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General Introduction

Chapter 1
As a general introduction to this thesis the goal and context of the study is given
as well as a historical perspective of the relatively new technique that was used.
Finally an outline of this thesis is given.

1.1 Goal of this study
The specific aim of this project is the application of the presently developed
radiochemical expertise and the Positron Emission Profiling (PEP) detector
[Mangnus] in a study on the reaction kinetics of the conversion of hydrocarbons
on zeolites. We present a study, inside a catalytic reactor, on the isomerisation
and cracking of alkanes on zeolites with variable chain length, using 11C
labelled compounds. The physical parameters such as gas flow, adsorption and
desorption processes will attempted to be separated from the intrinsic chemical
reaction kinetics by varying reaction conditions as well as acidity and pore
sizes in the zeolites. Aim is to develop a reactor model, which includes both
mass transport and the isomerisation reactions of paraffins. Thereby, a link is
created between the microscopic Quantum Chemical modelling and mesoscopic
PEP experiments and reactor modelling.
As part of this study, an advanced PEP detector was built, with the aim of
studying faster processes more accurately and with a real time display of the
measured concentration profiles. Furthermore, the new design allows for real
time corrections for artefacts such as dead time and scatter of the annihilation
radiation.

1.2 Relevance of the hydroisomerisation reaction
The hydroisomerisation reaction plays an important role in the oil refining
industry. This reaction converts linear alkanes into their branched isomers (see
Figure 1.1), which is a means of increasing the octane number of a fuel
mixture, required by modern combustion engines. The octane rating is a
measure of a fuel’s resistance to knocking. Knock, also known as ’pinking’,
occurs during combustion when the fuel-air mixture explodes ahead of the
flame front rather than burning smoothly, causing a knocking noise, engine
wear and increased fuel consumption. Using a method established in 1929,
petrol is rated on a scale of 0 -100, and given a Research Octane Number
(RON). In the 1920s, petrol had an octane rating of around 50 to 60 RON.
Nowadays, an octane rating of 97 RON is typical.
2
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Environmentally the hydroisomerisation reaction is a very attractive
alternative for the addition of toxic lead compounds that were traditionally
used to increase the octane rating. Until 1967 lead was blended at a
concentration of one gram per litre. However, growing concerns about the
amount of lead entering the environment in the late 60’s and 70’s led to
legislation, which progressively reduced the maximum permitted concentration
of lead in petrol. In addition, the poisoning effect of lead on three-way catalysts
and increasingly stringent environmental regulations force this development.

n-hexane

iso-hexane

Figure 1.1 The hydroisomerisation of a n-hexane converts it into one of its branched
isomers, which have an intrinsically higher octane rating.

1.3 Historical perspective of PEP
In the 1950’s a new technique in nuclear medicine called Positron Emission
Tomography (PET) was developed. PET is a technique for measuring the
concentrations of positron-emitting radioisotopes within the tissue of living
subjects. These measurements are made outside of the living subjects [Alavi].
The usefulness of PET is that, within limits, it has the ability to assess
biochemical changes in the body. Any region of the body that is experiencing
abnormal biochemical changes can be seen through PET. PET has had a huge
impact on the clinical applications of neurological diseases, including
cerebrovascular disease, epilepsy, and cerebral tumours [Trimble]. One of the
most important functions of PET is its ability to model biological and
physiological functions in the body by detection and modelling of regional
concentrations of radioactivity in a particular organ. Carbon-11, Nitrogen-13,
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and Fluorine-18 were first recognized as useful for biological studies soon after
these elements became available by cyclotron irradiation of stable elements.
The earliest industrial applications of Positron Emission date from the late
1980s [Hawkesw] [Bemrose]. In 1990 Vonkeman et al. [Vonkeman] were the
first to apply the PET technique from nuclear medicine to a chemical reactor,
thus studying a reaction process directly. Normally reactions are studied by
monitoring only the product concentrations at the in and outlet of a reactor as a
function of time. Another unique property of PET is that it can measure
concentration distributions at reaction conditions that are typical for normal
operation of a reactor. This is much unlike most other in situ techniques, which
are used at extremely low pressures on model catalysts, both of which are not
representative of the industrial situation. The only macroscopic techniques that
approach these properties are magnetic resonance imaging (MRI) [Hughes] and
in situ Fourier Transform Infra-Red (FTIR) [Griffiths].
To allow accommodation of a range of different sized reactor systems and
improve the minimum time scale at which concentration profiles are measured,
Mangnus et al. designed and built a special purpose positron emission detector
[Mangnus], which became operational in 1995 at the TUE laboratory. This new
technique was christened Positron Emission Profiling (PEP) and is in essence a
fast and 1-dimensional PET scanner, capable of measuring 1-dimensional
concentration profiles inside a plug-flow reactor. All reactor experiments,
presented in this thesis have been performed with this instrument.
Experiments with that set up have also been carried out by Van der Linde
[Linde] in a study of the catalytic decomposition of N2O. Finally, during this
PhD project, a new PEP detector was built that compensates for a number of
flaws in the existing apparatus. The new machine allows for on-line display of
the measured concentration profiles, resulting in an improved efficiency in
experimenting. The maximum count-rate has been optimised to the physical
limits to allow for the study of faster processes. Real time correction for the
effects of dead time and scatter has also been implemented in the PEP detector
for the first time.

1.4 Other industrial applications of Positron Emission
The
technique
of
Positron
Emission
Particle
tracking
(PEPT)
[Parker][Stellema], developed at Birmingham and also used in Delft, allows a
single positron-emitting tracer particle to be accurately tracked at high speed
and has proved to be a very powerful tool for studying the behaviour of
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granular materials and viscous fluids in systems such as mixers and fluidised
beds. Fluid tracers have been used for applications including imaging the
lubricant distribution in engines and gearboxes, and dynamic studies of fluid
flow through geological samples [Gilling].

1.5 Outline of this thesis
To introduce the basic principles of PEP, the 11C labelling process and the
experimental set up, detailed information is presented in chapter 2. With the
PEP technique, firstly the mass transport properties of alkanes in zeolites
without reaction, such as micropore diffusion constants, heats of adsorption
and Henry’s constant were determined. This mass transport study and its
results are given in chapter 3. With these data and mass transport model as a
basis, a kinetic study of the hydroisomerisation reaction on Pt-loaded acidic
zeolites was performed. In transient experiments, the separate reaction steps
that constitute the hydroisomerisation process were studied separately. The
results of this kinetic study are given in chapter 4. The design and testing of
the components that make up a new detector, capable of real time display of
the measured concentration profiles and operating at higher count-rates are
treated in chapter 5. Finally, the results of simulations for the application of a
scatter correction technique are presented in chapter 6.
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The Eindhoven
PEP Facility

Chapter 2
The Positron Emission Profiling (PEP) technique makes use of short-lived
positron emitting isotopes to visualise the transport and reaction of labelled
chemicals inside a reactor. Therefore, on-site production of the isotopes and
labelling is necessary. This chapter describes the production of labelled
reactants and the basic principles of the PEP technique.

2.1 Introduction
All facilities needed to perform in situ kinetic measurements using positron
emission profiling are in close proximity to the Eindhoven cyclotron. The short
half-lives of the positron emitting isotopes that are used in PEP demand for onsite production. Therefore, both isotope production and labelling as well as the
actual PEP experiments are performed within the premises of the cyclotron
facility at the EUT.

12 MeV
protons

N2 TARGET

CYCLOTRON

11

CO

Ru/V catalyst

1-pentene/H2

11

C1..11C6
PEP detector

GC

Labelled GC
(NaI)

11

Cn
Product trap
11

Cn-pulse

zeolite
reactor

Product trap

Non-labelled
GC (FID)

vent

Figure 2.1 The complete PEP set-up from labelling to product analysis.

Figure 2.1 shows the complete experimental set-up of for the PEP experiments
from the N2.target in which 11C is produced to the PEP detector.
This chapter describes the equipment for producing the isotopes and labelling
and gives a short description of the detection principle of the PEP detector, as
8
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developed by Mangnus et al. [Mangnus], and its specifications. All the
experiments, as described in chapter 3 and 4 have been performed using this
PEP detector.

2.2 On-site production of positron emitting isotopes
PEP requires the use of positron emitter labelled reactants. Positron emitters
are unstable proton rich isotopes that emit a positron on decay. During this
decay, a proton in the nucleus converts to a neutron, a positron and a neutrino.
The neutron remains part of the nucleus and the positron is emitted in a
random direction with a maximum energy that is typical for the isotope used.
The energy distribution of the emitted positrons is caused by the distribution of
the decay energy over the neutrino and the positron.
Isotopes that are typically used in medical applications are 11C, 13N, 15O, 18F
and 68Ga. Depending on the metabolism that is studied, one of these isotopes is
used to label a drug.

1

2

B

C

Figure 2.2 The cyclotron (C), proton beam-line (B) and targets: (1): nitrogen gas target,
(2): water target.
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To perform Positron Emission Profiling of alkane reactions on platinum loaded
acidic zeolites, the alkane has to be labelled with a positron-emitting isotope.
Since hydrogen does not have a positron-emitting isotope, only a carbon isotope
can be used. Carbon has several positron emitting isotopes: 9C, 10C, and 11C.
The half-lives of 9C (126,5 ms) and 10C (19,3 s) [Vaalburg] are too short for
experiments that take place on a scale of several minutes to an hour. The halflife of 11C though is 20,38 minutes [Vaalburg] and therefore the isotope of
choice for labelling hydrocarbons. 11C is a pure positron emitter that does not
emit other radiation that could affect the PEP measurements.
The 11C needed for labelling is produced by irradiating 14N2 gas with 12 MeV
protons. This is done with the Eindhoven 30 MeV AVF cyclotron. Figure 2.2
shows the setup of the cyclotron facility. The accelerated protons are
transported from the cyclotron to the N2 target through an evacuated beam
line. Quadrupoles and bending magnets are used to focus and direct the
particles into the gas target.
The gas target consists of a cylindrical tube filled with high purity (99.999%) N2
at 5 Bar, see Figure 2. 3.
A
B

D

C
Figure 2.3 The nitrogen gas target with A: nitrogen inlet, B: nitrogen outlet, C: foils, D:
incident proton beam.

The 12 MeV protons have to pass two Duratherm foils before entering the
nitrogen gas. The buffer volume between the two foils is kept at vacuum. Might
the foil between the N2 and the vacuum tear, then the second foil will prevent
the target gas from spoiling the beam line vacuum. Since the protons lose part
of the kinetic energy in the foils, the maximum energy of the protons hitting
the target gas is less than 12 MeV. The calculation of proton energy loss is in
the foils is based on the following equation:
10
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 dE 

∆E = ρ foil ⋅ d ⋅ 
 ρ ⋅ dx 

(2.1)

in which ρfoil stands for the specific mass of Duratherm foil (8.45·103), d for the
foil thickness (25 µm) and (dE/ρdx) for the linear energy loss per specific mass
density for 12 MeV protons. This results in a loss of 0.5 MeV per foil for 12 MeV
protons. The N2 pressure of 5 Bar was chosen to limit the range of the protons
to less than the 50 cm length of the gas target.
A proton with an energy of more than 3.1 MeV can induce the 14N(p,α)11C
nuclear reaction:
14
7

N +11p →116C + 24α

(2.2)

The maximum of the cross section (250 mb) for this reaction is reached at 7.5
MeV and the Q value (kinetic energy of reacting nuclei minus the kinetic
energy of products) for this reaction is 2.9 MeV.
After the new 11C nucleus is formed, it loses its residual energy through
collisions with the target gas molecules until their energy is reduced to eV
level. It will then undergo chemical reactions with the small impurities,
present in the N2 target gas. Possible reactions of 11C are:

C + O2 →11CO + O

(2.3)

CO + O2 → CO2 + O

(2.4)

C + N 2 → CN + N

(2.5)

CN + O2 →11CON + O

(2.6)

CON + O2 → CO2 + NO

(2.7)

11

11
11

11

11

11

11

11

Determination of the products showed that the target effluent consists for 96%
of 11CO2 and 4% of 11CO typically.
The 14N(p,α)11C is not the only nuclear reaction than can take place. Other
possible reactions are shown in Table 2.1 with their threshold energy.
Since the labelled products that are used for injection into the model reactor
are selected using a GC, these contaminations will not have a chance to
influence the measured PEP profiles.
In a typical experiment, a beam current is used of 200 nA, which will produce
an activity of 300 MBq of 11C in the target. This will finally result in about 2

11
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MBq of 11C labelled hexane, equivalent to 1 femtomole. The unlabelled amount
of hexane that is produced at the same time is in the order of 1 µmole. Other
positron emitters for PEP that are produced with the cyclotron are 13N and 15O.
13N is produced by irradiating a water target with 16 MeV protons resulting in
the 160(p,α)13N reaction, which has a yield of 0.4 GBq/µA in 5 minutes. The 13N
atoms are present in the water in the form of 13NO3-and 13NO2-. This is the
basis for the production of 13NO [Linde] or 13NH3 [Sobczyk].
reaction
14N(p,d)13N
14N(p,n)14O
15N(p,n)15O
16O(p,α)13N
18O(p,n)18F

half-life (min)
9.96
1.18
2.07
9.96
110

Ethreshold
(MeV)
8.92
6.35
3.78
5.54
2.57

Table 2.1 Threshold energies of the possible trace impurity reactions of 12 MeV protons
in 99.999% pure N2 and the half-lives of their products. The natural abundances of 15N
and 18O and 0.36 % and 0.2 % respectively.
13NO

is produced by reducing 13NO3 with copper powder in a solution of HCl
and HNO3 in water. The liberated radioactive gases were led through a NaOH
column to remove water and HCl. Reduction with VCl3 was performed in a
similar way. The 13NO was used in a PEP study of the reduction of 13NO by CO
over Pt/Al2O3 [Linde].
13NH3 is produced by adding the irradiated water to a DeVarda’s alloy ( 50%
Cu, 45% Al, 5% Zn) with some NaOH in a heater, reducing the solved
nitrate/nitriate to gaseous ammonia. The 13NH3 is selectively removed from the
resulting gas/air/water mixture using a gas chromatographic column. 13NH3 is
used in an environmental catalytic PEP study of the oxidation of harmful
ammonia to N2 and O2.
15O is produced in the form of N215O by irradiating the 14N2 gas target with 9.2
MeV deuterons [Linde]. The resulting nuclear reaction is 14N(d,n)15O. The gas
target is the same as used for 11C production. During irradiation, the target is
continuously flushed with nitrogen at a maximum pressure of 10 Bar. The
effluent is passed over soda lime, which removes N15OO and converts 15OO2
into 15OO and 15O(ads). To separate the produced N215O from 15OO and N2
carrier gas, nitrous oxide is selectively adsorbed on a zeolite adsorber. Upon
adsorption of a sufficient amount of activity, the adsorber is flushed with
helium to remove the remaining 15OO and nitrogen carrier gas. By flash
heating the adsorber, the N215O desorbs as a pulse for use in a PEP

12
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experiment. The resulting 15O labelled N2O was used in a study of automotive
catalysts for a reduction of N2O emission [Linde], which has been identified as
a destroyer of the ozone layer and as a greenhouse gas.

2.3 Labelling alkanes with 11C
The 11C labelled CO2 is used to produce 11C labelled alkanes. [Cunningham].
The CO2 is first reduced with 100% selectivity to 11CO using a zinc oven. The
zinc oven consist of a stainless steel tube of 10 mm inner diameter, filled with
metallic zinc granulates. The temperature of the zinc oven is maintained at 663
K, just below the melting point of zinc. In this way almost all CO2 in the helium
flow is reduced to CO.
The 11C of the 11CO was used to couple it to 1-pentene to form 11C labelled
hexane. Hereto the 11CO in a helium carrier flow was first adsorbed
dissociatively on a 5.3% Ru - 0.7% V on SiO2 catalyst at 350 °C:

CO gas → C ads + Oads

(2.8)

Then the temperature of the catalyst is lowered to 110 °C and 1-pentene is coadsorbed. Finally, hydrogen is flowed over the catalyst to remove the formed
11C labelled alkanes. The selectivity for methane was about 70%, for hexane
about 10%. Though one might reasonably expect, that methane and hexane are
the only products, hydrogenolysis of 1-pentene showed to be an important
reaction. This results in significant amounts of labelled ethane, propane,
butane, pentane and their isomers. Longer alkanes than hexane were hardly
observed.
The homologation reaction is believed to proceed through venylidene (CCH2)
intermediates on the Ru sites [Lenz]: dissociation of CO results in the
formation of acetylenic-type carbon (Ru≡CH) [Hayes], which combines with
other C species on the catalyst surface. The addition of Vanadium is believed to
result in more strongly bonded carbon species, thus increasing the chance of CC coupling [Cunning1][Cunning2].
All resulting alkanes are adsorbed on a liquid nitrogen cooled spiral before
injection into a chromatographic column. The column is used to select the
desired alkane species. The column output is selectively adsorbed on a second
liquid nitrogen cooled spiral. The labelled alkane (1 femtomole of labelled
molecules in 1 µmole of unlabelled molecules for hexane) is injected as a pulse
into the carrier gas flow going to the zeolite reactor by flash heating the spiral.
13
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This pulse has a FWHM (Full Width at Half Maximum) of 2 s, shown in Figure
2.4.
2000

Activity (a.u.)

1500

1000

500

0
0

5

10
time(s)

15

20

Figure 2.4 The shape of the hexane pulse as measured with a NaI detector and a
collimator, right before flowing into in the zeolite reactor. It has a FWHM of 2 seconds.

2.4 The model reactor
The model reactor used consists of a 500 mm long quartz tube with 4 mm inner
diameter and 6 mm outer diameter (see Figure 2.5).
300 mm
500 mm

6 mm
4 mm

Figure 2.5 The model reactor, consisting in a 4 mm inner diameter quartz tube, filled
with 42 mm of zeolite pellets. The reactor is kept at temperatures up to 450 °C within 1
°C over the entire reactor.

The reactor is filled with zeolite pellets over a length of 42 mm, which are kept
in place with small pieces of glass wool. Carrier gas flow of helium or hydrogen
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was fed through the packed bed using flow rates around 100 Nml/minute. To
prevent significant pressure drop, the zeolite material was used in pelletised
form. The zeolite crystals were pressed into disks and these disks were broken
into smaller pieces and sieved. Sieve fractions of 125-250 and 250-500 µm
pellets were used in the PEP experiments. Pressure drop was measured with
PCR910 pressure transducers at the reactor inlet and outlet. This pressure
drop was typically 5% with a 250-500 µm sieve fraction of zeolite pellets and a
flow rate of 150 ml/minute of hydrogen at 40 °C.
The model reactor is placed in an oven to obtain an adjustable and constant
temperature profile over the reactor. The oven is made of a refractory cylinder
of 7 mm inner diameter and a length of 300 mm. The cylinder can be heated up
to 400 °C with heating elements around it. The specially developed thermostat
and design limit the temperature deviation over the quartz tube to less than 1
°C.
To protect the PEP detection elements from the heat, the oven is packed in 16
mm glass wool. This is surrounded by a 10 mm mantle of cooling water
between two 0.5 mm thick stainless steel cylinders. This is especially important
since the energy resolution of the PEP detection elements is temperature
dependent.

2.5 The PEP detector
Though Vonkeman [Vonkeman] used a commercial PET camera, a special
purpose detector was developed at Eindhoven University of Technology (see
Figure 2.6). It is less expensive, more flexible and has better performance than
a commercial PET camera, since it only measure one-dimensional profiles
instead of three-dimensional.
Based on EGS4 Monte Carlo simulations (Electron Gamma Shower 4 [Nelson])
of the interaction of radiation with matter, a detector was designed according to
three criteria. Firstly the ability to measure one-dimensional concentration
profiles of positron emitter labelled molecules in catalyst beds with a length
from 5 to 50 cm and with a position resolution of 5 mm or preferably less for a
bed length of 5 cm. Secondly the ability to measure a concentration profile over
the catalyst bed with 100 counts per measuring position in at least 1 second
and to display the measured profile on-line. Finally a high sensitivity to be able
to perform experiments with a lower activity of labelled molecules than 50
MBq, as typically used by Vonkeman et al.
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Figure 2.6 The PEP detector. Clearly visible are the stainless steel reactor oven and the
two BGO detector banks above and below the oven. At the left hand side part of the 11C
labeling setup can be seen.

2.5.1 Detection principle
The positron emission profiling technique is based on the coincident detection
of positron annihilation radiation.
In positron emission (also called β+ decay), a proton of label atom nucleus
decays to a neutron, while emitting a positron (β+) and a neutrino (ν). For the
decay of 11C this looks like:
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11
6

C → 115 B + β + + ν

(2.9)

The kinetic energy of the emitted positron has a value between 0 and 1.0 MeV,
typical for 11C, which has a half-life of 20.4 minutes [Krane]. The energetic
positrons will be stopped in matter. They lose their energy due to interactions
with electrons in the material. The range of a positron depends on its energy
and the density of the material in which it is emitted. The maximum distance
for a positron to travel in a zeolite packed bed is typically less than 2 cm. Due
to the energy distribution of the positron the average range is much smaller.
Half of the positrons is already stopped and annihilation occurs within a few
millimetres from the position where it was emitted. The probability for
recombination with an electron increases with the decreasing energy of the
positron. After annihilation, two gamma photons are formed (Figure 2.7).

511 keV γ
eβ+
nucleus

511 keV γ
Figure 2.7 Positron annihilation: a positron (β +) annihilates with its antiparticle
(electron) and their total rest mass is converted into two 511 keV gamma’s travelling in
opposite direction because of conservation of momentum.

When the total momentum of the electron and positron is zero, the two photons
will have an energy of 511 keV and travel in opposite directions, because of
conservation of momentum. The average remaining momentum will result in a
deviation of the angle and energy with an angle distribution of 0°24’ FWHM
and an energy distribution of 2 keV FWHM [Heitler].
The PEP detection principle makes use of the coincident character of the
emitted annihilation gamma’s. The detector has two banks of 9 detectors
(Figure 2.8), consisting of 5×20×100 mm BGO (Bi4Ge3O12) crystals, coupled to a
slit shape type (Hamamatsu R2937) photomultiplier tube (also 5×20 mm). The
catalyst tube that is studied is placed between them. When a 511 keV gamma
is detected coincidently in one of the upper bank detectors and one of the lower
banks detectors, the annihilation position can be reconstructed from the
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intersection of the line, connecting the two triggered detectors, with the reactor
axis. Every detector forms a pair with the 9 detectors in the opposite bank. This
gives a total of 81 detector pair combinations. Because many pairs have the
same reconstruction position, the total number of unique reconstruction
positions is limited to 17.

5 mm
20 mm
reconstruction positions
80 500
mm

reactor axis

BGO
crystals
Figure 2.8 Schematic representation of the PEP detector showing the two banks of 9
BGO detection elements.

2.5.2 Detector specifications
The PEP detector can sort 35,000 reconstructions of coincident events per
second. The number of reconstructions per second is limited by the computing
power of the Motorola 68030 microprocessor that sorts the events. This also
includes filtering out events that have more than two detection elements
involved, called multiple coincidences. This reconstruction rate corresponds to
35,000/(9*9)=432 events per detector pair combination.
The distance between the detector elements can be varied between 1 and 50
mm. The distance between the banks can be set between 80 and 500 mm.
The best achievable position resolution is 3 mm FWHM [Mangnus] with the
detection elements in the closest packing at the smallest bank distance of 73
mm and using only directly neighbouring crystals for reconstructions. This
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position resolution is mainly determined by the width of the BGO crystals. The
detection efficiency is maximum for annihilations exactly between two directly
opposite crystals and ideally goes to zero for annihilations 2.5 mm from this
position resulting in a 2.5 mm FWHM position resolution: the crystals are 5
mm wide. Due to scatter, nonzero positron range, angle distribution and the
use of not directly opposite crystals for position reconstruction, the measured
position resolution is 3 mm FWHM. The effect of the angle spread is minimised
by using the smallest bank distance.
With a packing of 26 mm between the crystal centres, a bank separation of 73
mm and using all detector element combinations the position resolution is 8.5
mm. The use of crystal combinations, which are far from directly opposite,
deteriorates the position resolution.
To achieve a count rate of 100 cps with a detector pair combination a label
concentration of 15 kBq/detection volume is needed at a bank distance of 73
mm. Due to Poisson statistics this results in an accuracy of 10% in determining
a label concentration.
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Chapter 3
A model for mass transport in biporous packed beds was used to simulate axial
concentration profiles of butane, pentane and hexane isomers measured with
Positron Emission Profiling (PEP). Axial dispersion was found to dominate the
mass transport behaviour in the medium-pore zeolites H-Mordenite and HZSM-5. Comparison of simulations of experiments using the small-pore zeolites
i.e. H-ZSM-22 and H-Ferrierite shows that micropore diffusion limitation
contributes significantly to the peak width of the PEP profiles. As a result, new
micropore diffusion constants for H-ZSM-22 and H-Ferrierite are reported. The
prospects for studying the reaction kinetics of the hydro-isomerisation reaction
of alkanes is discussed.

3.1 Introduction
Chromatography has been extensively used over the last four decades to
measure kinetic parameters of heterogeneously catalysed chemical reactions.
Several excellent reviews on this subject have been published ([Yanovskii],
[Suzuki] and [Choudhary]. As with all transient techniques, chromatography
offers the ability to measure the rates of several processes simultaneously
rather than only that of the rate determining step. However, mass transfer
processes often play a significant and sometimes dominant role. Hence, one
must also determine the effective transport properties of both the reactants
and products under similar experimental conditions [Haynes 1988], [Kulkarni].
Pulse gas chromatographic studies for kinetic measurements are normally
carried out by injecting micro molar quantities of reactant into the feed stream
of a packed bed reactor and subsequently analysing the effluent product
distribution using a thermal conductivity or a flame ionisation detector. In
some instances, β−emitting radiotracers (such as carbon-14) are injected and
the radiolabelled products are measured via an ionisation cell detector. In both
cases, peak detection is performed ex-situ.
As many chemical reaction processes are transient and highly spatially
localised, the development of techniques that can observe phenomena in situ
under process conditions is highly desirable. PEP was used to perform in situ
tracer pulse chromatography.
The hydroisomerisation of n-hexane on platinum-containing zeolites was
chosen as a test system since the effects of adsorption/desorption and masstransfer in the bed can be separated from those due to chemical reaction. The
incorporation of platinum allows the reaction to proceed via a bifunctional
mechanism at temperatures ranging from 230 °C to 260 °C. No reaction of
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hexane occurs on acidic zeolites at similar temperatures; only
adsorption/desorption and mass transfer processes occur. The parameters
obtained from such an investigation, such as: the Henry’s Law adsorption
constant, KH; the heat of adsorption, ∆Hads; and the diffusion coefficient are not
only of fundamental interest in their own right, but will provide necessary
information for further investigations and modelling including chemical
reactions (as treated in chapter 4 of this thesis). The purpose of this chapter is
to present the results of our investigation of the adsorption / diffusion
behaviour of alkanes on acidic zeolites via in situ imaging obtained at
temperatures and pressures corresponding to the hydro-isomerisation reaction.
The numerical evaluation of the mass transport equations in a biporous packed
bed following the model proposed by Haynes et al. [Haynes] is described. This
model can be extended to incorporate reaction kinetics. The numerical
solutions have been worked out and are used to interpret the PEP profiles in
the experiments to study the mass transport of n-11CH3C5H11. Agreement
between simulations and PEP profiles was found in different regimes where
either mixing in the packed bed, diffusion in the macroparticles (pressed from
the zeolite crystals) or diffusion in the zeolite crystals dominate the peak
broadening of the measured profiles. The calculated profiles provide insight
into the choice of parameters required for measuring reaction kinetics.

