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Abstract 

In situ imaging technology developed for nuclear medicine is now being applied to study the kinetics of heterogeneous 

catalytic reactions under actual process conditions. Minute quantities of molecules (ca. 10 - ~  tool), radio-labeled with 

positron-emitting isotopes such as ltC;13 N; or t50 are injected as pulses into the feed streams of chemical reactors. 

Subsequent coincident detection of pairs of gamma photons produced via positron--electron annihilation allows the 

concentration of reactants, intermediates and products to be mapped as a function of both time and position within the reactor 

bed. As well as providing qualitative information regarding the mechanism of the reaction under investigation the data 

obtained can be compared with mathematical models based on the reaction kinetics in order to refine parameters such as 

activation energies and pre-exponential factors for elementary reaction steps. Since the technique is capable of imaging 

transient phenomena, information is provided that is not accessible to steady-state techniques. 

Keywords: Transient kinetics; Positron emission: In situ imaging: Chemical reactor 

1. Introduct ion 

Although the kinetics of  heterogeneous catalytic 

reactions are still most often measured in the steady 

state there is a growing interest in transient methods 

since the latter allows one to distinguish directly 

between various possible reaction mechanisms and 

to measure the rates of the individual elementary steps 

[1,2]. Techniques are now currently available which 

are capable of  ' in situ' measurement of chemical  

species in a quantitative manner. However, the experi- 

mental conditions under which these measurements 

must be performed (e.g. temperature or pressure) often 

*Corresponding author. Tel.: +31 40 2474924; Fax: +31 40 
2455054; E-mail: tgtaba@chem.tue.nl 

differ considerably from those which exist under 

normal process conditions. Thus a question remains 

as to whether the data obtained can be extrapolated to 

the real system. 

Ideally one would like to have a technique which 

could ' image '  the reactor in such a way as to be able to 

determine both the chemical  identity and quantity of 

all reactants, intermediates and products as a function 

of  time and position under identical conditions of 

temperature, pressure, flow rate etc. In addition, it 

is desirable that the probe method does not disturb the 

reaction i.e. the method should be non-invasive. 

Medical  research has provided an incentive to 

develop several sophisticated non-invasive, in situ, 

imaging techniques. Techniques such as magnetic 

resonance imaging (MRI) and computed axial 
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tomography (CAT) are now widely used diagnostic 

tools to study structure within the living human. Other 

techniques based on the detection of emitted radiation 

from injected radioactive tracers are used to study 

biochemical and metabolic function. 

These techniques have not as yet been widely 

applied in engineering and catalysis research although 

interest is growing. Industrial applications of nuclear 

magnetic resonance have recently been reviewed by 

Gladden [3]. An emerging field is that of 'process 

tomography' [4,5]. In this review we will discuss 

recent applications of one specific type of emission 

imaging technique, positron emission tomography 

(PET), to catalysis research. Although PET is now 

well established as a diagnostic tool for in vivo 

imaging of the function of human organs, particularly 

of the brain and the heart [6], it is probably unknown to 

most researchers outside of the medical community. 

Thus we have included a brief description of the 

technique and of the principles upon which it is based. 

2. Positron emission 

Unstable nuclei that have an excessive number of 

neutrons, e.g. carbon-14, can emit fast electrons, /3- 

particles, in order to attain a stable nuclear configura- 

tion. Nuclei with insufficient neutrons, such as carbon- 

11, can emit fast positrons, /3+ particles. Both pro- 

cesses are classified as/3 radioactive decay. In each 

case, the mass number of the nucleus, A, remains 

constant but the atomic number, Z, changes. 

Positrons,/3+ particles, are the anti-matter equiva- 

lents of electrons. 

Although several positron-emitting isotopes exist, 

we will be concerned only with the following three in 

this review: carbon-ll (half-life (tl/2)=20.4 rain); 

nitrogen-13 (t1/2=9.96 min); and oxygen-15 (tl/2 = 

2.07 min). Since all of these radioisotopes are 

short-lived they must be produced on-site. This is 

normally accomplished by irradiation of an appropri- 

ate target material with energetic beams of protons 

supplied by a cyclotron. For example, carbon-11 is 

synthesized by irradiating a target of gaseous nitro- 

gen-14 with 12 MeV protons. 

The following nuclear reaction occurs: 

1 4 N + p  --~IlC + o~ 

Oxygen impurities in the target gas are sufficient to 

oxidize all of the carbon-11 produced to 11CO2. 

During the irradiation process, the highly energetic 

protons impart large kinetic energies to the target 

molecules; these energies greatly exceed the bond 

dissociation energies. As a result, only very simple 

molecules survive as products. To produce more com- 

plex radio-labeled molecules containing positron 

emitters post-irradiation chemical synthesis must be 

carried out which incorporates the smaller radio- 

labeled fragments into the larger framework. Strate- 

gies must be developed such that the desired molecule 

can be produced and separated from other reaction 

products and reactants within a few half-lives of the 

radio-isotope. This normally means that one must use 

a precursor that is only one or perhaps two reaction 

steps from the desired target molecule [7]. This 

requirement has not prohibited the synthesis of 

radio-labeled analogs of complex molecules such as 

synthetic drugs and drug metabolites [8]. Nor has the 

need for a dedicated cyclotron overly curtailed the use 

of this technique. In fact, it has led to the development 

of small, shielded, semi-automated cyclotrons which 

are now commercially available [7,9]. 

