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Summary 

An isomerisation reaction can increase the octane rating of fuel since the iso-forms of 
pentane and hexane have larger octane ratings than their linear forms. In this work, the 
isomerisation of hexane at an active site of an acidic zeolite is studied. A zeolite is a material 
with (micro )pores of molecular dimensions. The zeolitic samples used in this study consist of 
macro sized pellets containing the zeolite crystals. During the isomerisation reaction of 
hexane in a packed zeolite bed, the initia} pulse disperses as a result of mass transfer 
resistance. This dispersion determines to a large extent the concentration profile. 

In this work, the detector for Positron Emission Profiling is used for in situ measurements of 
the pulse profile in the packed bed in time and position. By fitting the profiles to an analytica! 
solution when only adsorption and desorption occur, the dispersion is shown to be the sum of 
several contributing terms which can be influenced by changing experimental parameters. 
The present study reveals that the micropore resistance has to dominate the dispersion in 
order to study the reaction kinetics of the isomerisation. Micropore dominant diffusion was 
obtained by using large zeolite crystals directly in the bed instead of the usual pellets. 

In addition, the heat of adsorption of hexane on several zeolites has been extracted from the 
measurements. A deviation between measurement and literature was obtained. An 
explanation proposed in an earlier study for this deviation based on the micropore size of the 
zeolites could not be confirmed. The deviations measured in this work are independent of the 
micropore size. A temperature dependenee of the total amount of available adsorption sites is 
at present the most likely explanation. 

One elementary reaction step of the isomerisation has also been visualised. By using a carrier 
flow of helium instead of hydrogen the hydragenation processes were stopped and an 
adsorbed phase of an intermediate reaction product of the isomerisation reaction stayed in the 
bed. A simple adsorption model was used to explain the measured PEP profiles in this case. 
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Samenvatting 

Een isomerisatie reaktie kan het oktaan getal van brandstof verhogen aangezien de oktaan 
getallen van de iso-varianten van hexaan en pentaan hoger zijn dan die van de lineaire 
vormen. 
Tijdens dit onderzoek is de isomerisatie van hexaan aan een aktieve site van een zuur zeoliet 
bestudeerd. Een zeoliet is een materiaal met (micro) poriën van molekulaire afmetingen. De 
zeoliet samples zoals gebruikt tijdens deze studie zijn samengesteld uit pellets waarin zich de 
zeoliet kristallen bevinden. Tijdens de isomerisatie reaktie in een gepakt zeoliet bed zal een 
hexaan puls zich verbreden als gevolg van weerstand tegen massa overdracht. Deze dispersie 
bepaalt voor een belangrijk gedeelte het concentratie profiel. 

Tijdens deze studie is de Positron Emission Profiling detektor gebruikt voor in situ metingen 
van het concentratie profiel in het gepakte bed als funktie van tijd en positie. Door de 
gemeten profielen in het geval dat alleen adsorptie en desarptie plaatsvinden te fitten aan een 
analytische oplossing, kan worden aangetoond dat de dispersie een som is van verschillende 
bijdragen die beïnvloed kunnen worden door het aanpassen van experimentele parameters. 
Het huidige onderzoek toont aan dat de microporie weerstand de dispersie moet domineren 
om de reaktie kinetiek van de isomerisatie te onderzoeken. Microporie gedomineerde diffusie 
is bereikt door de zeoliet kristallen rechtsreeks in de reaktor te plaatsen in plaats van eerst in 
de gebruikelijke pellets. 

Daarnaast is de adsorptie warmte van hexaan op verschillende zeolieten uit de metingen 
gehaald. Een afwijking tussen gemeten en literatuur waarden is gevonden. Een verklaring uit 
een eerder onderzoek voor deze afwijking, gebaseerd op de microporie grootte, kon niet 
worden bevestigd. De tijdens dit onderzoek gemeten afwijkingen zijn onafhankelijk van de 
porie grootte. Een temperatuur afhankelijkheid in het totaal aantal adsorptie sites is op dit 
moment de meest aannemelijke verklaring voor de afwijking. 

Ook is een elementaire reaktie stap van de isomerisatie gevisualiseerd. Door een helium 
drager gas te gebruiken in plaats van waterstof kunnen de hydrogenatie processen worden 
gestopt waardoor een geadsorbeerde fractie van een tussenprodukt van de isomerisatie 
achterbleef in het bed. Een eenvoudig adsorptie model is gebruikt om de gemeten profielen in 
dit geval te verklaren. 
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1. Introduetion 

The octane rating of fuel is a measure of its resistance to autoignition. A higher octane fuel 
increases the efficiency of the combustion/expansion process and thereby increasing fuel 
economy. Environmental restrictions on the use of lead-containing combinations have 
increased the search for other processes to increase the octane rating. 

One way to increase the octane rating is performing an isomerisation reaction. Such a 
reaction transfarms linear alkanes into their iso forms, branched alkanes with the same 
amount of carbon atoms. The iso-forms of pentane and hexane have larger octane ratings than 
their linear forms as shown in Figure 1.1. 

Linear Branched 

Pentane 26 90 

Hexane 63 94 

Figure 1.1 Octane ratings of linear and branched pentane and hexane . Octane 
ratings are ca/culated by comparison with heptane and iso-octane whose ratings are 
defined zero and one hundred respectively. 

This isomerisation can be done by using an acidic zeolitic catalyst. Normal-hexane can 
adsorb at the active sites of a zeolite where it reacts to iso-hexane (for example 2 Methyl 
Pentane). 

The zeolitic samples used in this study consist of macro sized pellets containing the zeolite 
crystals. Before adsorption, and thus reaction, can take place, a hexane molecule must diffuse 
through the gas phase, into the pellets and towards an adsorption site. All diffusion processes 
cause an injected pulse of hexane to disperse and held up in the zeolite. Before the reaction 
process can be optimized, one has to understand the physics of this dispersion and holdup. 

The zeolite catalyst is used in a thin tubular reactor. The concentration profiles along the tube 
can be measured using the existing PEP detector of the Eindhoven University of Technology 
as shown by Mangnus et al. [IJ. For monitoring it is necessary to replace one of the normal 
carbon-12 atoms of the hexane molecule by a radioactive carbon-11 atom. In this way the 
concentration profile of hexane in time and position over the reactor can be obtained. 

The PEP detector enables to actually look inside the reactor, where traditional methods as 
chromatography can only measure the concentration profiles before and after the reactor. The 
purpose of this work is to obtain a better understanding of the dispersion and the holdup of a 
pulse of hexane molecules in a zeolite catalyst by in situ measurements of the pulse profile 
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A study on the isomerisation of hexane in a packed zeolite bed 

inside the reactor. This will allow to design experiments in order to study the reaction 
kinetics of hexane on the zeolite catalyst. In chapter 5 the dispersion of a pulse of 
gasmolecules in a packed zeolite bed when only adsorption and desorption occur is studied as 
well as the implications of the results on the design of the experiments in case of reaction. In 
chapter 6, the adsorption in the zeolite crystals, resulting in a measurement of the heat of 
adsorption will be discussed. 

The entire isomerisation reaction contains several reactionsteps. A different approach for 
studying the reaction is by switching on and off separate reaction steps by changing the 
environment in which the isomerisation takes place. In chapter 7 the results of this approach 
will be discussed. 
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2. Catalysis on zeolites 

2.1. Introduetion 

Hexane can isomerise by using a zeolitic catalyst. In this chapter some basic principles of 
catalysis will be discussed. Then there will be a part on what zeolites are and how they look 
like. Finally, the proposed mechanism of the studied reaction, the isomerisation of n-hexane 
on an acidic zeolite, will be presented. 

2.2. Catalysis 

A catalyst is a substance that a) increases the reaction rate without being consumed in the 
process and b) decreases the energy harrier to reaction. By using catalysts, reactions can take 
place at milder conditions, like lower temperature and pressure than for the uncatalyzed 
reaction. 

In heterogeneaus catalysis reactions take place at active sites at the surface of the catalyst. 
When reactant molecules are adsorbed, reactions occur and products are desorbed 
subsequently. Therefore in an ideal situation the active sites are again available for reactant 
molecules and the total amount of active sites is constant. 

A 

A B 

\-A*~B*~ 
(a) (b) 

Figure 2.1 Different steps in heterogeneaus catalysis a) physical/y and b) 
chemically [21 
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A study on the isomerisation of hexane in a packed zeolite bed 

This process is schematized in Figure 2.1. Physically, first the reactant molecule diffuses in 
the gasphase to the catalyst partiele ( 1), subsequently it diffuses into the partiele (2) where it 
is adsorbed at an active site (3). At the surface, the reaction takes place (4) after which the 
products are desorbed (5) and diffuse out of the partiele (6) into the gasphase (7). The 
processes (3) to (5) should beseen as equilibria. 

Chemically, the reversible reaction A PB can be written in three steps as 
(l)A+*PA* 
(2)A*PB* 
(3)B*PB+* 

with * denoting an active site. 

Since the reaction takes place at the surface of the catalyst, it is advantageous to have a large 
surface. Therefore porous materials like zeolites are particularly well suited for this purpose. 
Zeolites have large surface areas, up to 1500 m2/gram of which the largest part is that of the 
interior pores. 

The driving force for adsorption is the minimisation of the Gibbs free energy defined as 
G=TS-H ( 2.1) 

where S and Hare the specific entropy and enthalpy respectively. The absolute temperature is 
denoted by T. A surface with a high free energy can lower this by the formation of bonds with 
molecules, thus by adsorbing molecules. By dispersing a (noble) metal on a high surface 
system, its free energy can be enlarged. For instance, Pt has a surface free energy of 1800 
MJ/m2 [3J_ 

2.3. Zeolites 

Zeolites are porous crystalline aluminosilicates. The zeolite framework consists of Si04 and 
Al04 tetrahedra, bonded by bridging oxygen atoms (see Figure 2.2). The tetrahedra are 
arranged in a way that zeolites have an open structure with pores of molecular dimensions. 
Guest molecules smaller than the poresize can penetrate and the zeolite acts as a molecular 
s1eve. 
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Chapter 2 Galalysis on zeolites 

Figure 2.2 Open cages with Oxygen atoms (open circles) and Si or Al atoms 
(closed circles). 

The micropare size of a zeolite is determined by its lattice structure and this size is thus 
fixed. This is in contrast with traditional mieraporous adsorbents as silica gel and activated 
alumina, where the mean poresize and the distribution around this mean are controlled by the 
manufacturer. Since each Al04 tetrahedra introduces one negative charge in the system, this 
must be corrected by a cation, mostly protons. In the case of protons, such a zeolite is called 
an acid zeolite. Zeolites that contain no Al04 tetrahedra at all are called all-silica zeolites. 

It is convenient to view the structure of a zeolite framework as an assemblage of oxygen 
rings. In these schemes a Si or Al atom is represented by a vertex and lines represent 
approximately the diameters of the oxygen atoms, which are very much larger than the Si or 
Al atoms. 

The molecular sieve properties of a zeolite are determined mainly by the diameters of the 
intracrystalline windows. The amount of oxygen atoms that forma ring is a measure of this 
channel size. 

Figure 2.3 H-Mordenite as an assemblage of oxygen rings. In Mordenite, the main 
channel consistsof a twelve membered oxygen ring. [41 
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In Figure 2.3 a schematical view of Mordenite is shown. Figures of the other zeolites used in 
this work can be found in Appendix A. 

