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In connection with the development of a complete screening setup for organometallic
catalysis, a micromixer—tube setup was investigated to optimize its serial transient
operation mode. Because homogeneously dissolved catalysts and substrates in the liquid
phase of a gas/liquid system are pulse-injected into the two-phase system, our investiga-
tions aim in finding a minimum in the signal broadening and maximizing the number of
experiments per unit of time. Within this context, investigations of the residence time
distribution of the whole setup, as well as the individual contributions of its respective
components toward signal broadening, were undertaken by determining the effects on the
residence time distribution by the gas/liquid ratio, the orientation of the residence time
loop and the total flow rate. © 2004 American Institute of Chemical Engineers AIChE J, 50:
1814-1823, 2004
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Introduction

Miniaturized reactors have recently been the focus of in-
creasing attention for screening purposes, in particular on find-
ing new catalysts. Thus, most investigations so far have been
related to the field of heterogeneous catalysis, in the finding of
solid catalysts for gas-phase reactions. In this context, both
highly parallel (Cong et al., 1999; Hoffmann et al., 1999, 2001;
Rodemerck et al., 2000; Thomson et al., 2001; Zech et al.,
1999, 2001) and, to a lesser extent, serial approaches (Besser
and Prevot, 2000; Besser et al., 2001) have been used. The
former are mostly taken for primary screening purposes, that is,
analyzing the performance of a multitude of formerly unknown
catalyst compositions. The latter are usually dedicated to sec-
ondary screening or process optimization in general, meaning
the fast variation of process parameters while using one or a
few given catalysts.
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pennemann@imm-mainz.de.
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Serial screening in microdevices has thus far scarcely been used
for primary screening of heterogeneous catalysts and significantly
less for investigating organic catalyzed reactions. For the latter,
serial screening of multiphase processes in microdevices is of
special interest because this allows the corresponding mass and
heat transfer limitations to be overcome, thereby enabling a kinet-
ically controlled operating regime. Indeed, first studies on the
serial screening of both liquid/liquid and gas/liquid reactions, that
is, the isomerization of allyl alcohol derivatives and the hydroge-
nation of Z-(«)-acetamidocinnamic methyl ester, were undertaken
(de Bellefon et al., 2000).

The serial screening in the above-mentioned case was based
on a gas/liquid dispersion flow generated continuously by the
so-called slit interdigital micromixer (see Figure 2 below). To
minimize the amount of reactant and catalyst, the combined
solution of both was injected in terms of a pulse into the
continuous liquid flow by use of an HPLC valve. Subsequently,
this combined reactant and catalyst solution was dispersed by
the micromixer. The generated two-phase flow acted like a
carrier and conveyed the resulting reacting segment along the
tubular reactor.
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Figure 1. Micromixer-tube setup for transient catalyst screening.

The multiphase medium was a rigid foam, consisting of
regular-shaped gas bubbles (“hexagon flow”; see Hessel et al.,
1998), which was guided in a straight tube. More detailed
investigations on such monodisperse foam structures and the
governing process parameters for their generation were re-
ported in Mathes and Plath (2001).

The previously cited reactions led to the formation of chiral
products by homogeneously dissolved chiral transition-metal
catalysts. Besides providing information on conversion, selec-
tivity, and enantiomeric excess, these basic investigations also
served as a source of characteristic data on the screening
process itself. Among these, relevant parameters such as the
test-throughput frequency, the ratio of useful to withdrawn
experiments, the total sample consumption, and the amount of
precious transition-metal catalyst consumed were described. In
a recent work, it was found for a gas/liquid process that the
maximum number of experiments that can currently be
achieved amounts to about 40 per day. This translates to a
duration of typically 12 min for each experiment assuming an
8-h operation (de Bellefon et al., 2002). Because it was known
before starting the study reported in the present article that
typical pulse time scales are also in the order of several min-
utes, the reduction of this parameter is crucial for further
optimization of the serial-pulse screening technique described
above.