3. Positron-electron annihilation 

Since the positron is the anti-particle of the electron 

an encounter between them can lead to the subsequent 

annihilation of both particles. Their combined rest 

mass energy then appears as electromagnetic radia- 

tion. Annihilation can occur via several different 

mechanisms: via direct transformation into one, 

two, or three photons; or via the formation of an 

intermediate, hydrogen-like bound state between the 

positron and the electron, called a positronium atom 

(Ps). The probability of annihilation and the extent to 

which each annihilation mechanism contributes 

depends on the kinetic energy of the positron-electron 

pair, and is negligibly small at high energies. 

Positrons emitted during the /3 + decay process 

possess a statistical distribution of kinetic energies 

ranging from zero to a maximum value, Tmax, which is 

dependent on the decaying nucleus (Tma~=0.96 MeV 

for 11C); the average kinetic energy is equal to 0.4 

Tmax. The emitted positrons must therefore be slowed 

down by inelastic scattering interactions with the 
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nuclei and the bound electrons within the surrounding 

medium to near thermal values before annihilation can 

occur. The predominant annihilation process for ther- 

malized positrons is via the direct production of two 

photons. If both the positron and the electron were at 

rest upon annihilation, conservation of energy dictates 

that each emitted photon would have an energy equal 

to 511 keV rest mass energy of the positron or elec- 

tron. Conservation of momentum would dictate that 

the two gamma photons be emitted exactly back-to- 

back (i.e. in opposite directions), since the initial 

momentum of the positron/electron pair was zero. 

However, even when the kinetic energy of the 

positron is zero upon annihilation, the average kinetic 

energy of the electrons in the surrounding medium is 

non-zero, typically ca. 10 eV [10]. Thus, the positron- 

electron pair will on average have a non-zero momen- 

tum. The transverse component of the momentum 

gives rise to a small deviation from the 180 ° emission 

angle (full-width-at-half-maximum of the angular 

spread ca. 0.4 °) and to a small energy shift [11]. 

The longitudinal component of the momentum gives 

rise to a slight Doppler shift. The maximum energy 

shift is 1.9 keV [12]. The contribution of other decay 

mechanisms is rather small when compared with that 

of two-photon decay; 97% of the positrons emitted via 

l lC nuclei are first thermalized and then annihilate to 

form two gamma photons possessing energies of 

511±2keV. The emission angle between these 

photons is 180'~zk0.4 ': . The remainder of the positrons 

are either annihilated in-flight to form two photons 

(2%) or via three photon emission (1%) [13]. The 

importance of the above with respect the detection of 

these photons and their subsequent use in image 

reconstruction will be explained below. 

4. Detection of emitted gamma photons 

The emitted gamma photons are usually detected 

using scintillation crystal detectors such as sodium 

iodide (NaI) or bismuth germanium oxide (BGO) in 

either of two ways [14]: 

1. In single photon mode - in which only one of the 

emitted 511 keV photons is detected following 

mechanical collimation using slits, or, 

2. In coincidence mode - two scintillation detectors 

on opposite sides are used. Only pairs of detected 

events which occur within a preset coincidence 

window (typically less than 50 ns) are counted. 

5. Imaging of positron-emitting isotopes in 

catalysis research 

As was stated above, this review focuses on the use 

of positron-labeled molecules and imaging techniques 

based on their detection. We will therefore only briefly 

mention the recent use of positrons as analytical 

probes, so-called positron annihilation spectroscopy 

(PAS), to study the structure of heterogeneous cata- 

lysts. 

In PAS spectroscopy a sample is irradiated with 

either mono- or poly-energetic beams of positrons. By 

measuring quantities such as: the lifetime of the 

positrons; the energy distribution of the scattered 

positrons; or their angular distribution, it is possible 

to study the electronic properties of a solid's surface or 

its bulk. The interested reader is referred to recent 

reviews on this subject [15-17]. 

The first use of positron-emitting isotopes as tracers 

in catalysis research was published as recently as 

1984 by Ferrieri and Wolf [18,19]. ~lC-labeled 

acetylene and propylene were employed to monitor 

the alkyne cyclotrimerization reaction on silica- 

alumina supported chromium IV1). These authors 

named their technique positron annihilation surface 

detection (PASD). The advantages of using a short- 

lived positron-emitting isotope rather than the long- 

lived beta-emitting isotope carbon-14 (t-=5720 yearsl 

are: 

1. The penetrating power of the gamma photons 

produced is greater than that of electrons. This 

enables imaging of both the inner and the outer 

surfaces of the catalyst to be performed. Indeed 

the penetration of these gamma photons is great 

enough that detection can be performed through 

the steel walls of the reactor (half-thickness in 

aluminum=3 cm; half-thickness in iron= 1.1 cm); 

2. The short half-life leads to high specific activity. A 

practical catalyst study can be carried out using 

less than 37 kBq of carbon-I 1. This corresponds 

to less than 6.5x 107 molecules or 6.5x 10 s of a 

monolayer coverage for a single-crystal surface. 

The extremely small quantities of radio-isotope 

required coupled with the negligibly small 
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isotope effects result in a very non-invasive 

technique. 

