AVQOL|

CATALYSIS
‘ TODAY

www.elsevier.com/locate/cattod

el

ELSEVIER Catalysis Today 79-80 (2003) 419-425

Hydroformylation of linalool in a supported aqueous phase
catalyst by immobilized rhodium complex: kinetic study

M. Benaissd, U.J. Jauregui-HaZa |. Nikov®*, A.M. Wilhelm¢, H. Delma$'

2 Université Amar Telidji de Laghouat, B.P. 37G, Laghouat, Algeria
b Centro de Qimica Farmacéutica, Apdo. 16042, C. Habana, Cuba
¢ Polytech’Lille, Dép. IAAL, USTL, Av. P. Langevin 59655, Villeneuve d'Ascq, France
d Laboratoire de Génie Chimique, UMR CNRS 5503, Ecole Nationale Supérieure d’Ingénieurs en Arts
Chimiques et Technologuiques, 118 Route de Narbonne, 31077 Toulouse, France

Abstract

Inthis paper, we report on the kinetics of linalool hydroformylation using supported aqueous phase catalysis (SAPC). Hydro-
formylation of linalool by SAPC has been carried out in the presence of toluene as the solvent and uging3mu),(CO),
(TPPTS,] = [D2] as the catalyst supported on the silica DS50. The effects of temperature, pressure and concentrations of
catalyst, water and linalool on the monoterpene conversion have been investigated. The rate was found to be first order with
respect to catalyst and olefin concentrations and hydrogen and carbon monoxide pressure. A kinetic model was fitted to the
observed data, and it was found to predict the rates with a good agreement. The activation energy was found to be as low as
14.5 kcal mot ™.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction Several positive responses to phytosanitary tests
of aldehydes originating from various allyl- and

The hydroformylation of higher olefins still re- propenylbenzene compounds lead to expect biologi-
mains a challenge for aqueous two-phase catalysis.cal activity of aldehydes prepared by hydroformyla-
The low solubility of higher olefins (>g in the aque-  tion of monoterpene§?]. Some of these aldehydes

ous catalytic phase represents a serious problem inhave previously been synthesized by homogenous
extending the technology to a broader variety of sub- hydroformylation in order to obtain perfumes. The

strates. In supported aqueous phase catalysis (SAPC)monoterpenes are manufactured on a commercial

the reaction proceeds at the interface between thescale from natural sources and at high tonnage from

organic phase and the immobilized aqueous phase inpetrochemical (synthetic) sources. Specially, the most
the pores of a hydrophilic suppdit]. So, SAPC is important natural source of linalool is “bois de rose
very perspective due to its high capacity in the con- oil” and lavander oil from which it is separated by
version, the selectivity and also the easy recovery of distillation. The secondary lavander oil, which have

the catalyst from the organic phase. lowest quality, contain 10-11% esters and approxi-
mately 90% alcohols, from which 60-70% linalool,
* Corresponding author. 12-18% terpineol-4 and cineol-1[3]. By far, more
E-mail addressiordan.nikov@iaal.eudil.fr (1. Nikov). linalool is produced synthetically than from natural
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Fig. 1. Hydroformylation of the linalool.

sources[4]. Recently, Jauregui-Haza et §b] have of [Rha(-S!Bu)2(COR(TPPTS)] and TPPTS were
shown that the efficiency of SAPC to achieve hy- verified by NMR spectroscopy. Liquid phas&pP
droformylation of various monoterpenes strongly NMR spectra were recorded on a Briker AM 250
depends on the location of the double bond. External spectrometer (101.26 MHz) and on a Briker AMX
linear monoterpene (linalool) is fully transformed. 400 (161.99 MHz) calibrated with 3P0, as the
Based on our previous worf6,6] here we analyse external standard. Liquid phas#éd and 13C NMR
the kinetics of the hydroformylation of linalool by were recorded on a Bruker AM 250 spectrometer
SAPC using [RB(u-S'Bu)2(CO)2(TPPTS,] = [D2] (250.13MHz for'H NMR spectra and 62.90 MHz
as catalystKig. 1) and silica DS50 as support. for 13C NMR spectra) and on a Brilkker AMX 400
(400.14 MHz forH NMR spectra and 100.62 MHz
for 13C NMR spectra) calibrated with TMS as exter-

2. Experimental nal standard. Hydrogen and CO was obtained from
AGA, France. The characterisation of the support was
The experiments were carried out in.85 104 m3 recently achievedTable J) [6].

