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Controlling palladium particle size and dispersion
as a function of loading by chemical vapour
impregnation: an investigation using propane total
oxidation as a model reactiont
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A series of Pd/Al,Os catalysts with metal weight loadings of 1.0 wt%, 2.5 wt%, and 5.0 wt% were
synthesised by chemical vapour impregnation (CVI) and used for the total oxidation of propane. All the
catalysts were highly active for propane total oxidation. Extensive characterisation showed essentially
identical catalyst structural and chemical characteristics, with consistent nanoparticle size, dispersion, and
metal oxidation state regardless of metal loading. The major difference between catalysts was the number
of surface palladium sites which scaled directly with metal loading. Turnover frequency calculations
showed that the intrinsic activity of each catalyst is the same, with conversion scaling with the number of
active sites. The number of active sites was normalised experimentally with catalyst performance proving
to be identical regardless of weight loading. This study shows that CVI is a technique that can produce
active catalysts with high levels of control and consistency of active metal nanoparticles as a function of
loading. The same level of control over dispersion and activity was not achieved when catalysts were
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prepared by conventional aqueous impregnation. The fundamental understanding of CVI is important for
the design of highly active catalysts, which is exemplified for propane total oxidation, but has wider
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Introduction

The method of catalyst synthesis can lead to significant
differences in the properties and activity. It can influence many
factors including nanoparticle size, distribution, shape and
oxidation state." Traditional impregnation and precipitation
techniques are popular due to ease of synthesis but can
demonstrate poor control over nanoparticle size, especially
when metal loading is varied.>® Previous studies have
suggested that the size distribution broadens, while dispersion
decreases when metal weight loading increases. The precursor
used can also introduce surface poisons, for example, chloride
ions from metal chloride precursors, which remain on the
surface after synthesis and have been found to be detrimental
to catalytic activity. Colloidal methods like sol-immobilisation
have been designed with the intention of greater particle size
control through use of protecting groups.*”

Max Planck-Cardiff Centre on the Fundamentals of Heterogeneous Catalysis
FUNCAT, Cardiff Catalysis Institute, School of Chemistry, Cardiff University,
Translational Research Hub, Maindy Road, Cardiff CF24 4HQ, UK.

E-mail: baileyla2@cardiff ac.uk, taylorsh@cardiff.ac.uk

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4cy00665h

This journal is © The Royal Society of Chemistry 2024

significance for other applications of supported metal catalysts.

Chemical vapour impregnation (CVI) is a preparation
method that can negate some of the drawbacks of the more
traditional impregnation techniques. CVI is a simple
technique to use experimentally, metals are deposited onto
a support using volatile metal precursors.® Typically an
acetylacetonate precursor is sublimed to deposit the
complex onto the surface and then the ligands are removed
via thermal decomposition to form metal nanoparticles.
This makes it a much cleaner technique than traditional
impregnation methods as there are less opportunities for
impurities and poisons to be introduced. CVI is also a
solventless technique allowing better compliance with the
12 principles of green chemistry through the reduction of
waste production.”

Initial research into CVI has predominately focused on
catalysts used for liquid phase reactions, demonstrating it can
produce highly active catalysts for oxidation reactions due to
a high level of control over nanoparticle size and
distribution.®*° Recently there has been an increase in study
into CVI catalysts used for gas phase applications, with high
performance catalysts being synthesised for CO,
hydrogenation,"'™*® ammonia decomposition,'® and NH;-SCR
reactions.>® However, there has not been a more in-depth
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study into CVI as a synthesis technique investigating how
factors like metal loading can influence activity.

