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Abstract

Unsupported molybdenum catalysts with submicron sizes were synthesized from a
water/oil emulsion and were prepared in acontinuous mode particularly designed for online
application to hydroprocessing, or to in situ heavy oil upgrading. The produced MoOx
catalysts were characterized by dynamic light scattering (DLS) and SEM with diameters
ranging from as large as 2500 nm to as small as 170 rim. X-ray diffraction (XRD) was used
and all XR.D spectra showed amorphous MoOx. The experimental design results showed
that the DLS diameters of MoOx particles increased with increasing decomposition
temperature and ARM concentration at 350°C. The final reactivity test showed the
produced MoOx catalysts have activity for hydrocracking. This ultradispersed solid has the
potential application for both in-situ and ex-situ upgrading of heavy oil.
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Chapter 1

Introduction

1.1 Background

With the decreasing world's supply of conventional light oils and increasing demand for
transportation fuels such as gasoline and diesel, the reserves of heavy oils become more
important as a future energy source. But heavy oils contain considerable amounts of
impurities like hetero-compounds when compared to conventional oils. Those heterocompounds include sulfur, nitrogen, and metals such as nickel and vanadium. These
impurities pose a lot of challenges for existing hydroprocessing operations at refineries
because they tend to deactivate and poison the catalysts used in many catalytic processing
operations. Thus, the refining of heavy oils requires more advanced hydroconversion
technologies, e.g. highly efficient hydroconversion catalysts, in order to meet increasingly
stringent world environmental regulations.

Hydroconversion catalysts include supported and unsupported (dispersed) catalysts.
Commercial hydroprocessing catalysts for heavy oil upgrading are mixtures of nickelmolybdenum or cobalt-molybdenum, supported on alumina and formed into pellets or
beads in afixed bed reactor[ 1]. The actual active hydroconversion catalysts are in the form
of sulfides. Normally they are prepared in oxide form and activated to form sulfides either
before or during hydroconversion reactions. However, catalyst pore-plugging often occurs
during heavy oil upgrading with conventional fixed bed catalysts. This problem results
from asphaltene trapping or heavy metal" deposition at the mouth of small pores in the
catalysts [2]

In order to overcome the pore-plugging problem of supported catalysts, dispersed
unsupported catalysts have been developed. Particularly in recent years, more and more
emphasis has been put on the development of heavy oil reservoirs. To keep pace with the
world oil demand the corresponding upgrading technologies must evolve towards the use of
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catalysts and these catalysts should be much less susceptible to plugging to confer long
lasting stability to these processes.

Research is being done on the synthesis of ultradispersed molybdenum catalysts for
upgrading of heavy oils. These Mo catalysts have large surface to volume ratio because of
their submicron sizes. The achievement of good inexpensive dispersion of these catalysts in
oil can greatly improve the performance of the upgrading processes.

Dispersed catalysts can be introduced into heavy oil reactant media as either finely divided
powder or soluble molybdenum compounds[3]. Based on the way to introduce the
dispersed catalysts, the main research areas on the synthesis of dispersed Mo catalysts
include:
1. In-situ decomposition of water-soluble or oil-soluble Mo compounds. Water-soluble
compounds are mostly used for coal liquefaction. Oil-soluble compounds such as
naphthenates and acetyl acetonates of transition metals are used for residual and heavy
oil upgrading.
2. Water-in-oil microemulsion mediated route. Pure solvents like hexane, toluene or
cyclohexane are used as acontinuous oil phase, while Mo precursor solution acts as
dispersed water phase
3.

Other methods. Exfoliation and mechanical milling, etc. these kinds of methods all use
commercial molybdenum disulfide (MoS 2)as astarting material.

Research has been done on the in-situ decomposition of oil soluble Mo compounds for
years. The characterization of catalysts derived from this method is performed after the
catalysts are recovered from the reaction media. As aresult the particle sizes and dispersion
of the catalysts in héávy oils is unknown before they are fed into the reaction media. In
addition, there are alimited number of oil-soluble Mo compounds and their dispersion in
heavy oils is restricted by the solubility of the Mo compounds in heavy oils. The cost of
hydrocarbon soluble Mo compounds is much higher than that of water soluble Mo
compounds.
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The microemulsion approach achieves good dispersion in heavy oils because the
continuous oil phase is soluble in heavy oils and the particle size produced from the
microemulsion is known. The synthesis process is more controllable compared to in-situ
decomposition of oil-soluble Mo precursors. In addition, water-soluble Mo compounds are
used in this method so there are more choices for catalyst precursors. The microemulsionmediated route is performed using light organic solvents. The use of these solvents is not
practical once the process is put on an industrial scale. Most of the light hydrocarbon
solvents are very expensive resulting in abig economic hurdle for this method to scale up
to an industrial process.

As an alternative to the first two approaches, dispersed molybdenum catalysts can also be
generated by the decomposition of water-soluble Mo salts in awater-in-oil emulsion both
in-situ and ex-situ (inside and outside the hydroconversion reactor). This method combines
the advantages of both in-situ decomposition method of oil-soluble Mo compound and
water-in-oil microemulsion method and is modified in some aspects. A water-in-oil
emulsion is considered as amedia to produce submicron molybdenum catalyst particles.
The continuous oil phase can be light oil or vacuum gas oil (VGO) and does not have to be
pure oil solvent. The water phase is aMo precursor solution. It was proposed that the
emulsion be decomposed under certain temperatures in a continuous mode, because the
continuous production of catalyst particles is more applicable to online production at
refineries or at the wellhead near the welibore.

The catalyst particles produced from this method can be introduced into reaction media in
two ways: (1) mix the decomposed, emulsion with heavy oils and feed into the
hydroconversion reactor; (2) mix the emulsion, directly with heavy oils and feed into the
hydroconversion reactor. The two scenarios are illustrated in Fig: 1:1. It is expected that the
sizes of the catalyst particles will be in the submicron range this way using the least amount
of catalysts in amore efficient and effective mode.
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Upgraded oil,
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Hydroconversion
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emulsion
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emulsion
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Heavy oil
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Hydroconversion
reactor

Method II

emulsion

Figure 1.1

-

Heavy oil

The introduction of the catalystsobtained to the hydroconversion process

1.2 Objectives

So far there is no report' on the continuous production of molybdenum catalysts by
emulsion-mediated methods for hydroconversion. The' objectives of this study are as
follows:
1. Demonstrate the feasibility of the continuous production of unsupported molybdenum
oxide catalyst particles with submicron sizes by decomposing awater-in-oil emulsion
containing ammonium heptamolybdate (AHM) dissolved in the water phase.
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2.

Study four variables: water/emulsion ratio, AHM concentration, emulsion fiowrate and
decomposition temperature, that are considered to have a significant effect on the
process.

3. Identify the important variables and important interactions between those four variables
using the statistical analysis.
4.

Study the feasibility to apply the dynamic light scattering (DLS) technique to the
products obtained from the decomposition of w/o emulsion to measure the sizes of the
suspended Mo oxide particles.,

5.

Characterize, via XRD and SEM, the nature and shape/size of these particles as well as
to confirm with asimple catalytic test the potential of these particles as catalysts.

The present study pioneers research and development aiming at two applications: (1) in-situ
heavy oil upgrading (downhole or at wellhead), (2) heavy oil hydroconversion at refineries.
Therefore the study is part of awider view like shown in Fig. 1.2.

In summary, the present study aims at the continuous synthesis of molybdenum oxide
particles with submicron sizes in acontrolled way. The experimental plan is based on a
statistical two-level full factorial design. The synthesized Mo oxide particles are
characterized by dynamic light scattering technique (DLS) to obtain their particle sizes, Xray diffraction technique to identify their structures, and Brunauer-Emmett-Teller .(BET)
surface area measurement to calculate their surface areas. Some other techniques, such as
scanning electron microscopy (SEM) and light microscopy, are used to confirm the size
information from DLS.

The objective of the present study
Continuous
production of
submicron
molybdenum oxide
particles

feed
Molybdenum
precursor

/

Continuous
production of
submicron
molybdenum sulfide

Test
hydroprocessing
activity

Sulfidation of Mo
oxides compounds

Test
hydroprocessing
activity

particles

The one with better
reactivity and better
control will be used

Compare the
reactivity from two
different processes

V
Final target I
downhole or
wellhead

Fig.

-

>

Final target II
Hyrodroprocessing
at refineries

The wider view of the present study
C'
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1.3 The organization of the thesis

This thesis is composed of six chapters. Chapter 1 has described the background and
objectives of the present study. Chapter 2 reviews the literature pertinent to the present
study. Chapter 3introduces the experimental methodologies. Chapter 4presents the results
obtained from dynamic light scattering technique, X-ray diffraction, scanning electron
microscopy, light microscopy, two-level full factorial experimental design and catalytic
reactivity test. Chapter 5 is a summary chapter which discusses all results together and
chapter 6presents the conclusions and recommendations.
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Chapter 2

Literature Review

2.1 Heavy oil properties and sources

The depletion of conventional crude oil reserves and increasing transportation fuel demand
around the world have forced the development and production of heavy oil reserves. The
large reserves of available heavy oil are approximately equivalent to one third of the
world's total oil and gas reserves[4]. At the same time, the world transportation fuel
demand is increasing continually. It is predicted that the world fuel demand might
significantly increase by year 2020 [5].

Heavy oil and oil sands (tar sands) are important hydrocarbon resources that are destined to
play an increasingly important role in the oil supply of the world, and North America in
particular [6]. Heavy oil and tar sands occur in many countries, with atotal resource in the
order of 6trillion barrels in place throughout the world, amajor part of which is present in
Venezuela and Canada [7]. The largest accumulations are in Canada (3 trillion bbls) and
Venezuela (2 trillion bbls). Because of that, the impact of heavy oil and tar sands is
significant.. Therefore we must provide the technology to ensure heavy oil asset values are
realized.

2.1.1

Heavy oil definitions and properties

There is no clear, industry-wide consensus on what constitutes heavy oil. The UNITAR
Center has published. formal definitions of heavy oil, extra heavy oil, and tar sands
(bitumen) based on gas-free viscosity af reservoir temperature and crude oil density at
15.6 °C[4]. The following definitions of heavy oil are applied (Table 2.1).
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Table 2.1
Name

-

Heavy Oil Definitions

Viscosity @ reservoir conditions

Heavy crudes

Maximum

Extra-heavy crudes

Maximum

Tars
Note: API is defined as

API

10,000 cp

10-20 °

10,000 cp

<100

Greater than 10,000 cp

<10 0

specific gravity

-

-

131.5

Not only are heavy oils viscous, but they also contain aconsiderable amount of impurities
like heteroatoms, including sulfur compounds and nitrogen, as well as metals like nickel
and vanadium (listed in Table 2.2) compared to conventional oils[2]. These impurities pose
alot of challenges for current hydroprocessing operations at refineries, because they tend to
deactivate and poison the catalysts used in hydroprocessing operations.

Table 2.2
Impurities

-

The Composition of Heavy Oil Impurities

Light

Light

Heavy

Heavy

Extra

Sweet

Sour

Sweet

Sour

Heavy

Gravity ('API)

30-40

30-40

10-30

10-30

<=10

Sulfurwt%

<0.5

0.5-1.5

<0.5

1.0-3.0

>3.0

Metals (ppm)

Low

Low

Low-high

Low-high

High

Acidity and Nitrogen

Varies

The above properties and impurities of heavy oil also pose alot of technical challenges for
the production of heavy oil in all phases of the operation. Particularly in refining, these
impurities quickly reduce the effectiveness of the catalysts. Therefore, refineries are limited
in the volumes of heavy oil that they can process because of the high bottoms yield and
difficult constituents such as high sulfur, nitrogen, metals and acid content. Also, more
stringent environmental regulations put pressure on the refining industry to supply cleaner
fuel in spite of lower quality feedstock. For example, sulfur emitted into the atmosphere is a
cause of major environmental problems such as acid rain, so the limitation for the sulfur
content in gasoline and diesel have to be set at lower level, the sulfur level in gasoline will
be limited to 30 ppm between 2004-2006 in US and Canada[8].
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2.2 Heavy oil upgrading

The existence of excessive impurities in heavy oils brings tremendous difficulties to
upgrading processes. The corresponding heavy oil upgrading technologies have to be
applied to deal with these impurities, e.g. ahydroprocessing with highly efficient catalysts
is required to meet this goal.

