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Abstract-  Copper catalysts supported on silica (Cu/SiO2) were prepared by three different methods; incipient wetness, 
precipitation, and ion exchange. Catalytic properties in the dehydrogenation of eyclohexanol over these catalysts were ex- 
amined. Copper surface area increased in the order of incipient wetness<precipitation<ion-exchange method for the cat- 
alysis with the same loading of copper. Conversion was mainly dependent on the copper surface area regardless of pre- 
paration methods, and selectivity to cyclohexanone was very high for all Cu/SiO2 catalysts. 
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I N T R O D U C ~ O N  

Dehydrogenation of cyclohexanol to cyclohexanone has been 
of considerable interest, since cyclohexanone is an important in- 
termediate for caprolactam production. Among many dehy- 
drogenation catalysts, copper catalyst has been used in the 
dehydrogenation process due to its high activity and selectivity 
[Sivaraj et al., 1988; Chang and Saleque, 1994]. As the equilibrium 
constant of the dehydrogenation reaction is high at high temperature 
because of its endothermic character [Cubbefley and Mueller, 
1947], the dispersion of copper at high temperature is very im- 
portant for the industrial application. Therefore, copper cat-- 
alysts are prepared by supporting on inert catalyst support to 
improve dispersion and thermal stability. Alumina support 
shows good dispersion and thermal stability of metal., but silica 
is usually used as support for the dehydrogenation catalyst, be- 
cause many side reactions occur on acid sites of alumina, reduc- 
ing the selectivity. 

Copper is a well-known active phase for hydrogen participat- 
ing catalytic reaction, such as dehydrogenation of methanol 
[Sodesawa et al., 1986] hydrogenolysis of methyl formate 
[Monti et at., 19.~5] and steam reforming of methanol [Minochi 
et al., 1979]. As copper can be the adsorption site of reactant as 
well as that of hydrogen, the rate determining steps of copper 
catalyzed reactions are not the same. By the same reason, the 
structure sensitivi!ty of a catalyst is dependent on the type of 
reaction. 

Several impregnation methods are employed for the pre- 
paration of supported copper catalysts such as incipient wetness, 
precipitation, and ion exchange [Sodesawa, 1984]. Though the 
dispersion of copper is expected to be relatively good on the 
catalyst prepared by ion exchange method, the differences in 
catalytic properties among preparation methods are not clear. 

We prepared Cu/SiO2 catalysts having different copper load- 

*To whom all correspondences should be addressed. 

ing by the three methods mentioned above. In this study the re- 
lationship between copper surface area and catalytic activity is 
discussed in order to elucidate the structure insensitivity of 
copper catalyst for the dehydrogenation of cyciohexanol. 

EXPERIMENTAL 

Catalysts were prepared by the incipient wetness (IW), pre- 
cipitation (PR), and ion exchange (IE) methods. The catalysts 
were noted as Cu/SiO2-IW(x), Cu/SiO2-PR(x), and Cu/SiO2-IE 
(x). The number in parenthesis indicated copper loading. The 
silica support used was Zeosil (Korfran Chem. Co., BET sur- 
face area=200 m2-g ~). The copper loadings of the prepared cat- 
alysts were 1 and 6 wt% nominally. 

Cu/SiO~-IW catalysts were prepared by wetting with copper 
nitrate (Shinyo Pure Chem. Co., GR) solution equivalent to the 
pore volume of silica support followed by drying at 100~ for 
12 h in vacuum drying oven. Dried catalysts were calcined un- 
der sufficient air flow at 500~ for 5 h. 

Cu/SiO2-PR catalysts were prepared by precipitation of cop- 
per from copper nitrate solution with sodium carbonate 
(Aldrich Co., GR) as described in a previous paper [.leon and 
Chung, 1994]. The slurry was washed and then filtered. Dried 
cake was crushed and sieved under 100 mesh. Drying and cal- 
cination procedures were the same with those of Cu/SiO:-IW 
catalyst. 

Cu/SiO2-1E catalysts were prepared as the procedure de- 
scribed in literature [Kobayashi et at., 1988]. The proton of 
silanol group in silica support was exchanged by copper 
tetraamine complex ion. Drying and calcination procedures of 
filtrates were the same with those of Cu/SiO2-IW catalyst. 

