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Abstract

:

A new phosphorous-free rhodium supported on a nitrogen-doped silica was successfully used as a catalyst for the hydroformylation of alkenes. The obtained material and the catalyst were characterized by XRD, XPS, FTIR, SEM, TEM, ICP AES, and low-temperature nitrogen adsorption–desorption measurements. The catalytic performance was studied by the example of the hydroformylation of octene-1 at temperatures of 80–140 °C and a pressure of 5.0 MPa. The catalyst provided a 99% conversion of 1-octene with a 98% yield of aldehydes and showed a good conversion of styrene and cyclohexene. The catalyst can be repeatedly used in ten consecutive cycles, with its activity remaining constant.
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1. Introduction


Hydroformylation (oxo process), discovered by Otto Roelen as far back as 1938, is still widely used to produce aldehydes, which can further be converted into alcohols, ethers and esters, carboxylic acids, aliphatic amines, and other derivatives with high added value [1]. The modern industrial hydroformylation process is based on homogeneous rhodium systems [2,3,4,5]. However, one of the main problems of homogeneous hydroformylation has long been the difficulty of the recovery of the catalyst from the reaction mixture and the purification of the catalyst. These stages are inevitably accompanied by a loss of rhodium, which significantly increases the cost of the process. Over recent decades, much effort has been made to solve this problem, and various approaches have been developed for the recovery of soluble rhodium catalysts, such as performing the reaction in “unconventional” solvents (ionic liquids, water, and fluorinated and supercritical solvents) [6,7,8,9], as well as using catalysts supported on various supports (silica, zeolites, polymers, carbon materials, etc.) [10,11,12]. The use of supported catalysts is considered one of the most available approaches due to their advantages: they are easy to recover by simple methods (filtration, centrifugation, magnetic separation, etc.) and can be reused. Their main disadvantages are the leaching of the metal complex during the reaction (leaching of the metal into the liquid phase), a complex synthesis procedure, and a lower catalyst activity in comparison with homogeneous systems.



To date, rhodium complexes with phosphine ligands are rightfully recognized as the most efficient hydroformylation catalysts [13]; however, their use, in both laboratory practice and industry, is greatly complicated by the extreme sensitivity of the ligand to oxidation. Therefore, along with the problem of recovery from the reaction medium, the question of the search for catalytic systems resistant to oxidative and hydrolytic action remains quite important. In this context, an alternative to phosphine ligands can be nitrogen-containing compounds capable of complex formation with many transition metals, including rhodium [14,15].



Hybrid organic–inorganic materials are formed from a homogeneous mixture of interpenetrating inorganic and organic components. They are most often produced by mixing organic monomers with inorganic compounds. A combination of organic and inorganic substances makes it possible to obtain a wide range of new hybrid materials, the properties and applications of which will depend on the raw materials used in the synthesis [16,17,18]. In particular, they can be used as an efficient solid substrate (support) for metal immobilization due to the presence of complexing groups in the structure of the support [19,20,21].



N-doped composite organosilicon materials form covalent bonds with catalytic active metals, which in turn can increase catalyst stability and prevent metal leaching [22,23,24]. Metal complexes deposited on such supports are quantitatively recovered from the reaction medium and can be reused.



Here, a new hybrid composite based on nitrogen-doped silica was synthesized by the co-condensation of tetraethyl orthosilicate (TEOS) and an organic prepolymer, a product of the condensation of urea and formaldehyde. To obtain a phosphorous-free rhodium catalyst on its basis, a simple and efficient method was proposed, which is based on the formation of a rhodium carbonyl complex by the direct interaction of rhodium trichloride, carbon monoxide, and complexing fragments of the support. For comparison, a rhodium catalyst impregnated into a matrix of nitrogen-free amorphous silica gel (SiO2) was prepared by the same method. Both catalysts were tested in the hydroformylation of 1-octene.