Hydroprocessing

reactions

include

hydrodesuiftirization,

hydrodenitrogenation,

hydrodemetallization and hydro cracking, the first three reactions are usually achieved
under milder conditions than hydrocracking and they are combined in what is called
hydrotreatment. The objective of hydroprocessing is to remove heteroatoms like sulfur and
metal, and to reduce the molecular weight and boiling point of large hydrocarbon
molecules. Hydroprocessing plays akey role in the final quality of gasoline and diesel. Fig.
2.1 shows the location of hydroprocessing reactions in the general refinery setup.
Light gases

Fuel gas, propane, LPG
Gas recovery

Gasoline

Naphtha

Disti llation column

Hydrotreutor

Reformer

Kerosene, jet fuel
,diesel
kerosene

Hydrotreater

Gas oil

Hydrocracker
Residual fuel oil

Coking products
hydroprocessing

Gas oil, coke
Vacuum distillation

SQflOJ 9AflWW

Coking

Ron HOT

Ron HO

Figure 2.1

-

The location of hydroprocessing reactor, adapted from reference[9]
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2.2.1 The process
Hydrotreatment is the process employed to remove sulfur and metals. It makes use of the
principle that the presence of hydrogen during the mild thermal treatment reaction of
petroleum feed stock removes the heteroatoms (sulfur, nitrogen, etc.)

and metals

(vanadium, nickel, etc.) [10]. In hydrotreating the feedstock is reacted with hydrogen at
elevated temperatures ranging from 300-380°C (570-840°F) and elevated pressures from
120-1200 psi (0.7-15 MPa).

2.2.2

Reactions and catalysts

Hydrodesulfurization (HDS), hydrodenitrogenation (HDN) and hydrodemetallation (HDM)
are the three major reactions involved in the hydrotreating process in terms of heteroatom
removal. Among them HDS will become more significant in the next few years because of
stringent environmental regulations. The sulfur compounds to be removed from heavy oils,
include

thiophene,

benzothiophene

and

dibenzothiophene

[11].

The

general

hydrodesulfurization reaction scheme is illustrated in Equation 2.1. The HDS process is
completed by catalytic reactions of hydrogen with the organic sulfur compounds in the
feedstock to produce hydrogen sulfide[12].

CAS + cH2 —+ H 2S+ CaHd

(2.1)

Transition metal sulfide catalysts exhibit excellent properties, such as tolerance to
poisoning compounds in terms of sulfur removal. They are mainly molybdenum and
tungsten disulfide, promoted with cobalt or nickel [10]. Particularly molybdenum disulfide
catalysts are the principal catalysts used in the hydrotreating process. These catalysts are
commercially available only in their inactive oxide form and asulfidation step is required
prior to their utilization [13]. The achievement of this step requires athermal treatment of
these catalysts in either H2/H2Smixtures or by using astream containing an organic sulfur
compound [14].

With more restrictive environmental regulations on the level of sulfur content in gasoline
and diesel fuels, refineries are struggling to meet sulfur regulations on these fuels. The
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sulfur levels in gasoline must be reduced from 350 to 30 ppm and in diesel be reduced from
500 to 15 ppm by 2005-2006 in USA [15]. In order to meet these regulations, refineries are
seeking alternatives in the hydrotreating process, such as more efficient catalysts.

There are two kinds of catalysts used for hydroprocessing: supported and unsupported. All
the conventional commercial hydrotreating processes use supported catalysts. Cobaltmolybdenum or nickel-molybdenum supported on alumina or silica are currently used.
Both of these catalysts are prepared in the oxide form and are sulfided in the reactor before
their use in the process [10].

2.2.3

Problems with supported catalysts

The commercial hydrotreating process uses afixed-bed, where supported catalysts are used
to transfer hydrogen, crack the hydrocarbon molecules and remove traces of heteroatoms
and metals. As the active sites of supported catalysts are distributed throughout the network
of the pore structures in the catalyst support, hydrogen and hydrocarbon molecules must
diffuse through the pores in order to reach the active sites (Fig. 2.2). For big molecules like
asphaltenes, they have comparable dimensions to the catalyst pore size so they get trapped
within the pore structure. Metals like vanadium or nickel also deposit at the mouth of the
pores, thus quickly blocking the smallest pores of the catalyst. Catalyst pore plugging
occurs under the above two situations so that catalyst deactivation is caused. Therefore, the
catalyst near the inlet of areactor must have alarger pore size to accommodate alarge
volume of metal deposition. Due to the limitation from the standpoint of mechanical
strength of the catalyst, the maximum capacity of an alumina catalyst for metal deposition
is about 100% in weight of the catalyst. Therefore the replacement of acatalyst during the
hydrotreating operation' is required for hea'y oils 'that contain alarge amount of metals
[16]. The periodical replacement of catalysts contributes to part of the hydrotreatment
operation cost and is not favorable from an economic point of view.

13

Under normal condition

\

Under pore-plugging condition

Active site

Active site

Catalyst
support

Catalyst
support

Reactant
-k

/S

Metal molecule or
large molecule
accumulation

Figure 2.2

-

Illustration of the supported hydroconversion catalysts

2.3 Ultradispersed catalysts for hydroprocessing process

In order to overcome the problem of catalyst deactivation that results from catalyst pore
plugging, research effort has been devoted to the development of unsupported (dispersed)
catalysts as suitable alternatives to the conventional supported catalysts currently used for
upgrading the quality of heavy feedstock [17]. Dispersed catalyst systems have anumber of
advantages over the supported ones [18]: first, the catalyst has alarge surface area of the
active sites accessible (see the calculation in Appendix A); secondly, the catalyst
microcrystalline particles are sufficiently small to be readily dispersed in the residual oil
allowing the oil to be easily pumped; thirdly, the dispersed catalyst can be recovered and
recycled. The schematic of the dispersed catalyst is shown in Fig. 2.3.
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Ultradispersed
.—> unsupported
catalysts

1-k

Reactants

Hydroconversion reactor

Figure 2.3

-

Illustration of asphalthene interaction with an unsupported (dispersed)
catalysts

The metal constituents of dispersed catalysts are usually transition metals, mainly Fe, Co,
Mo, Cr and Ni, etc. Mo-based dispersed catalysts seem to be more effective in promoting
attractive conversion in terms of boiling point conversion, Conradson carbon conversion (a
measure of atendency of carbonaöéous material to form coke) and hydrodesulfurization
(HDS) [3].

2.4 Overview on the synthesis methods of dispersed catalysts

The synthesis of Mo-based dispersed catalysts has been the subject of several investigations
[19-36]. Numerous molybdenum-based compounds, both organic and inorganic are readily
converted to active dispersed catalysts for either heavy oil upgrading or coal liquefaction.
The oil soluble Mo precursors are usually dissolved in the reaction system and readily form
highly dispersed catalysts. Alternatively, water soluble precursors are impregnated onto the
feed coal, during reaction they decompose in-situ to form an active phase[37].
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Commonly, dispersed metal catalysts are prepared either by addition of finely divided
inorganic powders to the residue, or by the addition of water or oil soluble metal salts to the
reside [3]. Water soluble molybdenum compounds such as ammonium heptamolybdate and
ammonium tetra-thiomolybdate,

and oil soluble molybdenum compounds such as

molybdenum actyl-actonate and molybdenum naphthanate have been used as precursors to
generate MoS 2 catalysts in-situ[ 19, 27, 35, 36, 38-40]. Ammonium tetra-thiomolybdate is
widely used to generate MoS 2 in-situ for hydrodesulfurization and coal liquefaction [17,
19-21, 28-31, 41]. The general methodology is to generate MoS 2 in-situ (in the same
reactor for hydroconversion or upgrading). The type of reactor used is an autoclave with
sizes ranging from 25 ml to 300 ml, the reactor is then purged with H2 or amixture of
H2/H2S and pressurized to approximately 6.8 MPa. The reactor is either heated in asand
bath or furnace at temperature ranges from room temperature to 500°C [23]. Another trend
for making dispersed MoS 2 catalysts is to prepare them from phosphomolybdates as
practiced for the hydroliquefaction of coal [24-26]. In this case, atubular quartz reactor is
used, and N2 is purged. The reaction is carried out at 400 °C and 10 MPa.

In recent years this method has been widely studied. Generally the catalyst characterization
is performed on samples after the catalytic tests. The samples are usually separated from
the reaction mixtures by filtration, then washed with appropriate solvent, such as toluene, to
remove residual hydrocarbons and dried.

The exfoliation method is used to prepare two dimensional MoS 2 nanoparticles that have a
single layer [42-44]. This method uses MoS 2 as a starting material. MoS 2 is a layered
compound and with this method n-butyllithium is intercalated' between the molecular
layers. The sample is then immersed in water. The butane gas evolved by the reaction of nbutyllithium with water exfoliates the MoS 2 and produces material consisting of very thin
sheets.

In heterogeneous catalysis, the formation of sub-micrometer sized catalyst particles is of
considerable importance in that the large surface area available for reaction may increase
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the reactive sites/mass ratio and enhance the catalytic activity per site for structure
insensitive reactions [45]. As a result, a number of researchers have demonstrated that
submicronlnano sized catalyst particles can be synthesized by microemulsion mediated
methods[46-48].

The advantage of a microemulsion-based route is that it is a soft

technique, i.e. it does not require extreme conditions of pressure and temperature [47].
Generally water-in-oil microemulsions are used since the size of the produced particles are
restricted by the size of the water droplets in oil.

A microemulsion is defined as athermodynamically stable dispersion of two immiscible
liquids consisting of micro-domains of one or both liquids stabilized by an interfacial film
of surface active molecules [49], shown in Fig. 2.4. In water-in-oil microemulsions, the
aqueous phase is dispersed as microdroplets surrounded by a monolayer of surfactant
molecules in the continuous hydrocarbon phase [50].
microemulsion

Li
quid II
Droplet size <0.! pm

interfacial film

Figure 2.4

-

Illustration of microemulsion, in which the liquid Istabilized by an interfacial
film is dispersed in the liquid 11
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The microemulsion mediated method has been used to synthesize various materials, such as
barium ferrite, which has traditionally been used in permanent magnets [49], TiO 2/SiO2
particles, which are titania-based photocatalysts [51], and inorganic particles like MnCO 3,
which is widely applied in chromatography columns as catalysts and as fluorescence
powders

[52]. The common methodology to prepare these kinds of water-in-oil

microemulsions involves dispersing a solution of the relevant metal salt into organic
solvents like cyclohexane, n-hexane or toluene with surfactants.

Some research has been done on the synthesis of hydrocracking catalysts via a
microemulsion route [45, 46]. The catalyst particles include Fe, Co, Ni and Mo. These
studies demonstrated that the preparation of hydroprocessing catalyst particles via
microemulsion is feasible and has the potential to ensure ahigh dispersion of the catalyst
particles in heavy oil.

There are also other preparation methods for dispersed catalysts, such as mechanical
milling[40]. In this case, commercially available molybdenum catalysts were mechanically
milled with coal. Small particle sizes (as small as 40 nm) and high specific surface areas (as
large as 120 m2/g) were produced.

In summary, preparation methods like exfoliation and mechanical milling are very
expensive (the starting material is commercial MoS 2)and may be difficult to operate on
industrial scale. But the resulting nano-MoS 2 can help understand the nature and structure
of dispersed

catalysts.

In-situ decomposition of molybdenum precursors

and the

microemulsion methOd are more practical for industrial use. But for in-situ generation of
Mo catalysts, water-soluble precursors are used more for coal liquefaction. Whereas oilsoluble precursors are very expensive and their activity is restricted by their solubility in
heavy oil [53]. In addition, the characterization of the catalyst is always performed after the
reactivity test and aseparation of the catalyst from the reaction mixture is required. The
catalysts recovered from the reaction mixture contain coke, the presence of this coke affects
the properties such as the surface area and pore size distribution of the catalyst. The
microemulsion-mediated route can increase the dispersion of the catalyst in the heavy oil
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reactant because the oil phase is very soluble in heavy oil, and the characterization of the
catalyst sample can be performed before the catalyst is fed into the reactor. So the catalyst
properties are known and can be well controlled before they get into reaction media. But
the continuous oil phase has to be pure solvent like toluene, n-hexane or cyclohexane.
These solvents are very expensive and have no advantage in terms of industrial application.

An alternative to the microemulsion-mediated route is to use an emulsion, which does not
require pure solvent as continuous oil phase. Any hydrocarbon can be used to produce an
emulsion, such as vacuum gas oil. This method is described in several patents. Moll, et al
described an emulsion mediated route to prepare a hydrogenation catalyst which is
applicable to the liquefaction of coal [54, 55]. As well as Pereira, et al patented amethod
regarding an emulsion prepared catalyst for steam conversion process[56].

2.5 Water/oil emulsion

Unlike microemulsions, which are thermodynamically stable, transparent and can form
spontaneously, emulsions are thermodynamically unstable and not transparent. Prior to the
discussion of the synthesis of Mo dispersed catalysts via emulsions, abrief discussion of
the definition and classification of emulsions is necessary.

An emulsion is a heterogeneous system, consisting of at least two liquid phases
immiscibles, intimately dispersed in another in the form of droplets, whose diameters, in
general, exceed 0.1 p.m. Such systems possess a minimal stability, which may be
accentuated by additives such as surface-active agents or finely-divided solids[57].

Two types of emulsions are distinguished in principle, depending upon which kind of liquid
forms the continuous phase (Figure 2.5) [58].
a.

