
 

 

4 Chapter 4: Catalyst Kinetics 

and Pellet Modelling 

4.1 Introduction 

The reaction kinetics of the sulphur trioxide decomposition reaction using 0.5 wt% platinum 0.5 wt% 

palladium on a titania support is reported in this chapter.  A short motivation and review are provided 

for the reason the specific kinetic approach was followed.  The micro-pellet reactor and total 

experimental configuration are described in detail.  The experimental procedure is discussed, as well as 

the experiments that were conducted.  The numerical model that was used to predict the micro pellet 

reactor is discussed.  The governing equations used to describe the model are given with applicable 

boundary conditions.  The approach followed to solve the partial differential equations numerically is 

discussed.  The numerical solution and procedure followed are discussed in detail.  The experimental 

results obtained from the various process conditions are discussed and interpreted with regard to 

performance.  The pellet model developed is evaluated to be mesh-independent where a slice of the 

model was used to determine the required mesh density.  The model was validated against 

experimental data by specifying average reaction rate and comparing average conversion at outlet 

against experimental data.  The numerical solution obtained is used to obtain the activation energy and 

pre-exponential factor by means of regression.  The kinetic parameters obtained is compared with 

results from literature.  The model results obtained from kinetic parameter evaluations are discussed 

with regard to velocity, heat and concentration profiles.  A sensitivity analysis is conducted with the 

model to determine the most influential parameters.  The results reported in this chapter have been 

submitted for consideration for publication in International Journal of Hydrogen Energy (June 2014). 

4.2 Review and Motivation 

For the determination of the reaction kinetics most investigators used pulverized catalyst samples with 

micro differential integral reactors and fluidized beds and development empirical intrinsic rate 
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equations, essentially for studies involving determination of catalyst activity of different catalyst 

formulations for the consideration in developing of medium and large scale reactors.  However, for the 

advanced modelling and design of pilot and industrial reactors with catalysts in pellet form it is desirable 

to evaluate the overall reactivity of the catalyst pellets involving intrinsic kinetics and intra-particle 

diffusion in order to ensure confidence in the catalyst overall kinetic behaviour before incorporation into 

the reactor model.  This is a preferred procedure, instead of depending on the evaluation of the validity 

of the diffusion effects in the catalyst pellet together with the many other mechanisms occurring in the 

packed bed.  A review regarding suitable equipment was given in Chapter 2.5.3 and from that a micro 

pellet reactor system was chosen with the use of several catalyst pellets to account for all transport 

mechanisms. 

 

The modelling of a micro pellet reactor can be achieved by using Computational Fluid Dynamics (CFD) 

for the prediction of the temperature and concentration profiles around and within the pellets, 

respectively.  The construction is relatively simple with external heating with which moderate 

conversion can be obtained, suitable for reaction rate evaluation.  The use of Computational Fluid 

Dynamics is increasing in the field of reaction engineering and is a very accurate method for detailed 

examination of all transport processes and chemical reactions in packed bed reactors.  Various 

numerical software codes are available to solve the many equations and include COMSOL Multiphysics, 

Fluent, OpenFoam and StarCCM+. 

 

4.3 Experimental Apparatus and Procedure 

4.3.1 Catalyst and Properties 

The catalyst pellets used for the experiments reported on this chapter were sintered for 12 hours and 

were taken from the same batch as was used in the packed bed experimental work (Chapter 5).  The 

catalyst pellets were characterized after sintering so that the properties of the pellets was known for 

modelling purposes.  A thorough discussion regarding the catalyst properties (sintered), analysis 

techniques, as well as results, can be found in Chapter 3. 
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4.3.2 Laboratory Reactor and Experimental Configuration 

The micro pellet reactor used, consisted of a concentric outer tube with OD of 40 mm and inner tube 

with OD of 10 mm made from quartz, as shown in Figure 4-1, with sulphuric acid and nitrogen as the 

feed streams.  Nitrogen served as a carrier gas in the system.  This design enabled the pre-

decomposition of sulphuric acid to produce sulphur trioxide, which was catalytically decomposed to 

sulphur dioxide in the catalyst bed in the inner tube.   

 

Figure 4-1: Representation of the micro pellet reactor used for pellet kinetics analysis 
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The details of the construction of the catalytic reactor section (inner tube) are shown in Figure 4-2, and 

consisted of five pellets supported in a quartz fibre mesh situated near the bottom of the inner tube.  

The pellets were placed randomly with minimum contact in the horizontal plane.  The micro reactor 

consisting of the concentric tubes was heated in a temperature-controlled tube furnace with the reactor 

temperature measured just above the catalyst bed as the controlled temperature. 