2. Results and Discussion


2.1. Synthesis and Characterization of Supports and Catalysts


The procedure for the synthesis of the composite material comprises TEOS hydrolysis, the primary condensation of urea with formaldehyde to form methylolurea, and the subsequent co-polycondensation of the obtained derivatives (Scheme 1). Further heat treatment of the produced composite (300 °C, Ar) is accompanied by typical reactions of the carbonization process, such as cyclization and condensation, resulting in the formation of a hybrid organic–inorganic material UFSi, the elemental composition of which is presented in Table 1.



The overview XPS spectrum of the obtained material (Figure 1a, Table 2) shows lines of silicon, oxygen, nitrogen, and carbon. The high-resolution spectra of the element lines were decomposed into components (Figure 1b,c, Table 2). The interpretation was based on the published data [25,26].



The data presented suggest that nitrogen on the surface is present in the composition of pyrrole (400.1 eV), pyridine (398.6 eV), and secondary amine functional groups (397.4 eV) [25,26,27]. The C1s XPS spectrum is approximated by the sum of three components with maxima at 283.8, 285.3, and 286.2 eV, which can be assigned to atoms of graphitized carbon (25%) and carbon in C–C/C = C (40%) and C–N/C = N/C = O (35%) bonds [25,27].



The XRD pattern of the obtained sample is a wide halo (Figure 1d), indicating an amorphous structure.



The SEM study (Figure 2a) showed that the material has a homogeneous porous structure, which, according to TEM data (Figure 2b), is formed by agglomerates of particles with a size of about 5 nm.



The isotherm of low-temperature nitrogen adsorption–desorption for the synthesized composite belongs to type IV according to the IUPAC classification, which is inherent in mesoporous materials. At high relative pressures, the isotherm has a rather steep rise, which is typical of materials with near-cylindrical open mesopores (Figure 3). The surface area calculated by the BET method was 306 m2/g, and the average pore diameter was 7.6 nm.



The catalyst was obtained by impregnating the support with rhodium trichloride at an elevated pressure of carbon monoxide at a temperature of 100 °C. The catalyst was supported on either the UFSi composite material (Rh-UFSi catalyst), or an amorphous silica sample that had similar textural characteristics but was not doped with nitrogen (Rh-Si catalyst).



The data of low-temperature nitrogen adsorption–desorption (Figure 3, Table 3) show that there was no significant decrease in the surface area and pore size of the support during the deposition of rhodium.



Figure 4 presents the IR spectra of the SiO2 and UFSi supports and the Rh-UFSi and Rh-Si catalysts, both fresh and after use in ten and three cycles.



The IR spectrum of the UFSi material shows the absorption bands of the stretching vibrations of siloxane Si–O–Si bonds (1105 cm–1) and the bending vibrations of Si–OH bonds (968 cm–1) and Si–O bonds in tetrahedral SiO4 fragments (804 cm–1); the multiplet band of medium intensity in the range 1590–1750 cm–1 can be assigned to the combined frequencies of the skeletal vibrations of N–H and C–N bonds in pyrrole and pyridine structural fragments. After the deposition of rhodium, intense signals appear in the IR spectrum of the Rh-UFSi catalyst at 2019 and 2079 cm–1, which are characteristic of carbonyl ligands coordinated to rhodium, and so does a low-intensity band at 1797 cm−1, which is due to the vibrations of bridging CO groups of carbonyls Rh2(CO) [28,29]. In the IR spectrum of the Rh-Si catalyst obtained using unmodified silica gel, the signals of coordinated carbonyl ligands are represented by a wide diffuse band with a maximum at 2069 cm–1, but the absorption band at 1795 cm–1 (bridging CO groups) is quite intense. After the catalytic experiments, the absorption bands of coordinated carbonyl ligands in the spectrum of the Rh-Si sample are not observed. The disappearance of signals from coordinated carbonyl ligands in the spectrum of the spent Rh-Si catalyst sample is indeed associated with the leaching of rhodium carbonyl complexes from the catalyst surface. The hot filtration test carried out by us after the first and second cycles confirmed the activity of the solution in relation to hydroformylation, which indicates that active compounds, apparently rhodium carbonyls, are present in the solution after catalysis. In the spectrum of the spent Rh-UFSi catalyst sample (Figure 4), the signals of only bridging carbonyl ligands (1793 cm–1) disappear, and a couple of bands at 2019 and 2079 cm–1 are retained, which indicates the stable anchoring of rhodium carbonyl complexes.