Supported metal nanoparticle catalysts are particularly
important for environmental pollution control. Volatile
organic compounds (VOCs) are a major cause of air
pollution, especially in urban areas,*" and have a significant
negative impact on both the environment and human
health.?>*® They are emitted from a wide range of
anthropogenic sources, however, in urban environments they
typically are emitted from automobiles due to the incomplete
combustion of fuel.>»** As air pollution is the leading cause
of preventable death worldwide,*® it is imperative that the
emissions of VOCs are reduced, with wide ranging legislation
enacted to achieve this aim.”’>° While there are several
methods for removing VOCs, catalytic oxidation has proved
effective due to lower operating cost, higher selectivity, and
the ability to treat low concentration streams.>**"

The total oxidation of propane has been extensively
researched because it is a good model for VOC total oxidation.*
Many recent studies has focussed on metal oxide catalysts due
to cheaper cost of production, with Co, Mn, Ce, and Fe based
metal oxides all being exceptionally active.*>™*> However, noble
metal supported catalysts a favoured industrially due to greater
activity and high durability.*® Supported palladium on alumina
catalysts have also been extensively studied for propane total
oxidation.”” Despite the depth of study there is still debate in
the literature as to the most active oxidation state and
palladium nanoparticle size. Although there is a consensus that
PdO is the active form for propane oxidation.*™?

This work aims to investigate in more detail CVI as a
synthesis technique for supported palladium catalysts, using
propane total oxidation as a model reaction. Catalyst activity
is studied as a function of active metal loading and
performance correlated with the structural properties of the
catalysts to provide insight into the scope of CVI as an
alternative preparation technique.

Experimental
Catalyst preparation

Preparation of Pd/Al,O; catalysts by chemical vapour
impregnation (CVI). Supported Pd/Al,O; with different weight
loadings (1.0, 2.5 and 5.0 wt%) were synthesised by chemical
vapour impregnation (CVI) and wet impregnation (WI). The
CVI procedure used for the preparation of the materials
herein aligns with the procedure described previously by
Forde et al® An appropriate amount of palladium
acetylacetonate (Sigma Aldrich, 99%) was added to y-Al,O;
(Sigma Aldrich, average particle size <50 nm) in a glass vial
to give the desired weight loading and thoroughly mixed
through shaking. The mixture was transferred to a 100 mL
Schlenk flask with a magnetic stirrer bar, sealed and then
evacuated to 10-3 mbar. The mixture was then heated to 140
°C for 1 hour while stirring. The resulting mixture was then
calcined at 500 °C, at a ramp rate of 10 °C per minute, for 4
hours under static air, to give the desired catalyst.
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Preparation of Pd/Al,O; catalysts by wet impregnation
(WI). Wet impregnation catalysts prepared for
comparison using a method described by Macino et al.>® The
required amount of Pd(NO;), solution (8.2 mg Pd mL™",
Sigma Aldrich) was diluted to 16 mL using deionised water
and heated to 60 °C while stirring. The appropriate amount
of Al,O; (Sigma Aldrich, average particle size <50 nm) was
added and the mixture was heated to 95 °C and left for 16
hours to dry. The sample was then calcined at 500 °C at a
ramp rate of 10 °C per minute, for 4 hours under static air to
give the desired catalyst.

were

Catalyst characterisation

Microwave plasma atomic emission spectroscopy (MP-
AES). MP-AES was performed on an Agilent 4100 MP-AES using
Agilent MP expert software to calculate elemental concentration.
A calibration plot was obtained by diluting standard metal
solutions with deionised water. Samples (50 mg) were digested
overnight in 1% aqua regia solution (50 mL).

Powder X-ray diffraction. (XRD) analysis was carried out
on a PANalytical X'Pert Pro diffractometer using a Ge single
crystal monochromated CuKa radiation source operated at
40 KV and 40 mA. Diffraction patterns were recorded with a
step size of 0.0167° between 5-80° 20 using a backfilled
sample holder over 40 minutes. Diffraction patterns were
analysed by comparison with the International Centre for
Diffraction Data (ICCD) standard Powder Diffraction File.

