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Highlights
e Operando measurement of intra-pellet liquid and gas compositions.
e Results reveal insights into adsorption and vapour liquid equilibrium in pores.
e Spatial mapping of intra-pellet compositions down a fixed-bed reactor.
e Changes in reaction selectivity can be tracked along the reactor.

1. Introduction

In heterogeneous catalysis, catalyst performance is directly influenced and reflected by the composition and
phase of the molecular species in the pore space of the catalyst. Conventional techniques, such as gas
chromatography, can only measure the mixture composition in the inter-pellet space which is different from
that of intra-pellet mixtures because of mass transfer limitation. This presentation reports the development and
application of nuclear magnetic resonance (NMR) techniques that enable operando measurement of intra-
pellet compositions. It is shown that the NMR signal acquired from the two environments may be distinguished
either by the diffusion coefficient or the NMR spectral lineshape of the inter- and intra-pellet species. The
characteristic which allows discrimination of chemical species is system-dependent. Two case studies are
reported. First, differences in molecular diffusion coefficient are used to discriminate and measure
compositions of intra-pellet liquid and gas mixtures, and hence to study the vapour liquid equilibrium of a
methanol-pentane mixture in a porous silica. Second, differences in NMR lineshape between species in the
intra- and inter-pellet space during 1-octene hydrogenation occurring in a fixed-bed of Pd/Al,O; catalyst enable
the measurement of intra-pellet chemical compositions while reaction is occurring.

2. Methods

In the study of the methanol-pentane system, silica pellets of pore size 20 nm were exposed to a flow of
methanol-pentane feed gas of 2 different compositions: Xpentane = 55 mol% and 70 mol%. For each feed
composition, the system temperature was controlled at 130 °C and pressure was allowed to stabilise at 19
pressure steps in the range of 2-17 bar. At each pressure step, NMR measurements were performed to acquire
the NMR 'H signal intensities and the diffusivities of the two molecular species. A novel data analysis method
was developed to obtain the compositions of intra-pellet liquid and gas mixtures. In the 1-octene hydrogenation
study, the measurements were performed under ambient conditions on a fixed bed of 0.3 wt% Pd/Al,0; catalyst
pellets under conditions of co-current downflow of 1-octene liquid and a 50/50 mol% H,/N, gas mixture
characterised by liquid and gas Reynolds numbers: 0.2 < Rep < 0.6 and 0.1 < Reg < 0.3. The reaction was
operated under H,-lean conditions with the feed mole ratios of 1-octene/H, = 11/1 and 21/1. To obtain intra-
pellet compositions along the length of the reactor, a partial least square regression method was developed and
implemented such that discrimination of inter- and intra-pellet species could be achieved based on the analysis
of their respective lineshape characteristics [1].
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3. Results and discussion

Figure 1 (a) presents the intra-pellet liquid compositions of methanol-pentane mixtures as a function of the
relative pressure of the gas mixture in the system. The intra-pellet gas compositions were measured to be the
same as the feed compositions and are not shown in the figure. For the results obtained for the two feed gas
compositions of Xpentane = 55 mol% and 70 mol%, the pentane fractions at low pressure are smaller than the
feed compositions indicated by the two horizontal lines, suggesting that the intra-pellet fluid is in adsorption
equilibrium (ADE) with the pore surface with preferential adsorption of methanol. At high pressure, the liquid
compositions show the opposite trend with a methanol- and pentane-rich liquid formed in the pore space for
the 55 mol% and 70 mol% feeds, respectively. This suggests capillary condensation of gas mixtures and vapour
liquid equilibrium (VLE) in pores. The contrasting results for the two feed compositions at high pressure
implies an azeotrope composition between Xpenane = 55 mol% and 70 mol%. Further, the increase in pentane
fractions with increasing pressure in the low pressure region for both feed compositions indicates a transition
from ADE to VLE. Figure 1 (b) presents the intra-pellet compositions of the ternary reaction mixture of 1-
octene, 2-octene and n-octane, along the length of the reactor during liquid-phase 1-octene hydrogenation. It
is observed that the major reaction product switches at ~10 mm down the reactor from the hydrogenation
product (n-octane) to the isomerisation product (2-octene).
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Figure 1. (a): Compositions of intra-pellet liquid of methanol-pentane mixtures for feed gas compositions of X,epane = 55 mol% (@)
and Xpenane = 70 mol% (®). The feed compositions of 55 mol% and 70 mol% are indicated by the blue and red horizontal lines,
respectively. Py, is the bubble point pressure of mixtures. (b): Intra-pellet compositions of the reaction mixture along the length of the
reactor obtained during 1-octene hydrogenation, where ® = 1-octene, M = 2-octene, A = n-octane.

4. Conclusions

NMR techniques have been developed to achieve operando measurement of intra-pellet compositions. In the
methanol-pentane system, for which there is a significant difference in diffusion coefficient between phases, a
diffusion-based NMR method has been developed to discriminate and measure the intra-pellet liquid and gas
compositions. These data give insight into the adsorption equilibrium and VLE in pores. In the 1-octene
hydrogenation system, for which there is no significant difference in diffusion coefficients between species in
the inter- or intra-pellet space, a method based on NMR lineshape has been developed to measure the intra-
pellet compositions along the length of reactor during 1-octene hydrogenation and reveals the switch between
hydrogenation and isomerisation along the reactor.
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