
 

3 Chapter 3: Catalyst Properties 
 

3.1 Introduction 

The investigation of fixed bed reactors requires knowledge of the reaction rate and in turn the 

mechanisms that are responsible for decomposing sulphur trioxide.  To gain some insight into this 

matter the catalyst under investigation was characterized using various analytical techniques to obtain 

properties required for modelling as well as try to explain the behaviour of the system.  A promising 

catalyst to be used in this study was identified from literature.  The catalyst was manufactured to meet 

specific criteria.  The catalyst pellets were sintered for a period of time in a furnace at high temperature 

prior to using in experiments.  The effects of sintering on pellet sizes were evaluated, as well as the 

effect of sintering over time.  The properties of the titania support evaluated (anatase/rutile phase) and 

titania support with metal loading included total surface area, porosity, metal composition (where 

applicable), metal dispersion (where applicable), average metal particle size (where applicable) and 

dominant titania phase present.  Samples were evaluated at three different conditions, which included 

fresh samples, samples after sintering and finally spent samples obtained from a packed bed operation 

(Chapter 5).  The samples used to obtain properties for all three states included titania support 

(anatase/rutile) and titania (anatase/rutile) support with metal loading for each state.   

 

3.2 Experimental 

3.2.1 Preparation of Catalyst 

3.2.1.1 Fresh Catalyst 

The sulphur trioxide decomposition reaction requires identifying a catalyst that is active and stable.  In 

Chapter 2 a thorough discussion was presented of the catalysts evaluated in literature as well as 

catalysts identified with high potential to obtain good activity and stability.  It was decided to use a 0.5 

wt% platinum 0.5 wt% palladium on titanium dioxide support because the 0.05 wt% Platinum 0.05 wt% 

palladium on titanium dioxide (rutile phase) support combination reported in literature showed 
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promising stability (Petkovic, 2007).  The activity was not necessarily as high as combinations mentioned 

in literature, but stability was the dominating criterion for selecting a suitable catalyst.  A batch 

consisting of 5 kg was manufactured by the University of Cape Town (UCT) Catalysis Research Centre.  

The catalyst was prepared by simultaneous incipient impregnation.  An amount of 1 000g of titania 

extrudates were impregnated with a 400 mℓ  aqueous solution of 9 g Pd(NH3)4Cl2.1H2O (M=298 g/mol) 

and 14 g Pt(NH3)4Cl2.1H2O (M=352 g/mol) so that the weight loading of the noble metals amount to 0.5 

wt% palladium and 0.5 wt% platinum.   

 

After impregnation the extrudates were transferred to a large Buchi rotary evaporator to be dried at 50 

mm Hg and 333 K.  Following the evaporation step the catalyst was dried overnight at 393 K in an oven 

with air circulation and washed with at least 4 litres of de-ionized water in a Büchner filtration unit.  The 

catalyst pellets were again dried at 393 K and then calcined in a muffle furnace in stagnant air at 673 K.  

The temperature was increased from room temperature to the calcination temperature at 2oC/min, and 

remained at the calcination temperature for 18 hours.  This procedure was repeated several times and 

the final product was thoroughly mixed to obtain a homogeneous batch of catalyst pellets.  The cost of 

manufacturing the catalyst amounted to approximately R50/gram (South African Rand) and in turn 

±R1/pellet. 

 

3.2.1.2 Sintered Catalyst 

The supporting material in heterogeneous catalysis is of great importance, since the surface area must 

preferably be as large and stable as possible under process conditions.  The titania investigated by 

Ginosar et al. (2007) consisted of pure rutile phase and did not shrink appreciably with time at the 

sintering temperature, but had a small initial surface area.  The catalyst manufactured for this study 

comprised 75 wt% anatase and 25 wt% rutile (Roberts, 2012).  In the work of Borkar & Dharwadkar 

(2004) the kinetics of the phase change from anatase to rutile was evaluated.  They found that, 

depending on the heating mechanism, anatase titania starts to change to rutile titania at a temperature 

of ±973 K. 
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The effect of sintering had to be accounted for in experimental work in the micro pellet reactor (Chapter 

4) as well as the packed bed reactor (Chapter 5).  The pellets were sintered prior to experimentation and 

care was required to eliminate a possible deactivating effect as a result of sintering.  A batch of 1 kg was 

sintered at a time in a stainless steel tube that was open to the atmosphere.  The furnace described and 

used for the packed bed experiments was utilized for the sintering purposes.  The fresh catalyst pellets 

were loaded into the tube, which was positioned in the heated zone of the furnace.  The furnace 

temperature was controlled at the highest experimental operating temperature of 1103 K for 12 hours.  

