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Summary. 

Positron Emission Profiling (PEP) is an in-situ technique, to study chemica! reactions on packed 

bed catalyst reactors. A narrow pulse of labelled molecules is injected into the reactor tube. This 

pulse is measured using the PEP detector, as a function of time and position along the reactor 

bed. 

While the tracer pulse moves through the packed bed, dispersion causes it to spread in axial 

direction. To investigate the dispersion process, a number of experiments have been carried out, 

in which a tracer moves through an empty tube, through a packed bed of glass beads or through 

a packed bed of porous, adsorbing zeolitic pellets. The velocity and dispersion coefficient of the 

tracer are calculated for all these experiments, using an analytica! model that describes the 

movement and dispersion of an artificial delta-pulse. 

For the experiments with an empty tube, the calculated dispersion coefficients indicate that 

molecular diffusion plays an important role in the dispersion process. These dispersion 

coefficients have been compared to the values from the Taylor-Aris solution for dispersion in an 

empty tube. The experiments with glass beads result in dispersion coefficients, significantly 

higher than the values predicted by literature models. This is most likely explained by increased 

mixing near the wall of the tube, resulting from the relatively large glass beads. Using a 

simplified model for dispersion, the dispersion coefficients from the experiments with zeolitic 

pellets can be separated into components, such as molecular diffusion, eddy diffusion and mass 

transfer resistance of the pellets. In addition, experiments at different flow rates allow to calculate 

the heat of adsorption. The values found are slightly below the values from calorimetry. 



Samenvatting. 

Positron Emission Profiling (PEP) is een in-situ techniek, om chemische reacties te bestuderen 

op katalyse reactors die bestaan uit een gepakt bed van zeoliet deeltjes. Een smalle puls van 

gelabelde moleculen wordt hierbij geïnjecteerd in de reactor buis en deze puls wordt gemeten 

met de PEP detector, als functie van tijd en plaats. 

Terwijl de tracer puls zich door het gepakt bed beweegt, veroorzaakt dispersie verbreding van 

de puls in axiale richting. Om dit dispersie proces te bestuderen zijn een aantal experimenten 

uitgevoerd, waarbij de puls zich beweegt door een lege buis, door een gepakt bed van glas korrels 

of door een gepakt bed van zeoliet deeltjes. De snelheid en de dispersie coëfficiënt van de tracer 

worden berekend door gebruik te maken van een analytisch model dat de beweging en dispersie 

van een ideale delta-puls beschrijft. 

Voor de experimenten met een lege buis, wijzen de berekende dispersie coëfficiënten erop dat 

moleculaire diffusie een belangrijke rol speelt in the dispersie proces. Deze dispersie 

coëfficiënten zijn vergeleken met de waarden van de Taylor-Aris oplossing voor dispersie in een 

lege buis. De experimenten met glaskorrels resulteren in dispersie coëfficiënten, die significant 

hoger zijn dan de waarden die voorspeld worden door modellen uit de literatuur. Dit kan 

waarschijnlijk verklaard worden door extra menging vlakbij de wand van de buis, ten gevolge 

van de relatief grote glaskorrels. Gebruik makend van een vereenvoudigd model voor dispersie, 

kunnen de dispersie coëfficiënten van de experimenten met zeoliet korrels gescheiden worden 

in componenten zoals moleculaire diffusie, diffusie door wervels en weerstand voor deeltjes 

transport van de zeoliet deeltjes. Aanvullend kan de adsorptie warmte berekend worden uit 

experimenten met verschillende temperaturen. De gevonden waarden liggen iets boven de 

waarden van calorimetrie. 
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Chapter 1. 

Introduction. 

Catalytic reactions are generally studied by examining the output of a reactor as a function of 

reaction parameters. Unfortunately, no information can be obtained about the distribution of 

reacting molecules on the catalyst surface ins i de the reactor. In 1991, a project has been started 

at Eindhoven University of Technology, to perform measurements on a catalyst reactor as a 

function of time and position along the reactor. lt applies Positron Emission Profiling (PEP), in 

which a small amount of reacting molecules is labelled with a positron emitting isotope. An 

emitted positron annihilates with an electron, producing two 511 ke V photons travelling in 

opposite directions. These photons can be measured in coincidence, which allows to reconstruct 

the position of the annihilation. 

Presently, two catalytic reactions are under investigation. At first, hydroisomerisation of 

n-hexane on zeolitic catalysts is studied, in cooperation with the department of chemistry in 

Eindhoven. Hydroisomerisation reactions are used to convert linear alkanes, that are produced 

in the cracking of crude oil, totheir isomers. These isomers are required to produce high quality 

fuels, with high octane numbers. Secondly, oxidation of carbon monoxide and reduction of 

nitrogen oxides (NOJ is studied, in cooperation with the department of chemistry at Delft 

University of Technology. These chemica! reactions occur in an exhaust automotive catalyst. 

In the experiments, a narrow pulse of labelled molecules is injected into the reactor tube. The 

distribution along the reactor bed of these labelled molecules is determined by processes such 

as convection, diffusion, adsorption/desorption and reactions. Some processes cause the pulse 

to spread in axial direction, while the pulse moves through the bed. The present work is aimed 

to understand dispersion in packed bed catalyst reactors. Chapter 2 gives the backgrounds of 

positron emission/annihilation and describes the PEP detector and two detector configurations 

that are used in the experiments described in this work. Chapter 3 deals with the theory 

concerning the process of dispersion in an empty tube, in a packed bed of glass beads and in a 

packed bed of zeolitic pellets. Chapter 4 describes the experiments that are carried out to 

investigate dispersion of inert gases in an empty tube and in a packed bed of glass beads. Also 
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some procedures are introduced that are used to analyse the experimental data. Chapter 5 

describes the experiments that are carried out to quantify dispersion in a packed bed of zeolitic 

pellets. Finally, chapter 6 summarizes the conclusions from the results of chapter 4 and 5 and 

gives some recommendations. 
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Chapter 2. 

Positron Emission Profiling: 

experimental techniques. 

In order to apply the Positron Emission Profiling (PEP) technique, tracer molecules are produced 

that are labelled with an unstable, positron emitting isotope. The emitted positron annihilates 

with an electron, producing two photons travelling in opposite directions. These two photons can 

be measured in coincidence, allowing to reconstruct the position of the annihilation. In the 

experiments of this work, a narrow pulse of labelled molecules is injected into the reactor tube 

and measured by the PEP detector. Section 2.1 introduces the processes of positron decay and 

annihilation. Section 2.2 describes the production of labelled carbon dioxide, which is used in 

the experiments. Section 2.3 describes the PEP detector, which is used in all experiments to 

measure the behaviour of the tracer pulse in the reactor tube. Section 2.4 characterizes the two 

detector configurations that are used in the experimentsof chapter 4 and 5. 

2.1 Positron emission and annihilation. 

In positive beta ( or positron) decay, the nucleus has a proton excess, which can be corrected by 

directly converting a proton into a neutron. In this process a positron CP+ or e+) and an 

antineutrino (v) are emitted. Some decay processes in which positrons are emitted are 

ttB + _ 
5 + e + v, (2.1) 

~N ~C + e + + v. (2.2) 

The half-lives, tij,, of these unstable isotopes are 20.4 min and 10.0 min for nc and 13N 
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respectively 1
• In these decay processes, the number of protons (Z) and the number of neutrons 

(N) are changed by one unit, but the total mass number (Z + N) stays the same. The emitted 

positron has a kinetic energy, T, up to a maximum energy, T max· While travelling through matter, 

the emitted positron is slowed down by collisions with electrons. Once the positron is slowed 

down completely, it annihilates with an electron producing two photons of 511 keV, that travel 

in opposite directions. The range of a positron depends on its energy and the density of the 

medium in which it is emitted. For example, a positron emitted by 11C (T max = 1.0 Me V) can 

travel a maximum distance of 1.8 cm in zeolite (silicate, p = 0.3 g/cm3
). Due to the distribution 

of kinetic energy of the positrons, most positrons travel a much smaller distance. Half of the 
11C-positrons is already stopped and annihilated at a distance of 4.0 mm from the origin 2• The 

positron range is limiting the position resolution of the PEP technique. 

2.2 Production of 11C02• 

Positron emitters can for example be produced by (p,a) reactions. The protons have to be 

accelerated to an energy of several Me V to overcome the threshold energy for the nuclear 

reaction. At the department of physics of Eindhoven University of Technology, the A VF 

cyclotron is used to irradiate a gas target with energetic protons that cause nuclear reactions to 

occur. The reaction for the production of 11C is 

(2.3) 

For this nuclear reaction, protons are used with a kinetic energy of 12 Me V. The target holder 

is filled with 99,999 % pure nitrogen gas, under a pressure of 4 bar. The oxygen impurities in the 

target gas convert all 11C to 11C02. After 25 minutes of radiation with a beam current of 200 nA, 

typically 300 MBq activity is produced. After irradiation, the target gas containing the 11C02 is 

released from the target holderand transported to the radiochemicallaboratory (b-lab ), where the 

experiments take place. In the experiments of chapter 4, labelled carbon dioxide is used directly 

in the experiments. In the experiments of chapter 5, the 11C02 is converted chemically to 
11C-n-hexane. This conversion has an efficiency of somewhat below 1 percent. The injection 

metbod of 11C02 is described in section 4.1 and the production and injection of 11C-n-hexane is 

described insection 5.1. 

2.3 The PEP detector. 

The PEP detector has been built to measure the activity profile of a tracer pulse along the axis 

of a reactor, as a function of time. The detector consists of two banks of individual detection 

-----------------------------4--------------------------------



--------------------------------Chapter 2. 

elements, with which the reactor tube can be divided into several measuring sections. When two 

photons from one annihilation are detected coincidentally in the opposite banks, one can 

reconstruct the position of the original annihilation. A reconstruction is only allowed if the 

energy of both photons lie in a well defined energy window of the detector. This energy window 

is centred around the energy of the photopeak. The activity profile along the reactor is determined 

by measuring the number of reconstructions in each measuring section as a function of time. 

Figure 2.1 shows the geometry of the PEP detector schematically. 
1 5-50 cm 

BGO cryst~l 

/i\----
1 

I 
I 

8-50cmi==========~~~~~==~~=t========= 

++-- ---+-+- annihilation 
5.1 mm 1-50 mm 

Figure 2.1 Geometry of the PEP detector and the reconstruction of 
annihilation events. 

Both banks consist of 9 individual detection elements. Each elements consist of a BGO 

(Bi4Ge30 12) crystal, connected toa photomultiplier. The BGO crystals have a size of 5.1 mm x 

20 mm x 100 mm. Wrapping of the crystals makes the actual width along the axial direction 

equal to 6 mm. The intrinsic spatial resolution (resolution in the axial direction) of the detector 

is equal to 2.8 ± 0.1 mm, if only directly opposite elements are used for the reconstruction 2
• This 

resolution is comparable to the typical range of positrons in solid matter. The minimum sampling 

time of the PEP detector is equal to half a second. Every detection element in a bank forms a 

coincidence pair with each of the detection elementsof the opposite bank. In this way, there are 

81 pairs that can detect positron annihilations. These pairs are distributed over 17 different 

measuring sections that have a axial width of a few millimetres. In these measuring sections the 

tracer concentration is measured, averaged over a volume that is defined by this axial width and 

the cross section of the tube. 

Figure 2.1 also shows some possible ways in which reconstructions can be made. Besides 

valid reconstructions (for example reconstruction 1 in the figure), also incorrect reconstructions 

can be made. Examples of these nonvalid events are shown in reconstructions 2, 3 and 4. 

Reconstruction 2 is caused by a random coincidence. This occurs when two photons, that are 

produced by two separate annihilations, are measured coincidently in the opposite banks. 

Incorrect reconstruction 3 is caused by scattering of emitted photons in the catalyst reactor. In 
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the case of situation 4, an annihilation photon is scattered in a detection element, generating 

signals in two neighbouring elements. Another nonvalid event is a threefold reconstruction, in 

which three photons are measured coincidentally (not shown in the figure). The maximum 

reconstruction rate (the total number of reconstructions per sampling time) is determined by the 

ratio of the valid reconstructions and the nonvalid reconstructions. At low count rates, the 

reconstruction rate is proportional to the activity. When the count rate increases, the behaviour 

becomes nonlinear, mainly because of random coincidences 2• A higher reconstruction rate gives 

however better statistics. Therefore, it is preferabie to choose the maximum count rate as high 

as possible. In the experiments, the maximum reconstruction rate is chosen such that the 

deviation from linear behaviour is less than 5 %. 

The setup of the detector has been made very flexible. The sensitivity of the detector can be 

varied, by changing the distance between the two banks. In this way it is possible to keep the 

reconstruction rate below the maximum value. The distance between the banks also influences 

the position resolution of the PEP detector 3. This effect is shown insection 2.4. 

The distance between the individual elements in a bank can be changed as well, so reactors 

with lengths between 5 and 50 cm can be used. The minimum distance between two measuring 

sections is 3.05 mm. The maximum reconstruction rate of the PEP detector is dependent on the 

distance between two neighbouring detection elements in a bank. When this distance is 

increased, the number of valid reconstructions approximately stays the same. The number of 

reconstructions caused by random coincidence however, increases. As aresult of this, the ratio 

of those numbers decreases, which allows a lower maximum reconstruction rate. Also the 

position resolution of the detector is dependent on the distance between two neighbouring 

elements, which is shown in section 2.4. 

The activity profile can be reconstructed using several modes. Usually, only the minimaland 

maximal modes are used. The reconstruction pairs that are used in the minimal mode are 

schematically shown in figure 2.2. 

t 
': 

Figure 2.2 Reconstruction pairs m the 
minimal mode of reconstruction. 

With 9 detection elements per bank, 17 measuring sections can be reconstructed using the 

minimal mode. Of these 17 sections, 9 are reconstructed by only one combination of detection 
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elements (for example the combination of 1 and 11) and 8 are reconstructed by two 

combinations. For example the combination of elements 1 and 12 reconstructs the same 

measuring section as the combination of 2 and 11. The average count rate of those two 

combinations is taken as the count rate of the section. hl the maximal mode, all combinations of 

detection elements (81 pairs) are used to reconstruct the 17 measuring sections. hl this mode, the 

count rate of the central section is equal to the average count rate of 9 combinations. The two 

sections on the edge of the detector are still constructed by only one combination. The position 

resolution of the PEP detector is dependent on the number of combinations that is used in the 

reconstruction. The minimal mode of reconstruction provides the best position resolution and the 

maximum mode provides the worst resolution. The sensitivity of the detector however, increases 

when a higher mode is used. hl the experiments of chapter 4, the minimal mode is used to 

reconstruct the count rate profiles and in the experiments of chapter 5 the maximal mode is used. 

2.4 Detector configurations. 

In the experiments of chapter 4 and 5, two different detector configurations are used. hl the 

experiments of chapter 4, a wide detector configuration is used with a few centimetres of air 

between two neighbouring elements. hl the experiments of chapter 5, the narrowest configuration 

is used, in which the elements are as closely packed as possible. Some properties of these two 

different configurations are described in sub-section 2.4.1 and 2.4.2 respectively. 

2.4.1 Wide detector configuration. 

In the wide detector configuration, the distance between two neighbouring detection elements 

in a bank is equal to 25 mm. For this configuration, the maximum reconstruction rate is 

approximately 8000 per second 2
• Simulations have been carried out with EGS 4 (Electron 

Gamma Shower), to determine the sensitivity profile of all detector combinations. In these 

calculations, a point souree of positrons in air is simulated, for the situation that the positrons are 

emitted under an angle of precisely 180 o, with a kinetic energy equal to zero, such that the 

positrons have a range equal to zero. The count rate of all detector pairs is calculated as a 

function of the position of this point source. hl the next two figures, the sensitivity is shown as 

a function of the position. Several combinations are shown that reconstruct the same measuring 

section. Figure 2.3 shows simulated profiles at a distance of 72 mm between the detector banks 

and figure 2.4 at a distance of 500 mm. The numbers in the legend represent the detector 

elements that are used in the combination. These detector numbers are also shown in figure 2.2. 

For example, 5-15 means that the sensitivity profile is shown from the combination of the fifth 
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element of the upper bank and the fifth element of the lower bank. These two elements are 

positioned directly opposite to each other. 

~ 
~ 
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§ 
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Figure 2.3 Simulated sensitivity profiles of several 
combinations of detection elements, 25 mm between 
elements, 72 mm between banks. 
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Figure 2.4 Simulated sensitivity profiles of several 
combinations of detection elements, 25 mm between 
elements, 500 mm between banks. 

Note the different intensity scales in figure 2.3 and 2.4, the sensitivity decreases when the 

distance between the detector banks is increased. From these simulated sensitivity profiles, the 

Full Width at Half Maximum (FWHM) can be calculated. The results are shown in table 2.1. 

Table 2.1 Simulated FWHM for several detector combinations at the minimum (72 mm) and the maximum (500 
mm) distance between the detector banks. Wide configuration: 25 mm between two neighbouring detection elements. 

combination of FWHM(mm) combination of i FWHM(mm) 
detection 

I 
detection 

1~2:m I 

elements 72 mm I _500 mm elements 72mm 
--- --·---.-~·---

5- 15 2.7 2.5 5- 14 4.3 2.8 

6- 14 6.5 3.1 6- 13 
I 

8.8 i 3.3 

7- 13 
I 

11.3 3.7 7- 12 13.5 4.2 

8- 12 i 14.8 4.1 8- 11 17.5 4.6 

9- 11 19.3 5.2 

The values for the FWHM show that the position resolution of the PEP detector deteriorates 

when more combinations are used in the mode of reconstruction. The resolution impraves 

however, when the distance between the banks becomes larger. The position resolution can also 

be influenced by the positron range. In chapter 4, experiments are described with an empty tube 

and with a tube filled with glass beads. In the empty tube, the positron range is typically 8 mm, 

determining the position resolution of the PEP detector. In the tube filled with glass beads, the 

positron range is typically 0.5 mm, which has little influence on the position resolution. 
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2.4.2 Narrow detector configuration. 