The electronic configurations of rhodium in both catalysts were studied by XPS (Figure 5). For the Rh-Si catalyst, the decomposition of the spectrum in the Rh3d region into components shows that, on the surface, there are both Rh(+1) carbonyl complex compounds (with binding energies of 308.8 and 313.5 eV for Rh3d 5/2 and Rh3d 3/2, respectively) and some amount (16%) of Rh(+3) compounds (310.2 and 314.9 eV), probably, residual rhodium trichloride [30,31]. For the Rh-UFSi catalyst sample, the spectrum is a doublet of symmetric peaks, the integral intensities of which are in a ratio of 3: 2, and the spin-orbit splitting is 4.7 eV. The electron binding energies of Rh3d are 307.8 and 312.5 eV for Rh3d 5/2 and Rh3d 3/2, respectively, which indicates that Rh is in the +1 oxidation state in the composition of complex compounds with carbonyl ligands and nitrogen complexing groups in the support. An indirect confirmation of the coordination of rhodium to donor nitrogen sites can be the fact that the binding energies for the Rh-UFSi sample turned out to be slightly lower than for Rh-Si.




2.2. Catalytic Activity


1-Octene was chosen as a model substrate for studying the activity of the obtained heterogeneous catalysts in the hydroformylation reaction (Scheme 2). The process was carried out at a synthesis gas (CO:H2 = 1:1) pressure of 3.0 and 5.0 MPa in the temperature range 80–140 °C.



Table 4 shows that the rate of conversion of the initial substrate increases significantly with an increase in temperature from 80 to 100 °C; however, simultaneously, there is also a decrease in the ratio of yields of aldehydes with a linear and isomerized carbon chain (l/b ratio) because of an increase in the yield of the latter, which is explained by the acceleration of both the isomerization of the position of the double bond of 1-octene and the hydroformylation of internal alkenes. With a further increase in temperature, the fraction of isomerized products still somewhat increases, the l/b ratio decreases from 0.7 at 100 °C to 0.5 at 140 °C (Table 4).



A decrease in the synthesis gas pressure to 3 MPa expectedly leads to a decrease in the yield of aldehydes, whereas the fraction of internal alkenes in the mixture increases (Table 4, entry 9), which can be explained by the slowing down of CO coordination and incorporation during the formation of the acyl intermediate with a decrease in the partial pressure and, consequently, the concentration of carbon monoxide in the reaction medium, which promotes the isomerization reaction at the position of the olefin double bond.



An analysis of the changes in the composition of the reaction mixture, depending on the conversion of 1-octene and the reaction time at a temperature of 100 °C and a synthesis gas pressure of 5 MPa (Figure 6), showed that, early in the process, n-nonanal and 2-methyloctanal are relatively rapidly formed, with the yield of the linear aldehyde being twice as high. Simultaneously, a side process of isomerization of the substrate occurs to form a mixture of internal alkenes, which enter into the hydroformylation reaction much more slowly.



An increase in the reaction time makes it possible to achieve a quantitative conversion of the alkene into a mixture of aldehydes; noteworthily, 2-ethylheptanal (III) and 2-propylhexanal (IV) are formed in approximately equal amounts, regardless of the conditions (temperature, time, and pressure).



The isomerizing ability of the support was studied in experiments where it was used as a catalyst (Table 5, entry 1), and the contribution of the thermal component to the isomerization was estimated by performing the reaction in an inert gas atmosphere (Table 5, entry 2). In both cases, no 1-octene isomerization was observed at 140 °C for 5 h, which indicates that this process occurs with the participation of the Rh-UFSi catalyst both under hydroformylation conditions and in a hydrogen atmosphere.