 

Figure 4-2: Sketch of catalyst packing 

 

The flow diagram for the experimentation is shown in Figure 4-3.  The sulphuric acid (98 wt% purity) was 

gravity-fed, which together with nitrogen (from cylinder, Afrox – Baseline 5.0) entered the outer tube of 

the reactor.  The sulphuric acid, after decomposition to sulphur trioxide, flowed into the inner tube 

where it was catalytically converted to sulphur dioxide and oxygen.  The nitrogen was controlled by 

Brooks (0254) mass flow controllers and the acid by Watson Marlow U120 peristaltic pump.  The outlet 

of the reactor was connected to a Liebig cooler in which sulphur trioxide and water condensed to form 

sulphuric acid, which was collected in the Traps and analyses section (Figure 4-3).   
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Figure 4-3: Process flow diagram of sulphur trioxide kinetic experimental setup 
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A series of Erlenmeyer flasks were placed in a ice bath to collect the condensing acid from the Liebig 

cooler.  Ceramic balls and quartz wool were used as filter media in some glass flasks to ensure that the 

vapour stream was dry when entering the gas analyser system.  The sulphur dioxide in the stream was 

analysed by IR (Teledyne Analytical 7500E IR SO2) and the oxygen by paramagnetic cell (Teledyne 

Analytical Paramagnetic cell).  The rest of the stream that was not diverted through the gas analyser was 

sent to bubbling scrubbers filled with a sodium hydroxide solution (ACE Chemicals) to ensure all sulphur 

containing species were removed from the stream prior to venting into the atmosphere.  The conversion 

achieved was based on the oxygen measured since sulphur dioxide was found to be partially soluble in 

the condensed acid mixture resulting in a ratio of ±1.9 instead of the stoichiometric 2.  An illustration of 

the micro-pellet reactor system can be seen in Figure 4-4. 

 

Figure 4-4: Complete micro-pellet experimental apparatus 

 

4.3.3 Experimental Planning and Procedure 

The reactor was loaded with five catalyst pellets and heated with the surrounding furnace with nitrogen 

flow to the operating temperature.  After the furnace had reached the desired temperature, the gas 

flow was switched to hydrogen to reduce the catalyst at the specific reaction temperature for a period 

of 2 hours.  After reduction, nitrogen was again introduced and after 15 minutes the sulphuric acid flow 

was introduced which mixed with the nitrogen gas which was the feed to the reactor.  The duration of 

the experiments was twelve hours.  The catalyst pellets as loaded onto the quartz-fibre plug packing can 

be seen in Figure 4-5 with a side and top view. 
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Figure 4-5: Experimental catalyst loading without bottom end quartz wool plug; A: Top view; B: Side view  

Experiments completed were done according to a schedule shown in Table 4-1 involving two different 

concentrations at four different temperatures.  The total molar flow rate was kept constant for all 

experiment with different compositions of sulphuric acids and nitrogen.  The space velocity reported is 

based on the sulphur trioxide mass flow rate and mass of catalyst.  The weight hour space velocity of the 

pellets was defined by the following equation: 

3SO

cat

m
WHSV

W
          [36] 

The flow rates were chosen in accordance with the reactor size which was restricted to low rates for 

satisfactory operation.  When the acid flow rate was increased the nitrogen flow was decreased to get 

the same total molar flow rate (0.0463 mol/min) but different inlet molar concentrations of sulphur 

trioxide.  The experimental process conditions can be seen in Table 4-1. 

Table 4-1: Operating conditions of catalyst pellet experimentation 

Concentration
 

Inlet 

Temperature 

(K) 

Molar Fraction 

SO3  

(%)
 

WHSV 

 (h-1) 

Acid Flow Rate 

(ml/min)
 

Nitrogen Flow 

Rate 

(NmL/min)
 

1 923, 973, 1023, 

1073 

8.7 288 0.219 848 
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2 923, 973, 1023, 

1073 

10.4 347 0.263 810 

 

4.4 Reaction Rate Modelling 

4.4.1 Description 

A comprehensive model was formulated for the determination of the reaction kinetics of the supported 

platinum/palladium on titania catalyst in the form of pellets, in order to validate the transport processes 

and reaction rates present, as well as the determination the reaction rate constants using experimental 

results.  The modelling was confined to two phases namely a very porous gas-quartz fibre phase and a 

catalyst phase, respectively, situated at the bottom end of the inner tube of the reactor shown in Figure 

4-1.  The feed gas to the catalyst section which consisted of a dilute mixture of sulphur dioxide was the 

product from the decomposition of the sulphuric acid in the heated outer tube.  The following important 

assumptions were considered to be applicable for the micro-pellet reactor modelling: 

1. Two phases consisting of a gas-quartz fibre phase and a catalyst phase with interactive heat and 

mass transfer with an endothermic chemical reaction in the catalyst phase only. 