In the narrowest detector configuration, the distance between two neighbouring detection 

elements in a bank is equal to 6 mm. For this configuration, the maximum of the reconstruction 

rate is determined to be approximately 30000 per second 2
• Also for this configuration, 

simulations have been done. The results are shown in figure 2.5 and 2.6. 

12000 

10000 

BOOD 

; 
.!!. 
~ 6000 

8 
4000 

2000 

0 
-10 -8 -6 -4 -2 0 2 10 

position (mm) 

Figure 2.5 Simulated sensitivity profiles of several 
combinations of detection elements, 6 mm between 
elements, 72 mm between banks. 
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Figure 2.6 Simulated sensitivity profiles of several 
combinations of detection elements, 6 mm between 
elements, 500 mm between banks. 

The calculated values for the simulated FWHM are shown in table 2.2. 

Table 2.2 Simulated FWHM for several detector combinations at the minimum (72 mm) and the maximum (500 
mm) distance between the detector banks. Narrow configuration: 6 mm between two detection elements. 

com~i~at.ion of 1 FWHM (mm) combination of j_ FWHM(mm) 
detectwn r ------ I detection ·-
elements 72 mm , 500 mm elements 72mm 500mm 

--~-

5- 15 2.8 2.7 5- 14 2.9 2.7 

6- 14 3.1 2.7 6- 13 3.2 i 2.7 

7- 13 
I 

3.5 2.7 7- 12 3.7 2.7 

8- 12 I 3.9 2.7 8- 11 : 4.3 2.7 

I 
I 9- 11 4.7 2.7 I : ----

At a large distance between the banks, the position resolution is independent on the combination 

of detection elements. In chapter 5, experiments with a tube filled with zeolitic pellets are 

described. In that case the positron range is typically 0.5 mm, which has little influence on the 

position resolution. 
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Theory of dispersion. 

The purpose of the experiments that are described in this work, is to investigate the transport of 

molecules through a packed bed catalyst reactor. In order to do this, a narrow tracer pulse of 

labelled molecules is injected into the reactor tube and the behaviour of this tracer is determined 

using the PEP detector. As outlined in chapter 2, this detector has been built to measure the mean 

value of the tracer concentration over the cross-section of the tube, as a function of time and 

position along the tube. 

Several processes can play a role in the transport of molecules through a packed bed catalyst 

reactor, such as convection, dispersion, adsorption/desorption and reaction. Forthese processes 

several parameters are important, for example flow rate, gas composition, structure and size of 

the bed particles and temperature. In order to investigate the importance of the individual 

processes and the dependenee on relevant parameters, some groups of experiments can be 

considered, in order of increasing complexity: 

1. Experiments with an inert tracer gas in an empty tube. 

2. Experiments with an inert tracer gas in a tube filled with a packed bed of glass beads. 

3. Experiments with a tracer gas in a tube filled with a packed bed of zeolite particles 

(without reaction). 

4. Reaction experiments with an active tracer gas in a tube filled with zeolite particles. 

In this work only the first three groups of experiments are described. The experiments of group 

1 and 2 are described in chapter 4, the experiments of group 3 in chapter 5. The effect of reaction 

in group 4 is not investigated in this work. 

When a tracer pulse moves through an empty tube or a tube filled with a packed bed, 

dispersion causes this pulse to spread in axial direction, which can be measured with the PEP 

detector. Several contributions of dispersion can be considered: 

- Molecular diffusion: mixing caused by concentration gradients. Injection of a labelled 

tracer pulse into a constant flow leads to concentration gradients. Molecular diffusion tends 
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to reduce these gradients and makes the pulse wider. 

- Hydrodynamic dispersion: mixing caused by velocity gradients. The existence of a velocity 

profile inside the tube increases the pulse width. 

- Mixing caused by turbulence. When the flow in the tube is turbulent, the components of 

the gas are mixed. 

- Mechanic dispersion: mixing caused by the structure of the medium. Inside a packed bed 

the molecules can travel by many different paths, at different velocities. Also, the pore 

dimensions can vary in the bed. These factors reduce the concentration gradients and cause 

dispersion. 

- Mixing caused by adsorption/desorption processes. 

The first three components can arise in an empty tube. The other components can only be present 

in a tube filled with a packed bed. 

Some models for dispersion in an empty tube and in a tube filled with a packed bed are 

described insection 3.1 and 3.2 respectively. Section 3.3 describes the transport of a tracer pulse 

through a bed of porous, adsorbing particles. Finally, section 3.4 gives a summary of this chapter. 

3.1 Dispersion in a capillary tube. 

In the experiments of the first group, a pulse of labelled molecules is injected into an empty tube, 

therefore dispersion is only caused by molecular diffusion and hydrodynamic dispersion. At the 

low gas veloeities that are used in the experiments of group 1, the flow is viscous and the 

contri bution of mixing caused by turbulence is not important. Molecular diffusion is introduced 

in sub-section 3.1.1. Some models for dispersion are presented in the sub-sections 3.1.2 and 

3.1.3, in which molecular diffusion and hydrodynamic dispersion are both taken into account. 

In sub-section 3.1.4 some dimensionless numbers are introduced, and regions are defined in 

which the different models for dispersion should be applicable. 

3.1.1 Molecular diffusion. 

Molecular diffusion is driven by the existence of concentration gradients. It is a process in which 

matter is transported from one part of a system to another as a result of random molecular 

motions. The equation for diffusion of molecules in a medium of other molecules can be derived 

from the continuity equation 5 

ac (x,t) + ~. ](.X,t) = 0. 
at (3.1) 

In this formula, .X is the position in 3 dimensions, t is the time, c(X:t) is the concentration (cm-3
) 
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of the diffusing molecules and l(X,t) is the flux (cm-2s- 1
) of those molecules. This formula 

expresses the law of conservation of matter. 

In a gas that only consists of two components and in the absence of temperature and pressure 

gradients, the flux equations are given by Fick's law 6 

(3.2a) 

(3.2b) 

The two species ofthe mixture are labelled by subscripts 1 and 2. The factors Dij are coefficients, 

for diffusion of species i in species j. These equations only hold in the case of zero net flux, 

J~ + J~ = 0, and state that the flux is proportional to the concentratien gradient. Por a binary 

mixture it can be shown that D12 = D21 , thus diffusion in a binary mixture can bedescribed by a 

single DM, called the molecular diffusion coefficient. This coefficient is temperature dependent 

and is usually approximated by 7 

DM(T) o D0 ( ;. r. (3.3) 

in which T is the absolute temperature, D0 is the molecular diffusion coefficient at a temperature 

T0 and n is a constant between 1.6 and 2.0. The coefficients D 0 and n are dependent on the gases 

in the binary mixture and T0 is usually equal to 273 K. The molecular diffusion coefficient of a 

binary gas mixture is essentially independent of composition. 

In the experiments described in this work, diffusion takes place in a flowing medium, so the 

expression for the flux has to be expanded with an extra term for convection 

J. = -DMVc. + üc., 
l l l 

(3.4) 

in which ü(X,t) is the speed of the flow. When we assume that DM and ü are constant, the 

diffusion equation becomes 

(3.5) 

The experiments of group 1 and 2 however, are not carried out with a binary mixture, but a 

tracer is introduced into a uniform mixture of two components. In that case the molecular 

diffusion coefficient of the tracer in the mixture can be approximated by Blanc's law 8 

DM = (1 - x
1

) [ ~ + 2]-l, 
D12 D 13 

(3.6) 

where x1 is the fraction of the tracer in the flow (x1 << 1). The factors x2 and x3 are the fractions 

of the mixture components (x2 + x3 z 1). This DM can be used in the differential equation, as 
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stated in formula 3.5, which then govems the diffusion of tracer 1 in a mixture of the gases 2 and 

3. 

3.1.2 Taylor solution. 

In the case of viscous flow in a capillary of radius a, the velocity u at a di stance r from the central 

line of the tube is described by Poiseuille's law 9 

u(r) = 2um (I - ::) , (3.7) 

where urn is the mean speed of flow. This situation is shown in figure 3.1. 

L 
:::: x 

I 
x=O 

Figure 3.1 
law. 
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' . I 

.".. 

.... I I 

x = um t x = 2 um t 
Viscous flow in a circular tube according to Poiseille's 

Using this velocity profile and cylindrical coordinates, the diffusion equation of formula 3.5 can 

be written as 

(3.8) 

in which c is the concentratien of the tracer and x is the direction along the axis of the capillary 

(see figure 3.1). The first two terms on the right-hand side describe radial molecular diffusion, 

caused by concentratien gradients in radial direction, the third describes axial molecular 

diffusion, caused by gradients in axial direction. The term with urn accounts for convection. The 

necessary boundary condition is 

ac = 0 
ar at r = a, (3.9) 

which expresses the fact, that the wall of the tube is impermeable. In the experiments that are 

done with the PEP detector, the mean value of the concentratien (in cm -3
) over a cross-section 

of a tube is measured, which is defined by 

------------------]3-----------------



-------------------------------- Chapter 3. 

a 

= __.!._ Jc(r,x ,t) rdr. 
a2 

(3.10) 

0 

The analytica! description of dispersion in a circular capillary tube was first derived by Taylor 

in 1953 10
. He described two different situations: 

1. The case that molecular diffusion is negligible. The first three terms on the right-hand side 

of equation 3.8 can be omitted and dispersion is caused by conveetien alone. 

2. The case that only axial molecular diffusion is negligible. Only the third term on the 

right -hand si de, can be omitted. Dispersion is determined by conveetien and radial 

molecular diffusion. 

In order to find a solution for situation 2, Taylor used a limiting condition: radial concentratien 

gradients are immediately reduced by molecular diffusion in the radial direction. Thus, the radial 

variations in the concentratien are small compared to those in axial direction. This limiting 

condition can be expressed as 10 

a 2 L 
« --. 

(3.8)2 DM 2 urn 
(3.11) 

In this equation, L is the length over which appreciable changes in concentratien occur in axial 

direction. Under this limiting condition, Taylor derived a differential equation governing the 

mean concentratien for situation 2 10 

with 

The factor k is called the apparent diffusion coefficient and is defined by 

a2u2 
k = __ m_ 

48DM 

(3.12) 

(3.13) 

(3.14) 

From this equation can be seen, that the dispersion in axial direction is proportional to the square 

of the mean velocity and that radial molecular diffusion reduces dispersion in axial direction. 

This differential equation can be solved analytically in a tube of infinite length, with the 

condition that n molecules are concentrated in a delta-pulse at a point x = 0 at time t = 0 10 

cm(f,t) = .": 2 ~ exp(- ::t). (3.15) 

------------------]4-----------------



-------------------------------- Chapter 3. 

3.1.3 Aris solution. 

The Taylor salution is only valid under the condition that axial molecular diffusion is negligible, 

but in 1955 Aris derived a salution in which axial diffusion is taken into account 11 . He described 

the concentration profile of the diffusing molecules in terms of its moments in the direction of 

flow. Whenj(z) is a function of the variabie z, the pth moment of zis defined by 12 

(3.16) 

The differential equation of formula 3.8 and the boundary conditions can be expressed in the 

moments of the concentration profile. This leads to a sequence of inhamogeneaus equations 

which can be solved for all moments. 1t can be shown that the first and second moment are 

usually sufficient to describe the distribution of the tracer concentration. Using the methad of 

moments, Aris derived that the axial molecular diffusion can be taken into account by 

exchanging the apparent diffusion coefficient, k, with the effective diffusion coefficient, K, which 

is defined by 11 

(3.17) 

In this formula Kis a number, depending only on the cross-section of the capillary and the nature 

of the flow. For viseaus flow in a circular tube, K is equal to 1/48. Thus, when axial diffusion is 

taken into account, the dispersion in axial direction is described by the sum of the molecular 

diffusion coefficient and the apparent diffusion coefficient. The Taylor salution can be 

considered as a sub-set of the Aris salution for DM<< k. Combined with the condition in formula 

3.11, the region of applicability of the Taylor salution can then be expressed as 

aum (3.8)2 L 
« ---

DM 2 a 
(3.18) 

The salution of Aris however, should also be valid when DM "" k. 

When in formula 3.12, kis substituted by K, the salution of the differential equation for 

introduetion of a delta-pulse becomes (see formula 3.15) 

1 ( (x-umt)
2 l cm(x,t) = c0 exp - , 

J4nKt 4Kt 
(3.19) 

where cm (in cm-3
) is the mean tracer concentration (see formula 3.10) and c0 is the mean surface 

density (n lna2 in cm-2
) of the introduced tracer molecules at x= 0 and t = 0. This equation can 

be used to describe the measured tracer concentration as a function of position and time. 

When the mean concentration is measured as a function of a discrete time (t), the mean time, 
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p, of the concentration profile can bedefinedas 
n n 

11 = I>icm(t) I L cm(t). (3.20) 
i=l i=l 

fu this equation, n is the number of points in the con centration profile. The varianee ( or second 

central moment) of the profile is denoted by a2 and is defined as 
n n 

a2 = L(ti-p)2cm(t) I LCm(t). (3.21) 
i=l i=l 

When the mean concentration ofthe labelled molecules is described by formula 3.19, the mean 

velocity of the pulse and the effective diffusion coefficient can be expressed as a function of the 

mean time and the varianee 13 

um = ( ~~r 

K =;u~ [ ~'), 

(3.22) 

(3.23) 

with Llp and Lla2 the differences between the mean times and the variances at two measuring 

points and Llx the distance between those points. When the mean time and the varianee are 

calculated from the concentration profiles, the mean velocity and the effective diffusion 

coefficient can be determined with these formulae. 

3.1.4 Regions of applicability. 

A few dimensionless numbers can be used to describe the regions in which different models are 

valid.These are the dimensionless time, t* and the Peelet number, Pe. The dimensionless time 

is a measure for the elapsed time since the beginning of the transport processes and is defined 
by 13 

t (3.24) 

The Peelet number is defined by 13 

Pe (3.25) 

The effective diffusion coefficient, K, can be expressed as a function of this Peelet number 
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1 + _!._ Pe 2 

48 ' (3.26) 

with K equal to 1/48. For low Peelet numbers the first term is dominant and Kis a constant equal 

to DM. In that case molecular diffusion is the most important transport process. For high Peelet 

numbers the second term is dominant and Kis equal to k: the Taylor and the Aris solution are 

equivalent. Forthese Peelet numbers convection is the most important process. Thus, the Peelet 

number determines if dispersion is dominated by convection or by molecular diffusion. In figure 

3.2 the effective diffusion coefficient is shown as a function of the Peelet number. 

10
1 

10_, L-~~...L__~~......J..._~~.........L~~~'-----'~~..L__~~u..J 
10-2 10_, 10° 10, 102 

Pe 

Figure 3.2 The ratio of the effective diffusion coefficient and the 
molecular diffusion coefficient as a function of the Peelet number. 

Another important number is the Reynolds number, Re. This Reynolds number mostly 

determines the transition from viscous to turbulent flow. For example in a circular tube, the flow 

is viscous for Re < 2300. The definition of the Reynolds number is 9 

pum2a 
Re=---

TJ 

in which pand TJ are the density and the viscosity of the medium respectively. 

(3.27) 

The validity of the Taylor-Aris theory has been investigated by Ananthakrishnan, Gill and 

Barduhn in 1965 14
• Using numerical methods they calculated the difference between the 

approximate analytica! Taylor-Aris model and their numerical solution of the diffusion equation. 

The range of parameters investigated covered t* from 0.01 to 30 and Pe from 1 to 23·1 03
• They 

also developed an empirica! solution, which is valid over a wider range of Pe and t* than the 

Taylor-Aris solution. The results are summarized in figure 3.3. The limits of t* above which the 
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Taylor-Aris solution is valid are shown in table 3.1. 

Q) 

0.. 
N 

105 

VI 

V 

V 

111 

~ 
10-1 

I 

11 

100 
t' 

Figure 3.3 Regions of the Pe-t* space, in which 
several models for dispersion are applicable 14

• 

I: Taylor's solution; 11: Aris' solution; 
lil: Ananthak.rishnan's solution; IV: pure diffusion; 
V: numerical solution only; VI: pure convection. 

Table 3.1 Minimum values of 
the dimensionless time at different 
Peelet numbers 14

• 

Pe t*min 
.. ----

> 200 0.80 

50 1.10 

25 1.25 

10 1.75 

5 4.50 

! > 20.00 

The region in which the Taylor solution is applicable can be derived from formula 3.18. The limit 

for Pe is given by the inequality Ji8 << aum/ DM in formula 3.18. Assuming that L can be written 

as L = umt, the inequality aum/DM << 7L/a in formula 3.18 can be written ast*>> 1/7. This 

inequality gives the limit fort*. The criterion used to find the minimum values of t* in table 3.1 

was chosen by Ananthakrishnan, such that Taylor-Aris solution was deviating less than 5 percent 

from the numerical solution. 

