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An important aspect in assessing the performance of a catalytically active reactor is the accessibility of
the reactive sites inside the individual pellets, and the mass transfer of reactants and products to and
from these sites. Optimal design often requires a suitable combination of micro- and macropores in order
to facilitate mass transport inside the pellet. In an exothermic reaction, fluid exchange between the pellet
and the surrounding medium is enhanced by convection, and often by the occurrence of gas bubbles.
Determining mass flow in the vicinity of a pellet thus represents a parameter for quantifying the reaction
efficiency and its dependence on time or external reaction conditions. Field gradient Nuclear Magnetic
Resonance (NMR) methods are suggested as a tool for providing parameters sensitive to this mass flow
in a contact-free and non-invasive way. For the example of bubble-forming hydrogen peroxide decompo-
sition in an alumina pellet, the dependence of the mean-squared displacement of fluid molecules on spa-
tial direction, observation time and reaction time is presented, and multi-pulse techniques are employed
in order to separate molecular displacements from coherent and incoherent motion on the timescale of
the experiment. The reaction progress is followed until the complete decomposition of H2O2.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Heterogeneous catalytic reactions, where the catalysts consists
of a porous pellet (usually supported by the inclusion of metallic
species such as Ni, Pt, Pd, Co and Cu) is one of the most important
applications of porous media in Chemical Engineering. Since in
that type of reactions the solid catalyst surface is responsible
for catalytic activity, a large readily accessible surface in easily
handled materials is desirable. By a variety of methods, active
surface areas of the order of 1000 m2 per gram of catalyst can
be obtained.

These reactions play an important role in many industrial pro-
cesses, such as the production of methanol, sulfuric acid, ammonia,
and various petrochemicals, polymers, paints and plastics. It is esti-
mated that well over 50% of all the chemicals produced today are
made with the use of catalysts [1].

The rate constants of the heterogeneous catalytic reactions, and
therefore the efficiency of the reaction, depends on the local envi-
ronment of the catalyst surface including concentration and distri-
bution of reagents and of possible deactivating substances in the
vicinity of the active sites, as well as on the rate of molecular trans-
port as influenced by the topology and pore space geometry [2].
ll rights reserved.

tapf).
Therefore, the development and optimization of the catalyst
becomes an important part of the design of a chemical process,
and is subject to extensive research and investment. For that pur-
pose, flexible testing methods to quantify the dependence of the
reaction parameters on variables introduced in the design of differ-
ent catalyst are of invaluable help. Among the methods that can be
used for evaluating and assessing catalysts, NMR is perhaps the
ultimate technique because it provides a rich toolbox for the inves-
tigation of properties on all length scales of interest while remain-
ing strictly non-invasive.

From the NMR point of view, the motivation to apply the tech-
nique to small-scale reaction units is two-fold. First, the investiga-
tion of full-scale chemical reactors used in production may be
impossible due to the size or cost restriction of the hardware, or
in case of NMR Imaging, may be feasible but only for an insufficient
spatial resolution of the system, typically being of the order of one-
hundredth of the resonator dimension. On the other hand, in order
to follow reactions at the level of the actual reaction sites, studies
of a single catalyst pellet at well-defined conditions can be
performed with a much higher spatial resolution, permitting the
verification and discrimination of coupled diffusion/reaction mod-
els. The second reason is more hardware-related, and exploits the
superior performance of gradient and radiofrequency detectors on
small scales, leading to the improved spatial and temporal resolu-
tion that are required to understand processes which are intrinsi-
cally fast or are localized to the submillimeter scale, such as
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Fig. 1. Layout used in the experiments. A magnification of the vicinity of the pellet
is shown on the right hand figure with a representation of the liquid’s molecules
displacements.
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transport dominated by self-diffusion [3]. In addition, the studies
on small-scale reactors is of particular interest for the catalyst
developers, because it makes the design-testing iteration relatively
easy to perform, without much hardware requirement.

The efficiency of a single pellet reactor can be monitored in two
ways, either by observing characteristic properties of the pellet
interior such as the liquids relaxation times and diffusion coeffi-
cients, or by quantifying the increased mass transport in the exte-
rior volume which is expected from exothermic reactions, but is
enhanced significantly more if the reaction involves the generation
of gas bubbles. While distortions of the magnetic field inside the
pellets do, in general, not allow chemical resolution and render
imaging difficult due to short relaxation times, the result of reac-
tions, however, manifests itself in convection outside of the pellet
that can easily be picked up by diffusion- or velocity encoding
pulse sequences. Mass transfer outside of the single pellet will, in
turn, affect overall transport of reactants and heat within a reactor
column [4].