Carbon-11 labeled acetylene (HllCCH) was con- 

densed in vacuo together with propyne onto the chro- 

mium catalyst surface. Single annihilation photons 

were collimated and detected using a sodium iodide 

scintillation detector. The aromatic products (benzene, 

toluene, xylenes) desorbed from the surface were 

analyzed using radio gas chromatography. It was 

found that the selectivity varied with the acetylene- 

propylene distribution at monolayer alkyne coverage. 

Calculation of modeled xylene yields as a function of 

the acetylene distribution rate resulted in distribution 

curves that were nearly identical with the experimen- 

tal data [18,19]. 

More recently Baiker and coworkers [20] used 1aN- 

labeled NO to investigate the selective catalytic reduc- 

tion (SCR) of NO by NH3 over vanadia/titania at very 

low reactant concentrations. Concentrations of 

5X 10 _9 ppm 13NO were  used (10 n times lower than 

those typically used). Again only single annihilation 

photons were detected by NaI scintillation detectors 

placed after the reactor bed. The reaction was shown 

to be first-order in NO. The calculated activation 

energy was 37 kJ/mol, which was in fair agreement 

with that measured by more conventional methods 

(43 kJ/mol). 

6. Positron emission tomography (PET) 

As mentioned above, PET is now well established 

as a diagnostic technique in nuclear medicine provid- 

ing three-dimensional (3D) images of the distribution 

of radio-labeled molecules within living human 

organs. Medical PET detectors normally employ 

one or more rings of small scintillator detectors. 

The NeuroECAT tomograph for example consists of 

eight detector banks arranged in an octagonal pattern. 

Each bank contains eleven BGO scintillation detec- 

tors. Individual detector elements in opposing banks 

are hard-wired to form coincidence pairs. By co- 

incident detection of the two emitted gamma photons 

the position of the annihilation event can be located 

along a fixed chord between the two detector elements. 

As pointed out above, the annihilation position is 

somewhat different than the original position of radio- 

active decay since the positron must first be slowed 

down. This stopping distance determines to a large 

extent the maximum attainable spatial resolution of 

the technique and is dependent on the energy of the 

positron and on the density of the surrounding med- 

ium. For 0.4 MeV positrons (average kinetic energy of 

positrons emitted from n c )  in a medium with a 

density of 0.5 g/ml (as a zeolite) this corresponds to 

ca. 3 mm [13]. 

During a scan the tomograph is rotated about an axis 

parallel to the subject and is linearly translated along 

the same axis. In this manner photons emitted over 

360 ° in the plane of the detectors can be recorded. 

Using tomographic reconstruction techniques the data 

can be used to map the distribution of the positron 

emitter in a slice through the subject. Time is required 

for rotation and translation of the tomograph and to 

acquire sufficient coincident events for adequate mea- 

surement statistics. As a result, PET spectra generally 

require scan times of the order of 10-15 min, during 

which time millions of coincidence events will be 

collected by the scintillator elements [7], thus 

enabling a full 3D reconstruction of the imaged object 

to be produced. 

Spatial resolutions of 8.5 mm×8.5 mm in-plane 

and 13.5 mm in the axial direction can typically be 

achieved with the NeuroECAT tomograph. Current 

'state-of-the-art' PET detector technology based on 

BGO block-detectors is capable of achieving an intrin- 

sic spatial resolution between 3 and 4 mm in each 

direction [21]. Significant advances in small-scale 3D 

PET detectors suitable for applications such as ima- 

ging of small-scale anatomies of laboratory animals 

during drug trials have recently been reported [22,23]. 

For example, a MicroPET detector has been developed 

by Cherry at UCLA which incorporates smaller scin- 

tillation crystals of lutetium oxyorthosilicate which 

can be read out by optical fibres coupled to a multi- 

channel phototube consisting of 64 individual ele- 

ments. This results in: a decreased detector size; an 

increased spatial resolution; and a greatly reduced 

cost. The MicroPET is capable of resolving structures 

as small as a sesame seed, ca. 6 m m  3 (a 10-fold 

improvement in resolution over conventional scan- 

ners) at an estimated price of $300 000 (US) (less than 

1/5 the cost of conventional PET systems) [24]. Such 

increases in performance and reduction in cost will 

undoubtedly lead to an increase in non-medical appli- 

cations of this technology. 
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7. Non-medical applications of PET 

Application of PET to problems of industrial inter- 

est has occurred only recently. To date there remains 

only one facility wodd-wide that is dedicated to such 

studies. Workers at the University of Birmingham in 

the UK have developed a so-called 'position camera' 

to image flow patterns by conventional tomographic 

reconstruction and by tracking of a single tracer 

particle, positron emission particle tracking (PEPT). 

[25] Physical processes such as powder mixing in a 

ploughshare batch mixer [26] and particle motion 

within a fluidized bed [27] have been studied. 

The first application of PET to the study of chemical 

reactions was conducted by Jonkers and coworkers 

[28,29]. These pilot experiments were performed at 

the State University of Gent, Belgium, using a com- 

mercial PET-camera designed for medical imaging, 

the NeuroECAT tomograph described above. The 

objective was to show that PET could be used to 

obtain images of a reaction occurring within a tubular, 

plug-flow reactor operating under normal process 

conditions and that data could provide information 

for subsequent modeling of the reaction kinetics. 

