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Mass transfer phenomena are known to play a crucial rule in porous heterogeneous catalysts. When
intraparticle diffusion is too slow to provide a sufficient flux of reactants to the inner parts of the cat-
alyst particles, substrate depletion occurs and only the outer parts of the particles are efficiently used
for catalysis. Quantifying the degree of intraparticle diffusion limitation by means of the Thiele modulus
and the related effectiveness factor remains a big challenge. Only few techniques combine the neces-
sary spatial resolution and sensitivity to measure in situ the concentration profiles of organic products
and/or reagents inside the catalytic particles. In this contribution a brief overview is given of in situ tech-
niques that allow such space-resolved activity profiling at the single particle level and their strengths and
weaknesses are highlighted. The superior sensitivity of fluorescence microscopy is exploited to study the
effects of mass transfer limitations on the overall catalytic efficiency in a spatially resolved fashion. The
epoxidation of bulky substrates over mesoporous Ti-MCM-41 was chosen as a model case. It is shown

how individual reaction events inside the Ti-MCM-41 particles are visualized and localized and how the
obtained reactivity maps yield direct information on the Thiele modulus and effectiveness factor of this
specific intraparticle diffusion limited catalytic process. Moreover, a value for the intraparticle diffusion
constant and the intrinsic rate constant of the catalytic reaction could be estimated based on the data
obtained by one in situ experiment. The presented method is versatile and applicable to a variety of cat-
alytic systems, provided that a suitable fluorogenic probe molecule is used, which preferably is detectable

el aft
at the single molecule lev

. Introduction

Heterogeneous catalysts offer unique opportunities for sustain-
ble chemical processes, thanks to the ease of separation and
ecycling of the catalyst from the reaction mixture resulting in
leaner waste streams. In heterogeneous catalysis the reaction
akes place at the interface between the solid catalyst and the liq-
id or gas phase where the reactants are located. Therefore, it is
rucial to maximize the contact area between the catalyst and the
eaction medium. This can be achieved by using highly porous cat-
lysts, displaying very large accessible surface areas. However, the

ncreased surface area in nanoporous materials is often counter-
cted by the slower diffusion of reactants and products through
he catalytic material. To evaluate how the reaction rate is influ-
nced by the reactant supply to the inner parts of the particles, a
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er catalytic conversion.
© 2010 Elsevier B.V. All rights reserved.

detailed understanding of the involved diffusion processes in rela-
tion with the catalytic rate is essential. When intraparticle diffusion
of the reactants to the catalyst center is the rate determining step
in the process, the catalyst is not only used inefficiently, but also,
the longer residence times of the formed product molecules may
give rise to secondary reactions, resulting in a decreased selectivity.
The latter for instance can be problematic in the partial oxidation
of hydrocarbons [1,2].

Intraparticle diffusion limitations can often be overcome by
decreasing the particle size. As such, measuring the catalytic rate as
a function of particle size can be used to check whether or not the
reaction is under intraparticle diffusion control. However, decreas-
ing the particle size might induce different particle morphologies
or the overexposure of certain crystallographic planes and hence
alter the overall pore accessibility. For instance, in ZSM-5 crystals

the crystal morphology is very sensitive towards the synthesis pro-
cedure and thus also towards the particle size [3,4]. Therefore it is
not always straightforward to directly relate variations in activity
to particle size. A more quantitative approach to evaluate the influ-
ence of intraparticle diffusion on the overall catalytic process was
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http://www.sciencedirect.com/science/journal/09205861
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laborated by Thiele and later by Wheeler [5–7]. By constructing
he mass balance for the reactant in a spherical catalyst particle
ith radius r1 and using as boundary conditions c = c1 at r = r1 and
is finite at r = 0, the concentration profile inside the particle could
e derived (see Eq. (1)).

(r) = c1 · r1

r
· sinh(m · r)

sinh(m · r1)
= c1 · r1

r
· em·r − (1/em·r)

em·r1 − (1/em·r1 )
with

m =
√

k

Deff
(1)

From Eq. (1) it can be seen that m−1 represents the character-
stic distance over which the concentration profile decays. Thus,
n the case of intraparticle diffusion limitation, when m−1 is small
ompared to the particle radius r1, the equation can be simplified
o:

(r) = c1 · em·(r−r1) for r ≈ r1 (2)

The dimensionless (modified) Thiele modulus (�) is defined as
he ratio between the characteristic particle size (volume Vp over
urface area Sp) and the distance of concentration decay m−1, and
s a direct measure of intraparticle diffusion limitation (Eq. (3)).