The time frame chosen will be discussed in Section 3.2.3.  After completion the pellets were mixed 

thoroughly and stored to be used as required for experimentation.  The sintered catalyst pellets were in 

fact the initial pellets in the catalytic packed bed experiments.  All pellets were sintered at 1103 K, 

irrespective of the operating conditions and reactor system used.  The sintered pellets were used in the 

micro pellet reactor, as well as in the packed bed reactor system. 

 

3.2.2 Analytical Methods for Characterization 

All characterization analyses of samples were performed by Roberts (2012) and a brief description of the 

method utilized is provided below: 

(I) Metal Composition 

The metal loading was specified as 0.5 wt% platinum and palladium, respectively and to verify the 

loading, as well as possible PGM lost during experiments, ICP-AES determinations were conducted.  The 

amount of active metal (weight %) loaded onto the support was verified using the Varian 110 ICP-OES 

system.  Approximately 0.2 g of the solid sample was digested by microwave digestion in a MARS 5 

digestion unit using hydrochloric, nitric and hydrofluoric acids at elevated temperatures and pressures.  

The solution was neutralized using 4% boric acid before being made up to a final volume of 100 mℓ and 

the absorbance measured at the appropriate wavelengths.  Check samples were analysed and according 

to the % recovery obtained, a confidence limit was assigned to the calibration.  Confidence limits of the 

quality control check samples in the range of 99% to 101% were accepted (Roberts, 2012). 

 

(II) Metal Dispersion 
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The active metal was loaded onto a porous titania support and to evaluate the amount of active metal 

that could be available for the reaction investigated, hydrogen chemisorption analyses were performed.  

The active metal dispersion, as well as the average metal particle size, provides valuable information 

regarding the effectiveness of active metal to increase catalytic activity.  The active metal dispersion on 

the support was evaluated on a Micromeritics® ASAP 202 Accelerated Surface Area and Porosimetry 

System.  The dispersion of active metal, as well as the average metal particle size, was determined by 

hydrogen chemisorption according to ASTM D3908 (ASTM Standard, 2008). 

 

(III) Surface Area 

The catalyst support material, titania (anatase/rutile), has a certain exposed area on which active metal 

can be loaded and on which reaction can occur.  BET analysis was conducted on the support material to 

determine the catalyst surface area, as well as the average pore diameter and porosity.  The total 

surface area was evaluated on a Micromeritics® Tristar 3000 analyser.  The catalyst samples were dried 

overnight in a vacuum at 363 K under nitrogen purge to remove any moisture from the external surfaces 

and pores.  The adsorption analysis temperature was controlled at 77.35 K using liquid nitrogen.  The 

apparatus uses physical adsorption and capillary condensation principles to obtain information about 

the surface area and porosity of a solid material. 

 

(IV) Transmission Electron Microscopy 

The number of metal particles impregnated into a certain area of catalytic support, as well as the size 

distribution was determined by using a Transmission Electron Microscope (TEM).  Microscopy was 

performed on a FEI Tecnai G2 high resolution microscope with a LaB6 filament operated at 200 keV. 

Samples were dispersed in methanol and deposited onto a carbon-coated copper grid. 

 

(V) X-ray Diffraction 

XRD analyses were conducted to determine the dominant phase present in the titania support.  X-ray 

diffraction spectroscopy (XRD) measurements were conducted in a Bruker D8 Advance laboratory X-ray 

diffractometer equipped with a cobalt source (I=0.178897 nm) and a position sensitive detector (Bruker 
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Vantec).  The International Centre for Diffraction Data PDF-2 database was used to identify and compare 

all diffraction patterns. 