There is no widespread fundamental knowledge on the time
scale of pulses in microreactors, more particularly in “pulse
history” (that is, the generation of pulses in microreactors and
the signal broadening during a continuous-flow process). Al-
though more application oriented, studies on three periodically
operated reactions (with respect to reactant concentration) in a
specially designed microstructured reactor revealed the time
scale of pulses in gas media. Depending on the reaction inves-
tigated, it was shown that pulses with durations ranging from
30 s to several minutes were created. In connection with this,
the effect of radial dispersion on flow profiles in microchannels
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was analyzed as a function of the diffusivity (Liauw et al.,
2000; Walter and Liauw, 2000; Walter et al., 2001), with
respect to the previous work of Taylor (1954) and Aris (1955).

Accordingly, it is the aim of the present article to provide
information on the determination of the time scale of pulses
with respect to the serial-pulse screening technique described
above. Particularly, a mechanistic analysis of the origins of
pulse broadening will be performed that allows one to draw
conclusions on future reduction of pulse broadening and,
thereby, to achieve faster serial catalyst screening.

Experimental

The setup used (Figure 1) consisted of a micromixer unit,
which was connected to a residence time loop of variable
length. The latter was a tube with an inner diameter of 2.2 mm
and a length of either 50, 100, or 150 cm. The tube is made of
glass so as to permit a visual inspection of the foam quality.

The main part of the setup was the micromixer with an
LIGA-Inlay (Figure 2) (Ehrfeld et al., 1999), which was orig-
inally developed for an interdigital contacting of two miscible
(Ehrfeld et al., 1999; Herweck et al., 2001) or immiscible
liquids (Haverkamp et al., 1999; Herweck et al., 2001; Hessel
et al., 1999). Recently, the capabilities in generating gas/liquid
dispersions using this device were shown (Hessel et al., 1998;
Mathes and Plath, 2001). The inlets of the mixer were con-
nected to a nitrogen line with mass flow meters (EL-Flow,
Bronkhorst HI-TECH, Ruurlo, The Netherlands) and an HPLC
valve (Rheodyne 7000, Rheodyne, Rohnert Park, CA) with a
piston pump (KP2000, Desaga Sarstedt-Gruppe, Wiesloch,
Germany).

The HPLC valve was equipped with a 0.015-cm® sampling
loop. As liquid phase, an aqueous solution of 0.01 mol/dm?
sodium dodecyl sulfate (SDS) was used. The nitrogen/aqueous
SDS solution system serves as a model system for the reaction
system hydrogen/aqueous ethylene glycol and SDS used in de
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Figure 2. Disassembled micromixer with LIGA-inlay
(left), SEM of the LIGA-inlay (middle), and mix-
ing principle of the micromixer (right).

Bellefon et al. (2000). It was mainly chosen for giving ideal
foams based on prior experience (Hessel et al., 1998; unpub-
lished results). The tracer (0.01 g/cm® methyl blue in the
above-mentioned aqueous SDS solution) was injected by use of
a valve actuator (Valvemate™, Gilson, Middleton, WI). The
described setup is the essential part of a totally automated
screening setup, which is operated at the Laboratoire Génie des
Procédés Catalytiques, CNRS-Lyon. In contrast to the auto-
mated setup, the samples in the present work were collected
manually at successive intervals. Because of the high volume
flows during some screening experiments a simple manual
sampling was inadequate to collect the samples discretely, but
rather resulted in a loss of a significant amount of sample
volume. As a consequence, several rectangular cuvettes, typi-
cally 10-20, were placed tightly on a rack. This rack was
moved with almost constant velocity with respect to the glass
tube outlet. To determine the time intervals between the re-
spective samplings, the ratio of sample weight to flow rate was
calculated. After diluting the samples with 0.1% hydrochloric
acid at a mass ratio 1:20, the concentration was detected at 604
nm using a UV/vis spectrometer (Hitachi U-3000, Hitachi,
Singapore).

The Lambert-Beer law was shown to be valid for all methyl
blue concentrations in the samples. It should be noted that the
procedure yields residence times of the liquid phase, not the
gas phase.

Because a HPLC sampling loop was used for the injection of
the pulse into the screening setup, the starting pulse can be
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described as a rectangular input signal and the mean residence
time as well as the variance can be calculated from the hydro-
dynamic data. The response to the rectangular input signal was
determined at different measuring points of the setup (Figure
3). The first was positioned after the steel capillary, which
connected the valve with the micromixer. It sums up the effect
of the sample loop, the valve, and the steel capillary itself
toward the pulse broadening. Further measuring points were
after the micromixer and at different axial positions of the glass
tube.

