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Abstract 
Four silica samples were evaluated as supports in the hydroformylation of oct-1-ene by Supported Aqueous Phase 

Catalysis (SAPC) using [Rh2(µ-StBu)2(CO)2(TPPTS)2] and [Rh(COD)Cl]2/TPPTS as catalysts. Adsorption studies of the 
[Rh(COD)Cl]2/TPPTS complex from aqueous solutions on the supports were carried out at 25 °C. The isotherms obtained 
were correlated by several models, among which the Fowler-Guggenheim/Jovanovic-Freundlich equation was found to be 
the most satisfactory. The influence of the nature of catalytic complex and  of the methods for supporting the catalyst on the 
silica conversion was also studied.  

1. Introduction 
The recent development of Supported Aqueous Phase 

Catalysis (SAPC) opened the way to hydroformylate very 
hydrophobic alkenes such as octene, dicyclopentadiene 
or oleyl alcohol with water-soluble catalysts (Arhancet et
al., 1989). But SAPC is still used with empirical rules, 
because the mechanisms governing the interactions 
between complex, water and solid surface are not well 
elucidated. For this reason, it is necessary to study in 
depth the adsorption of water soluble ligands and 
catalytic complexes onto inorganic supports, as an 
important step in the preparation of catalyst-support 
complex and the understanding of these catalytic 
properties. Recently, the adsorption of aqueous solutions 
of benzenesulfonic acid, 3, 3’, 3’’-phosphinidynetris-, 
trisodium salt  (TPPTS), the most used hydrosoluble 
ligand in biphasic catalysis, and di (µ-tertiobutylthiolato) 
dicarbonyl, bis (benzenesulfonic acid, 3, 3’, 3’’-
phosphinidyne-tris-, trisodium salt) dirhodium ([Rh(µ-
tBu)(CO)(TPPTS)]2 or C1, M.W.= 1577.04) on different 
silica supports was reported (Jáuregui-Haza et al.,
2001a). Although C1 and di (1,5 cyclo-octadiene) 
dichloro dirhodium, benzenesulfonic acid, 3, 3’, 3’’-
phosphinidyne-tris-, trisodium salt 
([Rh(COD)Cl]2/TPPTS2 or C2, M.W. = 1629.93) had 
been used for hydroformylating oct-1-ene by biphasic 
catalysis or SAPC (Chaudhari et al., 1995; Deshpande et 
al., 1996; Kalck et al., 1998; Jáuregui-Haza et al.,
2001b), it was necessary to obtain the adsorption 
isotherms for this second complex and to compare the 
performances of these two supported catalysts in the 
same operating conditions. 

On the other hand, several methods have been used 
for preparing the SAP catalysts. According to the 
preparation procedure, the methods can be classified into 
two groups : i) indirect method, when  the support is first 
impregnated  with the hydrosoluble catalytic complex, 
then dried and rehydrated before use (Arhancet et al.,
1989, 1990, 1991a; Choplin et al., 1998; Guo et al.,
1991; Horvath, 1990) ; ii) direct method : the support, 
catalytic complex and water are mixed at the same time 
in the reaction system (Arhancet et al., 1991b; Kalck et 
al., 1998). In general, the best conversions of 
hydroformylation of alkenes by SAPC have been 
obtained when the SAP catalyst was prepared by indirect 
method.  

This paper deals with the hydroformylation of oct-1-
ene by SAPC using C1 and C2 and four silica samples as 
supports. Adsorption studies of the C2 from aqueous 
solutions on the supports were carried out at 25 °C; the 
influence of the method of preparation of the supported 
catalyst was also investigated. Finally, the catalytic 
performances of this catalyst were evaluated and 
compared to those of  C1.

2. Experimental section 
TPPTS was supplied by Rhône-Poulenc. The 

complex  C1 was synthesized as reported before (Kalck 
et al., 1988). The other chemicals and solvents were 
purchased from Aldrich and SDS, and used without 
further purification. All the reactions and adsorption 
experiments were carried out under an inert atmosphere 
(Argon or Nitrogen).  

Four supports were used to prepare SAP catalysts: the 
Sipernat silica samples DS22 and DS50 (from Degussa) 
and two SDS silica samples (S60 and S200). Their BET 
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surface area, pore volume, and average pore sizes were 
measured by nitrogen sorptometry, using a NOVA-1000 
version 3.70 analyser. Particle size measurements were 
obtained on a Mastersizer MALVERN S. Table 1 shows 
the physical  properties of the adsorbents. 

