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Abstract In this study, Pd/SiO2 catalysts with 0.5–

10 wt.% Pd loadings were prepared by one-step flame

spray pyrolysis (FSP) and characterized by N2 physisorp-

tion, X-ray diffraction (XRD), transmission electron

microscopy (TEM), CO chemisorption, and X-ray photo-

electron spectroscopy (XPS). The average cluster/particles

size of Pd as revealed by TEM were ca. 0.5–3 nm. The

turnover frequencies (TOFs) of the flame-made catalysts

decreased from 66.2 to 4.3 per s as Pd loading increased

from 0.5 to 10 wt.%, suggesting that the catalytic activity

was dependent on Pd particle/cluster size. However, there

were no appreciable influences on 1-heptene selectivity.

The flame-made Pd/SiO2 showed better properties than the

conventional prepared catalysts. Their advantages are not

only the presence of large pores that facilitates diffusion of

the reactants and products, but also the high-catalytic

activity of as-synthesized catalysts so that further pre-

treatment is not necessary.

Keywords Flame spray pyrolysis � Pd/SiO2 �
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1 Introduction

The selective hydrogenation of alkynes to alkenes is an

important reaction in the synthesis of biologically active

compounds such as insect sex pheromones (pest control)

and vitamins [1]. Palladium (Pd) is the most selective of

the noble metal catalysts for alkyne semihydrogenation

with respect to over all alkene formation [2]. The classic

Lindlar catalyst, consisting of metallic Pd on calcium

carbonate support modified with lead(II) acetate, is the well

known commercially available catalyst for such reaction.

As reported by several authors, high activity and selectivity

may be obtained over other catalyst systems in which

modifiers are not necessary such as supported Pd

complexes [3–5], bimetallic Pd–Cu/SiO2 [6], Pd/montmo-

rillonite [7], Pd/pumice [8], Pd/MCM-41 [9], Pd/activated

carbon, and Pd/Al2O3 [10]. The advantages of the reaction

in heterogeneous conditions are easy separation from the

reaction media and possibility of continuous operation

[11]. These catalyst systems, however, may require several

steps during preparation such as calcination and high-

temperature reduction pretreatment in order to obtain

high-catalytically active components.

Flame synthesis, especially flame spray pyrolysis

(FSP), is a relatively new process for one-step synthesis

of supported metal catalysts. It is generally known as a

method for making nanoparticles such as fume silica,

titania, and carbon black in large quantity at low cost

[12]. Supported metal catalysts synthesized via one-step

FSP have been employed in various catalytic reactions
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and they often showed improved catalytic performances

[13–18]. Their differences in catalytic behaviors were

suggested to be due to the structural differences of the

flame-made and the conventionally prepared catalysts.

In this work, Pd/SiO2 catalysts with 0.5–10 wt.% Pd

loadings were prepared in one-step by FSP. The catalysts

were characterized by N2 physisorption, X-ray diffraction

(XRD), CO pulse chemisorption, transmission electron

spectroscopy (TEM), and X-ray photoelectron spectros-

copy (XPS). The catalytic behaviors of the flame-made Pd/

SiO2 were evaluated in the liquid-phase selective hydro-

genation of 1-heptyne under mild conditions.

2 Experimental

2.1 Catalyst Preparation

Synthesis of Pd/SiO2 was carried out using a flame spray

reactor similar to that of Ref. [19]. Palladium actetyl-

acetonate and tetraethylorthosilicate (TEOS) from

Aldrich, Tanfkirchen, Germany, were used as palladium

and silicon precursors, respectively. Precursors were

prepared by dissolving in xylene (MERCK, Hohenbrumn,

Germany; 99.8 vol.%)/acetonitrile (Fluka, Steinheim,

Germany; 99.5 vol.%) mixtures (70/30 vol.%) with total

metal concentration maintained at 0.5 M. The palladium

concentration was ranged between 0.5 and 10 wt.%.