The copper loading of Cu/SiO_, catalyst was analyzed by 
atomic absorption spectroscope (PC 5100, Perkin-Elmer Co.) 
and the solid phase of copper was investigated by X-ray dif- 
fractometer (D-max-b, Rigaku Co.). Surface area and dis- 
persion of copper were determined by N20 reactive frontal 
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chromatography at 90<C [Chinchen et al., 19871. Reduction 
behavior of Cu/SiO2 catalyst was studied using hydrogen tem- 
perature-programmed reduction (TPR). Flow rate of reductanl 
composed of 5% hydrogen and 95% nitrogen is 20 ml-min 
and ramping rate is 3 .4~  '. Hydrogen consumption was 
detected by a thermal conductivity cell and recorded with a 

strip chart recorder. 
The dehydrogenation of cyclohexanol over Cu/SiO: catalysl 

was carried out :in an atmospheric micro fixed-bed flow reactor. 
The catalyst was reduced with hydrogen gas at 250"C for 4 h 
before reaction. The flow rate of cyclo'hexanol feed was 4.9 x 
10 : mol .h  ' and LWHSV 15 h ~. A GC (HP 5890 series II), 
equipped with a capillary Carbowax 20 M column (0.54 m m •  
10 m) and FID detector was used to analyze the effluent from 
the reactor. 

R E S U L T S  A N D  D I S C U S S I O N  

l_x~ading amount and dispersion of copper in Cu/SiO2 cat- 
alysts are listed in Table 1. The loading amounts were nicely 
controlled to nominal values except the Cu/SiO.,-IE(ti) catalyst. 
The loading amount of copper could not reach to 6 wt% by the 
ion exchange method, since the number of silanol group on sil- 
ica surface to be able to exchange was limited. 

Copper dispersion is dependent on the preparation method 
and loading amount. The dispersion was high in the order of 
method : incipient wetness<precipitation<ion exchange. Good dis- 
persion of Cu/SiO,-IE catalysts was due to homogeneous dis-. 
tribution of copper complex ion on silica surface inh~biting for-. 
marion of large aggregate during drying and calcination. Dis-. 
persions of the Cu/SiO:-IW catalysts were poor compared to 
catalysts prepared by other methods. Diffraction peaks of cop-- 
per oxide were observed only on calcined Cu!SiO:-lW(1) and 
Cu/SiOz-IW(6) catalysts, indicating the formation of large ag- 
gregates during drying and calcination. Therefore, poor dis-- 
persion of Cu/SiO:-IW catalysts might be due to incomplete', 
wetting on silica due to high concentration and limited volume 
of copper nitrate solution. 

Copper surface area increased with an increase in loading 
amount, while dispersion decreased. High concentration of cop-. 
per precursor on silica surface accelerates the aggregation 
reducing the dispersion. The dispersion was very high for Cu/ 
SiO:-IE(1) catalyst, but the dispersion was largely decreased 
with increase in the loading amount of copper to 6 wt%. These 
results show that density of copper on silica surface is ira- 

Table 1. Loaded amount and dispersion of  copper on CulSiO; 
catalysts prepared 

Loaded Average 
Catalyst amount Dispersion Surface area 

(wt%) (%) (me" g<~ ~) paricle 
size (nm}, 

Cu/SiO_,-IW(1) 0.99 4.7 0.30 22.2 
CuiSiO_MW(6) 6.00 2.9 1.13 35.7 
Cu/SiO:-PR( 1 ) [.00 12.1 0,78 8.6 
Cu/SiOz-PR(6) 6.00 11.3 4.38 9.2 
Cu/SiOz-lE( 1 ) 1.00 57.3 3.72 1.8 
Cu!SiO.-IE(6) 5.46 15.5 5.48 6.7 

portant for dispersion. The dispersions of CutSiOz-PR catalysts 
were not sensitive with increase in the loading amount. As the 
size of precipitate is determined by the precipitation condition, 
tile particle size of reduced copper is not drastically increased 
with an increase in loading amount. 

Reduction behaviors of Cu/SiO., catalysts were also de- 
pendent on the preparation method. TPR profiles of Cu/SiO: 
catalysts shown in Fig. 1 can be classified by preparation 
method regardless of loading amount of copper. Cu/SiO:-IW 
catalysts show two peaks while Cu/SiO,-PR and Cu/SiO:-IE 
catalysts show only one peak. The temperature at peak max- 
imum is slightly shifted to higher temperature with an increase 
in loading amount. 

