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Abstract: Microimaging by IR microscopy is applied to the
recording of the evolution of the concentration profiles of
reactant and product molecules during catalytic reaction,
notably during the hydrogenation of benzene to cyclohexane
by nickel dispersed within a nanoporous glass. Being defined
as the ratio between the reaction rate in the presence of and
without diffusion limitation, the effectiveness factors of cata-
Iytic reactions were previously determined by deliberately
varying the extent of transport limitation by changing a suitably
chosen system parameter, such as the particle size and by
comparison of the respective reaction rates. With the novel
options of microimaging, effectiveness factors become acces-
sible in a single measurement by simply monitoring the
distribution of the reactant molecules over the catalyst particles.

D etection and exploitation of novel synthesis pathways over
the past few years!!! have given rise to an impressive wealth of
novel nanoporous materials.>?! They offer unprecedented
potential for the production of new activity- and selectivity-
enhanced catalysts.! These endeavors include the design of
catalyst particles with transport properties optimized with
respect to the desired reaction.”
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The in situ observation of molecular transport and con-
version remained, however, a challenging task. Though the
fundamental laws of interdependence between diffusion and
reaction were formulated by Jiittner® more than a century
ago and proved to serve, via the Thiele concept,” as an
excellent tool for analyzing diffusion-limited reactions,’®?
the experimental techniques available to date provided only
limited insight into the intrinsic phenomena of mass transfer
and conversion in nanoporous materials. This is in particular
true with respect to the evolution of the intrinsic profiles of
the concentration of the reactant and product molecules,
which remained inaccessible by direct observation. Though
PFG NMR has been successfully employed for observing the
diffusion and conversion of the various molecular species
involved in catalytic reactions,!” it fails to give any insight
into the interplay of diffusion and reaction.

Allowing the trajectories of the molecules involved to be
followed and the position of their conversion to be localized,
the recent advent of single-molecule observation™ and
microspectroscopy™ were an important step ahead.*!®!7
Being concerned with the behavior of individual molecular
species, information about the concentrations of these species
has to be attained by considering the average over many
trajectories. The accuracy of the spatial and temporal
derivatives of the concentrations appearing in the Thiele—
Jiittner concept thus remains limited. With the option of IR
microimaging'®!”! to follow the evolution of the concentra-
tion profiles of all molecules involved, this type of experiment
has now become possible.

We present the application of this technique to the
hydrogenation of benzene to cyclohexane by nickel dispersed
within a nanoporous glass.”” This host material was applied in
diffusion studies confirming the ergodic theorem for guest
diffusion in nanoporous materials!'”! and the compatibility of
macroscopic and microscopic diffusion measurements.”"
Benzene hydrogenation on the other hand proved to be
ideally suited as a model reaction. It can proceed under
experimental conditions compatible with the requirements of
IR microimaging, and being intrinsically first order in
benzene, offers favorable conditions for mathematical anal-
ysis.[zz’m

Figure 1 introduces the procedure. Hydrogenation is
initiated by bringing a benzene-hydrogen atmosphere into
contact with the initially empty catalyst. The local concen-
trations of benzene and cyclohexane are determined by
recording the spatial dependence of the attenuation of the IR
light beam passing the sample, using the frequency range of
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Figure 1. Monitoring reactant and product concentration profiles
during the conversion of benzene (red) into cyclohexane (blue) in
nanoporous materials by microimaging, with the arrows in green
indicating the spatial extensions relevant for our experiments.

IR-active molecular vibrations as a fingerprint for the
respective molecular species. Examples of the profile evolu-
tion for both benzene (red) and cyclohexane (blue) are shown
on the left.

The nanoporous glass used as a catalyst support for the
nickel nanoparticles was applied as small platelets of 180 um
thickness. Top and bottom faces were sealed gas-tight by
coating with a thin silica layer (Supporting Information),
allowing molecular uptake and release to take place through
the edge of the platelets only. Profiles were recorded
perpendicular to these edges (x direction).

Figure 2 shows the complete set of profiles recorded at
26°C and 75 °C. Equivalent presentations for 50 °C and 100°C
are provided in the Supporting Information, Figure S7.
Deficiencies close to the sample edges in both the structural
homogeneity of the glass platelets and the evidence of IR
imaging prohibit, in this range, a proper measurement of
concentrations. The respective data points are given in gray.

Benzene is seen to propagate into the interior of the
catalyst particle forming a well-shaped propagation front.
This process is accompanied by the appearance of cyclohex-
ane, emerging as a result of benzene hydrogenation. Benzene
concentrations are seen to decay towards the particle interior,
indicating benzene influx. Cyclohexane concentration, in
contrast, decreases towards the particle boundary, indicating
efflux. Both profiles approach a steady state in which the
cyclohexane efflux is compensated by the benzene-to-cyclo-
hexane conversion rate. The situation considered in the
Thiele concept of correlating diffusion and reaction®®? does
thus appear to become directly accessible. As expected, the
rate of benzene propagation and the amount of cyclohexane
resulting from the hydrogenation process increase with
increasing temperature.

