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PREPARATION OF PELLET CATALYST WITH NON-UNIFORM METAL
DISTRIBUTION

ABSTRACT

Most supported metal catalysts are spherical or cylindrical pellets, with the active
catalytic material deposited uniformly within the pellet. The distribution of the
catalytic material can have a significant impact on catalyst performance, for example
when diffusional resistances are important or when catalyst deactivation is an issue.
In this project, platinum on y-alumina (Pt/y-Al,O3) catalysts with non-uniform
distribution of platinum nanoparticles on the y-Al,O3 support were prepared. Egg-
shell catalysts, in which the active catalytic material is preferentially deposited near
the outer pellet surface, were prepared by dry impregnation method and charge-
enhanced dry impregnation (CEDI) method. Egg-white catalysts, on the other hand
have active catalytic material distributed like egg-white were prepared by wet
impregnation method. The preparation of metal supported catalysts with non-uniform
distribution strongly depends on the concentration of the impregnating solution and
drying conditions. However, for strong precursor-support interaction, the drying
conditions are not important relative to impregnation. To produce egg-shell catalysts,
high concentration of precursor solution should be used. In contrary, low
concentration of precursor solution should be used to produce egg-white catalysts.
However, drying conditions did not drastically change the metal distribution profile.
EDX study has shown that the platinum content in the egg-shell profile produced is
more than 5 wt% but for the egg-white profile is only 0.63 wt%. It was also found
from TPR study, the optimum reduction temperature is around 212<C. In addition,
FESEM images show that the surface of the catalysts is rough and porous.
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CHAPTER 1

INTRODUCTION

1.1 Background

In chemistry, catalysis is the process whereby a chemical reaction is accelerated by a
substance termed catalyst. The catalyst itself is not consumed at the end of the
reaction and can be reused again. The study of catalysis is crucial for our daily life as
it is applied widely in industries and life would cease to exist if biological catalysts

(enzymes) are absent.

Catalysts have a wide range of applications in various industries including
petrochemical, chemical, refinery, and environmental technology. Current estimates
have shown that 85% of chemical processes involve catalysis (DeJong, 2008). The
global demand for catalysts has summed up to US$14.7 billion in year 2011 and is
expected to reach US$19.5 billion in year 2016 with 5.8% annual growth rate
(Stephan, 2013). Though catalysts are generally expensive, the products obtained

would compensate the cost of catalysts multiple folds.

1.2 Problem Statement

Though catalysts are versatile and receive much attention, relatively little effort was

paid to optimizing the performance of catalysts through preparation methods.
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One of the common problems for catalysts is that they experience low
dispersion (see 2.2.1 ¢) which might be caused by improper preparation procedures.
For metal supported catalysts, low dispersion of metals on the support would lead to
low activity and lead to poor catalyst performance. This is because the metals are not
fully exposed on the support surface, as they form agglomerates with less surface
area. As catalysis only take place on the metal surface, the metals underneath the
surface would be wasted as they are unable to carry out reactions when they are not

exposed to the reactants. Figure 1.1 shows an example of high dispersion of metals.

Figure 1.1: TEM Image Showing High Dispersion of Pt;Co Nanoparticles
(adapted from Kim, 2014)

The distribution of the active catalytic material within the pellet can also have
a significant impact on catalyst performance. For example, egg-shell catalysts, in
which the active catalytic material is preferentially deposited near the outer pellet
surface are mainly used in reactions where diffusional resistances are important
(Papageorgiou et al, 1996). On the other hand, egg-white and egg-yolk catalysts, in
which the active catalytic material distributed towards the inner part of the support
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can have the benefit of being less prone to catalyst deactivation (Morbidelli et al,
2001).

Many important catalysts are made up of expensive rare noble metals such as
platinum, gold, rhodium and etc. Thus, it is important to optimize the performance of
the catalysts. Many studies have shown that by altering the method of preparation of
the catalysts, a significant improvement in catalytic activity can be achieved and put

the metals into efficient use.

1.3 Aim and Objectives

The aim of this project is to produce metal supported catalyst, Pt/Al,O3 with non-
uniform metal distribution, and to compare the prepared catalysts using several
characterization methods. The project aims to achieve the following objectives:

e Investigate the effect of impregnation method (dry impregnation or wet
impregnation with coimpregnants) on the metal distribution in within the
catalyst pellet

e Investigate the effect of drying conditions on the metal distribution in within

the catalyst pellet

1.4 Scope of Study

Two egg-shell profile catalysts were synthesized using both conventional and
charge-enhanced dry impregnation method. Other than that, five egg-white profile
catalysts were prepared using wet impregnation method with the presence of co-
impregnant. The following characterizations were carried out:

e Determination of point of zero charge (PZC) of alumina

e Determination of pH for optimal metal uptake

e Visual inspection of the metal distribution on prepared catalysts



X-ray diffraction (XRD) of y-Al,O3 pellet

Scanning electron microscopy (SEM) of y-Al,O3 pellet
Temperature-programmed reduction (TPR) of prepared catalysts
Energy-dispersive X-ray spectroscopy (EDX) of prepared catalysts

Field emission scanning electron microscopy (FESEM) of prepared catalysts



CHAPTER 2

LITERATURE REVIEW

2.1 Catalysts

Catalyst is a substance that is introduced in a chemical process to cause a change in
the rate of chemical reaction. Ideally, catalysts remain unspent at the end of reaction
though many would age over time. Zeolites, mesoporous materials, alumina and
activated carbon are some of the heterogeneous catalysts that are widely applied in
the industries.

Here the focus is given to metal supported catalysts. They are made up of a
support, which is normally silica, alumina or carbon; and an active catalytic phase —
usually metal ions — that is dispersed over the support.

In general catalyst refers to a substance that speeds up reaction. A catalyst
does so by introducing an alternative pathway with lower activation energy. Thus,
the energy barrier is easier to overcome and the reaction could proceed faster. Figure
2.1 shows the activation energy required for the same reaction without catalyst and

with catalyst.
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Figure 2.1: Activation energy for reaction with and without catalyst (adapted
from SchoolWorkHelper)

2.1.1  Types of Catalysts

There are four types of catalysts:
e Positive catalyst: the type of catalyst to increase the rate of reaction.
e Negative catalyst: inhibitors; retards the rate of reaction. It is usually used to
slow down aging process or decrease the amount of some substances.
e Auto-catalyst: catalyst that is a product of a reaction. The reaction starts
slowly but after the formation of auto-catalyst, the rate of reaction speeds up.
e Induced catalyst: a substance that will induce higher reaction rate in other

reactions but not in normal conditions.

Catalysts in the industries could be divided into three classes: heterogeneous
catalysts, homogeneous catalysts and enzymes (biocatalysts). Heterogeneous
catalysts are catalysts with different phase as the reactants. Typical examples are
solid catalysts with liquid or gas phase reactants. Homogeneous catalysts are
catalysts with the same phase as the reactants. Enzymes are biological catalysts in

the bodies of living things but some are commercialized such as lipase and protease.

The most common type of catalyst used in the industries is solid catalysts.
Catalytic processes uses 80% of solid catalysts while homogenous catalysts make up
17% and biocatalysts make up 3% (De Jong, 2009). The advantages of
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heterogeneous catalyst include easy separation, efficient recycling and improved
handling, which is why they are often favoured in the industry.

The focus of this project is the metal supported catalyst, which falls under the
category of heterogeneous catalysts. In general term, metal supported catalysts are
catalysts that consist of small metal crystallites (nanoparticles) deposited on a high
surface area support. One such example is the Ru/C catalyst for hydrogenation
reaction (see Figure 2.2), where ruthenium nanoparticles (3 — 7 nm) are the active
catalytic material and anchored the high surface area carbon support. The Ru

nanoparticles are the components that are responsible for the hydrogenation reaction.