The pressure drop was measured with a pressure meter
(P-40, Wagner, Offenbach/Main, Germany).

Results

Exit age distribution function E(t) in different segments
of the system

From the achieved tracer concentrations of the collected
samples the E function E(f), the mean residence time 1, the
variance 0',2, and the dimensionless variance 0'26 are calculated
using Egs. 1-4.

Exit Age Distribution Function

E(r) = ci(1) |
(1) = >, ci{t)AL, M
Mean Residence Time
1= tE(AY )
Variance
or = 2, (t;— O)’E(1)At, 3)
Dimensionless Variance
2
o
ol = ;—2’ (C))

Figure 3 shows the response of an injected pulse on its way
through the setup. As expected, the height of the response
signal declines, whereas the width increases over the course of
time. The width increases from the hydrodynamically calcu-
lated 0.18 min of the sampling loop up to 0.6 min after the
valve/capillary, to 0.9 min after the micromixer, and to 1.4 min
after the 150-cm glass tube.

For a proper comparison of the pulse history and for a
mechanistic analysis, one usually refers to the variance and the
dimensionless variance. To apply these functions in the present
case, one has to check whether they are consistent with the
cumulative law. This is done by the calculation of the number
of vessels by use of the tanks-in-series model. For the tubes,
vessel numbers of 567 (50-cm tube), 1290 (100-cm tube), and
1808 (150-cm tube) are calculated. In contrast, for the valve/
capillary the number of vessels amounts to 2, and for the mixer
this value is only 1. Thus, only the tubes strictly conform to the
cumulative law. This is also experimentally confirmed by the
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Figure 3. Exit age distribution function at different measuring points of the screening setup with 10 cm®/h liquid flow

rate and 0.5 cm®/min gas flow rate.

linear increase of such derived variances with an extension of
tube length. The low vessel numbers for the valve/capillary and
mixer indicate a relatively substantial dispersion in both these
parts of the setup, which implies that the above assumed
cumulative behavior of mean residence times and variances is
questionable. Accordingly, the exact individual contribution of
these parts of the setup could be calculated only by a complex
deconvolution of the corresponding exit age distribution func-
tions.

The low vessel numbers of the valve/capillary and mixer, as
well as the questioning of the cumulative behavior, may be
related to their short residence time and are possibly attribut-
able to other construction details, such as to complex fluid
architecture. Because these are intrinsic properties, we propose
to describe the subsequent changes of the functions ¢ and o7
when adding parts of the setup in a previously defined sequence
and, for the sake of simplicity, to designate these changes by
the component added. For instance, the individual contribution
that occurs when adding a mixer is simply referred to as o
(“mixer”), knowing that this variance does not precisely de-
scribe the o correlation of the mixer itself but rather the
connection of this component to another in a fixed order. This
simplification is justified from the point of view that this study
does not aim at analyzing virtual connections of valve/capil-
lary, mixer, and tube. For instance, the analysis of a series of
components starting with a tube, followed by mixer and valve/
capillary, would make no sense because this does not corre-
spond to any practical constructional or operational solution.

Following the simplified definition given above, one can
calculate the individual contribution of the stepwise addition of
every component toward the variances (Figure 4, top) and
dimensionless variances (Figure 4, bottom).

In the top graph of Figure 4 it is shown that the variance is
increased relatively little by the “valve/capillary” (factor 3.7
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Figure 5. Correlation of the exit age distribution function and the liquid content of the foam using different gas/liquid

ratios.
Liquid flow rate: 10 cm*/h.

based on the hydrodynamically calculated variance of the sam-
pling loop) but mainly by the “mixer” (factor 8.5) and the glass
tube (factor 7.4, 12.5, and 19.9 depending on the tube length).
This means that the variance of the primary tracer signal is
increased approximately by the factor 33 when flowing through
the whole setup.