2. Heat transfer from the wall of the inner tube to the flowing gas and catalyst by convection and 

conduction. The radiation of energy from the wall and between particles was considered 

negligible due to the small amount of particles and large void fraction. 

3. A reversible chemical reaction to account for the effect of products. 

4. The gas flow rate which was not important for the evaluation of the catalyst properties was 

confined to low rates. 

The following reversible reaction rate equation was used: 

2 2

3

0.5

SO O

A fr SO

eq

C C
r k C

K

 
    

 

           [37] 

This equation accounts for the effect of reversibility as a result of the products and is similar (power 

dependence) to the numerator of the Langmuir-Hinshelwood type equations used previously by other 

investigators (Brown, 2012) (Kim, 2008).  With the above-mentioned assumptions and reaction rate 

equation (Equation (37)) a model consisting of the momentum, mass and heat transfer equations for the 



Chapter 4: Catalyst Kinetics and Pellet Modelling 
 

69 
 

phases present was generated and solved using a commercial CFD package COMSOL Multiphysics® 4.3b.  

The parameters associated with the momentum, heat and mass transfer and equilibrium constant for 

the rate equation were derived from theory and published results while the reaction rate parameters 

were derived by regression using experimental results obtained from the micro pellet reactor.  The 

diffusion coefficient was equated by the following equation for molecular and Knudsen diffusion (Welty, 

2008):  
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In Equation 38 and 40 above ABD  represents the binary diffusion coefficient, and thus only interaction 

between two species.  A binary diffusion coefficient if calculated for all the species with nitrogen as the 

inlet nitrogen concentration was much larger than any other species.  The combined diffusion 

coefficient was then calculated by using the molar fractions present and the specific binary diffusion 

coefficients.  The effect when molecules collided with the wall of the tube inside the catalyst pellet on a 

regular basis, known as Knudsen diffusion, was also accounted for by Equation 39 (Welty, 2008).  The 

effective diffusion coefficient can be evaluated by accounting for the porosity and tortuosity of the 

pellet.  The effective diffusion coefficient (Froment, 1979) and tortuosity can be calculated by: 

, ,ef m f mD D



      [42] 

Where tortuosity is given as (Delgado, 2006): 
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1.5 0.5         [43] 

The parameters needed for the porous catalyst pellets were evaluated in Appendix B.  The quartz fibre 

plug was represented as a porous domain and it was necessary to establish a void fraction and 

permeability for this domain.  An empirical correlation was established by Iberal (1950) to evaluate the 

packing fraction of glass wool by supplying the density of the fibre, as well as pressure loading on the 

media.  The following equation was used to evaluate the packing density of the porous quartz fibres: 

0.02 0.0021p f P       [44] 

The units specified in Equation 44 above were in lb/in3/psi and were used in this form to establish a 

packing fraction which is unit-less.  With the effective diffusion coefficient specified as a function of 

pressure, temperature and molar concentration the reaction rate constant can be solved for by using 

the objective function.  The heat of reaction is usually given at a reference temperature of 298 K as 

98.92 kJ/mol but as the temperature of the system changes the influence of the heat capacity as it 

changes with the temperature has to be considered.  The complete equation for heat of reaction can be 

found in Equation 45 where the change in temperature is accounted for: 

0

0

T

Rx Rx p

T

H H c dT          [45] 

To account for heat and mass transfer through the diffusive layer surrounding the catalyst pellet the 

values were not supplied to the model but the numerical analysis accounted for these effects as a result 

of gradients.  The values obtained for parameters by correlations can be found inTable 4-2. 

Table 4-2: Parameters for solution of model 

 Parameter Value Unit Reference 

Catalyst phase
 

Effective diffusivity 
,ef mD

 
1.3-2x10-7 m2/s Eq. (41) 

Tortuosity   
1.43 - Eq. (43) 

Particle porosity 
p  

0.16 - Chapter 3 
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Particle thermal conductivity 
,e s  

3.5 W/m.K (Yaws, 1999)(NIST, 2011) 

Average pore diameter  
pored

 
2.3x10-6 m Chapter 3 

Gas-quartz fibre phase 

Velocity u  
0.8-1 m/s Experimental 

Packing fraction/porosity 
p  

0.92 - Eq. (44) 

Quartz wool permeability 
brK  1.03x10-7 m2 (Nield, 2006) 