-

oparticles

AR

Figure 2.2: TEM Image of Ru Nanoparticles on Carbon Catalyst Support
(adapted from Su et al, 2007)

2.1.2  Heterogeneous Catalysis

The process of heterogeneous catalysis can be divided into seven steps (as shown in
Figure 2.3):
1. External diffusion of reactants from the bulk fluid to the external surface of

the catalyst.
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2. Internal diffusion of reactants to the catalyst from the pore mouth through the
catalyst pores.

Adsorption of reactants onto the active sites of catalysts.

Surface reaction at the active sites to convert reactants to products.

Desorption of products from active sites.

o ok~ w

Internal diffusion of the products to the surface through the pores to the pore
mouth.

7. External diffusion of the products from the external surface of catalysts to the
bulk fluid.

Bulk gas

% % External mass transfer

External catalyst
surface

Catalyst pore

Adsorptioen/desorption

Surface
reaction

Figure 2.3: Steps in Heterogeneous Catalysis (adapted from Froment and
Bischoff, 1990)

2.1.3  Applications of Heterogeneous Catalysis

Heterogeneous catalysts are used extensively in pollution control, chemical synthesis
and production and renewable energy production. Perhaps the most widely known
heterogeneous catalysis process is the conversion of NO, and CO in automobiles to

carbon dioxide and water vapour.

Table 2.1 and Table 2.2 summarized some catalysts and their applications in

the industries. The first table summarizes the catalyst type with their applications in
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chemical and petrochemical industries, whereas the second table summarizes their

applications in pollution control and renewable energy production.

From Table 2.1 and 2.2, we could see that most of the industrial processes
employed metal supported catalysts. Noble metals are used extensively as the active
phase in supported catalyst due to their superior activity, selectivity and stability

compared to other type of metals.

Table 2.1: Catalysts in Chemical and Petrochemical Industries (DeJong, 2009)

Catalyst Applications
Ni/SiO, Hydrogenation
K,O/Al,O3/Fe Ammonia synthesis
CrO/SiO; Polymerization
Cu/ZnO/Al,0O4 Methanol synthesis
Pt/Mordenite Hydroisomerization of light alkanes
V;,05/SiO; Sulphuric acid synthesis
Pt or Rd wire gauze Nitric acid synthesis
Zeolite Catalytic cracking of gas oil

Table 2.2: Catalysts in Pollution Control and Renewable Energy Production
(DeJong, 2009)

Catalyst Applications
Pt Catalytic converter in automobiles
Pt/C Hydrogenation in fuel cell
Dolomite Gasification of biomass
Ni Decomposition of tars in gas cleanup
Co/SiO, Fischer-Tropsch synthesis
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2.2 Characteristics of Metal Supported Catalyst

In this section, the properties that would affect the performance of metal supported
catalysts are discussed. To enable better discussion, it is convenient to separate the

heterogeneous catalysts to two parts: active catalyst and catalyst support.

2.2.1  Active Catalyst

Active catalysts are the components that are responsible for the reactions. Many of
the supported catalysts employ transition metals as the active catalytic material
because their outermost d-orbitals are not completely filled with electrons, therefore
they could easily donate and accept electrons and result in high activity. The factors
that will affect the characteristics and performance of the active catalyst are

discussed below:

a) Type of metal
Different metals give different catalytic reactivity. In a research done by Wan
Abu Bakar et al (2013), alumina supported managanese-nickel oxide based catalysts
were used for the conversion of carbon dioxide to methane. The conversion to
methane was around 15 to 17.50%. However, when noble metals such as palladium
and ruthenium were used, the conversion could go up to 49% at the same reaction

temperature. Thus, it could be seen that noble metals have higher activity.

b) Presence of promoter
Promoter is sometimes added in small quantity for better stability or
selectivity. A study by Mohammed et al (2008) on isomerisation found that the
addition of metal promoters such as Sn, Ti and Ni would lead to higher catalytic
activity as compared to unpromoted ones. Similarly, in a study done by Farias et al
(2011), they have found that inclusion of potassium promoter in iron-based catalyst

would result in higher activity in Fischer-Tropsch synthesis.
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c) Dispersion and size of nanoparticles

Dispersion is the percentage of surface atoms over the amount of actual metal
atoms used. Low dispersion causes wastage and poor catalytic performance. Metal
catalysts used are mostly noble metals and should be fully utilized. Thus size of
metal catalysts should be small so that more surface area are available for surface
reaction to take place. Studies conducted (Anderson, 2009; Wang et al, 2009; Lin et
al, 2013) have shown that the smaller the particle size, the higher the reaction rate.
However, after an optimum size, further reducing the size would cause declined
reaction rate. Lin et al (2013) explained that the deviation of metallic nature or
different structures might cause this as the size is decreased; whereas Wang et al

(2009) inferred that small nanoparticles would agglomerate and affects dispersion.

d) Distribution
Distribution is the ‘placement’ of metals on the support, would lead to
different effects of catalytic activity, depending on the nature of the reactants or
support. Distribution of metals on the support could be uniform or non-uniform.
Examples of catalysts with non-uniform distribution of metals are eggshell, egg yolk
and egg white profiles. These would be discussed in more detail in Section 2.5.

2.2.2  Catalyst Support

Catalyst supports come in many forms and shapes (see Figure 2.4). They are
typically made of refractory materials such as alumina and silica that is able to
withstand high reaction temperature. In addition, they usually have high porosity and
surface area to disperse the metal nanoparticles. In many instances, the support

material may also participate in the catalytic reactions (Bagheri et al, 2014).
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Figure 2.4: Various Catalyst Supports (adapted from Grecian Magnesite)

a) Type of support

Different catalyst supports are used in different areas as their characteristics
differ. In a research by Gao et al (2011) regarding catalytic activity of gold clusters
using inert hexagonal boron nitride (h-BN) support and active support of TiO,, it was
found that for the regular defect-free surface of h-BN, gold particles interact weakly.
In the TiO, support, gold particles possess high catalytic activity. Similarly in a
research by Dahee et al (2014), catalytic activity of platinum nanoparticles differs
with supports. They relate the effect with different charge transport between the
metal and the support.

b) Specific surface area of porous structure

Catalyst supports are usually made from porous material with high surface
area. As specific surface area increases, catalytic activity would be higher due to the
presence of more sites for reaction. In a research by Laosiripojana and
Assabumrungrat (2006) for methanol decomposition across high and low surface
area of CeO,, it was found that the one with higher surface area achieved higher
conversion of methanol to other substances. However sometimes high surface area
does not indicate good performance as there might be different metal loadings at the

sites.

¢) Pore structure and pore size
Pore structure is important as it would influence diffusional limitations in a

reaction. Preferably the pore structure should be less tortuous so that particles could
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travel faster. In a research by Song et al (1991) that investigates hydroprocessing of
heavy coal liquids, they infer that larger pore size (macropores) is preferable when
comparing support types. However, they recommended catalyst support with
bimodal pore size distribution consisting of mesopores and macropores for the

hydroprocessing of heavy coal liquids which has shown to have better activity.

d) Mechanical strength
In general, higher mechanical strength of support is preferable as it provides
the catalyst resistance towards crushing. Attrition occurs in fluidized-bed reactor, and
if the support has low mechanical strength, it will form fines and carried away by the
product flow. Mechanical strength is influenced by shape and porosity of support.

Generally, higher porosity would lead to lower mechanical strength.

e) Shape and size

Liu and Roy (2004) have performed a research by altering the channel shape
and channel size of monolith catalyst to investigate its effect on three-phase catalytic
reaction. Three reactions were carried out in 2 mm and 1 mm size channels for
circular and square shape. It was found that the circular shaped support has higher
activity compared to that of square shaped support as there is stagnant liquid in the
square channel (Liu and Roy, 2004). The reduction of channel size causes the
contacting efficiency of gas/liquid/solid to increase due to the surface tension and
reduced mass transfer distance. However, further improvement could not be attained
if the support surface is already effectively utilized using a particular size; instead the
enhancement of degree of activity by channel shape drops with the decrement of
channel size (Liu and Roy, 2004).