In order to demonstrate the feasibility of using the time depen-
dence of the so called effective diffusion coefficients for monitoring
heterogeneously catalysed reactions in the vicinity of the pellet,
and then probing different aspects of the catalyst particles, the
decomposition of hydrogen peroxide,

2H2O2ðliquidÞ ! 2H2Oþ O2ðgasÞ ð1Þ

is considered as a standard example for a gas-forming reaction. The
decomposition, which is almost absent in the bulk liquid, is consid-
erably enhanced in the presence of Cu- and Pt-doped commercial
Al2O3 porous catalyst particles [5].

In this study, the temporal evolution of vertical and horizontal
effective diffusion coefficients, as indicators of the reaction’s status,
were monitored up to the full conversion of a defined amount of
H2O2.
2. Dynamics during the reaction

In most reactions of technical interest, one of the involved com-
ponents is in the gas phase. The gas generated during the reaction,
predominantly in the vicinity of the metal sites at the pore surface,
is first dissolved within the surrounding liquid phase until the
maximum solubility is exceeded. The formation of a gas phase,
however, depends on the interface tension and the size and tortu-
osity of the pore system. The bubbles might therefore be generated
inside large pores, or might only form at the external surface of the
pellet. In general, each pore generates bubbles at a certain rate or
frequency: large pores lead to large bubbles at low frequency,
and vice versa. For a constant reaction rate, these properties can
be predicted for isolated pores [6]. In a real catalyst pellet, how-
ever, the coupling of all the pores within the interconnected pore
space gives rise to a pattern of bubble generation that cannot be
computed analytically [7].

The production and motion of gas bubbles results in a random
change in the velocities of the liquid surrounding the pellet. The li-
quid molecules (H2O2 and H2O in this particular case) are displaced
and driven by the rising bubbles. The higher the production of gas,
the larger the amount of bubbles will be. The bubbles, eventually
rising upwards, produce an increased mean-squared displacement
of the liquid’s molecules along z- compared to x-direction. This
enhances the mass transport in the vicinity of the pellet, and, in
consequence, the rate of reaction. Fig. 1 shows the situation
schematically.

The rate of oxygen generation and bubble production depends
on the reactant concentration. A decrease in the mean-square dis-
placement is then expected as the reaction proceeds.
3. Reaction evolution and effective diffusion coefficients

In an PGSTE NMR experiment, where the spins are subjected to
a spatially dependent magnetic field, the liquid’s molecules moving
in the presence of a magnetic field gradient accumulate a net
phase. The echo signal, EDðqÞ ¼

R1
�1 PðR;DÞ exp½i2pq � R�dR, is a

superposition of transverse magnetizations in which each phase
term is weighted by the probability for a spin to be displaced by
R in the time interval between gradient pulses D. The vector q is
defined as q = (2p)�1cgd, where g is the gradient strength and d
is the gradient pulse duration [8]. Fourier transformation of the
echo signal with respect to q returns the average propagator [9]
for the nuclear spin displacement, P ¼ ðR;DÞ.

In its original conception, the PGSE (or PGSTE) NMR experiment
was used to measure molecular self-diffusion in confinement, for
which the average propagator is either a Gaussian function or devi-
ates from a Gaussian in a defined fashion. In a more general inter-
pretation, the 1-D average propagator represents the probability
that a molecule starting at any position within the sample, is dis-
placed by a distance Z (in case of z-direction) during the observa-
tion time D. In that interval, the averaged velocity vz = Z/D can
be defined, and the average propagator becomes a velocity proba-
bility function. Valuable information about the system can be
extracted, in many cases, from the propagator’s shape in different
directions. For instance, anisotropic self-diffusion is a well-
established methodology in medical imaging [10], whereas flow
of fluids through porous systems [11,12], convective flow in single
drops [13], or motion in particle systems [14] have been character-
ised by the shape of the propagator in orthogonal directions.