Density of process gas 
f  0.36 kg/m3 Ideal Gas Law 

Heat capacity of process gas 
,p fc  1108 J/mol.kg (Yaws, 1999)(NIST, 2011) 

Inlet pressure P  87.3 kPa Experimental 

Molecular diffusion 
,Ai mD  3-5x10-5 m2/s Eq. (38) 

Thermal conductivity process gas 
,e f

 
0.04-0.06 W/m.K (Yaws, 1999)(NIST, 2011) 

The pellet and tube Reynolds number was evaluated as 9.9 and 62 respectively, which is in the very low 

laminar flow regime.  The pellet Reynolds number indicate high recirculating vortices are not present 

around the pellets together with the porous quartz wool smoothing flow patterns (Baker, 2012). 

 

4.4.2 Governing Equations 

The conventional governing equations for the conservation of momentum, heat and mass (total and 

chemical species) are shown below with a discussion of the application (adaption) of these equations for 

the modelling of the respective phases of micro pellet reactor (COMSOL, 2013) (Nield, 2006). 

Continuity: 
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 . 0u         [46] 

Momentum: 

      
2

3

f f f f

gw gw gw gw br

u
u PI u u u I u

K

   

   

     
               

      

  [47] 

This equation which is known as the Darcy-Forcheimer equation (Nield, 2006) has been proposed for 

flow through very porous two-phase structures’ such as the gas-quartz fibre phase. 

Heat: 

 . .pT c u T Q             [48] 

Concentration: 

 . i i i AD C u C r                [49] 

For the Gas-Quartz fibre phase both convection and diffusion of heat and mass were assumed with heat 

transfer at the reactor walls and, for the catalyst phase diffusion of heat and mass, were only considered 

with a simultaneous endothermic chemical reaction.  A summary of the relevant parameters for the 

respective phases is given in Table 4-3.  The following boundary conditions were considered applicable: 

0wT T
     at wall

 

0AC 
     at wall

 

0u         at wall and on all particles 

0A AC C
      at inlet

 

0f fT T
      at inlet

 

0p p
      at outlet

 

0u u
       at inlet
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Table 4-3: Applicability of terms in gas-quartz fluid and catalyst phase respectively 

  Gas-Quartz Fibre Phase Catalyst Phase Units 

Thermal Conductivity   Quartz Fibre and Fluid 

Phase 

Titania (Rutile) / .W m K  

Heat Sink Q  - Reaction Heat & 

Reaction Rate 

3/W m  

Diffusion/Dispersion 
iD  Molecular Molecular & Knudsen 2 /m s  

Reaction  
Ar  - Reversible Reaction Rate 3/ .mol m s  

 

4.4.3 Numerical Solution and Procedure 

The geometry of the reactor (CAD) was generated using the drawing capabilities of COMSOL 

MultiPhysics® 4.3b software code.  The geometry included all the catalyst pellets with the measured 

diameters and lengths inside the inner tube.  The mesh for the geometrical representation was 

constructed by assigning boundary layers on the side of the larger tube (fluid phase), as well as on the 

interface of the catalyst pellets (fluid/solid phase) with the number of layers varying.  The volume of the 

geometry was constructed by Free Tetrahedral elements, which were set to grow from fine to coarse, 

fine at the wall and interfaces to coarse in the general domain. The solvers chosen for the system were a 

DIRECT PARDISO solver  and for the parameters by means of non-linear regression the SNOPT solver, 

respectively (COMSOL, 2013). The discretization method was chosen as linear which was found to be 

sufficient in terms of stabilization of the model.  The computations were completed on a GNOME 

computer, Linux operating system with 18 processors and 252 GB RAM for elements up to 700 000.  For 

the evaluation of the kinetic parameters from the experimental results by regression the average 

conversion measured (Xexp,i) and predicted (Xmod,i) at a distance of approximately 10 mm above the 

catalyst pellets (quartz-fibre experimental thickness) were compared and the best agreement 

determined with a least square minimization procedure.  The activation energy and pre-exponential 

parameters were the unknowns (Equation (37)) and the objective function in terms of the average 

conversions determined over the cross sectional area S  was the following:  
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4.5 Results and Discussion 

4.5.1 Experimental Results 

The average or global reaction rate for the different concentrations at varying temperatures can be seen 

in Figure 4-6.  Contrary to powder stability runs conducted during this study, as well as reported in 

literature the pellet runs seemed to reach steady state well before 6 hours.  Therefore the averaged 

reaction rate was equated between 6 and 12 hours.   

