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Abstract 

Liquid phase hydrogenation of 1-hexene under mild conditions has been investigated on a series of 

silica (SiO2 and MCM-41) supported Pd catalysts prepared from different Pd precursors such as Pd(NO3)2,

PdCl2, and Pd(OOCCH3)2.  For any silica support, use of PdCl2 as a precursor resulted in smaller Pd particles, 

higher dispersion, and consequently higher hydrogenation activities.  Supported Pd catalysts prepared from 

PdCl2 showed greater metal sintering after 5-h batch reaction.  However, leaching of Pd was found to occur to a 

significant degree for the catalysts prepared from Pd(NO3)2 and Pd(OOCCH3)2.  The results suggest that 

deactivation of the silica-supported Pd catalysts in liquid phase hydrogenation is dependent on the palladium 

particle size with smaller Pd particles being more susceptible to sintering while larger particles are more likely 

to be leached.  An optimum Pd particle size may be needed in order to minimize such loss and enhance Pd 

dispersion.   

1. Introduction 

Silica-supported Pd catalysts are commercially attractive for liquid-phase catalytic hydrogenation in 

many organic syntheses [1-6].  The major advantages of supported noble metal catalysts are their relatively high 

activity, mild process conditions, easy separation, and better handling properties.  Since the catalytically active 

phase for hydrogenation is the metallic phase, having palladium well-dispersed and reduced is required for a 

catalyst to have high activity.  Different preparation techniques have been tried in order to obtain catalysts with 

small metal particles and high metal dispersions.  Recently, it has been reported that silica-supported Pd 

nanoparticles prepared by reduction of an organometallic precursor palladium(II) bis-dibencylidene with H2

showed remarkable liquid-phase hydrogenation activity of different organic substrates [2].  However, an 

increase in particle size was observed after the fourth batch of 1-hexene hydrogenation at 25oC.

Sintering of supported metal particles is typically irreversible and can occur even at ambient 

temperature because of atomic migration processes involving the extraction and transport of surface metal atoms 

by chelating molecules [7].  Despite a high number of factors potentially involved in catalyst deactivation in 

liquid phase organic reactions (sintering or leaching of active components, poisoning of active sites by 

heteroatom-containing molecules, inactive metal or metal oxide deposition, impurities in solvents and reagents, 

oligomeric or polymeric by-products), the mechanisms for such deactivation have not been studied very often.  

For example, the effects of metal dispersion and support texture and porosity on the activity and the deactivation 

of supported Pd catalysts in liquid phase hydrogenation remain unclear.  

In this study, we investigated the activities and deactivation of Pd/MCM-41 and Pd/SiO2 catalysts 

prepared with different Pd precursors [Pd(NO3)2, Pd(OOCCH3)2, and PdCl2] for liquid phase hydrogenation of 

1-hexene under mild conditions.  In order to distinguish the effects of silica support structure from the effects of 

BET surface area and pore size, the SiO2 and MCM-41 used as catalyst supports in this study possessed similar 

BET surface areas and narrow pore size distributions with average pore diameters of ca. 3 nm, albeit in slightly 

different forms of silica.  The effects of Pd precursors and silica support structure were investigated in terms of 

metal dispersion, catalytic activity, and deactivation due to metal sintering and metal leaching. 
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2. Experimental 

2.1 Preparation of Silica-Supported Pd Catalysts 

The two types of silica supports used in this study were pure silica MCM-41 (SBET = 921 m2/g, rp = 28 

Å, Vp = 0.87 cc/g) and high surface area chromatographic grade SiO2 (SBET = 716 m2/g, rp = 22 Å, Vp = 0.39 

cc/g).  MCM-41 was prepared in the manner described by Cho et al. [8] using the gel composition of CTAB: 

0.3NH3: 4SiO2: Na2O: 200H2O, where CTAB denotes cetyltrimethyl ammonium bromide.  High surface area 

SiO2 was obtained commercially from Grace Davison Co., Ltd.  The catalysts were prepared by impregnation 

using a slight excess of the amount of solution of different palladium precursors [Pd(NO3)2, PdCl2, or 

Pd(OOCCH3)2 (Aldrich)] required to fill the pore volume of the supports. The catalysts were dried overnight at 

110oC and then calcined in air at 500oC for 2 h. The final Pd loadings of the calcined catalysts were determined 

using atomic absorption spectroscopy (Varian Spectra A800) to be approximately 0.5 wt% palladium content. 

2.2 Catalyst Characterization 

XRD of the catalysts was carried out from 20-80o 2� using a SIEMENS D5000 X-ray diffractometer 

and Cu K� radiation with a Ni filter.  Relative percentages of palladium dispersion were determined by pulsing 

carbon monoxide over the reduced catalyst.  Approximately 0.2 g of catalyst was placed in a quartz tube in a 

temperature-controlled oven. CO adsorption was determined by a thermal conductivity detector (TCD) at the 

exit.  Prior to chemisorption, the catalyst was reduced in a flow of hydrogen (50 cc/min) at room temperature for 

2 h.  Then the sample was purged at this temperature with helium for 1 h. Carbon monoxide was pulsed at room 

temperature over the reduced catalyst until the TCD signal from each successive pulse was constant.  The TPR 

profiles of supported palladium catalysts were obtained by temperature-programmed reduction using an in-

house system and a temperature ramp of 5oC/min from 30 to 300oC in a flow of 5% H2 in argon.  Approximately 

0.20 g of a calcined catalyst was placed in a quartz tube in a temperature-controlled oven and connected to a 

thermal conductivity detector (TCD).  The H2 consumption was measured by analyzing the effluent gas with a 

thermal conductivity detector.   

2.3 Liquid-Phase Hydrogenation  

 Liquid-phase hydrogenation reactions were carried out at 25oC and 1 atm in a 100 ml stainless steel 

Taiatsu autoclave.  Approximately 0.1 gram of supported Pd catalyst was placed into the autoclave.  The system 

was purged with nitrogen to remove the remaining air.  The supported Pd catalyst was reduced in-situ with 

hydrogen at room temperature for 2 h.  The reaction mixture composed of 1 ml of 1-hexene and 7 ml ethanol 

was first kept in a 100 ml feed column.  The reaction mixture was introduced into the reactor with nitrogen to 

start the reaction.  The amount of hydrogen consumption was monitored every five minutes by noting the 

change in pressure of the hydrogen.  The stirring rate used in this study was 800 rpm, sufficient to ensure that 

the reaction rate did not depend on the stirring rate (as determined).  The liquid reactants, products, and the head 

space gases were analyzed by gas chromatography using a Shimazu GC-9A equipped with a FID detector.  No 

reduction or decomposition of ethanol during the reaction was observed.  
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3. Results and Discussion 

3.1 Characteristics and catalytic behavior for 1-hexene hydrogenation 

The characteristics of the catalysts based on CO chemisorption, XRD, and TEM results and their 

catalytic activities for 1-hexene hydrogenation are reported in Table 1.  A suitable temperature for calcination of 

all palladium precursors was determined by thermogravimetric analysis of bulk palladium nitrate, palladium 

acetate, and palladium chloride (not shown).  All palladium precursors appeared to be fully decomposed for 

calcination temperatures above 400oC.  Thus, a calcination procedure using 500oC for 2 hours was used.  The 

presence of the palladium oxide phase (PdO) after calcination prior to reduction was confirmed by XRD results 

for all but the most highly dispersed catalysts prepared from PdCl2 (Figure 1).  The major diffraction peak for 

PdO was detectable at 33.8o 2� for the catalysts prepared from Pd(NO3)2 and Pd(OAc)2.  The average PdO 

crystallite sizes were calculated using the Scherrer’s equation [9] with the catalysts prepared from Pd(OAc)2

showed the largest PdO particle size.  Supported Pd catalysts prepared from PdCl2 did not exhibit any distinct 

XRD patterns.  This suggests that the crystallite sizes of PdO prepared from PdCl2 were below the lower limit 

for XRD detectability (3-5 nm).  TEM analyses (Figure 2) gave results in good agreement with the crystallite 

size inferred from XRD.  The differences in PdO particle sizes on different supports can also be ascribed to 

differences induced by both the support and the Pd precursor on sintering of palladium during preparation.     