Although the propagator represents a relatively standard tech-
nique when applied to study fluid dynamics, it possesses some dis-
advantages when is applied to monitor a reaction, mainly because
the information about the reaction evolution is not easily quantifi-
able from the evolution of propagator shapes. In turn, there are
some advantages on measuring parameters directly from the q-
space data. In case of molecular self-diffusion, the echo attenuation
can be calculated, for the PGSTE NMR experiment, from the well
known Stejskal–Tanner relation [15]. The self-diffusion coefficient
is then derived from the slope of semilogarithmic plots of E versus
c2g2 d2(D � d/3). On the other hand, in the case of uniform (plug)
flow, with a constant velocity component v along the direction q,
there is a modulation of the phase of the echo function, with no
net signal attenuation. Fourier transforming the q-space data yields
a propagator for motion, which may provide an intuitive way of
representing the physics of a system. The process of Fourier trans-
forming data may, however, induce ringing artifacts if the data are
truncated before the signal has dropped below the noise level of
the experiment. For this reason the data must be collected over a
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wide range of q-space. For many cases, such detailed sampling is
unnecessary, as the important features of a propagator can be
determined readily from a few low q-space data points without
subsequent Fourier transformation, reducing the necessary gradi-
ent strength and the experimental time [16].

The echo attenuation function described above represents the
ensemble-averaged phase shift, exp½i2pq � R�. This expression can
be expanded into a Taylor series,

EDðqÞ � 1� ð1=2!Þð2pqÞ2Z2 þ ð1=4!Þð2pqÞ4Z4 ð2Þ

where Z is the component of displacement along the gradient direc-
tion defined by q. Eq. (2) is useful, since it tells us that whatever the
shape of the propagator function, PðZ;DÞ, the initial decay of E(q,D)
with respect to q will always yield the ensemble-averaged mean
square displacement Z2. An effective diffusion (or dispersion) coef-
ficient, Deff ¼ Z2=2D, can be associated with it [16]. In this work, we
restrict the discussion of the results on a comparison of effective
diffusion coefficients.

Self diffusion in simple liquids represents a good example of ran-
domly directed motion with rapid fluctuations. Typical correlation
lengths are on the order of 10�10 m, with corresponding correlation
times much shorter than the inverse of the Larmor frequency. Nev-
ertheless, small molecular stochastic motions can exist at different
scales. A familiar example could be a fluid experiencing a turbulent
flow.

Moving the focus to micro-structural scale, irregular motion is a
feature of flow through porous media or biological tissue. In those
cases the molecules follow paths which are randomly directed,
mainly due to the complexity of the pore and channel distribu-
tions. Fluctuations in the motion may occur either due to the ran-
dom orientation of the channels and capillaries, or because of path
divergence at branch points, where because of the chaotic charac-
ter of the motion, small changes in the initial conditions can lead to
markedly different final directions. This type of incoherent motion
is sometimes called perfusion.

We will separate here the random flow regime into two re-
gimes. In the first, called stationary random flow, the molecular mo-
tions are randomly distributed in magnitude and/or orientation,
and represented by a time independent velocity field g(u,r). Typi-
cal examples of this kind of motion are laminar flow in shear and
flow in an array of randomly directed capillaries. Such situation
is illustrated in Fig. 2A. In the second case, named pseudodiffusion,
the molecular velocities are randomly distributed and also present
a temporal fluctuation. Turbulence and branched capillary motion
are examples of this kind of motion, schematically presented in
Fig. 2B [8].
(A) (B)
Fig. 2. (A) A representation of stationary random flow. The molecules move in randomly
field. (B) Example of pseudodiffusion. Flow occurs in branched capillaries and the veloci
branch separation to the mean velocity. (C) General model for the liquid molecules. It con
ui. The regions are superimposed onto a mean velocity v common to all of them. Within t
stochastic motion rj due to self-diffusion.
As a general model, we will consider the liquid as consisting of
regions labelled by the index i (in the following, we use the con-
vention introduced in [8]). The vector v describes the global mean
velocity of the molecules, whereas ui indicates the local mean
velocity the ith region of the liquid. This motion has a typical bal-
listic character, with the correlation time su

c and the corresponding
correlation length Lu � ðu2Þ1=2su

c . Within every region labelled by
index i the individual molecules, labelled by index j, undergo sto-
chastic motion rj due to self-diffusion. This motion has associated
with it a correlation time sr

c and a correlation length Lr � ðD
sr

cÞ
1=2. The three types of motion are, by this model, separated in

correlation length and time, and then they can be treated as sto-
chastically independent. Fig. 2C shows this model in detail.