= Vp

Sp
· m = Vp

Sp
·
√

k

Deff
(3)

For � larger than 1, intraparticle diffusion becomes rate deter-
ining. The dimensionless effectiveness factor � is related to �. �

s defined as the ratio of the real reaction rate over the theoreti-
al reaction rate when the concentration along the whole particle
ould equal the external concentration.

= 1
�

·
[

coth (3 · �) − 1
3 · �

]
(4)

For high Thiele moduli, � approaches 1/� while at low Thiele
oduli � approaches 1. This theory simply relates basic param-

ters in order to quantify the influence of diffusion limitations
n the catalytic performance of a porous material. Nevertheless it
emains extremely hard to get experimental access to these param-
ters, viz. the effective diffusivity Deff and the intrinsic rate constant
. Generally the presence of intraparticle diffusion limitations is
dentified through indirect measurements, such as measuring the
pparent activation energy as a function of temperature or mea-
uring the dependency between particle size and activity [7]. For a
eal quantification of the Thiele-Wheeler parameters, exact values
or the intraparticle diffusion coefficient and rate constant must
e obtained in relevant conditions, which is a tedious task. In situ
MR-based techniques such as Pulsed Field Gradient (PFG) NMR
r Pulsed Gradient Spin Echo (PGSE) NMR can be applied to obtain
ntraparticle diffusion coefficients of hydrogen-containing com-
ounds such as hydrocarbons in reaction conditions [8,9]. However,
he range of measurable diffusion constants with this technique is
enerally limited to D values larger than 10−14 m2/s. Moreover, PFG
MR measures the diffusivities only at the microscale, over dis-

ances much smaller than the crystallite size. Therefore particular
ffects in macroscopic crystal properties such as transport barriers
re not taken into account [10].

In this contribution we present a new, generic approach for
irect visualization and quantification of the intraparticle diffusion

imitations and the related Thiele–Wheeler parameters, via space-
esolved activity profiling inside individual catalytic particles. After

concise overview of techniques for direct space-resolved activity
rofiling, we will elaborate this approach for the specific exam-
le of activity profiling with the aid of high-resolution single
olecule fluorescence microscopy on individual Ti-MCM-41 epox-

dation catalysts using a profluorescent model reagent. This catalyst
day 157 (2010) 236–242 237

is often used for the epoxidation of bulky substrates, which can-
not enter the smaller pores of the more performing TS-1 catalyst
[11,12]. Recently it was demonstrated that the particle size has
a strong influence on the activity and selectivity of the epoxida-
tion reaction [13,14]. It was therefore reasoned that the common
micrometer-sized Ti-MCM-41 particles are not optimally used due
to intraparticle diffusion limitations.

2. Direct visualization of mass transfer phenomena during
catalysis: space-resolved reaction profiling

A direct quantification of intraparticle diffusion limitations
through the Thiele modulus is possible since its value is only
determined by the particle radius and the characteristic distance
over which reaction takes place inside the particle (see m-value
in Eqs. (1) and (2)). The latter can be effectively probed by any
space-resolved technique that can selectively monitor product for-
mation in situ at the single particle level [15]. However, in practice
many limitations arise. For instance NMR-based MRI imaging has
a limited spatial resolution of about 100 �m, and can therefore
only be used for catalyst pellets, which are in fact assemblies of
individual catalytic particles [16,17]. A better spatial resolution of
5–20 �m in the xy-plane is provided by (ATR) IR microscopy, a
technique that also yields detailed chemical information on the
probed molecule via its vibrational fingerprint [18,19]: however
the lack of Z-resolution can be a limiting factor for its application on
product formation inside individual particles. Microscopy methods
using light of lower wavelengths, for instance UV–vis microscopy,
logically yield better resolution; however, this resolution is lim-
ited to the xy-plane [20]. A true diffraction-limited 3D resolution
using visible light can be achieved by confocal Raman microscopy
[21–23]. Although all these techniques are promising for use in
space-resolved activity profiling at the single catalyst level, there
is still a big hurdle that must be overcome: their limited sensi-
tivity. In real steady-state catalytic processes the products quickly
diffuse out of the particles and thus at each moment only a small
amount of product molecules is present inside one catalytic par-
ticle. In order to monitor product formation in such situations,
the techniques mentioned so far will often lack sensitivity and are
therefore not always suitable for investigating catalysis and related
mass transfer phenomena at the single particle level. Here, in situ
fluorescence microscopy provides a solution. The extremely high
sensitivity, down to the single molecule level, allows the detection
of very limited amounts of fluorophores, while the diffraction-
limited spatial resolution is typically in the order of a few hundred
nanometers. A true 3D resolution is achievable allowing to make
resolved optical sections throughout catalytic particles. Recently,
several strategies were even developed to circumvent the diffrac-
tion limit, yielding nanometer resolution in the xy-plane [24–30].
Aside from numerous fluorescence microscopy-based studies on
diffusion in porous media [31–35], it was recently demonstrated
that this technique can be a valuable tool for monitoring catal-
ysis as well [36–45]. However, when it comes to catalysis inside
porous media, so far only a few examples have been reported. In
these studies the fluorescent product molecules were trapped in
the inner pore volume [36,42,46,47]. As a result, the accumulation
of these products is easy to monitor with diffraction-limited resolu-
tion, but such non-steady-state conditions are not always relevant
for real catalytic processes. This contribution therefore shows how
single molecule fluorescence microscopy can yield high-resolution
activity profiles inside a porous catalyst in steady-state condi-