For a true comparison of the equipment’s parts concerning
their contributions to the overall variance, it is necessary to
take into account the mean residence time of each part (Eq. 4).
The resulting dimensionless variances o2 are illustrated in the
bottom graph of Figure 4. It is evident that the principal part of
the dimensionless variance stems from the addition of the
“micromixer” and the “valve/capillary.” In comparison with
the “mixer” impact, the dimensionless variance of the glass
tube is small.

Effect of the gas/liquid ratio on exit age distribution
function and variance

Further investigations refer to the correlation between the
gas/liquid ratio of the dispersion and the broadening of the
pulse response. The motivation was to influence the rigidity of
the foam by increasing the gas/liquid ratio. The latter leads to
a drained foam, where the arbitrary mixing by convection of
bubbles should be decreased by the foam framework.

The experiments were carried out with a constant liquid flow
rate (10 cm3/h) and different gas flow rates of 0.5, 1, 2, and 4
cm’/min. Using these gas flow rates, the gas/liquid ratio increases
from 75%, which is comparable to a density ratio of a face-
centered cubic or a hexagonal lattice to gas/liquid ratios of 86, 92,
and 96%. The higher gas flow rates result in a polyhedral appear-
ance of the foam rather than a bubbly one (Figure 5).
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It is clear that a higher gas flow rate involves a decrease of
the mean residence time, although this decrease is found not to
be linear (Figure 5). This may be explained by the fact that
higher gas flow rates lead to higher pressure drops in the setup
(see Table 2 below). The latter affects the total volume of the
gas bubbles and thereby the residence time.

At a first glance, one can see in Figure 5 that high gas flow
rates seem to be connected with a reduction of signal broad-
ening of the respective pulses. However, for a proper compar-
ison of these experimental results, the dimensionless exit age
distribution function E(6) has to be chosen. The latter is
achieved by Eq. 5.

Dimensionless Exit Age Distribution Function

E(0) = 1E(r) ®)

From Figure 6 it can be seen that the E(6) function becomes
wider and flatter when the gas flow is increased. This is
accompanied by an increasing overall variance. To have a
closer look at how the variance of the individual setup parts is
influenced by the gas/liquid ratio of the foam, their individual
contributions were calculated (Figure 7).

Figure 7 shows that for both mixer and glass tube the
dimensionless variance increases with higher gas flow rates.
With respect to the mean residence time, the mixer has the
greatest effect on signal broadening.

These results indicate that a higher rigidity of the foam
realized by a higher gas/liquid ratio is not helpful in minimiz-
ing the spread of the response signal. Furthermore, Figure 5
shows that the rigidity is also connected to a wider spread in
bubble size, leading to a polyhedral shape of the foam. Ac-

Vol. 50, No. 8 AIChE Journal



20 -
—8—gas flow 0.5 cm3 min!
—+—gas flow 1 cm?® min’
—&—gas flow 2 cm® min’!
—e—gas flow 4 cm® min’!

| N
4 N

0.9 1 1.1
0

1.2

Figure 6. Dimensionless exit age distribution function
using different gas/liquid ratios.
Liquid flow rate: 10 cm*/h.

cordingly, one can also draw the conclusion that the micro-
mixer is an absolutely essential part of the setup because such
polyhedral foams can be made by simple mixing tees as
well (but not bubbly foams, as illustrated by the image d in
Figure 5).
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Figure 7. Dimensionless variance of the mixer and the
tube with respect to different gas flow rates.
Liquid flow rate: 10 cm’/h, tube: 150 cm.
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Figure 8. Dimensionless exit age distribution functions
of setups with different stored glass tubes and
flow directions.

Length: 150 cm, liquid flow rate: 10 cm*/h, gas flow rate: 1
cm®/min.

Orientation of the residence time loop

For the reason of also using relatively low flow rates of
liquid and gas, the differences between a setup with horizontal
and vertical orientation of the glass tube were investigated. On
the one hand, a vertically stored tube is a less footprint con-
suming setup in laboratory but on the other hand the liquid flow
has to be accelerated by the gas flow against gravity or has to
overcompensate the buoyancy of the gas bubbles, depending
on the flow direction in the case of a vertical tube. The results
for these experiments are given in Figure 8 and Table 1.