Model automotive exhaust catalysts of Pt- and Rh- 

loaded CeO2/A1203 were used in these experiments. 

Minute pulses (ca. 10-15 mol) of radio-tracers such as 
I1CO, 11CO2, 13NN, 15OO, C150 and C15OO were 

injected into the feed of the reactor operating under 

steady-state conditions. Since the residence times of 

the radio-tracers were of the order of 10--500 s there 

was insufficient time to produce a complete 3D PET 

image. Instead a so-called 'injection monitor' option 

was used to record the arrival of the pulse at various 

planes perpendicular to the reactor axis. In this mode 

the tomograph was held stationary and coincident 

events were registered between individual detector 

elements in one pair of opposing banks at 1.2 s inter- 

vals. The result was therefore a 1D image of the pulse 

showing the average number of detected counts within 

21 equidistant 1.1 cm segments along the axial direc- 

tion at time intervals of 1.2 s. The constraint to one- 

dimension was not critical since the experimental 

conditions were regulated such that plug-flow existed. 

By calibration of the tomograph using a 22Na line 

source the quantitative relationship between the detec- 

tor response (counts/s) and the amount of radioactivity 

within a linear element (Bq/cm) was established. 

Since the radioactivity was proportional to the number 

of the radio-emitters present, the total concentration of 

radio-labeled reactants, intermediates and products 

was determined as a function of distance along the 

reactor axis and time. 

In order to relate the PET data obtained with the 

chemical reactions occurring, transient kinetic model- 

ing was then performed. Since experiments were 

performed in a manner such as to be kinetically rather 

than diffusion limited, molecular transport was not 

included. Arrhenius-type equations for both the for- 

ward and reverse directions of each elementary step 

(adsorption, surface reaction and desorption) were 

included along with the appropriate mass balance 

equations. Parameters such as activation energies, 

pre-exponential factors and sticking probabilities were 

taken from literature studies performed under UHV 

conditions. This system of partial differential equa- 

tions in time and distance was solved numerically. It 

was found that fairly good agreement could be 

achieved between the predictions based on these 

models using literature values and the PET data. For 

further details concerning the mathematical modeling 

of this data the reader is referred to the original papers 

and to the review by Van der Linde et al. [30]. 

A facility has recently been built at the Eindhoven 

University of Technology whose main objective is to 

apply positron emission imaging to the study of 

physical and chemical processes which occur within 

a catalytic reactor under practical operating condi- 

tions. The project is a collaborative effort between the 

Departments of Chemical Engineering and Technical 

Physics and the Department of Chemical Engineering 

at Delft University of Technology. The university's 

30 MeV AVF cyclotron is used to prepare the positron- 

emitting nuclides: l tc;  13N and 150. Building on the 

initial successes of Jonkers et al. [28,29] the aim of 

this project is to extend the scope of this technique to 

catalytic reactions involving molecules more complex 

than the diatomic and triatomic molecules made pre- 

viously. 

8. Positron emission profiling (PEP) detector 

As mentioned above the minimum sampling time 

required to obtain a 3D PET image is too long relative 

to the residence time of the radio-labeled pulse; only 
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Fig. 1. Photo of the positron emission profiling (PEP) detector. 

1D images can be obtained. Rather than use a costly 

3D scanner to measure this data it was desirable from 

both a cost and a performance standpoint to develop 

and construct a positron emission detector that was 

specifically tailored to the measurement of  activity 

distributions as a function of  time along a single, axial 

direction, i.e. to design a detector specifically tailored 

for studies in tubular reactors. Such a detector has 

been developed and is called a PEP detector to dis- 

tinguish it from its 3D parent [31]. 

The PEP detector is shown in Fig. 1. It has been 

designed to be flexible so that it could be used with a 

variety of  different sizes of  reactors; measurements 

can be carried out on reactors having bed lengths 

between 4.0 and 5 0 c m  and diameters of  up to 

25 cm. The detector consists of  two arrays of  nine 

independent detection elements (upper array labeled 

A) each and is mounted horizontally with the reactor 

and furnace placed between the upper and lower 

arrays. Each detection element consists of  a BGO 

scintillation crystal (labeled C) coupled to a photo- 

multiplier (labeled B). The eighteen detection ele- 

ments are situated in a frame which allows 

adjustment of  the overall detector dimensions if 

required. An aluminum tube (labeled D) is shown 

in place of  reactor and oven. 

The detection principle is as follows. Each detector 

element in a bank can form a detection pair with each 

of  the elements in the opposite bank; the two banks of  

nine elements therefore form 81 (92 ) possible detec- 

tion pairs. Coincident detection of  the two 511 keV 

gamma photons, formed during positron-electron 

annihilation, by a detection pair is used to locate 

the position of  the event along the cylindrical axis 

of  the bed at the point at which the chord joining the 

two elements intersects this axis. Due to redundancy, 
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the set of chords joining these 81 detection pairs 

results in 17 [(2 x 9 ) -  1 ] unique, equidistant positions 

along the cylindrical axis. The coincidence time win- 

dow is normally set between 30 and 50 ns since the 

time resolution, ~-, has been determined to be 19:3:1 ns 

[13] and 2T is generally considered to be an appro- 

priate criterion for determining coincident events [32]. 