autoclave (Autoclave Engineers) equipped with a N a typical run, the required amounts of TPPTS,
gas-inducing turbine with variable stirring speed up [Rh2(u-S'Bu)(COX(TPPTS)] and the support

to 3000 rpm. The equipment was provided with au- DS50 were placed in the autoclave. The solids were
tomatic temperature control and pressure recording covered with toluene, linalool and the quantity of per-
system. The temperature of the liquid in the reactor muted water necessary to reach the desired hydration
could be controlled within 1C. A fast and accurate ~ Percentage. Following this, the autoclave was closed,
pressure transducett( kPa) was used to measure and the contents were flushed twice with nitrogen at

the variation of the reservoir pressure. The transducer Working pressure. After stabilization of the tempera-
signal was transmitted to an acquisition card and ture to a desired value, the autoclave was pressurized

recorded on-line by a PGF{(g. 2). to the necessary pressure with syngas consisting of
Reagents and solvents were purchased from Ald- CO and B in a desired ratio. Switching the stirrer
rich, Acros and SDS, and used without further purifi- ©n then started the reaction. The reaction was then
cation. Rhodium trichloride trihydrated was supplied
by Acros. Trism-sodiumsulphonatophenyl)phosphine
(TPPTS) is a generous gift from Bhe-Poulenc.
Distilled, deionized water was used in all opera-

Table 1
Characteristics of the support

tions requiring water. All solvents, including water, DS50
were degassed by three freeze—pump-thaw cycles.get surface (/g) 488
The complex [RB(u-S'Bu)(CO%(TPPTS)] was Total porous volume (ml/g) 0.73
prepared as described by Kalck et @f]. Unless Mean diameter of the pores (A) 59
otherwise stated, all manipulations were performed Mean size of the particleg.(n) 53
Water content (%) 8.5

under nitrogen or argon. The structure and purity
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Fig. 2. Schematic representation of the experimental set-up.

continued at a constant pressure, by supply syngasamounts of linalool, products formed and the syn-
from the reservoir vessel. Simultaneously, the pres- gas consumed were compared. The consumption of
sure in the reservoir was measured continuously for linalool and syngas was found to be stoichiometri-
the duration of the reaction (5 h). Samples of the lig- cally consistent (>95% material balance) with the
uid phase were withdrawn for time to time. The initial aldehydes, the only detected product. The selectiv-
rates of reaction were then calculated in a region ity in linear aldehyde did not change significantly
wherein the conversion of linalool was less than 15%, during the reaction time. The selectivity was in
to ensure differential conditions. The molar ratio of the range of 70%. The experimental relative error
rhodium to TPPTS used was 1:6 to ensure the optimal for the reproducibility of conversion was found to
conditions for the stability of the catalytic complex, be 5%.
as shown for octene hydroformylati@, 7]. The effect of agitation speed on the rate of hydro-
The organic phase was analysed by gas phase chroformylation was studied at the highest temperature,
matography on a Carlo Erba HRGC 5160 chromato- 363K, to determine in which conditions gas-liquid
graph equipped with a flame ionization detector and mass transfer limitations can be ignored. It was found
a capillary column Alltech Econopac FFAP (30m; that, beyond a stirring speed of 1750 rpm the rate was
0.53mm; 1.2um), Tget = 200°C, Py, = 0.45bar. independent of the agitation, indicating kinetic regime.
Hence, all the reactions were conducted at an agitation
speed of 1870 rpm.

3. Results and discussion In the case when SAPC takes place in the pores of
the support, the optimum hydration yielding the best
3.1. Preliminary results conversion was found to be very narr¢@~12]. Re-

cently, it was shown that, with convenient supports,
The material balance and reproducibility were de- SAPC could be achieved with roughly stabilized
termined in preliminary experiments in which the conversion in a wide range of hydration during the
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Fig. 3. Influence of hydration
Ciin.0 = 0.385 kmol/n?.

hydroformylation of 1-octeng6]. Then the influ-
ence of hydration degree of the support in the range
8.5-58% at 353 K was studieéFig. 3). At hydration
degree of 8.5% the reaction practically did not occur.
The high improvement of the conversion begins with
the total filling of the pores (corresponding to 45.5%)
and then, the excess of water allows the catalyst to
have enough mobility on the surface to improve con-
sequently the yield on a interval ranging from 45.5 to
58%. This result follows the same behaviour obtained
before for oct-1-eng6]. Then, the water content of
the support in all kinetic experiments was 49.5%.
At these conditions, the pores of the silica DS50 are

300

on the rate of conversigh:= 353K; P = 1MPa; H/CO = 1; Ccat = 36.04 x 10~°kmol/m?;

range of 22-459ht. The TOF increases with in-
creasing of temperature and pressure. This behaviour
has been observed before when hydroformylation of
olefins has been studied by homogeneous, biphasic,
SAPC and heterogeneous catalysis.