Oil-in-water (O/W) for oil droplets dispersed in water

b. Water-in-oil (W/O) for water droplets dispersed in oil
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Water-in-oil (01W) emulsion

Oil-in-water (01W) emulsion

Figure 2.5

-

Types of simple emulsions

But the stabilzation of emulsions usually requires the use of emulsifiers or surfactants,
which are molecules that embody both lipophilicity and hydrophilicity. The selection of
emulsifiers is based on the balance of these capabilities.
The Hydrophillic-Lipophillic Balance (HLB) is a key concept for choosing emulsifiers.
Hydrophilic refers to the portion of the surfactant that is soluble in the aqueous phase, while
lipophillic refers to the oil soluble portion of the surfactant. The value of HLB ranges from
Ito 20. Low HLB emulsifiers are soluble in oil while high HLB emulsifiers are soluble in
water. Bancroft's rule tells us that the type of emulsion (i.e. oil in water or water in oil) is
dictated by the emulsifier and that the emulsifier should be soluble in the continuous phase
[59]. Low HLB emulsifier's (values are between 3and 8) are soluble in oil and give rise to
water in oil emulsions. The value of HLB is calculated by:

HLB

=

20(l—)
A

(2.2)

Where Sis the saponification number of the ester and A is the acid number of the resulting
acid. The saponification number is the mass in mg of potassium hydroxide required to
saponify (which comes from the Arabic: sapoon, or to make soap from fat (oil)) one gram
of the acid plus ester. The acid number is the number of mg of potassium hydroxide
required to neutralize one gram of acid plus ester.
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2.6 Decomposition of ammonium heptamolybdate tetrahydrate

In this study, ammonium heptamolybdate (AHM) will be used as acatalyst precursor to
produce dispersed molybdenum oxide because ARM is the starting precursor of the
industrial Mo based catalysts, and it is the main precursor used for a broad literature
investigation[60]. The decomposition of ARM in the presence of sulfur compounds results
in MoS 2 catalysts. The decomposition of ammonium heptamolybdate proceeds in steps.
The overall reaction of the thermal decomposition of ammonium heptamolybdate
tetrahydrate to MoO 3proceeds in air as follows[6 1]:

(NH 4)6Mo 7O24 94H2 0

267-325°C

>7MoO3 + 7H20 + 6NH3

(2.3)

The amount of the materials required, such as the amount of ARM, will be calculated based
on equation 2.3.

2.7 Summary

A variety

of new

techniques

have

been

developed

to

produce

ultradispersed

hydroconversion catalysts. Most research was done with in-situ decomposition of
molybdenum

precursors,

which

are

either' water-soluble

or

oil-soluble.

But

the

disadvantages of this method are that the particle, size and other properties before
hydroconversion cannot be determined, and the dispersion of catalysts is limited by the
solubility of catalyst precursors (oil-soluble).

The micro emulsion mediated route has advantages in that the particle size and other
properties can be well analyzed before hydroconversion. But this method Js not practical on
an industrial scale because apure oil phase has to be used to prepare the microemulsion.

As an alternative to the above two approaches, dispersed molybdenum catalysts can also be
generated by flashing and decomposition of emulsions containing Mo salts dissolved in the
aqueous phase dispersed in an oil solvent, the decomposition can be carried out in a

21

continuous way, aligned for instance with ahydroconversion reactor. The advantages of
this approach are that the molybdenum catalyst particles can be produced continuously and
their dispersion and particle sizes can be manipulated and improved before they are fed into
the hydroconversion reactor. The present study aims at obtaining submicron sized
molybdenum catalysts

from water-in-oil emulsions in a continuous mode, by controlled

ways. So far no published literature refers to the synthesis of molybdenum catalysts in a
continuous mode with emulsion-mediated routes. This process will be more appropriate for
on-line

production

of upgraded

heavy

oils

in

refineries.

The

scenario

of the

hydroconversion process versus conventional hydroconversion process is shown in Fig. 2.6.

Conventional hydroconversion
process with supported catalysts

Hydroconversion process with
dispersed catalysts

Upgraded
products.
gases, etc.

Conventional supported
catalysts: Co-Mo or Ni-Mo
supported on Alumina

Upgraded
products,
gases, etc.
catalysts

Catalyst bed

Feed

Hydrogen and

Hydrogen

Figure 2.6

Dispersed Catalysts Feed

-

Hydroconversion process with dispersed catalysts versus conventional
hydroconversion process

Using water-soluble molybdenum salts is feasible and inexpensive for this purpose. The
continuous oil phase is selected based on easy availability of oil effluent from refineries.
Furthermore ammonium heptamolybdate (AHM) is the cheapest molybdenum precursor
and easy to obtain, also, its thermal decomposition is well known and the decomposition
products are pure. Therefore AHM will be used in this study.
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The emulsion-mediated synthesis of micron/nano (submicron, less than 1 x

106

m)

particles is a promising nano-technique in material science since submicron particles
exhibit more useful properties than bulk materials, such as catalytic activities. Particularly
in catalysis, controlled synthesis is of primary importance because the size of the particles
is one of the main parameters in the control of the catalytic activity and selectivity [47].
Many efforts have been made to synthesize nanoparticles with controlled morphology and
structure. Among them, the use of emulsions seems to be applicable for submicron sized
molybdenum catalyst synthesis.
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Chapter 3

Experimental Methods

Molybdenum oxide particles were prepared in a continuous mode in a water-in-oil
emulsion. A two-level full factorial experimental design was used to determine the number
of experimental runs needed for the statistical analysis. This chapter is divided into two
parts: preparation of molybdenum oxide particles and the characterization of the produced
particles.

The

experimental

procedures

are

described

for

the

preparation

and

characterization of Mo particles.

3.1 Molybdenum oxide catalyst preparation in water/oil emulsion

Molybdenum oxide particles are prepared by the decomposition of awater/oil emulsion, in
which the dispersed phase is an aqueous phase containing a molybdenum salt and the
continuous phase is an oil phase whose boiling point should be higher than the
decomposition temperature of the molybdenum salt in the emulsion.

In a water/oil

emulsion, asurfactant layer formed between water and oil phases makes the two phases
compatible with each other. The Hydrophillic-Lipophillic Balance (HLB) value of the
surfactant for making awater-in-oil (W/O) emulsion is in the range of 3-8.

3.1.1 Materials and equipment
Distillated vacuum gas oil (VGO) whose boiling point range is 343 °C and higher was used
as the continuous phase in this study. The dispersed phase is deionized water.. The catalyst
precursor used is ammonium heptarnolybdate tetrahydrate (AHM, Sigma-Aldrich, ACS
reagent). The emulsifying agent (surfactant) is Span 80 (HLB=4.3, Rugar Chemicals, Inc.).

The properties of the materials are shown in Table 3.1 and Table 3.2 below.
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Table 3.1

-

The properties of the materials

Property

Values

Ammonium heptamolybdate molecular weight

1235.86 glmol

Molybdenum molecular weight

95.94 g/mol

MoO3 molecular weight

143.94 glmol

Ammonium heptamolybdate solubility in water at 25 °C

63.5g/lOocm3 H20

Table 3.2
Oil

-

The properties of vacuum gas oil (VGO) and light oil
Boiling point

Density@l 5.0°C

Viscosity@25°C

Heavy VGO

Above 343°C

0.9005 g/cm3

168.6 cps

Light oil

Below 343°C

0.8710 g/cm3

6.3 cps

The sample calculation for the amount of water, catalyst precursor and VGO required is
based on the following equation (2.3). The detailed calculation can be seen in Appendix B.
(NH4)6Mo 7O24 '4H20

267-325°C

>7MoO3 +7H20+6NH3

(2.3)

A Hamilton blender is used as a mixer to prepare W/O emulsion. The reactor for the
decomposition of AHM consists of astainless steel tube 0.25 cm in diameter and 30 cm in
length (shown in Fig. 3.1), which is contained within afurnace (Linberg model 55035-A).
Two Cole Parmer syringe pumps are used to ensure that there is a continuous emulsion
flow in order to avoid sudden flow changes, which can cause significant and undesirable
temperature fluctuations. The experimental setup is shown in Fig. 3.1. The liquid and solid
mixture is separated with atable-top multipurpose centrifuge (Rose Scientific Ltd.).
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AHM

Surfactant (Span 80)
VGO

Emulsion Preparation
Vessel

I=0min
\.lining speed =4700

Furnace
Decomposition Unit
Syringe pump
Flowrate: 210-420 mlibr
thermocouple

T =250C

-

350C

30 cm

-

S

Thtcknous0.035(0.O889cm)

VGO
MoO2, MoO3
Mo Hydrates

Decomposition unit
Stainless steel tube
Volume of the tube =7.023 cm3

W (0635cm)

Figure 3.1 —Experimental setup for producing molybdenum particles in acontinuous mode

3. 1.2Experimental' design
Due to the originality of the present study, the selection of experimental parameters is
based on two principles: variables found to be relevant from literature and patents, and
availability of material and equipment.

There are two

'
groups

of variables that are involved in the continuous production

f

molybdenum cataiyt naioparticles: ones selected to the emulsion, such as emulsifier agent
(surfactant), amount of surfactants, continuous phase (oil/hydrocarbon) and stirring speed
(RPM); and ones selected to the nature of the catalyst and process, such as pressure,
water/emulsion ratio, fiowrate, decomposition temperature and the concentration of
molybdenum salt (ammonium heptamolybdate). Each variable will be discussed in turn.
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The

ammonium

heptamolybdate

decomposition

process

is

performed

under

the

atmospheric condition due to the complexity of the system and the resources available. This
is the first choice.

The surfactant used to generate water-in-oil emulsion could in principle be any type of
surfactant, such as cationic, anionic and nonionic [62]. A nonionic surfactant, Span 80 is
used in the present study whose HLB value is 4.3. The anionic and cationic were eliminated
because they contain metal ions. The idea is to avoid the presence of chemical elements that
could alter the nature and form of the catalyst during the decomposition.

The amount of surfactant is kept at 6grams; for each run the amount of oil used is fixed at
200 grams. Therefore the surfactant to oil ratio is constant and equivalent to 3wt% and the
emulsion forms. Prior tests were performed by mixing 6grams of Span 80, 200 grams of
VGO and 50 grams of distillated water together, an emulsion with milkish appearance was
observed.

Since the boiling point of the oil phase has to be around the upper limit of the
decomposition temperature of molybdenum salts studied (350°C). Vacuum gas oil (VGO)
oil is used in the present study. The boiling point of the distillated VGO is 343°C and
higher.

The stirring speed used to prepare the water/oil emulsion is set at Hi-mix scale (equivalent
to 4700 RPM) for 6 minutes. These conditions produce a milkish appearance of the
water/oil emulsion, which is stable for 3days[63].

After the first set of variables are determined, four variables remain to be considered
important in the present study and what level of the remaining variables are optimal is to be
determined. (a) Water/emulsion ratio: in the range of 0.1

0.2 (the amount of oil is fixed at

200 grams, so the water/emulsion ratio is corresponding to water/oil ratio of 0.11

-

0.25),

the water/emulsion ratio selected is based on the data from the reference [56]. As well as
too much water will cause too much vaporization and temperature fluctuation. In the trial
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and error experiment, 40% of water/emulsion was used, severe temperature fluctuation and
vaporization was observed; (b) the concentration of ammonium heptamolybdate (A-HM): in
the range of 0.1

0.3, the concentration of ARM solution is selected based on the

references [55] and [64]. The solubility of ARM in water at 25°C is 63.5%, the
concentration too close to its saturation point should be avoided; (c) emulsion flowrate:
ranging from 210.0 ml/hr to 420.0 ml/hr, 420.0 ml/hr is based on the limitation of the
syringe pumps used, the lower limit of 210.0 ml/hr is the half of the upper limit of 420.0
ml/hr; (d) AHM decomposition temperature: in the range of 250
decomposition temperature of ARM in air is in the range of 267

°C

to 350

°C.

The

325°C, the present study

set the studied range of the ARM decomposition temperature to 250

350°C which is

wider than the decomposition temperature in air, in order to study the decomposition of
ARM in the emulsion. The ranges of each variable are summarized in Table 3.3; the
optimized variables were studied in the experimental design.

Table 3.3

-

Experimental variables and their ranges

Fixed variables
Pressure

=

Optimized variables

1atm

10% <Water/emulsion ratio <20%

The amount of the surfactant = 6grams
The amount of VGO oil
The stirring speed
The mixing time

=

=

=

10% <ARM concentration

200 grams

4700 RPM

<

30%

210.0 ml/hr < Flowrate < 420.0 ml/hr
250°C

<

Decomposition temperature <.350°C

6minutes

Note: % = wt%.