It should be pointed out here that the lifetime of an 

emitted positron is dependent upon the surrounding 

medium (the basis for positron annihilation lifetime 

(PAL) spectroscopy mentioned above, see [15-17]). 

The lifetime of a positron in a solid is dependent on the 

electron density of the solid; in a zeolite the lifetime of 

a positron is on the order of 2 ns [13]. 

Temporal information is obtained by collecting 

data during a fixed sampling period. A minimum 

integration time of 0.5 s is required to obtain sufficient 

coincident events for reliable statistics and for 

on-line computation; thus the temporal resolution is 

0.5 s [31]. 

When the detector block is in its 'close-packed 

configuration', i.e. when all of the detector elements 

are placed tightly together, the spatial resolution of the 

detector is 2.9 mm [13] which is comparable to state- 

of-the-art 3D PET detectors and is near the theoretical 

limit of the spatial resolution governed by the range of 

the positrons under study (the stopping distance). 

In order to reduce errors resulting from the detec- 

tion of Compton scattered photons (which can be as 

high as 35% [ 13]), which lead to anomalous position- 

ing of annihilation events, energy selection of the 

photons is also employed. Coincident events which 

have a measured energy below the lower limit of a 

window centered at 511 keV are rejected as being due 

to scattered photons. Since the energy resolution of 

BGO scintillators is poor (only 28% FWHM) this 

window is quite large (350-700 keV). The angular 

resolution was found experimentally to be 0.5 ~' [33]. 

As a result of the above experimental limitations of the 

detector, effects such as Doppler energy shifts 

described above have no discernible impact on the 

PEP images measured. 

In summary, the above detection principle can be 

employed to obtain profiles of the average concentra- 

tion of all radio-labeled components contained within 

volume segments (of lengths greater than or equal to 

3 ram) within the imaged specimen at time intervals 

of 0.5 s. 

9. Applications of positron emission profiling 

(PEP) 

The PEP technique has been used to study the 

adsorption of alkanes in zeolites at elevated tempera- 

tures, ca. 230:C [34]. Used in this manner, these 

experiments are a modern version of the pulse gas 

chromatographic technique which was developed in 

the late 1950s and the early 1960s and is an extension 

to the 'tracer pulse GC method', since the PEP method 

is also capable of in situ measurement of the pulse as 

mentioned earlier. All of these techniques are based on 

measurement of the retention time of an injected pulse 

of an adsorbable gas within a column packed with the 

adsorbent of interest. 

The heat of adsorption of n-hexane on H-mordenite, 

67 kJ/mol, was measured from the dependence of the 

retention time of a pulse of I ICH3CsHI j at tempera- 

tures between 150°C and 230-C. In addition, the 

fractional surface coverage of n-hexane was deter- 

mined as a function of hexane partial pressure at these 

elevated temperatures. The temperatures are typical of 

those used for application of the zeolite in reactions 

such as hydroisomerization. It was observed that the 

surface coverage of the zeolite remains large, even at 

these temperatures. 

At this point we feel that, lbr completeness, we 

should briefly leave our main theme in order to men- 

tion another interesting recent application involving 

positrons and zeolites. Using a positron annihilation 

lineshape (PAL) technique known as 2D-ACAR 

(angular correlation of annihilation radiation), Huang 

et al. [35,36] have used positrons to the measure- 

ment of the acidity of zeolites NaHY and ZSM-5. 

These authors showed that Bronsted acid sites in 

the zeolite were capable of oxidizing positronium 

atoms (Ps), giving back positrons and forming H 

atoms. This process caused a narrowing of the angular 

distribution of the collected radiation. They were 

able to correlate the variation of the experimentally 

measured lineshape parameter and the acidity of 

the zeolite sample. Such effects are not observed 

with the PEP detector due to its much lower angular 

resolution. 

Returning now to PEP imaging of hydrocarbons in 

zeolites, a method for the production of labeled n- 

hexane (~CH3CsH1 i) has been developed [37,38]. A 

nitrogen gas target is irradiated via 12 MeV protons to 
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form l l c o 2  which is subsequently reduced to 11CO2 

over zinc. Labeled CO is then used in a two-step 

alkene homologation reaction previously developed in 

this laboratory [39]. 11 CO is pulsed over a vanadium- 

promoted Ru/SiO2 catalyst at 350°C. The temperature 

is then rapidly reduced to between 90°C and 120°C 

and 1-pentene is pulsed over the catalyst. Desorptive 

hydrogenation is then performed. As would be 

expected for this Fischer-Tropsch process a range of 

alkanes is produced from C1 to C6. The hydrocarbons 

are separated by a process of freezing, flash-heating 

and gas chromatography. The desired product, 

(approximately 1-3 MBq or 10 -15 mole of 

l l C H 3 C 5 H l l )  is then frozen out ready for injection. 

If so desired one of the other labeled alkane fractions 

can be isolated and injected. The radio-labeled frac- 

tion is minute compared with the amount of non- 

labeled n-hexane that is produced as the total amount 

of the injected pulse is typically of the order of 10 - 6  

moles. The production process (i.e. the adsorption of 

I l c o  on Ru/SiO2 and the GC separation) can be 

monitored by NaI scintillation detectors. 

