
 Eindhoven University of Technology

MASTER

Study of alkane mass transfer and reaction kinetics in zeolites using positron emission
profiling

Schuring, D.

Award date:
1998

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/0e3e3817-1f87-493e-9897-10c4dfe56ff7


Cyclotron Labaratory 
Faculty of Applied Physics 
Eindhoven University of Technology 

Master of Science Thesis 

Study of Alkane Mass Transfer and 
Reaction Kinetics in Zeolites using 

Positron Emission ProfHing 

D. Schuring 

VDF/NK 98.01 

February 1998 

Supervisors: Dr. L.J. van IJzendoorn 
Dr.ir. A.M. de Jong 

Graduate professor: Prof.dr. M.J.A. de Voigt 



Abstract 

The hydro-isomerization of linear alkanes is an important process used in petroleum re
fining to increase the octane rating of hydracarbon mixtures destirred for use as fuel for 
internal combustion engines. These reactions are normally catalysed by platinum-loaded 
zeolites. On these zeolites, the isomerization takes place according to a bifunctional re
action mechanism: the metal sites catalyse the dehydrogenation of the feed alkane and 
hydragenation of the product isomers, while the acid sites of the zeolite catalyse the iso
merization of the alkenes formed after dehydrogenation. 

At the Eindhoven University of Technology, the hydro-isomerization of n-hexane over 
platinum-loaded zeolites is being stuclied with the aid of Positron Emission Profiling 
(PEP). With this technique it is possible to measure the in-situ concentration of hex
ane inside a packed bed reactor by injecting a small pulse of carbon-11 labelled hydro
car·bons. By modeHing these experiments, information can be obtained about the mass 
transport properties of the hexane inside the packed bed and the reaction kinetics of the 
hydro- isomerization. 

In this study, diffusion experiments were analysed by fitting a numerical macro- and 
micropore diffusion model to the measured concentration profiles. The micropore diffusion 
coefficient could be determined for a number of different zeolites from these fits. Further
more it was shown that micropore dominant diffusion of linear and branched alkanes could 
be achieved by using medium-pore zeolites with large crystal sizes ( > 20 JLm). When using 
these large crystal sizes, sufReient differences in the mass transport properties of reaetauts 
and products should be visible in experiments under reac:tion conditions. 

The dehydrogenation of n-hexane on Pt was stuclied by injecting a pulse of labelled 
hexane in a helium flow. These experiments were analysed using a simple model in which 
an irreversible reaction step was assumed. Under these experimental conditions, crack
ing and coking reactions however seemed to play an important role. Furthermore, the 
reproducibility of these experirnents was poor, probably due to the undefined state of the 
catalyst. 

Measurement of the rate of desorption of the species which remained chemisorbed after 
the helium injection experiments provided further evidence of the occurrence of catalyst 
coking. The in-situ capabilities of PEP however provided the necessary tools to understand 
these processes. This made it possible to make a first direct measurement of the activation 
energy of deprotonation of hexene adsorbed on the acid sites of a zeolite. The measured 
activation energy was in excellent agreement with valnes predicted by ab initio quanturn 
chemical calculations using cluster models. This agreement provides evidence in support 
of the view that proton activation in zeolites is controlled by short-range, local interactions 
and can be modelled separately from effects due to longer range physical effects from the 
zeolite structure. 
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Chapter 1 

Intrad netion 

The isomerization of light paraftins has been used for many years in commercial petroleum 
refining. With the growing awareness and concern about the environment, this process 
has become of increasing importance. Traditionally, high octane fuel (fuel with a high 
cambustion efficiency and knocking resistance) was produced by adding aromatics and 
lead compounds to the distilled petroleum fraction. Nowadays, with the tight restrictions 
concerning the amount of pollutants in exhaust gases, alternatives have to be found to 
increase the octane rating of the refined petroleum. One of these alternatives is the 
conversion of linearalkanes into their branched isomers, which have a substantially higher 
octane rating. These hydro-isomerization reactions are usually carried out on mixtures 
of n-pentane and n-hexane in a hydragen atmosphere, and catalysed by platinum-loaded 
zeolites. 

Zeolites are crystalline alumino-silicates containing 
channel and/or cage structures of molecular dimensions 
(typically between 4 and 12 Á) constructed from inter
conneeteel tetrahedra of Si04 and Al04 units. The dif
ference in electrastatic charges between Si4+ and Al3+ 
results in a negatively charged framework which must be 
counterbalanced by positively charged cations. When 
these cations are H+ i ons ( or protons), bridging hy-
droxyl groups are formeel which possess Br0nsted acid- Figure 1.1: Brf}nsted acid site. 
ity (See figure 1.1). These hydroxyl groups, located in 
the zeolite pores, are the active sites invalveel in the catalytic isomerization of hydrocar
bons. Furthermore, the zeolites can act as a support for other catalytic materials, for 
example metals such as platinum or palladium. 

The bifunctional mechanism 

The hydro-isomerization of alkanes on platinum loaded zeolites proceeds through a bi
functional mechanism, as proposed by Weisz [Wei62]. In this mechanism, the metal sites 
are responsible for the dehydrogenation of the feed alkanes and the hydragenation of the 
isomerized alkenes. The alkenes formeel from the dehydrogenation reaction then undergo 
isomerization catalysed by the acid sites of the zeolite: 

3 



1. Introduetion 

Protonation of alkanes and alkenes can also be observed in very strong acid solutions. 
Although the structures of these protonated species may be similar in both acid solutions 
and on soliel acids the energetics of their formation are thought to be very different [San98]. 
Up to now, the energetics of some of the intermediates invalveel in soliel acid catalysis have 
only been known from theoretica! studies. Their values however are of great importance 
to the design of catalytic processes, as they are needeel to preeliet the rate of the catalytic 
reactions. Experimental verification of the relevant parameters is thus needeeL 

In-situ Positron Emission ProfHing 

At the Eindhoven University ofTechnology, a positron emission detector has been designed 
that is especially tailored for the study of chemical reactions in a tubular reactor. This 
detector, called the Positron Emission Profiling (PEP) detector in order to distinguish 
it from the familiar 3D medical PET scanners, is used to study tlw hydro-isomerization 
reaction of hexane over platinum-loaded zeolites. The unique capability of this technique 
to measure the in-situ concentration profiles insiele the reactor makes it a powerful tool for 
studying the rates of the different reaction steps in transient experiments. Values for the 
diffusion constants, adsorption constant and reaction parameters can be extracted from 
experiments in which small quantities of radiolabelled alkar1es are injected in a hydrogen 
or helium carrier gas. 

Aim of this research 

In this thesis, positron emission profiling is used to study both mass transport phenomena 
and reaction kinetics of hexane on zeolites. Experiments are performed in which a number 
of reaction steps can be excludecl. These experiments can be analysed using a simple 
model, and from these experiments the rate parameters for different reaction steps in the 
hydro-isomerization can be extracted. 

Chapter 2 discusses the background of the positron emission profiling tedmique and 
the way the activity profiles are reconstructed from these measurements. In chapter 3, 
a complex model which accounts for ditfusion in a biclisperse packed bed is used for the 
determination of the micropare diffusion coefficients and adsorption constauts of hexane 
and other gases on zeolites. These values are needeel to model the reaction kinetics of 
transient experiments. Furthermore, they can be used to preeliet conditions at which the 
transport properties of normal and iso-hexane differ significantly, making it possible to 
discriminate these species in reaction experiments. 

By injecting a pulse of labelled alkanes in a helium carrier gas, the hydragenation 
reaction in eq. (1.1) is prohibited, and theseexperimentscan be used to study the initial 
dehydrogenation step. These experiments, as well as a simple mathematica! modelling 
analysis, are discussed in chapter 4. Information can be gained about the nature of 
these species and the reaction steps invalveel in their desorption by hydrogenation of the 
products which remain adsorbed after these helium injection experiments. In chapter 5, 
these experiments have been used to provide the first experimental measurement of the 
activation energy of deprotonation of the hexenes adsorbed on the acid sites of the zeolite. 
These experiments furthermore provide evidence that side reactions oceur to a significant 
degree in these transient experiments, as will also be discussed in this chapter. 

4 



Chapter 2 

Principles of Positron Emission 
Profiling 

When a positron annihilates with an electron two photons aTe produced. By 
measuring these photons in coincidence, the position at which the annihila
tion occurred can be reconstructed. Positron Emission Profîling makes use of 
this pTinciple to measuTe the in-situ concentration of molecules labelled with 
a positron emitting isotape in a tubulaT rmctoT. This chapter· wûl discuss the 
production of 11 C-labelled hydrocarbons as welt as the principles of Positron 
Emission Profiling. 

2.1 Introduetion 

Recent studies [Jon92] have shown that Positron Emission Tomography (PET), a 3D imag
ing technique known from nuclear medicine, can be used to study reaction kinetics. The 
PET technique makes use of probe molecules labelled with short-lived positron-emitting 
nuclides such as 11 C, 13N and 150. The Positron Emission ProfHing (PEP) detector, a 1-
dimensional PET camera especially designed to study reaction kinetics, is currently used 
to study the hydro-isomerization reaction of hexane on platinum loaded zeolites. For this 
purpose, hydrocarbons are labelled with the radioactive isotope carbon-11. This isotope, 
which has a half life of 20.39 minutes [Kra88], decays according to eq. (2.1): 

(2.1) 

The resulting positron is then slowed down in the surrounding material and eventually an
nihilates with an electron, producing two 511 keV photons travelling in opposite directions. 
These photons can then be detected using the PEP detector. 

2.2 Production of labelled hydrocarbons 

As carbon-11 has a short half-life, labelled hydrocarbons have to be produced on-site 
previous to the experiments. Therefore, a process has been developed for the production 
of 11 C-labelled n-hexane [Cun96]. First, carbon-11 is produced using the Eindhoven 30 
MeV AVF cyclotron by irradiating a target filled with 99.999% pure nitrogen gas under 4 
bar pressure with 12 MeV protons. The following (p,a) reaction then occurs: 

(2.2) 
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2. Principles of Positron Emission Profiling 

Because of oxygen impurities in the target gas, all 11 C is converteel to 11 C02. After 25 
minutesof irradiation, some 300 MBq of activity (approximately 10-12 moles) is produced. 
The 11 C02 gas is then flushed from the target and trapped on a spiral cooled with liquid ni
trogerL The nco2 is then transporteel in a helium flow and fed over a vanadium-promoteel 
Ru/Si02 catalyst held at 350°C, where it is dissociatively adsorbed on the surface. The 
temperature is then rapidly reduced to l10°C, after which 1-pentene is pulsed over the 
catalyst. The resulting surface species, ranging from C1 to CG , are then hydrogenated 
and separated by a processof freezing, flash-heating and gas chromatography. The desired 
product, usually n-hexane, is then trapped on a liquid nitrogen cooled spiraL 2-methyl
pentane, n-pentane, n-butane or propane can also be trapped if desired. By flash-heating 
the spiral, a pulse with a typical full width at half maximum of 2 s is produced, contain
ing circa 10-15 moles (1 MBq) of labelled and 10-6 moles of unlabelled molecules. The 
entire production can be monitorcel using Nai scintillation detectors. Experimentscan be 
performeel every 45 minutes. 

2.3 The reactor system 

The experiments in this study were performeel using a standard tubular single-pass flow 
reactor containing approximately 300 mg of zeolite. The zeolite crystals were obtained 
from Exxon and Shell and had sizes varying from 0.6 to 5 p,m. In order to reduce pressure 
drop over the reactor bed, these crystals were then pressed in pellets with partiele sizes of 
250-500 or 125-250 p,m. The packed reactor bed thus consists of pellets ( or macroparti
cles), which are in turn built up of zeolite crystals (or microparticles). In this way, three 
different pore structures exist insiele the catalyst bed: the spaces between the pellets, the 
pores insiele the pellets (between the crystals) and the pores in the crystals themselves. 

The zeolite particles were poured into a tubular quartz reactor with an internal di
ameter of 4.0 mm until the bed depth reached 42 mm. The reactor was placed insiele a 
three-zone furnace, capable of maintaining a temperature gradient of less than 0.1 oe over 
its entire length of 40 cm. The reactor setup is shown in figure 2.1. The furnace wa..'l 
centered between the two banks of the PEP detector and the labelled hydrocarbons were 
injected into a helium or hydrogen carrier gas with flow rates varying between 25 and 150 
ml/min. The PEP detector was used to measure the activity as a function of time and 
position in the reactor bed. 
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Figure 2.1: Schematical representation of the reactor system used 1:n the experiments. 



2.4. The PEP detector 
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Figure 2.2: Figure showing the geometry of the PEP detector and the reconstruction of 
the .first jive detection positions. 

2.4 The PEP detector 

The PEP detector has been especially designed to measure the activity distribution along 
the axial coordinate of a chemical reactor as a function of time [Man95]. The detector 
consists of two rows of nine detection elements. Each of these elements consists of a BGO 
(Bi4Ge3Ü12) crystal coupledtoa photomultiplier. Figure 2.2 shows the geometry of the 
detector. The detector was used in the close-packed geometry, in which the detection ele
ments are placed against each other. In this way, the distance between two reconstruction 
positions was equal to 3.05 mm. The distance between the detector banks could be varied 
from 84 to 500 mm. Sampling times were used ranging from 0.5 to 2 seconds. 

2.4.1 Reconstruction of the concentration profiles 

When 18 detection elements are used the activity can be measured at 17 different sampling 
positions: 9 between opposite detection elements and 8 between a detection element and 
one adjacent to the opposite element. Some of these sampling positions are also shown 
in figure 2.2. As can be seen from this figure, several pairs of detection elements can be 
used to measure the same reconstruction position. For maximum sensitivity, all possible 
combinations of detection pairs (81) are normally used for the reconstruction of the con
centration profiles. The activity profiles obtained by this reconstruction are furthermore 
corrected for the half life of 11 C. Correction for the ditierences in sensitivity of different de
tection pairs is performed by calibration of the detector using a uniform 22 Na line source. 
The activity can then be plotted as a function of time and position in a so-called PEP 
plot. Chromatograms or concentration profiles show the activity as a function of time for 
a single position. 

2.4.2 Scatter corrections 

Apart from valid reconstructions from annihilation events, reconstructions can also re
sult from coïncident measurement of two photons from two separate annihilations, called 
random coincidences. Furthermore, invalid reconstructions can result from scattering of 
one of the emitted photons in the reactor. As these reconstructions inftuence the mea
sured chromatograms, the measurements are also corrected for these events. In the first 
place, only events that lie in a well-defined energy window around 511 keV are taken into 
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2. Principles of Positron Emission Profiling 

account. Furthermore, a deconvolution method is used to correct for scattering. This 
method is based on the assumption that the measured activity profile can be written as a 
convolution of the true profile and a scatter function: 

17 

Pk,j = L tiSk,i-j 

i=l 

(2.3) 

In this equation, ti is the real activity at position i, Pk,j the number of reconstructions 
at position k measured by element j of the upper detection bank and its conesponding 
coincidence partner at the lower bank, and sk,i-j is the number of reconstructions at 
position j of two detection elements that are separated by k positions, resulting from a 
unit point souree at position i. When the scatter matrix S is known, the true activity 
distributions can be reconstructed form the measured number of reconstructions. The 
deconvolution method is discussed in detail in [Lam96]. 

In short, the scatter matrix is determined from simulations of a point souree posi
tioned at position 8 and 9 of the PEP detector. These simulations however do not yield 
all the values for the elements of the scatter matrix. The remaining scatter coefficients 
are obtained by the extrapolation of the known coefficients. From the scatter matrix, a 
reconstruction matrix can be calculated to reconstruct the true activity clistribution. 
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Chapter 3 

Measuring ditfusion and 
adsorption in zeolites 

This chapter discusses the use of a numerical model foT the evaluation of 
the experimental data obtained in PEP-experiments. The model is used to 
extract values for the micropare dijjusion coefficients and adsorption constants 
of several hydrocarbons on different zeolites. The di.fjusion and adsorption 
constants obtained aTe compaTed with Ziterafure values when available. 

3.1 Introduetion 

In order to deal with experiments invalving reaction kinetics, the mechanism of diffusion 
and adsorption in zeolites has to be thoroughly understood. A vast amount of research has 
already been clone on this subject (see for example [Kär92]) and the subject is nowadays 
well understood. In spite of this, the amount of data available on micropare diffusion 
coefficients for different zeolites is limited, and the reported valnes vary with several orders 
of magnitude. These values, needeel for the modeHing of transport phenomena in the 
packed bed reactor, thus have to be extracted from experiment. 

Previously, the PEP profiles were interpreteel using the analytica! salution for injection 
of a delta pulse into a packed bed reactor, and by the metboel of moments [And98]. 
These methods however only yield an effective overall cliffusion coefficient in which the 
contributions of the bed, micropores and macropores are hunpefl. In the full macro- and 
micropare diffusion model, these contributions are treated explicitly. Therefore, numerical 
evaluation of this model is used to evaluate the diffusion experiments. The extracted 
valnes eau be used topreeliet when micropare diffusion plays a significant role, or when the 
difference in micropare diffusion of two species is sufficient to lead to detectable differences 
in their transport properties in a PEP plot. Furthermore, this model has the advantage 
that reaction kinetics eau be incorporated. 

3.2 A mathematica! model for diffusion in zeolites 

Haynes and Sarma [Hay73] proposed a model for diffusion in biclisperse catalysts in which 
macro- and micropare diffusion were explicitly described, instead of using an effective dif
fusion coefficient. In this model, the packed bed is thought to be built up of spherical 
macroparticles (see figure 3.1). These macroparticles consist of a number of spherical zeo
lite crystals or microparticles. The spaces between these crystals are called the macropores, 
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3. Measuring ditfusion and adsorption in zeolites 

- r )o 
z 

macropartiele 

< dz 

~ 
vsup 

micropartiele 

Figure 3.1: Schematic representation of a packed bed fitled with biclisperse structured 
particles. The different coordinates used in the model are also shown. 

the pores inside the crystals the micropores. The model describes the mass transfer in four 
different phases: the gas flowing through the bed ( the spaces between the macropartieles, 
often called the fluid phase), the film surrounding the macroparticles, the macropartiele 
gas phase and the micropartiele gas phase. The model described in this section is identical 
to that of Haynes and Sarma. 