For contemplating the experimentally determined profiles
within the frame of diffusion—conversion theory, we consider

the relevant equation in the form:*!

dc Pea

a—? = DW — ke 1)
0 &
%:D a§f+kcA 2)
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Figure 2. Transient concentration profiles during hydrogenation of
benzene to cyclohexane (a: 26°C; b: 75°C). The experiments are
started by contacting an initially empty catalyst with a benzene—hydro-
gen atmosphere (a: at 26 °C With ppegsene =6 Mbar; ppgrogen =737 mbar,
b: at 75°C With Pyensene =27 mbar; pyygrogen =977 mbar). Data points
represent the experimental results obtained by IR microimaging
(circles: benzene (A), diamonds: cyclohexane (B)), reflecting mean-
ingful concentrations for x> 50 um. The solid (benzene (A)) and
dashed (cyclohexane (B)) lines are results of the analytical solution
[Supporting Information, Egs. (S33),(S42)] of the diffusion-reaction
equation [Egs. (1),(2)] with the associated initial and boundary con-
ditions [Egs. (3),(4)]. A complete representation of the solutions
(covering the whole of the distance, 0 <x<2L=1800 um, between the
opposite edges of the catalyst particle) is shown in Figure 3.

with A and B referring, respectively, to benzene and
cyclohexane and k denoting the first-order reaction rate
constant. It is assumed that mass transfer is exclusively
directed perpendicular to the edge of the platelets and that
the effective diffusivities D of the two components coincide,
being independent of guest concentration and composition.
We skip the appendage “effective” in the following, as it is
generally associated with the understanding that the diffusiv-
ity is not a genuine one and that it might be deduced from
more fundamental data like bulk diffusivities and tortuosities
(which is totally true with large enough pores). In fact, with
pore sizes of nanometers and sample extensions of hundreds
of micrometers, the concentrations appearing in Eqgs. (1) and
(2) can be completely meaningfully determined with refer-
ence to unit volumes with sizes notably exceeding the
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individual pore size,'>*! warranting a genuine (often referred
to as “intrinsic”) diffusivity as a well-defined quantity. The
diffusivities in this very system are reported®! to be
determined in complete mutual agreement by a series of
both microscopic and macroscopic techniques of measure-
ment, making nanoporous glasses a model system for
consistency checks of diffusion measurement with nano-
porous materials. The irregular structure of the material did,
on the other hand, allow for nothing more than meaningful
order-of-magnitude predictions.”"
The initial and boundary conditions

ca(xt=0)=cg(xt=0)=0 3)

calx=xLt)=1, cglx==%Lt)=0 4)
reflect the experimental situation where an initially empty
catalyst [Eq. (3)] is positioned, at time =0, in a benzene
atmosphere which maintains, from now on, the boundary
concentration of benzene at a constant value [Eq. (4)]. L=0
and x =+ L denote, correspondingly, positions in the platelet
center and on the edges opposite each other. Figure 3 shows
the complete spatial and temporal dependence as given by the
analytical solution of Equations (1) and (2) [Supporting
Information, Egs. (S33),(S42)], with the diffusivity D and
the reaction rate constant k resulting as the best fit to the
profiles experimentally determined. All experimental profiles
are, in turn, complemented with representations of the
relevant parts of the solution.

Both the diffusivity and the reaction rate constant are
known to be functions of also molecular concentrations.’*?!
Therefore, to ensure a meaningful comparison of the exper-
imental results at different temperatures, the benzene pres-
sure in the surrounding atmosphere was increased with
increasing temperature so that in all cases, the equilibrium
concentration of the guest molecules corresponded to about
one half of total pore filling (see the Supporting Information
for complete data representation). Figure 4 shows, in an
Arrhenius plot, the reaction rate constants and diffusivities as
resulting from the best fit between the solution of Equa-
tions (1) to (4) and the experimentally recorded profiles. The
straight lines show the best fit of these data to the respective
Arrhenius dependencies

k = kyexp(—E,/RT) ®)
and
D = Dyexp(—Ep/RT) ()

with Ep=15.6+2.7kImol™! and E,=48.1+4.9kJmol™'
denoting the activation energies of diffusion and reaction.
With an activation energy Ep notably below the heat of
adsorption of about 50 kJmol~,?"! diffusion of the reactant
and product molecules may be concluded to remain essen-
tially unaffected by desorption from surface sites as observed
for example previously.*!

The spatial and temporal dependencies of the concen-
tration profiles are seen to be reasonably well reflected by the
solution of the diffusion-reaction equations [Egs. (1) and
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Figure 3. Complete presentation of the solution of the diffusion—
reaction equation for hydrogenation of benzene to cyclohexane (a:
26°C; b: 75°C). Complementing Figure 2, the evolution of the concen-
tration profiles (solid lines: benzene (A), dashed lines: cyclohexane
(B)) is now shown for the whole of the distance, 0 <x<2L=1800 um,
from one edge of the catalyst particle to the opposite edge.
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Figure 4. Arrhenius plots of the reaction rate constants and diffusiv-
ities. Analyzing the transient concentration profiles recorded at 26, 50,
75, and 100°C (Figure 2; Supporting Information, Figure S7) yields the
data shown in this figure. The straight lines result by fitting the
Arrhenius law [Egs. (5) and (6)] to these data, yielding the indicated
activation energies.
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(2)], justifying the simplifications inherent to the chosen
approach.