The total displacement of a molecule labelled by j in the fluid
element with index i is

rijðtÞ ¼ vt þ uit þ rjðtÞ ð3Þ

Let us assume that the system is observed for a time, say tobs. If tobs

is long compared with the molecular self-diffusion correlation time
but short compared with correlation time of the mean motion in
every region, i.e. sr

c � tobs � su
c , the ensemble average of the mole-

cules labelled by j over the observation time gives ri = (v + ui)tobs. If,
on the other hand, tobs is longer compared to the correlation time of
the mean motion in the regions i; su

c � tobs, the average over i gives
r = vtobs. We are interested in evaluating the PGSTE experiment in
the stationary random flow regime, sr

c � tobs � su
c , where ui is time

independent. In the NMR experiment, tobs is equivalent to the
observation time D.

The PGSTE phase shift for a spin being located in the molecule
with the indices ij is,

/ijðtÞ ¼ c
Z t

0
t0g�ðt0Þ � ðv þ uiÞdt0 þ c

Z t

0
g�ðt0Þ � rjðt0Þdt0 ð4Þ

where g⁄ represents the effective gradient, which takes into account
the radiofrequency pulses used in the sequence (see experimental
section). The separability of the averages over i and j indicates that
diffusion and random flow are uncorrelated. Thus, the total signal
decay averaged over the liquid can be calculated separately, result-
ing in one factor representing the usual diffusive attenuation, and a
second factor that resembles that usually associated with flow, but
dealing with fluctuating flow. This latter factor is separable into a
phase shift due to net flow and a term due to stationary random
flow. By defining p ¼ c

R t
0 t0g�ðt0Þdt0, usually called 1st moment of

gradient, we write this factor as expðip � vÞexpðp � uiÞ. For the PGSTE
sequence (Fig. 3A) the echo attenuation becomes,
(C)
distributed directions, and the motion is describable by a time-independent velocity
ty direction fluctuates with a correlation time of the order of the ratio of the mean
sists of regions labelled by the index i, with an associated internal constant velocity

he region with index i the individual molecules, labelled with the index j, experience
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Fig. 3. Pulse Gradient Stimulated Echo sequences used in the experiments. (A) PGSTE and (B) Double PGSTE.
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EðgÞ ¼ expðicdg � vDÞexpðp � uiÞ exp½�c2d2g2DðD� d=3ÞÞ ð5Þ

The stationary random flow factor expðp � uiÞ can be evaluated by
assuming that the direction of u is random over the position r. In
the case of PGSTE the exponent becomes ð1=6Þu2c2g2d2D2[17]. By
comparing with the echo attenuation due to self-diffusion, an effec-
tive diffusion coefficient can be defined in this case by

Deff ¼
1
6

u2D ð6Þ

Stationary random flow is identified by a specific signature in
a PGSTE experiment: the echo is attenuated similar to diffusion
but with an effective diffusion coefficient proportional to the
observation time D. On the other hand, for the Double PGSTE
(Fig. 3B), which is usually referred to as velocity compensated se-
quence [18,19] and obeys p = 0, there is no extra attenuation
when the motion remains coherent during the echo formation
period. A comparison of PGSTE and Double PGSTE results for
otherwise identical conditions will therefore provide a tool for
identifying the relative contribution of stationary random flow
in the system.

In contrast, pseudodiffusion measured by PGSTE, with su
c � D,

results in an effective diffusion coefficient independent of observa-
tion time,

Deff ¼ u2
z s

u
c ¼

1
3

u2su
c ð7Þ

The pseudodiffusion attenuation will not be refocused by the Dou-
ble PGSTE sequence [8]. Both the intermediate case when D � su

c ,
and a situation, where due to, for instance, spatial heterogeneity,
the system is characterised by a range of correlation times so that
su

c;min < D < su
c;max, a partial refocusing will occur in the Double

PGSTE sequence.
4. Evolution of the effective diffusion coefficients

Under the conditions described in the experimental section, the
H2O2 decomposition in the presence of the catalyst particle doped
with Cu was monitored via the effective diffusion coefficient. We
performed the experiments in both z- and x-direction alternated
during one uninterrupted decomposition reaction. The whole
experiments consisted of a series of Dz

eff � Dx
eff � Dz

eff � Dx
eff . . .

measurements, using the PGSTE sequence (Fig. 3A) with
D = 45 ms, equal for both directions. Fig. 4A shows the results
for a total reaction time of almost 17 h. The quotient Deff/D0 for
both directions is plotted vs. tr, where D0 represents the isotropic
diffusion coefficient measured in water in the presence of the
same catalyst particle, i.e. the condition expected at the end of
the reaction.