3.2.1 The microparticles 

Mass transport in the micropores is only determined by diffusion. A mass balance for the 
microparticles thus gives us the following equation: 

(3.1) 

In this equation, x denotes the radial coordinate in the microparticles, C:r. is the gas 
phase concentration of hexane in the micropores and (}1: the micropartiele porosity. The 
adsorption constant Ka is defined as the ratio between adsorbed and gas phase molecules 
in the micropores. The model further uses a gas phase diffusion coefficient Dx and assumes 
that the adsorbed phase is immobile. This is a rather artificial way of descrihing transport 
in the micropores because they are of molecular dimensions and no real gas phase can exist 
inside these pores. Most authors therefore use an effective adsorbed phase micropartiele 
diffusion coefficient De, which can be related to Dx by the following expression: 

(3.2) 

The' boundary conditions can be defined by assuming that the concentration profile is 
spherically symmetrical, and the concentration at the edge of the micropartiele equals the 
concentration in the macropores: 

aa~x (0, t) = 0 

Cx(Rx, t) Cy(y, t) 

10 
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3.2. A mathematica] model for ditfusion in zeolites 

At the start of the experiment, no hexane is present in the bed, and the initial condition 
is thus: 

Cx(x, 0) = 0 (3.5) 

3.2.2 The rnacroparticles 

Mass transport in the macropartieles is described by diffusion in the macropores. In the 
mass balance equation, the flow from the macropores into the microparticles must also be 
accounted for: 

B 8Cy _ D (8
2
Cy ~ 8Cy) 3(1- By) N 

Y!.lt-y !.l2+ !.l + R R:" u uy y uy ~ 
(3.6) 

In this equation, Dy is the macropartiele diffusion coefficient, y the radial coördinate in the 
macropartiele, Cy the hexane concentration in the rnaeropmes and By the macropartiele 
porosity. N R, is the ra te of mass transport between the micro- and macropartiele gas 
phase at the micropartiele boundary Rx, and can be described by: 

N = -D 8Cxl 
Rx X OX 

R;,. 

(3.7) 

Again, the assumption of spherical symmetry gives the boundary condition 

[)[)~ (0, t) = 0 (3.8) 

The secoud boundary condition states that the concentration at the macropartiele bound
ary, Ry, is equal to the concentration in the bed, corrected for the concentration gradiënt 
over the stagneut film surrounding the macropartieles: 

(3.9) 

in which k1 is the film mass transfer resistance coefficient. The term NRy is the rate 
of mass transport between the gas phase in the bed and the macroparticle, and will be 
discussed in the next section. The initia! condition is given by 

Cy(y, 0) = 0 (3.10) 

3.2.3 The bed 

Mass transport through the bed results from diffusion, convection and mass transfer to 
the macroparticles. A mass balance gives: 

B 8Cz _ D 82Cz _ 8Cz 3(1- (}z) N 
z ot - z [)z2 Vsup [)z + Ry Ry (3.11) 

In this equation, Dz is the bed diffusion coefficient and Vsup the flow speed of the carrier 
gas through the empty reactor tube ( the superficial velocity). The interstitial velocity V int 

is defined as Vsup/Bz· The rate of transport between the fluid phase and the macropartiele 
NRy equals: 

(3.12) 
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3. Measuring ditfusion and adsorption in zeolites 

At t = 0, no hexane is present in the reactor and the initial condition is thus given by 

Cz(z,O) = 0 (3.13) 

In the artiele of Haynes, the column is treated as if it had infinite length. In reality, 
the column has a finite length, and the boundary conditions can be derived from a mass 
balance at both endsof the column. At the column entrance, this gives [Noo98]: 

acz,o+ = Vsup (C +- c -) 
az Dz,o+ z,O z,O (3.14) 

where it is assumed that the diffusivity in the column is much smaller than in the packed 
bed. In this equation, Cz,o- and Cz,o+ are the concentrations just before and after the 
column entrance respectively. The concentration in front of the column entrance is given 
by: 

Cz,o- = Co· j(t) (3.15) 

The pulse shape j(t) was determined from measurements using a Nai scintillation detector 
jnst in front of the reactor bed. This pulse shape proved to be nearly Gaussian, with a 
fnll width at half maximum of 2 seconds. 

A mass balance caimot be applied to derive the boundary condition at the column 
exit becanse this equation involves cz,l +' the concentrabon jnst after the column exit, 
which is not measured during experiments. This problem conlel be solveel by neglecting 
the diffusion term at the column exit in equation (3.11) [Noo98]. In this way, the equation 
is reduced to a first order equation and no boundary condition is needed. 

3.2.4 Dimensionless parameters 

In order to solve the equations numerically the mass balances described above have to be 
rewritten in dimensionless form. This results in the mass balance eqnations as described 
by Haynes [Hay75]. This model uses a set of four dimensionless parameters to describe 
the flow in the packed bed. These parameters express the contribution of the different 
diffusional terms in the equations: 

Vsu,pL _ convection 
D z axial diffusion 

k f R 11 mass transfer through film 

Dy macropartiele diffusion 

D 11 L
2 

_ macropartiele diffusion 

DzR~ axial diffusion 

DxR; _ micropartiele diffusion 
DyR'i: macropartiele diffusion 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

The valnes of these constauts thus give an indication of the relative importance of the 
different contributions to mass transfer resistance. 

More quantitative information about the contribution to the totalmass transfer resis
tance by the different processes can be found by using moment analysis. Details of this 
technique can be found in [Ven96]. The secoud moment (a measure for the broadening of 
the pulse) for the pulse response of a biporous adsorber is given by [Hay73] 

2 2 2 2 2 
(J = (Jbed + (Jfilm + (Jmacro + (Jmicro (3.20) 
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in which the different contributions to the second moment are given by 

2 2LDz 2 
O"bed = - 3 - [Bz + (1- Bz)ey + (1- Bz)(1- By)Bx(1 +Ka)] 

2 
er film 

2 
O"macro 

2 
er micro 

Vsup 

2LRy . 2 
--k"--(1- Bz) [By + (1- By)Bx(1 +Ka)] 
3Vsup f 

2LR~ 2 
-------"-D-(1- Bz) [By + (1- By)Bx(1 +Ka)] 
15Vsup y 

2LR; 2 2 

D 
(1- Bz)(1- By)Bx(l +Ka) 

15Vsup x 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

In this way, the different contributions to the broadening of the peak ( caused by dispersion 
in the reactor bed) can be calculated. 

3.3 Determination of model parameters 

The broadening of the pulse shape is a measure for the amount of diffusion in the packed 
bed. As can be seen from equation (3.20), this broadening is not only caused by mass 
transport in the micropores, but also by mass transport through the bed, the external 
film and the macropores. In order to use the model for extrading micropore diffusion 
coefficients, the other parameters in the model that cause peak broadening have to be 
calculated. 

3.3.1 The bed-, macro- and micropartiele porosity 

The bed porosity can be calculated frorn the pressure drop over the bed using the Ergun 
relation [Erg52]. During experirnents, this pressure drop was measured and By could be 
calculated. All valnes were found to be equal to 0.4. Valnes for the macropartiele porosity 
were taken frorn Ruthven [Rut84], who determined valnes for the macropartiele porosity 
for a number of different partiele sizes. As these valnes didn't vary much with crystal 
size, 011 was taken to be 0.27 for all zeolites. Other authors however report significantly 
higher valnes (011 ~ 0.4) and the value for the macropartiele porosity used in this study 
is probably not very accurate. Valnes for the micropartiele pmosity were calculated using 
the procedure described in [Abr95]. With this procedure the porosity is calculated using 
the molecular weight of a unit cell, the unitary cell voltune (UCV) and the estimated 
volurne of the Siü2 and Alü2 groups in the unit cell. The value::; are summarized in table 
3.1. 

Zeolite Formula UCV (in A:1) el, Ref. 
H-Mordenite H4.4Al4.4Si43.6096 2827.2 0.362 [Mei61] 
H-ZSM5 H3.3Al3.3Si92_7Ü192 5500 0.344 [Abr95] 
H-ZSM22 Ho.G7 Alo.67Si23.33 Ü4s 1322.9 0.318 [Kok85] 
H-Ferrierite H5.5Al5.5Si3o.5Ü72 2027 0.332 [Abr95] 
H-Beta H4.7 Al4.7Si59.3012s 4038.8 0.404 [Kir94] 

Table 3.1: Values for the micropartiele pomsity. 

3.3.2 The bed diffusion coefficient 

The bed diffusion coefficient Dz can be calculated frorn the axial dispersion coefficient 
using the relation Dz = BzDL. Axial dispersion is caused by two rnechanisms: molecular 
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3. Measuring ditfusion and adsorption in zeolites 

diffusion and eddy diffusion. These contributions are additive to a first approximation 
[Rut84], and the axial dispersion coefficient DL can be calculated using 

D 
Dm 2VintRy 

L=-+--..:o:.. 
Tz Pe00 

(3.25) 

The molecular diffusion coëfficiënt Dm is known from literature and can be calculated 
using 

Dm = Do · 10-4 
( ~) n (3.26) 

For n-hexane in H2 , Do= 0.29-10-4 m2 /s at To = 288.7 K [Ful66] and n = 1.7 [Rut84]. 
The bed tortuosity Tz can be calculated from the bed porosity [Wic73]: 

1 
Tz = ----:-::-

0.45 + 0.55ez 
(3.27) 

For the macropartiele radius Ry, the average radius of the macropartieles is used. The 
limiting Peelet number Pe00 can be calculated by treating the bed as a series of mixing 
chambers scparateel on average by the mean partiele diameter [Ari57], leading to a value 
of Pe00 ;::::j 2. Langer et al. however stateel that for small partiele diameters, the value is 
much lower than 2 [Lan78]. They derived an empirica! relation from their data: 

dp < 0.25cm, (3.28) 

in which dp is the partiele diameter in centimeters. As the data from which this relation 
was derived show an extensive amount of scattering and some authors reported a value of 
2 for partiele sizes equal to those used in this study, Pe00 was taken equal to the limiting 
value of 2. Furthermore, lower valnes for this parameter resulted in a deviation between 
modelled and measured values, as will be discussed later. 

3.3.3 The macropare ditfusion coefficient 

When the diameter of the macropores is large compared to the mean free path of the 
molecules, transport through these pores is mainly caused by molecular diffusion. However, 
at small pore diameter and low pressure, Knudsen diffusion can also play an important 
role. The Knudsen diffusivity can be calculated using [Wak82] 

2 8R9T 
DJ( = -3rpore M 

7r gas 
(3.29) 

In this equation, Tpore is the mean pore radius in the macropartieles, R9 the gas constant 
and Mgas the molar mass of the gas. As the macropor·e radius is difficult to estimate the 
Knudsen diffusion coefficient cannot be determined with great accuracy. In the interme
diate regime, where both Knudsen and molecular diffusion are significant, the combined 
diffusivity equals 

1 1 1 -=-+
D Dm DI< 

(3.30) 

Figure (3.2) shows the valnes for the molecular and Knudsen diffusion, as well as the 
combined diffusivity for two different pore sizes at temperatures between 350 and 550 K. 
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Figure 3.2: Molecular dijjusion {- -), Knudsen dijjusion {- · -) and the combined diffu
sivity (-) as a Ju netion of temperafure for two different pare s'izes. 

It is clear that for a pore radius smaller than 1.5 p.m (and thus for small crystal sizes) 
Knuclsen ditfusion plays a significant role. 

The macropare ditfusion coëfficiënt Dy can be calcnlated nsing eq. (3.30) and from its 
clefinition 

(3.31) 

in which Ty is the macropartiele tortuosity. This tortuosity factor is taken to be equal to 
the theoretically calculated value of 3, although experimentally detennined valnes range 
between 2 and 5 [Kär92]. 

3.3.4 The film mass transfer resistance coefficient 

The film mass transfer resistance coefficient can be calculated using [Rut84]: 

kJ= DmSh 
2Rv 

(3.32) 

The Sherwood number Sh is related to the Reynolds number (Re) and the Schmidt number 
(Sc) [Wak78]: 

3 <Re< 104 (3.33) 

For low Reynolds numbers, the Sherwood number reaches a limiting value of 2. Under the 
conditions used in this study the Reynolds number is about 1, and the limiting value for 
the Sherwood number is used. 

3.4 Solving the model equations 

The equations as described insection 3.2 form a set of coupled parabolic partial ditferential 
equations (PDE's). An analytica! solution of these equations has been obtained by Ras
muson [Ras82]. This solution however is very complex and caimot be used when reaction 
kinetics is also to be taken into account. Therefore, numerical integration of the PDE's is 
used to extract the chromatograms from the model. For this purpose, a technique called 
the numerical method of lines (NUMOL) is used to solve the model. 
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3. Measuring dilfusion and adsorption in zeolites 
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Figure 3.3: Schematic representation of the system of ODE's gcnerated by the numerical 
methad of lines, showing the bed {L), macro- {M}, and micropar·ticle {N} gridpoints. 

3.4.1 The numerical methad of lines 

The numerical methad of lines [Sch91] is one of a number of available tedmiques for solving 
differential equations. This numerical technique converts PDE's into a sd of onlinary 
diffcrential equations (ODE's) by approximating all the derivatives in tbc equations but 
one. In most cases the time derivative remains. The resulting equations eau thcn be 
evaluated using a numerical ODE integrator. 

The spatial derivatives in the equations are approximated by finite differences. The 
spatial coordinates are thereby divided into a number of grid points (N) where the deriva
tives are to be evaluated. By making use of a Taylor series expansion, the derivative 
of the concentrabon at grid point i can be expressed as a function of the concentration 
at the other grid points and the elistance between these points. In this way, the spatial 
derivatives in the PDE's can be eliminated, leading to a differential equation int for every 
spatial gridpoint: 

i= l, ... ,N (3.34) 

The accuracy of the salution depends both on the accuracy of the finite clifference ap
proximation ancl on the number of grid points usecl for spatial eliscretization. A proper 
choice for the approximation of derivatives and the number of griel points usecl thus is very 
important. 

In this study, the numerical method of lines is applied to the equations in section 3.2. 
Figure 3.3 shows a schematic representation of the resulting set of equations. The bed 
coorclinate is discretized in L spatial grid points. The concentrabon at the bed grielpoint is 
coupled to the concentration at the macropartiele boundary, resulting in L PDE's for the 
macroparticle. By discretisation of the macropartiele coordinate y into M griel points each 
of these PDE's is converteel to M ODE's. Discretisation of the micropartiele coorelinate 
x into N griel points again results in N ODE's for each macropartiele griel point. In 
total, the set of 3 PDE's is thus converteel into L ODE's for the bed, L·M ODE's for the 
macropartieles, and L·M·N ODE's for the micropartieles. In this study, a total of 30 bed, 
6 macro- and 6 micropartiele griel points, resulting in a total of 1290 ODE's, provieleel 
sufficient accuracy for the calculations. This coupled system of ODE's is then solveel using 
the stiff ODE integrator D02NJF available from the NAG Fortran library. 
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3.4. Solving the model equations 

3.4.2 Volume averaging 

In a standard gas chromatographic experiment the concentration at the end of the column 
is measured. Therefore only the fluid phase concentration is determined. With the PEP 
technique however, in-situ concentration profiles can be imaged, and the chromatograms 
resulting from these measurements contain contributions from the fluid phase, as well as 
the macro- and micropartiele phase. The solutions obtained for the bed-, macro- and 
micropartiele concentrations therefore have to be converteel into one PEP profile. This 
can be done by volume averaging. 

The total number of molecules in a micropartiele can be fmmd by integrating over 
the micropartiele radius x. The average concentration in the micropartiele can then be 
found by dividing the total number of molecules through the total micropartiele volume 
V _ 4",.R3. 
x- 3" x· 

Rx 

(Cx(Y, t)) = ~~I ex(Ka + l)Cx(:z:, t):r:2d:r: 
0 

In a similar way, the average concentration in a macropartiele can be calculated: 

Ry 

(Cy(z, t)) = ~3 I {8yCy(y, t) + (1- ey)(C:J:(JJ, t))} y2dy 
·y 0 

the resulting concentration at bed coördinate z is equal to: 

(3.35) 

(3.36) 

(3.37) 

Because a value for the concentration is only available at the griel points, the integrals 
(3.35) and (3.36) have to be evaluated numerically. This is clone by using the rectangle 
rule [Dah74]. 
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Figure 3.4: Chromatagmms as calculated by numerically evaluating eq. (.'3 . .'38), and by 
using the concentration in the middle of the deleetion volume. 

17 



3. Measuring ditfusion and adsorption in zeolites 

The PEP detector measures the average concentration in a small slice of the reactor 
bed with volume b. V, due to the limited position resolution. The detected concentration 
in each position is given by 

Zi+1.6.z 

C ( t) 1rR;ube ~- (Cz(z,t))dz 
det Zi, · = b. V (3.38) 

in which Rtube is the radius of the reactor tube and b.z the width of the detection volume. 
Because of the discrete nature of the salution and the limited number of grid points, eval
uation of this integral cannot be done with great accuracy. Therefore, the concentration 
in the middle of the volume element is used as the average concentration. This approx
imation seems to be quite accurate towards the end of the column. At the beginning of 
the column however, this approximation should be treated with some caution. This is 
demonstrateel in figure 3.4. In this figure, the chromatograms at the first position and 
tenth positions are calculated using the grid point in the middle of the detection element, 
as well as by numerically integrating equation (3.38) over five griel points. While the con
centration profiles at the tenth position show perfect agreement, some clifferences in the 
resulting chromatagram at the first position can be observed. 

3.5 Parameter estimation 

3.5.1 The method of least squares 

Now that a model is available for descrihing the PEP experiments, experimental and 
theoretica! curves using literature values can be compared. Furthermore, parameters which 
are unknown from literature can be estimated in this way. A standard teclmique for 
determining these parameters is the methad of least squares. This methad makes use 
of a goodness-of-fit parameter (x2 ) which expresses the difference between measured and 
modelled values. In this case, the concentration as a function of both space and time is 
determined, and x2 (the sum of squares of residuals or SSR) ean be defined as 

(3.39) 

in which Cmeas(xi, tj) and Cmod(Xi, tj) are the measured and moelelled concentrations at 
position X i and time tj, N is the total number of positions, M the total number of samples 
and ;fa vector containing the N fitparameters. The remairring problem now is to minimise 
this sum of squares. This can be clone using the Levenberg-Marquarclt algorithm. 

3.5.2 The Levenberg-Marquardt algorithm 

Minimisation methods can be clivided in two categories: direct search methods ancl indirect 
search methocls. The first category only uses the function valnes in determining the search 
direction. These methods therefore need relatively few function evaluations per iteration. 
A clisadvantage of these methods is that they are relatively ineffieient and need a large 
number of iterations befare an optimal fit is found [Gil81]. 