Tab. 1.- Physical properties of the silica samples (S: BET 
surface area; Vp: total pore volume; dp: average pore 
diameter; lp: mean diameter of the particles) 

Silica DS22 DS50 S60 S200 
S, m2g-1 173 488 439 317 

Vp, mL.g-1 0.19 0.73 0.84 0.58 
dp, Å 45 59 77 74 
lp, µm 119 53 158 442 

The adsorption essays were carried out as described 
elsewhere (Jáuregui-Haza et al., 2001a). A fixed amount 
of silica (0.5 g) and 6 mL of an aqueous solution of C2
were placed in a 50 mL glass-stoppered flask and shaken 
at 100 rpm for 24 hours in a thermostated oscillating bath 
(JULABO-SW-20C). The aqueous solutions of C2 were 
prepared in deaerated water. The initial concentrations of 
solutions were in the range of  8.4 10-5 –0.549  g/g of 
solution, which includes the concentration ranges 
reported in the works on SAPC and biphasic catalysis 
(Arhancet et al., 1989, 1990, 1991; Chaudhari et al.,
1995; Deshpande et al., 1996; Dos Santos et al., 1998; 
Guo et al., 1991; Herrmann and Kohlpainter, 1993; 
Horvath, 1990; Kuntz, 1981; Monteil, 1993). Preliminary 
experiments had shown these adsorption processes 
reached equilibrium within 12 hrs. Each experiment was 
duplicated under identical conditions. The concentration 
of Rh in the aqueous phase was determined by atomic 
absorption spectrometry (328.1 or 343.5 nm) with a 
VARIAN AA275 spectrometer. 

The SAP catalysts were prepared by direct and 
indirect methods. In the second case,  the impregnation 
step involved adsorption of an aqueous solution of C1 or
C2 as described above, followed by the drying of the 
support under reduced pressure at 40°C during 24 hrs.  

Catalytic tests were carried out in a 150 mL stainless 
steel stirred autoclave heated by a thermostatic oil bath. 
In a typical run, 2.26x10-5 mol of C1 or C2, an excess of 
TPPTS (P/Rh = 6, Jáuregui-Haza et al., 2001b), 2.3 g of 
the support, 57 mL of toluene, 2.55x10-2 mol of oct-1-ene 
and the amount of permuted water necessary to reach the 
desired hydration percentage (Jáuregui-Haza et al.,
2001b) were used. The reactor was pressurized with 5 bar 
of an equivalent mixture of hydrogen and carbon 
monoxide and heated to 80 °C. After 3 hrs, unless 
otherwise stated, the gas mixture feed was stopped and 
the reactor was cooled down to room temperature. Then, 
the reactor was depressurized and the liquid and solid 
phases were separated by filtration. The organic phase 
was analyzed by gas phase chromatography on a Carlo 
Erba HRGC 5160 chromatograph equipped with a flame 

ionization detector and a capillary column Alltech 
Econopac FFAP (30 m; 0.53 mm; 1.2 µm), Tdet = 200 °C, 
P H2 = 0.45 bar. 

3. Results and discussion 
3.1 Adsorption isotherms 

Experimental results of equilibrium adsorption 
isotherms of C2 are plotted in Fig. 1 (experimental data 
available by request). The average relative error on the 
measured concentration in the liquid phase was 4.05 % 
(with a higher value of  6.97 %). In the same figure, for 
comparison, the adsorption isotherms obtained 
previously (Jáuregui-Haza et al., 2001a)  for C1 are also 
shown. In general, high capacities are obtained for both 
complexes on all supports. The adsorption capacity is 
higher for C1 than for C2 and for the both complexes it 
increases with an increase in total pore volume of the 
support (DS22 < S200 < DS50 < S60). The differences in 
adsorption capacity might be explained by the differences 
in molecular size of C1 and C2 as well as by the possible 
different interactions between the ligands and support 
surface.  
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Fig. 1.- Experimental adsorption data for [Rh(µ-
StBu)(CO)(TPPTS)]2 (filled symbols [Jáuregui-Haza et
al., 2001a]) and [Rh(COD)Cl]2/TPPTS2 (empty symbols) 
on different silica supports and calculated curves (lines) 
(using the best model).  