3.2 Experimental
Experiments were performed using a number of different zeolites such as: HMordenite; H-Beta; H-ZSM-5; H-ZSM-22 and H-Ferrierite. All zeolites were
obtained in their sodium forms and were converted to their acidic forms via
over-night ion exchange using 1 M aqueous NH4NO3 (repeated 3 times)
followed by calcination in air at 500 °C. Estimates of crystal lengths were
obtained by visual inspection of scanning electron micrographs. In order to
reduce pressure drop within the reactor the zeolite crystals were pressed into
self-supporting disks and the disks were then broken into smaller pieces and
sieved. Sieve fractions of 125- 250 µm or 250- 500 µm were used.
Experiments were carried out using a typical single-pass flow reactor system.
Mass flow controllers supply carrier gases of hydrogen or helium (25-150
ml/min). The reactor itself consisted of a quartz tube (4 mm inner diameter)
and contained circa 300 mg of pelletised acidic zeolite. The reactor bed was 42
mm in length. Pressure gauges were placed immediately before and after the
reactor and the measured pressure drops were used to measure the bed
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voidage, εb, according to the Ergun equation [Ergun]. The zeolites were dried
overnight in flowing hydrogen (150 ml/min) at 400 °C prior to the experiment.
The reactor and oven were placed between the PEP detector banks. A pulse
containing circa 10-15 moles of labelled alkane (usually n-hexane 11CH3C5H11)
was injected into the reactor feed stream and the concentration profiles were
measured via PEP.

3.3 Modelling mass transport in zeolites
3.3.1 Mathematical model
The mathematical model that was used to calculate the concentration profiles
of molecules in a biporous adsorber was originally presented by Haynes et al.
[Haynes]. The model was developed to describe the transport through a
chromatographic column, but is also adequate to describe the in situ
chromatograms, obtained with the PEP technique. The packed bed is
represented in the model by a tube filled with macroparticles. The
macroparticles are comprised of zeolite crystals. The spaces between the zeolite
crystals are denoted as the macropores and the pores in the zeolite crystals are
denoted as the micropores. The model describes mass transport in four phases:
the gas flowing through the bed between the macroparticles usually denoted as
the “fluid phase”, a stagnant film surrounding the macroparticles, the
macropore gas phase and the micropore gas phase. We adopt here the
convention used in the model of Haynes, to describe the transport in the
micropores (which are of molecular dimensions), which uses a rather artificial
gas phase concentration and an immobile adsorbed phase. It should be noted
that most experimental studies report the effective diffusion coefficient in the
micropores in the form of an adsorbed phase diffusion constant. In the model,
each phase is represented by its own coordinate system: x represents the radial
coordinate of the microparticles, y the radial coordinate of the macroparticles
and z the linear coordinate along the packed bed. The gas phase concentrations
of hexane in hydrogen are position and time dependent and are represented by
C with a subscript, which indicates the phase. Transport of molecules between
the different phases is achieved through the boundary conditions of the mass
transport equations of the individual phases.
Mass transport in the assumed spherically symmetrical microparticle is
described by diffusion in radial coordinates:
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(3.1)

The microparticle porosity is represented by εx. The adsorption equilibrium
constant Ka is defined as the number of adsorbed molecules in a microparticle
divided by the number of gas phase molecules in the microparticle. It is
assumed that adsorption is instantaneous and reversible and that the
adsorption isotherm is linear. The adsorption equilibrium is temperature
dependent by its adsorption energy ∆H:

K a = K a ,∞ e

− ∆H

RT

(3.2)

in which Ka,∞ is the adsorption equilibrium constant at infinite temperature, R
the gas constant and T is the absolute temperature.
Dx is the microparticle gas phase effective diffusion coefficient with an
activation energy Eact.

D x = D x ,∞ e

−

Eact

RT

(3.3)

Dx,∞ is the gas phase micropore diffusion coefficient at infinite temperature.
The relation between Dx and the effective adsorbed phase diffusion coefficient
Dmicro, is often referred to in the literature as:

D x = ε x (1 + K a )Dmicro

(3.4)

In practical situations Ka>>1. As a result Dx has an activation energy that is
equal to the sum of the heat of adsorption and the activation energy for gas
phase diffusion.
The boundary condition (BC) of (3.1) assumes a concentration profile in the
microparticle, which is spherically symmetrical, which gives:

∂C x
(0, t ) = 0
∂x

(3.5)

and empty microparticles at t=0 is expressed as:
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Cx ( x,0) = 0

(3.6)

Coupling between the gas phase concentration and the macropores is provided
by:

C x ( R x , t ) = C y ( y, t )

(3.7)

The gas phase concentration at the outer microparticle boundary is equal to the
macroparticle gas phase concentration at its position in a macroparticle.
Mass transport in the spherically symmetrical macroparticles is described by
diffusion in the macropores:

εy

 ∂ 2 C y 2 ∂C y  3(1 − ε y )
+
= D y 
+
⋅ NR
2
y ∂y 
D y Rx
∂t
 ∂y

∂C y

x





(3.8)

This equation only differs from the transport equation in the microparticles
(3.1) by an additional source term at the right hand side, which accounts for
exchange between the macropores and micropores. Rx represents the radius of
the microparticle, εy represents the macroparticle porosity and Dy the effective
macroparticle diffusion coefficient which is defined as the molecular diffusion
coefficient of hexane in hydrogen divided by the macroparticle tortuosity:

Dy = ε y

Dm
τy

(3.9)

In principle the macropore diffusion coefficient has two contributions:
molecular and Knudsen diffusion. The latter is negligible since the mean free
path of molecules was found to be significantly smaller than the macropore
diameter.
The temperature dependence of Dm [Fuller] is calculated as

 T
Dm = 0.3 ⋅ 10 − 4 
 Troom






1.8

in which Troom =293 K.
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The mass transport between the microparticle and the macroparticle gas phase
is achieved with the NRx term. The rate of mass transport is proportional to the
gas phase concentration gradient at the boundary:

N R = − Dx
x

∂C x
∂x

(3.11)
Rx

The boundary conditions are (empty macroparticle at t=0, spherically
symmetrical concentration distribution):

C y ( y,0) = 0

∂C y
∂y

(3.12)

(0, t ) = 0

(3.13)

Finally, mass transfer through the fluid phase in the column is described by:

εz

∂C z 3(1 − ε z )
∂C z
∂ 2C
= Dz
− vsup
+
⋅ NR
2
∂z
Ry
∂t
∂z

y

(3.14)

The porosity of the packed bed is εz. Diffusion in the fluid phase has two
contributions:



D
D z = ε z  0.5 m + 0.5 ⋅ 2 R y vint 
τz



(3.15)

The first term of (15) describes molecular diffusion with τz the tortuosity of the
bed and the second term describes mixing in vortices by eddy diffusion. The
superficial velocity of the carrier gas vsup in an empty tube follows from the flow
rate of the carrier gas and the cross sectional area of the column. The
interstitial velocity vint is defined as vsup/εz.
The mass transfer between the macroparticles and the fluid phase, described
by the last term in (16), involves transport through a stagnant layer/film
surrounding the macroparticles. The concentration in the macropores at the
macroparticle boundary therefore equals the concentration in the packed bed
fluid phase after correction for the concentration gradient over the film
surrounding the macroparticle:
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C y ( R y ,t ) = C z ( z , t ) + N R / k f

(3.16)

y

Here, kf is the film transfer constant, which is calculated from:

kf =

Dm Sh
2R y

(3.17)

with Sh the Sherwood number of the macroparticles. For Reynolds numbers
larger than 3 the Sherwood number can be calculated from:

Sh = 2 + 11
. Re 0.6 Sc 0.33 [Kärger] with Sc the Schmidt number of hydrogen
while for Reynolds numbers smaller than three Sh is equal to 2 thus kf is given
by:

kf =

Dm
Ry

(3.18)

Consequently, the rate of mass transport between the fluid phase and the outer
macroparticle boundary can be given by:

N R = −D y
y

∂C y
∂y

(3.19)
Ry

The first boundary condition for mass transfer through the column (3.20) is the
initial condition of an empty column before injection i.e. at t=0:

C z ( z ,0 ) = 0

(3.20)

Since the modelled column has a finite length, a mass balance at both ends of
the column is used to derive additional boundary conditions:

vsup C z ,0 − − D z ,0−

∂C z , 0
∂z

−

= vsup C z ,o + − D z ,0 +

∂C z , 0
∂z

+

(3.21)

The index 0- indicates directly before, 0+ directly after the column entrance.
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Since the diffusivity in the packed bed is much larger than in the empty part of
the tube preceding it (no mixing contribution), the term with Dz,0- is negligible
and equation (3.21) can be reformulated as the Neumann boundary condition:

∂C z , 0

+

∂z

=

vsup
D z ,0

(C z , 0 − C z 0 )
+

−

(3.22)

+

A similar argument applied to the column exit gives:

C z ,1 = C z ,1 +
−

+

D z ,1 ∂C z ,1
−

vsup

−

∂z

(3.23)

The index 1- indicates directly before, 1+ directly after the column exit.
However, application of (3.23) is not possible since Cz,1+ is not modelled.
In their study of chromatographic columns filled with 5A and 10X molecular
sieve pellets Raghavan and Ruthven [Raghavan] assumed Danckwerts
boundary conditions [Danckwerts] instead of (3.22) and (3.23). However,
Danckwerts BC’s are only justified for steady state conditions [Froment],
[VCauwenb]. Application of Danckwerts boundary conditions results in the use
of equation (3.22) at the column entrance but it assumes the absence of a
concentration jump at the column exit.

∂C z ,1

−

∂z

=0

(3.24)

Raghavan and Ruthven stated that this assumption was made for
“computational convenience” and that the influence was very small on the
calculated chromatograms. We also found that back mixing had only a small
influence on the concentration profile and was only significant in the last two
grid points (i.e. the last five percent of the column). This is understandable
since the diffusion term is very small compared to the terms for convection and
film mass transport.
Although (3.24) provided computational convenience for the collocation method
used by Raghavan et al., numerical solutions could not be obtained via the
method of lines using (3.24). Schiesser has recently proposed several
alternative solutions for the boundary condition at the column exit
[Schiesser1]. For situations in which convection dominates (i.e. large Peclet (Pe)
numbers) the diffusion term at the last grid point can be disregarded. This
29

Chapter 3
reduces the transport equation at the column exit to a first order equation and
therefore an outflow BC is no longer required.

3.3.2 Numerical evaluation of the model
The model described in the previous section is a set of partial differential
equations (PDE’s) coupled through their boundary conditions combined with
algebraic equations to form a Differential Algebraic Equation (DAE). The
system was solved numerically with the method of lines [Schiesser], which
reduces each PDE to a set of ordinary differential equations. The solutions for
the concentrations in each phase are discretised in space and the derivatives of
the concentrations with respect to the spatial coordinate are approximated by
difference equations. Consequently, the only remaining variable is time and a
set of ordinary differential equations (ODE) results: one ODE for each spatial
grid point. In the resulting system of ODE’s each time derivative is dependent
on a number of solutions for the concentrations along the bed.
A matrix that describes the dependence of the time derivatives dC/dt on each
of the solutions Ci is called the Jacobian:

J ij =

∂  ∂C 


∂C j  ∂t  i

(3.25)

The shape of the Jacobian, i.e. the position of the non-zero elements in the
Jacobian, is determined by the discretisation equations. Knowledge about the
shape of the Jacobian can be used to speed up the calculations. Linear algebra
routines are available for a “band shaped” Jacobian, a sparse Jacobian (i.e.
most elements are zero) or a full Jacobian. The general solution of a linear ODE
system with N equations (all dCi/dt depend linearly on Cj) has the shape:

Ci = ∑ j =1 A j e
N

λ jt

(3.26)

in which λj are the N eigenvalues of the Jacobian. The system of ODE’s
converges if all eigenvalues of the Jacobian have real negative parts, in other
words if all solutions Ci approach zero for large values of t. To integrate dC/dt
with sufficient accuracy the product of the time step size and the eigenvalue
has to be limited to a maximum value:
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λ j (t k +1 − t k ) < M

(3.27)

The maximum value M depends on the integration method and determines
whether a solution will be stable for a given step size in time. The largest
eigenvalue of the Jacobian therefore determines the maximum step size in
time. If the difference in the orders of magnitude of the eigenvalues is large,
the integration step size is only optimal for the grid points that have the
largest eigenvalues and the system is called stiff. The solution for the
concentration at each grid point is obtained using concentrations calculated
both forward and backwards in time.

3.3.3 Implementation of the method of lines for the biporous packed bed
The fluid phase spatial coordinate z along the column is discretised into L grid
points. The fluid phase concentration is coupled to the concentration of the
macroparticle boundary at each grid point. The resulting L macroparticle
PDE’s are each converted into M ODE’s by discretisation of the macroparticle
spatial coordinate y into M macroparticle grid points. The resulting M
microparticle PDE’s are each converted into N ODE’s by discretisation of the
microparticle spatial coordinate x into N microparticle grid points. The final
result is: L ODE’s for the fluid phase, LM ODE’s for the macroparticles and
LMN ODE’s for the microparticles. In total a system is defined with
L+LM+LMN ODE’s. Typical values are: L=30, M=6, N=6 resulting in 1290
ODE’s for the biporous model. The number of algebraic equations is then 1 (for
the BC at z=0 )+LM (for the BC at x=1).
Because of the coupling through the boundary conditions, the Jacobian is not a
perfect band matrix, but it has some non-zero elements outside of the diagonal.
Therefore, the DAE system is solved with a stiff integrator, with linear
algebraic routines optimised for a sparse Jacobian. The routine is taken from
the Numerical Analysis Group library in the form of routine D02NJF, capable
of solving a stiff differential algebraic system.
The model was made dimensionless to facilitate numerical solution. All
parameters (time and space coordinates as well as concentrations) were
normalised. As an example, time is scaled using τ=L/vsup. The real time t is
substituted by t*τ in all equations with:
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∂C
∂C
1 ∂C
=
=
*
∂t ∂ ( t τ ) τ ∂t *

(3.28)

Similarly concentrations and space coordinates were made dimensionless for
all phases such that x*, y* and z* are always evaluated between 0 and 1.
Normally in gas chromatography, the fluid phase solution is calculated at the
end of the column, which is the result of a narrow pulse, which was injected at
the column entrance.
In contrast the PEP detector images all phases within the column: the fluid
phase, the macroparticle phase and the microparticle phase all contribute to
the measured PEP profiles. Therefore, all phase solutions have to be converted
into one PEP profile. This conversion is achieved by applying Volume
Averaging. The contributions of each different phase are summed together to
give the total measured concentration at each grid point along the bed. The
average concentration in a microparticle equals:

C x ( y, t ) =

3
R x3

Rx

∫ ( K a + 1)C x x

2

(3.29)

dx

0

Similarly the resulting average macroparticle is:

C y (z, t ) =

3
R y3

Ry

2
∫ [ε y C y ( y, t ) + (1 − ε y ) C x ]y dy

(3.30)

0

The resulting average concentration at a point z in the reactor becomes:

[

C z (z , t ) = ε z C z ( y, t ) + (1 − ε z ) C y

]

(3.31)

Although PEP measures the average concentration in a volume ∆V associated
with the position resolution of the detection system, the concentration in the
middle of this volume element is used for the average concentration in this
volume element. The integrals needed for the volume averaging have been
solved numerically because of the discrete character of the solution. The
rectangle rule [Dahlquist] was applied and found to be more accurate than
Simpson’s rule [Dahlquist] particularly in the centres of the micro and macro
particles (x=0 and y=0). This arises since the contribution of Cxx2 and Cyy2 will
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always vanish for Simpson’s rule while with the rectangle rule the height of the
rectangle is the average between the first and second grid point solution.

3.3.4. General form of the model solution
The chromatographic response curves or solution of the numerical model can be
characterised by their moments. The first moment is defined as:
∞
Ctdt
µ ≡t =∫ ∞
0
∫ Cdt

(3.32)

0

It can be interpreted as the average retention time of the labelled molecules
and has a value close to the chromatographic peak position.
For our model the first moment of the chromatograms can be expressed as:

µ=

[

(

)

]

L
ε z + (1 − ε z )ε y + (1 − ε z ) 1 − ε y ε x (1 + K a )
Vsup

(3.33)

The second moment is defined as:
2

∞

σ2 ≡

∫ C (t − µ ) dt
0

∞

(3.34)

∫ Cdt
0

and is a measure for the chromatographic peak width. To get more insight into
the different mass transport contributions, the initial “fitting” of the measured
profiles was done by visual inspection. Using the literature values as start
parameters, the moments of the measured and modelled curves were compared
and by varying the model parameters, the moments were made equal. The
parameters resulting from this visual optimisation were then used as initial
parameters for least squares software.
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3.4 Scatter correction
The influence on the measured profiles of scattering of annihilation photons
cannot be neglected. Therefore a correction method, that we will call scatter
correction by deconvolution, is applied on the measured profiles before the
numerical transport model is fitted to them using a least squares routine.
The PEP detector response can be interpreted as the response to 17 point
sources of different activity at the reconstruction positions. The response R to
point sources 1..17 of the 17 reconstruction positions can be expressed
mathematically as follows:

M i∈{1..17} = R j∈{1..17},k∈{1..17} ⋅ N i∈{1..17}

(3.35)

Here M is the measured concentration profile and N the actual concentration
profile.
Ideally the response matrix R is an unity matrix: a point source at position i
will only give reconstructions at that same position i. Through scatter though,
also reconstructions at other positions than i can occur. This results in nonzero
elements in R that are not on the diagonal.
If the detector response matrix is known the real concentration profile can
simply be calculated from:

N i∈{1..17} = R −j∈1{1..17}, k∈{1..17} ⋅ M i∈{1..17}

(3.36)

The response matrix can be simulated with the EGS4 code, which stands for
Electron Gamma Shower version 4. The EGS4 system of computer codes is a
general-purpose package for the Monte Carlo simulation of the coupled
transport of ionising (anti-) electrons and photons in matter with energies from
a few keV up to several TeV. Simulations can be performed in arbitrarily
complex physical geometries. By defining the geometry of the PEP detector,
reactor and oven, the response of the PEP detector can be simulated. R is
determined by separately simulating the detector response to a point source at
one of the 17 reconstruction positions, giving the 17 columns of R.
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3.5 Numerical fitting
After the measured profiles were corrected for scatter, the mass transport
model was fitted to them, using a least squares routine. The minimisation
method that was used is called the Levenberg-Marquardt algorithm, provided
by the Fortran ODRPACK numerical software library [Boggs]. This is a hybrid
algorithm that is efficient both far from the minimum as well as close to it.
All known parameters such as porosities and particle diameters have to be
provided by the user. Estimates for the fit parameters are obtained from
literature and from the provisory visual fitting of the measured profiles.
The initial values are fed to the subroutine, which calculates the sum of
squares. The fit routine was stopped after the sum of squares was much
smaller than 1 or when the relative change in the fit parameters was small
enough.
The quality of the fit method was tested by simulating pulse experiments and
by fitting this modelled data to the same numerical model. In this way the
parameters of the simulated profiles could be compared to the parameter
estimates of the fitting routine. Also the influence of experimental errors in the
measured concentrations due to the Poisson statistics in the number of
detected annihilation photons was studied. This was done by adding noise to
the simulated profiles and monitoring the effect on the accuracy of the
parameter estimates. Results showed that only the confidence interval of the
parameters increased with the amount of noise introduced. The resulting
values though agreed within the confidence interval.
Table 3.1 shows the test results for the adsorption constant and the micropore
diffusion coefficient.

model
no noise
2% noise
5% noise
10% noise

Ka ( )
3495
3495 ± 5·10-3
3499 ± 3
3507 ± 12
3510 ± 22

Dc(10-15 m2/s)
3
3.0 ± 4·10-5
3.01 ± 0.01
2.95 ± 0.06
3.0 ± 1

Table 3.1 Fitted parameters and standard deviation for a modelled PEP experiment with
different amounts of random noise.
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3.6 Results
Experimental data, measured with the PEP technique, collected to investigate
the transport properties of n-11CH3C5H11 through the biporous packed bed in a
hydrogen carrier gas, has been compared to the solutions of the numerical
model for five different zeolites: H-Mordenite, H-ZSM-5, H-ZSM-22 and HFerrierite and H-Beta.
The experimental data obtained with the PEP camera is compared to the
solutions of the numerical model in the time domain. In situ chromatographic
profiles are obtained by selecting the time evolution at detection positions
along the measured profile. For clarity a limited number of experimental data
points is depicted. The actual sampling time in the experiment is 0.5 seconds.
Since the length of the packed bed is typically equal to the field of view of the
PEP detector, only those positions of the bed are considered which are
completely filled with zeolite material. This implies that the PEP data of the
first and sometimes second position are disregarded.
Figure 3.1 shows the normalised measured (×) and modelled (-) chromatograms
obtained at three different positions of a pulse of n-11CH3C5H11 in a hydrogen
carrier gas flowing through a packed bed of H-Mordenite.
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Figure 3.1 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HMordenite at three different positions in the packed bed. Experimental conditions:
vsup=0.30 m/s, T=443 K, sieve fraction: 250-500 µm , 5 µm diameter zeolite crystals. The
simulated curves are calculated with Ry=187.5 µm , Rx=2.5 µm and the literature values
listed in Table 3.2.

The experimental conditions are listed in the figure caption. The
chromatograms are normalised in order to allow easy visual inspection of the
first and second moments of the measured and modelled curves. The
36

Modelling of Mass Transfer of Alkanes in Zeolite Packed Beds
parameters used to calculate the simulated profiles either are known from
experimental conditions or were taken from literature without optimisation.
The porosities εx, εy and εz are listed in Table 3.2.

Zeolite:

H-

KH (mole/kgPa )

Dmicro (10-16 m2/s)

at 333 K

at 373 K

literature

fit

literature

fit

+ads (kJ/mole)
literature

[Eder]

[Eder]

[Eder1]

[Eder1]

1.2

0.8

MOR

2000x

2000

-69

y lit

x

lit

fit

-69

(473 K)

0.27
[Ruthven]

[Satterfield]
H-

1.4

1.7

60000

2.6

0.76

unknown

ZSM5
H-

*

-82

-74

30

-82

72.3#

[Ruthven]

-74

0.27

[Kärger]

ZSM22
H-FER

0.097

0.057

1.3
[Voogd]

40

-87.4
[Derouane]

0.27

0.344

[Ruthven]

[Abrams]

0.27

0.332+
0.332+

[Ruthven]

-79
[Eder]
Table 3.2 A comparison of literature values used in the initial calculations and values
obtained by fitting.*: micropore diffusivities cannot be obtained from these
measurements since micropore diffusion has an insignificant contribution to the second
moment of the chromatograms x: value for butane; +: estimated values; #: value obtained
from [Anderson], see text

The adsorption equilibrium constant Ka at 443 K in the zeolite experiment was
determined from the KH value at 333 K and from the literature value of the
adsorption enthalpy ∆H. Dx was derived from reported effective adsorbed phase
diffusion coefficient Dmicro. Dy was calculated from the molecular diffusion
coefficient of hexane in hydrogen [Fuller]. Visual inspection of Figure 3.1 shows
that although both first and second moments of the simulated profiles have the
same order of magnitude as the moments of the measured profiles, a
refinement of the parameters is required to achieve detailed agreement. The
first step in the optimisation procedure was to change the adsorption
equilibrium constant KH at 333 K such that the peak position coincides with
the experimental profiles. The other factors influencing the peak position: εx, εy,
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εz, the length of the bed and the velocity of the carrier gas are all known or
experimentally determined with an accuracy of approximately 5%. The two
parameters KH at 333K and ∆H are both adapted such that the peak position of
the simulated profiles coincide with the measured profiles at two different
temperatures. The optimised values of ∆H and KH are listed in Table 3.1. (For
H-ZSM-22 a visual fit to derive the temperature dependency of KH was difficult
to perform because of the short retention times of the experiments at practical
temperatures. The value for the heat of adsorption was taken from [Anderson].
Thus, only KH at 333K was adapted to fit the first moments. The normalised
simulated and experimental curves are shown in Figure 3.2.
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Figure 3.2 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HMordenite with optimised values for KH and ∆H. The experimental curves are identical
to those in Figure 3.1.

The contributions to the second moment, that give insight into the dominant
mass transfer resistance for H-Mordenite have been extracted according to:
2

L 
2Dz
σ =  bed  [
(ε + (1 − ε z )(1 − ε y )ε x + (1 − ε z )(1 − ε y )ε x K a )
 vsup  vsup Lbed z


vsup R y
2
(1 − ε z ) ε y + (1 − ε z ) 1 − ε y ε x + (1 − ε z ) 1 − ε y ε x K a 2 +
3
Lbed k f
2

[

2
15

38

vsup Ry2
Lbed Dy

(

)

(

(1 − ε )[ε + (1 − ε )ε + (1 − ε )ε K ]

2

z

y

y

x

y

]

)

x

a

+
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2
15

v sup R x2
(1 − ε z ) 1 − ε y ε x2 (1 + K a ) 2 ]
Lbed D x

(

)

(3.37)

Equation (3.32) has four terms accounting for axial dispersion, film resistance,
macropore resistance and micropore resistance respectively. The relative
contributions are listed in Table 3.3
zeolite:
H-Mordenite
H-ZSM-5
H-ZSM-22
H-Ferrierite

vsup
(m/s)
0.30
0.31
0.28
0.27

T
(K)
443
463
423
403

DL
(%)
34
46
19
22

film
(%)
13
18
9
10

macropores
(%)
22
34
20
23

micropores
(%)
31
0.5
52
45

Table 3.3 The relative contributions (%) to the second moment σ2 at the end of the
column (z=1).

In experimental studies, the mixing regime is usually estimated using a Van
Deemter plot [VanDeemter] constructed from a series of experiments with
varying flow rate. Such a plot can also be calculated from the model and is
shown for H-Mordenite at 443 K in Figure 3.3. Its shape can be generally
described by an equation that has the form of:
2

σ 
  = H = A + B/v int + Cv int
µ

(3.38)

in which H is the Height Equivalent of a Theoretical Plate, a measure for the
separation capability of a chromatographic column. Depending on the flow rate
one of the three terms is dominant. At low flow-rates, molecular diffusion in the
fluid phase (z) is dominant (B term, left hand side of curve). At high flow-rates
mass transfer limitation inside the film, macropores (y) or micropores (x) is the
dominant term in the broadening of the pulse (C term, right hand side of the
Van Deemter plot). At intermediate flow-rates (A term), eddy diffusion
contributes significantly. By plotting (σ/µ)2 of measured curves as function of
vsup and observing the shape of that curve, conclusions can be drawn on the
regime in which the measurements have been performed.
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Figure 3.3 Calculated Van Deemter plot for n-11CH3C5H11 in H-Mordenite at 443 K using
optimised values for KH and ∆H.
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Figure 3.4 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HZSM-5 at three different positions in the packed bed. Experimental conditions: vsup=0.31
m/s, T=463 K, sieve fraction: 250-500 µm, 3 µm diameter zeolite crystals. The simulated
curves are calculated with Ry=187.5 µm, Rx=1.5 µm and the literature values listed in
Table 3.2.

