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Abstract

The biphasic catalytic reduction of the C±C double bond of dimethylitaconate with a water soluble rhodium/

triphenylphosphinetrisulphonated sodium salt (TPPTS) complex is investigated. Kinetic studies in a well-mixed batch reactor

provide kinetics parameters and an activation energy of 71 kJ molÿ1 but cannot discriminate between a ®rst order or a

complex kinetic model within the range of substrate concentration where the approximation of linear liquid/liquid partition is

respected. Catalytic tests in the centrifugal partition chromatograph (CPC) reactor under steady-state operations in chemical

regime and plug ¯ow mode allow discriminating the kinetic models, the complex kinetic rate law being preferred. # 1999

Elsevier Science B.V. All rights reserved.
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1. Introduction

Numerous transition metal complexes based

homogeneous catalytic reactions can easily be made

biphasic just by functionalisation of the ligands to

make the catalyst water soluble [1]. This is currently

achieved by sulphonation of phenyl groups which are

widely used as organic substituents in phosphines

ligands. The RhoÃne-Poulenc/Ruhr Chemie Process

for the hydroformylation of ole®ns uses a rhodium

complex catalyst coordinated with the water soluble

ligand TPPTS. Separation of the product and

recovery of the catalyst are thus achieved by simple

decantation [2]. However, when using highly sophis-

ticated ligands such as those giving enantioselecti-

vity, the availability and the cost of the catalyst

for laboratory studies become the actual drawbacks

for a wider application of transition metal complex

catalysts. In a previous report, a centrifugal partition

chromatograph (CPC) was used as a liquid/liquid

continuous catalytic plug ¯ow reactor requiring

low reactional volumes [3]. However, the test

reaction used, the reduction of benzaldehyde to

benzyl alcohol, was not of high industrial interest

and was rather slow which did not allow working

at high conversions. In this report, some new results
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concerning the hydrodynamic and the mass transfer

properties of the CPC as well as its use as a catalytic

reactor for the liquid/liquid reduction of dimethylita-

conate (DMI) into dimethylmethylsuccinate (DMS)

will be presented.

2. Experimental

2.1. Chemicals and analysis

The catalyst precursor [Rh(cod)Cl]2 (98%, Strem)

was used as received. The solvents water and cyclo-

hexane (ACROS) were degassed and purged under

argon prior to use but not further puri®ed. TPPTS

30 wt% in water, sodium formate (97%, Aldrich),

dimethylitaconate (97%, Aldrich), and decane

(99%, Aldrich) were used as received. All the experi-

ments involving the Rh complex were performed

under argon or nitrogen. Samples from the catalytic

runs were analysed by gas-chromatography on a HP-

5790A instrument (Cydex-B SGE capillary column,

ca. 25 m, d�320 mm, 2 bar He ml minÿ1, FID-detec-

tor, split injection mode, 1 ml sample intake, internal

standard: decane, temperature programme: 80±1008C,

108C minÿ1; 100±1078C, 18C minÿ1; 107±2308C,

358C minÿ1, t (2308C)�1 min).

2.2. Partition isotherm measurements

The partition coef®cients for DMI and DMS were

measured as follows. A solution of DMI (187.7 mg,

1.19 mmol) and decane (143.2 mg, 1.0 mmol) in

cyclohexane (20 ml) was mixed with an equal volume

of sodium formate in water (5 M, 20 ml, 0.1 mol).

After the thermodynamic equilibrium was reached, an

analysis of the organic phase was performed. Stepwise

addition of DMI up to 240 mg and equilibration

provides the partition isotherm for DMI (the partition

isotherm of DMS was determined by the same pro-

cedure).

2.3. Catalyst preparation

A solution of sodium formate in water (5 M, 24 ml,

120 mmol) was added to an orange slurry of

[Rh(cod)Cl]2 (148 mg, 0.60 mmol of Rh) and

TPPTS 30% in water (7 g, 3.7 mmol). The mixture

was stirred at room temperature for about 12 h and

stored at 48C.

2.4. Catalytic runs in the batch reactor

The apparatus was described in a previous paper

[4]. In a typical experiment, the reactor was loaded

with an aqueous solution of sodium formate (5 M,

18 ml, 90 mmol) and a mixture of DMI (316 mg,

2.0 mmol) and decane (143.2 mg, 1.0 mmol) in cyclo-

hexane (20 ml). The mixture was then stirred and the

temperature was raised up to 408C (about 20 min)

after which time the partition equilibrium was

reached. An aliquot of the catalyst (2 ml) prepared

as described above was then added. The course of the

reaction was followed by analysis of the organic phase

by gas-chromatography.