The obtained values of TOF during the hydroformy-
lation of linalool by SAPC were in the same order or
higher than those observed in the hydroformylation
of olefins by biphasic catalysis (5-10h[9,13,14),
by biphasic catalysis with cosolvent (100-136h
[15-18), by phase transfer catalysis with cyclodex-
trines (24h! [19]) and by SAPC (50-432H#
[1,6-12).

saturated in water and the reaction takes place at the

external surface of the support.

In this work the catalyst activity will be given as
the turnover frequency (TOF) for linalool, defined as
the number of moles of the product obtained by the
unit of moles of Rh in the unit of time, it means

mol product

TOF=| ——r——
© (mol Rh x time)

The number of moles of the product was determined
by GC (at 15min from the beginning of the reaction
the sample was withdrawn and analysed by GC). The
total amount of Rh was calculated from the weight
of catalytic complex added into the reactor. These
initial values of TOF at 15min correspond to the
experiments carried out at different conditions of the
hydroformylation. The initial TOF changed in the
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Fig. 4. Effect of linalool concentration on the rate of the reaction:

T = 363K; P = 3MPa; H/CO = 1; Ceat = 36.04 x 107
kmol/m?.
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Fig. 5. Effect of catalyst concentration on the rate of the reactive: 363K; P = 1MPa; H/CO = 1; Cjin,0 = 0.385 kmol/n?.

3.2. Effect of linalool concentration 005

Experiments were carried out to investigate the ef- -
fect of linalool concentration in the organic phase on
the rate of reaction at 363 K, a hydrogen and CO total
pressure of 3MPa and a constant linalool to catalyst
concentration ratio. The variation of linalool concen-
tration in the organic phase can be achieved by using
different linalool/toluene ratios. In our case, a first or- 001
der dependence of the reaction rate with respect to
the concentration of linalool in the organic phase was
clearly proven as presented kig. 4. 0
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3.3. Effect of catalyst concentration

Fig. 6. Effect of the total hydrogen and CO pressure on the rate
The effect of the concentration of the catalyst on the of the reaction.

rate was studied at a hydrogen and CO total pressure

of 1 MPa; a constant temperature of 363K and a con- .

stant linalool concentratiorFig. 5 indicates that the ~ Catalyst concentration at 363K. The rate of the reac-
rate of reaction is enhanced with the catalyst concen- fion, as shown irFig. 6, was enhanced by increasing
tration with a first order dependence. This type of be- Nydrogen and CO pressure with a first order depen-
haviour is expected as far as mass transfer limitations 9€nce-

are negligible and any increase in the catalyst concen-

tration will proportionally enhance the concentration

of the active catalytic species and hence the rate. 4 Kinetic model
3.4. Effect of the total hydrogen and carbon Since a rate model based on the mechanism of
monoxide pressure hydroformylation by SAPC has not been developed

before, a empirical kinetic model was evaluated, tak-
The effect of total hydrogen and CO pressure on the ing into account the general trends observed in the
rate of reaction was studied at a constant linalool and experiments. The rate for linalool hydroformylation



424 M. Benaissa et al./Catalysis Today 79-80 (2003) 419-425

0,05
< = 0.04
= =
= g
% _‘3» 0,03
5 k=
g 2 0m
z =
5 001

0 . . . .
0 0,01 0,02 0,03 0,04 0,05
0 L L Ro experimental, mol ms”
0 100 200 300 _ _ ‘
time. min Fig. 8. Comparison between experimental and calculated values

of the initial rate of the reaction.
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between experimental and calculated values: (—) calculailyl; (
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can be expressed in the following form: ROPS

i=1 !

R = kmozCin P @ where R°PS are the elements of the vector contain-

wherek is the rate constantypz the weight of cat-  ing the given experimental initial rate anef"™ the
alytic complex D2,Cji, the concentration of linalool  corresponding values calculated by the model being
and P the total syngas pressure. Regression of the studied andn the number of data points. The com-
experimental data to the rate model was performed parison between experimental data and the optimized
using a corrected Newton’s algorithm. The procedure model is presented iRig. 7. Fig. 8 presents the com-
calculates the values of the parameters of kinetic parison between calculated and experimental initial
model, which minimize the average standard error of rate of reaction. The standard error of estimation was
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Fig. 9. Plot of InK) vs. 1T for hydroformylation of linalool by SAPC.
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less than 5% at all studied temperatures, which is European Community and CNRS (France) for pro-
within the range of the experimental error. viding him a research fellowship.

The activation energy calculated from the temper-
ature dependence of the rate constant (at 333, 343,
353 and 363K), using the Arrhenius equation was
found to be 14.5 kcal molt for the hydroformylation
of linalool. The plot is presented irig. 9. This rather
low value could be connected to diffusion limitations
inside the pores or near the aqueous catalytic layer.
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