 

(VI) Platinum Group Metal Reduction Temperature 

Temperature Programmed Reduction (TPR) techniques were implemented to determine the optimal 

temperature at which platinum and palladium metal were reduced into active metal.  The catalyst 

sample was subjected to a drying step at 393 K before exposure to 5% hydrogen in argon while the 

temperature was gradually increased from 333 K to 1223 K.  The Thermal Conductivity Detector delivers 

a signal which indicates peaks when hydrogen is consumed.  TPR analysis was only conducted on the 

fresh catalyst. 

 

3.2.3 Sintering of Pellets 

The effect of sintering was recognized as a very important operation in the preparation of the catalyst.  

In order to asses the extent of the changes brought about by sintering, sintering experiments were 

conducted at different sintering times at 1023 K with a certain number of pellets placed in the tube of 

the packed bed reactor tube (see Chapter 5).  At time zero and after each time interval, the diameter 

and length of a random sample of 100 pellets were measured.  After completion of the measurements 

the reactor was again placed in the furnace and heating continued.  The accumulated time intervals 

were 12, 36 and 84 hours, at which times the average pellet diameters were used to establish if all 

possible phase changes had been completed.  Together with the sintering in the packed bed some 

samples were evaluated in the micro pellet reactor in which some of the samples were subjected to 

different conditions.  The four experiments conducted in the packed bed and micro pellet reactor were 

as follows: 

1. Titania sintered for 12 hours at 1023 K (packed bed) 

2. Re-used titania sintered over long periods of time in the packed bed 

3. Re-used titania sintered over long periods of time tested in the micro pellet reactor 

4. Titania without sintering tested in the micro pellet reactor 
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3.3 Results and Discussion 

3.3.1 Fresh Catalyst 

The fresh catalyst pellets, especially the support with metal loading, but also the fresh support material 

were analysed to establish the properties before exposure to specific temperature and process 

conditions.  Supplementary figures and characterization results can be found in Appendix H under the 

specific sample designations. 

 

3.3.1.1 Catalyst Support (Anatase/Rutile) 

The sample used for characterization of fresh support (i.e. without metal loading) is identified as Sample 

2 in Appendix H. 

(I) Surface Area 

The total surface area evaluated by BET analysis was 41.28 m2/g, which is within the manufacturer’s 

specification for Degussa P25 (Industries, 2007).  The particle porosity was determined as 0.38. 

 

(II) Transmission Electron Microscopy 

TEM images are usually implemented together with hydrogen chemisorption to determine the active 

metal particles present on the catalytic support.  Since only pure titania (i.e. without metal loading) was 

characterized in this sample, no small metal particles can be observed in Figure 3-1. 

 

Figure 3-1: TEM images for fresh catalyst support; A: Scale of 0.2 µm; B: Scale of 100 nm 
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(III) X-ray Diffraction 

The XRD analysis confirmed the manufacturer’s specifications that the dominant phase present for the 

fresh TiO2 was anatase.  Ohno (2001) found that the fresh catalyst support (i.e. without metal loading) 

consisted of a mixture anatase (75 wt%) and rutile (25 wt%). 

 

3.3.1.2 Platinum/Palladium Loading on Anatase/Rutile Support 

(I) Metal Composition 

The batch of catalyst pellets shows a variation in shades of grey for the particles, ranging from light to 

slightly darker grey.  When the individual extrudates were fractures it became apparent that on some 

pellets the noble metal was primarily located in an outer shell, whereas in others the noble metal was 

situated primarily in the core of the pellets, resulting in the light grey surface colour of the pellets.  In 

other pellets an even grey colour could be observed, seemingly pointing towards an even dispersion of 

the noble metals.  Figure 3-2 shows slight variation of extrudate colour.  This unevenness in dispersion 

can be attributed to the non-homogeneity of the TiO2 support as a result of the non-uniform distribution 

of the anatase and rutile phase.  Elemental analysis by Inductively Coupled Plasma-Atomic Emission 

Spectrometry was implemented to determine the amount of platinum and palladium on the extrudates, 

which were found to be 0.52 wt% palladium and 0.48 wt% platinum.  These figures deviate slightly from 

the specified values of 0.5 wt% each for palladium and platinum. 