2.3 Catalyst Preparation Overview

According to DeJong (2009), there are many techniques available for the preparation
of catalyst: shaping, impregnation, deposition precipitation, hydrothermal synthesis
and chemical vapour deposition (CVD). In this literature review, focus is given to

impregnation technique. Impregnation is the contact between a solid and a liquid
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phase, and the liquid phase is adsorbed by the solid phase (Marceau et al, 2009).
Details are provided in Section 2.3.1.

2.3.1 Impregnation and Drying

Impregnation is probably the most widespread technique in preparing supported
metal catalysts as it is relatively cheap and simple. In this technique, a catalyst
support, normally oxides (alumina, silica) or carbon is contacted with metal
complexes dissolved in liquid solutions (metal precursors). During impregnation,
there are several processes that take place (IUPAC, 1995):

e Selective adsorption by Coulomb forces, Van der Waals forces and hydrogen

bonds;
¢ lon exchange of the charged surface and the impregnating solution;
e Polymerisation or depolymerisation of the species on the surface;

o Partial disintegration of the solid surface.

The types of impregnations are summarized in Table 2.3 (Regalbuto, 2007; IUPAC,
1995).

Table 2.3: Types of impregnations (adapted from Regalbuto, 2007)

Type of impregnations Characteristics

Dry impregnation Just enough amount of impregnating solution is
used to fill up the pore volume of the catalyst

support.

Wet impregnation Excess amount of impregnating solution is used to

fill up the volume of the catalyst support.

Co-impregnation Two or more species are introduced to the catalyst

support simultaneously in impregnation process.

Strong electrostatic adsorption | Using excess solution; pH used is altered for

optimum precursor-support interaction.
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In wet impregnation, the impregnating solution used is in excess amount and
the metal complexes would diffuse to adsorb on the surface of the catalyst support.
This method is generally avoided when the precursor does not strongly interact with
the support as it would cause the metal complexes to be wasted. Generally, the
distribution of the solute depends on the diffusion of solute into the catalyst pores
and the adsorption of the solute on the catalyst support. Adsorption depends on the
adsorption equilibrium constant and the adsorption capacity of the surface (Marceau
et al, 2009).

In dry impregnation, the volume of impregnating solution of the metal
precursor is just enough to fill up the pore volume of catalyst support. Capillary
action draws the solution inwards of the catalyst pores which is significantly faster
than the diffusion process in wet impregnation. The pore volume initially filled with
air has to be vacuumed to ensure the liquid phase is able to penetrate during
impregnation. This is because liquid penetration halts when capillary pressure
equates the pressure of entrapped air. However, capillary pressure is much higher
than the pressure of entrapped air when pellet radius is small, which renders the
elimination of air unnecessary. Sometimes bubbles will form when the flow is not
sufficiently reduced. The formation of bubbles might cause the catalyst grain to burst
as it is not designed to oppose such force. This could be solved by impregnating

under the catalysts vacuum conditions (Cao et al, 2014).

During impregnation, parameters such as viscosity and concentration could

alter the final distribution of metals. Details could be found in Section 2.5.

Drying is a thermally activated step to eliminate the solvent of impregnating
solution after the impregnation process. It is done by heating the impregnated
catalyst in an oven at the boiling temperature of the solvent. Alternatively, it could
also be subjected to lower temperature in static conditions or with a flow of gas.
When solvent vaporizes, the metal precursor concentration increases, they crystallize
and are adsorbed to the support surface. Thus, the metal precursor is reduced to its
active elemental state (Lekhal et al, 2007).
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Drying could be divided into three stages: the preheating period, the constant
rate period and the falling rate period. During preheating, the catalyst support is
heated up and the rate of drying increases with temperature. At constant rate period,
rate of drying is constant, and thus vapour is constantly removed from the surface of
the support (Lekhal et al., 2007). Capillary flow makes sure the liquid is transported
to the surface (Lekhal et al., 2007). During falling rate period, the vapour removal is
faster than the liquid transport to the surface, and thus drying rate decreases. The
drying front recedes from the external surface of the catalyst and the surface dries.
Figure 2.5 illustrates the drying rate and the temperature of catalyst support at

different stages of drying.

During drying, transport phenomena such as convective flow of solvent
towards the pellet surface and the back-diffusion of metal (solutes) to the center of
the pellet take place. According to Lee and Aris (1985), there will also be
redistribution of metals. Thus the final distribution of metals depends on the balance

between transport and adsorption of metal precursor.

One of the important factors to be considered during drying is temperature.
Despite the fact that high temperature should be applied for higher evaporation rate,
some hydrated salts melt at moderated temperature, which will cause agglomeration
of metal complexes (Marceau et al, 2009). In addition, high temperature may also
cause evaporation of non-solvent molecules, for instance, competitors that are

volatile.
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Drying temperature

/ Wet bulb temperature
--------------------------------------------- <«+— Initial temperature
Preheating Constant rate i

period period

Falling rate
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R, drying rate T, temperature

Time

Constant evaporation
keeps temperature at
the wet bulb
temperature

Decreased evaporation
increases wet bulb
temperature

Figure 2.5: Drying Rate and Temperature at Different Stages (adapted from
Lekhal et al, 2007)

2.3.2  Electrostatic Adsorption

During impregnation the surface of catalyst support is contacted with the
impregnating solution, the extent in which the metal ions are retained by the support
is affected by physical (electrostatic) and chemical interaction (Regalbuto, 2007).

One way to create strong interactions is via electrostatic adsorption mechanism.

Positively-charged

Ko
pH<PZC e hydroxyl groups
70Hw+ e '2
ﬂ Am [PtClﬁ] adsorb cations
K,
v
PZC oH =— [HJ* (pH shifts)
A
K,
Negatively-charged
K
Y ads hydroxyl groups
H>PZC O — +2
b U [(NH3)4Pt] adsorb anions

Figure 2.6: Electrostatic Adsorption Mechanism (adapted from Regalbuto, 2007)
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Generally, for most oxide supports, the oxides are terminated by hydroxyl
groups. The pH of catalyst support when the hydroxyl groups are neutral is called the
point of zero charge (PZC). When the pH of the solution is lower than the PZC,
protons are present in excessive amount in the solution, so the hydroxyl groups
become positively charged and adsorb anions. Above the PZC, there is a lack of
protons in the solution, therefore the hydroxyl groups release protons and
subsequently become negatively charged and adsorb cations. The mechanism is

illustrated in Figure 2.6.

There is an optimum pH in which the metal complexes are adsorbed the most.
For example, platinum uptake for anionic platinum hexachloride, [PtClg] adsorbing
on alumina support increases with decreasing pH but the uptake decreases for further
decrement in pH. Regalbuto (2007) has argued that at low pH extremes, high ionic
strength inhibits adsorption, resulting in low uptake of platinum as shown in Figure
2.7.

CPA [PtClq]™

PZC=11 Uptake of metals
at low and high
pH extremes are
low.

PTA [(NH,),Pt]*

1 ‘in “rnol/er
1

0.8 1

0.6 4

0.4 41

0.2 4

0 2 4 6 8 10 12 14
pH

Figure 2.7: Uptake of metal versus pH (adapted from Regalbuto, 2009)

Typically, the pH of the impregnating solution is uncontrolled during catalyst

preparation. The final pH of the impregnating solution varies and would end up near
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the PZC of the support, where there will be no interaction between metal precursor
and support (Regalbuto, 2009). This could be attributed to the pH buffering effect of
oxides where the support surface is uncharged due to the high amount of OH groups
of the surface compared to that in the impregnating solution. This explains why mild
solutions (pH close to PZC) could not significantly charge the surface, where there is
little proton transfer and causes the final solution pH to end up near the support PZC
(Regalbuto, 2009).

A key parameter to be considered is surface loading, which is defined as the
oxide surface area per volume of the solution (Regalbuto, 2007) as illustrated in
Figure 2.8. High surface loading can be achieved by dry impregnation because the
amount of impregnating solution is just enough to fill the pore volume of the support.
High surface loadings result in a final pH near the support PZC due to buffering
effect (in Figure 2.9). When the buffering effect is overcome, there would be chance

for strong electrostatic adsorption of metal complexes (Regalbuto, 2007).