In Mordeuite the main channel is formed by a twelve-membered oxygen ring with a free 
diameter of 6.7 x 7.0 A [41 . These elliptically shaped channels are in one dimension, mutually 
connected by small channels with a diameter of 2.6 x 5.7 A. These small side channels mean 
that except for small molecules, the channel structure of Mordeuite can be considered as one
dimensional. A disadvantage of such a structure is that the pores of a one-dimensional 
structure can easily be blocked by lattice imperfections or other pollutions, this in contrary to 
3-dimensional pore structures. 

In this work only acid zeolites are used for reasans that wiJl be clear when discussing the 
isomerisation reaction. An acid zeolite is denoted by putting an 'H' before the zeolite name, 
thus H-Mordenite instead of Mordenite. Table 2.1 summarises the channel structure of the 
several zeolites used in this study. 

Zeolite 

H-Mordenite 
H-ZSM5 I Silicalite 
H-Ferrierite 
H-ZSM22 
H-Beta 

Table 2.1 
H-ZSM5. [41 

MAIN SECUND. 
Oxygen ring Channel size (À) Oxygen ring Channel size (À) 

12 6.5 x 7.0 8 2.6 x 5.7 
10 5.3 x 5.6 10 5.1 x5.5 
10 4.2 x 5.4 8 3.5 x 4.8 
10 4.4 x 5.5 
12 7.6 x 6.4 12 5.5 x 5.5 

Channel structures of the used zeolites. Silicalite is the a/1-si/ica form of 

Commercial molecular-sieve zeolite crystals are very small (typically 1-10 11m). By using 
these small crystals in a catalytic reactor with flowing gasmolecules, the pressure drop over 
these crystals is too large to handle and the zeolite crystals will be blown out of the reactor. 
Therefore these crystals are formed into a macroporous pellet of macro dimensions (typically 
100-500 11m). A disadvantage of this pelletization is the introduetion of another diffusional 
resistance: the resistance to mass transfer through the pores between the crystals. This 
influence will be discussed in chapter 4. 

2.4. Proposed reaction mechanism tor the isomerisation of 
hexane 

Weisz[SJ proposed in 1962 a bifunctional reaction mechanism for the isomerisation of 
alkanes. 

A bifunctional catalyst consists of a noble metal dispersed on an acid zeolite. The mechanism 
for the isomerisation of n-hexane is shown in Figure 2.4. 
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Chapter2 Catalysis on zeolites 

i-C6Hl4 

(3) 

H2 :1 H2 
------ I ------

1 (5) 
~ 

~---- i-C6Hl2 

Figure 2.4 The bifunctional isomerisation mechanism tor n-hexane [óJ 

All separate reaction steps are equilibria. The reaction steps needed for the isomerisation of 
hexane are denoted by the non interrupted arrows, in contrast with the interrupted arrows for 
the backward reaction steps. For the isomerisation of hexane, the following steps take place. 
The n-hexane (n-C6H14) in the gasphase is adsorbed and dehydrogenates (1) on a platinum 
site (the noble metal in this case). The formed n-hexene (n-C6H 12 ) generates a carbenium ion 
(n-C6H 13 +) by protonation on an acid site of the zeolite (2). This carbenium ion can isomerise 
(3), still having a positive charge. The formed isomer can deprotonate (4), hydrogenate (5) 
and desorb to form i-hexane (i-C6H 14) in the gasphase. The first formed isomers of hexane 
are 2-methyl pentane (2MP) and 3-methyl pentane (3MP). These isomers can undergo the 
same isomerisation reaction, forming the doubly branched isomers 2,2-dimethyl butane and 
2,3-dimethyl butane. The isomerisation reaction of the carbenium ion (3) is expected to be 
the rate determining step. 

- 7-



3. Experimental set-up 

3.1. Introduetion 

By using a thin tubular catalytic reactor, the concentration gradients in radial direction can be 
neglected. In that case, the system can be regarded as one-dimensional. This enables using the 
existing PEP (Positron Emission Profiling) detector to study such a system by reconstructing 
the concentration profile of a labelled molecule as a function of time and position. 
In this work, the labelled molecule is a hydrocarbon, mostly hexane. In the first part of this 
chapter the creation of a pulse of labelled hydrocarbons[?J is described and next the PEP 
detection system for reconstructing the concentration profile will be discussed. 

3.2. The creation of labelled hydrocarbons ready for 
injection in the packed zeolite bed 

3.2.1. Introduetion 

The PEP detector uses (positive) f3 (=positron) -emitting molecules to image a concentration 
profile in time and position of this molecule. n Cis a positron emitter with a half-life of 20.4 
minutes and decays into 11 B following 

( 3.1) 

By replacing one of the normal 12C atoms of a hydrocarbon molecule by an 11 C atom, this 
hydrocarbon is turned into a positron emitting molecule and can therefore be used in the PEP 
detector. In the next section the creation of a pulse of labelled hydrocarbons, ready for 
injection in the PEP-detector, is described. 

3.2.2. Creating labelled Carbon monoxide 

The first step in creating hydrocarbons labelled with 11 C is irradiating a nitrogen gas with a 
beam of protons and the following nuclear reaction takes place: 

( 3.2) 

The energy of the protons used for this purpose is 12 Me V which is larger than the threshold 
energy for this reaction. (E111=3.1MeV) The 12 MeV protons are created using the AVF 
cyclotron at the Eindhoven University ofTechnology. 
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p(12MeV) 

----7 

He ·-

,. N ----é> "c ----é> "co --{ -
2 

Target D)))))J 

LN2 trap 

Zn ----é> ZnO 

Zn-oven at 390°C 

1co 
on He 

Figure 3.1 Creating labelled carbon monoxide out of nitrogen gas 

The 11 C atoms react in the target with oxygen to 11 C02• The required oxygen is available as 
impurities in the nitrogen target gas. After 25 minutes of radiation, approximately 300 MBq 
of activity is led on a helium carrier gas over a liquid nitrogen cooled spiraL The 11 C02 is 
immediately frozen at the surface of this spiral since the boiling point of 11 C02 is 195 K. By 
heating while flowing a helium carrier gas through the spiral, the labelled carbon dioxide 
sublimes and a pul se of 11 C02 in a helium carrier is led over a zinc oven at 390 o C where the 
carbon dioxide reduces to 11 CO following 

( 3.3) 

The ZnO stays in the oven whereas the labelled carbon monoxide is transported through a 30 
m. teflon tube with a He flow towards the radiochemical laboratory where the synthesis of 
labelled hydrocarbons takes place. The entire process is schematically shown in Figure 3 .1. 

3.2.3. Creating labelled hydrocarbons trom labelled carbon monoxide 

The pulse of 11 CO is adsorbed on a vanadium-promoted Ru/Si02 catalyst at 350 oe (see 
Figure 3.2) resulting in adsorbed 11 C and 0. When the entire pulse is adsorbed, the catalyst is 
cooled down to 110 oe. At this temperature 1-pentene is pulsed over the catalyst foliowed by 
a 2.5 minute hydragen flow for hydrogenation. This process leads to several coupling 
reactions between 11 C and 1-pentene and thus to a range of alkanes. Labelled hexane is 
formed when the double-bonding of 1-pentene opens whereafter it reacts with 11 C and 
hydrogenates to n-hexane. In this way, the 11 C atom is situated at the first position of the 
hexane molecule. Uniabelled pentane is formed when the double bonding opens and 
immediately hydrogenates. Cracking of pentene and subsequent reaction with 11 C also yields 
smaller hydrocarbons. The process has been optimised for labelled hexane (maximum 
product selectivity 15% [SJ). 
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Chapter3 Experimentalset-up 