The measured and simulated curves shown earlier in Figure 3.2 have been
obtained with a carrier gas (superficial) velocity of 0.3 m/s. Table 3.3 shows
that axial dispersion in the bed, mass transfer through the stagnant film and
mass transfer in the macro- and micropores all contribute to the observed peak
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width. A similar set of experiments on H-ZSM-5 has been simulated following
the same procedure as described above for H-Mordenite. Figure 3.4 shows the
normalised chromatograms for H-ZSM-5 measured at 463 K and the simulated
curves with parameter values taken from literature (table 3.2) without further
optimisation.
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Figure 3.5 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HZSM-5 with optimised values for KH and ∆H. The experimental curves are identical to
those in Figure 3.4.
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Figure 3.6 Calculated Van Deemter plot for n-11CH3C5H11 in H-ZSM-5 at 463 K using
optimised values for KH and ∆H.
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Again a refinement of KH was necessary to find agreement between
experimental and calculated profiles and the optimised values of KH and ∆H
are listed in Table 3.2. The normalised profiles are depicted in Figure 3.5.
As in the case of H-Mordenite, the second moments of the curves did not
require further optimisation of parameters. The relative contributions to the
peak width are listed in Table 3.3 and the calculated Van Deemter plot for HZSM-5 at 463 K is given in Figure 3.6.
The values in Table 3.3 show that for H-ZSM-5, the width of the
chromatograms is largely determined by axial dispersion in the packed bed.
This is supported by the calculated Van Deemter plot in Figure 3.6 which
demonstrates that the conditions in the experiments (superficial carrier gas
velocity = 0.31 m/s) have moved to the mixing regime relative to the conditions
for H-Mordenite shown in Figure 3.3.
An entirely different situation occurs for the small pore zeolites H-Ferrierite
and H-ZSM-22. Figure 3.7 shows the measured and simulated concentration
profiles of n-11CH3C5H11 flowing through H-Ferrierite.
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Figure 3.7 Measured and calculated chromatograms of n-11CH3C5H11 in H-Ferrierite at
three different positions in the packed bed. Experimental conditions: vsup=0.27 m/s,
T=403 K, sieve fraction: 250-500 µm, 1 µm diameter zeolite crystals. The simulated curves
are calculated with Ry=187.5 µm , Rx=0.5 µm and the literature values listed in Table 3.2.

The calculated profiles are typical for strong micropore diffusion limitation: the
position of the first moment does not correspond to the peak position in the
chromatogram. Most of the hexane molecules are prevented from entering the
zeolite micropores due to strong micropore diffusion limitation and rather pass
each position with the interstitial velocity of the carrier gas. The long tail
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corresponds to the fraction of molecules, which do enter the small pore zeolite.
These effects were however not observed in the experimental profiles.
Obviously, the explanation for this discrepancy between measured and
calculated curves is the extremely low effective micropore diffusivity value
used. This value was reported by Voogd et al. [Voogd] [Voogd1]. They stated
that this experimentally obtained value was probably too low, due to the
probable structural faulting in the H-ZSM-22 crystallites. Although the
micropore diffusivity of n-hexane in H-ZSM-22 is expected to be smaller than
for medium-pore zeolites such as H-ZSM-5, the factor of 104 difference of Dmicro
that Voogd estimates is apparently too large. In order to reach agreement
between the simulated and measured profiles new simulations were performed
in which the micropore diffusivity was increased to the value reported for HZSM-5. The results show that the first moment of the calculated profiles varies
with position in accordance with the experimentally measured curves.
Following the procedure as adopted for H-Mordenite and H-ZSM-5, the values
for KH at 333 K and ∆H were optimised to find agreement between the position
of the first moment in experiments at different temperatures. The optimised
values of KH at 333 K and ∆H are listed in Table 3.2. The second moment of the
measured curves which was found to agree with the experimental curves
without further optimisation for the medium-pore zeolites, does still show a
large discrepancy for H-ZSM-22 as shown in Figure 3.8.
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Figure 3.8 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HZSM-22 after optimisation of KH and ∆H.

Apparently, in this case, the effective micropore diffusivity determines the
second moment to a large extent. Consequently the effective micropore
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diffusivity was adapted until the width of the peaks in the simulated curves is
equal to those in the measured curves; see Figure 3.9.
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Figure 3.9 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HZSM-22 after optimisation of KH and ∆H and with the new micropore diffusion
coefficient listed in Table 3.2.

The new effective micropore diffusivities are listed in Table 3.2 and the relative
contributions of the mass transfer processes to the effective axial dispersion are
listed in Table 3.3, which shows clearly the importance of the micropore
diffusion. The micropore diffusion limitation is further supported by the
calculated Van Deemter plot shown in Figure 3.10.
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Figure 3.10 Calculated Van Deemter plot at 423 K for n-11CH3C5H11 in H-ZSM-22 with
optimised parameters taken from Table 3.2.
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The adopted flow rate of 0.28 m/s clearly corresponds to the high flow rate
regime in which mass transfer is dominated by diffusion limitations.
For H-Ferrierite similar results were obtained as for H-ZSM-22. The same
procedure was followed for H-Ferrierite as that described for H-ZSM-22 in the
previous paragraph. Agreement between the measured and calculated curves
was found as shown in Figure 3.11 and the resulting values for KH, ∆H and the
new effective micropore diffusion coefficient are listed in Table 3.2.
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Figure 3.11 Normalised measured and calculated chromatograms of n-11CH3C5H11 in HZSM-22 after optimisation of KH and ∆H and with the new micropore diffusion
coefficient listed in table 3.2.

The relative contributions to the second moment as listed in Table 3.3 and
show that the profiles in H-Ferrierite are dominated by micropore diffusion.
The diffusivity of n-hexane is therefore found to be a factor 1000 smaller than
measured in H-ZSM-5. Except for the value reporting by Voogd et al. [Voogd]
no other literature values could be found.
The values obtained from visual fitting were used as initial parameters for the
numerical least squares routine. The profiles were first corrected for scatter
using the deconvolution method. The heat of adsorption was derived by fitting
to experiments at different temperatures simultaneously.
Table 3.4 shows the fit results compared to literature values for the adsorption
enthalpies and the Henry’s constants.
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Zeolite

Com-

∆Hmeas

pound

(kJ/mole)

∆Hlit

KH,meas

KH,lit

(kJ/mole)

(323K)

(323K)

(10-3 mole·kg/Pa)

(10-3
mole·kg/Pa)

H-Mordenite

n-C4

-47

-50 (1)

0.0069

0.012 (1)

H-Mordenite

n-C5

-60

-56 (2)

0.093

0.05 (2)

-59 (1)

0.12 (1)

H-Mordenite

2MP

-63

-57 (2)

0.52

0.47 (2)

H-Mordenite

n-C6

-67

-69 (2)

1.1

1.1(2)

-68 (1)

1.1 (1)

H-Beta

n-C6

-65

-63 (2)

1.0

0.64(2)

H-ZSM-5

n-C6

-72

-69 (2)

1.2

0.19 (2)

-82 (1)
H-ZSM-22

n-C6

-78

-75 (2)

1.4 (1)
0.26

-82 (1)
H-Ferrierite

n-C6

-71

-79 (1)

0.1(2)
0.097 (1)

0.040

0.097 (1)

Table 3.4 Comparison of measured adsorption enthalpies and Henry’s constant with
literature values obtained from: (1) : [Eder] and (2):[Denayer].

The values from Denayer have been derived from chromatographic
experiments, the values from Eder were derived from calorimetric experiments.
Our values are in better agreement with Denayer than with that of Eder.
Calorimetric determination of adsorption enthalpies is complicated by
adsorption at the walls of the calorimeter. Furthermore chromatographic
experiments are more accurate at low coverages, because of the simplicity with
which an Arrhenius plot is produced.
The Henry’s constant fit results are in reasonable agreement with literature,
except for the H-ZSM-5 value. Denayer gives a value that is six times smaller
than ours and Eder’s.
The influence of scatter correction on de resulting fit values can be seen from a
comparison between Table 3.6 and Table 3.3.
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Scatter correction removes the “pedestal” as seen in Figure 3.9 for instance,
from the measured concentration profiles. The scatter contribution is in
principle position independent and thus appears as a background, added to the
actual concentration profiles. Also after scatter correction the second moment
of the profiles is slightly smaller (Figure 3.12).
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Figure 3.12 Normalised measured chromatogram of n-hexane on H-Mordenite before (×)
and after (—) scatter correction. Scatter correction mainly removes the “pedestal” of the
response curve, the FWHM of the response curves is only slightly reduced.

This results in a smaller micropore contribution for the narrow pore (H-ZSM-22
and H-Ferrierite) and one dimensional zeolites (H-Mordenite). The HETP plots
(Height Equivalent to a Theoretical Plate) and thus the relative contributions
of film, macropores and micropores remain of the same order.
Diffusion in the micropores can be perceived as the hopping of a molecule from
one adsorption site to another [Kärger&Ruthven 1992]. Therefore micropore
diffusion is usually described as an activated process, described by the
Arrhenius equation.

 E 
Dc (T ) = Dc,∞ exp − act 
 RT 

(3.39)

The activation energy Eact for diffusion equals the slope of the Arrhenius plot,
in which the natural logarithm of Dc is plotted against the reciprocal of the
temperature.
A significant contribution of the micropores was found for the small-pore
zeolites such as H-ZSM-22 and H-Ferrierite. Simulations using micropore
diffusivities from literature revealed that for n-hexane in H-ZSM-5 and H-Beta
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micropore diffusion only had a minor impact on the second moment (<2%), and
the resulting chromatograms could be fitted by only adjusting the Henry’s
constant. For H-Mordenite, H-ZSM-22 and H-Ferrierite however, the literature
values predicted a significant contribution to the second moment. The fact that
H-Mordenite is a large pore zeolite and still has a significant micropore
contribution can be explained from the its one-dimensional pore structure,
leading to single file diffusion. Table 3.5 shows the results for the micropore
diffusion constants and the activation energies that could be determined this
way.
zeolite

compound

H-Mordenite
H-Mordenite
H-Ferrierite
H-ZSM-22

n-C6
2MP
n-C6
n-C6

Dc
(m2/s)
3.0·10-13
2.0·10-13
8·10-14
6·10-14

Dc,literature
(m2/s)
1.5·10-13
n/a
6.8·10-16
n/a

Eact
(kJ/mole)
53
56
n/a
42

Eact.lit
(kJ/mole)
16
n/a
32.4
n/a

Table 3.5 Measured micropore diffusion constants (at 442 K) and activation energies for
n-hexane and 2MP on various zeolites.

Zeolite
H-Mordenite (n-C6)
H-Mordenite (2MP)
H-ZSM-5
H-ZSM-22
H-Ferrierite

pore sizeÅ
6.5×7.0×5.7
6.5×7.0×5.7
5.3×5.6×5.5
4.4×5.5
4.2×5.4;3.5×4.8

bed
31
24
46
21
22

film
11
11
18
9
10

macro
24
27
35
32
35

micro
34
38
1
38
33

Table 3.6 Relative contributions (%) of the different mass transfer resistances (at T=443
K) to the second moment of the response peaks after scatter correction and numerical
fitting.

Important conclusions can be drawn from the combined results of experiments
and model calculations concerning the potential of positron emission profiling
for studying reaction kinetics under steady state conditions in biporous packed
beds. For the medium-pore zeolites, experimental conditions cause axial
dispersion to be dominant for the width of the concentration profiles. However,
axial dispersion is hardly influenced by molecular properties. The gas phase
diffusion coefficient of n-hexane and its isomers are similar. This stresses the
importance of the need for different mass transport properties of reactant and
reaction product in the PEP experiments. This requirement was fulfilled in the
experiments of Jonkers et al. [Jonkers], [Vonkeman] but in a biporous bed this
is probably only achievable with a significant difference in the effective
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microparticle diffusion coefficient of reactant and reaction product. Even when
this condition is met, the shape of the PEP profiles is only directly influenced
by the reaction when micropore diffusion is the dominant contribution in the
second moment of the PEP profiles. The basic requirement for micropore
diffusion limitation has already been noted by Ruthven [Post] and states that
Rx2/Dmicro should be larger than 100 s. For H-Mordenite and H-ZSM-5 under
typical operational conditions, this would require zeolite crystals with
diameters above 100 µm. Nevertheless, irreversible reactions can still be
imaged by PEP as shown for metal preconditioning and deactivation reactions
[VanSanten]. The modelling described in this chapter is then still required to
extract numerical data.
A different situation occurs for the small pore zeolites H-ZSM-22 and HFerrierite. In this case micropore diffusion limitation indeed determines the
shape of the PEP profiles to a large extent.

3.7 Conclusions
With the final objective of measuring reaction kinetics of the
hydroisomerisation reaction in mind, a mass transport study of alkanes in a
zeolite packed bed was performed. A good understanding of mass transport is
essential, since reaction kinetics can only be extracted from the measured
profiles, when reactant and product have different mass transport properties.
Only then, reaction will affect the shape of the PEP images of injections of a
labelled pulse into a steady state.
A model, which describes mass transfer through a biporous packed bed, proved
to give an accurate description of the in situ chromatograms measured with the
PEP technique. By fitting the model to the measured profiles heats of
adsorption, adsorption constants and micropore diffusion could be determined
for a range of zeolite types. The model shows, that under typical operational
conditions, axial dispersion and macropore diffusion showed to be the
determining the shape of the concentration profiles for the large pore zeolites
H-Mordenite and H-ZSM5. Since mass transport in these phases is not very
different for n-hexane and iso-hexane, steady state reaction kinetics are not
likely to be extracted from in situ PEP measurements in these systems.
Comparison of simulations with experiments for zeolites with small pores i.e.
H-ZSM-22 and H-Ferrierite show peak shapes in the PEP data that are
significantly influenced by micropore transport limitation. Since the diffusion
in the micropores is strongly differs between branched and linear alkane
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isomers, reaction is likely to be observed in these systems. Mass transport
limitation will however render the reaction to be not rate determining, which
makes it impossible to extract kinetics from such experiments.
Transient experiments however, offer a means to create an “artificial”
difference in mass transport between reactant and product. By injecting a pulse
of labelled alkanes into helium instead of hydrogen, the product will be
irreversibly adsorbed while unreacted hexane is transported through the
packed bed. By using the knowledge and mass transport parameters obtained
in this chapter the mass transport model described in this chapter can be
extended to include the appropriate equations describing reaction kinetics.
Such is the subject of the next chapter.

Notation
<Cx,y,z>
Cx
Cy
Cz
Cz,0Cz,0+
Cz,1Cz,1+
Dmicro
Dx
Dx,∞
Dm
Dy
Dz
Dz,0Dz,0+
Dz,1-
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average concentration in micro, macroparticle or fluid phase
(moles/m3)
microparticle gas phase concentration (moles/m3)
macroparticle gas phase concentration (moles/m3)
fluid phase gas concentration (moles/m3)
fluid phase concentration before column entrance (moles/m3)
fluid phase concentration directly after entrance column
(moles/m3)
fluid phase concentration before column exit (moles/m3)
fluid phase concentration before column exit (moles/m3)
effective adsorbed phase microparticle diffusion coefficient of nhexane (m2/s)
microparticle gas phase diffusion coefficient of n-hexane (m2/s)
microparticle gas phase diffusion coefficient of n-hexane at
infinite temperature (m2/s)
molecular diffusion coefficient of n-hexane in hydrogen (m2/s)
macroparticle diffusion coefficient of n-hexane (m2/s)
fluid phase diffusion coefficient of n-hexane (m2/s)
diffusion coefficient of n-hexane directly before column entrance
(m2/s)
fluid phase diffusion coefficient of n-hexane directly after
column entrance (m2/s)
diffusion coefficient of n-hexane directly before column exit
(m2/s)
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Dz,1+
Eact
∆H
J
Ka
Ka,∞
Lbed
L
M
N
NRx
NRy
Pe
R
Re
Rx
Ry
Sc
Sh
T
Troom
kf
t
vsup
t*
vint
x
y
z
εx
εy
εz
λ
µ
σ2
τy
τz
τ

fluid phase diffusion coefficient of n-hexane directly after
column exit (m2/s)
activation energy of Dmicro (J/mole)
heat of adsorption of n-hexane in the micropores (J/mole)
Jacobian of ODE system ( )
dimensionless adsorption equilibrium constant ( )
Ka at infinite temperature ( )
column length (m)
number of fluid phase spatial grid points ( )
number of macroparticle grid points ( )
number of microparticle grid points
mass flux at microparticle boundary (moles/m2s)
mass flux at macroparticle boundary (moles/m2s)
Peclet number of the fluid phase ( )
gas constant (J/moleK)
Re number of the fluid phase
microparticle radius (m)
macroparticle radius (m)
Schmidt number ( )
Sherwood number for the film ( )
absolute temperature (K)
room temperature (293 K)
film mass transfer coefficient (m/s)
time (s)
superficial carrier gas velocity (m/s)
dimensionless time (t/µ)
interstitial carrier gas velocity (m/s)
microparticle radial coordinate (m)
macroparticle radial coordinate (m)
fluid phase axial coordinate (m)
microparticle porosity, m3 micropores / m3 microparticle ( )
macroparticle porosity, m3 macropores / m3 macroparticle ( )
packed bed porosity,1- m3 macroparticles / m3 column ( )
Jacobian eigenvalue ( )
first moment
second moment
macroparticle tortuosity ( )
microparticle tortuosity ( )
space time (Lbed/vsup) (s)
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In Situ Study of Alkane
Conversion on Pt-loaded Acidic
Zeolites

To be submitted to Ind. Eng. Chem.

Chapter 4
The expansion of the mass transport study of chapter 3 to an in situ reaction
study is presented in this chapter. By modelling transient experiments, an
attempt was made to quantify the PEP measurements that focus on the different
reaction steps on the bifunctional catalyst.

4.1 Introduction
This chapter presents the results of an in situ study of the hydro-isomerisation
reaction under typical operating conditions. The experiments were performed
at temperatures between 130 and 350 °C and at atmospheric pressure. The
transport parameters of the reactants were determined in an earlier study
[Anderson, Noordhoek], chapter 3 of this thesis
The hydro-isomerisation reaction has become an important process in the oil
refining industry. It is used to convert linear alkanes to their branched
isomers, which are added to fuel mixtures to improve their octane rating
[Weisz], [Maxwell]. A higher-octane fuel has better knock resistance, which is
needed in modern high compression ratio engines. Knock is the spontaneous
and violent ignition of the fuel/air mixture that results in wear and decreased
fuel economy. Stringent environmental regulations have increased the interest
for the hydro-isomerisation reaction, since alternative additives such as lead
compounds (TEL, tetraethyl lead) and aromatics are toxic. For example, the
octane rating of linear n-hexane is 25 (RON), while its branched isomer has an
octane rating of 104 (RON).
Aim of our investigation was to image the carbonaceous reaction profile that is
generated during the reaction on the catalyst and to probe the reactivity of the
carbonaceous residues. As a test, reaction the hydro-isomerisation of n-hexane
on Pt-loaded acidic zeolites was used.
This chapter continues with describing the reaction mechanism of the
hydroisomerisation process. Then the experimental set-up and experimental
procedures are described. By simplifying and extending the mass transport
model as it was shown in chapter 3 with terms for chemical reaction steps in
the zeolite, the different types of experiment can be modelled numerically. The
results were fitted to the experimental concentration profiles in an attempt to
obtain experimental values for the kinetic parameters of the elementary steps
of the hydroisomerisation process. Some of these parameters could only be
obtained from quantum-chemical modelling up until now. The unique in situ
character of PEP provides experimental backup for mechanistical
understanding of acidic-zeolite catalysed hydrocarbon conversions. In addition,
the kinetic values are of great importance to the design of catalytic processes,
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as they dictate the temperatures, pressures en geometry of reactors and
processes in practice.

4.2 The hydro-isomerisation reaction mechanism
Alkanes can be isomerised with high conversions at relatively low temperature
by the use of Pt-loaded acidic zeolites. Zeolites are crystalline alumino-silicates
containing channel and/or cage structures of molecular dimensions (typically
between 4 and 12 Å) constructed from interconnected tetrahedra of SiO4 and
AlO4 units. The difference in electrostatic charges between Si4+ and Al3+ results
in a negatively charged framework that must be counterbalanced by positively
charged ions. When the cations are H+ ions (protons), bridging hydroxyl groups
are formed which possess Brønsted acidity (see Figure 4.1).

proton

O

Si

Al

Figure 4.1 A Brønsted acid site.

These hydroxyl groups, located in the zeolite pores, are the active sites,
involved in the catalytic isomerisation of hydrocarbons. This zeolite can act as a
support for other catalytic materials such as Pt.
This combination of transition metal and an acidic oxide zeolite results in a
process in which olefinic intermediates are converted to isomers. Mills et al
[Mills] introduced the concept of separate catalytic functions. The (de-)
hydrogenation activity operative on the Pt sites and the isomerisation activity
associated with the acid sites. Figure 4.2 shows the reaction scheme for the
hydro-isomerisation of hexane and Figure 4.3 the corresponding energy
diagram.
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n-hexane

i-hexane

(de-)hydrogenation
Pt

(de-)hydrogenation
Pt

isomerisation

Acid Site
n-hexene

n-carbenium
(de-)protonation

Acid Site
i-hexene

i-carbenium
(de-)protonation

Figure 4.2 Schematic representation of Weisz’ bi-functional mechanism. It shows the
(de) hydrogenation function of the Pt site and the formation of an alkoxy on the acid
site. Chemisorbed on the acid site the alkoxy can isomerise through a cyclic
intermediate form.

The platinum serves to convert the hexane to hexene. The hexene is protonated
on the acidic site to form a carbenium ion. This happens through a π-state in
which the electrons of the double bond are attracted by the proton of the acid
site. Subsequently a σ-bond can be formed when the double bond is used to
form a covalent bond with both the oxygen atom of the acid site and the proton
becomes a part of the newly formed alkoxy species. In this protonated form, the
hydrocarbon can branch and is desorbed as an iso-hexene. By hydrogenation on
the Pt sites the end product iso-hexane is obtained [Runstraat]. Although the
thermodynamic equilibrium for dehydrogenation is unfavourable, a significant
conversion can be obtained through the close presence of the acid sites. The
dehydrogenation equilibrium is very fast and since the transport to the acid
sites is fast, high conversion rates can be obtained. These conversions are much
higher than can be expected from a reactor with separate dehydrogenation and
acid function. The overall reaction rate of this nontrivial polystep reaction is
very high, even though the intermediate concentration of hexenes is very low.
It is essential that the Pt and acid sites are so close that transport between the
two sites does not limit the conversion rate. Weisz calls this the “intimacy
criterion”.
An alternative reaction mechanism is presented by Chu et al. [Chu] in which
an acid-catalysed chain reaction involving methyl shifts and hydrogen transfer
is responsible for the isomerisation mechanism. This was based on at least
three observations. Firstly, they observed that pure H-β is only 10% as active
as the Pt-loaded H-β. However, note that in the Weisz mechanism the Pt
dehydrogenation function is essential. Secondly, they observed that the
addition of 1-hexene decreased the conversion and selectivity. This can also be
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understood from the fact that the catalyst will deactivate rapidly at high
alkene concentrations by oligomerisation of the alkenes. Besides blocking of the
active sites, also pore blocking will result, favouring the more linear isomers.
Thirdly, they observed that the equilibrium concentration of hexenes is very
small. This however agrees well with the statement of Weis that, if the
intimacy requirement is met, “polystep reactions may easily proceed with
intermediates at concentrations far below the limit of experimental detection”.
More alternative theoretical mechanisms for the hydrocarbon conversions exist.
Though it is well understood that kinetic measurements can never of
themselves lead to the establishment of a sure mechanism, equally however
any mechanistic proposal needs to be compatible with the observed kinetics
[Bond&Ponec].

Gas
phase
alkene
∆Hads
-70

Adsorbed
alkene
30

π-complex
30

Eact,depr

Eact,iso

47-105
σ-complex

Figure 4.3 Energy diagram of the hydroisomerisation reaction mechanism. Some typical
values for hexane are given. Al values are in kJ/mole. These values are only intended to
indicate their approximate values. The activation energy for deprotonation has not been
determined experimentally before.

Side reactions
Ideally, a chemical process has 100% selectivity to the desired end product. In
practice however, side reactions may form a significant contribution to the
product stream. On the system under study, side reactions can be categorised
with respect to the active site where they occur.
The Pt site, besides performing (de-) hydrogenation, also cracks the alkanes in
to smaller fragments. Hexane preferentially cracks to C1+C5 on Pt [Van
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Santen]. In addition, coke formation occurs on the Pt sites. By multiple
removals of hydrogen atoms, carbonaceous species are formed, which cover the
platinum. This can be advantageous for the selectivity of the isomerisation
process since it suppresses metal cracking by limiting number of neighbouring
platinum sites. Important to note is that the dehydrogenation reaction itself is
not
structure
sensitive
(strictly,
ensemble-size
insensitive)
[Sinfelt][[Menon][Biswas], but further dehydrogenation, leading to the
formation of carbonaceous residues, needs larger ensembles. In almost every
study, it is found that the formation of carbonaceous species is suppressed more
strongly than dehydrogenation when the concentration of an inert element is
increased. Tin (Sn) for instance was found to be an effective modifier for Pt
[Aranda][Del Angel].
The acid site can also crack hexane molecules through β-scission. The β-scission
involves the migration of the two electrons of a β- C-C bond towards a C+ atom
to form an olefinic π-bond, the β-carbon atom (with respect to the original C+
atom) being left as the electron-deficient carbon of a smaller carbenium ion.
The other product is an olefin that also can be protonated by a different acid
site or desorbs. The rate of β-scission depends on the relative stability of the
formed ions. Since the stability order of carbenium ions is:
tertiary>secondary>primary, the product distribution for hexane cracking has
a preference for C3+C3 products. Knowing this difference in product
distribution of metal and acid cracking, the ratio between C1 and C3 product
can yield information on the relative importance of these side-reactions. Coking
can also occur on acid sites [Bel91]. Also fracture into single C-atoms,
polymerisation, the formation of amorphous carbon or graphite can occur.
Because their products block access to the active sites of the catalyst, they have
a deactivating effect.

4.3 Experimental
4.3.1 The experimental set-up and 11C labelling
For a detailed description of the experimental set-up and the
please see Chapter 2.
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4.3.2 The reactor
The experiments were carried out on a range of Pt-loaded zeolites and
Pt/Alumina. To reduce pressure drop across the reactor bed, the crystals were
pressed into pellets with diameters ranging from 250 to 500 µm. Some 300 mg
of zeolite or alumina was placed in a single pass flow reactor system with an
internal diameter of 4 mm. This reactor was placed inside a tubular furnace,
capable of reducing temperature gradients along the reactor to less than 0.1°C.
The reactor temperature was varied between 130 and 450°C.

4.3.3 Zeolites, Pt loading and characterization
A wide range of acidic zeolites has been studied. They are H-ZSM5, HZSM22,
H-Mordenite and H-BETA. The main differences are pore structure and pore
size and their corresponding adsorptive capacity, heat of adsorption and
diffusion properties of alkanes that are applied to them. Table 4.1 gives an
overview of the zeolites used and their properties, Table 2 gives the molecular
dimensions of alkanes and the resulting dimensionality of the zeolites.
Zeolite

H-Beta

IZA
structure
code
*BEA

H-ZSM5

MFI

H-Mordenite

MOR

H-ZSM22

TON

direction,
T-atoms/ring and
pore size (Å)
[001] 12 5.5×5.6
[100] 12 7.6×6.4
[010] 10 5.3×5.6
[100] 10 5.1×5.5
[001] 12 6.5×7.0
[010] 8 2.6×5.7
[001] 10 4.4×5.5

Si/Al

KH

∆Hads

n-C6

n-C6

Wt%
Pt

573 K

(kJ/mole)

12.5

8e-5

63

Crystal
size
(µm)
1

28

1e-5

69

3

0.5

10

8e-5

67

5

2

28

3e-6

75

1

0.3

1.6

Table 4.1 Overview of all zeolites investigated and their most relevant properties. The
dimensional properties were obtained from [IZA] For hexane the Henry constant, heat
of adsorption, diffusion constant and activation energy for diffusion are given
[Denayer]. The zeolites have been ordered from wide pore/2D to narrow pore 1D, which
is an direct measure for the mobility of the alkanes in the respective type of structure.
Though mordenite in principle has a two dimensional pore structure, effectively it is 1
dimensional since only the [001] channel is larger that the diameter of hexane (4.5 Å).