Temperature programmed reduction is a powerful tool to investigate the reducibility of the catalyst as a 

function of temperature.  TPR profiles of all the catalyst samples are shown in Figure 3.  It was found that the 

catalysts reduced readily to PdH2 once hydrogen was introduced to the system, which is typical for supported Pd 

catalysts [10].  For the MCM-41 supported catalysts, a small reduction peak at ca. 65oC was observed for all the 

catalysts prepared with different Pd precursors.  This peak has been attributed to a portion of the PdO that could 

not be reduced at ambient temperature [11-12].  It should, however, be noted that the reduction of the catalysts 

measured after 2 h hydrogen flow maybe different from that under 5%H2/Ar in the TPR conditions.  

Temperature programmed study (TPO) revealed that a minimal amount (< 10%) of PdO was not reduced at 

room temperature after 2 h exposure to hydrogen (results not shown).  A significant negative peak at ca. 85oC

was observed for all the catalysts, this peak can be attributed to the decomposition of PdH2 [13].   

Although the MCM-41 possessed higher BET surface area and pore volume than the SiO2, the catalysts 

prepared on both supports showed similar Pd dispersions and hydrogenation activities.  For a given type of silica 

support, the activities of the catalysts were found to be in the order: Pd-Cl >> Pd-NO3 � Pd-Ac.  The turnover 

frequencies were calculated using the number of surface metal atoms measured by CO-chemisorption.  Since the 

TOFs were not significantly different for any of the catalysts, the internal resistance due to diffusion within the 

pores of the reactant species probably did not have any influence on the catalytic activity of the catalysts.  The 

overall catalyst activities were, thus, merely dependent on the Pd dispersion based on CO chemisorption results 

(as seen by the similar TOFs).   

The effects of Pd precursors on the catalyst activity in hydrogenation reactions have been reported by 

many groups [10, 14-18].  Pd catalysts supported on CeO2 [14], SiO2 or Al2O3 [15] prepared from PdCl2 showed 

higher activities than those prepared from Pd(NO3)2 for CO hydrogenation.  Mahata and Vishwanathan [16] 

reported that Pd(OOCCH3)2 offered better dispersion of Pd on alumina than PdCl2 or Pd(NH3)4Cl2.  Phenol 
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hydrogenation activity over these catalysts was found to be a direct function of available palladium surface area.  

Recently, in a study of the catalytic reduction of NO to N2 over supported Pd catalysts, Pd catalysts supported 

on EDTA-activated �-Al2O3 prepared from Pd(NO3)2 were found to exhibit higher activities than those prepared 

from PdCl2 [18].  The contradiction of the influence of palladium precursors on activities of supported Pd 

catalysts in the literature suggests that, besides Pd metal particle size and Pd dispersion, the precursor- or the 

metal-support interaction may also play an important role in determining the catalytic properties of the catalysts.  

It should be noted that, when chloride-containing compounds were used as the catalyst precursor, the 

presence of residual chloride has been found occasionally in supported metal catalysts [19-20] and then the 

catalyst activity has decreased.  However, in this work the catalysts prepared from PdCl2 were found to exhibit 

higher hydrogenation activities than the ones prepared from Pd(NO3)2 or Pd(OOCCH3)2; thus we conclude that 

there was probably no residual chloride blocking the palladium sites.  Most of the residual chloride can be 

significantly removed during the reduction procedure, especially when water vapor is produced.   

3.2 Catalyst deactivation during liquid phase hydrogenation  

After 5-h of batch reaction, the catalysts were collected by simple filtration.  Catalyst deactivation 

processes by metal sintering and by metal leaching were investigated.  The results are reported in Table 2.  From 

the CO chemisorption results, it was found that the active Pd surface of the spent catalysts decreased by half of 

those of the fresh catalysts.  It was found that the catalysts prepared from PdCl2 and having small PdO particles 

exhibited greater Pd sintering.  The particle sizes of Pd-Cl catalysts increased by 100-124% (from 4.8-5.1 nm to 

9.6-11.4 nm), while those of Pd-NO3 and Pd-Ac were not significantly changed.  We wanted to avoid the 

influence of carbon deposits on the pore structure and on the contrast of the TEM images; after being taken out 

from the reactor and dried at room temperature, the catalysts were thus re-calcined in air at 500oC for 2 h to 

remove any carbon deposits before characterization.  The TEM micrographs of Pd-Cl/SiO2 and Pd-Cl/MCM-41 

catalysts after reaction and re-calcination are shown in Figure 4, larger PdO particle sizes were evident.  The 

sintering probability can be higher when a metal particle is located closer to other particles. It is known that 

temperature, atmosphere, metal type and metal dispersion, promoters/impurities, and support surface area, 

texture and porosity are the principal parameters affecting rates of sintering [21].  However, the mechanism of 

metal sintering in liquid phase reactions has not been well investigated so far.  Arai et al. have proposed that 

sintering occurs through transport of Pd metal between support and solvent as well as through transport on the 

support during Heck coupling reactions [22].   

The percentages of palladium before and after 5-h of batch reaction were determined by atomic 

absorption spectroscopy.  Palladium leaching occurred to a significant degree (30-40%) for the catalysts 

prepared from palladium nitrate and palladium acetate, whereas for the catalysts prepared from palladium 

chloride almost no Pd leaching was found.  Pd leaching was little affected by the silica support structure (SiO2

and MCM-41).  The mechanism of metal leaching usually involves metal compounds that are formed and are 

soluble in the reaction mixture.  Since it is unlikely that 1-hexene forms a compound with Pd at room 

temperature, unless it is some hydrido-organic complex, it is likely that Pd hydride formation is the cause of 

metal loss.  It is well known that Pd particles are able to absorb hydrogen within their structure to form a Pd-�-
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hydride phase.  A number of publications [23-24] have reported that the formation of Pd hydride depends on the 

particle size of palladium; larger Pd particles more easily form Pd hydride, whereas smaller Pd particles may be 

unable to form the Pd-�-hydride phase.  Under certain conditions, the Pd-�-hydride phase can appear as a soft 

material with higher mechanical abrasion [25].  This may be one reason why larger Pd particles form a Pd-�-

hydride phase that is lost (leached) from the catalysts.  The results were found to be in agreement with the 

previous work reported by our group that large Pd particles on silica supports result in Pd being leached during 

liquid phase hydrogenation reaction [12,26].  Recently, Mastalir et al. [27] showed that the Pd-�-hydride phase 

is catalytically inactive for hydrogenation reactions.  Keeping palladium crystallites in a well-reduced, metallic 

state has also been suggested in order to prevent formation of soluble complex compounds during liquid phase 

hydrogenation reactions [28].  The results of this study emphasize the need for an optimum Pd particle size to 

maximize the surface area of Pd while minimizing metal deactivation by sintering and leaching.  

4. Conclusions 

In this research, we have studied the activity and deactivation of Pd/SiO2 and Pd/MCM-41 catalysts 

prepared with different Pd precursors in liquid phase hydrogenation under mild conditions.  Pd/MCM-41 

showed similar Pd dispersion and catalytic activities for liquid phase hydrogenation of 1-hexene as Pd/SiO2.

Use of PdCl2 as the Pd precursor for catalyst preparation resulted in smaller Pd particle sizes, greater Pd surface 

area, and, hence, higher hydrogenation activities.  However, catalysts with smaller Pd particles (from PdCl2)

were found to exhibit also greater metal sintering during liquid phase reaction. Significant Pd leaching occurred 

for those catalysts with larger particles [prepared from Pd(NO3)2 and Pd(OOCCH3)2] due probably to formation 

of palladium hydride, which is known to form more easily on large Pd particles.   
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Table 1 Characteristics and catalytic activities for liquid phase hydrogenation of 1-hexene 

PdO particle size 

(nm)

   TOFd

Catalyst 

CO uptakea

(molecule

COx1018/g 

cat.)          

% Pd 

dispersion

Pd0

particle 

sizeb

(nm) XRD TEM

Rate 

constant 

x103

(mol/min/g 

cat.)          (s-1)

    

Pd-Ac/SiO2 4.1 22.0 5.1 12.0 11.5 5.0 12.1 

    

Pd-NO3/SiO2 4.0 17.7 6.3 10.0 10.1 4.0 10.0 

    

Pd-Cl/SiO2 8.4 26.1 4.3 n.d.c 4.8 8.5 10.2 

    

Pd-Ac/MCM-41 4.1 17.7 6.3 13.0 12.0 4.1 10.0 

Pd-NO3/MCM-41 3.5 18.2 6.2 11.2 10.2 4.0 11.5 

    

Pd-Cl/MCM-41 8.0 30.2 3.7 n.d. 5.1 8.3 10.4 

aError of measurement = +/- 5 %. 
bBased on d = 1.12/D (nm), where D = fractional metal dispersion [16]. 
cn.d. = not detected. 
dBased on CO chemisorption results. 
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Table 2 Deactivation of various supported Pd catalysts during liquid phase hydrogenation of 1-hexenea

Catalysts 

CO chemisorption of 

the spent catalysts 

(molecule CO x 1018/ g 

cat.)

