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Abstract 

Two-dimensional 
1
H magnetic resonance imaging and spatially-resolved 

1
H magnetic resonance 

spectroscopy and diffusion measurements were recorded as a function of time-on-stream within a 

fixed-bed reactor to provide direct measurements of the progress of the heterogeneous catalytic 

oligomerization of ethene occurring over a 1 wt% Ni-Al2O3-SiO2 catalyst. The catalyst bed was of 

internal diameter 2 cm; magnetic resonance measurements were recorded over a bed length of 5.5 

cm. Experiments were conducted at a temperature and pressure of 110 °C and 29 bara, respectively, 

with continuous downflow of ethene at a flowrate of 0.78 L h
-1

. During conversion the accumulation 

of 
1
H-containing species within the catalyst pellets was imaged, and spatially-resolved 

1
H NMR 

spectra were recorded at 1 mm intervals along the length of the reactor. Diffusion-filtered 1D 

chemical shift imaging was used to discriminate between gas- and liquid-phase species along the 

length of the reactor at 1 mm intervals. Finally, spectrally-encoded pulsed field gradient 

measurements of molecular diffusion were employed to infer the molecular composition of the gas 

and liquid phases and to identify populations of these phases inside and external to the pore space of 

the catalyst pellets; these measurements were spatially-resolved along the length of the reactor, with 

data being averaged over sections of height 4 mm. The results are consistent with oligomers of 

carbon number C20 and greater existing within the pores of the catalyst pellets which act to block 

the pore space, thereby deactivating the catalyst.  

 

Keywords: operando catalysis; magnetic resonance; MRI; ethene oligomerization; heterogeneous 

catalysis; fixed-bed reactor 
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1 Introduction 

The application of magnetic resonance techniques to research in heterogeneous catalysis is well 

established. Much of this previous work has employed solid state nuclear magnetic resonance (NMR) 

techniques to study the chemistry and structure of heterogeneous catalysts as well as the adsorption 

and transport processes occurring within them [1-10].  There have been a number of approaches to 

studying heterogeneous catalytic processes in situ including studies under both batch and flow 

conditions [4], and there is increasing interest in studying heterogeneous catalytic reactions within 

reactor environments using magnetic resonance imaging (MRI) and NMR spectroscopy [11-19]. The 

motivation to implement these methods is to be able to probe both chemical composition and 

molecular transport in optically-opaque reactors non-invasively and without need for chemical tracers. 

However, the general application of magnetic resonance to studying heterogeneous catalytic 

conversions under operando conditions, that is, at realistic operating conditions of temperature, 

pressure and reactor environment, has been limited. This is due to challenges in both the construction 

of reactor environments built of materials compatible with operation inside a superconducting magnet, 

as well as obtaining spectroscopic information when spectral line broadening effects make the 

application of NMR spectroscopy to real catalytic conversions, in which multiple species exist within 

porous catalyst pellets, particularly difficult. The motivation for the present work is to explore the 

extent to which magnetic resonance can characterise what is happening inside the pore space of an 

heterogeneous catalyst in terms of the chemical composition, phase behaviour and mobility of these 

species. The heterogeneous catalytic ethene oligomerization reaction occurring in a fixed bed and 

operating at industrially-relevant conditions represents a challenging system for study but which, as 

demonstrated in this work, can be followed by using multiple magnetic resonance techniques in 

combination; namely, 
1
H MRI, and spatially-resolved 

1
H NMR spectroscopy, diffusion-filtered 

spectroscopy and spectrally-encoded measurements of molecular diffusion coefficient.  Of particular 

interest in this study is that the gas phase feed converts through to oligomers of varying lengths which 

can exist in either the gas or liquid phase within the pore space of the catalyst. It is demonstrated that 

magnetic resonance can track reaction along the reactor and also map the amount of species in both 

the gas and liquid phase as well as indicate oligomer chain lengths and their evolution. The method is 

also able to discriminate between gas and liquid phase species confined within the pore space of the 

catalyst and those that are free to move within the inter-pellet space of the bed.   

The catalytic oligomerization of ethene has been the subject of much academic and industrial research 

over the last five decades. Whilst ethene has traditionally been produced in the petrochemical industry 

by steam thermal cracking of hydrocarbons, alternative sources such as natural gas, coal and biomass 

are emerging [20].  An overview of the applications of light olefin oligomerization for the production 
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of fuels and chemicals has been given by Nicholas [21] addressing both homogeneous and 

heterogeneous catalysts and processes. As noted by Toch and co-workers [22], whilst the 

homogeneous catalytic oligimerization of ethene is a well-established reaction and has been 

implemented at the industrial scale [23], the use of heterogeneous catalysts may help to overcome the 

disadvantages of using environmentally unfriendly solvents and high energy consumption, as well the 

relative inflexibility in tailoring product distribution characteristic of homogeneous catalytic 

conversions. The first report of heterogeneously catalysed dimerization of ethene was by Kimura and 

co-workers [24] and since then a substantial body of work has been reported. Toch et al. [22] refer to 

much of this work and extend it in their experimental investigation and single-event microkinetic 

modelling of ethene oligomerization on Ni-SiO2-Al2O3. Of particular relevance to the present study is 

the review by Finiels et al. [20] who review the effects of pore size of the catalyst, Ni concentration, 

role of acid sites, and temperature and pressure of process operation on product distribution which 

may lie in the range of C4-C18 species. As noted by Finiels et al., catalyst deactivation during this 

conversion is a major consideration in the development of heterogeneous catalysts and catalytic 

processes. Deactivation is proposed to result from the strong adsorption of products on active sites 

and pore blocking with heavy molecules which grow from the acid-catalysed reaction of the C4-C6 

product olefins which are initially formed within the catalyst pores [25-27].  

The ethene oligomerization reaction therefore presents an interesting system for study and one which 

presents a number of measurement challenges; the products are oligomers of varying carbon number 

which comprise only olefinic and alkyl 
1
H species making direct assignment of the product 

distribution form the acquired spectrum impossible. Moreover, the species present can exist in the gas 

or liquid phase. The aim of this work was to implement and demonstrate 
1
H MRI along with spatially-

resolved spectroscopy and diffusion measurements, and the combination of these techniques, to 

explore the extent to which the chemical composition can be characterised and the gas- and liquid-

phases within the pores identified. The data show that the access to the interior of the pore space of 

the catalyst is lost as long chain oligomers are formed and are trapped within the pore space of the 

catalyst in the lower region of the bed.   