Different isotherm models have been used to correlate 
isotherm data for C2: the Langmuir model (Langmuir, 
1916), for homogeneous surfaces without lateral 
interactions; the model (Fowler and Guggenheim, 1965),
for homogeneous surfaces with lateral interactions; the 
Jovanovic-Freundlich model (Quiñones and Guiochon, 
1996), for heterogeneous surfaces without lateral 
interactions and the Fowler-Guggenheim/Jovanovic-
Freundlich model (Quiñones and Guiochon, 1998), for 
heterogeneous surfaces with lateral interactions. The 
equations of these four isotherm models are displayed in 
Tab. 2. 

Fitting of the adsorption isotherm models to the 
experimental data was performed using a corrected 
Newton algorithm. The procedure calculates the values 
of the isotherm parameters which minimize the average 
standard error of estimation (SEE): 
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where exp
,ieq are the elements of the vector exp

eq
containing the given experimental adsorbed phase 
concentrations at equilibrium, t

ieq ,  are the corresponding 
theoretical values calculated by the model and n is the 
number of data points.  

Tab. 2. Adsorption isotherm models. θ = qe/qs, where θ is 
the fractional coverage, qe the amount of adsorbate 
adsorbed at equilibrium per unit amount of adsorbent and 
qs the monolayer capacity. ce  is the concentracion of 
adsorbate in aqueous phase at equilibrium. χ is the 
adsorbate-adsorbate interaction parameter, ν is the 
heterogeneity parameter, k and a are other parameters.

Model Equation 
Langmuir  ( )ee KcKc += 1/θ
Fowler  ( )ee KceKc += −χθθ /
Jovanovic-Freundlich  ( )νθ eace−−= 1    
Fowler-Guggenheim 
/Jovanovic-Freundlich  

( )νχθ
θ eacee−−= 1    

The selection of the most adequate model was 
performed using Fisher’s test. The model selected 
exhibited the highest value of the Fisher parameter Fcalc
(Ajnazarova and Kafarov, 1985): 
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where exp
eq  is the mean value of the vector exp

eq  and l is 
the number of adjusted parameters of the model.  

Table 3 summarizes the results of the nonlinear 
regression analysis. In general, the agreement of the 
models with the data is good as SEE and Fcalc values 
show. The Fowler-Guggenheim/Jovanovic-Freundlich 
model was found to best fit C2 data, while Fowler’s 
model was found to be the most satisfactory for C1
(Jáuregui-Haza et al., 2001a). Figure 1 shows the 
comparison between experimental adsorption data and 
calculated values. 

The increase of adsorption capacity whith icreasing 
porosity, could be explained by the possible adsorbate-
adsorbate interaction (Jaroniec and Madey, 1998). In this 
sense, both Fowler and Fowler-Guggenheim/Jovanovic-
Freundlich equations, behave rather similarly (Tab. 3). 
The obtained values of χ show the importance of 
adsorbate-adsorbate interactions in the sorption process. 
It is well known, that positive values of χ imply that 

attraction forces between molecules predominate in the 
adsorbed layer (Fowler and Guggenheim, 1965).
Regarding the surface heterogeneity, we can observe that 
the parameter ν in Jovanovic-Freundlich and Fowler-
Guggenheim/Jovanovic-Freundlich models is close to 
unity for all supports. When the heterogeneity parameter 
is equal to unity, as for the systems studied, adsorption 
takes place on homogeneous surface.  

Tab. 3. Comparison of model correlations for 
[Rh(COD)Cl]2/TPPTS2. qs is the monolayer capacity. χ is 
the adsorbate-adsorbate interaction parameter. ν is the 
heterogeneity parameter. K and a are other parameters. 
SEE is the average standard error of estimation.    Fcal is 
the calculated Fisher parameter. 

 Silica 
Model and 
parameters 

DS22 DS50 S60 S200 

1.- Langmuir  
qs, g /gSi 0.2525 0.5857 0.6644 0.4864 
K, g sol./g 2.4148 1.5301 1.5163 1.6542 
Fcalc 1694.55 1608.88 2649.09 3044.52
SEE 3.42 3.11 3.16 2.61 
2.- Fowler  
qs, g /gSi 0.2292 0.5155 0.6113 0.4303 
K, g sol./g 2.6032 1.7561 1.6265 1.8647 
χ 0.2278 0.1990 0.1879 0.2233 
Fcalc 2220.96 1281.73 3135.42 4055.42
SEE 3.35 3.21 3.37 2.50 
3.- Jovanovic-Freundlich   
qs, g /gSi 0.1794 0.4416 0.5030 0.3286 
a, g sol./g 3.0191 1.7789 1.7580 2.2399 
ν 0.9770 0.9780 0.9777 0.9838 
Fcalc 2359.63 990.56 1444.83 2606.80
SEE 2.37 1.05 1.10 1.23 
4.- Fowler-Guggenheim /Jovanovic-Freundlich 
qs, g /gSi 0.1673 0.3473 0.3897 0.2808 
a, g sol./g 3.1481 2.2648 2.1623 2.5114 
χ 0.1415 0.2170 0.3135 0.2815 
ν 0.9719 0.9774 0.9694 0.9773 
Fcalc 6228.47 5602.74 75457.11 4854.40
SEE 2.25 0.88 0.74 0.77 

