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Abstract

Kinetic data acquisition and screening of transition metal complexes for homogeneous liquid phase catalysis calls for numer-
ous testing in multiphase G/L, L/L and G/L/L systems. It is shown first, with an example in asymmetric hydrogenation, why
detailed kinetics must be performed. Then, new reactors leading to fast experimental techniques are proposed. A liquid-liquid
centrifugal partition chromatography is evaluated for determining rate constants and partition isotherms by combining frontal
analysis and elution chromatography, the catalyst being maintained in a stationary aqueous phase. Two microreactors offering
short residence time have also been tested and compared with a fast test reaction (fgr ca. 5-20s). The combination of reacting
pulses, carrier liquids and micromixer is proposed as a general high throughput tool for the investigation of G/L, L/L and
G/L/L catalytic systems in a fast sequential way. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Today, numerous research groups are focusing their
activities on the synthesis of transition metal com-
plexes that may be used as catalysts. New synthetic
methodologies having high throughput capabilities
such as combinatorial chemistry are now applied to
the synthesis of transition metal complexes which
will ultimately lead to huge libraries of ligands hence
of catalyst precursors [1-3]. Testing of these catalyst
precursors in one liquid phase does not represent a
problem as long as the reactions are not too fast com-
pared with micromixing [4,5,27]. Screening apparatus
have been developed that fulfil the requirement of
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ensuring meaningful and reproducible tests on mi-
croquantities of samples to be investigated that are
produced by the combinatorial techniques.

However, numerous reactions such as hydrogena-
tions, carbonylations, hydroformylations are operated
in gas-liquid systems. Furthermore, in order to solve
the problem of catalyst separation and recycling, new
technologies aiming at dissolving the catalyst in a third
non-miscible liquid phase are developed [6].

New triphase gas/liquid/liquid catalysis emerged
where one of the liquid phase is an organic layer that
only contains the substrate(s) and product(s). This is
the actual basis for the Ruhrchemie—Rhone—Poulenc
hydroformylation G/L/L process, where the catalyst
resides in an aqueous layer [7]. Other technologies
include ionic liquids [8] and fluorocarbons media [9]
to trap the catalyst.

The challenging problem for chemical engineers in
this field is to develop or to adapt tools for catalysts
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Nomenclature

Caq concentrations in the aqueous
phase (kmol m;g)

CE}]VH in concentration of DMI in the aqueous
phase (kmol mgg ) at the microreactor
inlet

Corg  concentrations in the organic
phase (kmol mafg)

C Ongl in concentration of DMI in the organic
phase (kmol mafg) at the microreactor
inlet

k intrinsic kinetic constants
(miq kmol ™! s~h

kia volumic mass transfer coefficient (s~1)

K inhibition constants in intrinsic kinetic
rate models (miq kmol™!)

N number of perfectly mixed reactors in
the cascade reactor model (-)

ph empirical parameter for the partition
isotherms of species A (mérg kmol_l)

Pa partition coefficient of species A
between the organic and the aqueous
phases, Py = COArg /CAAq (mzq mafg)

Oaq volumic flow rate of the mobile
aqueous phase (mjiq s7h

Qorg volumic flow rate of the mobile
organic phase (mg)rg s

TAq rate of the reaction per unit volume
of the aqueous catalytic phase
(kmol m;g )

TOrg observed rate of the reaction per
unit volume of the organic phase
(kmol mafg )

Vaq volume of the aqueous phase (mzq)

Volumn total volume of the column in
the CPC reactor (m?)

Vorg volume of the organic phase (m%rg)

Superscripts and subscripts

A
BZA

BZOH

superscript related to substrates
superscript and subscript related to
the substrate benzaldehyde
superscript and subscript related to
the product benzylic alcohol

DMI superscript related to the substrate

dimethylitaconate
HCOO  superscript related to sodium formate
k increment number of perfectly

mixed reactors in the cascade
reactor model (subscript)

P superscript related to the ligand
triphenylphosphinetrisulphonated,
sodium salt

Rh superscript related to thodium

Ru superscript related to ruthenium

Greek letters
o volumic ratio of the organic
phase and the aqueous phase

3 -3
(mOrg mAq)

0 pulse duration in the transient
experiments in the CPC reactor (s)
T residence time in one of the perfectly

mixed reactor in the cascade reactor

model, T = (Vcolumn/N)/Qorg (s)
X molar conversion (—)

screening that would ensure meaningful and repro-
ducible tests on microquantities of samples and under
polyphasic conditions.

