushing strength (N/mm) of catalyst SPAM,

SPAS and SPASCa.

The catalyst SPAM, SPAS and SPASCa has seen an increase in catalyst crushing strength with an
increase in calcination temperature. The increase in crushing strength is prevalent from
calcination temperature of 400 °C until 600 °C, thereafter the catalyst hardness slowly plateaus

off as shown in Figure 3.3 above. This shows that calcination of the SPA catalyst at
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temperatures higher than 600 °C does not provide additional benefit to the mechanical
strength, rather the crystal structure could be starting to decompose and release silicon

dioxide?L.

The catalyst pore size influences the selectivity of the catalyst and provides the reaction
platform for reactant material?2. These parameters influence other catalyst inherent properties

such as density and crushing strength.

In catalysis, pores are void spaces in a material that gaseous reactants, liquids and microscopic
particles can occupy?3. These pores increase the availability of surface area and enable the
production of selective product?®. This is achieved through, directing reactants and products of
a particular structure that resonates with the shape of the available pores?. Pores are defined
by their accessibility to the surface of the porous material, that is; a closed pore is inaccessible
to the surfaces; a blind pore is accessible from the surface but does not travel completely from
the upstream to the downstream surface and a through pore travels from the upstream surface

to the downstream surface of a material?®.
3.3 Mercury intrusion pore volume of the synthesized SPA catalysts.

A gradual increase in mercury intrusion pore volume with an increase in calcination
temperature for all catalysts series that was synthesized from mined kieselguhr was reported in
Figure 3.4 below. However, the pore volume for catalyst SPAM800 was very low that is 0.20
mL/g the same result as that of catalyst SPAMS500. During the mercury intrusion pore volume
analysis experiment, the instrument runs at variable pressure. That is from low pressure to high
pressure of about 60 000 psi?’. At high pressure, material deformation may occur resulting in

pore collapse, the result was suggesting a possible pore collapse mechanism?82°,
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Figure 3.4 Mercury intrusion pore volume in mL/g of the SPAM, SPAMQ and SPAMV catalyst

synthesized from mined kieselguhr. Data plotted in Figure 3.4 above is reported in Table 3.4

below.

Table 3.4 Mercury intrusion pore volume of the SPAM, SPAMQ and SPAMV catalyst synthesized

from mined and amorphous kieselguhr.

Calcination temperature/ °C

400
500
600
700

800

Pore volume (mL/g)

SPAM

0.17£0.01

0.20+0.01

0.22+0.01

0.22+0.01

0.20+0.01

SPAMQ SPAMV

0.22+0.01 0.08 +0.01
0.28+0.01 0.24+0.01
0.31+0.01 0.25+0.01
0.3+0.01 0.29+0.01
0.32+0.01 0.27+0.01
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The catalyst that was not calcium promoted and the vanadium promoted SPA catalysts Figure
3.4 above has shown a gradual increase in pore volume until 500 °C calcination temperature.
This could be ascribed to the combustion of volatile and organic material (corn starch) leaving
open cavities accessible to mercury intrusion®®. Near flattening of the curves between
calcination temperatures of 500 °C and 600 °C indicate that all volatile and organic material

that was occupying pores is lost through calcination3!.

Likewise, the increase in pore volume reported in SPAM and SPAMV catalysts beyond
calcination temperature of 500 °C is a result of catalyst decomposition, followed by a

subsequent decrease near 800 °C which is a result of pore collapse?°.

Table 3.5 Influence of calcination temperature on pore volume of calcium promoted catalysts

SPA catalysts.

Calcination temperature/ °C Pore volume (mL/g)
SPAMCa SPAMQCa
400 0.20+0.01 0.30+0.01
600 0.25+0.01 0.27 £0.01
800 0.32+0.01 0.33+0.01
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Figure 3.5 Influence of calcination temperature on pore volume of the synthesized calcium

promoted SPA catalysts, the data accompanying this graph is reported in Table 3.5 above.

SPAMQCa and SPAMCa catalysts have shown a common trend in pore volume, a decrease in
pore volume between calcination temperatures of 500 °C and 600 °C. This could be associated
with structural rearrangement of the calcium phosphate, this is evident in the sudden increase

in pore volume after 600 °C calcination temperature showing a resultant structural collapse3?.

The phenomenon of structural and pore collapse makes it difficult to explicitly differentiate
pore volume influenced by material loss and the actual catalyst pore volume at 600 °C and
above calcination temperature33. Hence in this study, the pore volume of the catalyst that was
calcined at 500 °C was considered the best result. This calcination temperature was chosen
since the best calcination temperature should be high enough to adequately address the
porosity impediment caused by the volatile material effect and have the lowest possible

material loss influence3.

Figure 3.6 below shows the mercury intrusion pore volume of the catalyst that was calcined at
500 °C. SPAMS500 reported the lowest pore volume results compared to SPAM500, SPAMQ500

and SPAMQCa500. This is because the catalyst is compacted cylindrical pellets formed under
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high pressure during shaping hence low void space®. The pore volume data has shown that the
SPA catalyst with a higher ratio of crystalline silicon orthophosphate phase has higher mercury
intrusion pore volume compared to the SPA catalyst with a higher ratio of silicon

pyrophosphate crystalline phase.

0,29
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1

o

=)

o
1

0,00 -

Figure 3.6 Mercury Intrusion Pore volume of the synthesized SPA catalysts calcined at the

optimal temperature of 500 °C.

The pore volume data from the Mercury intrusion technique shows that there are no
micropores in all synthesized SPA catalyst3¢. The results reported zero pore volume in all
samples for pore diameter below 2 nm Figure 3.7 below. However, this is a confirmation that
the Mercury Intrusion Porosimetry technique is not suitable for the analysis of a sample with
micropores®’. This is because the technique depends on the volume of mercury intrusion at a
given pressure. That is, at maximum pressure mercury can only intrude pores as low as 0.003

um?38, thus excluding the micropore range which is below 0.002 um?3°.
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Figure 3.7 Mercury intrusion percentage pore diameter distribution for catalyst SPAMT series

showing a high proportion of macropores.