 

Figure 3-2: Pt-Pd/TiO2 (nominally 0.5 wt% each) in catalyst pellets extrusions.  The colour variation is due to non-

homogeneity of metal distribution 
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Considering that the ICP-AES analysis has an error of 10% together with the non-homogeneity of the 

sample, a value of 0.5 wt% can be considered an accurate representation of the metal loading. 

(II) Metal Dispersion 

Hydrogen chemisorption analysis was used to evaluate the metal dispersion on the catalytic support of 

catalyst pellets, as well as the average metal particle size of the loaded PGMs.  The analysis indicated 

that 19.8% of the metal impregnated, was present on the surface as noble metal particles.  The volume 

of hydrogen adsorbed as a function of pressure can be seen in Figure 3-3.  The different results obtained 

by Roberts (2012) can be seen in Appendix H.  The dispersion range obtained is similar to that obtained 

by Ginosar et al. (2007) for 0.1 wt% Pt on TiO2 (rutile). 

 

Figure 3-3: Volume of hydrogen adsorbed as a function of pressure to determine metal dispersion on TiO2 

catalyst support material 

 

Figure 3-3 shows the amount of hydrogen adsorbed by physisorption plus chemisorption.  By subtracting 

the values for pure physisorption the values for chemisorption can be found.  Hydrogen consumed by 

chemisorption provides an indication of the amount of metal loading that is present on the catalyst 

surface to facilitate the catalytic reaction.  The average metal particle diameter was calculated by using 

the following equation, where 
2HD  is the dispersion obtained from chemisorption results and 

,p cd  is 

the metal particle diameter (Ramallo-Lopez, 2005): 
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The average metal particle diameter was found to be 5.6 nm.  Similar values were obtained by Petkovic 

et al. (2008) who reported values between 5 and 6 nm for fresh 1 wt% Pt/TiO2 (rutile). 

 

(III) Surface Area 

The nitrogen adsorption and desorption isotherms were obtained by the procedure described in Section 

3.2.  The adsorption and desorption isotherms can be seen in Figure 3-4.  The total surface area (BET) 

determined from the plot for the Pt-Pd/TiO2 prepared catalyst was 43.5 m2/g.  This value is in compliant 

with the manufacturer’s specification of 40-50 m2/g for Degussa P25 TiO2 in powder form (Industries, 

2007).  The value, however, differed considerably from literature values obtained for 0.1 wt% Pt/TiO2 

(rutile) as determined by Ginosar et al. (2007).  They reported a BET surface area of 2 m2/g for a 0.1 wt% 

Pt/TiO2 when the TiO2 support consisted of the rutile phase only.  Figure 3-4 represents the adsorption 

and desorption volume as a function of pressure.  The Barret-Joyner-Halenda (BJH) adsorption and 

desorption average pore diameters were evaluated as 23 and 22.8 nm, respectively.  A pore size of 23 

nm is in the range of meso-pores as defined by UIPAC standards (Zdravkov, 2007).  The pore size, 

together with the shape in Figure 3-4 indicates, that an isotherm of TYPE IV is obeyed (Gregg, 1982).   

 

Figure 3-4 Results from BET analysis for the determination of surface area 
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The porosity of the porous catalyst particle was evaluated by N2 physisorption analysis.  The definition of 

porosity is given by the volume of open pores per total volume of solid (Gregg, 1982).  In order to 

determine the porosity the incremental volume change absorbed per pore width range (3791-17 Å) has 

to be integrated over the entire pore range.  This can be accomplished by using the following equation 

(Gregg, 1982): 

0 b pore

pore

dV
dD

dD
 

 
   

 
      [34] 