In keeping with this goal, we have used a new
liquid-liquid plug flow reactor as well as micro-
reactors for catalyst testing and kinetic studies. This
report describes our results concerning liquid-liquid
catalytic reactions including modelling of chemical
kinetics, model discrimination, thermodynamic data
determination and mass transfer evaluation. Selected
examples are provided in the following sections.

2. Chemical Kkinetics

How far can a mechanism be used to build a real-
istic rate law? Lot of very detailed but not so proved
mechanisms are available in the literature of molec-
ular catalysis [6,10]. Using the steady-state approxi-
mation on the catalytic intermediates, kinetic models
can be derived from the elementary steps of such
mechanisms. However, this procedure often drives to
rate laws displaying a large number of constants. In
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such cases, kinetic parameter estimation and model
discrimination cannot be performed unambiguously.
Conversely, from global kinetic measurements, how
far can elementary steps, based on the knowledge
of organometallic chemistry, be postulated? These
aspects have been discussed in a previous report
for the asymmetric reduction of acetophenone into
phenylethanol [11].

Here, the asymmetric hydrogenation of Z-methyl-
acetamidocinamate by the Rh(dipamp) catalyst [12]
will exemplify this approach. The kinetic laws for the
production of the R and § enantiomers of the product
are given in Egs. (1) and (2):

ments are achievable that drives to 14 kinds of para-
meters estimations. Obviously, these 14 estimations
will provide slightly different sets of kinetic parame-
ters. For three experiments used, the same calculation
gives 20 estimations. For four, five and six, respec-
tively, nine, six and one estimations can be run. Fig. 2
shows the results for some selected kinetic parameters.

Considering the two kinetic parameters, k_s and
kor (Fig. 2a and b), a rather trivial conclusion is that
when, the more the experiments are used, the more
accurate is the estimation. The same is true for k_ig
and kps which are perfectly determined. However, the
kinetic parameters kjr and ks cannot be determined,

e — kirk2: CRhCmacCH )
(k—1r + korC) (1 + (k1rCmac/ (k-1 + k2:CH)) + (k1sCmac/ (k=15 + k2sCH)))
s k1sk2sCRhCmacCH @)

where Cy, Crn and Cmac are, respectively, the
hydrogen, catalyst and substrate concentrations. As
depicted, up to six constants corresponding to the
six rate-limiting elementary steps of the mechanism
have to be determined. That has been performed
by Halpern and Landis using the methodology of
co-ordination chemistry, looking at each step inde-
pendently with powerful spectroscopic techniques.
However, this approach only applies to catalytic
reactions where the catalytic intermediates are nice
enough to accumulate during the catalysis and when
spectroscopic tools such as 3'P NMR may operate.
The numerical values for the parameters at 25°C
are: kg 318000 (m?kmol™! min~1), kis 636000
(m3kmol 'min~!), k_jg 9 (min~ 1), k_;5 192
(min~ 1), kor 66 (m3 kmol~! min~!) and kpg 37 800
(m3 kmol~! min~1).

Out of the 10 experiments at 25°C reported by
Halpern, six have been chosen. That set of experi-
ments well reflects the range of the operating con-
ditions (hydrogen pressure/concentration, catalyst
and substrate concentrations). The published kinetic
constants were used to generate global kinetic data
and computer-generated noise was added to provide
pseudo-experimental concentration vs. time profiles
(Fig. 1).