3.2 Catalytic tests 
From the best obtained model of adsorption isotherm, 

the needed initial concentration of the Rh-complex in 
aqueous solution was calculated for preparing SAP 
catalyst by the indirect method as described in the 
experimental section. Figure 2 shows the results of 
catalytic tests for both Rh-complexes when the indirect 
method of preparation of the SAP catalyst was used. The 
experimental average relative errors for the conversion 
and linearity were 5.24 % and 4.12 %, respectively.  
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Fig. 2 .- Influence of the nature of Rh-complex on conversion and linearity for oct-1-ene hydroformylation after 3 hrs 
reaction (white: [Rh(COD)Cl]2/TPPTS2;  black: [Rh(µ-StBu)(CO)(TPPTS)]2; *significant difference for p < 0.05). 
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Fig. 3 .- Influence of the preparation method of  SAP catalysts on conversion and linearity with [Rh(µ-StBu)(CO)(TPPTS)]2
after 3 hrs reaction (white: direct method, black: indirect method, * significant difference for p < 0.05) 

Regarding the conversion, C1 is more performance than  
C2. However, the linearity of the product, expressed as 
the percentage of lineal aldehyde out of the total amount 
of obtained isomers, was not dependent of the nature of 
Rh-complex. The influence of physical properties of the 
supports on the performance of oct-1-ene 
hydroformylation was discussed elsewhere (Jáuregui-
Haza et al., 2001b). According to the size of pores SAPC 
could take place either at the surface of the pores, as 
described by Arhancet et al. (1990) and Horvath (1990), 
or at the external surface of the particle with a storage of 
TPPTS and catalytic complex in the filled pores. When 
the pores are full filled the SAPC can operate efficiently 
onto the external surface, stabilising the conversion in a 
relatively wide range of support hydration (Jáuregui-
Haza et al., 2001b). 

Figure 3 displays the influence of the preparation 
method of SAP catalyst on the conversion and linearity 
with C1.  The indirect method resulted better than direct 
method only for the support S60, being the conversion 
statistically different for both methods. Considering that 

direct method is of easier implementation than the 
indirect one, the use of the first procedure is 
recommended with  C1 for the hydroformylation of oct-
1-ene with the studied silica supports.  

In the case of C2, the hydroformylation did not take 
place after three hours when SAP catalyst was prepared 
by the direct method. A complementary experiment, 
carried out with DS22 support for 18 h, yielded a 4.6 % 
conversion with this complex, whereas with the C1, the 
conversion was 87.9 %. This behavior can be explained 
by the kinetics of formation of  C2 from solid 
[Rh(COD)Cl]2 and TPPTS. Total dissolution of  
[Rh(COD)Cl]2 in the presence of TPPTS occurs after 30 
min. When the direct method is used for the preparation 
of SAP catalyst, water adsorption onto silica might take 
place faster than complex formation, affecting the course 
of the reaction. Therefore, this method is not 
recommended for C2.
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4. Conclusions 

Adsorption studies of the [Rh(COD)Cl]2/TPPTS 
complex from aqueous solutions on the four silica 
supports at 25 °C showed  a high capacity of adsorption 
on all supports, related to the total pore volume of the 
support. The isotherms were correlated by several 
models, among which the Fowler-
Guggenheim/Jovanovic-Freundlich equation was found 
to be the most satisfactory.  

On the other hand, the catalytic activity of  the SAP 
catalyst prepared by the direct or the indirect method was 
higher with [Rh(µ-StBu)(CO)(TPPTS)]2 complex than 
with [Rh(COD)Cl]2/TPPTS.  

Finally, the direct method for preparing SAP catalyst 
with [Rh(COD)Cl]2/TPPTS is not recommended due to 
the apparent slow kinetics of  [Rh(COD)Cl]2 dissolution 
in water whereas it gives good results (as good as the 
indirect method) with [Rh(µ-StBu)(CO)(TPPTS)]2
complex . 
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