The bulk density was evaluated by inserting an amount of catalyst in a 50 mℓ measuring flask with the 

same inner diameter as the reactor.  The flask was filled with catalyst up to the 50 mℓ mark.  The 

amount of catalyst was weighed without moving the flask so as to preserve the random packing.  This 

was done six times to obtain an average weight per volume.  This resulted in a bulk density of 995 kg/m3 

and a particle density of 2443 kg/m3(taking TiO2 density as 4000 kg/m3).  By dividing the bulk density by 

the particle density the void fraction for the reactor was found to be 0.41.  This value was compared 

with a value calculated from a theoretical equation to evaluate the void fraction for cylindrical pellets in 

a packed bed.  The following equation was used (Adams, 2009): 
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The equation gave a void fraction of 0.4 and provided an accurate representation (with an error of 

1.67%) of the void fraction in the bed with fresh catalyst.  The results obtained for the void fractions of 

pellets and bed can be seen in Table 3-1. 

Table 3-1: Void fraction and pellet density of fresh catalyst support with metal loading 

 Symbol Value Units 

Bulk Density 
B  995 kg/m3 

Particle Density 
p  2443 kg/m3 

Bulk Void Fraction 
b  0.40 - 
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Particle Void Fraction 
0  0.38 - 

 

(IV) Transmission Electron Microscopy 

Transmission electron microscopy was used to visually display the metal particle sizes, as well as to 

evaluate their sizes and distribution.  In Figure 3-5 the metal particle sizes can be seen and it is apparent 

that the sizes in the figure are consistent with the metal particle sizes determined by H2 chemisorption, 

(approximately 6 nm), especially with reference to the number of large (2 nm and larger) metal 

particles.  Figure 3-5 provides TEM images of metal particles with bar scales of 10, 20 and 50 nm.  A 

histogram of distinguishable metal particles as determined by TEM images is shown in Figure 3-6.  The 

histogram also confirms that the dispersion is high and that metal particle sizes between 5 and 6 nm are 

present, resulting in possible high activity for the reaction. 

 

Figure 3-5: TEM images for fresh catalyst support with metal loading where the bar scales are: A: 20nm; B: 10 

nm; C: 20 nm; D: 50nm 
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Figure 3-6: Metal particle frequency distribution 

(V) Platinum Group Metal Optimal Reduction Temperature 

The temperature at which the PGM compounds loaded onto the catalytic support was reduced to active 

metal particles was evaluated by means of TPR analysis.  In Figure 3-7 below the plot of the Thermal 

Conductivity Detector (TCD) signal versus time reveals a peak between 523 K and 723 K due to H2 

consumption preceded by a release (production) of absorbent at lower temperatures.   

 

Figure 3-7: TPR results to obtain reduction temperature of PGM compounds 

Water molecules formed as a result of the H2 reduction of PtO and PdO on the surface of the catalyst. 

The oxides of platinum and palladium are reduced at 523 K.  The peaks in TCD signal in Figure 3-7, both 
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negative and positive, result from a deviation of the thermal conductivity of the gas stream.  Table 3-2 

indicates the thermal conductivities of the gas species present. 

Table 3-2: Thermal conductivity of gas species 

Gas constituents Ar H2 H2O 

Thermal conductivity (W/m.K) 0.016 0.0168 0.58 

When hydrogen is consumed, the thermal conductivity of the product is lowered and a positive peak is 

displayed because the signal is inversed to aid viewing.  Due to the thermal conductivity of water which 

is 3.4 times higher than that of hydrogen the overall thermo-conductivity of the effluent is increased and 

negative peaks arise.  The TPR analysis reveals that the noble metal is reduced between 523 K and 723 

K.  This value is well within the reduction temperature as used by Ginosar et al. (2007) which was 673 K 

for the 1 wt% Pt/TiO2. 

3.3.2 Sintered Catalyst 

3.3.2.1 Sintering of Pellets 

The effect of sintering on the pellet size, as a result of titania phase changes, was evaluated 

experimentally for various times on stream.  The pellets used for the sintering study were titania 

(anatase/rutile) without metal loading.  The change in average pellet diameter as a function of time can 

be seen in Figure 3-8 for the various time intervals employed.   

 

Figure 3-8: Reduction in average pellet diameter as a function of time (1103 K) 



Chapter 3: Catalyst Properties 
 

52 
 

Figure 3-8 indicates that the average cylindrical pellet diameters have reduced in size from an average of 

1.7 mm to 1.39 mm after 12 h at 1103 K.  That amount to a reduction of approximately 25% in diameter.  