The preparation of the zeolite samples was as follows [VdBroek][Runstraat]. A
batch of Na-zeolite is first calcined up to 550 °C to remove the template. The Hzeolite was formed by triple exchange with NH4NO3 followed by calcination in
dry air up to 500 °C. [Pt(NH3)4H-zeolite] was prepared by ion exchange
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following literature methods [Homeyer]. A dilute solution of [Pt(NH3)4](OH2)
was added as droplets to a stirred H-zeolite slurry. After 24 hours of stirring at
room temperature, the slurry was filtered and washed twice with doubly
deionised water.
molecule

n-hexane
2-methyl pentane
2,2-Dimethyl butane

molecule
dimensions

3.9×4.3×9.1
4.6×5.8×8.6
5.9×6.2×6.7

pore size dependent
mobility in zeolite type
BETA
3D
1D
1D

ZSM5
3D
0D
0D

Mordenite
1D
1D
1D

ZSM22
1D
0D
0D

Table 4.2 Molecular dimensions of hydrocarbon adsorbates at room temperature,
estimated form Courtauld space filling models [Wu]. The first two parameters are
obviously critical for the transport through the zeolite channels.

The stoichiometric composition of the samples was determined using Atomic
Adsorption Spectrometry (AAS). In such way, the Si/Al ratio can be determined
and the amount of Pt in the sample. A measure for the dispersion of the Pt was
obtained from hydrogen adsorption. The zeolite crystal size was determined
with a Scanning Electron Microscope (SEM).

4.3.4. Experimental procedures
All zeolite samples were reduced at 400 °C in hydrogen to remove any alkane
species from the zeolite and Pt surfaces. When an experiment is described as
being performed on a preconditioned sample, this means that a steady state
isomerisation of C6/H2 at 240 °C has been running before the labelled alkanes
are injected. Otherwise, the sample only has been reduced in hydrogen.
The transient experiments consist of two phases we call injection and
deprotonation.
The injection experiment consists of an injection of a pulse of 11C-labelled
hexane into He (without a steady state flow of unlabelled hexane). In principle
all injected hexane molecules either remain irreversible chemisorbed on the
acid sites in a protonated form (the Pt has catalysed their conversion to an
olefin), or leave the reactor without being protonated as they remain in the
paraffinic form. This chemisorption is of course not completely irreversible. In
the absence of hydrogen though, the deprotonated species will not hydrogenate
on the Pt sites. The olefin will directly protonate again at another acid site. The
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equilibrium thus is strongly biased towards protonation. In the absence of
hydrogen, the relatively high alkene concentration favours oligomerisation and
alkylation reactions on the acid sites.
The deprotonation experiment starts after an injection experiment with the
labelled alkanes still adsorbed in the reactor. The deprotonation is started by
replacing the helium by a hydrogen flow. The chemical equilibrium then shifts
towards the paraffinic form of C6, which does not protonate. Ideally, all alkanes
formed will subsequently leave the reactor. The deprotonation reaction has also
been studied with a constantly rising temperature. This type of experiment will
be referred to as a TPR experiment (Temperature Programmed Reaction).
Deprotonation experiments performed at a constant temperature are called
CTR experiments (Constant Temperature Reaction).

4.4 General shape of the measured PEP image
The general shape of a PEP image, after injection of a pulse of a
alkane without reaction, is shown in Figure 4.6.

11C

labelled

time (s)

1000

500

0

0

1

2
3
position (cm)

4

5

Figure 4.6 Injection of a pulse of 11C6 in hydrogen on H-Beta without Pt at 150 °C. The
pulse passes without reacting and with a retention time as given by Equation 4.1, which
mainly is a function of adsorption, expressed by the Henry constant KH. The broadening
of the peak is determined by axial dispersion and macropore diffusion limitation,
Equation 4.2. Details of these equations can be found in [Noordhoek] (or chapter 3 of
this thesis).

Since the pulse was injected on a sample without Pt, the dehydrogenation step
is absent and no reaction occurs. The pulse that was injected in a hydrogen
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flow of 150 ml/min has a Full Width Half Maximum (FWHM) of 2 s. The pulse
is delayed by adsorption, resulting in the retention time µ given by the
following Equation. A typical value is for µ is 100 seconds.

µ=

[

(

)

]

L
ε z + (1 − ε z )ε y + (1 − ε z ) 1 − ε y ε x (1 + K a )
Vsup

(4.1)

The broadening of the pulse is σ2, in which the first term accounts for axial
dispersion, the second for film transfer, the third for macropore diffusion and
the fourth for micropore diffusion. Under our experimental conditions, axial
dispersion and macropore diffusion are the dominant terms for the large pore
zeolites (>5 Å) with small crystal diameters (<5 µm). Only for very narrow pore
zeolites (small Dy), or very large crystal zeolites (large Ry), the micropore
contribution to the peak broadening is significant and can be used to determine
the micropore diffusivity [Noordhoek].

L
σ =  bed
 vsup

v Ry
2 sup
2

3

Lbed k f

2
15

2
15

vsup R y2
Lbed D y

2

 2 Dz
[
(ε + (1 − ε z )(1 − ε y )ε x + (1 − ε z )(1 − ε y )ε x K a ) +
 vsup Lbed z


(1 − ε z )[ε y + (1 − ε z )(1 − ε y )ε x + (1 − ε z )(1 − ε y )ε x K a ]2 +

(1 − ε z )[ε y + (1 − ε y )ε x + (1 − ε y )ε x K a ]2 +

(

)

vsup Rx2
(1 − ε z ) 1 − ε y ε x2 (1 + K a ) 2 ]
Lbed D x

(4.2)

The result of using another alkane can easily be predicted from these
equations. Since the logarithm of the Henry constant, equal to the Gibbs
energy of adsorption, is proportional to the chain length, the retention time of
Cn is an exponential function of n [Eder]. A result is that short alkanes (C1,C2,
C3) have a much smaller retention time and longer alkanes (C8+) are practically
irreversibly adsorbed in the zeolite packed bed compared to hexane. Branched
isomers generally have a shorter retention time than the linear alkane. To
illustrate this Table 4.3 shows the Henry constants for a number of linear and
branched alkanes on ZSM5, Mordenite and ZSM22, values taken from
[Denayer]. Together with Equation 4.1 this gives an idea of their relative
retention times that are proportional the Henry’s constant.
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K’( mol/kgPa)

n-pentane
2-methyl butane
n-hexane
2-methyl pentane
n-heptane
2-methyl hexane
n-octane

ZSM-5

MOR

ZSM-22

4.7·10-6
3.3·10-6
9.7·10-6
6.7·10-6
2.0·10-5
1.1·10-5
3.9·10-5

2.2·10-5
1.4·10-5
7.7·10-5
4.0·10-5
2.7·10-4
1.4·10-4
9.0·10-4

1.3·10-6
3.2·10-7
2.6·10-6
5.4·10-7
4.7·10-6
8.7·10-7
8.8·10-6

Table 4.3 The Henry constants on three different zeolites at 573 K for n-C5..C8 and some
of their isomers. Together with Equation 4.1 this gives an estimate for the relative
retention times of alkanes in the packed bed.

When a Pt-loaded acidic zeolite is used and the hexane pulse is injected into
helium, the dehydrogenation step becomes possible. The result is that part of
the pulse passes unreacted through the bed and part is dehydrogenated and
protonated. In the protonated form, the alkenes are practically irreversibly
adsorbed, since the rate of hydrogenation is zero in the absence of hydrogen.
The adsorbed hydrocarbon fraction can be seen as the remaining image at the
end of the experiment. Unfortunately PEP can only observe the 11C labels, but
not to what hydrocarbon species these labels are part of. (see Figure 4.7)
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Figure 4.7 Injection of a pulse of 11C labelled hexane into a 75 ml/min flow of helium on
Pt/H-Beta at 240 °C. Part of the hexane is irreversibly adsorbed after dehydrogenation.
Part passes unreacted and also part is cracked and leaves the reactor with a retention
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When the helium flow is replaced by a hydrogen flow, the hydrogenation
pathway is opened and desorption will occur. The olefins will quickly
rehydrogenate on the Pt sites, resulting in paraffins that do not easily adsorb
on the acid sites. In the absence of the side reactions mentioned before, the
adsorbed fraction consists for 100% of protonated hexane and now leaves the
reactor with a rate that is determined by the rates of deprotonation and
hydrogenation and the retention time of the reactor. Of course only one of these
factors really will be rate determining for the overall desorption reaction (see
Figure 4.8).
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Figure 4.8 After injection, the helium flow is replaced by a hydrogen flow. This should
open the reaction pathway to hydrogenation on the platinum. Since the hexane/hexene
balance will be strongly on the hexane site, the alkoxy species will deprotonate and
subsequently hydrogenate. The formed hexane will leave the reactor in a way that is
similar to the image without reaction, with a similar retention time. Apparently under
these conditions, all alkoxy species present are instantaneously removed from the acid
site and hydrogenated. The shape of the pulse leaving the reactor is thus mainly
determined by the mass transport properties of hexane in the BETA zeolite. A fraction
of the injected species seems to be irreversibly adsorbed. This fraction can only be
removed by waiting very much longer than the retention time of hexane. These species
could be coke or oligomers. Remember that the retention time of alkanes is an
exponential function of the alkane number.

4.5. Interpretation of the PEP experiments
One way in which the PEP experiments can be interpreted is from the first and
second moments of the measured concentrations as a function of time. This
requires a model that can be solved analytically. Then the moments can also be
calculated analytically. Even for the relatively “simple” mass transport model
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of Haynes [Noordhoek], this is a daunting task. Let alone try this for a model
that has been expanded with kinetic terms modelling the hydrogenation and
the protonation steps.
In a previous publication a numerical model was described to study mass
transfer of alkanes in zeolites [Noordhoek]. With this model, the mass
transport is described by solving the time-dependent mass balances for the
hexane in the bed, the macro- and micropores. This involves solving a set of
three coupled partial differential equations. By modelling the contributions for
bed and macropore diffusion and fitting the model to experiments, values for
the micropore diffusion coefficient could be obtained. Furthermore, some
insight could be gained on the relative contributions of the different mass
transport processes and the presence of diffusion limitations. From this study it
was concluded that axial and macropore diffusion were determining the shape
of the measured profiles, and that no diffusion limitations occurred in the
micropores. This suggests that a simpler model can be used to describe the
mass transport.
In the article of Raghavan and Ruthven [Raghavan], a comparison is made
between the full macro- and micropore diffusion model and the so-called linear
driving force (LDF) model, commonly used in engineering analysis. It treats the
bed as if it consists of porous particles with an average sorbate
concentration, q , and an effective mass transfer coefficient, k, instead of a
biporous structure. The gas phase concentration in the bed, Cz, is given by:

∂C z Dz ∂ 2Cz vsup ∂Cz  1 − ε z  ∂q

=
−
−
∂t
ε z ∂z 2
ε z ∂z  ε z  ∂t

(4.3)

in which z is the axial coordinate, vsup is the superficial velocity and εz is 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 sorbate
concentration depends linearly on the difference between the gas phase
concentration in the pellets and in the bed. This is expressed by the following
equation:

∂q
= k (C z − C p )
∂t

(4.4)
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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
through the adsorption constant on pellet volume basis, Kp:

[

(

]

)

q = ε y + 1 − ε y ε x (1 + K a ) C p = K p C p

(4.5)

in which εy is the macroparticle porosity and εx the microparticle porosity, and
thus equals the total average gas and adsorbed phase concentration in both the
macro- and micropores. The value for the effective mass transfer resistance
coefficient is built up from contributions of the external film, the macroparticles
and the microparticles to the total mass transfer resistance [Raghavan]:
Ry2
Rx2
1 Ry
=
+
+
k 3k f 15Dy 15Dx 1 − ε y

(

)

(4.6)

In this equation, Ry is the macroparticle radius, kf the external film mass
transfer coefficient, Dy, the macroparticle diffusion coefficient, Rx the
microparticle radius and Dx, the microparticle diffusion coefficient. Values for
these parameters were obtained in previous studies [Noordhoek][Anderson2].
The model was solved numerically using the numerical method of lines
[Schiesser] see also chapter 3. The axial coordinate z was discretised in 50
gridpoints, and the derivatives of the concentration with respect to the spatial
coordinate were approximated by finite differences. In this way, the partial
differential equation is converted to an ordinary differential equation, which
can be readily solved using standard subroutines (e.g. in the NAG Fortran
library). In this way, the bed and adsorbed phase concentration can be
calculated as a function of time and position.
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 macropore model. Figure 4.9 shows the chromatograms at
the two different positions 2 and 8 (of the 17 positions) in the reactor,
simulated using the input parameters of H-ZSM-5. The data denoted by
triangles was calculated using the full micropore-macropore diffusion model,
the lines show the chromatograms resulting from the LDF model. As can be
seen from this Figure, there is an excellent agreement between these two
models. Kärger and Ruthven [Kärger] stated that as long as the dimensionless
bed length k⋅vsup/L>20, the LDF model works very well. The dimensionless bed
length for our system was >30 and the linear driving force approximation can
thus be safely used.
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Figure 4.9 This comparison between the results from the full mass transport model of
Haynes and the Linear Driving Force model show, that when the number of theoretical
plates is less than 30, the results of the two models agree very well, even though the LDF
model is much simpler.

As the PEP detector images all phases within the column, both the gas phase
in the bed as well as the average sorbate concentration contribute to the
measured PEP profiles. The measured concentration at point z is therefore
given by:

C ( z i , t ) = ε z C z + (1 − ε z )q

(4.7)

The PEP detector however measures the concentration in a finite volume ∆V
associated with the position resolution of the detection system, So that the
measured concentration at detector position i equals:

C meas ( z i , t ) =

πR
∆V

2
tube

1
zi + ∆z
2

∫ C (z, t ) dz

(4.8)

1
zi − ∆z
2

in which Rtube is the radius of the reactor tube and ∆z the width of the detection
volume. Due to the discrete nature of the solution, this equation was integrated
numerically using the rectangle rule [Kreyszig].
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4.5.1 Reaction mechanism in the absence of hydrogen
The isomerisation reaction is normally carried out by feeding a mixture of
hydrogen and n-hexane over a platinum-loaded zeolite at temperatures of
240°C to 300°C. Hydrogen is needed for the hydrogenation of the n-hexene and
i-hexene species formed on the catalyst surface. By replacing the hydrogen with
a helium flow this last reaction step is prohibited, resulting in the following
reaction scheme:
Pt

H+

H+

n − C6 H14 → n − C6 H12 + H 2 ↔ n − C6 H13+ ↔ i − C6 H13+ ↔ i − C6 H12

(4.9)

Once the adsorbed n-hexane is dehydrogenated on a platinum site it is trapped
on the catalyst surface. Both 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 formed by
isomerisation of the n-alkoxy species. Due to the strength of the adsorption of
the alkoxy species, the majority of the species will be adsorbed on the acid sites.
Although adsorbed species can travel to neighbouring sites, these distances are
short relative to the resolution of the detector. Effectively, the dehydrogenation
step thus determines the activity distribution in the reactor.
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 subject. The dehydrogenation reaction can be described with
a three-step reaction mechanism, called the Horiuti-Polanyi mechanism
[Polanyi]. Firstly, an adsorbed n- hexane molecule is transported to a nearby
platinum site:

ZEO − n − C6 H 14 + Pt ↔ Pt − n − C6 H 14 + ZEO

(4.10)

The hydrogen atoms are then extracted further one by one:

Pt − n − C6 H 14 + Pt ↔ Pt − n − C6 H 13 + Pt − H

(4.11)

Pt − n − C6 H13 + 2 Pt → Pt2 − n − C6 H12 + Pt − H

(4.12)
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Associative desorption of the hydrogen then occurs, after which the hydrogen is
quickly removed from the reactor. A somewhat simpler reaction mechanism
was used by Van de Runstraat [Runstraat] to model the overall reaction
process. In this model, the dehydrogenation was assumed to proceed through a
one-step mechanism:

Pt − n − C6 H 14 + Pt → Pt 2 − n − C6 H 12 + H 2

(4.13)

4.5.2 Modelling the dehydrogenation experiments
Equation 13 gives a simplified reaction scheme for the dehydrogenation of
hexane on the platinum 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:
Pt
n − C6 H 14 (ads ) →
n − C6 H 12 (ads ) + H 2

(4.14)

The n-hexene formed on the platinum sites can then further react to form
zeolitic alkoxy species. Hydrogenolysis reactions, leading mainly to methane
and pentane, are not taken into account. As the catalyst has been
preconditioned by exposure to unlabelled n-hexane/hydrogen mixtures for at
least 30 minutes prior to injection of the labelled pulse into helium, a sufficient
carbonaceous overlayer exists on the catalyst to prevent these cracking
reactions. [VanSanten].
To incorporate reaction equation 13 in the model, the LDF equations have to be
extended to include an additional immobilised 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:

Kp

∂C p
∂C
= k (C z − C p ) − (1 − ε y )ε x im
∂t
∂t

(4.15)

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

∂Cim
= kim [C6 H14 (ads )] = kim K a C p
∂t

(4.16)

The reaction constant kim accounts for both the transport step from the zeolite
adsorption site to the platinum site as the actual dehydrogenation reaction.
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, catalysed by Pt, for the complete reaction
described by equations 10 and 13 can be written as:

dθ Pt2C6 H12
dt

f
= k deh
⋅ K trans ⋅ θ Pt2 ⋅ p hexane

(4.17)

in which kdehf is the reaction constant for Equation 12 (in moles/m2s) and
Ktrans=ktransf/ktransb is the equilibrium constant for transport between the zeolite
adsorption site and the platinum site. ktransf and ktransb are the reaction
constants for the forward and backward reaction in equation 10.

4.5.3 Modelling the deprotonation reaction
When hydrogen is added, any hexenes formed by the deprotonation of the
carbocation intermediates are rapidly hydrogenated to hexane on the available
platinum sites. The deprotonation of the trapped hydrocarbons is therefore
driven to completion resulting in the release of 11C labelled hexane molecules
and the following reaction sequence occurs:

C6 H13+ ( Acid ) → C6 H12 (Pt ) + H 2 → C6 H14 (ads ) → C6 H14 ( g )

(4.18)

Once the hexane is formed, it is quickly removed from the reactor in the
hydrogen flow. The species formed on the acid sites are very stable, resulting in
a high energy barrier for the removal of these species. Therefore, the
deprotonation of these carbocations is most likely to be the rate-determining
step in the reaction sequence.
Assuming that the deprotonation step is rate-determining, the entire reaction
can be regarded as a single irreversible unimolecular desorption process. The
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rate of desorption of the adsorbed species can then be described by a first-order
rate equation:

∂Cim
= −k d (T ) ⋅ Cim
∂t

(4.19)

in which kd(T) is the rate constant for deprotonation and Cads is the
concentration of the adsorbed carbocations. The temperature dependence of the
rate constant is given by the Arrhenius equation:

 E 
k d (T ) = ν ⋅ exp − a , d 
 Rg T 



(4.20)

in which ν is the pre-exponential factor, Ea,d is the activation energy for
deprotonation and Rg is the gas constant. The model now has to be modified to
account for the desorption of trapped reaction products:

∂C p
∂Cim
∂q
= Kp
= k (C z − C p ) − (1 − ε y )ε x
∂t
∂t
∂t

(4.21)

At the start of the experiment, only adsorbed carbocations are present in the
bed, and Cads is given by:

Cim ( z ,0) = f (z )
in which f(z) is the initial (t=0) activity distribution which can be measured
using the PEP detector.
The initial desorption rate equals:

∂Cim
(z,0) = −k d ⋅ Cim (z ,0)
∂t

(4.22)

the change of the pellet concentration at t=0 is determined by the initial rate of
desorption, and the change of the fluid phase concentration equals zero as no
concentration gradients yet exist:

Kp

∂C p
(z,0) = (1 − ε y )ε x ⋅ kd ⋅ Cads (z,0)
∂t

(4.23)
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∂C z
( z ,0 ) = 0
∂t

(4.24)

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

4.5.4 Getting reaction determined profiles
Obviously in order to obtain kinetic results from the PEP experiments it is
essential that the shape of the profiles is to a great extent determined by
reaction. An elegant way to analyse this, would be to set up an equation for the
first and second moment of the measured profiles. Then, simply by comparing
the relative contributions from mass transport and reaction kinetics to these
moments, the influence of reaction kinetics can be calculated.
For the injection experiments, it is obvious from the difference between the
images without and with reaction, that the reaction has a significant influence
on the shape of the profiles.
Since the estimates for the deprotonation energy vary over a range from 140
kJ/mole in older publications [Kazansky][Blaskowski] to 47 kJ/mole in more
recent publications [VanSanten2], it is useful to develop a tool for estimating
the relative importance of mass transport and reaction kinetics.
This can be done by comparing the retention time to the reciprocal of the rate
of deprotonation. When a first order desorption process is assumed for the
deprotonation reaction a measure for the rate would be of the form:

r = ν ⋅ exp(− Eact , deprot / kT )

(4.25)

Figure 4.10 shows a graph that is an indication for the range of ν and Eact, deprot,
which will result in a reaction that will occur on a time scale of seconds rather
than milliseconds or hours.
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Figure 4.10 From this graph the range of pre-exponential factors and activation energies
for deprotonation can be derived, which will result in an experiment with the reaction
rate has value that is matched to the time result in of the PEP detector. For example:
when experiments are performed at 200 °C and the pre-exponential factor is estimated
to be 1013, the graph shows that the activation energy has to be at least 120 kJ/mole to
get a useful PEP experiment.

The isotherms connect points for which the combination of the pre-exponential
factor and activation energy result in a practical rate of reaction for PEP at the
same temperature. The boundary condition is the minimum binning time of the
PEP detector. Currently only one concentration profile can be made per 0.5
seconds. This value depends on the maximum count-rate of the PEP detector: a
minimum of counts within the binning time is needed for determining a
concentration profile with sufficient accuracy. As a guideline, an experiment
with the reaction completing in more than at least 10 binning times is useful
for interpretation.
The second boundary condition is that the time scale of the transport to the
reactor exit should be shorter than the time scale of the reaction process.

4.6 Results
4.6.1 The dehydrogenation experiments
The dehydrogenation model was used to fit the data obtained during the
injection experiments. The reaction constant, kdeh, and the adsorption constant
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were used as fit parameters. The experiments were performed on (0.5 wt%)
Pt/H-Mordenite and particular care was taken that the preconditioning was
equal for each experiment. As an example simulated and measured results are
shown in Figure 4.12-a..d. The images show the injection of a pulse of 11C
labelled n-hexane in a 75 ml/min helium flow on a 2% Pt/H-Mordenite sample
at 220 °C and 260 °C respectively.
Measurements were performed at four different temperatures and the
temperature dependence of the fitted reaction constant was used to determine
the activation energy. The resulting Arrhenius plot is shown in Figure 4.11.
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Figure 4.11 Arrhenius plot for the reaction constant for dehydrogenation kdeh, for (0.5
wt% Pt) H-Mordenite.

From the slope of this plot, a value of 98 ± 15 kJ/mole was found for the
activation energy of the dehydrogenation reaction, which in essence is the
effective activation energy for alkoxy formation. As can be seen from Table 4.4,
Van de Runstraat gives an activation energy of 40 to 55 kJ/mole for the
dehydrogenation reaction given in Equation 12, depending on the alkene
formed after dehydrogenation. This value is significantly lower than the value
obtained in this study.
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reactant

product

n-hexane(ads)
n-hexane(Pt)

n-hexane(Pt)
n-hexane(ads)

ν
(moles/m2s)
2.9·108
2.9·108

Eact
(kJ/mole)
24
25

k (at T=230 °C)
(moles/m2s)
9.9·105
7.3·105

Table 4.4 The rate parameters for transport to the Pt site and dehydrogenation as found
in [Runstraat3].

This difference can be explained from the side reactions that affect the
measured value. Coke formation after dehydrogenation is not a problem since
this also results in an irreversible adsorption, but hydrogenolysis is likely to
affect the measurements and modelling parameters. The short product of
hydrogenolysis will have much smaller retention time than hexane, and
therefore produces a very different distribution in the zeolite bed.
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Figure 4.12-a Measured PEP image of an
injection of 11-C labelled n-hexane in a helium
flow of 75 ml/min at 220 °C on 2 wt% Pt/HMordenite.
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Figure 4.12-b. The simulated PEP image of
an injection of 11-C labelled n-hexane in a
helium flow of 75 ml/min at 220 °C on 2 wt%
Pt/H-Mordenite.
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Figure 4.12-c Measured PEP image of an
injection of 11-C labelled n-hexane in a helium
flow of 75 ml/min at 260 °C on 2 wt% Pt/HMordenite.
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Figure 4.12-d Simulated PEP image of an
injection of 11-C labelled n-hexane in a
helium flow of 75 ml/min at 260 °C on 2 wt%
Pt/H-Mordenite.
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4.6.2 Deprotonation results
The TPR experiments
In the classical TPR experiment the reactor is heated to create a linear rise in
temperature as a function of time, while a detector measures the effluent
stream as function of reactor temperature. Ideally, with a high carrier gas flow
rate, the detector response is proportional to the rate of desorption, if diffusion
and readsorption are not limiting [Falconer]. Then the activation energy can be
obtained from:

2 ln(Tmaximum ) − ln( β ) =

Ed
RTmaximum

 E
+ ln d
 Rν des






(4.26)

In this equation Tmaximum is the temperature of maximum desorption, β is the
heating rate (in K/s), R is the gas constant, Ed is the activation energy for
desorption and νdes is the pre-exponential factor for desorption. By plotting the
left hand side of this equation against 1/Tmaximum for different heating rates, a
value for the activation energy can even be obtained without having to assume
some pre-exponential factor.
TPR experiments were carried out at after injection in helium at 240 °C at
different temperature ramp rates. From a plot of the total activity on the bed as
a function of temperature, Tmaximum was obtained. For H-Mordenite a value of
61±8 kJ/mole was obtained and similar results were obtained on H-Y, H-Beta
and H-ZSM5.
However, in the case of readsorption the product may readsorb on the
downstream catalyst before the product is swept free of the bed by the carrier
gas stream, resulting in an incorrect value of the activation energy because
readsorption shifts Tmaximum to higher temperatures. Demmin and Gorte
[Demmin] devised a set of design parameters for “minimising difficulties” in
TPD (Temperature Programmed Desorption) experiments. These experiments
were aimed at obtaining heats of adsorption in packed beds and are therefore
fundamentally different from our TPR experiment in which desorption from the
bed is preceded by a deprotonation step. This deprotonation step has to be rate
determining. What can be learned from the design parameters from Demmin
and Gorte, is that our system is far from ideal for performing TPD experiments.
Consequently there are two possibilities: either transport is rate determining
and an incorrect heat of adsorption results or deprotonation is rate determining
and possibly a correct value for the activation energy for deprotonation is
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found. More clarity on this can be obtained when an estimate is made of the
rate of reaction with an activation energy that is close to the value of 61
kJ/mole. A pre-exponential factor has to be assumed. A typical value for the
deprotonation reaction would be 1013-1015 s-1. This results in a rate of

E 
r = ν exp act 
 RT 

(4.27)

which has a value of at least 8·106 s-1 at 240 °C , which indicates that
deprotonation takes place on a much smaller time scale than the transport to
the exit of the reactor (that is in the order of 100 s). The obtained value of 61
kJ/mole must therefore be an incorrect value for the heat of adsorption and is
affected by readsorption. Literature is quite unanimous that the real value for
the heat of adsorption of n-hexane on Mordenite is 67 kJ/mole
[Eder][Denayer][Noordhoek] and the value of iso-hexane is only a few kJ/mole
lower.

