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Rhodium (Rh) metal is used in a variety of organic reactions, 
especially in the hydrogenation of arenes which is an important 
chemical process in the synthesis of fine chemicals. Among 
diverse hydrogenations, the ring hydrogenation of phenol is 
considered as an important industrial reaction as its products, 
cyclohenxanol and cyclohexanone, are key intermediates for 
the manufacture of Nylon-6,6.1 Although various liquid solvent 
systems have been mainly employed for such hydrogenation 
reaction of arenes catalyzed by Rh catalysts, the supercritical 
carbon dioxide (scCO2)can be an environmentally benign 
alternative in chemical technology to avoid the use of organic 
solvents.2 Most of previous hydrogenations of phenol in scCO2 

have been carried out with carbon or alumina supported Rh 
catalysts which have poor size distribution and dispersion of 
particles.

The synthesis of nanoparticles on template, such as meso- 
porous materials, provides an efficient strategy for narrow 
size distribution and high dispersion of metal nanoparticles.3 
The incorporation of small particles in the pores of ordered 
porous materials have been carried out by using liquid 
solvents4 or chemical vapor deposition techniques.5 Compared 
with these methods, scCO2 with high diffusivity, low viscosity, 
controllable solubility, and noncohesiveness6 has special 
advantages for deposition of metal and alloy particles within 
porous templates.7 In this work, we have employed an indirect 
route using scCO2 pressure to synthesize SBA-15 supported 
Rh nanoparticles with high loading density and high disper
sion of Rh metal. In comparison with commercial Rh catalysts, 
Rh/SBA-15 with high loading density revealed significantly 
enhanced activity for the ring hydrogenation in scCO2 medium.

Mesoporous SBA-15 was prepared according to the literature 
procedure.8 [Rh(OAc)2】2 (Rh; 2.0, 5.0, and 10.0 wt%) was 
dissolved in THF (10 mL) containing SBA-15. After stirring 
for 24 h, evaporating, and drying for 4 h, [Rh(OAc)2] 2/SBA-15 
was placed in 200-mL high-pressure stainless steel reactor 
and equilibrated to 75 oC Carbon dioxide was then added to 
160 bar using a high pressure syringe pump. After standing 
for 24 h, the recovered powder was calcined in air (400 oC, 2 h) 
and reduced in a mixed gas (4% H2, 96% Ar) atmosphere (200 
oC, 2 h) to form Rh/SBA-15.

TEM images of Rh/SBA-15 are compared in the function 
of loading density in Figure 1. X-ray diffraction pattern of 
Rh/SBA-15 shows characteristic reflections from the (111) 

, confirming the 
Rh nanoparticles

and (200) Rh crystal planes (Figure 1e) 
existence of well crystallized Rh metals. 

(〜6 nm) loaded by 2 - 10 wt% are well dispersed inside the 
mesoporous channels of SBA-15. Rh and RhPt alloy nano- 
partcles of 2.5 wt% have been loaded on the mesoporous 
HMM-1 and FSM-16 in scCO2.9 The higher loading concen
tration of metals would be desirable for the practical purposes, 
but high metal loading frequently results in an aggregation of 
particles on the external surface or a formation of nanowires 
in the pores.10 Thus, the homogeneous inclusion of nano
particles would be a considerable challenge for an achieve
ment of such high loadings. When the ordered mesoporous 
silicas are used as supporting materials, significant amounts 
of metal particles can be formed on the outer surface, depend
ing on the type of silica support.11 It is accordingly noted that 
excellent dispersion of nanoparticles is maintained even in 
Rh/SBA-15 with 10 wt% of loading density (Figure 1d).