The indirect search methods also use information obtainecl from the derivative of x2 

with respect to the fit paramaters. An example of these methods is the steepest descent 
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3.5. Parameter estimation 

method. It uses the negative of the gradient of x2 given by 

(3.40) 

and a fixed step size to calculate the new estimates for (p. This procedure works well far 
from the minimum, but is relatively inefficient close to it. 

The Newton metbod also makes use of tbe second order derivative, or Hessian matrix, 
given by: 

H=( 
ä2 2 82?{.2 

) 
a:f Ö<jJ18</>N 

(3.41) 
82?{.2 82x2 

Ö</JN8<f>l 8</Jjy 

Close to tbe minimum, x2 can be approximated by asecondorder Taylor expansion. Tbe 
minimum in x2 can now be found by differentiating tbis Taylor expansion witb respect to 
each of tbe fit parameters, and equating the result to zero. This yields the value for the 
ucw parameter estimate ;ji+I of the (i+ l)st iteration step: 

(3.42) 

It is clear that tbe success of this method depends on whether the T<tylor expansion is 
a good approximation for the squared sum of residuals. Therefore, the Gauss-Newton 
metbod is only efficient close to tbe minimum of tbe SSR. 

Tbe Levenberg-Marquardt algorithm [Mar63] is a modification of the Newton method, 
and bas become one of the standard techniques for solving nonlinear least-squares prob
lems. The essential idea of this methad is that the Hessian matrix in eq. (3.42) is replaced 
by H +>.I, in which I is the identity matrix, and À the Levenberg-Marquardt parameter, 
yielding: 

(3.43) 

For large À, the minimisation approaches the steepest descent method, while for small 
À it approaches the Newton method. By choosing a suitable value for the Levenberg
Marquardt parameter, this algoritbm becmnes efficient both far away from tbe minimum, 
as well as close to it. 

Tbe Levenberg-Marquardt algorithm was implementeel using the Fortran ODRPACK 
software package [Bog89]. This package has originally been designecl for orthogonal elis
tance regression, but can also be used for ordinary non-linear least-squares problems. It 
provides extensive error handling facilities, iteration reports and also provides estimates 
for the standard errors in the obtained solutions. Tbe model wbich is to be fitteel to the 
measured data must be provided in a subroutine which calculates the modelled valnes 
for a given set of independent variables X i and tj. Different moelels can in this way be 
easily implementeel in the fit routine. The gradient can be calculated both by central and 
forward finite difference approximations. Although the central finite clifference approxi
mation is more accurate, it has the disadvantage that it neeels two function evaluations 
for each element of the Jacobian, while forward finite difference only neeels one. Because 
tbe computation time for evaluation of the model is relatively long, forward finite differ
ence approximation was chosen. Tests iudeed showed that a fit using this approximation 
needeel significantly less function evaluations, and total computing time conlel in this way 
be reduced. Figure 3.5 shows a flowchart of the entire fit routine. 
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Figure 3.5: Flowchart of the program used for parameter estimation. 
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3.5.3 Fitting the model to experiments 

Before the data can be fitted, the user has to provide all the necessary parameters for the 
model, such as the porosities and the partiele diameters. Furthermore, initial estimates 
for the micropartiele ditfusion and the adsorption constant must be provided. All these 
parameters can be treated as fixed, or can be used as fit parameters. Estimates for the 
fit parameters can be obtained from literature or calculated from theory. In order to fit 
the data to experiments, two additional parameters have to be introduced. As only the 
positions which are completely filled with zeolite are used a parameter .6-x is introduced 
to account for the part of the bed present before the first position used. The parameter 
.6-t sets the time at which the pulse is introduced in the model and cictermines on what 
time the concentration reacl1es its maximum on the first position. 

The initial parameters are now fed into the subroutine which calculates the concentra
tion as a function of time and position, after which x2 is calculated. The gradient of x2 is 
now determined using a finite difference approximation, by calculating the change in x2 

after successively increasing the fitparameters, (Pi, by a small amount t5rfti· Based on the 
value for the gradient, a new estimate for the parameters is made according to eq. (3.43), 
and x2 is calculated. The calculated change in x2 is then compared with the predieteel 
change. When the difference between these two valnes is too large, À is increased ancl the 
sum of squares residual is recalculated. When the differeuce is small, the new parameter 
cstimates are accepted and À is decreased by a certain amount, ancl a new iteration step 
starts. When the total number of fit parameters equals N, the routine thus neeels at least 
N + 1 function evaluations for each iteration. The fit routine is stoppeel when either the 
change in x2 « 1, the relative change in the estimated parameters is smaller then a certain 
amount or the number of iterations is greater then 50. 

3.5.4 Testing the fit routine 

In order to test the fit routine, PEP experiments were simulatcd for a given set of model 
parameters. The modelled data was then used as input for the fit routine and the model 
parameters can be compared with the parameter estimates. To also stucly the effect of 
experimental errors in the measured value of C caused by tlw random nature of {3 decay, 
different amounts of random noise was added to the modelled PEP-experiments, and these 
were also fitted. 

The results obtained from these fits are listeel in table 3.2. Using the initial parameter 
estimates De= 1.0 · 10-13 m2 /s, Ka= 5000, .6-x = 3.5 · 10-:3 mand .6-t = 10 s, a solution 
was found within 9 iteration steps, taking on average some 50 function evaluations. The 
model parameters could be extracted from the modelled data files for all different noise 
levels. As expected, the confidence interval for the parameter estimates increases with 

Ka De .6-x .6-t 
( - ) (lo-15 m2 /s) (lo-1 m) (s) 

model 3495 3.0 3.0 5.0 
no noise 3495 ± 5 . 10-3 3.0 ± 4. 10-5 3.0 ± 1. 10-5 5.0 ± 1. 10-3 

2% noise 3499 ± 3 3.01 ± 0.01 2.985 ± 0.005 5.00 ± 0.03 
5% noise 3507 ± 12 2.95 ± 0.06 2.98 ± 0.03 4.91 ± 0.08 
10% noise 3510 ± 22 3.0 ± 0.1 3.0 ± 0.1 5.0 ± 0.2 

Table 3.2: Fitted parameters and standard deviation fora modelled PEP c:cperirnent with 
different arnounts of random noise 
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increasing noise level. 

3.6 Experimental details 

When no platinum is present on acidic zeolites, reactions can only take place at very high 
temperatures (greater than 300°C). These zeolites therefore can be used to study transport 
phenomena at lower temperatures ( < 250°C) without interferencc due to chemical reaction. 
Experiments were carried out on a number of different zeolites. Crystal sizes of these 
zeolites were determined by scanning electron microscopy. Two different pellet sizes were 
used: 125-250 p,m and 250-500 p,m. For the experiments a typical single-pass flow reactor 
system was used. The reactor consisteel of a quartz tube with an internal diameter of 4 
mm, and contained approximately 300 mg of zeolite. The reactor bed had a length of 42 
mm. The reactor was placed insiele a tubular 3 zone furnace designed to keep the reactor 
at an isothermal temperature. 

After the reactor and furnace were placed between the banks of the PEP detector, a 
pulse of labelled alkane (in most experiments 11 CH:3C5Hu) was injected into a hydragen 
feed stream. The flow rate of the hydrogen carrier gas is reguiateel by using a mass flow 
controller. From the flowrate <P (in ml/min), the interstitial velocity through the reactor 
(in m/s) can be calculated using: 

10-6 
· </J Treactor 

Vint = 
60 · A tube · e z Troom 

(3.44) 

in which Atube is the cross-section of the reactor tube (in m), Treactor is the temperature 
insiele the reactor (in K) and Troom is the room temperature (in K). After the pulse was 
injected, the concentration profiles were measured using the PEP detector. The measured 
data was then corrected for dead time losses and scattering, as well as the radioactive 
decay of carbon-11. 

3.7 Results 

The contributions of mass transfer resistance of the bed, film and macropores to the peak 
broadening can be calculated using the literature valnes ancl forumlas as discussed in 
section 3.3. Valnes for the micropore diffusion and the adsorption constant can now be 
obtained by fitting the measured PEP profiles. Figure 3.6 shows an example of a fit carried 
out for zeolite H-ZSM22. The experiment was performeel at a temperature of 170°C, with 
a flow rate of 150 ml/min. As can be seen, the data can be fitteel very well with the 
macropore/micropore diffusion model. Deviations between measurecl and modelled valnes 
generally fall within 10%. 

3. 7.1 Adsorption in zeolites 

One of the valnes which can be extracted from the model is the dimensionless adsorption 
constant Ka. This adsorption constant relates the adsorbed phase concentration with the 
gas phase concentration ( Cads = Ka · C9a8 ). Alternatively, the Henry constant KH (in 
moles/kg·Pa) can be used, which is related to Ka by 

(3.45) 
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Figure 3. 6: Measured and modelled count rate (normahzed) and thc relative di.fjerence 
between measured and modelled values for H-ZSM22 at positions 1 (le.ft) o:nd 8 (right) of 
the detector (T = 170° C, cp = 150 ml/min). 

in which p is the density of the zeolite crystal. The adsorption constant determines the 
first moment ( or retention time) of the injected pulse: 

(3.46) 

As can be seen from this formula, the retention time does not depend on diffusion, and 
the value for Ka can be found by fitting the retention time of the pulse. 

The temperature dependenee of the Henry constant K H obeys the Arrhenius equation: 

K (T) _ K ( f}.Hads) 
H - oo · exp - R T 

gas 
(3.47) 

In this equation, f}.Hads is the difference in enthalpy between the aclsorbed and the gaseaus 
state and K 00 the adsorption constant at infinite temperature. The heat of adsorption 
f}.H ads can be determined by performing PEP experiments at different temperatures. The 
resulting chromatograms are then fitted with the numerical model, from which valnes for 
Ka at different temperatures can be extracted. From eq. (3.47) and (3.45) it can be seen 
that Ka(T) '""T · exp(-!}.Hads/RgasT). The heat of adsorption can now be determined 
frorn the slope of the ArThenins plot, in which the natural logarithrn of K 0/T is plotted 
against the reciprocal of the absolute temperature. 

Figure 3. 7 shows the resulting Arrhenius plots from rneasurements with n-hexane on 
zeolites H-Mordenite, H-Ferrierite, H-ZSM5 and H-ZSM22. As can be seen frorn these 
plots, the Arrhenius equation gives an excellent description of the ternperature depen
denee of the dimensionless adsorption constant. The valnes for the heat of adsorption 
obtained frorn these Arrhenins plots, as well as valnes for the Henry constant at 50°C 
are snrnmarized in table 3.3. This table also contains literature valnes of the obtained 
parameters, measured using calorimetry. 
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Figure 3. 7: Arrhenius plots of the dimensionless adsorption constant Ka .foT n-hexane 
on zeoldes H-Mordenite, H-Ferrier'ite, H-ZSM5 and H-ZSM22. 

The measured Henry constauts show to be in reasonable agreement with literature, as 
they have the same order of magnitude. Differences between these valnes can be attributed 
to inaccnracies in the parameters needeel to calculate this Henry constant and thc fact that 
the measured data had to be extrapolated to a significantly lower temperature. The heats 
of adsorption determined for H-Mordenite and H-Beta also agree with valnes obtained by 
calmimetry near room temperature. The experimental error in the obtained valnes was 
determined to be ± 2 kJ /mole. As can be seen from the resnlts for different gases on 
H-Mordenite, b..Hads increases with carbon number. The valne for 2-methyl-pentane is 
somcwhat lower than the value for n-hexane. 

Lower valnes for the heat of adsorption were fmmd for zeolites H-Ferrierite, H-ZSM22 
and H-ZSM5. Up to now, no satisfactory explanation is found for this discrepancy. It is 
remarkable that valnes obtained for the large pore zeolites H-Beta and H-Mordenite agree 
with literature values, while for medium- and small pore zeolites the valnes are lower. The 
measurement of the adsorption constant by transient techniqnes requires that there be 
sufficient time for the gas and adsorbed phase to equilibriate. Therefore, when the zeolite 
pores are sufficiently smalland ditfusion in the micropores is slow, the equilibrium might 
not be reached. This woulel however result in a value for Ka which depends on flow rate 
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Zeolite gas .6.Hads .6.Hlit ads Klfeas(50oC) K~t(50°C) 
(kJ/mole) (kJ /mole) (lo-3 molesjkgPa) (10-3 molesjkgPa) 

H-Mordenite n-C6 -67 -69 1.1 1.2 
2-MP -63 - 0.52 -

n-C5 -60 -59 0.093 0.12 
n-C4 -47 -50 0.0069 0.012 

H-Beta n-C6 -65 -67 1.0 -

H-ZSM5 n-C6 -72 -82 1.2 1.4 
H-ZSM22 n-C6 -78 -82 0.11 0.26l 

H-Ferrierite n-C6 -71 -79 0.040 0.097l 

Table 3.3: Comparison of measured heats of adsorption and dimensionless adsorption 
constant with literature values, obtained from {Ede96} (t: values obtained at T = 60° C). 

as the retention time of the pulse increases with decreasing flow rate, therefore leaving 
more time for equilibration. This can thus be checked by performing numerical fits on 
experiments done at flow rates varying from 25 to 150 ml/min. The fitteel valnes for the 
adsorption constant however did nat depend on the flow rate, aud this explanation does 
not seem valieL 

3. 7.2 Micropare ditfusion 

Wh en the contribution of micropare ditfusion to the secoud moment is sufficient ( > 25%), 
valnes for the micropore ditfusion coefficient can also be extracted from experiments. The 
contributions of mass transfer through the bed, the external film and the macropores can 
all be estimated, and the value of micropare ditfusion coefficicnt is used to fit the width of 
the pulse. Ditfusion in the micropores can be perceived as the hopping of a molecule from 
one adsorption site toanother [Kär92]. Therefore, micropare diffusion is usually described 
as an activateel process, described by the Arrhenius equation: 

( 
Eaet ) De(T) = De,ooexp --R 
gasT 

(3.48) 

The activation energy Eaet for ditfusion again equals the slope of the Arrhenius plot, in 
which the naturallogarithm of De is plotteel against the redprocal of the temperature. 

A significant contribution of the micropores to the total mass transfer resistance is 
expected for small-pare zeolites such as H-ZSM22 and H-Ferrierite. Simulations using 
micropare ditfusivities taken from literature revealed that for n-hexane in H-ZSM5 and 
H-Beta micropare ditfusion only had a minor impact on the secoud moment ( < 2%), 
and the resulting chromatograms could be fit by only adjusting the adsorption constant. 
For H-Mordenite, H-ZSM22 and H-Ferrierite however, the literature values predieteel a 
significant contribution of the micropores to the secoud moment. 

Zeolite Gas De nttt 
e Eaet Eltt 

act 

(m2 /s) (m2/s) (kJ /mol) (k.J /mol) 
H-Mordenite n-C6 3.0. w-n 1.5 . w-13 53 16 
H-Mordenite 2MP 2.0. w-13 - 56 -

H-Ferrieri te n-C6 8. w-14 6.8. w-16 - 32.4 
H-ZSM22 n-C6 6. w-14 - 42 -

Table 3.4: Measured micropare dijjusion constants (at 170° C) and activation energzes 
for n-hexane on various zeolites. 
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Figure 3. 8: Arrhenius plots of the micropare dijfusion coeffiC'ient De .for n-hexane and 
2-methyl-pentane on H-Mordenite and n-hexane on H-ZSM22 and H-Fern:er·ite. 

Figure 3.8 shows the ArThenins plots of the micropare diffnsion coefficient for zeolites 
H-Mordeuite, H-Ferrierite and H-ZSM22. Experimental and literature valnes for De and 
Eact are listeel in table 3.4. Literature valnes for micropare diffnsion ancl in partienlar the 
activation energy for diffnsion however are very sparse. Furthennore, the measurecl valnes 
for the cliffnsion constauts often differ with several orders of magnitude, which makes 
comparison difficnlt. The ArThenins plots show a lot of scatter, therefore the activation 
energies cannot be determined with great accuracy. As a resnlt, the experimental error is 
abont 10 kJjmole. The valne of Eact obtained for n-hexane on H-Morclenite is significantly 
higher than the valne obtainecl by Satterfield and Margetts [Sat71]. The small valne of 
the diffnsion constant for this large-pore zeolite is probably cansed by single file diffnsion 
resnlting from its one-dimensional pore strncture. Noteworthy is the fact that the diffusion 
constant for 2-methyl-pentane lies close to the valne of that for n-hexane. As the mass 
transport properties of these gases are approximately eqnal, no clifference will be seen 
between prodncts and reaetauts nnder reaction conditions, where n-hexane is converteel 
to 2-methyl-pentane. 

For H-Ferrierite, no valne for the activation energy conlel be extracted from the Ar
rhenins plot. Apparently, the fitteel diffnsion constauts were not very accurate, probably 
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Zeolite pore size bed film macro micro 
(Á) (%) (%) (%) (%) 

H-Mordenite (n-C6) 6.5 x 7.0; 2.6 x 5.7 31 11 24 34 
H-Mordenite (2-MP) 24 11 27 38 
H-ZSM5 5.3 x 5.6; 5.1 x 5.5 46 18 35 1 
H-ZSM22 4.4 x 5.5 21 9 32 38 
H-Ferrierite 4.2 x 5.4; 3.5 x 4.8 22 10 35 33 

Table 3. 5: Relative contributions of the different mass transfer resistances (at T = 443 
K) to the second moment ()2 at the end of the column. 

due to the short retention time of the pulse. The value for De at 443 K is more then 2 
orders of magnitude greater then the value obtained by Voogd [Voo91]. However, Voogd 
stateel that this value was probably too low due to structural faulting in the crystals, and 
that the real micropare diffusion coefficient conlel be significantly higher. The value for 
the activation energy obtained for H-ZSM22 ( 42 kJ /mole) seems reasonable, since it is 
expected that this value lies close to that of H-Ferrierite. No literature value could be 
fomlel for the micropare diffusion coefficient. 