Continuous production of molybdenum particles with micro/nano sizes is a unique
characteristic of the present study and so far has not been claimed in the open literature.
Numerous factors may be involved in the process of formation of nanosized molybdenirin
particles: the physical conditions (pressure, temperature, flowrate, and concentration, etc.),
the nature of emulsion, etc. It is critical to identify important parameters with the least
amount of experimental runs [65].
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Conventional parametric studies are performed on astep-by-step basis, which consist of
studying the influence of one parameter while keeping the other variables constant. Varying
only one factor at a time is time-consuming because the number of experimental runs
increases rapidly with an increasing number of variables. Also, the conventional parametric
studies may skip information on possible interactions between the factors being studied
[66]. Statistical experimental design varies several factors simultaneously according to a
pre-determined pattern, yielding maximum information with minimum number of trials
[67].

In the present study, atwo-level full factorial design is applied. Factorial design has been
used successfully for many years in experimental works [68]. The factorial design can be
applied to great advantage to continuous synthesis of molybdenum particles to allow the
systematic study and the interactions of important variables and their effects on particle
sizes.

In a two-level full factorial design allows the selection of the maximum and minimum
values of aset of variables affecting the process are chosen. The minimum and maximum
values of each variable are called the low and high levels, respectively. The two-level full
factorial design is considered to be screening designs and used in the early phase of
engineering project[69]. In the screening stage of an engineering project, the goal is to. find
out how sensitive the change of two levels would affect the response.

The number of runs,

f, required to perform atwo-level factorial design is given by:
(3.1)

Where 2is the number of levels of each variable, and ais the number of variables under
investigation.
In the present study, the factorial technique is used to investigate the effects of four
important variables affecting molybdenum particle sizes. The response is the size of the
produced molybdenum particle, which will be measured by dynamic light scattering
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technique (explained later). These variables and their ranges (levels) are listed in Table 3.3
(optimized variables).

According to Equation 3.1, the number of experimental runs to be performed is 24= 16
runs. In addition to the 16 runs, which include all possible combinations of variables, three
center points are incorporated into the factorial structure. Data from center points provides
(1) estimates of pure error; (2) estimates of curvature.

In the present study, Design Expert 6.0.3 Wiley

-

Stat-Ease experimental design software is

used. Stat-Ease is software for designing an experimental plan. It couples acomprehensive,
step by step strategy with advanced mathematical routines.

After the variables to be studied are determined and the range (levels) of them is set, these
variables were entered into the Stat-Ease software. The following table (Table 3.4) shows
the corresponding experimental setup generated from the two-level full factorial design in
which there are 19 runs to be performed in total.
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Table 3.4
Run No.

-

Experimental setup according to atwo-level full factorial design

Water/oil ratio

Concentration of AHM

Emulsion

Decomposition

solution

fiowrate, ml/h

temperature, °C

1

0.20

0.10

420

250

2

0.20

0.30

420

350

3

0.10

0.30

420

350

4

0.15

0.20

315

300

5

0.20

0.30

210

250

6

0.20

0.10

210

350

7

0.15

0.20

315

300

8

0.10

0.30

210

250

9

0.20

0.10

420

350

10

0.10

0.10

420

250

11

0.10

0.30

420

250

12

0.10

0.10

210

350

13

0.10

0.10

210

250

14

0.10

0.30

210

350

15

0.15

0.20

315

300

16

0.20

0.10

210

250

17

0.20

0.30

420

250

18

0.10

0.10

420

350

19

0.20

0.30

210

350

The size of the produced MoOx particles is selected as the response for the above
experimental setup. After the response is obtained, analysis of the data 1
6atf be performed.
The analysis procedure for atwo-level full factorial design is (1) to form the initial model;
(2) to perform statistical testing; (3) to refine the model; (4) to analyze residuals; and (5) to
interpret results[66]. R-squared (R) is an estimate of the fraction of the overall variation in
the data accounted for by the model (defined in Equation 3.2). Generally, an adjusted R2 is
used for designed experiments (adjusted R2is defined as R-squared adjusted for the number
of parameters in the model relative to the number of points in the design, defined in
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Equation 3.3). When the statistical testing is performed, the closer the adjusted R2 value is
to 1.0, the more accurate the model is, leading to abetter model that can describe the
studied experimental process. In other words, the coefficients calculated from the model are
more accurate and reflect the real main effects and involved interactions.
R2

=

SS ridiial

1

(3.2)

SSmod el + SSresidiia1

SSresid,
(al

Adjusted R2 =I

DJ

(dtial

(3.3)

+ SSmOd el

Is.DF,.Idital

+ DFmodel

where:
SS: sum of square distances from the mean due to an effect, an effect is defined as the
change in an average response when afactor goes from its low level to its high level.
DF: Degrees of freedom for the model; which equals the number of model terms, minus
one.

Table 3.5 shows the four variables selected to perform the parametric study with high, mid
and low points for each variable. The statistical model utilized in this study is the second
order two-factor interaction factorial model (2F1 factorial in Design Expert 6.0.3 Wiley

-

Stat-ease software, Equation 3.4) to analyze the response, the dynamic light scattering
(DLS) diameter of MoOx particles, and finl out the main effects and interactions on the
synthesis process.

Table 3.5

Coded variable name key

Coded
Actual
variable
variable name
A
Water/emulsion ratio, wt%
B
Concentration of AHM, wt%
C
Emulsion flowrate, ml/hr
D
Decomposition temperature, °C
Note: AIIM = ammonium heptamolybdate

Low level
-1
10
10
210
250

mid point
0
15
20
315
300

High level
+1
20
30
420
350
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A factorial model is composed of a list of coefficients multiplied by associated factor
levels. That model is in the form of:

y=fl0 +/31A+/32B+fl3C+/312 AB+/313 AC+

Where J3

(3.4)

is the coefficient associated with the factor n and the letters A, B, C, etc.

represent the factors in the model. eis the error term in the model. The low level is coded
as —1, the midpoint is 0 and the high level is +1. Combinations of factors (such as AB)
represent an interaction between the individual factors in that term. In afactorial design, it
is assumed that the measured properties (e.g. y the DLS diameter of Mo oxide particles)
-

can be expressed as afunction of experimental variables. The statistical analysis of the
model (Equation 3.4) aims at obtaining the value of the coefficients

(l)

associated with the

considered variables (A, B, C and D).

The regression is done in coded units (Table 3.5) and the coefficients are based on that
coding. The actual equation that is reported is derived from the coded equation.

3.1.3 General experimental procedures
The general experimental procedures are as follows:
1. Prepare water-in-oil (W/O) emulsion.
2. Decompose the prepared W/O emulsion.
3.

Separate the decomposed products.

4. Analyze and characterize the collected products.

In order to demonstrate the experimental procedure more in details, the parameters of run
#1 will be used as an example. Unless otherwise stated, the next two sections will refer to
run#l, in which water/emulsion ratio is 0.2 wt%, the concentration of ARM solution is 0.1
wt%, the emulsion fiowrate is 420 mI/h and the decomposition temperature is 250 °C.

According to the parameters involved in run #1, 200 grams of VGO is weighed in a400 ml
beaker and then 6 grams of surfactant is put in the same beaker with a syringe. ARM
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solution is prepared by dissolving 5.56 grams of AHM in 50 ml distillated water. Finally
the VGO, surfactant and AHM solution are mixed in a blender for 6 minutes at
approximately 4700 RPM to form an emulsion.

Two 50 ml syringes are filled with the emulsion prepared as indicated above and then each
placed in a50 ml syringe pump. The flowrate of the syringe pump is set at 420 ml/h. In
order to get to the required temperature, which in run #1 is 250 °C, the furnace has to be set
one hour prior to flowing the prepared W/O emulsion. In addition, it starts with ahigher
temperature and is to be preheated to this temperature. Therefore the furnace is set the
temperature which is higher than the required one for 1hour. The starting temperature is
recorded as 621 0C. The prepared emulsion starts flowing through the decomposition unit
(shown in Fig.3.1). The temperature has to be watched carefully through the thermocouple
inside the decomposition unit. When the furnace temperature reaches 250°C after about 40
ml of emulsion have flown through, the liquid product starts to be collected using a1000
ml beaker. The material at T> 250°C is discarded. In order to perform another run, anew
decomposition reactor is used.

After collecting the liquid product, a2ml sample of the liquid is taken out and put into a30
ml vial. 20 ml of light oil (properties shown in table 3.2) are used to dilute the 2ml sample.
The diluted product is used as asample for dynamic light scattering characterization to
obtain the size of particles suspended in the liquid. The rest of the liquid product is
centrifuged and dried in order to perform characterization including X-ray diffraction and
BET surface area measurements.

An organic solvent, n-heptane, is used to wash the liquid product in order to obtain the
molybdenum solids. The collected decomposed emulsion is put into several 30 ml
centrifuge tubes. 8tubes at atime can be placed into the centrifuge. Then the centrifuge is
started and run for 15 minutes at 6000 RPM. A small amount of solids is obtained in each
centrifuge tube. The obtained solids are washed and centrifuged for another two times.
Then the centrifuge tubes with solids are put in the fumehood for 24 hours. Finally all
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solids are collected from each tube and put into one vial. The vial containing the collected
solids is placed in the oven for 72 hours at T = 120°C.

3.2 Molybdenum Catalyst Characterization

A number of characterization techniques were used in the present study to characterize the
nanosized molybdenum catalysts. A dynamic light scattering instrument was used to
measure the size of molybdenum particles. X-ray diffraction technique was used to confirm
the identity and structure of molybdenum oxides. Brunauer-Emmett-Teller (BET) surface
area measurement is conducted in aQuantachrome Autosorb- 1cto measure the surface area
of molybdenum particles. These methods are described in detail in the following sections.

3.2.1 X-ray diffraction technique
X-ray diffraction is a technique for characterizing materials. XRD technique provides
information on structures, phases, preferred crystal orientations (texture) and other
structural parameters such as average grain size, crystallinity, strain and crystal defects
[70]. XRD intensity peaks are generated by constructive interference of amonochromatic
beam scattered from each set of lattice planes at specific angles [71]. The type and
arrangement of the atoms constructing the unit cell are determined by the resultant
intensities [72]. Therefore, the corresponding XRD spectrum is useful in confirming the
identity of asolid material such as apowder sample. A search/match of astandard database
for X-ray powder diffraction pattern enables quick phase identification for alarge variety of
crystalline samples.

The theoretical consideration behind X-ray diffraction is based on the mathematical model
-

Bragg's law, which is described as follows:

n)L=2dsin9

where,

nis an integer
2is the wavelength

(3.5)
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dis the interplanar spacing and
9 is the diffraction angle

The corresponding graphic description of the above equation is shown in Fig. 3.2.
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Figure 3.2

-

The Graphic Demonstration for Bragg's Law [71]

When a monochromatic x-ray beam with wavelength 2 i
sprojected onto a crystalline
material at an angle 0, diffraction only occurs when the distance traveled by the reflected
rays from successive planes differs by acomplete number nof wavelengths.

By varying the angle 0, the Braggs Law conditions are satisfied by different d-spacings in
polycrystalline materials. Plotting the angular positions and intensities of the resulting
diffracted peaks of radiation produces a pattern, which is characteristic of the sample.
Where amixture of different phases is present, the resultant diffractograrn is formed by
addition of the individual patterns.
The analysis is performed according to the following procedure. The sample is prepared by
packing asmall amount of sample into ashallow cup. The sample is subjected to x-rays
while the sample rotates during the analysis to reduce any heating to the sample. XRD data
was collected using aRigaku X-ray diffractometer in the range of 5

70 0

(0 .02 0 per step
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and 1min per step), the step scan method and aNi-filtered Cu Ka radiation (2=l.54l78 A)
source. Crystalline phases were identified by search-match with standard phases using the
Jade 6.0 computer package and JCPD (Joint Committee for Powder Diffraction Standards)
files.

3.2.2 Dynamic Light Scattering (DLS)[73]
The dynamic light scattering (DLS) technique is also known as photon correlation
spectroscopy or PCS. It is anon-invasive technique for particle size measurement. Using
DLS, the Brownian motion of the particles is measured and the hydrodynamic size is
calculated using the Stokes-Einstein equation. Modern light scattering instrumentation can
measure particle sizes as small as 0.6 nanometers and as large as 6microns.

In DLS experiments, time-dependent fluctuations of scattered light intensity, I (t), due to
the Brownian motion are measured. Particles suspended in aliquid are subject to Brownian
motion (Fig.3.3). The Brownian motion is defined as random movement of particles due to
the bombardment by the solvent molecules that surround them. Brownian motion is
inversely proportional to size. A larger particle will diffuse more slowly than a small
particle. The intensity fluctuation caused by the Brownian motion contains information
about the dynamics of the scattering particles. The time variation of the scattered intensity
is analyzed by examining their autocorrelation function G ('r) ('r: time interval after t). From
this function, adiffusion coefficient can be derived.
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Solvent molecules
Suspended particles

Figure 3.3

-

Illustration of the Brownian motion [74]

For monodispersed particles, the autocorrelation function is expressed as follow [75]:

G(r)

=

A[1+Bexp(-2I'r)]

(3.6)

where A is the baseline of the correlation function, B is intercept of the correlation
function, F is d11 q2,d1,
is: diffusion cöeffiöient, q =

AOf?1

n is refractive index of

solution, Xo is wavelength of the laser, and 015 Scattering angle.