 

2 Experimental 

2.1 Reactor 

All NMR experiments were performed on a super-wide bore Bruker AV-III spectrometer equipped 

with a 66 mm diameter radio-frequency (r.f.) coil operating at a 
1
H frequency of 300.87 MHz. Figure 

1 shows a schematic of the experimental continuous flow fixed-bed reactor set-up. A silicon nitride 
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reactor with an internal diameter of 20 mm was placed within the bore of the 7.1 T vertical 

superconducting magnet. The magnetic resonance (MR) imaging region was 7 cm long. Thermal mass 

flow controllers (Bronkhorst F-201CV) were used to control the flow rate of gases into the reactor to 

an accuracy of ± 0.5%.  The feed lines and surface of the reactor above and below the imaging field-

of-view were covered with trace heating tape and fitted with thermocouples to control the reactor 

temperature. Thermocouples were also present inside the reactor, one directly above and one directly 

below the field-of-view, to measure the internal reactor temperature. The temperature difference 

across the two internal thermocouples did not exceed 2 ˚C.  Pressure control, to an accuracy of 

± 0.15 bar, was achieved through a pressure sensor at the top of the reactor and two parallel pressure 

control valves in the exit stream. The operation of the reactor was controlled using a LabView 

interface.  

 

2.2 Overview of Experiments 

The catalyst used was a 1 wt% Ni-Al2O3-SiO2catalyst, provided by Johnson Matthey plc, in the form 

of cylindrical pellets of length and diameter ~3 mm; the support composition was 

30% SiO2:70% Al2O3.  The catalyst preparation procedure was based on that of Heveling et al. (type 

NiSA-1A) [28]. The surface area, pore volume and mean pore diameter of the catalyst pellets are 

210 m
2
 g

-1
, 0.53 cm

3
 g

-1
 and 10 nm, respectively, as determined using nitrogen adsorption analysis. 

The total acid site concentration was 0.45 mmol g
cat
-1 , as determined by ammonia temperature 

programmed desorption. The mean Ni particle size was 5 nm, with larger structures containing Ni, Si 

and O (as determined from energy-dispersive X-ray spectroscopy) of diameter as large as ~100 nm 

also present. 10 g of catalyst pellets were loaded into the cylindrical reactor of internal diameter 20 

mm, giving a bed height of 55 mm, with z = 0 defined as the top of the catalyst bed.  Spherical glass 

spheres of 3 mm diameter were packed above and below the catalyst packing to heights of 57 mm to 

aid even distribution of the feed gas and support the catalyst bed, respectively. The section of the 

reactor containing the pellets was positioned in the centre of the r.f. coil. The exit gas composition 

was measured using gas chromatography (GC) with FID detection (Agilent Technologies GC-

6890N).   

 

The catalyst was first dried under a flow of nitrogen gas (BOC, 99.998% purity) at 220 °C and 

atmospheric pressure for 12 h. The reactor was then cooled and pressurised to the desired operating 

conditions for the reaction: 110 °C and 29 bar absolute. The feed gas was switched from nitrogen to 

ethene (BOC, 99.9% purity) flowing at 0.78 L h
-1 

at 110 °C and 29 bara downwards into the reactor. 

This corresponds to a weight-hourly-space-velocity (WHSV) of 2.15. The point at which ethene 

reached the catalyst bed was defined as time-on-stream (TOS) = 0 h and was identified by acquiring 
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MR images at frequent intervals after the start of ethene flow. Reaction was monitored for 8 h.  Under 

these operating conditions the conversion, as determined by GC analysis of the exit gases, drops from 

an initial 10% to ~4%; the composition of the product gases remaining approximately constant over 

this period with mole fractions of product gases being 0.84, 0.12, 0.03, and <0.01 for butene, hexene, 

octene and decene respectively.  

Two further experiments were performed. First, a control experiment was performed to test for any 

nuclear spin relaxation time contrast effects and associated signal changes that may result from the 

presence of the Ni in the catalyst. The reactor was filled with pure support material and ethene at 

110 °C and 29 bara, and the same experimental protocol was followed as for the reaction study. It was 

confirmed that the signal intensity of ethene at 110 °C and 29 bara was the same in the bed packed 

with support only as in the bed packed with catalyst pellets, and therefore acquired signal intensities 

are not significantly influenced by the presence of Ni species. Second, to determine the density of 

ethene in the bed, the ethene signal from a deactivated bed (thereby ensuring no catalytic conversion 

of ethene) was compared to the signal from the same bed filled with liquid hexane; both experiments 

were performed at 110 ˚C at 29 bara. Since the density of the liquid hexane is known it is 

straightforward to calculate the density of ethene from the ratio of acquired signal intensities, allowing 

for the H:C ratio characterising the two molecules. The deactivated bed was prepared by operating the 

ethene oligomerization reaction until no conversion was observed; this occurred at TOS ~50 h.  

 

2.3 NMR 

2.3.1 Overview of NMR Experiments  

For a general introduction to the various NMR techniques used the reader is referred to Callaghan 

[29].  Implementations of these techniques as used in the study of catalysts and catalytic reactors are 

given elsewhere [30]. The magnetic resonance measurements employed in this work and how they are 

used are as follows:  

Two-dimensional MRI (2D MRI) is used to map 
1
H spin density at different spatial positions inside 

the reactor. As long as the 
1
H NMR signal is free of relaxation time contrast effects, the signal 

intensity in the images is proportional to the number of 
1
H nuclear spins present. Therefore, the 2D 

MRI experiment provides a spatial map of the total number of 
1
H species present at any particular 

spatial location within the reactor. Given that the nuclear spin density is typically three orders of 

magnitude higher for a species in the liquid phase relative to the gas phase, higher signal intensities 

are predominantly associated with the liquid-phase species within the bed.  This measurement alone 

does not discriminate between chemical species or characterise the amount of gas and liquid present 

within the reactor.  
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One-dimensional chemical shift imaging (1D CSI) combines MRI and conventional spectroscopy 

such that 
1
H NMR spectra are acquired at 1 mm intervals along the length of the reactor (taken to be 

the z-direction). For each axial location, data are averaged in the associated transverse section across 

the reactor for that layer thickness in z, therefore data come from both inside and outside the catalyst 

pellets. The 1D CSI data are used to estimate the average chain length along the length of the bed 

because these data have negligible relaxation time contrast associated with the implementation of the 

pulse sequence itself.   