As a small amorphous particle of copper oxide is easily 
reduced, the reduction peak is observed at a low temperature. 
On the other hand, reduction of large crystalline particle of 
copper oxide is more difficult. Diffraction peaks of copper ox- 
ide were only observed in the catalysts prepared by the in- 
cipient wetness method. Therefore, the reduction peak at a high 
temperature of Cu/SiO2-1W catalysts may I,e related to slow 
reduction of the crystalline copper oxide particle. 

The temperature at peak maximum was slightly shifted to- 
ward a high temperature for high loading catalysts. As the av- 
erage particle size of copper increases with loading amount, 
reduction of copper oxide becomes harder resulting in a shift 
to high temperature. The fact that the temperatures at peak max- 
imum are simply related to particle size of copper suggests that 
there is no significant difference in interaction between copper 
and silica regardless of preparation methods. 
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Fig. 1. TPR profiles of CutSiOz catalyst with respect to pre- 
paration method and copper content. 
(a) Cu!SiO2-1W(l), (b) CulSiO:-lW(6), (c) CuiSiO2-PR(1), 
(d) Cu/SiO:-PR(6), (e) Cu/SiO:-IE(I), and (f) Cu/SiO_ME(6). 
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Conversion of cyclohexanol and selectivities of products over 
Cu/SiO2 catalysts are listed in Table 2. The conversion over sil- 
ica support is very low, so the effect of support is negligible 
for this reaction. The conversion of Cu/SiO2 catalysts is high 
for the high loading catalyst. The conversion of Cu/SiO2 cat- 
alysts with the same loading increases in the order of incipient 
wetness<precipitation<ion exchange as the same order of cop- 
per surface area indicating that the conversion is mainly de- 
pendent on the copper surface area. 

Selectivity to cyclohexanone over Cu/SiO2 catalysts is very 
high near 99% and selectivity to cyclohexene is negligible. A 
small amount of phenol was formed over Cu/SiOME(1), Cu/ 
SiO2-IE(6), and Cu/SiO2-PR(6) catalysts showing high con- 
version, so dehydrogenation of cyclohexane ring may be much 
slow compared to the dehydrogenation producing cyclohex- 
anone. 

Dehydrogenation of cyclohexanol over Cu/A1203 catalyst was 
reported as pseudo first order reaction to the pressure of cy- 
clohexanol [Chang and Saleque, 1993]. If catalytic' reaction is 
proceeded on exposed copper metal with the same turnover fre- 
quency, the conversion is determined by copper surface area at 
the reaction condition with the same amount of catalyst and 
feed rate of cyclohexanol. For the first order reaction proceeding 
in the integral reactor, the following relation can be derived; 

- X - 2  In (1 - .X)=kS 

Table 2. Conversion and selectivities of Cu/SiO~ catalysts in the 
dehydrogenation of cyclohexanol 

Conversion Selectivities (%) 
Catalyst 

(%) Cyclohexanone Cyclohexene Pheno[ 

SiO2 0.2 52.1 47.9 0 
Cu/SiO:-IW(1) 12A 98.9 1.1 0 
Cu/SiO:-IW(6) 29.0 99.5 0.5 0 
Cu/SiO2-PR(1) 40.7 99.9 0.1 0 
Cu/SiO2-PR(6) 72.4 99.5 0.1 0.4 
Cu/SiO2-IE(1) 64.5 99.1 0.6 0.2 
Cu/SiO,-IE(6) 80.1 98.8 0.7 0.5 

Reaction conditions: T=300~ LWHSV=15 h ' ;  Flow rate of 
cyclohexanol feed=4.92• 10 ~ mol-h ~; Catalyst loading=0.33 g. 
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Fig. 2. First order plot for the dehydrogenation of eyclohexanol. 
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where X is conversion and S copper surface area. k is the com- 
plex variable composed of rate constant and flow rate of feed. 
A nice line shown in Fig. 2 indicates that rate constant is the 
same for all Cu/SiO2 catalysts regardless of preparation method 
and loading amount. The same rate constant shows that copper 
catalyst is structure-insensitive in the dehydrogenation of cy- 
clohexanol. If the removal step of hydrogen atom from cy- 
clohexanol by copper is the rate-determining step, it is rea- 
sonable that catalytic activity of exposed copper atom should 
be the same. 
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