The parameter estimation can be conducted with
only one or all the six experiments. When two experi-
ments are used, two out of six combinations of experi-

- (k—15 + kosCu) (1 + (k1 Cmac/(k—1r + k2 CH)) + (k1sCmac/ (k—1s + k2sCn)))
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Fig. 1. Computed pseudo-experimental (a) R and (b) S products
concentration vs. time profiles for experiments at three selected
hydrogen pressure. The lines represent the theoretical profiles.
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Fig. 2. Influence of the number of experiments used on the dis-
cernability of three selected kinetic parameters: (a) k_;s; (b) kor;
() kis/kir-

irrespectively, of the number and the nature of the
experiment sets chosen. On the contrary, their ratio
ki1s/kir is very well determined with five or six experi-
ments (Fig. 2c¢).

Thus, within the experimental conditions used by
Halpern, considering a realistic experimental (analyt-
ical) error of 3%, up to five parameters (k_ir, k_1s,
kor, kos and kis/kir) out of six can be determined

with global kinetic measurements. Can all set of the
six kinetic parameters be experimentally fully deter-
mined? The mathematics say yes, because the rate
models are perfectly discernible. A further experiment
can be designed to determine k15 and kjr unambigu-
ously. The computed operating conditions are Cyac =
0.003 kmol m~* and Py, = 10 MPa which seems not
so unrealistic for a real experiment.

Now comes the key question: Is it so useful to
determine the full set of kinetic parameters? Does
the design of an industrial asymmetric hydrogenation
process to require such level of details?

The literature is very scarce on such data. On
one hand, very detailed kinetic modelling have
been reported from researchers at Novartis on a
Pt/alumina/cinchonidine asymmetric hydrogenation
catalyst [13,14]. On the other hand, a recent paper
reports the scale-up of an asymmetric hydrogenation
with a very similar catalyst in which the metal is Ru
instead of Rh in the previous example [15]. The in-
trinsic kinetic was very simple, just used to describe
the rate of hydrogen consumption. The selectivity
(enantioselectivity) was considered and shown to be
very little sensitive to the operating conditions, partic-
ularly to the hydrogen pressure. This is, however, in
no way a general rule! For Rh-based enantioselective
hydrogenation catalysts, the enantioselectivity does
depend on the liquid phase hydrogen concentration
[16]. The impact of the coupling of such intrinsic
kinetics with gas—liquid mass transfer resistances on
the enantioselectivity has been theoretically analysed
and shown to be far from negligible [17].

Besides these scale-up considerations, one should
realise that the quantification of the rate constants of
elementary mechanistic steps may drive to the under-
standing of the factors governing the chiral induction
at the catalytic site. The determination and tabulation
of such data is indeed a scientific challenge which
remains to be solved.

Because numerous data must be collected, it also
calls for new methodologies. Just for rhodium-based
catalysts and considering only commercially avail-
able phosphine-type chiral inductors, more than 30
catalysts can be prepared. The number of substrates
that can be reduced by asymmetric hydrogenation is
considerably higher. That number must then be com-
bined with a range of operating conditions which will
probably lead to a huge number of experiments to be
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Table 1
Conditions for kinetic study in the batch reactor

Temperature (K)
BZAo

Initial BZA concentration in the organic phase, COrg (kmol mafg)

Initial BZA concentration in the aqueous phase, Cﬁg

Organic phase volume, Vorg (cm?)
ati 3 -3
Volume ratio, a (mOrg m Aq)

Ru

: -3
Ru concentration, C Aq (mol m Aq)

A0 (kmol mafg)

303-333
0.05-0.2
0.014 a 0.06
20

0.1-0.2-1
3.4-95

performed. It is obvious that existing methods and
reactors are not well designed for such a task. During
the course of our study on kinetics of asymmetric
catalytic reductions, we have developed methods and
reactors that can fulfil these requirements.