X-ray photoelectron spectroscopy (XPS). (XPS)
performed using a Kratos Axis ultra DLD photoelectron
spectrometer, utilising Alka radiation operating at an x-ray
power of 144 W (12 mA x 12 kV). Data was collected over an
analysis are of approximately 700 x 300 microns using the
Hybrid spectroscopy mode. Pass energies of 160 eV and step
size of 1 eV was used for survey scans and 40 eV and 0.1 eV
step size for high-resolution scans. Sample charge
neutralisation was achieved using low energy electrons and
spectra were calibrated to the Al2p line of Al,O3, taken to be
74.5 eV. Analysis was performed using CasaXPS v2.3.24 (ref.
54) after removal of a Shirley type background and utilising
modified Wagner sensitivity factors as supplied by the
instrument manufacturer.

CO diffuse reflectance infrared spectroscopy (DRIFTS).
(DRIFTS) experiments were performed on a Bruker Tensor 27
FTIR spectrometer equipped with a MCT detector cooled
using liquid nitrogen. Spectra were recorded with 32 scans
per spectrum with a 4 c¢cm™' resolution. Samples were
pretreated with N2 for 30 minutes to remove surface
adsorbates before being saturated with CO (2% CO/He) over
20 minutes. The system was then purged with N, to remove
gas phase CO before data collection.

CO chemisorption. Experiments were carried out using a
Micromeritics Autochem II 2920 analyser equipped with a
TCD. The sample (ca. 100 mg) was fixed into a quartz U-tube
reactor between quartz wool plugs. The sample was reduced
at 400 °C with a heating ramp of 10 °C min™" under a 50 mL

was
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min~" flow of 10% H,/Ar. Upon reaching 400 °C, the gas feed
was switched to Ar and the sample cooled to the analysis
temperature of 35 °C. The feed gas was subsequently
changed to He (50 mL min™") with aliquots of 1% CO/He
pulsed into the carrier gas at 3 minute intervals using a
calibrated injection loop (5.55 mL). Pulses of 1% CO/He were
continually added until the recorded peak area remained
constant (three peaks with a difference in area of under 1%).
For dispersion calculations a stoichiometry of 2 was used
based on work by Canton et al.>®

BET surface area analysis. Surface area analysis was
performed applying Brunauer-Emmett-Teller (BET) theory to
a 20-point N2 adsorption isotherm. Samples were initially
degassed under vacuum at 120 °C for 16 hours. The isotherm
was recorded using a Quantachrome Quadrasorb apparatus
over a range of 0.05-0.35p/p, at —196 °C.

Transmission electron microscopy (TEM). Imaging was
performed on a JEOL JEM-2100 operating at 200 kV. Samples
were prepared by dry dispersion on 300 mesh Cu grids coated
with holey carbon film. Particle size analysis was performed
through manual measurement of 200 nanoparticles.

Aberration Corrected Scanning Transmission Electron
Microscopy (AC-STEM). Imaging was performed on a probe
corrected Thermo Fisher Scientific Spectra 200 operating at 200
kv. Samples were prepared by dry dispersion onto 300 mesh
copper grids coated with holey carbon films. A semi-angle of 30
mrad was used with a probe current between 50-100 pA.

Catalyst activity evaluation

All reactions were performed at atmospheric pressure using a
fixed bed continuous flow microreactor. 0.3 g of the catalyst
was packed between plugs of quartz wool in a stainless-steel
tube (1 cm i.d.). Catalysts were pre-treated under a flow of N,
(250 mL min™") at 200 °C for 1 hour. A pre-made gas mix of
1000 ppm propane/10% O,/N, (BOC specialty gas) was used
at a flow rate of 250 ml min™" to give a GHSV of 50000 h™".
Reactions were performed between 200-500 °C and were
monitored using an in-line Fourier transform infrared (FTIR)
process gas analyser (Gasmet) and gas concentrations
calculated using Calcmet software. Concentration readings
were taken at 25 °C intervals once the temperature stabilised
with readings repeated until it was certain steady state had
been reached.