1000 m*/I 10,000 m?/1
(048 gin 50 ml) (4.8 gm in 50 ml)

g g 120.000 m>/]
- o — (11.43 gin 10 ml)
| e —

“Increasing amount of support or decreasing the amount of
solution increases surface loading.

Figure 2.8: Different surface loadings of alumina support (adapted from
Regalbuto, 2007)
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Figure 2.9: pH Shifts with VVarying Surface Loadings for Alumina with PZC =8
(adapted from Regalbuto, 2009)

2.3.3  Charge-enhanced Impregnation

The traditional impregnation method often does not lead to strong precursor-support
interaction, which causes undesirable distribution of the metal phase and sintering
(Zhu et al, 2013). For instance, metal complexes might form agglomerates which
would decrease specific surface area and affect the performance of the catalyst. In
Section 2.3.2, it was introduced that strong electrostatic adsorption can create strong
precursor-support interaction. This is done by using an optimum pH to maximize the
adsorption of metal precursors to the support surface.

The convenience of impregnation method and the advantage of strong
precursor-support interaction offered by strong electrostatic adsorption can be
combined to form charge-enhanced impregnation method (Zhu et al, 2013). Charge-
enhanced impregnation has been demonstrated to synthesize noble and base metal
nanoparticles over various oxides and carbon supports with loadings up to 30 wt%,
with wet impregnation using thin slurries and with dry impregnation using thick

slurries.
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For strong electrostatic adsorption to occur during dry impregnation, the
initial pH of the impregnating solution should be adjusted so that the surface could
be sufficiently charged. Thus, metals could be adsorbed on the support surface
strongly. This will improve the dispersion of metals in pellet catalysts, and thus
ensuring the entire deposition of metals. However, buffer effect can be significant
for catalyst support that has high surface area. Therefore, to protonate or deprotonate
all the surface OH groups, either extremely basic or extremely acidic solutions is
required to overcome the buffer effect and causes the final pH to end up near the

support PZC.

2.4 Diffusion and Adsorption of Metal Precursor

As described in Section 2.3.1, impregnation of pellet catalyst by an impregnating
solution is governed by adsorption and diffusion. The diffusion of the solution in the
pores of the support takes place after the liquid front arrives at the centre of the pellet
through capillary force. On the other hand, adsorption is the deposition of metal

precursors onto the sites of the support.

As the focus of this project is on the non-uniform distribution of metal in a
pellet support, it is essential to investigate the factors that determine the adsorption
and distribution of metal catalysts and they are discussed in the following

subchapters.

2.4.1  Factors Affecting the Adsorption of Precursor and Final State of Metals

a) Solution pH

At certain pH of the solution, the support dissolves and releases ions. According
to Santacesaria et al (1997), the adsorption of hexachloroplatinate acid on alumina
support has dissolved the surface and released aluminium ions. Experiments

performed by Heise and Schwarz (1985), Blachou and Philippopoulos (1993), and
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Shah and Regalbuto (1994) have also shown that the adsorption of platinum from
hexachloroplatinate decreases with decreasing pH (in the range of 0-1) although the
uptake initially increases. There were three explanations:

e Heise and Schwarz (1985) attributed this with the dissolution of alumina;

e Blachou and Philippopoulos (1993) has explained that this due to the pH
dependency for formation of platinum complexes with different affinity for
the alumina surface;

e Shah and Regalbuto (1994) explained that this is due to the increased ionic
strength of the solution in low pH and thus equilibrium adsorption constant is

decreased.

b) Surface heterogeneity

As described by the electrostatic adsorption model in Figure 2.6, when pH is less
than the PZC of support, alumina surface will adsorb cations. However, there are
cases where the adsorption of cations on alumina could also take place at a pH more
than the PZC (Huang et al., 1986; Komiyama et al., 1980). Surface heterogeneity
could be used to explain this, which is the existence of different types of sites that
would adsorb different ions (Hiemstra et al., 1989; Abello et al., 1995). Wang and
Hall (1982) argued that the presence of different crystal planes with different local
isoelectric point was the reason for surface heterogeneity. Different ions from the
impregnating solution at different pH could be used to interact with the support

surface.

c) lonic strength

lonic strength of the impregnating solution affects the electric double-layer
thickness and activity coefficient of metal ions (Heise and Schwarz, 1986). As ionic
strength increases, the uptake of metal precursors decreases, due to the shielding
effect of the electric field of the surface. This results in decreased attraction between
metal ions and support surface, which decreases the adsorption of metal ions on

support surface.

d) Coimpregnants
The presence of coimpregnants in the impregnating solution would compete with

the metal precursor for adsorption onto the active sites of the support. Heise and
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Schwarz (1990) has shown that different amount of platinate ion is adsorbed with
varying concentration of coimpregnants. When there is little coimpregnants in the
solution, there is no competition due to large amount of spaces available for

adsorption.

2.5 Non-uniform Catalyst Distribution

The dispersion and distribution of metal complexes on pellet catalysts is primarily
affected by impregnation, drying and adsorption. The factors that affect the
adsorption of metal complexes on the support were discussed in Section 2.4.1, which
will not be discussed further in this subchapter. So, the focus is this subchapter is
given to the effect of impregnation and drying on the metal distribution in a pellet

support.

The common non-uniform catalyst distributions in a spherical shape pellet are
egg-shell, egg-white or egg-yolk profile, as shown in Figure 2.10.

Egg-shell Egg-white Egg-yolk

Figure 2.10: Non-uniform Catalyst Distribution (adapted from Lekhal et al,
2007)

During impregnation, concentration of metal complexes and solution
viscosity affect the metal complex distribution. Viscosity increases with
concentration of metal complexes in the solution (Marceau et al., 2009). High

concentration of metal complexes favour the diffusion of solute to the center of the
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pellet, but at the same time high viscosity of solution also slows down the diffusion
and capillary action. It is predicted that egg-shell profiles are formed from low
concentrations of solution with strong adsorption of metal complexes and short

impregnation times (Marceau et al., 2009).

To produce egg-white or egg-yolk profiles, competing adsorbates
(competitors) could be added (Hepburn et al, 1989; Wang et al, 1984; Heise and
Schwarz, 1990). Competitors would compete with the metal ions for adsorption sites
on the support surface. The competitors will adsorb on active sites first and thus

driving the metal ions to the subsurface layers.

Apart from impregnation, drying also affects the metal complexes
distribution in the support. In the porous network, solvent transports metal complexes
to the external surface or towards the center (back-diffusion). As discussed in Section
2.3.1, drying can be divided into constant rate and falling rate period, convective
flow dominates at constant rate period. At the end of it, the metal complexes
concentration is at maximum at the external surface of the pellet (Lekhal et al., 2007).
At falling rate period, convective flow decreases or ceases and diffusion dominates.
Back-diffusion becomes dominant and transports the metal complexes towards the
center of the pellet. Thus, the concentration of metals at the external surface

decreases. Figure 2.11 shows the transport phenomena during drying.

Heating rate and drying temperature could affect the transport of solvents.
Low heating rate would cause constant rate period to dominate. When there is strong
precursor-support interaction, the effect of drying does not affect the metal profile

significantly.

Table 2.4 summarizes the conditions to prepare different catalyst profiles.
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Figure 2.11: Transport phenomena during drying (adapted from Lekhal et al.,

2007)

Table 2.4: Distribution of Metal Precursors in Support with Synthesizing
Conditions (adapted from Marceau et al, 2009; Lekhal et al, 2007)

Distribution

Conditions

Egg-shell

Impregnation with viscous solution.

Indication of strong precursor-support interaction, with
minimal competitor interaction.

Intermediate drying regime with dominant convective
flow, in the case of low viscosity and concentration of

solution.

Egg-yolk

Impregnation with low viscosity solution.
Stronger interaction between competitors and support
surface than the precursor-support.

Fast drying with pronounced back-diffusion.