The Pulsed Field Gradient (PFG) NMR method, which is used to measure molecular displacement as 

a function of an observation time (also referred to as a diffusion time), is used in three different 

implementations in this work.  The PFG NMR measurement is based on that of Stejskal and Tanner 

[31]. The basic principle is that the system under study is exposed to two magnetic field gradient 

pulses separated by an observation time . The attenuation of NMR signal due to molecular diffusion, 

characterised by the molecular diffusion coefficient, D, is given by:  

𝑆

𝑆0
= exp(−𝑞2∆𝐷) (1) 

where 𝑞 = 𝛾𝛿𝑔;  𝛾 is the nuclear gyromagnetic ratio of the observed nuclei (
1
H in the present case); 𝛿 

and 𝑔 are the duration and strength of the PFG magnetic field gradient pulses, respectively. S and S0 

are the signal intensities acquired with and without implementation of the magnetic field gradients, 

respectively. The parameter ∆ is the diffusion time between the two sets of gradient pulses. It follows 

that for a single-component fluid undergoing unhindered diffusion a plot of log (S/S0) versus (q
2∆) 

yields a straight line of gradient -D. The typical error in a PFG NMR measurement of molecular 

diffusion in porous materials is 3-5%. If there are contributions to the total signal from several 

different species with different diffusivities then the signal attenuation is described by the multi-

exponential decay expression shown in Eq. (2): 

𝑆

𝑆0
= ∑ 𝑃𝑖

𝑁

𝑖

𝑒𝑥𝑝(−𝑞2∆𝐷𝑖) (2) 

where 𝑃𝑖 is the fractional population associated with each of the diffusion coefficients 𝐷𝑖 and N is the 

total number of different components, i.  

The three different implementations are as follows. First, the PFG NMR pulse sequence was 

combined with the 1D CSI experiment to map molecular diffusion coefficients along the length of the 

reactor. This measurement provides a direct determination of the molecular diffusion coefficients 

along with spectral information at each spatial location. The values of diffusion coefficient are, of 

course, of interest in their own right and can be used in modelling heterogeneous catalytic processes. 

These measurements also provide insight into the molecular species (i.e., oligomer chain lengths) 

present in the reactor and whether a given species is in the gas or liquid phase. Further, these data are 
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used to discriminate between species freely diffusing with the bed or confined within catalyst pores. 

Second, the spatially-resolved PFG NMR experiment was combined with the 1D CSI but using just 

one value of 𝑞2∆, that value being chosen such that it discriminated between gas and liquid phase 

species in the reactor on the basis of their diffusion coefficient. This measurement will be referred to 

as a diffusion-filtered 1D CSI experiment; it has the advantage that it acquires data at a faster 

acquisition rate and with higher signal-to-noise than the full implementation of the spatially-resolved 

PFG experiment and can therefore track the reaction at higher temporal and spatial resolution. Third, 

spatially-unresolved PFG NMR measurements were acquired to measure the slowest molecular 

diffusion coefficients present in the reactor. This experiment was designed to give the best signal-to-

noise possible to study the species moving most slowly within the reactor.  

The details regarding the experimental implementation of these magnetic resonance measurements are 

now given.  

2.3.2 Implementation of Magnetic Resonance Experiments  

2D MRI images of the 
1
H spin density inside the catalyst bed were acquired using a spin-echo pulse 

sequence [29,32], with 512 μs Gaussian-shaped slice-selective excitation and refocussing r.f. pulses. 

The lengths of the dephasing read and phase gradients were 0.4 and 0.3 ms respectively and the echo 

time was 2.7 ms. For longitudinal (z-x) images the data matrix consisted of 128 × 32 spatial points 

which, given a field-of-view of 64 × 22 mm
2
, yields pixels with a resolution of 500 × 690 m

2
. The 

slice thickness was 2 mm. Two repetitions were acquired and the recycle delay was 5 s giving a total 

acquisition time of 5 min. Transverse (x-y) images were acquired with a field-of-view of 22 × 22 mm
2
 

and a slice thickness of 2 mm. A multi-slice imaging protocol was used to acquire axial slices 

separated by 6.5 mm. The data matrix consisted of 32 × 32 spatial points, giving a pixel resolution of 

690 × 690 m
2
. Four averages were taken and a recycle delay of 5 s was used to minimise spin-lattice 

relaxation contrast, giving a total imaging time of 10 min.  

Implementation of 1D CSI [33] followed that of Sederman et al.  [17]. The durations of the hard 90° 

r.f. excitation pulse and the 180° refocussing pulse were 60 μs and 120 μs respectively. The duration 

of the phase-encoding z-gradient was 0.3 ms and it was ramped from 0 to 6.9 G cm
-1

 in 64 increments 

giving a field-of-view in the axial (z) direction of 64 mm and a spatial resolution of 1 mm; the 
1
H 

signal is averaged in the x-y plane. The spectral width was 20000 Hz and the echo time was 1.4 ms. 

Two repetitions were acquired and the recycle delay was 5 s yielding a total acquisition time of 

11 min. A recycle delay of 5 s was used to minimise spin-lattice relaxation contrast.  

Spatially-resolved PFG NMR diffusion measurements were implemented using the 13-interval PFG 

stimulated echo pulse sequence [34]. The gradient pulse length, 𝛿, and the diffusion time, ∆, were 

2 ms and 300 ms, respectively.  The strength of the gradient pulse, 𝑔, was incremented from 0 to 77 G 



9 

 

cm
-1

 in 32 steps using non-linear sampling. The echo time was 4.5 ms. To obtain spatial resolution, a 

phase gradient of duration 1 ms and incremented in 16 steps to a maximum of 0.3 G cm
-1

 was applied 

along the z-direction.  Given the field-of-view of 64 mm this gave a spatial resolution of 4 mm. For 

each acquisition a full free induction decay was acquired such that spectral information was extracted 

at each value of 𝑞2∆ and for each phase gradient increment. The recycle delay was 1.3 s and 4 

repetitions were used giving a total acquisition time of 44 min.  Preliminary study of the system 

showed that diffusivity values in the range 5 × 10
-7

 - 9 × 10
-12

 m
2 

s
-1

 existed within the reactor. 

Therefore non-linear sampling was employed to improve the accuracy of the faster and slower 

components present.  To measure diffusivities between 5 × 10
-7

 and 1 × 10
-8

 m
2 

s
-1

, characteristic of 

gas phase species, 𝑞2∆ was incremented in 16 steps evenly spaced in the range 0 - 7 × 10
7
 s m

-2
.
 