3. 7.3 Influence of model parameters on micropare diffusion 

As was explained earlier, rnass transfer from the bed, the film, the macro- ancl the micro
pores all contribute to the pnlse width. As the effects of these contribntions to the shape 
of the pnlse are equal, no discrirnination can be made between these different effects and 
the micropare diffusion coefficient can only be extracted by estimating the other contribu
tions. Therefore, the accuracy of the obtainecl micropare diffusion coefficient depends on 
the accuracy with which these contributions can be calculatecl. In order to see the effect 
of parameter variations on the fitteel valnes for Ka and De, one PEP-measnrement was 
fitteel using different valnes for the porosities and partiele sizes. Table 3.6 summarizes the 
re~mlts of these fits. 

The influence of porosities and partiele sizes 

As can be seen from eq. (3.46), the retention time depends on the porosity of the bed, the 
macro- and the microparticles. Therefore, experimental uncertainties in these parameters 
infiuence the valne of the adsorption constant. As the macropartiele porosity ( Oy) is 

Fit ez ey ex Ry Rx Pe00 Ka De Contr. 
no. ( - ) ( - ) ( - ) (JLm) (ttm) ( - ) ( - ) (lo-14 m2 /s) (%) 
1 0.40 0.27 0.332 187.5 0.5 2.0 2007 4.3 38 
2 0.40 0.27 0.332 187.5 0.5 2.0 1949 2.2 55 
3 0.35 0.27 0.332 187.5 0.5 2.0 1853 3.9 41 
4 0.40 0.32 0.332 187.5 0.5 2.0 2155 3.8 43 
5 0.40 0.27 0.350 187.5 0.5 2.0 1904 4.3 38 
6 0.40 0.27 0.332 150.0 0.5 2.0 2009 2.9 56 
7 0.40 0.27 0.332 187.5 0.4 2.0 2008 3.0 35 
8 0.40 0.27 0.332 187.5 0.5 1.0 2019 22 4 

Table 3.6: Results of fits carried out for n-hexane on H-ZSM22 (T = 17(? C) foT the 
model pammeters listed this table. Fit no. 2 was carTied out on expeTirnental data without 
scatter correction. 
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only estimated from a small number of literature values, this parameter could easily vary 
between 0.27 and 0.45 (even values of 0.6 are reported in the literature). This results in 
significant errors in the determined value of Ka. The same holds for the micropare diffusion 
coefficient. Although this value is not strongly dependent on the porosities, duwging the 
value for By from 0.27 to 0.40 would lead to an approximately two times smaller value for 
De, resulting in a much greater contribution of micropare diffusion to the secoud moment. 

Valnes for the macropartiele and crystal sizes are also difficult to detennine. Further
more, the model assumes that all macropartieles and crystals are spherical and of the 
same size. It is hard to determine what kind of effect the size distribution has on the 
obtained chromatograms, and it is therefore uncertain what the influence is on the fitted 
parameters. For the pellet radius, the average radius of the size distribution (125-250 fLm) 
is taken, and it is thus assumed that all partiele diameters are evenly represented. The 
"real" value for Ry might as well be much higher or lower than the average size. Changing 
the partiele size to 150 /Lm elearly results in a larger contribution of micropare cliffusion, 
because the overall contribution of mass transfer resistance in the film and macropores 
is decreased. When macropare diffusion plays a more significant role, this effect is even 
larger. As the micropartiele radius is much better defined then the macropartiele radius, 
it is not expected that this parameter greatly influences the value for De. Ry and Rx do 
not influence the value of Ka, as could be expected from eq. (3.46). 

The limiting Peelet number 

As already stated in section 3.3.2, Langer et. al. [Lan78] stateel that the limiting Peelet 
munber for small partiele sizes could be quite smaller then 2. The bed diffusion coëfficiënt 
DL could be calculated using 

(3.49) 

For the experimental conditions used in this study (T = 130-230°C, cp = 150 ml/min), 
the first term is about 4.0·10-5 m2 js, and the second is approximately 1.5·10-4 m2 js. 
The value of DL therefore strongly depends on Pe00 , ancl for lower valnes of this constant 
bed diffusion bec01nes more dominant. In all experiments, bed diffusion contributes 20% 
or more to the second moment. Therefore, a change of the limiting Peelet number has a 
significant influence on the fitteel valnes for De. This is also demonstrateel in table 3.6. 
Decreasing Pe00 to 1 causes the contribution of micropare diffusion to almost completely 
disappear, and the value forDeis approximately 5 times larger. Acconling to the equation 
from Langer et. al., Pe00 ~ 0.25 for a partiele size of 187.5 fLill. When this value is used 
for the analysis of the profiles, bed diffusion becomes the dominant mechanism for all 
experiments, which does not seem consistent with the results fmmd earlier in [Ver96]. 
Simulations of the H-ZSM5 data (in which micropare diffusion is not observed) with Pe00 

= 0.25 furthermore showed that the pulse width was overestimated, indicating that the 
calculated mass transfer resistance in the rnaeropmes and the bed is too large. Apparently, 
the valnes calculated from the relation given by Langer cannot be used for the experiments 
in this study. 

To see if a wrong choice of the value for the limiting Peelet number influences the 
temperature dependenee of the micropare diffusion constant, further investigations were 
done. Therefore, the macro- and micropare diffusion model was solveel using the param
eters for H-ZSM22 and Pe00 = 1 for a number of different temperatures. The data files 
calculated from this simulation were then used as input data for the fit routine. In the fit 
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Figure 3.9: Arrhenius plot of De determined from simulated pos.files. Simulations were 
carried out using Pe00 = 1, the fits were performed with Pe00 = 2. 

routine, Pe00 was taken equal to 2, and the micropm·e diffusion coefficient and adsorption 
constant were used as fit parameters. The results are summarized in table 3. 7. Even 
though a wrong value for Pe00 was chosen in the fit routine, the simuiateel data files eaulel 
be perfectly fit, as this was campensateel by assuming a larger value for De. Furthermore, 
it can be seen that the deviation between modelled and fitteel De valnes becmnes smaller 
for higher temperatures. As expected, no influence on the fitteel value of the adsorption 
constant can be seen. Figure 3.9 shows the Arrhenius plot of the values for De in table 
3. 7. The activation energy for micropare ditfusion extractecl from plot 3.9.b., 63 kJ jmole, 
was nearly twice the value used in the model (32.4 kJ /mole). These results shows that the 
use of a limiting Peelet number which is too high might explain the high value obtained 
for the activation energy for micropare ditfusion of H-Mordenite. 

Using a value of 0.25 as suggested by Langer et. al. for this small pellet sizes does not 
seem to give reasonable results. For zeolites H-Mordenite and H-Ferrierite, this results in 
values of De which are orders in magnitude higher than literature values. The fact that 
micropare ditfusion does not play any role in mass transfer resistance furthermore does not 
agree with the results obtained by Andersou et. al. [And98]nsing the analytica! salution 
of the model. Absence of micropare ditfusion would yield valnes for the total mass transfer 
resistance coefficient, given by 

(3.50) 

which are the same for given pellet and partiele sizes. This was however not observed, 
and micropare ditfusion therefore must play a role. 

Temp. Kmodel 
a 

Knt 
a 

nmodel 
c 

nnt 
c 

(OC) ( 103 ) ( 103 ) (lo-14 m2 /s) (lo-14 m2 /s) 

130 14.5 14.4 10.9 1.1 
150 5.5 5.5 17.2 2.8 
170 2.2 2.2 26.1 6.3 
190 1.0 1.0 38.2 12.7 

Table 3. 7: Comparison of modelled and fitted values for Ka and De· The PEP
experiments were modelled using Pe00 = 1, the fit was performed with Pe00 = 2. 
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Experimental errors 

Experimental errors in the chromatograms obtained can also be a souree for errors in 
the parameter estimates. Scattering and the detector geometry influences the shape of 
the chromatogram. Camparing the obtained results for measurements with and without 
corrections for these effects shows that they have a significant influence (see fit no. 2 in 
table 3.6). Developing an accurate correction methad for PEP measurements however is 
not easy, and the question is how well the real concentration profiles can be reconstructed. 
This can therefore become a limiting factor in the accuracy with which different parameters 
can be extracted. Furthermore, differences in the sensitivity of the detection elements has 
an influence on the peak height of the chromatograms. For computational convenience, 
this sensitivity is taken equal for all experiments. Differences in the sensitivity of the 
detector can therefore lead to additional deviations. 

In the case of short retention times, care should be taken. Two effects must be consid
ered. In the first place, for short retention times the number of time samples becomes so 
small, that the chromatograms cam1ot be reconstructed accurately. To model the experi
ments it was furthermore assumed that the chromatograms are measured instantaneously 
in time. In reality, the PEP detector measures the total activity in each time sample, and 
when tbc pulse moves relatively quickly through the reactor the assumption willno langer 
be valid. For short retention times, an additional broadening to the pulse will bc seen due 
to time averaging. 

3.8 Predicting micropore dominant diffusion 

Now that valnes have been determined for the adsorption constant and micropare cliffusion 
coefficient, preelidions can be made when micropor·e diffusion should play an important 
role. The numerical fits showed that micropor·e diffusion already played a significant 
role in the experiments performeel on H-Ferrierite, H-Mordenite ancl H-ZSM22, but was 
not observed on H-ZSM5 and H-Beta. The contribution can be enlargecl by using larger 
crystals. Although the synthesis of large-size crystals is difficult, zeolite H-ZSM5 is now 
available in crystal sizes larger than 100 p.m. Simulations were thcrefore performeel using 
the parameters for H-ZSM5 (De = 6·10- 12 m2 /s) to preeliet at which crystal size the 
contribution of micropare diffusion becomes dominant. The results of the simulations 
performeel at 230°C ancl with pellet sizes of 250-500 p,m are summarized in table 3.8. The 
results show that for crystal sizes larger than 20 microns, micropare cliffusion is indeecl 
dominant. 

To stucly reaction kinetics in the steady state, it is important that the transport prop-

crystal size 
(pm) 

3 
10 
20 
40 
75 

contri bution 
(De= 6 · 10-12 m2 /s) 

1.5% 
15% 
41% 
74% 
91% 

contri bution 
(De= 1 · 10- 12 m2 /s) 

8% 
51% 
81% 
94% 
98% 

Table 3. 8: Predieled contribution of micropare dijjusion to the pulse 'W'idth for n-he:r:ane 
on H-ZSM5 at 230° C. Similar calculations were performed 'USinq a micropar-e di.fJusion 
coefficient which is 6 times lower- than that of hexane, shown in the T'ight column. 
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Figure 3.10: Simulations of the injection of a pulse of n-hexane and a n-hexane/i-hexane 
mixture, assuming that De for i-hexane is 6 times lower then for n-hexane. 

erties of reactant (n-hexane) andreaction product (iso-hexane) be different. As the gas 
phase diffusion coeffi.cients for n-hexane and i-hexane are similar, this means that mi
cropore diffusion must be dominant. The experiments with H-Mordenite showed that on 
this zeolite micropare diffusion for both n- and i-hexane were approximately equal under 
reaction conditions. Larger differences however are expected on the small pore zeolites 
H-ZSM22 and H-Ferrierite, but the retention time of hexane on these zeolites is too short 
under reaction conditions. Zeolite H-ZSM5 thus seems to be the best candidate to study 
steady-state reactions, as the availability of large crystals will ensure dominant micropare 
diffusion. To see how large the difference in micropare diffusion coeffi.cients between n

and i-hexane must be to see significant differences, experiments were simulated where a 
1:1 mixture of these hydrocarbons was injected at 230°C. For these experiments, it was 
assumed that the adsorption constauts for n- and i-hexane were equal. The simulations 
showed that for a crystal size of 30 /-LID significant differences could be seen in the transport 
properties when the diffusion constant of i-hexane is 6 times lower than that of n-hexane. 
This is illustrated in Figure 3.10, showing the resulting PEP plots for n-hexane only (a) 
and for the 1:1 mixture. Even smaller diffences in the micropare diffusion coeffi.cients will 
influence the chromatograms if even larger crystal sizes are used and a difference in the 
transport properties of n- and i-hexane under reaction conditions should be possible. 

3.9 Concluding remarks 

Numerical evaluation of the model as proposed by Haynes [Hay73] can be used to extract 
valnes for the micropare diffusion coefficient from experiments. Evaluation of previously 
obtained data shows that micropare diffusion plays a significant role in mass transfer re
sistance on a number of different zeolites. The fact that relatively few data on micropare 
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ditfusion coëfficiënts for hexane in zeolites is available makes it difficult to campare the 
measured values with literature. The values found in this study however seem to be in 
reasanabie agreement with the values which could be found in literature. Determination 
of the activation energy of ditfusion does not seem possible. This might be caused by the 
uncertainties in the model parameters. The accuracy of these model parameters limit the 
accuracy of the obtained fit parameters. Furthermore, detector effects can also affect the 
chromatograms. Due to these inaccuracies and the complexity of the model, the values 
obtained can only be seen as an order of magnitude estimate. The model however still 
remains very useful to campare different experiments in which only one experimental pa
rameter is varied and to predict conditions in which micropare ditfusion plays an important 
role. 

The fact that for small partiele sizes the limiting Peelet number is reported to be much 
smaller than 2 furthermore has some important consequences. For small Pe00 values, the H
ZSM5 experiments could no langer be fitted. This could be solved by adjusting additional 
parameters such as the pellet radius and the macropare porosity, indicating that the 
estimates for this values might not be correct. It is however hard to give good estimates 
for these parameters, and some assumptions still have to be made which could infiuence 
the calculated value for De. Therefore it would be better to eliminate these parameters, 
for example by only using large crystals instead of pellets. Furthermore, larger crystal 
sizes result in a stronger infiuence of the micropores on mass transfer resistance. Errors 
in the theoretica! estimates for bed-, film- and macropare ditfusion will therefore have less 
infiuence. Large zeolites are however difficult to produce, and among the zeolites stuclied 
here only H-ZSM5 and silicalite are available in large crystal sizes. 

Choosing proper conditions for the experiments can also lead to better results. In gen
era!, higher temperatures increase the contribution of microp01·e cliffusion. This is a result 
of the fact that this contribution is inversely proportional to both the adsorption constant 
and the micropare ditfusion constant. There is however a trade-off. At high temperatures 
the retention times become so short that the chromatograms cannot be measured accu
rately. The maximum temperature is therefore limited to about 230°C. Improving the 
time resolution of the detector will make measurements at higher ternperatures possible. 
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Chapter 4 

lnvestigation of hexane 
dehydrogenation on Pt-zeolites 

Hydro-isomerization of hexane on zeolite molecular sieves pmceeds through 
a number of consecutive reaction steps. Since a theoretica[ rlescT'iption of all of 
these reaction steps is very complex, exper·imental coruldions have to be chosen 
in which a number of reaction steps is proh:ibded. This can be achieved for 
e.mmple by injection of a pulse of hexane into a heliurn .flow. In this way, 
hydragenation of hexene and iso-hexene is made -irnpossible, and information 
can be gathered about the initia! steps of the reaction. This chapter describes 
these experiments, as welt as a model which was developed to describe these 
measurements. 

4.1 Introduetion 

The hydro-isomerization of n-hexane on zeolites proceeds through a bifunctional mecha
nism as proposed by Weisz [Wei62]. The platinum sites act as a catalyst for dehydrogena
tion of the alkanes. The resulting alkenes are then adsorbecl on the acid sites of the zeolite 
where the isomerization takes place. The isomers are theu rea<lsorbed ou the platinum 
sites and hydragenation occurs. The total isomerization reaction thus consists of a m1mber 
of consecutive reaction steps. Steady-state experiments only yidd an overall reaction rate 
but no information about the rate of consecutive reaction steps can be extracted. For this 
purpose transient kinetic experiments have to be carried out. However, to extract data 
from these experiments, a model is needeel which takes into account all the different reac
tion steps. Extraction of kinetic parameters woulel however be much simpler if a number 
of these reaction steps is prohibited. 

When experiments are performeel at low temperatures and no platinum is added to 
the zeolites, no reactions occur at all. Under these conditions the dehydrogenation step 
cannot take place, which is an essential step for the entire hydro-isomerization reaction. In 
chapter 3, these conclitions were used to study mass transport phenomena. In this chapter, 
labelled n-hexane is injected into a helium feecl over a platinum-loaclecl zeolite catalyst. In 
the absence of hydragen the dehydrogenated productscan no langer hydrogenate and are 
therefore trappeel on the surface of the catalyst. The clistribution of these proclucts can 
then be measured using Positron Emission Profiling. The amount of trappeel hydrocarbons 
left insiele the catalyst bed depends on the rate of dehydrogenation of the injectecl paraffins. 
Information about the dehydrogenation step can thus be obtained. 
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4.2 Reaction mechanism in the absence of hydrogen 

The isomerization reaction is normally carried out by feeding a mixture of hydragen and 
n-hexane over a platinum-loaded zeolite at temperatures of 240° to 300°C. Hydragen is 
needeel for the hydragenation of the n-hexene and i-hexene species formeel on the catalyst 
surface. By replacing the hydragen with a helium flow this last reaction step is prohibited, 
resulting in the following reaction scheme: 

-'- . C H+ ~ . C H "'" z- 6 13 "'" z- 6 12 ( 4.1) 

Once the adsorbed n-hexane is dehydrogenated on a platinum site it is trappeel on the 
catalyst surface. Bath chemisorption on the platinum sites, physisorption on the zeolite, 
as well as chemisorption as an alkoxy species on the acid sites are possible. The same 
applies for iso-hexene, which is formeel by isomerization of the n-alkoxy species. Due 
to the strength of the adsorption of the alkoxy species, the majority of the species will 
be aelsorbed on the acid sites. Although adsorbeel species can travel to neighbouring 
sites, these elistances are short relative to the resolution of the detector. Effectively, the 
dehydrogenation step thus determines the activity distribution in the reactor. 

4.2.1 The dehydrogenation reaction 

The catalytic properties of platinum in the dehydrogenation of hydrocarbons have been 
known for many years. An extensive amount of research has been carried out on this sub
ject. The dehydrogenation reaction can bedescribed with a three-step reaction mechanism, 
called the Horiuti-Polanyi mechanism [Hor34]. Firstly, an adsorbed n-hexane molecule is 
transporteel to a nearby platinum site: 

The hydragen atoms are then extracted one by one: 

Pt-n-C6H14 + Pt --+ Pt-n-C6H13 + Pt-H 

Pt-n-CGH13 + 2 Pt --+ Pt2-n-CGH12 + Pt-H 

(4.2) 

(4.3) 

(4.4) 

Associative desorption of the hydragen then occurs, after which the hydragen is quickly 
removecl from the reactor. A somewhat simpler reaction mechanism was used by Van de 
Runstraat [R.un97] to model the overall reaction process. In this model, the dehydrogena
tion was assumed to praeeed through a one-step mechanism: 

(4.5) 

4.2.2 Side reactions 

Other reactions can occur in addition to dehydrogenation. Hydrogenolysis of hexane or 
hexene on the platinum sites leads to the formation of products containing less than six 
carbon atoms. These reactions mainly result in the formation of methane + pentane and 
ethane + butane as by-products. Cracking can also occur on the acid sites of the zeolite 
through a mechanism called /3-scission [Mar90], leading to the formation of a carbenium 
ion and an alkene. For n-hexane, this mechanism can only lead to the formation of C3 
species, as an unstable primary carbenium ion would otherwise be formed: 

c-c-c-c- c+- c --+ c-c+- c + c = c-c (4.6) 
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The ratio between propane and methane thus provides information about the relative 
importance of cracking on the acid and metal sites. 