In Figure 3.7 above, the SPAM catalyst series have macropores with all samples reporting at
least 92 % of pores having pore diameter above 50 nm this could be that the method that was
used for analysis cannot detect smaller pores hence it only reports the macropores data®. The

same trend was reported in other SPA catalysts.

The porosity of a heterogeneous catalyst affects the mass diffusion properties by influencing
the adsorption properties of the catalyst*’. The presence of macropores enhances the
transportation of bulky reactants and the final product in and out of the catalyst*?. The pore

volume of catalyst SPAS and SPASCa was determined using mercury intrusion porosimetry.
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Table 3.6 Mecury intrusion pore volume and BET surface area for SPAS and SPASCa catalyst.

Catalyst MIT Pore Volume BET surface aream?/g BJH Desorption pore
mL/g diameter nm

SPAS500 0.3+0.01 2+1 38+2

SPASCa500 0.2+0.01 2+1 11+2

Where MIT is a mercury intrusion technique.

There is a contrasting trend between catalysts synthesized from mined kieselguhr and those
synthesized from synthetic kieselguhr when it comes to pore volume results Figure 3.8 below.
SPAMT Catalyst series have shown an increase in pore volume with an increase in calcination
temperature albeit tailing off at 600 °C. In addition to that, there is no difference in BET surface
area of SPAS500 and SPASCa500, Table 3.6 above. This could be a result of a limit of surface

area detection by the physisorption analyzer.

Table 3.7 Influence of calcination temperature on SPAS and SPASCa pore volume compared to
SPAM catalysts.

Calcination temperature/ °C  SPAM (mL/g) SPAS (mL/g) SPASCa (mL/g)

400 0.17+£0.01 0.29+0.01 0.27+£0.01
500 0.20+0.01 0.27+£0.01 0.23+0.01
600 0.22 £0.01 0.24+0.01 0.20+0.01
700 0.22 £0.01 0.33+0.01 0.26 £0.01
800 0.20+0.01 0.14 +0.01 0.19+0.01
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Figure 3.8. Influence of calcination temperature on the SPAS and SPASCa catalyst pore volume

compared to SPAM catalyst, accompanying data is reported in Table 3.7 above.

The catalyst pore volume for catalyst SPAS and SPASCa series decreased gradually with an
increase in calcination temperature from 400 °C until 600 °C. This is caused by pore collapse,
surface reconstruction and sintering of particles together with blockage of micropores and
mesopores®. The decrease in pore volume also in SPASCa is attributed to the effect of calcium
pore impediment, the calcium oxide is sitting inside the pores thereby blocking the pores**. This
is supported by BJH desorption average pore diameter of catalyst SPAS500 which is 38 nm and

after calcium promotion went down to 11 nm Table 3.6 above.

The limitation of the mercury intrusion technique to determine micropores and mesopores was
mitigated using a complementary Nitrogen adsorption technique. The technique uses nitrogen

adsorption at a temperature of — 196 °C to determine specific surface area and pore volume*.
34 BET surface area of the synthesized SPA catalysts and their pore structure.

Physisorption analysis is an important tool that can be used in the morphological

characterization of the catalyst*. N, adsorption technique was here used to determine the BET
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surface area of the synthesized SPA catalysts, Figure 3.9 below shows the BET surface area of

the SPA catalysts synthesized from mined kieselguhr.
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Figure 3.9 BET surface area of the SPA catalysts synthesized from mined kieselguhr, these
results were reported after repeating the BET analysis experiments 3 times to determine the

experimental uncertainty effect and the results agree.

The BET surface area results of unpromoted SPA catalyst SPAM500 and SMAQS500 indicate that
there is no variation to the surface area of the cylindrically shaped SPA catalyst compared to
the quadrilobed shaped SPA catalyst. However, on promotion with both calcium and vanadium,
a drop in BET surface area was reported albeit low in vanadium promotion. This general
decrease in BET surface area after the promotion is a result of surface inhomogeneity provided

by the addition of promotion metal to the catalyst*’.
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Figure 3.10 BJH desorption pore volume of the catalysts synthesized from mined kieselguhr.

The comparison of catalyst SPAM500 and SPAMQ500 BJH desorption pore volumes Figure 3.10
above also show insignificant differences in the pore volume results of the unpromoted
catalysts synthesized from mined kieselguhr. Furthermore, there is a notable decrease in the
pore volume of the promoted SPA catalysts, the decrease in BJH desorption pore volume is
caused by metal clogging of pores®. This effect is more prevalent in SPAMCa500 catalyst which
is calcium promoted than catalyst SPAMV500 which is vanadium promoted. BJH desorption
pore volume was used to interpret the SPA catalyst pore volume results. This is because BJH
adsorption corresponds to the progressive filling of the mesopores whilst BJH desorption refers
to a sudden emptying of the same pores. Therefore, the desorption data provides the

characteristics of the pore neck and the aesthetic pore size distribution.
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Figure 3.11 Isothermal linear plot showing adsorption and desorption behaviour of the

SPAMS500 catalyst.

The isothermal linear plot of the SPAM500 catalyst exhibited a well-defined type IV isotherm
with an H1 hysteresis loop which has an inflexion point other than the final saturation
plateaue®. The adsorption branch contains a low slope region associated with multilayer
adsorption at pore walls, followed by pore condensation in mesopores ending with an inflexion
point. This implies incomplete filling of pores and hence the availability of macropores *°. This is

in agreement with mercury intrusion macropore volume results reported earlier on.
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Figure 3.12 Isothermal linear plot showing the adsorption and desorption characteristics of the

SPAMCa500 catalyst.

The isothermal linear plot of SPAMCa500 shows a well-defined type IV isotherm with an H1
hysteresis loop which has an inflexion point other than the final saturation plateaue®!. This is
indicative of pores that are connected by constrictions with other pores having no direct access

to Nitrogen gas reservoir but indirect access through many constrictions and cavities>2.

