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Nomenclature

[X]

20

Doy

dP

Ep

Ea, X

F

F(R-)

hv

k (In X-ray absorption spec-
troscopy)

ko, x

k, (in kinetics)

mlz

my

N

R (In kinetics)

R (In Thiele modulus)

R (In X-ray absorption spec-
troscopy)

R, (In UV-vis spectroscopy)
Ix

S

~

Concentration of species X in mol/l

Scattering angle in X-ray diffraction

Effective diffusivity in cm*/s

Particle diameter in nm

Absorption edge energy in X-ray absorption spectroscopy
Activation energy in kJ/mol of reaction x

Volumetric flow in cm’/s

Kubelka-Munk function (UV-vis)
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Outgoing photo electron wave number in A™

Pre-exponential factor in cm®/(g-s) of reaction x

First order reaction rate constant in cm’/(g-s) of reaction x
Mass divided by charge (Mass spectrometry)
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Gas constant in J/(mol-K)

Radius in cm

Distance in A

Percentage reflection of infinite layer

Reaction rate of reaction x

Selectivity to propene

Temperature in K or °C

Mass of catalyst in g

Conversion of propane

Measured mole fraction of species i (Gas chromatography)
Internal standard corrected mole fraction of species i
Yield of species X (X = C3Hg or CO,)
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Absorption coefficient in X-ray absorption spectroscopy as
function of photon energy

Density in g/cm’

Thiele modulus

EXAFS function of outgoing photo electron wave number
Fourier transformed EXAFS function of distance in A
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Abstract

Roughly 85 to 90 % of the products from the chemical industry have been in contact
with a catalyst and the production volume and financial turnover of the catalyst industry
are expected to increase in the near future. This growth will be fueled by increasing de-
mands for chemicals, new catalytic processes based on renewable feedstock, new or im-
proved ways of preparing catalysts and a better understanding of the catalyst structure at
operating conditions.

This thesis explores flame spray pyrolysis (FSP) as a novel one-step preparation method
for heterogeneous catalysts and investigates structure-activity-selectivity relationships.
Specific catalysts studied are cobalt-molybdenum hydrotreating catalysts and vanadium
and molybdenum oxide catalysts for oxidative dehydrogenation of propane (ODP).
Hydrotreating is an established field in the petrochemical industry, driven by strict leg-
islation on sulfur and nitrogen content in transportation fuels. Research is therefore per-
formed to improve the commercial catalysts. In this thesis, FSP prepared catalysts are
demonstrated to have an activity of up to 91 % of a commercial reference. This is prom-
ising for a new synthesis method which has not yet been optimized. The catalysts struc-
ture was investigated by spectroscopy and electron microscopy.

ODP is an exothermic, alternative process to current highly energy demanding propene
production methods; however the propene selectivity is a major obstacle for commer-
cialization. FSP prepared vanadia catalysts with low vanadium loadings gave propene
yields of up to 13 % at 33 % propane conversion and space time yields of up to 0.88
Spropene/ (8eat'h), Which competes well with vanadia catalysts prepared by other methods.
Kinetics of the reaction and the catalyst structure were investigated by in-situ and ex-

situ by e.g. X-ray absorption and Raman spectroscopy.
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Dansk resumé

Omtrent 85 til 90 % af verdens kemikalieproduktion er fremstillet ved katalyse. Bade
mangden af producerede katalysatorer og katalysatorindustriens omsatning forventes at
vokse i1 fremtiden. Denne vakst bliver baret af oget eftersporgsel pd kemikalier, nye
katalytiske processer baseret pa bearedygtige rastoffer, nye eller forbedrede
katalysatorproduktionsmetoder og eget fundamental forstaelse af katalysatorer under
procesbetingelser.

Emnet for denne athandling er flamme spray pyrolyse (FSP), en ny metode til at
fremstille katalysatorer i et trin, samt struktur-aktivitet-selektivitet relationer. De
undersogte katalysatorer er kobolt-molybdenkatalysatorer til hydrotreating og
vanadium- og molybdaenoxidkatalysatorer til oxidativ dehydrogenering af propan
(ODP).

Hydrotreating er en vigtig proces i den petrokemiske industri, pga. miljeregler om
begrensning af mengden af svovl og nitrogen i diesel. Der forskes derfor for at fa mere
effektive kommercielle katalysatorer. I denne undersogelse opndede de undersogte
katalysatorer en aktivitet pa 91 % i forhold til en kommerciel reference. Katalysatorer
fremstillet med FSP har derfor potentiale til at konkurrere med kommercielle
katalysatorer. FSP katalysatorernes struktur blev undersegt med spektroskopi og
elektronmikroskopi.

ODP er en alternativ, eksoterm propenproduktionsmetode sammenlignet med
nuverende endoterme fremstillingsmetoder. Den storste begransning for anvendelsen
af ODP er selektiviteten. Vanadiumoxidkatalysatorer fremstillet med FSP med lav
koncentration af vanadium gav 13 % propenudbytte ved 33 % propanomsetning og op

til  0.88  gpropen/(gka'h) 1 vaegt-tidsudbytte. Dette er pd niveau med
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vanadiumoxidkatalysatorer fremstillet ved konventionelle metoder. Reaktionskinetikken
og katalysatorstrukturen blev undersegt med bl.a. Rentgen absorption og Raman

spektroskopi.
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1. Introduction

1.1  Flame spray pyrolysis (FSP)

Liquid fed flame spray pyrolysis (FSP) is a novel one-step synthesis method for prepa-
ration of nano-sized particles [1-2]. Typically, organic metal compounds are dissolved
in an organic solvent and the precursor solution is sprayed as micrometer sized droplets
with high velocity oxygen and ignited with a small premixed methane-oxygen flame
(see Figure 1.1) [3]. The solvent and metal compounds quickly evaporate and combust
to form atomically dispersed vapors of metal oxides, which nucleate to form clusters
when reaching cooler parts of the flame. The formed clusters grow by surface growth
and coalescence, accompanied by sintering [4]. This results in non-porous nanoparti-
cles, which coagulate and sinter to form agglomerates and aggregates with high inter
particle porosity [1]. The flame process gives high maximum temperature and a short
residence time with homogeneous nanoparticles as the product. Most of the combustion
enthalpy for the spray flame comes from the solvent [5]. It is important, that the com-
bustion enthalpy is sufficiently high and the flame is sufficiently hot for rapid vaporiza-
tion of the liquid droplets of the precursor solution, so that nucleation and particle
growth occur from the gas phase; otherwise, micrometer sized hollow or shell like par-

ticles are formed [1,5].
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Figure 1.1: Schematic diagram of the FSP setup at DTU-Chemical Engineering. The precursor
solution is injected with a syringe pump in the central capillary and is sprayed with high veloci-
ty oxygen around the capillary at a pressure drop of at least 1.5 bar. The capillary holder can be
moved up and down to adjust the pressure drop (PI). The precursor droplets are ignited with a
premixed methane oxygen flame and the particles collected on a filter above the flame with the
aid of a vacuum pump. All gas flows are controlled by calibrated mass flow controllers (MFC).
Cluster formation, particle growth and agglomeration are schematically shown.

Materials produced by FSP are very interesting candidates for heterogeneous catalysts
because of their high surface area. Furthermore, the use of precursor solutions contain-
ing several metal compounds allows one-step preparation of multi-component catalyst

materials. Conventional catalyst preparation would include precipitation, washing, dry-
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ing and calcination of the support material followed by impregnation, drying and calci-
nation of the active phase [6]. On lab-scale this might take two to four days depending
on the number of steps, but with FSP the calcined catalyst is obtained within a few
hours work.

FSP has been exploited for preparation of supported noble metal catalysts and mixed
oxide catalysts [6-7]. In case of mixed oxide materials, the multi-metal compound pre-
cursor solutions can lead to mixed-metal oxides, solid solutions or segregated phases of
oxides. The result depends on the solid phase miscibility of the two oxides, the volatility
of the metals/oxides and the flame properties such as residence time and temperature.
One-step flame synthesis of noble metals on typical oxide supports (Al,O3, TiO,, Si0O»,
Zn0, Zr0;,, ect.) yields segregated phases of oxide supported noble metals, while mix-
ing two noble metal compounds in the precursor solution can result in particles consist-
ing of both metals, e.g. Ag-Au, Pd-Pt and Pt-Rh [7-8]. When using precursor solutions
containing both vanadium and titanium compounds, the product was crystalline titania
with vanadia on the surface, due to the much higher volatility of vanadia [6]. On the
other hand, solutions containing both cerium and zirconium compounds resulted in ei-
ther segregated CeO, and ZrO, or mixed-metal Ce,Zr;.,O, depending on the solvent
boiling point and combustion enthalpy [9-10]. Solutions with aluminum and cobalt
compounds yielded the whole range of phases from Al,O3, CoAl,O4, CoO to Co304 de-
pending on the element ratio [11]. Finally, the preparation of Ru-promoted Co/ZrO,
Fischer-Tropsch catalysts by FSP resulted in well dispersed Co304 in a ZrO, matrix,
whereas incipient wetness impregnation of ZrO, with Co gave large clusters of Co3;04

as observed by TEM and XRD [12].
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When preparing alumina or alumina supported catalysts by FSP, there seem to be dif-
ferences in opinion about which phase is formed. The group of Laine reported a mixture
of mostly 6-Al,03; with some 6-Al,03 and minor amounts of y-Al,O; [11,13-14] and the
group of Pratsinis reported only y-Al,Os [8,15-17]. The difference may be the particle
size, since the specific surface areas reported by the Laine group are around 50 to70
m?/g. The Pratsinis group reported surface areas around 110 to 130 m*/g. When the par-
ticles are small, the line broadening of the diffraction pattern is significant, making it
difficult to distinguish between the polymorphs of alumina [18]. Which phase is the
thermodynamically stable one may also depend on the particle size, since the y- to a-
polymorph transformation always leads to significant sintering and much larger primary
particles [14].

Besides heterogeneous catalysis, FSP has been applied in several other materials re-
search fields, e.g. synthesis of nano-phosphors for bio-labeling [19], gas sensors [20],
battery materials [21], fuel cells [22], solar cell materials [23] and bio-active nanoparti-
cles [24]. Research and development for pilot scale FSP production with production
rates around 100 to 500 g/h is performed [25-28].

A recent study of zirconia synthesis by FSP combined with computational fluid dynam-
ics (CFD) calculations showed, that the maximum flame temperature may be 3000 K at
about 20 mm above the nozzle [29]. At this height most of the liquid solvent (ethanol
and 1-propanol) and precursor (Zr(n-propoxide)s) have evaporated and are present as
gasses. The formation of solid ZrO; is observed from about 10 mm above the nozzle
(see Figure 1.2). Sampling particles at 50 mm above the burner showed individual parti-
cles and at 100 mm agglomerates were formed. Simulations showed that the primary

particle size continued to grow until about 130 to 200 mm above the burner depending
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on the dispersion gas flow, where the temperature has dropped below 1000 K. Similar
observations have been performed by in-situ small angle X-ray scattering (SAXS) for

the synthesis of silica in vapor fed flames [30].

0 05 1 oxygen

Ethanol 1-Propanol I. Zr n-Propo:e Zr0,
Phase: Liquid Gas Liquid Gas Liquid Gas Gas Solid
30 0
20+ '
mm
10 == |
a b c
0=

Figure 1.2: Model-predicted multi-component evaporation of ethanol (a, green), 1-propanol (b,
blue) and zirconium n-propoxide (c, red) atomized at 4 ml/min precursor solution feed by 5
/min O,. Figure a—c present the normalized mass fraction of the components in the liquid (left)
and gas (right) phases. Also shown are normalized gas phase mass fractions of oxygen (d, left,
purple) and zirconia nanoparticles (d, right, yellow). The arrow points at droplets that have es-
caped the reaction zone. Figure from ref. [29] with permission.

One further development of the FSP process is two-nozzle FSP [5]. Studies on
Pt/Ba/Al,O3; showed that NO, storage-reduction catalysts could be produced with better
storage capacity, as compared to traditional one-nozzle FSP, due to the synthesis of in-
dividually crystalline BaCOj3; and Al,O3 nanoparticles in separate flames, preventing the
formation of BaAl,O4 [31]. In addition to maintaining many of the advantages of con-
ventional FSP, two-nozzle FSP can also offer control over the mixing of the individual
components from the different flames, which further increases the process flexibility.

FSP is one technique in a family of flame processes for synthesis of nanoparticles,

which have been extensively reviewed [1-2,5-6,32-34]. Vapor fed flame aerosol synthe-
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sis is a related technique, where volatile combustible precursors (e.g. acetylacetonates)
are fed as vapors with a carrier gas into a methane-oxygen flame [35-38]. Like for FSP,
the precursors combust to form atomically dispersed vapors of metal oxides, which nu-
cleate to nanoparticles, which are collected on a filter. This method is limited to ele-
ments, where volatile precursors are available and the production rate is rather low.
However, feeding already vaporized precursors to the flame is an advantage.

Most elements are available as organically dissolvable precursors, but commercial use
of FSP would be limited to elements, where those precursors are available at a reasona-
ble price or are relatively easy to prepare from cheap materials. Flame assisted spray py-
rolysis is intended to overcome this problem by using aqueous or alcoholic solutions of
e.g. metal nitrates. However, this has the problem of forming inhomogeneous microme-
ter sized particles, because the combustion enthalpy is not high enough for rapid evapo-
ration of the precursor droplets, so particles form in the liquid phase. This can partly be
overcome by using an acetylene assisted flame, where acetylene is added in a ring

around the flame jet [39].
1.2 Hydrotreating

Hydrotreating is performed at oil refineries in order to remove sulfur (hydrodesulphuri-
zation, HDS) and nitrogen (hydrodenitrogenation, HDN) from the heterocyclic com-
pounds in which these elements typically occur in crude oil [40-41]. Besides removal of
sulfur and nitrogen, the hydrotreating process also effects (partial) hydrogenation
(HYD) of some aromatic compounds in the oil.

Industrial hydrotreating catalysts contain as active phase cobalt or nickel promoted mo-
lybdenum(IV)sulfide, MoS,, on an alumina support [40-42]. The catalysts are typically

prepared by simultaneous or sequential impregnation of a pre-shaped alumina support
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with aqueous solutions of molybdenum, cobalt and/or nickel compounds, followed by
calcination to obtain the active metals in their oxidic form on the alumina surface. Once
loaded in the reactor, the catalysts are activated by sulfidation that converts transition
metal oxides into the active so-called Co-Mo-S phase. In order to obtain a highly active
sulfidic catalyst, the oxidic precursor should ideally consist of well dispersed molyb-
denum oxide monomers and small clusters on the surface of the support, as evidenced
from extended X-ray absorption fine structure (EXAFS) and Raman spectroscopy [43-
47]. Cobalt oxide should also be well dispersed on the surface, in close contact to the
molybdenum species. Cobalt should preferentially be in octahedral coordination, as evi-
denced from Mossbauer measurements [48]. Other species formed are Co304 particles
and CoAl,O4 spinel, formed by migration of cobalt ions to vacancies in the y-Al,O; lat-
tice [48]. The active catalyst is obtained by sulfiding the oxide precursor in an H,S/H,
atmosphere. Surface molybdenum and cobalt in octahedral coordination form the active
Co-Mo-S phase, consisting of layers of MoS, decorated with cobalt ions on the S-edges
[48-50]. Typical particle lengths are 2 to 5 nm, as observed directly with transmission
electron microscopy (TEM) and indirectly by EXAFS, when incorporating distorted
Mo-atom positions at the particle edges in the analysis model [51-52]. Cobalt present as
Co304 particles forms inactive CogSg upon sulfidation and cobalt present in CoAl,O4
does not sulfide; neither form of Co thus contributes to the catalytic activity.

Based on observations with transmission electron microscopy (TEM) and scanning tun-
neling microscopy (STM) on model catalyst supported on flat substrates along with
density functional theory (DFT) calculations, the structure of MoS, is believed to be
close to triangular platelets containing a layer of molybdenum atoms sandwiched be-

tween two layers of sulfur atoms [53-58]. The platelets can stack together to form crys-

Nanoparticle synthesis using flame spray pyrolysis for catalysis 7



tals of MoS,. When cobalt promotes molybdenum sulfide the triangular platelets are
truncated to hexagons with cobalt atoms replacing molybdenum atoms at the three new
edges (see Figure 1.3) [54,56]. The active sites are believed to be the edges and corners
of the (promoted) MoS, platelets depending on the size [55]. Recent TEM measure-
ments on carbon supported industrial type hydrotreating catalysts confirm the structure
determined on model systems by STM (see Figure 1.4) [59-60].

Hydrotreating of thiols, thioethers and ammines proceeds readily at industrial reaction
conditions. More refractory sulfur compounds are aromatic heterocycles like thiophene,
dibenzothiophene (DBT) and alkyl substituted DBT. Theses can either be directly
desulfurized or undergo pre-hydrogenation, breaking the aromatic structure and making
HDS proceed readily. Particularly, alkyl substituted DBT needs to be pre-hydrogenated,
since access to the sulfur atom is sterically hindered. After breaking the aromatic struc-
ture, the molecules are no longer planar, facilitating HDS to proceed more easily.

The purpose of this study was to prepare alumina-supported and unsupported cobalt
molybdenum hydrotreating catalysts by one-step flame synthesis, with all three metal
components present in the precursor solution. The combination of high surface area and
close contact between cobalt and molybdenum could be advantageous for the formation

of the active Co-Mo-S phase, after sulfidation of a flame-made oxide precursor.
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Figure 1.3: Top: Atom-resolved STM image of a hexagonally truncated Co—-Mo—S and Ni-Mo—
S nanoclusters supported on Au(111). The superimposed white dots illustrate the registry of
protrusions on both types of edges. Bottom: A ball model (top and side views, respectively) of
the nanoclusters based on DFT calculations. (Mo: blue; S: yellow; Co: red; Ni: cyan). Figure
from ref. [53] with permission.
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Figure 1.4: High-resolution STEM image of a MoS, nanocrystal supportedon a graphite sup-
port. Figure from ref. [59] with permission.
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1.3  Oxidative dehydrogenation of propane

Upgrading C, to C, alkanes to the corresponding alkenes may become interesting pro-
cesses to meet future demands for light alkenes [61], particularly for propene [62]. Light
alkenes are mainly produced by fluid catalytic cracking (FCC), where they are byprod-
ucts in the upgrading of heavy oil fractions and by steam cracking, where the reaction
conditions can be optimized to yield mainly ethene or mixtures of propene and butenes
[62]. Processes for catalytic dehydrogenation of propane to propene have also been de-
veloped employing chromium or platinum based catalysts [63-64]. The major draw-
backs of these three processes are the high energy consumption due to the endothermic
reactions and coking of the catalysts and reactors, leading to deactivation and lower
yields [62-63]. To overcome this problem some processes use multiple swing reactors
where some are on-stream, while others are being regenerated [64].

Catalytic oxidative dehydrogenation of propane (ODP) is another process which could
be employed for dedicated production of propene. This reaction is exothermic and the
oxidizing reaction conditions eliminate the problem of coking, as long as the oxidant is
not completely consumed [65]. Also, it could be operated auto-thermally [66]. The ma-
jor drawback of ODP is lower selectivity, since propane, as well as the propene product,
are easily combusted to CO and CO; [67]. So far, no catalyst with sufficient selectivity
for industrial production of propene has been reported in the literature, despite high re-
search and development activities [61].

Several types of catalysts have been reported in the literature, with strong attention to
supported vanadium oxide [61]. In addition, supported molybdenum oxides have been
intensively investigated [68-70], as well as different mixtures of molybdenum and va-

nadium oxide [71-73]. It was found that the reaction mechanism of ODP on vanadium
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and molybdenum oxides is similar, although their activities are different with Mo being
much less active [74-75]. It was also found that the support material greatly influences
catalytic activity and selectivity of vanadia. ZrO, and TiO; resulted in high activity,
AlO3 in intermediate activity and SiO; in the lowest activity [76-78]. Generally the se-

lectivity had the opposite trend of activity (see Figure 1.5).

100 . , : : : ,
A V-ALO,

X ! %

propane

Figure 1.5: Selectivity—conversion trajectories for V-AL,O3;, V-TiO,, V-CeO,, V-SiO, and V-
71O, with low vanadium loadings at 400 C. C;Hg/O,/N, = 29.1/14.5/56.4 at a total gas flowof
60 ml min". Lines are to guide the eye. Figure from ref. [77] with permission.

According to recent density functional theory (DFT) calculations of silica supported va-
nadia, the first step in the ODP mechanism is C-H bond cleavage at the methylene
group forming an adsorbed iso-propyl group [79-81]. The iso-propyl group can directly
be converted to propene by a second C-H bond cleavage at one of the methyl groups or
form an iso-propanol intermediate, which eliminates water to form propene [79,82]. If

this occurs at an isolated O=V>" vanadyl site, a H20-V3+ site with adsorbed water is

formed. Alternatively if two neighboring O=V>" vanadyl sites participate in the reaction
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two HO-V*" sites with hydroxyl groups are formed. The pathway with two HO-V* sites
as the surface product is energetically favorable compared to a single H,O-V*" site. The
reduced catalyst surface is re-oxidized to O=V°" by oxygen from the gas phase through
peroxovanadate intermediates [83]. Peroxide species have also been suggested to partic-
ipate in the mechanism on the basis of an O-O stretching band around 930 cm™ in Ra-
man spectroscopy measurements and DFT calculations [84-85]. However, this interpre-
tation has been questioned and other interpretations of the Raman band around 930 cm’™
have been proposed [86-87]. Peroxovanadates are thus more likely to be intermediates
in the re-oxidation of the catalyst surface. Peroxovanadates and other adsorbed electro-
philic oxygen species like H,O,, HOO', O, and O are active in the complete oxidation
of propane and propene to CO and CO, [83,88]. O=V°" vanadyl sites are also active in
the complete oxidation of propene, but less than electrophilic oxygen species [83].