The reaction begins with values more than two orders of
magnitude larger in z- and about one order of magnitude larger
in x-direction, compared to free isotropic self-diffusion. During
approximately 9 h, the decay follows a rather regular behaviour,
where the reaction rate at the catalyst sites is sufficiently high to
produce bubbles continuously, which perturb the liquid and en-
hance the transport of H2O2 molecules to the pellet. Notice that
the values in both directions follow the same trend during that
period. At tr � 8.8 h, the x-component is close to the self-diffusion
value (i.e. Dx

eff=D0 � 1) which means that from this point on, the
rate of reaction is too low to generate a noticeable effect on Dx

eff .
At the same time, the component Dz

eff also begins to decrease shar-
ply as is seen from the change of the slope of the upper curve in
Fig. 4. A probable explanation for this qualitative change is a signif-
icant reduction in bubble rate and/or size once oxygen generation
falls below a critical threshold. In this context, little bubbles
generated by extremely low reaction rates could give minor



(A)

(B)

Fig. 4. (A) Evolution of the effective diffusion coefficient (normalized by the molecular diffusion coefficient), Deff/D0 in z- and x-direction vs. reaction time. An H2O2

decomposition catalysed by a pellet doped with Cu was monitored during �17 h by a PGSTE sequence, with observation time D = 45 ms. (B) Comparison with results from
PGSTE and Double PGSTE with the same observation time, D = 45 ms.
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contributions to an increase of the bulk self-diffusion coefficient.
The possibility of observing these perturbations by means of the
effective diffusion coefficient will depend on the sensitivity of
the sequence to motion, i.e. essentially the proper choice of the
observation interval D. At about tr = 14 h, where both components
coalesce in the unique isotropic self-diffusion value, the reaction
has essentially ceased.

In order to check the viability of modelling the liquid motion by
a stationary random flow scheme, we made use of the Double
PGSTE sequence. As mentioned in the previous section, a Double
PGSTE sequence (Fig. 3B) must refocus the random contribution
from the bubbles (the term related with u) when the liquid is in
the stationary random flow regime. As a result we should only ob-
serve contributions from isotropic self-diffusion and from parts of
the liquid undergoing pseudo-diffusion.

A set of experiments were performed in the same sample and
for identical conditions as presented above, but instead using the
Double PGSTE. The experiments were also carried out in both z-
and x-direction alternating during one uninterrupted decomposi-
tion reaction. For direct comparisons with the previous measure-
ments, as the sequence has two periods of evolution of duration
D, those values were chosen such that 2DDouble = DPGSTE. For the
sake of clarity, however, in what follows we will refer to the obser-
vation time. The number of points for every single realization was
set such that the temporal resolution during the reaction is the
same as that in the reaction monitored with the PGSTE (see Exper-
imental section).

Fig. 4B shows Dz
eff=D0 obtained with 45 ms observation time by

using either PGSTE or Double PGSTE. The difference between both
methods is remarkable. Although no total cancellation of the extra
contribution is observed, as predicted by a random flow situation,
the values are almost two orders of magnitude smaller in the data
obtained with the Double PGSTE sequence. This means that almost
the whole volume of liquid experiences random velocities with a
correlation time much larger than the observation time, while a
very small fraction possesses random motion with correlation
times shorter than 45 ms. It is noteworthy that close to the time
where the PGSTE data show a break, the Double PGSTE is com-
pletely effective in refocusing the extra contributions (only self
diffusion remains), consistent with the fact that the bubble gener-
ation rate becomes very low.