3.2 Dispersion in packed beds. 

In the experiments of group 2, an inert tracer is injected in a bed of nonporous particles. The 

basic form of the differential equation of formula 3.5 can be used in such a bed. Inside the bed, 

radial concentration gradients are assumed to be relatively small, so the tracer concentration is 

only a function of the axial position. The dispersion coefficient is dominated by dispersion in the 

direction of the flow. The concentration, c, of the labelled pulse can then be expressed as a 

function of time, t, and axial position, x, by 15 
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(3.28) 

where ud is the interstitial velocity and DL is the longitudinal ( or axial) dispersion coefficient 

(parallel to the direction of the flow). This model is called the axial dispersed plug flow model. 

Because the radial concentration gradients are srnall, this differential equation also governs the 

rnean concentration, cm. Wh en the coordinate transformation ( = x- udt is used, the equation for 

cm is equivalent to forrnula 3.12. Thus, when adelta-pulseis introduced into a packed bed, the 

analytica! salution can be expressed in the sarne form as formula 3.15, but with k replaced by DL 

and um replaced by ud 

cm(x,t) = co 1 exp[- (x- udt)2] ' 
J4nDLt 4DLt 

(3.29) 

where c0 is the rnean surface density (crn-2
) of the introduced delta-pulse at x= 0 and t = 0. 

In sub-section 3 .2.1, the interstitial velocity and sorne new dirnensionless nurnbers, such as 

porosity and tortuosity, are defined. Also, the Peelet nurnber and Reynolds nurnber are expressed 

in the parameters of a packed bed. Sub-section 3.2.2 describes a model for the longitudinal 

dispersion coefficient. 

3.2.1 Parameters in a packed bed. 

The porosity ( or void fraction), which is denoted by e, is the fractional volurne of the ernpty 

space in the bed. When the tube is ernpty, eis equal to 1 and when the tube is cornpletely filled 

with solid matter, eis equal to 0. The velocity in the tube filled with solid particles differs frorn 

the velocity in an ernpty tube. The interstitial velocity (or drift velocity), ud, is directed along the 

axis of the tube and is defined by 

(3.30) 

where cjJ is the flow rate through the tube, u0 is the linear flow rate in the ernpty tube and A is the 

area of the tube. 

The tortuosity, r, is a criterion for the bending of the pores, which causes a gas partiele to 

travel a path in the bed, that is longer than the path of a partiele in an ernpty tube. A srnall slice 

of a tube filled with a packed bed is shown in figure 3.4. 
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glass tube 
dx ( 

c \ 

dx' 

Figure 3.4 Tortuosity in a packed bed. 

The tortuosity is defined as 16 

T = <dx'> 
dx ' 

2a 

(3.31) 

where <dx'> is the mean value of the lengths dx' of all possible paths in the bed and dx is the 

di stance travelled along the axis of the tube. For a bed with straight pores in the direction of flow, 

r is equal to 1 and when the pores in the bed are very tortuous, r is large. The tortuosity is a 

property of the packed bed and is related to the porosity. Wicke has suggested for this 

relationship 17 

_!_ = 0.45 + 0.55 e. (3.32) 
T 

Inside a packed bed the Peelet number and the Reynolds number can be expressed in terms 

of the parameters of the bed analogous to the definitions in sub-section 3 .1.4 9 

Pe 
d ud = _P_ (3.33) 
DL 

Re 
epuddp 

(3.34) 
1] 

3.2.2 Longitudinal dispersion. 

The two main mechanisms that contribute to longitudinal dispersion in a packed bed are 

molecular diffusion and mixing arising from the splitting and recombination of flows around the 

bed particles, generally termed eddy diffusion 15
• The former process dominates at low Reynolds 

numbers (Re < 0.1 ), the latter at high Reynolds numbers (Re > 1 0). The flux of particles in the 

x-direction, caused by molecular diffusion, is expressed by (see formula 3.2) 
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ac 
J(x,t) = -DM-. 

a x 
(3.35) 

In the situation of diffusion inside aporous medium, the length dx has to be replaced with the 

average reallength <dx'> = dx·r, hence 

1 ac 
J(x,t) =--DM-. 

1: ax (3.36) 

The contribution of molecular diffusion to longitudinal mixing in a packed bed is reduced by the 

tortuous nature of the passages between the bed partieles. Thus, at low Reynolds numbers the DL 

is related to DM by the equation 

(3.37) 

At high Reynolds numbers the influence of molecular diffusion is negligible and dispersion is 

dominated by eddy diffusion. The Peelet number approaches a constant value, Pe=, which is 

called the limiting Peelet number at high Reynolds numbers. Using formula 3.33, the 

longitudinal dispersion coefficient at high Reynolds numbers can be written as 

udd D = __ P 

L Pe= 
(3.38) 

To a first approximation the effects of molecular diffusion and eddy diffusion are additive, so 

that the dispersion coefficient may be represented by 

D = _!_D + uddp 
L r M Pe= 

(3.39) 

A simple theory of the bed, as a series of mixing chambers separated on average by the mean 

partiele diameter, leadstoa limiting value of Pe="" 2 8
• 

In 1967 Edwards and Richardson 15 measured the longitudinal dispersion in a bed of glass 

beads. The range of the parameters investigated covered the Reynolds number between 0.008 and 

50, and the diameter of the beads between 0.0377 and 0.60 cm. Formula 3.39 would give a 

gradual transition on the Pe-Re curve with a maximum of 2 at high Reynolds numbers. However, 

in the intermediate region, 0.1 < Re < 10, the experimental curve of Edwards and Richardson 

showed a maximum somewhat greater than the limiting value, after which the curve fell back 

again to approach 2 asymptotically for higher Reynolds numbers. The experimental and 

theoretica! curves are shown in figure 3.5. 
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Q) 
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D~ = 0._5 ud. dr 
experimental curve (eddy d1ffus1on) 

z:~- ---~
/ \ 

DL = DM I tau + 0.5 ud dr 
///' (theoretica! cUive) 

DL= DM I tau 
( molecular diffusion) 

Re 

Figure 3.5 Difference between the experimental and the 
theoretica! curve in the case of dispersion in a packed bed 
of glass beads 15

• 

The reduction of DL was taken into account by Edwards and Richardson by introducing an 

empirica! correction factor into the eddy diffusion term 15 

1 udd 
DL= -;DM+ Peoo[1-(yu:d/DM)]' 

(3.40) 

where y is a constant. Using the experimentally determined values of r = 1.37 and assuming 

Pe= = 2, they found a value of 9.7 for y. Some other authors have used this formula to describe 

longitudinal dispersion, but with different values for the coefficients r, y and Pe=. These 

coefficients are summarized in table 3.2, for partiele sizes close to the size of the glass beads that 

are used in the experiments of section 4.4 (dP = 0.1 cm). 

Table 3.2 Summary of experimental axial dispersion data for gases in packed columns correlated according to 
equation 3.40 17

• 

~---

author dP (cm) 

Edwards-Richardson 0.0377 - 0.607 i 

Hsu-Haynes 0.072 

Urban-Gomezplata 0.15 

Evans-Kenney 0.196 

I 

' r 
1.37 9.7 

' 
1.32 1.4 

1.37 7.3 

1.49 6.7 

Peoo 

2.0 

0.3 

1.0 

I 

I 
! 
! 

2.0 
__ ____L _____ ___j 
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3.3 Dispersion in zeolites. 

In the experiments of group 3, a small tracer pulse of llC-n-hexane is injected into an inert carrier 

flow of hydrogen. This pul se moves through an adsorbing reactor bed of zeolitic partiel es, where 

adsorption and desorption processes take place. The speed with which that pulse moves through 

the bed, is determined by the interstitial gas velocity and by the adsorption/desorption 

equilibrium. The interstitial velocity (formula 3.30) is the velocity with which the inert carrier 

gas moves through the reactor bed. The adsorption/desorption equilibrium determines the 

probability that a tracer molecule is adsorbed on the reactor bed. Also dispersion takes place, 

which is caused by longitudinal dispersion and by processes inside the zeolite particles. 

Sub-section 3.3.1 describes the structure of a zeolite and presents the differential equations 

goveming the tracer pulse. Sub-section 3.3.2 introduces a model that relates the velocity of the 

pulse through the bed to the heat of adsorption of the tracer on the zeolite. Sub-section 3.3.3 

describes the dispersion of a tracer pulse in a packed bed of zeolitic pellets and introduces a 

simplified model that can he used to describe dispersion. 

3.3.1 Mathematical model of transport through a packed zeolite bed. 

In the experiments of chapter 5, the packed reactor bed consists of porous, adsorbing zeolitic 

pellets, that have a diameter on the order of half a millimetre and are formed by sintering many 

small single crystals, with a diameter on the order of several microns. Each single crystal 

contains intracrystalline micropores that are on the order of molecular dimensions. This structure 

formes a complex network of micropores in the pellets. The intercrystalline space between the 

crystals in the pellet forms macropores, that are on the order of a tenth of a micron. On the 

surface of the pellets exists a thin extemal film, which is a gas phase boundary layer. The system 

of a column with zeolitic pellets is schematically shown in figure 3.6. 

The differential equation of formula 3.28 govems the concentration, c, of a tracer pulse that 

moves through a packed bed of nonporous, nonadsorbing particles. In the case of a reactor bed 

of zeolitic pellets however, this differential equation has to he completed with a term that 

describes the uptake of tracer molecules into the porous, adsorbing pellets. Also, some 

differential equations have to he introduced, that describe the concentration of the tracer 

molecules inside the macro- and micropartiel es and the transport of tracer molecules through the 

extemal film. The following assumptions are made: 

- Transport through the bed is described by axially dispersed plug flow. Radial concentration 

gradients are small. 

- The pressure drop over the packed bed is negligible. 

- Significant adsorption only occurs on the surface of the microparticles. In the macropores, 
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only molecules in the gas phase are present. In the micropores, only adsorbed molecules 

are present. 

- Adsorption is an instantaneous and reversible. The adsorbed concentration on the surface 

of the microparticles is proportional to the gas concentration in the macropores. 

- The diffusion coefficients are independent on time, position and concentration. 

- Average pellet and crystal sizes are sufficient to descri he the size distributions of the 

zeolite. 

In the following part of this section a set of models is descri bed, that can be used to descri he the 

system of a packed bed that consists of zeolitic pellets 8
· 

18
· 

19
· 
20

. These models are obtained from 

the continuity equations, under the assumptions listed above. In these models, re and rP express 

the radial coordinate in the crystals and the pellets respectively, Re and RP express the average 

radius of the crystals and the pellets respectively. 

Micropartiele model. 

macropare 

extemal film 

column 
glass tube 

dx / 

RP 
pellet 

macropartiele 

'I/ 

2a 

micropare 

) 

Re 
crystal 

micropartiele 

Figure 3.6 Structure of a zeolitic adsorbent. 

lt is assumed that in the micropores of the microparticles, only adsorbed molecules are present. 

The concentration, qe(rc,t), of the adsorbed molecules in the microparticles is only determined 

by diffusion of adsorbed molecules inside the micropores. The micropartiele continuity equation 

gives (in spherical coordinates): 

aqc = D.( azqc + 2 aqel' 
at c dr; re are 

(3.41a) 

where De is the adsorbed phase diffusion constant formolecules in the micropores of the crystal. 

This adsorbed phase diffusion constant is much smaller than a gas phase diffusion constant. The 
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boundary conditions of the micropartiele model are: 

q/rc,t=O) = 0, 

r =0 
(' 

0. 

(3.41b) 

(3.41c) 

Also, it is assumed that adsorption is an instantaneous, reversible and linear process. The 

concentration of the adsorbed molecules, qc(rc,t), at the surface of the crystal, re = Re, is 

proportional to the concentration, cp(rP,t), of the nonadsorbed gas molecules in the macropores 

at that position, rP, in the pellet This gives another boundary condition 

q (r = R t) = K c (r t) c c c' c p p' ' (3.4ld) 

where Kc is a dimensionless equilibrium constant for adsorption on the crystal surface. Given the 

gas concentration in the macropores, the equilibrium constant for adsorption and the adsorbed 

phase diffusion constant, the concentration of adsorbed molecules in the crystals can be solved. 

The gas concentration in the macropores is described in the macropare model. 

Macropartiele model. 
It is assumed that in the macropores of the pellets, only molecules are present in the gas phase. 

The gas phase concentration, cp(rp,t), of the molecules inside the macropartieles, is then 

determined by diffusion in the macropores and adsorption on the crystal surfaces. The 

macropartiele continuity equation gives (in spherical coordinates): 

Be Bij [ 8
2
c 2 Be l e _P + (1 - e ) _P = e D __ P + _ ___!!_ , 

p at p at p p a 2 r ar 
rP P P 

(3.42a) 

in which eP is the fractional volume of the macropores inside the pellet, (1- eP) is the fractional 

volume of the micropartieles inside the pellet and DP is the gas phase diffusion constant for 

molecules in the macropores. The factor qp(rP,t) is the mean value of the adsorbed phase 

concentration, qc(rc,t), in the crystals and is defined as 
Re 

lJ/rP,t) = 
4 

4
1t 

3 
J q/rc,t)r~drc. 

-rtRc 0 
3 

The boundary conditions of the macropartiele model are: 

c (r t = 0) = q- (r t = 0) = 0 
p p' p p' ' 

(3.42b) 

(3.42c) 
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p p 

[
ac (r ,t)l 

0. (3.42d) 

Given the mean value of the adsorbed phase con centration in the crystals, the void fraction of the 

pellets, the gas phase diffusion constant and the uptake of molecules across the extemal film, the 

concentration of gas molecules in the pellets can be solved. The uptake of gas molecules across 

the extemal film around the pellet is described in the extemal film model. 

External film model. 

The mean concentration, Q(x,t), of all tracer molecules in the pellet is defined as 

RP 

Q(x,t) = 
4

rt J [Cl -e) q (r , t) + e c (r , t)] rP
2 
dr , 

4 R3 P P P P P P P 
31t p 0 

(3.43a) 

in which the first term in the integral is the adsorbed phase tracer fraction inside the crystals, with 

a fractional volume of (1- eP), and the second term is the gas phase tracer fraction in the 

macropores, with a fractional volume of eP. The uptake of tracer molecules, from the gas phase 

outside the pellets, to the gas phase inside the pellets, is determined by the resistance of the 

external film, which exists around the pellets. The local transfer rate through the external film 

is defined by 
2 

aQ 4nR 
- = P k [c (x,t) - c (r = R , t)] , at inR 3 f P P P 

J p 

(3.43b) 

where kJ (in cm/s) is the coefficient for external film resistance. For low Reynolds numbers 

(Re < 1), kJ is approximately equal to DMIRP. The first term inside brackets, is the tracer 

con centration outside the external film, at position x in the gas flow. The second term is the tracer 

concentration inside the external film, on the surface, rP = RP, of the pellet This equation 

represents the accumulation rate of the tracer in the pellets. Given the gas concentration in the 

pellets, the gas concentration in the pores of the column, the size of the pellets and the coefficient 

for external film transfer, the uptake across the external film can be determined. The gas phase 

concentration in the pores of the column is described in the column model. 

Column model. 

To describe the concentration in a bed of zeolitic pellets, formula 3.28 has to be expanded with 

an extra term for the accumulation of tracer molecules inside the pellet The concentration of the 

tracer molecules in the pores of the column is determined by dispersion in the bed, the gas flow 

through the bed and the accumulation of the tracer inside the pellets. In that case, the continuity 

equation for the column gives 
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ac e- + at 
(1- e) aQ 

at (3.44a) 

in which c is the concentratien of tracer molecules in the gas phase of the column, e is the 

fractional void volume of the bed, (1- e) is the fractional volume of the pellets in the bed, DL is 

the longitudinal dispersion coefficient (see sub-section 3.2.2) and ud is the interstitial velocity 

(see sub-section 3.2.1 ). The boundary conditions for the column model are: 

c (x,t = 0) = Q (x,t = 0) = 0 , (3.44b) 

c(x-+ oo,t) = 0 ' (3.44c) 

Given the void fraction of the bed, the longitudinal dispersion coefficient, the interstitial velocity 

and the mean tracer concentratien in the pellets, the gas concentratien in the pores of the column 

can be solved. 

Set of 4 models. 

This complete set of 4 coupled partial differential equations (formula 3.41a, 3.42a, 3.43a and 

3 .44a) describes the concentratien of a tracer pul se inside a bed of zeolitic pellets. Formula 3.41 a 

govems the concentratien of the adsorbed molecules inside the crystals. The distri bution of this 

concentratien is determined by diffusion of adsorbed molecules in the single crystal and 

adsorption on the crystal surface of molecules from the gas phase in the macropores. Formula 

3.42a govems the concentratien of the gas phase molecules in the macropores. The distribution 

of this concentratien is determined by diffusion of the gas molecules in the macropores, the 

adsorption of molecules on the crystal surfaces and the uptake of gas molecules across the 

extemal film. Formula 3.43a govems the transport of gas molecules across the extemal film, 

from the pores of the column to the macropores of the pellets and vice versa. This transport is 

determined by the difference between the gas phase concentratien outside the pellets and the gas 

phase concentratien inside the pellets. Finally, formula 3.44a govems the gas concentratien in 

the pores of the column. The distri bution of this con centration is determined by dispersion of the 

tracer pulse in the packed bed, flow of the tracer pulse through the bed and uptake of tracer 

molecules into the pellets. 

Using Laplace transformation Haynes and Sarma 21 obtained the expressionsof the first and 

second moments of the concentratien profile for this complete set of models, in the case of the 

introduetion of a delta-pulse (pulse response). The first moment and second moment from 

Haynes and Sarma are used in sub-section 3.3.2 and 3.3.3 respectively. 
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3.3.2 Heat of adsorption. 