tions and this beyond the diffraction limit. The obtained activity
profiles yield direct information on the overall catalytic process
including mass transfer phenomena. By only one experiment, the
Thiele modulus and effectiveness factor can be directly deduced
and intraparticle diffusion coefficients as well as rate constants of
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he catalytic activity can be calculated for liquid phase catalytic
ystems.

. Materials and methods

.1. Synthesis of Ti-MCM-41

The general synthesis scheme of the Ti-MCM-41 particles is
escribed in detail elsewhere [13,14]. The material was prepared
rom a synthesis mixture consisting of an aqueous solution of
etyltrimethylammonium bromide (CTAB), tetraethyl orthosilicate
TEOS), titanium (IV) isopropoxide (TIP) and an aqueous ammo-
ia solution. The molar ratio of H2O/NH3/CTAB/TEOS/TIP was
2/3.3/0.1/1/0.025. The obtained gel was heated at 100 ◦C in an
utoclave for 48 h under static conditions, after which the solid
as centrifuged, washed with distilled water, dried at 60 ◦C, and

alcined in air at 550 ◦C for 6 h (with a heating rate of 1 ◦C/min).
his way Ti-MCM-41 with an average particle size of ±3 �m was
btained. A profound characterization of this material has been
ublished elsewhere [14]. From N2-adsorption measurements a
niform pore size of about 2.7 nm without the presence of larger
oid spaces between the mesoporous domains in the MCM-41
article was evidenced. X-ray diffractograms illustrated the high
egree of ordering in this material, while from UV–vis spectroscopy
he absence of TiO2 in the anatase phase was proven [14].

.2. Synthesis of phenylbutadienyl-substituted boron
ipyrromethene difluoride (PBD-bodipy)

The synthesis of the PBD-bodipy probe is described in detail
lsewhere [48]. Before the measurements an additional purification
s performed by silica chromatography with pure dichloromethane
s eluent. The first fraction (RF = 0.95) is the desired product.

.3. Fluorescence microscopy measurements

The wide field fluorescence microscope consists of an inverted
icroscope (IX-71, Olympus) in combination with a 100×, 1.3
A oil immersion objective lens and a highly sensitive cooled
lectron Multiplying-CCD (cascade 512B, Princeton Instruments
nc.). The excitation source is a 488 nm Ar+ laser (Stabilite 2017,
pectra-Physics), operating at 200 mW, which is circularly polar-

zed, expanded and focused onto the back focal plane of the
bjective. Emission is collected by the same objective, split from
he excitation beam by a dichroic mirror, spectrally cleaned by
long pass 500 nm and a bandpass 509–547 nm filter to remove
nwanted red emission from the unreacted PBD-bodipy substrate,

ig. 1. Bulk fluorescence properties of the PBD-bodipy (10 mM) probe and its epoxidatio
ert-butyl hydroperoxide (TBHP; 10 mM) and Ti-MCM-41 catalysts (5 mg) the emission sp
nd P2. The spectrum is taken at low (<5%) conversion, thus the amount of formed P3 is n
he microscopic single molecule experiments. (For interpretation of the references to colo
day 157 (2010) 236–242

and imaged by the CCD with a frame rate of 10 Hz. The image was
expanded 3.3 times before entering the CCD, resulting in a field of
view of 24.6 �m × 24.6 �m.