There is, however, another feature of the stationary random
flow regime that can directly be investigated by the PGSTE se-
quence: its dependence on the observation time. As was outlined
above, variation of the observation time serves two purposes. On
one hand, it provides a means to distinguish between stationary
random flow and pseudodiffusion. On the other hand, it is equiv-
alent to varying the time scale relative to the correlation times su

c

and sr
c and thus test the validity of the conditions discussed after

Eq. (3). Experiments with different observation times were car-
ried out in order to explicitly observe the relation between Dz

eff

and D. Three independent decomposition reactions were moni-
tored for about 17 h each (different total tr for different experi-
ments) with D = 90, 45, and 10 ms. Fig. 5A shows the time
evolution of Dz

eff=D0 for the different values of D. The same set
of data in x-direction (data not shown) follows a similar behav-
iour, with correspondingly much smaller values. During the first
6 h, the three curves follow a similar trend. The quotient Dz

eff=D0

vs. D for different reaction times during this period is presented
in Fig. 5B. The solid lines represent linear fittings, to highlight
the consistency with Eq. (6). This equation states that the slope
is a fraction of the mean-squared random velocity, u2. This effect
is also observed in the linear fits of Fig. 5B, where the slopes
decrease with time because when the decomposition proceeds,
the mean velocity of the liquid driven by the bubbles decreases
accordingly.

At certain time of the reaction the number, or the size, of
formed bubbles becomes small, suggesting that care has to be ta-
ken from that time onwards in modelling the liquid motion as ran-
dom flow. The sensitivity of the pulse sequence to motion (i.e. the
observation time), starts playing an important role. The effective
diffusion coefficient values will certainly depend on D, because



(A)

(B) (C)

Fig. 5. (A) Dz
eff=D0 vs. reaction time, obtained with a PGSTE sequence in the same conditions presented in previous plots, D = 90, 45 and 10 ms. (B) Dz

eff=D0 vs. D, corresponding
to different stages of the reaction curves shown in (A), in the interval between 20 and 320 min after the reaction has started. The lines are linear fits. The decrease in the slopes
with increasing time is related to the drop of the mean-squared velocities of the liquid molecules ðu2Þ produced by the gas bubbles. (C) The same plot as (B), in this case for tr

between 420 and 900 min. The effective diffusion coefficient no longer varies linearly with D. The same plot as (B), in this case for tr between. The effective diffusion
coefficient no longer varies linearly with.
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the longer D allows for a larger mean-squared displacements of the
molecules; this will, however, not necessarily follow a linear
behaviour of Deff as predicted by Eq. (6) which only takes into
account the fraction of molecules involved in stationary random
flow. Fig. 5C shows Dz

eff=D0 vs. D for tr between 7 and 15 h after
the beginning of the reaction. The relation between the effective
diffusion coefficient and the observation time is clearly no longer
linear. At decreasing Deff, the constant contribution of self-diffusion
becomes more important. The mean-squared displacement of
spins, the actual quantity measured by the PGSTE sequence, can
be expressed as

Z2 ¼ 2D D0 þ
1
6

u2D
� �

ð8Þ

where self-diffusion was supposed to be in 1 dimension (in this case
in z � direction) and pseudodiffusion contribution is not consid-
ered. The second term will, for a u2 that decreases with reaction
time as a consequence of reduced bubble generation, become on
the order of D0, first for small D, then, at later reaction stage, for lar-
ger D. This explains the fact that the stronger decay in Deff/D0 occurs
at ever increasing reaction times for longer observation times
chosen in the experiments (Fig. 5A).

In other words, during a long period of time the rate of mass
transport to the catalyst, enhanced by the rising bubbles, is much
larger than the rate of H2O2 reaction at the sites. Consequently,
the concentration decreases together with the effective diffusion
coefficient following a regular trend. This is the period of time,
where the liquid can be described by a stationary random flow
scheme. However, at a certain concentration value, or equivalently
at a certain rate of bubble production, the rate of reaction at the
metal sites and the mass transport rate become comparable. Then,
fewer and smaller bubbles are being produced and the effective
diffusion coefficient decreases. This effect is observed at different
reaction times depending on the D value used. The longer the
observation time, the smaller the perturbations that the sequence
is able to reflect into the echo decay.
5. Comparing different catalyst particles

In order to illustrate the use of the effective diffusion coefficient
evolution curves in a practical application, we performed experi-
ments with two different catalyst particles. The same total amount
of liquid, as well as initial H2O2 concentration and pulse sequence
parameters were used in a decomposition catalyzed by both cylin-
drical pellets, one doped with Cu and the other by Pt, the latter
being the more effective.