%Increase of PdO particle 

sizeb  %Pd lossc

        

Pd-Ac/SiO2 2.5 7.8 36.4 

        

Pd-NO3/SiO2 2.5 18.8 40.9 

        

Pd-Cl/SiO2 5.4 100 1.8 

        

Pd-Ac/MCM-41 2.7 9.2 34.1 

        

Pd-NO3/MCM-41 1.7 24.5 41.2 

        

Pd-Cl/MCM-41 3.8 123.5 2.1 

aAfter 5-h batch hydrogenation reaction of 1-hexene at 25oC and 1 atm. 
bBased on XRD results. 
cDetermined from atomic absorption spectroscopy.  Error of measurement = +/- 10%. 
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           (a) 

 
     (b) 

Figure 1 XRD patterns of various supported Pd catalysts prepared from different Pd precursors: (a) SiO2-

supported Pd catalysts, (b) MCM-41-supported Pd catalysts (after calcinations at 500oC for 2 h). 
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50 nm 

 

   

 Pd-Ac/SiO2         Pd-NO3/SiO2   Pd-Cl/SiO2

   
       

    Pd-Ac/MCM-41        Pd-NO3/MCM-41       Pd-Cl/MCM-41   

 

Figure 2 TEM images of various supported Pd catalysts (after calcinations at 500oC for 2 h). 



 11

             

Figure 3 TPR profiles of various SiO2 and MCM-41-supported Pd catalysts (after calcinations at 500oC for 2 h). 
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50 nm 

           (a)                          (b) 

Figure 4 TEM micrographs of the (a) Pd-Cl/SiO2 and (b) Pd-Cl/MCM-41 catalysts after reaction and re-

calcination.  
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Impact of the Silica Support Structure on Liquid-Phase
Hydrogenation on Pd Catalysts
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Center of Excellence on Catalysis and Catalytic Reaction Engineering, Department of Chemical Engineering,
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The effect of the silica support structure on the characteristics and catalytic properties in liquid-
phase hydrogenation of 1-hexene over two types of silica (amorphous SiO2 and MCM-41)
supported Pd catalysts was studied under mild conditions. The catalysts were characterized by
atomic adsorption (AA), N2 physisorption, X-ray diffraction (XRD), transmission electron
microscopy (TEM), CO pulse chemisorption, and temperature-programmed reduction (TPR). The
highest hydrogenation activity was found for the larger pore MCM-41 (dpore ) 9 nm) supported
Pd catalysts. Use as a catalyst support of a smaller pore size MCM-41, a small-pore amorphous
SiO2, and a commercial large-pore SiO2 led to lower Pd dispersions. The results suggest that Pd
was inside the pores of the large-pore MCM-41 and SiO2, and to a lesser extent for the small-
pore MCM-41. However, almost no Pd appears to have been inside the pores of the small-pore
SiO2, the support with the greatest percent of pores <3 nm. There was no evidence of any pore
diffusion limitations on reaction on any of the catalysts. TPR results showed that the PdO on
smaller pore MCM-41 was not totally reduced at ambient temperature, resulting in a lower
amount of active Pd0 being available for catalyzing the reaction. Leaching of palladium into the
reaction media occurred in all cases, and to a significant degree for several of the catalysts.
However, the leaching of the Pd seemed to be primarily a function of Pd particle size, with
larger particles being more susceptible, and probably particle location. This loss of Pd from the
catalyst during reaction was most likely due to formation of palladium hydride, which is known
to form more easily on larger Pd particles. Although activity decreased with every reaction cycle,
the concentration of surface Pd metal atoms able to chemisorb CO reached a limiting value.

1. Introduction

In many organic syntheses, catalytic hydrogenation
is carried out in a liquid phase using batch-type slurry
processes and a supported noble metal (Pd, Pt, or Rh)
catalyst.1 Typical catalyst supports used in liquid-phase
hydrogenation include silica2-6 and alumina7,8 and to a
lesser extent carbon,9 polymer,10 and zeolite.11,12 Hy-
drogenation is such a fast and highly exothermic reac-
tion, severe diffusion limitations may be induced due
to small pore diameters of the catalyst support. To
overcome diffusion resistance, large-pore supports are
usually preferred. Recently much attention has focused
on the use of ordered mesoporous materials such as
MCM-41,13 SBA-x,14 and HMS.15 These materials have
been shown to be suitable catalyst supports because
they possess high BET surface areas, large pore vol-
umes, and highly ordered pore structures with narrow
pore size distributions in the range of 2-50 nm,
depending on the synthesis chemicals and conditions.
Shimazu et al. recently reported that MCM-41-sup-
ported Pd catalysts prepared by grafting of a palladium
complex on MCM-41 exhibited high activity and high
regioselectivity in the liquid-phase hydrogenation of
dienes with -OH groups.16

Many publications have shown that a support can
affect catalyst activity, selectivity, recycling, refining,
materials handling, and reproducibility. For example,
Shen et al.17 reported that the nature of the supports
(Al2O3, SiO2, TiO2, and ZrO2) affects both the activity
and selectivity of supported Pd catalysts in catalytic
hydrogenation of carbon monoxide. Pinna et al.18 com-
pared Pd on activated carbon, silica, and alumina in the
selective hydrogenation of benzaldehyde to benzyl al-
cohol. Pd/Al2O3 was found to exhibit a strong metal-
support interaction, while Pd/C showed the highest
activity for benzaldehyde hydrogenation. Choudary et
al.12 reported that Pd/MCM-41 is more active in partial
hydrogenation of acetylenic compounds than Pd/Y-
zeolite or Pd/K-10 clay.

Thus, in previous studies, the effects of different kinds
of support materials on hydrogenation have been stud-
ied and compared. However, the effect of catalyst
structure for similar support compositions has not been
studied to much of a degree. For example, the effects of
the pore size and pore structure of the same material
in liquid-phase hydrogenation on activity and catalyst
deactivation due to metal leaching remain unclear. In
this study, the effects of the pore size and pore structure
of the support silica were investigated in more detail
in terms of metal dispersion and location on the support,
catalyst reducibility, catalytic behavior, and catalyst
durability in liquid-phase hydrogenation of 1-hexene
under mild conditions at 1 atm of pressure, where the
rate of reaction can be studied more easily.
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2. Experimental Section

2.1. Preparation of Catalyst Supports. Pure silica
MCM-41 with 3 nm pore diameters was prepared in the
same manner as that of Cho et al.19 using the gel
composition of CTAB:0.3NH3:4SiO2:Na2O:200H2O, where
CTAB denotes cetyltrimethylammonium bromide. Briefly,
20.03 g of colloidal silica Ludox AS 40% (Aldrich) was
mixed with 22.67 g of 11.78% sodium hydroxide solution.
Another mixture was prepared from 12.15 g of CTAB
(Aldrich) in 36.45 g of deionized water and 0.4 g of an
aqueous solution of 25% NH3. Both of these mixtures
were transferred into a Teflon-lined autoclave, stirred
for 30 min, and then heated statically at 100 °C for 5
days. The pH of the gel was adjusted to 10.2 using 30%
acetic acid every 24 h. The obtained solid material was
filtered, washed with water until no base was detected,
and then dried at 100 °C. The sample was then calcined
in flowing nitrogen up to 550 °C (1-2 °C/min) and then
in air at the same temperature for 5 h and is referred
to in this paper as M-3nm. The larger pore MCM-41
(M-9 nm) was prepared by treating the M-3nm (before
calcination) in an emulsion containing N,N-dimethyl-
decylamine (0.625 g in 37.5 g of water for each gram of
MCM-41) for 3 days at 120 °C. This was washed
thoroughly, dried, and calcined in flowing nitrogen up
to 550 °C (1-2 °C/min) and then in air at the same
temperature for 5 h to yield complete template re-
moval.20 The siliceous MCM-41 possesses an extremely
low concentration of acid sites, which could be due to
aluminum impurities in this material.21 There would
appear to be no effect of residual Br on surface acidity.
Small-pore amorphous SiO2 (chromatographic grade)
with an average pore diameter of 3 nm and large-pore
SiO2 were obtained from Grace Davison and Strem
Chemicals, respectively. The small- and large-pore silica
are referred to in this paper as S-3nm and S-large,
respectively.