Uniform

Drying a concentrated, viscous solution.
Equal interaction between precursors and competitors.
Drying under mild conditions for weakly adsorbed

metal complexes.




CHAPTER 3

METHODOLOGY

3.1 Experiments Prior to Catalyst Preparation

Prior to catalyst impregnation, the pellet information, support PZC and the optimum

pH for metal uptake were determined.

3.1.1  Information on Alumina Pellets
The catalyst support used is 3 mm y-alumina spherical pellet obtained from Zibo
Wufeng Aluminium Magnesium Technology Co. Ltd. The information of alumina

pellets was obtained from the supplier and was tabulated in Table 3.1.

Table 3.1: Pellet Information provided by Supplier

Parameter Specifications
Al,O3 content >92%
SiO, content <0.1%
Fe,O3 content <0.04%
Na,O content <0.1%
Bulk density 0.65 g/ml
Surface area >200 m°/g
Pore volume >0.42 ml/g
Crush strength 90 N
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Determination of Support PZC (point of zero charge)

The procedure to determine the PZC of y-alumina spherical pellet is shown below:

1. 200 ml of deionised water was measured (which corresponds to surface
loading of 50 m?/L).

2. Hydrochloric acid was added until the pH of the solution reaches around 2.

3. The initial pH of the solution was measured using a pH meter.

4. 0.05 g of crushed alumina pellets was added into the solution.

5. The solution with alumina pellets was stirred using magnetic stirrer for 8
minutes.

6. The solution with alumina pellets was then left for 10 minutes.

7. The final pH of the solution was measured using a pH meter.

8. The steps were repeated for different pH (for high pH, sodium hydroxide was
used instead of hydrochloric acid).

9. The steps were repeated for different surface loadings as in Table 3.2 by
calculating using the formula below (sample calculation included in
Appendix A):

m?2 BET surface area (%) XMass of pellet (3.1)
Surface Loading <T> - Volume of solution |
Table 3.2: Settings for different Surface Loadings
Surface loading (m?/L) 50 500 1000
Volume of deionized water (mL) 200 20 10
Mass of alumina pellets () 0.05 0.05 0.05
3.1.3  Determination of pH for Optimum Metal Uptake

The procedure to determine the optimum pH for optimum metal uptake is shown

below:
1.
2.

50 mL of 600 ppb of CPA in deionized water was prepared.

Hydrochloric acid was added until the pH reaches around 2.
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3. The initial pH was measured using a pH meter.

4. The CPA solution prepared was separated into two centrifuge tubes
(centrifuge tube A and B) with 15 mL of solution each. Centrifuge tube B
was used to test initial metal concentration using ICP.

0.045 g of alumina pellet was crushed (corresponds to SL = 600 m?/L)

The crushed alumina pellet was added to centrifuge tube A.

Centrifuge tube A was shaken for 1 hour.

© N o O

The alumina pellets were filtered and the supernatant of centrifuge tube A

was transferred to centrifuge tubes C and D.

9. Centrifuge tube C (with 8 mL of solution) was sent for ICP analysis to
determine the final metal concentration after impregnation.

10. Centrifuge tube D (with 5 mL of solution) was used to measure the final pH.

11. The steps were repeated to produce a range of pH (for high pH, sodium
hydroxide was used instead of hydrochloric acid).

12. Surface density was calculated using the equation below (sample calculation

included in Appendix B):

m nmol

~ (mmol (i~ ) () x 10° G

Surface den51ty,F< 5 ) = : (3.2)
m SL () x MWof metal (£5) x 1000%2)
L mol g

Where
Ci = Metal initial concentration
Cs = Metal final concentration
SL = Surface loading
MW of metal = Molecular weight of metal

3.2 Preparation of Metal Supported Catalysts

Chloroplatinic acid hexahydrate (CPA) obtained from Yurui (Shanghai) Chemical
Co. Ltd. was used as the metal precursor in this project. The aim of this project is to
prepare metal supported catalyst with non-uniform distribution. Two types of

distribution have been prepared:
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i)  Egg-shell catalyst
i)  Egg-white catalyst

For the egg-white catalyst, citric acid-1-hydrate obtained from HmbG
Chemicals is used as a coimpregnant. The steps the preparation of egg-shell catalysts
and egg-white catalysts are described in the following subchapters.

3.2.1  Preparation of Egg-shell Catalysts

1. 1 g of alumina pellets was measured using a weight balance.

2. CPA with a concentration of 0.1226 g/mL was prepared (calculation on the
concentration provided in Appendix C).

3. 450 puL of solution was extracted using micropipette and the pellets were
impregnated.

4. The impregnated pellets were then left for 15 minutes before drying at 120<C
for 18 hours.

5. The pellets were calcined in air at 500 <C for 5 hours.

6. Characterization of catalysts was carried out.

7. Steps 1 and 2 were repeated. Hydrochloric acid was added to the
chloroplatinic acid hexahydrate solution.

8. Steps 3 to 6 were repeated.

3.2.2  Preparation of Egg-white Catalysts

1 g of alumina pellets was measured using a weight balance.

2 mL of CPA with a concentration of 0.04 M was prepared.

2 mL of citric acid-1-hydrate with a concentration of 0.2 M was prepared.
The two solutions above were mixed together to form a new solution.

The alumina pellets were inserted to the new solution.

2 L T o

The pellets and solution were left for 15 minutes.
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7. The pellets were taken out and washed using deionized water.

8. The pellets were dried at 180<C for 4 hours to remove the solvent from the
pores.

9. The pellets were then calcined in air at 500<C for 5 hours.

10. Characterization of catalysts was carried out.

11. Steps 1 to 10 were repeated for citric acid concentrations of 0.5 M, 1.0 M and

1.5 M with different impregnation time and drying conditions.

Figure 3.1 shows the procedure of preparing egg-shell catalysts with images.
For egg-white catalysts, the impregnation method (Step (b)) was changed to wet

impregnation as shown in Figure 3.2.

(e (@

Figure 3.1: Major Steps in the preparation of Egg-shell Catalysts: (a) weighing,

(b) impregnation, (c) drying, (d) calcination, and (e) final catalyst



31

Figure 3.2: Wet impregnation method where excess solution is used to

impregnate the support pellet

Following the preparation of catalysts by impregnation, the pellet catalysts
were grinded using diamond file, while placing the catalyst in a well of a metal plate.
This is to observe the cross-sectional view of the catalyst. The distribution of metal

was investigated with the help of microscope.

Table 3.3 in the next page summarizes the samples generated and the

preparation conditions.



Table 3.3: Samples prepared and the conditions used
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Profile Egg-shell Egg-white

Sample A B C D E F G
Designation

Preparation Dry Charge- Wet Wet Wet Wet Wet

method

impregnation

enhanced dry
impregnation

impregnation

impregnation

impregnation

impregnation

impregnation

Concentration of

24 24 .04 .04 .04 .04 .04
CPA (M) 0 0 0.0 0.0 0.0 0.0 0.0
Mass of CPA (g) 0.0544 0.0544 0.0414 0.0414 0.0414 0.0414 0.0414
Presence of co- Yes, citric Yes, citric Yes, citric Yes, citric Yes, citric
. No No ) . . . )
impregnant acid acid acid acid acid
Concentration of - i 0.20 0.50 1.00 1.00 1.50
citric acid (M)
Mass of citric ] i 0.084 0.210 0.420 0.420 0.630
acid (g)
Volume of
impregnating 0.45 0.45 4 4 4 4 4
solution (mL)
:ir]iregnatlon - - 15 minutes 1 hour 30 minutes 1 hour 1 hour
. . 120<C for 18 | 120<C for 18 180<C for 4 120<C for 4 120<C for 4 120<C for 4 120<C for 4

Drying conditions

hours hours hours hours hours hours hours
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3.3 Catalyst Characterization

The surface structure and the chemical composition of a catalyst are important
factors that determine its performance. In this section the methods to characterize a
catalyst are described. Four types of equipments were used for characterization
purposes: XRD, SEM, ICP-OES, TPR, FESEM and EDX.