Using the same notation as in sub-section 3.1.3, the velocity of the tracer pulse, utracer' can be 

expressed as ( see appendix A.l.l) 

u,mw = ( ~~r = ud[! + (!~eh+ ( 1 ~')(1-eP)Kr (3.45a) 

or 

u = Pu tracer carrier ' (3.45b) 

with the velocity of the inert carrier gas, ucarrier' equal to the interstitial velocity, ud, through the 

reactor bed and the factor p equal to the term inside brackets on the right -hand si de. The factor 

p expresses the probability that a tracer molecule is present in the gas flow and a factor ( 1-p) 
expresses the probability for a tracer molecule to be present inside a pellet Both the probability 

factor p and the interstitial velocity are a function of the temperature, T. In the 

adsorption/desorption experiments, the flow rate through the bed is controlled by a mass flow 

controller, which is at room temperature, Troom (in Kelvin). When the reactor is at a higher 

temperature, Treactor' the flow rate (in cm3/min) through the reactor, c/Jreactor' can be related to the 

flow rate at room temperature, c/Jroom' using the ideal gas law, through 

T 
f/J f/J reactor 

reactor - room T 
room 

The interstitial velocity (ud in cm/s) through the reactor bedcanthen be calculated from 

f/Jroom Treactor u = -----
d 60Ae T 

room 

in which A is the area of the reactor tube and eis the void fraction of the reactor bed. 

(3.46) 

(3.47) 

The dimensionless equilibrium constant, Kc, for adsorption on a crystal, is usually replaced 

by the dimensionless equilibrium constant, KP. This constant is expressed on a pellet volume 

basis 8 

K = e + (1- e )K . p p p c (3.48) 

Provided that KP>> eP ( eP -0.4 ), this constant can be expressed as a function of the temperature 

K = B exp( - JHa l , (3.49) 
P RT 

in which B is a dimensionless constant reflecting the entropy of adsorption, JHa (in J/mol) is the 

heat of adsorption, R (J/mol·K) is the gas constant and T (K) is the absolute temperature. Using 
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this equilibrium constant and provided that (1-e)KP/e >> 1 (e-0.4 and KP-103 in the 

experiments of chapter 5), f3 can be written as ( see appendix A.1.1) 

/i = ( 1 ~er K; l (3.50) 

Using formula 3.48, 3.49 and 3.50, the equations of formula 3.45 can be rewritten as 

Utracer 1 ( LJH l 
-u - = (l-ee) B exp RTa ' 

carrier 

or 

LJHa 
ln f3 = -- + constant. 

RT 
(3.51) 

The constant is equal to the naturallogarithm of the pre-exponential factor. This formula is called 

the Van 't Hoff isochore. When the speed of the active labelled pulseis measured as a function 

of the temperature, the heat of adsorption of the tracer on the zeolite can be calculated from the 

slope of an Arrhenius plot of ln/3 versus 1/T. 

3.3.3 Simplified model for dispersion in zeolites. 

Provided that KP>> eP and e/(1-e)KP << 1, the dispersion coefficient of the tracer pulse can be 

expressed as ( see appendix A.l.1) 

1 LJ,u -3 LJa2 2 e R RP Re 

l l ( l[ 2 2 l 
2 ( Llx ( Llx = /i DL + ud 1- e 3;

1 
+ !SepP + i5Kp, ' 

(3.52) 

The first term inside brackets on the right-hand side describes axial dispersion (see sub-section 

3.2.2), the second describes mass transfer resistance, due to external film resistance, macropare 

diffusion and micropare diffusion. 

The set coupled partial differential equations of sub-section 3.3.1 can be simplified by making 

two assumptions. First, assuming that the mean concentration, Q, of tracer molecules inside the 

pelletscan be written as (see appendix A.l.2) 

Q =Kc 
p ' (3.53) 

which means that the average tracer concentration inside a pellet is proportional tothetracer 

con centration in the gas flow. The second assumption is that the dispersion of the tracer pul se 

can be described by a single lumped dispersion coefficient, D1ump· This lumped dispersion 
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coefficient includes a term for the longitudinal dispersion and a term for the mass transfer 

resistance ofthe porous pellets. Thesetof differential equations, described in sub-section 3.3.1, 

can then be replaced by a single equation that describes the gas phase concentration in the pores 

of the column. This equation is similar to formula 3.44a, with Q replaced by KPc and DL 

exchanged by Dtump' and can be written as (see appendix A.1.3) 

ac = f3D a2
c f3u ac 

at lump ax2 d ax . (3.54) 

Because the radial concentration gradients are assumed to be small, this differential equation also 

governs the mean concentration, cm, over the cross-section of the tube. When the coordinate 

transformation (=x- f3udt is used, the equation for cm is equivalent to formula 3.12. When a 

delta-pulse, with a surface density c0, is introduced at x= 0 and t = 0, the salution for the tracer 

concentration is (see formula 3.15) 

(3.55) 

It can be shown that the velocity of the pulse for this simplified model is the same as the 

expression in formula 3.45. In order to match the dispersion coefficient we must set 

2 
( e l ( R R: R~ l D =D +u -- __E_+ + 

lump L d 1-e 3k 15eD 15K D . 
f p p p c 

(3.56) 

Thus, when it is possible to describe a concentration profile with formula 3.55, f3Dtump and f3ud 

can be extracted. From the tracer velocity, f3ud, and the interstitial velocity, ud, the probability 

factor f3 can be calculated. The value for the lumped dispersion coefficient, D1ump' can be 

determined from f3Dtump and the calculated value for {J. 
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3.4 Summary. 

In this chapter, some models for dispersion have been introduced. In section 3.1 has been 

described a model for dispersion in a capillary tube, the Aris solution. Insection 3.2 has been 

described a model for dispersion in a packed bed of nonporous, nonadsorbing particles. An 

empirica! model is introduced that includes molecular diffusion and eddy diffusion. In section 

3.3 has been described dispersion in a packed bed of porous, adsorbing particles. A simplified 

model is introduced that describes the dispersion in such a bed, using a single partial differential 

equation. These three models for dispersion are solved analytically, for the initia! condition that 

the tracer is introduced as a delta-pulse. The solution for the mean tracer concentration, cm, as a 

function of position x, and time t, is given by 

cm(x,t) = co 1 exp(- (x- ut)2l· 
J4rr.Dt 4Dt 

(3.57) 

In this equation, D is the dispersion coefficient and u is the velocity of the tracer pulse. In the 

experimentsof chapter 4, Dandurepresent K and urn (empty tube) or DL and ud (tube filled with 

glass beads). In the experimentsof chapter 5, those parameters represent Dtump and u,racer· This 

analytica! function can be used to describe the count rate profiles that are measured using the 

PEP detector. 
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Dispersion of inert gases. 

The experirnents of this chapter are carried out with an inert tracer, which is rnoving through an 

ernpty glass tube or through a tube filled with glass beads. These experirnents correspond to 

group 1 and 2 of chapter 3. The purpose of these experirnents is to quantify the effect of 

dispersion in nonporous, nonadsorbing packed beds. Section 4.1 characterizes the experirnents, 

the setup of the experiments is shown and the injection method of the labelled pulse into the 

glass tube is explained. Section 4.2 introduces the method that is used to calculate the dispersion 

coefficient from the measured activity profiles. Section 4.3 describes the experiments with an 

empty tube and section 4.4 describes the experiments with a tube filled with glass beads. 

4.1 General description of the experiments. 

Experirnents are done to calculate the dispersion coefficient in two situations, in the situation of 

an empty glass tube and in the situation of a glass tube filled with small glass beads. The setup 

of the experiments with glass beads is schematically shown in figure 4.1. The glass tube has an 

intemal diameter, d1, of 1 cm and a totallength, L, of 38 cm. The intemal diameter of the teflon 

tube is 1.6 mrn. The glass beads have a diameter, dP, of approximately 1 mm, so the ratio of the 

diameter of the tube and the diameter of the beads, dJdP, is around 10. In these experiments, a 

detector configuration with a distance of 2.5 cm between two elements is used. With 9 detection 

elements per bank, this wide configuration has a totallength of 21 cm. This wide configuration 

is used to rneasure appreciable effects caused by dispersion. The inlet and outlet sections (the 

parts of the tube before and after the PEP detector) have a lengthof 9 cm. These sections are used 

in order to be able to neglect entrance effects and end effects. 
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Figure 4.1 Setup of the reactor inside the PEP detector. 
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Figure 4.2 Injection of 11C02• 

In the experiments a small tracer pulse of labelled carbon dioxide is injected into a constant 

flow of helium and carbon dioxide, which is controlled by mass flow controllers (MFC). Thus, 

the tracer pulse is diffusing through a uniform multicomponent mixture and the molecular 

diffusion coefficient of the tracer has to be calculated using formula 3.6. The constant flow of 

carbon dioxide is added to the helium to minirnize adsorption of the tracer pulse to the glass. To 

investigate the velocity dependenee of the effective diffusion coefficient (see formula 3.17), the 

flow rate through the tube is varied. To do this, only the flow rate of the helium is varied and the 

flow rate of the carbon dioxide is taken constant. Consequently, the composition of the mixture 

and also the molecular diffusion coefficient of the tracer in the mixture is different in every 

experiment. Figure 4.2 gives a simplified picture of the injection method. The production of the 
11C02 in the bunker is described in section 2.3. First, the activity is transported from the 

production site in the bunker to the radiochemicallaboratory (b-lab) by a helium flow. This flow 
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is led through the liquid nitrogen (LN2) trap, where the 11C02 is frozen out. When most 11C02 is 

trapped, the helium flow from the bunker is stopped. The trap is flushed using the helium flow 

from the bottie in the b-lab. After flushing, the helium flow is tumed off and the gathered activity 

is estimated using a pocket dosimeter. This estimate is used to calculate the distance between the 

detector banks, at which the maximum allowable reconstruction rate is just reached. After the 

distance between the banks has been adjusted, the cooling spiral is heated. One minute later the 

PEP detector is started and the helium flow through the cooling spiral is tumed on again. The 

helium flow, that comes from the trapand contains the smalllabelled pulse, mixes with the C02 

flow. Thus, a uniform mixture of helium and carbon dioxide transports the activity to the glass 

tube. The tracer pulse is injected into the glass tube, where dispersion will take place. The tracer 

pulse is measured using the PEP detector in the wide configuration. 

4.2 Calcola ti on of the dispersion coefficient. 

The distri bution of the tracer, as a function of position and time, is measured by the PEP detector. 

The measured count rate profiles can be described by the analytica! solution, which is given by 

formula 3.57. By fitting the measured data to this analytica! function, values for the dispersion 

coefficient, D, the velocity of the pulse, u, and the area of the tracer pulse, c0, can be calculated. 

In the different sets of experiments, D and u represent K and um ( experiments with an empty 

tube), DL and ud (experiments with glass beads) and Dtump and utracer (experiments of chapter 5). 

The fits are performed using the software package MATLAB. Sub-section 4.2.1 introduces the 

fitting procedure, the fitting function and the fitting parameters. Also, the Marquardt methad is 

introduced, which is used in MATLAB to execute the fits. The dispersion coefficient and the 

velocity of the tracer pulse can also be calculated from the mean times and the variances of the 

measured tracer pulses (see formula 3.22 and 3.23). Sub-section 4.2.2 describes the procedure 

to extract the mean time and the varianee from a measured count rate profile. 

4.2.1 Fitting procedure. 

Before the measured data can be fitted to the analytica! function, the measured count rates are 

corrected for decay and normalized: all count rates are divided by the maximum count rate of the 

first measuring section. The time at this maximum is defined as t = 0 and the position of the first 

section as x= 0. The positions of all other sections are determined by the distance between two 

detection elements. In order to be able to execute the fits, also a few additional parameters are 

introduced into the analytica! function of formula 3.57. The function used in all fits is 
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[ 
1 ( (x' ut')

2ll cm(x,t) = c
0

(x) bg + exp - , . 
J4nDt' 4Dt 

(4.1) 

In this formula Dis the dispersion coefficient, u is the velocity of the tracer pulse, co(x) is the 

area of the count rate profile at a certain position x and cm(x,t) is the count rate at position x and 

time t. For every measuring section a different c0 is used in order to account for differences in 

sensitivity of the different sections. Constant bg describes a constant background in all count rate 

profiles. The definitions of x' and t' are 

x' = x - x
0

, (4.2) 

t' = t + t0 + dt . (4.3) 

In these formulae, x0 is the position at which the artificial delta-pulse is introduced, t0 is the 

difference between the time at which the delta-pulse is introduced at x = x0 and the time at which 

the analytica! function reaches its maximum at x= 0. The parameter dt is introduced in t' because 

of the statistica! variation of the number of decays. The parameter t0 is a complicated function 

of K, urn and x0 and is defined as 

t0 = V(Diu 2
)

2 + (xofu) 2 
- Dlu 2

• (4.4) 

The use of the additional parameter dt is explained in figure 4.3. In the fitting function dt 

accounts for a possible difference between the time at the maximum of the fitted profile (in 

figure 4.3 at t = -12 s) and the time at the maximum of the measured profile (t = 0 s). 

0 10 20 30 40 
time [s] 

Figure 4.3 Measured (-) and fitted count rate 
profile ( --), using the additional parameter dt. 

The values of 5 parameters (D, u, x0, dt and bg) are the same for every position and each time. 

The parameter c0 however, varies per measuring section. In the case of 9 detection elements per 

bank the number of measuring sections is equal to 17, so the total number of fitted parameters 
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is equal to 22. 

The fitting function, as stated in formula 4.1, is a function of both position and time and is 

linear in the parameters c0 and bg, but is non-linear in the parameters D, u, x0 and dt. Because of 

this non-linearity the analytica} method of linear least-squares fitting is not valid. Instead, 

numerical approximation methods have to be used. In these methods, the goodness-of-fit 

parameter X2 is used 22 

(4.5) 

where i, j, m and n are integers expressing position, time, number of positions and number of 

times respectively. Tbe measured count rate of tbe PEP detector at position i and time j is 

expressed by cdata(i,j) and the calculated count rate (formula 4.1) by cmodetCi,j). Tbe parameter z2 

is a function of all parameters D, u, co(x), x0 , dt and bg. Several numerical metbodscan be used 

to searcb for tbe minimum of z2
, sucb as tbe gradient-searcb metbod, expansion metbods and 

tbe Marquardt metbod. Tbis Marquardt method combines tbe advantages of tbe gradient-searcb 

metbod and the first order Taylor expansion method. The first metbod is effective far away from 

the minimum of x 2
, wbere the gradient is large. Tbe latter can only be used close to tbe 

minimum, because tbe first order expansion is only valid in tbe intermediate neigbbourhood of 

tbe minimum. Tberefore, tbis Marquardt algoritbm bebaves like a gradient searcb for tbe first 

part of a searcb and more like an analytica} function as tbe searcb converges. Tbe Marquardt 

metbod is tbe most complicated, but also tbe most efficient and reliable fitting metbod. For tbis 

reason tbe Marquardt fitting metbod is used in the fits described in tbis work. 

4.2.2 Moment analysis. 

An alternative metbod to calculate tbe velocity of a tracer pulse and tbe dispersion coefficient 

is tbe moment analysis tecbnique. In tbis tecbnique, tbe mean times and tbe variances of tbe 

count rate profiles are determined as a function of position (see formula 3.22 and 3.23). In order 

to calculate tbe mean time and tbe varianee of a measured count rate profile, only a time interval 

Llt, witb times from t = t1 to t = t2, of tbe pulse is used. Wben tmax is tbe time at tbe maximum of 

tbe smootbed count rate profile (using a Savitzky-Golay smootbing filter of order 4), t1 and t2 are 

defined as t1 = tmax -n1a1 and t2 = tmax +n2a2• Tbe parameters n1 and n2 are numbers tbat determine 

tbe widtb of tbe time interval. In tbe calculations tbat are shown in section 4.4, n 1 = 3 and n2 = 4 

are used. Tbe parameters a1 and a2 are defined as a1 = (tmax- t3)/1.175 and a2 = (t4 - tmax)/1.175, 

witb (t4 - t3) = FWHM of tbe smootbed count rate profile. Also a linear background is subtracted. 

Tbis metbod to calculate tbe moments of a count rate profile is visualised in figure 4.4. 
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70 

max 

Figure 4.4 Method to determine the mean time and 
the varianee of a count rate profile, with n 1 = 2 and 
n2 = 3. 

The velocity of the pulse can be calculated from the mean times of the count rate profiles by 

drawing the position as a function of the mean time and fitting a straight line through the points. 

When a is the slope of the fitted line, the velocity of the pulse, u, is equal toa (see formula 3.22). 

The dispersion coefficient, D, can be calculated from the variances, by drawing the varianee as 

a function of the position and fitting a straight line through the points. When the slope of the 

fitted line is equal toa, the dispersion coefficient is defined as D = !u3a (see formula 3.23). 

4.3 Experiments with an empty tube. 

To investigate velocity dependenee of the dispersion coefficient in an empty tube, 10 

experiments (A,C-G,I-L) are done. The helium flow is varied from approximately 5 to 40 

cm3/min, in steps of 5 cm3/min and the carbon dioxide flow is approximately 1 cm3/min in every 

experiment. Experiments D and F are repeated in experiments K and L. All experiments are done 

at a temperature of 25 degrees Celsius. After the experiments, the mass flow controllers are 

calibrated with a flow metre. The parameters of these experiments are chosen such that it is 

possible to measure the pulse accurately, in a region as close as possible to the region where the 

Taylor-Aris solution is applicable (see figure 3.3). This gives the limitation that only low flow 

rates can be used. A tube with a diameter of 1 cm is used, because this tube is also used in other 

experiments that are not described in this work. 