For polydispersed particles, the autocorrelation function is expressed as follows [75]:

G(z)

=

A[1+Bgi (
r)
2J

(37)
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where

gi

('r):

the sum of all exponential decays (see Fig. 3.4) contained in the correlation

function.
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Illustration of exponential decay

Then a digital correlator is used to compute the autocorrelation function. From the
autocorrelation function, the diffusion coefficient, d,1is obtained. Finally the hydrodynamic
diameter (illustrated in Fig. 3.5) of the particles is calculated by using the Stoke-Einstein
equation (Equation 3.8):

kT

where

D

is hydrodynamic diameter,

(3.8)

k is Boltzmann's constant, i is absolute

temperature, 77 is viscosity and d,, is diffusion coefficient.
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Illustration of hydrodynamic diameter

Equation 3.8 is usually applied with water is the media in which the particles are dispersed.
Water is apolar media and it is accepted that the equilibrium dissociation of that solvent
and the eventual charge of the particle create an ionic double layer that increases the
diameter of the particle. To account for that effect, the diameter calculated by DLS is
named hydrodynamic diameter. In our case, the particles measured are not charged or polar
micelles because the media is organic (covalent, non-ionic), and, thus, the ion charge layer
does not exist in this case (Fig. 3.5). Therefore, we prefer to name the diameter obtained by
analyzing our samples using the DLS technique as the "DLS diameter".

The particle size measurements of synthesized MoOx by dynamic light scattering (DLS)
was performed on aMalvern Zetasizer Nano series (Malvern, UK) equipped with a4.0mW
He-Ne laser (633 nm) operating at an angle of 173° and a temperature of 25°C. The
oil/solids pro duct was prepared according to the parameters as described in Table 3.3. The
diluted samples were transferred into adisposable cuvette (10 mm, Malvern Instrument)
and subjected to DLS measurement for particle size analysis. The Z-average is the
statistical mean of all particle sizes measured.
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Before starting DLS measurements, a standard operating procedure (SOP) has to be
established for all the samples, apreset SOP ensures that all the measurements are made in
a consistent way on the same type of samples. A SOP is similar to atemplate that predefines all the measurement settings[73]. The parameters of the SOP used in this study are
listed in Table 3.6. The result calculation is based on general-purpose mode, the sample is
measured at 25 °C with the thermal equilibration time of 5 minutes in a disposable
polystyrene cuvette.

Table 3.6

-

SOP parameters for dispersant and particles
Name

Viscosity'

@25
Dispersant

Light oil

Suspended particles

MoOx

Note:

Refractive

Adsorption

Index

Index

°C

6.291 cp

1.42[76]
3.71 [77] 2

0.001
0.300[73]

1. Overall viscosity: use the viscosity of dispersant;
2. 3.71 is the refractive index of Mo, not MoO2 or MoO 3;

3.2.3 Brunauer-Emmett-Teller (BET) surface area measurement
The standard method for measuring surface areas is based on the physical adsorption
(physisorption) of a gas on a solid surface. Usually the amount of nitrogen adsorbed at
equilibrium at its normal boiling point (77K) is measured over arange of nitrogen pressures
below 1atm [78]. Several layers of molecules maybe adsorbed on top of each other on the
surface under these conditions. Therefore the amount adsorbed when one molecular layer is
obtained must be identified in order to determine the surface area. The most widely used
method for determining the surface area of solid materials is the Brunauer-Emmett-Teller
(BET) method, which is based on the BET equation (Equation 3.9) as follows [79]:

1
W((FIP)-1)

=

1

WC

+

P)

I-

WC(P0

(3.9)

where: W is the weight of gas adsorbed at arelative pressure, P/P0 is the relative pressure,
P is the measured pressure, Po is the reference pressure, Wm is the weight of adsorbate

41

constituting amonolayer of surface coverage and C is the BET constant, it is related to the
energy of adsorption in the first adsorbed layer and therefore it is an indication of the
magnitude of the adsorbent/adsorbate interaction.

The surface area data in the present study is collected based on the multipoint BET method.
This method requires a linear plot of

W((P0 IF—i)

vs. PIP0.PIP0 is restricted to a

limited region of the adsorption isotherm, usually it is in arange of 0.03 to 0.30. A typical
BET plot is shown in Fig. 3.6.
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-

Typical BET Plot

The standard multipoint BET procedure requires a minimum of three points in the
appropriate relative pressure range. The weight of amonolayer of adsorbate W m can then
be obtained from the slopes and intercept Iof the BET plot. From equation (3.9):

5=

C—1

w;c

(3.10)

(3.11)
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(3.12)

5+1

Then the surface area can be calculated. The molecular cross-sectional area As of the
adsorbate molecule has to be known before this can be calculated. The
16.2

A2[80].

St

Acs

of nitrogen is

The total surface area Sof the sample can be expressed as:

(3.13)

-

M

where, N is Avogadro's number
weight of the adsorbate

(MWN2

=

=

6.023 x 1023 molecules/mol and M is the molecular

28 g/mol).

The specific surface area St of the solid can be calculated from the total surface area S and
the sample mass w:

(3.14)

The samples from the present study are characterized on the equipment Autosorb lc
(manufactured by QuantaChrome Instruments). Before BET measurements, the samples
were treated in

avabuum oven for 24 hours at T 225°C, then in aMuffle oven for 3hours
=

at T =400°C with atemperature ramping rate of 2°C/minute.

All samples were pretreated by outgassing at 250°C under vacuum. Physisorption was
performed with the adsorption of nitrogen at 77 K.

3.2.4 Light microscopy
Light microscopes use aseries of glass lenses to bend light waves and create amagnified
image. The optical microscope used in this study is aNational Model DC3-163 by National
Optical & Scientific Instruments Inc. The microscope is equipped with adigital camera,
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which is connected to acomputer. The software used to analyze the images is Motic Image
Plus 2.0. All microscope images taken are under the magnification of 100 times.

When performing light microscopy analysis, the sample was dropped on a slide, then a
cover was put on top of the sample. The slide was then put on the specimen holder ready
for analysis.

3.2.5 Scanning electron microscopy (SEM)
The SEM uses a beam of electrons to scan the surface of a sample to build a threedimensional image of the specimen [81]. A beam of electrons is generated at the top of the
microscope by means of heating ametallic filament. The electron beam travels avertical
path through the column of the microscope and makes its way through electromagnetic
lenses, which focus and direct the beam down towards the sample [81]. Once the electron
beam hits the sample, other electrons (backscattered or secondary) are ejected from the
sample. Detectors collect the secondary or backscattered electrons, and convert them to a
signal that is sent to aviewing screen, producing an image.
The SEM characterization is performed on Philips/FEI ESEM instrument equipped with
backscatter or secondary electron detector. The samples are prepared by first mounting a
carbon adhesive tab (12mm in diameter) on the surface of astub, then peptizing the powder
sample onto the carbon adhesive tab. Finally in order to improve the conductivity of the
sample, asputter coater is used to coat the sample iviih gold atoms.

3.3 Reactivity test
Two catalytic reactivity tests were performed on selected samples with different particle
diameters according to the infofmation obtained from DLS. The setup of the unit used for
the tests is shown in Fig. 3.7[82].

The reactor of the catalyst evaluation unit is made of swagelock fittings and composed of
the outer reactor and inner reactor, the schematic of the reactor is shown in Fig. 3.8. A bed
of the MoOx catalyst particles is placed on the surface of the metal mesh (100 mesh) in the
inner reactor. The reactant and hydrogen enter from the bottom of the reactor, flow through
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the annulus between the outer reactor and inner reactor, then come into the inner reactor.
The reactant and hydrogen pass through the MoOx catalyst bed. Finally the product effluent
comes out from the bottom of the reactor and go to GC for analysis.

The feed is composed of toluene and hydrogen. The reaction is performed at T =400°C and
hydrogen pressure

=

6.065 MPa with WHSV of 0.396 g HC/g Cat/hr (HC: hydrocarbon,

Cat: catalyst).

The GC is used to analyze the products coming out of the reactor effluents. The
specification of the GC column: PONA (Hewlet

-

Packard: length: 50 m, inner diameter:

0.2 mm, film thickness: 0.5 micrometer).

Figure 3.7

-

Schematic of reactivity test unit [82]
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-

Schematic of the reactor used [821
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Chapter 4

Characterization Results

4.1 Particle Size Measurements from Dynamic Light Scattering (DLS)

The dynamic light scattering (DLS)

technique has been widely applied to

the

pharmaceutical, the cosmetics and the polymer industries for years. DLS can also be used
for the characterization of microemulsion-derived particles. For vacuum gas oil (VGO)
derived particles, the application of DLS is novel. The results of particle size and
measurement methodology are described in this chapter.

4.1.1 Effect of dispersant on measurements
Unlike DLS applications for pharmaceutical and polymer industries whose dispersant is
very pure, the dispersant in this study is light oil. The sample (mixture of molybdenum
oxide solids and VGO with boiling point 343°C+) for DLS is prepared by dilution with
light oil. Therefore, it is very important to know if the DLS instrument actually measures
the particles suspended in the light oil instead of any impurities in the light oil.

A blank run was performed with only the oil used for dilution to ensure that this oil
contains no particles. The correlogram graph is shown in Fig. 4.1 to demonstrate the
difference between the sample with Mo particles and the pure oil sample. Fig. 4.1
demonstrates that the intensity of the pure oil sample is very weak compared to that of the
Mo sample. Therefore the effect of light oil on the particle size measured by DLS can be
assumed negligible.

To further confirm the validity of DLS results obtained, light microscopy is used to verify
the existence of Mo particles in the light oil. Fig. 4.2 shows the comparison of the image of
light oil and the image of light oil with MoOx particles.
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Comparison of DLS measurement on the light oil with and without suspended
particles by correlogram
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Figure 4.2

-

Comparison of the light oil and sample by light microscopy
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4.1.2 Sonication
The sample prepared according to the method mentioned in chapter 3 was composed of
agglomerates (Fig. 4.3

-

a), these agglomerates will affect the measurements from DLS

instrument. So it was necessary to break these agglomerations by sonication, and the
sonication time was then studied.

The amount of time required for sonication was studied by both DLS and light microscopy.
Two samples Run#4 and Run#7 were studied in order to find the proper amount of time for
sonication. Table 4.1 lists DLS results and Figure 4.3 shows images for samples sonicated
for 0minutes, 20 and 30 minutes.

Table 4.1

-

The amount of time for sonication

Sonication results by DLS
Run#4

Run#7

Z-average, rim

Z-average, rim

Without sonication

2031

2110

Sonicated for 10 min

1236

Sonicated for 20 min

1000

1097

Sonicated for 30 min

1271

1266

From the above table (Table 4.1), it was found that 20 minutes is a sonication period
enough to reach close to the maximum redispersion attainable in apractical way. For both
samples, the same trend was found: at 20 minutes, both Z-averages decreased; further
sonication at 30 minutes, resulted in an increase in the Z-average for the samples. The
microscopy images of run#4 indicated the same trend as DLS, which are shown in Fig. 4.3.
The reason for the rèinóreased Z-average at 30 min is not known at this point.
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a: Run#4-without
-

sOIIiCatiOJL
-

-

b: Run#4-20 min sonication

6tn

C:

Run#4-30 min sonication

Figure 4.3 —Light microscopy study on the samples from Run#4
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4.1.3 DLS results
Based on the finding that the amount of time required for maximum redispersion via
sonication is 20 minutes immediately before examination in the DLS instrument. The
samples from the 19 experimental runs were sonicated for 20 minutes. The samples were
obtained according to the procedure and with the setup shown in the experimental section
of this thesis. The DLS diameter, Z-average obtained from the DLS measurement is used as
the response in the experimental design[73]. The intensity distribution and Z-average of
run#17 are shown as an example in Fig. 4.4. The intensity distributions of 19 samples are
shown in Appendix D. The values of the measured Z-averages by DLS before and after
sonication are listed in Table 4.2.

Z-average

=

172 nm

Peak Imean: 162 nm
Peak 2mean: 2010 nm
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Figure 4.4

-

The intensity distribution and Z-average of run#17 after sonication

Figure 4.4 shows that the Z-average of run#17 is 172 nm, which comes from its
correlogram with cumulant analysis. The intensity distribution of run#17 is based on the
distribution analysis and shows two peaks, one is at 162 nm and the other is at 2010 nm.
The Z-average of run#17 (172 nm) is the statistical mean and is between 162 nm and 2010
nm. The intensity distribution indicates that there are some particles with the size around
2010 nm (the second peak in Fig. 4.4). These big particles might be the agglomerates
suspended in the light oil.