"Coking" processes lead to the formation of strongly adsorbed carbonaceons species. 
These processes occur both on the metal sites as well as on the acid sites of the zeolite 
[Bel91]. The formation of these species on the metal sites is thought to occur through 
excessive dehydrogenation of the reaetauts [Bon97a]. Further reactions eau then occur, 
including fracture into single C atoms, polymerization and the formation of arnorphous 
carbon or graphite. These reactions all lead to the deactivation of the catalyst surface, 
as active catalyst sites are blockeel by the strongly adsorbed species. On the acid sites 
coking mainly results from oligornerization and polymerisation reactions. Due to the 
complexity of the processes involved, a lot of research is still being clone regarding catalyst 
deactivation. 

4.3 Experimental 

The helium injection experirnents were carried out on zeolite H-Mordenite ( crystal diam
eter = 5 JLm) with platinum loadings of 2 and 0.5 wt%. To rednee pressure drop across 
the reactor bed, the crystals were pressed into pellets with diameters ranging from 250 to 
500 p.m. Some 300 rng of zeolite was placed in a single pass flow reactor system with an 
internal diameter of 4 mm. This reactor was placed insiele a tubular furnace, capable of 
reducing temperature gradients along the reactor to less 0.1 °C. The reactor temperature 
cluring injection was variecl between 180 and 340°C. The heliurn flow rate was controlled 
using a mass flow controller at 75 ml/min for all experiments. 

Previous experiments [San96] showed that some "preconditioning" of the catalyst has 
to be performeel in order to suppress undesirable metal cracking reactions. This precon
ditioning involves the deposition of a carbonaceons overlayer that prevents cracking by 
limiting the number of neighboring platinum sites. Therefore, a steady-state reaction at 
240°C (75 ml/rnin, nC6/H2 ratio 1:8) was carried out for 12 hours previous to the ex
periments. Thirty-five minutes prior to injection of the labelled pulse of n-hexane, the 
steady-state reaction was inten·upted by stopping the hexane feed ancl the remaining hex
ane on the catalyst bed was then rernoved using a 150 rnl/min hydragen flow. Because of 
the low temperature (240°C), the depositecl coke cannot not be hyclrogenated and stayed 
on the surface. Five minutes prior to the experiment, the hy<lrogen feed was also stoppeel 
and replaced by a 75 rnl/min helium flow. 

After removing all hydragen from the reactor a pulse of labelled n-hexane was then 
injected into the helium feed stream. After the experiment, the catalyst bed was reducecl 
in a hydragen flow at 400°C, and a steacly-state reaction was again carTied out for one half 
hour. The conversion and product selectivity was checkecl using a standard gas chrornato
graph. The sarne procedure described above was again carTiecl out after the steacly-state 
reaction. In this manner experiments were carried out at two hom intervals. 

4.4 Modeling the helium injection experiments 

In the previous chapter a macro- and micropor·e diffusion model was used to describe the 
diffusion ancl aclsorption experiments. This model can be extended to incorporate reaction 
kinetics. Due to the complexity of this model, implementation of reaction steps in the 
program solving these equations is however difficult. As au alternative, a linear driving 
force (LDF) model is used to describe the flow in a bed packecl with zeolite molecular 
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sieves. 

4.4.1 The linear driving force model 

A much simpler mathematica} model for mass transfer in packed beds commonly used in 
engineering analysis is the linear driving force model [Rag85]. It treats the bed as if it 
consistsof porons particles with an average sarbate concentration, q, and au effective mass 
transfer coefficient, k. The fluid phase concentration, Cz, is given by: 

(4.7) 

in which Vsup is the superficial velocity and Bz the bed porosity. The last term on the 
right hand side of the equation expresses the gas flow from the fluid phase to the pellets. 
The essential feature of the LDF model is the assumption that the rate of change of the 
average sarbate concentration depends linearly on the difference between the gas phase 
concentration in the pellet and in the bed. This is expressed by the following equation: 

( 4.8) 

In this equation Cp is the average gas phase concentration in the pellets. The average 
sorbate concentration, q, is related to this gas phase concentration in the pellets through 
the adsorption constant on pellet volume basis, Kp: 

(4.9) 

and tlms equals the total average gas and adsorbed phase concentration in both the macro
and micropores. The conesponding moment expressions for eqns ( 4. 7) and ( 4.8) can be 
clerived [Rag85]. Camparing these equations with the moment expression obtained for the 
model described in chapter 3 yields a value for the mass transfer resistance coefficient, k: 

1 Ry R~ R~ - = -+ --+ ---=--
k 3kJ 15Dy 15Dx(l- By) 

( 4.10) 

This equation expresses the contributions from the external film, the macropon~s and the 
microporcs to mass transfer resistance. 

In order to get some insight in the validity of the linear driving force model the obtained 
chromatograms can be compared with those calculated using the complete micro- and 
macropare model. Figure 4.1 shows the chromatograms at positions 2 and 8, simuiateel 
using the input parameters of H-ZSM5. The data denoted by triaugles was calculated 
using the full micropore-macropore diffusion model, the lines show the chromatograms 
resulting from the LDF model. As eau be seen from this figure, there is an excellent 
agreement between these two models. Kärger and Ruthven [Kär92] stateel that as long 
as the dimensionless bed length kvsup/ L is large enough, the LDF model works very well. 
When the mass transfer resistance is very high, resulting in a dimensionless bed length 
less then 20 [Rag85], the LDF model however no langer yields the same results as the 
micropore-macropore diffusion model. Under the experimental conditions and with the 
zeolites used in this study this dimensionless bed length was greater than 30, and the 
linear driving force approximation can thus be safely used. 

In the hydro-isomerization reaction scheme, reactions only occur insiele the zeolite mi
cropores. The reaction rates of the elementary reaction steps thus depend on the hexane 
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Figure 4.1: Simulated chromatagmms calculated .for H-ZSM5 at posdions 2 and 8, uszng 
the model developed by Haynes (6.) and the LDF-model (-). 

concentration in these pores. While the hexane micropore concentration can be calculated 
directly with the full micropore-macropore diffusion model, the LDF model only provides 
an average gas phase concentration in the pellets. When modelling reactions, the model 
will thus only be useful if this average gas phase concentration is a good approximation 
for the micropore gas phase concentration. This is the case if no concentration gradients 
exist over the macro- and micropores, and diffusion in the macro- and micropores is suffi
ciently fast. Comparison of the chromatograms calculated using the two different moelels 
also provides a test of the validity of this approximation. From eq. ( 4.9) it can be seen 
that the contribution to the average pellet concentration of the adsorbed and gas phase 
concentration in the micropores equals (1- By) Bx (1 +Ka) Cp. When Ka » 1, the ad
sor·bed phase micropore concentration will usually dominate over the other contributions, 
ancl the resulting chromatograms will be largely cletermined by it. Good agreement be
tween the micropore-macropore and the LDF model thus means that the adsorbed phase 
concentrations calculated using both these moelels are approximately equal. 

4.4.2 Modelling the dehydrogenation reaction 

Eq. ( 4.5) gives a simplified reaction scheme for the dehydrogenation of hexane on the plat
imun sites. A further simplification can be made when the amount of available platinum 
sites greatly exceeds the amount of reacting species or the regeneration of these platinum 
sites is fast. In this case, the number of available sites can be treated as constant, and the 
reaction reduces to an irreversible reaction from adsorbed n-hexane to n-hexene: 

(4.11) 

The n-hexene formeel on the platinum sites eau then further react to form an alkoxy 
species, but can no longer leave the catalyst surface. Hydrogenolysis reactions, leading 
mainly to methane and pentane, are not taken into account. As the catalyst bas been 
preconditioneel by exposure to uniabelled n-hexanejhydrogen mixtures for at least 30 
minutes prior to injection of the labelled pulse into helium, a sufficient carbonaceons 
overlayer should exist on the catalyst to prevent these cracking reactions. Reactions 
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reactant product 1/ Eact k (at T = 230°C) 
(moles/m2s) (kJ/mole) (moles/m2s) 

n-hexane(ads) n-hexane(Pt) 2.9·101:1 23.74 9.9·105 

n-hexane(Pt) n-hexane ( ads) 2.9·108 25 7.3·10''i 
n-hexane(Pt) 1-hexene 3.7·105 40.35 2.3·101 

n-hexane(Pt) 2-hexene 1.2·108 55.3 2.2·102 

n-hexane(Pt) 3-hexene 5.32·107 55.3 9.7·101 

Table 4.1: Calculated preexponential factors, activation energies and ra te constanis (at 
23(!' C) .for transport steps and n-hexane dehydrogenation on Pt/H-Mordenite. 

leading to carbon deposits on the catalyst surface should not pose any problems as these 
reactions are assumed to occur only after the initial dehydrogenation reaction. 

To incorporate reaction eq. (4.11) in the model, the equations in section 4.4.1 have 
to be extended to include an additional immobilized species, whose concentration will be 
denoted by Cim· The change of the total gas and adsorbed phase concentration in the 
pellets is now determined by the flux from the fluid phase and by the rate of reaction 
within the micropores: 

K acv = k (C - c)- (1- e ) e acim 
v Dt z v Y x üt (4.12) 

The rate of formation of the immobilized species is proportional to the concentration of 
adsorbecl n-hexane and is given by the rate equation: 

acim [ ( )] ~ =kim C6H14 ads = kimKaCp (4.13) 

The reaction constant kim accounts for both the transport step from the zeolite adsorption 
site to the platinum site as the actual dehydrogenation reaction. Table 4.1 shows the 
parametersforthese reaction steps, taken from [Run97]. From these values, it can beseen 
that the transport step is much faster than the dehydrogenation step, and the first step 
will thus be equilibrated. 

The rate of formation of n-hexene for the complete reaction described by eqns. ( 4.2) 
ancl (4.5) can be written as: 

(4.14) 

m which Lpt is the amount of platinum per unit surface area (in molesfm2 ), k~eh is 

the reaction constant for eq. (4.5) (in moles/m2 ·s) and Ktran.s = !.;;{ran.sfkfrans is the 
equilibrium constant for transport between the adsorption and platinum site. k{ran.s and 
kfrans are the reaction constauts for the forward and backward reaction in eq. (4.2). By 
assuming that Bpt and Bad.s :::::; 1 and using concentrations insteadof surface coverages the 
reaction constant kim can be related to the rate constauts used by Van de Runstraat: 

(4.15) 

in which Lad.s is the amount of adsorption sites per unit surface area (in molesjm2 ). 

4.4.3 Solving the equations 

An analytica! solution can be found for the linear driving force model. When the moelel 
is extended with reaction steps, this is however no longer possible. The model must then 
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be solved numerically, using the method of lines as discussed in the previous chapter. 
A grid consisting of 52 gridpoints provided sufficient accuracy for solving the equations. 
The concentration of the fluid phase, the average pellet gas phase concentration and 
the concentration of immobilized species are calculated at each of these gridpoints. The 
method of lines thus only results in a system of 156 ODE's, hence the computing time 
necessary for the calculation of the salution is much shorter than for the full macropore
micropOI·e diffusion model. 

4.5 Results 

Experiments were carried out with 2.0 and 0.5 wt% Pt/H-Mordenite having a crystal 
diameter of 5 J.Lm. Labelled n-hexane was injected at a number of different temperatures 
ranging from 180 to 260°C. Figure 4.2 shows the results of the experiments with the 2.0 
wt% sample, carried out at 220 and 260°C. The temperature dependenee of the reaction 
constant is given by the Arrhenius equation: 

( 
Eact ) 

kdeh = Vdeh · exp - Rgas. T (4.16) 

The reaction constant thus strongly depends on temperature. In addition, the retention 
time of the pulse varies with temperature as the adsorption equilibrium constant is tem
perature dependent. Both these effects contribute to the temperature dependenee of the 
activity distribution over the reactor bed. This temperature dependenee can be clearly 
seen in figure 4.2 . At 220°C, the reaction is relatively slow and occurs over the entire 
reactor bed. A small portion of the pulse does not react at all and passes through the bed. 
Radio-GC analysis of this fraction showed that it consisted mainly of unreacted n-hexane. 
At 260°C, the dehydrogenation occurs so quickly that most of the injected hexane reacts 
at the beginning of the bed, and the entire pulse remains adsorbed on the surface. 

Repeated measurements under the same conditions showed that the reproducibility 
of the experiments was not very good. While measurements carTied out at the same 
day showed excellent agreement, measurements performed on different occassions showed 
great deviations in reactivity. This is probably due to small differences in the procedure of 
preconditioning, which seem to have a major impact on the state of the catalyst. Therefore 
only results within the same series of experiments can be c:ompared. This implies that 
longer experimental series should be c:onducted for this kind of experiments. 

4.5.1 Modelled PEP measurements 

The model described in section 4.4 was used to simulate the experiments as described 
above. The mass transfer resistance coefficient, k, was calculated from the values for 
bed, micropare and macropOI·e diffusion constants and the adsorption constant obtained 
in the previous chapter. Comparison with experiments showed that the retention times 
predicted by the model were too long compared with the retention times measured in 
the helium injection experiments. The adsorption constant used in the model therefore 
had to be adjusted. Differences in the retention times measured during these experiments 
and the experiments in the previous chapter are probably due to the preconditioning of 
the catalyst performed in this chapter. This preconditioning results in the formation of 
a carbonaceous overlayer and will reduce the number of available adsorption sites, thus 
lowering the adsorption constant. Figure 4.3 shows the resulting PEP plots after adjust
ment of the adsorption constant for similar experimental conditions as the experiments in 
figure 4.2. The model shows a good qualitative agreement with the experiments. 
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Figure 4.2: PEP measurements showing n-hexane injection into a 75 mljmin helium 
flow on (2.0wt%)Pt/H-Mordenite. 
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Figure 4.4: Effect of different combinations of v and Eact on the s'Î.mulated PEP plots: (a) 
T = 210° C, (b) and (c) T= 250° C, with Eact = 70 kl/male and 90 kl/male r·espectively. 

Only the reaction constant can be determined from an experiment conducted at a single 
temperature. In order to also be able to measure the activation energy, experiments have 
to be analysedat different temperatures. To demonstrate this, simulations were performed 
with two different activation energies with conesponding preexponential factors: one with 
Eact = 70 kJjmole and v = 5 · 105 s-1 and one with Eact = 90 kJjmole and v = 7.3 · 107 

s- 1. At 210°C both these activation energies yielded the same activity distribution shown 
in figure 4.4.a. A very different situation however occurs at 250°C, shown in subplot b 
for Eact = 70 kJ /mole and in subplot c for Eact = 90 kJ /mole. Due to the fact that a 
higher activation energy leads to a stronger temperature dependence, the reaction rate at 
250°C is higher for Eact = 90 kJ /mole. As aresult the activity more strongly reacts near 
the front of the reactor and a larger fraction remains adsorbed on the surface. Different 
activation energies can thus be extracted by looking at the temperature dependenee of the 
activity distribution remairred adsorbed on the surface, as will be demonstrated in section 
4.5.2. 

4.5.2 Fitting the experiments 

The model described insection 4.4 was used to fit the data obtained during helium injection 
experiments. The same fit procedure as described in chapter 3 was used for this purpose. 
The mass transfer resistance coefficient, k, was calculated from parameters obtained in 
the previous chapter using eq. (4.10). The reaction constant, kdeh, and the adsorption 
constant were used as fit parameters. The experiments were performed on (0.5wt%)Pt/H
Mordenite and particular care was taken that the preconditioning was equal for each 
experiment. Measurements were performed at four different temperatures and the tem
perature dependenee of the fitted reaction constant was used to determine the activation 
energy. The resulting Arrhenius plot is shown in Figure 4.5. From the slope of this plot, 
a value of 98 ± 15 kJ /mole was found for the activation energy of the dehydrogenation 
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Figure 4..5: Arrhenius plot of the reaction constant for dehydrog enation, kdeh, for 
(0.5wt%}Pt/H-Mordenite. 

reaction. As can be seen from table 4.1, Van de Runstraat gives an activation energy 
of 40 to 55 kJ/mole for the dehydrogenation reaction given in eq. (4.5), depending on 
the alkene formed after dehydrogenation. This value is significantly lower than the value 
obtained in this study. 

Some questions remain concerning the reliability of the activation energy determined. 
As mentioned earlier, the observed reaction ra te was greatly dependent on the precondi
tioning of the catalyst. It is therefore doubtful that the state of the catalyst was equal in 
the experiments, hence even at the same temperature the reaction constant might vary. 
The limited reproducibility is further illustrated in the Arrhenius plot, in which the third 
datapoint was measured at a different day then the other three. Although the precondi
tioning procedure was kept equal, this datapoint clearly deviates from the temperature 
dependenee seen from the other three data points. 

Furthermore, some of the assumptions on which the model was based are perhapsnot 
valid. In the first place, hydrogenolysis reactions were not taken into account . Although in 
the steady-state these reactions are relatively unimportant (at 240°C, about 3% of the feed 
gas is converted to short er alkanes) , at low hydrogen pressures these reactions are reported 
to occur more often [Gui91]. The products formed by the hydrogenolysis reaction canthen 
travel further through the bed, after which they can also be dehydrogenated, resulting in 
different activity distributions then would be expected from the model. The occur-rence 
of these side reactions is further supported by the fact that small atnotmts of activity are 
already built up at later positions in the bed just after the pulse has entered, indicating 
that small amounts of shorter alkanes are present and also adsorbed on the surface. More 
evidence regarding the different side reactions will be discussed in the next chapter. 