Fig. 6 shows the evolution of Dz
eff=D0 as the reaction progresses,

for both samples, obtained by PGSTE experiments with D = 45 ms.
The curve corresponding to the Pt-doped sample presents much
larger initial values (about one order of magnitude) compared to
the Cu pellet. For the Pt-doped pellet, the effective diffusion coeffi-
cients rapidly decrease with time tr. Five hours after the reaction
started, there is a change in the slope associated with a drop in
the rate of bubble generation and decomposition. In this case,
due to the higher rate of decomposition at the Pt sites compared
to the Cu-pellet, it can be assumed that diffusion itself is never suf-
ficient to dissolve the extra oxygen generated in the pore space and
bubbles are always present. The reaction never becomes diffusion
controlled. Hence, the pronounced decrease of Dz

eff=D0 as in the Cu
case, is not observed here. Finally, the effective diffusion coefficient
reaches the expected value at circa 9 h for the Pt-pellet, in contrast
with 14 h for the Cu-pellet when the available amount of H2O2 is
completely decomposed. For directly comparable pellets with only
one variable altered, such as pore size, coking degree and metal
content, the temporal evolution and the absolute value of the ratio
Deff/D0 can provide a simple access to the reaction efficiency of a
single pellet. Further discussions about the analysis of the curves
is beyond the scope of this article.
6. Discussions and conclusions

In this work, we employed pulsed field gradient NMR methods
to obtain parameters of fluid motion in a closed volume around a



Fig. 6. Comparison of Dz
eff=D0 vs. reaction time with Cu- and Pt-doped catalyst particles obtained by PGSTE sequence with D = 45 ms for the decomposition of H2O2.
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single pellet containing catalytically active material. The determi-
nation of the effective diffusion coefficient from the initial, low-q
data of a single PGSTE experiment, makes the evolution of the
overall liquid motion, and thus the reaction progress, readily avail-
able. A compensated technique employing four pulsed field gradi-
ents separated the relative contributions of coherent motion
during the observation interval, i.e. stationary random flow, from
pseudodiffusive processes. For the system of H2O2 decomposition,
pseudodiffusion plays a minor role for observation times in the
range 10–90 ms, indicating that fluid transport predominantly
takes place along straight trajectories during this period, a notion
that is supported by the picture of fluid transport being dominated
by rising oxygen bubbles carrying the solution with them. The
method can thus also be used for estimating correlation times
and lengths in a more complex geometry.

The concept of estimating reactor efficiency via fluid motion
possesses some advantages over alternative approaches. Using
NMR, spectroscopic information is often not available in a struc-
tured medium, in particular in the presence of metal containing
particles [20] and relaxation times show no direct dependence
on reactant concentration. The identification of temperature as a
further parameter being linked with reaction progress has been
demonstrated [21,22], but depends on large temperature differ-
ences or requires insertion of specific temperature-sensitive ob-
jects. Non-NMR methods, on the other hand, frequently rely on
optically transparent sample walls and, in the case of monolith
and fixed bed reactors, are severely limited by the interfering
interfaces.

While we demonstrate here the feasibility of the approach for
H2O2 decomposition, the concept can doubtless be extended to-
wards other gas-forming reactions, and also to a wide class of other
reactions, where the exothermic signature leads to an increase in
fluid motion due to convection.

The aim of this work was to present an easily accessible quan-
tity that can serve as a probe of reaction efficiency and its time
dependence. It has not been the purpose to objectively quantify
reaction rates and conversion rates, a task that, subject to suitable
calibrations, can possibly be achieved. For instance, the gas and
heat production rates are directly linked with reaction progress
and both affect the transport of fluid molecules which can be esti-
mated based on an energy balance approach.