1, r:~:; Tev .. al alkaoos 1:1 
~~~eH J L::J 1fon He and "\ ___ ::____ _s~-'-~---;~-;-r~_t_ed_a_lka_,n.,e_s __ ~-c-~---'~--'-~ed-'--nt_,______:-a_lka-'--n--'e~s 

2 pulse of alkane 
D)))))) on H2 to PEP 

LN2 trap 

I D)))))), I 

LN2 trap 

Figure 3.2 Synthesis of labelled hydrocarbons and subsequent separation of the 
desired labelled alkane ready tor injection in the PEP detector. 

All products are captured on a liquid nitrogen cooled spiraL By flash heating (a current of a 
few amperes for about 4 secs over the spiral) a pulse containing all products is sent into a Gas 
Chromatograph (GC) column. In the GC, the products are separated which results in a 
spectrum as shown in Figure 3.3. 

7 7 

2 
6 

fl 
4 

5 

! I 
Ei 
0 
0 

~ 4 
0 
~ c 
:J 3 3 0 
ü 

~ I l! 2 

I \I 
I ·I 

) v 
0-.··---

0 5 10 15 

time after injection lminutes) 

Figure 3.3 Labelled output of the GC. 

The spectrum in Figure 3.3 is only the labelled output of the GC, since measured with a Nal 
detector. The numbers represent: 1: methane, ethane, propane. 2: n-butane. 3: 2-methyl 
butane. 4: n-pentane. 5: 2-methyl pentane. 6: 3-methyl pentane. 7: n-hexane. Note that the 
non-labelled fraction is much larger than the labelled fraction ( -1 o·6 mole unlabelled, -10-15 

mole labelled [91 ). 

The pulse of the desired hydracarbon (mostly n-hexane (n-C6) but also 2-methyl pentane 
(2MP) and n-butane (n-C4) can be seperated as can be seen in Figure 3.3) is isolated in a 
spiral at liquid nitrogen temperature. This captured hydracarbon is ready for injection in a 
zeolite sample, located in the PEP detector. 
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3.3. The PEP detector 

The principle of the PEP detector is simple. When a 11 C nucleus decays, a positron is emitted. 
This positron will lose energy by collisions with electrons. When the positron is slowed 
down, it can annihilate with an electron (range until annihilation in a zeolite -3 mm [lOl), 

creating two photons. These photons travel in opposite directions each with a kinetic energy 
of 511 keV, following conservation of energy and momentum. By coïncident detection of 
both photons, the annihilation position can be reconstructed. The concentration profile of a 
labelled molecule (a molecule that contains a positron emitting nucleus) can thus be 
reconstructed. The detection system, the PEP detector, is schematically shown in Figure 3.4. 

a nnihilatien 

reactor tube 

Figure 3.4 Each photon penetrates the reactor wal/ due to its high energy and /ow 
interaction cross-section and is detected in one of the seintil/ation detectors in the two 
detector banks. Each detecting element consists of a BGO (Bismuth Germanium 
Oxyde) crystal connected to a Photomultiplier. Reconstruction of the annihi/ation 
position is possible using the positions of the detected photons. The position 
resolution is thus limited by the range of the positron befare annihilation in the reactor. 

Scattered photons however cause invalid reconstructions. In order to reduce detection of 
scattered photons, the detector has a defined energy window around 511 ke V to enable 
energy selection. 

With two banks of 9 detectors there are 2*9-1=17 reconstruction points. The PEP detector is 
built flexible and is in this work used in its closed packed configuration where the detectors 
are placed against each other. The distance between two nearest reconstruction points in this 
case is 3.05 mm. 

3.4. Reconstructing a concentratien profile from a PEP 
measurement 

The number of reconstructions per pos1t10n along the bed can be converted to the 
concentration of labelled species at that particular position by taken into account the number 
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Chapter3 Experimentalset-up 

of possibilities for reconstruction for each particular position. Reconstruction points at the 
end of the detector have only one possibility for reconstruction whereas reconstruction points 
in the middle of the detector have 9 possibilities. 
The short half-live of 11 C results in a high specific activity and thus a high number of 
reconstructions even with small amounts of injected labelled species. This enables repeating 
the measurement of the number of reconstructions per position after small time intervals L1t. 
In this way the profile over the bed can be studied as a function of time. 
Figure 3.5 shows a reconstructed profile as a function of time after data analysis and 
correction for the half-time of carbon-11 in the closed packed detector configuration. 

100 

90 

80 

70 
,..,........ 60 u 
(]) 
(J) 

50 
(]) 

E 
40 ·p 

30 

20 

10 

0 
0 10 20 30 40 50 

position (mm) 

Figure 3.5 Reconstructed profilefora hexane pu/se in hydragen through a packed 
bed reactor of pellets containing H-ZSM5 crystals at 230 oe. The number of 
reconstructions at position xi at time t; as detected in a fixed time interval .M, is 
reflected by its color. The color as a tunetion of the number of reconstructions is 
shown next to the figure. The number of reconstructions is corrected for the half time 
of 11 C. 

The PEP profile reveal two important characteristics of the concentration profile as it moves 
through the packed bed reactor. At first the hold-up of the labelled hydrocarbons by 
adsorption in the catalyst. The second is the broadening of the pulse due to axial dispersion. 
In chapter 4 the theoretica} background of the adsorption processes as well as the dispersion 
which take place in the packed bed column will be treated for a zeolite without platinum thus 
without reaction as well as the impact of the dispersion on the design of the experiments in 
case of reaction. 
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4. Ditfusion in packed zeolite beds 

4.1. Introduetion 

To describe the dispersion of gas molecules through a packed bed of porous pellets, 
containing adsorbing crystals, a model which involves a complex set of equations is 
necessary. In this chapter, this model is examined and simplified. In the case that the 
concentratien profile is shaped as a delta pulse, an analytica! solution is available. This 
analytica} solution, in which the dispersion is the sum of several contributions, will be 
discussed. The experiments carried out for this work are interpreted by fitting the measured 
profiles which are pulse shaped to this analytica} solution. By changing parameters as the 
crystal size and the pellet size, the individual terms that contribute to the dispersion can be 
influenced. The consequences of this option to choose the dominant factor in the dispersion 
for the study of the isomerisation reaction of hexane will be discussed. 

4.2. The structure of the packed zeolite bed 

A model for the transport of a small concentratien of gas molecules on top of an inert carrier 
through a packed bed is developed by Kucera [liJ and Ruckenstein et al.[IZJ . 
In this model (see Figure 4.1) a packed bed consists of actsorbent pellets. Such a pellet is 
comprised of small zeolite crystals interspersed with pores (macropores). The zeolite crystals 
have an open structure with channels further denoted as micropores (see Chapter 2). 
The pellets as well as the crystals are assumed spherical for reasoos of simplicity, and 
uniformly interspersed with macro- and micropores. The pore structure is continuous and 
interconnecting. 

The packed bed 
Figure 4.1 

The pellet 
The basic idea on which the model is developed. 

-15-

micropare 

The crystal 



A study on the isomerisation of hexane in a packed zeolite bed 

The mass transfer through the packed bed is thus governed by gas phase diffusion between 
the pellets, diffusion through the external film, diffusion in the macropores of the pellets and 
the diffusion through and adsorption in the micropores of the zeolite crystals. The mass 
transfer phenomena ultimately lead to the observed dispersion as measured by the broadening 
of the pulse with the PEP detector. The individual contributions to this dispersion will be 
discussed in the following paragraphs. 

4.3. Mass transfer through the packed bed 

x dx 

• 
Figure 4.2 The packed bed containing the pellets. 

In an ideal plug flow system, a system where the concentratien gradients in radial direction 
can be neglected and with no resistance to mass transfer, the outlet concentratien would 
replicate the input with a time delay corresponding with the hold-up in the column. When a 
fluid flows through a packed bed of pellets, the output is dispersed by several kinds of axial 
mixing. If the adsorbable component is present only at low concentratien in an inert carrier, 
changes in fluid velocity in axial direction are negligible. The differential mass balance of a 
packed bed may then be represented by (see Figure 4.2) 

a2c ac ac l-E dq 
-DL ax2 + ud ax +at +-E---ai = 0. ( 4.1) 

In this formula, ud is the interstitial velocity of the inert carrier, E represents the bed porosity 
(the pore volume fraction) (Ü<E<l) and thus (1-E) the partiele volume fraction . The 
concentrations of molecules outside and molecules inside the pellets are denoted by c and q 
respectively. In this model the effects of all mechanisms that contribute to axial mixing in the 
bed are lumped together into one single axial dispersion coefficient DL. Since the 
concentratien of the adsorbable component is low, heat transfer resistance can be neglected 
and therefore the spreading of the front is due entirely to axial mixing. 

There are two main mechanisms that contribute to axial mixing in the bed. The first is 
molecular diffusion. In molecular diffusion the resistance to flow arises from collisions 
between diffusing molecules. The other is mixing arising from the splitting and 
recombination of flows around the pellets usually denoted as Eddy diffusion. Langer et al. 
[
131 showed that these two effects are additive toa first approximation: 
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D 2R1,ud 
D = _!!!.. + _ _,___ 

L r Pe~ 
( 4.2) 

The first term represents the molecular diffusion in the pores between the pellets in the 
packed bed. The molecular pore diffusivity (Dm!r) is smaller than in a cylindrical pore (Dm) 
as a result of the random orientations of the macropores resulting in a larger path length, and 
the variation in the pore diameter. These two effects are accounted for by the tortuosity factor 
r. Experimentally determined values of the tortuosity lie in the interval 1-3. [141 

The second term in Eq. (4.2) represents the Eddy diffusion in which Pe ." is the limiting Peelet 

2Rr 
number for high Reynolds numbers. The Peelet number is defined as Pe = -- and the 

DL 

2t:udRp 
Reynolds number as Re= (v: kinematic viscosity). 

V 

A simple model of the bed as a series of mixing chambers, separated on average by the mean 
partiele diameter leads to Pe~ = 2 [151

. 

Thus at low Reynolds numbers for the lumped axial diffusion coefficient in a packed bed 

( 4.3) 

The average concentratien q of the molecules in the pellets with radius Rp is 

( 4.4) 

The pellet consists of zeolite crystals and macropores. The first term in the integral represents 
the adsorption in the crystal where qr is the mean adsorbed concentratien in the crystal; the 

second term represents the gas phase diffusion in the macropare where cp is the concentratien 
of the gas molecules in the macropores. The rnaeropere volume fraction (compared to the 
total pellet volume) is denoted by Ep (O<Ep<l). In the next paragraphs equations for the 
diffusion through the external film, the macropores and in the micropores of the crystals will 
be derived resulting in extra contributions to the dispersion. 

4.4. Mass transfer through the external film and the 
macropores 
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external film 

Figure 4.3 The pellet with external film and adsorbing crystals 

The pellets in the packed bed are conglomerates of zeolite crystals. The voids between the 
zeolite crystals in the pellets are denoted as macropores. The condition of no slip at a solid 
boundary means that the gas velocity at the surface of the pellet is zero resulting in a laminar 
sub layer around each pellet, the external film, through which mass transfer occurs by 
molecular diffusion. lt is convenient to correlate the mass transfer through the external film 
in terms of an effective mass transfer coefficient (fv) which is defined according to a linear 
driving force equation 

Jq 
--;)t = k1a(c- cl'), ( 4.5) 

where a is the external surface area per unit partiele volume, which gives for spherical 
particles 

4nR 2 3 
a- f1 --

- ±nR 3 - R . 
3 f1 f1 

( 4.6) 

D 
Ruthven [161 showed that for the low Reynolds regime in the film (Re< i) k1 = _!!!... . Thus for 

RI' 
Re<l in the film 

( 4.7) 

This differential equation thus describes the transport of molecules from the gasphase 