Diffusivities between and 1 × 10
-8 

and 9 × 10
-12

 m
2 
s

-1
, characteristic of liquid phase species, were 

measured using 16 evenly spaced increments up to 𝑞2∆ = 5 × 10
10

 s m
-2

. The PFG NMR data acquired 

for each of the two 
1
H spectral resonances were analysed by Laplace inversion [35]. For each 

1
H 

resonance, 4 distinct values of diffusion coefficient were observed and the percentage of the 

populations of these spins associated with each of these values of D was obtained. One of the 

advantages of the Laplace inversion is that it is an objective, numerical process that fits distributions 

of molecular diffusion coefficients to the experimental data. For completeness, the data were also 

analysed using a non-linear regression to fit a four-component version of Eq. (2) to plots of 𝑆/𝑆0 vs 

𝑞2∆, yielding the unknown coefficients 𝑃1– 𝑃4 and 𝐷1– 𝐷4. The results were in agreement with the 

Laplace inversion data to within the accuracy of the non-linear regression.  As discussed in Section 

2.3.1 a diffusion-filtered1D CSI experiment was also implemented. A 𝑞2∆ value of 3.5 × 10
7
 s m

-2
 

was used, which is shown in Section 3.1 to discriminate gas- and liquid-phase species. Data were 

acquired at a spatial resolution of 1 mm, and the total acquisition time for these measurements was 11 

min. Finally, the spatially-unresolved PFG NMR data were acquired to study the evolution of the 

species moving most slowly within the bed. A range of values of 𝑞2∆ from 0 to 5 × 10
10

 s m
-2

 were 

used,  with 8 repetitions and a recycle delay of 5 s, giving a total acquisition time of 21 min. 

 

3. Results and Discussion 

3.1 Identification of Gas and Liquid Phases and Composition  

Figure 2  shows a 2D spin-echo 
1
H NMR image of the reacting catalyst bed acquired at TOS = 3.7 h 

(Fig. 2a), and 5 spectra acquired at different axial positions in the reactor using the 1D CSI 

measurement (Fig. 2b). In Fig. 2a, it is clearly seen that signal intensity increases with distance down 

the reactor. It is also noted that the higher signal intensity resides predominantly within the catalyst 

pellets as opposed to the space between them. The spectra shown in Fig. 2b show the relative increase 
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in intensity of the peak at 1 ppm relative to that at 5 ppm with distance down the reactor; these peaks 

are attributed to 
1
H species associated with the alkyl carbons and olefinic carbons respectively.  Thus, 

these data show that at the entrance to the bed, only ethene is present. Since all species contain one 

olefinic group, as the oligomer chain length grows so does the ratio of the intensity of the peak at 1 

ppm relative to that at 5 ppm. Therefore, the spectra indicate that longer chain oligomers are present 

in significantly greater number as distance down the reactor increases. These data provide the 

motivation for the spectrally-encoded and spatially-resolved measurements of molecular diffusion 

which enable us to discriminate between the same species in the gas or liquid phase, and to suggest 

whether or not these species are confined within the pore space during the timescale of the 

measurement. 

As a first step, discrimination of gas- and liquid- phase species is considered, along with an initial 

characterisation of the composition of these phases. The approach is illustrated in Fig. 3, which shows 

examples of spectra acquired using spectrally-encoded PFG NMR with increasing values of 𝑞2∆. 

These data are from a 4 mm high section of the catalyst bed at z = 44 mm at TOS = 4 h. In each case 

the experimental data acquired at the given value of 𝑞2∆ are shown by the solid black line. The 

spectrum shown by the grey dotted line is the difference spectrum obtained by subtracting the 

spectrum acquired at each value of 𝑞2∆ from the spectrum acquired for 𝑞2∆=0, for which there is no 

diffusion weighting (i.e., attenuation). It is seen that the peak at ~5 ppm attenuates at relatively small 

values of  𝑞2∆  consistent with the  majority of species associated with the carbon-carbon double bond 

environment being associated with molecules characterised by fast diffusion coefficients; i.e., gas-

phase species. The peak at ~1 ppm attenuates far more slowly and is present through to the largest 

values of 𝑞2∆  used, consistent with that resonance being associated with the 
1
H species of alkyl 

chains of much more slowly diffusing oligomers formed during reaction. Considering Fig. 3b in more 

detail, which was acquired at 𝑞2∆ = 3.5 × 10
7
 s m

-2
, it is seen that signal associated with gas phase 

species has been almost completely removed due to diffusive attenuation, whereas signal from liquid-

phase molecules has not significantly attenuated. Thus, the spectrum shown by the grey and black 

lines represent the NMR signal from the gas- and liquid-phase molecules, respectively. This approach 

is validated by estimating the errors in this analysis by using Eq. (2), and the experimentally-

determined values of molecular diffusion coefficients and their populations and assignments to the gas 

or liquid phase, as reported in Table 1. From these, it is calculated that at 𝑞2∆ = 3.5 × 10
7
 s m

-2
, <2% 

of the gas phase but >99% of the liquid phase species contribute to the acquired spectrum (black line). 

It follows that for a given ‘gas’ or ‘liquid’ spectrum the ratio of the area of the spectral resonances at 1 

and 5 ppm can be used to estimate the composition of the system under study. Considering the gas-

phase signal, assuming the gas consists of ethene, butene, hexene and octene, the following equations 

hold: 
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𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑝𝑒𝑎𝑘 𝑎𝑡 5 𝑝𝑝𝑚

𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 𝑠𝑝𝑒𝑎𝑘 𝑎𝑡 1 𝑝𝑝𝑚
=

4𝑥𝑒𝑡ℎ + 3𝑥𝑏𝑢𝑡 + 3𝑥ℎ𝑒𝑥 + 3𝑥𝑜𝑐𝑡

5𝑥𝑏𝑢𝑡 + 9𝑥ℎ𝑒𝑥 + 13𝑥𝑜𝑐𝑡

 (3) 

𝑥𝑒𝑡ℎ + 𝑥𝑏𝑢𝑡 + 𝑥ℎ𝑒𝑥 + 𝑥𝑜𝑐𝑡 = 1 (4) 

where 𝑥𝑒𝑡ℎ , 𝑥𝑏𝑢𝑡 ,  𝑥ℎ𝑒𝑥  and 𝑥𝑜𝑐𝑡  are the mole fractions of ethene, butene, hexene and octene 

respectively, and the integers identify the number of 
1
H species contributing to each spectral peak for 

the given molecular species. Since for a TOS = 4 h, the GC analysis showed the gas-phase 

oligomerization product to be dominated by butene (𝑥𝑏𝑢𝑡 = 0.84), Eq. (3) and (4) are solved for the 

limiting case when 𝑥ℎ𝑒𝑥 → 0 and 𝑥𝑜𝑐𝑡 → 0 to give an estimate for the minimum value of 𝑥𝑒𝑡ℎ present 

in the exist gases. Taking the ‘gas-phase’ spectrum in Fig. 3b, it is seen that the ratio of peak areas is 

9:1 which gives an estimated exit gas composition of 91% ethene and 9% products; consistent with 

the GC analysis reported in Section 2.2. The low relative intensity of the peak at 1 ppm is indicative 

of only short-chain gas-phase species being present and is therefore in agreement with the gas-phase 

composition being dominated by ethene and butane.   Analysis of the liquid-phase spectrum (black 

line in Fig. 3b) provides an estimate of the average oligomer length. In this case, the ratio of the peak 

intensities at ~5 ppm relative to that at ~1 ppm, gives a ratio of 3:48, which is most closely consistent 

with the ratio of peak intensities of 3:49 characteristic of 1-hexacosene, a C26 alpha olefin.  From this 

analysis it is concluded that ethene and butane dominate the gas phase present, whilst a distribution of 

longer chain olefins, with chain lengths in excess of C20 dominate the liquid phase.  