The Constant Temperature Reaction (CTR) experiments
If the deprotonation is rate determining and the deprotonation is a simple first
order desorption process, the activation energy can also be obtained from an
Arrhenius plot. An injection experiment is performed after which at a constant
temperature hydrogen is added.
When the logarithm of the total activity is displayed as a function of time, a
linear slope should appear, which is proportional to the reaction constant
Figure 4.13. shows these curves for reduced H-Mordenite at three different
temperatures.
When the reaction constant is plotted in an Arrhenius plot (Figure 4.14), the
slope of this plot should give the activation energy and the abscissa the preexponential factor. For reduced H-Mordenite, the obtained value was 110 ± 10
kJ/mole and (1.0 ± 0.5)⋅108. For propane a value of 112 ± 10 kJ/mole resulted
and (0.8 ± 0.5)⋅108 . It is not surprising that the activation energies are similar,
since it does not depend on chain length [Kazansky], but the low values for the
pre-exponential factor indicate that they do not result from a deprotonation
reaction (Table 4.5), which would be around 1013. As a check an experiment on
freshly reduced (0.5 wt% Pt/Al) was performed, which does not contain acid
sites. This resulted in similar desorption rates, supporting the idea that the
desorption observed is from species chemisorbed on the Pt sites.
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sample
Pt/Al2O3
Pt/H-Mordenite
Pt/H-Mordenite
Pt/H-Mordenite
Pt/H-ZSM5
Pt/H-ZSM5

T range
(°C)
260-280
240-340
280-340
290-340
140-240
130-170

alkane

precondition

Eapp
(kJ/mole)

C6
C6
C4
C3
C6
C4

reduced
reduced
reduced
reduced
preconditioned
preconditioned

162
120
82
102
52
20

ν
(s-1)
4·1012
5·108
2·105
2·105
1e4
1

Table 4.5 The apparent activation energies for hydrogenation at high temperatures. The
value found indicates that carbonaceous species are desorbed from metal (Pt). For
comparison the same experiment was performed on a Pt/Al2O3 sample giving a similar
value. The values for ZSM5 are probably influenced by the long retention times at these
much lower temperatures.

When this experiment is performed on a preconditioned sample of H-ZSM5, a
significant amount of activity remains adsorbed in the bed. Even after
increasing the temperature to 400 °C, not all is removed. An Arrhenius plot
still can be made when the activity remaining at the end of the experiment is
subtracted as a “background”. The results are displayed in Table 4.5.

Fitting the reactor model
When the full mass transport/reaction kinetics model is fitted to the measured
profiles readsorption is taken into account. Further, to prevent the situation in
which desorption from chemisorbed hydrocarbons from the Pt sites is
dominant, the samples were preconditioned with a steady state reaction of a
hexane and H2 mixture. The zeolite samples used were H-ZSM22, H-ZSM5, HMordenite and H-BETA. After applying hydrogen, a large difference is seen for
these zeolites. The H-ZSM22 sample hardly releases any of its activity, HMordenite just a small fraction, H-ZSM5 about 40% and H-BETA more than
50%. This effect is a direct reflection of the pore structure of the different
zeolites. If the amount of carbonaceous species formed in all samples is the
same, their effect will differ in the amount of pore blocking that results. The
narrow pores of H-ZSM22 fully block, the one-dimensional pore structure of HMordenite also suffers from blocking, while the more open 3D structure of HZSM5 allows for some desorption. Finally, H-BETA, which has the most open
structure releases the most activity.
The model could be fitted to the experiments for H-ZSM5 and H-BETA, which
released enough activity for a sufficiently accurate fit. The activity that
remains at the end of the experiment was subtracted from the measured
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concentrations as background term. Sufficiently low temperatures (<190°C)
were used to ensure that the desorption of the strongly chemisorbed species
during the experiment can be neglected. To obtain a pre-exponential factor for
the deprotonation, experiments were fitted at several temperatures. Such a
single fit for H-ZSM5 is shown in Figure 4.13
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Figure 4.13 Fit of a deprotonation experiment on H-ZSM5 at 160 ºC. The Model gives a
good description of the experiment. For long retention times hoiwever, a second peak
seems to appear.

For H-ZSM5 the values that are found are 142 ± 5 kJ/mole and (1.0±0.5) 1015 s1,
while the fit of the H-BETA profiles did not show any sensitivity to a reaction
contribution, indicating that the shape of the measured concentration profiles
were purely dominated by mass transport. This poses questions on the results
for the H-ZSM5. The relevant differences between the H-ZSM5 and H-BETA
samples are pore structure and size and Pt loading. The more narrow pore
structure of ZSM5 may suffer more from blocking. Also in the profiles for ZSM5
further downstream in the reactor a second pulse seems to form. From
calculating the expected retention time for isomers of C7 it seemed likely that
this was iso-C7. The model does not account for this effect, but C7 appears to
broaden the desorption, which in fitting the model results in an apparent
deprotonation contribution to the peak width (see also Table 4.5). It must be
noted that the value of Ka had to be adjusted to match the retention times of
experiment and model. This adjustment also depended on the temperature at
which the desorption experiment was performed. Most likely, this compensates
for a reduced retention volume due to coke formation.

82

In Situ Study of Alkane Conversions on Pt-loaded Acidic Zeolites

4.6.3 Cracking and coke formation
The amount of activity that remains adsorbed after the deprotonation
experiment is likely to consist of carbonaceous species or oligomers that were
formed during injection. The temperatures at which they can be removed with
hydrogen are possibly informative on the kind of these species. A raise of oven
temperature to 400 °C while flushing with hydrogen showed that these species
are typically removed at temperatures higher than 300 °C. Since the presence
of these species deteriorates the accuracy at which a deprotonation rate can be
measured, a lot of effort was spent to minimise the formation of these species.
By using a smaller wt% of Pt and using a Pt/Sn alloy instead of pure Pt, the
metal catalysed cracking could be reduced. Also by executing a steady state
reaction of hexane and hydrogen for a prolonged time before the pulse injection,
the cracking can be reduced. As mentioned before, a carbonaceous overlayer on
the Pt clusters is thought to result from this preconditioning [VanSanten]. This
would reduce the number of neighbouring Pt sites and thus the cracking rate
without suppressing the dehydrogenation reaction rate itself.
Coke deposition in the pores may cause pore blocking, which causes
deactivation for isomerisation under steady state [Bond&Ponec]. Therefore, it
is interesting to study the relation between pore size/structure and the relative
ease with which the protonated fraction is removed in the presence of
hydrogen. The removal of the “coke” by increase of the oven temperature is a
function of the pore size. Beta and Mordenite release their coke at 350 °C.
However ZSM22 hardly releases its coke, even at 400 °C. This may be related
to the small 1-dimensional micropores of ZSM22 (10-rings) compared to the
larger 1-dimensional Mordenite micropores (12-rings) and the larger 3dimensional micropores of ZSM5 (12-rings).
To illustrate the importance of cracking during injection at the temperatures
used (240 °C typical) the results of the product analysis of an injection of 11C6 in
hydrogen on a reduced Pt/H-Mordenite sample is given. At 150 °C, the products
that leave the reactor mainly consist of C6. When the temperature is
subsequently increased in steps to 230 °C, the product distribution shifts to C1
and C2 indicating metal cracking.
At high temperatures the rate of coke removal is high enough to determine its
activation energy. Also the retention time is small compared to the experiment
duration, which means that the desorption rate is not influenced by the
retention time in the bed. By assuming a first order rate of desorption, the
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apparent activation energy can be determined from the Arrhenius plot of the
desorption rate. For H-Mordenite a value of 120 kJ/mole with a pre-exponential
factor of 4.5·108 was found. For comparison, a similar experiment with C6 was
performed on Pt-SiO2/Al2O3, which only has the metal function. This gave a
value of 160 kJ/mole with a pre-exponential factor of 4·1012. This high
activation energy is an indication that hydrogenation from the metal sites is
observed instead of a deprotonation from an acid site. Table 4.5 compiles
measured rate parameters for several zeolites and alkanes.

4.6.4 The n-/iso-alkane balance
By varying the time between the injection and the switch to hydrogen and
analysing the product distribution of the labelled alkanes, an attempt was
made to measure the elementary rate of the isomerisation of hexane. The time
difference was varied between 30 s and 5 minutes. The product ratio n/iso
hexane that was found in the product stream was always equal to the
thermodynamic equilibrium, which indicates that establishing isomerisation
equilibrium on the acid sites is very rapid at these temperatures.
Interestingly the product distribution shows more shorter products after more
experiments have been performed. This indicates that the beneficial effect of
the preconditioning treatment of the first experiment is slowly diminished by
the hydrogen flow that removed the carbonaceous overlayer from the Pt
clusters.

4.7 Conclusions
We have shown that with PEP we are capable of imaging in situ reactions
under typical operating conditions. By replacing the hydrogen feed with helium
and injecting a labelled pulse in the reactor dehydrogenation could be studied
separately. By fitting a reactor model that includes mass transport and
reaction to the profiles, measured at different temperatures, a value for the
activation energy for dehydrogenation could be found. This value deviates from
the values typically found in literature. An explanation may be that the model
does not account for the complex side reactions on the Pt sites and the acid
sites that affect the activity distribution since the products have different mass
transport and reaction properties. In addition, it proved difficult to reproduce
the effects of the preconditioning treatment.
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Ideally, the products of the injection experiment are only protonated hexane
isomers. By replacing helium by hydrogen again, the reaction pathway towards
deprotonation is opened. From the PEP images and (radio) GC analysis of the
products at 240 °C, it was clear that a large part of the products consisted of
hexane. This is a strong indication that the theoretical reaction mechanism of a
stable protonated species on the surface exists. There was however a large
difference in the part of the total activity, that could be removed by applying
hydrogen. A strong correlation was observed with the pore structure of the
zeolites. The more limited the dimensionality and the narrower the pores, the
less activity was released indicating that pore blocking plays an important role.
Since standard techniques such as TPR are not valid, when mass transport
affects the rate of reaction, a full mass transfer reaction and reaction model
was fitted to the measured concentration profiles. TPR however reveals at what
temperatures the carbonaceous residues can be removed. The high temperature
(>350 °C) at which they were released indicated that they consist of highly
dehydrogenated carbonaceous species. Apparently, the degree of deactivation is
not a direct measure for the degree of coke formation. Of major importance is
the structure of the zeolite, which together with the amount of coke determines
the effective deactivation.
The deprotonation model could only be fitted well to H-ZSM5 and H-BETA
experiments, since only those samples released a significant amount of activity.
In this case the irreversibly adsorbed carbonaceous species were treated as a
background term in the concentration profiles. The H-BETA experiments
showed to be completely dominated by mass transport. The H-ZSM5 result of
142 kJ/mole may also be affected by the side products in the reactor effluent
that, like a slow deprotonation process, also would broaden the concentration
profiles. Assuming that mass transport is slower than the reaction rate, an
estimate of the upper boundary for the deprotonation energy can be derived.
For the expected pre-exponential factor of 1013 and the fact that the reaction
seems to happen in less than 100 s (retention time), an upper boundary of
about 100 kJ per mole results.
Until recently quantum-chemical calculations on proton activation by zeolites
was only possible using the cluster approximation [Blaskowski2][ Kazansky2].
The activation energy in reactions with hydrocarbons can be computed with an
accuracy of 5-30 kJ/mole, using programs based on Density Functional Theory
[Parr][Ziegler][Labonowski]. However, a major zeolite property that cannot be
studied with small clusters is the effect of steric matching of the zeolite
micropore and the size of the transition state complex.
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Now the periodical structure of the zeolite can be taken into account in
calculations [Haase][Boronat][Rozanska]. These calculations resulted in
significantly lower values for the activation energies. The structure of the
transition state complex is highly polar. The high polarisability of the oxygen
atoms cavity (zeolite) stabilises this complex. The expected stabilisation is of
course larger for the small pore zeolites than for the large pore zeolites.
Stabilisation energies as high as 50-70 kJ/mole have been reported
[Rigby][Sinclair]. As an example, we give the values for the protonation of
propylene. Since the energetics hardly depends on chain length, these values
are also representative for hexene protonation. While the cluster approach
gives a value of 105 kJ/mole), the periodical calculations result in a
significantly lower value of 47 kJ/mole [Rozanska]. In that case, the PEP
profiles will certainly not be determined by the rate of deprotonation.
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Chapter 5
This chapter presents the new PEP detector that offers a number of
improvements with respect to the original design. These improvements can be
found both in the operation and in performance.

5.1 Introduction
Ideally, the label concentration at each position in the reactor is linearly
proportional to the number of decays that is measured at that position per
sample time. For a typical chemical reaction, changes in the concentrations of
reactants and products over the reactor bed length take place on a time scale in
the order of one to several seconds. This dictates a minimal binning time of 0.1
s. For a statistically accurate determination of the concentration distribution, a
minimum number of detected events per binning time is required. To fulfil both
demands it is imperative that the PEP detector is able to record data at high
count-rates. High count-rates are further important with respect to the
dynamic range of the detector. The dynamic range becomes important for
experiments that are performed over a longer period of time (a few half-life
times of the positron emitting isotope (11C:20.39 minutes, 13N: 9.97 minutes,
150: 2.04 minutes half-life), where we start off with a high activity in the reactor
and thus high count-rates, whereas at the end of the experiment the count-rate
will be low due to decay of the tracer compound. Also when large differences in
the concentration of the radio chemicals over the reactor bed occur the dynamic
range becomes important.
The new detector not only allows for real time acquisition and display of
concentration profiles of labelled chemicals inside a reactor. This highly
improves the feedback with the experimenter compared to a system with off
line reconstruction of the measured concentration profiles. Also the control of
the PEP detector has been computerised. Which means that through the user
interface all functions can operated. Therefore both calibration and control of
the system are all joined in the same user interface.
The performance has been enhanced. The most important improvement is the
maximum count-rate of the detector. This means that more reconstructions can
be made per second and thus the sampling time can be reduced. Thus faster
processes can be studied with sufficiently accurate determination of tracer
concentrations. As well as being capable of higher count-rates the new design
also provides a method for correcting for the averse effect of the scatter of the
annihilation radiation, which otherwise smears out the measured
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concentration profiles and affects accurate determination of catalytic
properties.
First and overview of the detector is given. After this, the hardware is treated
in detail. Finally, the software for data acquisition and the control of the
detector is shown.

5.2 Layout of the complete detector set-up
To get an overview of the complex layout of the PEP detector Figure 5.1
presents all hardware components and the flow of data and control.
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Figure 5.1 The PEP data acquisition and control.

The heart of the PEP detector consists of two parallel banks of 16 gamma-ray
detection elements. The detection elements consist of a light-tight housing
containing a BGO scintillation crystal and photomultiplier tube. The BGO
emits an amount of light proportional to the amount of gamma-ray energy that
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is deposited. This light is converted to electronic charge by the photomultiplier
tube. The dynode structure of the PM that accelerates and amplifies the charge
to a measurable amount requires a high voltage (HV, typically 1000 V). Each
detection element has a 850-1250V programmable HV source whose voltage
output also can be digitised with the Analog to Digital Converters (ADC’s) to
check for proper functioning.
The charge amplifiers (PREAMP) convert the charge signal into an energy
signal and a timing signal. The energy signal is used for energy selection of the
gamma-ray detection events by the preprocessors (PREPROCESSOR). The
timing signal is used by a coincidence circuit to detect whether in the upper
and lower bank a gamma ray was detected coincidentally. The coincidence
circuit consists of two 16-fold OR-circuits (OR) for the two detector banks,
whose two outputs are processed by an AND circuit (AND).
The output of the coincidence circuit is used to trigger the bitbox (BITBOX).
This bitbox records the status of all preprocessors and reconstructs the
annihilation position. By making a position histogram of a large number of
these coincident events a concentration profile is determined. This number of
events is collected during each binning time, which can be programmed to be
0.1 s or longer. In addition, the number of events per binning time per detection
element is recorded. Two scalers perform this task (SCALER). These values are
used to correct for dead time, scatter and chance coincidences.
The data acquisition and control are based on two distinct computers, namely a
server that performs the real time control and data acquisition and a client that
sends commands to the server through a graphical user interface. The
graphical user interface displays these concentration profiles real-time.

5.3 Hardware
5.3.1 The BGO detection elements
Two banks of 16 detectors detect the annihilation radiation that is produced
after positron emission of the chemicals labels. Since the annihilation position
of the positrons is deducted from the position of the two detectors, it is
important that the position of each detection element is well defined.
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Figure 5.1 The PEP detector hardware, except for the detection elements. The left hand
side 19inch rack contains the V/Works system, the bitbox and scalers. The other contains
from top to bottom the 32 HV sources, isolator, upper 16x OR, upper preprocessor crate,
32x preamplifier crate, lower preprocessor crate, lower 16x OR, isolator and finally
some low voltage power supplies. These two racks are connected with 15 m of cable.

The 32 detection elements each consist in a BGO crystal holder containing a
5×20×100 mm BGO crystal, photomultiplier (PM) tube and a resistor network
to keep the dynodes of the PM at the correct voltages (Figure 5.2n).
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Figure 5.2n A single BGO detection unit. From left to right: the BGO crystal packed in
Teflon and aluminated mylar, a screw to hold it in place, the PM tube, resistor network,
charge and high voltage cables and underneath the steel light tight housing are visible.
The parts slide into the housing from right to left and two screws firmly close it.

Since the PM tube is extremely sensitive to light, any light coming onto the
photocathode will cause noise. Therefore, the BGO crystals are contained in a
0.25 mm layer of steel. This layer is strong enough to ensure the position of the
BGO crystal, thick enough to be opaque for external light and thin enough to be
transparent for the gamma rays (>98% transmission for 511 keV gamma-rays
[Weber and Rasmussen]). The BGO crystals are kept in place with a screw and
a narrow strip of brass. The PM, PM socket, resistor network, high voltage
connection and charge output are all in a separately removable frame. By
simply removing two Allen screws, the complete circuit can be taken out for
inspection or replacement. This can be done without dismantling the entire
detector bank. Light tightness is provided by a black felt seal between the PM
holder and the BGO housing.
The 16 detection elements are securely tied together in a detector bank by two
steel bolts passing through all detection elements. The spacing of the elements
is accurately set using 1 mm thick steel washers. A different spacing of the
BGO detection elements is possible by using a different thickness off the
washers. With the standard 1 mm washers the spacing of the detection
elements is 7 mm, giving a distance of (16-1)*7=105 mm between the outermost
reconstruction positions. The two banks are placed in the bank holder as shown
in chapter 2.
The PEP detector consists of two arrays of 16 independent equidistantly placed
detection elements each (Figure 5.3).
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Figure 5.3 A schematic diagram of the PEP detector surrounding a tubular reactor. The
detector consists of two parallel arrays of sixteen detection elements of which only 6 of
16 per bank are shown to illustrate the principle. The lines, which intersect with the
reactor, are lines of reconstruction. The intersection determines the position at which
the annihilation is reconstructed from the coincident triggering of two detection
elements. The figure shows that different combinations of detection elements can probe
the same reconstruction position. This illustrates why the maximum number of
reconstruction positions is less than the square of the number of detection elements per
bank. The figure also shows that the first and last position each are reconstructed by
only one (different) pair of detection elements.

A detection element consists of a Bismuth Germanium Oxide (Crismatec BGO,
5×20×100 mm) scintillation crystal coupled to a photomultiplier (PM)
(Hamamatsu slit shape type R2937, 5×20 mm bialkali photocathode). Each
detection element in a bank forms a detection pair with any element in the
opposite bank. As such 256 possible detection element pairs may be formed.
Due to redundancy, these 256 detection pairs result in 31 (=2×16-1) unique,
equidistant reconstruction positions along the cylindrical axis. Reaction
processes can be monitored by injecting molecules labelled with a positron
emitter into a reactor with axial symmetry. The radioisotope that decays inside
the reactor emits a positron that travels for about 2 mm and eventually
annihilates with an electron. On annihilation two 511 keV gamma-ray photons
are emitted in opposite directions. The position at which the two gamma-ray
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photons are created is called the annihilation position. Coincident detection of
those gamma-ray photons by a detection pair is used to locate the position of
the annihilation event. The annihilation position is reconstructed where the
line that connects the two opposite detection elements intersects the central
axis of the reactor (Figure 5.3). This position inside the reactor is called the
reconstruction position. A histogram of the reconstructions along the axis
represents the concentration of labelled molecules at each position in the
reactor tube. Ideally, the label concentration at each position in the reactor is
linearly proportional to the number of decays that is measured at that position
per sample time. For a typical chemical reaction, changes in the concentrations
of reactants and products over the reactor bed length take place on a time scale
in the order of one to several seconds. This dictates a minimal binning time of
approximatly 0.1 s. For a statistically accurate determination of the
concentration distribution, a minimum number of detected events per binning
time is required. This paragraph presents the innovative design and test
results of a charge amplifier for high count-rates. The simple concept of the
charge amplifier makes it suitable for production in the large numbers needed
in for example Positron Emission Tomography (PET) cameras and any other
charge pulse applications.

5.3.2 Design criteria for the charge amplifier
Minimisation of the effects of dead time, pile-up, timing jitter and ballistic
deficit were the main considerations in the designing of the charge amplifier
circuit.
Dead time
The dead time of the BGO detection elements should be kept to a minimum. In
nearly all detector systems, there will be a minimum of time that must
separate two events in order that they are recorded as two separate pulses.
This amount of time is called the dead time.
Our goal is to design a system that can measure 100 reconstructions per
position per 0.1 seconds. Since only a single detection element pair reconstructs
at the first and at the last position (Figure 5.3), the demand becomes 100
reconstructions per detection element pair per 0.1s. The number of 100
reconstructions is chosen since this gives a statistical accuracy of 10 % (√100 /
100). Consequently a total of 16·16·100/0.1=256,000 coincident 511 keV-511keV
reconstructions per second is required. The 511 keV detection efficiency of a
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single detection element in the assembled PEP detector, including the effects of
geometry, scatter and attenuation (ε511) is about 50%. Thereby, for a tracer
activity of A(Bq) the coincident count-rate (ε511·ε511·A) is about 0.5 times the
single count-rate (ε511·A). A single detection element makes the required 100
reconstructions with each of the 16 opposite detection elements. Consequently
the single count-rate of a detection element is at least 16·100/0.5=3200 cts/0.1
s=32,000 counts/s. Since lower energy (scattered) gamma-rays will also
contribute to the count rate, the actual count-rate will be higher. Experience
with the existing PEP detector shows that the number of counts below the
photopeak area never exceeds the number of counts in the photopeak area.
Thereby, these low energy events will in the worst case double this count rate.
The dead time of the PM readout circuit limits the maximum count-rate:
during the time a detection unit is dead, all other incoming events on that unit
are lost. At high count-rates, this loss of events becomes significant compared
to the number of measured events. Then a significant number of coincident
events will be lost, resulting in a non-linear response. Conditions leading to
large dead time losses should be prevented, because of the errors that
inevitably occur in making correction for the losses. When losses are greater
than 30 or 40%, the calculated true rate becomes insensitive to small changes
in the measured rate and the assumed system behaviour.
This can be shown with the non-paralysable model, which applies to our
detection elements. In this case, the true rate n is calculated from the
measured rate m and dead time τ by:

n=

m
1 − mτ

(5.1)

in which the denominator term accuracy deteriorates for high count-rates.
Since the dead time is limited to the charge collection time of about 1 µs
(determined by the 300 ns decay constant of BGO) the maximum count-rate
with 30% dead time is 400,000 counts/s (see Figure 5.4.)
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Figure 5.4 The dead time loss of a non-paralysable detector with a dead time of 1 µs per
event as a function of count rate. The dead time loss becomes significant (>5%) at 50,000
cps The critical level of 30-40% at which dead time corrections become inaccurate is
reached at a count rate of 400,000 cps.

Most detection systems use a shaping circuit, to suppress noise and convert the
charge signal to a signal that can be used in pulse height analysis by for
instance an ADC in a Multi Channel Analyser. Since a shaping circuit
generally results in a dead time that is several times the charge collection time,
a circuit without shaping was designed.