 

Figure 4-6: Average reaction rate as a function of time at different temperatures for various temperatures  
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The experiments consisted of two concentrations completed at four different temperatures each.  The 

experiments were conducted for 12 hours on stream and, as can be seen from Figure 4-6 after three 

hours on stream, basically all the experiments showed that the system was at a steady state.  The 

evidence of steady state made the global kinetic evaluation a better choice than to evaluate kinetics 

with powdered catalyst as was done in literature, and the effects of heat and mass transfer would be 

similar to that of a larger fixed bed.  The average conversion achieved as a function of time for both 

concentrations can be seen in Figure 4-7. 

 

Figure 4-7: Conversion as a function of time at different temperatures for two concentrations 

The highest conversion achieved between the two concentrations was 27%, which is not particularly 

high, but it is worth remembering that only five pellets were used, which had lost some of their surface 

area due to sintering at the high operating temperature (Chapter 3).  This, together with the transition 

of anatase to rutile also restricted the potential of the catalyst.  As can be seen from Figure 4-9, and as 
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would be expected, the conversion increased satisfactorily with an increase in temperature for the 

different concentrations.  This increase in conversion, however, is not that much if taken into account 

that the temperature step was 50 K.  Although values are not high, again they are in the same region as 

values obtained by Ginosar et al. (2007), but due to PGM loading and different operating conditions with 

regard to WHSV comparisons is difficult.   

 

Figure 4-8: Averaged reaction rate at different operating temperatures for various inlet concentrations 

The average reaction rate, defined as the number of moles sulphur dioxide produced per gram catalyst 

over time, at a temperature of 1 073 K was approximately 0.013 mol/g.min for the catalyst in this study.  

This compares quite well with the value obtained by Rashkeev et al. (2009) of 0.016 for 0.1 wt% Pt on 

TiO2 support (Rutile) and is better than the value of Karagiannakis et al. (2010) who reported 0.0056 

mol/g.min for Pt/Al2O3.  Rashkeev et al. (2009) obtained a value similar to that of Karagiannakis et al. 

(2010) for 0.1 wt% Pd on TiO2 (rutile).  Ultimately it is difficult to compare values with those reported 

literature since the compositions of the catalysts were totally different in terms of PGM loading as well 

as support composition, but the values obtained in this study are in similar regions than those in 

literature.  The advantage, as mentioned, was that steady state kinetic evaluation was possible instead 

of more complicated transient state modelling.  The experimental error was evaluated by repeating 

experimental runs at 1073 K and an inlet concentration of 10.4 %.  The standard deviation for the five 

runs resulted in 7% of the average value.    
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Figure 4-9: Averaged conversion at different operating temperatures for various theoretical inlet concentrations 

 

4.5.2 Model Evaluation 

The particle model was developed and solved successfully, but to truly understand the model prior to 

using it for regression purposes, it had to be validated against experimental data, sensitivity analysed, as 

well as the necessary mesh density determined to ensure that the solution would not vary with increase 

in mesh size.  The model was developed and validated by firstly, evaluating the mesh density required to 

get an independent solution with specific attention to the fluid/solid interface.  The mesh density found 

to be sufficient, was used in the pellet model where the experimental averaged reaction rate was 

supplied and compared with averaged outlet conversion.  The validated model was used with the least 

squares regression method to determine the activation energy and pre-exponential factor 

simultaneously.  The results obtained from fitting the model to experimental data were discussed and 

interpreted. 

 

4.5.2.1 Mesh Independence Study 

The mesh-independent study for concentration was done since the gradient of concentration between 

the solid and fluid phase is of great importance.  The scalar value of concentration on the fluid side will 

be determining the concentration inside of the pellet.  Since a no slip boundary condition is applied on 

the wall of the pellets, diffusion will be the driving force for species being transported into the pellet and 



Chapter 4: Catalyst Kinetics and Pellet Modelling 
 

78 
 

thus has to be discretised fine enough to ensure accurate representation of the system.  In order to save 

computational time and resources a 2D slice was used with half of the diameter of the pellet in a fluid.  

This geometry of this model can be seen in Figure 4-10 and the measurements of the model can be 

found in Table 4-4. 

 

Figure 4-10: Geometry of pellet representative model 

Table 4-4: Representative pellet geometry detail 

 Radius Pellet Diameter 

Tube 

Length of 

tube 

Pellet 

Position 

Units 

Value 0.8 1.6 20 10 mm 

 

The aim of this section was to determine the sensitivity of the model to a change in the number of 

elements present, as well as the level of refinement needed when discretizing the geometry to get 
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accurate results without spending too much on computational resources.  The inlet concentration was 

specified as 1 mol/m3 and on the boundary of the pellet a concentration sink in terms of a fixed value for 

concentration of 0 was implemented so that an amount of sulphur trioxide was consumed as it passed 

the pellet interface.  The number of elements was gradually increased where the average outlet 

concentration of sulphur trioxide was monitored.  The change in average outlet concentration as a 

function of number of elements can be seen in Figure 4-11.  With an increase in elements the average 

conversion started stabilising until the point at which the numerical solution did not change any further.  