Figure 4.5 and 4.6 show the evolution of the 11C02 pulse in an empty tube, as a function of 

position and time, for 2 different experiments. Figure 4.5 is an experiment at a helium flow rate 

of 15 cm3/min and figure 4.6 at 40 cm3/min. In these figures, the horizontal and vertical axes 

represent the position of the 17 measuring sections along the tube and the time of the 
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measurement respectively. The colours represent the measured count rates of the PEP detector, 

which are reconstructed using the minimal mode of reconstruction (see section 2.3). 
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Figure 4.5 Dispersion of an "C02 pulse in an empty 
tube. Helium flow rate: 15 cm3/min. 
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Figure 4.6 Dispersion of an 11C02 pulse in an empty 
tube. Helium flow rate: 40 cm3/min. 

The mean velocity, with which the pulse moves through the glass tube, can be determined 

qualitatively from these figures. In figure 4.5, the maximum of the pulse appears in the detector 

at t "" 15 s and disappears again at t "" 70 s. From these numbers the mean velocity, uw can be 

estimated as 20cm/55 s = 0.4 cm/s. For figure 4.6, the mean velocity can be estimated as 0.8 

cm/s. The difference between the two veloeities is obviously caused by differences in the flow 

rate, 16 and 41 cm3/min respectively. The difference in the pulse width of theseexperimentsis 

mainly cause by a difference in the velocity. From formula 3.23 can beseen that Lla2/Lix is 

proportional to um3
, in which Llx can be approximated by the distance from the injection point 

of the delta pulse (x = x0) to the beginning of the detector (x = 0) and the varianee of the 

delta-pulse is equal to 0. 

The dispersion coefficients cannot easily be determined from these figures. In order to 

calculate these coefficients, the full data set of every experiment is fitted to the function 

described in formula 4.1. These fits result in values for D, u, x0, dt, bg and c0(x). In the 

experiments of this section, D represents the effective diffusion coefficient, K, and u represents 

the mean velocity, um (see formula 3.19). 
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4.3.1 Results. 

Some curves that result from these fits are shown in figure 4.7 to 4.8. The data displayed is taken 

from the first and the last measuring section of the experiments in figure 4.5 and 4.6. In every 

figure, two plots are displayed. The upper plot shows the curves of the measured and calculated 

count rate as a function of time. The lower plot shows the residue of those curves, divided by the 

sigma of the measured count rate. 
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Figure 4. 7 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 15 cm31min; x= 0 cm. 
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Figure 4.9 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 40 cm31min; x= 0 cm. 
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Figure 4.8 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 15 cm31min; x= 20 cm. 
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Figure 4.10 Measured count rate (--) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 40 cm31min; x= 20 cm. 

Cernparing figure 4.7 and 4.8 to figure 4.9 and 4.10, one can see that the pulse moves through 

the tube more quickly at a higher flow rate. Also, the fit of the upper experiment seems to be 

better than the fit of the lower experiment. This effect is mainly caused by the lower retentien 
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time, the time the tracer pulse is present inside the PEP detector, of the pulse and consequently 

a lower number of sampling points. Camparing the figures on the left to those on the right, can 

be seen that the pulse is narrower in the first measuring section than in the last one. This effect 

is caused by dispersion in the empty tube. 

The important parameters are the effective diffusion coefficient, K, and the mean velocity, urn. 

These fitted parameters are given in appendix A.2.1. From the fitted parameters can be calculated 

the dimensionless time, t*, the Peelet number, Pe, and the Reynolds number, Re, as defined in 

sub-section 3.1.4. The elapsed time, t, in formula 3.24 is estimated as t = -xofurn. The value for 

the molecular diffusion coefficient, DM, of 11C02 in the binary mixture, is calculated using 

formula 3.3 and 3.6. The three dimensionless numbers, t*, Pe and Re, arealso given in appendix 

A.2.1. In the following paragraphs, the values for K and urn resulting from the fits are compared 

to the values obtained from the theoretica! models. 

The mean velocity in an empty tube can be calculated from the flow rate by 

u - 4J 
m - 60A ' (4.6) 

where 4J is the flow rate in cm3/min, A is the area of the tube in cm2 and urn is the mean speed in 

cm/s. The calculated values for the mean velocity, from the fitting procedure and from the 

equation above, are compared in figure 4.11. 
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Figure 4.11 Mean velocity from the fitting procedure 
(x) and from the flow rate ( o ), as a function of the 
flow rate. The lines (-) and ( --) are linear fits of the 
two data sets. 
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Figure 4.12 Effective diffusion coefficient from the 
fitting procedure (x) and from the Aris solution (e-), as 
a function of the flow rate. 

From this figure can be seen that a small difference exists between the curve from the fitting 

procedure and the curve from the flow rate. The slope of these two curves differ 8 %. This 

difference is most likely due to uncertainties in the flow rates. Another possibility is an error in 

the diameter of the glass tube. An error of only half a millimetre in the diameter of the tube is 

sufficient to cause an 8 % difference. The fact that the fitted veloeities are close to the fitted 
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straight line indicates that the fitting procedure can be used to extract the velocity of the tracer 

pulse from the measured count rate profiles, between 5 and 40 cm3/min. 

A comparison between the effective diffusion coefficient from the fitting procedure and the 

values from the Aris solution is shown in figure 4.12. The value for the effective diffusion 

coefficient rises when the flow rate is increased. This can be understood since for Peelet numbers 

in the range of 0.23 to 0.80, the effective coefficient is dominated by the molecular diffusion 

coefficient, DM (see figure 3.2). The molecular diffusion coefficient for eo2 diffusing in He is 

equal to 0.58 cm2/s and for eo2 diffusing in e02 equal to 0.11 cm2/s. eonsequently, the effective 

diffusion coefficient rises when the helium fraction is increased (see formula 3.6). This figure 

indicates that molecular diffusion plays an important role in the dispersion process in an empty 

tube. The fitted values of the effective diffusion coefficient however, differ about 20 % from the 

results of the Aris solution. This difference is most likely caused by the fact that the Peelet 

numbers in the experiments had values between 0.23 and 0.80 and the dimensionless time 

between 22 and 82. fu that region, it is uncertain whether the Aris solution is still applicable, as 

can be seen in figure 3.3. Therefore, the Aris solution can predicta wrong effective diffusion 

coefficient for the experiments of this section. 

Apart from this mismatch in the Peelet number and the dimensionless time, the influence of 

some parameters on the effective diffusion coefficient calculated with the Aris solution can be 

determined. This is useful to investigate possible systematic errors which might have been 

introduced. 

- Uncertainties in the flow rates of helium and carbon dioxide cause a deviation in the 

obtained molecular diffusion coefficients. A carbon dioxide flow of 0.7 cm3/min in stead 

of 1.3 cm3/min would give a 20 % increase for the value of the effective diffusion 

coefficient at low flow rates, but it has almost no influence on the values at high flow rates. 

- A difference in the temperature of 5 oe or a difference in the pressure of 10 mbar can only 

cause a difference in the effective diffusion coefficient of 3 % and 1 % respectively. 

- Another error can be introduced by the fact that the amount of tracer molecules is 

extremely small. When a correction is used for the composition dependenee of the two 

binary diffusion coefficients (D12 for e02 in He and D 13 for e02 in e02), an increase in D 12 

is observed with a maximum of 5 %, while the effect on D13 is negligible. 

- An error can be introduced by the uncertainty of the molecular diffusion coefficient of e02 
in helium, D 12 • In this workis used D 12 = 0.58 cm2/s at 25 oe 7

, but in literature 7 also 

values are given of 0.60 and 0.61 cm2/s. This can cause an increase in the effective 

diffusion coefficient, with a maximum of 5 %. The differences in the value of the 

molecular diffusion coefficient for eo2 in eo2 are negligible. 

- The presence of nitrogen impurities in the constant flow of helium and carbon dioxide can 

not cause an increase in the effective diffusion coefficient, because the molecular diffusion 

coefficient of e02 in N2 is only 0.17 cm2/s. 
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- In the calculation of the effective diffusion coefficient (formula 3.17), a value of 0.02 is 

used for K. Using a value of 0.3, causes an increase of around 20 % in the effective 

diffusion coefficient at high flow rates, it has however, almost no effect on the values at 

low flow rates. 

A test of the fitting method can be carried out by camparing the fitted values for c0 to the 

calibrated sensitivity of all measuring sections. This is done with a line source, containing the 

positron emitter 22Na. In figure 4.13, the calibration of the PEP detector is compared tosome 

fitted values for co(x). The distance between the detector banks is the same for the calibrated 

curve and the curves that result from the fits. 
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Figure 4.13 Sensitivity of the measuring sections 
from the fitting procedure and from the calibration, as 
a function of the number of the measuring section. 

In this figure, the horizontal axis represents the number of the measuring section. The vertical 

axis represents the relative sensitivity of the measuring sections. This figure shows that the 

calculated and calibrated sensitivities show the same trend. This figure shows that for a wide 

detector configuration the maximum differences in sensitivity of the several measuring sections 

are around 20 percent. The measuring sections that have an odd position number have a lower 

sensitivity than the sections with even numbers. 
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4.4 Experiments with a tube filled with glass beads. 

In order to investigate the velocity dependenee of the longitudinal dispersion coefficient, a set 

of experiments is carried out, similar to those described in the previous section, the tube however 

is filled with glass beads. To determine the diameter, dP, of the glass beads, 111 beads are 

measured. The diameter is 1.0 mm with a standard deviation of 0.1 mm. The porosity, e, of the 

packed bed is determined by pouring the glass beads into a measuring cylinder, with a diameter 

of 1.5 cm, and immersing them in water. The porosity is found to be equal to 0.37, which is the 

same porosity as in the experiments of Edwards and Richardson 15 (see section 3.2.2). In 9 

experiments (B,D-K) the helium flow is varied again from 5 to 40 cm3/min, in steps of 5 

cm3/min. The carbon dioxide flow is approximately 1 cm3/min. Experiment B is repeated in 

experiment K. The parameters of these experiments are chosen such that it is possible to measure 

the activity pulse accurately. This condition gives the limitation that only low flow rates can be 

used. Glass beads of this size are used, because in further experiments bed particles will be used 

of about the same diameter. Figure 4.14 and 4.15 show some examples of two experiments, from 

which the flow rates are the same as in figure 4.5 and 4.6 of the previous section. The experiment 

in figure 4.14 is at a helium flow rate of 15 cm3/min and the experiment in figure 4.15 at 40 

cm3/min. The count rates are determined using the minimal mode (see section 2.3). 
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Figure 4.14 Dispersion of an 11C02 pulse in a tube 
tilled with glass beads. Helium flow rate: 15 cm3/min. 
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Figure 4.15 Dispersion of an 11C02 pulse in a tube 
tilled with glass beads. Helium flow rate: 40 cm3/rnin. 
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In these experiments, one detection element is not working. Cernparing figure 4.14 and 4.15 to 

figure 4.5 and 4.6, demonstrates that the interstitial velocity in the experiments of this section is 

around two times higher than the mean velocity in the experiments of the previous section. This 

is caused by the reduced free volume in the tube, which is accounted for by the porosity of the 

packed bed. 

The interstitial velocity with which the tracer pulse moves through the bed of glass beads can 

be determined qualitatively from these figures. This velocity is approximately 0.8 cm/s and 2.0 

cm/s for figure 4.14 and 4.15 respectively. The longitudinal dispersion coefficient is calculated 

by fitting the data to formula 4.1. In these experiments with a packed bed of glass beads, D 

represents the longitudinal dispersion coefficient, Dv and u represents the interstitial velocity, 

ud (see formula 3.29). 

4.4.1 Results. 

Some examples of the measured and fitted count rate profiles are given in figure 4.16 to 4.19. 

These examples are taken from the experiments, that are shown in figure 4.14 and 4.15. Like in 

the experiments with the empty tube of the previous section, the fit of figure 4.16 and 4.17 seems 

to be better than the fit offigure 4.18 and 4.19, which is mainly caused by a shorter retentien 

time and consequently a lower number of sampling points in the pulse. 

100 

~ 80 

~ 60 

8 40 

20 

0o~~-~~-~~25~-~-~3;~-'~1 ~35==~40==~45~50 
time [s] 

-2 

-3ol__j~-1:':-o -1:':-5-2~0--::':25--::':3o----'--'::'::35,----'-''-":4o:--~45~5o 
time [s] 

Figure 4.16 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-) as 
a function of time. 
Helium flow rate: 15 cm3lmin; x= 0 cm. 
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Figure 4.17 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-) as 
a function of time. 
Helium flow rate: 15 cm31min; x= 20 cm. 
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Figure 4.18 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 40 cm31min; x= 0 cm. 
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Figure 4.19 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Helium flow rate: 40 cm31min; x= 20 cm. 

The longitudinal dispersion coefficient, DL, and the interstitial velocity, ud, are obtained from 

the fits and are listed in appendix A.2.2. The Peelet number and the Reynolds number, defined 

in sub-section 3 .2.1, can be calculated using these two parameters and are also summarized in 

the appendix. In the following paragraphs, the fitted DL and ud are compared to the values from 

theory and from the moment analysis technique. 

The moment analysis method (see section 4.2.2) can also be used todetermine the interstitial 

velocity. In figure 4.20 and 4.21, the mean time of the count rate profile is displayed as a function 

of the position of the measuring section. These examples are taken from the two experiments that 

are shown in figure 4.14 and 4.15. 
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Figure 4.20 Position as a function of the mean time. 
The fitted line gives: u11 = 0.30 crn!s. 
Helium flow rate: 15 cm3/min. 
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Figure 4.21 Position as a function of the mean time. 
The fitted line gives: u11 = 2.1 crn/s. 
Helium flow rate: 40 cm3/min. 

These two figures confirm that fora flow rate between 5 and 40 cm3/min, the velocity of the 
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pulse can be determined from the mean times. Figure 4.22 compares the results of this moment 

analysis to the results from the fitting procedure and to the veloeities calculated from the flow 

rate, 

u = d 
cfJ --, 

60Ae 
(4.7) 

in which cfJ is the flow rate in cm3/min, A is the area of the reactor tube, eis the porosity of the 

packed bed and ud is the interstitial velocity in cm/s. 

o~~-~~~~-~~-~-~~ 

0 10 15 20 25 30 35 40 45 
flow rata [cm3/min] 

Figure 4.22 Interstitial velocity from the fitting 
procedure (x), from the mean times(+) and from the 
flow rate ( o ), as a function of the flow rate. The lines 
(-), ( · ··) and ( --) are fits of the data sets. 

As shown in figure 4.22, the moment analysis and the fitting procedure give approximately the 

same results for the interstitial velocity. Similar to the previous section, the veloeities determined 

from the flow rates are 10 % higher. This effect can be caused by an error in the calibration of 

the flow rates or an error in the diameter of the tube, but more probable is an error in the porosity, 

e, of the bed. A porosity of 0.37 is used in formula 4.7 to calculate the interstitial velocity. When 

the porosity is calculated from the slope of the other two curves, the result is e = 0.4. The 

porosity is determined in a measuring cylinder with a larger diameter than the glass tube that is 

used in the experiments (1.5 cm versus 1.0 cm). In the measuring tube, the glass beads are very 

closely packed. In the glass tube that is used in the experiments, the glass beads are probably not 

as closely packed, which causes a higher porosity. The same effect has also been observed by 

Hsu and Haynes 23
• The fitted veloeities are close to the fitted straight line, which indicates that 

the interstitial velocity can be determined using the fitting method between 0 and 2.5 cm/s. 

The moment analysis method (see section 4.2.2) can also be used to determine the 

longitudinal dispersion coefficient. In figure 4.23 and 4.24, the varianee is displayed as a function 

of the position. These examples are taken again from the two experiments that are shown in 
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figure 4.14 and 4.15. These figures show that the accuracy of the moment analysis technique is 

not sufficient to calculate the dispersion coefficient from the variances of the count rate profiles. 

Edwards and Richardson (see section 3.2.2) 15 found that the long tail of the pulse has a 

considerable influence on the value of the varianee of the pulse. Therefore, the method of 

moments is not used in chapter 4 and 5 to calculate the coefficient of dispersion. 
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Figure 4.23 V arianee as a function of the position. 
Helium flow rate: 15 cm3/min. 

Figure 4.24 V arianee as a function of the position. 
Helium flow rate: 40 cm3/min. 

The theoretica! value for the longitudinal dispersion coefficient is calculated using formula 3.40. 

Several authors used this formula to describe the effect of longitudinal dispersion, but every 

author used different values for the coefficients, r; Pero and y. In table 3.2, these coefficients are 

summarized for several models that are based on this formula. In figure 4.25 the calculated 

longitudinal dispersion coefficients from the fitting procedure are compared to the dispersion 

coefficients from the Edwards-Richardson model and the Hsu-Haynes model, both basedon 

formula 3.40. 
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Figure 4.25 Longitudinal dispersion coefficient from 
the fitting procedure (x) and from two models from 
table 3.2. 
Edwards and Richardson (-), Hsu and Haynes (--). 
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Figure 4.25 shows that the dispersion coefficient rises, when the flow rate through the packed 

bed is increased. In the experiments of this section, the Reynolds number has a value between 

0.04 and 0.09 (see appendix A.2.2). Within this range, the longitudinal dispersion coefficient is, 

according to Edwards and Richardson, mostly determined by molecular diffusion (see section 

3.2.2). Because the molecular diffusion coefficient is higher for C02 in helium than for C02 in 

carbon dioxide, the longitudinal dispersion coefficient rises when the flow rate is increased. The 

Hsu-Haynes model gives highervalues for the dispersion coefficient, because in this model the 

eddy diffusion term gives a higher contribution to the dispersion coefficient. The fitting 

procedure does not give results close to the values from the two dispersion models that are 

displayed. Between 5 and 20 cm3/min, the dispersion coefficient decreases slowly from 0.4 to 

0.3 cm2/s, but above 20 cm3/min the dispersion coefficient increases quickly from 0.3 to 0.8 

cm2/s. Figure 4.25 shows that the dispersion measured in the experiments of this section can not 

bedescribed by one of the models that arebasedof formula 3.40. 