Using a nitrogen flow of 1 cm*/min and liquid flow of 10
cm>/h in a vertically stored tube with an upward flow direction
all characteristic parameters, including the mean residence
time, show significant deviations from the experiment with a
horizontal tube. In particular, the dimensionless variance for
the vertical tube setup is fivefold higher than that for a hori-
zontally stored tube. The latter exhibits a variance (as a mea-
sure of the spread of the response signal) eight times smaller
than that of the vertical tube.

In the case of a vertical tube with a downward directed flow
the response signal shows a distinctive greater tailing. Because
of this, the maximum of the corresponding dimensionless exit
age distribution function shifts to the left (Figure 8). This is
accompanied by smaller mean residence times. Furthermore,
both the variance and the dimensionless variance are signifi-
cantly greater (Table 1).

If the gas flow is reduced to 0.5 cm’/min the dimensionless
exit age distribution function of the setup with a downward

Table 1. Comparison of Vertically Oriented Mixer-Tube
Setups with a Horizontally Oriented Setup*

Orientation of the Glass Tube /min o?/min? a;
Horizontal 5.30 0.044 0.0015
Vertical upward 6.84 0.373 0.0080
Vertical downward 4.90 0.673 0.0280

*Liquid flow 10 cm?/h, gas flow 1 cm?/min, tube 150 cm.
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Figure 9. Dimensionless exit age distribution functions
of setups with different stored glass tubes.

Length: 150 cm, liquid flow rate: 10 cm*/h, gas flow rate: 0.5
cm®/min.

flow shows a course similar to that of the horizontal setup
(Figure 9). This improvement could be explained by the re-
duced buoyancy present, attributed to the lower gas flow. It
should be noted that an experiment with the reverse flow
direction at these flow rates was not feasible because of accu-
mulation of the liquid phase in the tube.

Because the mean residence times of these experiments are
different (Table 1), a validation of the setup was carried out.
For this purpose, the mass flow of the setup was determined for
different time intervals and various flow conditions. For anal-
ysis, the ratios of the weight of the collected samples to the
known flow rate were compared with the time intervals of
sample collection. The results are given in Figure 10.

The top graph in Figure 10 shows deviations between the
expected times calculated from the collected weights and the
measured times for a vertical tube setup and shows that this
setup does not run in a steady state if a liquid flow rate of 10
cm’/h in combination with a gas flow rate of 1 cm?®/min is used.
Further experiments show that these deviations could be min-
imized if higher total flow rates (such as 1,000 cm?/h for liquid
flow and 50 cm*/min for gas flow) are used. Another possibility
to attain a steady state of the dispersion flow in the vertical tube
setup is to increase the rigidity of the foam by increasing the
gas flow rate (such as from 1 to 2 cm®/min), leaving the liquid
flow rate constant at 10 cm’/h. Depending on hydrostatic
pressure, deviations cannot be observed if a horizontal tube
setup is used, as shown in the bottom graph of Figure 10. In
addition the setup with the vertical tube and a downward
directed flow shows no divergence between the experimentally
determined and theoretically calculated mass flow.

Comparison between low and high total flow rates

Two experiments were performed, one at low and the other
at high liquid flow rates. The low flow rate experiment (10
cm>/h liquid flow, 0.5 cm*/min gas flow) was already presented
above in Figure 3. The liquid flow rate of 10 cm?/h had also
been applied in all other experiments previously described. The
second experiment was performed at a much higher liquid flow
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rate of 1000 cm*h and a gas flow of 50 cm*min. The gas/
liquid ratio is thus kept constant.

Comparison between the flows is based, first, on the changes
in the system’s pressure drop with consequences on the bubble
size and arrangement and, second, on the effects of the liquid
velocity within the capillary on the dispersion.

The major difference between the experiments with low
(Figure 3) and high (Figure 11) total flow rates is, besides the
absolute time scale, a conspicuously greater flattening of the
exit age distribution function in the case of the higher flow rate.
The dimensionless exit age distribution functions (Figure 12)
allow a direct comparison of these experiments and clearly
confirm this result. It can be seen that the overall dimensionless
variance is approximately 20 times greater in the case of the
higher total flow rate.