Since only one response is required in order to proceed with the experimental design, the Zaverage represents the average of the particles and thus is appropriate as response data.
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Therefore the Z-averages of all 19 samples after sonication will be used as response data
for the following experimental design.

Table 4.2
Run

-

Particle size results by DLS

Coded variables

No.

A

B

C

D

Z-averages

Z-averages

Before sonication, nm

After sonication, nm

±5%

±5%

1

0.20

0.1

420

250

1246

607

2

0.20

0.3

420

350

2702

1364

3

0.10

0.3

420

350

2147

1630

4

0.15

0.2

315

300

2031

1000

5

0.20

0.3

210

250

514

319

6

0.20

0.1

210

350

2758

1544

7

0.15

0.2

315

300

2110

1097

8

0.10

0.3

210

250

1056

258

9

0.20

0.1

420

350

1764

1128

10

0.10

0.1

420

250

1041

341

11

0.10

0.3

420

250

756

329

12

0.10

0.1

210

350

1953

1025

13

0.10

0.1

210

250

852

299

14

0.10

0.3

210

350

2469

1556

15

0.15

0.2

315

300

2550

982

16

0.20

0.1

210

250

1392

493

17

0.20

0.3

420

250

193

172

18

0:10

0.1

420

350

2558

1086

19

0.20

0.3

210

350

2535

4149

Table 4.2 shows that the DLS diameter of the produced MoOx particles can be as small as
170 nm (run#17) and as large as 2500 nm (run#19). The Z-average of run#19 is taken as
2500 nm because its Z-average after sonication became larger. The analysis of this
problematic run will be discussed in the following chapter. The particle sizes vary due to
different

synthesis

conditions

(different water/emulsion ratio,

AHM

concentration,

emulsion flowrate and decomposition temperature). The bar chart in figure 4.5 compares
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the particle sizes obtained from DLS. At this point it is convenient to indicate that the
particles were measured as fast as experimentally possible after their production via fast
flashing of the emulsions and subsequent decomposition of the Mo salt. At this stage of the
research there is not certainty on when and where agglomeration is occurring.

DLS diameters, nrr
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Figure 4.5

-

Particle size measured by DLS as afunction of run numbers

From table 4.2 and Fig. 4.5, it can be concluded that continuous production of micro/nano
Mo particles in emulsion-mediated is feasible. Varying processing conditions can vary the
sizes of the produced molybdenum oxide particles.

4.1.4 Correlogram analysis of the sizes
In the dynamic light scattering analysis, acorrelogram gives information on how good a
measurement can be by analyzing the data fit. In all DLS measurements in the present
study, all correlograms are quite similar in terms of data fit and baseline noise (bumps at
the tail of decay curve). Figure 4.6 shows atypical correlogram of this study. The baseline
noise can be seen and is an indication of the existence of big particles or agglomerations.
This noise was also explained by light microscopy shown in the previous section (Fig.4.3),
the agglomerates exist in the sample. Even with sonication, all the agglomerations cannot
be broken and big particles still affect the final Z-average, which is a statistic mean of
particle sizes. But overall, the curve in the correlogram is very smooth and data fit error is
0.0002, afit error of less than 0.005 is considered as agood fit [75].
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Figure 4.6

-

Typical DLS correlogram of MoOx particles suspended in light oil

Although the fit appears good based on the correlogram, the drawback to DLS is that there
is not certain on whether agglomerates and not individual particles are measured. DLS
technique can be applied to the system in the present study. However, the application of
DLS to the system in this study has limitations in that the measured sizes can be affected by
the sizes of agglomerations, indeed it is presumable that what is being measured are
agglomerates diameters with perhaps some contributions from single individual particles,
with presumably smaller single particles forming the agglomerates due to their increased
lack of atomic coordination accomplished. The dispersant in this study is light oil, which is
anon-polar media so the ion charge layer can be negligible in this sense, the hydrodynamic
diameter of the particles being measured should become closer to the effective diameter of
the particles if the agglomeration process were prevented or avoided. The agglomeration is
then exaggerating the sizes of the individual particles, as it will be evidenced further.

However, the DLS still gives information on size variation and proportionally could reflect
the evolution tendency of size for the particles with the variations of the preparation
parameters. This theory has to be further confirmed ,by other particle analysis techniques.

The particle sizes by DLS will be used as response data in two-level full factorial design in
section 4.4 to find out the most important parameters of the synthesis process in this study.
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4.2 Scanning electron microscopy (SEM)

Typical SEM pictures are shown in Fig. 4.7. SEM images with different magnification (Fig.
4.7) of run#4 revealed that the MoOx particles are homogeneous and spherical in shape
with sizes around 100 nm. These SEM images also indicated that the MoOx particles are
agglomerated.
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Figure 4.7

-

The SEM micrograph of run#4 at four different magnifications. The box
indicates the area enlarged in subsequent images

Figure 4.8 shows the SEM images for run#2 (a), run#8(b), run#14(c) and run#18(d). The
MoOx clusters produced by run#2 (a) indicated the amorphous structure of MoOx particles.
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Run#8 (b) and run#1 8(d) shows partial amorphous structure, as well as individual particles
are visible (around 100 nm). Run#14 shows the sizes of the particles are around 500 nm to
800

nm.

By varying the experimental conditions, different sizes and morphologies of the produced
particles are produced.
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The SEM micrograph of particles produced from run#2(a), run#8(b),
run#14(c) and run#18(d)

4.3 X-ray diffraction (XRD) results

The structural nature of all 19 samples was depicted from the XRD patterns. All XRD
spectra exhibited amorphous patterns (appendix E). Figures 4.9 and 4.10 are representative
of all samples.
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The samples in Fig. 4.9 are a mixture of amorphous and crystalline phases. The first
amorphous broad peak is located at the main peak of(-11 1) plane of MoO2 crystal. A broad
envelope beginning approximately at 20

53° and continuing to 20

=

=

66.5°, contains

several peaks. Peaks at about 53° correspond to (211), (-220), (-312), (-222), and (-213)
planes of MoO 2 crystal. Therefore the sample can be considered as an amorphous M002.
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XRD pattern of Run #14

Fig. 4.10 shows the XRD results for Run#17. It can be observed that the solid is of poor
crystallinity and exhibits an amorphous pattern. The first broad peak is located at the peak
of (100) plane of MoO 3 crystal, the second broad peak is located at the main peak of (210)
plane of MoO 3 crystal and the third broad peak is located at the peaks of (211), (-220),

(-

312), (-222), (-213) planes of MoO2 crystal, the sample can be considered as amixture of
amorphous MoO 3and MoO2.
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XRD pattern of MoOx particles obtained from Run #17

The broad peaks shown by the XRD patterns of the above two runs are an indication of
incomplete or insufficiently crystallographic construction typical of nano-particles because
these peaks are very wide, in contrast with single crystals have sharp narrow peaks
resulting from abundant bulk atoms. Figure 4.11 shows the spectrum of crystalline M002-

Crystalline MoO2

j"

1.
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In all 19 samples from the present study, the XRD patterns are either of the type shown for
Run #14 (run#3, 4, 6, 9, 12, 14, 16 and 18) or of the type shown for Run #17 (run#l, 2, 5,
7, 8, 10, 11, 13, 17 and 19). These mean that Mo particles produced by water/oil emulsion
are either amorphous MoO2 or amixture of amorphous MoO2 and M003-

Amorphous materials have many applications including catalysis[83]. The irregularity of
the crystallites of the amorphous materials can result in highly active catalysts due to an
increased number of incompletely coordinated edge atoms.

4.4 Results from the two-level full factorial design

In the Stat-ease software, the layout of the design uses the Z-average after sonication is
shown in Table 4.2. The experimental design is based on this layout. It is noted that the
DLS diameter for run#1 9 uses the data before sonication which is 2535 Mn. The DLS
diameter of run#19 before sonication (2535 nm) is smaller than that after sonication (4149
nn). The reason is not clear at this point. Regardless of either way, run#19 is shown as an
outlier in the following statistical analysis.

The layout (Table 4.2) contains no blocking, which is a technique used to remove the
expected variation caused by some change during the course of the experiment [84]. For
example, for two different batches of raw materials, two blocks will be used. In this study,
all runs were performed with the same batch of materials (ammonium heptamolydate,
surfactant and VGO) as well as with the same procedure for preparation of the emulsion (6
minutes stirring at 4700RPM), and thus, blocking is not required.

4.4.1 Preliminary results of the statistical analysis
In the experimental design software, the ANOVA (analysis of variation) report indicates
the fit between the model and the data. The ANOVA report from the preliminary statistical
testing is shown in Table 4.3 below.
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Table 4.3
Source

-

Analysis of variation table-preliminary testing

Sum of Squares

DF

Mean Square

FValue

1688.8

3

563

41.7

<0.0001

8.8

1

8.8

0.7

0.4337

Factor

1544

1

1544

114.4

<0.0001

Interaction BD

136.1

1

136.1

10.1

0.0067

Curvature

35.2

1

35.2

2.6

0.1287

Residual

188.9

14

13.5

Lack of Fit

187.1

12

15.6

17.0

0.0568

Pure Error

1.8

2

0.9

1912.9

18

Model
Factor B

Corrected Total

Prob

>

F

(1) DF: Degrees of freedom
(2) Prob>F: Probability >F

The terms in Table 4.3 are the basis for analyzing if amodel fits or not. The F-value is the
ratio of the mean square of the model over the mean square of the residual. A large number
(>>1) indicates the model variance is dominant, asmall number (close to 1or less than 1)
indicates the variance may be due to noise. The "Probability> F" term is the probability of
the observed F value if the null hypothesis is true. The null hypothesis is defined as the
statistical hypothesis which states none of the factors have effect on the response. Large
values (>0.10) of F indicate "not significant", small values (<0.05) of F indicate
"significant". The curvature compares the average response of the factorial points (points at
high and low levels) to the average response of the center points to test for non-linearity
between the factorial points. Lack-of-fit is the variation of the data around the fitted model.
If the model does not fit the data well, this will be significant (whenlack-of-fitF value >> .
1).

.

As explained in the above paragraph, the significance of the model varies directly with the
F-value of the model. As the F-value increases, so does the significance of the model. A
model F-value of 41.7 implies that the model is significant. An F-value of 1.0 is not
desirable. There is 0.01% chance that an analysis with a"model F-value" this large could
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occur due to the noise. Values of "Prob

>

F" less than 0.05 indicate that the model terms

are significant. In this case D (decomposition temperature) and BD (interaction between the
AHM concentration and decomposition temperature) might be significant model terms. The
curvature of 0.1287 (>0.10) indicates the curvature is not significant. The lack of fit F-value
of 17, which indicates apoor fit for the model, is consistent with the adjusted R2 much less
than one (Table 4.4).

Table 4.4

-

Summary of R2 primary results

Terms

-

Values

R-Squared

0.90

Adjusted R-Squared

0.88

Predicted R-Squared

0.82

Adequate Precision

13

The predicted R-squared value is defined as ameasure of the amount of variation in new
data explained by the model. Even though the predicted R2 of 0.82 is in reasonable
agreement with the adjusted R2 of 0.88 (the predicted R-square and the adjusted R-square
should be within 0.20 of each other [84]). The adjusted R-square of 0.88 is not close to the
required 1.0.

"Adequate precision" compares the range of predicted values at the design points to the
average prediction error. A ratio greater than 4.0 is desirable and indicates adequate model
discrimination. The "Adequate precision" of 13 indicates an adequate signal and is
sufficient for performing thefollowing diagnotics.

The result diagnostic in the software offers the opportunity to identify why R2 is

<

1.0. By

checking the outlier T graph (Fig. 4.12), it was found that run #19 in Table 4.2 is an outlier,
which is adesign point where the response does not fit the model. Run#19 is considered a
problematic run due to both the decomposition unit plugging during the decomposition
process and being not able to be measured by DLS instruments noted in the section 4.1
during the dynamic light scattering measurement. Therefore a second statistical testing
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without run#19 was performed to determine if the value of adjusted R2 could be improved
without the outlier.
Outlier T
Run#19

3.74 -

•

1.93-

a

a

0.12U

a

a
a

a

C

a

-360

1

4

7

10

13

16

19

Run number

Figure 4.12

-

Outlier

-

T graph from the preliminary statistical testing of all the data

4.4.2 Second statistical testing
The second statistical testing was performed without run #19. From the first testing, it was
seen that run #19 is an outlier. Run #19 was excluded to see if the model could be further
improved. The ANOVA results from the second statistical testing are listed in Table 4.5
and 4.6.
Table 4.5

-

Analysis of variation table-for the second testing without run#19

Source

Sum of Squares

DF

Mean Square

F-Value

Model

3.87E+06

3

1.29E+06

58.2

<0.0001

Factor B

22346.55

1

22346.55

1

0.3337

Factor D

3.72E+06

1

3.72E+06

167.9

<0.0001

Interaction BD

2.18E+05

1

218E+05

9.8

0.0079

73862.6

1

73862.64

3.3

0.091

2.88E+05

13

22168.49

Lack of Fit

2.81B+05

11

25504.7

6.7

0.1374

Pure Error

7638.6

2

3819.29

4.23E+06

17

Curvature
Residual

Corrected Total

Prob > F
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From Table 4.5, it can be concluded that the model and the model terms: D and BD might
be significant. The lack of fit value of 6.7 is not significant. Non-significant lack of fit
means that the model is agood fit. The adjusted R2 is listed in Table 4.6.