Kinetic investigations have been performed, and a reaction scheme consisting of the
ODP reaction, parallel combustion of propane and sequential combustion of propene
(see Scheme 1.1), all first order in hydrocarbon and zeroth order in oxygen, is generally
accepted [67,75,89-97]. From these studies it was concluded, that the best propene
yields is obtained at high temperature, where the ratio of the propene combustion rate
constant to the ODP rate constant is minimized. However, this also maximizes the ratio
of the propane combustion rate constant to the ODP rate constant. Hence, the interplay
between all three reactions must be considered to determine the optimal reaction condi-

tions.
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C,H, %02 —>C,H,+H,0

C,Hq +[2+%xj 0, —3CO, +4H,0

3 3
C,H, +(E+Exj 0, —3CO, +3H,0
Scheme 1.1: Reaction network of oxidative dehydrogenation of propane.

Alumina supported vanadia catalysts have been prepared by FSP by Rossetti and co-
workers [98]. The specific surface areas obtained in their study ranged from 18 to 27
m’/g, approximately a factor 5 to 10 lower than typical alumina supported catalysts pre-
pared by FSP [15]. SEM images reported by Rossetti et al. [98] also showed a very
broad particle size distribution. This may be due to the use of aluminum nitrate as pre-
cursor, which contains large amounts of water, so that the combustion enthalpy of the
precursor solution may have been too low for fast evaporation of the precursor droplets.
Another reason could be the low dispersion gas pressure drop across the nozzle leading
to larger precursor droplets [99], which evaporate slowly. Consequently crystalline
V,0s5 and AIVO,4 were produced rather than supported vanadia species.

The aim of this study was to prepare high surface area vanadia, molybdenum oxide and
mixed molybdenum-vanadium oxide on alumina catalysts by FSP and investigate the
structure-activity-selectivity relationship of oxidative dehydrogenation of propane as
function of transition metal loading. For this purpose vanadium and aluminum acety-
lacetonates and molybdenum 2-ethylhexaoate, dissolved in the high combustion enthal-

py solvent toluene, were used as precursors during flame synthesis.
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1.4  Outline of this thesis

Further exploring FSP as a method for synthesis of thermally stable and high surface ar-
ea catalysts is interesting. This thesis explores the use of FSP for the synthesis of cobalt-
molybdenum hydrotreating catalysts and vanadium and molybdenum oxide catalysts for
oxidative dehydrogenation of propane (ODP). The experimental of FSP and a newly
constructed catalytic activity test setup are described in Section 2. The hydrotreating
experiments started with FSP synthesis of CoMo/Al,O3 catalysts (Section 3). This re-
sulted in undesired formation of CoAl,O4. To minimize the formation of CoAl,Oy, the
hydrotreating catalyst preparations continued with two-nozzle FSP synthesis of Co-
Mo/Al,O3 catalysts (Section 4) and one-nozzle synthesis of CoMo/Al,03-SiO; catalysts
(Section 5).

The ODP experiments started with FSP synthesis and structural characterization of va-
nadia on alumina catalysts (Section 6) and a kinetic description of the ODP reaction
over these catalysts (Section 7). This was continued by synthesis of alumina supported
molybdenum oxide and mixed molybdenum-vanadium oxide (Section 8). Finally, con-

clusions and outlooks are given in Section 9.
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2. Experimental

2.1 Flame spray pyrolysis (FSP)

The FSP setup at the Department of Chemical and Biochemical Engineering at the
Technical University of Denmark is designed like the schematic in Figure 1.1 and pho-
tographs of the setup are shown in Figure 2.1 and Figure 2.2. The nozzle (Figure 1.1
and Figure 2.3) and filter holder were designed and constructed at ETH Ziirich. The ca-
pillary has a 0.413 mm inner diameter (Hamilton Gauge 22), and is placed in the capil-
lary holder which can move vertically to adjust the dispersion gas pressure drop across
the nozzle, typically 1.5 to 3 bar. If the pressure drop is lower than 1.5 bar, large drop-
lets are formed in the spray, while the droplet size asymptotically reaches about 5 pum
with increasing the pressure drop [3]. The precursor is loaded in a 100 ml gas tight sy-
ringe (Hamilton), which is placed in a syringe pump (World Precision Instruments
ALADDIN), that is calibrated to the inner diameter of the syringe, allowing flows be-
tween 0.1 and 10 ml/min, but typically 3 to 7 ml/min is used. Generally, higher flows
result in larger primary particles due to the larger flame and longer residence time at
high temperature [27,100-102], however the particle size of pure silica behaves non-
monotonously as function of precursor flow [3,28].

Gas flows for the dispersion gas and pilot flame are controlled by calibrated mass flow
controllers (Brooks) allowing up to 10 Nl/min for the oxygen dispersion gas and 5
Nl/min for the pilot flame oxygen and methane, but typically 3 to 7 Nl/min for the dis-
persion gas is used. Generally, the higher the flow of dispersion gas the smaller the pri-
mary particle size, due to a smaller flame and shorter residence time with increasing ox-

idant flow [27,100-101].

Nanoparticle synthesis using flame spray pyrolysis for catalysis 15



manometer filter

temperature filter
controller
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cylindrical bum
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vacuumpump
inlet oxygen
and methane syringe pump

Figure 2.1: Photograph of the FSP setup with the different components labeled. The whole set-
up is placed in a fume hood.

Inner Ring
()
Figure 2.2: Photograph of the FSP flame in Figure 2.3: Top view of the FSP nozzle. The
action preparing MoO,/AL,O; catalyst. The inner ring is the capﬂllary. and dlspers1on. gas
yellow flame color in the top is due to molyb-  outlet and the outer ring is the CH4/O; pilot

denum. flame.

16 Nanoparticle synthesis using flame spray pyrolysis for catalysis



The pilot flame is typically operated at 3 N1/min oxygen and 1 Nl/min methane, which
is 50 % excess oxygen in the pilot flame for a stable flame and rapid burnout.

Above the flame, a filter holder designed for 257 mm diameter filters was rebuild to ac-
commodate 240 mm filters (Whatman GF6). Both the nozzle and the filter holder are
water cooled and thermocouples monitor the temperature just above the filter and close
to the nozzle. The temperature on the filter depends on the height above the flame
(which is adjustable), the precursor flow and the combustion enthalpy of the precursor
solution. Preferably, filter temperatures above 150 °C are avoided. The flow through the
filter is maintained by a vacuum pump (Bush R5 0063) capable of a flow of 63 m’/h at
atmospheric pressure, which decreases as the pressure drop across the filter increases,
when the filter cake build up. A manometer monitors the pressure drop, which is typi-
cally around 450 to 700 mbar at the end of the FSP synthesis.

Typically, 50 ml of a precursor solution containing 0.1 to 0.5 mol/l metal was burned
and collected on a single filter, allowing about 400 to 550 mg of material to be recov-
ered and normally two filters were prepared in each synthesis. The solid materials were
recovered by scraping the filter with a spatula and sieving the material through a 600
um sieve, to remove large pieces of filter material that may come loose during scraping.
However, small amounts of fine filter material pieces are unavoidable in the product and
could slightly affect the surface area measurements and the catalytic activity measure-
ments, where accurate weighting is essential, but the filter material is expected to be

catalytically inactive.
2.2 Catalytic activity measurements setup

A new catalytic activity test setup using micro reactors for 50-500 mg of sieved catalyst,

total gas flow 30-300 Nml/min, temperature 200-850 °C and near ambient pressure was
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in-house designed and commercially build (ChimneyLab Europe) for oxidative dehy-

drogenation of propane.

A photograph of the setup is shown in Figure 2.4 and the PI-diagram is shown in Figure

2.5. It contains three primary parts: 1) Gas mixing, 2) three U-shaped tubular reactors

and 3) GC-MS gas analysis.

1.

18

Gas mixing is performed by four calibrated mass flow controllers (MFC, Brooks)
for mixing nitrogen, oxygen (two MFCs for low and high flow respectively) and
propane. Parallel to the gas mixture, a single MFC can supply dry air to the reactors
for oxidative pretreatment of the catalyst.

Three U-shaped quartz tubular flow reactors (4 mm inner diameter) are connected
to the gas-mix and the air in a series/by-pass configuration using six 4-way valves.
The reactors are placed in 50 mm diameter tubular furnaces closed in one end with
individual temperature control (Watlow). Each reactor can either be supplied with
the gas mixture, the dry air or be in a closed loop and disconnected without interfer-
ing with the other reactors. Each furnace can be moved away from the reactors in-
dividually.

A fraction of the gas mixture is delivered to the GC-MS (Thermo Fischer, Global
Analyzer Solutions) for analysis after passing through one reactor or by-passing
them all. The remaining gas mixture and the air are sent to the exhaust. The GC has
a TCD detector for quantifying N, O,, CO and CO; using Hayesep Q and Molsieve
5A packed columns and a FID detector, in parallel with the MS, for identifying and
quantifying saturated and unsaturated light hydrocarbons and oxygenated byprod-
ucts such as acrolein using a Rt-QS-BOND column (Restek). Quantification was

done by integrating the TCD or FID signals and calculating the mole fractions of
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the species from straight line calibrations. The calibrations were made with certified

calibration gasses (AGA and Air Liquide). A gas analysis takes about 26 min.

sseousan WAl HE I

Figure 2.4: Photograph of the oxidative dehydrogenation activity test setup. From left: Electric-
ity cupboard (grey painted metal), gas mixing panel, three furnaces and reactors (in polycar-
bonate enclosure) and GC-MS on the table.
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Figure 2.5: Pl-diagram of the oxidative dehydrogenation activity test setup. As drawn reactor
one (R101) is isolated for loading/unloading, reactor two (R102) has the flow of the gas mixture
(green line) and reactor three (R103) has the flow of dry air for pre-oxidation (red line).
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A thermocouple was placed inside each reactor just touching the catalyst beds to meas-
ure the reaction temperature. A pressure transducer placed upstream of the reactors
measured the actual reaction pressure, which was kept close to atmospheric pressure. A
pressure transducer downstream of the reactor, near the inlet of the GC, enabled meas-
urement of the pressure drop across the catalyst bed.

After the first reactor all the tubes are heat traced to 150 °C to avoid condensation of
water. All MFC set-points, valve positions, reactor temperatures and start of GC-MS
analysis are controlled by a PLC. A PC running a LabView program is used to control
the set-points and for data logging of process values (see Figure 2.6). All parameters
can be controlled manually or automatically using a reaction sequence.

A typical catalytic activity measurement would start with oxidizing the sample in air at
550 °C. Following this treatment, the sample is cooled to the lowest reaction tempera-
ture and the air flow is swapped for the gas mixture. The exit gas composition is ana-
lyzed with GC-MS at different flows, concentrations and/or temperatures.

The test setup is designed for gas-phase oxidation of alkanes, but it can also be used for
other gas-solid catalytic reactions at near ambient pressure and temperatures up to 850
°C. With the addition of live gas analysis like FTIR or MS it is possible to use the setup

for temperature programmed desorption, reduction and oxidation.
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Figure 2.6: LabView control screen of the oxidative dehydrogenation activity test setup show-
ing from left to right: MFC control, pressure reading, furnace temperature reading and control,
heat-tracing temperature reading and control, GC inputs and pressure reading.
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3. Flame spray synthesis of CoMo/Al,O; hydrotreat-
ing catalysts

3.1 Introduction

In order to evaluate the potential of FSP for synthesizing the CoMo/Al,O5 oxide catalyst
precursor of molybdenum sulfide hydrotreating catalysts, a series of CoMo/Al,O; cata-
lysts with different transition metal loadings were prepared by FSP. The series was
structurally characterized and evaluated as hydrotreating catalysts after activation by

sulfidation.

3.2 Experimental

3.2.1 Catalyst synthesis

Six alumina supported catalysts and one unsupported CoMo catalyst were prepared by
one-step flame spray pyrolysis [3-4], with 8, 16, 24 and 32 wt.% Mo with atomic ratio
Co/Mo = 1/3, 16 wt.% Mo with atomic ratios Co/Mo = 2/3 and 1/1, and unsupported
CoMo-oxide with Co/Mo = 1/3 were prepared (cf. Table 3.1).

Precursor solutions were prepared by dissolving appropriate amounts of
tris(acetylacetonato)aluminum (Al(CsH70s3)s; Sigma Aldrich), cobalt 2-ethyhexanoate
(Co[OOCCH(C,H5)C4Ho]»; Sigma Aldrich) and molybdenum 2-ethyhexanoate
(Mo[OOCCH(C,Hs)C4Ho],; Strem Chemicals) in toluene (Sigma Aldrich) to a total
metal concentration of 0.4 mol/l. The total metal concentration was limited by the solu-
bility of the aluminum compound.

The precursor solution was fed at 3 ml/min and dispersed by 7 N1/min high-velocity ox-
ygen gas at 2 bar pressure drop. The temperature at the filter was kept below 110 °C. At

the end of the synthesis the pressure drop across the filter was 0.6 to 0.7 bar and 0.45 to
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0.8 g of product could be collected from each filter. Two batches were prepared for each
sample using the same precursor solution. Details of FSP experimental are found in

Section 2.

3.2.2  Specific surface area

Specific surface areas (SSA) of the as-prepared oxide catalysts and the sulfide catalysts
after catalytic activity measurements were measured by nitrogen adsorption at its boil-
ing point (Quantachrome iQ,), using multipoint BET theory, with six points in the p/pg
= 0.05 to 0.25 range. Prior to adsorption, the oxide catalysts were degassed in a flow of
dry nitrogen at 170 °C and the sulfide catalysts, which had been pressed and sieved be-
fore sulfidation, were degassed at 350 °C in vacuum. The spherical equivalent particle
size was calculated as d, = 6/(p-SSA), where p is the average density of 4.25 g/em’

which is weighted by the mass percentages of the oxides Al,03, MoOj; and CoO.

3.2.3  X-ray diffraction

X-ray diffraction was measured on the as-prepared oxide powders using rotating sample
holders, a rotating copper anode X-ray source, nickel filter and automatic anti-scatter
and divergence slits (PANalytical X’Pert PRO). 4615 points were recorded from 26 =

10 to 70° with 327 s integration time pr. point in continues scanning mode.

3.2.4 UV-vis diffuse reflectance spectroscopy

UV-vis diffuse reflectance spectra were recorded on the as-prepared oxide powders us-
ing a Varian Cary 300 Bio spectrophotometer equipped with a Labsphere DRA-CA-301
integrating sphere. Spectralon was used as reference and the spectra were analyzed us-

ing the Kubelka-Munk theory were F(R.) = (I—Rw)2/2Rw, where R is the percentage re-
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flection of an infinite layer of powder relative to the reference (i.e. there is no transmis-

sion through the sample cup).

Table 3.1: Specific surface area (SSA) and crystal phases observed with XRD and UV-vis of
the oxide precursor and SSA of the spent sulfide catalyst.

Sample SSA,* (m*/g)  SSA, (mzlg) SSA ratio® Phases’

8 wt.% Mo 221 190 0.86 v-Al,03, CoALL,O4
Co/Mo=1/3

16 wt.% Mo 202 120 0.59 v-Al,O3, CoALLO4
Co/Mo=1/3

24 wt.% Mo 163 78 0.48 v-Al,O3, CoALLO4
Co/Mo=1/3

32 wt.% Mo 126 78 0.48 v-Al,03, M0O3, CoAlLO4
Co/Mo =1/3

Unsupported 90 34 0.38 MoO:s, B-CoMoO4
Co/Mo =1/3

16 wt.% Mo 205 91 0.44 v-AlL O3, CoAl,O4
Co/Mo =2/3

16 wt.% Mo 191 70 0.37 v-Al,O3, CoAL,O4
Co/Mo =1/1

SSA of the as-prepared oxide catalysts, "SSA of the spent sulfide catalyst, ‘ratio between the
surface areas of the as-prepared and the spent catalysts, “phases detected with XRD and UV-vis.

3.2.5 Transmission electron microscopy

Bright field transmission electron microscopy (Technei T20) was measured on powders
supported on lacey carbon copper grids. The as-prepared, oxidic catalyst powder was
transferred to the grid by dipping it several times in the powder and removing loosely
bound excess. The spent sulfide catalysts were crushed in an agate mortar prior to trans-

fer.

3.2.6 Catalytic activity measurements

The hydrotreating catalytic activity measurements were performed in the laboratories of
Haldor Topsee A/S.

The as-prepared catalyst powder was pressed into pellets by means of an hydraulic

press. The pellets were crushed to yield 300 mg of the 600-850 um sieve fraction, which
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was diluted with 200 um Ballotini glass beads to a bed height of 8 mm for good mass
and energy transfer and placed in a fixed bed tubular flow reactor (7.5 mm inner diame-
ter) around a thermocouple pocket (see Figure 3.1). The liquid feed to the reactor was
evaporated and mixed with a hydrogen stream upon entering the reactor. The catalysts
were sulfided in-situ for 4 hours at 350 °C and a total pressure of 50 atm arising from a
liquid feed of dimethyldisulfide (DMDS) dissolved in n-heptane and from hydrogen at a
partial pressure p(H;) = 42 atm. At these conditions all species are in the gas phase and
DMDS decomposes to hydrogen sulfide and methane. After sulfidation, the liquid feed
is switched to a model diesel composed of 3.0 wt.% dibenzothiophene (DBT), 0.5 wt.%
indole, 1.0 wt.% naphthalene, 2.5 wt.% DMDS and 0.5 wt.% n-nonane dissolved in n-
heptane. During the activity testing the total pressure was fixed at 50 atm and p(H,) =
38 atm. The total liquid feed rate was 0.5 ml/min and the hydrogen feed rate was 250
Nml/min. DBT is a representative sulfur compound, indole a representative nitrogen
compound, naphthalene a representative aromatic compound for unhydrotreated diesel,
DMDS is added to keep the catalyst sulfided (i.e. maintain a sufficient partial pressure
of H,S during the activity measurements) and n-nonane is an internal standard for GC
analysis. Concentrations were determined using GC-FID analysis, measuring the con-
version of the feed compounds and the formation of biphenyl by direct desulphurization
and cyclohexyl benzene by pre-hydrogenation (hydrogenation of one benzene ring fol-
lowed by sulfur removal). Conversions were calculated by integrating peaks in the
chromatogram and ideally kept below 50 %. DBT, biphenyl and cyclohexyl benzene
mass balances were better than 99 % in all measurements. Activity tests lasted approx-
imately 8 h and 8 GC-FID analyses were made. Apparent pseudo first order rate coeffi-

cients for the desulfurization, denitrogenation and hydrogenation reactions were calcu-
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lated when constant conversion was observed by k = — F\pfed/Wear - In(1-x) where F, is
the volumetric flow rate, pr.s the density of the feed, w., the mass of catalyst and x the

conversion of DBT, indole and naphthalene respectively.

"] 3 mm glass beads
-
T Ballotini
200 pm glass beads
: *, e’
o0 0™ Catalyst
..o " [ 600-850 um fraction

I
|

/]
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- Ballotini
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Figure 3.1: Cross section of the high-pressure reactor used for hydrotreating catalyst activity
measurements in the laboratories of Haldor Topsee A/S.

3.3 Results and discussion

Seven CoMo/Al,O3 samples were synthesized by flame spray synthesis, where an or-
ganic precursor solution containing organic compounds of all three metallic elements is
sprayed as fine droplets into a flame. Combustion of the solvent and precursors result in
a short residence time at high temperature, where metal oxide vapors nucleate, grow and

agglomerate to form agglomerated nanoparticles. The flame product, which is the oxide
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catalyst precursor similar to what is obtained after calcination in conventional hy-
drotreating catalyst production, was characterized by different physiochemical tech-
niques and was evaluated as hydrotreating catalyst after sulfidation.

The specific surface area (SSA) and the phases detected by XRD and UV-vis of the ox-
ide samples and the SSA of the spent sulfidic catalysts are summarized in Table 3.1.
The SSA decreased from 221 to 90 m*/g when increasing the Mo and Co contents. At 8
and 16 wt.% Mo the obtained SSA was just above 200 m*/g, which is similar to what
can be expected from a catalyst prepared by active metal impregnation of high-surface
area alumina. After the catalytic tests, during which a sulfidation of the molybdenum
oxide and partially the cobalt oxide occurs, the SSA had decreased significantly when
the active metal loads were high. The ratio of the SSA before and after catalytic tests
clearly shows that increasing the Mo and Co content makes the sample more prone to

sintering.