Because the total flow rate affects the pressure drop of the
setup and thereby the gas volume of the bubbles, the relation-
ship between the dimensionless variances in dependency of the
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Figure 10. Setup validation by comparison of the ratios
of sample weight to flow rate with the time
intervals of sample collection.

Top: vertical tube, liquid flow 10 cm?/h, gas flow 1 cm?/
min; bottom: horizontal tube, liquid flow 10 cm’/h, gas flow
1 cm®/min.
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Figure 11. Exit age distribution function at different
measuring points of the horizontal screening
setup with 1,000 cm®/h liquid flow rate and 50
cm®/min gas flow rate.

total flow rate and the pressure drop is investigated. For this
purpose the pressure drop of the setup is measured at the gas
inlet of the mixer, which has either a connected or a discon-
nected tube.

From Table 2, it can be seen that for an increased flow rate,
by a factor of 100, the individual contribution of the micro-
mixer toward the overall pressure drop is increased. For a low
total flow rate the ratio of the individual contribution of the
micromixer and the tube is 1.6 (Table 2, No. 1). In the case of
the higher flow rate (No. 5), this ratio is increased to 9.4.

A further relationship that can be achieved from Table 2 is
the faster increasing pressure drop of the tube, compared to the
micromixer, if the liquid flow is constant at 10 cm’/h and the
gas flow rate is increased from 0.5 up to 4 cm*/min (Nos. 1-4).
If a gas flow rate of 1 cm’/min (No. 2) is used, the achieved
pressure drops in the micromixer and the tube are nearly equal.
For higher gas flow rates [such as 2 cm’/min (No. 3)], the
pressure drop in the tube exceeds that of the micromixer.

Figure 13 shows the impact of the change of the flow rate
when adding the components, particularly referring to the
“valve/capillary.” Although the overall contribution of the
“valve/capillary” is small (compared to that of the other com-
ponents), it is clear that the dimensionless variance is much
larger at low than at high flow rates.

This stems from the known different axial and radial disper-
sion of tubes depending on the velocity profile of a single-
phase liquid flow. The two total flow rates differ by a factor
100. The liquid flow rate of 10 and 1,000 cm’/h in the steel
capillary correspond to Reynolds numbers of approximately 6
and 590, respectively. Although both flows are in the laminar
regime it can be assumed that the differences in the dimen-
sionless variances with regard to the “valve/capillary” result
from dispersion effects in the capillary as a function of the flow
rate.

Discussion

Although previous practical experience (de Bellefon et al.,
2000) showed that foams made of micromixers are very effi-
cient carriers for pulse investigations, the present study shows
more subtle details on how to further optimize this pulse
carriage, in particular on how to reduce pulse broadening by
considering all contributions with the total screening system.
Within this context, for an improvement of the screening setup
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in terms of increasing the number of experiments per time, it
was shown that it is also important to use a valve optimized
with respect to dead volumes and a capillary as short as
possible to minimize the pulse broadening before the disper-
sion is generated. Furthermore, the volume of the tracer input
should be minimized as much as possible.

Admittedly, the main efforts on optimization, especially for
setups with short tubes, should be focused on the micromixer
and the tube. The dimensionless variances of the micromixer
depicted in the bottom graph of Figure 4 as well as the vessel
number of one calculated by the application of the tanks-in-
series model indicate that the micromixer has the greatest
relative stake in signal dispersion with respect to the residence
time. Therefore a device optimization should be focused on the
micromixer. In contrast, the optimization efforts regarding the
process parameters should be focused on the tube, given that
the main absolute contribution toward signal broadening results
from it (Figure 4, top).

Furthermore, the investigations of the exit age distribution
functions and the calculation of the variances indicate that it is
necessary to use relatively low total flow rates and a gas/liquid
ratio not too dissimilar from the density ratio of a face-centered
cubic or hexagonal lattice to minimize the principal amount of
the dimensionless variance of the micromixer as well as the
overall variance of the setup.