Thus an acceptable sintering time was taken to be 12 hours, with further 12 hours on stream for the 

micro pellet reactor and 6 hours on stream for the packed bed.  As evident from Figure 3-8 no further 

dimensional changes occurred after 40 hours.  

 

With the sintering time of 12 hours, a random batch of 100 pellets of the fresh sample was compared 

with a random sample of sintered pellets as shown in Figure 3-9 in which the pellet length distributions 

are compared.  It is evident from Figure 3-9 that the distribution of fresh pellet sizes is much more even 

and that a larger range of large pellets is present whilst for the sintered pellets the range confined to a 

smaller range of pellet sizes.   

 

Figure 3-9: Pellet length distribution for TiO2 catalyst support 

 

During sintering experiments conducted at different temperatures interesting colour changes could be 

observed.  Figure 3-10 shows that the colour of pellets changed from white before sintering to different 

shades of grey after sintering. 
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Figure 3-10: Pure TiO2 support before and after sintering 

To gain some insight into the colour changes in catalyst pellets a variety of coloured pellets were further 

investigated.  Pellets which had been sintered for 12 hours in a packed bed reactor retained a white 

colour.  After prolonged sintering grey, orange and yellow pellets were found.  The morphology of the 

different coloured pellets were studied by mean of scanning electron microscopy.  The micrographs are 

shown in Figure 3-11.   

 

Figure 3-11: SEM micrographs of TiO2 support pellets displaying different colours after sintering; A: White; B: 

Yellow; C: Grey; D: Orange; E: White; F: White (20 000x) 

It was found that a white/yellow coloration was associated with a porous morphology (B, C and D in 

Figure 3-11).  Generally, light colours indicated course structures and dark colours were associated with 

fine structures. 
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3.3.2.2 Platinum/Palladium Loading on Rutile Support 

A sample was exposed to a temperature of 1103 K for 12 hours and the sintered catalyst was used as 

initial catalyst in the packed bed reactor system, as well as in the micro pellet reactor.  The sample was 

used to obtain properties of the catalyst and is indicated as Sample 3 in Appendix H. 

 

(I) Metal Composition 

The metal composition of the catalyst sample only exposed to the high operating temperature of 1103 K 

for 12 hours was evalauted.  No active metal loss occurred as a result of sintering since the amounts of 

platinum and palladium found were 0.49 wt% and 0.46 wt%, respectively, which was close to the 

specified value of 0.5 wt% for both platinum and palladium. 

 

(II) Metal Dispersion 

The metal dispersion determined for the sample subjected to 12 hours sintering, was found to be 0.59%, 

which is much lower than the value of 18.5% determined for the fresh catalyst sample.  The metal 

particle size increased from an average 5.6 nm to 191 nm and predominantly agglomerates were 

observed.  Temperature was found to be the major factor in changing the properties of the catalyst as 

was observed by Petkovic et al. (2008) who found that the average metal particle size increased from 

between 5 and 6 nm to approximately 100 nm.  Oswald ripening could have been the mechanism by 

which the metal particle size increased (Petkovic, 2008). 

 

(III) Surface Area 

The surface area was determined as 1.18 m2/g which decreased from 43.5 m2/g.  As was seen for the 

support without loading, the pellets decreased in size resulting in the drastic change in surface area.  

The surface area obtained was much closer to the surface area evaluated by Ginosar et al. (2007), 

namely 2 m2/g for the fresh sample consisting mainly of the rutile phase.  This is a good indication that 

the phase change resulted in the dominant phase to change from anatase (fresh) to rutile (sintered).  

The porosity of the pellet was evaluated as 0.16. 
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(IV) Transmission Electron Microscopy 

The TEM images as seen in Figure 3-12 provide a graphic representation of the large metal particles 

formed as was indicated by hydrogen chemisorption analysis.  No metal particle size distribution was 

obtained for the sample.  The magnification in the TEM images is 1 micrometre and 0.2 micrometre bar 

scales for A and B, respectively.   