Timing resolution
The timing resolution of the BGO detection element circuit also limits the
maximum count-rate at which the PEP detector response is linear. At high
count-rates, two independent gamma-rays that do not arise from the same
positron annihilation can be detected coincidently if they arrive within the
resolving time of the coincidence circuit.
The rate of these chance coincidences (rchance) is determined by the single countrates (rsingle) and the resolving time of the coincidence circuit (tr) according to:
2
rchance = rsingle
⋅ tr

(5.2)

It is imperative that the jitter in the timing signal is minimised, since this
reduces the required resolving time of the coincidence circuit. The relative
amount of chance coincidences can then be calculated from

98

An Advanced PEP Detector

rchance ri r j tr
=
rij
rij

(5.3)

With the 511 keV detection efficiency ε511 keV of the BGO at 50% [Mangnus] for
certain activity A (Bq), the coincident count-rate rij (=ε511 keV·ε511 keV·A) is 50% of
the single count-rate ri or rj (ε511 keV·A). As a result, the count rate at which the
chance coincidence contribution is 5% lies at

rij ,5% chance =

0.05
tr

(5.4)

which is 3.3·103 cps, which is more than the maximum count-rate of the bitbox.
Excellent timing can be achieved when the timing signal can be based on the
generation of the first photoelectron at the photocathode of the PM. In effect,
this is leading edge triggering, with a trigger level that is as low as physically
possible. Of course, this can only be done if the single photon signal exceeds the
noise level of the timing output.
The timing resolution of the combination of a scintillator, a PM-tube, a chargeamplifier and a level-discriminator without shaping depends on a number of
factors:
The light yield and energy of the detected gamma-ray: BGO produces
8200 photons/MeV [Knoll], thus yields 4200 photons at 511 keV. The better the
light yield, the larger the number of photoelectrons and thus the better the
timing resolution, as will be explained.
The spread in transit time of the scintillation photons to the
photocathode: the scintillator crystals are 100 mm long, which corresponds to
Ln/c seconds walk time difference between events that are detected close to and
as far away as possible from the photocathode. Here L is the crystal length, c
the speed of light and n the index of refraction of BGO, which is 2.15. This
results in a timing difference of 0.7 ns, under the assumption that the first
detected photon is not reflected up and down the BGO crystal several times.
The light collection efficiency of the scintillator-PM tube which depends
on optical coupling and geometry (about 20% in our case, concluding from a
measured number of 80 photoelectrons/511 keV, 8000 BGO photons/MeV and a
bialkali quantum efficiency (QE) of 10% typical at 505 nm, which is the BGO
scintillation light wavelength. (Hamamatsu technical data sheet R2937).
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The quantum efficiency of the photocathode that determines the
average number of photoelectrons that is generated per scintillation photon
that reaches the photocathode.
The stochastic process that determines the number of and the rate at
which scintillation photons are produced after detection of a gamma ray
[Hohenemser]. From the energy resolution of our BGO detection elements of
28% at 511 keV, (σE)2=nphotons,511keV, and σE=2.35 FWHME, one can estimate the
number of detected photons per 511 keV gamma-ray as approximately
(1/(0.28/2.35))2=70. In practice, this is a little more since σE is increased by the
inhomogeneous response (QE) of the square photocathode. The rate at which
they are produced is determined by the 300 ns decay constant of BGO resulting
in a negative exponential function with a 300 ns time constant. The timing
jitter of the first detected photon can be calculated if the leading edge is
considered as if photoelectrons are generated at an average rate I= nphoto
electrons,511keV /(τBGO) photo electrons/s. The average time of generation of the first
photoelectron after detection of a 511 keV gamma-ray will then be (τBGO)/nphoto
electrons,511keV s. The rate at which photoelectrons are emitted from the
photocathode is:

 N photoelectrons 
I (t ) = 
 exp(− t / τ BGO )
 τ BGO


(5.5)

An ideal PM produces single electron pulses at the anode at the same rate.
When t<<τBGO, the average rate of photoelectron production equals:

 N photoelectron 
I =

 τ BGO 

(5.6)

This results in the probability of observing the first photoelectron at time t:

 N photoelectrons 
 − N photoelectronst 

Pfirst (t ) = 
 exp

τ BGO
 τ BGO




(5.7)

This is a negative exponential function with a maximum at t=0. The
contribution to the overall FWHM timing resolution can therefore be
approximated by solving this equation for P(t)=0.5P(0). This results in a
FWHM of
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FWHM t =

τ BGO ln(2)
N photoelectrons

(5.8)

that is 2.6 ns for τBGO=300 ns and 80 photoelectrons.
The stochastic process that determines the spread in the amplification
of a single photoelectron by the PM tube, an effect that is dominated by the
first stage of the PM tube dynode structure. Since a level discriminator is set
on the timing signal it would be ideal if each timing signal has the same shape
and height. This is certainly not the case. The PM has 10 stages and an overall
amplification of typically 5.5·106. Since all stages are identical the single stage
amplification δ would be 10√(5.5·106)=4.7. This also implies that the average
number of electrons after the first stage is 4.7. The relative variance (σ/δ)2 in
this number largely determines the spread in amplification, which is
(described by a Poisson distribution):
10

1

∑δ i
i =1

≅

1
δ −1

(5.9)

This relative variance is 27% for δ=4.7.
It has been observed that assuming a Poisson distribution is an
oversimplification and that the variance can be twice as large
[Sandor][Bosshard].
The spread in the average walk time of the electrons in the PM. The
different possible path lengths of the accelerated electrons inside the
photocathode-dynode-anode structure cause this. This contribution is 5 ns
(Hamamatsu Research).
The electronic transit time jitter of the amplifier circuit. Extra jitter is
added by variation in the time a pulse takes to pass the timing circuit.
The noise in the timing signal that affects the time spread in the
moment when the trigger level is exceeded
As a result of these effects an estimate of the expected “intrinsic” timing
resolution, not including the effects caused by the level discriminator, the
timing signal noise level and the transit time jitter of the charge amplifier can
be given It is determined by the squared sum of the independent contributions
and amounts to 5.7 ns.
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Pile-up
At high count-rates, pile up of the preamplifier energy signal is inevitable since
it consists of pulses with a finite length. Two different types of pile up exist.
One type is peak pile up. This is the effect that occurs when a second pulse
arrives within the charge collection time (1 µs in this case) . This results in a
measured energy that is the sum of the two energies deposited. The other type
is called tail pile up. This happens when a second pulse arrives before the
charge amplifier output has returned to ground level. Both effects make the
charge amplifier susceptible for saturation, which causes distortion of the
measured pulses. Since it is impossible to prevent a detection element to go
into saturation ever, it is also important that the preamplifier has a good
saturation recovery.
In our case, only peak pile up will affect the measured energy since we intend
to measure the difference in charge amplifier output between the start of the
charge pulse and 1 µs later. This will be achieved by measuring this difference
using two consecutive ADC conversions of the charge amplifier output and
subtracting those values. The count rate at which peak pile-up will play a role
is higher than the limit that is set by dead time effects. The probability of peak
pile-up (more than one event in 1000 ns) is only 5 % at 400,000 counts/s, while
the 30 % dead time limit also lies at 400,000 counts/s. Therefore peak pile-up is
not a concern.

Ballistic deficit
Ballistic deficit is absent if a constant fraction of all charge corresponding to a
single event is collected. Then the measured signal is directly proportional to
the detected energy. All charge can only be collected with 100% certainty, if the
charge is collected for a time that is much longer than the decay constant of the
scintillator material (300 ns for BGO).
In amplifier circuits with shaping, this is practically impossible, since this
requires very long shaping time constants, giving rise to pile-up. Ballistic
deficit variation is eliminated in this design without shaping, since the charge
amplifier operates in a way that always the same fraction of the total charge is
collected.
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5.3.3 The amplifier design
The scheme of the charge amplifier is shown in (Figure 5.5). The aim of its
design is to integrate the charge from a PM tube and provide a voltage step at
the output (Qout), proportional to the size of the charge pulse at the input (Qin).
The size of this step will be measured with an ADC. To trigger the ADC, the
circuit also has to provide a timing pulse (Tout), correlated to the start of the
charge pulse. This timing pulse is also used for coincident detection with other
detection elements.
The charge pulse to voltage step conversion is achieved by using a simple
charge amplifier consisting of an operational amplifier (OA1) and a feedback
capacitor (Cfeedback). The output step will then be (Q/C) volts per photon, with Q
the charge generated per photon, typically 5.5·106 e/photon (at 1000V between
PM cathode and anode). The feedback capacitor of 220 pF will thus result in a
voltage step of 4 mV/photon. The pulse corresponding to 511 keV will thus have
an average height of 80·4=320 mV.
The output range of the operational amplifier is 2.2V. Therefore the output will
go into saturation if a number of charge pulses is collected with a total charge
that is equal to or larger than Q=CV (220 pF times 2.2V equals 0.48 nC, equal
to about 0.48·10-9/(80·5.5·106·1.6·10-19)=7 times the charge generated by a 511
keV gamma-ray, assuming that a 511 keV gamma-ray yields 80 photoelectrons
on the photocathode. This of course has to be prevented and is generally
achieved by compensating for the collected charge. In conventional designs a
resistor is placed over the feedback capacitor. This has the disadvantage that
the size of the compensation current depends on the amount of charge in the
capacitor (=voltage over the capacitor/Rfeedback), resulting in a voltage step that
is dependent on the count rate (at high count-rates the average voltage over the
feedback capacitor will be higher than at lower count-rates, resulting in a
larger discharge current). In more advanced designs, the feedback capacitor is
actively discharged with a fast switch after each charge pulse [Cahoon]. This
solution has the disadvantage of the large settling time it needs after a switch
(400 ns for a 80 MHz bandwidth amplifier). Furthermore the design of such a
circuit is complex to build and relatively expensive.
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Figure 5.5 Charge amplifier circuit for the PM signal. The feedback capacitor is
continuously discharged by Vcomp. A Schottky diode prevents negative output values. The
timing signal is picked off from a copy I2 of the current from the photomultiplier I2,
which is converted to a negative voltage pulse. This is the timing pulse (Tout) that will be
fed to a level discriminator (not shown). This level discriminator will trigger an ADC to
measure the size of the charge pulse from the pulse height of Qout.

We present the elegant solution of a constant current charge compensation
circuit. The charge is compensated by a current source consisting of a very
stable voltage source (Vcomp) and a resistor (Rcomp). This current will remove the
charge in the feedback capacitor at a rate: I=V/R (5V/ 1 MΩ will result in 5 µA,
equal to the charge of 5·10-6/(80·5.5·106·1.6·10-19) ≈ 70,000 of 511 keV gammarays per second). This also implies that all charge of a 511 keV event is
removed in 1/70,000=14 µs. In practice, the average charge per pulse is smaller,
so the maximum count-rate

rmax =
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will be higher than 70,000 cps. This applies to a constant count-rate with
counts distributed equidistantly in time. In practice, the counts are randomly
distributed in time. A better way to interpret the effect of pile up is by
calculating the probability that the amplifier will go into saturation at a certain
random count-rate.
In a PEP experiment, during a large number of short time intervals (typically 1
second) events are collected. The number of these time intervals in which the
count rate of a single detection element exceeds the maximum count-rate of
70,000 counts/s should be kept to a minimum. When the expected count-rate
during a time interval equals N counts/s, the chance that the measured countrate exceeds the maximum count-rate can be calculated from its Gaussian
distribution. The probability of exceeding the maximum count-rate is only 2%
when the count rate N is two times the standard deviation in N (=√N) lower
than the maximum count-rate:

N + 2 N < 70,000

(5.11)

This is already true for a count rate of 69000 counts/s. The probability of
saturation can thus be kept very small by keeping the count rate below 69000
counts/s. For a binning time of only 0.1 s this results in a maximum count-rate
of 6800/0.1 s.
The constant discharge current already removes a certain amount of charge
during the entire charge collection cycle. Consequently, there is a minimum to
the size of the charge pulse that can be determined. This minimum size is
equal to the discharge current multiplied by the charge collection time:

Qmin imum = I discharge ⋅ t collection

(5.12)

The charge collection time that is chosen is based on the decay constant for
scintillation of the BGO crystals of 300 ns. This results in an emission of 97% of
the scintillation light in 1 µs. The minimum charge pulse size that can be
measured is therefore 5·10-6·1000·10-9·=5 pC. This corresponds to the charge of
5·10-9/(5.5·106·1.6·10-19)=6 photons or the detection of a gamma ray with an
energy of 511·6/80=37 keV.
Without any charge pulses at the input, the discharge current would cause the
output to go to negative values. This is prevented with a fast diode (D, type
1N5711, picosecond switching speed), that will become conducting when the
output becomes negative, thus deducting the discharge current. A fast diode is
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chosen to prevent loss of charge when a charge pulse forces the diode to switch
from conductive to its resistive state.
The positive voltage step is presented at the output through a “×1” amplifier
(A1× in Figure 5.5).
The high impedance of this amplifier prevents influence of the load of the
output on the determination of the charge pulse size and its timing. The
absence of a shaping circuit also reduces the problem of pile-up. The ADC at
the amplifier output simply measures the output at the start of the pulse and
at the end of the charge collection time. The amount of charge that is removed
during that time is always the same; this in contrast to circuits with an output
tail determined by a RC time constant.
The timing pulse, needed for triggering the ADC, is derived from a copy of the
current pulse (I1) to the feedback capacitor. This current is copied with a
current mirror (CM), I2 is a copy if I1, that is the current generated by the
charge pulses. This signal is filtered to remove 1/f noise in the current signal
with a high pass RC filter (Rfilter and Cfilter), which results in a better timing
resolution (2 ns was measured with a test pulse). This copied current (I2) is
converted to a voltage pulse with an operational amplifier (Atim) and a resistor
(Rfeedback=4.7 kΩ). The resulting negative output pulse (Tout) therefore is a copy
of the charge pulse at the input. Its height is about -(Ipulse·Rfeedback). Ipulse. At the
pulse start this is -80·5.5·106·1.6·10-19 C/300 ns=-234 µA, resulting in a pulse
with a height of -234·10-6·4.7·103=-1 V. This pulse corresponds to 80 photons,
thus from this approach 12.5 mV can be expected from a single photon. The
shape of the charge pulse is a negative exponential pulse with a principal 300
ns decay time, typical for the decay time of the scintillation of BGO. This pulse
will be fed to a level discriminator that triggers the ADC that determines the
charge pulse height. To trigger on the first photon it is important to set the
level lower than the level that corresponds to 1 photon.
Setting the discriminator level at a higher value implies that the timing is not
based on the first photon, but one of the photons of the pulse arriving later.
Since the arrival of the photons only has statistical distribution with an
average decay time of 300 ns, the timing resolution will be worse for higher
discriminator levels.
Using a scintillator with a smaller decay constant is a means of improving both
the dead time and the maximum count-rate. Then the discharge current of the
charge amplifier can be increased without loss of low energy events. An
interesting candidate is Ce3+ doped LSO (Lutetium Oxyorthosilicate, Lu2SiO5),
which has a much smaller decay constant of 40 ns compared to 300 ns for BGO
and an almost identical attenuation length for 511 keV gamma-rays. It also has
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a three times higher light yield (25000 photons/MeV compared to 8000
photons/MeV). If the light collection efficiency of the crystal to the photocathode
would be the same, the ‘intrinsic’ timing resolution of LSO would be 0.1 ns
(Equation 5.8). The light collection efficiency of LSO though is a little worse
than that of BGO since it has a lower index of refraction (1.82, compared to
2.15). Assumed that there is good light coupling between the scintillator and
the PM by the use of coupling grease, there will be more photons lost leaving
the crystal out another place than at the photocathode plane. It is obvious that
the next step would be to use a PM with better timing properties. The dead
time for LSO would be limited to about three times its decay constant, after
matching the charge collection time to its decay constant, resulting in only 120
ns instead of 1 µs for BGO.

5.3.4 Test results
Timing circuit
The electronic noise level was determined to be 10 mV FWHM at 50 Ω (=4 mV
RMS). The pulse shape is shown in (Figure 5.6).
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Figure 5.6 The charge amplifier timing output. In case of a 511 keV detection it consists
of 80 pulses with an average height of 166 mV and 100 mV standard deviation, arriving
at a time distribution with a decay constant of 300 ns.

The largest noise pulses were determined to be about 30 mV. This implies that
the timing pulse trigger level has be set just above 30 mV to obtain the best
possible time resolution without getting a significant amount of trigger arising
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from noise. The sum of the two jitter contributions caused by amplifier transit
time jitter and the combination of noise on the timing signal and a level
discriminator circuit, was 1.1 ns FWHM.
The properties of single photon timing pulses were studied by introducing a
small light leak in the BGO housing. The timing pulses had a Gaussian shape
with a FWHM of 15 ns and an average height of about 166 mV. The pulse
height distribution has a Poisson like distribution and a standard deviation of
100 mV, resulting in a relative variance of (σ/δ)2=36%. The predicted value was
significantly smaller (27%). Nevertheless, as has been mentioned earlier,
assuming a Poisson distribution in the dynode amplification is an
oversimplification. Generally, the distributions measured in practice are larger
than predicted from simple statistics.
Nevertheless, this shows that we have a good signal-to-noise ratio with at least
95% of the single photon pulses exceeding the noise level. Single photon
triggering thus is feasible with this detector. The pulse height is much higher
than the 12.5 mV calculated from the constant current approach. This can be
explained from the fact that single photon pulses have a FWHM of only 15 ns.
The average current is thus the charge per single photon divided by 15 ns =
1·5.5·106·1.6·10-19/15·10-9 = 44 µA (!) resulting over the 4.7 kΩ timing circuit
resistor in a pulse with an average height of 276 mV, which is much closer to
the observed pulse height.
The overall timing resolution of a single BGO detection element was
determined by using two detection elements in coincidence and measuring the
spread in timing difference of events that were generated by a positron
emitting 22Na source between them and selecting the 511 keV-511 keV
coincidences with two Single-Channel Analysers. A level discriminator set at
15% of the average single photon pulse height generated the timing pulse. The
timing jitter Ja,b is composed of the two separate contributions Ja and Jb
according to:

J a2,b = J a2 + J b2

(5.13)

By measuring this for three possible pairs of three detection elements, the J of
each detection element can be calculated separately from the three equations
with three unknown J’s. The jitter Jab had a Gaussian distribution with a
FWHM of 14.4 ± 0.5 ns (average of 6 different detection element combinations).
The resulting timing jitter for a single detector was 10.1 ± 0.4 ns. These results
have been corrected for a measured jitter contribution of the SCA’s of 2 ns

108

An Advanced PEP Detector
FWHM. The jitter contribution of the level discriminator on single photon
pulses with a height distribution can be seen in (Figure 5.7).
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Figure 5.7 Illustration of the effect on the timing jitter, when the timing is based on
setting a level discriminator (50 mV) on a pulse with a height distribution µ=166 mV,
σ=100 mV and a FWHM of 15 ns. Setting the level discriminator at a lower value reduces
jitter, but is limited by the noise level in the timing signal.

This shows a pulse of average height and two pulses with the average height ±
σ. The difference in the timing of both extremes of pulse heights is 7 ns. Since
the pulse height distribution is Poisson like, this seems to be a reasonable
estimate for the contribution of the level discriminator effect to the timing
jitter. The total timing jitter for a single detection element is thus the squared
sum of the jitter from the BGO/PM (estimated) 5.7 ns), transit time jitter (1.1
ns) and the level discriminator (7 ns), which equals 9 ns. This agrees very well
with the measured value and indicates that this is very close the best timing
resolution that can be achieved with these detector components.

Energy circuit
The noise level of the energy circuit was 1 mV FWHM (0.4 mV RMS). This
corresponds to an energy resolution of 1 keV, if the 511 keV pulses have an
amplitude of 500 mV. The pulse shape is shown in (Figure 5.8).
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Figure 5.8 The charge amplifier energy output. The rising edge is determined by the 300
ns scintillation decay constant of BGO. The falling tail is determined by the constant
current, discharging the charge amplifier feedback capacitor.

The gain (Volts/Coulomb) was determined by injecting charge pulses from an
RC circuit that had the size of the theoretically predicted 511 keV charge pulse.
The measured gain was 4 mV/pC (=1/250pF), which is close to the value that
results from the feedback capacitor (1/220pF).
The pile-up recovery of the energy circuit is simply determined by the current
discharging the feedback capacitor. The extra amount of charge that causes
saturation is removed by this current, bringing the circuit out of saturation. No
other instability effects were observed after forcing the charge amplifier into
saturation.

5.3.5 The preprocessor
The timing and energy signals of the charge amplifier are processed by a so
called preprocessor, of which the design and test results are presented here.
The task of the preprocessor is to determine the timing and energy of the
detected gamma-rays based on these two signals.

5.3.6 Design criteria of the preprocessor
Ideally the number of measured reconstructions per position is directly
proportional to the label concentration at that position. A number of effects will
cause the PEP detector to deviate from ideal behaviour. They are: dead time,
timing jitter, chance coincidences and scatter of the annihilation. Their origin
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will be explained here. The aim of the design of the preprocessor is to provide
all information needed to make corrections for these effects when possible or to
minimise their impact on the measured concentration profiles. This resulted in
the following objectives: minimisation of dead time, optimisation of the timing
resolution and to provide all signals for dead time, chance coincidence and
scatter correction.
The dead time of the circuit should be kept to a minimum. The dead time of the
PM readout circuit limits the maximum count-rate: during the time a detection
unit is dead, all other incoming events on that unit are lost. At high countrates, this loss of events becomes significant compared to the number of
measured events. A significant number of coincident events will be lost
resulting in a non-linear response. The maximum count-rate of the charge
amplifier is 70.000 counts/s for 511 keV gamma-rays, determined by saturation
of its energy signal. In practice the count rate can be several times higher than
70.000 because the maximum count-rate of the charge amplifier for lower
energy events is higher. The maximum count-rate is inversely proportional to
the average energy of the detected gamma-rays, since lower energy signals
generate proportionally less charge.
If the count rate of a detection element is known, the percentage of dead time of
detection element i can be calculated from:

% deadtime,i =

(ni − mi ) =
ni

niτ dead
⋅100%
1 + niτ dead

(5.14)

In which ni is the real count-rate, mi is the observed count-rate and τdead the
dead time per event. At the same time the real count-rate can be calculated
from the measured count-rate according to:

ni =

miτ dead
1 − miτ dead

(5.15)

As a consequence of Equation 5.1, accurate dead time corrections are only
possible if the dead time is limited to typically 40%. The accuracy of the
denominator term at higher rates will deteriorate severely. This implies that
40% dead time at a count rate of 70.000 counts/s of 511 keV events requires a
maximum dead time of 9 µs. The dead time of the preprocessor must therefore
be significantly lower than 9 µs. Further, to allow for dead time corrections
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according to Equation 5.1b, the preprocessor must provide a count-rate signal
to determine m. The dead time per event τdead has to be known. Since this is a
constant value it only has to be determined once for a certain setting of the
preprocessor and is further regarded as having a constant value.
However, we are interested in correction for dead time of the coincident countrate of a pair of detection elements. This is possible if the single count-rate of
each BGO detection elements and the dead time per event are known. The real
coincident count-rate nij is then calculated from the measured coincident countrate mij,(i,j ∈ {1..16}), the single count-rate of the detection elements (ni and nj)
and their dead time τdead,i and τdead,j) according to:

nij =

(1 − τ

mij

dead,i

(

mi ) 1 − τ dead, j m j

)

(5.16)

In this way the count rate of each detection element can be calculated from its
number of events and its known binning time and thus the real coincident
count-rate can be calculated. If events are measured at a rate of mi counts/s in a
non paralyzable detection element i, the chance that this detection element is
not dead at any time is given by:

pnot dead (i ) = 1 − miτ dead

(5.17)

assumed that the dead time for each detection element is τdead.
When two detection elements are used in coincidence, with single count-rates
mi and mj, the chance that both detection elements are not dead is given by the
product

(

pnot dead (i ) ∧ pnot dead ( j ) = (1 − miτ dead ) ⋅ 1 − m jτ dead

)

(5.18)

The measured coincident mij count-rate of a source, generating nij coincident
events per second will consequently be

(

mij = nij (1 − miτ dead ) ⋅ 1 − m jτ dead

)

(5.19)

.
Extra dead time can arise from so called single photon events. These occur
when a charge pulse is generated either by a thermionically emitted electron
from the photocathode, called a dark count, or by a light leak in the BGO
crystal housing. When a spurious timing signal is generated by such a source,
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normally a full charge collection cycle would be started causing the full amount
of τdead dead time. This dead time contribution can be minimised if the
preprocessor can tell the difference between a single photon event and a
multiple photon event, and break off the charge collection cycle long before the
full collection cycle is completed. The preprocessor design contains such a
“single photon rejection” feature, which will be explained in §5.3.7.
The timing resolution requires optimisation, since it limits the maximum
count-rate at which the PEP detector response is linear. At high count-rates, by
chance, two gamma-rays can be detected as coincident, that do not arise form
the same positron annihilation. If two gamma-rays from different annihilation
events arrive within the resolving time of the coincidence circuit, they are
incorrectly interpreted as a coincident event. The measured rate of chance
coincidences for a pair of detection elements i and j, called mchance, i,j, is
determined by the measured single count-rates (mi and mj) and the resolving
time of the coincidence circuit (tr) according to [Knoll]:

mchance, i , j = mi m j t r

(5.20)

The recorded single count-rates of the BGO detection elements thus are also
used to correct the measured coincident count-rate for chance coincidences. It is
imperative that the jitter in the timing signal is minimised, since this reduces
the required resolving time of the coincidence circuit. The relative amount of
chance coincidences can then be calculated from

rchance ri r j tr
=
ri , j
ri , j

(5.21)

With the 511 keV detection efficiency, including space angle effect, ε511 keV of the
BGO at 50% (a value obtained from Monte Carlo simulations) for a certain
activity A (Bq), the coincident count-rate rij (=ε511 keV·ε511 keV·A) is 50% of the
single count-rate ri or rj (ε511 keV·A). The coincidence resolving time of the
coincidence circuit has to be adapted to the timing resolution of the lowest
energy gamma-rays that have to be detected coincidently, since they have the
worst spread in timing. As measured in [Noordhoek] the lowest energy gammarays that can be detected with the charge amplifier have a FWHM timing
resolution of 36 ns. Since the timing has a Gaussian distribution, taking a
coincidence resolving time of twice the timing resolution will result in an
acceptance of 95% of the coincident events. Therefore the estimation of the
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chance coincidence contribution is based on a 72 ns coincidence resolving time.
As a result, the coincident count-rate (ε511 keV·ε511 keV·A ) at which the chance
coincidence contribution is 5% is 175,000 reconstruction/s. Correction for the
contribution of chance coincidences is possible if the count rates ri and rj are
known. The preprocessor design therefore has to provide the single count-rates,
not only for the dead time corrections, but also for the chance coincidence
corrections. Since the preprocessor measures in two energy windows, the single
count-rates for both windows have to be known.
A method to correct for scatter of the annihilation gamma-rays is required.
Scatter of the annihilation gamma-rays “smoothes” the measured concentration
profiles, much like a dirty photographic lens results in blurred pictures.
Ideally, for each annihilation event both annihilation gamma-ray photons do
not interact with the reactor and the surrounding oven, leading to a correct
reconstruction of the annihilation position. In this ideal case the number of
reconstructions per second (= reconstruction rate) per position is linearly
proportional to the concentration of labels at that position (not taking dead
time and chance coincidence effects into account). In practice though, the
annihilation photons can be Compton scattered by the reactor or the oven
surrounding the reactor. This results in a loss of energy and a change
indirection of motion of the annihilation photons. This effect is shown in
(Figure 5.3)
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Figure 5.9 The BGO adsorbed energy distribution of all gamma rays (total) as simulated
with EGS4. Three different contributions to the spectrum are shown. (1- - -): caused by
unscattered 511 keV gamma-rays that deposit all of their energy in the BGO through the
photo-effect. (2,3 ··): gamma rays that have been Compton scattered from the reactor,
oven or a different detection element and loose all of their energy in the BGO through
the photo-effect. (4_ _ _): unscattered 511 keV gamma-rays that deposit only part of their
energy in the BGO through Compton scattering, (5 -.-.-.-) scattered gamma rays that only
deposit part of their energy in this detection element through Compton scattering.
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, the gamma-ray emission labelled 2 and 3. A gamma ray can also deposit
energy in a single detection element by Compton scattering, resulting in a
correct reconstruction, but an energy that is much lower than 511 keV, labelled
4. Of course all other combinations of these effects can take place, but they
typically result in the deposition of only a small number of very low energy
events, labelled 5.Using coincident events with all recorded gamma-ray
energies would therefore lead to incorrect reconstructions of the annihilation
position. Using only the measured gamma-ray photons that deposit an energy
close to 511 keV in the BGO reduces the number of scattered events in the
measured concentration profiles. However, the poor energy resolution of the
BGO-detection elements (28%), causes a large overlap of the measured energy
of scattered and non-scattered gamma-rays.
The detector is equipped with the Dual Energy Window scatter correction
technique as described in [Jasczak] and [Grootoonk]. Gamma rays are now also
measured in a second energy window in the Compton back. This technique
assumes that number of unscattered events in the photopeak window is a
linear function of the number of events in both energy windows.

N photopeak, unscattered = a ⋅ N Compton + b ⋅ N photopeak

(5.22)

The amount of scattered events in the two energy windows can be determined
with simulations using Monte Carlo software such as EGS4 (Electron Gamma
Shower [Nelson]). They can also be measured using line and point sources.
The preprocessor circuit should therefore sort events according to two energy
windows, whose upper and lower energy value can be set by the user.