3. Transient operations in a centrifugal partition
chromatograph (CPC)

3.1. Reaction, kinetics and liquid-liquid partition

The catalytic H-transfer reduction of benzaldehyde
(BZA) into benzylic alcohol (BZOH) with sodium for-
mate, catalysed by a water soluble ruthenium com-
plex in a biphasic cyclohexane—water mixture was
chosen as a test reaction (Eq. (3)). Analysis of the
organic layer and mass balance calculations confirm
the stoichiometry of Eq. (3), no side products being
detected:

CgH5CHO + HCO,;Na + H,O
— Ce¢HsCH,OH + NaHCO3 3)

The kinetic measurements were performed in a
well-mixed batch reactor (100 cm?). The rate of re-
action was independent of the mixing speed above
600 rpm which supports the absence of mass transfer
limitations under the conditions of the experiments
(1100 rpm). In a typical experiment, an aliquot of
the catalyst (ca. 2cm?) was added to a mixture of a
solution of sodium formate (5 M) in water, cyclohex-
ane, BZA (40ml total volume). The reaction began
immediately and the concentrations of the BZA and
benzyl alcohol in the organic layer were followed
by gas chromatography. The range of the operating
conditions for the kinetic measurements are given in
Table 1.

Kinetic model discrimination leads to the empirical
intrinsic rate of reaction (Eq. (4)):

Ru ~BZA
kCRe CRZ

1+ KRICRY 4 KBZACREA

Aq (kmol mgé s

“)
The BZA concentrations being measured in the or-
ganic layer, the rate is more usefully expressed with
respect to CnggA. Mass balance in the batch reactor
drives to the observed empirical rate law (Eq. (5)):
kCRaCHEN

_ Org (5)
(1+ aPza)(1 + KRUCRY + (KBZA / Paza) CHEM)

TOrg

where rorg is in kmol mafg s, Pgza = CnggA/CEqZA,

anda = Vore/Vaq. Here k is the kinetic constant,
KRU and KBZA are inhibition constants and Pgyza the
partition coefficient of BZA between the organic and
the aqueous phase (measured 50). The latter coeffi-
cient is estimated from the partition isotherm which is
approximately linear in the concentration range used
for the experiments. The goodness of fit for the rate
law of Eq. (5) is shown in Fig. 3.

The kinetic parameters k, KR and were es-
timated with a specially designed computer software
[18] from the full concentration vs. time profiles
of 30 experiments obtained under a broad range of
operating conditions (Table 2).

KBZA

3.2. Theoretical of the CPC

In liquid-liquid biphasic catalysis, concentration vs.
time profiles as those recorded batchwise imply that a
fresh batch of catalyst is used for each of the kinetic
experiments. Indeed, after an experiment, the catalytic
layer contains the product(s) of reaction. Recycling
of the catalyst would involve multi-extraction and
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Fig. 3. Parity plot of the observed vs. experimental initial rate of
reaction for the 30 experiments used.

washing of the aqueous phase. Such a procedure is
often referred in the field of homogeneous catalysis
as detrimental for the catalyst.

The CPC reactor offers a way to collect simi-
lar profiles using transient operations on the mobile
phase (the organic layer), the catalyst being trapped
as a stationary phase (aqueous layer) in the column
[21]. A schematic diagram of the transient operation
is depicted in Fig. 4.

The aqueous catalytic phase is the stationary phase
and an organic solvent is the carrier mobile phase. At
a certain time, the substrate is injected via an injection
valve. Because the partition coefficients of A and that
of B are quite different, the product B will separate
from the substrate A all along the column. At the exit
of the CPC, the shape of the peak of the product should
not only reflect the efficiency of the chromatograph, as
usually found in chromatography, but also the kinetics
of the reaction.

Table 2
Estimated kinetic constants and statistical analysis

Parameter Value Confidence interval®
k323 (m;q kmol~!s71) 2820 2590-3070

E, (KJmol™) 109 107-111

KR (m3  kmol ™) 1320 1100-1540
KB7A(my  kmol ™) 21 18-24

? Interval at 95% confidence level. The WRSS (weighted resid-
uals sum of squares) is 55.

Unreacted
Organic A A Product
solvant B
A
«—— e
S A B
|4 |4
ﬂ catalyst *]I;

Fig. 4. Schematic diagram of the transient operation in the CPC.

A model has been developed for fluid/solid chro-
matography by Villermaux [19,28] in the case of
an ideal plug flow system, in the absence of mass
transfer limitation, for linear partition isotherm of
the chemicals between the two liquid phases and for
first-order kinetics. Application of this model to the
case of liquid-liquid systems looks promising.