2.2. Preparation of Supported Pd Catalysts.
Supported Pd catalysts were prepared by the incipient
wetness impregnation of the supports with an aqueous
solution containing the desired amount of Pd(NO3)‚
2H2O to yield a final loading of approximately 0.5 wt %
Pd. The catalysts were dried overnight at 110 °C and
then calcined in air at 500 °C for 2 h.

2.3. Catalyst Characterization. The bulk composi-
tion of palladium was determined using a Varian
Spectra A800 atomic absorption spectrometer. The BET
surface areas, pore volumes, average pore diameters,
and pore size distributions of the catalysts were deter-
mined by N2 physisorption using a Micromeritics ASAP
2000 automated system. Each sample was degassed
under vacuum at <10 μmHg in the Micromeritics ASAP
2000 at 150 °C for 4 h prior to N2 physisorption. The
X-ray diffraction (XRD) spectra of the catalysts were
measured from 2θ ) 20° to 2θ ) 80° using a Siemens
D5000 X-ray diffractometer and Cu KR radiation with
a Ni filter. The palladium oxide particle size and
distribution of palladium were observed using a JEOL-
TEM 200CX transmission electron microscope operated
at 100 kv. The catalyst sample was first suspended in
ethanol using ultrasonic agitation for 10 min. The
suspension was dropped onto a thin Formvar film
supported on a copper grid and dried at room temper-
ature before observation.

Relative percentages of palladium dispersion were
determined by pulsing carbon monoxide over the re-
duced catalyst. Approximately 0.2 g of catalyst was

placed in a quartz tube in a temperature-controlled
oven. CO adsorption was determined by a thermal
conductivity detector (TCD) at the exit. Prior to chemi-
sorption, the catalyst was reduced in a flow of hydrogen
(50 cm3/min) at room temperature for 2 h. Then the
sample was purged at this temperature with helium for
1 h. Carbon monoxide was pulsed at room temperature
over the reduced catalyst until the TCD signal from a
pulse was constant.

The temperature-programmed reduction (TPR) pro-
files of supported palladium catalysts were obtained
using an in-house TPR system and a temperature ramp
of 5 °C/min from 30 to 300 °C in a flow of 5% H2 in
argon. Approximately 0.20 g of a calcined catalyst was
placed in a quartz tube in a temperature-controlled oven
and connected to a TCD. The H2 consumption was
measured by analyzing the effluent gas with a thermal
conductivity detector.

2.4. Liquid-Phase Hydrogenation. Liquid-phase
hydrogenation of 1-hexene was carried out as a model
reaction to compare the hydrogenation activity of the
catalysts. The reaction was carried out at 25 °C and 1
atm in a stainless steel Parr autoclave. Approximately
1 g of supported Pd catalyst was placed into the
autoclave. The system was purged with nitrogen to
remove remaining air. The supported Pd catalyst was
reduced with hydrogen at room temperature for 2 h. The
reaction mixture composed of 15 mL of 1-hexene and
400 mL of ethanol was first placed in a 600 mL feed
column. The reaction mixture was introduced into the
reactor with nitrogen to start the reaction. The amount
of hydrogen consumption was monitored every 5 min
by noting the change in the pressure of hydrogen. The
stirring rate used in this study was 1400 rpm. It was
ensured that the reaction rate does not depend on the
stirring rate. As also reported by others,22-23 the activity
of the stainless steel autoclave was observed and was
found to be less than 10% of the catalyst activity. The
activity of the autoclave was subtracted from the overall
rate of reaction prior to reporting rate data. The liquid
reactants, products, and headspace gases were analyzed
by a gas chromatograph using a Shimazu GC-9A
equipped with an FID detector. No reduction or decom-
position of ethanol during the reaction was observed.

3. Results and Discussion

3.1. Catalyst BET Surface Area and Porosity. The
BET surface areas, pore volumes, and average pore
diameters of the original supports and the catalysts are
given in Table 1. All silica supports except the com-
mercial large-pore silica (S-large) possessed high BET
surface areas of 716-921 m2/g. Impregnation of silica
with palladium followed by calcination resulted in

Table 1. N2 Physisorption Resultsa for the Supports and
Supported Pd Catalysts

BET SA
(m2/g)

pore vol
(cm3/g)

avg pore
diam (nm)

S-3nm 716 0.39 2.2
S-large 277 1.14 16.4
M-3nm 921 0.87 3.8
M-9nm 901 1.59 7.0

Pd/S-3nm 675 0.36 2.1
Pd/S-large 201 0.92 18.2
Pd/M-3nm 670 0.71 4.2
Pd/M-9nm 726 0.62 3.4
a The error of measurement was (5%.
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significant decreases in the BET surface area and pore
volume for all but one of the supports, suggesting that
palladium was deposited in some of the pores. Only the
small-pore amorphous SiO2 (S-3nm) showed little loss
of BET surface area after Pd loading. Figure 1 shows
the pore size distribution of the four different silica
supports and of the Pd/M-9nm and Pd/S-3nm catalysts
in this study. A narrow pore size distribution was
observed for all the catalyst supports except the com-
mercial large-pore silica. Palladium loading did not
appreciably change the average pore diameters of the
SiO2-supported and the small-pore-MCM-41-supported
Pd catalysts. It did, however, significantly decrease that
of the large-pore MCM-41 (Pd/M-9nm) catalyst.

3.2. Palladium Particle Size and Dispersion. The
XRD patterns of the calcined supported Pd catalysts are
presented in Figure 2. Diffraction peaks for palladium
oxide (PdO) were detectable at 2θ ) 33.8° and less so
at 2θ ) 42.0°, 54.8°, 60.7°, and 71.4° in all the catalyst
samples. The PdO crystallite sizes were calculated from

the width of the XRD peak at 2θ ) 33.8° using the
Scherrer equation24 and are reported in Table 2. The
PdO crystallite sizes were determined to be ca. 8-14
nm in the order Pd/M-3nm > Pd/S-large > Pd/S-3nm ≈
Pd/M-9nm.

Transmission electron microscopy (TEM) micrographs
were also taken to physically measure the size of the
palladium oxide particles and/or palladium clusters. The
average particle sizes of PdO were measured from TEM
micrographs by averaging the diameters of 30-50
primary particles. The results were found to be in
accordance with the XRD results. TEM micrographs of
the calcined Pd supported catalysts are shown in Figure
3, and average PdO particle sizes determined are given
in Table 2. Although TEM measurements were only
done for a small portion of each catalyst, the results
provide further evidence about the dispersion of the
palladium. The differences in PdO particle sizes on
different supports can be ascribed to differences induced
by the support on the sintering of Pd during preparation
and reaction.12

The amounts of CO chemisorption on the catalysts,
the Pd dispersions, and the average Pd metal particle
sizes determined from CO chemisorption are given in
Table 2. The pulse CO chemisorption technique was
based on the assumption that one carbon monoxide
molecule adsorbs on one palladium site.25-29 It was
found that Pd/M-9nm catalyst exhibited the highest
amount of CO chemisorption, whereas the other cata-
lysts showed similar amounts of CO chemisorption. This
was probably due to the dispersion of palladium being
better on the larger pore MCM-41, as also shown above.
The Pd dispersions were determined to be in the range
of 4.4-12.0% in the descending order Pd/M-9nm > Pd/
S-large > Pd/S-3nm > Pd/M-3nm. The average particle
size for reduced Pd0 was calculated to be in the range
of 9.4-24.9 nm. These average Pd metal particle sizes

Figure 1. Pore size distribution of the original supports and
several supported Pd catalysts.

Figure 2. XRD patterns of the supported Pd catalysts.

Table 2. CO Chemisorption Results and Sizes of PdO and Pd0 Metal Particles

PdO particle
size (nm)

catalyst XRD TEM

CO chemisorptiona

(1018 molecules of CO/
g of catalyst)

Pd
dispersionb

(%)
Pd0 particle
sizec (nm)

Pd/S-3nm 7.8 8.0 1.29 6.5 17.2
Pd/S-large 10.8 10.0 1.22 7.3 15.3
Pd/M-3nm 14.2 12.8 1.20 4.4 24.9
Pd/M-9nm 9.1 6.7 2.10 12.0 9.4

a The error of measurement was (5%. b Based on the total palladium loaded. An assumption of CO/Pds
0 ) 1 was used, where Pds

0 is
a reduced surface atom of Pd. c Based on d ) 1.12/D (nm),25 where D ) fractional metal dispersion.