 

Figure 3-12: TEM images for sintered catalyst sample; A: Scale of 1 µm; B: Scale of 0.2 µm 

 

(V) X-ray Diffraction 

The XRD analysis was conducted to identify the dominant phase in titania, which consisted of a mixture 

of anatase and rutile when fresh.  Quantitative analyses could not be performed, but qualitative 

analyses indicated that the rutile phase was dominant after exposure to temperature for 12 hours time, 

whereas the fresh material consisted of 75 wt% anatase.  This phase change was investigated by Borkar 

& Dharwadkar (2004) who observed that anatase started to convert to rutile at temperature of 973 K. 

 

3.3.3 Spent Catalyst 

The characterization of spent samples was completed for three samples exposed to different operating 

temperatures and inlet acid concentrations, using the packed bed reactor system (see Chapter 5) to 

establish whether exposure to different process conditions altered the properties of the catalyst.  Three 

samples were taken to be characterized after being subjected to different process conditions, which 
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included two different concentrations and temperatures.  For more details concerning the process 

conditions Chapter 5 may be consulted.  The samples as given in Appendix H are 1 (Sample 1), 2 (Sample 

4) and 3 (Sample 5) and the conditions to which the samples were exposed (12 hours sintering together 

with 6 hours under process conditions), can be seen in Table 3-3. 

Table 3-3: Process conditions to which samples were exposed 

 Sample 1 Sample 2 Sample 3 

Temperature (K) 953 1103 1103 

Acid concentration Low Low High 

 

(I) Metal Composition 

The metal loading was evaluated for the three catalyst samples with metal loading exposed to different 

process conditions.  The metal loading for the three samples can be seen in Table 3-4. 

Table 3-4: Metal loading on catalyst samples 

 Sample 1 Sample 2 Sample 3 

Platinum (wt%) 0.53 0.52 0.45 

Palladium (wt%) 0.50 0.49 0.48 

The metal loading evaluated by ICP-AES for the three samples shows that within the error of analysis 

none of the samples lost active metal as a result of exposure to process conditions.  This result was 

welcomed, because it became clear that the changes in catalyst properties after exposure to process 

conditions, were not due to loss of active metal. 

 

(II) Metal Dispersion 

The three samples evaluated in this section delivered negative results from hydrogen chemisorption 

experiments.  This is not unusual since a catalyst support with well dispersed metal in the form of small 

particles has a high active surface area and thus hydrogen is consumed, delivering positive results.  
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Negative results indicate that the active surface area is so small that the consumption in hydrogen is too 

small to detect.  This is an indication that the metal particles have grown and formed large clusters 

(Petkovic, 2008).  The same trend was observed by Petkovic et al. (2008) where no positive results were 

obtained for samples after reaction.  Since the sintered sample was exposed to only 12 hours at high 

temperature, and the spent sample for a further 6 hours, it was noticeable that the high temperature 

had been a major contributor to the loss of good dispersion of active metal over time. 

 

(III) Surface Area 

The total surface area as evaluated by BET analysis provided values of 0.76 and 0.75 m2/g for samples 1, 

2 and 3, respectively.  Sample 1 and 2 yielded similar values.  The total surface area decreased from 1.18 

m2/g (sintered) to approximately 0.76 m2/g, resulting in a loss of 35% of the surface area after exposure 

to process conditions for 6 hours.  The value of 0.76 m2/g is lower than the value of 1.8 m2/g obtained by 

Ginosar et al. (2007) for 0.1 wt% Pt/TiO2 (rutile).  The decline in surface area for the three different 

samples can be seen in Figure 3-13.  The particle porosity and bed porosity were evaluated in similar 

manner as in Section 3.3.1.2 and the values obtained were 0.14 and 0.36 for particle and bed 

respectively. 

 

Figure 3-13: Total surface area at three different sample times 
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(IV) Transmission Electron Microscopy 

TEM images were obtained with the view to getting an indication of the metal particle sizes present on 

the catalyst support.  The TEM images could not deliver a metal particle size distribution, but the large 

PGM agglomerates can be observed in Figure 3-14 and Figure 3-15.  Figure 3-14 A and B represent 

sample 1, where C and D represent sample 4.  Figure 3-15 gives a representation of sample 5.  The 

clusters of metal particles can be observed in these images. 