The model used for the analysis of the experiments was also based on the assumption 
that the amount of platinum available for the dehydrogenation reaction greatly exceeded 
the amount of injected hexane. When this assumption is not valid, the concentration 
of available platinum sites must also be taken into account when calculating the rate of 
dehydrogenation. The effect of a limited availability of platinum sites will be discussed in 
the next section. 
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4.5.3 A vailability of platinum sites 

As previously mentioned in section 4.4.2, eq. (4.11) only holds when the amount of 
platinum is large compared to the amount of injected hexane. When this is not the case, 
the number of platinum sites also has to be incorporated into the model, and the restricted 
availability of these sites could decrease the overall reaction rate. Table 4.2 gives the total 
amount of platinum contained by the catalyst bed used in the experiments, containing 
approximately 300 mg of catalyst. Some characteristics of the sample of H-Mordenite 
used are also given. The amounts of platinum calculated represent theoretica! maximum 
values, assuming a metal dispersion of 1. This amount could only be available on a freshly 
reduced catalyst. Due to deactivation of the catalyst during steady-state operation, the 
number of available Pt sites on a preconditioned catalyst is significantly lower. During 
experiments, a pulse containing approximately 2·10-6 moles of n-hexane is injected, which 
is typically spread over about one-third of the bed. This amount thus is approximately 
equal to or even larger than the amount of available sites. When the regeneration of the 
platinum sites by protonation of the alkenes is fast , this should however not necessarily 
lead to high surface coverages. 

In order to investigate the effect of these high surface coverages, simulations were 
carried out using the reaction mechanism shown in eq. (4.5). The transport step from 
the adsorption site to the platinum (eq. (4.2)) is assumed to be equilibrated, and the 
removal of the hexene formed on the platinum sites is assumed to be very slow, so that it 
effectively remains adsorbed on the platinum. The rate of formation of hexene adsorbed 
on the platinum site can then be written by: 

d[Pt2C6Hl2] = k · [C6H14(ads)][Pt] 2 

dt 
(4.17) 

When the concentration of available platinum sites, [Pt], is low, the reaction rate is sup
pressed. In contrast with the model in section 4.4.2, the activity distribution over the bed 
therefore depends on the amount of injected n-hexane. This is demonstrated in figure 4.6. 
The PEP plots in this figure were calculated using the same reaction parameters, but in 
plot (b) twice the amount of hexane was injected as in plot (a). As most platinum sites 
at the beginning of the bed become occupied, a larger fraction of the pulse progresses 
through the reactor in plot (b) and thus the activity is spread over a larger fraction of the 
bed. 

Another effect observed in the simulations was that a shortage of platinum tends 
to flatten the activity distribution over the reactor bed. This results from a complete 
occupation of the platinum sites, so that each position aproximately holds an amount 
of hexene equal to the number of platinum sites in that position. Some caution must 
however be taken, as this effect will only be observed when the rate of removal of hexene 
from the platinum sites is much slower than the rate of formation. A shortage of platinum 
can therefore not be concluded only from an examination of the obtained PEP plots. 

density (kgjm3) 

specific surface area (m2 /kg) 
concentration of Pt (molesjm2 ) 

total amount of Pt ( mole) 

H-Mordenite 
(2.0 wt%) 

1368 
1.95·105 

1.75·10-7 

1.02·10-5 

H-mordenite 
(0.5 wt%) 

1368 
1.95·10'5 

4.38·10-8 

2.55·10-6 

Table 4.2: Maximum amount of platinum available on Pt/H-Mordenite catalysts used 
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Figure 4.6: Simulated PEP plots showing the effect of a limited amount of available Pt 
sites. Simulations were carried out with the sa me parameters, however in plot (b) twice 
the amount of hexane was injected as in plot (a). 

Furthermore, the activity distribution is also infiuenced by the occurrence of cracking 
reactions. 

It is difficult to determine the effect of the shortage of platinum on the measured value 
for the activation energy. As was demonstrated, the measured activity distribution will 
depend on the amount of injected hexane, and the fitted value for the reaction constant 
will vary according to the amount of hexane injected during the experiment. Assuming 
that the amount of hexane is equal in each experiment, an apparent activation energy 
will be measured that depends both on the speed of the dehydrogenation step and on the 
protonation step of the hexene which determines the rate at which the hexene is removed 
from the platinum sites. 

4.6 Conclusions 

When a pulse of n-hexane is injected in a helium flow part of the pulseis irreversibly ad
sorbed on the catalyst surface. The PEP plots obtained could be qualitatively modelled by 
assuming an irreversible adsorption step. For simplicity, the linear driving force model was 
used to model the transport phenomena. This model was shown to be in excellent agree
ment with the full micropore-macropore diffusion model for the experimental conditions 
given in this study. The model was fitted to experiments carried out on (0.5wt%)Pt/H
Mordenite at temperatures ranging from 220° to 260°C. The results however should be 
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treated with caution, as the reproducibility of the measurements made on different days 
was not very good. Furthermore, the effect of hydrogenolysis reactions is unknown and 
could also infiuence the activity distribution after injection as part of the shorter alkanes 
formed in these reactions could easily desorb and subsequently react at later stages within 
the reactor. 

A simple calculation shows that the availability of platinum sites can also become 
a problem during helium injection experiments. The effects resulting from the lack of 
available platinum sites were demonstrateel using a simple model in which the reaction 
ra te was also dependent u pon the concentration of platinum sites. In this case, the activity 
distribution depeneled on the amount of injected hexane, and the amount of available 
platinum sites must explicitly be given. It is however difficult to measure the total amount 
of hexane injected into the reactor as the pulse contains both labelled and uniabelled 
species. The amount of available platinum sites on a preconditioneel catalyst is also very 
difficult to determine and thus has to be treated as a fit parameter as well making the fit 
more complex. Furthermore, the regeneration of platinum sites also has to be modelled 
resulting in an additional reaction constant that has to be estimated. This also makes the 
model more complex. 

However, if proper care is given to the experimental parameters cliscussed above the 
injection experiments remain valuable as they provide a powerful tool for the study of 
catalyst deactivation. A lot of research still has to be clone regarding this subject and the 
PEP technique is unique since it is able to measure the in-situ concentration of the car
bonaceons deposits formed on the catalytic sites within a packed bed reactor under typical 
reaction conditions. The capability of this technique to give a qualitative picture of these 
processes has already been demonstrateel [San96J. The challenge is to extract quantitative 
data from these experiments. This will not be an easy task, as the hydrogenolysis and 
deactivation reactions involve a multitude of possible reaction products. A simple model 
should however be able to extract an overall reaction rate and activation energy of these 
processes. Care should however be taken that the number of parameters used in the model 
is limited. These parameters all have to be estimated theoretically and will also infiuence 
the valnes obtained. Furthermore, the number of fit parameters bas to be limited in order 
to ensure that these parameters are meaningful [Bon97b ]. 

The hydragen partial pressure seems to strongly infiuence the formation of carbona
ceons species. Some insight could thus be regained by injecting a pulse of labelled hexane in 
hydragen with varying the hexane:hydrogen ratios. The dependenee of coke formation on 
hydragen partial pressure conlel then be extradeel from these experiments. Furthermore, 
the infiuence of different metals (i.e. palladium) and different metalloadings on dehydro
genation, hydrogenolysis and coke formation conlel be stuclied. For all these experiments, 
it is however of vital importance that the state of the catalyst be well clefinecl. Therefore, 
a standard preconditioning procedure has to be developed and carefully foliowed befare 
each experiment, hopefully resulting in better reproducibility. 
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Chapter 5 

Deprotonation energy of 
carbocations on zeolites 

In the previous chapter, part of the hexane injected in a heliurn fiow was 
found to be trapped on the catalyst surface. These tmppcd r-eact'ion pmducts are 
thought to consist of hexene adsorbed on the aC'id sites of the zeolites. These 
reaction produels can be desorbed by flowing hydragen through the bed. The mte 
of desarpiion depends on the adsorption strength of the species on the acid sites 
and provides inforrnation about the eneryy of deprotonation. In this chapter, 
a methad is presenled to rneasure the deprotonation energy, which until now 
could only be theoretically estirnated. 

5.1 Introduetion 

When a pulse of labelled n-hexane is injected in a helium flow on a preconditioneel catalyst, 
part of the pulse is found to be irreversibly adsorbed. This is due to the fact that the 
dehydrogenated species formed on the catalyst surface cannot be rehydrogenated, as no 
hydrogen is available. Several different species can be formeel on the surface. The majority 
of these species however are thought to be situated on the Br0nsted acid sites. These 
species eau be removed from the surface by again aelding hydrogen to the feed stream. 
The rate with which desorption of these species takes place elepends on the speed of 
the rate-eletermining reaction step. At low temperatures this step is expected to be the 
eleprotonation step, in which the adsorbed alkoxy species are converteel to adsorbed hexene. 
These experiments can therefore be used to obtain information deprotonation step in the 
bifunctional reaction mechanism. 

The existence of carbenium ions (CnHin+l species) has long been a matter of debate 
in zeolite catalysis. Quanturn chemical calculations have shown that carbenium ions have 
only transient existence, anel that the alkoxy species are the real stable intermediates. 
The energy difference between the alkoxy species and the transition state, which deter
mines the rate at which the alkoxides can be removed, has thus far only been available 
from theoretical calculations. Therefore, experimental valnes are needeel to eletermine the 
validity of these theoretical predictions. The capability of PEP to measure the in-situ 
concentration of the surface species provides the information necessary to unelerstand the 
processes occurring during the desorption experiments. With the aiel of this technique, 
the activation energy of deprotonation of the alkoxy surface species was measured for the 
first time. 
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5.2 Chemical kinetics of desorption experiments 

5.2.1 Carbocation chemistry 

The ability of acids to catalyze hydracarbon reactions has been known for a long time. 
These reactions can be performeel in both strong Br0nsted acid solutions and in soliel 
acid catalysts like zeolites. In superacid solutions, the reaction mechanism is known to 
proceed via stable protonated intermediates known as carbocations. These carbocations 
are formeel by the addition of a proton to the alkane or the alkene, resulting in carbo
nium ions (CnHtn+ 3 ) and carbenium ions (CnHtn+ 1 ), respectively. As these species are 
stable, their energetics and reaction mechanisms have been extensively stuclied and are 
well understood [Mar90]. Because of the similarities between the reactivity of alkanes and 
alkenes in superacids and soliel acids, carbenium and carbonium ions were at first also 
thought to exist as stable intermediates in zeolites. Quanturn chemical calculations how
ever showed that these species can only have transient existence, and that the true stable 
intermediates on the acid sites are so-called alkoxy species [Kaz89]. These species result 
from a covalent bond forn1ed between one carbon atom and the proton, and an additional 
bond of the neighboring carbon atom and a lattice oxygen atom of the zeolite framework 
This is illustrated in figure 5.l.c, showing an alkoxy species formeel from ethene ( called an 
ethoxy species). As the carbenium ion on soliel acids is only present as a transition state, 
determination of the energy needeel for its formation from the alkoxy species is clifficult. 

(a) 1r complex (b) Transition state ( c) alkm:y species 

Figure 5.1: Schematic representations of the different surface specie8 .formed .from ethene 

The fact that the energetics of the intermediates on soliel acids is completely different 
than in strong acid solutions results from the interaction of the hydrocarbons with the 
zeolite lattice. While in strong acids free solvated protons exist, in zeolites they are initially 
strongly bondeel to the zeolite lattice, and this bond energy first has to be overcome. 
Furthermore, in zeolites no solvation effects are present, ancl the formation of carbenium 
ions requires stabilization by the negatively charged sites of the zeolite wall. Figure 5.2 
shows the energy diagram for the protonation of gas phase hexene to an alkoxy species. 
Initially, the adsorbed hexene is weakly bondeel to the proton of the zeolite acid site, 
fonning a so-called w-complex (figure 5.l.a). The proton is then covalently bondeel to a 
carbon atom, while the neighbouring carbon atom is covalently bondeel with a surface 
oxygen atom, forming the alkoxy species or O"-complex. The transition state between the 
1r- and O"-complex closely resembles the classica! carbenium ion known from the reaction 
in strong acids (see figure 5.l.b). The energy needeel to create this transition state from 
an alkoxy species is predieteel to be quite large, circa 150 ± 20 kJ /mole. Calculations for 
other hydrocarbons showed that this value is fairly independent of the alkyl chain length, 
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Figure 5.2: Energy diagram (kJ/male) for the protonafion of gas phase hexene. 

probably due to the localized nature of the interactions invalveel [Kaz89]. 

5.2.2 Reaction mechanism for desorption 

After the injection, bath normal and iso-alkoxy species are chemisorbed on the acid sites 
of the catalyst. As the hydragen is again added to the feedstock, hydragenation of these 
surface species can occur. The following reaction sequenc:e then oc:curs: 

(5.1) 

Once the gas phase hexane is formeel it is quickly removed from the reactor in the hydragen 
flow. The rate-determining step in this sequence detennines how fast the c:hemisorbed 
species are removed from the catalyst surfac:e. Figure 5.2 already showcel that the remaval 
of an alkoxy species from the acid sites involves the formation of a c:arbenium-ion like 
transition state. The energy needeel to produce this transition state from the alkoxy 
species was c:alc:ulateel to be of the order of 150 kJ /male which is signific:antly higher than 
the energies invalveel in all other steps. Therefore, it is most likely that the formation of 
this transition state is the rate-determining reac:tion step in the sequence. Measurement 
of the rate of desorption of the surface species formeel eluring helium injection experiments 
thus provides information on the reaction rate for the formation of the carbenium ion-like 
transition state. 

Provided that the rates of deprotonation of n- and i-alkoxy species are approximately 
equal, the rednetion of these species on the acid sites can be described by single first-order 
desorption process, in which the rate of desorption linearly clepends on the concentration 
of this species: 

dCalkoxy 
dt = -kdepr(T) · Calkoxy (5.2) 

In this equation kdepr is the reaction constant for the rate-determining step, in this case 
the formation of the c:arbenium ion-like transition state from the alkoxy species. The tem
pcrature dependenee of this reaction constant can be described by the familiar ArThenins 
equation 

( 
Ea ) kdepr(T) = Vdepr. exp - RgasT (5.3) 

The act i vation energy Ea of this reaction constant equals the difference in potential energy 
between the aelsorbed alkoxide anel the transition state. The temperature dependenee of 
the reaction constant thus provides information about the activation energy for c:arbenium 
ion formation on the zeolite. 
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5.3 Temperature Programmed Desorption 

A common technique to measure the activation energy of desorption of molecules ad
sorbed on a surface is Temperature Programmeel Desorption (TPD) [Arne76]. With this 
technique, the rate of desorption is rneasured while linearly increasing the temperature of 
the catalyst. In the case of an irreversible fi.rst-order desorption step after which no read
sorption occurs, the activation energy for desorption can be related to the temperature at 
which the desorption rate reaches maximum. The resulting equation, called the Redhead 
forrnula [Red62], can be used to extract a value for the activation energy from a single ex
periment, provided that the preexponential factor is known. Amenomiya [Arne76] however 
pointed out that at the temperature at which the desorption rate reacl1es its maximum, 
the following equation holds: 

2 ·ln(TM) -ln(;J) = Ed + ln ( Er~ ) 
RgasTM Rgasl/rJes 

(5.4) 

In this equation, TM is the temperature of maximurn desorption, ;3 is the heating rate 
(in K/s), R is the gas constant, Ed is the activation energy for desorption and Vries the 
preexponential factor for desorption. By platting the left-hand si de of this equation, 
2 · ln(T11J) - ln(;J), against 1/TM for different heating rates, a value for the activation 
energy can be detennined from the slope of this plot without having to assume a value 
for the preexponential factor. 

TPD experiments were carried out with different heating rates by injecting a pulse of 
labelled n-hexane in a helium flow at 240°C, using the same experimental procedure as 
described in chapter 4. After the products were trappeel on the catalyst surface, the TPD 
experiment were starteel by adding a 150 ml/min hydragen flow to the feed stream and 
linearly increasing the temperature. The total activity on the bed as a function of time 
(and temperature) was measured using the PEP detector. From a plot of the derivative of 
the total activity versus temperature the temperature at which the rate of desorption is 
maximum was determined. These experiments were then condutteel at different heating 
rates, and eq. (5.4) was used to calculate the activation energy. Figure 5.3 shows the 
results obtained for zeolite H-Mordenite for three different heating rates. Frorn the slope 
of this plot a value of 61 ± 8 kJ /mole was found for the activabon energy, a value which 
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Figure 5.3: Results of TPD measurements performed on (0.5wt%)PtjH-Mordende .for 
three difJerent heating rates. 
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parameter observed effect ideal requirement this study 

readsorption at infinite flowrate < 1 5·106 

readsorption at low flowrate < 1 7·108 

Table 5.1: Criteria of Demmin and Gorte for negligible readsorption in the bed during 
TP D experiments, as welt typical valv,es for these criteria under the experimental condi

tions in this study. 

seems unrealistically low. Similar results were obtained on zeolites H-Y, H-Beta and H
ZSM5. 

In order to measure the true desorption energy from TPD experiments it is essential 
that readsorption of the desorbing species is reduced to a minimum. However, in zeolites 
readsorption plays a significant role and difficult to eliminate. When readsorption and 
diffusion cannot be neglected, measured values of TM and the activation energies using 
TPD experimentscan be much to high [Dem84]. Demmin and Gorte developed a set of 
criteria for a bed of porous pellets with which the conditions at which these effects can 
be negleeteel can be examined. The criteria for negligible readsorption are shown in table 
5.1. In these criteria, a is the macropartiele surface area (in m2 /g), p the macropartiele 
density (in g/ml), s the sticking coefficient (~ 0.1), Ry the macropartiele diameter (in cm), 
Dp the diffusion coefficient insiele the pellets (cm2 /s), Q the flowrate of the carrier gas (in 
cm3 /s) and V the bed volume (in cm3). Fis equal to JRTj21fM and is a measure for 
the flux of the gas to the partiele surface. Calculation of these parameters for the typical 
conclitions of a PEP experiment shows that reaclsorption iudeed plays a dominant role, 
ancl no reliable results can be obtained with TPD under these conditions. Experiments 
thus have to be performeel in which readsorption can be easily taken into account. 

5.4 Constant temperature desorption experiments 

Readsorption of the species clesorbed from the catalyst surface can seriously complicate 
the interpretation of TPD spectra. From the previous section it was concluded that under 
the experimental conditions at which PEP measurements are performed, readsorption is 
inevitable. Experimental conditions must be fom1d under which this readsorption can 
be easily understood. As aclsorption and diffusion are temperature-dependent processes, 
interpretation of the desorption spectra woulel be much easier if they were conducted at 
constant temperature. Measurements at different temperatures however still are necessary 
to extract activation energies for desorption without having to assume a value for the 
preexponential factor. 