Contrary to expectations, a greater rigidity of the foam
resulting from a higher gas/liquid ratio adversely affects the
signal broadening. The experimental results illustrated in Fig-
ure 6 indicate that the broadening of the signal is increased with
a higher gas/liquid ratio. This could possibly be the conse-
quence of the limited particle transport by diffusion in a
drained foam. For example, if the laminar liquid film at the
surface of the glass tube or of the outlet slit of the mixer is dyed
with methyl blue, it should take more time for the dye mole-
cules to diffuse back into the liquid-filled interstitials of the
foam stream at higher gas/liquid ratios because in this case both
the volume of these liquid-filled interstitials and the contact
frequency between these interstitials and the laminar film are
clearly smaller.

Regarding the orientation of the glass tube, a significantly
smaller variance as well as dimensionless variance of the glass

20
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Figure 12. Dimensionless exit age distribution functions
with high and low total flow rate.
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Table 2. Pressure Drop of the Setup with a Connected and Disconnected Horizontal 150-cm Tube Using
Different Total Flow Rates

Pressure Drop

No. Liquid/cm®h~! Gas/cm*/min " Mixer and Tube/kPa Mixer/kPa Tube/kPa
1 10 0.5 5.0 3.1 1.9
2 10 1 8.1 4.4 3.7
3 10 2 14.2 6.4 7.8
4 10 4 27.8 10.9 16.9
5 1000 50 195.2 176.5 18.8

tube at low total flow rates was obtained in the case of a
horizontal orientation. It is assumed that in the case of a
horizontal orientation the effect of gravity on the liquid phase
is minimized. Validation experiments comparing the ratio of
sample weight to flow rate with the time intervals of the sample
collection indicated that, in the case of low total flow rates, no
accumulation of liquid in the setup with horizontally orientated
tube occurs, whereas the opposite is true for vertical orientation
with upward directed flow.

Validation of the setup with a vertical tube and a downward
directed flow also indicates a stationary state similar to that
using a horizontal tube. Nevertheless, the smaller mean resi-
dence time indicates acceleration of the liquid phase attributed
to gravity. Especially at higher gas/liquid ratios this accelera-
tion leads to higher variances, as depicted in Figure 8 and Table
1. It appears that in the case of a downward directed flow the
upward striving bubbles act like miniature mixers.

The total flow rate and the subsequent pressure drop also
exert an influence toward signal broadening. The increased
pressure drop at higher flow rates induces a reduction of the
total volume of the gas phase in the mixer-tube setup. In
particular at higher total flow rates, this pressure gradient leads
to a significant alteration of the gas/liquid ratio of the foam
during its way through the setup. Because of the decreased total
volume, the resulting smaller gas bubbles reduce the rigidity of
the foam and lead to an increased signal broadening. Therefore,
a low pressure drop of the setup should be favored to achieve
further minimization of the signal broadening.

12+

10+

a?(6)
[e)]
\\

tracer 'valve & 'mixer' 150 cm 101000

input  capillary' wbe  Jiquid flow/
cm®h’

Figure 13. Dimensionless variances of the individual
components at high and low total flow rate.

High: liquid flow: 1,000 cm?/h, gas flow: 50 cm*/min. Low:
liquid flow: 10 cm?/h, gas flow: 0.5 cm®/min.
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Outlook and Conclusions

Some of the conclusions drawn above can be used directly
and without major technical expenditure to optimize serial
transient screening setups based on mixer/tube setups, such as
the one at CNRS in Lyon (de Bellefon et al., 2000). For
instance, the horizontal orientation of the glass tube meanwhile
was adapted in the screening setup at the Lyon site and will be
used in future reaction processing for finding catalysts. More
elaborate, but still within reach, is the development of novel
micromixers specially developed for pulse operation, in that it
was shown that these devices have the predominant contribu-
tion with respect to the dimensionless exit age distribution
E(0). In turn, the greatest contribution for the exit age distri-
bution E(f) was conferred by the tube. Here, a modification of
the foam structure by changing its composition to match the
surface, surface tension, and density is required. This is re-
garded as a rather complex optimization step.

Most important, the results have shown that the current
lower limit for a sampling period of 12 min for gas/liquid phase
screening can be overcome with substantial improvement and
that, despite screening apparatus optimization, the improve-
ment of process parameters, particularly for achieving more
defined hydrodynamics, is a key for advanced serial catalyst
screening using mixer/tube reactor setups.
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