Results and discussion
Catalytic activity of Pd/Al,O; catalysts synthesised by CVI

To begin the investigation, blank reactions with no catalyst
and the alumina support material were conducted. No
propane conversion was observed with an empty reactor tube
over the temperature range studied, and only 22% propane
conversion was exhibited over the alumina support at 500 °C.
This shows that homogeneous gas phase reactions in the
reactor tube were negligible for propane conversion and that
the contribution of alumina alone was relatively low
compared to the Pd-containing catalysts. The performance of
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the 1.0 wt%, 2.5 wt% and 5.0 wt% Pd/Al,O; -catalysts
synthesised by CVI for propane oxidation are shown in Fig. 1.
All the CVI catalysts were active, with full conversion achieved
at 450 °C for the 1.0 wt% catalyst, and 400 °C for the 2.5 wt%
and 5.0 wt% catalysts. Catalyst performance increased with
Pd loading, with the 5.0 wt% catalyst the most active,
followed by the 2.5 wt%, then the 1 wt% Pd/Al,O; catalyst.
This is demonstrated by the T,, and T, values (Table 1).
However, when the activity of the catalyst is normalised to
the mass of palladium present in each reaction, very similar
rates of propane conversion are seen, suggesting similar
intrinsic activity of Pd sites. All catalysts showed high
selectivity for carbon dioxide; in all cases over 99%
conversion to CO, was observed, indicating that these
catalysts are very selective for the deep oxidation of propane.
The catalysts synthesised here were also found to be more
active than analogous materials synthesised by the more
traditional method of wet impregnation (Fig. S1 and Table
S1t) suggesting that CVI is a superior method of making
catalysts for this application.

Catalyst stability was also probed with 5 cycles of catalyst
testing performed on each sample, along with 50 hours time
on line at 275 °C (Fig. S2 and S3f). All cycles line up
suggesting stability over multiple tests, while less than a 5%
drop off in activity was noted over the 50 hours of testing.
These tests show limited change in catalyst activity for all
materials demonstrating high stability for catalysts
synthesised by CVI.

Catalyst characterisation

MP-AES was performed on the samples and can be seen in
Table 2. This demonstrated that the target loading palladium
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Fig. 1 Propane conversion as a function of temperature for the Pd/
AlL,O3 catalysts synthesised by chemical vapour impregnation. (Black
square) 1.0 wt% Pd/Al,Os, (red circle) 2.5 wt% Pd/Al,Oz, (blue
triangle) 5.0 wt% Pd/Al,Os. Reaction conditions: 1000 ppm propane/
10% O,/N,, gas hourly space velocity (GHSV) 50000 h™, temperature
range 200-500 °C.
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Table 1 Activity data for the Pd/Al,O5 catalysts synthesised by chemical
vapour impregnation. T, = temperature at which 20% conversion was
achieved. Tso = temperature at which 50% conversion was achieved.
Reaction conditions: 1000 ppm propane/10% O,/N,, gas hourly space
velocity (GHSV) 50 000 h™%, temperature range 200-500 °C

Activity at 250 °C

Catalyst Ty (°C)  Ts0(°C)  (molg, gpa ' s )

1.0 wt% Pd/AlL,O; 283 316 4.03 x 107° (+4.08 x 10°%)
2.5 wt% Pd/ALO; 260 298 3.92 X 107° (+4.32 x 107%)
5.0 wt% Pd/ALO; 236 276 3.93 X 107° (+3.00 x 107%)

loading and actual palladium loading is very similar,
identifying CVI as accurate technique for producing
supported palladium catalysts.

Transmission electron microscopy was used to gain
insight on the size and distribution of the supported Pd
particles in the materials (Fig. 2a-c). All the catalysts had
distinct palladium nanoparticles of a consistent size with an
average nanoparticle size of 4.0 nm, 4.5 nm, and 4.5 nm
measured for the 1.0 wt% CVI, 2.5 wt% CVI, and 5.0 wt% CVI
catalysts, respectively. Consistent control over the
nanoparticle size distribution was also noted with a diameter
range of 2-8 nm for all CVI catalysts. Size distribution plots
(Fig. s4f) shows a normal distribution of nanoparticles
ranging 3-5 nm with few outliers closer to 2 nm and 8 nm.
High resolution AC-STEM imaging was also performed for all
three of the catalysts prepared by CVI (Fig. 2d-f). Analysis
showed the alumina support was decorated with palladium
nanoparticles, and also clusters under 1 nm in diameter.
These clusters formed on all CVI catalysts irrespective of
loading, but were more prevalent on the 1% CVI catalyst.
This imaging suggests that the size and distribution of
palladium nanoparticles are largely independent of weight
loading and the particles formed are very consistent.