3.3.1 UV-vis spectroscopy

UV-vis spectra recorded on the as-prepared oxide powders are shown in Figure 3.2. In
the visible region, three clear peaks are observed at 548, 583 and 630 nm on all samples
with alumina support. These are the three spin allowed d—d transitions of Co*" in
CoAl,Oy4 spinel [103], where Co is tetrahedrally coordinated (by oxygen), thus the d—d
transitions have high absorption coefficients by being symmetry allowed. The higher
the Co content, the higher the intensity of the transitions. Thus under the conditions in
the flame the spinel phase is formed from CoO, and AlO, vapors. The triplet is absent
for the unsupported sample, but some absorbance in the visible region is observed indi-
cating the presence of cobalt. This is in good agreement with the alumina-supported

samples appearing blue and the unsupported sample appearing brown. Absorbance in
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the UV-region (<400 nm) is due to molybdenum ligand-to-metal charge transfer bands
(O* —Mo®") [104]. Higher energy bands centered around 240-270 nm have been as-
signed to monomeric tetrahedral molybdenum species, while bands centered around
290-320 nm have been assigned to oligomeric octahedral molybdenum species [45,104-
105]. In this study two distinct peaks were not observed, except for the 8 wt.% sample
where a shoulder to the high energy peak is seen around 300 nm. The absorbance be-
tween 300 and 400 nm increases with increasing Mo loading indicating increased oli-
gomer formation with increasing metal loading. This is particularly pronounced for the
unsupported sample. It was also observed that cobalt compounds such as Co(NOs3)s,
Co(OH); and basic cobalt carbonate absorbed in the UV region, so cobalt charge trans-

fer transitions may contribute to the observed UV bands.
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Figure 3.2: Diffuse reflectance UV-vis spectra of the as-prepared CoMo/Al,O; oxide powders.
The triplet seen at 548, 583 and 630 nm is due to CoAl,O, spinel. Absorption in the UV region
(<400 nm) is due to molybdenum species charge transfer bands.
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3.3.2 X-ray diffraction

X-ray diffractograms of the as-prepared oxide powders are shown in Figure 3.3. At 8§ to
24 wt.% Mo only the reflections for pure y-Al,O3 (which was also prepared by FSP) are
observed, indicating that Mo and Co are well dispersed rather than forming separate
molybdenum and cobalt oxide particles. Previous FSP prepared alumina also showed
the y-ALLO3; phase [16-17]. At 32 wt.% a new reflection at 20 = 26° appears, which is
observed as an intense reflection for the unsupported sample. The unsupported sample
is a mixture of MoO; and CoMoO4 and the 32 wt.% sample is mostly y-Al,Os with
small amounts of MoO; and CoAl,Qy, i.e. still well dispersed. Increasing the Co load-
ing with constant Mo wt.% caused the 26 = 67° (440) reflection to shift to 66°, the (422)
reflection at 26 = 54° appears, while the 26 = 46° (400) reflection diminished and the 26
=37° (311) reflection increased in intensity. This indicates a shift from the formation of
v-Al,O3 towards CoAl,O4, which has a similar XRD pattern, as shown by the diffracto-
gram of a commercial CoAl,O4 sample (cf. Figure 3.3). This is in good agreement with
the UV-vis measurements and shows that significant amounts of CoAl,O4 are formed.
The spinel is an undesired product of the flame synthesis, since this cobalt has been
shown not to be available for promotion in the sulfided catalyst [50]. For the 16 wt.%
Mo sample with Co/Mo = 1/1 ratio, which has the highest Co content of all the samples,
the Co/Al atomic ratio is 0.137. According to the stoichiometry a maximum of 27 % of
the alumina can form CoAl,O4. For the 16 wt.% Mo sample with Co/Mo = 2/3 there is
also some indication of formation of Co304, which XRD diffractogram is similar to
those of y-Al,O3; and CoAl,O4. The signs of Co3;04 are the weak reflection at 26 = 20°
(111) and the relative high intensity of the 26 = 32° (220) reflection. For the 16 wt.%

Mo sample with Co/Mo = 1/1 there is also some indication of MoO; formation by the
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broad reflection around 26 = 26°, observed as the most intense reflection for the unsup-
ported sample. The mixtures of phases with overlapping peaks made the estimation of

crystallite sizes using the Scherrer equation very inaccurate.
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Figure 3.3: X-ray diffractograms of the as-prepared CoMo/Al,O; oxide catalyst precursors. Up
to 24 wt. % Mo only the reflections from y-Al,O; (also prepared by FSP) are observed. At 32
wt.% Mo the reflection at 20 = 26° is observed, which is seen as the most intense reflection of
the unsupported sample. Increasing the Co content at constant Mo loading of 16 wt.% causes
small changes in the diffractogram showing the formation of CoAl,O,, as compared to the dif-
fractogram of a commercial CoAl,O4 sample (Alfa Asear, divided by a factor 5).

32 Nanoparticle synthesis using flame spray pyrolysis for catalysis



3.3.3 Transmission Electron Microscopy

The as-prepared oxide catalysts were investigated with TEM to gain further information
on particle morphology and size distribution. Selected images of six samples are shown
in Figure 3.4. The flame products are aggregated, polydisperse nanoparticles. The larger
particles are almost spherical, while the smaller ones are more irregular. At low molyb-
denum loadings the particles agglomerate, but the individual particles can clearly be dis-
tinguished on the TEM images, indicating that they are held together by van der Waals
forces. At 24 and 32 wt.% Mo and particularly on the unsupported samples, the particles
have started to sinter and aggregate. This may be due to the lower melting point of mo-
lybdenum oxide compared to alumina, enhancing the rate of sintering.

Based on measuring the diameter of N = 150 to 250 particles for each sample, the aver-
age particle diameter was calculated as d, = (3.d;)/N and shown in Figure 3.5, along with
the BET surface area equivalent diameter assuming spherical particles and estimating
the average density from the composition and the densities of the bulk oxides d, =
6/(SSA4-p). The average particle size determined with TEM is generally slightly larger
than the BET derived size, which may be due to the irregular shape of the particles.

The unsupported sample is an exception since the TEM particle size is smaller than the
BET particle size. This may be due to the difficulty in determining the appropriate size
of the individual particles, due to the high degree of sintering. The variation in particle
size is also large, as shown by the one standard deviation error bars in Figure 3.5. This
is particularly pronounced as the molybdenum content is increased. Figure 3.6 shows
the fitted log-normal particle size distributions, normalized to unit area under the curve,
demonstrating that the standard deviation increases when going from 8 to 32 wt.% Mo

and it is even higher for the unsupported sample. The insert in Figure 3.6 shows the
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counts binned in 1 nm intervals and the fit for the 16 wt.% Mo sample. For all samples a

log-normal distribution fitted the measured particle size distribution well.

, N BE MY B e ol W 26 nm
Figure 3.4: Bright field TEM images of the as-prepared oxide catalysts. (a) 8 wt.% Mo, Co/Mo
= 1/3 (note different scale), (b) 16 wt.% Mo, Co/Mo = 1/3, (c) 24 wt.% Mo, Co/Mo = 1/3, (d)
32 wt.% Mo, Co/Mo = 1/3, (e) Unsupported, Co/Mo = 1/3 and (f) 16 wt.% Mo, Co/Mo = 1/1.

34 Nanoparticle synthesis using flame spray pyrolysis for catalysis



14 |

12 F

d (nm)

P

m BET | 4
® TEM

AR AR
coM® | co™ | ol

Jo N©

A Wt ° a2 Wt °

Figure 3.5: Average particle diameters as determined by BET and TEM. BET diameters as-
sume spherical particles (d, = 6/[p-SSA]) and the densities are estimated from the composition
and densities of the bulk oxides. The TEM particle size is the number average diameter after
counting 150 to 250 particles. TEM error bars are one standard deviation (68 %) on the lognor-

mal particle size distribution.
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Figure 3.6: Particle size distributions of the oxide catalysts estimated from TEM images. Log-
normal distributions normalized to unit area. The insert shows the counts and fit for the 16 wt.%

Mo, Co/Mo = 1/3 sample.
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Figure 3.7 shows TEM images of the sulfided catalysts after the catalytic tests. The
formation of the layered MoS, structures is clearly seen by the intense black (non-
straight) lines in the TEM images. The MoS, particles may contain one or more layers.
The TEM images only reveal MoS, particles whose layers are oriented parallel
(plus/minus a few degrees) to the electron beam; for this reason the observed size of the
particles is referred to as their length. On the 8 wt.% Mo sample mostly single-layer
MoS; structures were observed. With increasing Mo content more and more multi-layer
structures are observed. Figure 3.8 summarizes the average particle length and the aver-
age number of layers per MoS, particle as determined by counting on the TEM images.
The particle length on the supported samples increases slightly with increasing Mo con-
tent, but lies between 3 to 4 nm, which is normal for supported samples [51]. The un-
supported sample contains significantly longer particles with an average length of 8.5
nm. The number of layers per MoS, particle increases with increasing Mo content in the
sample. At 8 and 16 wt.% Mo most of the particles have only one layer, with up to three
being observed. At 24 wt.% Mo the average is approximately two layers, with up to 4
layers being observed, at 32 wt.% Mo the average is approximately 2.5 layers, with up
to 6 being observed and for the unsupported sample the average is 3.4 layers, with up to

six layers being observed.
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Figure 3.7: TEM images of the spent sulfide catalyst. (a) 8 wt.% Mo, Co/Mo = 1/3, (b) 16 wt.%
Mo, Co/Mo = 1/3, (c) 24 wt.% Mo, Co/Mo = 1/3, (d) 32 wt.% Mo, Co/Mo = 1/3 and (e) Unsup-
ported, Co/Mo = 1/3.
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Figure 3.8: Average particle length with one standard deviation assuming log-normal distribu-
tion error bars and the average number of layers per MoS; particle counting on TEM images of
the sulfided samples after catalytic tests.

3.3.4  Catalytic activity measurements

The catalysts were simultaneously tested for HDS of dibenzothiophene, HDN of indole
and HYD of naphthalene. The pseudo first order rate constants for HDS, HDN and
HYD of all the catalysts are shown in Figure 3.9, along with those of a commercial
alumina-supported CoMo catalyst. The optimum for HDS was found to be 16 wt.% Mo
with Co/Mo = 1/3. The observed activity is similar to what was observed for a 8 wt.%
Mo sample with Co promotion prepared by impregnation on carbon support [56]. The
activity is significantly higher than for unpromoted MoS, supported on alumina and
carbon [56,106], showing that the oxide precursor prepared by one-step flame synthesis
forms the cobalt-promoted active phase upon sulfidation. However, increasing the Co
content to Co/Mo = 2/3 lowered the activity slightly and further increasing the Co con-
tent to Co/Mo = 1/1 reduced the activity even further. From BET measurements it was

concluded that increasing the cobalt content caused a significant drop in specific surface
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area. The surface area of the spent Co/Mo = 1/1 sample is only 37 % of the surface area
of the oxide precursor. For the Co/Mo = 2/3 and 1/3 samples this ratio is 44 % and 59 %
respectively. This could qualitatively explain the lower activity. As observed with UV-
vis and XRD, addition of more cobalt resulted in the formation of significant amounts
of CoAl,O4. Thus, the extra cobalt is associated with inactive components prone to sin-

tering, rather than with molybdenum sulfide whose activity for HDS it could have en-

hanced.
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Figure 3.9: HDS, HDN and HYD pseudo first order rate constants of all the FSP catalysts and
one commercial reference catalyst by monitoring the conversion of dibenzothiophene, indole
and naphthalene. Error bars are one standard deviation of three measurement of the commercial
reference. Liquid feed 0.5 ml/min of 3.0 wt.% dibenzothiophene, 0.5 wt.% indole, 1.0 wt.%
naphthalene, 2.5 wt.% DMDS and 0.5 wt.% n-nonane dissolved in n-heptane. Temperature 350
°C and pressure p(total) = 50 atm and p(H,) = 38 atm. Hydrogen flow rate 250 Nml/min. 300
mg catalyst.

The highest surface area (221 m*/g) and the lowest sintering (14 % loss of surface area
after test) is seen for the 8 wt.% molybdenum sample, with decreasing surface area

(down to 90 m’/ g) and increased sintering (up to 62 % loss of surface area) as the Mo
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content increases to unsupported CoMo. The 8 wt.% molybdenum sample shows lower
HDS activity than the 16 wt.% sample, probably due to the less active material, despite
the lower sintering and smaller MoS; particles. Increasing the molybdenum content
above 16 wt.% again lowers the HDS activity, possibly due to sintering or, as observed
with TEM, that the high Mo samples have more layers per MoS, particle. The active
sites are believed to be at the particle edges [53], so larger particles and more layers per
particle may make edges inaccessible to the relatively large dibenzothiophene molecules
[55]. In a study of noble metal promotion of MoS,, the promoters resulting in the small-
est MoS; particles showed the highest activity [106], in good agreement with the obser-
vation here.

The HDS activity of the best FSP prepared catalyst is approximately 75 % of that of a
commercial alumina supported CoMo catalyst. This shows the potential of the FSP
technique since the commercial sample is the product of many years development,
while the FSP catalysts are the first examples of their kind. Further development of the
FSP material could make it a serious competitor to the traditional catalyst, especially
considering the preparation is one step.

The HYD activity has the same trend as the HDS activity for all samples. Also the HDN
activity showed the same trend as HDS and HYD for all the supported samples. This
shows that active sites for all three hydrotreating reactions are formed in the same ratio
on all samples. Possibly they are the same sites. One exception is the unsupported sam-
ple which was more active in the HDN reaction than the 32 wt.% sample and the 8 wt.%
Mo samples. The reason for this is not clear, but some sites favorable for coordination

and reaction of indole must form on the unsupported cobalt-molybdenum sulfide.
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The HDS selectivity for all the samples (including the commercial sample) is between
83 and 88 % towards biphenyl and between 12 and 17 % towards cyclohexyl benzene,
making the direct desulfurization selectivity 20 to 25 percentage points higher than for a
carbon supported sample [56].

These first results show that FSP is a very interesting technique for preparation of hy-

drotreating catalysts.
3.4 Conclusions

A series of CoMo/Al,O3 hydrotreating catalysts with different Mo and Co loadings
were prepared using one-step flame spray pyrolysis. The product consisted of y-Al,O3
with some CoAl,O4, while the MoO; was XRD amorphous, except for the highest Mo
loadings. The catalysts showed high activity and high selectivity towards direct desul-
phurization, indicating that the desired promoted Co-Mo-S phase was formed upon sul-
fidation of the oxide flame synthesis product, despite formation of some CoAl,O4 dur-
ing the flame synthesis. The best catalyst contained 16 wt.% Mo with atomic ratio
Co/Mo = 1/3. Higher loadings (24 or 32 wt.% Mo) and a sample without alumina sup-
port had a significantly lower HDS activity. This is attributed to the sintering and in-
creased stacking of MoS; layers in larger particles. The best Co/Mo ratio was 1/3, and
even lower Co/Mo ratio may be beneficial, although the influence of Co loading is not
as strong as the influence of Mo loading. The drop in activity with increasing Co con-
tent is attributed to the formation of CoAl,O4 during flame synthesis, which causes the
catalyst to sinter at reaction conditions.

There is room for further optimization of the catalysts by extending the formulations in
the concentration range 8 to 24 wt.% Mo and Co/Mo < 1/3 and by suppressing the for-

mation of CoAl,Oj.
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4. Two-nozzle FSP synthesis of CoMo/Al,O; hy-
drotreating catalysts

4.1 Introduction

In order to reduce the amount of CoAl,O4 formed during the flame synthesis of Co-
Mo/Al,O3 hydrotreating catalysts (see Section 3), two-nozzle FSP was investigated.
This method has previously been shown to reduce the amount of the analogous com-
pound BaAl,O4, by spraying Ba and Al in separate flames, during FSP synthesis of

Pt/Ba/Al,O3 NO, storage-reduction catalysts [31].

4.2 Experimental

4.2.1 Catalyst Preparation

Seven alumina-supported cobalt-molybdenum catalysts were prepared via either one- or
two-nozzle FSP according to the descriptions in ref. [3] and [31], respectively. The cata-
lysts were designed to have 16 wt.% Mo and an atomic ratio of 1/3 for Co/Mo as previ-
ously investigated (see Section 3). Precursor solutions were prepared by dissolving
aluminum acetylacetonate (99%, Sigma-Aldrich), molybdenum 2-ethylhexanoate (15%
Mo, Strem Chemicals), and cobalt(Il)2-ethylhexanoate solution (65wt.% in mineral
spirits, Sigma-Aldrich) in toluene to a total metal concentration of 0.4 mol/L, which
was limited by the solubility of the aluminum compound. For one-nozzle FSP, the pre-
cursors were combined at the appropriate amounts into a single solution then heated to
fully dissolve the aluminum acetylacetonate and cooled to room temperature before
spraying. For two-nozzle FSP, the precursor solutions were prepared in pairs as either a

Mo-Al solution and Co solution or a Al solution and Co-Mo solution, where the appro-

42 Nanoparticle synthesis using flame spray pyrolysis for catalysis



priate precursors were combined then heated to dissolve the aluminum acetylacetonate
and cooled to room temperature before spraying.

For one-nozzle FSP, the precursor solution was fed through a capillary tube at 3
mL/min by a syringe pump and dispersed with 7 Nl/min oxygen gas at 2 bar annular
nozzle pressure. The spray was ignited by the surrounding premixed methane flame (1
NI/min CH4 and 3 NI/min O;). The powder samples were collected at 52 cm from the
nozzle onto water-cooled glass-fiber filters (Whatman GF6, 240 mm) supported by a
vacuum pump (Bush R5 0063).

For two-nozzle FSP the precursor solutions were fed through capillary tubes at 4
mL/min by syringe pumps and dispersed with 7 NI/min oxygen gas at 1.6 bar annular
nozzle pressure. The sprays were ignited by the surrounding premixed methane flame
(1.5 NI/min CH4 and 3.2 NIl/min O;). The powder samples were collected at 50 cm from
the nozzle onto water-cooled glass-fiber filters (Whatman GF6, 257mm) supported by a
vacuum pump (Busch SV1025C). During preparation of the two-nozzle FSP samples,
the setup was changed such that an angle 6 from 15 to 32° was used (see Figure 4.1), re-

sulting in mixing distances m ranging from 8.1 to 17.5 cm (see Table 4.1).

4.2.2  Catalyst charaterization
Details of specific surface area, UV-vis, XRD and TEM measurements are given in sec-

tions 3.2.2 through to 3.2.5.
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Figure 4.1: Two-nozzle FSP setup, where 6 is the angle between the center and mixing lines,
and m is the mixing distance from the nozzle to the mixing point.

Table 4.1: List of samples, two-nozzle preparation parameters, specific surface area (SSA) and
crystalline phases observed with XRD, Raman and UV-vis of the oxide precursor and SSA of
the as prepared (SSA,) and the sulfide catalyst after catalytic activity measurements (SSA;).

Sample 0 m SSA, SSA, Ratio’ Oxide phases®
O (em)' (mYg’  (mg)

One-nozzle - - 202 145 0.72  y-Al,O3, CoAL Oy, B-
CoMoO,

Mo-Al//Co@]15° 15 17.5 162 130 0.80  y-Al03, B-CoMoO,

Mo-Al//Co@?20° 20 12.2 198 156 0.79  y-Al,0;, B-CoMoO,

Mo-Al//Co@23° 23 10.1 161 129 0.80  y-Al,03, B-CoMoO,

Mo-Al/Co@?28° 28 10.1 148 123 0.83  y-Al,03, B-CoMoO,

Mo-Al//Co@32° 32 8.1 139 121 0.87  y-Al,03, CoAL Oy, B-
CoMoOQO,

Al//Co-Mo@?20° 20 12.2 193 158 0.82  y-Al,O;, B-CoMo00O,

“angle between the nozzle and vertical and mixing distance of the two flames (see Figure 4.1),
Pspecific surface area of the oxide catalysts, “specific surface area of the sulfide catalysts, “ratio
between the specific surface areas of the sulfide and oxide catalysts, “crystalline phases detected
by XRD, diffuse reflectance UV-vis and Raman spectroscopy.
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4.2.3 Raman spectroscopy

Laser Raman spectroscopy was performed on a Horiba Jobin Yvon LabRAM HR sys-
tem with an argon ion laser tuned to the green 514.5 nm line using an oscillating crystal.
The as-prepared oxide samples were pressed and sieved to 150-300 pum particles and
loaded in a modified in-situ cell (Linkham). The samples were dehydrated in a flow of
dry air at 550 °C for 15 minutes and then cooled to room temperature before measuring
the Raman spectrum from 100 to 1100 cm™ using a monochromator with 1800 gratings

pr. mm. The integration time was 120 s and the average of ten scans was used.

4.2.4  Catalytic activity measurements

Details of the catalytic activity measurements can be found in Section 3.2.6.

4.3 Results and discussion

4.3.1 Catalyst preparation and specific surface area

Alumina supported cobalt-molybdenum hydrotreating catalysts were prepared with two-
nozzle FSP at different angle and mixing distances (see Figure 4.1 and Table 4.1). The
aim was to reduce the amount of CoAl,O4 in the product compared to one-nozzle FSP
(see Section 3), since cobalt in this spinel phase is not available for promoting the cata-
lytically active MoS, phase formed during catalyst activation.

The products of both one- and two-nozzle FSP were powders with very low density due
to high inter particle porosity compared to wet synthesis of alumina nanoparticles. The
powders prepared by two-nozzle FSP appeared grey, except for the Mo-Al//Co@32°
sample which appeared light blue. The one-nozzle product also appeared blue.

The specific surface area ranged from 139 to 202 m*/g. Assuming spherical particles

this is equivalent to average particle diameters from 7 to 10 nm. Note that the BET sur-
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face area of the two-nozzle oxide catalysts decreases with decreasing mixing distance
(see Table 4.1). This may indicate increased residence time and therefore a longer time

for particle growth in the case of shorter mixing distance.

4.3.2 X-ray diffraction

X-ray diffraction measured on the as-prepared oxide catalysts only showed y-Al,Os for
the Mo-Al//Co samples, but for the Al//Co-Mo@?20° sample a broad reflection at 26 =
27° was also observed (see Figure 4.2). This could be assigned to p-CoMoO, [107-108],
in agreement with previous FSP synthesis of mixed CoMo-oxide without alumina (see
Section 3.3.2). There were no signs of crystalline MoOs, but the diffraction pattern of
crystalline CoAl,O4 nanoparticles is similar to that of y-Al,Os, hence, small amounts of

CoAl,O4 cannot be excluded by XRD (see Section 3.3.2).

Al//Co-Mo@20° A

Mo-Al//Co@32°

Mo-Al//Co@28°
Mo-Al//Co@23°

Mo-Al//Co@20°

Intensity a.u.

T T T T T T T 1

10 20 30 40 50 60 70
Pos. (°26 CuK)

Figure 4.2: X-ray diffraction. y-A203 is the only crystalline phase detected after both one- and

two-nozzle synthesis of Co-AlMo. The reflection at 26 = 27° for the CoMo-Al sample was also

observed when synthesizing CoMo-oxide without alumina using one-nozzle FSP and is as-
signed to B-CoMoOQ,.
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4.3.3  Diffuse reflectance UV-vis spectroscopy

Since the d—d transitions of tetrahedrally coordinated Co>* of CoAl,Oy are symmetry al-
lowed, they are relatively intense and three peaks at 548, 583 and 630 nm, correspond-
ing to the expected spin-allowed transitions, can easily be observed by diffuse reflec-
tance UV-vis spectroscopy (see Section 3.3.1).

Diffuse reflectance UV-vis spectra were recorded on the as-prepared oxide catalysts.
Comparing the visible region of the spectrum, only the Mo-Al//Co@32° sample clearly
showed the three peaks associated with CoAl,Oq4, while only very weak traces could be
observed for the other two-nozzle samples (see Figure 4.3). This is consistent with the
Mo-Al/Co@32° sample appearing blue and the other samples appearing gray-black.
Comparing to the one-nozzle FSP product, the amount of CoAl,Oj is significantly re-
duced.

When the mixing distance of the two flames is reduced, it is expected that two-nozzle
FSP will be similar to one-nozzle FSP, consistent with the UV-vis spectrum of the Mo-
Al//Co@32° sample exhibiting the closest resemblance to the spectrum of the one-
nozzle product.