3.3. Transient run in the CPC reactor

The volume, length and inner diameter of the col-
umn are, respectively, 55 cm3, 17m and 0.15¢cm. A
speed of revolution of 750 rpm was imposed in order
to maintain the catalytic aqueous layer trapped in the
column. Each elementary volume of the coiled column
describes an epicycloidal trajectory and is exposed to
a centrifugal force field whose direction changes con-
stantly. That insures the two liquid phases to be al-
ternatively mixed and separated all along the coiled
part of the column. Further references on the basic
understanding of CPC-type apparatus can be found in
[20].

After equilibration, cyclohexane is pumped through
the column at 0.5-2 cm® min~! flow rate. At this stage,
pulses of BZA, typically 0.2 cm? of 0.1 M solutions in
cyclohexane, were injected at the inlet of the column.
At the outlet of the apparatus, the organic phase was
sampled and analysed by gas chromatography.

Previous studies based on residence time distri-
bution analysis have shown that plug flow can be
considered in the CPC reactor with Péclet numbers
in the range 200-2000 and that mass transfer is not
limiting for the catalytic systems used [22,29].
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A model with N perfectly mixed reactors, open to
the mobile organic phase, has been designed with no
mass transfer limitations and where the specific rate
of chemical production is given by Eq. (4). In reactor
k, the mass balance equations for the substrate BZA
and the product benzyl alcohol (BZOH) as well as the
boundary conditions are given in Eqgs. (6) and (7):

(CBA — CB
_ 1+aPpza dcgrzg/?c 1
T Uta)Pza At 1ta ™

1
BZOH BZOH
; (COrg k—1 COrg k )

(6)

BZOH
1 +aPgzon 9C0gk 1

~ (I4+a)Pszon dt I+a
where T = Vcolumn/NQorg is the reduced residence
time.

Boundary conditions:

Aq (N

Org

and

CBZA0 _ CoGre for0<1<9,
Org = 0 otherwise

Based on the model, a home-made Fortran code has
been used for the simulation of the experimental
results. Fig. 5 depicts the goodness of fit obtained
without parameter fitting.

The difference observed between the experimental
points and the model is attributed to partition coeffi-
cient rather than to the kinetic parameters. Indeed, it
is likely that the product benzyl alcohol which is quite
water soluble acts as a co-solvent for the less water
soluble benzaldehyde.

Thus, this technique requires the accurate determi-
nation of the liquid-liquid partition isotherms for both
reagents and under reaction conditions. A method,
based on chromatographic separation in the CPC, has
been developed.

3.4. Determination of liquid-liquid partition
isotherms

As mentioned, one particular problem in biphasic
catalysis is to describe the partition of the substrate
and products between the organic and the catalytic

1.5
Benzaldehyde
1.2 1
g ;
S094
'g
g Benzylic alcohol
= 061
0.3 1
o
0.0
0 10 20 30 40 50

Time (min)

Fig. 5. Comparison between the experiment and the model with-
out fitting parameters. Conditions: 323K; Q = lem? min’l; CE;‘

= 0.01kmolm2; CBZA° = 0.1kmolmgy; Veoumn = 55cm?;
a = 0.14. Experiments (symbols) and model (lines) (N = 100).

(aqueous) layer. Some of these thermodynamic data
for ternary and quaternary mixture are available from
the literature or from calculations.

However, it is very often found that the nature of
the catalytic phase being used is too far from, e.g. pure
water, due to the presence of the catalyst itself. Thus,
in practice, liquid-liquid partition measurements are
performed which are time consuming.

A dynamic method, first developed in gas—solid
chromatography [23], was adapted to liquid-liquid
systems in the CPC. The method operates in two
steps: (1) equilibration of the stationary phase with
continuous feeding of the mobile phase containing

0.7

061777 -eeeenn 0.5 cm3/min

1 cm3/min

0.5
0.4
0.3
0.2

Buten-3-ol (kmol/mAq)

0.1 4

0 r ———— —r——
0 50 100 150 200

Eluted heptane volume (cmz)

Fig. 6. Chromatograms for buten-3-ol for two flow rates showing
no mass transfer limitations.