Figure 3. TEM micrographs of the supported Pd catalysts.
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calculated on the basis of CO chemisorption are not
identical of course to the PdO particle sizes determined
by XRD and TEM. The average Pd metal particle sizes
on the reduced catalysts determined from CO chemi-
sorption for Pd/S-3nm and Pd/M-3nm were found to be
somewhat larger than the PdO particle sizes on the
calcined catalysts determined from XRD and TEM.
However, for Pd/S-large and Pd/M-9nm, the average
metal and metal oxide particle sizes calculated from CO
chemisorption, XRD, and TEM were found to be more
consistent. Overestimation of Pd metal particle sizes by
CO chemisorption for the catalysts with small pores (Pd/
S-3nm and Pd/M-3nm) could have possibly been due to
(a) partial blockage of CO adsorption as a result of pore
blockage by agglomeration of metal particles30 and (b)
localized destruction of the well-defined pore structure,
forming cracks and holes where larger metal particles
could form and chemisorption would also be restricted,31

or (c) chemisorption suppression due to strong support-
metal interactions.32 Chemisorption suppression may
relate to a decrease in the kinetics of chemisorption
(resulting in poor uptake at a given temperature) as a
result of it becoming more highly activated.

3.3. Pd Location. For Pd/S-large, the XRD and TEM
results for PdO and CO chemisorption for the reduced
Pd0 gave particle sizes small enough to exist within the
large pores of that support. The pores were large enough
that the metal particles did not block the pore structure
much, resulting in little decrease in BET surface area
and pore volume. This large-pore-SiO2-supported cata-
lyst apparently had little trouble in adsorbing the Pd
precursor solution in its large pores during the incipient
wetness impregnation and in accommodating the Pd
particles formed, with a resulting loss of BET surface
area and pore volume. For Pd/M-9nm, the decrease in
BET pore diameter upon loading with Pd suggests that
the pores were significantly blocked up. This is also very
evident in the pore diameter distribution change seen
in Figure 1. On the basis of XRD and TEM of PdO and
CO chemisorption on the reduced Pd0 metal, the metal
particles were small enough such that they could be
significantly deposited in the mesopores of this material.

In the case of Pd/S-3nm and Pd/M-3nm, PdO particles
were found by XRD and TEM to be much larger than
the average pore diameters. CO chemisorption results
confirm the large metal particles existing on the reduced
catalysts. For S-3nm, addition of Pd did not significantly
affect the average pore diameter, and the pore diameter
distribution (Figure 1) remained identical. Therefore,
evidence suggests that most of the Pd particles were on
the outside support surfaces of Pd/S-3nm and not in the
micropores, perhaps due to a difficulty for the prepara-
tion solution to penetrate these small pores. For Pd/M-
3nm, CO chemisorption determined larger average
particle sizes than XRD and TEM partly because of the
less than 100% reduction for Pd on this catalyst as
determined by TPR and possibly because of some
blockage of the metal surfaces of metal particles located
inside the micropores. As can be seen in Figure 1,
M-3nm had many pores with much larger diameters
than those of S-3nm. This must have made it possible
for Pd particles to be deposited in part inside the larger
of these pores.

3.4. Catalyst Reducibility. The reducibility of the
catalysts is important since the active phase for hydro-
genation is the metallic Pd0 phase. Figure 4 shows the
TPR profiles of different supported Pd catalysts. It was

found that, in most cases, PdO particles were reduced
readily to PdH2 at ambient temperature once hydrogen
was introduced into the system, typical for supported
Pd catalysts prepared from palladium nitrate.33 A
significant negative peak at ca. 75-80 °C was observed
for all the catalysts; this peak can be attributed to the
decomposition of PdH2.34 Koh et al.35 has referred to a
private communication with G. C. Bond that about 70%
of the PdO contained in MCM-41-supported catalysts
can be reduced at subambient temperature and the
other 30% is reducible by 50 °C. However, no TPR
profile of Pd/MCM-41 was shown. From our results, a
small reduction peak at ca. 48 °C was observed for Pd/
M-3nm and is attributed to a portion of the PdO that
could not be reduced at ambient temperature. It has
previously been reported that there is a stronger metal-
support interaction between metal and an MCM-41
support when the pore size of that support is very small
(i.e., 3 nm).36 In the case of amorphous silica (SiO2),
there would appear to be no difference in the metal-
support interaction (Pd-SiO2) between the small- and
large-pore supports. It should also be noted that large-
pore-MCM-41-supported Pd catalysts exhibited TPR
profiles similar to those of SiO2-supported Pd catalysts.

3.5. Catalytic Behavior. The kinetics of liquid-phase
hydrogenation of 1-hexene was studied using the rate
of hydrogen consumption.3-5,12,37,38 The rates of H2
consumption versus time-on-stream for the supported
Pd catalysts are shown in Figure 5. The slope of the
line at the origin represents the initial rate of reaction
and the rate constant assuming zero-order dependence
of the reaction on hydrogen.12,39 The rate constants for
liquid-phase hydrogenation of 1-hexene at 25 °C of the
supported Pd catalysts and the turnover frequencies are
reported in Table 3. The activities of the catalysts were
found to be in the order Pd/M-9nm > Pd/M-3nm ≈ Pd/
S-large > Pd/S-3nm. The turnover frequencies (TOFs)
were calculated using the number of surface metal
atoms measured by pulse CO chemisorption. For a given
silica type, larger pore supported Pd catalysts were more
active than smaller pore supported ones. However, on
the basis of TOF, there was little difference in the rate
of reaction on the different catalysts. Given the wide

Figure 4. TPR profiles of the supported Pd catalysts.
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range of pore diameters and the fact that, for S-large
and M-9 nm, the majority of Pd particles were inside
the support pores, it can be concluded that the internal
resistance due to diffusion within the pores of the
reactant species did not have any influence on the
catalytic activity of the catalysts. However, the rate may
have been limited by the rate of dissolution and the
solubility of hydrogen in the liquid phase where the
catalyst was located.

3.6. Catalyst Durability. The actual amounts of
palladium loading before and after reaction were de-
termined by atomic absorption spectroscopy and are
given in Table 4. Before reaction, palladium loading on
the catalyst samples was 0.29-0.48 wt %. After 5 h
batch hydrogenation reactions of 1-hexene, palladium
loading on the catalysts had decreased to 0.15-0.32 wt
%. This indicates that leaching of palladium occurred
during reaction. Leaching of active metal is one of the
main causes of catalyst deactivation in liquid-phase
reaction. It depends on the reaction medium (pH,
oxidation potential, chelating properties of the mol-
ecules) and the bulk and surface properties of the
metal.40 In this study, the order of the percentage of
palladium leached was Pd/S-3nm > Pd/S-large > Pd/
M-3nm > Pd/M-9nm, where Pd/M-9nm showed almost
no leaching of palladium into the reaction media within

experimental error. It would appear that Pd/M-9nm is
the only catalyst with Pd supported in relatively small
pores and is also the catalyst with the smallest Pd
particles. Thus, it can be suggested that metal loss is
affected by metal particle size and whether the Pd
particles are located on the external surface or in large
pores (greater loss) or in mesopores (less loss).

The mechanism of metal leaching involves usually
metal compounds that are formed and are soluble in the
reaction mixture. Since it is unlikely that 1-hexene
forms a compound with Pd at room temperature, unless
it is some hydridoorganic complex, it is likely that
palladium hydride formation is the cause of metal loss.
It is well-known that Pd particles are able to absorb H2
within their structure to form a palladium �-hydride
phase. A number of publications17,41 have reported that
formation of palladium hydride depends on the particle
size of palladium; larger Pd particles more easily form
palladium hydride, whereas smaller Pd particles may
be unable to form the palladium �-hydride phase. Under
certain conditions, the palladium �-hydride phase can
appear as a soft material with higher mechanical
abrasion.42 This may also be a reason that larger Pd
particles on the external surfaces of the catalyst gran-
ules form the palladium �-hydride phase that is lost
(leached) from the catalysts. However, it should be noted
that Pd/S-large also lost a significant amount of Pd
during reaction, even though most of its Pd particles
can be assumed to have been inside its large pores and,
therefore, not susceptible to physical abrasion. Thus, it
is more likely that a soluble Pd compound was formed
on the larger Pd particles. It should be noted that the
leached Pd was not taken into account in the analysis
of catalyst activity since palladium �-hydride is expected
to have a catalytic activity different from that of metallic
palladium.43 In addition, the initial rate and TOF were
determined early in the reaction when the amount of
metal lost would have been minimal.