Fig. 2(a) shows a typical PEP image obtained fol- 

lowing the injection of an nCH3C5H~I pulse into a 

hydrogen feed stream (150 ml/min) flowing through a 

packed-bed reactor containing the zeolite H-morde- 

nite at 150°C. Ca. 200 mg of pelletized zeolite (250- 

500 gin) was typically used to form a packed column 

42 mm in length and 4 mm in diameter. In these 

spectra, the toal activity measured within each 

3 mm segment of the reactor bed is plotted as a 

function of time. The figure is a 2D representation 

of the measured activity-time-position surface. The 

retention time is plotted at various positions within the 

reactor. The total measured activity (and hence con- 

centration) at that position and time interval is indi- 

cated by the gray-scale; with increasing intensity 

indicating increasing activity. As shown in the figure 

the pulse progressed linearly through the bed with 

respect to time. In (a) a pure hydrogen feed stream was 
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used. In (b) the bed was first presaturated using a 

mixture of non-labeled n-hexane (10 gl/min) in hydro- 

gen (150 ml/min) for at least 3 h prior to injection of 

the labeled pulse into that same mixture. In each case, 

the peak maximum progressed linearly across the bed 

with dispersion due to adsorption/desorption and dif- 

fusion. The total retention time was 941 s. By com- 

parison, the retention time measured after 

llCH3CsH11 was injected into a feed stream of n- 

hexane (10 ~tl/min)/hydrogen, at the same tempera- 

ture and total volumetric flow rate, was 49 s (see 

Fig. 2(b)). The difference in the residence times is 

due to the different degree of surface coverage [34], 

If cross-sections are taken at various constant values 

along the y-axis of Fig. 2(a) one obtains curves of the 

measured activity as a function of axial position at 

constant time. Fig. 3 shows these curves (at 25, 50, 

100, 200 and 400 s, respectively). From this figure it is 

clear that the PEP technique is capable of monitoring 

the progress of the pulse in situ as a function of 

position and time. As predicted by theory these peaks 

are Gaussian in shape and decrease exponentially with 

respect to both time and position [34]. The broadening 

of the peaks is due to dispersion caused by adsorption- 

desorption and diffusion. Diffusion constants for the 

alkane in the zeolite can be determined using the 

method of moments or by fitting the activity-posi- 

tion-time surface to an analytical solution of a model 

based on axially-dispersed plug flow [4011. 

Following measurement of the physical processes 

above, attention was turned to the chemical processes 

of alkanes, specifically to n-hexane hydroisomeriza- 

tion, occurring on Pt/H-mordenite under similar con- 

ditions. Hydroisomerization is generally accepted to 

proceed via a classical bifunctional mechanism [41 ] in 

which platinum is responsible for dehydrogenation of 

the n-alkane to the n-alkene. Bronsted acid sites on the 

zeolite then isomerize the n-alkene to the iso-alkene, 

which is subsequently rehydrogenated by platinum to 

complete the process. 

Firstly, the steady-state hydroisomerization reaction 

was studied. The same 4 mm diameter tubular reactor 

was packed using 280 mg of pelletized (250-500 ~tm) 

of a 2.0 wt% Pt/H-mordenite catalyst. Following a 3 h 

reduction in flowing hydrogen (150 ml/min) at 400°C 

the reactor was cooled to 230°C and a feed mixture of 

n-hexane (10 ~tm/min)/hydrogen (150 ml/min) was 

begun and allowed to reach steady state (more than 

8 h on stream was allowed). The steady-state conver- 

sion was measured to be 19%. At this point, an 

injection of C-11 labeled n-hexane was made and 

the PEP spectrum was recorded. The spectrum 
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obtained (not shown) was remarkably similar to that 

measured previously on H-mordenite under similar 

conditions (shown in Fig. 2(b)). This behavior arises 

because of the fact that under the experimental con- 

ditions employed, diffusion within the macropores of 

the catalyst pellets controls the measured spectrum 

and since the adsorption/desorption behavior and the 

effective axial dispersion coefficients of n-hexane, 2- 

methylpentane, and 3-methylpentane are very similar, 

no chromatographic separation could be observed 

within such a short column [42]. 

The behavior of the steady-state n-hexane hydro- 

isomerization reaction on Pt/H-mordenite is funda- 

mentally different from that observed by Vonkeman 

et al. [29] with the CO oxidation reaction on Pt-ceria/ 

alumina in that, in the latter, the product, ~ 1 CO2, only 

adsorbed to a minor extent on the alumina surface. It 

was thus desorbed upon formation and was subse- 

quently rapidly swept away in the gas phase so as not 

to play a significant role in the resultant 'reaction 

image'. However, the fact that reacting labeled n- 

hexane and labeled product iso-hexanes both appear 

in the PEP spectrum does not in principle deter one 

from modeling the process. Numerical modeling of 

these data based on the bifunctional reaction mechan- 

ism is in progress. Thus far applications of PEP have 

been discussed in which the object was to understand 

the behavior of chemical reactions occurring under 

steady-state conditions. However, the ability of PEP to 

measure concentration distributions as a function of 

both position and time with short sampling times also 

enables it to be used to study in situ processes that are 

transient and highly spatially dependent. This ability 

has been exploited to investigate two important 

phenomena which occur in solid acid catalysis, metal 

preconditioning and catalyst deactivation [42]. 