Note that the Rh-UFSi catalyst shows virtually no activity in the hydrogenation of the double bond: the yield of octane did not exceed 6% even when the reaction was carried out in an atmosphere of pure hydrogen (Table 5, entry 5). Enrichment of the CO + H2 gas mixture with hydrogen to a ratio of 1:2 leads to the inhibition of the hydroformylation, and the main products are internal octenes (Table 5, entry 3). An increase in the partial pressure of carbon monoxide (up to CO:H2 = 2:1) does not have a significant effect, and the yield of aldehydes slightly decreases, while the n-/iso- ratio remains the same. These results are consistent with the published characteristics of homogeneous hydroformylations in the presence of rhodium complexes with organophosphorus ligands [32]: an increase in the hydrogen partial pressure promotes the formation of hydride complexes responsible for the isomerization. An increase in the substrate/catalyst ratio slows down the hydroformylation, which may be due to the difficulty of carbon monoxide molecules to access the coordination sphere of rhodium because of an increase in the concentration of olefin (Table 4, entry 8), with the hydroformylation of internal double bonds being inhibited to a greater extent.



The most important characteristics of a heterogeneous catalyst, the stability of operation and the possibility of repeated use, were evaluated in ten consecutive cycles at 120 °C for 2 and 5 h of the reaction. Figure 7 shows that the conversion of the initial substrate and the distribution of the products remain virtually the same, beginning with the third cycle.



Elemental analysis data (Table 6) show that the metal loss for the Rh-UFSi catalyst after ten consecutive 5 h long cycles is only 7% of the initial content. Additionally, to test the leachability of rhodium in the form of soluble carbonyls, experiments on a homogeneous hydroformylation of 1-octene were performed, in which the catalysts were filtered liquids after hydroformylation with certain Rh-UFSi catalysts. The reactions were carried out under the same conditions as those with the heterogeneous catalyst. After the first two cycles, a noticeable activity of the homogeneous solution was observed: the conversion of 1-octene was about 80% in 5 h, and after the third cycle, the conversion of 1-octene did not exceed 10%. The totality of these observations confirms that there is no significant leaching of the active metal, and the developed catalyst is characterized by excellent stability.



The Rh-Si catalyst obtained using silica gel containing no nitrogen component lost activity already after the second cycle, and the main products were internal octenes. After three cycles, 0.19 wt% rhodium remained on the support (Table 6).



The Rh-UFSi catalyst also showed rather high activity in the hydroformylation of linear alkenes with different chain lengths and structures (styrene and cyclohexene); the results are shown in Table 7. It should be noted that the analysis of the reaction products shows that, in addition to n- and isoaldehydes, internal alkenes with double bond shifts are also formed as isomerization byproducts (with the exception of styrene and cyclohexene hydroformylation). The hydrogenation of alkenes to alkanes was not observed. Under the conditions used, neither the yield of aldehydes nor the n/iso ratio depended on the length of the carbon chain of alkenes. These data are in agreement with the results reported in many articles, for example [33], using Rh nanoparticles.



The developed Rh-UFSi catalyst showed excellent catalytic characteristics in the hydroformylation of alkenes of various structures, its activity is close to, and in some cases exceeds, the results obtained for catalysts similar in structure presented in the works [34,35,36,37,38].





3. Materials and Methods


3.1. Used Reagents


The following reagents were used in this work: methanol CH3OH (99%, Acros Organics), sodium hydroxide NaOH (reagent grade, Reakhim, 99%), hydrochloric acid HCl (reagent grade, Irea 2000), tetraethyl orthosilicate TEOS (Sigma-Aldrich, Saint Louis, MO, USA), formaldehyde HCHO (37% aqueous solution, Sigma-Aldrich), urea (99.0%, Component-Reactiv), RhCl3·4H2O (Aurat), toluene (chemically pure, Component-Reactiv), 1-octene C8H16 (98%, Aldrich), cyclohexene C6H12 (98%, Aldrich), and styrene C8H8 (98%, Aldrich).



Solvents were purified according to standard methods [39].




3.2. Synthesis of the UFSi Support


Solution A: to 20 mL of NaOH solution (pH 8), 4 g (0.07 mol) of urea and 10 mL of 37% formaldehyde solution (0.112 mol) were added, and the obtained mixture was stirred at room temperature for 30 min.