The best performance of the presented method is expected for
assessing and comparing reactor pellets during different stages of
modification, such as coking/regeneration, surface treatment, me-
tal impregnation, or as a means to provide quality control during
lifetime monitoring. While the single PGSTE experiment gives
adequate information about the evolution of the relative reactor
performance, a combination with Double PGSTE and variation of
displacement direction as well as observation time allows a more
thorough understanding of the actual diffusion and convection
processes involved. It is important to note that, by the very nature
of the double PGSTE method, the same data can straightforwardly
be acquired under realistic flow conditions, where the contribution
due to coherent transport is simply filtered out, provided the
observation times are chosen suitably. These times can be varied
over a rather broad range; depending on other critical parameters
such as relaxation times and on the required precision, the acqui-
sition time of the methods can be reduced by at least one order of
magnitude, allowing access to much quicker reaction processes
than those investigated in this study. An extension towards a spa-
tially resolved method is feasible and makes possible the visualiza-
tion of the distribution of regions of high and low reactivity within
a fixed bed or trickle bed reactor column [23]. Finally, the proposed
experiments can be carried out without any hardware modifica-
tions on any low magnetic field desktop devices equipped with
pulsed field gradients, making routine assessment of catalytically
active pellets available immediately after the production or treat-
ment process.
7. Experimental Section

In this work, we focus on the reaction 2H2O2 (liquid) ? 2H2O
(liquid) + O2 (gas) in the presence of two different catalyst parti-
cles. The setup consisted of a single catalyst pellet immersed in a
7 mm inner diameter tube, filled with 1.1 ml of 5% v/v H2O2 aque-
ous solution. All the experiments presented here were performed
in a Bruker DSX200 spectrometer equipped with a 10 mm bird-
cage, r.f. coil. The device operates at 200 MHz 1H Larmor frequency.
The applied magnetic field gradients were aligned either along the
axis of gravity, parallel to the external magnetic field and labelled
as z-direction here, or perpendicular to that axis, labelled as
x-direction. Two different catalyst particles were used, (i) a cylin-
drical pellet with 4 mm diameter and 4 mm height, the matrix
being made of Al2O3, with Cu as catalytically active sites (Bayer
CH-FCH-RD Geb. 8, Cu cont. 51.2% weight) and (ii) a cylindrical
pellet with 3 mm diameter and 3 mm height, made of Al2O3, with
Pt as catalytically active sites (Company Alfa Aesar).

The aqueous hydrogen peroxide solutions were obtained by
mixing distilled water (CHROMASOLV Plus, Sigma-Aldrich), with
hydrogen peroxide aqueous solution 30% by weight (Riedel
–deHaen). The different reaction experiments were monitored for
several hours without any further hydrogen peroxide supply. In
all cases the tube was placed into the coil in a position centred
in the sensitive volume close to the pellet, as shown in Fig. 1
(the amount of liquid placed in the sensitive volume of the coil
was estimated to be 0.3 ml). Therefore, the NMR signal results from
the liquid at maximum 5 mm from the catalyst outer surface. In
order to allow comparison between different realizations, the
amount of liquid and initial concentrations were kept constant. A
stimmulated echo of the PGSE and Double PGSE was used to allow
for variable observation times since T2 could be considerably
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shorter than T1. This is certainly the case of H2O2 aqueous solu-
tions, where at 200 MHz Larmor frequency, T1 � 3 s, whereas T2

covers a wide range from 10 ms to 3 s depending on concentration
and pH value [5,24]. Fig. 3 shows the pulse sequences used in this
work, (A) PGSTE and (B) Double PGSTE [8].

When employing the PGSTE pulse sequence, we set the obser-
vation times to either D = 90, 45 or 10 ms, always equal for both
directions, with d = 1 ms and 20 gradient steps, with four scans
per step. Each individual experiment took 2.5 min. During the
experiments performed in z-direction for different observation
times, D = 90, 45 and 10 ms, different pulsed field gradient dura-
tions were employed in order to ensure a comparable signal decay
within the range of available gradient strengths: for the last two
cases, d = 1 ms, while for D = 90 ms, d = 500 ls was used.

For the experiments with Double PGSTE (Fig. 3B), as the se-
quence contains two periods of evolution of duration D, we set
the values such that 2DDouble = DPGSTE, to make possible a direct
comparison between results. The length of the pulse gradients
was set to be d = 500 ls. Since the phase cycling for this sequence
requires 8 scans [25], only 10 gradient steps were acquired, to keep
the acquisition time for individual experiments equal to those per-
formed with a PGSTE sequence, 2.5 min. Thus, the temporal resolu-
tion during the reaction is the same in both set of experiments.
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