The other two-nozzle samples exhibit broad transitions in the whole visible region of
the spectrum, with no distinct features that allows their assignment, except that they be-
long to other cobalt species like CoMoQO, or cobalt oxide. The particular strong absorp-
tion by the Mo-Al//Co@20° sample in the 650 to 750 nm range is likely due to cobalt
oxide. When preparing only alumina supported molybdenum oxide by FSP light blue
samples are obtained, with only weak absorption in the red and near infra red part of the

spectrum, which is assigned to partly reduced molybdenum like Mo’ (see Section

8.3.4).
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Figure 4.3: Diffuse reflectance spectroscopy in the visible region. The three Ty Co*” d—d bands
due to CoAlO4 (530 to 650 nm) are very weak when using two-nozzle synthesis showing that
this phase was successfully diminished. When decreasing the mixing distance of the flames the
product is more like the one-nozzle product. Absorption between 650 and 750 is due to other
cobalt species like B-CoMoOj, or cobalt oxides.

4.3.4 Raman spectroscopy

The oxide catalysts were investigated with Raman spectroscopy after dehydration at 550
°C in a flow of dry air. The spectra showed that a mixture of supported molybdenum
oxide, crystalline B-CoMoQO4 and possibly crystalline MoOs was present on the surface
of the catalysts (see Figure 4.4). B-CoMoOy is observed from the peaks at 818, 880, 937
and 947 cm™ [109-110] and possibly also crystalline MoOj is the origin of the 818 cm’™'
peak (see Section 8.3.3). Despite B-CoMoQy, is a meta-stable phase (a-CoMoQy is the
thermodynamically stable one [109]) it can be stabilized by the alumina support [111].
Supported MoOj species are observed for all samples by the shoulder around 1004 cm™
(symmetric Mo=0O molybdenyl stretching mode [112]) and the broad peak from 800 to

900 cm™ (Mo-O-Mo asymmetric stretching mode or Mo-O-Al stretching modes), by
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comparison with the Raman spectrum of an alumina supported molybdenum oxide
sample prepared by one-nozzle FSP (also shown in Figure 4.4, see Section 8.3.3 too)
and the Raman spectra of supported molybdenum oxide prepared by one-nozzle FSP
and impregnation reported in the literature [69,113].

The B-CoMoO4 phase was only observed by XRD for the Al/Co-Mo@20° sample,
where molybdenum and cobalt are prepared in the same flame. The Raman band for the
supported MoO, species is also relatively weak, compared to the B-CoMoO,4 bands for
this sample.

The intensity of the B-CoMoO4 Raman bands for the Mo-Al/Co@32° sample might in-
dicate that this phase should also appear in XRD; however Raman intensities are also
reduced when the excitation light is absorbed. By diffuse reflectance UV-vis it was ob-
served that at 515 nm the absorption is low for the Mo-Al//Co@32° sample, leading to
higher intensity in the Raman spectra.

The Raman spectra of alumina supported cobalt- and molybdenum oxide catalysts pre-
pared by impregnation with ammonium heptamolybdate and calcined at 450 to 500 °C
typically resemble the Raman spectrum of the heptamolybdate complex [41,47,114].
This may evolve into B-CoMoO4 with increasing calcination temperature [111]. These
Raman spectra are recorded in the hydrated state, which is very different from the dehy-
drated state [112]. In this study only an intense fluorescence background was observed
in the as-prepared hydrated state, possibly due to carbonaceous residues from the FSP
synthesis, making dehydration and oxidation necessary. The observation of a mixture of
supported MoO, species and f-CoMoOQ; after the thermal treatment show that the struc-
ture of the oxide catalysts prepared by FSP is similar to the structure of impregnated and

calcined catalysts.
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Figure 4.4: Raman spectra measured at room temperature after dehydration at 550 °C in dry air.
The two peaks at 937 and 947 cm™ indicates -CoMoO,, a meta-stable phase stabilized by the
alumina support. The shoulder at 1004 cm™ indicates supported MoO, species by comparison to
Mo/Al,O; prepared by one-nozzle FSP (scaled to 1/4 intensity). The peaks at 818 and 880 cm™
are also expected for B-CoMoO, or the 818 cm™' peak could indicate crystalline MoOs.

4.3.5 FElectron microscopy

The catalysts were investigated by transmission electron microscopy (TEM), both the
as-prepared oxide catalysts and the sulfide catalysts after pressing, sieving, sulfiding
and performing catalytic activity measurements. The oxide catalysts showed loosely
packed nanoparticles with diameters between approximately 5 and 15 nm (see Figure
4.5). Measuring at least 250 particles from different TEM images of the same samples
resulted in number average particle diameters from 8 to 11 nm, which is in good agree-
ment with the spherical equivalent particle diameters calculated from the BET surface

areas (see Figure 4.6).
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Figure 4.5: Transmission electron microscopy images of two of the oxide catalysts. Dark spots
around 2 nm may be B-CoMoOQ, (a) Mo-Al//Co@20° (b) Al//Co-Mo@20°
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Figure 4.6: Spherical equivalent particle size from BET surface area and number average parti-
cle size with one standard deviation error bars measured from more than 200 particles on TEM
images.
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On some of the images darker spots of around 2 nm in diameter were observed on top of
the alumina particles of approximately 10 nm diameter, indicating molybdenum con-
taining domains of e.g. B-CoMoQO4, however no larger particles of MoO; or CoMoO4
were observed, in agreement with the XRD and Raman results.

After sulfidation the nanoparticles have been compacted and the agglomerates seem
much denser. Molybdenum sulfide is observed as dark lines on the surface of the alumi-
na nanoparticles (see Figure 4.7, cf. Refs. [59-60]). Each line is one layer of molyb-
denum atoms sandwiched between two layers of sulfur atoms viewed edge on. Multiple
parallel lines show that larger particles of MoS, are formed. The average particle
lengths was around 3 nm and the average number of layers per particle was around 1.5
for the two-nozzle FSP catalysts, which is similar to the catalyst prepared by one-nozzle
FSP (see Section 3.3.3). A study of supported MoS, catalysts with different noble metal
promoter atoms showed that those promoters leading to short, single layer MoS; parti-
cles around 2 nm and 1.1 to 1.3 layers per particle had the highest catalytic activity
[106]. This shows that there is room for optimizing the MoS; particle size of the FSP

prepared catalysts.
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Figure 4.7: Transmission electron microscopy images of two of the sulfide catalysts after cata-
lytic activity measurements showing that MoS, was formed. (a) Mo-Al//Co@?20° (b) Al//Co-
Mo@?20°

4.3.6 Catalytic activity measurements

After sulfidation the activity of the catalyst was measured for the three hydrotreating re-
actions HDS, HDN and HYD. Catalytic activity is reported as first order rate constants
for the conversion of dibenzothiophene, indole and naphthalene respectively at 350 °C
and 50 atm, relative to the activity of a commercial reference (see Figure 4.8 and Sec-
tion 3.3.4). Comparing the HDS activity for the two flame products there is a trend of
increasing activity with decreasing mixing distance. The Mo-Al//Co@15° sample,
which was prepared with the longest mixing distance, had approximately 73 % of the
activity of the commercial reference, which is lower than the activity of the one-nozzle
sample at 75 %. The Mo-Al//Co@?20° sample is more active than the one-nozzle sample
at 81 %. The Mo-Al/Co@?23° and Mo-Al/Co@28°, which were prepared with the
same mixing distance but different angles, have similar HDS activity at 84 and 83 % re-
spectively. The most active catalyst in the two-nozzle series is the Mo-Al/Co@32°

sample at 91 %. The Al//Co-Mo@20° sample had 77 % activity, which is lower than the
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similar Mo-Al//Co@20° sample, showing that molybdenum and aluminum should pref-
erably be sprayed in the same flame.

This shows that by two- instead of one-nozzle FSP the catalytic activity for HDS could
be increased from 75 to 91 % of the commercial reference. The best catalyst contained
significantly lower, but measureable, amounts of CoAl,O4 compared to the one-nozzle
sample according to UV-vis. Both supported MoO, species and B-CoMoO, were clearly
observed by Raman spectroscopy. This shows that separating cobalt and molybdenum
in each flame did indeed result in better promotion of the catalytically active MoS,
phase after sulfidation. However, also the residence time in the flame and therefore the
better growth of f-CoMoQO4 may have a positive influence.

The trends in HDN and HYD activities are less pronounced than for HDS, but for all
two-nozzle samples there is a significant improvement. Comparing the one-nozzle FSP
catalyst to the best two-nozzle catalyst the HDN activity increased from 70 to 90 % and
the HYD activity increased from 77 to 95 % of the commercial reference. Like for HDS
the highest HDN activity is desirable, but high HYD activity my result in high con-
sumption of hydrogen without improving the quality of the fuel product.

All the catalysts had lower surface area after catalytic tests, but the ratio between the
surface area of the sulfide and oxide catalysts was between 0.8 and 0.9 for all two-

nozzle samples (see Table 4.1).
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Figure 4.8: Catalytic activity in terms of first order rate constants for the conversion of diben-
zothiophene (HDS), indole (HDN) and naphthalene (HYD) relative to a commercial reference.
A significant improvement is obtained by two-nozzle synthesis, particular with cobalt in one
flame and aluminum and molybdenum in the other at short mixing distance.

4.4 Conclusions

Highly active alumina supported cobalt-molybdenum hydrotreating catalysts have been
prepared by two-nozzle FSP. The only crystalline phase detected by XRD was y-Al,Os.
The CoAl,O4 phase produced by one-nozzle FSP, as determined from diffuse reflec-
tance UV-vis spectroscopy, was successfully diminished by two-nozzle FSP, but was
detected at short mixing distances between the two flames. Other species observed by
Raman spectroscopy were B-CoMoO, and supported MoO, species. f-CoMoO, ap-
peared when Co and Mo were sprayed together and at short mixing distances when the
cobalt precursor was sprayed independently from the molybdenum and alumina precur-

sors. This may derive from the longer residence time until quenching. The catalytic ac-
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tivity after sulfidation for HDS increased from about 75 to 91 % of the activity of a
commercial reference from for the best two-nozzle catalyst compared to the one-nozzle
catalyst. Also the HDN activity improved from 70 to about 90 % of the commercial ref-
erence. TEM images of the used catalysts showed that the catalytically active MoS;
phase was formed during the sulfidation step with relatively small particles of approxi-
mately 3 nm in length and on average 2 layers per particle, which could still be im-
proved. All catalysts lost surface area during the activation and activity measurements,

with all the two-nozzle catalysts retaining 80 to 90 % of the surface area.
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5. One-nozzle FSP synthesis of CoMo/Al,05-Si0, hy-
drotreating catalysts

5.1 Introduction

The CoAl,O4 is an undesired phase formed during the one-nozzle synthesis of Co-
Mo/Al,Os5 catalysts (see Section 3), since this cobalt is unavailable for promotion of the
catalytically active MoS, phase. Besides two-nozzle synthesis of CoMo/Al,O3;, where
cobalt and aluminum were separated in different flames (see Section 4), changing the
support material from pure Al,O3; to Al,03-Si0O, mixtures may also reduce the amount
of CoAl,O4 formed. Alumina is generally found to be a better support material than sili-
ca for hydrotreating catalysts [115-116], but mixtures of alumina and silica have been
employed with good results [105,117-118].

This section describes the FSP synthesis, structural characterization and catalytic evalu-

ation of CoMo/Al,03-Si0, catalysts.
5.2 Experimental

Five catalysts were synthesized by dissolving molybdenum 2-ethylhexanoate, cobalt 2-
ethylhexanoate, aluminum acetylacetonate and hexamethyl disiloxane in toluene to a to-
tal metal concentration of 0.4 M. The catalysts were prepared with 16 wt.% Mo and
Co/Mo = 1/3 atomic ratio (the best transition metal loading obtained in the initial study,
see Section 3) and Si/Al ratios of 5/95, 15/85, 25/75, 50/50 and 100/0. The precursors
were sprayed at 3 ml/min using 7 NI/min of O, dispersion gas. See Section 2 for details
on FSP experimental.

The catalysts were characterized by nitrogen adsorption (BET), UV-vis and XRD and

evaluated as catalysts for the three hydrotreating reactions HDS, HDN and HYD (see
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Sections 3.2.2 through to 3.2.6 for details on characterization and catalytic activity

measurements).
5.3 Results and discussion

The products of the FSP synthesis of the silica-alumina supported CoMo-oxide catalysts
were light blue, low density powders, while the pure silica supported samples appeared
light pink and had very low density. The specific surface areas of the as-prepared oxide
catalysts and the spent sulfide catalysts (after pressing, sieving, activation by sulfidation
and catalytic activity measurements) are summarized in Table 5.1. There was a trend of
increasing surface area with increasing silica content, from 202 m*/g for the pure alumi-
na supported sample, between 218 and 261 m?/g for the mixed silica-alumina supported
samples to 369 m?/g for the pure silica supported sample. The same trend was observed

for the spent catalysts.

Table 5.1: Specific surface areas of the fresh oxide and spent sulfide catalysts, ratio between the
spent and initial surface areas and the phases detected by XRD and UV-vis spectroscopy.

Si/Al SSA,* (m%/g) SSA,” (m%/g) SSA ratio® Phases*

0/100 202 145 0.72 v-ALO;, CoAlLL,O4
5/95 226 168 0.74 v-ALLOs, CoAlLO4
15/85 218 170 0.78 Amorphous
25/75 230 175 0.76 Amorphous
50/50 261 185 0.71 Amorphous

100/0 369 309 0.84 Amorphous

"SSA of the as-prepared oxide catalysts, *SSA of the spent sulfide catalyst, ‘ratio between the
surface areas of the as-prepared and the spent catalysts, ‘phases detected with XRD and UV-vis.

5.3.1 X-ray diffraction

X-ray diffractograms of the as-prepared oxide catalysts were measured in order to in-
vestigate the interaction between silica and alumina. At low Si/Al ratios the only crys-
talline phase detected was y-Al,O; (see Figure 5.1), with the possibility of the reflec-

tions of CoAl,04 overlapping and thus not being detected (see Section 3.3.2). At Si/Al =
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15/85 and upwards, the materials became amorphous and only the very wide bump of
amorphous silica between 26 = 20 and 30° was observed. No signs of crystalline MoO;
or cobalt oxides were observed. This indicated strong interaction between silica and
alumina after FSP synthesis, forming amorphous silica-alumina mixtures instead of sep-
arate silica and alumina nanoparticles. FSP made amorphous silica-alumina mixtures
have been shown to be highly acidic and were used as support for noble metal hydro-

genation catalysts [119-120].

Si/Al = 100/0

Si/Al = 50/50 "
Ao M

Si/Al = 15/85

Si/Al = 5/95

Si/Al = 0/100

Counts (a.u.)

Alumina

10 20 30 40 50 60 70
Pos. (26 CuK)

Figure 5.1: X-ray diffractograms of the as-prepared oxide catalysts, showing that the materials
become amorphous at Si/Al ratios larger than 15/85.

5.3.2  UV-vis spectroscopy
UV-vis diffuse reflectance spectra recorded of the as-prepared oxide catalysts showed
that the amount of CoAl,O4 was significantly reduced when using silica-alumina mix-

tures as support material (see Figure 5.2). At Si/Al = 5/95 the intensity of the 548, 583
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and 630 nm bands, representative of tetrahedrally coordinated Co*" in CoALO4, were
reduced compared to the pure alumina supported sample. At ratios 15/85, 25/75 and
50/50 the intensity of those bands were significantly reduced, a new band around 505
nm appeared and the background absorption above 700 nm increased, indicating that
other cobalt species are formed. For the pure silica supported sample the UV-vis ab-

sorption spectrum was completely different, in line with the sample appearing pink.
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Figure 5.2: Diffuse reflectance UV-vis spectra of the as-prepared oxide catalyst in the visible

region of the spectrum. The three bands observed at 548, 583 and 630 nm are expected for Ty
Co”" in CoALO,.

5.3.3  Catalytic activity
The catalytic activity of the silica-alumina supported catalysts was measured for the
three hydrotreating reactions hydrodesulfurization (HDS), hydrodenitrogenation (HDN)

and hydrogenation (HYD). The activities are reported as first order reaction rate con-
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stants relative to a commercial sample, which was measured both before and after the
FSP series (see Figure 5.3 and Section 3.3.4 for comparison). The HDS activity of the
silica-alumina supported samples was approximately the same as the activity of the pure
alumina supported sample. However; the purely silica supported sample showed signifi-
cantly lower HDS activity than the other samples, despite the significantly higher sur-
face area. This is in line with previous observations that silica is not as good a support
material for molybdenum sulfide based hydrotreating catalysts as alumina [115-116].
Despite significantly reducing the amount of CoAl,O4, no significant improvement in
HDS activity was achieved, which may relate to unfavorable support interactions. The
hydrotreating selectivity was similar to the pure alumina supported sample, with ap-
proximately 85 % selectivity towards direct desulphurization, with biphenyl as the
product, and approximately 15 % selectivity towards pre-hydrogenation, with cyclohex-
yl benzene as the product.

For the HDN activity there is significant improvement at Si/Al ratios 5/95 and 15/85,
where the FSP made catalyst is better than the commercial reference. The HDN activity
then declines significantly at Si/Al ratios 25/75, 50/50 and 100/0, to values below the
activity of the pure alumina supported sample. The reason for the HDN activity im-
provement is not clear, however at these Si/Al ratios FSP made amorphous silica-
alumina have shown to contain high concentration of acidic sites [119]. This might help
the HDN activity, despite the model nitrogen heterocyclic compound used (indole) is
not a basic molecule, but following an initial hydrogenation step the higher acidity may

facilitate HDN.
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The HYD activity for hydrogenation of naphthalene also increased at Si/Al = 5/95, but
decreased to values below the pure alumina supported sample at higher ratios, however

this is within the experimental uncertainty.
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Figure 5.3: Catalytic activity of the silica-alumina supported CoMo catalysts reported as first
order rate coefficients relative to the commercial reference (see Section 3.3.4)

5.4 Conclusions

Formation of CoAl,O4 during one-nozzle FSP synthesis of supported CoMo catalysts
was successfully diminished by employing silica-alumina mixtures as support, instead
of pure alumina, as determined with UV-vis diffuse reflectance spectroscopy. The re-
sulting materials were mostly amorphous, showing good interaction between the silica
and alumina after FSP synthesis and not just separate silica and alumina nanoparticles.
The specific surface area of the catalysts increased with increasing silica content. The
HDS catalytic activity remained the same for silica-alumina mixtures as for pure alumi-

na support, so increased surface area and decreased CoAl,O4 content did not improve
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the HDS activity. For pure silica support the HDS activity decreased, as is normally ob-
served for molybdenum sulfide based hydrotreating catalysts. The HDN activity im-
proved significantly at low Si/Al ratios, but decreased again at high ratios. A similar

trend was observed for the HYD activity.
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6. Structure of alumina supported vanadia catalysts
for oxidative dehydrogenation of propane prepared
by flame spray pyrolysis

6.1 Introduction

The ability of FSP to prepare thermally stable and high surface area oxides, which can
be used as catalysts directly after synthesis, makes it interesting for oxidative dehydro-
genation of propane, where oxide catalysts are typically employed. A series of vanadia
on alumina catalysts were prepared, characterized and evaluated as catalysts for the

ODP reaction.

6.2 Experimental

6.2.1 Catalyst preparation

Aluminium(IIl)acetylacetonate and vanadium(IIl)acetylacetonate (used as received
from Sigma Aldrich) were dissolved in anhydrous toluene to a total metal concentration
of 0.4 M in ratios for preparation of 2, 3, 5, 7.5 and 10 wt.% V on alumina assuming the
products are V,0s and Al,O; (see Table 6.1). After stirring and gentle heating to about
50 °C clear green-brown solutions were obtained. The precursor solutions were sprayed
at 5 ml/min with 5 Nl/min O, as dispersion gas at 1.8 bar pressure drop. Details of FSP

experimental are found in Section 2.

6.2.2  Catalyst characterization

The specific surface area (SSA) was measured on the as-prepared FSP powder, after de-
gassing at 170 °C in a flow of dry nitrogen, by nitrogen adsorption at its boiling point
(Quantachrome 1Q),) using multipoint BET theory with six points in the p/py = 0.05 to

0.25 range. The BET average particle diameter assuming spherical particles was calcu-
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lated as d, = 6/(SSA4p), where p is the Al,O3 and V,0s5 wt.% weighted average density.
The apparent VO,/m” surface density was calculated from the vanadium loading and the
SSA.

Powder X-ray diffraction was measured on as-prepared powders using rotating sample
holders, a rotating copper anode X-ray source, nickel filter and automatic anti-scatter
and divergence slits with a scan speed of 0.0102 °/s (PANalytical X'Pert PRO).

Laser Raman spectroscopy was performed with a Horiba Jobin Yvon spectrometer
(LabRAM HR) attached to an Olympus microscope. An Argon ion laser, tuned to the
514.5 nm line was used for excitation and the Raman scattered light was collected from
100 to 1100 cm™ with a 1800 gratings/mm monochromator, 120 s integration time and
10 repeats to reduce the signal-to-noise ratio. The catalysts were pressed and crushed to
150 to 300 um particles and placed in a modified fluidized bed in-situ cell (Linkham
CCR1000). The catalysts were dehydrated in a flow of dry air at 550 °C and cooled to
room temperature in flowing air before measuring the Raman spectra.

UV-vis diffuse reflectance spectra (Varian Cary 300 Bio) were recorded on the as-
prepared powders using an integrating sphere (Labsphere DRA-CA-30I) with Spectra-
lon as reference. Spectra were analyzed using the Kubelka-Munk theory, F(R.) = (1-
R.,)*/(2R.,) where R, is the reflectance of an infinite layer relative to the reference. The
absorption edge energy was determined as the Av-axis intercept of a straight line fitted
to the low energy rise of a plot of (F(R.) -hv)” as function of hv, where hv is the photon
energy in eV. For the 5, 7.5 and 10 wt.% V catalysts two absorption edges were ob-
served and a straight line was fitted to each section on the (F(R.,) -hv)* plot.