Therefore, if evaporation is started when the pore system is filled, a cavity cannot empty as
long as a vapour path is not created to the vapour reservoir but as soon as the pressure is
reduced to a critical value, the pore system begins to empty, and many routes are created from
the vapour reservoir to the buried pores. This result in the emptying of the whole pore system
in a cascade-like giving the asymmetrical shape starting near relative pressure(P/Po) 0.8 to 1.0
>3, This shows that the catalyst has mesopore to macropores type of pores. The absence of a
plateaued shape at P/Po = 1 indicate that the mesopores were not filled. That also succinctly
supports the pore size results from MIT which shows that SPA catalyst has macropores and

capillary type of pores.
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Figure 3.13 Isothermal linear plot showing the adsorption and desorption behaviour of the

SPAMQ500 catalyst.

The isothermal linear plot of the SPAMQ500 catalyst has shown a Type IV isotherm with an H1
hysteresis loop. The adsorption branch contains a low slope region associated with multilayer
adsorption at pore walls, followed by pore condensation in mesopores ending with an inflexion
point>°. The desorption branch proceeds into a narrow hysteresis loop, with the desorption
branch parallel to the adsorption branch. This is indicative of a narrow distribution of uniform

mesopores and limited pore network effects>*.
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Figure 3.14 Isothermal linear plot showing the adsorption and desorption behaviour of the

SPAMQCa500 catalyst.

The isothermal plot of both SPA catalyst SPAS500 and SPASCa500 exhibited a Type IV isotherm
with an H3 hysteresis loop. This tells us that the catalyst has non-rigid aggregates of plate-like

particles resulting in slit-shaped and ink bottle pores>.
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Figure 3.15 Isothermal linear plot showing the adsorption and desorption characteristics of the

SPAMV500 catalyst.
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The isothermal plot of SPAMV500 Figure 3.15 has shown a Type Il isotherm with an H3
hysteresis loop, the results are associated with unrestricted monolayer-multilayer adsorption, a
condition indicative of the catalyst characterized by mesopores and to some extent macropores
56

This behaviour can be caused by assemblages of slit-shaped pores, which is a result of

macropores networks that are not filled with pore condensate®’.
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Figure 3.16a The isothermal linear plot showing the adsorption and desorption behaviour of

the SPAS500 catalyst.

The isothermal linear plot of the SPAS500 catalyst has shown a Type IV isotherm with an H1
hysteresis loop. The adsorption/desorption branches are near parallel with an asymptotic
closure that is indicative of the presence of mesopores®’. The desorption branch proceeds into
a narrow hysteresis loop, near parallel to the adsorption branch. This is indicative of a narrow

distribution of uniform mesopores and limited pore network effects>*.
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Figure 3.16b The Isothermal linear plot showing the adsorption and desorption characteristics

of the SPASCa500 catalyst.

The isothermal plot of SPASCa500 exhibited a Type IV isotherm with an H3 hysteresis loop
characterized by near perpendicular closure®. This tells us that the catalyst has non-rigid
aggregates of plate-like particles resulting in slit-shaped and ink bottle pores®°. However, the
point of inflexion at a relative pressure of (P/Po =0.0-0.2) indicate completion of monolayer
coverage *. The inflexion reported between relative pressure of 0.4 — 0.9 corresponds to
capillary condensation, with a steepness increased towards relative pressure 1.0 indicates a
narrow pore size distribution®3. This also shows that pore blockage by calcium promotion was
nonselective. The BET experimental results emphasized the presence of mesopores in the SPA

catalyst.
3.5 Crystalline phases of the synthesized SPA catalysts.

Silica and phosphorus react to give different silicon phosphate polymorphs herein, crystalline
phase identification was done on all diffractograms with the help of Diffracplus Eva software
and ICDD (international centre for diffraction data) database. The SPAM catalyst had silicon-
orthophosphate PDF 00-022-1380 and silicon-pyrophosphate PDF 00-022-1320 phases Figure

3.17 below. This agrees with the results reported by Clearfield and his coworkers®®. The
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tetragonal silicon pyrophosphate belongs to space group P63 witha =142 A, b=7.8Aand c=
7.4 R, a=PB=y=90° %. The hexagonal silicon orthophosphate belongs to space group R3 with
lattice parameters a=b=7.8Aandc=24.0A,a=B=90°and y =120 ° % The data from
literature has shown that the SPA catalyst crystalline phase peaks are predominant in the

angular range of 20 ° to 35 © hence the same range was used in this work.
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Figure 3.17 Influence of calcination temperature on the transformation of silicon

orthophosphate to silicon pyrophosphate of the SPAM catalysts.

The peak ratio of the silicon orthophosphate peak in SPAM catalyst calcined at 400 °C relative
to the silicon pyrophosphate peak at the same calcination temperatures changes with an
increase in calcination temperature. At higher calcination temperature the silicon pyro peak
height becomes predominantly greater than silicon orthophosphate peak height indicating an
increase in crystallinity®l. This shows the interrelationship between the silicon pyrophosphate
and silicon orthophosphate phases. The transformation from silicon orthophosphate to silicon
pyrophosphate is directly influenced by calcination temperature®?. However, random errors
from sample loading of the PXRD instrument could have also contributed to the variation in

peak height albeit within a margin of error.
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Figure 3.18 Influence of calcination temperature on the crystalline phase transformations of the

calcium promoted SPA catalysts synthesized from mined kieselguhr.

Calcium reacted with phosphoric acid to form calcium hydrogen phosphate this resulted in a
minority additional calcium hydrogen phosphate hydrate phase being identified. On higher
calcination temperature, a peak shift to the higher two theta angle was reported in Figure 3.18
above. The silicon pyrophosphate peak two-theta angle at 400 °C calcination temperature was
23.9 ° which shifted to 24.1 © on 600 °C and 800 °C calcination temperatures. The calcium
doping could result in crystallographic distortion, causing a change in unit cell geometry, thus a
change in atomic coordinates within a unit cell, the data is suggesting that this may have

occurred 3.
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Figure 3.19. Effect of calcination temperature on the crystalline phase transformations of the

vanadium promoted SPA catalysts synthesized from mined kieselguhr.

On promoting SPA catalyst with vanadium, vanadium reacted with phosphoric acid to form an
additional vanadium pyrophosphate phase. However, a peak shift at a higher calcination
temperature was observed. At 400 °C the silicon pyrophosphate peak is at the two-theta angle
of 23.9 ° which shifted on calcination to 24.3 °. Vanadium promotion caused the SPA catalyst
compositional change, which could result in a change in lattice parameters which was further
affected by calcination at a higher temperature. The data is suggesting that this could have

happened, however, a peak shift in the XRD diffractogram of 0.4 © is within a margin of error®.