3.2 Calculation of the Concentration of Gas and Liquid Phases Present 

The analysis in Section 3.1 shows that diffusion-filtered 1D CSI data enable discrimination of the 

amounts of gas and liquid phase species present in the reactor. To convert the NMR signal intensity 

through to a gas and liquid phase concentration, the density of representative gas and liquid phase 

species under the reactor operating conditions is required.  A value of 756 kg m
-3

 for 1-hexacosene 

[36] is taken; given the relative insensitivity of density to carbon chain length this value is deemed 

representative of the liquid phase species.  

Identification of the appropriate density for ethene is more challenging. With reference to Fig. 2a it is 

seen that at the top of the bed significant signal intensity exists inside the catalyst pellets. It is also 

noted that no signal intensity is seen between the catalyst pellets in the image consistent with the 

acquisition parameters and the operating conditions of temperature and pressure within the reactor, 

and the expected signal-to-noise ratio of ethene species at these conditions. Figure 2b also confirms 

that only ethene is present in the reactor at this location, given there is negligible contribution to the 

lineshape at 1 ppm (i.e. no alkyl 
1
H species). These observations suggest that ethene is existing at a 

higher density inside the pore space of the catalyst than expected from the ideal gas calculation at 110 

˚C and 29 bara.   This effect was observed in all experiments performed including 
1
H NMR 

spectroscopy measurements in which any relaxation effects are negligible.  Further, the control 
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experiment described in Section 2.2 confirmed that the presence of Ni on the catalyst was not 

introducing a significant relaxation enhancement effect. It is therefore concluded that this 

enhancement in the acquired 
1
H signal arises from an increase in ethene density inside the pores of the 

catalyst relative to its density in the inter-pellet space; i.e., the void space of the bed. The operando 

ethene density within the bed is obtained by comparing the MR signal intensity from the deactivated 

bed filled with ethene to that of the same bed filled with liquid hexane, as described in Section 2.2. 

Assuming that the r.f. coil response is the same for both hexane and ethene observation, and knowing 

the 
1
H spin density for hexane at the reactor operating conditions, a value of 4.0 × 10

21
 
1
H nuclei per 

cm
3 
is obtained which equates to a mass density of 46 kg m

-3
; this compares with the expected value 

of free gas phase ethene of 26 kg m
-3

 at 110 ˚C and 29 bara calculated using the ideal gas law. Using 

this value for the ethene density and knowing the total void space in the reactor comprising bed 

voidage and catalyst porosity, which have values of 41% and 51%, respectively, the concentration of 

gas and liquid phase species based on the total void space of the reactor is calculated. These data 

obtained for TOS=4 h are shown in Fig. 4a. The concentration of liquid phase species is seen to build-

up significantly along the length of the reactor. This suggests that the strong signal intensity observed 

inside the catalyst pellets in the lower section of the bed in Fig. 2a, is associated with the build-up of 

liquid phase species inside the catalyst pellets. It is also observed that the concentration of gas phase 

species down the bed decreases slightly, consistent with the loss of access to the pore space of the 

catalyst as a result of the pores being blocked by the liquid-phase oligomers. This is in agreement with 

the ex situ measurements made by Nkosi et al. [37] who showed that spent, deactivated catalyst had a 

significantly reduced pore volume.  

Figure 4b shows the average carbon number of the liquid phase species along the length of the bed at 

TOS = 4h; these data being obtained from the diffusion-filtered 1D CSI data. The average carbon 

numbers should not be interpreted as suggesting that a specific oligomer chain length exists at these 

locations. Indeed, following the analysis of Roberts et al. [18], a Schulz-Flory product distribution 

[38] could be assumed given the expected reaction mechanism, where the product distribution in 

terms of oligomer chain length is defined as: 

Wn = n(1-)
2
 

n-1
    ,                                     (5) 

where Wn is the weight fraction of products containing n monomer units (i.e. C2 species) and  is the 

distribution parameter, where 0 ≤  ≤ 1 and can be calculated directly from an average carbon 

number. For this dataset at z=44 mm and TOS = 4h, a value of  = 0.72 is obtained which corresponds 

to a standard deviation in carbon number of ~40. This analysis suggest that the acquired data are 

consistent with a product distribution, whilst weighted to oligomeric products of chain length less than 

C20, extends to considerably longer chain lengths. However, a detailed Schulz-Flory analysis is not 

pursued here because such an analysis is not readily compared with the same analysis applied to the 
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product stream from the bed; the MR data includes contributions from long chain oligomers held up 

within the pore space of the catalyst. Instead, the application of this Schulz-Flory analysis is used to 

illustrate that at this particular location in the bed such an analysis would show that a range of 

oligomer chain lengths exist and that therefore even when slow molecular diffusion coefficients are 

observed the NMR data do not suggest that small chain oligomers no longer exist. Small chain 

oligomers may exist in quite large number but their mobility will be significantly hindered by the 

presence of long chain oligomers. 

 

3.3 Identification of Chemical Species  

The measurements of molecular diffusion coefficient within the reactor are of interest in their own 

right and could be used as input parameters to simulation studies. In the present work, the measured 

diffusion coefficients are used to discriminate between gas and liquid phase species, and also enable 

tentative assignments of the observed diffusion coefficients to ranges of oligomer carbon numbers and 

provide evidence of populations of species being confined within the pore space of the catalyst.  