X-ray absorption spectroscopy was performed at the ANKA-XAS beamline at the

ANKA synchrotron radiation source (Karlsruhe, Germany). The 10 wt.% V sample was

Nanoparticle synthesis using flame spray pyrolysis for catalysis 65



diluted with cellulose powder and pressed as a pellet for ex-situ measurement in trans-
mission mode. The as-prepared FSP powder (3 to 5 mg) of the 3, 5 and 7.5 wt.% sam-
ples were placed in an in-situ transmission cell with graphite windows. EXAFS spectra
of the as-prepared catalysts were recorded of all three samples. The 2 wt.% sample was
loaded in a Kapton capillary to minimize background absorption for ex-situ measure-
ment. The ex-situ EXAFS spectra were recorded from £ = 5.315 to 6.445 keV in 385
steps with 1 s integration time per step at low energy and progressively longer integra-
tion time up to 4 s at the highest energy. Fourier transformations of the EXAFS spectra
were performed with *-weighting in the k=2 to 11 A™' range. The 3, 5 and 7.5 wt.% V
catalysts were investigated in-situ with simultaneous catalytic activity measurements
and XANES when loaded in the transmission cell (7.5 wt.% V catalyst) or in a quartz
capillary above a hot air blower (3 and 5 wt.% V catalysts) [121]. The catalysts were
first oxidized at 550 °C in 10% O,/He. Then the temperature was reduced to 400 °C
and oxidative dehydrogenation of propane was performed using two reaction gas mix-
tures (2.5 % CsHs, 6.7 % O, or 5.0 % CsHs, 3.3 % O, and He balance) by ramping the
temperature from 400 to 500 °C at 1°C/min. After re-oxidation in 10 % O./He at 500
°C, in-situ TPR (5 % Hy/He) with a temperature ramp of 5 °C/min from room tempera-
ture to 600 °C was performed. The 3 and 5 wt.% catalysts were only investigated in the
richer gas mixture at slightly lower temperatures due to differences between the temper-
ature of the capillary and the hot air blower. The total gas flow was 30 Nml/min in all
experiments. XANES spectra were recorded from £ = 5.400 to 6.000 keV in 1628 steps
with 0.075 s integration time. This resulted in approximately 6 minutes for each spec-
trum including the time for initialization and monochromator movement. After normali-

zation of the spectra the absorption edge energy E, values were determined as a set frac-
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tion of the white-line intensity (0.80). Online gas analysis was performed by means of
both mass spectrometry (Pfeiffer ThermoStar) and FTIR (MKS instruments) based gas
analyzers. The reaction gas passed by the tip of the MS capillary, after which it was di-
luted with 200 or 400 Nml/min of nitrogen before flushing through the measurement
cell of the FTIR gas analyzer. The conversion of oxygen was determined on basis of the
m/z = 32 MS signal and the conversion of propane was determined on basis of its FTIR
signal for the 7.5 wt.% V catalyst and on basis of the m/z = 29 MS signal for the 3 and
5. wt.% V catalysts. The FTIR was used to monitor the distribution between the three

main reaction products CO, CO, and C;Hg.

6.2.3  Catalytic activity and selectivity

The FSP powder was pressed and crushed to 150 to 300 um sized particles, diluted with
SiC (also 150 to 300 um) and loaded in a fixed bed U-shaped quartz reactor with 4 mm
inner diameter. The amounts of catalyst and SiC depended on the vanadia loading (see
Table 6.3). For all activity measurement experiments the catalysts were pre-oxidized in
dry air at 550 °C before cooling down to the lowest reaction temperature and introduc-
ing the ODP reaction gas with a fixed gas composition of C3Hg/O»/N, = 5/25/70 and
flows of 50, 80, 120, 180 and 260 Nml/min. The temperatures were chosen to achieve
25 to 40 % propane conversion at the highest temperature and lowest flow rate.

The gas analysis was performed using a dual channel GC-MS. The nitrogen signal was

used as internal standard so that all measured mole fractions were corrected for expan-

bypass
corr YN,

sion of the gas due to combustion according to y;”" =y, —*—. The conversion of pro-
YNy

pane, the selectivity to propene and the carbon atom based yields of propene and CO,

Nanoparticle synthesis using flame spray pyrolysis for catalysis 67



corr corr corr

Yo Yen YeH
3108 3106 — 3116 and

were calculated according to X =1-—1" S=—H———*—0u Y , =
ypass bypass __ _ corr 3Hg bypass
C4Hq Yo, ~ Ve, C,Hq
b
corr corr
y. =2co *Yco,
co, — . 4,bypass
Ye

[C3H6]'F'MC3H6
w

The space time yield was calculated as STY = , where [CsHg] is the

outlet concentration of propene in mol/l, F'is the flow in NI/h, Mc3pe the molar mass of
propene in g/mol and w the mass of catalyst in g.

Further details of the catalytic activity setup are given in Section 2.2.

6.3 Results and discussion

6.3.1  Catalyst preparation, surface area and vanadia surface density

Five representative alumina supported vanadia catalysts prepared by FSP are listed in
Table 6.1. Approximately 1 g of catalyst powder was obtained for each sample after
combusting 100 ml precursor solution and collecting on two filters. All samples ap-
peared yellow directly after synthesis, but slowly turned green after storage in ambient
atmosphere.

The BET surface area of all the samples was in the range of 143 to 169 mz/g, corre-
sponding to average particle diameters from 9.0 to 10.9 nm assuming spherical particles
(see Table 6.1), hence the FSP synthesis resulted in high surface area alumina supported
vanadia. The surface area was much higher with the preparation method used here com-
pared to Rossetti et al. [98]. The apparent vanadia surface density was calculated from
the vanadium loading and the measured BET surface area. This ranged from 1.4 to 8.4

VO,/nm?, covering the range from sub-monolayer of vanadia monomers at around 2.3
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to 2.5 VO,/nm” to above the monolayer coverage of vanadia oligomers at around 7.5 to
8.0 VO,/nm” [34,67].

Table 6.1: Overview of the VO,/Al,O; catalysts prepared by flame spray pyrolysis, specific sur-
face area (SSA), BET equivalent particle diameter and apparent vanadium surface density.

Sample S$SA4 (m’/g)* d, (nm)" VO,/(nm?)*
2wt% V 166 9.2 1.4
3wt.% V 169 9.0 2.1
Swt.% V 168 9.1 3.6
7.5wt% V 148 10.4 6.0
10 wt.% V 143 10.9 8.4

%6 point BET measurement, "calculated from the SS4 assuming spherical particles, ‘calculated
from the SS4 and the vanadia loading.

6.3.2 Powder X-ray diffraction

The as-prepared catalysts were first investigated with XRD. All samples showed the y-
alumina phase with very broad reflections, in agreement with small primary particles
(see Figure 6.1). The reflections are broader and decrease in intensity with increasing
vanadia loading, possibly due to distortion of the crystalline alumina phase with increas-
ing vanadia content. Up to 7.5 wt.% vanadium loading, y-alumina was the only phase
observed, but at 10 wt.% V traces of crystalline V,0s were observed by a very broad re-
flection at around 26 = 27° [122]. This was in agreement with the surface density of the
10 wt.% V sample being above the theoretical monolayer. However, earlier studies
showed that vanadia supported on titania prepared by FSP did not exhibit crystalline
vanadia until significantly above the theoretical monolayer [34,123-124]. On titania
supported samples the V,0s reflection at 26 = 27° may be hard to observe if the parti-
cles are small and the reflection broad, since it will overlap with the anatase reflection at

20 =25°.
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Figure 6.1: Powder X-ray diffraction patterns of the five FSP synthesized VO,/Al,O; catalysts
measured on the as-prepared powders. Only y-Al,Oj; is observed, with very weak traces of crys-
talline vanadia around 26 = 27° for the 10 wt.% V catalyst.

6.3.3 Raman spectroscopy

Raman spectroscopy was performed on all five samples. Prior to measuring the Raman
spectrum at room temperature the samples were dehydrated in dry air at 550 °C, similar-
ly to the pre-oxidation step in the catalytic tests (see Section 6.3.6). The high quality of
the spectra allowed several bands to be clearly observed (see Figure 6.2). There has
been much debate in the literature about the assignment of the broad bands observed be-
tween 750 to 1000 cm™ and the vanadyl (V=0) stretching band around 1031 cm
[67,84,86-87,91,125-131]. All five samples showed the vanadyl stretching band at
1031 cm™. This was typically assigned to vanadia monomers [91,129], however, since it

was observed at all loadings in this study it must also be indicative of vanadia oligomers
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[87]. The bands around 900 to 950 have been assigned to V-O-V stretching bands of the
vanadia oligomers, but also to V-O-Al stretching bands for both monomers and oligo-
mers [87]. Since they were observed at all loadings in this study this supports the latter
interpretation. Bands at 534 and 775 cm™ were clearly observed for the 5, 7.5 and 10
wt.% V samples, only weakly observed at 3 wt.% V and not observed at 2 wt.% V.
These bands could thus be due to V-O-V stretching of vanadia oligomers, since these
vibrations are expected at lower frequency than the V-O-Al vibrations [87]. A band at
1015 cm™ was observed for the 10 wt.% V sample, and as a shoulder to the vanadyl
stretching band of the 7.5 wt.% V catalyst, which may be due to formation of small
crystalline domains of V,0s in agreement with the XRD results. However, for highly
loaded vanadia on alumina catalysts the vanadyl stretching band of bulk V,0s was ob-
served around 997 cm™ [91]. Since the Raman scattering cross section for crystalline
V;,0s is much higher than that of the supported vanadia species the amount of crystal-
line vanadia must be very low [131]. In summary, the 2 and 3 wt.% V samples con-
tained mainly vanadia monomers, the 5 wt.% V sample contained a mixture of mono-
mers and oligomers and the 7.5 and 10 wt.% V samples contained mainly vanadia oli-
gomers with few small domains of crystalline V,0s. From the Raman and XRD results
it was concluded that very little crystalline V,Os is formed after FSP synthesis and de-
hydration at 550 °C compared to the studies by Argyle et al. [91] using incipient wet-
ness impregnation, Kondratenko and Baerns [132] using evaporation impregnation and
Rossetti et al. [16] using FSP based on an aluminium nitrate precursor in alcoholic solu-

tion.
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Figure 6.2: Laser Raman spectra of the five FSP synthesized VO,/Al,O; catalysts measured at
room temperature in a flow of dry air after dehydration at 550 °C. Traces of crystalline vanadia
were observed for the 10 wt.% V catalyst (band at 1015 cm™), otherwise supported vanadia was
observed. Mostly monomers for the 2 and 3 wt.% V catalysts, a mixture of monomers and oli-
gomers for the 5 wt. % catalyst and mostly oligomers for the 7.5 and 10 wt.% V catalysts are
observed.

6.3.4  UV-vis diffuse reflectance spectroscopy

The as-prepared FSP powders were additionally investigated with diffuse reflectance
UV-vis spectroscopy. The visible colors of the powders were from light to dark green.
The reflectance spectra in terms of the Kubelka-Munk function showed a minimum in

absorption around 500 to 550 nm, in agreement with the green color (see Figure 6.3).
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Figure 6.3: UV-vis spectra of the five FSP synthesized VO,/Al,O; catalysts measured at room
temperature in the hydrated state of the as-prepared catalysts. The observation of two vanadia
LMCT absorption bands for the 5 to 10 wt.% V catalysts (Table 6.2) indicates oligomers,
whereas for the 2 and 3 wt.% V catalysts only one LMCT absorption edge was observed indi-
cating mostly monomers. Absorption in the 600 to 800 nm region was due to d—d transitions of
reduced vanadia stabilized in the form of oligomers.

The 2 and 3 wt.% V catalysts had very low absorption in the visible region of the spec-
trum. In the UV-region a strong ligand to metal charge transfer (LMCT) band due to the
O—V’" transition was observed around 275 nm. This is in agreement with the results
derived from Raman spectroscopy for those catalysts indicating mostly the presence of
vanadia monomers. The 5, 7.5 and 10 wt.% V catalysts had some absorption in the visi-
ble part of the spectra, possibly due to d—d transitions of V> or V** species, indicating
that vanadia may be partly reduced and stabilized in the form of oligomers directly after

synthesis [130,132]. For these catalysts the O—V>" LMCT band was observed around

295 to 305 nm, with another O—V>" LMCT band at lower energy around 400 to 430
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nm appearing as a shoulder to the high energy LMCT band, as previously observed for
alumina supported vanadia [133-134]. The intensity of this LMCT band was much
higher for the 7.5 and 10 wt.% V catalysts compared to the 5 wt.% V catalyst. This in-
dicated that the 400 to 430 nm LMCT band, appearing weakly for the 5 wt.% V catalyst
and strongly for the 7.5 and 10 wt.% V catalysts, was due to vanadia oligomers. For bet-
ter comparison, the positions of the absorption edges were determined (see Table 6.2).
For the 2 and 3 wt.% V catalyst only one LMCT band and one absorption edge was ob-
served and for the 5, 7.5 and 10 wt.% V catalysts two LMCT bands and two absorption
edges were observed. The first absorption edge was observed between 3.06 and 3.75 eV
and the second absorption edge was observed between 2.56 and 2.75 eV. With increas-
ing vanadia content the edge energy decreased, corresponding to a decrease in the band
gap, indicating formation of larger domains of vanadia oligomers. This is in agreement
with vanadia impregnated hexagonal mesoporous silica where high loadings lead to ab-
sorption edges around 2.4 eV, interpreted as mainly octahedrally coordinated vanadia
oligomers [135]. At low loadings absorption edges around 3.5 to 3.8 eV were observed,
interpreted as a mixture of vanadia monomers and oligomers in tetrahedral coordination
[135]. The absorption edge for tetrahedrally coordinated oligomers is expected around
3.16 eV and for monomers at 3.82 eV [135]. The absorption edge energies determined
in this study where however still significantly higher than the absorption edge energy of
bulk V,0s (octahedrally coordinated vanadia oligomers) at approximately 2.00 to 2.26

eV [91,131,135].
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Table 6.2: UV-vis diffuse reflectance spectroscopy edge energies in the hydrated state of the
VO,/Al,O; catalysts prepared by flame spray pyrolysis

Sample Edge 1 (eV)* Edge 2 (eV)™"
2wt% V 3.75 -
3wt.% V 3.61 -
Swt%V 3.32 2.75
7.5wt% V 3.10 2.59

10 wt.% V 3.06 2.56

"Determined as the x-axis intercept of a straight line fitted to the low energy rise of a plot of
(F(R,,) -hv)* as function of 4v (photon energy in eV). "Two absorption edges and two straight
sections observed in the (F(R.) “hv)* plot.

6.3.5 X-ray absorption spectroscopy

All five vanadia samples were investigated ex-situ with extended X-ray absorption fine
structure (EXAFS) spectroscopy. The normalized X-ray absorption near edge structure
(XANES) spectra and kz-weighted EXAFS functions (see Figure 6.4 and Figure 6.5(a))
fell in two categories, with the 2 and 3 wt.% V samples being similar and the 5, 7.5 and
10 wt.% V samples being similar, respectively. This is in good agreement with the UV-
vis and Raman spectroscopy data. The k*-weighted Fourier transformed EXAFS func-
tions only showed the nearest neighbor V-O backscattering shell (see Figure 6.5 (b)).
This is in agreement with other EXAFS studies of supported vanadia catalysts in the
hydrated state [127,136] and is consistent with the Raman and XRD results which

showed little or no formation of crystalline V,0s.
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Figure 6.4: Normalized XANES spectra of the five FSP synthesized VO,/Al,O; catalysts meas-
ured at room temperature in the hydrated state of the as-prepared catalysts. The 2 and 3 wt.% V
samples and 5 and 7.5 wt.% V samples are similar. The insert shows a magnification of the pre-
edge region.
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Figure 6.5: (a) k>-weighted EXAFS spectra of the five FSP synthesized VO,/Al,O; catalysts
measured at room temperature in the hydrated state (as-prepared catalysts); (b) Fourier trans-
formed k*-weighted EXAFS spectra (k =2 to 11 A-1) of the five corresponding VO,/Al,O5 cata-
lysts measured at room temperature. The 2 and 3 wt.% V samples as well as the 5, 7.5 and 10
wt.% V samples are similar, in good agreement with Raman (Figure 6.2) and UV-vis spectros-
copy (Figure 6.3).
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The 7.5 wt.% V sample was investigated by XANES spectroscopy while simultaneously
performing the ODP reaction. After heating the sample to 550 °C in flowing 10 %
O,/He and cooling to 400 °C, propane was introduced to create a reaction mixture of 6.7
% 02/2.5 % Cs;Hg/He. During a temperature ramp of 1 °C/min to 500 °C a propane con-
version of up to 20 % and an oxygen conversion of up to 40 % was observed. XANES
spectra were recorded simultaneously (approximately 6 minutes for each spectrum). The
edge position did not change significantly during this experiment, showing that the va-
nadia stayed fully oxidized (see Figure 6.6). The temperature was lowered to 400 °C
and the gas composition was changed to a richer reaction mixture of 3.3 % 0,/5.0 %
Cs;Hg/He. Ramping the temperature to 500 °C resulted in propane conversion of up to 8
% and oxygen conversion of up to 75 %. From 460 to 500 °C, where the oxygen con-
version is approximately 60 to 75 %, there was a significant reduction in the absorption
edge energy showing that the vanadia was reduced from V" to V**/V*". This is con-
sistent with conclusions from previous in-situ UV-vis diffuse reflectance spectroscopy
experiments by Gao et al. [130]. Following the evolution of the products it was ob-
served that CO and CO, were the main products (see Figure 6.6). When the vanadia re-
duction occurred in the richer reaction mixture the rates of CO and CO, formation re-
duced, while the propene formation rate was constantly low throughout the experiment.

Similar experiments were performed with the 3 and 5 wt.% V catalysts using only the
richer reaction mixture with the catalysts loaded in a capillary cell. For the 5 wt.% V
catalyst the conversion of oxygen was up to 80 %, with some indication of vanadia re-
duction at 479 °C, the highest temperature investigated (see Figure 6.7). Propene was
the main product below 410 °C, but with increasing temperature the main products were

CO and CO,. For the 3 wt.% V catalyst the conversion of oxygen was only up to 20 %
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at 506 °C (see Figure 6.8), due to the much lower activity of this catalyst (see Section
3.6). There was no indication of vanadia reduction and propene was the main product in
the whole temperature range (369 to 506 °C).

This showed that operating the catalysts at almost complete oxygen conversion, in order
to optimize the selectivity to propene, may result in reduction of the active vanadium
sites leading to lower activity. Since this only occurred for the 7.5 wt.% V catalyst, it
appeared to be particular significant for vanadia oligomers, in agreement with the inves-
tigation by Gao et al. [130]. Another disadvantage of low oxygen concentration is the
increased potential for coke formation, which should be avoided in order to retain the
benefits of oxidative dehydrogenation over anaerobic dehydrogenation.

To verify the reduction of the vanadia the investigated 7.5 wt.% V sample was re-
oxidized in 10 % O,/He and after cooling to room temperature, in-situ XAS studies dur-
ing temperature programmed reduction (TPR) in 5 % H,/He was performed (see Figure
6.9). The MS traces of the gas analysis showed consumption of hydrogen and formation
of water between 350 and 550 °C, indicating reduction of the vanadia, which correlated
with a significant shift of the absorption edge energy by 4 eV, in fact to values lower
than what was obtained in the in-situ ODP experiments (see Figure 6.10). Hence, vana-
dia was only partly reduced in the ODP experiment (maximum shift observed was
2 eV). For comparison the measured absorption edge energies during the in-situ ODP
experiments in the richer gas mixture and during the TPR experiment for the 3 and 5
wt.% V samples are shown in Figure 6.11, showing that the catalyst stays oxidized dur-

ing the ODP experiments.
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Figure 6.6: X-ray absorption edge energy (E, top) determined from XANES spectra (bottom),
oxygen and propane conversion (top) and FTIR gas analyzer traces for the three main products
CO, CO, and propene (middle) during in-situ oxidative dehydrogenation experiments with the
7.5 wt. % V catalyst using lean (6.7 % 0,/2.5 % C;Hg/He) and rich (3.3 % 0,/5.0 % C;Hg/He)
gas mixtures. Decreasing absorption edge energy corresponds to reduction of vanadium to
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Figure 6.7: X-ray absorption edge energy (E, top) determined from XANES spectra (bottom),
oxygen and propane conversion (top) and FTIR gas analyzer traces for the three main products
CO, CO; and propene (middle) during in-situ oxidative dehydrogenation experiments with the 5
wt. % V catalyst using rich (3.3 % 0,/5.0 % C;Hg/He) gas mixtures. Constant edge energy indi-
cates that the vanadia remained oxidized.
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Figure 6.8: In-situ XANES data during the oxidative dehydrogenation experiments over the 3
wt. % V catalyst using rich (3.3 % 0,/5.0 % C;Hg/He) gas mixtures with X-ray absorption edge
energy (E, top) determined from XANES spectra (bottom), oxygen and propane conversion
(top) and FTIR gas analyzer traces for the three main products CO, CO, and propene (middle).
Constant edge energy indicates that the vanadia remained oxidized.
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Figure 6.9: In-situ XANES studies of the 7.5 wt. % V catalyst during H,-TPR (5 % Hy/He, 30
ml/min, 5°C/min to 600 °C) with MS gas analysis: X-ray absorption edge energy E,, formation
of water and consumption of hydrogen as function of temperature. The decrease in absorption
edge energy is correlated with the consumption of hydrogen and the formation of water con-
firming the reduction of vanadium.
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Figure 6.10: Comparison of the absorption edge energies for the 7.5 wt.% V sample during in-
situ experiments in lean (6.7 % 0,/2.5 % C;Hg/He) and rich (3.3 % O,/5.0 % C;Hg/He) reaction
gas mixtures and TPR gas mixture (5 % H,/He).
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Figure 6.11: Comparison of the absorption edge energies for the 3 (top) and 5 wt.% V (bottom)
samples during in-situ experiments in rich reaction gas mixture (3.3 % 0,/5.0 % C;Hs/He) and
TPR gas mixture (5 % H,/He).