152 S. Caravieilhes et al./Catalysis Today 66 (2001) 145-155

0.4 f

Buten-3-o0l
0.3 1

Propen-3-ol
0.2 1

Hexen-3-ol

0.1 4

Aqueous phase conc.

Octen-3-o0l

0 01 02 03 04 05 06 07

Organic phase conc. (kmol/m’)

Fig. 7. Water/n-heptane partition isotherms for C4 to Cg allyl
alcohols.

the solute, and (2) switching of the feed flow to pure
solvent in order to obtain a desaturation front in the
chromatogram (Fig. 6).

Working-up of these chromatograms assuming a
mass balance as indicated in Egs. (6) and (7) but with-
out chemical production terms leads to liquid-liquid
partition isotherm curves. Water/n-heptane partition
isotherms for a series of allyl alcohols were deter-
mined (Fig. 7).

These isotherms can be fitted with functions as
indicated in Eq. (8) where ¢” and p* are empirical

parameters:
ApA
q Co
A _ g -3
CAq = 1o ACA T ACA (kmolmAq) ®)

Org

That can then be used in place of constant partition
coefficients that are valid only in dilute solutions. In
summary, this method proves to be fast, accurate and
easy to automatise. Further works are in progress to
determine isotherms for more complex mixtures.

4. Microreactors for liquid-liquid catalysis

The use of microreactors for liquid-liquid reac-
tions may present definitive advantages. Just to list
some, it allows short residence time, possesses high
heat exchange capabilities. In the case of biphasic
catalysis with expensive molecular catalysts, it also
leads to less catalyst consumption hence providing a
good tool for catalyst screening.

Two microdevices were tested. The first allows res-
idence time up to some minutes but was designed

for exothermic reactions rather than for efficient mass
transfer [24,30]. The other is a micromixer optimised
for mixing but offering residence time of only some
seconds [25,31].

4.1. Mass transfer evaluation in a microreactor

The estimation of the global liquid-liquid mass
transfer coefficient kja was performed with a chemi-
cal reaction of well-known kinetics. The liquid-liquid
H-transfer reduction of dimethylitaconate (DMI) into
dimethylmethylsuccinate (DMS) with sodium for-
mate catalysed by a water soluble rhodium phosphine
catalyst was studied previously in our laboratory [29]
and drove to the following rate law (Eq. (9)):

kCih CDMI

q - Aq -3 —1

TAq = 000 (kmolm,_s™") ©)]
CRYM + CRg20Ck, a

The microreactor bears 32 microchannels arranged in
four sets of eight microchannels. A picture of one of
these sets is shown in Fig. 8.

The mixing of the two liquid phases is ensured
by a simple microgrid. After circulation in the mi-
crochannels, the L/L mixture is collected through
microchannels with larger section computed to main-
tain a constant flow velocity. The total volume of the
contact zone is 0.345cm>. The four microelement
plates are then mounted and sandwiched between
stainless steel seal equipped plates that bear the inlet
and outlet pipes (Fig. 9).

The results show that whereas conversion close to
90% are expected from the intrinsic kinetics and from
control batch experiments, only 43% is achieved in
the microreactor (Fig. 10).

Inlet mixing

Collgetor zone (grid)

32 microchannels
(70 um x 7 cm)

Outlet pipe

Fig. 8. One of the four microelement picturing the tree-shaped
collector (courtesy of IMM).
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Microstructure

Aqueous Organic
catalytic layer (contact zone)
layer

Analysis

Thermostatic bath 70 °C

Fig. 9. Experimental set-up for the catalytic tests in the multi-
channel microreactor.

In order to account for the experimental results,
a liquid-liquid mass transfer resistance has been in-
troduced. The following model includes the intrinsic
kinetics as in Eq. (9) and a global mass transfer
coefficient kja, for the reaction DMI — DMS and
assuming no axial dispersion (Scheme 1).