Distilled water (30 mL) and 3.2 mL of 0.2 M HCl solution were mixed in a Teflon liner of a hydrothermal synthesis autoclave at 30 °C. Then, 7 mL of TEOS (0.03 mol) and solution A were successively added while continuously stirring. The mixture was heated to 38–40 °C and stirred for about 10 min, after which the liner was placed in the autoclave, sealed, and kept at a temperature of 100 °C for 24 h. The formed gel was filtered off, washed with distilled water, and dried in air upon heating to 50 °C and then calcined in a muffle furnace in an argon flow at 300 °C for 6 h.




3.3. Synthesis of the Amorphous Support SiO2


Distilled water (15 mL) and 1.6 mL of 0.2 M HCl solution were mixed in a Teflon liner of a hydrothermal synthesis autoclave at 30 °C. Then, 3.5 mL of TEOS (0.015 mol) was added dropwise while continuously stirring. The mixture was heated to 38–40 °C and stirred for 10 min, after which the liner was placed in the autoclave, sealed, and kept at a temperature of 100 °C for 24 h. The formed gel was filtered off, washed with distilled water, and dried in air upon heating to 50 °C and then calcined in a muffle furnace in an argon flow at 300 °C for 6 h.




3.4. Preparation of the Catalysts (Rh-UFSi, Rh-Si)


In a steel autoclave, 15 mL of methanol, 25 mg (0.01 mmol) of RhCl3·4H2O, and 200 mg of the UFSi composite material were placed. The autoclave was sealed, purged three times with carbon monoxide, and then filled with carbon monoxide to a pressure of 3.0 MPa. The autoclave was heated to 100 °C and kept at this temperature while continuously stirring for 24 h. After this time, the autoclave was cooled to room temperature and depressurized, and the precipitate was separated by centrifugation, washed three times with methanol, and dried in a vacuum upon heating to 30 °C. The loading level of Rh in the catalyst before and after the hydroformylation reaction was measured by inductively coupled plasma mass spectrometry (ICP AES). The rhodium content (Rh-UFSi) was 3.14 wt%.



A similar procedure was used to prepare a Rh-Si catalyst on an amorphous SiO2 support. The rhodium content was 4.44 wt%.




3.5. Characterization


IR spectra were recorded with a Nicolet IR200 spectrometer (Thermo Scientific, Waltham, MA, USA) using KBr pellets with a resolution of 6 cm–1 in the range 400–4000 cm–1. All the spectra were recorded by averaging 100 scans.



Nitrogen adsorption isotherms were measured with a Micromeritics Gemini VII 2390 surface area analyzer (Micromeritics, Norcross, GA, USA). All samples were degassed at 120 °C for 8 h before analysis. The specific surface area SBET was calculated by the Brunauer–Emmett–Teller (BET) method based on adsorption data in a relative pressure range of P/P0 = 0.05–0.25. The total pore volume Vtot was determined by the amount of nitrogen adsorbed at a relative pressure of P/P0 = 0.995.



The morphology and size of the particles were studied by transmission electron microscopy with a JEOL JEM-1011 electron microscope at an accelerating voltage of 100 kV. For each sample, data on 600–1000 particles were processed.



The particle size distribution was determined with a Zetasizer Nano ZS analyzer (Malvern Instruments Ltd., Malvern, Worcestershire, UK) with an integrated 4 mW 633 nm He–Ne laser.



The morphology of the obtained samples was studied by scanning electron microscopy with a Carl Zeiss NVision 40 CrossBeam workstation (magnification to 9 × 105, accelerating voltage 1 kV) in topographic contrast mode. The measurements were performed using the equipment of the Joint Research Center for Physical Methods of Research, Kurnakov Institute of General and Inorganic Chemistry, Russian Academy of Sciences (JRC PMR IGIC RAS).



The quantitative determination of rhodium in the samples was carried out by inductively coupled plasma atomic emission spectroscopy (ICP AES) with an IRIS Intrepid II XDL mass spectrometer (Thermo Electron Corp., Waltham, MA, USA) at a wavelength 343.49 nm.