6.3.6  Catalytic activity and selectivity

The five selected and above in depth characterized catalysts were evaluated for the oxi-
dative dehydrogenation of propane in a lab scale experiment. The catalysts were pre-
oxidized in air at 550 °C before the experiments to make sure that the vanadia was fully

oxidized and to remove any carbonaceous deposits from the FSP synthesis. Due to the

different amounts of vanadia the amount of catalyst and the reaction temperature were
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optimized for the individual catalysts (see Table 6.3). The inlet gas composition was
always C3;Hg/O,/N; = 5/25/70 and the flows were 50, 80, 120, 180 and 260 Nml/min.
The high concentration of oxygen was chosen to avoid reduction of the catalyst and to
perform truly oxidative dehydrogenation. The temperature was kept below 500 °C since
homogeneous combustion of propane was observed from approximately 520 °C and
above. The pressure was kept close to ambient pressure; typically the pressure drop over
the catalyst bed was between 0.05 to 0.3 bar, with the highest pressure drop at the high-

est flow and temperature.

Table 6.3: Variable conditions for the catalytic activity measurements. All experiments were
performed with a gas mixture of CsHg/O,/N, = 5/25/70 and flows from 50 to 260 Nml/min.

Sample My (M) msic (mg) T (°C)’
2wt% V 150 350 460-500
3wt.% V 100 400 440-480
Swt.% V 75 450 390-430
7.5wt% V 75 450 360-400
10 wt.% V 75 450 360-400

*Three temperatures in steps of 20 °C were investigated

Besides propene, CO and CO, were the main products. The selectivity to ethylene and
acrolein was below 0.5 % in all experiments and only traces of acetylene and acetalde-
hyde were observed when the propane conversion was above 30 %. This showed that
cracking and non-oxidative dehydrogenation only occurred to a very small extent. For
all reaction conditions the carbon atom mass balance was better than 98 % and the sum
of selectivities between 80 and 110 %. The uncertainty in the selectivity measurements
increased with decreasing propane conversion.

The 2 and 3 wt.% V catalysts had almost similar selectivity as function of propane con-
version (see Figure 6.12), and the maximum propene yields were also approximately the

same, 12.6 and 11.1 % respectively, for the two catalysts (see Table 6.4). Due to the
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lower amount of active material the weight based activity of the 2 wt.% catalyst was
lower than that of the 3 wt.% catalyst. The maximum space time yield (STY) obtained
for the 3 wt.% V catalyst was 0.782 gpropene/(8carh), significantly better than the maxi-
mum STY of the 2 wt.% V catalyst of 0.577 gpropene/(gcarh) (see Table 6.4). The 5 wt.%
V catalyst, which contained a mixture of vanadia monomers and oligomers, had inter-
mediate selectivity and propene yield, while the 7.5 and 10 wt.% V catalysts, which
contained mostly vanadia oligomers, had low selectivities and propene yields (see Fig-
ure 6.12 and Table 6.4). The 7.5 and 10 wt.% V catalysts had almost the same selectivi-
ty as function of propane conversion (see Figure 6.12). This showed that the most selec-
tive catalysts were obtained at the lowest vanadia loadings, where vanadia monomers
were the most abundant vanadia species. This is in agreement with the results reported
by Argyle et al. [91] and Bulanek et al. [135] but in contrast to the results reported by
Kondratenko and Baerns [132]. The difference may lie in the synthesis method of Kon-
dratenko and Baerns, where high vanadia loadings resulted in low specific surface area
and formation of large amounts of crystalline V,0s. The maximum STY obtained de-
creased when the vanadia loading increased from 3 to 10 wt.% V, since the propene se-
lectivity decreased. Comparing the maximum STY (see Table 6.4) of the 3 wt.% V cata-
lyst prepared by FSP with literature values compiled by Cavani et al. the performance of
this catalyst was very good, since only a few catalysts reported have STY above 0.75
Zpropene/ (Zear'h) [61]. Comparing the selectivity as function of conversion, the 2 and 3
wt.% V catalysts prepared by FSP showed better selectivity than the vanadia on alumina
catalysts prepared by impregnation reported by Lemonidou et al. [78] and similar selec-
tivity to those reported by Dinse et al. [77], Frank et al. [137] and Kondratenko and

Baerns [132], despite the much higher oxygen to propane ratio used in this study. The
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selectivity as function of conversion was also significantly better in this study than for
the V-Al-oxide catalysts prepared by FSP by Rossetti et al. [98]. Note however, that the
surface area for those catalysts was significantly lower. This shows that the formation of
supported vanadia species on high surface area alumina rather than crystalline vanadia

or vanadium aluminate is important for high selectivity in ODP.
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Figure 6.12: Propene selectivity as function of propane conversion measured on the five FSP
synthesized VO,/AL,O; catalysts. The catalysts were pre-oxidized in air at 550 °C. The gas
composition during oxidative dehydrogenation was C;Hg/O,/ N, = 5/25/70 and flows from 50 to
260 Nml/min (see Table 6.3).

Table 6.4: Maximum propene yields obtained and the corresponding propane conversions and
the maximum space time yields obtained at the highest temperature and flow rate (260
Nml/min).

Sample Y (%) X (%) STY (propene! [Zearh])* T(°C)"
2wt% V 12.6 33.2 0.577 505
3wt% V 11.1 334 0.782 488
Swt% V 5.3 23.7 0.517 444
7.5 wt% V 2.0 14.2 0.353 410
10 wt.% V 1.8 15.4 0.300 414

* maximum measured space time yield  temperature measured in the catalyst bed
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6.4 Conclusions

Highly active and selective vanadia on alumina oxidative dehydrogenation of propane
catalysts have been prepared by flame spray pyrolysis. The catalysts had higher specific
surface areas than previous flame-made vanadia on alumina catalysts with 143 to 169
m?/g and apparent vanadia surface densities from 1.4 to 8.4 VO,/am”. The only alumina
phase formed was y-Al,Os, as observed with XRD. At low vanadia loadings of 2 and 3
wt.% V mainly supported vanadia monomers were produced, at intermediate loading of
5 wt.% V a mixture of supported vanadia monomers and oligomers were formed and at
high loadings of 7.5 and 10 wt.% V mainly vanadia oligomers and traces of crystalline
vanadia were formed, as observed with XRD, Raman spectroscopy, diffuse reflectance
UV-vis spectroscopy and X-ray absorption spectroscopy. At 2 and 3 wt.% V the pro-
pene selectivity was high, resulting in propene yields of up to 12 % and space time
yields of up to 0.78 gpropene/(8carh), Which is high compared to values obtained for vana-
dia on alumina catalysts prepared by impregnation. The propene selectivity decreased
with increasing vanadia loading showing that the most selective active species were va-
nadia monomers. In-situ XANES showed that the vanadia can be reduced when the ox-
ygen concentration is low, particular for vanadia oligomers, resulting in lower catalytic

activity, but improved selectivity.
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7. Kinetics of oxidative dehydrogenation of propane
over vanadia on alumina catalysts prepared by
flame spray pyrolysis

7.1 Introduction

In order to find the optimal reaction conditions the kinetics of the ODP reaction, over
the previously synthesized and characterized vanadia on alumina catalysts (see Section

6), were investigated.

7.2  Experimental

7.2.1  Catalyst preparation and characterization

The catalysts were prepared and characterized as described in Section 6.1.

7.2.2  Catalytic evaluation

The catalysts evaluated as described in Section 6.1. The 7.5 wt.% V catalyst was also
evaluated using 15 mg of catalyst and temperatures from 440 to 480 °C furnace set-
points (compared to 75 mg and 360 to 400 °C as described in Section 6.1), for experi-
mental comparison to the predictions of the kinetic model. Besides, a series of experi-
ments with the 7.5 wt. % V catalyst were performed at reducing conditions with gas
compositions C3Hg/O,/N, = 5/10/85, 5/5/90, 5/3/92 and 5/2/93 using 15 mg of catalyst,
temperatures of 460 and 480 °C and a total gas flow of 100 Nml/min.

Oxidation of propene was investigated with the 5 wt.% V catalyst using 60 mg of cata-
lyst, gas composition C3He/O,/N, = 1/25/74, total flows of 180 and 260 Nml/min and

temperatures from 340 to 400 °C.
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7.3 Kinetic model

The reaction scheme consisting of three reactions with rate constants kl’, kz’ and k3,

WCEre:

C,H, +%o2 —h 5C,H, +H,0(A)

C,H, +(2+%xJ 0, —253C0, +4H,0 (B)
3 3 ke
C,H, + 5+5x 0, ——3CO, +3H,0 ©

This does not take formation of any minor byproducts like ethene and acrolein into ac-
count; however, the total selectivity to these products was less than 0.5 % in all experi-

ments. This leads to the following rate expressions

h= k{[C3Hs]n[Oz]nl = k1[C3H8] (1)
1, =k,[CH]"[0,]" = k,[C;H,] (2)
= k3[C3H6]n[02 ]m = k3[C3H6] (3)

Previous studies showed that the reaction order in oxygen was zero under oxidizing
conditions, as long as the water concentration was low, and that the reaction order in
propane was one [75]. For the propene combustion reaction, the reaction order in pro-
pene and oxygen was indirectly shown to be one and zero, respectively, by comparing
simulated and experimental selectivity as function of conversion curves at different pro-
pene to oxygen ratios [89]. The plug flow reactor (PFR) design equations for the con-

version of propane, the formation of propene and the formation of CO, become:

Fd[C3H8] _

. —(r+1r)=—(k +k,)[C;H,] 4)
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Fd[C3H6]:7'1—

™ r, =k [C;Hg |-k [C,H ] (5)

a[co,]
dw

F =3(r,+r,)=3(k, [C,H, ]+ Kk [CH, ) (6)

Where F is the volumetric flow of gas at the reaction temperature and pressure in cm’/s,
[CsHg] and [C3Hg] the concentration of propane and propene in mol/cm® and w the mass
of catalyst in g. The volume of the gas was assumed to be constant, which is reasonable
since the worst case scenario of complete conversion of propane to CO will result in
12.5 % expansion. Keeping the conversion of propane lower than 40 % and assuming a
mixture of the three main products is formed the expansion of the gas was estimated to
be less than 3 %.

Solving eq. (4) by integrating over the whole catalyst mass lead to:

%(kﬁkz)

[C3H8] = [C3H8]0 e (7)

—(ky+hy)

X=l-eF (8)
Here X is the fractional conversion of propane, w the total mass of catalyst in g and w/F’
the weight based contact time in (g-s)/cm3.

Inserting (7) into equations (5) and (6) and integrating over the whole catalyst mass lead

to:
k. (k) 2
Y., =—->=" " (e F —eF ] 9)
et ks _kz _k1
= (k+ky) —Zky
YCQ =(k2—k3)e " the " +k -k, —k (10)

90 Nanoparticle synthesis using flame spray pyrolysis for catalysis



Here Y., = [[Ccﬁ“]l is the carbon atom based fractional yield of propene and

v _ o]

.
co, =],

is the carbon atom based fractional yield of CO,. At each temperature, the

sum of k; and k; was determined by fitting the experimental propane conversion to
Equation (8). Then all three reaction rate constants were determined by fitting Equation
(9) to the experimental propene yields with the &; + k, sum determined from the propane
conversion as constraint in the fitting procedure. The apparent activation energy and the

pre-exponential factors were demined from straight line fits to the logarithmic form of

a,x

the Arrhenius equation In(k, ) =In(k, ) — R

% Fits were performed in the Origin Pro

8.1 software with user defined function files according to Equations (8) and (9).
Assuming the catalyst particles are spherical the Thiele modulus ¢ and effectiveness

factor # are given as:

k- 3 1 1
p=R- |~2, f7=—£ ——] (11)
D, o\ tanh(p) ¢

The effectiveness factor is larger than 0.99 for the particle radius R = 0.015 cm (the up-
per limit of the sieve fraction), rate constant k = 6.4 cm’/(g-s) (the highest rate constant
measured for the oxidative dehydrogenation of propane), catalyst density p = 2 g/em’
and a conservative estimate of the effective diffusivity Doy = 0.02 cm’/s. From this it is
safe to assume that the measured reaction rates were only limited by the kinetics on the

catalyst surface.
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7.4 Results and discussion

7.4.1 Catalyst preparation and characterization

The catalyst preparation and the investigation of the structure of supported vanadia was
discussed above (see Section 6.3). The results relevant for this study are summarized in
Table 7.1. The products of the flame spray synthesis had high surface area and well dis-
persed vanadia. Only traces of crystalline vanadia were observed with XRD and Raman
spectroscopy at the highest vanadium loading of 10 wt.% V. At 2 and 3 wt.% V mostly
vanadia monomers were formed, at 5 wt.% V a mixture of monomers and oligomers
were detected and at 7.5 and 10 wt.% V mostly oligomers were formed. This makes the
series of FSP catalysts ideal for studying the catalytic activity and selectivity as function

of the structure of the vanadia species on the surface.

Table 7.1: Overview of the VO,/Al,O; catalysts prepared by flame spray pyrolysis, specific sur-
face area (SSA), BET equivalent particle diameter and apparent vanadium surface density.

Sample SSA (m%/g)* d, (nm)” VO,/nm* ¢ Vanadia phase’
2wt.% V 166 9.2 1.4 Monomeric
3wt% V 169 9.0 2.1 Monomeric
Swt% V 168 9.1 3.6 Mixed

7.5 wt.% V 148 10.4 6.0 Oligomeric
10wt.% V 143 10.9 8.4 Oligomeric

%6 point BET measurement, "calculated from the SSA assuming spherical particles, ‘calculated
from the SSA and the vanadia loading, “determined by Raman and UV-vis spectroscopy

7.4.2  Catalytic activity and selectivity at high oxygen concentration

All the catalysts were investigated at high oxygen concentration with a gas composition
of C3Hg/O,/N, = 5/25/70. The high oxygen concentration was chosen to keep the cata-
lyst oxidized and avoid mass transfer limitations in oxygen. The amount of catalyst and
the reaction temperature was optimized individually for each catalyst to achieve approx-

imately 30 to 35 % propane conversion at the highest temperature and the longest con-
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tact time. The experimental conditions are summarized in Table 7.2. The measured pro-
pane conversion at three different temperatures and the one parameter fits to Equation
(8) for the 5 wt.% V catalyst are shown in Figure 7.1. The maximum propane conver-
sion was 33 % at 444 °C. It was possible to fit the measured conversion to the model
with high accuracy at all three temperatures. The measured propene yield and the three
parameter fit to Equation (9), with the value of k; + k, determined from the fit to Equa-
tion (8) as constraint, are shown in Figure 7.2(a). Also for the propene yield it was pos-
sible to accurately fit the experimental data to the model at all three temperatures. At all
three temperatures there was a maximum in the propene yield, which shifted to shorter
contact time with increasing temperature. The rate constants determined for all five cat-
alysts are summarized in Table 7.3. Using the three rate constants determined from the
fit to Equation (9) the CO, yield was calculated according to Equation (10) and com-
pared to the experimental data, see Figure 7.2(b). The agreement between the experi-
mental data and the predicted data was very good giving validity to the model since

these data were not used in the fitting procedure.

Table 7.2: Variable conditions for the catalytic activity measurements. All experiments were
performed with a gas mixture of C3H8/ O2/N2 = 5/25/70 and flows from 50 to 260 Nml/min.

Sample My (M) mg;c (mg) Temp. (°C)* w/F (g's/cms)b
2wt.% V 150 350 460-500 0.0165-0.0721
3wt% V 100 400 440-480 0.0111-0.0490
S5wt% V 75 450 390-430 0.0116-0.0527
7.5wt% V 75 450 360-400 0.0088-0.0414
10 wt.% V 75 450 360-400 0.0090-0.0417

“set point of the oven, three temperatures in steps of 20 °C were investigated, ° weight based
contact time at the measured reaction temperature and pressure.
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Figure 7.1: Measured propane conversion and fit to equation (8) for the 5 wt. % V catalyst.
Temperatures were measured in the catalyst bed and the gas composition was C;Hg/O,/N, =

5/25/70.

o
w
5

0.08
0.07 ]
0.06 -

005

T 0.04

Q 0.034
0.02
0.014
0.00 1

m 394c T T T 7
e 418°C
444 °C

394 °C '

0.00

0.02

O.IO4 O.IO6
w/F ([g-s)/cm®)

0.00 (===
0.02

0.08 0.10

T T
0.04 0.06 0.08

w/F ([g-s)/cm®)

0.10

Figure 7.2: (a) Measured propene yield and fit to equation (9) using the value of k,+k, deter-
mined from Figure 7.1 as fitting constraint. (b) Measured CO, yield and results of equation (10)
using the three rate constants determined from the fit to equation (9) for the 5 wt. % V catalyst.
Temperatures were measured in the catalyst bed and the gas composition was C3;Hg/O,/N, =

5/25/70.

94

Nanoparticle synthesis using flame spray pyrolysis for catalysis



Table 7.3: Fitted first order rate constants for the oxidative dehydrogenation (k), the combus-
tion of propane (k;) and the combustion of propene (k3) for the five vanadia on alumina catalysts
at the experimental conditions summarized in Table 7.2.

Sample Temp. (°C)* k; (cm’/(g-s)) Kk, (cm’/(g-s)) k3 (cm’/(g-s))
2wt.% V 462 1.9 0.3 11.7
483 2.8 1.1 14.7
505 45 1.6 21.0
3wt% V 444 2.9 0.4 21.3
466 42 1.4 26.1
488 6.4 2.5 35.9
5wt.% V 395 2.0 0.6 31.7
418 2.9 1.6 42.6
444 4.7 3.6 66.5
7.5 wt.% V 362 1.5 0.8 72.3
386 2.4 1.7 106.7
410 3.9 4.5 162.9
10 wt.% V 364 1.3 0.9 72.6
387 2.0 1.3 103.5
414 3.1 3.7 150.8

*Measured in the catalyst bed.

Arrhenius plots of the rate constants with straight line fits are shown in Figure 7.3. The
apparent activation energy and the pre-exponential factor for all three reactions and all
the catalysts are summarized in Table 7.4. It is seen from these data that the higher the
vanadia loading, the higher the reaction rate for both ODP and the combustion reac-
tions. The trend in activation energy was E,» > E, ; > E, 3, in good agreement with other
studies [75]. The decrease in activation energy with increasing vanadia loading was par-
ticularly significant for the direct combustion of propane, which decreased from 180 to
104 kJ/mol when the vanadium loading increased from 3 to 10 wt. %. Comparing the
relative rate constants ky/k; and kj/k;, which both should be minimized in order to opti-
mize the propene yield, the high loaded 7.5 and 10 wt.% V catalysts have much higher
ratios than the low loaded 2 and 3 wt.% V catalysts in the relevant temperature range
(see Figure 7.4). The 5 wt.% V catalyst is intermediate between the low and high loaded

catalyst. This will result in much lower propene yield for the high loaded catalysts con-
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taining mostly vanadia oligomers, thus vanadia monomers are favorable for high selec-
tivity. Particularly the ratio between the competing ODP and propane combustion reac-
tions (ko/k;) should be much smaller than 1 in order to achieve good selectivity, but for
the high loaded catalysts it is larger than 1 above 410 °C. Unfortunately, Figure 7.4 fur-
ther demonstrates that the ratio of the rate constants have opposite trends with respect to
temperature indicating that it will be difficult to obtain a high yield of propene.

It was previously observed that lower UV-vis absorption edge energy results in higher
ODP rates [138], which is consistent with the high loaded catalysts having the highest

activity and the lowest UV-vis absorption edge energy (see Section 6.3.4).

Table 7.4: Pre-exponential factors and apparent activation energies determined from straight
line fits to Arrhenius plots of the first order rate constants from Table 7.3.

Sample Koy (em’/( E.; Ko (em’/( E.. Koz (em’/( E.;
g's)) (kJ/mol) g-s)) (kJ/mol) g's)) (kJ/mol)
2wt.% V 1.11-10 95.4 3.51-10" 168.3 4.52-10° 64.7
3wt% V 1.85-10° 79.7 5.96:10" 179.8 1.59-10° 53.3
5wt.% V 7.64-10° 71.6 3.08:10" 149.8 1.85-10° 61.1
7.5 wt.% V 1.52:10° 73.2 2.83-10" 128.4 7.17-10° 60.8
10 wt.% V 2.41-10° 64.3 2.55:10° 103.8 1.60-10° 53.0
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Figure 7.3: Arrhenius plots with straight line fits of the reaction rate constants as determined
from the fit to equation (9) (see Figure 7.2) for the 5 wt. % V catalyst. Temperatures were
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Figure 7.4: Calculated relative reaction rate constants for the propane combustion relative to
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The observations qualitatively agree with DFT calculations on the ODP mechanism that
the activity was higher when neighboring vanady] sites can participate in the reaction, as
for the 7.5 and 10 wt.% V catalyst containing mainly vanadia oligomers [79]. Also the
oligomeric vanadia sites favored formation of electrophilic oxygen species (like perox-
ovanadates), which were highly active in complete hydrocarbon oxidation, since the 7.5
and 10 wt.% V catalysts were much more active in both propane and propene combus-
tion compared to the 2 and 3 wt.% V catalysts [83,88]. The ODP activation energy de-
termined for the 2 wt.% catalyst (representing vanadia monomers) of 95 kJ/mol was
somewhat lower than the DFT prediction of 123 kJ/mol, however, the calculations were
performed for silica supported vanadia which is less active than alumina supported va-
nadia [77]. The ODP activation energy for alumina supported vanadia determined by
Dinse et al. [77] was 113 kJ/mol for a 1.2 wt.% V catalyst and that determined by Ar-
gyle et al. [91] was around 110 to 120 kJ/mol over a range of loadings, which is some-
what higher than that determined in this study. The propane combustion activation en-
ergy for vanadia monomers (2 and 3 wt.% V) of 168 to 180 kJ/mol was significantly
higher that reported by Argyle et al. of around 120 kJ/mol and for vanadia oligomers
(7.5 and 10 wt.% V) it was 104 to 128 kJ/mol, similar to that reported by Argyle et al.
[91].