The durabilities of the catalysts under repeated
catalytic cycles were tested on Pd/M-3nm catalyst since
it exhibited a significant amount of metal loss during
reaction. The experiment was carried out at 25 °C and
atmospheric pressure by injecting 7.5 mL of 1-hexene
at 2 h intervals. After different numbers of reaction
cycles (0, 1, 2, or 3), the used catalyst was filtered out,
dried at room temperature, and calcined in air at 500
°C for 2 h to remove any carbon deposited. Then CO
chemisorption was performed on the used catalysts
following the same procedure as for the fresh catalysts.
Figure 6 shows the initial reaction rates and the number
of palladium active sites as measured by CO chemi-
sorption versus the number of reaction cycles under-
gone. It was found that the reaction rate decreased with
each cycle. This might be due to leaching of palladium
from the supports and/or a decrease in the amounts of
palladium active sites due to sintering of the pal-
ladium.3,41 However, CO chemisorption after recalcina-
tion at 500 °C in a flow of air followed by rereduction
showed complete retention of palladium CO chemisorp-
tion sites after one cycle of reaction.

Finally, as mentioned above, it is likely that both the
Pd particle size and location have effects on Pd leaching
during this reaction. Thus, although Pd/M-3 nm had
many large particles, there must have been many
smaller ones located within the mesopores >3 nm in
diameter, and this resulted in lower amounts of Pd
being leached out. The leaching for Pd/S-3nm was the

Figure 5. Liquid-phase hydrogenation activity of the supported
Pd catalysts (reaction conditions: 25 °C, 1 atm, and 1-hexene/
ethanol ) 15/400 mL).

Table 3. Catalytic Activity of Different Supported Pd
Catalysts in Liquid-Phase Hydrogenation of 1-Hexene at
25 °C and 1 atm

catalyst

rate constanta

(103 (mol/min)/
g of catalyst)

TOFb

(s-1)

Pd/S-3nm 2.45 19
Pd/S-large 3.40 29
Pd/M-3nm 3.41 28
Pd/M-9nm 4.75 23

a Based on the initial rate. b Based on the initial rate of reaction
and number of active sites measured by CO chemisorption.

Table 4. Metal Leaching during Reactionb

Pd loadinga (wt %)
catalyst before after

% metal
loss

Pd/S-3nm 0.35 0.15 57
Pd/S-large 0.29 0.18 38
Pd/M-3nm 0.48 0.32 33
Pd/M-9nm 0.33 0.31 6

a Determined by atomic adsorption. The error of measurement
was (5%. b After 5 h batch hydrogenation of 1-hexene at 25 °C
and 1 atm.
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highest because all the Pd particles were large and
existed on the outer surfaces of the silica granules. Pd/
S-large probably had a relatively large Pd loss because
it had large Pd particles in very large pores. The best
catalyst in retaining Pd during reaction was Pd/M-9nm,
which had most of the Pd in the moderately sized
mesopores. It can be speculated that pore size may affect
particle geometry and, hence, palladium hydride forma-
tion.

4. Conclusions

In this paper we have reported on the effect of the
silica support structure (MCM-41 and amorphous SiO2)
on the catalyst and reaction properties of supported Pd.
For the larger pore supports (S-large and M-9nm), Pd
particles likely formed primarily in the pores, whereas
use of smaller pore supports resulted in Pd particles
primarily on the outside surface of the catalyst granules
(S-3nm) or both inside and outside the support pores
(M-3nm). All the catalysts exhibited similar TOFs for
the liquid-phase hydrogenation of 1-hexene. Under the
conditions used, there was no evidence for mass-transfer
limitations in the liquid phase. All but one catalyst (Pd/
M-9nm) showed significant loss of Pd during reaction,
probably as a result of palladium hydride formation. The
Pd particle size appeared to strongly determine this
metal loss during reaction. However, it is also likely that
the location on the silica support also played an impor-
tant role. The results provide a cautionary note to the
use of SiO2-supported Pd for liquid-phase organic hy-
drogenation since there can be so much metal loss
during reaction. The results for Pd/M-9nm suggest a
means to minimize such loss.
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Abstract

The characteristics and catalytic properties of Pd/MCM-41 and Pd/SiO2 were investigated and compared in terms of Pd disper-

sion, catalytic activities for liquid-phase hydrogenation of 1-hexene, and deactivation of the catalysts. High Pd dispersion was ob-

served on Pd/MCM-41-large pore catalyst while the other catalysts showed relatively low Pd dispersion due to significant amount of

Pd being located out of the pores of the supports. Based on CO chemisorption results, the catalyst activities seemed to be primarily

related to the Pd dispersion and not to diffusion limitation since TOFs were nearly identical for all the catalysts used in this study. In

all cases, leaching and sintering of Pd caused catalyst deactivation after 5-h batch reaction. However, compared to Pd/SiO2 with a

similar pore size, Pd/MCM-41 exhibited higher hydrogenation activity and lower amount of metal loss.

� 2004 Elsevier B.V. All rights reserved.

Keywords: Liquid phase hydrogenation; Pd/MCM-41; Pd/SiO2; 1-Hexene hydrogenation

1. Introduction

Supported Pd catalysts are widely used in liquid-

phase hydrogenation for many important organic trans-

formations [1]. Common catalyst supports include

activated carbons [2,3], silicas [4,5], aluminas [6,7], and
to a lesser extent, polymers [8], and zeolites [9]. It is

know that a support can affect catalyst activity, selectiv-

ity, recycling, refining, materials handling, and repro-

ducibility. For examples, Shen et al. [10] reported the

effect of the nature of the supports (Al2O3, SiO2, TiO2,

and ZrO2) on both activity and selectivity of supported

Pd catalysts in catalytic hydrogenation of carbon mon-

oxide. Pinna et al. [11] compared Pd on activated car-

bon, silica, and alumina in the selective hydrogenation

of benzaldehyde to benzyl alcohol. Pd/Al2O3 was found

to exhibit strong metal–support interaction while Pd/C

showed the highest activity for benzaldehyde hydrogen-
ation. Besides the nature of the support, support struc-

ture can also affect catalyst performance. Choudary

et al. [9] reported that Pd/MCM-41 is more active in par-

tial-hydrogenation of acetylenic compounds than Pd/Y-

zeolite or Pd/K-10 clay.

Ordered mesoporous silicas such as MCM-41 [12,13],

SBA-x [14], and HMS [15], have been shown to be suit-

able catalyst supports. These mesoporous materials pos-
sess high BET surface areas, large pore volumes, and

highly ordered pore structures with narrow pore size dis-

tributions in the range of 2–50 nm, depending on synthe-

sis chemicals and conditions. Pt/MCM-41 has been

1566-7367/$ - see front matter � 2004 Elsevier B.V. All rights reserved.
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reported to exhibit high activity for the hydrogenation

of aromatics in diesel fuels [16]. Co–Mo/MCM-41 was

found to be more active than the conventional Co–

Mo/Al2O3 catalyst for hydrodesulfurization [17]. For

liquid phase reaction, Shimazu et al. [18] recently re-

ported that MCM-41-supported Pd catalysts prepared
by grafting of a palladium complex on MCM-41 exhib-

ited high activity and high regioselectivity in the hydro-

genation of dienes with –OH groups.

In this study, we compare the characteristics and cat-

alytic properties of Pd/SiO2 and Pd/MCM-41 with 2 dif-

ferent pore sizes (small and large pore). The effects of

silica-structure and pore size of the silica supports were

investigated in terms of metal dispersion, catalytic activ-
ity in liquid-phase hydrogenation, and deactivation due

to metal leaching. These results supply useful informa-

tion on the role of support porosity and type of silica

used in supported Pd catalysts for liquid phase hydro-

genation reactions.