The sample is prepared by spin coating a suspension of the Ti-
MCM-41 particles in n-butanol onto a clean cover glass. These cover
glasses are subsequently mounted in a sample holder that allows
for the addition of liquids. After addition of solvent (n-butanol,
spectroscopic grade and vacuum distilled) and the reagents, tert-
butylhydroperoxide (TBHP) and PBD-bodipy, the sample was
mounted on the microscope. Reactions are performed at room tem-
perature.

3.4. XPS measurements

XPS measurements on the Ti-MCM-41 particles are performed
using a S-Probe Monochromatized XPS spectrometer of Sur-
face Science Instruments (VG), equipped with a Al K� X-ray
source (1486.6 eV monochromatic). The take-off angle was � = 45◦.
The sample was mounted in a vacuum chamber at a pres-
sure of 2 × 10−9 mbar. The analysis surface was approximately
250 �m × 1000 �m.

3.5. Measuring pore accessibility

The accessibility of the Ti-MCM-41 pores for the PBD-bodipy
probe was measured by immersing the particles in a concentrated
PBD-bodipy solution (±1 mM) in n-butanol. Subsequently the parti-
cles were washed once in n-butanol and spin coated on a clean cover
glass. 3D imaging of the fluorescence intensity distribution inside
the particles is performed on a confocal laser scanning microscope
(Olympus Fluoview 500) under 543 nm excitation. The pinhole was
set to 100 �m to ensure a reasonable Z-resolution.

4. Results and discussion

To probe the epoxidation activity of an individual Ti-MCM-
41 particle with tert-butyl hydroperoxide (TBHP) as oxidant, a
phenylbutadienyl-substituted boron dipyrromethene difluoride
(PBD-bodipy) is applied. Upon oxidation of one of the double bonds
in the butadienyl bridge (Fig. 1a) the fluorescence color shifts from
red to green-yellow. The reactivity of this probe towards epoxida-
tion is examined at the bulk level. Fig. 1b shows the absorption and

emission spectra of a reaction mixture of the PBD-bodipy (10 mM)
probe and tert-butyl hydroperoxide (TBHP; 10 mM) in n-butanol in
the presence 5 mg of the Ti-MCM-41 catalyst, measured at low to
intermediate conversions (after 10 h stirring at 60 ◦C), to minimize
the formation of the double epoxide product P3. Two blue-shifted

n products (P1, P2 and P3) in n-butanol upon 488 nm excitation. In the presence of
ectrum shifts from red to greenish-yellow due to the formation of the products P1

egligible. The green rectangle indicates the part of the spectrum that is collected in
r in this figure legend, the reader is referred to the web version of the article.)
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ig. 2. Scheme of the experimental setup. Upon epoxidation of the PBD-bodipy p
hich is collected upon excitation by a 488 nm laser. (For interpretation of the refere

ands are observed. The first band has excitation and emission
axima around 508 and 515 nm respectively and is assigned

o product 1 (P1), while the second band, having excitation and
mission maxima around 537 and 543 nm respectively is assigned
o product 2 (P2).

For the microscopy measurements (see Fig. 2 for a schematic
verview) the catalytic particles are deposited on a glass slide
y spin coating from a suspension in n-butanol. The slide is then

ntroduced in the measurement cell. After addition of the reac-
ion mixture (0.5 �M PBD-bodipy and 35 mM TBHP in n-butanol)
uorescence images were recorded at a rate of 10 frames/s. The

arge excess of TBHP assures that the reaction kinetics can be con-
idered to be pseudo-first order with respect to the PBD-bodipy

oncentration. It is assumed that the rate-limiting step in the cat-
lytic reaction is the oxygen transfer from the Ti-peroxo complex,
ormed from the Ti sites in the Ti-MCM-41 particles by TBHP, to the
BD-bodipy probe.

ig. 3. (a) Transmission image of an individual Ti-MCM-41 particle. (b–d) Three repres
olecule in the Ti-MCM-41 catalyzed epoxidation of the PBD-bodipy probe. The white sc

i-MCM-41 particles on which the positions where reactions were observed over a time
istance of 5 �m. (For interpretation of the references to color in this figure legend, the re
n the Ti-MCM-41 catalyst a yellow fluorescent product is formed, the emission of
to color in this figure legend, the reader is referred to the web version of the article.)