3.3.1 X-Ray Diffraction (XRD)

XRD-6000 by Shimadzu is used to study the phase of the alumina pellets. The
alumina pellets were crushed to powder form and placed on the sample holder. The
diffractometer was operated at 40 kV and 30 mA with Cu K, of A = 1.54A. The
deflection angle, 26, was then set to scan from 10°to 80°with a scanning rate of
2 Tmin. Figure 3.3 shows the XRD equipment.

Figure 3.3: XRD-6000 from Shimadzu
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3.3.2  Scanning Electron Microscope (SEM)

Hitachi S-3400N SEM (see Figure 3.4) is used to view the structure of alumina
pellets. An alumina pellet was placed on the sample holder with a carbon tape. The
sample was coated with palladium and gold using Emitech Sputter Coater SC7620
(Figure 3.5) to make the sample conductive. The focal length used was 6.2 mm and
the applied voltage is 15 kV. The magnifications of alumina pellets were set to
5000X.

CUANUNUNENIANES

Figure 3.4: Hitachi S-3400N SEM
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Figure 3.5: Emitech Sputter Coater SC7620

3.3.3 Inductively Coupled Plasma — Optical Emission Spectrometer (ICP-
OES)

ICP-OES is used to determine the metal uptake of alumina for different pH using
PerkinElmer Optima 7000 DV Optical Emission Spectrometer (see Figure 3.6). The
calibration of platinum was done using PerkinElmer Pure Plus Multi-Element
Calibration Standard 4 with concentration of 10 mg/L. The standard solutions

prepared range from 20 ppb to 300 ppb.

Figure 3.6: PerkinElmer Optima 7000 DV Optical Emission Spectrometer
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3.3.4  Field Emission Scanning Electron Microscope (FESEM)

Like SEM, FESEM was used to view the morphology of the catalyst sample. The
main difference between them is that FESEM allows higher magnification. The
model of FESEM used for sample analysis is JSSM-6701 from JEOL (refer Figure
3.8). The principle of using FESEM is almost the same as SEM: Alumina pellets
were crushed and placed on the sample holder with a carbon tape. The samples were
coated with platinum using JEOL JFC-1600 Auto Fine Coater (refer Figure 3.7) to
make the sample conductive. The samples were degassed in a chamber before
turning on the electron gun. The magnification is set to 30 000X and 70 000X. The

working distance used is 6.1 mm and the voltage applied is 2 kV.

Figure 3.7: JEOL JFC-1600 Auto Fine Coater

3.3.5  Energy-dispersive X-ray Spectroscope (EDX)

EDX (Octane Silicon Drift Detector by EDAX) is used to analyse the elemental
contents on the surface of the catalyst. The analysis was carried out for both alumina
pellets and also the prepared catalyst. The applied voltage to do EDX was 20 kV.
The figure below shows the FESEM that couples with EDX.



Figure 3.8: JEOL FESEM JSM-6701F
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3.3.6  Temperature-programmed Reduction (TPR)

Temperature-programmed reduction (TPDRO 1100 Series by Thermo Scientific)
was used to determine the reduction temperature of the catalyst sample. There are
two steps involved: pre-treatment and analysis. The purpose of pre-treatment is to
remove water and impurities. Table 3.4 below shows the condition employed for
both pre-treatment and analysis. Figure 3.7 shows the equipment used for TPR

purpose.
Table 3.4: TPR Conditions for Pre-treatment and Analysis

Pre-treatment Analysis

Medium/carrier gas Nitrogen 5.47% hydrogen in nitrogen

Flow rate (mL/min) 25 25

Temperature 110<C 25C t0500C

Duration 1 hour -

Heating ramp - 5<C/min

Figure 3.9: TPDRO 1100 Series from Thermo Scientific




CHAPTER 4

RESULTS AND DISCUSSION

4.1 v-Al,O3 Pellet Characterization
Pellet characterization was done prior to determining the support PZC and optimum

pH for metal uptake. This is to determine the composition and phase of the pellets.

The characterizations carried out here were XRD, SEM and EDX.

411 XRD Results of y-Al,O3 Pellets

Figure 4.1 shows the analysis results using XRD.

[Grouplame] Dr¥ep  [DatsWame] aluminalowlia  [Date Time] 10-09-14 10:40:32

Peak. Data.

80 3 Entry Data’d

Residual Peak

Card Data

T T T T T T
10 20 a0 a0 50 &0 70 &0
No Card Chemical Formula Chemical Name Mineral Naue L a 1 R Dx  WI%  5.G.

1:00-052-0102 FeZMn0.5Zn0.504-xH20  Man 1.000( 5/ 5} 0.719 0.876

44Feld, D1N15035. 1.0 .87
3 1.0 IEE] £7
4:00-040-1119 Li0.3CoFez04 Tron Oxide 0.857( 6/ 7) 0.735 0.776 0.489 Fd-3n

1.000{ 7/ 7) 0.637 0.764 0,487 3.7l Fd-3n =l

Figure 4.1: XRD Results of y-Al,O3 Pellets

5:00-029-0063 Al203
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Figure 4.1 shows the X-ray peaks of the y-Al,O3; pellet sample. Sample
match was conducted using the library database of XRD (ICDD, International Center
Diffraction Data). It shows that aluminium oxide is one of the most possible
compounds for the sample tested. Thus it could be concluded that the pellet is made

of aluminium oxide. Report generated by XRD could be found in Appendix D.

412 SEM Image and EDX Results of Alumina Pellets

The figure below shows the SEM image of alumina pellet at 5000 times

magnification.

o \}f

15.0kV 6.2mm x5.00k SE '1IO.0um

Figure 4.2: SEM Image of y-Al,O3 Pellet with 5000X magnification

From the SEM image, it could be seen that the surface of alumina pellet is
porous with a lot of air pockets. The surface is also rough and tortuous. EDX was
conducted to determine the elemental composition, and the results could be found in
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Appendix E. The results show that the pellets contain magnesium and calcium other
than aluminium and oxygen. Thus the alumina pellets contain impurities.

4.2 Support PZC

Before preparing the catalysts, the support PZC was determined. The table below
shows the initial pH and the final resulting pH after the addition of y-Al,O3 for

different surface loadings. The data presented in Table 4.1 are plotted in Figure 4.3.

Table 4.1: Initial and final pH for different surface loadings

Initial pH > Final sz >
SL =50 m“/L SL =500 m“/L SL =1000 m“/L
1.93 2.14 2.08 2.35
2.51 2.70 2.71 3.15
3.56 3.80 6.32 7.34
4,74 7.40 6.90 7.66
5.71 7.16 7.31 7.82
6.59 7.12 8.42 1.72
7.20 7.53 8.64 8.07
8.92 8.47 8.80 8.65
9.46 9.10 8.72 71.72
10.43 10.33 9.84 8.88
11.10 10.90 10.47 9.84
Graph of Final pH against Initial pH
12.00
10.00 5@
8.00 — —
s == 51=50
= 6.00
£ —#—5L=500
4.00 ' SL=1000
2.00 - Average
0.00 . . . . . .
0.00 2.00 4.00 6.00 800 1000  12.00
Initial pH

Figure 4.3: Graph of final pH against initial pH for different Surface Loadings
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From Figure 4.3 above, it could be seen that there is an approximate plateau
appearing at around pH 8. This indicates that final pH at equilibrium is pH 8.
Therefore, it could be concluded that PZC for the y-Al,O3 support is approximately at
pH 8. At the support PZC, terminal hydroxyl groups are neutral and there is little
adsorption of the metal onto the support surface.

One thing to be taken note is that for high surface loading, the rate of change
of final pH relative to initial pH is larger. For the same initial pH, the highest surface
loading would result in relatively stable final pH. This is due to high amount of OH
groups in the support relative to the impregnating solution. Thus it is difficult to
charge all the OH groups with little amount of impregnating solution.