5.3.7 Functional description of the preprocessor
The design properties result in the algorithm that the preprocessor has to
follow, to process a gamma-ray detection event. The main features of this
algorithm are shown as a flow chart in (Figure 5. 10).
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Figure 5.10 A flowchart representing the algorithm that the preprocessor follows to
process a detected event. The process is started with a timing pulse from the charge
amplifier. The energy output of the charge amplifier is measured at the start. After 100
ns this is done again to see if the energy output has increased (continue charge
collection) or that this was just a single photon event (reset preprocessor). At the end of
the full charge collection cycle (1000 ns typically), the energy output is measured again.
By subtracting the value measured at the start, the gamma-ray energy is determined. If
this energy falls in the photopeak window, a scaler pulse for the photopeak scaler is
generated. In any case after a full charge collection cycle an “any event” scaler pulse is
generated. If the energy falls in the Compton or the photopeak energy window, the
corresponding window output is set high for recording by the data acquisition
hardware. For each event that falling in either energy window, a timing pulse is
generated for the coincidence circuit.
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The detection cycle starts when the charge amplifier timing output reaches the
level corresponding to one photon. This normally corresponds to the first
photoelectron that is generated at the PM photocathode surface after the BGO
has had interaction with a gamma ray. At that instant a charge integration
cycle is started with a programmable duration with a maximum of 2050 ns
(1000 ns is typically suited for BGO, since it is adjusted to its scintillation
decay time of 300 ns, so 97% of the charge will be collected in 1000 ns). At the
same time a (fixed value) 100 ns cycle is started that will be used for the single
photoelectron rejection. This was achieved by breaking off the (0-2000 ns
programmable) charge integration cycle when a second photon has not arrived
within 100 ns after the first photon. The criterion for arrival of the second
photon is, that the energy signal must have increased by a minimum amount
since the start of the event cycle. This minimum amount in principle
corresponds to two photons. The design is such, that the user sets this
threshold level through the user interface. If this level is not reached, the
circuit is reset and is again waiting for the first photon to arrive. This reduces
the dead time contribution of the preprocessor unit for single photon events to
100 ns.
If a second photon has been detected within 100 ns, the full charge collection
cycle is completed and the energy of the incoming gamma ray is determined
from the increase of the energy signal from start until finish of the charge
collection cycle. The great advantage of this mechanism, lies in the fact that the
energy signal returns to ground level at a constant and known rate.
Consequently the measured charge always differs with a constant amount from
the actual charge from the PM. This is an advantage over charge amplifiers
that work with an exponentially tailed energy signal, whose shape is
determined by an RC time. In those circuits, the amount of charge that is
missing depends on the measured energy. More important, tail pile-up is
absent when the method presented here, is used. The preprocessor only
measures the increase of the energy signal, simply subtracting the initial and
the final energy signal value. The consequence for the energy spectrum of a
detection element, is that typically the energy range of 0-34 keV is missing
[Noordhoek].
To measure the count rates in the 511 keV window and the total count-rate, the
preprocessor gives two types of scaler pulses. By counting the number of these
scaler pulses per binning time, the single count-rates of the preprocessors can
be measured. An “any event” (T2) scaler pulse is given for each event that leads
to a full charge collection cycle, used for dead time corrections. When the
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energy of the gamma ray falls in the 511 keV window, also a “photopeak scaler
pulse” (T1) is given, used for chance coincidence corrections.
Two signals are also available to indicate whether the energy corresponded to
one of the energy windows. The data acquisition unit records the status of
these two registers when a coincident event has occurred (two timing signals,
one from each bank, within the resolving time of the coincidence circuit).
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Figure 5.11 The schematic representation of the preprocessor layout. The preprocessor
has an energy and a timing input. The outputs are the two energy window registers, two
scaler signals for “any event” and a photopeak event and a timing output for the
coincidence circuit. The timing circuit is used to trigger the ADC that measures the
energy signal. The EPLD processes the ADC values to perform single photon rejection
and to determine the gamma-ray energy.

5.3.8 Electronic design of the preprocessor
The practical implementation of this algorithm is achieved with the circuit of
Figure 5.11. It shows the ADC that digitises the energy output of the
preamplifier when it is triggered by the timing circuit. The ADC is coupled to
an EPLD (Electrically Programmable Logic Device). The energy values from
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the ADC are processed by this EPLD. Also the EPLD will provide the two
energy window signals, the two scaler signals and a timing signal for the
coincidence circuit.
The preprocessor timing circuit:
Timing on the first photoelectron is achieved by setting a level discriminator on
the charge amplifier timing signal. The level discriminator is set just above
noise level so it will trigger on the first photoelectron that was produced in the
PM. The level discriminator is an AD96685, which is ultra fast (2.5 ns
propagation delay, 50 ps delay dispersion). The reference voltage for the level
discriminator can be set externally between 0 and -400 mV for calibration. This
can be done by externally changing the setting of a potentiometer. A level
sensitive latch input is included which permits track-hold mode of operation.
This means that the level discriminator can be made active or inactive with a
logical level. The latch input is used to disable the level discriminator to avoid
new timing triggers before completion of the charge collection cycle. The latch
circuit is in effect a S/R (Set/Reset) flip-flop. After a level discriminator trigger,
the S/R flip-flop is switched to hold mode. Only after a reset pulse the S/R will
switch back to tracking of the timing input. This reset can either be generated
by the single photoelectron rejection (after 100 ns), after the complete detection
cycle (1000 ns) or by the watchdog (4 µs).
The watchdog is implemented to prevent dead lock of the preprocessor. Dead
lock can occur when the logical train of events on the preprocessor is
interrupted without completing, which would keep the S/R in HOLD mode
indefinitely. This would completely stop the detection of new events. The cause
of the dead lock may lay for instance in external noise that disrupts the logical
chain of events. The watchdog is a timer that generates a reset signal, 4 µs
after the level discriminator has been triggered. This time was chosen such,
that the watchdog reset always comes after the time it would normally take to
process an event, even if the longest charge collection time was chosen. To
prevent unnecessary watchdog reset pulses the watchdog is deactivated at the
end of a detection cycle.
After the level discriminator has been triggered, it triggers a one shot that on
its turn starts both a 200 ns one shot (needed for single photon events
rejection) and a programmable delay (0-2000 ns, proportional to the charge
collection time).
To measure the energy of a gamma ray and to reject single photon events, the
voltage of the charge amplifier energy signal has to be measured three times:
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at the start of the charge collection cycle, after 100 ns and at the end of the
charge collection cycle (1000 ns). The logical pulse from the first one shot, of the
200 ns one shot and of the 0-2000ns delay trigger ADC conversions of the
charge amplifier energy signal at these instants.
The output of the 0-2000 ns delay is used as a timing pulse for the coincidence
circuit. It is delayed for another 0-128 ns with a programmable delay to match
the coincidence timing of the different preprocessors to each other. It is
converted to a 20 ns wide pulse with a 20 ns one shot.
A 40 ns enable pulse is generated at the end of the 0-2000 ns delay. This is an
enable for the E1, E2, T1 and T2 signals that are presented to the data
acquisition system. This enable also ensures that this system can only see the
E1 and E2 status of the preprocessors involved in the most recent (<40 ns)
coincident event.
Two scalers simply count the number of T1 and T2 pulses per binning time. A
bitbox records the E1 and E2 status of all preprocessors per events. A Digital
Signal Processor (DSP) sorts all bitbox events per binning time and makes a
histogram of all twofold preprocessor and energy combinations (in total
(16·2)·(16·2)=1024 combinations).

The preprocessor energy circuit
A level adapter matches the output range of the charge amplifier (-0.2V to 2.2
V) to the input range of the ADC (-3 V to -2 V). The energy signal is delayed for
50 ns by a 11ACB50012E delay line top allow the timing circuit to determine
the start of the charge pulse. It is delayed for another 50 ns by the transit time
of other components, the signal has to pass, so in total for 100 ns. Thus in effect
the timing difference between the first ADC conversion and the second is the
200 ns - 100 ns = 100 ns (see Figure 5.11 for the 200 ns delay in the timing
circuit and the 50 ns delay in the energy circuit).
The ADC that is used is a TDA8716, which is eight bit and has a 120 MHz
maximum binning rate. The values of the ADC are processed by one of the two
EPLD’s (EPM7128, EPM7064). They are high-performance, EEPROM based
Programmable Logic Devices from the Altera MAX 7000 family. The difference
between the two is that the 7128 has 128 macrocells and the 7064 only 46.
Each macrocell has a programmable-AND/fixed-OR array and a configurable
register with independently programmable clock, clock enable, clear and preset
functions. The registers contain the setting of the preprocessor, such as 100 ns
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threshold level, the window boundaries, charge collection time and timing
calibration delay.
The first task of this EPLD is to determine the ADC value increase in the first
100 ns of the charge pulse. If this value is lower than the threshold set by the
user, this event is considered a single photon event. The detection cycle is
aborted and a reset pulse is generated by the EPLD. The detection cycle though
is continued if the threshold register is exceeded by the ADC increase in the
first 100ns. The ADC records the output of the charge amplifier energy signal
after the second delay (0-2000 ns) has finished. The final ADC value (difference
between the ADC value at the start of the cycle and the end of the 0-2000 ns
delay) is used to determine whether the energy of this event corresponds to
either of the two energy windows. If so, the register of the corresponding energy
window is set high. If the 0-2000 ns delay terminates normally (is not reset
before completion) a data valid pulse is generated of 40 ns, which acts as a gate
and allows the energy register outputs to be active. Since it also gates the T1
and T2 scaler signals, the scaler signals are 40 ns wide pulse, that are counted
by a two scalers.
The 200 ns delay is fixed. The exact duration of the charge collection time is
programmable between 0 and 2000 ns. This allows for calibration of the system
and can be optimised for minimum dead time of the preprocessor. To
compensate for the spread in delay of the different preprocessor units, a
programmable (0-128 ns) delay has been added to each preprocessor unit.

5.3.9 Control and calibration
The two times 16 EPLD prints are placed in two separate crates. Inside a crate
they are addressed by a non standard 8 bit parallel bus. The controller of this
bus is addressed from a computer through an RS-232 link. This controller is
implemented on the widely used 8051 microcontroller chip.
The EPLD’s on the preprocessors contain a number of 8-bit registers, each
register corresponding to one of the parameters of the preprocessor. They are:
the threshold after 100 ns for the single photon rejection, the charge collection
time (0-2000 ns), in fact the setting of the long programmable delay, the 0-128
ns timing calibration delay to match the timing of all preprocessors, the two
boundary values of the photopeak energy window (E1) and the two boundary
values of the Compton energy window (E2).
For calibration of the PEP detector the lower and upper levels of the energy
windows need to be set. To facilitate the setting of these windows the controller
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can record an energy spectrum for a user specified detection element. The user
interface is a Windows NT© based system running a Lab/Windows application.
In this application the spectrum is shown and the energy window boundaries
and threshold level are displayed as cursors in this spectrum. Through this
calibration panel also the charge collection time and timing calibration delay
can be set. The timing is calibrated by offering a coincident artificial charge
pulse signal on two charge amplifiers and making the timing pulses from the
OR circuits overlap on an oscilloscope. In principle this process could be
automated with a positron emitting line source and using the coincident countrate as an optimisation parameter.
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Figure 5.12 The coincidence circuit of the PEP detector. It determines whether at least
one timing pulse was generated in each of the detector banks within the coincidence
resolving time. The 16 timing signals of a bank are connected to a 16-fold OR circuit. The
outputs of the two OR circuits are used by an AND circuit to determine coincidence. On
coincidence a TTL pulse is generated that triggers the bitbox that records the energy
window status of all preprocessors to reconstruct the annihilation position.
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5.3.10 Coincidence circuit
The coincidence circuit (Figure 5.12) of the PEP detector produces a TTL pulse
when both in the upper and lower detector bank a valid event occurs within its
coincidence resolving time. This TTL pulse is then used to trigger the bitbox to
record the status of all preprocessors.
This is achieved by feeding all 16 timing outputs of the two preprocessors
banks to a 16-fold OR circuit. The output of the two OR circuits are used by an
AND circuit which produces the TTL pulse for the bitbox.
A 16 fold OR circuit consists of four fourfold OR gates coupled to a single
fourfold OR. The OR gates that are used are the Motorola MC10H209, a
MECL-10K compatible 4 input OR gate, whose output is high when one of its
inputs is high. Therefore, the output pulse of the 16-fold OR has the same
width as the input pulse. Since the input pulse is the timing pulse of the
preprocessor, which is 20 ns wide, the output of the 16-fold OR also is 20 ns
wide ECL pulse. Special care has been taken to minimise the difference in walk
time of all 16 inputs. The timing of all preprocessors can be tuned by using
their 128 ns programmable delay, so the difference must be much smaller than
this 128 ns.
The AND circuit consists of a modified Bell-Graham-and-Petch circuit [Bell].
The inputs are obtained from the two 16-fold OR gate ECL outputs. The
function or the AND circuit is to shorten the input pulses to half the desired
coincidence resolving time and then sum those two shortened pulses. The sum
is used as input of a level discriminator. If these shortened pulses overlap in
time, their summed voltage will exceed the discriminator level and this
discriminator will produce a TTL output pulse. The width of this TTL output
pulse is set to 10 ns. This was done by feeding the AND output to the latch
input of the level discriminator though a simple RC filter. The AND output will
only return to LOW when the latch input has returned to LOW, which
guarantees the width of the AND output pulse.
The ECL input pulses are shortened by their own reflection from a stub (a few
cm of short-circuited coaxial cable). The reflection inverts and delays the ECL
input pulse. The sum of the input ECL pulse and its reflected and delayed
version produces a shortened pulse. The width of this pulse can simply be
tuned by using a longer or shorter piece of cable. So the coincidence resolving
time of the AND circuit is set by tuning this cable length. The maximum
coincidence resolving time is consequently given by twice the width of the ECL
input pulses (2·20 ns). The trigger level of the discriminator (VREF) is set just
above the ECL input pulse height. The output of the level discriminator is
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isolated with an optocoupler (ISO), to prevent noise to enter the rest of the data
acquisition system.

5.3.11 Test results of the preprocessor
Dead time
The dead time of the preprocessor has been measured by determining the
shortest distance in time between two timing trigger at which the preprocessor
can still process both events. This has been done with a constant trigger rate
and for a range of charge collection time settings. The result for this dead time
as a function of charge collection time is shown in (Figure 5.13).
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Figure 5.13 Dead time and charge collection time of the preprocessor as a function of the
8-bit setting of the 0-2048 ns delay. There is a minimum of 362 ns charge collection time.
This minimum is a result of the fact that the EPLD’s need this time to perform the
comparison of the ADC from the start of the cycle and the ADC value after 100 ns to
decide whether to continue the charge collection. For identical reasons the dead time is
231 ns larger than the charge collection time.

It is clear that the dead time is always about 231 ns larger than the charge
collection time. This difference in time is the time the EPLD’s need to process
the ADC values, set the windows, and pass a timing pulse and scaler pulses.
The minimum charge collection time at which the preprocessor still has enough
time to perform the check after 100 ns is 362 ns. In the typical situation for a
BGO detector, when the charge collection time is set to 1000 ns, the dead time
is 1231 ns and the maximum count-rate 812.000 counts/s. These values are
well within the objective of the design (dead time<9 µs).
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Timing resolution
The jitter in the timing signal that is added by the preprocessor unit has been
measured by determining the time spread in the difference between the timing
input signal and the preprocessor timing output signal. The standard deviation
was 920 ps and the distribution was Gaussian. This corresponds to a 2.16 ns
jitter FWHM. The contribution of this jitter to the timing resolution of the BGO
detection elements is small. The FWHM timing resolution of the
BGO+PM+preprocessor [Noordhoek] was measured to be 37 ns for the
Compton window (approximately 100-300 keV) up to 10 ns for 511 keV gammarays. Since the overall timing resolution is determined from the squared sum of
the BGO+PM and preprocessor contribution, the preprocessor jitter does not
contribute significantly. The jitter added by the OR circuit is even smaller (150
ps FWHM).

Single photon rejection
The dead time of a single photon event has been determined in a similar way
as for a full charge collection cycle event and was 435 ns. This is considerably
more than the 100 ns. The dead time per single photon event is more, since the
EPLD’s need 325 ns to perform the logical operations on the incoming ADC
data and the setting of the window registers and to generate a reset pulse.
The amount of dead time caused by the single photon events is in principle
constant and largely depends on the amount of light that leaks into the BGO
crystal housing. Since the photocathode used is of the low noise bialkali type,
the number of thermionically emitted electrons is low. The number of single
photon events per second, and thus the dead time per second caused by single
photon events can be determined by measuring an energy spectrum with the
threshold for valid events at 0. In that situation all single photon event triggers
can also lead to a valid event and are observed in spectrum as a peak near the
origin. When the threshold level is consequently increased, this peak becomes
significantly smaller. Six BGO detection elements were tested and in worst
case the single photon rate was 12000 counts/second, resulting in 12000*435
ns/s=0.5% dead time from single photon events only. This could be reduced to
180 by setting the threshold at ADC value to 6. This corresponds to 2 to 3
photons in the first 100 ns of the charge pulse. In this way the single photon
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sensitivity could be made very small without getting a significant reduction of
detection sensitivity of low energy gamma-rays. The effective dead time is only
180·435 ns/s (0.004%) in this case. Also when a new light leak arises in the
BGO housing, the single photon rejection will keep the dead time contribution
of them to insignificant levels.

5.3.12 The isolator
To protect the delicate PhyDAS (Physics Data Acquisition System) hardware,
containing the bitbox and the scalers, from the noise of the components in the
rack of the preprocessors, all signals between the preprocessors and the
PhyDAS rack are galvanically isolated by the isolators. The isolators pass the
T1, T2, E1 and E2 signals, thus 16*4=64 signals per detector bank. This is
achieved by using a number of low-cost Burr-Brown ISO150 data-coupler chips.
Data is transmitted across the isolation barrier by coupling complementary
pulses through high voltage 0.4pF capacitors. To render all E1 and E2 outputs
inactive (HIGH, since the system is LOW active) a start up reset circuitry is
also embedded in the isolator cases. This prevents unwanted (apparent)
multiple coincidences from E1 and E2 outputs that are in an initially undefined
state.

5.3.13 The bitbox and the scalers
The purpose of the bitbox is to generate the four 16x16 histograms that give
the number of valid annihilation reconstructions for all 16x16 detector pair
combinations. There are four histograms since a difference is made between the
four event combinations in the Compton window and photopeak window. Valid
detection events are the events that have exactly two BGO detectors involved.
The bitbox also gives the number of threefold coincidences. Of these events,
only the number is given and not the detector pair combination since the
annihilation position cannot be reconstructed from threefold coincidences.
At the moment a TTL pulse is received at the Schmidt trigger EVENT IN
input, coming from the coincidence circuit, the status of all preprocessor energy
window registers (E11..16,17..32 and E21..16,17..32) are sampled at the 64 inputs. The
pulse that triggers this operation normally is generated by the AND output of
the coincidence circuit.
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These 64 bit values are consequently stored in an interleaved MPM memory
until a forced memory switch occurs. An interleaved memory allows for
processing of the events in one memory, while the other memory is being filled
with new data, thus being able to process a continuous stream of events.
The forced memory switch occurs on a HIGH to LOW transition on the GATE
IN input. This signals to the DSP that sorting of data in the MPM memory can
be started. During the time, needed for switching between memory A to
memory B, the bitbox can not sample events. This dead time, which arises from
this switch is 150 ns.
Two Multi Channel Scalers are used to record the single count-rates of the
individual detection elements. They consist of 48 scaler channels, each channel
being a 24-bit counter (maximum value 16,777,215). The first MCS records the
number of T1 pulses per binning time of the preprocessors, which corresponds
to the number of events in the photopeak window. T1 can be used for chance
coincidence corrections. The second records the T2 pulses, which corresponds to
the number of events that were not interrupted by the single photon rejection
circuit. T2 is used for dead time corrections.
A gate signal determines the time interval, equal to the binning time of the
PEP detector, during which the scaler channels can count events. At the end of
this gate time interval, the contents of the scaler channels is written to the
MPM memory and are cleared for the next acquisition cycle.
To match the binning time intervals of the two scalers and the bitbox, all their
gates are coupled to the internal preset scaler of the first MCS. That scaler is
clocked at 25 MHz (resolution 40 ns), and is implemented as a 32-bit presetable
down-counter. This preset scaler determines the duration of the binning time
and can be set to a value between 200 and 232-1, resulting in a binning time
between 10 µs and approximately 172 seconds. In practice, the minimum
binning time is 0.1 s though, since this time is the shortest possible time in
which sufficient events can be collected for a statistically accurate
concentration profile, determined by the maximum count-rate of the PEP
detector.
Since there are only 32 T1 and 32 T2 signals, two times 16 scaler channels are
available. On both scalers, 6 channels are used to record the count rates from
the NaI and GM detectors in the positron emitter labelling setup.
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5.4 Software for control and data acquisition
The architecture of the data acquisition system is as it was shown in Figure
5.1. This diagram show the PC that performs the task of user interface (client),
the PC running the hardware control software (server) and the PhyDAS crate
containing the bitbox and scalers.

5.4.1 Data acquisition
The data acquisition is based on a PhyDAS system controlled by a PC, which
runs under the VxWorks operating system. VxWorks was chosen because of its
real time capabilities, which are needed to guarantee a correct data collection
from PhyDAS. The data that are collected by the VxWorks system are sent to
the PC that runs the user interface. The communication between the VxWorks
system and the user interface PC is based in a client/server configuration. The
client and server are linked through a TCP/IP connection. So, in principle the
PEP system can be controlled from any PC that runs the user interface, has a
connection to the Internet and has enough performance to process the data
flow, coming from the server. This is possible since all functionality/control of
the hardware through RS232, I2C and PCI ports is implemented on the server.
The client starts an experiment through the server, receives and displays the
resulting data and stores the data on hard disk. A PEP experiment generates
more than 4 kB/timeslice. The minimum timeslice is 0.1 s and the maximum
duration of an experiment 1 hour. This can result in large amounts of data (4
kB*3600/0.1>160MB/experiment), compared to the hard disk size. Therefore, a
CD writer is also present on the client system, which also acts as a backup
medium for PEP data.
On the server, a routine (SERVER) is running that indefinitely awaits new
commands coming from the client (Figure 5.14).
Socket
command

SERVER
routine

launch

ExperimentTask

Figure 5.14 On the server PC, the routine SERVER is waiting for a command from the
client through a socket connection. A valid command results in an ExperimentTask
routine, which is launched to perform the command.
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These commands are received via a socket connection with the user interface
(the software running on the user interface PC). When the command is
accepted by the server a task is spawned, which processes the command and
makes it possible to receive a new socket command. The task that is spawned
interprets the given command. This command can either be a calibration
measurement, a PEP measurement, a tracking experiment (this monitors the
NaI detectors in the B-lab during labelling), or a command to control one or
more preprocessors. The last command can both be used to obtain a spectrum
from a detection element or simply to set its registers and the corresponding
high voltage. The data flow during these different experiments is discussed
here.

The PEP experiment
The server: When a PEP experiment is started the bitbox and scalers are
initialised and the timing (timing interval) is set by configuring the timing of
the gate of the first scaler. Also a writer task is spawned. The writer waits for
data from the bitbox and scalers. The task of the writer is to write the received
data into a ring buffer on the server. This ring buffer garantees a continuous
collection of data on the server. A reader task reads the data from the ring
buffer on the server and sends it to the client via a socket (Figure 5.15).
Writer
launch
Socket

Socket

SERVER
routine

ExperimentTask

Ring Buffer
launch

Data

Reader

Figure 5.15 The SERVER spawns a task to start the experiment and measured data is
sent through a ring buffer and a socket to the user interface (client).

In case the ring buffer overflows because the data cannot be sent to the client,
all data is written temporarily to the hard disk of the server (Fig 5.16).
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Writer
Socket

SERVER
routine

ExperimentTask

Ring Buffer

Data

Server Hard Disk

Reader

Figure 5.16 When the client is down or temporarily inaccessible, the data is stored on
the server hard disk.

This disk is large enough to contain a complete PEP experiment. This means
that the if the client goes down permanently, the PEP experiment will still be
finished, having the duration that was set at the start.
When the client software completely fails and has to be restarted completely a
recovery procedure is started. (Figure 5.17) This recovery will restore the
connection between client and server, process the waiting data from the ring
buffer (and possibly client hard disk, if used) and continue the PEP experiment.
Writer
Socket

SERVER
routine

ExperimentTask

Ring Buffer

Reader
launch
Socket

Data
Recover
Server Hard Disk

Figure 5.17 Recovery after a failure to transport the data to the client. The data in the
server hard disk is sent finally to the client.

5.4.2 The user interface
The graphical user interface is based on LabWindows/CVI. This is an
integrated ANSI C environment with integrated I/O libraries, analysis
routines, and user interface tools designed for engineers and scientists creating
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virtual instrumentation applications. This user interface visualises the
measured PEP profiles real time (Figure 5.18).

Figure 5.18 The PEP image as it appears real time in the LabWindows based graphical
user interface.

Before an experiment is started the functioning of the individual detection
elements can be checked by making an energy histogram for that detection
element using a positron emitting source (22Na). The window limits are set as
cursors in this spectrum, based in the position of the Compton back and the
511 keV photopeak. The threshold for the single photon rejection circuit is set
in an identical manner. In the same panel, the timing of the preprocessor is
matched to the other preprocessors by changing the 128 ns calibration delay
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value. Finally, the charge integration time can be selected which has to be
optimised for dead time (Figure 5.19).

Figure 5.19 The graphical user interface showing the calibration of a single detection
element with a 22Na source. All settings of the preprocessor are controlled with cursors
and the high voltage can also be set. clearly visible are the Compton back, the 511 keV
photopeak and the 1.3 MeV photopeak.

5.5 Concluding remarks
5.5.1 Charge amplifier
A fast photomultiplier (PM) readout circuit is presented, capable of handling
high count-rates. The maximum count-rate is 70,000 counts/s for 511 keV
gamma-rays, determined by saturation effects of the energy circuit. The lowest
energy value that can be measured is 37 keV.
Timing jitter has been minimised since it is based on the arrival of the PM
charge that corresponds to the first photon of a pulse. The time resolution was
measured to be 10 ns for 511 keV gamma-rays and this is close to the
theoretical optimum that can be achieved. The timing resolution is limited by
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the BGO light yield and PM tube timing properties. The timing resolution for
lower energy events will be worse. The lower number of photons that is
generated causes this and consequently the spread in time of the generation of
the first photoelectron at the PM photocathode will increase. The lowest energy
that can be measured is 37 keV. This corresponds to 6 photoelectrons from the
PM. The resulting timing resolution is τBGO·ln(2)/6=36 ns FWHM (Equation
5.8).
A major step forward would be to use LSO and a PM with better timing
properties instead of BGO and the R2937 PM tube. This drastically reduces
dead time (3·τLSO=120 ns) and improves the timing resolution
(τLSO·ln(2)/(3·80)=0.3 ns). It also greatly increases the maximum count-rate
with a very simple modification of the electronic component values in the
charge amplifier.
One of the major advantages of this design is its simplicity. That, combined
with the compact size and low cost make it suitable for production in the large
numbers needed in for example Positron Emission Tomography (PET) cameras
and any other charge pulse application.