 

Figure 3-14: TEM images for spent samples with metal loading: A: Sample 1; B: Sample 1; C: Sample 4; D: Sample 

4 

 

Figure 3-15:TEM images for spent samples with metal loading of sample 5 
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(V) X-ray Diffraction 

The XRD analysis confirmed that the dominant phase present for the three samples was rutile.  This 

confirmed results obtained for sintered pellets, which indicated that the phase transition from anatase 

to rutile could be assumed to be practically complete. 

 

3.4 Summary 

The total surface area of the fresh titania compared very well with the titania with metal loadings of 

41.28 and 43.5 m2/g, respectively.  The dominant phase of the support was anatase (75 wt%) together 

with rutile (25 wt%).  Analysis confirmed the specified criterion of ±0.5 wt% metal loadings for both 

palladium and platinum.  The dispersion of active metal was found to be 19.8% with an average metal 

particle size of 5.6 nm, which was in agreement with values obtained by Petkovic et al. (2008) for similar 

PGM loadings. 

 

The titania support was found to change in size and composition from anatase to rutile after exposure to 

high temperature (1103 K).  As the catalyst pellets were heated the titania support was converted from 

predominantly anatase to predominantly rutile, as was found by Borkar & Dharwadkar (2004).  The 

change in support pellet size began to stabilize after 12 hours exposed to high temperature for the 

titania support initially consisting mainly of anatase.  The pellets sintered displayed colour changes from 

white to grey, which was an indication of different crystal structures under SEM investigation.  Effective 

sintering time was established as 12 hours exposure to 1103 K prior to further experimentation.  

Analysis confirmed that the metal loading of sintered pellets was the specified ±0.5 wt% for both 

platinum and palladium.  A drastic change in total surface area was observed from 43.5 to 1.18 m2/g 

from fresh to sintered.  The active metal dispersion decreased to 0.59 % with average metal particle size 

increasing to 191 nm.  XRD analysis indicated that the dominating phase in the support was rutile.  

Exposure to high temperature (sintering/phase change) caused the catalyst properties to change 

drastically from fresh to sintered.  The results obtained from fresh catalyst pellets with metal loading 

(fresh), sintered pellets with metal loading and pellets with metal loading exposed to process conditions, 

namely a temperature of 1 103K and high inlet concentration, are compared in Table 3-5. 
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Table 3-5: Comparison of properties: Fresh catalyst, Sintered catalyst and Spent catalyst 

 Fresh Catalyst Sintered Catalyst Spent Catalyst 

Metal Composition                     (Pd wt%) 0.52 0.49 0.52 

                                                        (Pt wt%) 0.48 0.46 0.49 

Metal Dispersion                               (%) 19.8 0.59 N/A 

Average Metal Particle Size            (nm) 5.6 191.6 N/A 

Total Surface Area                            (m2/g) 43.8 1.2 0.76 

Adsorption Average Pore Diameter (nm) 23 9.8 8.4 

Particle Porosity 0.38 0.16 0.14 

XRD – Dominant Phase Anatase Rutile Rutile 

 

Three catalyst samples with metal loading that had been exposed to various process conditions in the 

packed bed reactor, were analysed and it was found that the samples did not lose any PGM loading as 

the percentage metal present was found to be ±0.5 wt% for Pt and Pd in all samples.  No meaningful 

results could be identified by means of hydrogen chemisorption, as it was below detection limits of the 

equipment.  The surface area decreased from 1.18 m2/g (sintered) to ±0.76 m2/g for all samples.  XRD 

analysis again confirmed that mainly rutile was present.  Overall the results obtained for the catalyst 

support with metal loading displayed trends similar to those observed by Ginosar et al. (2007) and 

Petkovic et al. (2008) for 0.1 and 1 wt% Pt on TiO2 (rutile).  The effect of high operating temperature 

could be seen on all samples analysed and is the main contributor towards changes in catalyst 

properties. 

 

 