At constant temperature eq. (5.2) for a first order desorption process can be easily 
solved, yielding: 

Calkoxy(t) =Co· exp ( -kdeprt) (5.5) 

In this equation, C0 is the concentration of the adsorbecl species on the catalyst surface at 
the time the hydrogen flow is started. When no readsorption occurs, platting the natmal 
logarithm of the activity as a function of time thus yields a straight line with a slope equal 
to the value of the reaction constant, kdepr· 

Once a molecule is desorbed, it slowly progresses towards the end of the reactor bed as 
in a normal diffusion experiment. The only effect readsorption and ditfusion will then have 
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is that it takes a certain amount of time befare the desorbed species leave the catalyst bed. 
A PEP measurement can then be thought to consist of a row of 17 sourees of radiation 
which slowly decay according to eq. (5.5) by producing mobile species which then slowly 
leave the reactor. The mobile species at the last position will almast immediately leave 
the reactor, while the species formeel on the first position will only leave the reactor after 
a time approximately equal to the retention time of these species. The total activity as 
a function of time, when these sourees are positioneel in the middle of each cletection 
element, can thus be described by: 

17 17 

Ctotol (t) = Lei exp [ -kdepr(t- L}.ti)] = exp ( -kdeprt) . L {ei exp (kdeprL}.ti)} (5.6) 
i=1 i=1 

in which Ci is the initial concentration at position i and flti is the time it takes for the 
species at position i to leave the bed. At t = 0, only the species desorbed at the last 
position will leave the reactor. After a time tlt, species from the next position will also 
be removed from the reactor. Eventually, all positions in the bed will contribute to the 
decrease of the total activity in the bed and the last term in eq. (5.6) will become constant; 
consequently, the total activity will be proportional to exp( -kdeprt). As the terms kdepr· 

ancl L}.t., in eq. (5.6) are not available the infiuence of these terms on the total profile 
cmmot be unraveled. Therefore, more detailed simulations will be carried out. 

5.4.1 Simulation of constant temperature desorption experiments 

In order to further investigate the effect of adsorption and diffusion on the desorption 
measurements a model was developed to simulate these experiments. For this purpose, 
the LDF model as developed in the previous chapter was modified to account for an 
irreversible reaction step forming freely diffusing species. Mass transport was described 
using the linear driving force model. The alkoxy species adsorbed on the acid sites were 
assumecl to irreversibly desorb to form adsorbecl hexene. The rate of clesorption of the 
adsorbed species ( with concentration Gods) can be described by the ra te equation: 

acads - -k . c 
at - depr ad.s (5.7) 

Again, the change of the average gas phase concentration in the pellets, Cp, is given by 
the rate of desorption of the surface species and the flux from the finiel phase: 

(5.8) 

The fiuid phase concentration, Cz, is described by eq. (4.7). A modification has to be 
made to the initial conditions of the model in chapter 4, as the activity now is adsorbed 
on the catalyst surface at the beginning of the experiment. At t = 0, the activity is 
distributed over the detector according to: 

Gods (z, 0) = f(z) (5.9) 

The pellet and bed concentrations are initially equal to zero. The initial desorption rate 
equals: 
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The change of the pellet concentration at t = 0 is determined by the initia! rate of des
orption, and the change of the fluid phase concentration equals zero as no concentration 
gradients yet exist: 

a CP 
Kp---;:;-(z, 0) 

ut 

O~z (z, 0) 0 

(5.11) 

(5.12) 

Given the initia! activity distribution, f(z), these equations can then be solved using the 
numerical method of lines. 

The model described above was used to simulate constant temperature desorption 
(or CTD) experiments under the conditions used in this study. For the ditfusion and 
adsorption parameters the values for H-Mordenite as detennined in chapter 3 were used. 
A triangular shaped activity distribution, in which the concentration of the adsorbed 
species was maximum and linearly decreased with position until it reaches a value of zero 
at 1/3 of the bed length, was assumed for the initial condition eq. (5.9). The total activity 
on the bed was determined by integration of the activity over the entire bed length. An 
activation energy of 150 kJ/mole was used for the reaction 8tep, and a value of 1·1013 s- 1 

was assumed for the preexponential factor which is typical for this kind of process [Zhd88]. 
Figure 5.4 shows the results of simulations carried out fora temperature of 230°C with a 
reaction constant kdepr = 2.6 · w-3 s-1 calculated using the Arrhenius equation. In the 
first 25 secouds the total activity in the reactor remains constant. This can be understood 
when realizing that it takes a certain amount of time before the activity starts to leave the 
reactor. After about 50 seconds, the total activity seems to exponentially decay with time. 
This is further illustrated in the subplot in figure 5.4, in which the naturallogarithm of the 
normalized activity is plotted against time. The slope of this line (fort > 50 s) was found 
to be 2.6 · w-3 s-1 , equal to the value of kdepr used for the simulations. The simulations 
thus show that a value for the rate of desorption can be extracted from experiments, even 
when readsorption and ditfusion occurs. 

0.8 

::i 0.6 

.!i 
c 
:~ 
tî 0.4 
..:: 

0.2 

-1.0 

·:.!.IJ 

-:.u; 

0. 0 .__..__......___.___......____,__.__.___.____.___.____.___.__,'---'--L._..__......___.___......___, 
0 500 1000 

time [s] 

1500 2000 

Figure 5.4: Total activity as a function of time for a sim:nlation of a CTD experiment. 
The subplot shows the natura[ logarithm of the normalized a.ctivity as a f7J.nction of time 
for this simulation. 
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5.4.2 Experimental procedure for CTD experiments 

Prior to the constant temperature desorption experiments the bed was preconditioneel 
using the same procedure as described in chapter 4 after which a pulse of labelled n

hexane was injected into a 75 ml/min helium feed stream at a temperature equal to the 
temperature at which the following desorption experiment was carried out. During the 
injection the hexane is rapidly dehydrogenated, and the resulting n-hexene is rapidly and 
irreversibly chemisorbed on the Br0nsted acid sites. The desorption experiment is then 
starteel by replacing the helium carrier gas with hydrogen at a flowrate of 150 ml/min. 
The hexene formeel by deprotonation of the alkoxy intermediates is rapidly hydrogenated 
on the platinum sites, driving the deprotonation step to completion. The PEP detector 
was then used to measure the activity on the reactor. The total activity of the reactor 
bed was determined by summation over theseventeen positions of the PEP detector, and 
the measurements were corrected for radioactive decay of carbon-11. 

5.4.3 Results 

Experiments were performeel using a pulse of labelled n-hexane on a sample of (2.0 
wt%)Pt/H-Mordenite. The hydragenation of the chemisorbed surface species was per
formeel at temperatures ranging from 260° to 290°C thereby ensuring that the clesorbecl 
species are quickly removed from the bed. Figure 5.5 shows plots of the naturallogarithm 
of the normalizeel total activity on the bed at temperatures of 260°, 280° ancl 290°C. In 
case of a first order clesor·ption process these curves shoulcl be straight lines. This is clearly 
not observecl, showing that the assumption of a single first order clesorption process is not 
valicl. 

As discussed in the previous chapter, different side reactions occur on a zeolite catalyst. 
GC analysis of the reaction proclucts cluring steady-state experiments showecl that for 
temperatures lower than 300°C selectivity for cracking proclucts was less than 5%. The 
question however is if the same selectivity applies for a transient experiment where the 
pulse is injectecl in a helium feedstream anclno great excess of hydragen is present. When 
sicle reactions occur, additional surface species wil be formeel, also able to desorb from 
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Figure 5. 5: Plot of the natura[ logarithm of the normalized tot al activity on the bed for 
(2.0wt%)Pt/H-Mordenite at three different temperatures. 
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the catalyst surface. As long as the resulting cracking products are also chemisorbed as 
alkoxy species on the acid sites the cracking products will not interfere the measurements 
as the rate of deprotonation was not found to be greatly dependent on the carbon chain 
length[Kaz89]. When these products however are chemisorbed as different species also 
capable of desorption in the preserree of hydrogen, parallel desorption steps in addition to 
cleprotonation occur. 

Further investigations of the species adsorbed on the catalyst surface were conducted 
by increasing the temperature to 400°C. Even at these elevated temperatures, a substantial 
amount of activity remairred strongly adsorbed on the surface, seemingly unable to desorb 
from the catalyst surface. This strongly indicates that a number of different species are 
fornted on the catalyst surface. Furthermore, the presence of an irreversibly adsorbed 
fraction remaining on the reactor bed will also influence the form of the desorption curves 
as shown in figure 5.5. In order to get more insight into the different processes occurring 
during the desorption experiments and their influence on the measured desorption curves, 
cracking and coking reactions have been further investigatecl. 

Desorption experiments on a freshly reduced catalyst 

Further insight can be gained by performing experiments in which cracking and coking 
n~actions are known to play a significant role. Therefore helium injection experiments were 
conducted on a Pt/H-Mordenite catalyst which had previously been rechteed in hydrogen 
at 400°C. Van Santen et. al. [San96] have shown that mainly shmter alkanes resulting 
from cracking reactions were formeel when injecting a pulse of hexane in hydrogen on a 
freshly reduced catalyst. In the absence of hydrogen, the resulting cracking products will 
be chemisorbecl on the catalyst surface. These species eau then be desorbed by again 
adding hydrogen to the feedstream. Figure 5.6 shows the resulting desor·ption curves 
(where the naturallogarithm of the normalizeel activity is again plotteel against time) at 
three temperatures after injection of a pulse of n-hexane. In contrast with experiments 
performeel on a preconditioneel catalyst, an exponential decay of the activity as a function 
of time is iudeed observed. Only a very small fraction, abont 5% of the initial activity, 

time [s[ 

Figure 5. 6: Plot of the naturallogarithm of the normalized activities as a function of time 
at 280°, 800° and 820° C. Experiments were performed on .freshly reduced (2.0wt%)Pt/H
Mordenite. 
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Figure 5. 7: Arrheni'US plot of the reaction constanis as detennined fmrn thc desarpiion 

e.Tperirncnts on freshly red'Uced (2.0wt%)Pt/H-Mordenite. Expen:m.ents were perform.ed at 
tempcro.tures ranging from 280° to .'340° C. 

remairwel adsorbed on the catalyst surface after the desorption experiment. 

The reaction constauts at these temperatures could be extractcel from the slopes of the 
plots shown in figure 5.6. Comparison of these desorption plots with the ones obtained 
on a preconditioneel catalyst revealed that the initial desorption rates were approximately 
equal for these experiments. Figure 5. 7 shows the Arrhenius plot of the reaction constauts 
at temperatures between 280° ancl 340°C. The activation energy for clesorption and the 
preexponential factor were determined to be approximately 110 ± 10 kJ jmole and (1.0 
± 0.5)·108 s- 1 respectively. The same experiments were repeated by injecting a pulse of 
labelled propane in helium, after which the desorption rate in hydragen was cletermined. 
The resulting desorption curves could also be excellently described by assuming a first 
order clesorption process. An activation energy for desorption of 112 ± 10 kJ /mole ancl a 
preexponential factor of (0.8 ± 0.5)·108s-1 were found forthese experiments, values very 
similar to the ones obtained for n-hexane. 

The observecl similarity between the rates of desorption at the start of the experiments 
on a preconditioneel and freshly reduced catalyst at equal temperatures suggests that 
similar processes occur during the desorption experiments under both these conclitions. 
Experiments performeel with different gases gave similar results for the activation energy of 
desorption, as woulel be expected from the deprotonation of alkoxy species. The low values 
for both the activation energy and the preexponential factor however indicate that the 
observed desor·ption process does not result from the deprotonation of the alkoxides. This 
is huther supported by experiments performeel on a freshly reducecl (0.5wt% )Pt/ Ab03 

catalyst, in which similar desor·ption rates were observed as on zeolites. As this supported 
platinum catalyst does not contain any acid sites the desorption process must clearly result 
from species chemisorbed on the platinum sites. 

The differences between the desorption measurements performeel on preconditioneel 
and freshly reduced catalyst might be explained by the occurrence of two different deac
tivation processes. On a freshly reduced catalyst at high temperatures (230°C or even 
higher), radio-GC analysis showed that mainly methane and ethane are formeel after in
jection of n-hexane in a hydragen feed stream. In the absence of hydragen these cracking 
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productscan be further dehydrogenated, resulting in species with low hydragen to carbon 
ratios which can easily farm multiple bonels with the surface [Bon97a]. The observed acti
vation energy of desorption might result from the hydragenation of these multiply bondeel 
species. When the catalyst is preconditioned, a relatively larger fraction of the injected 
molecules remains intact and are transporteel to the acid sites. On these acid sites coking 
can also occur, mainly leading to the formation of higher olefins, cli-olefins and aromatic 
compounds [Gie89]. The occurrence of oligomerization is further supported by radio-GC 
analysis of products formeel during desorption experiments, showing small amounts of hep
tane and octane species. These higher hydrocarbons and aromatics can then be trappeel 
insiele the zeolite micropores and a significant fraction of the activity remains present in 
the catalyst bed. 

The possibility of alkoxy-deprotonation measurements 

The experiments discussed previously show that different siele reactions occur in aeldition 
to chemisorption of the alkenes on the acid sites. However, it seems somewhat unlikely 
that no formation of alkoxy species on the acid sites occurs at all. Therefore, conditions 
must be found in which these side reactions can be further minirnizeel. The aceurenee 
of hydrogenolysis reactions can be further minimized by clecreasing the temperature ancl 
the platinum content of the catalyst. Furthermore, Gielen ancl Palekar stateel that in
tracrystalline coking is controlled by pare size and pare structure of the zeolite [Gie89], 
and therefore the use of a different zeolite might also reduce these side reactions. From 
studies of the coke formation on different zeolites, Walsh and Rollmann concluded that 
coke formation on H-ZSM5 was 50 to 100 times lower than on H-Morclenite[Wal79]. The 
experiments were therefore repeated on a preconditioneel (0.5wt%)Pt/H-ZSM5 catalyst. 
This time injection was performeel at 240°C, after which a desorption experiment was 
performeel in a 150 mijmin helium flow at the same temperature. 

Apart from the desorption process alreaely observeel on H-Morelenite, a remarkable 
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Figure 5.8: PEP plot {a) and chromatagmms at 5 different positions {b) fora desorption 
experiment performed on {0.5wt%)Pt/H-ZSM5 at 240° C. 

57 



5. Deprotonation energy of carbocations on zeolites 

effect was observed on H-ZSM5. Once the hydragen flow was started, a small pulse of 
labelled products started to travel through the reactor. This effect could be even more 
clearly observed when lowering the flow rate to 25 ml/min. The resulting PEP plot and 
the concentration profiles at five different positions are shown in figure 5.8. The pulse 
of desorbing species can be seen as the diagorral band in the lower right of subfigure (a), 
leaving the reactor at t ~ 100 s. In plot (b) this can be seen even more clearly. The 
occurrence of this pulse indicates that another species is present on the catalyst surface, 
having a reaction rate which is fast relative to the time it takes for these species to leave 
the reactor. Furthermore, the relatively long retention time indicates that it consists of 
alkanes longer than methane or ethane and it could possibly result from the deprotonation 
of alkoxy species. A further investigation of the formation of this pulse must thus be 
performed. 

5.5 Studying the rapidly desorbing species 

5.5.1 Simulations 

In section 5.4.1, a model based on the linear driving force model was developed for the 
simlllation of constant temperature desorption experiments. Assuming a preexponential 
factor of 1·1013 s- 1 and an activation energy of 150 kJjmole, the total activity on the bed 
as a function of time could be described by an exponential decay. The calculated act i vation 
energy for deprotonation however has a relatively large uncertainty of± 20 kJ /mole and 
predicted valnes for the preexponential factor range from 1013 to 1017 . Desorption of the 
alkoxy species from the acid sites might thus be much faster than previously assumed, 
resulting in the formation of a pulse as was observed on zeolite H-ZSM5. Simulations were 
performed in order to investigate if information regarding the desorption rate could still 
be extracted from this pulse. 

For the simulations, the same initial activity distribution was assumed a.s in section 
5.4.1. A value of 1·1013 s-1 and 130 kJ /mole was taken for the preexponential factor and 
the activation energy respectively. Adsorption and diffusion parameters for zeolite H-ZSM5 
were used as determined in chapter 3 to calculate the effective mass transfer coefficient k 

in equation 4.10. Simulations performed at 240°C indeed showed the formation of a pulse 
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Figure 5.9: Simulated chromatagmms fora desorption experiment at 240° Con H-ZSM5 
with a preexponential factor of 1013 and an activation energy of 130 kJjmole. 
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Figure 5.10: Simulated chromatagmms fora desarpfion experiment at 170° Con H-ZSM5 
with a preexponential factor of 10 13 and an activation ener:IJY of 1 :JO kJ /male. 

of clesorbing species as can beseen in figure 5.9. The activity profiles obtained at different 
positions of the bed showed a great similarity with chromatograms obtained from ordinary 
ditfusion experiments, indicating these are not strongly infiuenced by the reaction. 

A completely different situation occurs when the temperature is lowered. This is 
illustrated in figure 5.10, showinga simulation performeel at 170°C. The chromatograms 
show strong tailing and in no way resembie the ones resulting from ditfusion experiments. 
Apparently, the reaction in this case indeed infiuences the shape of the pulse and this 
contribution increases with decreasing temperature. This can be understood when looking 
at the temperature dependenee of both the retention time and the reaction rate. The 
retention time of the pulse, which is a measure of the time it takes for the desorbed species 
to leave the reactor, is proportional to exp (.6.Hj RT)[Rag85]. The heat of adsorption for 
n-hexane on H-ZSM5 is 82 kJ /mole. The temperature dependenee of the reaction constant 
is given by eq. (5.3). The reaction rate thus shows stronger temperature dependenee and 
will become more important at lower tempatures. This is fnrther illustrated in table 5.2, 
showing the retention time of n-hexane on H-ZSM5 and the time it takes to desorb 50% 
of the species (I/des = 1·1013 ç 1 , Ea = 130 kJ/male). The time constauts of bath these 
processes become equal at temperatures of about 160°C. 