When the focal plane of the setup was moved to the mid-
dle of an individual catalytic particle, fluorescent flashes with a
diffraction-limited size were observed at a rate of 0.1 till 1.5 spots/s
(Fig. 3a–d). Every fluorescent spot corresponds to the formation of
a single product molecule (P1 or P2). The position of every reac-
tion event inside the catalytic particle can be determined with
an accuracy below the diffraction limit, just by fitting the inten-
sity profile of the emissive spot by a 2D Gaussian in order to find
its center-of-mass. Details of the turnover-based “high-resolution”
strategy are published elsewhere [24,49]. By accumulating a suf-
ficient number of frames over time and by localizing all reaction
events, a map of the Ti-MCM-41 reactivity can be constructed
(Fig. 3e). In this case, localization accuracies between 10 and

15 nm were reproducibly obtained. This map directly reveals which
fraction of the particles is efficiently used in catalysis and can
thus be related to the Thiele modulus (�) and the effectiveness
parameter (�).

entative examples of fluorescent bursts due to the formation of a single product
ale bars in panels a–d represent a distance of 3 �m. (e) Transmission image of three

span of 140 s are highlighted by a yellow mark. The black scale bar represents a
ader is referred to the web version of the article.)
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Deff = ratetotal

c1 · m · 4 · � · r2
1

(6)

T
O
i

ig. 4. Histograms of the distances between the turnover’s locations and the part
ourth, cumulated histogram contains the distances for the three particles together

In order to determine the width of the active rim of the
i-MCM-41 particles, the distances between the location of
very turnover and the particle’s edge were measured for

few representative Ti-MCM-41 particles. The histograms of
hese distances are shown in Fig. 4. A mono-exponential fit
o these histograms directly yields the m-values for the cat-
lytic process in the corresponding particles. These m-values vary
rom 4.9 to 5.9 �m−1 for the three examples in Fig. 4, cor-
esponding to characteristic widths of the active rim (1/m) of
70–205 nm.

The Thiele moduli (Eq. (3)) and effectiveness factors (Eq. (4))
or these particles are summarized in Table 1 and are in the range
f 2–3 and 0.30–0.42, respectively. These values quantitatively
emonstrate the presence of considerable intraparticle diffusion

imitation in this catalytic system. One simple experiment thus
ields all the necessary information to estimate the Thiele modu-
us and the effectiveness factor directly. Moreover, the intraparticle
ffective diffusion coefficient (Deff) can be calculated from these
xperimental data. The reagent flux inside the particle at the outer

urface equals the net influx of reagents from the bulk solution into
he particles and thus in steady-state conditions this must equal the

able 1
verview of intraparticle diffusion versus activity characteristics for three representat

ntraparticle activity profiles.

r (�m) 1/m (nm) Ratetotal (mol/s)

Particle 1 1.5 170 1.3 × 10−23

Particle 2 1.5 200 2.1 × 10−23

Particle 3 1.2 205 1.3 × 10−23

Average 1.4 192a 1.6 × 10−23

a Value obtained from fitting the cumulated histogram.
b Values obtained from calculations based on 〈r〉, and 〈ratetotal〉.
edge for three representative Ti-MCM-41 particles with a radius of ±1.5 �m. The
olid line represents a mono-exponential fit to the data.

total observed rate inside the particles (ratetotal).

Jintraparticle(r1) · A = Deff ·
(

∂c

∂r

)
r=r1

· 4 · � · r2
1 = ratetotal (5)

Turnover spots were recorded by moving the focal plane of the
microscope to the middle of the particles and due to rejection of the
more blurry out-of-focus turnovers by the analysis software only
turnovers occurring over a Z-distance of a few hundred micrometer
around the focal plane are seen as bright fluorescent spots. The
outer rim in this focal volume contributes for approximately 10%
to the total rim volume. As for the three particles highlighted in
Fig. 3 about 0.8–1.3 turnovers/s were observed in the focal volume,
the total rate of the individual particles particle lies in the range of
1.3–2.1 × 10−23 mol/s per particle (see Table 1). Combining Eqs. (2)
and (5) results in Eq. (6):
The obtained Deff is in the order of magnitude of 10−16 to
10−17 m2/s (see Table 1). Subsequently the rate constant k (which is

ive individual Ti-MCM-41 particles. The values are obtained from the measured

� � Deff (m2/s) k′ (s−1)

3.0 0.30 1.6 × 10−16 5.4 × 10−3

2.5 0.35 3.0 × 10−16 7.4 × 10−3

2.0 0.42 2.9 × 10−16 7.0 × 10−3

2.4b 0.36b 2.5 × 10−16b 6.8 × 10−3b
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ig. 5. Adsorption of excess PBD-bodipy in Ti-MCM-41 particles in the absence of o
n the middle of the Ti-MCM-41 particles, seen through a confocal fluorescence mic

n this case a pseudo-first order rate constant k′) can be estimated
ince m and Deff are known:

′ = m2 · Deff (7)

This pseudo-first order rate constant varies from 5 to
.5 × 10−3 s−1 for the three Ti-MCM-41 particles in these reaction
onditions (see Table 1).