When we carried out the hydrogenation reaction of phenol
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Figure 1. TEM images of (a) SBA-15 and Rh/SBA-15 with Rh 
concentration of (b) 2.0 wt%, (c) 5.0 wt%, and (d) 10.0 wt% (bar = 
50 nm). (e) Wide angle XRD patterns of SBA-15 and Rh/SBA-15. 
The (111) and (200) diffractions of Rh metal are indicated.
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Table 1. Hydrogenation of Phenol catalyzed by Rh metals in scCO2

OH OH 
d

A

O
+ 0

B

0 Rh cat(3mol%)

H2(12bar), 60oC 
scCO2

Catalyst CO2 Time Conversion(%)
(bar) (min) Total A B

Rh/SBA-15 83 60 83 81 19
Rh/SBA-15 110 60 100 80 20
Rh/SBA-15 130 60 81 79 21
Rh/SBA-15 110 10 95 36 64
Rh/SBA-15 110 30 96 71 29
Rh/C 110 60 82 76 24
Rh/Al2O3 110 60 57 52 48

in hexane using Rh/SBA-15 catalysts, no improvement in 
catalytic activity and selectivity was observed in comparison 
with commercial Rh catalysts. The inside of mesopores 
containing Rh particles would not be easily accessible for the 
reactant molecules during catalytic reaction in liquid solvents. 
In contrast, the ability of scCO2 to penetrate inside the meso
channels can facilitate the access of reactant molecules. In this 
context, it was expected that the catalytic performance of Rh 
catalyst with high loading density could be highly improved 
in scCO2 reaction medium. Therefore, we explored the ring 
hydrogenation of phenol in scCO2 using Rh/SBA-15 with 10 
wt% of loading density.

Phenol (0.015 g, 1.6 x 10-4 mol) and Rh/SBA-15 catalyst (3 
mol% Rh) were loaded in a 10 mL high pressure stainless steel 
reactor." After heating the cell to a desired reaction tempera
ture, hydrogen gas was introduced and then the reactor was 
pressurized. The same procedure was performed using com
mercially available Rh/C (5 wt% Rh) and Rh/Al2O3 (5 wt% 
Rh) catalysts for comparison. After the reaction, the cell was 
cooled down to room temperature and then depressurized 
carefully. The residue collected with acetone was dissolved 
into CDCh after the simple filtration and evaporation of 
acetone to determine hydrogenation conversion and product 
distribution by 1H NMR measurements.

The results of hydrogenation of phenol catalyzed by Rh/ 
SBA-15, Rh/C, and Rh/AhO3 are summarized in Table 1. It 
was observed that the optimum condition for the hydro
genation in scCO2 is 110 bar of CO2 pressure and 60 oC of 
reaction temperature. Compared to commercial Rh catalysts, 
Rh/SBA-15 shows an improved catalytic activity and selec
tivity for the hydrogenation in scCO2. Thus, 100% conversion 
of phenol to cyclohexanone/cyclohexanol mixture was obtained 
with 80% selectivity of cyclohexanol and 20% selectivity of 
cyclohexanone over Rh/SBA-15 catalyst, while the commer
cial Rh/C and Rh/Al2O3 resulted in 82 and 57% conversions, 
respectively, under the same condition. Hydrogenation of 
cresols, derivatives of phenol, was further explored under the 
same conditions except an even longer reaction time (Table 
2). Rh/SBA-15 catalyst also showed high activities for the 
ring hydrogenation of cresols to yield corresponding methyl
cyclohexanone and methylcyclohexanol as products. Among 
cresols, the catalysts showed the lowest activity for m-cresol

Table 2. Hydrogenation of Cresols over Rh/SBA-15 catalyst in scCO2

OH

Rh/SBA-15 cat(3mol%) 
P Jj-CH3 H2(12bar), 60oC *
U scCO2(110bar), 2h

OH

〔如+

C

O

Cm
D

Substrate
Conversion(%) *

Total C (cis.trans) D

o-cresol (2-CH3) 98 47 (90:10) 53
m-cresol (3-CH3) 89 51 (30:70) 49
p-cresol (4-CH3) 100 93 (72:28) 7

hydrogenation, which may be due to the position of methyl 
group with respect to the hydroxy group.