Figure 5 shows the results of the Laplace inversion of the spatially-resolved PFG NMR data recorded 

at z= 44 m for a TOS = 4 h; a subset of which was shown in Fig. 3.  As expected the spectral 

resonance at 5 ppm (Fig. 5a) is associated predominantly with fast diffusion coefficients since it will 

be dominated by contributions from gaseous ethene and short-chain oligomers, whereas the resonance 

at 1 ppm (Fig 5b) is dominated by the alkyl chain 
1
H species and the measured distribution of 

diffusion is therefore dominated by longer chain species. Table 1 reports the diffusion coefficients 

associated with the maxima of the peaks shown in Fig. 5. To illustrate the quality of the spectrally-

resolved PFG NMR data, Fig. 6 shows the actual attenuation data acquired at z=44 mm and TOS= 4h 

along with the 4-component fits to these data. Data are shown for the spectral peak at 5 ppm (a,b) and 

1 ppm (c,d). In each case the full q-range data (a,c) and the sub-set of short q-space data (b,d) are 

shown. The dashed line on each plot comes from taking the Pi, Di values from the NNLS fit of Eq. (2) 

to the acquired data.  

With reference to Table 1, it is seen that the diffusivities of 5-6 × 10
-7

, 2-5 × 10
-10

 and 7-8 × 10
-12

 m
2
s

-1
 

are identified for species contributing to resonances at both 1 and 5 ppm. This is expected because for 

carbon numbers C4+, the molecular species will give spectral responses for both the olefinic and alkyl 

1
H species of the same molecules, and hence will have the same diffusion coefficient.  It is also seen 

that for each of the peaks at 1 ppm and 5 ppm there is one diffusion coefficient which is not in 

common between the two measurements; namely D = 1 × 10
-8

 m
2
s

-1
 associated with the alkyl 

1
H, and 

D = 8 × 10
-8

 m
2
s

-1
 associated with the 

1
H bonded to the olefinic carbons. To aid the assignment of 

specific values of molecular diffusion coefficient to likely oligomer species, and whether they exist as 
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gas or liquid phase species, the experimentally-determined self-diffusivity values of C10 to C60 n-

alkanes at 110 °C that were acquired by von Meerwall et al. [39] and the Fuller-Schettler-Giddings 

correlation [40] for estimating the diffusivity of gases were used. As shown in Figure 7, the work of 

von Meerwall et al. [39] reports that the diffusivity of liquid n-alkanes at 110 °C decreases rapidly 

with carbon number from 7.8 × 10
-9

 m
2
 s

-1
 for n-octane (C8)  to 1.1 × 10

-10
 m

2
 s

-1
 for n-hexacontane 

(C26). The values of gas phase diffusion coefficient predicted for a given molecular species by the 

Fuller-Schettler-Giddings correlation are adjusted for the tortuosity of the pellets, this value was taken 

to be 2.5 as determined by NMR diffusion measurements as described by Hollewand et al. [41]. Each 

of the values in Table 1 will now be discussed in turn, along with the proposed assignments of these 

diffusion coefficients to oligomer types, the phase in which they exist and whether or not they are 

confined within the pores of the catalyst.  

D= (5-6) × 10
-7

 m
2
 s

-1
: This diffusion coefficient is consistent with free self-diffusion of ethene and 

small C number oligomers (C4-C6) in the gas phase, and is therefore assigned to such species existing 

within the inter-pellet space of the catalyst bed. Given the small population of species characterised 

by this diffusion coefficient at 1 ppm, the data strongly suggest a range of C2-C6 species but with the 

dominant species being ethene. In support of this assignment, the Fuller-Schettler-Giddings 

correlation yields an ethene diffusion coefficient of 6.5 × 10
-7

 m
2
s

-1
, and D = 4.4 × 10

-7
 and 3.6 × 10

-7
 

m
2
s

-1
 for butene and hexene diffusing in ethene, respectively.  

(ii) D= 8 × 10
-8

 m
2
 s

-1
: This value is assigned to C2-C6 species that predominantly exist within the 

pore space of the catalyst during the timescale of the NMR measurement, and which are in fast 

exchange with a condensed gas phase within the pore space [42]. A diffusion coefficient of 8 × 10
-8

 

m
2
 s

-1
 is 6 times slower than that expected for freely-diffusing gas-phase C2-C6 species, but 

significantly faster than any diffusion coefficient expected for liquid-phase molecules at 110 °C.  

These data are consistent with intra-pellet gas in dynamic exchange with a condensed gas phase in the 

pore space; most likely ethene in fast exchange with C4-C6 liquids condensed in the pore.   

(iii) D= 1 × 10
-8

 m
2
 s

-1
:  This diffusion coefficient is consistent with liquid-phase (i.e. capillary 

condensed) low carbon number species condensed in the pores of the catalyst. The diffusion 

coefficient is ~50 times slower than that expected for gases and significantly faster than liquid 

oligomers of higher carbon number. The observation that this D value is only identified in the analysis 

of the alkyl peak, suggests that this is predominantly condensed butene and hexene present in the 

pores, since at these conditions the vapour pressure data would not predict ethene to condense into a 

liquid phase. Note that the population of these species is small, but this diffusion coefficient is 

consistently observed throughout the datasets acquired and is therefore reported and assigned.  

(iv) D= (2-5) × 10
-10

 m
2
 s

-1
: The slow diffusion coefficient and the width of this peak in the Laplace 

inversion data suggests an upper limit of diffusion coefficient of 1 × 10
-9

 m
2
s

-1
 and hence the existence 
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of C20+ oligomers [39]. This diffusion coefficient value corresponds to a mean squared displacement 

of ~1 mm in 1 h, and is consistent with these oligomers being able to move within the bed and not 

trapped within the pore space of the catalyst. Note that this assignment does not uniquely assign this 

value of diffusion coefficient to the existence of a particular carbon number oligomer. Other shorter 

change oligomers will likely exist but their diffusion coefficient will be reduced in the presence of 

longer chain, more slowly diffusing oligomers. 

(v) D= (7-8) × 10
-12

 m
2
 s

-1
: The mean squared displacement of molecules diffusing at 8 × 10

-12
 m

2
 s

-1
 

for 1 h is ~0.2 mm, such a slow value of diffusion coefficient suggests that not only do long chain 

oligomers significantly in excess of C20 exist, in addition to smaller chain oligomers, but that the 

oligomer mixture is relatively immobile; i.e. trapped, within the pores of the catalyst. This population 

is therefore associated with oligomers that are blocking the pore space of the catalyst.   

On the basis of these assignments it is possible to take the data shown in Fig. 4a and identify the 

amounts of freely moving and confined gas and liquid phase materials with the reactor. These data are 

shown in Fig. 8. Comparing Fig. 8a with Fig. 4b, it is seen that a decrease in pore space accessed by 

gas-phase species occurs as the average carbon number of the oligomers present within the bed 

increases.  