between the pellets through the external film towards the interior of the pellets. 

The differential mass balance in radial co-ordinates for the diffusion inside the pellets is 
given by (see Figure 4.3) 

( 4.8) 

In this formula Dp denotes the macropare diffusion coefficient. Hyun and Danner [I?J found a 
simple relationship between Dp and the molecular diffusion coefficient Dm: 
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( 4.9) 

which defines the internal tortuosity 'l';n which is experimentally determined in the range 2-6 
in molecular sieve pellets.[I?J 

The mean concentration qP of the adsorbed phase in the zeolite crystals is defined by 

( 4.10) 

where qc is the adsorbed phase concentration in the crystals. In the next paragraph the 
differential mass balance for qc is derived. 

4.5. Mass transfer through and adsorption in the zeolite 
crystals 

The microparticles (the crystals) contain only adsorbed molecules, which pass through the 
channels of the zeolites. The differential mass balance for diffusion in the micropores of the 
zeolite crystals is (see Figure 4.4) 

(
d

2
qc 2 dqc) dqc -D --+-- +-=0. 

c drc 2 re drc dt 
( 4.11) 

Figure 4.4 The zeolite crystal with the micropores 

The molecules in the channels of the zeolite crystals never escape the force field of the 
crystal, therefore the micropore diffusion coefficient De will be relatively small, generally of 
the order of 10-7-10-11 cm2/sec. The temperature dependenee of De will follow the general 
activation energy dependence: 

(4.12) 

with Ea the activation energy for micropore diffusion. 
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The adsorbed phase concentration qc in the crystals is a function of the total amount of 
adsorption sites and the equilibrium constant for adsorption Ke: 

The adsorption of a molecule A at an active site * can be written as 
kJ 

A + * -----'-----' A * 
~ 

The equilibrium constant Ke is defined as [ISJ 

Gl 
k

1 
exp(RT) !1G TM- MI !1S -MI 

Ke -- - = exp(-) = exp( ) = exp( -R ) exp( -RT ) , 
k2 G2 RT RT 

exp(RT) 

( 4.13) 

( 4.14) 

with G1 and G2 the Gibbs free energies conesponding with the adsorbed phase and gas phase 
respectively. t'lG= Gr G2 denotes the difference between adsorbed phase and gasphase 
molecules in Gibbs free energy and MI the heat of adsorption which is smaller than zero. 
The difference in specific entropy L1S is a measure of the difference between the amount of 
possible orientations of the adsorbed molecule in the zeolite pore and the amount of possible 
orientations of the gasmolecule in the macropore. Gasphase molecules have more possible 
orientations than adsmbed molecules, thus for the difference in specific entropy: L1S<0. 

Langmuir specified the form of the equilibrium law for monolayer coverage.[193 

qoKecp 
qc = 1 K ' + qo ecp 

( 4.15) 

which simplifies for small cP to the simple linear equilibrium law generally reported as 
Henry's law: 

q =qKc=Kc. c 0 ep cp ( 4.16) 

4.6. Analysis of dispersion by the method of moments 

The combined mass transfer equations for the packed bed (Eq ( 4.1) ), the extern al film (Eq 
(4.7)), the rnaeropmes (Eq (4.8)) and the mieropmes (Eq (4.11)) describe dispersion and 
adsorption in a packed bed of zeolite crystals. An analytica} solution for the entire set of 
equations in case of a delta pulse input does exist[203 but is written in difficult integral 
expressions. The analytica! solution is not valid when the equations which describe the 
reaction kinetics of the isomerisation reaction are included and thus numerical solution of the 
extended model with reactions will be necessary. Earlier studies report that an examination 
of the moments of measured concentration profiles when only adsorption and desorption 
occur also provide a method for studying dispersion. Simple analytica! expressions are found 
in literature for the moments of the delta pulse response of the model when reaction is not 
taken into account. 

Define the first moment of a concentration profile c(x,t) as 
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= 

I ctdt 
- 0 

fl=t =-=-' 

I cdt 
0 

and the second moment as 

= I c(t- fl)2 dt 
(52 =....::.0 ___ _ 

= 

I cdt 
0 

( 4.17) 

( 4.18) 

Haynes and Sarma[2
ll obtained the expressions for the first and second moment of the pulse 

response for the model when only adsorption and desorption occur by inverting the salution 
of the model in Laplace domain. 

The first moment: 

L 1-E 1-E L 1-E 
11=-(1+-E +-(1-E )K)=-(1+-K) 
r ud E " E " c ud E " 

where L is the length of the bed and by using the definition 

KP =EP +(1-Ep)Kc, 

Kp is the equilibrium constant for adsorption/desorption on a pellet volume basis .. 

The second moment: 

[ ]

2 2L D 1-E 1-E 
(5

2 
=--L 1+--E +--(1-E )K. 

u u 2 E P E P c 
d d 

2 L R / ( 1 - E )[ ]z +---- -- E +(1-E )K 
3u D E P P c 

d m 

2 L R / ( 1 - E )[ ]2 +------ -- EP +(1-Ep)Kc 
15 ud EPDP E 

2 L R 
2 
( 1- E )[ ]2 + ___ c_· - (1-E )K 

15 u D E P c 
d c 

( 4.19) 

( 4.20) 

( 4.21) 

Provided that Kc>>Ep (typical values for Kc are of the order of 103 whereas Ep<1) these 
expressions can be simplified to 
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( 4.22) 

Eq. (4.22) shows that all effects of dispersion can be considered as linearly added. The first 
term in Eq. (4.22) represents the axial dispersion in the bed and the second term the 
dispersion in the pellets. The dispersion in the pellets is the sum of three contributions. The 

( Rp
2

J ( RJ!
2 

J first term -- represents the external film resistance, the second the 
3Dm 15ePDP 

macropore resistance and the last term ( 
5 

Re 
2 

J represents the micropore resistance. Thus 
1 KJ!DC 

the dispersion can be looked at as a circuit of serial resistors. The largest term will dominate 
the dispersion behaviour. By examining the individual terms, one can determine which 
resistance is dominant in the process of dispersion. When the dispersion in the pellets 
dominates the dispersion in the bed, then by changing the experimental parameters Rp and Re 
as well as the zeolite type, the influence of the three separate terms in the dispersion in the 
pellets can be studied. The values for Kp and De depend on the type of gas molecule. The best 
way to study the reaction will be when the micropore resistance term will dominate the entire 
dispersion since this term is very different for n-hexane and iso-hexane, in contrary to all 
other contributing terms to dispersion. 

4.7. The analytical salution of the simplified model 

The dispersion can be obtained by calculating the moments for a measured profile. Fitting the 
data to an analytica} solution however would provide a more accurate way of determining the 
total dispersion since PEP returns several concentration profiles. 
In the metbod of moments, the total dispersion is the sum of all individual effects of 
dispersion. Glueckauf [22

l and Van Deernter et al. [23
l suggested that the entire model could be 

simplified to one equation: 

()
2c Je Je 1-edq 

- Deff Jx2 + ud dx + dt +-e-af = 0 

with a linear adsorption equilibrium 

q= kc. 

( 4.23) 

( 4.24) 

All effects of dispersion are taken into account by one effective diffusion coefficient Deff: 

For this simplified model, the moments are 

L 1-e 
J.l=-(1+-k) 

ud e 
( 4.25) 

2 2L Detf [ 1- e ]
2 

(J =---2 1+--k 
ud ud E 

( 4.26) 
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which simplify to 

This is equal to Eq. (4.22), provided that 

k=Kp 

and 

Ditfusion in packed zeolite beds 

( 4.27) 

( 4.28) 

( 4.29) 

By inserting Eq. (4.24) in equation Eq. (4.23) and by using Eq. (4.28) the simple model can 
be written as 

( 4.30) 

1 
By using the co-ordinate transformation f3 = --

1
-_-E-- and z=x-f3udt, this simplifies to 

1+--K 
E P 

( 4.31) 

This equation can be solved analytically for a pul se input of volume V to yield 

V ( (x- f3udt)
2 J c(x,t) = exp - , 

t:A~nf3Detft 4f3De1Jt 
( 4.32) 

where A is the column area. Ruthven [241 mentions that this salution provides a good 
approximation to the exact salution as found by Rasmuson[201 of the dispersion model. 

By simultaneously fitting all measured profiles as a function of time when only adsorption 
and desorption occur to this analytica} salution a value for · Detf is obtained. The same 
arguments when discussing the method of moments are valid here. Thus for studying the 
isomerisation reaction, the situation is needed in which the micropare resistance term 

( Re 
2 

J dominates the effective diffusion coefficient De!J~ 
15KpDc .. 
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5. Analysis of dispersion in a packed bed 
by studying the PEP profiles 

5.1. Introduetion 

When a pulse of labelled hexane in an inert carrier travels through a packed bed, two main 
things happen. The pulse is delayed with respect to the carrier as a result of adsorption and 
desorption. In chapter 6, this delay will be examined. And secondly the pulse is dispersed by 
several kinds of mass transfer resistance expressed by the effective diffusion coefficient Deff· 
By changing parameters as crystalsize, pelletsize and the type of zeolite, the dominant factor 
in the effective diffusion coefficient and thus in the total dispersion can be influenced. As 
seen in the previous chapter, the situation in which the micropare resistance term dominates 
the other mass transfer resistance terms is necessary to study reaction kinetics, since it is this 
situation that results in a different dispersion and thus a different profile for n-hexane and i
hexane. 
In this chapter, several methods for the calculation of the effective diffusion coefficient will 
be investigated as well as the search for micropare dominant diffusion which is the 
experimental condition such that reaction kinetics can be studied. 

5.2. Determination of the effective ditfusion coefficient trom 
the measured profiles 

5.2.1. Determination of Dett by the methad of moments 

The initial pulse is dispersed by the effects of rnass-transfer resistance in the bed as well as in 
the pellets. As seen in Chapter 4 (Eq. 4.29), all these effects can be considered linearly 
additive in a first order approximation resulting in one effective diffusion coefficient 

(
R

2 
R2 2 J 1- ê [! fJ Re 2 

D =D+----+ + u 
ejj L ê 3D 15t: D 15K D d 

m fJ p p c 

( 5.1) 

This effective diffusion coefficient can be determined from the time dependent concentration 
profiles by calculating the first and second moment and using Eq. 4.27: 
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( 5.2) 

The first moment of the pulse at a specific position along the catalyst bed can be calculated 
by using Eq. 4.17 for the first moment of the pulse: 

= 

I c(x; )tdt Lei (x; )t/1t 

J1(x;) = ~ ::::: --::'=· =-----

I IcJxj)L1t 
c(x; )dt 

0 

where ci(x1) is the number of reconstructions at position x1 and time ti and L1t is the time 
interval in which the concentration profile is measured. 

The second moment can be calculated in a similar way: 

= 

I c(x;)(t -J1)
2
dt Lci(xj)(ti -J1) 2L1t 

<Yz (x;) = """o __ = _____ ::::: ---'----;::=------

I Ici(x;)L1t 
c(x;)dt 

0 

Lci(xj)(ti -J1(x;))z 

Lci(x;) 
( 5.3) 

Figure 5.1 shows the contribution to the second moment of the individual measured points 
(clti-/1/) as a function of time ti fora measured response. 

x 10
4 

4.-~------~---r-------~ 
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OLL-~~---~--~---~--~ 

0 I;=~ 200 250 

Figure 5.1 lndividua/ con tribution to the second moment as a tunetion of time tor 
reconstruction positionl tor a n-hexane pulse on H-ZSM22 at T=170 oe and carrier 
velocity ud=85cm/sec. 

For small ti, the contribution increases as c; increases faster than (t;-!ll decreases. After a 
maximum, the contribution decreases as c; decreases faster than (t;-!ll increases. The 
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contribution for ti=J.l is obviously zero. A similar profile for ti>J.l is expected, where for very 
large ti the contribution should go to zero since ei should go to zero. However a background 
level cbK causes the contribution to increase with cblti-J.ll . The second moment as 
calculated from the profiles will therefore not converge for large ti. 
There is no simple way to create a formalism to correct for the background level, since it 
decreases in time, is sometimes present at the start of an experiment and it is sometimes not 
so obvious where valuable data ends and noise starts. 

The concentration profiles as given by the analytica! solution are nearly Gaussian shaped. The 
second moment of a perfect Gaussian shaped curve is related to its Full Width Half 
Maximum w112 by [251 

( 5.4) 

The measured response curves however are not Gaussian shaped but have long tails. 