That the desorption process iudeed infiuences the obtained PEP plots is demonstrateel 
in figure 5.11. The chromatograms in this figure were calculated at the same temperature 
and activation energy for desorption using three different preexponential factors. The 
shape of the chromatograms strongly depends on the value of this preexponential factor, 

temperature retention time thalf 

(OC) (s) (s) 
230 30 2.2 
200 90 15 
180 225 80 
160 475 375 
150 750 850 

Table 5.2: retention time and time constant for desarpfion .for H-ZSM5 at different 
temperatures. 
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Figure 5.11: Simulation of the chromatagmms at position 8 in the PEP detector using 
three different preexponential factors. 

and thus on the reaction rate. This will however only be the case if the reaction rate 
is sufficicntly slow compared to the retention time of the pulse. The simulations show 
that mcasurements must be performeel at low temperatures in order to sec the effects of 
clesorption and that these effects will result in the formation of a strongly tailed pulse. 
Provided that the deprotonation step is not too fast, information about this step could 
tlms still be obtained by performing desorption experiments at low tempcratures. 

5.5.2 Results at lower temperatures 

Because of the low temperatures at which the desorption experiments have to be performeel 
injection can no langer take place at the same temperature. In order to ensure that 
sufficient activity is trappeel on the catalyst surface, injection was therefore performeel at 
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Figure 5.12: PEP plot (a) and chromatagmms at 5 different positions (b} .fora desorption 
experiment per.formed on (0.5wt%)Pt/H-ZSM5 at 160°0. 
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240°C, after which the temperature was quickly reduced, taking on average some 10 to 
15 minutes. The lowest temperature at which measurements can be performed is limited 
to about 130°C due to the time it takes to decrease the temperature from 240°C and the 
fact that the retention time becomes too long relative to the half life of carbon-11. Once 
the temperature was stabilized, hydragen was again added to the feed stream and the 
desorption process was measured with the PEP detector using 2 secoud time intervals. 
Experiments were performed at temperatures ranging from 130 to 190°C. Figure 5.12 
shows the results obtained at 160°C. At this temperature, the pulse can be even more 
clearly seen, and contained 30 % of the initial activity present on the bed. Furthermore, the 
chromatograms at lower temperatures showed an increasing amount of tailing indicating 
that the reaction rate indeed influences the pulse shape and determination of the rate of 
deprotonation is indeed possible. Similar experiments performed on (1.6wt%)Pt/H-Beta 
also revealed the occurrence of a small pulse of desorbed products. 

5.5.3 Analysis of the desorption experiments 

A procedure was developed to fit the desorption measurements with the model as de
scribed in section 5.4.1. By fitting the model to experiments it possible to separate the 
effects of mass transfer resistance from those resulting from the desorption step. The fit 
procedure has been described earlier in chapter 3. Before a fit was performed, the PEP 
measurements were corrected for the background on the reactor bed resulting from the 
strongly chemisorbed species as discussed in section 5.4.3. Because of the low tempera
tmes at which the experiments were performed (:::; 190°C), desorption of these speciescan 
be neglected, and treatment as if they result in a constant background is justified. The 
correction was then perforn1ed by subtrading the activity left on the reactor at the end 
of the experiment. 
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Figure 5.13: Fitted (solid line) and measured ( dotted line) concentration profiles at jour 
consecutive positions in the centre of the reactor from data measuTed duTing hydragenation 
at 160° C. 
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Figure 5.14: Simulation of the chromatagmms at position 8 in the PEP detector using 
three di.fferent activation energies and a fixed preexponential factor of 1 · 1015 . 

The initial activity distribution, eq. (5.9), was taken equal to the distribution measured 
at the start of the desm·ption experiment. The effective mass transfer resistance coefficient, 
k, in the linear driving force model was calculated from the values of the diffusion constauts 
as measured in chapter 3. The valnes for the adsorption constant, Ka., again had to be 
adjusted to fit the retention time of the pulse. To be able to fit both the preexponential 
factor and the activation energy of the desorption step, simultaneons fits were performeel 
on experiments at two different temperatures. Attempts to fit more then two data sets at 
the same time have not yet succeeded, probably due to differences in Ka. valnes necessary 
at different temperatures. 

An example of the fit is shown in figure 5.13, performeel on an experiment with H
ZSM5 at 160°C. As can beseen from a comparison ofthe fitteeland measured concentration 
profiles the experiments can be described very well with this simple model. Deviations 
between the model and measurements were observed at later stages of the bed due to 
the presence of a second peak. This peak is probably caused by small arnmmts of longer 
hydrocarbons which slowly diffuse through the reactor. Radio-GC armlysis iudeed showed 
the presence of C7 and Cs species in addition to C6 and small amount of shorter alkanes. 
Further analysis of the experiments performeel on H-Beta showed that the propagation 
speed of the desorbing species seemed to decrease at later positions in the reactor bed. 
This effect complicates the analysis of these experiments and might be ascribed to the 
occurrence of pore blocking due to catalyst deactivation or to poor crystallinity of the 
zeolite sample. 

Simultaneons fits were performeel on three different sets, each containing experiments 
performeel on H-ZSM5 at two different temperatures. These fits yielded valnes of 142 
± 5 kJ/mole and (1.0 ± 0.5)·1015 s- 1 for the activation energy and the preexponential 
factor respectively. The value for the activation energy seems to be in close agreement 
with the predieteel value from quanturn chemical calculations and the magnitude of the 
preexponential factor is typical of such a process [Bla96]. The sensitivity of the model for 
the value for the activation energy is demonstrateel in figure 5.14, showing simulations at 
160°C with a fixed preexponential factor of 1.0·1015 s-1 and three different valnes for the 
activation energy. A small change of 5 kJ /mole has a significant infl.uence on the shape 
of the desorption curves, showing that desorption still has a significant infl.uence on the 
shape of the pulse. 
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5.6 Concluding remarks 

The study of reaction products trappeel on the surface of a zeolite catalyst after injection in 
a helium flow is complicated by the inherent occurrence of strong mass transfer resistance 
effects. Standarel techniques like temperature programmeel desorption can therefore not be 
used on these kind of materials. Desorption experiments at constant temperature however 
can be easily analysed provided that the desorption rate is relatively slow compared with 
the time it takes for the desorbed species to leave the reactor. Information about the 
activation energy and preexponential factor of the desorption process can be extracted by 
repeating these experiments at different temperatures. 

The remaining species left on the catalyst surface after the helium injection experiments 
were thought to consist of alkoxy species which are strongly chemisorbed on the acid sites 
of the zeolite. Measuring the rate of desorption of these surface species in a hydragen flow 
should thus provide information about the rate of deprotonation of the alkoxides. Up to 
now, the activation energy of this process is only known from theoretica! studies. The 
mcasurements performeel in this study indicate that at 240° C the depratonat ion step is 
rclatively fast with respect to the time constauts for mass transport through the bed. In 
order to separate the effects resulting from the deprotonation reaction and mass transfer 
resistance, a simple model was developed to describe the clesorption process. By fitting 
this model to the desorption experiments, a value of 142 ± 5 k.T/mole was measured. 
The close agreement between measured and modelled values for this activation energy 
strongly supports the current theoretica! understanding of hydrocarbon reactions occuring 
on zeolite catalysts. 

The desorption experiments furthermore show that in adclition to alkoxy species, other 
strongly chemisorbed species are formed on the catalyst. On a preconditioneel catalyst, 
at least two different other species can be observed. One of these seems to be easily 
hydrogenated, while the other seems to remain adsorbed. On a freshly reduced catalyst, 
the first species clominates, inclicating that they result from hydrogenolysis reactions. The 
results of similar measurements on Pt/ Al203 furthermore indicate that these processes 
take place on the metal sicles and do not involve chemisorption on the acid sides. The 
strongly adsorbecl species might result from the formation of longer alkenes or aromatics 
catalyzed by the Br0nsted acid sites. This is further supportcel by radio-GC analysis which 
:-;how the presence of small amounts of longer alkanes. 

The results currently obtained from the desorption experiments show that these exper
iments might be helpful to better understand the process of catalyst deactivation. A more 
thorough study of these phenomena should therefore be conductcel as these reactions are 
interesting both from a fundamental as well as a practical point of view. The assumption 
that the measured desor-ption process having an activabon energy of about 110 kJ /mole 
takes place on the metal sites can be further supportcel by perfonning measurements on 
platinum sponge or zeolites containing other metals insteacl of platinum. Seperate mea
suremcnts of the deactivation reactions on the acid sites are harder to perform as these 
will only take place at high temperatures. 

Since the side reactions on the acid ancl metal sites seriously complicate the interpre
tation of the desorption experiments, a better understanding will allow the selection of 
proper conditions in which these are suppressed, making a better detennination of the 
cleprotonation of alkoxides possible. Experiments on other zeolites must be performeel to 
show that these yield similar results. A more significant influence of the desorption rate on 
the obtained desorption curves can be achieved by injecting shorter alkenes. Theoretica! 

63 



5. Deprotonation energy of carbocations on zeolites 

studies showed that the rate of deprotonation should be fairly independent of the carbon 
chain length. However, shorter alkanes have a much shorter retention time, so that the 
desorbed products are more quickly removed from the reactor. Further improvements of 
the fit routine and the mathematica! model for desorption might furthermore lead to an 
even better agreement between measured and modelled curves, and in a more accurate de
termination of the activation energy. Up to now, the results however show to be promising 
and clearly demonstrate the usefulness of in-situ positron emission profiling in the study 
of chemical kinetics. 
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Chapter 6 

Conclusions 

In this thesis, Positron Emission ProfHing was nsed to study the hydro-isomerization 
reaction of hexane in zeolites. Mass transfer resistance parameters are needeel for the 
modeHing of reaction kinetics. These parameters can furthermore be used to preeliet 
conditions nnder which a significant difference in the mass transport properties of reaetauts 
and prodncts can be seen. By nnmerically fitting a fnll macro- ancl micropare cliffnsion 
moelel to experiments, valnes for the micropare cliffnsion coefficient have been extractecl. 
Micropor·e cliffnsion was fonncl to have a significant influence on mass transfer resistance in 
a number of different zeolites uncler the experimental conclitions used. The valnes fmmcl for 
the micropare diffnsion coefficient are in reasanabie agreement with literature. Dne to the 
complexity of the moelel which requires the estimation of a number of different parameters, 
the resnlts can only be treated as an order-of-magnitude estimate. The valnes are however 
very useful to campare mass transport properties of gases on different zeolites ancl for 
the preelietion of proper experimental conclitions. Simulation of experiments using the 
mass transport parameters as cleterminecl in this stncly showecl that micropare dominant 
cliffusion can be achievecl for linear and branelled alkanes in meclinm-pore zeolites like 
H-ZSM5 by nsing crystal sizes larger than 20 J.Lm. These crystal sizes shonld also enable 
the study of reaction kinetics by injecting a pulse of labelled alkanes in a reactor under 
steady-state conclitions. 

The accuracy with which determination of the diffusion coefficient is possible can 
be improved by performing measurements in which the contribution of the micropores 
to the total mass transfer resistance strongly dominates the other contributions. This 
can be achievecl by using large zeolite crystals or by measuring at higher temperatures. 
Furthermore, the accuracy will be improvecl by measuring as many parameters as possible 
in order to rednee the nnmber of estimated parameters usecl in the model. 

The linear driving force (LDF) model proveel to be excellently suited to model the 
mass transport in a biporous packed bed, provided that mass tranfer resistance is not 
too high. Under the experimental conditions nsed in this study, the LDF yielded results 
similar to those which were obtained with the full micropore- and macropare diffusion 
model. Reaction kinetics can be easily implementeel in this model, and solving this model 
takes little computing time. 

The LDF model was used to analyse the experiments in which a pulse of labelled n

hexane is injected in a helium carrier gas. These experiments were modelled by assuming a 
single irreversible reaction step. This reaction step is assumed to be the dehydrogenation 
of hexane on the platinnm sites. A problem with these experiments is the poor repro
ducibility, probably dne to differences in the preconditioning procedure. The effects of 
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hydrogenolysis and coking reactions on the obtained results is unknown. Although pre
conditioning of the catalyst is performed, these side reactions seem to occur to a great 
extent. Furthermore, the assumption that the amount of available platinum sites is large 
compared to the number of injected molecules might not be valid. This further compli
cates the interpretation of the experiments, as additional (unknown) reaction steps have 
to be added to the model. 

The capabilities of Positron Emission Profiling for the study of reaction kinetics were 
demonstrateel by performing the first experimental determination of the activation energy 
for deprotonation of the alkoxy species chemisorbed on the acid sites of the zeolite. The 
measured value is in close agreement with values predieteel from theory. The in-situ 
capabilities of PEP were shown to be of vital importance for the interpretation of the 
measurements. From the same experiments it conlel be conchicled that in spite of the 
preconditioning previous to the experiments, side reactions still play an important role. 
The measurements indicate that at least two different coke species are formeel by these 
reactions. 

The experiments performeel in this study show that side reactions and in partienlar 
catalyst deactivation or coking play an important role when injecting hexane into a helium 
feed stream. As these reactions are very complex, a lot of research still has to be done 
regarcling this subject. PEP eaulel contribute to a better understanding of these processes. 
Perfonning measurements with different metals should further indicatc if the measured 
activation energy on a frcshly reduced catalyst results from the hydrogenation of coke 
formeel on the metal sites. Furthermore, the effect of the hydragen partial pressure can 
be investigated by injecting in mixtures with different hydrogen/hexane ratios. 

Apart from their importance from a fundamental point of view, a better understand
ing of these reactions conlel be helpful in the interpretation of the alkoxy-deprotonation 
experiments, making a more accurate determination of the rate of this reaction step pos
sible. Determination of the activation energy for deprotonation furthermore has to be 
carried out on different zeolites, and also by using different alkanes. Using smaller alkanes 
should increase the contri bution of the reaction to the shape of the pulse measured during 
desorption experiments. Further refinements to the model and the fit procedure should 
also lead to a better correspondence between the measured ancl modelled chromatograms. 
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Appendix A 

Notation 

A.l Roman 

A tube 

b 

Cads 

C;m 

CP 
Cx 
Cy 
Cz 
dp 
De 
DK 
DL 
Dm 
Dx 
Dy 
Dz 
Eact 

!:lHads 
L/,ed 

Lrul.s 

Lpt 

NRx 

NRy 

k 

kdepr 

kJ 
kim 

Ka 
KH 
Kp 
Pe00 

q 
Tpore 

cross-section of reactor tube 
etfective mass transfer resistance coefficient 
concentration of adsorbed species 
concentration of dehydrogenated species 
average gas phase concentration in the pellets 
gas phase concentration in the micropores 
gas phase concentration in the macropores 
gas phase concentration in the fluid phase 
macropartiele diameter 
etfective adsorbed phase micropartiele ditfusion coefficient 
Knudsen ditfusion coefficient 
axial dispersion coefficient 
molecular ditfusion coefficient 
micropartiele gas phase ditfusion coefficient 
micropartiele gas phase ditfusion coefficient 
bed ditfusion coefficient 
activation energy 
heat of adsorption 
bed length 
number of adsorption sites per unit surface area 
number of platinum sites per unit surface area 
mass flux at micropartiele boundary 
mass flux at macropartiele boundary 
etfective mass transfer resistance coefficient (LDF model) 
reaction constant for deprotonation of alkoxy species 
film mass transfer resistance coefficient 
reaction constant for irreversible chemisorption reaction 
dimensionless adsorption constant 
Henry constant 
dimensionless adsorption constant on pellet volume basis 
limiting Peelet number 
average sorbate concentration in the pellets 
radius of the macropare 

m2 

s 
molesjm3 

molesjm3 

molesjm3 

molesjm3 

molesjm3 

molesjm3 

m 

m2/s 
m2/s 
m2/s 
m2 /s 
m2/s 
m2/s 
m2/s 
kJ/mole 
kJjmole 
m 

moles/m2 

molesjm2 

moles/m2s 
molesjm2s 
1/s 
1/s 
mjs 
1/s 

molesjkg·Pa 

molesjm3 

m 
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A. Notation 

Rgas 

Rtube 

Rx 
Ry 
Re 
Sc 
Sh 
T 
V int 

Vsup 

x 
y 
z 

gas constant 
radius of the reactor tube 
micropartiele radius 
macropartiele radius 
Reynolds number 
Schmidt number 
Sherwood number 
temperature 
interstitial velocity 
superficial velocity 
radial distance from the centre of the micropartiele 
radial distance from the centre of the macropartiele 
axial coordinate 

A.2 Greek 

f3 heating rate 
e surface coverage 

ex micropartiele porosity 

By macropartiele porosity 

ez bed porosity 

fL first moment/retention time 
I/ preexponential factor 

p density of the catalyst 
0"2 second moment 
Ty macropartiele tortuosity 

Tz bed tortuosity 
(p carrier gas flow rate 
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Jjmol·K 
m 

m 

lll 

K 
m/s 
m/s 
lll 

m 

m 

K/s 

s 
1/s 
kg/m:3 

s2 

ml/min 



Appendix B 

Technology Assessment 

With the growing awareness and concern about the environment, greater effort is being 
clone to reduce the amount of pollutants in exhaust gases. The traditional additives like 
lead compounds and aromatics can no longer be used to increase the octane rating of the 
fuel. Therefore, different processes have to be developed to produce clean high-octane 
fuel. One of these processes now in use in petroleum refining is the hydro-isomerization 
of n-pentane/ n-hexane, catalysed by platinum-loaded zeolite catalysts. In this reaction 
linear alkanes are converted to their branelled isomers, which have a significantly higher 
octane rating. 

At the Eindhoven University of Technology, the Positron Emission Tomography tech
nique known from nuclear medicine has been optimised for use in the study of reaction 
kinetics in catalytic reactors. This resulted in the construction of a 1-dimensional detector 
with a high time and position resolution combined with a high sensitivity, the Positron 
Emission Profiling (PEP) detector. This technique makes use of radioactively labelled 
molecules which are injected into a chemica! reactor under typical reaction conditions, 
after which the in-situ concentrations can be measured at different positions inside the 
reactor. 

In this thesis, the PEP technique is used to study the mass transport phenomena and 
reaction kinetics of hexane in zeolites. Due to its ability to measure concentrations in-situ, 
this technique could be used to measure the rates of different elementary reaction steps in 
the hydro-isomerization of hexane on platinum-loaded zeolites. These rate constauts are 
of great importance to the design of catalytic processes, and as experimental verification of 
the theoretically predicted values. The experiments performed in this study furthermore 
have demonstrated the capabilities of the PEP technique to study reaction kinetics. 

75 