XPS studies were performed with a LAS-3000 electron spectrometer equipped with an OPX-150 photoelectron retarding potential analyzer (aluminum anode, AlKα radiation 1486.6 eV, tube voltage 12 kV, emission current 20 mA). Photoelectron peaks were calibrated to the carbon C1s peak at 285 eV. XRD was performed with a Rigaku Rotaflex D/max-RC diffractometer (CuKα radiation, λ = 0.154 nm, 2θ range 3°–50°, step 0.04°, scanning rate 4 deg/min). The degree of crystallinity was calculated from the ratio between the areas (integral intensities) of the peaks of the crystalline and amorphous phases.



The percentage of carbon, nitrogen, and hydrogen were determined by elemental analysis on an Elementar vario MICRO cube CHNS analyzer. The samples were burned at 950 °C using helium as a carrier gas (120 mL/min). The products (nitrogen, carbon dioxide, and water) were separated on a thermal desorption column of the analyzer in a helium flow with a thermal conductivity detector.



The reaction mixture was analyzed with a Khromos chromatograph equipped with a flame ionization detector and a 50 m × 0.2 mm column (DB-5 phase) at a temperature programmed from 60 to 235 °C and a heating rate of 10 deg/min. The carrier gas was helium (30 mL/min). Conversion (%) was determined from changes in the relative peak areas of the substrate and the products.




3.6. General Procedure of the Catalytic Experiments


Hydroformylation was carried out in a 25 mL steel autoclave equipped with a magnetic stirrer and a thermostat at a syngas pressure of 3.0–5.0 MPa (CO:H2 = 1:1) in the temperature range 80–140 °C. The autoclave was loaded with calculated amounts of the catalyst, the substrate, and toluene. The reaction was performed while continuously stirring for a specified time. Then, the autoclave was cooled to room temperature and depressurized. The catalyst was recovered from the reaction solution by centrifugation and then reused in the reaction.





4. Conclusions


A mesoporous composite material was synthesized by the hydrothermal method by the co-condensation of a urea–formaldehyde prepolymer and TEOS. The structure and chemical composition of the obtained material were characterized by low-temperature nitrogen adsorption–desorption, IR spectroscopy, XPS, and XRD. A simple and efficient method was proposed for the heterogenization of the hydroformylation catalyst by the preparation of a rhodium carbonyl complex by the direct interaction of rhodium trichloride, carbon monoxide, and complexing fragments of the support. It was shown that the presence of nitrogen-containing functional groups in the composition of the material makes it possible to efficiently anchor rhodium complexes. The developed Rh-UFSi catalyst demonstrates excellent catalytic performance in the hydroformylation of octene, styrene, and cyclohexane and retains catalytic stability after ten reaction cycles. The proposed catalyst has potential value for engineering applications.
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Scheme 1. Scheme of synthesis of the UFSi composite material. 
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Figure 1. (a) XPS survey spectra, (b) N1s and (c) C1s high-resolution XPS spectra, and (d) XRD pattern of UFSi. 
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Figure 2. SEM (a) and TEM (b) images of UFSi. 
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Figure 3. (a) N2 desorption isotherm curves and (b) pore size distributions of UFSi and Rh-UFSi. 
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Figure 4. IR-spectra of (a) Rh-Si and (b) Rh-UFSi. 
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Figure 5. High-resolution Rh3d XPS spectra of (a) Rh-Si and (b) Rh-UFSi. 
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Scheme 2. Hydroformylation of 1-octene. 
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Figure 6. Hydroformylation of 1-octene in the presence of the Rh-UFSi catalyst (reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.3 mL of 1-octene, CO:H2 = 1, p = 5.0 MPa, and T = 100 °C). 
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Figure 7. Stability test of hydroformylation of 1-octene over the Rh-UFSi and Rh-Si catalysts (reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.3 mL of 1-octene, CO:H2 = 1, p = 5.0 MPa, and T = 120 °C). 
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Table 1. Results of analysis of the UFSi composite material.
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Contents of Elements in Samples




	
EDS Data (wt%)

	
XPS Data (at.%)






	
C

	
H

	
N

	
Si

	
O

	
C

	
N

	
Si

	
O




	
10.4

	
1.0

	
3.5

	
31.4

	
53.7

	
6.4

	
2.4

	
33.9

	
57.3
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Table 2. Binding energies and fractions of components in XPS spectra, and the corresponding types of bonds in UFSi.
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Core Level