4.3 Optimum pH for Metal Uptake

After knowing the support PZC, the optimum pH for metal uptake was determined
experimentally to ensure maximum adsorption of platinum particles. Table 4.2 shows
the pH, concentration and calculated results for surface density of alumina pellets for

different pH. The concentration measured from ICP-OES could be found in

Appendix F.
Table 4.2: pH and Surface Density of y-Al,O3 Pellets
oH Concentration Concentration Surface density

(ppb) (mg/L) (nmol/m?)
Initial | Final | Initial Final Initial Final
1.62 1.62 98.68 82.53 | 0.09868 | 0.08253 0.137975
9.03 3.13 | 227.30 | 165.10 | 0.22730 | 0.16510 0.531395
3.63 3.58 78.61 61.70 | 0.07861 | 0.06170 0.144468
3.66 3.96 | 106.90 | 71.86 | 0.10690 | 0.07186 0.299358
4,99 4.23 65.60 46.78 | 0.06560 | 0.04678 0.160785
4.86 5.62 | 149.80 | 148.30 | 0.14980 | 0.14830 0.012815
7.46 6.35 | 149.60 | 124.80 | 0.14960 | 0.12480 0.211875
7.66 6.81 | 141.40 | 110.30 | 0.14140 | 0.11030 0.265698
9.75 8.05 | 151.80 | 141.30 | 0.15180 | 0.14130 0.089705
10.66 | 10.88 | 285.60 | 281.30 | 0.28560 | 0.28130 0.036736
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The graph below was plotted based on final pH and surface density.

Graph of Surface Density against Final pH
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Figure 4.4: Graph of Surface Density against Final pH

This experiment was carried out to investigate the effect of charged surface (via pH)
on the degree of metal uptake by y-Al,O3 pellets. As depicted by Figure 4.4, surface
density indicates the amount of metal uptake by the y-Al,O3 support. Thus it can be
seen that the optimum pH for metal uptake for the y-Al,O3 pellet is at pH 3, which is
considerably far from the support PZC. For pH at the extremes (extremely basic or
acidic), there were ionic strength inhibition, which causes metals not to be adsorbed
onto alumina pellets. Thus there is little metal uptake. At the PZC of support (around
pH 8), the surface were not sufficiently charged, and thus resulting in poor metal
uptake.

Zhu et al. (2013) have also done the simulation on strong electrostatic
adsorption at high surface loadings. From their results, the optimum final pH for
adsorption is also pH 3. Thus the result obtained from this experiment is satisfactory.



44

4.4 Egg-shell Profile

441  Metal Distribution on Alumina

After preparing the catalysts, the cross-section of the pellet is obtained. Figure 4.5
below shows the resulting alumina pellet prepared using dry impregnation (Sample A)
after calcination. The white colour part is the cross-section (flat surface) whereas the
grey-black colour is the outer surface of the sphere before the pellet is cut.

Figure 4.5: Metal distribution of sample A (the circled part indicates the flat

surface)

It could be seen that the surface is grey-black in colour, whereas the center
part of the pellet is in white colour. This means that platinum is only adsorbed onto
the surface of the alumina pellets and not diffused into the center. This type of metal
distribution is known as egg-shell metal distribution.

According to Marceau et al. (2009), the egg-shell distribution could be
synthesized because there exists a strong interaction between CPA and alumina
pellets. The adsorption of CPA onto active sites is strong. When the pellets are
subjected to impregnation, CPA quickly finds active sites on the outer surface of the

pellet and adsorbed onto it. The hydraulic pressure exerting on the pellet also
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reduces as the solution is sucked into the pellet; hence the solution could not diffuse

into the pellet center and remains unoccupied.

For the preparation of egg-shell catalyst, the drying temperature employed is
to ensure that constant rate period dominates and thus the solution that were

transported to the center could be redistributed back to the external surface.

The pH employed to do charge-enhanced dry impregnation method was set to
pH 3 since it was determined experimentally (from Figure 4.4) to be the most
optimum pH for metal uptake. Figure 4.6 shows the pellet prepared using charge-

enhanced dry impregnation (Sample B).

Figure 4.6: Metal distribution of Sample B

From Figure 4.6, it can be seen that the colour on the outer surface of the
pellet is not as dark as the catalysts prepared by conventional dry impregnation
method. This might be due to the high amount of hydrochloric acid added that have
reduced the particle size of platinum to nanoparticles and become more dispersed,

and hence it is not visible by naked eye.

From the cross-sectional view of a pellet produced by this method, it could be
seen that there is a faint annulus at the surface of the pellet. That annulus is suspected
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to be platinum. As verified by TPR results (Section 4.6), there is platinum present on
the y-Al,O3 pellet.

442 FESEM Images and EDX Results

Figure 4.7 shows the FESEM results for sample A synthesized. It is clear from the
picture that the surface is porous and rough. The potential platinum particles are
highlighted where the size of the nanoparticles is up to nanometers. However, this
cannot be confirmed without the use of more sophisticated microscope such as

transmission electron microscope (TEM).

SEI 2.0kV X30,000 WD6.1Tmm 100nm

Figure 4.7: FESEM image of Sample A

Figure 4.8 shows the platinum particles mapping using EDX. The white
colour signifies the location of platinum. The EDX results for sample A shows that
there is 5.46 wt% of platinum on the pellet (found in Appendix F). There is also
small amount of chlorine detected. This might be due to the leftover of chlorine

compounds from the use of the chloroplatinic acid as the metal precursor. It is
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thought that higher calcination temperature and longer calcination time could

evaporate and purge the chlorine compounds from the catalyst.

PtLa1

Element

CK
OK
Na K
Mg K
AlK
ClK
CaK
CuK
Pt M

App
Conc.
5.07
17.04
0.08
0.36
13.55
0.36
0.26
0.16
2.23

Intensity Weight% Weight% Atomic%

Corrn.
0.3583
0.6675
0.8155
0.7674
0.8608
0.7077
0.9407
0.7937
0.6784

23.48
42.35
0.16
0.77
26.13
0.84
0.46
0.34
5.46

Sigma
0.48
0.37
0.04
0.04
0.22
0.04
0.03
0.09
0.16

34.43
46.62
0.13
0.56
17.06
042
0.20
0.09
0.49

Figure 4.8: Platinum Particles Mapping and Element Percentage of Sample A

by EDX

Figure 4.9 shows the FESEM image for sample B. The potential platinum

particles are highlighted. Similar to Sample A, it can be seen that the surface is

porous and rough. It is also not possible to directly observe the Pt nanoparticles
without the use of TEM. Despite that, result from Zhu et al (2013) has shown that

catalyst with higher metal dispersion could be obtained with charge enhanced dry

impregnation method.
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20KV  X30000 WD60mm 100nm

Figure 4.9: FESEM Image of Sample B

4.5 Egg-white Profile

45.1 Metal Distribution on Alumina

Figure 4.10 shows the cross section of egg-white catalysts produced by the

conditions as stated in Table 3.3.

(b)
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(d)

(€)

Figure 4.10: Metal Distribution on Alumina; (a) Sample C, (b) Sample D, (c)
Sample E, (d) Sample F, and (e) Sample G

From visual inspection on Figure 4.10, the grey-black colour represents the
location where platinum nanoparticles are deposited. A darker colour on the picture
may indicate a higher density of platinum nanoparticles while location with white

colour may represent area with none or low density of platinum nanoparticles.

It can be seen that rings of dark grey colour are located closer to the core of
the catalyst from Sample C to Sample G. This corresponds to the use of increasing
concentration of citric acid in the impregnating solution. In the preparation of egg-
white catalysts, citric acid acts as a coimpregnant, or competitor, that competes with
CPA for active sites in alumina pellets. Thus, it could be inferred that citric acid
competed with CPA for active sites on the surface. Platinum thus penetrates deeper

so that they could adsorb on other active sites.
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It is known that the bonding between citric acid and alumina pellet is stronger
than the bonding of CPA and alumina (Heise and Schwarz, 1990). For this, wet
impregnation is used to prepare egg-white profile catalyst. Since there is an excess of
solution used during impregnation, the hydraulic pressure exerting on the pellets is

high and this will allow CPA to diffuse deeper into the pellet.