2.5. Catalytic runs in the CPC reactor

The aqueous phase was prepared as follows. An

aliquot of the catalyst (8 ml, 15.8 mmol) prepared as

described above was added to an aqueous sodium

formate solution (5 M, 80 ml, 400 mmol). This

aqueous phase was then pumped at 1 ml minÿ1 ¯ow

rate into the coiled Te¯on tube spinning at 150 rpm.

The rotation speed was then set at 800 rpm and

cyclohexane was pumped continuously through the

coil at 2.5 ml minÿ1. Some of the stationary aqueous

phase was eluted until the hydrodynamic equilibrium

was reached in the coil. The volume of the stationary

phase in the coil at equilibrium was 50 ml under the

conditions studied. The organic solution containing

DMI (0.1 kmol mÿ3) and decane (0.05 kmol mÿ3)

was then pumped through the stationary phase at

the desired ¯ow rate. The course of the reaction

was followed by analysis of the organic phase at

the CPC outlet.

3. Results and discussion

3.1. Reaction

The test reaction is the reduction of DMI to DMS

with sodium formate, catalysed by a water soluble Rh

complex [5]:
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(1)

Analysis of the organic layer and mass balance

calculations con®rm the total (>95%) conversion of

the substrate DMI into the product DMS. The side

product (<5%) is an isomer of DMI, the 2-dimethyl-

mesaconate (DMM), formed by the shift of the double

bound from the external to the internal position. Such

an isomerisation of terminal ole®ns to internal has

been frequently reported as a side reaction in the case

of, e.g., hydrogenation [6].

3.2. Liquid±liquid partition equilibrium

Because the catalyst is located in the aqueous layer,

the organic reagent DMI should ®rst transfer from the

organic to the aqueous phase. Similarly, the product

DMS should transfer from the aqueous phase where it

forms to the organic phase. The course of the reaction

being more conveniently followed by analysis of the

organic layer, it is of importance to correlate that

measured concentration to the concentration in the

aqueous phase where the catalytic reaction actually

takes place. The concentration of species A in the

organic and the aqueous phase was described by the

linear relationship:

PA �
CA

Org

CA
Aq

�m3
Aq mÿ3

Org�:

It is well known that the thermodynamic equili-

brium in the case of ternary mixtures cannot be

described properly for all the range of composition

by a constant partition factor PA. However, in the case

of the ternary system described here and for the range

of concentrations used, this linear relation is valid. The

partition of the substrate DMI between the organic and

the aqueous phase was measured for several formate

concentrations at 258C (Fig. 1). The partition coef®-

cients PA are computed from the experimental iso-

therms (Table 1).

Because the catalytic reaction was run between 303

and 333 K, the effect of temperature on the partition

coef®cient was checked. As pointed in Section 2, the

procedure for a catalytic test involves ®rst the thermo-

dynamic equilibration of the liquid phases prior to the

addition of the catalyst. The measured concentrations

in the organic layer after equilibration and before

reaction provide data which conform the linear parti-

tion model. This is well demonstrated in the parity

diagram of Fig. 2 in which the measured DMI con-

centration in the organic layer is plotted vs. the con-

centration given by the linear approximation:

CDMI
Org �

�PDMInDMI

�1� �PDMI�VOrg

; (2)

where nDMI is the molar quantity of DMI in the

experiment, � the liquid phases volumic ratio

�m3
Org mÿ3

Aq�, PDMI the DMI partition coef®cient and

VOrg is the volume of the organic layer. This result

Fig. 1. Partition isotherms (293 K) of dimethylitaconate (DMI) in

pure water and in sodium formate solutions.

Table 1

Cyclohexane/water partition coefficients of DMI and DMS for

various sodium formate concentrations at 293 Ka

CHCOONa �kmol mÿ3
Aq� 0 1 2.5 5

PDMI �m3
Aq mÿ3

Org� 1.2 2.8 4.3 11.3

PDMS �m3
Aq mÿ3

Org� 1.7 4 5.6 14

aA linear partition is observed for 0 � CDMI
Org � 0:13 kmol mÿ3.
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evidences the weak in¯uence of the temperature on the

partition coef®cient within the range of temperatures

used in the work.