	
Binding Energy (eV)

	
Concentration (at.%)

	
Electron State






	
N1s

	
397.4

	
12.9

	
C2NH, secondary amine




	
398.6

	
32.6

	
C = N−C, pyridinic-N




	
400.1

	
54.5

	
N–C, pyrrolic N




	
C1s

	
283.8

	
25.4

	
Graphite carbon/surface carbon




	
285.3

	
40.0

	
C−C/C = C (sp3)




	
286.6

	
34.6

	
C–N/C = N/C = O
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Table 3. Textural parameters of UFSi and Rh-UFSi.
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	Sample
	Rh (wt%)
	Surface Area (m2/g)
	Pore Size (nm)
	Pore Volume (cm3/g)





	UFSi
	-
	306
	7.6
	0.73



	Rh-UFSi
	3.14
	272
	7.3
	0.64
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Table 4. Hydroformylation of 1-octene over the Rh-UFSi catalyst.
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	Entry
	Temperature (°C)
	Time (h)
	Conversion (%)
	Yield of Aldehydes (%)
	l/b Ratio





	1
	80
	5
	48
	32
	2.2



	2
	80
	20
	95
	94
	0.9



	3
	100
	2
	63
	23
	2.2



	4
	100
	5
	97
	79
	1.0



	5
	100
	20
	99
	98
	0.7



	6
	120
	2
	87
	57
	0.6



	7
	120
	5
	94
	84
	0.6



	8 1
	120
	5
	98
	64
	0.8



	9 2
	120
	5
	98
	53
	0.6



	10
	140
	1
	87
	57
	0.6



	11
	140
	2
	99
	75
	0.6



	12
	140
	5
	99
	96
	0.5







Reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.3 mL of 1-octene, CO:H2 = 1, and p = 5.0 MPa. 1 1 mL of 1-octene. 2 p = 3.0 MPa.
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Table 5. 1-Octene conversion depending on gas composition.
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Entry

	
Catalyst

	
Gas Composition

	
Conversion (%)

	
Yields (%)




	
Octane

	
Internal Octenes

	
Branched Aldehydes

	
Nonanal






	
1

	
UFSi

	
CO:H2 = 1

	
0

	
-

	
-

	
-

	
-




	
2

	
Rh-UFSi

	
Ar

	
0

	
-

	
-

	
-

	
-




	
3

	
Rh-UFSi

	
CO:H2 = 1:2

	
93

	
6

	
78

	
3

	
6




	
4

	
Rh-UFSi

	
CO:H2 = 2:1

	
100

	
-

	
10

	
57

	
29




	
5

	
Rh-UFSi

	
H2

	
86

	
6

	
80

	
-

	
-








Reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.3 mL of 1-octene, p = 5.0 MPa, T = 140 °C, and 5 h.
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Table 6. Rhodium content in the Rh-UFSi and Rh-Si catalysts.
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Catalyst

	
Rh Content (wt%)




	
Fresh

	
Spent






	
Rh-UFSi

	
3.14

	
2.93 (ten 5 h cycles)

	
3.052 (eight 2 h cycles)




	
Rh-Si

	
4.44

	
0.19 (three 5 h cycles)

	
---








Reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.3 mL of 1-octene, CO:H2 = 1, and p = 5.0 MPa.
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Table 7. Hydroformylation of olefines over the Rh-UFSi catalyst.
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	Entry
	Substrate
	Conversion (%)
	Yield of Aldehydes (%)
	l/b Ratio





	1
	styrene
	48
	48
	0.6



	2
	cyclohexene
	73
	73 1
	-



	3
	1-hexene
	97
	82
	1.0



	4
	1-octene
	97
	79
	1.0



	5
	1-decene
	98
	86
	0.9



	6
	1-dodecene
	96
	84
	0.9







Reaction conditions: 0.01 g of catalyst, 2 mL of toluene, 0.002 mol of substrate, CO:H2 = 1, and p = 5.0 MPa. 1 73% cyclohexanal.
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