Table 4.6

-

Summary of R2 the second testing without run#19

Terms

-

Values

R-Squared

0.93

Adjusted R-Squared

0.91

Predicted R-Squared

0.87

Adequate Precision

15

The adjusted R2 of 0.91 is now closer to 1.0 and the predicted R2 of 0.87 is in reasonable
agreement with the adjusted R2.The "Adequate precision" value of 15 indicates an
adequate signal.
In summary, the second model testing is adequate and showed avery good adjusted R2 of
0.91 without run#19. Further diagnostics should be performed to analyze the residual
distribution to further validate the refined model as will be described in the next section.

4.4.3 The model diagnostics
The model with the adjusted of 0.91 was diagnosed for further validation. The objective of
this diagnosis is to check the normality of the studentized residuals by looking at the
normal probability plot of these residuals. Studentized residuals are the number of standard
deviations that separate the actual and predicted response values, it is the residual divided
by estimated standard deviation of the residual. The goal is to search for aconstant error by
looking at the plot of the studentized residuals versus predicted values, looking foi outliers
by checking the outlier T graph.

Fig. 4.13 is aplot of normality versus the studentized residuals, all points almost fall on the
straight line indicating agood normal probability. Fig. 4.14 showed ascattered pattern of
the residual distribution, which indicates no systematic error present. Fig. 4.15 is an outlier
T graph, an outlier was found (run#6).
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Further ignoring run #6, the adjusted R-squared can be improved to 0.96 but the important
terms in the model remain the same as the ones after the second statistical testing. In
addition, the outlier should stay in the design matrix unless the cause of the problem
associated with processing or measuring conditions is found. Therefore the interpretation of
results will be based on the second statistical testing and proceed as will be described in the
next section.

Runs#4, #7 and #15 are replicates at the center point. These three runs were performed
under the same operating condition. The DLS diameters of runs#4, #7 and #15 are 1000
nm, 1097 nm and 982 nm respectively. The error percentages of these runs are very small
with 3%, 6% and 4% respectively. Thus, the reproducibility of the experiment process is
very good.
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Normal plot of residuals
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Residuals vs. Predicted
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Figure 4.15

-

Outlier T graph from the second statistical testing
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4.4.4 Interpretation of results
The previous ANOVA report (Table 4.5) indicated that D and BD are the significant terms.
This result is also shown by the half normal plot in the Stat-ease software (Fig. 4.16).

In the half normal plot of Fig. 4.16, the points that fall outside of the straight line are
significant terms in the statistical model proposed (Equation 3.4). The significant terms in
the model are also identified as the main effects and interactions in terms of the synthesis of
submicron molybdenum oxide particles. The following plots (Fig. 17 & 18) describe how
each main effect and interaction affect the response, the DLS diameter of Mo oxide
particles.
Half Normal plot

Half normal probability, 0A

09-

BD

0085-1
800
10-

00j

13

4020
0

I
0.00

A: Water/emulsion ratio
B: AHM concentration
C: Emulsion flowrate
D: Decomposition temperature
I
248.23

I
490.47

I
744.10

902.94

Effect
Figure 4.16

-

Half normal plot indicating that the main effect is the decomposition

temperature and the main interaction is combination of the decomposition T and AHM
concentration

From Fig. 4.17, it can be seen that the decomposition temperature, D has asignificant effect
on the DLS diameter of MoOx particles. With the increase of the decomposition
temperature, the DLS diameter increases from 350 mn at 250°C to 1360 mn at 350°C.
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Fig. 4.18 shows the interaction between AHM concentration factor B and decomposition
temperature (factor D). The figure illustrates that at high decomposition temperature (350
°C), as AHM concentration increases, the DLS diameter of MoOx particles increases from
1200 nm to 1520 nm (change: 320 nn); instead at low decomposition temperature (250 °C),
as AHM concentration increases, the DLS diameter of MoOx particles decreases from 430
nm to 270 nm (change: 160 nm). But the change is much smaller at 250°C than at 350°C

DLS diameter, nrr

(16 nm versus 320 mu).

I
250.00

•

I

275.00

300.00

325.00

350.00

Decomposition temperature, C
Figure 4.17

-

Decomposition temperature versus DLS diameter
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Figure 4.18

-

Interaction graph for the ARM concentration B and the decomposition
temperature D

In summary, based on the statistical analysis, the decomposition temperature is asignificant
factor which affects the synthesis of MoOx. particles. The higher the decomposition
temperature, the larger the DLS diameters of MoOx particles. There is an interaction
between the decomposition temperature and the ARM concentration. The water/emulsion
ratio (A) and the emulsion fiowrate (C) ranges as studied herein have little effect on the
DLS diameters of the MoOx particles. The initial analysis indicated that run#19 was an
outlier. The second analysis was performed without run#19 and the adjusted R2 value
improved to 0.91.

4.5 BET results

Samples run#14 and run#17 were selected to perform the BET surface area measurement.
The two samples were treated and degassed according to the conditions described in section
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3.2.3 chapter 3. The results of the BET surface areas are listed in Table 4.7. The pore size
distribution results are shown in Appendix F.

Table 4.7

-

The BET surface area results for run #14 and #17

Run numbers

DLS diameter, nm

BET surface area, m2/g

#14

1560

17 ±0.6%

#17

170

16±3%

The measured BET surface areas are in arange of 17 m2/g, which is within the literature
range reported (5

120 m2/g) for the particle sizes ranged from 40 nm to 2600 nm[40]. It

must be said that the level of agglomeration of the particles as well as the potential loss of
the smallest particles may have adetrimental impact on the observed specific surface area
found. The potential loss of the smallest particles might be resulted from two different
sources: the smallest particles get agglomerated; the smallest particles might be too fine
that they could be stuck on the wall of the physisorption cell so the surface areas of these
particles are not accounted for. The surface areas of both run#14 and run#17 seem to be
similar because one possibility is that the nitrogen molecules tend to access the pores of
both samples equally.

4.6 Reactivity test results

Run #14 and #17 were selected for the reactivity test since they exhibited different dynamic
light scattering (DLS) diameters, scanning electron microscopy (SEM) images and x-ray
diffraction spectra. The DLS diameter of run #14 is 1560 nm and the particles are
athoiphoüs MoO2 while the DLS diameter of run #17 is 170 rim and the particles are the
mixture of amorphous MoO2 and MoO 3.The SEM image also showed the existence of size
differences between run #14 and #17 (Fig. 4.19). SEM analysis showed particle sizes of
both runs essentially similar to the DLS, in the images the particles for run #17 are smaller
than in the ones in run#14.
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The SEM images of run #17 (a) and run #14 (b)

The reactivity test was performed according to the operating conditions described in
chapter 3, section 3.3 with toluene and hydrogen as the feed. Table 4.8 showed the
reactivity test results for both runs #14 and #17 as well as for a blank run (i.e. without
catalyst).
The conversions for runs#14 and #17 are 94% and 99% respectively. Compared to the run
without catalyst, which has only 2% conversion, both catalysts showed significant
activities. Methane is the primary product with 28% and 38% in run#14 and run#17
respectively.
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Table 4.8

Time on stream, hr
Compound
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane
C5-C6
C6
Benzene
Cyclohexane
C6-C7
C7
Heptane
MethylCyclohexane
C7
Toluene
C7+
Total%
Conversion%
Selectivity
Methane
Ethane
Propane
i-Butane
n-Butane

-

The reactivity test results for run #14 and #17

Run #14
Average W
3.40

Run #17
Average W
5.57

No catalyst

25.66
7.17
3.59
1.61
2.52
3.65
1.86
6.37
5.69
1.00
3.76
7.98
4.26
0.73
13.62
4.27
6.25
0.00
100.00
93.75

37.72
8.49
4.66
2.02
4.54
5.10
3.48
8.90
2.24
0.17
7.96
2.00
0.58
0.00
9.42
1.50
1.20
0.00
100.00
98.80

0.68
0.00
0.00
0.00
0.00
0.00
0.00

27.37
7.65
3.83
1.72
2.69

38.18
8.60
4.72
2.05
4.59

1.14
0.00

0.00

1.82

However, it seems that there is no significant difference in reactivity with toluene as the
model molecule for testing the two catalysts. The differences in diameter confirmed via
SEM, or in the initial oxidation state confirmed via XRD, do not seem to introduce
significant differences in reactivity or selectivity patterns, perhaps due to the activation
procedure that involved passing a flow of hydrogen during 2.5 hours on the catalyst at
reaction temperature of 400°C. This procedure might have produced the same active species
of Mo for the hydrocracking reaction in both solids. It could be also explained that toluene
molecules have equal opportunities to access to the active sites of both catalysts (run#14
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and run#17). Only slight increases in conversion and methane production for the smaller
particle size are observed (run#17). The reactivity pattern is typical of overcracking and
hydro cracking and clearly shows the presence of C6 such as benzene and cyclohexane
suggesting dealkylation

,

as well as methane, C2, C3, etc. The reactivity pattern also

indicates total cracking and hydrogenation of the cracked moieties remaining on the surface
of the catalyst, as well as that of methyl-(C5 and C6) indicates hydrogenation prior to
cracking. The comparison with anon catalyst test evidences the reactivity of the solids
obtained which define them as catalysts. The catalysts deserve further evaluation against
other model molecules and must be presulfided in order to compare with typical
hydrotreating and hydro cracking catalysts.
A significant catalyst weight loss occurred in the reactivity test, which is shown in Table
4.9. The catalyst weight loss came from two sources: the oil remaining in the catalyst and
loss of fines from the reactor.
Table 4.9

-

The catalyst weight loss information for run #14 and #17

Run
Catalysts mass
number
prior to RT,mg
#14
503
#17
505
Note: RT reactivity test.

Catalysts mass
after RT, mg
220
333

Conversion
(toluene)
94%
99%

Weight loss
%
56
34

-

The catalysts prior fo the rèacti'iity test still contain considerable hydrocarbons which could
not be fully' dried at .T

=

120°C, because the boiling point of the oil used for the W/O

emulsion preparation is above 343°C. the reactivity test was performed at T = 400°C, so
when the catalysts are subjected to the reactivity test, some of the hydrocarbon is vaporized.
The catalyst weight loss was also demonstrated by further drying two original samples of
run#14 and #17, both of which had only been subjected to drying at 120°C. First these two
original samples were put in avacuum oven for 24 hours at 225°C. After the first drying
step, the samples were put in amuffle oven at 400°C for two hours (the samples were
heated slowly to 400°C with heating rate of 2°/minute). Finally the two samples were
weighed after 400°C treatment. The weight loss for run#14 is 23% and for run#17 is 17%.
The rest of the loss in mass might be due to the small size of the catalysts. Although
measures were taken to prevent particle loss (glass wool placed between the catalyst and
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the metal mesh), the catalyst powder is so fine that particles could escape with the product
effluent. The fine catalyst powder escape cannot be avoided since any attempt to compact
the samples would affect the reactivity. A non-conventional type of unit would have to be
designed for catalytic test of dispersed particles with diameter in the range of nanometers.
The fixed-bed type of reactor is inadequate for the present study, but was available to
demonstrate that the particles behave as catalysts.
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Chapter 5

Discussion

5.1 The experiment

The dynamic light scattering (DLS) diameters of the MoOx particles obtained from the
decomposition of water in oil emulsions in acontinuous set-up varies with the operating
conditions, which indicates that the MoOx solids can be controllably prepared by setting
different operating conditions.

The reactions alone herein are not yet optimized. In particular, there was atransitory period
of inert time (0.5 hr) at the beginning. Particles were collected after acceptable stabilization
of the conditions in the experimental setup. To reach the required temperature, up to 60 ml
out of total 225 ml emulsion were discarded. The temperature inside the decomposition
reactor is checked by moving the thermocouple along the length of the reactor and the
highest temperature is recorded. However, during the decomposition of the water-in-oil
emulsions, the temperature fluctuated within about a20°C range. There are at least two
reasons for this fluctuation: (1) The decomposition temperature of this study ranges from
250 to 350°C. The vaporization of the water contained .in the water-in-oil emulsion
consumes some heat, this requirement in addition to the heat losses in the system results in
adecreasing temperature along the length of the reactor. About 11 to 25 wt% of water is
contained in the W/O emulsion which resulted in a much increased vaporization with
respect to the vapors already present from heating the oil fraction of the emulsion up to the
decomposition temperature. (2) Such sudden change in vaporization throughout the
reaction zone generates asignificant momentum and results in an unstable flow pattern
typical of flashing conditions. This instability extends to the heat distribution inside the
reactor.