Assuming a value for Deff' the analytica! solution given in Eq. (4.39) can be used to calculate 
the time dependent concentration profiles at a specific position in the bed. In order to test the 
applicability of Eq. (5.4) the Full Width Half Maximum (FWHM) of these curves have been 
evaluated. Inserting Eq. (5.4) in Eq. (5.2), Deffcan be estimated when the FWHM is used as a 
measure of the dispersion. Figure 5.2 shows a comparison between the inserted value of Deff 

in the analytica! solution with the evaluated D~ttfrom the FWHM. 
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Figure 5.2 Comparison between Dett as inserted in the analytica/ salution with an 
estimate trom using the FWHM of the profile obtained by the analytica/ solution. The 
va/ues tor the parameters in the analytica/ salution are: ud=100 cm/sec, f3=1U3

, x=3 cm. 
The straight fine denotes the estimates tor Dett obtained by the FWHM of the curve. The 
dashed fine corresponds with the case that the estimate tor Dett wou/d yield the correct 
va/ue. 

For Deff < 5 cm2/sec, there is a good agreement between the inserted value of Deff and the 
estimate by using its FWHM. For increasing Deff there is an increasing gap between them. 
Values for Detf as measured in this study are in the range of 1-15 cm2/sec. Consequently, a 
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more accurate evaluation of the concentratien profiles is required which will be discussed in 
the next paragraph. 

5.2.2. Determination of Dett by fitting the measured profiles with the 
analytica! salution 

A PEP measurement returns several measured profiles. By fitting the measured PEP curves in 
a 2-dimensional least squares metbod to the analytica} solution expanded with a background 
term Cbg and corrections x0 and t0 to denote the position and time for the initial delta pulse, a 
value for Deffcan be obtained: 

( 5.5) 

The parameters that are extracted from the fit are c0(x1), t0 , xo, f3.ud, f3.Deff and Cbg· The 
program developed for this purpose was a Matlab program written by Van de Ven [261

• In the 
traditional chromatographic studies, fitting the data was not an improve on the moments 
metbod since chromatography only provided two curves: one before the bed and one after. 
Figure 5.3 shows an example of a PEP profile of n-hexane at T=170 oe on H-ZSM22. By 
fitting all positions simultaneously as a function of time to the analytica} solution, the 
parameters can be extracted. The measured and fitted curves for several positions are shown 
in Figure 5.4. 
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Figure 5.3 PEP profile tor n-hexane in H-ZSM22 at T=170 oe. The hydragen flowrate 
is 150 mi/min. 
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Figure 5.4 Comparison between measured (-) and fitted (--) profiles as a tunetion 
of time tor positions x=12.2, 18.3, 24.4, 30.5, 36.6 and 42.7 mm. The pu/se dispersesas 
it moves through the tube. 

Fitting the PEP data to the analytica} solution given in Eq. (5.5) yields among others values 
for f3.ud and f3.Deff· The flowrate and Eq. 6.15 return a value for the interstitial velocity ud, 
and thus a value can be obtained for Delf· 
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5.3. Van Deernter plots 

The effective diffusivity Detf is g1ven by Eq. 4.29 DeJf =DL +bud 
2

, with b defined as 

1 - E ( R/ R/ Re 2 J b=-- --+ + 0 

E 3Dm 15EPDP 15KpDc 
( 5.6) 

The first term in De11 represents the dispersion in the bed DL and is thus oot zeolite dependent 
In order to measure the influence of the zeolite crystals on the diffusion, the experimental 
conditions should thus be chosen such that 

( 5.7) 

From a so-called Van Deernter plot in which DeffUd is plotted versus ud, the regions cao be 
found in which either the dispersion in the bed is dominant (region I in Figure 5.5) or that the 
mass transfer inside the pellets dominates the dispersion (region 11 in Figure 5.5). 
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Figure 5.5 Van Deernter plot (a) theoretica/(-··-=-+ bud) and (b) rneasured. 

ud ud 
The va/ue for Dett as used in the rneasured Van Deernter plot is the result of fitting the 
rneasured profiles of a hexane putse in H-ZSM22 at 170 oe. 

For small ud the first and least interesting term is the most important whereas for large ud the 
second term becomes dominant. The minimum corresponds with the situation in which the 
terms are equal. 

5.4. Varianee plots 

To determine the value of the dispersion in the pellets from the value for Deff' measurements 
have to be carried out in which the flowrate is varied. A varianee plot in which De.tfui is 
plotted against llui, yields the value of bas the intercept with the y-axis: 
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D D _ (R 2 
R

2 

2 J ~!f L 1 ê P P Re DL 
-2-=-2 +-- --+ + =-2 +b 
Ud Ud ê 3Dm 15t:PDP 15KpDc ud 

( 5.8). 

Only the points in region II of a corresponding Van Deernter plot are taken into account to 
determine the value of b out of a varianee plot. 

The dispersion in the pellets is the sum of three contributions: The film resistance ( R/ J, 
3Dm 

the macropore resistance ( R/ J and the micropore resistance ( Re 
2 J. By changing 

15t:PDP 15KpDc 

experimental parameters as Re, Rp and the type of zeolite which influences De the influence of 
the separate terms can be studied. 

5.4.1. Experiments with n-C6 on different zeolites with pellet sieve 
fraction 250-500 mu (diameter) 

By changing the experimental parameters in the micropore resistance term ( 15i:D" J while 

keeping the other resistance terms the same, the influence of the micropore resistance term on 
the dispersion in the pellets, resulting in the intercept b in a varianee plot, can be examined. 
Therefore several experiments have been performed with pellet sieve fraction 250-500mu and 

n-hexane as tracer in order to keep the macropore resistance ( R/ J and the film 
15e(ID(I 

resistance ( R/ J constant in the different experiments. By varying the zeolite type and the 
3Dm 

crystal size, the value for the micropore resistance is changed. The varianee plots for these 
experiments are given in Figure 5.6. 
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Figure 5.6 Varianee plots tor the experiments in which the micropare resistance 
term is varied by varying the zeolite type and the crystal size whereas the other terms 
that contribute to the dispersion are kept the same. 

The intercepts as well as the slopes of the several experiments representing the dispersion in 
the pellets b and the dispersion in the bed DL respectively are given in Table 5.1. 

Zeolite Gas <.Rp> Re Temp b DL 
cm cm K sec cm2/sec 

H-ZSMS n-C6 l.88E-02 5.0E-05 503 ( 1.9±0.2)E-03 0.64±0.1 
H-ZSM22 n-C6 l.88E-02 5.0E-05 443 ( l.7±0.3)E-03 1.2±0.2 
H-Ferrierite n-C6 l.88E-02 5.0E-05 443 ( 1.4±0.1 )E-03 1.0±0.1 
H-Mordenite n-C6 l.88E-02 2.5E-04 503 (9.4± 1 )E-04 1.1±0.1 
H-Beta n-C6 L88E-02 5.0E-05 503 ( l.7±0.2)E-03 2.1±0.2 

Table 5.1 lntercepts band slopes DL of n-hexane (n-C6) on different zeo/ites with 
the samepellet sieve fraction 250-500 J.lm (diameter). 

The values for DL on H-ZSM22, H-Ferrierite and H-Mordenite are the same within error 
margins whereas the values for H-ZSM5 and H-Beta deviate. The longitudinal dispersion DL 

D 
is given by Eq. 4.3: DL = _m + Rpud . The difference might be explained by assuming a 

r 
different value for the tortuosity r. The tortuosity is largely determined by the package of the 
pellets in the bed which might vary from experiment to experiment. 

The values for Kp and De are zeolite dependent, thus the micropare resistance is very different 
for the several experiments. Consequently, when the micropare resistance is the dominant 
term in b, different intercepts would occur. The intercepts representing the sum of the 
micropore, macropare and film resistance of the pellets however are all of the same order. 
For example, the crystal size of the H-Mordenite zeolite is 5 times larger than the crystal 
sizes in the other experiments resulting in a 25 times larger influence of the micropare 
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resistance term but this does not result in a larger intercept for the H-Mordenite experiment. 
Apparently, the micropore resistance is small compared to the macropore resistance and the 
film resistance. 
The three terms that contribute to the intercept b - the external film, the macropore and the 
micropore resistance - can be estimated. In Table 5.2 the three terms are estimated, using the 
following: êp=0.4, Kp=lOOO, Dc=l0-7

, Dp=l0-1
• A literature value [271 forDmis 0.29 at 289K. 

However our experiments have been performed at 500K. Therefore the temperature 
dependenee of the molecular diffusion coefficient is required to estimate Dm at 500K. The 
molecular diffusion coefficient is temperature dependent, following[281 

D.=D,(~)". (5.9) 

where Do is the molecular diffusion coefficient at a temperature T0 and n is a constant 
between 1.6 and 2.0 [291

. Then by using Eq. 5.9, and by using n=l.8, Dm can be estimated for 
other temperatures. 

Zeolite Gas R/13Dm R/IIStp!Jp R/IISKpDc 
sec sec sec 

H-ZSM5 n-C6 1.5E-04 5.9E-04 1.7E-06 
H-ZSM22 n-C6 2.0E-04 5.9E-04 1.7E-06 
H-Ferrierite n-C6 2.0E-04 5.9E-04 1.7E-06 
H-Mordenite n-C6 2.0E-04 5.9E-04 4.2E-05 
H-Beta n-C6 1.3E-04 5.9E-04 1.7E-06 

Table 5.2 Estimation of the three terms - the film resistance, the macropare 
resistance and the micropare resistance - that contribute to the dispersion in the 
pellets. 

Table 5.2 shows that the micropore resistance is two orders of magnitude smaller than the 
film resistance and the resistance of the macropores which is in agreement with the 
observations. 
Consequently the intercept b can be approximated by: 

ê R 2 R 2 

b=-(-1
-' + p ). (5.10) 

1- ê 3Dm 15t:PDP 

The numerical values of the macropore diffusion coefficient Dp can be determined using Eq. 
5.10. Since literature values for Dp are scarce, the relation between Dp and Dm (Eq. (4.9): 

D 
D "" ___!!!_) is used to estimate the internal tortuosity inside the pellets. Values for the internal 

P r. 
In 

tortuosity as determined using this relation are given in the last column of Table 5.3. 
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Zeolite Gas b Dm DP 'tin 
cm cm2/sec cm2/sec 

H-ZSM5 n-C6 1.9E-03 0.79 2.1E-2 38 
H-ZSM22 n-C6 1.7E-03 0.58 2.5E-2 23 
H-Ferrierite n-C6 1.4E-03 0.58 3.1E-2 19 
H-Mordenite n-C6 9.4E-04 0.79 4.7E-2 17 
H-Beta n-C6 1.7E-03 0.79 2.5E-2 32 

Table 5.3 Ca/culation of the macropare diffusivity and the internal tortuosity 
when the chosen value tor <Rp > is the average pellet radius. 

The values for the internal tortuosity are higher than the values reported in literature which lie 
in the range 2-6 (see Chapter 4). A possible explanation for the high values of r;n in Table 5.3 
might be a result of the used value for the pellet radius Rp . The used value of Rp is in this 
case the average of the used sieve fraction. The used sieve fraction is 125-250J..Lm for the 
radius of the pellets resulting in an average value of 188J..Lm for Rp. But since the volume 
fractions of pellets with the largest radius dominate the volume fractions of the smaller 
pellets, it might be more appropriate to calculate the values for Dp and thus r;n using the 
largest possible value for Rp. The rnaeropere diffusivity Dp and the internal tortuosity r;n are 
recalculated in Table 5.4 for Rp=250J.Lm. 

Zeolite Gas b Dm DP 'tin 
cm cm2/sec cm2/sec 

H-ZSM5 n-C6 1.9E-03 0.79 4.0E-2 20 
H-ZSM22 n-C6 1.7E-03 0.58 4.8E-2 12 
H-Ferrierite n-C6 1.4E-03 0.58 5.9E-2 10 
H-Mordenite n-C6 9.4E-04 0.79 9.2E-2 9 
H-Beta n-C6 1.7E-03 0.79 4.6E-2 17 

Table 5.4 Calculation of the macropare diffusivity and the internal tortuosity 
when the chosen value tor <Rp > is the maximum pellet radius. 

The calculated tortuosities are still too high. Apparently the effect of the size distribution 
cannot explain the large values for the internal tortuosity. Another possible explanation lies in 
the validity of the expression for the film resistance term for low Reynolds numbers (see 

D 
Chapter 4) k

1
. = ---'!!.. . lf this approximation is not valid, the calculation of the rnaeropere . R 

[I 

diffusivity and the internal tortuosity are not reliable. lf the approximation is valid the 
intercept in case of negligible micropore resistance is proportional to the square of the pellet 
radius Rp as can be seen in Eq. (5.10). This relation can be verified by changing the pellet 
radius. Therefore experiments have been carried out in which the pellet size is halved by 
halving the used sieve fraction. 
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Figure 5.7 n-hexane on H-ZSMS with different pellet sizes. The sieve fractions as 
given in the box, are pellet diameters. 