5.5.2 The preprocessor
The design of a detection element for use in a quantitative positron emission
camera is presented. For accurate determination of label concentration profiles,
high count-rates are needed and a mechanism to correct for scatter. High
count-rates also results in loss of events due to dead time of the detection
elements and to extra events due to chance coincidences. To minimise these
effects the dead time has been minimised.
The dead time of the circuit was 1231 ns for the detection of 511 keV
annihilation gamma-rays. Dead time was also minimised by the application of
a “single photon rejection” circuit. This reduces the dead time that arises from
spurious pulses from thermionically emitted photoelectrons form the
photocathode or light leaks in the BGO housing. Since the count rates of all
detection elements are also given by the preprocessors, the measured profiles
can be corrected for the remaining dead time. To reduce the effect of chance
coincidences, the timing of the detection element was optimised by triggering
on the first photoelectron from the PM tube. The timing resolution is now 10 ns
for 511keV and 36 ns for 37 keV, the lowest energy that can be measured. The
remaining contribution of chance coincidences can also be corrected for since
the single count-rates of the detection elements are known. By measuring the
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gamma rays in two energy windows, the Dual Energy Window correction
technique can be applied to correct for the smearing effect on the measured
concentration profiles by scatter of the annihilation gamma-rays. Since the
settings of the preprocessors are fully controlled by the computer, calibration of
the system is suitable for automation. Through the user interface an energy
spectrum from a detection element can be determined, which makes setting of
the energy windows, threshold level and high voltage very simple.
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This chapter gives the results of a preliminary investigation for the application
of the Dual Energy Window scatter correction technique in the new PEP
detector. The response of the detector was simulated with Monte Carlo
techniques.

6.1 Introduction
The PEP detection principle is described in Chapter 2. In the ideal situation,
the full energy of the two annihilation gamma-rays is deposited in two
detection elements, which reconstruct the annihilation on the right position. In
that case, the gamma rays do not have any other interaction with the reactor,
oven or other parts of the detector.
In practise though, in several ways, incorrect reconstruction of the annihilation
position can result. Their effect on the measured profiles is a broadening of the
measured profile. A point source in the detector for instance, may result in a
measured PEP profile that has a more or less Gaussian shape. This is not only
the result of the range of the positrons in the reactor, but also of scattering of
the annihilation radiation. When mass transport or kinetic parameters have to
be extracted from these profiles, by fitting a reactor model to the measured
profiles, the results will be affected by this scatter. A technique for correcting
the measured profiles for scatter is therefore highly desirable.
The response of the detector can be simulated with the EGS4 [Nelson] code,
which stands for Electron Gamma Shower version 4. The EGS4 system of
computer codes is a general-purpose package for the Monte Carlo simulation of
the coupled transport of ionising (anti-) electrons and photons in matter with
energies from a few keV up to several TeV. Simulations can be performed in
arbitrarily complex physical geometries. By defining the geometry of the PEP
detector, reactor and oven, the response of the PEP detector can be simulated.

6.2 Causes of incorrect reconstructions
Incorrect reconstruction of the annihilation position can result from a number
of effects, which are described here. Figure 6.1 shows the 32 detection
elements, several annihilations, and the ways in which they can lead to
incorrect reconstructions.
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Figure 6.1 A schematic representation of the 32 detection elements. At a, b and c
annihilations take place that lead to an incorrect reconstruction of the annihilation
position. a: detector scatter, b: oven scatter, c: shadowing

6.2.1 Detector scatter
Case (a) in figure 6.1 one of the gamma rays is scattered from a detection
element and deposits its remaining energy in a different detection element.
Using detection elements a1 and a2 for annihilation event a, results in an
incorrect reconstruction. We will call this detector scatter.

6.2.2 Oven scatter
Case (b) in figure 5.1 shows an annihilation in which one of the gamma rays is
scattered from the oven surrounding the reactor. This only involves two
detection elements and also leads to a scatter contribution.

6.2.3 “Shadow” effect
When a reconstruction is performed with two detection elements, that are
widely separated, it is not unlikely that a gamma ray first passes one ore more
BGO crystals without interaction. Case (c) shows that this can also lead to an
incorrect reconstruction.
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6.2.4 Compton effect
Both in the case of oven scatter as in the case of oven scatter, the energy of the
scattered gamma-ray is affected. Scatter is the result of the Compton
interaction of the gamma ray with the electrons of the detector or the oven.
In Compton scattering, the incoming gamma-ray is deflected through an angle
θ with respect to its original direction. A portion of its energy is transferred to
the electron. Because all angles of scattering are possible, this energy may vary
between zero and a large part of its energy. The chance of scattering at a given
angle is given by the Klein-Nishina equation:



dσ
1

= Zr02 
dΩ
 1 + α (1 − cos θ ) 

2

 1 + cos 2 θ


2




α 2 (1 − cos θ ) 2

1 +
 (1 + cos 2 θ )[1 + α (1 − cos θ )] 



(6.1)

in which Z stands for the atom number of the scattering element, r0 is the
classical atom radius and α stands for hν/mec2.
This equation in principle states that, around 511 keV, small angle scattering
is more likely than large angle scattering.

6.3 Scatter correction
Several means of filtering the detected gamma-rays, based on their energy with
the aim to suppress the contribution of scatter exist.

6.3.1 “Single window energy” selection
In the detector as built by Mangnus, the gamma rays are collected in a single
energy window by a Single Channel Analyser for each BGO detection element.
By setting the window boundaries between 340 and 800 keV a large number of
the scattered gamma-rays are filtered out, because they have a smaller than
511 keV energy. However, because of the poor energy resolution of the BGO
detection elements 28%, there is a serious overlap of the Compton back and the
photopeak. This results in a significant number of scattered events in the 340800 keV (photopeak-) window.
As an example Figure 6.1 shows the result of a point source simulation for a
pure positron emitter with a zero positron range, right in the middle of the PEP
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detector with 32 detection elements. Scattered gamma-rays are gamma rays
that had a Compton interaction with the detector or the oven before being
detected. Compton detected are events, which are detected by Compton
interaction with a detection element. Photo-effect detected gamma-rays are
gamma rays that were detected with the photo-effect in the BGO without being
scattered beforehand.
In the case of Compton detection more than one detector can be triggered in
one bank. Only when 1 detector per bank is hit in the 340-800 keV window, it is
considered a valid coincident event.
Clearly not all annihilations are reconstructed on the right position (number
16). Notice that even without scatter, incorrect reconstructions can occur for
this point source (photo-effect detected events on positions other than 16).
These are the result of shadowing as explained earlier in 6.2.3.
This graph also shows that scatter to neighbouring positions amounts to 33%.
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Figure 6.2 Number of reconstruction per position from a simulation of a point source at
the center (16th) position with an energy selected between 340 and 800 keV, with an
oven. The contributions of scattered (oven and detector) gamma-rays, Compton detected
and photo effect detected are shown (see text for explanation). All 256 possible detector
pairs were used for reconstruction.

6.3.2 Dual Energy Window scatter correction
The Dual Energy Window scatter correction (DEW) technique [Grootoonk]
makes use of the fact, that the energy of a Compton scattered gamma-ray is
different from the original 511 keV value. It uses the energy distribution that
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results from scatter to estimate the scatter contribution in the 340-800 keV
window. The technique is based on the assumption that the number of
scattered events in the photopeak window is proportional to the number of
events in a second energy window in the Compton back. Automatically, this
leads to the conclusion that only those incorrect annihilation position
reconstructions can be corrected for, that result in a measurably different
energy distribution. (Notice that the poor energy resolution that caused this
scatter problem also limits the effectiveness of DEW) This implies that this
technique is not suited for correction for shadowing. The immediate conclusion
is, that shadowing sets a limit on the extent to which incorrect reconstructions
can be suppressed. Figure 6.2 clearly shows, that on the positions 15 and 17,
right next to the point source, the number of events from shadowing and
scatter are contributing equally. This implies that the number of incorrect
reconstructions can be suppressed by 50% at best with DEW for this particular
configuration.
Mathematically the DEW technique is described as follows. The relation
between scattered and not scatter events in the two windows are given by:

N upper = N upper,scattered + N upper,notscattered

(6.2)

N lower = N lower,scattered + N lower,notscattered

(6.3)

in which Nupper and Nlower stand for the number of events in the upper and lower
energy window. The number of not scattered events in the upper window can
now be calculated from:

N upper , not scatted =

N upper ⋅ Rscattered − N lower

(6.4)

Rscattered − Rnotscattered

In which Rnotscattered =

N lower ,notscattered
N upper ,notscattered

and Rscattered =

N lower ,scattered
N upper , scattered

. These R values will

have to be obtained from either simulations or calibration measurements. The
simulations presented here will have to show whether such energy windows
can be chosen in such way that Equations 6.2..6.4 are effective in their aim to
suppress scatter. Equation 6.4 also implies, that for an accurate scatter
correction, the factors Rscattered and Rnotscattered have to be known accurately and
that they must have a difference in value that is much larger than their
accuracy.
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6.4 Results
6.4.1 Single BGO detection element response
Using EGS4 the response of a single detection element to a point source was
simulated to investigate the energy distribution of the gamma rays, depending
on type of interaction (Photo effect or Compton effect) and type of gamma-ray
(scattered or not). Two situations have been simulated: first with the point
source in a scattering oven and then with a point source in air.
Point source in an oven
The response of a single detection element to a point source in a reactor with
oven is shown in Figure 6.3. It consists of three contributions.
1:
The photopeak events result from not scattered gamma-rays that are
detected with the photo effect in the BGO. These gamma rays are not scattered,
but may be involved in the shadowing effect.
2:
The “Compton effect with BGO” events are detected via the Compton
effect in the BGO. These gamma rays are also not scattered before they entered
the BGO, but only deposit part of their energy in the BGO. They also may be
involved in the shadowing effect.
3:
The “Photo effect with scattered gamma-ray” events result from the
photo-effect in BGO with a scattered gamma-ray. These gamma rays can have
scattered by the oven or another detection element.
Of course, also scattered gamma-rays can be detected via Compton scattering
in the BGO. Because their relative occurrence is small and the majority has an
energy that is below the detection limit. Remember that the BGO detection
elements have a detection limit of about 37 keV (Chapter 5).
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Figure 6.3 Single BGO detection element energy response to a point source in a reactor
with an oven. Details are explained in the text.

Point source in air
When a simulation is performed of the situation without the scattering oven,
some interesting information can be obtained. Figure 6.4 shows the result.
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Figure 6.4 Single BGO detection element energy response to a point source in air.
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Oven
Air
Ratio

Peak content
(o)
14614
24002
0.61

Peak content
( )
5252
8248
0.64

Peak content
(•)
7174
4403
1.62

Total
27040
36653
0.74

Table 6.1 Peak contents and relative peak contents corresponding to figures 6.3 and 6.4.

A number of differences can be observed from Figures 6.3 , 6.4 and Table 6.1:
- The number of events is much larger as the gamma-ray absorption by the
oven is absent. The oven apparently adsorbs about 26% of the total number of
gamma rays.
- The ratio between not scattered gamma-rays that interact via Compton effect
and photo effect remains practically the same: this is simply a property of the
BGO detection elements.
- The relative number and average energy of the scattered gamma-rays is
smaller. This number gives an idea of the ratio between detector scatter and
oven scatter. Apparently, half of the scattering arises from the oven, when
compared to the spectrum with an oven. The average energy is lower because
the scatter angle in detector scatter is on average larger than for oven scatter.
This also implies that the energy of the oven scattered events are positioned
close to/in the photopeak area, which may give a problem in combination with
the demands on accuracy of the scatter correction, that Equation 6.4 has set.
Notice that for a statistically accurate determination of Rscattered and Runscattered
the scatter peak has to be split in equal halves by the upper and lower energy
window. This however also implies that the Rscattered and Rnotscattered values are
both close to one, which results in inaccurate value for Nupper,notscattered in
equation 6.4.
Furthermore, it con be concluded that DEW will help to suppress detector
scatter. By detecting gamma-ray energies over the full range, detector scatter
will always result in threefold coincidences that are filtered out by the bitbox.
It is therefore advisable to choose the lower limit of the lower energy window as
low as possible and let the two energy windows together cover the entire 0-800
keV energy range.

6.5 Conclusions
With some simple simulations of the PEP detector response, an impression was
gained of the extent of the scatter problem and the implications for the Dual
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Chapter 6
Energy Window scatter technique that is to be applied in the new PEP
detector.
When a point source is reconstructed by the PEP detector, the scatter
contribution to the neighbouring positions is 33% of the point source position
response. This indicates that scatter correction is desired. However, half of this
33% results from shadowing, which cannot be suppressed with DEW. It is
therefore advisable to use only those pairs of reconstruction that have a limited
shadowing contribution. This however, comes at the price of a loss in statistic
accuracy.
The expression that corrects the measured response for scatter contribution
poses two contradictory demands on the window positions. A compromise will
have to be found between accurate determination of Rscatter and Runscattered and
accurate scatter correction.
Measuring coincidence over the entire energy range will result in an efficient
suppression of detector scatter. The two windows together will therefore have
to cover the entire energy range.
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Summary
To obtain a fundamental understanding of the performance of heterogeneous
catalytic reactions, in situ studies under typical reaction conditions are
essential. Ex situ experiments, which monitor the reactor entrance and exit
concentration of reactants and products, only give averaged information about
the overall process. Positron Emission Profiling (PEP) is a non-invasive
technique capable of performing in situ measurements of reaction kinetics
under normal operating conditions, whereas most other in situ techniques are
limited to (ultra-) high vacuum experiments. PEP is a tracer technique that
measures the concentration distribution of positron emitter labelled reactants
inside a reactor. It provides one-dimensional concentration profiles along the
flow direction of plug flow reactors as a function of time. This technique was
used to study the hydroisomerisation reaction of hexane on metal loaded acidic
zeolites. This process widely used to improve the octane rating of petrol.
First a mass transport study of alkanes in a zeolite packed bed was performed.
A good understanding of mass transport is essential, since reaction kinetics can
only be extracted from the measured profiles, when reactant and product have
different mass transport properties. Only then, reaction will affect the shape of
the PEP images of injections of a labelled pulse into a steady state. A model,
which describes mass transfer through a biporous packed bed, proved to give
an accurate description of the in situ “chromatograms” measured with the PEP
technique. By fitting the model to the measured profiles, heats of adsorption,
adsorption constants and micropore diffusion could be determined for a range
of zeolite types. The model shows, that under typical operational conditions,
axial dispersion and macropore diffusion showed to be the determining the
shape of the concentration profiles for the large pore zeolites H-Mordenite and
H-ZSM5. Since mass transport in these phases is not very different for nhexane and iso-hexane, steady state reaction kinetics are not likely to be
extracted from in situ PEP measurements in these systems. Comparison of
simulations with experiments for zeolites with small pores i.e. H-ZSM-22 and
H-Ferrierite show peak shapes in the PEP data that are largely determined by
micropore transport limitation. Since the diffusion in the micropores is strongly
differs between branched and linear alkane isomers, reaction is likely to be
observed in these systems. Mass transport limitation will however render the
reaction to be not rate determining, which makes it impossible to extract
kinetics from such experiments. Transient experiments however, offer a means
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to create an “artificial” difference in mass transport between reactant and
product. By injecting a pulse of labelled alkanes into helium instead of
hydrogen, the product will be irreversibly adsorbed while unreacted hexane is
transported further through the packed bed.
These reaction experiments were fitted with a more extensive model, including
reaction kinetics, using the mass transport properties determined beforehand.
In this way, a value for the activation energy for dehydrogenation could be
found. This value deviates from the values typically found in literature. An
explanation may be that the model does not account for the complex side
reactions on the Pt sites and the acid sites that affect the activity distribution
since the products have different mass transport and reaction properties. In
addition, it proved difficult to reproduce the effects of the preconditioning
treatment.
Ideally, the products of the injection experiment are only protonated hexane
isomers. By replacing helium by hydrogen again, the reaction pathway towards
deprotonation is opened. From the PEP images and (radio) GC analysis of the
products at 240 °C, it was clear that a large part of the products consisted of
hexane. This is a strong indication that the theoretical reaction mechanism of a
stable protonated species on the surface exists. There was however a large
difference in the part of the total activity, that could be removed by applying
hydrogen. A strong correlation was observed with the pore structure of the
zeolites. The more limited the dimensionality and the narrower the pores, the
less activity was released indicating that pore blocking plays an important role.
Since standard techniques such as TPR are not valid, when mass transport
affects the rate of reaction, a full mass transfer and reaction model was fitted
to the measured concentration profiles. TPR however reveals at what
temperatures the carbonaceous residues can be removed. The high temperature
(>350 °C) at which they were released indicated that they consist of highly
dehydrogenated carbonaceous species. Apparently, the degree of deactivation is
not a direct measure for the degree of coke formation. Of major importance is
the structure of the zeolite, which together with the amount of coke determines
the effective deactivation.
The deprotonation model could only be fitted well to H-ZSM5 and H-BETA
experiments, since only those samples released a significant amount of activity.
In this case the irreversibly adsorbed carbonaceous species were treated as a
background term in the concentration profiles. The H-BETA experiments
showed to be completely dominated by mass transport. The H-ZSM5 result of
142 kJ/mole for de activation energy for deprotonation may also be affected by
the side products in the reactor effluent that, like a slow deprotonation process,
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also would broaden the concentration profiles. However, from assuming that
mass transport is slower than the reaction rate, an estimate of the upper
boundary for the deprotonation energy can be derived. For the expected preexponential factor of 1013 and the fact that the reaction seems to happen in less
than 100 s (retention time), an upper boundary of about 100 kJ per mole
results. Comparing to values obtained with quantum chemically calculations,
the “cluster approach” gives a value of 105 kJ/mole) while the more advanced
“periodical” calculations result in a significantly lower value of 47 kJ/mole. In
the latter case, the PEP profiles will certainly not be determined by the rate of
deprotonation.
A new PEP detector has been designed and built, that makes faster
measurements possible with a higher accuracy. The number of detection
positions has been expanded, which allows more accurate fitting of the models
to the measured profiles. Faster processes can be studied using the new PEP
detector that is capable of 10 times higher count-rates. This also enhances the
dynamic range of the detector; thus allowing for the use of high concentrations
of short-lived labels such as 15O, that has a half-life of only 2 minutes.
Corrections for dead time, chance coincidences and annihilation radiation
scattering can now be performed. On-line display and analysis of the measured
profiles enhances the efficiency of the experiments.
With some simple simulations of the PEP detector response, an image was
gained of the extent of the scatter problem and the implications for the Dual
Energy Window scatter technique that is to be applied in the new PEP
detector. When a point source is reconstructed by the PEP detector, the scatter
contribution to the neighbouring positions is 33% of the point source position
response. This indicates that scatter correction is desired. However, half of this
33% results from shadowing, which cannot be suppressed with DEW.
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Samenvatting
In situ metingen aan katalytische reacties onder normale reactiecondities zijn
essentieel voor het verkrijgen van fundamentele kennis van de elementaire
reactiestappen waaruit een chemisch proces bestaat. Ex situ experimenten
gebruiken de concentraties van reactanten en producten aan de in- en uitgang
van reactoren. Dit resulteert slechts in waarden die een resultaat zijn van een
overall reactieproces. Positron Emission Profiling daarentegen is een noninvasieve techniek waarmee men in staat gesteld wordt om onder normale
reactiecondities en in situ concentraties van gelabelde reactanten te meten. Dit
in tegenstelling tot de meeste andere in situ technieken, die beperkt zijn tot
hoogvacuum-systemen. PEP is een tracertechniek die de concentratieverdeling
van positron-emitter gelabelde reactanten meet in een reactor. Dit levert 1dimensionale concentratieprofielen op in de stroomrichting van de buisvormige
reactor als een functie van tijd. Deze techniek is toegepast op de
hydroisomerisatie reactie van hexaan op metaal beladen zure zeolietkatalysatoren. Dit is een bekend proces dat gebruikt wordt om het octaangetal
van brandstofmengsels te verhogen.
Allereerst zijn de massatransport-eigenschappen van hexaan in gepakte
zeolietkatalysatoren onderzocht. Een goed begrip van het massatransport is
essentieel aangezien reactiekinetiek zich alleen zal openbaren in de met PEP
gemeten concentratieprofielen, indien er een duidelijk verschil in de
transporteigenschappen van reactant en product. Er is een numeriek
massatransportmodel ontwikkeld dat een goede beschrijving blijkt te geven
van de in situ gemeten “chromatogrammen”. Door het model te fitten aan de
gemeten profielen konden adsorptiewarmten, adsorptie-evenwichtsconstanten
en microporie-diffusieconstanten bepaald worden voor een reeks zeolieten. Het
model laat zien dat bij de gebruikte druk en temperaturen, axiale dispersie en
macroporie diffusie bepalend zijn voor de vorm van de gemeten profielen voor
de zeolieten met ruime poriën en kleine kristallen, zoals H-ZSM5 en HMordeniet. Aangezien de verschillen in massatransport-eigenschappen in deze
fasen niet sterk verschillen voor n-hexaan en iso-hexaan, is het
onwaarschijnlijk dat er op deze systemen reactiekinetiek kan worden gemeten
met PEP. In het geval van nauwe porie zeolieten echter, zoals H-Ferriëriet en
H-ZSM22, worden de profielen voor een significant deel bepaald door
microporie-diffusie. Aangezien de microporie-diffusieconstante in deze zeolieten
wel sterk verschillend is tussen n-hexaan en iso-hexaan, lijken dit
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veelbelovende zeolieten voor het meten van kinetiek. De bijbehorende
massatransport-beperking zal er echter voor zorgen dat de reactie niet
snelheidsbepalend is, wat het onmogelijk maakt om de kinetiek te meten.
Echter, doormiddel van transiënte experimenten is het mogelijk een
“kunstmatig” verschil te veroorzaken tussen de transporteigenschappen van
reactant en product. Door een puls van gelabeld hexaan te injecteren in een
gasstroom van helium in plaats van het gebruikelijke waterstof, zal het product
“irreversibel” worden geadsorbeerd op de katalysator, terwijl het ongeageerde
hexaan zijn weg naar de uitgang van de katalysator vervolgt.
Deze reactie-experimenten zijn gefit met een uitgebreid model, dat ook de
reactiestappen bevat. Hierbij zijn de massatransport-eigenschappen gebruikt
zoals die eerder, onafhankelijk zijn bepaald. Op deze wijze is een waarde voor
de activeringsenergie voor dehydrogenatie gevonden. Deze waarde wijkt
belangrijk af van de literatuurwaarden. Een verklaring wordt gezocht in het
feit, dat het model geen rekening houdt met complexe nevenreacties op de Pt
sites en zure sites, die de activiteitsverdeling beïnvloeden, aangezien de
producten daarvan afwijkende reactie- en massatransport-eigenschappen
bezitten. Daarnaast bleek het moeilijk om een reproduceerbare
voorbehandeling van het katalystormateriaal te ontwikkelen.
Idealiter bestaan alle producten van het injectie-experiment uit geprotoneerde
hexaan isomeren. Door nu de helium gasstroom te vervangen door een
waterstof gasstroom, wordt het reactiepad via deprotonering weer geopend. Uit
de PEP metingen en (radioactief) gaschromatografische metingen van de
producten bij 240 ºC bleek de samenstelling van desorptieproducten
grotendeels uit hexaan- isomeren te bestaan. Dit pleit in ieder geval voor het
bestaan van een reactiemechanisme dat een stabiel geprotoneerd
tussenproduct omvat. Niet alle activiteit kon echter van de katalysator worden
verwijderd door waterstof aan te bieden. Daarbij is een sterke correlatie
aangetroffen, tussen de hoeveelheid achterblijvende activiteit en de poriestructuur van het gebruikte zeoliet. Hoe beperkter de dimensionaliteit van het
zeoliet, des te kleiner was het aandeel van de activiteit dat verwijderd werd
door waterstof aan te bieden.
Aan gezien standaard technieken, zoals Temperatuur geProgrammeerde
Reactie (TPR), niet geldig zijn wanneer de reactiesnelheid door massatransport
wordt beperkt, is er een volledig reactor model ontwikkeld, dat is gefit aan de
deprotonatie-experimenten. TPR laat echter wel zien bij welke temperaturen
het koolvormig residu kan worden verwijderd. De hoge temperatuur (>350 ºC),
die hiervoor nodig zijn wijzen erop, dat dit sterk gedehydrogeneerde
koolwaterstoffen zijn. Blijkbaar is de mate van koolvorming geen directe maat
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voor deactivering van de katalysator. Samen met de poriestructuur bepaalt
koolvorming de effectieve deactivering. Het deprotonerings-model kon alleen
worden gefit aan de experimenten met H-ZSM5 en H-BETA. Alleen die
samples lieten een goed meetbare hoeveelheid activiteit los. Bij die metingen
werd de uiteindelijk achterblijvende activiteit beschouwd als een
achtergrondtterm in de concentratieprofielen. The vorm van H-BETA metingen
bleek volledig bepaald te worden door massatransport. Het resultaat van HZSM5 van 142 kJ/mol voor de activeringsenergie voor de deprotonering kan ook
een gevolg zijn van de nevenproducten in het reactor-effluent die, net als een
traag deprotoneringsproces, de gemeten profielen verbreden. Nemen we echter
aan dat het massatransport trage is dan de reactie, dan kan er een bovengrens
voor de activeringsenergie voor deprotonering worden afgeschat. Met een
redelijk aanname van een pre-exponentiële factor van 1013 en het feit dat het
proces binnen 100s plaatsvindt (retentietijd) resulteert in een waarde van 100
kJ/mol. Vergelijkend met theoretisch bepaalde waarden voorspelt de zogeheten
“cluster benadering” waarde van 105 J/mol op, terwijl de meer verfijnde
“periodieke” berekeningen een waarde van 47 kJ/mol geeft. In dat laatste geval
kunnen de PEP metingen geenszins door reactie zijn beïnvloed.
Er is ook een nieuwe PEP detector ontworpen en gebouwd, die in staat is
sneller en nauwkeuriger concentratieprofielen te meten. Het aantal
detectieposities per concentratieprofiel is tevens uitgebreid van 17 naar 31, wat
nauwkeuriger fits mogelijk maakt. Sneller processen kunnen hiermee
bestudeerd worden dankzij een 10 maal hogere maximale telsnelheid. Dit
verhoogt tegelijkertijd het dynamisch bereik van de detector, zodat zowel hoge
als lage concentraties binnen 1 concentratieprofiel nauwkeuriger kunnen
worden bepaald. Dit is met name belangrijk bij het gebruik van de korter
levende nucliden zoals 15O (halfwaardetijd 2 minuten). Real-time correcties
voor dode tijd en toevallige coïncidenties en verstrooiing (scatter) van de
annihilatie-gamma’s zijn nu ook voor het eerst mogelijk. Doordat de gemeten
concentratieprofielen nu real-time getoond en geanalyseerd kunnen worden is
de efficiëntie waarmee geëxperimenteerd wordt aanzienlijk verhoogd.
Door middel van enkele eenvoudige simulaties van de respons van de PEP
detector, is er een beeld gevormd van de mate van invloed van scatter op de
gemeten concentratieprofielen en de implicaties voor de Dual Energy Window
(DEW) scatter correctie techniek, die wordt toegepast in de nieuwe PEP
detector. Wanneer een puntbron wordt gereconstrueerd door de PEP-detector is
de bijdrage door scatter aan de naaste buurposities circa 33% van de respons op
de bronpositie. Dit pleit voor de toepassing van scattercorrectie.
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kunnen doen. Ik wens je veel geluk. Succes in de toekomst met alle mooie
nieuwe ontwikkelingen zoals de verhuizing, de renovatie, het nieuwe singletron
en het nieuwe cyclotron-gebouw.
Pappa en mamma, mijn zus Mechteld en haar vriend Robert, mijn zus
Francien, mijn broer Gijs en zijn vrouw Ramiye, na dit roerige jaar waar we zo
goed zijn uitgekomen zijn de eenvoudigste woorden misschien de beste: ik hou
van jullie! Ik kijk er naar uit om jullie allemaal te zien op 1 december.
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Eindhoven, oktober 2000
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