The XRD patterns of the synthesized SPA catalyst using crystalline synthetic kieselguhr are
shown in Figures 3.20 and 3.21 below. The objective was to investigate the effect of synthetic
kieselguhr on SPA catalysts crystalline phases. Catalyst SPAST series reported silicon-
orthophosphate PDF 00-022-1380 and silicon-pyrophosphate PDF 00-022-1320 crystalline
phases and a further calcium hydrogen phosphate hydrate crystalline phase PDF 00 -009 - 0347

was reported for the calcium promoted SPASCa catalyst.

104



& Siliconpyrophosphate
10000 & ¥ Siliconorthophosphate
g
8000 -} « ¥
5 o JwpSPAS800
= 6000 -
>
E :F SPAS600
=
5 4000, Y i
-
[=4
2000 —
LA
SPAS400
v\ ,
0 -
T T T T T T 1
20 25 30 35
20°

Figure 3.20 Influence of calcination temperature on the crystalline phases of the SPA catalysts

synthesized from synthetic kieselguhr.

The XRD diffractogram of the SPA catalysts synthesized from crystalline synthetic kieselguhr
Figure 3.20 above has shown similar silicon phosphate phases in comparison to the
diffractogram of the SPA catalysts synthesized from amorphous mined kieselguhr Figure 3.17.

The same trend of increase in silicon pyrophosphate with the increase in calcination

temperature was also observed.
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Figure 3.21 Influence of calcination temperature on the crystalline phase transformations of the

calcium promoted SPA catalysts synthesized from crystalline synthetic kieselguhr.

Calcination temperature has shown to have a similar effect on calcium promoted SPA catalysts
synthesized from crystalline synthetic kieselguhr compared to calcium promoted SPA catalysts
synthesized from amorphous kieselguhr Figure 3.18. The same trend of peak shift towards the
higher two theta angle was observed with the same explanation as that of calcium promoted

SPA catalysts synthesized from amorphous kieselguhr Figure 3.18.

Conventionally, knowledge of the crystallite size of the catalytic material provides the basis for
the design of an optimal catalyst structure. In this work, the Scherrer equation was used to
calculate the crystallite size. However, the basis of the Scherrer equation is that the width of a
powder X-ray diffraction reflection relates to coherent diffraction domain size which is
perpendicular to the diffraction plane being analyzed®. Therefore, it is the crystalline domain

size, which is being determined in Equation 3.4 below.

KA

= 3C050 Equation 34
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Where, d is the coherent diffraction domain size, A is the wavelength of the X-ray source used,
B is the reflection width (28), 8 is the Bragg angle in radians and K is the shape constant

assumed to be spherical®®.

The reflection width 8 can be affected by instrumental broadening®’. Quartz standard reference

material data was used to calculate structural reflection width.

ﬁstructural = ﬁobserved - ﬁstandard Equation 3.5

K = 0.94 was used assuming spherical crystallite shape, the reflection width calculated
according to equation 5 is independent of the broadening effect and was used to calculate

crystallite size.

Table 3.8 below shows the crystallite data from the study of the SPAM and SPAS catalysts series

done in this work.

Table 3.8 Influence of calcination temperature on crystallite size of the SPA catalyst synthesized

from amorphous and crystalline kieselguhr.

Calcination temperature/ °C SPAM Catalyst SPAS Catalyst

Average crystallite size/nm

400 50+2 68 +2
500 110+ 2 98 +2
600 110+3 180+4
700 1103 179+ 4
800 126 +3 177 +3

The SPAS catalyst calcined at 400 °C has a larger crystallite size compared to catalyst SPAM
catalyst Table 3.8 above. A general increase in crystallite size with an increase in calcination
temperature was reported, however, the catalyst synthesized from crystalline kieselguhr (SPAS)

reported bigger crystallites than the catalyst synthesized from amorphous kieselguhr (SPAM).
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This is associated with the formation of more crystals in the catalyst as a result of an
appropriate environment for crystal growth®®. The crystallization process begins with nucleation
and aggregation of viable nuclei with crystalline structure followed by crystal growth which
proceeds via the addition of crystal slabs and crystal oligomers®. Synthetic crystalline
kieselguhr has crystal nuclei which provide crystalline seeds for the development of new crystal

development this phenomenon enhances crystal growth’°,

Table 3.9 Variation in crystallite size of the SPA catalysts synthesized from amorphous and

crystalline synthetic kieselguhr.

Catalyst Average crystallite size( nm)
SPAM400 5912

SPAS400 68 +2

SPAM600 110+ 3

SPAS600 180+ 4

SPAMS800 126+ 3

SPAS800 177 +3

The variation in crystallite sizes of the SPA catalyst synthesized from synthetic and amorphous
kieselguhr indicate that there is variation in the pore volume of the catalysts synthesized from
the two silica sources’!. Aggregation of bigger crystallites promotes higher catalyst porosity

compared to the aggregation of small crystallite size which fosters low catalyst pore volume’?.

Table 3.9 above, the crystallite size of the catalyst increases with an increase in calcination
temperature, however, for catalyst SPAS, the crystallite size tailed off at 600 °C which implies

that the crystal structure is stable at that temperature range’3.
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In this work, the percentage total relative crystallinity is the sum of all the silicon phosphate
phases identified compared to the crystalline phase of the commercial reference material
(quartz standard) with a peak at 21.3 ° two-theta and a d-spacing of 4.168.

Quantification of the crystalline phases was calculated according to the following formulae.

net area of the most intense silicon orthophosphate peak

o/ Gili -
% Silicon orthophosphate = ot aren of the quarts ref srence peuk x 100 3.6
% Silicon pyrophosphate _ net area of the most intense silicon pyrophosphate peak % 100 3.7
net area of the quartz reference peak
Net area = (FWHM X Peak height) 3.8

Where FWHM is full with at half maximum of a peak at 26 of 21.3 ° and d-spacing of 4.168 for
quartz standard, 25 © and d-spacing of 3.579 for silicon orthophosphate and 24 ° and d-spacing
of 3.643 for silicon pyrophosphate. Equation 3.6 was used for the calculation of the % calcium
phosphate silicate phase.