Some of the effects that can cause higher experimental dispersion coefficients, such as 

temperature and pressure differences and uncertainties in the flow rates and molecular diffusion 

coefficients, are discussed in sub-section 4.3.1. In the experiments of this section, some other 

effects can occur, such as adsorption of the uC02 tracer to the glass beads and effects caused by 

the wall of the glass tube. 

When adsorption plays a role, the interstitial velocity and the longitudinal dispersion coefficient 

are both corrected for adsorption, by introducing a factor p, which is a probability coefficient for 

adsorption (see section 3.3.1). The interstitial velocity, ud, is replaced by the tracer velocity, Pud, 

and the longitudinal dispersion coefficient, Dv replaced by PDu Because the factorpis always 

smaller than unity, this causes not only a decreasein the fitted velocity but also a decreasein the 

dispersion coefficient, which is the opposite of what is measured in the experiments. Therefore, 

adsorption of the uC02 tracer molecules to the glass beads is unlikely to cause high values of the 

longitudinal dispersion coefficient. 

In the experiments ofEdwards and Richardson 15
, a tube has been used with an intemal diameter, 

d
1
, of 8.3 cm, while in this work, a tube is used with a diameter of 1.0 cm. The partiele diameter, 

dP, is equal to 1.0 mm, so the ratio d/dp is equal to 10 in the experimentsof this section and equal 

to 83 in the work of Edwards and Richardson. Because this ratio is much smaller in the 

experiments of this section, it is possible that effects, that are caused by the wall of the tube, play 

a more important role. Near the wall of the tube the glass beads are less closely packed, which 

introduces extra mixing of the tracer pul se and the constant gas flow. This effect can result in a 

higher dispersion coefficient. 

------------------48------------------



Chapter 5. 

Dispersion in a packed bed of zeolitic pellets. 

In this chapter, some experiments are described in which a tracer gas moves through a packed 

bed of porous, adsorbing zeolitic particles. These experiments belong to the third group that is 

introduced in chapter 3. In the experiments, an inert hydrogen flow transports a tracer pulse of 
11C-n-hexane molecules through a bed of zeolitic particles, where adsorption and desorption 

processes play an important role. The temperature is sufficiently low, to avoid chemical reactions 

to occur. Section 5.1 describes the experiments in general and explains the production and 

injection of 11C-n-hexane. Section 5.2 describes a number of experiments in which the 

temperature of the reactor is varied. The experiments are carried out, in order to determine the 

heat of adsorption forthetracer on the reactor bed. Insection 5.3, a number of experimentsis 

reported in which the flow rate through the reactor is varied. These experiments are carried out 

in order to investigate the influence of the different processes that cause dispersion. 

5.1 General description of the experiments. 

In all experiments described in this chapter, only a part of the glass tube is filled with a packed 

bed. The lengthof the reactor bed, L, is typically 42 mm, the rest of the tube is empty. The 

labelled tracerpulseis measured using the PEP detector in its narrowest configuration, with 0.6 

cm between two neighbouring detection elements. With 9 detection elements per bank this 

configuration has a total length of 54 mm, so the length of the reactor bed is smaller than the 

length of the PEP detector. The setup of the reactor inside the PEP detector is schematically 

shown in figure 5.1. The lengthof the glass tube is equal to 40 cm and the internal diameter, dl' 

of the tube is equal to 4.0 mm. The particles of the reactor bed have a diameter, dP, between 250 

and 500 Jlm, so the ratio dJdP is approximately equal to 11. The void fraction, e, of the reactor 

bed is estimated to be 0.4. 
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Figure 5.1 Setup of the reactor inside the PEP detector. 
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In these experiments, a small, narrow tracer pulse, with a length of typically 1 second, of 
11e-n-hexane is injected into a constant flow of hydrogen. This hydrogen flow leads the tracer 

pulse through the reactor. Figure 5.2 shows a simplified picture of the production and injection 

of 11e-n-hexane. The production of 11e02 in the bunker is explained insection 2.2. A helium 

flow transports the produced 11e02 from the production site in the bunker to the radiochemical 

laboratory (b-lab). The 11e02 is led over a vanadium promoted Ru/Si02 catalyst. In this oven, 

which is at a temperature of 350 oe, the 11e02 is adsorbed. The adsorbed activity is monitored 

using a Geiger-Müller (GM) tube. When the signalof the GM tube reaches its maximum, the 

adsorption is stopped. The temperature is then rapidly reduced to 110 oe and 1-pentene is pulsed 
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over the catalyst. Subsequently, hydrogen is pulsed over the catalyst and hydrogenation takes 

place. This process, which is called a homologation process, produces several alkanes with 

different chain lengtbs and it has been optimized for the production of labelled n-hexane. Only 

a fraction of ~ 1 o-9 of these products is labelled with I c atoms. A helium flow transports the 

reaction products to the first liquid nitrogen (LN2) trap, in which the alkanes are frozen out. 

When all activity is collected, the trap is flash-heated and the narrow pulse of products is injected 

into a gas chromatograph (GC), using a hydrogen flow. In the CG the products are separated and 

theemerging alkanes are measured using a thermal conductivity detector (TCD) and Nal detector 

2. An example of the signal of the Nal detector is shown in figure 5.3. The pulses are the 

different alkanes that are separated using the GC column. The numbers represent: 1. methane, 

ethane and propane; 2. n-butane; 3. 2-methyl-butane; 4. n-pentane; 5. 2-methyl-pentane; 

6. 3-methyl-pentane; 7. n-hexane. 

~~~~~.---~,0---~15 
lime aftar GC injection [min] 

Figure 5.3 Signa! of Nal scintillator 
detector number 2. 

The fraction of n-hexane is subsequently frozen out in the second LN2 trap. The amount of 

labelled n-hexane is estimated using the height ofthe 2-methyl-pentane pulsein the signal ofNal 

detector 2 (peak number 5 in figure 5.3). This estimate is used todetermine the distance between 

the two detector banks of the PEP detector, so that the maximum allowable reconstruction rate 

is not reached. After the distance has been adjusted, the trap is flash-heated. The narrow pulse 

( containing ~ 1 o-IS mole labelled molecules and - 1 o-6 mole nonlabelled molecules) is transported 

to the reactor using a hydrogen flow. The movement of this pul se through the reactor bed is 

measured using the PEP detector. 

5.2 Variation of the temperature. 

In order to calculate the heat of adsorption for the tracer on the reactor bed, the temperature of 

the reactor is varied. For every temperature, the velocity of the tracer pul se through the reactor 

bed can be calculated and from the temperature dependenee of this velocity, the heat of 
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adsorption can be calculated. In this section, five sets of experiments are described, from which 

the parameters are summarized in the table 5.1. 

Table 5.1 Flow rate and temperatures for different sets of experiments. 
i 

I 
i tracer reactor bed hydrogen flow rate temperature 
I 

; (cm3/min) COC) I : 
··-t-· 

I I n-hexane H-Mordenite 150 150- 250 I 

I 
n-hexane H-Ferrierite 150 130- 230 

n-hexane H-ZSM-5 150 150- 210 

n-hexane silica 20 70- 150 

2-methyl-pentane I H-Mordenite 150 150- 240 

The diameter of the bed particles ranges from 250 to 500 11m. In the last set, a tracer of 

2-methyl-pentane is used insteadof n-hexane. The production of 2-methyl-pentane is similar to 

that of n-hexane, only a different fraction of the GC output is frozen out in the second LN2 trap. 

The flow rate and the temperatures for the experiments with silica are significantly lower, in 

order to obtain sufficient sampling points during the passage of the tracer pulse through the bed. 

At a temperature of 150 °C, the tracerpulseis present in the bed of silica for only a few seconds. 

Figure 5.4 and 5.5 illustrate some experiments with H-Mordenite. Figure 5.4 is the experiment 

at a temperature of 150 degrees Celsius and figure 5.5 at 250 degrees Celsius. The count rates 

are reconstructed using the maximal mode of reconstruction (see section 2.3). 

These two figures demonstrate that an increase of the temperature results in a higher velocity 

of the tracer pulse through the bed. A qualitatively understanding can be obtained by consictering 

that the velocity of the tracer pulse, utracer' is approximately proportional toKP-I (see formula 

3.45b and 3.50). When the temperature rises, KP decreases, which results in an increase of the 

tracer velocity. 

The velocity with which the tracer pulse moves through the bed is calculated by fitting the 

analytica! function that is described in formula 4.1 to the measured data. Each fit results in a 

value for the dispersion coefficient, D, and the velocity of the tracer pulse, u. In these 

experiments, D represents f3Dtump and u represents {Jud (see formula 3.55). 
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Figure 5.4 Dispersion of an llC-n-hexane pulse in 
H-Mordenite. Temperature: 150 oe. 

5.2.1 Results. 
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Figure 5.5 Dispersion of an llC-n-hexane pulse in 
H-Mordenite. Temperature: 150 oe. 

Figure 5.6 to 5.9 showsome examples of the fits that are carried out with the experimentsof this 

section. In every figure, two plots are shown. The upper plot shows the measured and fitted count 

rates, the lower shows the difference between those two curves, divided by the square root of the 

measured count rate. Figure 5.6 and 5.8 show the count rate profiles at the beginning of the 

reactor bed, figure 5.7 and 5.9 at the end of the bed. These curves are taken from the two 

experiments that are shown in figure 5.4 and 5.5. 
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Figure 5.8 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Temperature: 230 oe; x= 0.3 cm. 
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Figure 5. 7 Measured count rate ( --) and fitted count 
rate (-)as a function of time. Residue I sigma(-), as 
a function of time. 
Temperature: 150 oe; x= 2.1 cm. 
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Figure 5.9 Measured count rate ( --) and fitted count 
rate (-)as a function of time. Residue I sigma(-), as 
a function of time. 
Temperature: 230 oe; x= 2.1 cm. 

These fits result in values for f3Dtump and f3ud. From these numbers and the interstitial velocity, 

ud, the values for f3 and Dtump can be calculated. The results are summarized in appendix A.2.3. 

The heat of adsorption, iJHa, can be calculated from the temperature dependenee of /3, using an 

Arrhenius plot of -ln(/3) as a function of 1000/T. The slope of such a curve, multiplied by the 

gas constant R, gives the heat of adsorption in kJ/mole. In figures 5.10 to 5.14, these plots are 

shown for every set of experiments. 
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Figure 5.10 Tracer of n-hexane on H-Mordenite. 

10,----.,.---~-~-~-~-~-----, 

9.5 

7.5 

l~o5--:2~.1-~2~.15~-,~.,--=2~.25~~2.3~-2~.3~5~2.4 
1000!T [11K] 

Figure 5.12 Tracer ofn-hexane on H-ZSM-5. 
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Figure 5.14 Tracer of 2-methyl-pentane on 
H-Mordenite. 
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Figure 5.11 Tracer of n-hexane on H-Ferrierite. 
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Figure 5.13 Tracer of n-hexane on silica. 

In the silica experiments, only 3 points are used to determine the slope of the straight line. The 

retention time, which is the time that the pulse is present inside the packed bed, is too short to 

measure the pulse accurately at the highest temperatures. In table 5.2, the calculated heats of 

adsorption from the Arrhenius plots are compared to the values that are determined using 

calorimetry. Two values are given for the micropore size, because in the zeolitic crystals, 

channels exist with different dimensions. 
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Table 5.2 Comparison of the heat of adsorption for different sets of experiments. 

I 
heat of adsorption 

tracer I reactor bed micropare size 24 (kJ/mole) 
(Ä) 

I 

I Arrhenius plot calmimetry 

n-hexane H-Mordenite 6.5 x 7.0; 2.6 x 5.7 - 62 - 69 25 

I 
- 87 26 I 

I 

n-hexane H-Ferrierite 4.2 x 5.4; 3.5 x 4.8 - 68 

I n-hexane H-ZSM-5 -70 - 82 25 5.3 x 5.6; 5.1 x 5.5 

I 

2
-«> n-hcx""' 

silica no mieropmes - 36 - 37 27 

~~~yl-pentane H-Mordenite 6.5 x 7.0; 2.6 x 5.7 - 62 - 61 25 

By camparing the results from the Arrhenius plots and the results from calorimetry, it can be 

concluded that the calorimetrie technique gives higher results for the heat of adsorption. This 

difference is very small for silica, but it is large for H-Ferrierite and H-ZSM-5. Differences rnight 

be explained from the micropare size of the crystals. When the micropores are very large 

compared to the size of n-hexane (the molecular cross section of n-hexane is 3.9 x 4.3 A 28
), the 

n-hexane moleculescan easily enter these micropores and can be adsorbed inside these pores. 

In calorimetry, the heat of adsorption of this process is measured. When the micropores become 

smaller, the molecules can less easily enter the micropores, so adsorption on the surface of the 

crystals can start to play a role, from which the heat of adsorption is much smaller than the heat 

of adsorption inside the micropores. When a substantial part of the molecules is adsorbed on the 

surface of the crystals, a heat of adsorption is measured that is an average of the heat of 

adsorption on the surface of the crystals and the heat of adsorption inside the crystals. The 

resulting value is smaller than the heat of adsorption measured using calorimetry. 

For the experiment with silica, the two values for the heat of adsorption agree. In silica no 

micropores exists, so the tracer molecules can easily reach the available adsorption sites. The 

zeolite H-Mordenite contains rnicropores from which the size is relatively large, so only a small 

deviation from the result of calorimetry is measured. In H-ZSM-5 and H-Ferrierite, the 

micropores are much smaller, so the deviation from the calorimetrie results are larger. The value 

of the heat of adsorption for 2-methyl-pentane however, agrees with the calorimetrie value, while 

a deviation is expected which is about the same as the deviation in the experiment with n-hexane 

on H-Mordenite. This result can not be explained from the size of the micropores. 

Another effect that can have an influence on the calculated values for the heat of adsorption, 

is nonlinearity of the adsorption equilibrium. When the number of adsorption sites is smaller than 

the number of available molecules, the concentration of adsorbed molecules is not proportional 

to the gas phase concentration (see formula 3.41d). The number of n-hexane molecules in the 

pulseis around 2·10-6 mole (nonlabelled -2·10-6 mole and labelled -10- 15 mole). In the first part 

of the reactor bed, the pulse has a FWHM of approximately 6 mm. Thus, the concentration of 
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n-hexane molecules is around 3·10-7 mole/mm. In 1 gram H-Mordenite can be adsorbed 

approximately 8·1 o-4 mole of hexane. The reactor bed, which has a length of 42 mm, contains 

approximately 0.1 gram H-Mordenite. Thus, the maximum concentration of adsorbed n-hexane 

is approximately 0.1·8·10-4/42 = 2·10-6 mole/mm. This maximum concentration is approximately 

10 times larger than the estimated concentration in the first part of the bed. Therefore, the 

assumption of a linear adsorption equilibrium may not be valid. 

The number of available adsorption sites can also be reduced when the n-hexane molecules 

present inside the micropores block these pores for adsorption of other n-hexane molecules. 

Therefore, only a part of the n-hexane molecules can be adsorbed inside micropores, which 

causes a lower heat of adsorption. 

5.3 Variation of the flow rate. 

In order to determine the influence of the different terms in the equation for the lumped 

dispersion coefficient (formula 3.56), the flow rate through the reactor is varied. For every 

experiment the lumped dispersion coefficient is determined. From the velocity dependenee of 

the dispersion coefficient, theseparate termsof formula 3.56 can be evaluated. In this section, 

three sets of experiments are described, from which the parameters are summarized in table 5.3. 

Table 5.3 Flow rates and temperature for different sets of experiments. 

tra~r l- reactor bed hydrogen flow rate temperature 
(cm3/min) CC) 

H-Mordenite 25- 100 210 -hexane I 

-hexane , H-Mordenite 25- 125 230 

n 

n 
I 
i 

n -hexane ! H-Ferrierite 25- 150 170 

The diameter ofthe bed particles ranges from 250 to 500 J.lm. Figure 5.15 and 5.16 showsome 

examples ofthe H-Mordenite experiments at 230 °C. Figure 5.15 is an experiment at a hydragen 

flow rate of 25 cm3/min and figure 5.16 at 125 cm3/min. The count rates are reconstructed using 

the maximal mode of reconstruction (see section 2.3). 
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Figure 5.15 Dispersion of an 11C-n-hexane pulsein 
H-Mordenite. Hydrogen flow rate: 25 cm3/min. 
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Figure 5.16 Dispersion of an 11C-n-hexane pulse in 
H-Mordenite. Hydrogen flow rate: 125 cm3/min. 

The fitting function, described in formula 4.1, is fitted to the full data set of all experiments. 

This results in values for the dispersion coefficient, D, and the tracer pulse velocity, u. Por these 

experiments, D represents f3D1ump and u represents /)ud (see formula 3.55). 