The propene yield was calculated as function of the temperature and weight based con-
tact time using the determined activation energies and pre-exponential factors (Equation
(9)). For the 5 wt.% V catalyst the maximum propene yield was 5.3 % at a temperature
of 455 °C and contact time of 0.030 g-s/cm’ (see Figure 7.5). There was a rather large
area on the contour plot stretching from short contact time at high temperature to long

contact time at low temperature where the propene yield was close to the maximum val-
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ue (see Figure 7.5). Moving away from this optimal region the propene yield decreased
steeply with change in temperature or contact time, either due to propane and propene
combustion at high temperature, propene combustion at low temperature and long con-
tact time or too low ODP rate at low temperature and short contact time. Note that at
temperatures above 500 °C homogeneous propane combustion becomes significant,
which will decrease the yield, but temperatures up to 550 °C was included to better

show the results of the model.
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Figure 7.5: Predicted propene yield for the 5 wt.% V catalyst as function of the weight based
contact time and the catalyst bed temperature based on activation energies and the pre-
exponential factors from Figure 7.3. Temperatures above 500 °C were only included to clearly
show the global maximum, since homogeneous propane combustion not included in the model
would be significant, resulting in even lower propene yield.
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7.4.3 Model validation by shifting temperature and contact time

To investigate the predictive capabilities of the model, catalytic activity over the 7.5
wt.% V catalyst was investigated using 15 mg of catalyst and temperatures from 446 to
508 °C, compared to 75 mg of catalyst and temperatures from 362 to 410 °C in the ini-
tial experiment. The measured propane conversion was compared with that predicted by
the kinetic parameters extracted from the initial experiment showing reasonably good
agreement (see Figure 7.6(a)), although the error increased with increasing temperature.
Also in terms of propene yield and selectivity as function of conversion the experi-
mental results showed good agreement with the model predictions (see Figure 7.6(b)
and Figure 7.7). This showed that the model can be used to predict the propene yield

when changing the temperature and contact time.
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Figure 7.6: (a) Measured and predicted propane conversion and (b) measured and predicted
propene yield of the 7.5 wt.% V catalyst. The measured values are from an experiment using 15
mg catalyst and the indicated catalyst bed temperatures and gas composition C;Hg/Oy/N, =
5/25/70. The predicted values were calculated by equation (8) and (9) using the kinetic parame-
ters from Table 7.4 for the 7.5 wt.% V catalyst (which are based on an experiment with 75 mg
of catalyst and temperatures from 362 to 410 °C and gas composition C;Hg/O,/N, = 5/25/70)
and the contact times and the bed temperatures in the 15 mg experiment.

Nanoparticle synthesis using flame spray pyrolysis for catalysis 101



0.5 +————

= Measured 7.5wt.% V/AI O
Predicted 23
0.4 .
0.3
T
O
& 0.2-
0.1
0.0 ¥ T T T T T T T T T T T T T T
0.00 005 010 015 020 025 030 0.35 0.40

X(C,H,)
Figure 7.7: Predicted and measured propene selectivity as function of propane conversion for
the 7.5 wt. % V catalyst. The measured values are from an experiment using 15 mg catalyst and
the predicted values were calculated with the kinetic parameters from Table 7.4 for the 7.5 wt.%
V catalyst like in Figure 7.6.

7.4.4  Model validation by direct propene combustion

In order to investigate whether the propene combustion kinetics included in the ODP
model was valid, direct propene oxidation experiments were performed using the 5
wt.% V catalyst. In order to have similar conditions as in the ODP experiments the gas
composition was CsHe/O2/N, = 1/25/74 with total gas flow of 180 and 260 Nml/min.
The temperature was 344 to 419 °C as measured in the catalyst bed. The propene con-
version was between 5 and 35 % and the main products of the combustion were CO and
CO,. The selectivity to acrolein was between 5 and 10 %, decreasing with increasing
propene conversion, and only traces of acetaldehyde and ethene were observed. The

measured conversion was compared to that predicted by the kinetic model (see Figure
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7.8). At 392 and 419 °C there is good agreement between the model and the experiment,
while at 344 °C the measured conversion is 40 and 45 % lower than the predicted con-
version at 180 and 260 Nml/min respectively. This temperature is also more than 50 °C
lower than in the experiment the model was based on. This indicates that both the acti-
vation energy and the pre-exponential factor for direct propene combustion is somewhat
underestimated by the ODP model, while still on the correct order of magnitude. The
reason may be the higher propene concentration in the combustion experiment com-
pared to the ODP experiment, which may result in occupation of active sites at low
temperature leading to lower conversion or possibly slower re-oxidation of the catalyst

by gas phase oxygen at low temperature.
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Figure 7.8: Measured and predicted propene conversion in direct propene oxidation as a func-

tion of the temperature measured in the catalyst bed using the gas composition C;H¢/Oo/N, =
1/25/74.
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7.4.5 Catalytic activity and selectivity at low oxygen concentration

Using in-situ X-ray absorption spectroscopy it was observed for the 7.5 wt.% V catalyst
that vanadia was partly reduced at temperatures above 460 °C when the oxygen concen-
tration was less than approximately 1 vol. % (see Section 6.3.5). To investigate the ef-
fect of this reduction on activity and selectivity, experiments were performed with gas
composition of C3Hg/O,/N, = 5/10/85, 5/5/90, 5/3/92 and 5/2/93 at temperatures of 460
and 480 °C (furnace set points). During in-situ XANES experiments the 7.5 wt.% V
catalyst was partly reduced to V>"*" at these temperatures (see Section 6.3.5). The
measured propane conversion was arround the value predicted by the kinetic model at
10 % O, in the inlet gas, but with decreasing oxygen concentration the difference be-
tween the measured and predicted propane conversion increased (see Figure 7.9). This
was particular significant at 480 °C. The apparently decreased catalytic activity indicat-
ed that the vanadia is in reduced form, due to slow re-oxidation of the catalyst. When
comparing the measured propene selectivity as function of conversion at low oxygen
concentration there is a significant increase in selectivity compared to the model predic-
tion (see Figure 7.10). The predicted selectivity as function of conversion is close to the
measured values at 25 % O; in the gas, since these data are the basis of the model. The
selectivity increase was most significant at 480 °C where the propene selectivity was
around 36 % at 9 % propane conversion with 2 % O, in the inlet, compared to around
20 % propene selectivity at 9 % propane conversion with 25 % O; in the inlet. The de-
crease in the catalytic activity with reduction of vanadia could be the result of decreased
surface concentration of nucleophilic oxygen (O=V°" vanadyl sites) responsible for C-H
bond cleavage in ODP and the improved selectivity could be a result of decreased sur-

face concentration of electrophilic oxygen species (like peroxovanadates), which would
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otherwise lead to total combustion of adsorbed hydrocarbon intermediates [79,83,88].
After the low oxygen concentration experiments the same sample was re-oxidized in dry
air. Thereby the original activity and selectivity was regained, showing that the reduc-

tion for the flame-derived catalysts is reversible.
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Figure 7.9: Measured propane conversion as function of oxygen vol. % in the inlet gas (gas
composition C3Hg/O,/N, = 5/x/95—x) and the predicted propane conversions based on the kinetic
parameters in Table 7.4 for the 7.5 wt.% V catalyst and temperatures measured in the catalyst
bed. Legend temperatures were the furnace set points.
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Figure 7.10: Measured and predicted propene selectivities as function of conversion. The pre-
dicted values were calculated from the kinetic parameters in Table 7.4 for the 7.5 wt.% V cata-
lyst and temperatures measured in the catalyst bed. Better selectivity but significantly lower
conversion was achieved when reducing the oxygen inlet concentration. Temperatures in the
legend were the furnace set points and the gas composition was C3Hg/Op/N, = 5/x/95—x (see
Figure 7.9).

7.5 Conclusions

A kinetic model for oxidative dehydrogenation of propane (ODP) consisting of the de-
hydrogenation reaction, parallel combustion of propane and sequential combustion of
propene was derived and applied to experimental data. The model fitted very well to the
experimental results of yield and conversion obtained in lab-scale ODP experiments us-
ing alumina supported vanadia catalysts prepared by flame spray pyrolysis. The model
was validated by comparing it to experimental ODP data at different temperatures and
contact times as well as separate experiments of the direct combustion of propene. The

activation energy for the parallel combustion of propane decreased significantly with
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increased vanadia loading, resulting in significantly lower propene selectivity when us-
ing vanadia catalysts containing mainly vanadia oligomers. This was due to formation
of electrophilic oxygen species, highly active in complete hydrocarbon oxidation, on the
surface of vanadia oligomers. Calculations of the propene yield as function of both tem-
perature and contact time showed that there is an optimum operating window, outside of
which the propene and propane combustion rates are too high or the OPD rate too low.

Performing catalytic activity measurements at low oxygen concentration resulted in
lower activity but higher propene selectivity compared to the predictions of the kinetic
model and experimental data at high oxygen concentration. This may be the result of
reduced surface concentration of both selective nucleophilic and unselective electro-

philic oxygen species.
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8. Oxidative dehydrogenation over supported molyb-
denum and molybdenum-vanadium oxide catalysts.

8.1 Introduction

Besides vanadia based catalysts, also molybdenum oxide is interesting for oxidative de-
hydrogenation of propane. To this purpose alumina supported molybdenum oxide and
mixed molybdenum-vanadium oxide were prepared by FSP, structurally characterized
and evaluated as catalysts for the ODP reaction in comparison to the vanadia based cata-

lysts (see Sections 6 and 7).

8.2 Experimental

8.2.1 Catalyst preparation

Aluminium(II)acetylacetonate (Sigma Aldrich), molybdenum(VI)2-ethylhexanoate
(Strem Chemicals) and vanadium(IIl)acetylacetonate (Sigma Aldrich) were dissolved in
anhydrous toluene (Sigma Aldrich) to a total metal concentration of 0.4 M in ratios for
preparation of 1,2, 5, 7, 10 and 15 wt.% Mo and 2 wt.% V with 4, 7, 10 and 15 wt.%
Mo on alumina, assuming the products are MoOs, V05 and Al,O3 (see Table 8.1). Af-
ter stirring and gentle heating to around 50 °C clear, dark purple solutions were ob-
tained. The precursor solutions were sprayed at 5 ml/min with 5 NI/min O, as dispersion
gas at 1.8 bar pressure drop. The supporting flame was maintained at 1 Nl/min CH4 and

3 NI/min O,. Details of FSP experimental are found in Section 2.

8.2.2  Catalyst characterization
Details on specific surface area, XRD, Raman and UV-vis measurements are found in

Section 6.2.2.
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Table 8.1: Overview of the Mo/Al,0; and MoV/Al,Oj;catalysts prepared by flame spray pyroly-
sis, specific surface area, BET equivalent particle diameter and apparent molybdenum and va-
nadium surface densities.

Sample Mo wt.% V wt.% SSA (m’/g)® d, (am)® MoO/nm>¢ VO,/nm”*

1Mo 1 - 160 9.4 0.4 -
2Mo 2 - 156 9.6 0.8 -
SMo 5 - 166 9.0 1.9 -
™o 7 - 164 9.0 2.7 -
10Mo 10 - 152 9.7 4.2 -
15Mo 15 - 137 10.6 6.9 -
4Mo2V 4 2 157 9.6 1.6 1.5
TMo2V 7 2 145 10.3 3.1 1.7
10Mo2V 10 2 123 11.9 5.1 1.9
15Mo2V 15 2 122 11.9 7.7 1.9

%6 point BET measurement, "calculated from the SSA assuming spherical particles, ‘calculated
from the SSA and the molybdenum and vanadium loading.

8.2.3  Catalytic activity and selectivity

The FSP powder was pressed and crushed to 150 to 300 wm sized particles and diluted
with SiC (also 150 to 300 um). The amounts of catalyst and SiC depended on the transi-
tion metal loading (see Table 8.2). The catalysts were pre-oxidized in dry air at 550 °C
before cooling down to the lowest reaction temperature and introducing the ODP reac-
tion gas with a fixed composition of C;Hg/O,/N, = 5/25/70, flows of 50, 80, 100, 150
and 200 Nml/min and furnace temperatures of 460, 480 and 500 °C. The vanadia con-
taining catalysts were generally much more active than only molybdenum oxide cata-
lysts, so between 200 to 500 mg of catalyst was used for the Mo series and 75 mg of
catalyst was used for the Mo+V series. Calculations of internal standard correction,
conversion, yield and selectivity were done as for the vanadia catalysts (Section 6.2.3),
details of the activity test setup are given in Section 2.2 and the kinetic model was ap-

plied as for the vanadia catalysts (Section 7).
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Table 8.2: Conditions for the catalytic activity measurements. All experiments were performed
with a gas mixture of 25 % O,/5 % C;Hg/N,, flows from 50 to 200 Nml/min and temperatures
460, 480 and 500 °C as furnace set-point.

Sample m., (mg) mg;c (mg) w/F (gs/cm’)?
Mo 500 300 0.072-0.241
2Mo 500 300 0.074-0.246
5Mo 400 300 0.057-0.196
TMo 265 300 0.039-0.131
10Mo 300 300 0.040-0.144
15Mo 200 300 0.027-0.094
4Mo2V 75 450 0.0095-0.035
TMo2V 75 450 0.0095-0.035
10Mo2V 75 450 0.0096-0.036
15Mo2V 75 450 0.0094-0.035

* weight over flow range at the measured reaction temperature and pressure.

8.3 Results and discussion

8.3.1 Catalyst preparation, surface area and metal surface density

The products of FSP synthesis were powders with very low density due to high interpar-
ticle porosity. Two series of catalyst were prepared, one series with only molybdenum
oxide on alumina with loadings from 1 to 15 wt.% Mo and one series with mixed vana-
dium-molybdenum oxide on alumina with constant 2 wt.% V and 4 to 15 wt.% Mo (see
Table 8.1). The fixed vanadium loading of 2 wt.% was chosen since when preparing on-
ly vanadia on alumina, 2 wt.% V resulted in supported vandia monomers with high se-
lectivity for propene (see Section 6). The specific surface area generally decreased with
increasing transition metal loading, where the Mo series ranged from 137 to 166 m*/g,
resulting in apparent molybdenum surface densities from 0.4 to 6.9 MoO,/nm®. This is
from far below the theoretical monolayer density to above the monolayer density at ap-
proximately 5 MoO,/nm” [139]. The Mo+V series ranged from 122 to 157 m?/g result-

ing in apparent molybdenum surface densities from 1.6 to 7.7 MoO,/nm’ and vanadium
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surface densities from 1.5 to 1.9 VOx/nmz, which is below the theoretical monolayer

coverage of vanadia monomers of approximately 2.3 to 2.5 VO,/nm” [34,67].

8.3.2 Powder X-ray diffraction

X-ray diffraction showed that the main crystalline phase of the FSP product was y-
Al,O3, with traces of crystalline MoO3 observed as a very broad reflection around 26 =
27° at 15 wt.% Mo and at 15 wt.% Mo+2 wt.%V where several reflections from MoQOj3
were clearly observed (see Figure 8.1). This indicated that molybdenum and vanadium
oxides were well dispersed on the surface of the of the alumina nanoparticles, when the
molybdenum loading was below the theoretical monolayer around 5 MoO,/nm’. This is
in agreement with studies of molybdenum oxide supported on silica-alumina mixtures

prepared by FSP [113].
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Figure 8.1: X-ray diffractograms of the molybdenum oxide series (a) and the mixed molyb-
denum-vanadium oxide series (b) showing mainly the reflection of y-Al,O;. At 15 wt.% Mo
weak indications of crystalline MoO; is marked with an * at 20 = 27° and at 15 wt.% Mo + 2
wt.% V the reflections of a-MoOs are clearly observed along with a single reflection possibly
from B-MoO; marked with (*).
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8.3.3 Raman spectroscopy

Laser Raman spectra were recorded of the 10 and 15 wt.% Mo samples at room temper-
ature, after dehydration at 550 °C in a flow of dry air (see Figure 8.2a). For the 10 wt.%
Mo/alumina sample only supported molybdenum oxide species were observed by an in-
tense peak at 1004 cm™ assigned to molybdenyl stretching (Mo=0), consistent with oth-
er investigations of supported molybdenum oxide [69,113]. For the 15 wt.% sample a
weak and broad peak was observed around 820 cm™, which could be assigned to crys-
talline MoOs. This is in agreement with the XRD results that showed traces of MoO; for
this sample (see Figure 8.1a) and that the apparent MoO, surface density of 6.9
MoO,/nm” is above monolayer coverage of approximately 5 MoO,/nm*. Compared to
alumina supported molybdenum oxide prepared by incipient wetness impregnation the
amount of crystalline MoOs formed after FSP synthesis was low, since at a surface den-
sity of 4.3 MoO,/nm’ (10 wt.% Mo) no crystalline MoO; was observed in this study,
while significant amounts were observed by Chen et al. at 4.5 MoO,/nm’ [69]. For sili-
ca-alumina (30 wt.% SiO, and 70 wt.% Al,O3) supported molybdenum oxide prepared
by FSP, traces of crystalline MoO3; were observed at 1.5 MoOx/nm2 and above, which is
likely to be an effect of the different support material [113]. This study also showed that
Raman is not suited for distinguishing between monomeric and di- or oligomeric sup-
ported molybdenum oxide since the molybdenyl (Mo=0) stretching bands overlap and
the Mo-O-Mo vibrations have too low Raman scattering cross section to be clearly ob-
served. This was instead done by time of flight-secondary ion mass spectrometry (ToF-
SIMS), where dimeric and trimeric molybdenum oxide clusters were clearly observed at

0.8 MoO,/nm’ and above.
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The Raman spectra of the vanadium-molybdenum oxide catalysts recorded at similar
conditions also showed the molybdenyl (Mo=0) stretching band at 1004 cm™, along
with a vanadyl stretching band at 1030 cm™ (see Figure 8.2b). This is consistent with
other Raman investigations of alumina supported mixed vanadium-molybdenum oxide
[71-73]. The vanadyl stretching band was clearly observed at 4 and 7 wt.% Mo + 2
wt.% V. Increasing the molybdenum loading to 10 and 15 wt.% resulted in the vanadyl
band being reduced to a high energy shoulder to the molybdenyl band. At 15 wt.%
Mo+2 wt.% V crystalline MoOs was clearly observed by the band around 820 cm™,
while crystalline V,0s was not observed, consistent with the XRD results (see Figure
8.1b).

Comparing the Raman spectrum of the 4 wt.% Mo+2wt.% V sample with the Raman
spectra of the 10 wt.% Mo sample and a sample containing only 2 wt.% V, which con-
tained mainly vanadia monomers (see Section 6.3.3), it is clear that the mixed oxide
sample contained a mixture of supported MoO, and VO, monomers (see Figure 8.3a).
Crystalline MoO; was clearly observed by XRD for the 15 wt.% Mo+2wt.% V sample
(see Figure 8.1b). This was also observed by Raman spectroscopy before dehydration.
During the dehydration step this crystalline material spreads over the surface of the
alumina, forming supported MoQO,, leaving only a minor fraction as crystalline MoO;
(see Figure 8.3b). This thermal spreading phenomenon is well known and can be ex-
plained by the decreased surface free energy of an alumina supported MoQO, monolayer

compared to separate nanoparticles of Al,O3 and MoO; [140-141].
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Figure 8.2: Laser Raman spectra recorded at room temperature after dehydration at 550 °C of
the only molybdenum oxide series (a) and the mixed molybdenum-vanadium oxide series (b).
Mainly supported MoQO, species is observed for the molybdenum oxide samples, with weak in-
dication of crystalline MoO; at 820 cm™. The molybdenum-vanadium oxide samples showed a
mixture of supported VO, and MoO; species at the lowest transition metal loadings, but with in-
creasing Mo loading the VO, signal diminished and crystalline MoO; was detected.
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Figure 8.3: (a) Comparison of the Raman spectra of 4 wt.% Mo + 2 wt.% V, 10 wt.% Mo and 2
wt.% V clearly showing that supported VO, and MoO, species co-exists in the mixed molyb-
denum-vanadium oxide catalyst. Spectra recorded at room temperature after dehydration at 550
°C (b) Comparison of the Raman spectra of the 15 wt.% Mo+2 wt.% V catalyst before and after
dehydration. Crystalline MoOs is clearly observed in the as-prepared hydrated state (in good
agreement with XRD, see Figure 8.1), but minimizing the surface energy by thermal spreading

during dehydration at 550 °C results in mostly supported MoO, species.
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8.3.4  UV-vis diffuse reflectance spectroscopy

The only molybdenum containing samples appeared white to light blue. The UV-vis
spectra of the 10 and 15 wt.% Mo samples are shown in Figure 8.4a. The metal to lig-
and charge transfer (LMCT) band of O*—>Mo°" is observed at 242 and 248 nm respec-
tively, in good agreement with supported molybdenum oxide species in tetrahedral co-
ordination [142-143]. The charge transfer band for crystalline MoO3;, where molyb-
denum is in octahedral coordination, would be expected around 350 nm [142]. The ab-
sorption in the visible and near infrared region of the spectrum is due to d—d transitions
of Mo®" or Mo*", showing that Mo is partly reduced directly after synthesis.

The molybdenum-vanadium oxide catalyst appeared yellow after synthesis, but turned
light green after ambient storage. The LMCT band was also observed around 250 nm,
but it was broader and had a shoulder around 350 nm (see Figure 8.4b). This is likely
due to supported vanadium oxide species, but could also be Mo®" in octahedral coordi-
nation since crystalline MoO; was detected by XRD for the 15wt.% Mo+2wt.% V sam-
ple. Weak absorption in the visible region of the spectrum could be due to d—d transi-

tions of either reduced vanadium and/or molybdenum.

Nanoparticle synthesis using flame spray pyrolysis for catalysis 117



(@)
—— 10 wt.% Mo
- = -15wt.% Mo

(b)
9- — 4 wt.% Mo+2 wt.% V
8 - =7 wt.% Mo+2 wt.% V
10 wt.% Mo+2 wt.% V
15 wt.% Mo+2 wt.% V

200 300

| 500 600 700 800 900

A (nm)

400

Figure 8.4: UV-vis spectra of the only molybdenum oxide series (a) and the mixed molyb-
denum-vanadium oxide series (b) recorded on the as-prepared oxide catalyst in the hydrated
state. The strong ligand to metal charge transfer band in the UV-region (200 to 400 nm) is due
to supported MoO, and VO, species, while weak absorption in the visible and NIR regions (400
to 700 and 700 to 900 nm respectively) is due to d—d transitions of partly reduced molybdenum
and/or vanadium.
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8.3.5  Catalytic activity and selectivity

The synthesized materials were evaluated as catalysts for the oxidative dehydrogenation
of propane in fixed bed reactors. The gas composition was constantly C;Hg/O,/N, =
5/25/70, the flows were 50, 80, 100, 150 and 200 Nml/min and the temperatures were
460, 480 and 500 °C as the furnace set point (the actual reaction temperature was meas-
ured in the catalyst bed). The weight of catalyst was optimized for each sample to
achieve lower than 40 % propane conversion at 500 °C and 50 Nml/min flow (see Table
8.2).