2. Experimental

2.1. Preparation of supported Pd catalysts

Pure silica MCM-41 with 3 nm pore diameters was

prepared in the same manner as that of Cho et al. [19]

using the gel composition of CTABr:0.3 NH3:4 SiO2:

Na2O:200 H2O, where CTABr denotes cetyltrimethyl

ammonium bromide. Briefly, 20.03 g of colloidal silica
Ludox AS 40% (Aldrich) was mixed with 22.67 g of

11.78% sodium hydroxide solution. Another mixture

comprised of 12.15 g of CTABr (Aldrich) in 36.45 g

of deionized water, and 0.4 g of an aqueous solution

of 25% NH3. Both of these mixtures were transferred

into a Teflon lined autoclave, stirred for 30 min, then

heated statically at 100 �C for 5 days. The obtained

solid material was filtered, washed with water until
no base was detected and then dried at 100 �C. The

sample was then calcined in flowing nitrogen up to

550 �C (1–2 �C/min), then in air at the same tempera-

ture for 5 h, and is referred to in this paper as small

pore MCM-41. The larger pore MCM-41 was pre-

pared by treating the MCM-41-small pore (before

calcination) in an emulsion containing N,N-dimethyl-

decylamine (0.625 g in 37.5 g of water for each gram
of MCM-41) for 3 days at 120 �C. This was washed

thoroughly, dried, and calcined in flowing nitrogen

up to 550 �C (1–2 �C/min), then in air at the same

temperature for 5 h. This support is referred to in this

paper as large pore MCM-41. The amorphous SiO2-

small pore (chromatographic grade) and SiO2-large

pore were obtained commercially from Grace Davison

and Strem chemicals, respectively.
Supported Pd catalysts were prepared by the incipient

wetness impregnation of the supports with an aqueous

solution containing the desired amount of Pd nitrate

dehydrate to yield a final loading of approximately 0.5

wt% Pd. The catalysts were dried overnight at 110 �C
and then calcined in air at 500 �C for 2 h.

2.2. Catalyst characterization

The bulk composition of palladium was determined

using a Varian Spectra A800 atomic adsorption spec-

trometer. The BET surface area of the catalysts were

determined by N2 physisorption using a Micromeritics

ASAP 2000 automated system. Each sample was

degassed in the Micromeritics ASAP 2000 at 150 �C
for 4 h prior to N2 physisorption. The XRD spectra
of the catalysts were measured using a SIEMENS

D5000 X-ray diffractometer and Cu Ka radiation

with a Ni filter in the 2–10� or 20–80� 2h angular

regions.

Catalyst particle morphology was obtained using a

JEOL JSM-35CF scanning electron microscope oper-

ated at 20 kV. The palladium oxide particle size and

distribution of palladium was observed using a JEOL-
TEM 200CX transmission electron microscope operated

at 100 kV. The catalyst sample was first suspended in

ethanol using ultrasonic agitation for 10 min. The sus-

pension was dropped onto a thin Formvar film sup-

ported on a copper grid and dried at room

temperature before TEM observation.

Relative percentages of palladium dispersion were

determined by pulsing carbon monoxide over the re-
duced catalyst. Approximately 0.2 g of catalyst was

placed in a quartz tube, incorporated in a tempera-

ture-controlled oven and connected to a thermal con-

ductivity detector (TCD). Prior to chemisorption, the

catalyst was reduced in a flow of hydrogen (50 cc/min)

at room temperature for 2 h. Then the sample was

purged with helium for 1 h. Carbon monoxide was

pulsed at room temperature over the reduced catalyst
until the TCD signal from the pulse was constant.

2.3. Liquid-phase hydrogenation

Liquid-phase hydrogenation reactions were carried

out at 25 �C and 1 atm in a stainless steel Parr autoclave.

Approximately 1 g of supported Pd catalyst was placed

into the autoclave. The system was purged with nitrogen
to remove remaining air. The supported Pd catalyst was

reduced with hydrogen at room temperature for 2 h. The

reaction mixture composed of 15 ml of 1-hexene and 400

ethanol was first kept in a 600 ml feed column. The reac-

tion mixture was introduced into the reactor with nitro-

gen to start the reaction. The content of hydrogen

consumption was monitored every 5 min by noting the

change in pressure of hydrogen.
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3. Results and discussion

3.1. Catalytic activities for liquid phase hydrogenation of

1-hexene

Liquid-phase hydrogenation of 1-hexene was carried
out as a model reaction to compare the hydrogenation

activity of the MCM-41- and SiO2-supported Pd cata-

lysts. Mild conditions were chosen because rate of reac-

tion can be studied more easily. In terms of kinetics

study, the effects of 1-hexene concentration (0.1–0.3),

hydrogen pressure (1–2 bar), and temperature (25–40

�C) were investigated. The initial rate of hydrogenation

of 1-hexene was found to be independent on both 1-hex-
ene concentration and hydrogen pressure. The apparent

activation energy calculated from the Arrhenius plot

was found to be 41 kJ/mol. The kinetics study of liquid

phase hydrogenation using rate of hydrogen consump-

tion have also been reported in other research investiga-

tions [9,20]. The slope of the line at the origin represents

the initial rate of the reactions and the rate constant

assuming zero order dependence of reaction on hydro-
gen [9,20,21]. The rate constant of the different sup-

ported Pd catalysts in liquid phase hydrogenation of

1-hexene at 25 �C and the corresponding turnover

frequencies (TOFs) are reported in Table 1. The activity

of the catalysts were found to be in the order of Pd/

MCM-41-large pore > Pd/MCM-41-small pore � Pd/

SiO2-large pore > Pd/SiO2-small pore. The TOFs were

calculated based on the CO chemisorption data (Table

2). Given that in all cases the support was silica, albeit

in slightly different forms, it is not surprising that spe-

cific activities in the form of TOFs were so similar. Since

the TOFs were similar but Pd particle locations so dis-
parate: on the outside of the silica granules for Pd/

SiO2-small pore vs. inside mesopores for Pd/MCM-41-

large pore, etc. (based on the average particle sizes of

PdO measured from XRD and TEM), it would appear

that there were no pore diffusion effects on reaction rate.

However, this does not mean that there might not have

been some limitations in the mass transfer of hydrogen

from the gas phase to the liquid phase, given that hydro-
genation is such a fast reaction on noble metals. How-

ever, we did not detect any mass transfer limitations

due to pore diffusion. This is contrary to the effect of

pore size on the liquid-phase diffusion resistance re-

ported in the literature for other catalyst systems

[22,23] The structure of MCM-41, however, may pro-

mote the reaction by affecting the crystal structure of

the supported Pd to form more active centers for Pd
catalysts [24].

3.2. Catalyst characterization before and after reaction

The characteristics of the catalysts before and after

reaction were obtained using various analysis tools such

Table 2

Results from pulse CO chemisorption and atomic adsorption

Catalyst CO chemisorptiona

(·1018molecule CO/g cat.)

Pd dispersionb

(%)

Pd0 particle

sizec (nm)

%Pd loadingd

(wt%)

Fresh Spent Fresh Spent Fresh Spent Fresh Spent

Pd/SiO2-small pore 1.29 0.79 6.5 3.8 17.2 29.2 0.35 0.15

Pd/SiO2-large pore 1.22 0.61 7.3 4.1 15.3 30.1 0.29 0.18

Pd/MCM-41-small pore 1.20 0.77 4.4 2.3 24.9 45.3 0.41 0.32

Pd/MCM-41-large pore 2.10 1.34 12.0 7.7 9.4 14.7 0.33 0.31

a Error of measurement was ± 5%.
b Based on the total palladium.
c Based on d = (1.12/D) nm [29].
d Based on atomic adsorption (AA) results.

Table 1

Catalyst characteristics and liquid phase hydrogenation activity

Catalyst BET surface areaa (cm3/g) PdO particle sizec

(nm)

Rate constant · 103

(mol/min g cat.)

TOFsd (s�1)

Support Fresh Spentb Fresh Spent

Pd/SiO2-small pore 716 675 343 7.8 13.8 2.45 19

Pd/SiO2-large pore 277 201 191 10.8 21.9 3.40 29

Pd/MCM-41-small pore 921 670 377 14.2 16.1 3.41 28

Pd/MCM-41-large pore 901 726 546 9.1 18.0 4.75 23

a Error of measurement was ±5%.
b After 5-h batch hydrogenation of 1-hexene at 25 �C and 1 atm and re-calcination at 500 �C for 2 h.
c Based on XRD results.
d Based on CO chemisorption results.
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as BET, XRD, TEM, SEM, atomic adsorption, and CO

chemisorption. The spent catalysts were collected after

one 5-h batch reaction. In order to avoid the influence

of carbon deposits on the pore structure and the con-

trast of SEM and TEM images of the used catalysts.