 

3.4 Evolution of Pore Blockage with Time-on-Stream 

Figure 9 shows 2D MRI acquisitions of the reacting catalyst bed. Figures 9a-c show longitudinal 

cross-sectional images acquired at TOS = 1.5 h, 3.7 h and 5.7 h. Figure 9d shows four axial cross-

sections from z = 13, 26, 39 and 44 mm all acquired at TOS = 5.8 h. As TOS increases a greater 

accumulation of 
1
H signal intensity builds up within the bed, with signal intensity increasing towards 

the bottom of the bed. Again, it is clearly seen that the accumulation of 
1
H signal intensity tends to be 

located within the catalyst pellets. The build-up of 
1
H signal intensity, and therefore hydrogen-

containing molecular species, is heterogeneous with some pellets associated with significantly greater 

signal intensity than others, even at the same axial location down the reactor.   

Figure 10 shows the total concentration of liquid species along the length of the reactor for TOS = 0.7, 

4.0 and 5.5 h; the data for the gas phase concentrations for these values of TOS are the same, to within 

experimental error, to that shown in Fig. 4a. In all cases, the concentration of liquid is seen to increase 

along the length of the reactor however there is a greater accumulation of liquid towards the bottom of 

the bed as TOS increases, consistent with Fig. 9. In Fig. 11, the diffusion coefficients characteristic of 

the slowly diffusing species only are shown for TOS of 0.9, 4.3 and 8.2 h. At each TOS a bimodal 

distribution of diffusivities is observed. As TOS increases so does the relative amount of species 
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associated with very slow diffusion coefficients (~10
11

 - 10
12

 m
2
s

-1
). Although these data are not 

spatially-resolved and are acquired from the entire bed, the dominant contributions to the 

measurement will come from the regions associated with highest signal intensity in the image. 

Therefore this measurement is particularly sensitive to the oligomers existing within the pore space of 

the catalyst. These data show an increase in the slowly diffusing species trapped within the pore space 

of the catalyst and are therefore consistent with formation of species of increasing chain length and 

increasing entrapment of oligomers within the pore space; the former conclusion being supported by 

1D CSI data.  These data strongly support the proposal of Lallemand et al. [25-27] that rapid 

enrichment of liquid olefins occurs in the pores due to diffusion limitations.  

4 Conclusions  

This study has demonstrated the capability of a combination of 
1
H MRI, spatially-resolved NMR 

spectroscopy, and spatially-resolved, spectrally-encoded molecular diffusion measurements to follow 

conversion and deactivation processes occurring during a heterogeneous catalytic conversion at 

reaction conditions. Alongside any insights into the particular conversion of interest, this combination 

of magnetic resonance methods can be applied to any heterogeneous catalytic processes which can be 

studied by NMR spectroscopy and this approach therefore represents an advance in our ability to 

screen catalysts at the bench scale and to provide data, such as molecular diffusion coefficients, that 

might be used in modelling reaction processes.  

With respect to this particular study of the heterogeneous catalytic ethene oligomerization, spatially-

resolved 
1
H NMR techniques have been used to provide measurements of chemical composition and 

molecular diffusion both as a function of spatial position inside the reactor and time-on-stream during 

reaction occurring over a 1 wt% Ni-Al2O3-SiO2 catalyst, within a fixed-bed reactor operating at a 

temperature and pressure of 110 °C and 29 bara, respectively, under conditions of continuous flow.  

By combining diffusion and spectroscopy measurements, not only can the characteristic value of 

molecular diffusion along the length of the reactor be identified but these values of diffusion along 

with the spectral analysis are used to suggest the most likely range of oligomer chain length present in 

the bed at any position along the length of the reactor as well as suggesting whether the species are 

present in the gas or liquid phase and whether or not they are trapped within the pore space of the 

catalyst pellet on the timescale of the MR measurements. The data are consistent with oligomers of 

carbon number C20 and greater forming within the pores of the catalyst pellets which act to block the 

pore space, thereby deactivating the catalyst.  
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Tables 

 

Table 1 

 

peak at 1 ppm peak at 5 ppm 
species present phase 

𝐷𝑖  [m
2
 s

-1
] 𝑃𝑖  [-] 𝐷𝑖  [m

2
 s

-1
] 𝑃𝑖  [-] 

5 × 10
-7

 0.06 6 × 10
-7 0.64 

short chain alkenes 

(C2 -C6) 

free gas in inter-

particle space of 

reactor 

  8 × 10
-8

 0.29 C2-C6 

intra-pellet gas in 

dynamic 

exchange with 

condensed phase 

in pore space 

1 × 10
-8

 0.05   C4, C6 condensed in pore 

space 

2 × 10
-10

 0.38 5 × 10
-10 0.03 

range of C number 

oligomers, including 

presence of long chain 

oligomers (C20+)  

liquid in inter-

pellet space 

7 × 10
-12

 0.51 8 × 10
-12 0.04 

range of C number 

oligomers, including 

presence of long chain 

oligomers (C20+) 

liquid trapped in 

catalyst pores 
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Figure Captions 

 

Figure 1 

Schematic of the reactor set-up: mass flow controllers (1); liquid feed vessel (2);  high pressure liquid 

chromatography (HPLC) pump (3); reactor (4); NMR magnet (5); liquid knock-out pot (6).  PI 

identifies the pressure indicator.  

 

Figure 2 

(a) Longitudinal-plane (z-x) 2D MRI image acquired during the ethene oligomerization reaction. Data 

are shown for TOS = 3.7 h.  The image slice thickness is 2 mm, and the in-plane spatial resolution is 

500 m (z) × 690 m (x).  High signal intensity (lighter shades) indicates the presence of larger 

amounts of 
1
H species.  (b) Five spectra taken from the 

1
H 1D CSI dataset acquired at TOS = 3.6 h. 

Each spectrum is acquired from the 1 mm thick transverse slice section through the bed identified by 

the dotted lines in (a). 
1
H chemical shifts are referenced to the 

1
H resonance of tetramethylsilane 

(TMS).  

 

Figure 3 

1

H NMR spectra acquired during a spatially-resolved PFG NMR diffusion measurement. Data are 

shown for a slice at a position z = 44 mm from the entrance to the catalyst bed at TOS = 4 h. The solid 

black lines show the data acquired for acquisition parameter values of  𝑞2∆  = (a) 0, (b) 3.5 × 10
7

,
 
(c) 

5.1 × 10
10

  s m
-2

.  The dotted grey lines in each figure show the difference between the acquired data 

and the unattenuated spectrum at 𝑞2∆  = 0. 

 

Figure 4 

Characterisation of phase behaviour and evolution of average oligomer chain length down the reactor 

at TOS = 4 h. (a) Concentration of liquid- (solid line) and gas- (dashed line) phase species. (b) The 

average carbon number of the liquid-phase species. 