For the sieve fraction of H-ZSM5 of 125-250 J..Lm the intercept compared to the intercept of 
the sample with sieve fraction 250-500 J..Lm as can beseen in Figure 5.7, goes: 

Intercept(250- 500pm) 1.9e-3 

--4 =4.32 
Intercept(125-250pm) 4.4e-

This is close to the value of 4, since twice the partiele size results in a four times larger 
intercept. The approximation of the film resistance term is therefore not proven to be invalid. 

5.5. Creating micropore dominant ditfusion 

When the micropore resistance term is negligible, the measured profiles in case of reaction 
are similar to the profiles without reaction, since the gasphase molecular diffusivity Dm and 
the macropare diffusivity Dp for iso-hexane and n-hexane are similar. The difference in 
dispersion for hexane and iso-hexane is situated in the micropare diffusivity De which is 
located in the micropare resistance term. This can be seen from literature values for De for 
hexane and iso-hexane which are shown in Table 5.5. 

Gas Zeolite De Temp Ea Reference 
cm2/sec K k]lmole 

3MP H-ZSM5 7E-8 348 - [30] 
n-C6 H-ZSM5 -E-6 295 - [30] 
n-C6 H-ZSM5 3E-6 723 - [31] 
3MP H-ZSM5 5E-5 811 48 [31] 
n-C6 H-ZSM5 5E-9 298 - [32] 
3MP H-ZSM5 -E-11 298 - [32] 
n-C6 H-ZSM5/Silicalite 5E-11 298 - [33] 
n-C6 Silicalite 6E-8 373 16.7 [34] 
n-C6 Silicalite -E-8 379 17.1 [35] 
n-C6 H-ZSM5 -E-8 379 24 [36] 

Table 5.5 Literature values tor n-hexane (n-C6) and 3 Methyl Pentane (3MP) on 
Silicalite/H-ZSMS 
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As can be seen in the table, the values for De differ many orders of magnitude even for one 
molecule on one zeolite. This is not only the case for H-ZSM5 and silicalite but is a general 
trend in the literature. 

Figure 5.8 shows a PEP measurement of n-hexane on H-Mordenite as well as a PEP 
measurement of n-hexane on Pt/H-Mordenite, including the isomerisation reaction. The PEP 
measurements are similar as can also be concluded from a comparison of the varianee plots 
as shown in Figure 5.9 which is no surprise in the case of a negligible micropore resistance 
term. 

50 

40 40 

~ 30 ~ 30 
~ ~ 
Q) Q) 

E E 
·p ·p 

20 20 

10 

20 
position (mm) position (mm) 

(a) (b) 

Figure 5.8 Comparison between PEP measurements of n-hexane at T=230 oe on Pt 
(1.6wt%)/H-Mordenite (a) and H-Mordenite (b) 
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Figure 5.9 Comparison of varianee plots of n-hexane at T=230 oe on Pt (1.6wt%)/H-
Mordenite and H-Mordenite. 

In order to study the reaction kinetics of the isomerisation, the micropore resistance term 
must be dominating the other dispersion terms. There are two ways of obtaining micropore 
dominant diffusion. One is to lower the film and macropore term by decreasing the partiele 
size. The other is to increase the micropore resistance by increasing the crystalsize. A 
decrease of the partiele size is presently limited by pressure drop considerations. When the 
pellets are too small, the pressure drop over these pellets is too large and the pellets will be 
blown out of the reactor. 
The crystalsize is limited since large crystals of acidic zeolites become unstable. Typical 
maximum values for the size of zeolite crystals are 50 mu (diameter). However, for H-ZSM5 
larger crystals up to 100 mu crystal diameter can be synthesised. 

By combining a decrease in the film resistance term and the macropore resistance term with 
an increase in the micropore resistance term, a situation with micropore dominant diffusion is 
tried to be created. The film resistance term and the macropore resistance term are decreased 
by using a smaller pellet size. The micropore resistance term is increased by using larger 
crystals and using n-butane (n-C4) since this molecule is expected to have a smaller value of 
Kp than n-hexane which also results in a larger value for the micropore resistance. Figure 5.10 
shows varianee plots for the diffusion of n-C4 on H-ZSM5 with pellet sieve fraction 125-250 
mu with increasing crystalsizes. 
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Figure 5.10 Varianee plot tor n-butane (n-C4) on H-ZSMS with pellet sieve fraction 
125-250mu {diameter) with different crystalsizes {diameter). 

As can be seen from the figure, the intercept does not increase when larger crystals are used. 
By using crystals of 12 mu instead of 0.6mu the micropore resistance is increased with a 
factor of 202=400. This implies that film resistance and macropore resistance still dominate 
the dispersion. 

There is an other way of obtaining micropore dominant diffusion. Acidic zeolite crystals 
become unstable when the size is enlarged. Non-acidic zeolites can be created in much larger 
sizes since instahilities occur at much larger sizes. For example Silicalite, the all silica variant 
of H-ZSM5, is available with crystal diameter 100 Jlm. With these crystalsizes, pelletscan be 
avoided and the zeolite crystals can be used in the catalyst directly. In this way, there are no 
macropores and thus no macropore resistance. The term that represents the resistance of the 
external film has not been eliminated since the film will now be located around the crystals. 
Table 5.6 shows an estimate for the magnitudes of the two remaining contributions to the 
dispersion in the pelletsbasedon literature value Dc=l0-7

. 

Re Temp KP Dm R/13Dm R/llSKpDc 
cm K cm2/sec sec sec 
50E-4 503 1000 0.88 9.48E-06 1.67E-02 

Table 5.6 Estimates tor the two remaining dispersion terms in a 100 J.Lm crystal 
diameter sample of Silicalite, namely film resistance and micropare resistance. 

This suggests that the film resistance is negligible to the micropore term. The intercept of the 
varianee plot b is then given by 

E Rc2 
b=-( ) 

1-t: 15KpDc 
(5.11) 
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The varianee plots of n-hexane and 2 methyl pentane on a silicalite sample with 1 OOf..Lm 
crystals only are plotted in Figure 5.11. The figure shows that in case of micropare dominant 
diffusion, different behaviours for n-hexane and 2 methyl pentane are obtained. 
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Figure 5.11 Varianee plots for n-hexane (n-C6) and 2 methyl pentane (2MP) on 
Silicalite with 1 OOm u crystals only 

The micropare diffusivity De for 2MP and n-C6 can be determined from these data by using 
the Kp values. KP can be determined from the retentien time and using Eq. 4.19 

L 1-E 
J1 = -(1 + --K ) .(see also Chapter 6). 

u E P 
d 

The results are summarised in Table 5.6. 

De 
(cm2/sec) 

Re (cm) Kn T(K) b (cm) Measured Literature Reference 
n-C6 50E-4 3.5E3 500 1.9E-4 1.7E-6 2E-7 [34] 
2MP 50E-4 2.6E3 500 3.6E-3 l.2E-7 6E-7 [31] 
2MP 50E-4 1.7E3 520 1.7E-3 3.6E-7 9E-7 [31] 

Table 5.7 Calculated values for De on Silicalite with crystals only compared to 
values obtained from literature for De and Ea as given in Table 5.5. Note that the 
measured values for 2MP are compared to literature values for 3MP. 

Note that the De values are measured at 500K while in the literature values are reported 
measured around 300K and around 800K. Compared to the literature values, the calculated 
values for De are different but literature values for De on zeolites differ in many orders of 
magnitude. 
An estimate for the activatien energy Ea for 2MP on silicalite can be obtained from the ratio 
of the two estimates for De. 

8.314 1.2E -7 
Ea = 1 1 In( ) = 119kl I male 

5oo - 5zo 3.6E - 7 
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This value for Ea is much larger than the literature value for 3 methyl pentane on silicalite. 
The varianee plot of the measurement of 2MP at 500K shows some scatter, but at present 
there is no explanation for this discrepancy. 

5.6. Conclusion 

Micropare dominant diffusion can be created by using large zeolite crystals as shown in the 
previous section for silicalite. Micropare dominant diffusion results in different dispersive 
behaviour for n-hexane and iso-hexane and in this situation the reaction kinetics can be 
studied. Unfortunately, the isomerisation reaction can not take place in silicalite, since 
silicalite does not contain any aluminium, ergo no cations. 

But in case of an active zeolite and in the micropare dominant region, three experiments can 
be done (see Figure 5.12). First an experiment with n-C6 on this zeolite without platinum. 
This results in an intercept of say an. Next the same experiment with 2MP or 3MP on the 
same zeolite without platinum, resulting in a larger intercept, ai. This intercept will be larger 
than the one for n-C6 since KpDc for i-C6 is much smaller at temperatures around 500 K. 
For an experiment with n-C6 on this zeolite with platinum dispersed on it, the intercept will 
be b. The value for b will be between an and ai and depend on the conversion of n-C6 into i
C6. 

"' < 
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0 

i-C6 

n-C6. with Pt 

n-C6 

1fUdA2 

Figure 5.12 Different intercepts in a micropare dominant ditfusion experiment 

Thus micropare dominant diffusion enables differences in the measured PEP profiles in case 
of reaction. Apparently the required dominanee of the term which describes the mass transfer 
resistance in the micropores can be achieved by using large individual crystals. Only then the 
reaction kinetics of the isomerisation reaction might be studied ad interpreted using a 
numerical evaluation of the dispersion model extended with reaction rate equations. 
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6. Studying the hold-up in the bed 

6.1. Introduetion 

The gas molecules can, in contrary with the molecules of the carrier, be adsorbed and 
desorbed in the micropores of the zeolite. This process results in a time delay which is among 
others a function of the type of gasmolecule, the temperature and the zeolite type. In this 
chapter, the time delay is measured as a function of temperature resulting in the heat of 
adsorption of the specific zeolite. Also, a quantitative examination of the difference in 
specific entropy between adsorbed and gasphase molecules is considered. 

6.2. Determination of the ratention time 

The retention time of the pulse can be calculated by using Eq. (4.17) for the first moment of 
the pulse: 

= 

I ctdt L cJ; ~t L c;t; 
- 0 i i f.1 = t = -=-- :=:: -"==---- = -==----I cdt L.,c;~t L.,c; 

( 6.1) 

0 

The reten ti on time in the packed bed is given by Eq. ( 4.19): 

L l-E 
f.1 = -(1+-Kr,). 

ud E 
( 6.2) 

The derivation of this formula, given in Chapter 4, makes use of a simple linear adsorption 
isotherm. This is the case when the amount of molecules injected is much less than the 
sorption capacity of the specific zeolite. 

Eberly[J?J calculated the sorption capacity SC for n-C6 on H-Mordenite at 436 K: 
SC = 256J.1moles I g 

In our experiments, the zeolitic sample weighs about 200 gr. resulting in a sorption capacity 
of 51 J...Lmoles n-C6. 
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The injected pulse contains about 1 J...Lmole (unlabeled and labelled) n-C6, thus 50 times less 
than the sorption capacity. The simple linear adsorption isotherm may therefore be used. 
Since PEP enables to measure several profiles in the zeolite, the retention time can be 
calculated for all positions. The retention time for a specific position Xi at a distance ~ from 
the first detector pair can be calculated by adjusting Eq. (4.19) into 

L 1-t: 
J.l(x) =-' (1+-K) 

I <' p ud c 

Figure 6.1 shows an example of such a measurement. 
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Figure 6.1 Ca/cu/ated retention time as a tunetion of position tor a pulse of hexane 
in H-ZSM22 at T=170° C. 

The measurement shows that the predicted linear increase of the retention time as a function 
of position is very well satisfied between positions 3 and 15 but not in the beginning nor at 
the end of the detecting elements. This is a result of the fact that no zeolite bed is situated 
there, which results for these positions in a (high) velocity equal to the velocity of the inert 
carrier ud. The residence time at these positions is too short to have a significant countrate in 
the fixed time interval .1t todetermine the first moment of these curves accurately. In fact, by 
looking at a plot of the retention time as a function of position, the zeolite bed length can be 
determined. In the following paragraphs, the retention time J.1 over the bed with length L is 
calculated in the linear area. 

6.3. Heat of adsorption 

6.3.1. Arrhenius plots 

The equilibrium constant Kc is a function of temperature. Combining Eq. (4.14) and Eq. 
( 4.16) Kc can be expressed as 
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11G TI1S -11H 11S -11H 
Kc =q0 Ke =q0 exp(-R )=%exp( )=%exp(-)exp(--) 

T RT R RT 

Consiclering the definition of K1h 

KP = êp + ( 1 - êp) Kc 

ê 
it follows that when Kc>> __ P-, Kp can be approximated as 