Both these simplifications and unavoidable deficiencies in
host structure do prevent total coincidence. The assumption
of constant diffusivities for example is recognized as the
origin of a systematic deviation of the benzene concentrations
towards smaller values in comparison with the calculated
ones, recorded for small concentrations at the beginning of
our experiments. Under the conditions of single-component
uptake, as given in the initial stage of our experiments,
diffusivities increasing with concentration are well known to
give rise to diffusion fronts steeper than for constant
diffusivities.’>* Increase with increasing loading is a general
feature of guest diffusivities in nanoporous materials during
molecular uptake,'? which in particular has been confirmed
for the system under study.*!! Remaining differences may be
referred to limited spatial resolution (Supporting Informa-
tion)*! and transport resistances acting along with the
intrinsic diffusional resistance.!'”

Satisfactory agreement is also observed on comparing the
absolute value of the diffusivity (2.54+0.5x107""m?*s™" at
room temperature) with reported data®! determined in both
microscopic and macroscopic diffusion measurements with
cyclohexane in the same host material (ca. 1 to 3x
107" m*s™"). Similarly, also the value of 48.1+4.9 kImol™!
resulting from the temperature dependence of the reaction
rate constant for the activation energy is within the range of
values reported for hydrogenation reactions with nickel
catalysts.?2431]

In Figure 5, the results of our studies are presented within
the context of conventional diffusivity—reactivity analyses by
plotting the effectiveness factor # for irreversible reactions of
first order:

__tanh¢,
T

™)
as a function of the Thiele modulus ¢,

¢ = L\/k/D (8)

For these calculations we exploited the reactivities and
diffusivities of Figure 4, which have been determined by
analyzing the transient concentration profiles. Continuing the
conventional way of presentation, the inset in Figure 5 also
shows the reactant concentration profiles in the steady state.
These profiles do clearly coincide with the solid lines in
Figure 2 (and Supporting Information, Figure S7) attained in
the limit of the largest observation times. The effectiveness
factor is nothing else than the area below these profiles
[resulting in Eq. (7), by integration over the stationary state
profile; Supporting Information, Eq. (S33)]. We recognize
the familiar pattern of effectiveness factors decreasing with
increasing temperature corresponding with the faster increase
of the reaction rate constants in comparison with the
diffusivities (Figure 4).

Microimaging is able to record both the final concen-
tration profiles and their evolution towards these patterns.
The features becoming thus accessible by immediate obser-
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Figure 5. Effectiveness factor (data points, area below the steady-state
reactant profiles in the insert) plotted as a function of the Thiele
modulus and complemented by the complete representation of
Equation (7).

vation include a remarkable difference in the rates by which
the profiles of the reactant and product molecules approach
their final shape. Whilst in the transient profiles shown in
Figure 2b for 75°C after 2 min the concentrations of the
product molecules have emerged to not more than about 10 %
of their value under steady-state conditions, the reactant
concentrations have already attained close to three fourths of
their steady-state values.

Transient concentration profiles emerging in the interplay
of diffusion and reaction in nanoporous materials, which so
far have essentially been known from only textbook illus-
trations""1>%3 have thus become accessible by direct
microscopic observation, opening a novel route towards the
determination of intrinsic diffusivities and reaction rate
constants. These novel potentials include the determination
of the effectiveness factor by mere inspection of the
distribution of the reactant molecule within the catalyst
particle.

Effectiveness factors were previously generally calculated
by Equations (7) and (8) by determining the variation of the
reactivity as a function of the variation of a suitably chosen
parameter (mostly, the particle size), with the assumption that
all other parameters (notably the diffusivities and intrinsic
reaction rate constants) remain unaffected.®'? With the new
procedure, there is no longer any need for such assumptions,
which in general are hard to be confirmed with absolute
reliability.®® With the representation of the effectiveness
factor (now directly accessible as illustrated by the inset) as
a function of the Thiele modulus in Figure 5, the new way of
analysis is, on the other hand, seen to be completely
compatible with the well-established formalism of diffusion—
reaction theory.

The system and reaction chosen allowed the demonstra-
tion of the feasibility and potentials of the novel principle of
in situ measurement, even given the substantial limitations in
both the temporal and spatial resolution as well as in the
temperature range covered during the experiments. These
limitations, however, are not of principle nature and shall be
significantly released in the process of further experimental
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and methodological development. With the realistic option of
attaining resolutions in the range of seconds and a few
micrometers and reaction temperatures up to several hundred
centigrade, microimaging offers promising prospects for
application in both fundamental research and catalyst devel-
opment.

Keywords: glasses - heterogeneous catalysis - reaction kinetics -
reaction mechanisms - supported catalysts
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