 

Figure 5 

Probability distribution of diffusivities obtained by Laplace inversion of the spatially-resolved 

PFG NMR diffusion data recorded from a slice thickness of 4 mm located at position 

z = 44 mm at TOS=4 h. Data are shown for the spectral peak at (a) 5 ppm, and (b) 1 ppm 

relative to TMS.  
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Figure 6 

Example of spatially-resolved PFG NMR diffusion measurements. Data (○) are shown at 

position z = 44 mm at TOS=4 h; the signal attenuation as a function of  𝑞2∆  for the spectral 

peaks at 5 ppm and 1 ppm are shown in (a,b) and (c,d), respectively. Both the full range of  𝑞2∆ 

is shown (a,c) and a shorter range 𝑞2∆ < 1 × 10
8 

s m
-2

 (b,d). The dashed lines shows the fits the 

NNLS fit of Eq. (2) to the acquired data. As discussed in the text this analysis gave values of 
1
H 

spin population and molecular diffusivities in agreement with the data obtained from the 

Laplace inversion (Fig. 5) reported in Table 1.  

 

Figure 7 

Experimentally-determined diffusivity values of C8-C60 n-alkanes at 110 °C [39].  

 

Figure 8 

Concentration of (a) gas phase, and (b) liquid phase species along the length of the bed at TOS 

= 4 h. For each phase, the concentration of species freely moving with the bed (●) and that 

which is confined with the pore space (   ) is identified.  

 

Figure 9  

(a)-(c) Longitudinal (z-x) 2D MRI images of the catalyst bed at TOS of (a) 1.5 h, (b) 3.7 h, (c) 

5.7 h. The image slice thickness is 2 mm, and the in-plane spatial resolution is 500 m (z) × 

690 m (x). High signal intensity (lighter shades) indicates the presence of larger amounts of 

1
H species.  (d) Transverse (x-y) 2D MRI images with slice thickness = 2 mm, and in-plane 

spatial resolution 690 m (x) × 690 m (z). Images are shown from a dataset recorded at TOS = 

5.6 h, and are taken from positions in the bed at 13, 26, 39 and 44 mm in the bed as indicated in 

the longitudinal image recorded at TOS = 5.7 h. Signal intensity in all the images has been 

normalised relative to the intensity of the brightest pixel in (d).   

 

Figure 10 

Concentration of liquid-phase species along the length of the reactor at TOS = 0.7, 4.0 and 5.5 h. 
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Figure 11 

Probability distributions of molecular diffusion coefficients obtained by Laplace inversion of 

spatially-unresolved PFG NMR measurements at TOS = 0.9, 4.3 and 8.2 h. Only slowly 

diffusing species are shown. Although spatially-unresolved these data will be dominated by the 

regions of the bed containing most 
1
H species; such species are predominantly towards the 

bottom of the reactor as seen in Figures 2 and 9.   
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Table Captions 

 

Table 1 

Parameters from the Laplace inversion of the spatially-resolved, spectrally-encoded 

PFG NMR data recorded at  z = 44 mm and TOS = 4 h. 

 

 

 

 

 

 

 

 



Figure 1 

N2 

PI 

GC & vent 

r.f. coil 

gradient set 

catalyst  

bed 

3 

5 4 

feed line 

return line 

1 

6 

C2H4 

1 

2 



-10-5051015

0 

10 

20 

30 

40 

50 

z
 [

m
m

] 

12 mm 

25 mm 

38 mm 

46 mm 

chemical shift [ppm] 

0   intensity [-]   1 

a) 1 mm b) 

Figure 2 



-50510

in
te

n
s
it
y
 [

-]

chemical shift [ppm]
-50510

chemical shift [ppm]
-50510

chemical shift [ppm]

a) b) c) 

Figure 3 



Figure 4 

0

10

20

30

40

50

0 10 20 30 40 50
axial position [mm]

c
o

n
c
e

n
tr

a
ti
o

n
 [

m
g

 c
m

-3
]

0

10

20

30

40

0 10 20 30 40 50

c
a

rb
o

n
 n

u
m

b
e

r 
[-

]

axial position [mm]

a) b) 



0.0

0.2

0.4

0.6

0.8

1.0

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

p
ro

b
a

b
ili

ty
 d

e
n

s
it
y
 [

-]

diffusivity [m
2
 s

-1
]

0.0

0.2

0.4

0.6

0.8

1.0

10
-12

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

p
ro

b
a

b
ili

ty
 d

e
n

s
it
y
 [

-]

diffusivity [m
2
 s

-1
]

a) b) 

Figure 5 



0.0

0.2

0.4

0.6

0.8

1.0

0 2 10
7

4 10
7

6 10
7

8 10
7

1 10
8

S
 [

-]

q
2
 [s m

-2
]

0.0

0.2

0.4

0.6

0.8

1.0

0 1 10
10

2 10
10

3 10
10

4 10
10

5 10
10

S
 [

-]

q
2
 [s m

-2
]

0.0

0.2

0.4

0.6

0.8

1.0

0 1 10
10

2 10
10

3 10
10

4 10
10

5 10
10

S
 [

-]

q
2
 [s m

-2
]

0.0

0.2

0.4

0.6

0.8

1.0

0 2 10
7

4 10
7

6 10
7

8 10
7

1 10
8

S
 [

-]

q
2
 [s m

-2
]

a) b) 

c) d) 

Figure 6 



0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70

d
if
fu

s
iv

it
y
 [

1
0

-9
 m

2
 s

-1
]

carbon number [-]

Figure 7 



0

5

10

15

20

25

0 10 20 30 40 50
axial position [mm]

c
o

n
c
e

n
tr

a
ti
o

n
 [

m
g
 c

m
-3

]

0

5

10

15

20

25

0 10 20 30 40 50
axial position [mm]

c
o

n
c
e

n
tr

a
ti
o

n
 [

m
g
 c

m
-3

]

a) b) 

Figure 8 



0 

10 

20 

30 

40 

50 

z
 [

m
m

] 

a) b) c) 

d) 

Figure 9 



Figure 10 

0

10

20

30

40

50

0 10 20 30 40 50

TOS = 0.7 h
TOS = 4.0 h
TOS = 5.5 h

axial position [mm]

c
o

n
c
e

n
tr

a
ti
o

n
 [

m
g
 c

m
-3

]



0.0

0.2

0.4

0.6

0.8

1.0

10
-12

10
-11

10
-10

10
-9

10
-8

TOS = 0.9 h
TOS = 4.3 h
TOS = 8.2 h

diffusivity [m
2
 s

-1
]

p
ro

b
a

b
ili

ty
 d

e
n

s
it
y
 [

-]

Figure 11 