1- êp 

-11H 
K -exp(--) 

P RT 

L 1-t: L1-t: 
and thus by using f.1 = -(1 +--K

1
,) ""---KP for large Kp, it follows that 

ud t: ud ê 

-11H 
ln(f.l) = --+ c. 

RT 

( 6.3) 

( 6.4) 

( 6.5) 

( 6.6) 

The plot of the logarithm of the retention time as a function of the reciprocal of the absolute 
temperature is called an Arrhenius plot. An example of an Arrhenius plot is shown in Figure 
6.2. 
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Figure 6.2 Arrhenius plot tor n-C6 on H-Ferrierite, resulting in a measured heat of 
adsorption of -69 kJ/mole. 

From the slope of an Arrhenius plot, the heat of adsorption can be derived. In Table 6.1 the 
measured heats of adsorption are summarised and compared to their literature values. 
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Zeolite Gas Heat of adsorption Difference Poresize 
(kJ/ mole) (kJ/mole) 
measured literature Abs. Rel. À 

H-Beta n-C6 -57 -67 10 0.15 7.6 x 6.4 
H-Ferrierite n-C6 -69 -79 10 0.13 4.2 x 5.4 
H-ZSM22 n-C6 -73 -82 9 0.11 4.4 x 5.5 
H-ZSM5 n-C6 -72 -82 10 0.12 5.3 x 5.6 
H-ZSM5 n-C4 -49 -58 9 0.15 5.1 x 5.6 
Silicalite n-C6 -48 -72 24 0.15 5.2 x 5.6 
(no pellets) 

Table 6.1 Measured heats of adsorption compared to literature values 

It is obvious that all measured heats of adsorption are too small compared to literature values 
which are measured by calorimetry. In calorimetry, the released heat at one temperature is 
measured when a well specified amount of gasmolecules is adsorbed in the catalyst. 
Calorimetrie measurements are turned out at roomtemperature which is significantly lower 
than the temperatures used in our study. ( -300 K to -500 K). The heat of adsorption 
decreases with temperature, though very slowly: order of magnitude 10-2 kJ/mole IK for 
hexane in silicate [381

. This would imply a decrease of -2 kJ/mole but this is not enough to 
explain the discrepancy. 

6.3.2. Explanations for the ditterenee between measured and 
literature values for the heat of adsorption 

In an earlier study [391
, a tentative explanation was proposed for the difference in 

measurement and literature. Deviations from literature values as measured for several zeolites 
were based on the micropore size of the zeolites e.g. for H-Mordenite, which contains large 
micropores compared to the size of an hexane molecule, no deviation was reported. The 
measured heat of adsorption would be a fractional average of the heat of adsorption on the 
outside of the crystals and the heat of adsorption in the micropore, which is the literature 
value. The fraction adsorbed on the outer surface was expected to increase with decreasing 
micropore size. The heat of adsorption on the outer surface of the crystals is smaller than the 
heat of adsorption in the micropore resulting in a measured value below the literature value. 

These previous measurements could not be confirmed. Table 6.1 shows that the difference 
between the measured value of the heat of adsorption and the literature value is the same for 
all micropore sizes. Also when n-butane is injected, which is much smaller than hexane and 
therefore would suppress the surface contribution, the difference between the measured value 
and the literature is the same as for hexane. 

It can also be mathematically shown that adsorption on the outer surface 
cannot explain a decrease in the value of MI. 
The retention time is given by 

L 1-E L1-E Ll-ë( ) 
Jl=-(1+-K )=---K =--- E +(1-E )K 

u EP u EP u EP Pc 
d d d 
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Suppose a fraction !1 to adsorb on the outer surface of the crystals with equilibrium constant 
Ks and a fraction of I ~11 to actually adsorb in the micropores of the crystals with constant Kc. 
In that case the retention time will be given by 

( 6.8) 

When the heat of adsorption on the outer surface of the crystals is estimated half the heat of 
adsorption in the micropare the ratio KIK: becomes for L1li=-70 klimale and T=500 K 

-Mi 35000 
K, exp(2RT) exp(8.31 *500) -4 

-oe - Mf - 70000 = 2JO 
Kc exp( RT ) exp( 8.31 * 500) 

Thus for the logarithm of J1 which is used for the Arrhenius plot: 

( 6.9) 

The second term can be approximated by using ln(l +x) = x for small x and the logarithm of 
the retention time becomes: 

The second term is exponentially dependent on the reciprocal of the temperature. In the case 
that the second term is of a similar magnitude as the first term, an Arrhenius plot would not 
result in a straight line as measured but would deviate for high temperatures. A low heat of 
adsorption as measured can not be explained from a difference between the heat of 
adsorption on the outside of the crystals and the heat of adsorption in the micropores of the 
crystals. 

A different explanation can be deduced by a comparison between calorimetry and our method 
of calculating the heat of adsorption. In calorimetry, the released heat at one specific 
temperature is measured when a well specified amount of hexane is adsorbed in the catalyst. 
A quantity that is temperature dependent can influence the value of L1H in our experiments. 
Consider the definition of Kp: 

( 6.11) 

The macropare volume fraction Ep is not expected to be temperature dependent as well as the 
specific entropy LlS. A quantity which can be temperature dependent is the total amount of 

E 
adsorption sites q0. Suppose an exponential temperature dependency: qo - exp( R;) . The 

logarithm of the retentiontime would yield in this case: 

(-Ml+E ) 
1 ) % n(Jl = RT +c. ( 6.12) 
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To return the correct value for the heat of adsorption, Eqo must be less than zero, since &1<0. 
This means that for increasing temperatures, the total amount of adsorption sites would 
increase. The total amount of adsorption sites can decrease when pores are blocked. At higher 
temperatures this effect would be less important, since the mobility of gasmolecules increases 
with temperature. 

lf the amount of available adsorption sites at the surface of zeolite crystals is limited, the 
gasmolecules form a queue to enter the micropores and thus the number of available sites in 
the zeolite crystal is lowered. This effect is expected to decrease with increasing temperature. 
The surface I bulk ratio of the zeolite crystals decrease with increasing crystalsize, which 
explains the large difference between measured and literature value for the large crystal 
sample of silicalite. 

At present, the temperature dependenee of the amount of available adsorption sites is the 
most likely explanation for the low values of &i. 

6.4. Specific entropy of gasmolecules in the micropores 

The PEP experiments allow to extract the change in entropy L1S when adsorption on a zeolite 
crystal takes place. This allows to investigate the influence of the poresize and the adsorption 
equilibrium constant Kp. 
Consider Kp : 

(6.13) 

When the heat of adsorption is calculated from an Arrhenius plot, the pre-exponential factor 
!1S 

K0 = (1- EP )q0 exp(R) can be determined. 

By plotting the retention time as a function of the reciprocal of the interstitial velocity and 
L 1-.s 

using f.1 =---KP , the value for IÇ1 can be determined out of the slope of such a plot. 
ud .s 

The interstitial velocity ud can be determined from the flowrate by using 

</> u=-
d A.s 

( 6.14) 

where A is the area of the reactor tube. The flowrateis measured by a rnass-flow controller at 
room temperature (Ta) where as the reactor is at a much higher temperature Tr. The relation 
between the measured flowrate and the real flowrate through the reactor can be determined 
by using the ideal gas law to yield for the corrected interstitial velocity 

</> T,. u--
d- A.s r · 

0 

( 6.15) 

An example of a retention plot, a plot of the retention time as a function of the reciprocal of 
the interstitial velocity is shown in Figure 6.3. 
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Figure 6.3 Retention plot for n-hexane on H-Mordenite at T =230° C. 

The logarithm of the pre exponential factor K0 will be 

~ 
ln(K0 ) = ln((l- êp)%) + R. (6.16) 

As seen in Chapter 2, the difference in specific entropy ..1S is a measure of the difference 
between the amount of possible orientations of the adsorbed gasmolecule in the zeolite pore 
and the amount of possible orientations of the gasmolecule in the macropare and is thus 
smaller than zero. By plotting -ln(K0) as a function of zeolite, a result as in Figure 6.4. is 
obtained. 

15 

14 

13 

12 

~11 
0 
~ 10 
.!i' 

9 

8 

7 

6 

5 
C\1 
C\1 
::;: 
(/) 
N 
± 

Figure 6.4 Logarithm of the pre exponential factor for different zeolites 

When the result is compared to a plot of the effective poresize of the main channel (the 
product of the main channel dimensions as given in Table 2.1), a trend is observed that -
ln(K0) increases with poresize (Figure 6.5). This can be explained by consictering that for a 
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larger pore, the gasmolecule can enter the pore in more orientations. Thus a larger pore 
results in a smaller difference in specific entropy between adsorbed and gasphase molecules 
and thus according to Eq. 6.15 in a smaller -1n(K0 ). 
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Pore area for the main channel of the used zeolites 

When the pre-exponential factor is examined for different gases on one zeolite, a plot as 
shown in Figure 6.6 is obtained. 
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Figure 6.6 -ln(K0) for different gases on H-ZSMS. 

Por increasing chainlengths an increasing value for -ln(Ko) is obtained. This result can be 
explained by the same argument as for the measurements on different zeolites. A smaller 
molecule can enter the pore with a lot of orientations and thus a small difference in specific 
entropy is obtained, whereas a molecule of the size of the pore has less possibilities resulting 
in a large difference in specific entropy between adsorbed and gasphase molecules. 
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7. Studying the 
heliumflow 

7.1. Introduetion 

re action by • ustng a 

In previous chapters, the aim was creating micropore dominant diffusion to obtain a situation 
in which the isomerisation reaction can be studied. (see chapter 5). A different approach to 
study the reaction is trying to switch on and off different steps in the isomerisation reaction 
process. The reaction process as discussed in chapter 3 is schematised in Figure 7 .1. 

n-C6Hl4 
A 

H2 : H2 0) 
---.:-- ---.:--

I + 
1 lH 

n-C H 0 12~----

lH+ 

I 
H2 I H2 (2) 
-1 ~ 

I 

i' 

i-C6Hl2 

Figure 7.1 The separate steps in the isomerisation reaction of hexane as 
discussed in chapter 2. By replacing the hydragen flow with a helium flow the 
hydragenation processes (1) and (2) wil/ not be carried out. 

Needed for the total process is a hydrogen carrier gas for the hydrogenation processes. In this 
chapter, the influence of replacing hydrogen as carrier gas by helium and thus switching off 
the hydrogenation steps, will be studied. 

7.2. Stopping hydragenation by using helium as carrier gas 

Instead of hydrogen, helium can be used as carrier gas for the hydrocarbon pulse. n-C6H14 in 
a helium carrier gas is injected on Pt/H-Mordenite (2wt. % Pt.). For different temperatures 
this results in Figure 7 .2. At the lowest temperature the entire pulse passes the bed, following 
the normal hold-up and broadening in the column. When the temperature is increased, one 
fraction stays in the bed where as the other passes. The velocity of the passing fraction is 
temperature dependent according to Eq. (6.15). 
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Figure 7.2 Concentration profiles as measured for different temperatures 
on Pt/H-Mordenite in a Helium flow of 75 NmVmin. 
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The total activity over all positions in the bed is plotted in Figure 7.3 as a function of time for 
the different temperatures. After the pulse has passed, a fraction of the initia! activity stays in 
the bed. Note that the PEP measurement is not able to discriminate between the several 
positron emitting molecules and thus no specific chemica} state of the adsorbed species is 
specified. From both figures can be concluded that the fraction remaining in the column 
increases with temperature. 
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Figure 7.3 Tota/ countrate in the bed as a tunetion of time. The remaining fraction 
increases with temperature. 

The results can be understood by evaluation of a simple adsorption model. Suppose a 
gasphase fraction A flowing through a packed bed of zeolite crystals, where it can adsorb non 
reversible into an adsorbed fraction B. 

A~B 

The reaction coefficient is denoted by k which is temperature dependent according to 