3.3. Kinetic studies of the reaction in a well-mixed

batch reactor

Chemical regime in the well-mixed batch reactor at

1100 rpm was ®rst checked [4]. Addition of the side

product DMM to the reaction mixture does not in¯u-

ence the rate of reaction. Addition of the main pro-

ducts DMS and sodium hydrogenocarbonate also has

no in¯uence on the course of the reaction.

The in¯uence of the temperature was measured.

Arrhenius plot of the observed initial rate of reaction r0i
provided an activation energy of 71 kJ molÿ1 (Fig. 3).

This value is in agreement with those reported for

other hydrogen transfer reductions of ole®ns [7].

The observed initial rate dependence on the initial

concentration of the substrate CDMI
Org 0 is shown in

Fig. 4. Neither a simple ®rst-order model nor a more

complex kinetic model can properly adjust the data.

This may be due to poorly de®ned initial conditions or

to the dif®culties to actually determine the values of r0i ,
two problems that are typical of batch kinetics mea-

surements. The inconveniences of kinetic parameter

estimation based on initial rates of reaction have been

debated [8]. Both because complex or ®rst-order

kinetics have been reported for similar reactions [9]

and to account for all the observations found during

that preliminary studies, two semi-empirical rate mod-

els are proposed:

first-order kinetic model :

rAq � kCRh
AqCDMI

Aq �kmol mÿ3
Aq sÿ1�; (3)

complex kinetic model :

rAq �
kCRh

AqCDMI
Aq

KCDMI
Aq � 1

�kmol mÿ3
Aq sÿ1�: (4)

Fig. 2. Calculated vs. experimental CDMI
Org at thermodynamic

equilibrium.
Fig. 3. Arrhenius plot of the observed initial rate of reaction r0i
(CDMI

Org 0 � 0:1 kmol mÿ3, CRh
Aq � 0:002 kmol mÿ3, ��1).

Fig. 4. Influence of the substrate concentration on the observed

initial rate of reaction r0i �313 K; CRh
Aq � 0:002 kmol mÿ3; � � 1�.

Experimental (symbols): complex model (ÐÐÐ); first-order

model (- - -).
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The DMI concentration being measured in the

organic phase, the rate is more conveniently ex-

pressed with respect to CDMI
Org . Knowing that

nDMI � nDMI
Aq � nDMI

Org and from the mass balance in

the batch reactor, it comes:

first-order kinetic model : ÿ dCDMI
Org

dt

� r0 � kCRh
Aq

1� �PDMI

CDMI
Org �kmol mÿ3

Org sÿ1�; (5)

complex kinetic model : ÿ dCDMI
Org

dt
� r0

� kCRh
Aq

1� �PDMI

CDMI
Org

�K=PDMI�CDMI
Org �1

�kmol mÿ3
Org sÿ1�:

(6)

The kinetic studies performed in the range of

conditions given in Table 2 provided concentration

vs. time profiles from which the kinetic parameters

can be extracted. This is done by using a kinetic

parameter estimation software able to perform

numerical integrations using the concentration vs.

time profiles [8]. Figs. 5 and 6 compare the

experimental results and those obtained from the

optimal parameters.

As evidenced in Fig. 5, both kinetic models ®t

rather well the experimental concentration vs. time

pro®les for six experiments at different DMI con-

centration and different liquid phase volume ratio

(��1, 0.5 and 0.2) at 313 K and constant cata-

lyst loading �CRh
Aq � 0:002 kmol mÿ3�. The result of

the kinetic parameters estimation and their con-

®dence intervals is presented in Table 3. A parity

plot of the calculated vs. experimental initial rate of

reaction r0i indicates that the complex kinetic model

seems to better account for all the batch experiments

(Fig. 6).

Knowing the intrinsic kinetics, the reaction was

studied in the CPC in order to: (i) determine which

process could be limiting in that new continuous

reactor, and (ii) help to discriminate between the

two kinetic models.