The physicochemical properties of the samples were
probed by XRD and BET analysis of N, physisorption. All
catalysts exhibited major peaks at 26 = 37.1°, 39.8°, 46.0° and
67.0° corresponding to (311), (222), (400), and (440) planes of
y-alumina, respectively (Fig. 3 and Table 2).>® Additionally, a
peak at 26 = 34° was observed, corresponding to PdO (101)/
(002) planes for all of the catalysts. This peak increases in
intensity as the weight loading increases, suggesting that
more PdO was present in the 5.0 wt% Pd catalyst. This
observation can be important for rationalising the increase in
performance with weight loading for the CVI catalysts, as
PdO is considered to be the active species for propane total
oxidation.*® None of the samples show scattering for metallic
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palladium, suggesting that the metal was solely in its oxide
form which is expected given heat treatment under oxidising
conditions. Overall, there was minimal difference in the
scattering pattern besides changes in intensity between
weight loadings suggesting that differences in the large-scale
catalyst structure was negligible. Analysis of the surface area
showed very little difference between catalysts, suggesting
little impact on the wider catalyst structure with loading.

X-Ray photoelectron spectroscopy (XPS) analysis of the
catalysts (Pd 3d, Fig. 4) revealed that Pd was predominantly
in the 2+ oxidation state (Table S21), which correlates with
the XRD analysis. It should be noted that with the 1.0 wt%
CVI sample some metallic Pd was observed, but is likely to be
attributed to the photoreduction of PdO to Pd(0) or smaller
particles during the analysis. These findings align with the
literature, where it has been reported that PdO is more active
than metallic Pd for propane oxidation, it implies that
differences in the chemical state of the metal is not the
reason for differences in activity. The binding energy of the
1% CVI catalyst is interesting as it increased compared to the
other catalysts, with a value of 337.3 eV. This is a shift of 0.5
eV from the 336.8 eV expected from bulk PdO. Jirgensen
et al. suggested an increase of 0.6 eV in the palladium
binding energy is indicative of the presence of very small
nanoparticles.”” Thus, the XPS for the 1% catalyst indicates
that it could have smaller palladium particles than the other
catalysts, which corresponds to the increased number of
small clusters identified in the AC-STEM imaging, an
observation which is supported by the change in FWHM of
the Pd 3d peaks with increasing metal loading.’® XPS was
also used to probe the surface concentration of the palladium
(Table S2f). Unsurprisingly, surface concentration of
palladium increases with weight loading which can explain
the differences in conversion identified. The surface
concentration scales in a linear fashion suggesting that the
size distribution of the metal nanoparticles remains
consistent, generally agreeing with the microscopy obtained
(Fig. S57).

CO DRIFTs was performed on the samples to probe the
palladium sites present. The spectra recorded for the CVI
catalysts are shown in Fig. 5. For all three samples there are
three peaks at 1926 cm™', 1975 cm™', and 2088 cm ',
corresponding to linear CO bonding of Pd", Pd°, and bridged
CO bonding on Pd° respectively,” with the intensity of each
peak increasing with weight loading. The peak for the linear
Pd’-CO stretch is largely obscured by the linear Pd*~CO peak
and appears as a shoulder. There are no peaks in the 2180-
2160 cm™ region where a PdO-CO stretching vibration is

Table 2 Physicochemical properties of the Pd/Al,O5 CVI catalysts from TEM, MP-AES and BET analysis