% Total crystallinity = % Silicon orthophosphate + % Silicon pyrophosphate’* 3.9
A general increase in relative total crystallinity for catalyst synthesized from synthetic
kieselguhr for both unpromoted and calcium promoted SPA catalyst was reported, Figure 3.23

below.
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Figure 3.22 Influence of calcination temperature on total relative crystallinity(all results are
reported in percentages), standard error per measurement of 3 % according to the method of

analysis was reported’4,

The SPA catalyst synthesized from mined kieselguhr shows lower relative total crystallinity at
400 °C calcination temperature which is 43.1 % compared to 127.1 % for SPAS catalyst. This
should be attributed to the fact that mined kieselguhr was amorphous compared to crystalline
synthetic kieselguhr. Hence, nucleation is the first step of crystallization in SPA catalyst
synthesized from amorphous kieselguhr’>. Whereas the SPA catalyst synthesized from
crystalline kieselguhr, calcination at 400 °C would see crystal growth and crystal propagation, to
investigate further this hypothesis TEM characterization was performed and will be explained in
Chapter 4.

The total relative crystallinity results show that there is a relative crystallinity benefit to using
synthetic kieselguhr for the synthesis of SPA catalyst which is 1.5 fold higher than the
crystallinity of catalyst synthesized from amorphous kieselguhr. The improved relative
crystallinity goes a long way in positively improving the crushing strength of the SPA catalysts’®.
Coetzee et al, reported that SPA catalyst with high silicon pyrophosphate has high crushing
strength”’. The silicon pyrophosphate results of the SPA catalyst calcined at 400 °C for the
catalyst synthesized from the crystalline kieselguhr is higher, 34.6 % compared to 7.6 % of the
catalyst synthesized from amorphous kieselguhr.

According to Jichang Zhang et al, a SPA catalyst with high silicon pyrophosphate content has the
best catalytic activity and lifetime for propene oligomerization*. Indeed the SPA catalyst
synthesized from crystalline kieselguhr should have high catalytic activity and lifetime because

it posses a very high silicon pyrophosphate content.
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Chapter 4
4. Unravelling the morphology of the synthesized SPA catalysts.
4.1 Introduction

Solid phosphoric acid catalyst properties such as activity, selectivity and deactivation depend on
the catalyst microstructurel. The catalyst is characterized by macropores which provide
sufficient pore surface area for the polymerization of olefins?. The pore size influences the
adsorbate and catalyst interaction, macropores foster catalysis of bulky reactants with
micropores favouring the reaction of non-bulky compounds consequently increasing the
catalyst selectivity, reactivity and lifetime3*. These physical parameters of the SPA catalyst are

somewhat related to the morphology of the catalyst®.

Recent developments in the synthesis of nanoscale materials and technologies have given an
edge to research for the development of catalysis performance by further understanding the
reactivity at the nanoscale®’. Based on industrial results, the performance of the SPA catalyst in
oligomerization reactions is firmly linked to its morphology and structure®. Knowledge and
understanding of these fundamental topics in SPA catalysis are crucial in the advancement of
the oligomerization process®. Further research is required to increase the ongoing efforts to

understand and optimize the structure of the SPA catalysts®°.

The SPA catalyst studied in this chapter was synthesized using the impregnation method as
stated in Chapter 2. This synthesis technique has high reproducibility and promotes the
homogeneous distribution of silicon and phosphorus atoms on the catalyst!!. These elements
form the backbone of the SPA catalyst?. High homogeneity in silicon and phosphorus enables
control over the resulting polymorph of the crystalline phases synthesized®3. This is crucial in
controlling the acidity of the catalyst** since a high amount of phosphorus translates into a high
content of acidic species as a result of a 1:3 ratio of phosphorus to hydrogen in phosphoric acid

(HsPO4) used in the synthesis of the SPA catalyst*°.
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4.2 Crystal structure of SPA catalysts synthesized from mined kieselguhr.

5 1/ mimn

Figure 4.1 Microstructure (left side) and SAED (right side) of the catalysts synthesized from

amorphous kieselguhr. The catalyst showed individual grains encircled in red.

Selected area electron diffraction (SAED) in Figure 4.1 above shows spots emanating from a
single crystalline solid phosphoric acid catalyst. This means that the synthesized SPAMS500,
SPAMCa500 and SPAMV500 catalysts were a single crystalline solid. This implies that the
crystal lattice of the entire samples of the synthesized SPA catalyst was continuous. This agrees

with the data reported by Clearfield and his coworkers.
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Figure 4.2 Microstructure and SAED of the SPAS500 and SPASCa500 catalysts synthesized from
crystalline synthetic kieselguhr (single grains encircled in red). The SAED images of both the

catalysts are showing spots emanating from a single crystalline material.

The morphological data from both mined and synthetic kieselguhr support material gave rise to

the development of single-crystalline SPA catalysts grains.
4.3 Crystalline grain size of the catalysts synthesized from synthetic and mined kieselguhr.

The solid phosphoric acid catalyst grain size was analysed by measuring two perpendicular
lengths from the grain in the TEM image with Image) software and then the length was

calculated as the average dimension along the two axes of at least sixty grains?®.
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Table 4.1 The mean grain size of the unpromoted and promoted SPA catalyst measured by

TEMY,
Catalyst Average TEM grain size (hm) Average XRD crystallite
size(nm)

SPAMS500 170+ 8 110+3

SPAMCa500 200+ 6 180+4

SPAMV500 2479 126 £3

SPAS500 188+ 4 98 +3

SPASCa500 251+3 98 +2

The grain sizes reported in Table 4.1 are larger than the XRD crystallite sizes calculated using
the Scherrer equation assuming spherical crystallites in Chapter 318, Data from XRD analysis can
be used to measure crystallite size whereas data from TEM is used to measure the grain size®°.
It should be noted that the crystallite size does not necessarily correspond to the grain sizes, a
single grain can be made up of one or more crystallites which can be separated by grain
boundaries?. The TEM images of the SPA catalyst analyzed in this work has shown that the
morphology of the catalyst has grains that are tetragonally and hexagonally shaped. This is a

huge deviation from the spherical crystallites assumed by the Scherrer model.