In conclusion, SBA-15 supported catalyst with high loading 
density and high dispersion of Rh nanoparticles was succes
sfully synthesized using scCO2 pressure. We propose this 
Rh/SBA-15 as an effective catalyst for the ring hydrogena
tions of phenol and cresols in scCO2.

Acknowledgments. J.-K. Kang acknowledges the fellow
ship from KRF-2005-005-J00801. H. Kim acknowledges the 
grant (D-08-08-24) from Gyeonggi technology development 
program funded by Gyeonggi Province. This research was 
supported by the KOSEF through grant R01-2008-000-10442-0 
(S.-H. Byeon).

References

1. Shiral, M.; Rode, C. V.; Mine, E.; Sasaki, A.; Sato, O.; Hiyoshi, 
N. Catal. Today 2006, 115, 248.

2. (a) Wang, H.; Zhao, F.; Fujita, S.-I.; Arai, M. Catal. Commun. 
2008, 9, 362. (b) Hiyoshi, N.; Rode, C. V.; Sato, O.; Tetsuka, H.; 
Shirai, M. J. Catalysis 2007, 252, 57. (c) Ohde, H.; Ohde, M.; 
Wai, C. M. Chem. Commun. 2004, 930. (d) Rode, C. V.; Joshi, U. 
D.; Sato, O.; Shirai, M. Chem. Commun. 2003, 1960.

3. Foss, C. A. Metal Nanoparticles: Synthesis, Characterization, 
and Applications; Foss, C. A., Ed.; Dekker, New York, 2001.

4. (a) Yang, C. M.; Liu, P. H.; Ho, Y. F.; Chiu, C. Y; Chao, K. J. 
Chem. Mater. 2003, 15,275. (b) Zhang, Z. T.; Dai, S.; Blom, S.; 
Shen, J. Chem. Mater. 2002, 14, 965. (c) Han, Y. J.; Kim, J. M.; 
Stucky, G. D. Chem. Mater. 2000, 12, 2068.

5. (a) Zhang, Y.; Lam, F. L.-Y.; Hu, X.; Yan, Z.; Sheng, P. J. Phys. 
Chem. C 2007, 111, 12536. (b) Lee, K.-B.; Lee, S.-M.; Cheon, J. 
Adv. Mater. 2001, 13, 517.

6. McHugh, M. A.; Krukonis, V. J. Supercritical Fluid Extraction: 
Principles and Practice; Butterworth, Boston, 1986.

7. (a) Lee, S.-S.; Park, B.-K.; Byeon, S.-H.; Chang, F.; Kim, H. 
Chem. Mater. 2006, 18, 5632. (b) Fernandes, N. E.; Fisher, S. 
M.; Poshusta, J. C.; Vlachos, D. G.; Tsapatsis, M.; Watkins, J. J. 
Chem. Mater. 2001, 13, 2023.

8. Zhao, D.; Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, G. D. J. Am. 
Chem. Soc. 1998, 120, 6024.

9. Dhepe, P. L.; Fukuoka, A.; Ichikawa, M. Phys. Chem. Chem. 
Phys. 2003, 5, 5565.

10. (a) Wang, Z.; Xie, Y.; Liu, C. J. Phys. Chem. C 2008, 112, 
19818. (b) Xu, J.; Zhang, W.; Morris, M. A.; Holmes, J. D. 
Mater. Chem. Phys. 2007, 104, 50. (c) Ziegler, K. J.; Harrington, 
P. A.; Ryan, K. M.; Crowley, T.; Holmes, J. D.; Morris, M. A. J. 
Phys. Condens. Matter. 2003, 15, 8303.

11. Bore, M. T.; Pham, H. N.; Switzer, E. E.; Ward, T. L.; Fukuoka, 
A.; Datye, A. K. J. Phys. Chem. B 2005, 109, 2873.