Table 2

Range of conditions for kinetic study in batch reactor

Concentration of catalyst �kmol mÿ3
Aq� 0.0018±0.005

Temperature (K) 303±313±323±333

Organic phase solvent Cyclohexane

Initial concentration of DMI in the organic

phase �kmol mÿ3
Org�

0.024±0.144

Initial concentration of DMI in the aqueous

phase �kmol mÿ3
Aq�

0.0021±0.013

Stirring speed (rpm) 1100

Aqueous phase volume (10ÿ6 m3) 20±100

Organic phase volume (10ÿ6 m3) 10±20

Volume ratio � �m3
Org mÿ3

Aq� 0.2±1

Fig. 5. Concentration vs. time profiles. Experimental (symbols):

complex model (ÐÐÐ); first-order model (- - -).

Fig. 6. Calculated vs. experimental initial rate of reaction: complex

model (^); first-order model (&).
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3.4. Hydrodynamics and mass transfer in the

centrifugal partition chromatograph

The CPC used in this study has been described in

detail [3,10,11]. A schematic representation of the

apparatus is given in Fig. 7.

The hydrodynamic properties and mass transfer

capability of the CPC were studied from residence

time distribution analysis (RTD) [12]. Ethylbenzene

was used as the inert tracer since it is not soluble in the

catalytic phase. The determination of the character-

istic time for mass transfer tm between the organic

mobile phase and the aqueous catalytic stationary

phase was made with benzaldehyde and benzyl alco-

hol. A typical RTD pro®le is shown in Fig. 8. Per-

forming the experiments at different ¯ow rates reveals

that tm is proportional to the reciprocal of the ¯ow rate

(Fig. 9).

Assuming that the values of tm for DMI and DMS

would not be too different from those obtained with

benzaldehyde and benzyl alcohol, and extrapolating

the linear correlation tm�f(1/Q) to lower ¯ow rates

(2�10ÿ9 m3 sÿ1) provides tm values lying between 10

and 200 s. For the chemical reaction, a characteristic

reaction time of tr�700 s may be computed as the

reciprocal of the observed kinetic constant for the

fastest reaction run in the batch reactor (at 313 K).

Although comparison of tm and tr reveals that the

limiting process in the CPC reactor with this new

reaction should be the chemical reaction, these char-

acteristic times are close enough to check for mass

transfer limitations while operating in the CPC.

Table 3

Estimated kinetic constants and statistical analysis for the kinetic models

k �m3
Aq kmolÿ1 sÿ1� K �m3

Aq kmolÿ1� WRSSb

Value Confidence intervala Value Confidence intervala

First-order model 0.87 0.83±0.90 ± ± 69

Complex model 1.12 1.08±1.13 63 45±79 28

aInterval at 95% confidence level.
bWRSS�weighted residual sum of squares.

Fig. 7. Schematic representation of the CPC. Volume, length and inner diameter of the column: 55�10ÿ6 m3, 26.5 m and 1.63�10ÿ3 m. Speed

of revolution 800 rpm.

Fig. 8. Typical RTD profile. t�retention time of the tracers;

t0�mean residence time of the mobile phase.
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3.5. Reaction in the centrifugal partition

chromatograph

The catalyst was checked for deactivation in the

CPC. In an experiment (800 rpm, 320 K, Q�17�
10ÿ9m3 sÿ1, CRh

Aq � 0:002 kmol mÿ3, CDMI
Org � 0:1

kmol mÿ3), the reaction was conducted for up to 2 h

in the CPC without decrease in the experimental

conversion (55%). Furthermore, after running tests

in the CPC, the catalytic phase was collected and

tested in the batch reactor to check for catalyst deac-

tivation. In no case decreases in the catalyst perfor-

mances were observed. This con®rmed that formate

consumption by the reaction (typically 2±5%) has a

negligible effect on the kinetics.

Assuming plug ¯ow with no axial dispersion and no

mass transfer limitations, the steady-state conversions

are:

first-order kinetic model :

�calculated � 1ÿ ekCRh
Aq

VAq=PDMIQOrg ; (7)

complex kinetic model : ln�1ÿ �calculated�

ÿ K

PDMI

CDMI
Org 0 �calculated � ÿ

kCRh
Aq

PDMI

VAq

QOrg

: (8)

Two operating parameters have been varied: the

¯ow rate and the inlet substrate concentration

(Table 4). The in¯uence of the ¯ow rate on the

experimental conversion measured at the outlet of

the CPC is shown in Fig. 10. Both kinetic models

®t rather well the experimental data. While this set of

experiments cannot help to discriminate between the

two kinetic models, it indicates the limiting process in

the CPC, i.e. the chemical regime, since no mass

transfer limitations are required to account for the

experimental data (Fig. 11).