5.3.1 Results. 

Pi gure 5.17 to 5.20 show examples of the fits. These fitted curves are taken from the experiments 

shown in figure 5.15 and 5.16. Figure 5.17 and 5.18 show the experiment at 25 cm3/min 

hydrogen. Figure 5.19 and 5.20, show the experiment at 125 cm3/min. Figure 5.17 and 5.19 are 

taken from a measuring section at the beginning of the bed, figure 5.18 and 5.20 at the end of the 

bed. 
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Figure 5.17 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Hydrogen flow rate: 25 cm31min; x= 0.3 cm. 
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Figure 5.19 Measured count rate ( --) and fitted count 
rate (-) as a function of time. Residue I sigma (-), as 
a function of time. 
Hydrogen flow rate: 125 cm31min; x= 0.3 cm. 
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Figure 5.18 Measured count rate ( --) and fitted count 
rate (-)as a function of time. Residue I sigma(-), as 
a function of time. 
Hydrogen flow rate: 25 cm31min; x= 3.1 cm. 
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Figure 5.20 Measured count rate ( --) and fitted count 
rate (-)as a function of time. Residue I sigma(-), as 
a function of time. 
Hydrogen flow rate: 125 cm3lmin; x= 3.1 cm. 

The parameters f3D1wnp and f3ud can be obtained from these fits. The interstitial velocity, ud, can 

be calculated from the flow rate and the temperature, according to formula 3.47. From f3ud and 

ud can be calculated the value for f3, which is used again to determine the value for D1ump· The 

results are summarized in appendix A.2.4. 

Because the experiments from 25 to 100 cm3/min are carried out at two temperatures, also the 

heat of adsorption can be calculated from these experiments, as is done in the previous section. 

The resulting 4 values for the heat of adsorption can be used to check the results of the previous 

section. The results are shown in the figure 5.21, together with the results ofthe previous section. 
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Figure 5.21 Tracer of n-hexane on H-Mordenite. 
Flow rate experimentsof this section (x); temperature 
experimentsof the previous section (ü). The straight 
lines (-) and ( --) are linear fits of the data sets. 

In figure 5.21 is displayed, the naturallogarithm of {J, the ratio of the tracer velocity and the 

carrier velocity, as a function of 1000/T. The calculated values for jJfrom the experimentsof this 

section are approximately the same for every flow rate, from 25 to 100 cm3/min. This is 

according to the theory in sub-section 3.3.2, because f3 should not bedependenton the flow rate. 

The experiments from the previous section however give somewhat different values. This 

difference can be caused by a difference in the temperature of the bed, but more likely by a 

difference in the void fraction of the bed. A difference in the void fraction of 0.01, or a difference 

in the temperature of 3 oe can explain the differences in the value of {J. Because of this, the 

results from the experiments of the previous section are not used to evaluate the lumped 

dispersion coefficients. 

The lumped dispersion coefficient can be described using a quadratic function of the 

interstitial velocity (see formula 3.56 and 3.39) 

in which the constants c1, c2 and c3 are defined by 

1 
cl = -DM' 

-r 

.}_d 
2 p ' 

(5.1) 

(5.2) 

(5.3) 

(5.4) 

lt is assumed that the contribution ofthe eddy diffusion can be written according to formula 3.38, 

in which the limiting Peelet number, Peoo, is equal to 2. Constant c1 describes the influence of 
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molecular diffusion in the pores of the packed bed, constant c2 describes the influence of eddy 

diffusion in the pores of the packed bed and constant c3 describes the influence of mass transfer 

resistance, caused by the structure of the pellets in the column. This mass transfer resistance is 

constructed by three different terms. The first term of equation 5.4 describes the influence of the 

external film. The second and third term describe the influence of macropore and micropore 

diffusion respectively. 

By fitting this quadratic model to the fitted values of Dtump' the three constants, c1, c2 and c3, 

can be calculated. These parameters determine the influence of the three terms in formula 5.1. 

In figure 5.22 and 5.23, the lumped dispersion coefficient, D 1ump• is shown as a function of the 

interstitial velocity, ud. The quadratic fits are also shown in these figures. 
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Figure 5.22 Fitted lumped dispersion coefficient as 
a function of the interstitial velocity for n-hexane on 
H-Mordenite. 
Temperature = 230 oe (O); temperature = 210 oe (x). 
The lines (-) and ( --) represent the quadratic fits. 
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Figure 5.23 Fitted lumped dispersion coefficient as 
a function of the interstitial velocity for n-hexane on 
H-Ferrierite. 
Temperature = 170 oe (x) The solid line represents 
the quadratic fit. 

Todetermine theoretica} estimates for c1, c2 and c3, the value of the parameters in formula 5.2, 

5.3 and 5.4 has to be estimated. These estimated values are summarized in table 5.4. 

Table 5.4 Estimated parameters for formula 5.2, 5.3 and 5.4. 
~-~- ·-

I reactor bed T e • eP dp d, Df D, DM KP 
(OC) (J.lm) (J.lm) (cm-Is) (cm2/s) (cm2/s) 

---- ----·-----

I 
H-Mordenite 210 0.4 1.5 0.4 375 5 10-1 10-x 0.74 1.2·103 

I 
I 

H-Mordenite I 230 0.4 1.5 0.4 375 5 10-1 10-8 0.80 6.5·102 

H-Ferrierite I 170 0.4 1.5 0.4 375 5 10-1 10-s 0.63 2.6·102 

The value for the molecular diffusion coefficient, DM, for n-hexane in hydrogen is approximated 

using formula 3.3, in which n and D0 are estimated as n = 1.8 and D0 = 0.30 cm2/s 7 at T0 = 20 °C. 

The value for the tortuosity, -r, is estimated from the porosity, using formula 3.32. The value for 

-------------------6]--------------------



--------------------------------Chapter 5. 

the dimensionless equilibrium constant, KP, is calculated from the mean value of fJ, using formula 

3.50. At low Peelet numbers, the coefficient for film resistance is defined by k1 = DMIRP 20
• The 

rnaeropere diffusion coefficient, DP, and the molecular diffusion coefficient, DM, have values of 

the same order of magnitude, because both are diffusion coefficients of the gas phase. The 

mieropere diffusion coefficient, De, however is much smaller, because it is a diffusion coefficient 

for adsorbed molecules. The parameters dP and de are the mean values of the pellet diameter (250 

to 500 f..lill) and the crystal diameter (1 to 10 f..lill) respectively. The parameters from the quadratic 

fit and the theoretica} estimates are summarized in table 5.5. 

Table 5.5 Constauts for the quadratic model D1ump = c1 + c2 ud + c3 u/. For every constant, 2 columns are shown. 
The values in the first column are the results from the quadratic model, the values in the second column are the 
theoretica! estimates. 

1-~ 
----~ _[ 

-~ 

tracer reactor bed T cl c2 cl 
CC) (cm2/s) (cm) (s) 

-hexane H-Mordenite 210 0.65 0.50 2.2·10-2 1.9·10-2 I 6.6·10-4 1.1·10-3 

2.4·10-2 1.9·10-2 
1 6.7·10-4 9.4·10-4 n -hexane H-Mordenite 230 0.63 0.53 

3.4·10-2 1.9·10-2 
i 

2.2·10-3 -hexane H-Ferrierite 170 0.43 0.42 I 1.0·10-3 n 

In the theoretica} estimates, three terms give a contribution to the value of c1: extemal film 

transfer, rnaeropere diffusion and mieropere diffusion. For H-Mordenite, the contributions of 

these three terms are approximately the same (between 25 % and 42 % ). For H-Ferrierite, the 

contribution of mieropere diffusion is only 12 %. From the values in this table can beseen that 

the fitted values of the three constauts are of the sameorder of magnitude as the expected values. 

The uncertainty of the theoretica! estimates however, is large because of the uncertainty of the 

estimated parameters, De, DP' Re, RP' c, CP, DM and -rin formula 4.2 to 4.4. 

- An error in the estimated value for constant c1 can be caused by an inaccuracy of the 

tortuosity and the molecular diffusion coefficient. In literature, the molecular diffusion 

coefficient for n-hexane in hydrogen is only known at room temperatures. To calculate the 

molecular diffusion coefficient at higher temperatures, the value for n in formula 3.3 is 

estimated from the literature value for other gases (n = 1.6- 2.0). Using a value of n = 1.6, 

results in DM= 0.71 cm2/s at 230 oe and using a value of 2.0, results in DM= 0.88 cm2/s. 

- An error in the estimated value for constant c2 can be caused by a wrong value of the 

partiele diameter, dP, which is the mean value of the minimum (250 f..liD) and the maximum 

diameter (500 f..lill). The distribution of the partiele sizes however is not known. An 

increase of the eddy diffusion has also been observed by Hsu and Haynes 23
. 

- An error in the estimated value for constant c3 is mainly caused by inaccuracy of the void 

fractions of the column and the pellets (both between 0.35 and 0.50), by inaccuracy of the 

pellet and crystal diameter and by inaccuracy of the rnaeropere and mieropere diffusion 
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coefficient. From these two coefficients, only the order of magnitude is known. The 

influence of uncertainties in these parameters on the calculated theoretica! estimate of c3 

are summarized in table 5.6. 

Table 5.6 lnfluence of uncertainties in parameters of formula 5.4, on the theoretica! estimate of constant c3 • 

Tracer of n-hexane on H-Mordenite; T = 230 °C. In the calculations, the parameters have the following default 
values· D - 10-8 D - 10-' d -5 11m d -375 11m e- 0 4 and e -0 4 e - , - , e - , -p , ·p- 'p-,-

I I De c~ Df c~ de I 
! (cm2/s) (s) (cm·/s) (s) (J.lm) 

110' 
7·10-4 2·10-2 3·10-3 3 

10-9 5·10-3 5·10-l 8·10-4 7 

c~ dp c~ 

(s) (J.lm) (s) 

8·10-4 350 1·10-3 

2·10-3 400 1·10-3 

c.J 
(s) 

9·10-4 

1·10-3 

0.35 

0.45 

cJ 
(s) 

1·10-3 

1·10-3 

I o . .35 

l_?A5 
----~-----~ 

Not only the calculated theoretica! estimates can be influenced by uncertainties in the 

parameters. The values for c1, c2 and c3 from the quadratic fit can be influenced by uncertainties 

in four parameters: void fraction of the bed, e, temperature of the bed, T, hydrogen flow rate 

through the bed, c/J, and diameter of the tube, d1• These parameters are used to calculate the 

interstitial velocity (see formula 3.47) and this velocity is used in the quadratic fit to calculate 

the constants, c1, c2 and c3. Especially the uncertainties in the flow rate and the void fraction can 

have a considerable effect on the fitted constants. The influences of the void fraction and the flow 

rate are summarized in table 5.7. 

Table 5.7 lnfluence of uncertainties in the void fraction of the bed and the hydragen flow rate, on the fitted 
parameters of formula 5 .1. Tracer of n-hexane on H-Mordenite; T = 230 o C. 

... 

hydragen flow rate e ci c2 cJ 
(cm'/min) (cm2/s) (cm) (s) 

145 0.40 0.45 3.2·10-2 7.4·10-4 

155 0.40 0.90 1.3·10-2 5.8·10-4 

150 0.35 0.75 2.2·10-2 5.8·10-4 

150 0.45 0.58 2.3·10-2 ! 7.4-10-4 
i 

Figure 5.24 and 5.25 show the relative importance of the three terms that contribute to 

dispersion in a packed zeolitic bed, according to formula 5.1 and using the fitted constauts that 

are shown in table 5.5. These figures show that at low flow rates (0 to 20 cm3/min), molecular 

diffusion is the most important process that causes dispersion. For high flow rates (above 80 

cm3/min), mass transfer resistance is the most important factor. Between 10 and 200 cm3/min, 

eddy diffusion contributes between 20 and 50 % to the lumped dispersion coefficient. 
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Figure 5.24 Relative contribution of the three terros 
in formula 5.1 for n-hexane on H-Mordenite at 230 °C. 
Contributions of molecular diffusion (-), eddy 
diffusion ( --) and mass transfer resistance ( -·-). 
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Figure 5.25 Relative contribution of the three terros 
in formula 5.1 for n-hexane on H-Ferrierite at 170 oe. 
Contributions of molecular diffusion (-), eddy 
diffusion ( --) and mass transfer resistance ( -·-). 
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Conclusions. 

In the previous chapters, experiments have been described that are performed to investigate 

dispersion in a packed bed catalyst reactor. In order to develop a convenient model for 

dispersion, at first an inert tracer pulse of labelled carbon dioxide is injected into an empty glass 

tube or a glass tube filled with a packed bed of glass beads. The velocity and dispersion 

coefficient of the tracer pulse have been calculated forthese experiments, using an analytica! 

model that describes the movement and dispersion of a delta-pulse. Subsequently, experiments 

have been carried out in which a tracer pulse of labelled n-hexane is injected into a glass tube 

filled with a packed bed of zeolitic pellets. These calculated dispersion coefficients have been 

compared to a theoretica! model, which describes the complex dispersion processes in the 

zeolitic pellets. This chapter summarizes the conclusions of chapter 4 and 5, that are based on 

these comparisons. 

For the experiments with an empty tube, the dispersion coefficients have been compared to 

the values predicted by the Taylor-Aris solution for dispersion in an empty tube. This comparison 

indicates that, under the experimental conditions used in these experiments, molecular diffusion 

plays an important role in the dispersion process. The calculated values for the dispersion 

coefficients deviate, approximately 20 % from the values of the Aris solution. This is probably 

caused by the fact that the experiments are done just outside the region where the Taylor-Aris 

solution should be applicable. 

For the experiment with glass beads, the dispersion coefficients have been compared to the 

values predicted by some literature models, such as the model of Edwards and Richardson. The 

calculated dispersion coefficients show to be significantly higher than the predicted values. This 

can most likely be explained by increased mixing near the wall of the tube. At the wall of the 

tube, the glass beads are less closely packed than in the rniddle of the tube, which results in extra 

eddy diffusion. 

Using a simplified model for dispersion in a packed bed of zeolitic pellets, the lumped 
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dispersion coefficients have been separated into three different components: molecular diffusion, 

eddy diffusion and mass transfer resistance of the porous, adsorbing zeolitic pellets. The 

influence of these three components has been compared to the theoretica! values that are 

determined using estimated parameters. These comparisons show that the calculated values are 

of the same order of magnitude as the predicted values. The calculations also show that the 

calculated constants that define the importance of the different terms are very dependent on some 

crucial parameters, such as the flow rate and the void fraction of the packed bed. Also the 

theoretica! estimates are very dependent on several parameters, especially the micropare and 

macropare diffusion coefficients and the mean diameter of the crystals. Finally, the calculations 

show that at a flow rate above 80 cm3/min, mass transfer resistance is the most important factor 

that causes dispersion. Below 20 cm3/min dispersion is dominated by molecular diffusion. Above 

5 cm3/min, more than 20% of the lumped dispersion coefficient is caused by eddy diffusion. 

In addition, the heat of adsorption has been calculated from the temperature dependenee of 

the velocity of the tracer pulse through the packed bed. A deviation is found from the values for 

the heat of adsorption that are determined using calorimetry. This can be caused by the small size 

of the micropores of the crystals, in which the adsorption process has to take place. Only a 

fraction of the available tracer molecules is adsorbed inside these pores which can result in a 

lower heat of adsorption. 

In order to carry out a further investigation on the effects of dispersion, more experiments will 

have to be done, for example at different pellet diameters or crystal diameters. These experiments 

can be used to check the simplified model for dispersion that bas been used in this work. In the 

future, the experiments will have to be analysed using numerical methods, in stead of the 

analytica} solutions that are used in this work. When analytica} models are used, the tracer pulse 

has to have a well defined shape, in order to be able to fit the measured data to the analytica} 

function. Other pulse shapes can not be analysed using this method. Also more complicated 

situations, such as the occurrence of reactions can be modelled numerically. Furthermore, the 

parameters of the experiments, such as pellet and crystal diameter, void fraction of the bed and 

void fraction of the pellets, have to be known more precisely because these parameters can have 

a considerable effects on the results. This effect can beseen in figure 5.21, only a difference of 

0.01 in the void fraction, of 3 degrees Celsius in the bed temperature can have a significant effect 

on the calculated values of the velocity of the tracer pulse through the bed. 

------------------66------------------



References. 

1 Krane, K. S., Introductory nuclear physics, John Wiley & Sons Inc., New York, U.S.A. (1988). 

2 Haast, M. A. M., Performance of the EUT positron emission profiling detector, M. Sc. Thesis, Eindhoven 

University of Technology, The Netherlands (1995). 

3 Mangnus, A. V. G., van IJzendoorn, L. J., de Voigt, M. J. A., Studying catalyst reaction dynarnics with a 

BGO detector. 

4 Mangnus, A. V. G., MORTRAN code PEP _DET5, Eindhoven University ofTechnology, The Netherlands 

(1995). 

5 De Muynck, W. M., Mathematische fysica en theoretische mechanica, lecture notes, Eindhoven University 

of Technology, The Netherlands (1990). 

6 Marrero, T. R., Mason, E.A., Gaseaus diffusion coefficients, J. Phys. Chem. Ref. Data, 1, 3-91 (1972). 

7 Touloukian, Viscosity, thermophysical properties of matter, vol 11, Ifi/Plenum, New York, U.S.A. (1975). 

8 Levenspiel, 0., Chemica! reaction engineering. 

9 Vossers, G., Fysische transportverschijnselen voor W, lecture notes, Eindhoven University ofTechnology, 

The Netherlands (1986). 

10 Taylor, G. 1., Dispersion of soluble matter in solvent flowing slowly through a tube, Proc. Roy. Soc. 

(London), 219 A, 186 (1953). 