After being taken out from the reactor and dried at

room temperature, the catalysts were re-calcined in air

at 500 �C for 2 h before characterization to remove
any carbon deposits.

The BET surface areas and pore volumes of the orig-

inal supports and the catalysts before and after reaction

are given in Table 1. Except for the low surface area

commercial large pore silica, SiO2-small pore, MCM-

41-small pore, and MCM-41-large pore possessed high

BET surface areas of 716–921 m2/g. After impregnation

of palladium, the BET surface area and pore volume of
the original supports decreased by approximately 6–

20%, suggesting that palladium was deposited in some

of the pores of the supports. Fig. 1 shows the pore size

distribution of the four different silica supports used in

this study. A narrow pore size distribution was observed

for all the catalyst supports except the commercial large

pore silica. The BET surface areas of the spent catalysts

ranged between 191 and 546 m2/g. Since most of the car-
bon deposits were removed by calcination at 500 �C, the
changes in BET surface areas after reaction was proba-

bly due to pore blocking by metal sintering and/or

destruction of support pore structure after reaction.

The X-ray diffraction patterns of the original MCM-

41-small pore and Pd/MCM-41-small pore (before and

after reaction) are shown in Fig. 2. The ordered struc-

ture of small pore MCM-41 gave XRD peaks at 2.40�,
3.96�, and 4.53� 2h. After impregnation of palladium

the intensities of the XRD peaks for MCM-41 were de-

creased suggesting either that the structure of MCM-41

became less ordered upon impregnation with Pd or that

Pd particles inside the pores caused significant X-ray

scattering. In any case, the structure of MCM-41 was

not destroyed, although the long-range order of MCM-
41 may have shrunk [25]. After reaction, the character-

Fig. 2. XRD patterns of MCM-41-small pore and Pd/MCM-41-small

pore before and after reaction.

Fig. 1. Pore size distribution of different silica supports.

Fig. 3. XRD patterns at high degrees 2h.
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istic peaks of MCM-41-small pore decreased further,

probably due to the instability of pure silica MCM-41

and/or the greater X-ray scattering ability of sintered

metal particles [26].

The XRD patterns at higher diffraction angles of the

different silica supported Pd are shown in Fig. 3. In the
calcined state, diffraction peaks for palladium oxide

(PdO) were detectable at 33.8� and less so at 42.0�,
54.8�, 60.7�, and 71.4� 2h. After reaction (before re-cal-

cination), palladium metal (Pd0) was in evidence with

diffraction peaks at 40.1� and less so at 46.6� 2h. The
recovered catalysts were then re-calcined in order to

compare the PdO particle sizes before and after reaction.

The PdO particle sizes were calculated from XRD line
broadening of the peak at 33.8� 2h using Scherrer�s
equation [27] and are reported in Table 2. In the calcined

catalysts, the PdO particles/clusters were found to be ca.

8–14 nm in the order of Pd/MCM-41-small pore > Pd/

SiO2-large pore > Pd/MCM-41-large pore � Pd/SiO2-

small pore. After reaction and re-calcination, it was

found that the PdO particle sizes for all catalyst samples

became larger, suggesting sintering of palladium metal

particles [28]. Use of large pore supports resulted in
the greatest amount of Pd sintering. It should be noted

that the lower the surface area, the higher probability

of a metal particle to be closed to other ones and there-

fore the sintering probability is also higher.

Typical TEM micrographs of the fresh and spent sup-

ported Pd catalysts are shown in Fig. 4. TEM micro-

graphs were taken in order to physically measure the

size of the palladium oxide particles and/or palladium
clusters. Since the metal loading is low and the surface

area of the sample is very high, in principle it is quite dif-

ficult to observe metal dispersion by TEM. However, a

Fig. 4. TEM micrographs of (a) fresh and (b) re-calcined used supported Pd catalysts.
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large number of pictures were collected from different

portion of the samples in order to obtain further evi-

dence about the dispersion of the palladium. The parti-

cle sizes of PdO particles measured from TEM images

before and after reaction were found to be in accordance

with the results from XRD. The TEM images of the
used catalysts were taken after all the carbon deposits

have been removed. The differences in PdO particle sizes

on different supports then can be ascribed to differences

induced by the support on the sintering of Pd during

preparation and reaction [9].

Typical SEM micrographs of catalyst particles are

shown in Fig. 5. The SEM micrographs show different

catalyst particle sizes. For both small pore and large
pore MCM-41 supported catalysts, the particle sizes

were approximately 20–30 lm, whereas particle sizes

of the small and large pore SiO2 were around 130–150

and 400–500 lm, respectively. It would appear that

the size and shape of the catalyst particles were not af-

fected during the 5-h batch liquid-phase hydrogenation

reaction suggesting that the different silica supports used

in this study have reasonably high attrition resistance.
The amounts of CO chemisorption on the catalysts,

the percentages of Pd dispersion, and the Pd metal par-

ticle sizes are given in Table 2. The pulse CO chemisorp-

tion technique was based on the assumption that one

carbon monoxide molecule adsorbs on one palladium

site [29–34]. It should be noted that this is an approxi-

mation since 1-hexene may not reach all the adsorption

sites available for CO adsorption. Before reaction, it was
found that Pd/MCM-41-large pore exhibited the highest

amount of CO chemisorption, whereas the other cata-

Fig. 5. SEM micrographs of (a) fresh and (b) re-calcined used supported Pd catalysts.
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lysts showed similar amounts of CO chemisorption. This

was probably due to the dispersion of palladium being

better on the large pore MCM-41. The percentages of

Pd dispersion before and after reaction were calculated

to be in the range of 4.4–12.0% and 2.3–7.7%, respec-

tively, in the descending order of Pd/MCM-41-large
pore > Pd/SiO2-large pore > Pd/SiO2-small pore > Pd/

MCM-41-small pore. Average particle size for reduced

Pd0 was calculated to be in the range of 9.4–24.9 nm be-

fore reaction and 14.7–45.3 nm after reaction. These

average Pd metal particle sizes calculated based on CO

chemisorption are not identical of course to the calcu-

lated PdO particle sizes obtained by XRD and TEM.

The MCM-41-large pore supported catalysts appeared
to have smaller average Pd particle sizes than those on

other catalysts, resulting in their relatively high Pd dis-

persion. After reaction, the amount of CO chemisorp-

tion and % Pd dispersion decreased significantly for all

catalyst samples by approximately 35–50% of that of

the fresh catalysts.

The actual amounts of palladium loading before and

after reaction were also determined by atomic adsorp-
tion spectroscopy and are given in Table 2. Before reac-

tion, palladium loading on the catalyst samples was

approximately 0.29–0.48 wt%. After one 5-h batch

hydrogenation reactions of 1-hexene, palladium loading

had decreased to 0.15–0.32 wt%. This indicates that

leaching of palladium occurred during reaction. The or-

der of the percentages of the amount of palladium leach-

ing was Pd/SiO2-small pore > Pd/SiO2-large pore > Pd/
MCM-41-small pore � Pd/MCM-41-large pore. Pd/

MCM-41-large pore showed almost no leaching of pal-

ladium into the reaction media within experimental er-

ror. The results suggest that the structure of MCM-41

may modify bulk and surface properties of the Pd since

Pd metal particles on MCM-41 exhibited different char-

acteristics and catalytic properties compared to those on

amorphous silica. An alternative explanation is that Pd/
MCM-41-large pore catalyst is likely to have small pal-

ladium particles located mostly in the pores of MCM-

41, consequently Pd was not prone to leaching compare

to the other catalysts. Smaller particles can also interact

more with the supports than larger ones. A peculiar me-

tal–support interaction between metal and MCM-41

support has been reported in the literature for CoRu/

MCM-41 catalysts, Co was found to interact more with
MCM-41 than SiO2 [35].

4. Conclusions

Type of silica, pore size and pore structure were

found to affect characteristics and catalytic properties

of the silica supported Pd catalysts in liquid-phase
hydrogenation. The catalyst activities were found to be

merely dependent on the Pd dispersion, which as itself

a function of the support pore structure. There was no

evidence for pore diffusion limitations on any of the cat-

alysts since TOFs were nearly identical. Among the four

types of the supported Pd catalysts used in this study,

Pd/MCM-41-large pore showed the highest Pd disper-

sion and the highest hydrogenation rate with the lowest
amount of metal loss.
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