The region indicated between the red lines in Figure 4-11 provides a region at which the difference in 

average concentration is in the 4th decimal; this a small improvement in solution accuracy with a large 

increase in computational time.   

 

Figure 4-11: Average outlet concentration versus amount of elements 

 

The ideal refinement will be just above 125 000 elements where the solution can be taken as accurate 

without too much computational effort.  The number of elements do not mean that the complete pellet 

model will consist of only 125 000 elements, but that the same refinement should be applied to the 

boundaries.  The mesh generated on the boundary between the fluid and the solid interface can be seen 

in Figure 4-12.  The number of boundary layers on the fluid side was dense, but it is not visible in the 

figure.  Similar boundary layers and refinement were applied to the pellet model.  
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Figure 4-12: Mesh generated on the fluid-solid interface 

 

4.5.2.2 Pellet Model Experimental Validation 

The mesh refinement had been completed and to establish the validity of the mesh, as well as the 

accuracy, the model was tested by supplying an average experimental reaction rate and monitoring the 

average outlet conversion.  The average reaction rate was inserted as a constant value, where the 

amount of sulphur dioxide produced per volume catalyst in a second.  The averaged conversion was 

then calculated using the model and compared with the experimental value.  The results obtained from 

the model validation can be seen in Figure 4-13 where the concentration distribution (A), temperature 

distribution (B), velocity distribution (C) and model prediction versus experimental results are shown.  
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Figure 4-13: Individual pellet model experimental validation results; A: Concentration distribution of SO3 

(mol/m
3
); B: Temperature distribution (K); C: Velocity distribution (m/s); D: Average conversion predicted by 

model versus experimental results (F indicates fluid phase and S solid phase) 

 

The average conversion predicted by the pellet model compares within 5% error at 190 000 cells and 

with an increase to 331 000 cells also within 5% error compared to experimental results.  This validates 

the model in two ways: firstly, the cell density surrounding the particle obtained from the simplified 

model in Section 4.5.2.1 is sufficient to get an accurate representation of the reality.  Secondly, the 

averaged reaction rate was supplied from experimental work and the model was able to predict the 

average outlet conversion, which was measured experimentally, within 5% error.  This provides 

confidence that the pellet model will be able to provide detail of the physics operative in the system to 

an acceptable accuracy and that the kinetic parameters obtained from the model can be assumed as 

accurate. 
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4.5.2.3 Numerical Solution and Kinetic Parameter Evaluation 

The procedure for solving the equations describing the micro pellet reactor as shown in Figure 4-2 

consisting of generating a geometrical structure (CAD) with a suitable mesh and final solution with the 

code COMSOL MultiPhysics® 4.3b, was successfully executed.  The optimal mesh was generated for the 

whole catalytic reactor, which consisted of ±180 000 elements (combined Boundary and Free 

Tetrahedral).  For the validation of the overall reactor model and intrinsic reaction rate and for the 

determination of the reaction rate parameters (activation energy and pre-exponential factor), the 

results shown in Figure 4-14, and other results according to the reaction scheduled shown in Table 4-1, 

were used.  All the results for four different temperatures and two different concentrations were used 

(Table 4-1).  The optimization of the objective function involving two unknown parameters and 

conversion results converged satisfactorily. 

 

Figure 4-14: Model prediction of average conversion fraction versus experimental data 

The combined activation energy and pre-exponential factor were found to be 165 kJ/mol and 1.24 x 

1012, respectively.  The activation energies for various catalyst forms that were investigated can be seen 

in Table 2-1 and from the table it is evident that almost all publications available used the 1st order 

approximation to evaluate their kinetic parameters.  The only two detailed PGM-based catalyst studies 

evaluated in literature delivered activation energies that are quite lower than the values obtained in this 

study.  However, the details surrounding the work from Spewock et al. (1977) are unknown and are, 

therefore, not comparable.  The alumina from Ishikawa et al. (1982) was calcined at 1300 K prior to 

impregnation with platinum and the activation energy was evaluated as 70.7 kJ/mol.  The other PGM-
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based catalyst was done by Petropavlovskii et al. (1989) in which Pd/Al was evaluated by using a 

Langmuir-Hinshelwood type reaction rate.  