Thus, parameters such as the intraparticle diffusion constant
eff and the rate constant k of the catalyzed reaction, which
re extremely hard to obtain by any other method, can also be
alculated based on the results from this microscopic in situ
easurement.
Finally, some control experiments are performed to exclude

ther effects that might induce rim activity in Ti-MCM-41 catalysis.
irstly, to confirm that the active Ti sites are homogeneously dis-
ributed throughout the Ti-MCM-41 particles, XPS measurements
ere performed to measure the surface concentration of Ti. A sur-

ace Ti/Si molar ratio of 1/110 was found, which is in line with
he average Ti/Si molar ratio obtained by bulk chemical analysis.
t can thus be concluded that there is no significant enrichment of
i towards the particle’s outer rim.

Secondly, the absence of physical pore blocking is checked. In the
bsence of the TBHP oxidant, the PBD-bodipy molecules can reach
he inner parts of the Ti-MCM-41 particles as evidenced by confocal
uorescence microscopy (Fig. 5). Here, a 532 nm laser was used as
n excitation source to visualize the red fluorescence from the PBD-
odipy molecule itself, after immersion of the Ti-MCM-41 particles

n a concentrated PBD-bodipy solution. These results exclude the
ossibility that there is a physical barrier that prevents the PBD-
odipy probe from reaching the inner parts of the Ti-MCM-41 pore
ystem.

As the microscopic experiments are performed in non-stirred
onditions, it is reasonable to assume that the particles are
urrounded by an infinitely thick solvent film. To exclude the
ossibility that film diffusion limitations are present in the reac-
ion solution, the concentration gradient of the BPD-bodipy probe,

cfilm, from the bulk solution (cbulk = 0.5 �M) towards the particle’s
uter rim (at r = r1) is calculated by applying the mass balance over
his volume (Eq. (8)):

cfilm = cbulk − c(r1) = ratetotal

Dfilm · 4 · � · r1
(8)

In Eq. (8), Dfilm represents the diffusion constant in the bulk solu-

ion (film), which can be estimated to be approximately 10−10 m2/s
50]. The total rate of product formation (ratetotal) of one particle
s about 2 × 10−23 mol/s for the most active particles. This yields
concentration gradient of about 10 pM, which is negligible with

espect to the total bulk concentration. There is thus no significant
t. The left image shows the fluorescence intensity upon 532 nm excitation focused
pe. The right image shows a transmission image of the same region.

substrate depletion towards the catalytic particles in the micro-
scope experiments.

5. Conclusion and outlook

The presented experimental results prove that (single molecule)
fluorescence microscopy is a valuable tool for constructing reactiv-
ity profiles inside individual catalytic particles at (sub)micrometer
length scales. The extreme detection sensitivity even allows to do
this for particles with relatively low activity and in which the fluo-
rescent products do not accumulate. The technique is applicable
to condensed phase catalysis under ambient conditions, which,
together with the spatio-temporal resolution, makes it a unique
tool in catalytic research. This is illustrated here for the Ti-MCM-
41 epoxidation of olefinic substrates at the single turnover level.
The obtained reactivity maps contain information on mass trans-
fer limitation in the overall catalytic process, which can be directly
measured and translated into the Thiele modulus and the effec-
tiveness factor. In addition, the intraparticle diffusion coefficient
and the rate constant of the catalyzed reaction can be calculated
at the level of individual particles from the obtained results with-
out additional experiments. The presented approach is generic and
therefore valuable for catalytic research in general.

As new strategies are constantly arising for pushing down the
spatial resolution more and more below the diffraction limit, even
in the Z-dimension [51], the suggested scheme will become appli-
cable to ever smaller-sized particles. In a very optimistic scenario,
mass transfer phenomena and catalysis may even be studied at
the level of individual pores [33]. The ease of combining flu-
orescence microscopy with Raman microscopy further provides
interesting perspectives for investigating the influence of intra-
particle heat transfer on the overall catalytic process in the case
of non-isothermal reactions. Indeed, the intensity ratio between
Stokes and anti-Stokes signals can be used for space-resolved ther-
mometry. Taking into account the current success as well as the
future perspectives that still have to be explored, a bright future
can be expected for fluorescence microscopy in catalytic research.
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