The data shows that there is no significant difference in the grain size of the catalyst
synthesized from mined kieselguhr (SPAM500) compared to the catalyst synthesized from

synthetic kieselguhr (SPAS500) as shown in Figure 4.3 below.
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Figure 4.3 The grain size box plot of SPAM500 and SPAS500 showing the overlap in the grain

sizes of the two catalysts.

The box plot in Figure 4.3 above is showing the overlapping of the two boxes of SPAS500 and
SPAMS500. In addition to that the median of the SPAS500 is also overlapping with the box of the
SPAMS5O00 catalyst. This means that there is no difference in grain size of the SPAS500 and

SPAMS500 catalyst synthesized from the two different kieselguhr types.
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Figure 4.4 SPAM500 grain size distribution, the plot follows a lognormal distribution with grains
size ranging from 122 nm to 244 nm + 8 nm.

The grain size distribution of SPAMS500 as shown in Figure 4.4, is influenced by the
crystallization mechanism?! in which, nucleation and growth process, start with nuclei
formation on a homogeneous and random basis simultaneously with other grown crystallites?2.
The growing nucleus grows into a grain until it impinges on other growing grains, at which point
the growth in the direction perpendicular to the interface stops without coarsening resulting in

near-symmetrical variation in grain size?.

The same crystallization mechanism of SPAM500 cannot be said for SPAMCa500 catalyst.
SPAMCa500 grain size exhibited a bimodal distribution which is influenced by the chemical
environment?*. The presence of calcium atoms in the growing crystals of SPAMCa500 has not
resulted in an increase or decrease of crystal size, it rather affected the grain size distribution as

shown in Figure 4.5 below.
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Figure 4.5 SPAMCa500 grain size distribution follows a Kernel smooth distribution.

After calcium promotion, the grain size range of SPAMCa500 was 164 nm — 240 nm + 6 nm.
This is the same grain size range as SPAM500; however, SPAMCa500 grain size distribution
follows a bimodal Kernel smooth distribution?*. This implies that there are two distinct grain
size groups with two peaks. The nucleation and growth process which foster bimodal grain size
distribution starts with nuclei formation on a heterogeneous and random basis**. The growing
nucleus grows into a grain until it impinges on other growing grains, at which point the
coarsening takes place resulting in asymmetrical grain size?®?’. Three more size distribution
analysis experiments of this sample were conducted to determine if the data set was having an

outlier, the results have shown that the distribution is exactly a Kernel smooth distribution.

The SPAMV500 catalyst promoted with vanadium reported bigger grains compared to

SPAMS500 and the distribution also followed a Kernel smooth distribution as shown in Figure 4.6

below.
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Figure 4.6 SPAMV500 grain size distribution of the catalyst promoted with vanadium.

The SPAMV500 grain sizes follow a Kernel smooth distribution with equally spaced grains. 50 %
of the grains have size on the lower side ranging from 182 nm — 244 nm + 8 nm. The other 50 %
of the grains have grain size on the upper side ranging from 246 nm — 334 nm + 8 nm. The
crystallization mechanism of SPAMV500 follows the same route as SPAMCa500 reported above

hence they have a similar type of grain size distribution.

The SPAMV500 catalyst showed a broader grain size distribution, ranging from 182 nm to 334
nm + 7 nm. The maximum grain size of the SPAMV500 catalyst is higher than that of
SPAMCa500. This could be a result of the difference in Van der Waals radius of calcium (231
pm) compared to that of vanadium (205 pm)?8. The calcium divalent ion has a bigger ionic
radius than the vanadium ions, the presence of ions with a smaller ionic radius causes a
decrease in lattice parameters of the parent compound. The shrinkage in unit cells aids the

coarsening process during crystallization which leads to the formation of larger grains??
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Figure 4.7 SPAS500 grain size distribution, the grains are following a lognormal distribution.

The SPACa500 catalyst grains size follows a lognormal distribution with a size range of 138 nm

to 266 nm £+ 3 nm.

25

N
o
1

=
(%]
1

=
o

Frequency (%)

PlspAascaso0

150 200 250 300 350

Grain size(nm)

Figure 4.8 SPASCa500 catalyst grain size distribution.
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The grain sizes of the SPASCa500 catalyst range from 204 nm to 338 nm + 3 nm

However, the grain size distribution does not have a bimodal distribution like in SPAMCa500.
This is attributed to differences in crystallization mechanisms of amorphous and crystalline
silica®®. The solid phase transformation of amorphous kieselguhr into crystal grains requires
energy to initiate the nucleation process3!. After which, the strain increases in the amorphous
matrix as well as in grains giving rise to the inhomogeneous growth rate of the grains due to
their elastic anisotropy32. In addition to this, the amorphous kieselguhr crystallization can result
in more point defects, due to the existence of short-range structural order in which the type
and density of the defects depend on growth and post-growth conditions experienced by the

grain3,

However, in cristobalite synthetic kieselguhr, there are cristobalite nuclei present fostering
epitaxial crystallization which requires less thermal energy as compared to amorphous
kieselguhr34, This results in inhomogeneous grains growth rates, ultimately giving well-

structured grains.
4.4 Crystal grain geometry of the synthesized SPA catalysts.

The microstructural analysis using STEM shows the presence of tetragonal silicon
pyrophosphate and hexagonally shaped silicon orthophosphate as shown in Figure 4.9 below.
The silicon pyrophosphate is in a tetragonal crystal system and silicon orthophosphate has a

hexagonal symmetry®.
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Figure 4.9 The crystal morphology and grain shapes of the SPA catalysts synthesized from both
amorphous and synthetic kieselguhr. The images are showing distinct tetragonal shapes

encircled in red, and the hexagonal system is encircled in green.

4.5 Atomic composition of the SPA catalysts synthesized from both amorphous and

crystalline kieselguhr.

The atomic composition of four major elements of solid phosphoric acid was determined by
STEM EDS. The obtained atomic compositions of silicon, phosphorus, calcium, and vanadium

are reported in Table 4.2 below.
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Table 4.2 Elemental composition of the synthesized SPA catalysts calcined at 500 °C.