 

The activation energy obtained in that study was 154 kJ/mol, which is very close to the value obtained in 

this study.  Unfortunately, not much else is known about the study from Petropavlovskii et al. (1989) and 

thus cannot be compared thoroughly with the present work.  Mention is made of values obtained from 

personal correspondence to Daniel Ginosar from Idaho National Laboratories in work from Kuchi et al. 

(2009), but no detail is available concerning the activation energy value.  The activation energy obtained 

is in the same range as the work completed on Fe2O3.  Nevertheless, the work from Giaconia et al. 

(2011) and Kondamudi et al. (2010) delivered lower activation energies for pellets and pellet-supported 

Fe2O3.  

 

4.5.2.4 Model Results 

The velocity, temperature and concentration profiles obtained from the solution of the model for the 

parameters determined from literature, calculated and determined by regression, are shown in Figure 

4-15 to Figure 4-21.  These results are analysed in order to indicate the behaviour of the micro pellet 

reactor and to confirm the use of a complex model (CFD) for the validation of the overall kinetic model 

and for the determination of the reaction kinetics.   

 

The velocity profiles in the gas-quartz fibre phase which are shown in Figure 4-15 and Figure 4-16 show 

distinctly that the interstitial velocities, which depend on the packing structure (interstitial spaces) can 

vary significantly. These results show a deviation, as a result of channelling and the presence of a wake, 

from plug flow and perfect mixing normally assumed for micro differential reactor analyses. The 

significance of this will be discussed by considering the temperature and concentration profiles 

generated. 
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Figure 4-15: Velocity profiles across tube diameter (m/s) [Inlet velocity=0.86 m/s; Inlet Temperature = 1073 K; 

Inlet Concentration=0.84 mol/m
3
; Average Conversion=24%] 

 

Figure 4-16: Velocity vectors in gas-fibre region across catalyst pellets (m/s) [Inlet velocity=0.86 m/s; Inlet 

Temperature = 1073 K; Inlet Concentration=0.84 mol/m
3
; Average Conversion=24%] 
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The temperature distribution in the gas and catalyst phases is shown in Figure 4-17 and Figure 4-18, 

showing the distribution between the pellets and the wall, the region around the pellets and within the 

catalyst pellet.  The variation near the reactor wall is distinctly greater than between the pellets, with a 

wake corresponding to the velocity results.  The temperature within the pellet is almost constant with a 

sharp decreasing value near the surface caused by the endothermic nature of the reaction.   

 

The temperature profile near the wall, including a pellet which is shown in Figure 4-18, shows that a 

temperature difference in the range 14 K to 30 K between the gas and catalyst was obtained for the 

section shown.  Thus the reaction temperature is very different to the outlet temperature which is 

normally used for kinetic studies with micro reactors.  

 

 

Figure 4-17: Temperature profile near tube wall including nearest pellet [Inlet velocity=0.86 m/s; Inlet 

Temperature = 1073 K; Inlet Concentration=0.84 mol/m
3
; Model Outlet Temperature=1070 K; Average 

Conversion=24%] 
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Figure 4-18: Temperature of gas-fibre region only (K) [Inlet velocity=0.86 m/s; Inlet Temperature = 1073 K; Inlet 

Concentration=0.84 mol/m
3
; Average Conversion=24%] 

 

The concentration profiles for the experiment with a conversion of 24% are shown in Figure 4-19 to 

Figure 4-21.  The results for the gas-fibre region which is due to convection and molecular diffusion and 

can be observed to be consistent with the associated stoichiometry and with an axial variation in 

agreement with the conversion obtained.  The channelling effect near the wall and the wake is also 

evident.  The concentration profile in the catalyst pellet displays minimum and maximum values 

occurring at a short distance from the surfaces, similar but more distinct than the temperature profile.  

It should be noted that the conversion within the pellet is higher than the result obtained in the 

downstream, which is due to the dilution effect of the channel flow occurring at the walls.  

Supplementary results with regard to velocity distribution, concentration distribution of sulphur dioxide 

and oxygen, as well as temperature distribution, can be seen in Appendix B. 
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Figure 4-19: Sulphur trioxide concentration distribution in both regions (mol/m
3
) [Inlet velocity=0.86 m/s; Inlet 

Temperature = 1073 K; Inlet Concentration=0.84 mol/m
3
; Average Conversion=24%] 

 

Figure 4-20: Concentration profiles near wall including one pellet [Inlet velocity=0.86 m/s; Inlet Temperature = 

1073 K; Inlet Concentration=0.84 mol/m
3
; Average Conversion=24%] 



Chapter 4: Catalyst Kinetics and Pellet Modelling 
 

88 
 

 