In order to keep the temperature variation within the 20°C range the water content in the
emulsion did not exceed 25%. This range is critical not only because of temperature
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instability but also because an excess of gas in the system could generate aslug flow, in
which very little liquid would exist in the reactor with the subsequent problems of particle
deposition at the walls of the reactor zone, followed by partial or even total plugging of the
reactor, such as run#19 was plugged when there were 60 ml of emulsion left to pass
through the reaction zone.

Preheating measures like heating tape wrapping or staged furnace are not desirable in the
present study. Because preheating can push the flash of water earlier before the emulsion
enters into the decomposition zone. Simultaneous flashing and decomposition are required
in the present study.

Run #19 is aproblematic run because the decomposition unit was plugged when there was
60 ml of W/O emulsion left without passing through the reactor. Run#1 9is the run with the
highest water/emulsion ratio (0.2, which is equivalent to water/oil ratio of 0.25), the highest
AHM concentration (0.3), the lowest emulsion flowrate

(210 ml/hr) and the highest

decomposition temperature (3 50T). During the emulsion decomposition process, likely the
combination of too much water vaporizing, the high content of ARM, the slow flow and the
high temperature resulted in the deposition of MoOx particles. In addition, the DLS
diameter of run#19 cannot be measured correctly because the Z-average of run#19 after
sonication (4150 nm) is even larger than the one before sonication (2500 urn). To further
investigate the reason, it is found that the MoOx particles are severely agglomerated in the
scanning electron microscopy (SEM) image, which is shown in Fig. 5.1. The agglomerates
in Fig. 5.1 are composed of many small particles. Thus run #19 was discarded in the
experimental design analysis.
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SEM image of run #19. The lighter regions in the image are agglomerates of
MoOx

5.2 The results of MoOx particle size

The sizes of the MoOx particles were measured primarily by dynamic light scattering
(DLS) technique. Then some of the samples were selected and measured by scanning
electron microscopy (SEM). The MoOx particle size was also calculated theoretically
according to the BET surface area measured and by assuming the final solids are either
MoO 2 or M003-

The DLS diameters of the produced MoOx particles are in the range of 170 nm (Run#17) to
2500 nm (Run#19). As stated in chapter 4, the Z-averages might either reflect the sizes of
the agglomerates or be affected by the agglomerates of MoOx particles. It is technically
meaningful that the DLS instrument measures the sizes of MoOx particle agglomerates. In
the real process, the very small particles (around 100 nm or less) are unlikely to exist as
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individual particles, because nanosized particles tend to agglomerate. It is necessary to
study how the operating conditions affect the MoOx agglomerates.

Table 5.1 lists the MoOx size information of Run #17 from different sources.

Table 5.1
Run number

Run#17
Note:

-

The MoOx size information

DLS

SEM4

Theoretical calculation3

rim

nm

nm

172

Approx. 100

56 (MoO21) 77 (MoO 3 )
-

1. MoO 2 calculated by assuming the final solids are MoO2(Appendix C).
2. MoO 3 calculated by assuming the final solids are MoO 3(Appendix Q.
3. The detailed theoretical calculation is seen in appendix C. Not including hydrocarbon
content 20wt%.
4. The SEM images are shown in Fig. 5.1.
-

-

From Table 5.1, it can be seen that the DLS diameter of MoOx for run #17 (172 rim) is
larger than both the theoretically calculated diameter (56 nm to 77 rim) and the diameter
determined by SEM (100nm, Fig. 5.2). This discrepancy is because what the DLS
instrument measured is an average of the particles and agglomerate sizes produced in
run#17. The existence of bigger agglomerates affects the Z-average, which is astatistical
mean from DLS measurement. The existence of agglomerates is also shown in the SEM
image in Fig. 5.2. The theoretically calculated diameter of MoOx for run#17 is based on the
assumptions of perfect spherical shape and non-porous particles.

In another aspect, the theoretically calculated particle size of run#17 underestimates the
particle size because the sample of run#17 contains 17% hydrocarbon. The existence of
organic material in the particles reduces the density of the parti6les, therefdre the héorètkal
size of the pariicles has to be bigger than what is calculated with the assumption of using
the density of either MoO3 or MoO2.
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Figure 5.2

-

The SEM image of run #17

The measurement error of the DLS instrument is determined by measuring the DLS
diameter of the light oil (boiling point 343°C and lower), which acts as the dispersant of
MoOx particles. The error percentage was calculated by averaging all three Z-averages
(2463, 2603 and 2540). And then the average is used to calculate three errors: 3%, 3% and
0.2% accordingly. So the DLS measurement error is very small and in arange of 0.2% to
3%. And the DLS intensity distribution shows the overlap of three curves (Fig. 5.3). The
plot shows excellent reproducibility of the DLS instrument.
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Figure 5.3

—

The DLS intensity distribution of light oil measured with three different
consecutive runs

5.3 Two-level full factorial design results

From chapter 5, the two-level full factorial design results showed the decomposition
temperature had asignificant effect on the DLS diameters of the MoOx particles (defined
as the Z-average of the MoOx agglomerates). The higher the decomposition temperature,
the larger the DLS diameter of MoOx particles. It is possible to imagine that when the
decomposition temperature is high, the collisions between MoOx particles will increase,
therefore the possibility of agglomeration increase, resulting in larger DLS diameters. As
well as the viscosity of the VGO. decreases when the decomposition temperature is high,
therefore the particles suspended. in the hydrocarbon media move faster. This increased
movement of the particles increases the chance of agglomeration.

Another conclusion from the two-level full factorial design is: when the decomposition
temperature is fixed, at T = 350'C, the DLS diameters increase with the concentration of
ammonium heptamolybdate (ARM); the increase of the ARM concentration increasës the
MoOx concentration in oil (the oil amount was kept constant for all runs

=

200 gram), thus

resulting in an increase of MoOx particle agglomeration. At T = 250°C, the increase of the
ARM concentration slightly decreased the DLS diameter of MoOx particles. But the effect
is not as much as when the decomposition temperature is 350°C (Fig. 4.17). The slope of
the curve at 250°C is smaller (change: 160 nm versus 320 n-n).
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After the first statistical testing, it was noted that run#1 9 is an outlier. This is consistent
with the fact that run#1 9is aproblematic run in the present study. The decomposition unit
plugging problem and incorrect DLS measurement might be the cause. The DLS diameter
of the MoOx for run#19 (2530 nm) is larger than the predicted DLS diameter (1750 MU) by
statistical analysis.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

From the work presented in this thesis some conclusions can be drawn:
(1) The continuous production of molybdenum oxide particles with submicron sizes is
feasible at alaboratory scale.
(2) The size of the produced Mo oxides particles can be controlled by varying experimental
conditions including the water/emulsion ratio,, the concentration of ammonium
heptamolybdate (AHM), emulsion fiowrate and decomposition temperature. The size of
the agglomerates of the produced particles by dynamic light scattering (DLS) technique
ranged from 170 nm to 2500 nm. The size of the individual particles can be < 100 Mn
observed by scanning electron microscopy technique.
(3) The X-ray diffraction (XRD) patterns of all 19 samples showed either amorphous
MoO2,or mixtures of amorphous MoO2 and M003(4) The measured BET surface areas are in arange of 17 m2/g, which is consistent with
what the literature was reported.
(5) The results from the two-level full factorial design showed that the most important
variable among the four chosen for analyzing their effect on the particle size is the
decomposition temperature. The particle size increases with the increase of the
decomposition temperature. At T =350°C, the DLS diameter increases with the increase
of ammonium heptämolybdate concentration.
(6) 'The particles produced,'even under achemical state that is not the desired one for the
application targeted in this research, were demonstrated as very active for the
hydrocracking of toluene, active as an acidic catalyst producing significant cracking and
hydrogenation.
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6.2 Recommendations

The presence of agglomerates would affect the value of the statistic mean (Z-average)
intended to measure the particle size of the catalytic particles generated via flashing and
decomposition of W/O emulsions. It is recommended to develop aprocedure for either
avoiding or breaking the agglomeration of particulates observed during SEM and DLS
measurements. It is possible though that the agglomeration process occurs even inside the
decomposition zone or that aminimum size of agglomerates is still more stable than the
dispersed particulate. In such acase there will be alimit to the re-dispersion of particles.

Since the decomposition temperature is a significant variable, which affects the DLS
diameter of MoOx particles in the process, accurate temperature control is critical. The
temperature fluctuation resulting from the vaporization of water in the system could be
reduced by pressurizing the system.

In this study, the surfactant was selected and fixed. It is suggested to optimize both the type
and amount of the surfactant for this application given that it can affect the water droplet
size of aW/O emulsion, and by that affect the size of the produced particles.
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Appendix A

Calculation of the surface area of the unsupported catalysts and supported catalysts

1. Supported catalyst:

Catalyst bed
Assume packed bed density

=

0.5 g/cm3

Catalyst pellet

Diameter: 1/8"
length: 5or 6times of the diameter

Assume the catalyst pellet is M00 3/A1 203,the surface area of this catalyst 200 m2/g.

1cm 3 -> 0.5 gcat

=>

0.5gcatx 200 in2lg = 100 M 2

Assume the dispersion of the above catalyst is 10%. The classic definition of the dispersion
is the ratio of metal atoms on surface over all metal atoms in the sample. In the case of
hydrotreating catalysis, the active form of the catalyst is not metal atom. Therefore in our
case the dispersion is defined as the ratio of MoO 3 on surface over all MoO 3 in the sample.

100m 2 xl0%

=

10m 2 (Not all of them accessible)
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2. Unsupported catalyst
Calculate in 1em' volume contain how many unsupported catalyst particles with the
diameter of 100 nm, there are

1cm 3
-1-,rD
6

6cm 3
3.14x(100x107)3

Therefore the total surface area of the above particles:

1cm3

xirD

6cm 3

2
-

3.14 x(100 x10)

x3.14x(100x10

7)
2 -6x10 5 cm 2 =60m 2

6

6 times of the surface area of the supported catalyst (10m2) and all of them can be
accessible if they are well dispersed in the reactants.
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Appendix B

Calculation of the amount of materials required for the preparation of the water-in-oil
emulsion and AHM solution

Sample calculation is based on run#l, with water/emulsion ratio of 0.2 and AHM
concentration of 0.1.

200 grams of VGO are used in the present study, for 200 grams of VGO, the amount of
water required for water/emulsion = 0.2 is:

W
W+O

-

W
—0.2=W=50gram
W+200

For 50 grams of water, the amount of AHM required for AHM concentration = 0.1:

AHM concentration

-

AHM
AHM +Water

(NH 4)6Mo 7° 24 •4H20

267-325 ° C

-

AHM
—0 1=> AHM
AHM +50

>7MoO3 + 7H 20 +6NH3

=

5.56 gram

(2.3)

Assuming the final solids are MoO3,based on Equation 2.3 and Table 3.1, the amount of
MoO3 produced is:

Moo

=

5.56 gAHM

4H2O x

Imol AHM •4H 201 môl MoO,
1235.86 gAHM

4H2O

lmolAHM,

4H 20

>

143.94 gMoO 3_
Imol Moo

4•53 gram
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Appendix C
Theoretical calculation of MoOx particle size

Assumptions:
1. The MoOx particle is spherical;
2. Final solids are either pure MoO3 or pure MoO2
The density of MoO 3 = 4.7 g/cm3;the density of MoO2 = 6.5 g/cm3
.4

1gram of solids contain

1
4 (d )3 particles
p

d:
particle diameter of MoO 3 or MoO 2
p :the density of MoO 3 or MoO 2
The external surface area of each particle
S (Total external surface area)

=

nd 2
x71d 2

-

4(d" 3
P
6

6

pd

Sp

Run #14:
If MoOs,
6
=7.465x10
17.1x4.7x10 4

6cm=74.65nm

If MoO,
6
=5.398x10
17.1x6.5x10 4

6cm=53.98nm

Run #17:
If MoOs,
d—

6
=7.737x10
16.5x4.7x10 4
If MoO,

6cm=77.37nm

6
—5.594x10
16.5x 6.5x 10

6cm=55.94nm
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Appendix D

The dynamic light scattering (DLS) intensity distributions

run#5 DLS intensity distribution

run#1 DLS intensity distribution
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run#7 DLS intensity distribution

20.

0
10

100

1000

10000

10

Particle diameter, nm

100

1000

Particle diameter, nm

run#4 DLS intensity distribution
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run#9

DLS
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run#13 DLS intensity distribution
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run#15 DLS intensity distribution
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Note: the original record for run#14 was deleted by accident so the DLS distribution
of run#14 is missing in Appendix D
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Appendix E
X-ray diffraction spectrum
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Appendix F
Pore size distributions of run#14 and run#17

Desorption Dv(d), cc/Ng
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