Catalyst Silicon (%) Phosphorus (%) Calcium (%) Vanadium (%)
SPAMS500 8+0.1 20+ 0.1 ND ND
SPAMCa500 7+0.1 15+ 0.1 0.38+0.1 ND
SPAMV500 9+0.1 21+ 0.1 ND 0.33+0.1
SPAS500 7+0.1 18+ 0.1 ND ND
SPASCa500 5+0.1 13+ 0.1 0.25%0.1 ND

ND is not detected; this implies that the atomic concentration of a particular sample is below

the detection limit of the instrument used.

SPAS500 and SPASCa500 reported a low percentage of silicon compared to SPAMS500,

SPAMCa500 and SPAMV500. This agrees with lower silicon dioxide content in synthetic

kieselguhr relative to mined kieselguhr3®.
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Figure 4.10 EDS map and the STEM images of the SPAM500, SPAMCa500 and SPAMV catalyst.
In the STEM image, yellow = oxygen, green = silicon, purple = vanadium, red = carbon,
Blue = calcium and blue/green = phosphorus.

The catalyst synthesized from mined kieselguhr has shown no variation in the silicon and
phosphorus content as seen in Table 4.2 and Figure 4.10 above. The phosphorus to silicon ratio
is 2.1 to 2.5, whereas the catalyst synthesized from synthetic kieselguhr has reported low
silicon concentrations and have a phosphorus to silicon ratio of 2.7 and 2.8. The higher

phosphorus to silicon ratios reported in catalyst synthesized from synthetic kieselguhr shows
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that the catalyst could have more active material phosphorus pentoxide which is characterized
as equivalent acid sites®’. This agrees with the high silicon pyrophosphate phase of this catalyst

reported in Chapter 3 and consequently higher catalyst activity32.

The elemental distribution of silicon and phosphorus in SPA catalyst is crucial and here the
elemental homogeneity was determined by focusing the beam of electrons on at least five
different sample positions. The average percentages of the major elements are reported in

Table 4.3 below?*.

Table 4.3 Calcium and vanadium composition determined by STEM EDS at different focal points

of the sample.

Focal point number SPAMCa500 (% Ca) SPASCa500 (% Ca) SPAMV500(%V)
1 0.32 0.10 0.33

2 0.36 ND 0.32

3 0.53 0.13 0.40

4 0.26 0.19 0.30

5 0.44 0.84 ND

ND = Not detected.

SPAMCa500 catalyst has shown the homogeneous distribution of calcium as shown in Table 4.3

However, the catalyst synthesized from synthetic kieselguhr has shown inhomogeneity to the
calcium distribution with focal point 2 not detecting any calcium. It reported a large variation in
calcium content ranging from 0.10 % to 0.84 %, possibly, this could be caused by the migration
of calcium ions at a calcination temperature of 500 °C*. SPAMV500, although focal point five
had no vanadium detected, does not translate into variation regarding vanadium distribution, it
could be a result of random atomic distribution*!. This is supported by the homogeneous
distribution of vanadium in all other four focal points. Hence the absence of vanadium at focal
point five is attributed to the random distribution of vanadium atoms with equal overall atomic

composition resulting in one spot appearing as low to no vanadium*2,
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Chapter 5.
5.1 Conclusions and recommendations for future studies.

The cylindrically shaped catalyst SPAM, SPAMCa, SPAS and SPASCa series were successfully
synthesized. The experimental data of this work has shown that the silica source, either
amorphous kieselguhr or crystalline synthetic kieselguhr, did not influence the cylindrical
shaping of the synthesized SPA catalyst. However, the synthesis of the quadrilobed shaped
catalyst SPAMQ series was hindered by the failure of polymer inserts as they failed to withstand
the palletization pressure and deformed. In this work, it was noted that there is no correlation
between the failure of polymers inserts and the silica source, therefore variation in silicon
dioxide content of the support material does not influence forming of the SPA catalyst. In that
regard, the use of a metallic die with quadrilobed shapes should be considered in the future
synthesis of quadrilobed SPA catalysts. The synthesis of the vanadium promoted SPAMV series

was herein achieved with no challenges.

The SPA catalysts synthesis conditions have been shown to influence the physical parameters of
the SPA catalyst differently. The extrudability of the SPA material has always been a driving
force in employing the mixing temperature as high as 200 °Cl. Herein, the SPAM, SPAMCa,
SPAS and SPASCA catalyst was synthesized with a mixing temperature of 75 °C and pre-calcined
before forming and later successfully formed cylindrical extrudates. That means the mixing
temperature of silica and phosphoric acid is independent of the extrudability of the material,
but the pre-calcination step influences the forming of a cylindrical SPA catalyst. The mixing of
the raw materials at a lower temperature is advantageous in limiting the migration of essential
elements resulting in the homogeneous synthesis of the SPA catalyst, this is supported by the

elemental distribution data of the SPA catalyst synthesized in this dissertation?.

The data from all the synthesized SPA catalysts in this work have shown that there is a notable
decrease in free acid associated with an increase in calcination temperature from 400 °C to 800
9C. Although the synthesized SPA catalyst structure was shown to be stable up to 600 °C
calcination temperature. It is concluded that the catalyst synthesized from amorphous

kieselguhr has higher free acid content compared to the catalyst synthesized from synthetic
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crystalline kieselguhr. This is after all the catalyst synthesized from amorphous kieselguhr had
higher P,Os content in all corresponding calcination temperatures. This supports the deduction
that silicon dioxide in crystalline kieselguhr strongly reacted with phosphoric acid to form silicon
phosphates whereas there are weak interactions between phosphoric acid and silica in catalysts

synthesized from amorphous kieselguhr3.

In this work, different crystalline phases were identified, these are silicon orthophosphate,
silicon pyrophosphate, hydrated calcium hydrogen phosphate and vanadium pyrophosphate.
Quantification of the minority crystalline phases was hindered by the overlapping with the
majority crystalline phases. The benefit of the formation of additive phases such as vanadium
pyrophosphate which was reported for vanadium doped SPA catalyst on SPA catalyst hardness
was outweighed by the development of larger crystal grains (larger grains foster lower catalyst

hardness).