Note that the intrinsic kinetic constants at the

temperature of the experiments in the CPC has been

computed with the activation energy value found

above. In the case of the complex model, the in¯uence

of the temperature on the inhibition constant K has

been neglected. This is supported by previous reports

which have found little effect of the temperature on

similar inhibition constants in, e.g., the hydroformyla-

tion of ole®ns [13].

The in¯uence of the substrate concentration is

depicted in Fig. 12. From this set of experiments,

the model involving a complex kinetic behaviour is

Fig. 9. Determination of tm at different flow rates for two different

concentrations of sodium formate.

Table 4

Range of conditions for the experiments in the CPC reactor

Concentration of catalyst �kmol mÿ3
Aq� 0.0018

Inlet concentration of DMI �kmol mÿ3
Org� 0.05±0.13

Aqueous phase volume �10ÿ6 m3
Aq� 50

Volume of the CPC reactor (10ÿ6 m3) 55

Volume ratio � �m3
Org mÿ3

Aq� 0.1

Organic mobile phase flow rate (10ÿ9 m3 sÿ1) 7±26

Speed of revolution (rpm) 780±820

Fig. 10. Conversion vs. flow rate in the CPC: experimentals (^);

complex model (ÐÐÐ); first-order model (- - -).
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chosen since a ®rst-order rate law model would have

predicted a constant conversion under these conditions

in a plug ¯ow reactor.

4. Conclusion and future works

The use of the CPC reactor as a tool for helping in

kinetic models discrimination has been presented. For

the catalytic reduction of dimethylitaconate into

dimethylmethylsuccinate in a two-phase system, a

complex kinetic model including inhibition by the

substrate is validated. In the centrifugal partition

chromatograph reactor, while it was expected from

both the batch experiments and the residence time

distribution analysis that the limiting process could be

the mass transfer, it is demonstrated that the CPC was

actually operating under chemical regime. Thus, in

order to better evaluate the mass transfer capability of

this new reactor, much faster reactions should be

tested. The possible in¯uence of the rotation speed

in the CPC on the mass transfer process is under

current investigation. Finally, the CPC has been used

only under steady-state conditions up to now. Future

works will be devoted to use the chromatographic pro-

perties of the CPC, i.e. in the transient or pulse mode.

5. Notations

CDMI
Org concentration of species DMI in the organic

phase �kmol mÿ3
Org�

CDMI
Org 0 concentration of DMI in the organic phase

�kmol mÿ3
Org� at t0 in the batch reactor

CDMI
Org i concentration of DMI in the organic phase

�kmol mÿ3
Org� at the CPC inlet

CDMI
Aq concentration of species DMI in the aqueous

phase �kmol mÿ3
Aq�

CRh
Aq concentration of Rh in the aqueous phase

�kmol mÿ3
Aq�

k intrinsic reaction rate constant �m3
Aq kmolÿ1

sÿ1�
nDMI

Org number of moles of DMI in the organic

phase (mol)

nDMI
Aq number of moles of DMI in the aqueous

phase (mol)

PDMI partition coefficient of DMI between the

organic and the catalytic phase �m3
Aq mÿ3

Org�
PDMS partition coefficient of DMS between the

organic and the catalytic phase �m3
Aq mÿ3

Org�
QOrg flow rate of the mobile organic phase

�m3
Org sÿ1�

rAq rate of the reaction per unit volume of the

aqueous catalytic phase �kmol mÿ3
Aq sÿ1�

r0 observed rate of the reaction per unit volume

of the organic phase �kmol mÿ3
Org sÿ1�

tm characteristic time for mass transfer be-

tween the two liquid phases (s)

Fig. 11. Calculated vs. experimental conversion: complex model

(^); first-order model (&).

Fig. 12. Influence of the substrate inlet concentration on the

conversion in the CPC at 320 K: experimentals (^); complex

model (ÐÐÐ); first-order model (- - -).
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TPPTS triphenylphosphinetrisulphonated, sodium

salt

tr characteristic time for the chemical reaction

(s)

VAq volume of the aqueous phase �m3
Aq�

VOrg volume of the organic phase �m3
Org�.

� volumic ratio of the organic phase and the

aqueous phase �m3
Org mÿ3

Aq�
� molar conversion (dimensionless)
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