Sample Particle size distribution® (nm) Average nanoparticle size” (nm) Pd weight loading” (%) BET (m”> g™)
1.0 wt% Pd/Al,O4 2.0-8.0 4.0 0.98 128
2.5 wt% Pd/ALO5 2.0-8.0 4.5 2.51 126
5.0 wt% Pd/Al,05 2.0-8.0 4.5 4.95 124

“ Calculated from TEM imaging. Average of 200 nanoparticles. ” Calculated using MP-AES.
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10 nm

10 nm

10 nm

Fig. 2 Electron microscopy micrographs of the catalysts prepared by CVI. a-c: TEM images (50kx magnification), d-f: AC-STEM images (80kx
magnification). a and d: 1.0 wt% CVI, b and e: 2.5 wt% CVI, c and f: 5.0 wt% CVI.

typically expected, showing that the surface palladium is
easily reducible. This has been identified for other
palladium-based catalysts in the literature as evidence of easy
cycling between Pd oxidation states helping to explain
improved performance.®”®! This is further evidence that the
structure of the nanoparticles formed by CVI are very similar
in nature irrespective of the metal loading across the range
1.0-5.0 wt%.

CO chemisorption was performed on the catalysts with
results shown in Table 3. The concentration of CO adsorbed
increases in a linear relationship with the palladium weight
loading. Accordingly, the number of palladium sites present

Intensity (a.u.)
*
>

20 30 40 50 60 70 80
2Theta (°)

Fig. 3 XRD patterns of (a.) 1.0 wt% Pd/Al,Os, (b.) 2.5 wt% Pd/Al,O3
and (c.) 5.0 wt% Pd/Al,O3 catalysts. (Black star) PdO, JCPDS no. 00-
006-0515. (Black triangle) y-Al,Os, JCPDS no. 10-0425.

This journal is © The Royal Society of Chemistry 2024

on the catalyst surface can be measured, the number
increasing linearly with weight loading. These measurements
agree with the TEM analysis and help explain the increase in
activity with increased Pd loading. As palladium is the active
site for this reaction, having more surface sites expectedly
enhances conversion. CO chemisorption was also used to
calculate the dispersion of the palladium for each catalyst.
The dispersion for all CVI catalysts was similar, at ca. 30%.
This is again consistent with other complimentary
characterisation data for these catalysts, suggesting that

Intensity (CPS)
Intensity (CPS)

v:ES 360 355 350 345 340 335 330 325
Binding Energy (eV)

‘365 360 355 350 345 340 335 330 325
Binding Energy (V)

Intensity (CPS)
H
]

365 360 355 350 345 340 335 30 325
Binding Energy (V)

Fig. 4 Pd 3d core-level XPS spectra for (a.) 1.0 wt% Pd/Al,Os3, (b.) 2.5
wt% Pd/Al,Oz and (c.) 5.0 wt% Pd/Al,O5 catalysts.
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Fig. 5 DRIFT spectra of CO adsorbed at room temperature for (a.) 1.0
wt% Pd/ALLO3, (b.) 2.5 wt% Pd/Al,O3 and (c.) 5.0 wt% Pd/Al,O3 catalysts.

catalysts with consistent nanoparticle structure are formed
via CVI regardless of weight loading.

Calculation of the catalytic turnover frequency (TOF)
provides a measure of the intrinsic activity per active site
(Table 3). The measured TOFs for the CVI catalysts
showed consistent values regardless of weight loading with
values of 1.43 x 1072 s, 1.49 x 10 s and 1.48 x 10
s for the 1.0 wt%, 2.5 wt%, and 5.0 wt% CVI catalysts
respectively. This agrees with the similar rates calculated
(Table 1) where activity was normalised to grams of
palladium present in the reaction, and shows that the
intrinsic activity per site is the same regardless of Pd
loading when the CVI method is employed.