Figure 4-21: Concentration of sulphur trioxide in both regions (mol/m
3
) [Inlet velocity=0.86 m/s; Inlet 

Temperature = 1073 K; Inlet Concentration=0.84 mol/m
3
; Average Conversion=24%] 

4.6 Sensitivity Analysis 

In a system consisting of parameters and variables defining the system some of these may change the 

results in an experiment as well as the model.  In order to predict this effect and to check what variables 

or parameters may influence the results, a sensitivity analysis was conducted with four different 

parameters.  These included the inlet velocity, glass wool porosity, molecular diffusion in fluid phase, 

effective diffusivity in solid phase and thermal conductivity of glass wool packing.  The parameters 

investigated in the sensitivity analysis with the specific values are given in Table 4-5: 

Table 4-5: Sensitivity parameter values 

 Symbol 1 2 3 Units 

Inlet Velocity u  0.64 0.86 1.08 m/s 

Porosity 
gw  0.46 0.69 0.92 - 

Effective Diffusivity 
,m effD  2.22x10-7 2.96x10-7 3.70x10-7 m2/s 

Molecular Diffusion 
,m fD  2.79x10-5 3.72x10-5 4.65x10-5 m2/s 
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Thermal Conductivity Glass Wool 
,s gw  0.5 0.75 1 W/m.K 

 

The blue cells highlighted in Table 4-5 are the values used in the model where the results yielded the 

activation energy.  The sensitivity was completed on both concentrations in no particular order so the 

average conversion indicated in Figure 4-22 will differ between parameters.  The average conversion 

achieved is again the average outlet conversion at the outlet of the tube as was measured 

experimentally.  The variation of inlet velocity was done by changing the current velocity by 25% more 

and less.  The results in Figure 4-22 indicate that a decrease in velocity increases the average conversion 

whilst an increase in velocity decrease the average conversion achieved.  This is to be expected since a 

change in velocity will alter the residence time as well as the Reynolds number.  The glass wool porosity 

was varied by 25% in two increments lower than the model value of 0.92.  A change in porosity does not 

have a large effect on the solution obtained for average conversion. 

 

 

Figure 4-22: Sensitivity analysis results for inlet velocity, porosity, effective diffusivity and molecular diffusion 

The molecular diffusion in the fluid phase was also varied by 25% and the results indicate that there is 

no change in the solution when varying this parameter.  The effective diffusivity in the solid catalyst 

particle was varied by 25% and the results indicate a small change in the average conversion.  This is 

justifiable as the diffusion value increases, more species are transported and more species are available 

at a higher rate to be consumed for reaction.  
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Figure 4-23: Sensitivity analysis for thermal conductivity of glass wool 

The thermal conductivity of the glass wool packing does have an influence on the heat transfer, and 

since there was uncertainty about this value a variation of 25% was used.  There seems to be a change in 

the average conversion achieved with an increase in thermal conductivity, which is to be expected from 

the endothermic nature of the reaction; more energy will result in higher conversion.  All possible 

parameters and variables were not evaluated to establish the model’s sensitivity to them.   

 

4.7 Summary 

A catalyst consisting of platinum and palladium supported on rutile titania was selected for evaluation 

for the decomposition of sulphur trioxide to sulphur dioxide.  The catalyst used was prepared from a 

supported catalyst consisting mainly of anatase as the support followed by sintering at 1103 K to 

produce a stable rutile support.  The catalyst properties after sintering were still suitable for the reaction 

as evident from the results obtained from the micro reactor and accompanying calculations.  A 

laboratory scale reactor (micro pellet reactor) was constructed and used to evaluate the performance 

and the overall reaction kinetics of the catalyst in pellet form suitable for the design of a packed bed 

reactors.  An advanced model using computational flow dynamics (CFD) was successfully developed to 

describe the behaviour of the reactor and for evaluation of the reaction rate equation and associated 

parameters.   

 

The activity of the sintered catalyst after reduction with hydrogen was found to be stable after 6 hours 

of operation for reactions within the temperature range of 923 to 1073 K with reaction rates being of 
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the same order of magnitude as published by previous researchers.  A reversible reaction rate was found 

to describe the reaction rate and an activation energy for the first order forward reaction was 

comparable with published results.  The values obtained for the activation energy and pre-exponential 

factor obtained by the regression of CFD of model using experimental results were 165 kJ/mol and 

1.24x1012 s-1, respectively.  A detailed analysis of the behaviour of the reactor showed velocity, 

temperature and concentration profiles which were characteristic of the model and were considered 

important for the determination of the reaction rate equation and the associated transport 

mechanisms.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