Comparing selectivity as function of conversion traces (measured at all 15 flow-
temperature combinations) for the molybdenum oxide catalysts showed, that a signifi-
cantly better selectivity was achieved for the high loaded molybdenum catalysts (5 to 15
wt.% Mo), compared to the low loaded catalysts (1 and 2 wt.% Mo), with the 10 wt.%
Mo appearing to be the optimal (see Figure 8.5a). This was the opposite trend of the
previously investigated vanadia on alumina catalysts, where propene selectivity de-
creased with increasing vanadia loading (see Section 6.3.6). A similar trend of increas-
ing selectivity in increasing MoO, surface loading was observed by other researchers
[69,144]. The 10 wt.% Mo catalyst, the best of the molybdenum series, had slightly
lower selectivity as function of conversion compared to the best vanadia based catalyst

at 2 wt.% V (see Section 6.3.6).
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Figure 8.5: Propene selectivity as function of propane conversion of the only molybdenum ox-
ide series (a) and the mixed molybdenum-vanadium oxide series (b). The gas composition was
C3Hg/Oy/N, = 5/25/70, the flow between 50 and 200 Nml/min and the temperature between 460
and 500 °C (furnace set-point). The amount of catalyst depended on the transition metal load-
ing (see Table 8.2).
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Table 8.3: Optimal propene yield obtained, the corresponding propane conversion and the max-
imum space time yield obtained at the highest temperature and flow rate.

Sample Yield (%)* Conv. (%)" STY (Zpropene/[8each])*
1Mo 4.6 29 0.066
2Mo 6.7 25 0.081
5Mo 8.0 18 0.107
7Mo 8.5 20 0.175
10Mo 9.4 32 0.271
15Mo 7.8 34 0.302
4Mo2V 10.0 34 0.879
TMo2V 6.8 30 0.857
10Mo2V 4.1 33 0.570
15Mo2V 5.1 28 0.453

 Maximum propene yield obtained,  propane conversion at the maximum propene yield, ¢ max-
imum weight time yield in grams of propene pr. gram of catalyst pr. hour (which was always
obtained at 500 °C oven set-point and 200 Nml/min flow).

Similarly, when comparing the selectivity as function of conversion traces for the mixed
molybdenum-vanadium oxide catalysts, the best selectivity was obtained at the lowest
transition metal loading of 4 wt.% Mo+2 wt.% V (see Figure 8.5b), indicating that va-
nadia is dominating the catalytic properties. The selectivity decreased when increasing
the molybdenum loading to 7 and 10 wt.% Mo, but improved again slightly when in-
creasing it further to 15 wt.% Mo. The best selectivity obtained for this series of cata-
lysts was better than the selectivity obtained when using only molybdenum oxide, but a
little lower than for only vanadia (see Section 6.3.6). The best propene yield of the mo-
lybdenum oxide series was 9.4 % for the 10 wt.% Mo catalyst and for the molybdenum-
vanadium oxide series it was 10.0 % for the 4 wt.% Mo+2wt.% V catalyst (see Table
8.3). This is compared to 12.6 % for 2 wt.% V catalyst (see Section 6.3.6).

The catalytic activity of the mixed molybdenum-vanadium oxide catalysts were howev-
er much higher than for the others, since around 33 % propane conversion was achieved
at 500 °C and 50 Nml/min flow using only 75 mg of 4 wt.% Mo+2 wt.% V, compared

to 300 mg of 10 wt.% Mo and 150 mg of 2 wt.% V. A similar trend of increased catalyt-
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ic activity by adding molybdenum oxide to vanadia catalysts was observed by Nayak et
al. [145]. Increasing the vanadia content, compared to adding molybdenum to vanadia
catalysts, however, has a much stronger effect, since only approximately 26 mg of 5
wt.% V catalyst would be needed for 33 % propane conversion at 500 °C and 50
Nml/min flow (calculated using the kinetic parameters in Table 7.4).

The space time yield (STY) obtained also reflected this higher activity, but slightly low-
er selectivity since 0.879 gpropene/(Zearh) Was obtained for 4 wt.%Mo+2 wt.% V catalyst,
0.302 gpropene/(gearh) for the 15 wt.% Mo catalyst and 0.782 gyropene/(gearrh) for the 3
wt.% V catalyst, which were the best in the three series (see Table 8.3 and Table 6.4).
The activity of the mixed molybdenum-vanadium oxide is also larger than the sum of
the individual components, since using 75 mg of 2 wt.% V and 75 mg of 5 wt.% Mo
catalysts would result in 20 % conversion for the vanadia catalyst and 4 % conversion
for the molybdenum oxide catalyst at 500 °C and 50 Nml/min according to the model
results, compared to the measured 33 % conversion for the 4 wt.%Mo+2 wt.% V cata-
lyst. This indicates that there is favorable interaction between molybdenum and vanadi-
um oxide, resulting in higher activity when present on the same alumina surface. One
way to interpret this is that vanadia activates the molybdenum oxide since this is nor-
mally not very active.

Using a previously described kinetic model, it was possible to fit the measured propane
conversions and the propene yields against this (see Section 7.3). The model consists of
three reactions: oxidative dehydrogenation of propane (ODP, k;), parallel combustion of
propane (k;) and sequential combustion of propene (k3). All three reactions were as-
sumed to be first order in hydrocarbon and zeroth order in oxygen [75,89]. The meas-

ured conversions of propane as function of the weight based contact time at different
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temperatures for the 10 wt.% Mo catalyst could be fitted against the model using a one-
parameter fit for the sum of the rate constants for the ODP and propane combustion re-
actions k; + k; (see Figure 8.6a). The measured yields of propene as function of the
weight based contact time at different temperatures could also be fitted against the mod-
el using a three parameter fit for k, ks, and ks, with the sum of k;+k, already deter-
mined as a constraint (see Figure 8.6b).

The measured reaction rate constants fitted Arrhenius type behavior, as determined by
straight line fits to the logarithmic form of the Arrhenius equation (see Figure 8.7). The
measured apparent activation energies and pre-exponential factors are summarized in
Table 8.4. The activation energy of the ODP reaction was between 80 to 90 kJ/mol irre-
spective of the type of catalyst (with the exception of the 1 wt.% Mo and 15 wt.%
Mo+2wt.%V catalysts); however, the pre-exponential factor was significantly higher for
the mixed molybdenum-vanadium oxide catalysts, explaining the much higher activity
of this series compared to the only molybdenum oxide series. The activation energies

are similar to previous measurements on alumina supported molybdenum oxide [144].
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Figure 8.6: Conversion of propane (a) and yield of propene (b) as function of the weight based
contact time for the 10 wt.% Mo catalyst. Points are the measured experimental data and solid
lines are fits according to the kinetic model. The gas composition was C;Hg/O,/N, = 5/25/70,
the flow between 50 and 200 Nml/min and the amount of catalyst was 300 mg.
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Figure 8.7: Arrhenius plots for the reaction rate constants for the oxidative dehydrogenation of
propane (k;), the parallel combustion of propane (k,) and the sequential combustion of propene

(k3).

Table 8.4: Pre-exponential factors and apparent activation energies determined from straight
line fits to Arrhenius plots of the first order rate constants.

Sample Ko 1 E.q Ko E., ko3 E.;3
(em/(g's)  (kJ/mol)  (em’/(g's))  (kJ/mol)  (em’/(g's))  (kJ/mol)
1Mo 2.45:10° 99.1 5.57-10° 100.2 2.29-10* 51.3
2Mo 6.75:10° 89.9 1.29-10° 93.1 4.3810° 43.0
5Mo 2.32:10° 80.8 243107 119.1 3.36:10° 40.2
7Mo 7.93-10° 86.0 2.09-10" 157.7 3.49-10° 38.4
10Mo 1.28:10° 84.8 1.69-107 108.8 1.05-10° 70.4
15Mo 1.69-10° 86.0 8.43-10° 145.5 1.68-10’ 86.8
4Mo2V 3.96:10° 84.8 1.19-10" 142.8 2.02:10° 68.3
TMo2V 3.60-10° 83.6 9.30-10* 121.4 1.71-107 78.6
10Mo2V  2.82:10° 83.7 9.44-10° 119.2 1.10-10’ 74.0
15Mo2V  3.61-10° 73.5 1.24-107 95.6 3.43-10° 70.9
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The activation energy for the propane combustion reaction varied from 93 to 158
kJ/mol, which was generally higher than for the ODP reaction. The pre-exponential fac-
tor for this reaction also varied significantly, but the ratio ko/k; was between 0.02 and
0.5 for the 5 to 15 wt.% Mo catalyst and between 1.0 and 1.9 for the 1 and 2 wt.% Mo
catalysts in the relevant temperature interval of 350 to 500 °C (see Figure 8.8), in good
agreement with other measurements [69]. For the mixed molybdenum and vanadium
oxide catalysts the k/k; ratio varied between 0.04 and 1.3, lowest for the 4 wt.% Mo+2
wt.% V catalyst and highest for the 10 wt.% Mo+2 wt.% V catalyst. The ky/k; ratio in-
creased with increasing temperature due to the higher activation energy of the propane
combustion reaction. In order to maximize the propene selectivity, the ky/k; ratio should
be as low as possible.

The activation energy for the propene combustion reaction varied from 38 to 87 kJ/mol,
which was generally lower than for the ODP reaction. Likewise there was significant
variation in the pre-exponential factor. However; ks was always significantly larger than
k;, resulting ks/k; ratios between 9 and 95 for the molybdenum oxide catalysts and be-
tween 7 and 26 for the mixed molybdenum-vanadium oxide catalysts (see Figure 8.9),
in good agreement with other measurements [69]. The ks/k; ratio decreased with in-
creasing temperature and should be as low as possible in order to maximize the propene

selectivity.
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Figure 8.8: Calculated relative reaction rate constants for the combustion of propane (k;) and
the oxidative dehydrogenation of propane (k;) based on the kinetic parameters in Table 8.4 for
the only molybdenum oxide series (a) and the mixed molybdenum-vanadium oxide series (b).
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Figure 8.9: Calculated relative reaction rate constants for the combustion of propene (k;) and
the oxidative dehydrogenation of propane (k;) based on the kinetic parameters in Table 8.4 for
the only molybdenum oxide series (a) and the mixed molybdenum-vanadium oxide series (b).
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By calculating the reaction rate constants as function of temperature, the yield of pro-
pene could be calculated as function of both temperature and weight based contact time.
This showed that the best propene yield was achieved at short contact time and relative-
ly high temperature (up to 500 °C, above which homogeneous combustion reactions be-
come important), see contour plot in Figure 8.10 for the 10 wt.% Mo catalyst. On the
contour plot there is a relatively large area with high yield, stretching from short contact
time and high temperature towards intermediate temperature and long contact time.
Moving away from this region towards lower temperature, the rate of the ODP reaction
becomes too low and towards higher temperature the rate of the combustion reaction
becomes too high. Increasing the contact time will result in high conversion, but the se-
quential combustion of propene will limit the yield, since the reaction rate constant of
this is always significantly higher than the reaction rate constant of the ODP reaction.
Decreasing the contact time will result in too low conversion to achieve a high yield. On
an absolute scale a yield of up to 10 % is not particularly high. The problem of obtain-
ing a better yield is the opposite trend in the temperature dependence of the ky/k; and

ks/k; ratios, which shows that improved catalysts should be developed.
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Figure 8.10: Calculated yield of propene as function of the weight based contact time and the
temperature for the 10 wt.% Mo catalyst. Based on the kinetic parameters in Table 8.4.

8.4 Conclusions

Series of alumina supported molybdenum oxide and mixed molybdenum-vanadium ox-
ide catalysts were successfully prepared by flame spray pyrolysis. Raman spectroscopy
and XRD showed that the product of the flame synthesis was MoO, and VO, species
supported on y-alumina, with only small amounts of crystalline MoO; observed at high
transition metal loadings. The most selective catalysts of the only molybdenum oxide
series were those with high loadings (5 to 15 wt.% Mo), with a maximum propene yield

of 9.4 % for the 10 wt.% Mo catalyst. The most selective catalyst of the mixed molyb-
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denum- vanadium oxide series was at low transition metal loadings of 4 wt.% Mo and 2
wt.% V, with a maximum propene yield of 10.0 %. The catalytic activity of the vanadia
containing catalysts was much higher than for the only molybdenum oxide catalysts,
with a maximum space time yield of 0.879 gpropenc/(gca'h) for the 4 wt.% Mo and 2 wt.%
V catalyst, compared to 0.302 gpropene/(gcarh) for the 15 wt.% Mo catalyst. Catalytic ac-
tivity increased with increasing transition metal loading.

The measured conversion of propane and yield of propene could be described by a ki-
netic model consisting of oxidative dehydrogenation of propane (ODP), parallel com-
bustion of propane and sequential combustion of propene. This showed that the reaction
rate constant for the combustion of propane relative to the ODP reaction was higher
than 1 for the least selective catalysts and less than 0.2 for the most selective catalysts
between 350 and 500 °C. This ratio increased with increasing temperature. The reaction
rate constant of the consecutive combustion of propene relative to the ODP reaction was
less than 15 for the most selective catalysts and up to 95 for the least selective catalysts
between 350 and 500 °C. This ratio decreased with increasing temperature. The oppo-
site temperature dependence of the relative reaction rate constants strongly limits the

yield of propene.
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9. Conclusions and outlooks

9.1 Hydrotreating

Flame spray pyrolysis as one-step catalyst synthesis method was successfully used to
synthesize highly active CoMo hydrotreating catalysts. Using two-nozzle FSP and silica
addition in one-nozzle FSP the unwanted CoAl,O4 phase, formed in one-nozzle FSP of
CoMo/Al,03, was successfully avoided. This is an example of how FSP can be used to
prepare more active catalysts. These flame-made catalysts could potentially be used as
industrial catalysts for hydrotreating, since the activities obtained are close to the activi-
ties of the commercial reference, which have been optimized during many years of re-
search.

The two-flame process can be further optimized by adding silica and by optimizing the
surface area, which was rather low for the catalysts prepared in this study. Also, the
possibility of adding other promoter atoms like B, P or Mg has not been investigated.
Furthermore, the concentrations of Mo and Co can be optimized. Nickel promoted mo-
lybdenum sulfide catalysts have not been investigated so far, but for this type of catalyst
NiAl,Oy is a possible FSP product, which should be avoided like CoAl,O4. Since nickel
containing catalysts are toxic and have potential allergy induction, the present work has
exclusively concentrated on the cobalt-based catalysts. However, with appropriate safe-
ty precautions in corresponding fume cupboards the same strategy can be applied.
Besides finding a highly active hydrotreating catalyst formulation by lab-scale FSP, the
up-scaling of this is a significant engineering problem which is currently being ad-
dressed [25-27]. Powder handling will be a big challenge, since the very fluffy FSP

product must be compacted and formulated into shapes that could be loaded in an indus-
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trial reactor. This could be done either by pressing pellets or by making pastes of the
FSP product that could be shaped as extrudates in the conventional way.

Another way that FSP could be utilized is for the synthesis of the high surface area sup-
port material itself. This could then be impregnated with molybdenum and cobalt in the
conventional way, in order to evaluate the support material properties of the FSP prod-
ucts. The first work in this direction, which was started but not finished during this
Ph.D. work, was to impregnate alumina and silica-alumina mixtures (with the same
Si/Al ratios as in Section 5) prepared by FSP with Mo+Co solutions and evaluate the
hydrotreating catalytic activity after calcination and sulfidation. Initial results showed
reasonable activity, indicating this may be a viable method.

There is no doubt, that hydrotreating will continue to be an important process in the re-
fining industry, in particular, because of more stringent regulations and oils that contain
more sulfur. Another potential application is the removal of not only nitrogen and sul-
fur, but also oxygen from bio oil [146].

9.2 Oxidative dehydrogenation

Oxidative dehydrogenation of propane is a very challenging reaction due to the lower
C—H bond energy of the methyl group of propene than those of propane [89]. Thus find-
ing catalysts that are more reactive for propane oxidation than propene oxidation is very
demanding. The FSP synthesized vanadium and molybdenum oxide catalysts are equal-
ly selective as catalysts prepared by conventional methods, but the improvement was
not significant. The similar chemical structure of the FSP made catalysts and conven-
tionally made catalysts, as determined with spectroscopy, makes this a reasonable out-

come. Also, the determined activation energies and reaction rate constants for the ODP
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and combustion reactions are similar to what has been measured on conventional cata-
lysts.

Commercial exploitation of the ODP process seems very unlikely, unless a break-
through catalyst design or new reactor designs are discovered. This was also the conclu-
sion of a poster symposium at the International Congress on Catalysis 2012 [147]. For
ethane oxidative dehydrogenation the situation is different, since ethene is a more stable
molecule than ethane. This is being investigated at pilot scale using MoVTeNb mixed
oxides as catalyst [148]. When these catalysts are used for propane oxidative dehydro-
genation, acrylic acid is the main product (with 20 % water in the inlet gas), formed by
subsequent reactions of propene, but this is a very important intermediate product, too
[149]. Future experiments with the most selective FSP made vanadia and molybdenum
oxide catalysts could be to investigate their performance in ethane oxidative dehydro-
genation.

Another possibility for improving the selectivity is to use N,O or CO; as oxidants [150-
151]. The former is however less available on large scale and the latter is a rather stable
molecule. As a consequence the reaction between CO; and propane is endothermic,
which is one of the problems of non-oxidative dehydrogenation, which is desired to
overcome by an oxidative process. Finally, partial oxidative and partial non-oxidative
dehydrogenation is possible, but will result in some coking of the catalyst [152]. How-
ever, less than for purely non-oxidative dehydrogenation, but on large scale and long

terms regeneration of the catalyst will most likely be necessary.
9.3 Extension of FSP-synthesis to further catalysts

Synthesizing catalysts with FSP is a very attractive topic, thus further choices have been

made with regards to which reactions and catalyst systems were to be studied. Besides
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the hydrotreating and oxidative dehydrogenation catalysts described in this thesis, other
catalysts and materials were briefly investigated or considered.

Vanadia catalysts supported on titania and magnesia were also synthesized and evaluat-
ed for ODP. Magnesia supported catalysts were significantly less active and titania sup-
ported catalysts significantly less selective than alumina based catalysts.

Amorphous silica-titania catalysts for selective epoxidation of olefins in liquid phase, an
alternative to TS-1 zeolites [153], were synthesized successfully without anatase titania
being detected by XRD, showing that titanium atoms were well dispersed in the amor-
phous silica matrix. This catalyst was used to test the FSP setup was working properly,
but the performance was not as good as other flame-made materials (by vapor flame
synthesis) described in the literature [35,154].

Amorphous tin dioxide-silica mixtures were synthesized and briefly investigated for
conversion of sugar to methyl lactate, as alternative to Sn containing Beta zeolite [155].
Initial results showed high conversion and reasonable selectivity to methyl lactate. Also
tetragonal zirconia was synthesized as potential anti-shrinking additives for dental fill-
ings [156]. Both these collaborations with research groups in those fields have not been
deepened, so the topics should be investigated in detail in the future.

Alumina supported copper-cobalt oxide was attempted by FSP, to be used as catalysts
for higher alcohol synthesis after reduction to copper-cobalt metal alloy [157]. Howev-
er, the product of FSP synthesis appeared to be mostly CoAl,O4 and CuAl,O4, which
are much more stable than copper- and cobalt oxides, so they did not reduce to the met-
als upon activation and are expected to be inactive as catalysts. For future investigations
silica supported or unsupported catalysts could be interesting, with the same strategy as

for the cobalt-based hydrotreating catalysts.
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Besides hydrotreating, also hydrocracking catalysts were considered. Mixed oxides with
cation charge mismatch like Si*"/AI’", Ti*"/AP", Zr* /A", Nb**/Ti*", Nb* /A" and
Nb>*/Zr*" oxides (unlike Sn*/Si*" and Ti*'/Si*" oxides as described above were the cat-
ion 4+ charges match), could potentially form acidic sites with hydrocracking activity
and possibly different selectivities compared to other acidic catalysts [158-159]. In-
deed, silica-alumina mixtures prepared by FSP have been shown to contain high con-
centration of acidic sites [119]. Also, noble metals could easily be added to the FSP-
made oxide catalysts to add hydrogenation activity. However, lack of experimental fa-
cilities for evaluating the catalysts limited this project, but might be interesting in the fu-
ture.

9.4 Outlook

FSP has been demonstrated as synthesis method for a wide variety of catalysts and the
development of two-nozzle FSP adds the possibility of controlling the multi-metal
products, in particular, since not only two components can be prepared independently
but also the distance and angle between the two flames can be varied. Even more flexi-
bility could be obtained by using a three-nozzle apparatus.

Up-scaling FSP with similar catalytic properties of the products seems to be the major
challenge to be addressed, since high production rates may result in lower specific sur-
face area [27].

Other catalyst systems where FSP could be of interest are steam reforming, which has
recently been demonstrated with ethanol as substrate [160], methanol synthesis (vapor
flame materials have been prepared for methanol synthesis [161]), the water gas shift
reaction (both high and low temperature catalysts, the latter has been demonstrated

[162-163]) and sulfuric acid synthesis [164]. These are very important, large scale pro-
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cesses for bulk chemicals and their catalysts are complicated multi-metal materials
which have been developed for many years. Therefore it must be expected, that initial
results are not immediately competitive, but evaluating their potential by comparison to
industrial type catalysts is important.

In addition, FSP appears to be very favorable for preparation of supported noble metal
catalysts [7], with application in fine chemical synthesis and environmental catalysis,
where only a small amount of catalyst is needed for full scale application. This may be

the first practical application of FSP made catalysts [25].
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