Pt/H-mordenite is highly selective under steady- 

state conditions towards isomerization although pla- 

tinum metal is a known catalyst for hydrogenolysis. 

The state of the platinum metal under these conditions 

is therefore of considerable interest. Efforts to deter- 

mine such information are complicated by the fact that 

surface species are highly sensitive to experimental 

conditions but must often be determined under differ- 

ent conditions for experimental reasons. 

The changes in the state of platinum metal con- 

ditioning before and after use as a hydroisomerization 

catalyst are vividly illustrated by the following series 

of experiments. The same Pt/H-mordenite catalyst 

previously used in the steady-state reaction was 

freshly reduced via hydrogen reduction at 400°C 

( 150 ml/min) after which the temperature was lowered 

to 230°C. The PEP spectrum obtained following a 

pulse of labeled n-hexane into the hydrogen stream 

was very different from that reported previously in the 

steady state. As shown in Fig. 4(a) the pulse reacted 

strongly near the front of the reactor bed. Some of the 

activity then exited the reactor very quickly (within ca. 

20 s) and some of the activity remained on the catalyst 

surface. Analysis of the radio-labeled reaction pro- 

ducts by trapping and subsequent GC separation using 

a NaI scintillation detector revealed light alkanes 

between C1 and C3. The remainder of the activity 

remained ad infinitum within the first l0 mm of the 

catalyst bed (appears as a vertical band in Fig. 4(a)). 

Fig. 4(a) is an in situ image of n-hexane hydro- 

genolysis on freshly reduced platinum surface sites. 

The vertical band which appeared at the front of the 

bed resulted from the formation of a carbonaceous 

overlayer on the platinum surface. It was shown that 

this overlayer could be completely removed by hydro- 

genation during temperature programmed reduction at 

ca. 10°C/min between 230°C and 400°C, as measured 

by using the total activity remaining in the bed (cor- 

rected for radioactive decay). The trapped reduction 

products were mainly n-hexane. 

Fig. 4(b) shows constant time cross-sections 

obtained from Fig. 4(a) at: (a) 10s; (b) 15 s; (c) 

20 s; (d) 25 s; and (e) 30 s. Clearly the n-hexane pulse 

is consumed within the front half of the reactor. At 

times greater than or equal to 30 s (curve (e)) the 

cross-sections remained invariant with time. This 

component is due to the carbonaceous overlayer. 

Repetition of these experiments at temperatures 

between 150°C and 260°C clearly showed an Arrhe- 

nius-type dependence of the extent of reaction on 

temperature. 

Quite different behavior was observed when the Pt/ 

H-mordenite catalyst was first used in the steady-state 

hydroisomerization of n-hexane at 230°C. The reac- 

tion was interrupted by stopping the hexane feed and 

after 5 min the labeled n-hexane was again injected 

into the hydrogen stream. The PEP spectrum obtained 

was remarkably like that obtained during the steady- 

state reaction. Analysis of the trapped products 

revealed only C6 hydrocarbons. 
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Fig. 5. (a) PEP spectra showing catalyst deactivation. (b) Constant 
time cross-sections of (a). 

platinum metal during the hydroisomerization reac- 

tion. As observed from Fig. 4(a) this "precondition- 

ing'  involves the deposition of  a carbonaceous 

overlayer that prevents cracking of the hexane. As 

we will see from the experiments reported in Fig. 5, 
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the only function of the 'preconditioned' platinum 

surface is to perform the dehydJ'ogenation of hexane 

to hexene or the hydrogenation of olefins. This 

result is consistent with the work by others on 

model transition metal catalysts, that hydrogenation 

and dehydrogenation reactions occur on a surface 

covered by a carbonaceous overlayer [43-45]. The 

effect of the carbonaceous overlayer may be the 

reduction of the surface ensemble size available to 

the cracking reaction; the hydrogenation and 

dehydrogenation reactions are less structure-sensitive 

[46]. 

The hydroisomerization reaction must be carried 

out in the presence of hydrogen in order to avoid loss 

of activity through 'deactivation'. The following type 

of experiments is shown to illustrate the details of 

deactivation of the acid sites. Steady-state hydro- 

isomerization of n-hexane over Pt/H-mordenite at 

240°C was interrupted by replacing the feed with 

flowing helium. After 5 rain an injection of labeled 

n-hexane was made. Fig. 5(a) shows the PEP image 

obtained. As shown, rapid reaction near the front of 

the reactor bed occurred forming products which 

remained strongly adsorbed. Only a small portion 

of the pulse passed through the bed. Radio-GC ana- 

lysis of this fraction revealed mainly unreacted C6 

with small amounts of C1, C2, C7, and C8 hydro- 

carbons. It was observed that all of the labeled 

products remaining on the surface could be removed 

if the temperature was increased to 400°C in flowing 

hydrogen. Analysis of this fraction revealed mainly 

C6 hydrocarbons with small amounts of Cl, C2, C7 

and C8. 

Upon repetition of this experiment at temperatures 

between 180°C and 260°C the extent of reaction 

clearly varied from 0% to 100%. These total activity- 

time-position contours could be approximated via an 

irreversible reaction of A to t3 with an activation 

energy of ca. 80 kJ/mol. 