k = k0 exp(-Er I RT) . 

( 7.1) 

( 7.2) 

In this formula Er is an activation energy (kJ/male) for reaction and ko a pre-exponential 
factor. 
The concentrations [A] and [B] will follow 

J[A] J[A] J 2 [A] t: 
----;)[ = -u d -----;;;-- + D eJJ -----;);2 - 1 - t: k [A] 

J[B] t: 
-=-k[A] 

dt 1-t: 

( 7.3) 

This model is solved for a pulse input and initial condition [B] =0 at t=O with the program 
PDESOL. The parameters used are ud=lO, t:=0.4, k0=107

, Er=80 and DefFO. The dispersion 
of the pulse has not been included to simplify the model. Since a PEP measurement yields the 
sum of all positron emitting concentrations, A+B is the measured and thus interesting 
quantity. For different temperatures the results for A+B as a function of position and time are 
plotted in Figure 7 .4. 
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Figure 7.4 Concentration profiles as modelled for different temperatures. 
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Similar PEP profiles are simulated as those observed in the experiments. So the 
measurements might be interpreted when it is assumed that at least one of the adsorbed 
products does not desorb. The adsorbed productsin case of a hydragen flow are (see Figure 
7.1) n-C6Hu, n-C6Hn, n-C6HJJ+, i-C6H13+, i-C~12 and i-C~14 . All non charged products 
are expected to have the ability to desorb in the gasphase. The desorbed fractions of these 
molecules contribute toA. 
Since the injection takes place in a helium environment, the hydragenation of i-C6H 12 into i
C~14 as well as the hydragenation of n-C6H12 into n-C6H14 do not take place. The reaction in 
a helium environmentcanthen be looked at as shown in Figure 7.5. 

jH+ 
i-C6H:3+---

jH+ 
Figure 7.5 Reduced reaction mechanism in case of a helium flow instead of 
hydragen with the isomerisation step as rate determining. 

The adsorbed products that can desorb are in case of a helium flow n-C6H14, n-C~12 and i
C6H12. Suppose all desorption rates except for n-C6H14 are negligible compared to the 
reaction rates, meaning that adsorbed n-C6H12 and i-C6H12 can only react towards the 
carbenium ions. This is a plausible situation since the overall isomerisation reaction of n

C~14 into i-C6H14 involves the formation of carbenium ions. This would imply that the 
gasphase fraction A is formed by n-C~14 in the gasphase only. 
As seen in Chapter 2, the isomerisation reaction of n-C6H13 + is supposed to be rate 
determining resulting in a one way reaction as shown in Figure 7.5. The formation of i
C6H13 + acts as a since for the adsorbed n-C6H12 and n-C6H13 +. The equilibrium 
concentrations of i-C6H13 + and i-C6H12 grow while the pul se is passing and stay constant 
when the pulse has passed. This results in the measured profiles, since B is in this case 
formed entirely by i-C6H13 + and i-C6H12. The fractions that form A and B in this case are 
summarised in Table 7 .1. 

Contribution in case of 
pulse passing pulse gone 

A n-C6H14 rg! -

B n-Cr,H14 ra!, n-Cr,Hn, n-Cr,HJ./, i-Cr,Hl3 + , i-C6H12• i-CóH13 + , i-C~12 
A+B all i-Cr,HJ3 + , i-C6Hn 

Table 7.1 Con tribution of products in the two situations when the pu/se is 
passing compared to when it is gone. Since the isomerisation reaction is rate 
determining, all products that initially contribute to B wil/react into i-C6H1/ when the n
C6H14 pulse is gone. 
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A different situation occurs when the desorption rate of i-Cd/12 is not negligible or at least 
small compared to the retention time of the pulse. In that case, when the pulse has passed, the 
deprotonation reaction equilibrium shifts to the iso-hexene si de (i - C6H 13 + ~i - C6H 12 ). 

The formed iso-hexene will desorb into the gasphase and disappear eventually. As can be 
seen in the measurements, the concentration decreases slightly with time. This may be a 
result of a small but not negligible desorption rate for i-C6H 12 . This is however not the only 
possibility. Cracking reactions enable the formation of smaller hydrocarbons whereas 
hydrocarbons with more than 6 C-atoms are formed by reactions between hydrocarbons. The 
smaller hydrocarbons are expected to desorb at the temperatures at which the experiments 
were performed. The experiments indeed show a decrease in total activity in the bed as can 
beseen in Figure 7.3. 

7.3. Determination of the activation energy for desorption tor 
the adsorbed productsin an helium environment 

The desorption rate r for first order desorption is given by[401 

(}(} Edes 
r = ----;)t = kdes(} = v(}exp(- RT)' ( 7.4) 

where (} denotes the surface coverage, kdes the reaction rate constant for desorption and Edes 

the activation energy for desorption. The pre exponential factor v is generally of the order 
1013

. The desorption rate is a function of temperature. When the temperature is increased 
linearly with heating rate 1<:, the rate goes through a maximum as can be seen in Figure 7 .6. 
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Figure 7.6 Plots of the activity remaining in the bed, the first derivative with 
respect to time and the temperafure of the reactor all as a tunetion of time. The first 
derivative was obtained by differentiating a polynomial (degree 7) which was obtained 
by fitting the activity remaining in the bed. 

The temperature T max for the temperature conesponding with the maximum desorption rate 
can be found be equating the derivative of r to T to zero 
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Ede,, V ( Edes ) O 
2 --exp --- = . 

RTmax K: RTmax 
( 7.5) 

The desorption energy can then be calculated. The same value for the desorption energy can 
be obtained by using the Redhead formula[411

: 

[ 
VJ";nax ] 

Edes = RTmax ln(-7\:-)- 3.46 . ( 7.6) 

The results forthese experiments, called thermal desorption spectroscopy, are summarised in 
Table 7.2. 

tc(K!s) Tmax (K) Edes (kllmole) 
0.4 643 181 
0.7 640 177 

Table 7.2 Ca/culated va/ues tor the desorption energies by using Redhead's 
formula and inserting the heating ra te tc and the temperafure T max tor the temperafure 
corresponding with the maximum desorption rate. 

From the large value of the desorption energy can be concluded that the remaining fraction 
consists of large molecules since the smaller fractions as well as i-C6H12 are expected to have 
much smaller desorption energies than -180 kJ/mole. 

7.4. Conclusions 

It is possible to switch off individual reaction steps. By using a helium carrier gas instead of 
hydrogen, the two hydrogenation steps can be switched off. In this way, the formation of i
hexane will be stopped and an adsorbed fraction will stay in the bed. A simple adsorption 
model describes the measurements in a helium environment very well. The desorption energy 
of the adsorbed product can be measured by thermal desorption spectroscopy. 

By switching off other reaction steps, information can be obtained about other intermediates 
of the isomerisation process. For example, the protonation steps can be stopped by using a 
non-acidic zeolite. The reaction in a helium environment can then be looked at as shown in 
Figure 7.7. 

Figure 7. 7 Reaction in a helium environment on a non-acid ie zeolite. The 
hydragenation steps are stopped by using helium instead of hydragen and the 
protonafion steps cannot be carried out in case of a non-acidic zeolite. 

-55-



8. Conclusion and discussion 

8.1. Introduetion 

For studying the reaction kinetics of the isomerisation reaction of hexane on an acid zeolite, 
different approaches are possible. In Chapter 5, experiments have been described that are 
performed to create the experimental conditions to study the reaction kinetics by influencing 
the total dispersion when only adsorption and desorption occur in a packed bed. The 
measured PEP profiles were fitted to the analytica! solution to obtain a measurement for this 
dispersion. In Chapter 6, the adsorption process in the micropores of the zeolite crystals was 
investigated resulting in measurements of the heat of adsorption. In Chapter 7, a different 
approach was chosen. Information about the reaction kinetics was obtained by switching off 
individual reaction steps in the total isomerisation process. 

8.2. Studying the reaction by influencing the dispersion 

By using a model, the total dispersion in a packed bed is shown to be the sum of several 
contributions of mass transfer resistance. The micropore resistance term contains the 
influence of the zeolite type (in De) and the gasmolecule (in Kp). When the micropore 
resistance term dominates all other contributions to dispersion, the reaction kinetics of the 
isomerisation of hexane can be studied since different PEP profiles for hexane and iso
hexane can be obtained. Micropore dominant diffusion can be obtained by using large zeolite 
crystals directly in the reactor instead of using pellets with the zeolite crystals. This was 
shown for a silicalite sample, but the isomerisation reaction could not be studied on this 
zeolite since silicalite does not contain the necessary protons. By using large acid-zeolite 
crystals, 50mu H-ZSM5 is reported, micropare dominant diffusion can be obtained in which 
the reaction kinetics can be studied. By extending the model of differential equations of 
diffusion with the isomerisation reaction, the measured profiles in case of micropore 
dominant diffusion can be fitted to this model by numerical evaluation. 

8.3. Heat of adsorption 

Measurements of the heat of adsorption have been carried out by using the temperature 
dependenee of the retention time of the pulse in the bed. A deviation between measurement 
and literature was obtained. 

-57-



A study on the isomerisation of hexane in a packed zeolite bed 

An explanation proposed in an earlier study for this deviation based on the micropare size of 
the zeolites could not be confirmed. The deviations measured in this work are independent of 
the micropare size. Literature values are all obtained by calorimetry, where the released heat 
at one specific temperature is measured when a well specified amount of hexane is adsorbed 
in the catalyst. A quantity that is temperature dependent can influence the value of &i in our 
experiments. A temperature dependenee of the amount of available adsorption sites is the 
most likely explanation. For decreasing temperatures, the total amount of adsorption sites can 
decrease when pores are blocked as aresult of a decrease in mobility of gasmolecules. 

8.4. Studying the reaction by switching of individual reaction 
steps 

The isomerisation of hexane on an acidic zeolite is a sequence of reaction steps. It was shown 
that by using helium as carrier gas instead of hydrogen, the two hydragenation steps were 
stopped. In this way, the formation of i-hexane was stopped and the PEP profiles showed an 
adsorbed fraction staying in the bed. The measured profiles were described with a simple 
adsorption model. The desorption energy of the adsorbed product was measured by thermal 
desorption spectroscopy. 
It is possible to stop other reaction steps. For example, the protonation reaction can be 
stopped by using a non acidic zeolite. By stopping other reaction steps, information can be 
obtained for other intermediates. 
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Appendix A: Zeolitic structures 

Figure A.l H-ZSM5 I Silicalite schematically 

Figure A.2 H-Ferrierite schematical/y 
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Appendix A: Zeolitic structures 

Figure A.3 H-ZSM22 schematically 

Figure A.4 H-Beta schematical/y 
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Technology Assesment 

The graduation assignment has been carried out in the group Nuclear Physics Techniques of 
the Applied Physics department, at the Eindhoven University of Technology, cyclotron 
building. 

In 1991, a project has been started to perform in-situ measurements on catalyst reactors 
applying positron emission profiling. This technique allows to follow a reactant, reaction 
intermediates and reaction products as a function of time and position in an operational 
catalyst. This report describes a research project carried out in cooperation with the 
department of chemica! engineering on the isomerisation of hexane. Isomerisation reactions 
can convert linear alkanes, produced in the cracking of crude oil, into their isomers, which 
have higher octane numbers than their linear forms. In genera!, a higher octane fuel increases 
the efficiency of the combustion/expansion process in fuel engines and thereby this study 
contributes to the development of efficient fuel economy. The work carried out and described 
in this report reflects the present state ·of this study. 
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