Furthermore, calcination temperature also affected the crystallinity of the SPA catalyst albeit
differently. An increase in calcination temperature was correlated to an increase in
crystallization even though, the catalyst synthesized from amorphous silica has shown a
decrease in silicon orthophosphate on the increase of the calcination temperature. This led to a
hypothesis that the conversion of silicon orthophosphate to silicon pyrophosphate is an

endothermic reaction®.

There is no significant variation in the average grain size of the catalyst synthesized from
amorphous kieselguhr compared to the catalysts synthesized from crystalline kieselguhr.
Nevertheless, calcium and vanadium promotion increased the grain size of the catalyst
synthesized from both silica sources even though they contain different grain size distributions.
In amorphous kieselguhr, both calcium and vanadium influenced the formation of grain size
that follows a bimodal distribution but in synthetic kieselguhr, calcium influenced the formation
of grains that follow a lognormal grain size distribution. This led to the conclusion that calcium
fosters the development of a homogeneous nucleation process in the crystallization of the SPA

catalyst synthesized from amorphous kieselguhr>.
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The fact that both calcium and vanadium promotion enhances the synthesis of larger grain sizes
compared to the grain size of unpromoted SPA catalyst means that the metal promotion of SPA
catalyst by calcium and vanadium cannot result in improved SPA catalyst hardness®. Since small
grain size inhibits migration of dislocations as they have a large number of grain boundaries per
unit area’. Subsequently, there could be dislocations accumulated up at the grain boundaries,
this gives rise to internal stresses, as a result, energy is needed to initiate material flow and to

overcome dislocation pile-up stresses ultimately resulting in increased catalyst hardness®.

Therefore the SPA catalyst promoter that fosters the synthesis of smaller grain size of the
catalyst compared to the grain size of unpromoted SPA catalyst will enhance SPA catalyst
hardness®, this forms the scope of the future research to solve the mechanical strength of the
SPA catalyst. The data from the STEM-EDS study has revealed that there is a homogeneous
distribution of silicon, phosphorus, calcium, and vanadium in all synthesized SPA catalysts. It is
here concluded that the SPA catalyst impregnation synthesis method is stable and promote
high repeatability which should give rise to the formation of uniform pores with a distinct pore
volume'®. This was verified by an XRD measurement in which the calcium phosphate hydrate

hydrogen and vanadium pyrophosphate phases were referenced using the ICDD database.

Herein, the SPA catalyst porosity studies were conducted to gain an insight into the effect of
synthesis conditions on SPA catalyst pore structure. It is here reported that there is a steady
increase in mercury intrusion macro-pore volume from the synthesized SPA catalysts calcined
between 400 °C and 600 °C. This implies that the catalyst structure was stable at this
calcination temperature range!!. However, a steep increase in macropore volume of the SPA

catalysts calcined beyond 600 °C was reported.

This was caused by the structural collapse and decomposition of silicon phosphates to silicon
dioxide and phosphorus pentoxide!. To that effect, it was decided that 500 °C calcination
temperature is the optimum calcination temperature that retains the SPA catalyst structure
integrity. The SPA catalyst porosity analysis was also conducted using a complimentary N3
adsorption technique. The BJH desorption pore-volume of the SPA catalyst calcined at 500 °C

was found to be decreasing by at least five times on calcium and vanadium promotion. The
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porosity study forms the novelty part of this study since this kind of data is not available in the

open literature.

In addition to that, the catalyst calcined at 500 °C should have the optimum specific catalyst
surface area. It was reported that the BET surface area of the synthesized SPAMCa500 catalyst
was 76.6 + 0.3 % lower than that of SPAM500. The same result was observed for SPAMV500
which was 48.7 £ % 0.3 lower than that of SPAM500. This led to the deduction that calcium
promotion of SPA catalyst can lead to significant BET surface area losses, but vanadium

promotion can result in a moderate loss of BET surface area.

Analysis into the effect of calcium and vanadium promotion on the synthesized SPA catalyst
pore volume was also conducted to validate the conclusion on BET surface area losses. The BJD
desorption pore volumes with a diameter between 1.7 nm and 300 nm for SPAMCa500 was
87.4 + 1 % lower than that of SPAM500 with the same pore diameter. Further, the BID
desorption pore volume of the pores with a diameter between 1.7 nm and 300 nm for
SPAMV500 was 78.3 + 1 % lower than that of SPAM500 with the same pore diameter. This
shows that calcium promotion of SPA catalyst resulted in micropore impediment!2. That is an
accumulation of the calcium atoms at the opening of the micropores or just inside the pore
channels causing micropore blockages, these micropores have a significant contribution to the
surface and once they are blocked a decrease in the surface area is evident®3. This led to the

conclusion that vanadium is a better promoter of SPA catalyst than calcium.

The pore volume and pore structure of the SPA catalyst forms the basis of future research on
SPA catalyst development. The work can focus on the development of granular microstructure
by employing different structure-directing agents such that, the increase in grain size caused by
vanadium promotion in this work will be engineered in such a way that the voids between the
SPA catalyst crystal grains will provide mesopores!4. The formed mesopores can enhance the
catalyst BET surface area®>. However, this will also depend on synthesis methodology and the
amount of the catalyst synthesised!®. The use of FT-IR spectroscopy to unravel the different

functional groups in the newly engineered SPA catalyst in future is here suggested.
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The limitation of this research is that the synthesized SPA catalyst was not subjected to
performance testing to determine the relationship between the synthesized SPA catalyst
structure and its efficiency in propylene oligomerization. However, this is part of the work to be
conducted in future. Knowledge from such a test can be used in synchronization with the novel

ideas generated out of this research to enhance the optimization of the SPA catalyst structure.
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Appendix.
Chapter 4 Supporting information.

TEM images of the SPAM, SPAMCa and SPAMV catalysts.
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Table Al. SPA catalysts mass loss on ignition.

SPAMV50

Catalyst Mass(g) at 400 °C
SPAM 52+0.1
SPAMV 51+0.1
SPAS 54+0.1

Mass(g) at 800 °C
48+0.1
46+0.1

49+0.1

Mass(g) at 1000 °C
46+0.1
46+0.1

48+0.1
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