11 Aris, R., On the dispersion of a solute in a fluid flowing through a tube, Proc. Roy. Soc. (London), 235 A, 

67 (1956). 

12 Kreyszig, E., Advanced engineering mathematics, sixth edition, John Wiley & Sons Inc., New York, U.S.A. 

(1988). 

13 Groot, E. H., de, Menging van helium en stikstof door diffusie en dispersie in een zandkolom, M. Sc. Thesis, 

Eindhoven University ofTechnology, The Netherlands (1994). 

14 Ananthakrishnan, V., Gill, W. N., Barduhn, A. J., Laminar dispersion in Capillaries, part I, Adv. I. Chem. 

Eng. J., 11, No. 6, 1063-1072 (1965). 

15 Edwards, M.F., Richardson, J. F., Gas dispersion in packed beds, Chem. Eng. Sc, 23, 109-123 (1968). 

16 Messchendorp, J. G., Properties of porous media: measurements on and rnadelling of permeability and 

tortuosity, M. Sc. Thesis, Kernfysisch Versneller Instituut, The Netherlands. 

17 Langer, G., Roethe, A., Roethe, K. P., Gelbin, D., Heat and mass transfer in packed beds, lil Axial mass 

dispersion, Int. J. Heat Mass Transfer, 21,751-759 (1978). 

18 Kärger, Ruthven, Diffusion in zeolites and other mieraporous solids, Wiley Interscience (1992). 

19 Hufton, J. R., Danner, R.P., Gas-solid diffusion and equilibrium parameters by tracer pulse chromatography, 

Chem. Eng. Sc., 46, No. 8, 2079-2091, U.K. (1991). 

20 Reith, T., Column Phenomena, Lecture notes, University of Twente, The Netherlands (1995). 

21 Haynes, H. W. Jr., Sarma, P. N., A model for the application of gas chromatography to measurements of 

diffusion in bidisperse structured catalysts, Adv. I. Chem. Eng. J., 19, No 5, 1043-1046 (1973). 

22 Bevington, P.R., Data reduction and error analysis for the physical sciences, second edition, McGray-Hill 

--------------------------------------67--------------------------------------



---------------------------------- References. 

int. ed., Physics series (1994). 

23 Hsu, L. K. P., Haynes, H. W. Jr., Effective diffusivity by the gas chromatograph technique: analysis and 

application to measurements of diffusion ofvarious hydrocarbons in zeolite NaY, Adv.l. Chem. Eng. J., 27, 

No 1, 81-91 (1981). 

24 Atlas of zeolite structure types. 

25 Eder, F., Stockenhuber, M., Lercher, J. A., Stud. Surf. Sci. Catal., 97, 495-500 (1995). 

26 Derouane, E.G. et al, Appl. Catal., 40, Ll-LlO (1988). 

27 Stach, H. et al, Ads. Sci. Techn., 3, 261-270 (1986). 

28 Chen, N. Y., Haag, W. 0., Hydrogen transfer in catalysis on zeolites, Hydrogen effects in catalysis, 31, 

Marcel Dekker Inc., New York (1988). 

29 Handbook of chernistry and physics, C.R.C. Press Inc. 

--------------------M------------------



-~-----~-----

Appendices. 



-------------------------------Appendix. 

A.l Derivation of formulae. 

A.l.l Derivation of formula 3.45a and 3.52. 

The set of models described in sub-section 3.3.1 havenotbeen solved directly by Haynes and 

Sarma 21
• Instead, the mean time, ,u, and the varianee about the mean time, a 2

, of the tracer 

distri bution have been obtained. When a delta-pulse is introduced at x = 0, the solutions for ,u and 

a2 at x = L are 8 

L [ ( 1- cl ( 1- cl l ,u = ud 1 + -c- CP + -c- (1- cP)Kc ' (Al) 

LDL[ (1-cl (1-cl ]
2 

a 2 = 2- -- 1 + -- c + -- (1- c )K. 
U 2 C p C pc 

d ud 

+ 2.f_ ( 1 -cl~[c + (1-e )K.] 2 

u c 3k p p ( 
d f 

L ( 1- cl R
2 

+ 2- -- P [c + (1-e )K.J 2 

u c 15 cD P P c 
d p p 

L ( 1- cl Re~ + 2- -- --(1-c)K .. 
ud C 15Dc P c 

(A2) 

The equation for ,u is linear in the distance from introduction, L. Thus, when ,u is measured 

at a position, x= x1 and at a position x= x2, the difference between the mean times, ,u 1 and ,u2, at 

those positions is given by ( ~~ r = + + ( I~ el e, + ( I~ el (1- e,)Kr , (A.3) 

in which Ll,u is the difference between the mean times, ,u2 -,u 1 , and L1x is the difference between 

the positions, x2 - x1• This formula is also given in equation 3.45a. 

The equation for a 2 can be simplified by using the equation for KP 

KP = CP + (1- cp)Kc' (A4) 

and by assuming KP<< cP and c/(1- c)KP << 1 (in the experiments of chapter 5, cz0.5, cPz0.5 and 

KPz 1 03). The result of this simplification is also linear in the di stance from introduction, L, and 

can be written as 
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in which Lla2 is the difference between the variances, a2 
2-a1

2
• Using the same assumptions, 

formula A.1 can be simplified ( ~: r = u d ( I :Er K; I . (A6) 

The probability factor, p, can now be defined as 

{J = ( I: E) 
1
K;' . (A.7) 

Using formulae A.5, A.6 and A.7, can be defined 

1 ( J,u) -3 
( J a2 ) [ 2 

( e ) ( R - - -- = p DL + ud -- __!!_ + 
2 Llx Llx 1 - e 3 k

1 
(A.8) 

This is the equation which is given in formula 3.52. 

A.1.2 Derivation of formula 3.53. 

A factor p expresses the probability that a tracer molecule is present in the pores of the column 

and a factor ( 1- fJ) expresses the probability that a tracer molecule is present ins i de the pellets. 

The mean concentration of tracer molecules in the pores of the column, c, can be expressed as 

c - p I e , (A.9) 

in which eis the volume fraction of the pores in the column. The mean concentration of tracer 

molecules inside the pellets, Q, can be expressed as 

Q- (1-p) /(1-e), (A.lü) 

where ( 1- e) is the volume fraction of the pellets. Provided that P << 1, and using the relation 

betweenPand KP (see formula A.7), the relation between the concentration in the pellets, Q, and 

the concentration in the pores, c, can be written as 

Q =Kc 
p ' (A.ll) 

which is the equation that is given in formula 3.53. 
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A.1.3 Derivation of formula 3.54. 

The equation of formula 3.44a is 

ac aQ e- + (1-e)-
at at (A.12) 

Replacing Q by KPc and DL by Dtump' this equation becomes 

ac a [ ] a2c e- + (1- e) - K c = e D -at at p lump ax2 

[1 ( 1- elK ] ac _ D a2c _ 
+ -e- p ar - lump ax2 

(A.l3) 

This is the equation that is given in formula 3.54. 
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A.2 Fitted and calculated parameters from the experiments. 

The helium fraction, x2, and the carbon dioxide fraction, x3, in formula 3.6 can be calculated from 

the flow rates. The values for D0 and n in formula 3.3 are: D0 = 0.494 cm2/s and n = 1.80 for C02 

in He; D0 = 0.0965 cm2/s and n = 1.90 for C02 in C02 
29

. At a temperature of 25 degrees Celsius, 

this results in D12 = 0.578 cm2/s for C02 in He and D13 = 0.114 cm2/s for C02 in C02 
7

• At a this 

temperature, the density of helium, p2, is 0.16·10-3 g/cm3 and the viscosity, 1]2, is 196·10-6 g/cm·s. 

For carbon dioxide these numbers are p3 = 1.8·10-3 g/cm3 and 1]3 = 151·10-6 g/cm·s for the 

density and the viscosity respectively 29
. Insteadof using pand 1J in the equation for Re, often 

the kinematic viscosity, v, is used which is defined as 9 

V = !1_. 
p 

This formula leads to v2 = 1.2 cm2/s for He and v3 = 0.084 cm2/s for C02• The kinematic 

viscosity for a mixture of helium and carbon dioxide can be approximated by 30 

= ( xv.z2 + xv33]-l V mixture 

A.2.1 Parameters from the experiments with an empty tube. 

Table A.l Fitted and calculated parameters from the experiments with an empty tube. 
--·--

exp ifJ (He) ifJ (C02) um K t' Pe 
(cm3/min) (cm3/min) (crn/s) (cm2/s) 

~· -~·-· 

A 5 1.3 ± 0.3 0.15 0.44 i 81 0.23 

c 15 1.3 ± 0.3 0.34 0.50 38 0.39 

D 10 1.3 ± 0.3 0.25 0.46 53 0.32 

E 20 1.3 ± 0.3 0.45 0.56 38 0.49 

F 30 1.3 ± 0.3 0.61 0.57 24 0.61 

G 25 1.3 ± 0.3 0.55 0.57 34 0.57 

I 35 1.3 ± 0.3 0.74 0.62 26 0.74 

J 
i 

40 1.3 ± 0.3 I 0.82 0.57 22 0.80 

K 10 1.3 ± 0.3 0.24 0.40 59 0.30 

L 30 1.3 ± 0.3 0.64 0.60 26 0.65 

I 
Re 

I 

0.45 

0.58 

0.53 

0.68 

0.78 

0.75 

0.90 

0.96 

0.49 

0.82 

! 
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A.2.2 Parameters from the experiments with a tube filled with glass beads. 

Table A.2 Fitted and calculated parameters from the experiments with a tube filled with glass beads. 

I 
ifJ (He) ifJ (C02) 

I ~e exp Utt DL Re 
(cm3/rnin) (cm3/min) (cm/s) (cm2/s) 

~---- -----~-

B 5 1.3 ± 0.3 0.32 0.37 0.089 0.0038 

D 10 1.3 ± 0.3 0.62 0.34 0.19 0.0050 

E 15 1.3 ± 0.3 0.87 0.31 0.29 0.0057 

F 20 1.3 ±0.3 1.13 0.41 0.28 0.0064 

G 25 1.3 ± 0.3 1.35 0.61 0.22 0.0070 

H 30 1.3 ± 0.3 1.63 0.68 0.25 0.0079 

I 35 1.3 ± 0.3 2.02 0.72 0.29 0.0093 

I J 40 1.3 ±0.3 2.11 0.82 0.27 0.0094 

I K 5 1.3 ± 0.3 0.32 0.38 0.086 0.0038 I 

A.2.3 Parameters from the experiments at different temperatures. 

Table A.3 
1-

exp 

A 

c 

D 

E 

F 

B 

c 

D 

Fitted and calculated parameters for n-hexane on H-Mordenite. 

-- ifJ (H2) T ud flut~ fl~tump ~--fJ----~-·--D--tum-p--, 

(cm3/min) CC) (cm/s) (cm/s) (cm2/s) _1 (cm2/s) 

150 150 71 4.1·10-3 2.9·10-4 5.8·10-5 5.0 

150 170 74 9.3·10-3 6.6·10-4 1.3·10-4 5.3 

150 

150 

150 

170 74 9.2·10-3 6.8·10-4 1.2·10-4 

190 74 2.0·10-2 1.4·10-3 2.6·10-4 

210 81 4.1·10-2 3.0·10-3 5.1·10-4 

f---------+-----+-----f-------+-------------+---

150 

150 

150 

230 84 7.8·10-2 6.8·10-3 9.3·10-4 

230 84 7.9·10-2 7.3·10-3 9.4·10-4 

250 87 1.4·10-l 1.3·10-2 1.6·10-3 

5.4 

5.5 

5.9 

7.3 

7.8 

8.1 
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Table A.4 Fitted and calculated parameters for n-hexane on H-Ferrierite. 
r·--· 

I 

fJ·~Dlum;l i exp 4\H2) T {Jud fJDIU!np ' ud 
I 

(cm3/min) CC) (crn/s) (crn/s) (cm2/s) (cm2/s) 

B 150 230 

I 

84 1.7 3.5·10·1 2.0·10·2 17.2 

c 150 210 81 8.9·10·1 1.3·10-1 1.1·10·2 11.8 

D 150 190 77 4.1·10-l 4.8·10-2 5.3·10-3 9.1 

E 150 170 74 1.7·10-1 1.7·10-2 2.4-10-3 7.4 

F 150 150 71 6.7·10-2 6.7·10"3 9.6·10·4 7.0 

G 150 140 69 4.1·10-2 4.0·10-3 

I 
6.0·10·4 6.7 

H 150 130 67 2.4·10"2 2.3·10-3 I ______ _L 3.6·10-4 6.4 

Table A.S Fitted and calculated parameters for n-hexane on H-ZSM-5. 
,-···--~~-

! exp 4\H2) T ud flud {JD/ump fJ Dlump 
. (cm3/min) CC) (crn/s) (crn/s) (cm2/s) I (cm2/s) 

B 150 210 81 6.6·10·2 2.9·10-3 8.2·10-4 3.5 

c 150 190 77 3.0·10·2 1.1·10-3 3.8·10-4 3.0 
I 

E 150 150 71 4.9·10-3 1.9·10-4 7.0·10-5 2.7 

G 150 160 72 8.0·10-3 3.1·10-4 1.1·10·4 2.8 

H 150 180 76 1.9·10-2 8.1·10"4 2.6·10"4 3.1 

I 150 200 i 79 i 4.4·10-2 1.9·10·3 5.6·10-4 3.4 

Table A.6 Fitted and calculated parameters for n-hexane on silica. 

exp l/X:H2) T ud fJud fJDIU!np fJ 
I 

Dlump 
(cm3/min) (OC) (crn/s) (crn/s) (cm2/s) (cm2/s) 

A 20 150 9.4 3.9 1.51 4.2·10-l I 3.6 
I 

B 20 130 9.0 2.6 0.59 2.9·10-l 
I 

2.0 

: c 20 110 5.5 1.6 0.40 1.9·10-l 
I 2.1 

7 .4·10-2 I 
D 20 80 7.9 0.58 0.12 i 1.7 

E 20 90 8.1 0.87 0.19 
I 

1.1·10-1 1.7 
i 

I 5.3·10"2 
I F 20 70 7.6 0.41 0.09 1.7 

. 
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Table A.7 Fitted and calculated parameters for 2-methyl-pentane on H-Mordenite. 

1-------i--
1 

exp i if;(H2) T 

~ (cm'lmin) CC) 
··--~ -----·---·--·-···-

A 150 150 

B 
I 

150 160 

I 
I ud {Jud {JD/ump fJ 

cm/s) 
I 

(cm/s) (cm2/s) 
. 

I 
----- ~~----

71 6.6·10-3 4.8·10-4 

I 

9.3·10-5 

72 9.6·10-3 7.8·10-4 1.3·10-4 

c 150 170 74 1.5·10-2 1.6·10-3 2.0·10-4 

E 150 180 76 2.2·10-2 2.4·10-3 2.9·10-4 

F 150 200 79 4.7·10-2 5.6·10-3 6.0·10-4 

G 150 220 82 9.1·10-2 1.0·10-3 1.1·10-3 

H 150 240 86 I 1.7·10-1 1.9·10-2 2.0·10-3 

----------~ 

A.2.4 Parameters from the experiments at different flow rates 

Table A.8 Fitted and calculated parameters for n-hexane on H-Mordenite. 

exp 

~-------

I if;(HJ 

r---- ---1 (cm
3
/min) 

A 

B 

c 

D 

E 

F 

G 

H 

100 

75 

50 

25 

100 

75 

50 

25 

125 

-~- I 

230 

230 

230 

230 

210 

210 

210 

210 

230 

28 

14 

54 

40 

27 

13 

70 

I
[ 

2.9·10-2 

1.4·10-2 

3.0·10-2 

2.2·10-2 

1.5·10-2 

7 .4·10-3 

8.2·10-2 

4.3·10-3 

2.9·10-3 

1.9·10-3 

1.1·10-3 

2.1·10-3 

1.5·10-3 

9.5·10-4 

6.0·10-4 

6.5·10-3 

fJ 

1.0·10-3 

1.0·10-3 

1.0·10-3 

1.0·10-3 

5.6·10-4 

5.5·10-4 

5.6·10-4 

5.5·10-4 

1.2·10-3 

I 

---·-·---~--~ 

Dlump 
(cm2/s) 

5.2 

5.9 

7.8 

8.2 

9.4 

9.0 

9.2 

4.2 

2.8 

1.8 

1.1 

3.8 

2.7 

1.7 

1.1 

5.6 I L__ ---~-----__j_ ____ _j__ ___ __j_ ______ __l_ ____ _ 

I 
I 
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Table A.9 Fitted and calculated parameters for n-hexane on H-Ferrierite. 

exp 4J(H2) T u" fJu" 
I 

fJD/ump 
I 

fJ Dlump 
(cm3/min) ("C) (crn/s) (crn/s) (cm2/s) 

i 
(cm2/s) 

... - --· 

A 150 170 74 1.8·10-1 2.1·10-2 2.4-10-3 8.4 

B 125 170 62 1.5·10-1 1.6·10'2 2.5·10'3 6.4 

c 100 170 49 1.2·10-1 1.2·10-2 2.5·10'3 4.6 

D 50 170 25 6.3·10-2 4.9·10-3 2.6·10'3 1.9 
I 

E 

I 

25 170 

I 

12 3.2·10'2 

I 

2.6·10-3 2.6·10'3 1.0 

F 75 170 37 9.6·10-2 7.7·10-3 

I 2.6·10-3 3.0 
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