Mass balance for the aqueous layer:

A
COrg

kia — Chy | dVaq +raqdVaq

= QaqdChy (10)

Flow rate (cmj.mjn'] )

8 7 6 5 4 3 2 1

Conversion
kla (s-1)

0 4 8 12 16 20
Residence time (s)

Fig. 10. Experimental results vs. models. Main axis: experi-
mental conversions (@); intrinsic kinetic model (-); kinetic
model 4+ mass transfer resistance (----). Secondary axis: vari-
ation of computed kja with flow rates (—). Conditions:
Qorg/Qaq = 0.5; 70°C; organic layer, cyclohexane; aqueous
layer, sodium formate 1 M with Cﬁh = 4.5molm 3. The Rh cata-
lyst and the formate are not cyclohexane soluble. Inlet conditions:
Con'® = 0.05kmolm™, and CA"° = 0.

QOfg > QOrg
DM in O
C()rg _> dVOrg ** (’”rg out

Qaq Reaction in the Qa
DMI in > dv ag
Cf\lt " i aqueous layer > Ci\J;\ldl out
Vr Vr+dVr

Scheme 1. Reactor model.

Mass balance for the organic layer:

A
COrg

—kia - CAAq dVaq = Qorg dCG, (11)

The mass transfer coefficient kja is the only fitting
parameter. The result of the fit is pictured in Fig. 10.
For each data point, a mass transfer coefficient is esti-
mated. An increase of the computed kja with the flow
rate is noticed which is attributed to a better static
mixing effect of the grid at higher flow rates.

4.2. A micromixer to ensure chemical regime

A static micromixer available from the IMM insti-
tute was used. A picture of the microdevice is shown in
Fig. 11. The two liquid phase inlets are in the plane of
the drawing. A discharge slit (60 pwm x 4 mm), located
above and perpendicular to the interdigitated channels
collects the mixture.

The experimental set-up consists in the mounting
of the micromixer at the inlet of a simple stainless
steel tube (4 mm i.d.) that ensures the desired residence
time. Again, the liquid-liquid reduction of dimethyli-

100 um

\

, (<
1 Width of microchannel : 40 um

Fig. 11. SEM images of a mixing element: 2 x 15 interdigitated
microchannels with corrugated walls (courtesy of IMM).
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taconate (DMI) into dimethylmethylsuccinate (DMS)
was the test reaction.

Preliminary results indicate that conversions up to
80% are achieved with the use of the micromixer,
under the same reaction conditions as described in
Fig. 10. However, the micromixer presents one draw-
back: the quality of the liquid-liquid emulsion is very
much sensitive to the flow rate. Hence, flow rates
above 6 cm> min~! must be used in order to maintain
the chemical regime. For a range of residence time
compatible with the reaction (up to 30s), such flow
rates drive to reactor volumes of more than 2 cm?, for
which coalescence may drive to mass transfer limita-
tions, hence counterbalancing the mixing efficiency.

5. Conclusion and future works

The methods presented so far have not solved the
problem of catalyst availability. For both the CPC
and the microreactors, large quantities of catalysts are
required. In the CPC, ca. 30 cm? of the aqueous cata-
lyst is used which represents ca. 200 mg catalyst. The
same is true for the microreactors which operate under
steady-state conditions with quite large flow rates. A
trivial thought is to operate the microreactors in a tran-
sient mode. A basic set-up for that is shown in Fig. 12.

That should offer definite advantages over the pre-
vious methods. Micropulses containing microquan-
tities of both the catalyst and the substrate will be
used. Changing or adapting the micromixer would
allow the introduction of reacting gas for the study

Nl

Phase 1
(organic)

Phase 2

(aqueous)

Reactor

Micromixer

Reacting
Cat moving zone Fluid-liquid
(<1cm) emulsion

Fig. 12. Principle of a possible set-up for fast sequential fluid—
liquid catalyst screening.

of G/L catalytic reactions. Serial mounting of the
microdevices will drive to G/L/L microreactors with
perfectly controlled residence time, mixing, hold-up
and temperature. Preliminary qualitative results in our
hands support this view albeit revealing that quanti-
tative data will require robust modelling of these new
reactors [26].
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