For the same impregnation time with different concentrations of citric acid
(samples D, F and G), the platinum ring travels deeper down to the pellet center as
the concentration of citric acid increases. As concentration of citric acid increases,
more citric acid competes with CPA for active sites. Since adsorption takes place
from the pellet surface towards the pellet center, when higher concentration of citric
acid is used, more surface layers would be occupied by citric acid. Hence, it could
be seen that platinum is only occupied at near the pellet center when concentration of

citric acid is high (samples F and G).

Sample E has different impregnation time with sample F using the same
molar concentration of citric acid. From the figures above, it could be seen that the
position of the platinum ring is almost the same for both cases. Thus it could be

inferred that the profile of the catalyst is already established in the first 30 minutes.

Sample C has different impregnation time (15 minutes) and drying conditions
(180<C for 4 hours) as the other samples. Since the drying is fast at 180<C, and the
concentration of citric acid is low, the platinum ring is located relatively near to the
pellet surface. At 180<C, partial calcination has taken place as when the pellets were
taken out from the oven; some of them appeared to be grey in colour.

Egg-yolk catalyst profile was not able to prepare in this project due to the
nature of the support pellet. The alumina pellets were found to be made from two
distinctive layers between the outer layer and the inner core, and thus making it
difficult for the CPA to diffuse into the core of the pellet.
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452 FESEM Image and EDX Result
Figure 4.11 shows the FESEM image of sample C. The magnification is 70 000X

where it could measure up to the scale of nanometers. The potential platinum

particles are highlighted in the image.

2 SEI 2.0kV X70,000 WD6.1mm  100nm

Figure 4.11: FESEM Image of Sample C

Figure 4.12 shows the platinum particles mapping of sample C by EDX. The
mapping shows that the density of platinum is not as high as in sample A. The EDX
result of the sample shows that there is 0.63 wt% of platinum on the pellet. The
lower level of platinum indicates that the sample might not be positioned to face the
detector. Similar to the EDX result obtained for egg-shell catalysts, there is also
chlorine detected due to incomplete decomposition of chlorine. The complete report
and the mapping could be found in Appendix G. Copper and zinc were also detected

in EDX which might be due to contamination.
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Pt La1
Element App Intensity Weight% Weight% Atomic%
Conc. Corrn. Sigma
CK 0.86 0.2973 17.24 0.57 25.75
OK 569 0.7640 44.81 0.41 50.23
AlK 499 0.8588 34.82 0.31 23.15
CIK 0.06 0.7002 0.55 0.04 0.28
CuK 0.14 0.7905 1.02 0.15 0.29
ZnK 0.12 0.7876 0.92 0.18 0.25
Pt M 0.07 0.6214 0.63 0.12 0.06

Figure 4.12: Platinum Particles Mapping and Element Percentage of Sample C

using EDX

4.6 TPR Results

TPR is used to determine the reduction temperature of the catalysts prepared,

and thereby deduce the compounds present. In a TPR to characterize the catalyst,

hydrogen is adsorbed onto the active sites of alumina and for the reduction of

platinum oxide.

Figure 4.13 shows the superimposed curves obtained for different samples.

From the report generated by TPDRO (found in Appendix H) for sample A (eggshell

DI), sample B (egg-shell CEDI) and sample C (egg-white CA 0.2), the peaks appear

at around 212<C.
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Figure 4.13: TPR Curves for Sample A (egg-shell DI), Sample B (egg-shell
CEDI), Sample C (egg-white CA 0.2) and Sample E (egg-white CA
1.0)

The peaks appeared suggests that the optimum reduction temperature of the
prepared catalyst is at 212<C. Similar observation was also obtained by Cho (2013)
where the peak appeared at 210<C. On the other hand, Sample E (egg-white CA 1.0)
appears to have a different peak at 249 <C.

An interesting trend can be seen where both sample C and sample E have a
single peak at 210 — 240<C, while there are two peaks appear for both sample A and
sample B where a peak is located at around 212 <C and another peak is located at 360
— 380<C. Both sample C and sample E are prepared by wet impregnation method
while sample A and sample B are prepared via dry impregnation method.

According to Lieske et al. (1983) and Hwang and Yeh (1996), the peak at
212<C can be attributed to PtAl,O, species (reduction temperature at 220<C,
difference in temperature might be due to difference in metal loading), while the
peak observed at 380°C — 400°C are thought to be Pt oxychlorinated species.
Comparing EDX results of sample A and sample C, it could be seen that the chlorine
composition in sample A is higher (0.84 wt%) compared to that of sample C (0.55
wit%), which might have caused the discrepancy in TPR peaks. Dry impregnation to

500
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produce egg-shell catalysts which employs higher concentration of CPA (0.24 M)
than wet impregnation (0.04 M) would result in higher content of chlorine. Therefore,
the leftover chlorine that has combined with oxygen on the support surface was

reduced at a temperature between 380°C — 400°C.

The area under the curves signifies the amount of adsorbed hydrogen. From
the report and curves generated, it could be seen that sample A has 366.14474
umol/g of hydrogen adsorbed, which is high compared to sample B (168.76492
umol/g) and sample C (103.38735 pumol/g). This is due to the high amount of
platinum adsorbed and hence more hydrogen is required to reduce the platinum.

For sample E, since the curve generated shows that the peak is relatively
broad; when analyzed it results in a higher reduction temperature, and also highest
amount of hydrogen adsorbed compared to the other samples. The results might not

be conclusive as there might be interference present.



CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

51 Conclusion

In this project, Pt/y-Al,O3 catalysts with non-uniform distribution of platinum

particles have been prepared and characterized.

The project objectives have been achieved where:

e Pt/ y-Al,0O3 catalysts with egg-shell profile have been prepared using
conventional dry impregnation (DI), and charge enhanced dry
impregnation (CEDI)

e Pt/ y-Al,O3 catalysts with egg-white profile have been prepared using
wet impregnation method

¢ high concentration of precursor solution could be used to prepare egg-
shell catalysts whereas low concentration of precursor solution with
co-impregnants could be used to prepare egg-white catalysts

¢ drying conditions did not affect the metal distribution drastically

Egg-shell catalysts could be prepared by both dry impregnation and charge-
enhanced dry impregnation method. To prepare egg-shell catalysts:
a) Solution should have high concentration of platinum.
b) Drying rate is slow so that metals in the pellet center could be redistributed
back to the surface.

¢) Hydrochloric acid added could reduce the size of platinum particles.
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For egg-white catalysts, wet impregnation method is used so that the
hydraulic pressure exerted on the pellet could push the solution towards the pellet
center. To prepare egg-white catalysts:

a) Competitor is added; in this project the competitor added is citric acid.

b) Concentration of platinum should be low.

c) Drying whether at high temperature or relatively low temperature did not
affect the metal profile drastically. However, drying at 180<C causes partial

calcination to occur.

Egg-yolk catalysts are relatively difficult to synthesize due to the nature of
the support pellet. It might be difficult for the solution to diffuse into the pellet center.

5.2 Recommendations

While this report covers many important grounds on the preparation and
characterization of Pt/y-Al,0O3 catalyst with non-uniform distribution, there are
significant gaps that have to be filled in order to paint a better overall picture. Hence,
the following recommendations are suggested to future researchers who will work on
this topic:

a) There is a need to replace the y-Al,O3 pellet used in this project where the
pellets possess two distinctive layers that prevent the impregnating solution
from diffusing towards the core of the pellet. The new type of pellets should
have a more consistent overall structure.

b) When above issue can be resolved, egg-yolk profile catalyst can be prepared
and this will allow comparison with the egg-shell and egg-white catalysts that
have been prepared in this project

¢) Transmission electron microscopy (TEM) characterization should be carried
out to study the size and dispersion of metal nanoparticles.

d) Hydrogen chemisorption study can be performed to obtain the dispersion of
metal catalyst, and this can be used to verify the TEM of the nanoparticles.

e) Nitrogen adsorption study on the alumina pellets should be carried out to

determine the BET surface area and pore volume of the pellets.
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