This shows that n-hexane is rapidly dehydrogenated 

by platinum and the resulting hexene molecules 

adsorb on the acid sites of the zeolite. In the absence 

of hydrogen they cannot be rehydrogenated and there- 

fore remain adsorbed on the acid sites, poisoning them 

from subsequent reaction. Dimerization or further 

oligomerization reactions do not occur to a great 

extent, since no large fraction of higher and lower 

hydrocarbons was found. 

The constant time cross-sections obtained from 

Fig. 5(a) taken at: (a) 10 s; (b) 15 s; (c) 20 s; and 

(d) 25 s following injection are shown in Fig. 5(b). 

Curve (b) clearly shows the two components formed; 

the irreversibly adsorbed hexenes appear at the front of 

the bed (at ca. 5 mm) and the unreacted n-hexane 

appears at approximately 15 mm. The latter compo- 

nent continued through the bed whilst the former 

remained constant ad infinitum (see curves (c) and 

(d)). 

These transient experiments provide the first direct 

demonstration of the so-called bifunctional reaction 

mechanism [47,48] proposed for alkane hydroisome- 

rization. Promoting platinum acts as an alkane dehy- 

drogenation and an alkene hydrogenation catalyst. 

The zeolitic protons protonate the olefins, which then, 

as predicted by theory [49,50], remain strongly 

adsorbed (enthalpy of protonation 180+20 kJ/mol). 

Protonated olefins are found to isomerize. From 

steady-state experiments we deduced an activation 

energy of isomerization to iso-hexane of approxi- 

mately 1354-20 kJ/mol [51]. The protonated, isomer- 

ized intermediate remains strongly adsorbed. Further 

reaction only proceeds in the presence of gas-phase 

hydrogen. Desorbing olefins then will be hydroge- 

nated by platinum to product alkanes. This is consis- 

tent with previous studies which showed that the 

reaction has a positive order in hydrogen partial 

pressure in the absence of platinum [52]. 

10. Summary 

In situ imaging technology, developed originally for 

medical research, based on the detection of annihila- 

tion photons resulting from the positron decay of 

labeled tracer molecules is now being applied to 

heterogeneous catalytic reactions occurring within 

tubular reactors under normal process conditions. 

The technique is sufficiently sensitive such that only 

minute amounts (ca. 10-15 moles) of reactants labeled 

with positron-emitting isotopes such as 11C, 13N, or 

150 need be injected, making it a highly non-invasive 

technique. 

Although the retention times of a pulse in a 

research-scale tubular reactor are too short to obtain 

a full 3D tomographic image using current, commer- 

cial PET imaging technology, uni-directional activity 
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d i s t r ibu t ions  can  be  measu red .  I f  r eac t ion  cond i t i ons  

are ad jus ted  such  that  ax i a l l y -d i spe r sed  p lug- f low 

c o n d i t i o n s  exist ,  i.e. rad ia l  c o n c e n t r a t i o n  g rad ien t s  

are neg l ig ib le ,  m e a s u r e m e n t  of  the  d i s t r ibu t ion  o f  

the  r ad io - l abe l ed  m o l e c u l e s  a long  the  cy l indr ica l  axis  

is suff icient .  A new  de tec to r  has  b e e n  d e v e l o p e d  w h i c h  

is speci f ica l ly  d e s i g n e d  for  th is  purpose .  Ca l l ed  a 

pos i t r on  e m i s s i o n  prof i l ing  (PEP)  de tec to r  it is c apab l e  

of  in situ m e a s u r e m e n t  o f  the  c o n c e n t r a t i o n  o f  l abe l ed  

reac tants ,  i n t e r m e d i a t e s  and  p roduc t s  w i th in  3 m m  

s e g m e n t s  a long  the  bed  at t ime  in te rva ls  of  0.5 s. 

M a t h e m a t i c a l  m o d e l s  b a s e d  on  the  ra te  expres s ions  

of  the  e l e m e n t a r y  s teps of  the  r eac t ion  u n d e r  s tudy can  

be  d e v e l o p e d  us ing  l i te ra ture  va lues  for  p a r a m e t e r s  

such  as: ac t iva t ion  energy ;  p r e - e x p o n e n t i a l  fac tor ;  and  

s t i ck ing  probabi l i ty .  T h e s e  m o d e l s  c an  be  used  to 

p red ic t  the c o n c e n t r a t i o n  d i s t r ibu t ion  of  reac tants ,  

i n t e r m e d i a t e s  and  p roduc t s  as a f unc t i on  o f  t ime  

and  pos i t ion  a long  the  reac tor  bed.  By  c o m p a r i s o n  

o f  these  p red ic t ions  wi th  the  va lues  m e a s u r e d  via  PEP, 

p a r a m e t e r s  c an  be  ref ined in o rder  to ob ta in  va lues  

u n d e r  p rocess  cond i t ions .  

T rans i en t  p h e n o m e n a  p r o d u c i n g  spat ia l ly  loca l i zed  

p roduc t  d i s t r ibu t ions  such  as me ta l  p r e c o n d i t i o n i n g  

and  ca ta lys t  deac t iva t ion  can  a lso  be  inves t iga t ed  

in situ us ing  this  t echn ique .  Qua l i t a t ive  data  gives  

va luab le  ins igh t  into  the  r eac t ion  m e c h a n i s m .  
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