Post reaction XRD and CO chemisorption (Fig. S6 and
Table S31) were performed on all samples after 50 hours
time on line with little change noted from the pre-
reaction samples. No change was seen on the xray
diffraction patterns while a very small decrease in
nanoparticle dispersion was noted for the 5 wt% Pd/Al,O;
sample which can be explained by error of the technique.
This links well with the stability testing performed which
demonstrated no difference in catalyst activity with
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extended use suggesting that these catalysts are stable
over prolonged use.

Assessing intrinsic palladium site activity

To probe this effect further, the mass, and hence volume, of
catalyst used in a reaction for total propane oxidation was
varied to ensure the same number of palladium sites were
present in the catalyst bed, based on the number of sites
measured by CO chemisorption. This was performed for the
CVI catalysts and also for comparison with analogous
catalysts synthesised by wet impregnation (WI) (Fig. 6). For
the CVI catalysts, propane conversion was identical at each
temperature point and activity curves were superimposable
within experimental error. This shows that activity for these
catalysts are dominated by the number of surface palladium
active sites with the intrinsic activity for each site being the
same. It further identifies CVI as a technique for producing
highly uniform materials regardless of metal loading,
allowing a scalable method to prepare catalysts with varying
numbers of surface sites without changing the characteristics
of the nanoparticles. This trend was not identified for the WI
catalysts, where large differences in propane total oxidation
activity occurs as a function of metal loading. Activity
decreases with weight loading suggesting that several factors
are influencing performance. Previous studies have suggested
that impregnation synthesis methods have poor control over
factors like dispersion and nanoparticle size distribution,
with these decreasing and increasing with increased weight
loading respectively.>? Characterisation performed on the
wet impregnation catalysts (Tables S4 and S5, and Fig. S7-
S10t) show large differences in nanoparticle structure and
characteristics suggesting that the high uniformity of the CVI
prepared samples is characteristic of the technique.

Conclusions

Chemical vapour impregnation is a relatively unstudied
catalyst synthesis technique, but one that can be readily
employed in the laboratory with simple and inexpensive
equipment. Pd/Al,O; catalysts with varying weight loading
were prepared by this method and studied for the total
oxidation of propane. In all cases the CVI catalysts were
highly active with activity ascribed to high nanoparticle
dispersion and the formation of many active sites.
Characterisation showed control over uniformity in
nanoparticle structure and composition with activity per
active site equivalent, and activity scaling linearly with metal
loading which scaled with the number of palladium sites.

Table 3 Physical properties and activity characteristics of Pd/Al,O3 catalysts extracted from and based on CO chemisorption characterisation

Palladium surface sites” (g7)

Dispersion® (%) TOF” (107°)(s ™)

Sample CO adsorbed (mmol g™*)

1.0 wt% Pd/Al, O, 1.73 x 1072 2.08 x 10"
2.5 wt% Pd/Al,O, 3.28x107 3.95 x 10*°
5.0 wt% Pd/Al,O5 6.68 x 10 > 8.05 x 10*°

30 1.43
28 1.49
28 1.48

“ Calculated from CO chemisorption assuming a stoichiometry of 2. ? Calculated at 250 °C.
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Fig. 6 Propane conversion as a function of temperature for Pd/Al,O3 catalysts synthesised by a. CVI and b. WI when the volume of sample was
varied to normalise activity to Pd sites. (Black square) 1.0 wt% Pd/Al,Os, (red circle) 2.5 wt% Pd/Al,Os3, (blue triangle) 5.0 wt% Pd/Al,Os. Reaction

conditions: 1000 ppm propane/10% O,/N,, temperature range 200-500 °C.

This was studied experimentally by normalising the sample
volume to ensure the same number of palladium sites were
present. Near identical performance was noted, that was not
seen for analogous samples prepared via wet impregnation
exploitation of these controllable properties that are
accessible by CVI provides an important tool in the process
of catalyst design. The high level of control over particle size
and distribution is very desirable, though additional study is
needed to see whether the consistent average nanoparticle
size of 4 nm is characteristic of this technique, or if the
method can be optimised further to give a range of average
nanoparticle size.
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