Using a syringe pump, 5 ml/min of precursor solution

was dispersed into fine droplets by a gas-assist nozzle fed

by 5 l/min of oxygen (Thai Industrial Gas Limited,

Bangkok, Thailand; purity [99%). The pressure drop at

the capillary tip was maintained at 1.5 bar by adjusting

the orifice gap area at the nozzle. The spray was ignited

by supporting flamelets fed with oxygen (3 l/min) and

methane (1.5 l/min) which are positioned in a ring

around the nozzle outlet. A sintered metal plate ring

(8 mm wide, starting at a radius of 8 mm) provided

additional 10 l/min of oxygen as sheath for the support-

ing flame. The product particles were collected on a glass

fiber filter (Whatman GF/C, Kent, UK, 15 cm in diam-

eter) with the aid of a vacuum pump.

For comparison purposes, 1 wt.% Pd on a commer-

cial SiO2 (Strem Chemicals, Newburyport, MA, USA,

specific surface area 243.8 m2/g VPore 1.06 m3/g dPore

17.4 nm) was prepared by incipient wetness impregna-

tion using Pd(NH3)4Cl2 (Aldrich) as palladium precursor.

The catalyst was dried in oven at 100 �C and calcined in

air at 450 �C for 3 h. Prior to reaction, the catalyst was

reduced ex situ in H2 flow at room temperature for 2 h.

Properties of the reference catalyst can be found in Ref.

[20].

2.2 Catalyst Characterization

X-ray diffraction patterns were recorded with a Siemens

D5000 using nickel filtered CuKa radiation. The crystallite

size (dXRD) was determined using the Scherrer equation

and a-alumina as the external standard. The Brunauer

Emmett Teller (BET) surface area, average pore size

diameters, and pore size distribution are determined by

physisorption of nitrogen (N2) using a Micromeritics

ASAP 2020 automated system. The average palladium

cluster/particle size and distribution of palladium on silica

was observed using a JEOL-JEM 200CX transmission

electron microscope operated at 100 kV. The active sites

and relative percentages dispersion of palladium catalyst

were determined by CO-pulse chemisorption technique

using a Micromeritics ChemiSorb 2750 system attached

with ChemiSoft TPx software at room temperature. XPS

analysis was performed using an AMICUS photoelectron

spectrometer equipped with a Mg Ka X-ray as a primary

excitation and a KRATOS VISION2 software. XPS ele-

mental spectra were acquired with 0.1 eV energy step at a

pass energy of 75 kV. The C 1 s line was taken as an

internal standard at 285.0 eV.

2.3 Catalytic Evaluation

The selective hydrogenation of 1-heptyne (Aldrich) was

carried out in magnetically stirred 50-ml stainless steel

autoclave reactor (JASCO, Tokyo, Japan). Approximately

20 mg of Pd/SiO2 catalyst was dispersed in a 10 ml of 2%

(v/v) solution of 1-heptyne (Fluka) in toluene. The reaction

was carried out under ultra high-purity hydrogen atmo-

sphere at 1 bar and 30 �C for 5 min. The liquid reactants

and products were analyzed by gas chromatography

equipped with an FID detector (Shimadzu GC-14A, Kyoto,

Japan) and a GS-alumina (length = 30 m, I.D. = 0.53 mm)

packed column.

3 Results and Discussion

3.1 Catalyst Properties

Figure 1 shows the XRD patterns of the flame-made SiO2

and Pd/SiO2 catalysts with Pd loadings 0.5–10 wt.%. All

the catalyst samples exhibited only the characteristic peaks

of amorphous silica except that of 10 wt.% Pd/SiO2 where

additional peaks corresponding to Pd0 metal were apparent

(major peak at 40.1� 2h). It is suggested that very fine

palladium metal clusters/particles were finely dispersed in

the silica matrix for the catalysts with low-Pd loadings.

Unlike typical supported metal catalysts prepared by wet
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impregnation that calcination and reduction steps are

required in order to obtain catalytically active metal sur-

face, the flame-made supported metal catalysts can be used

as synthesized and calcination/reduction step is not nec-

essary since the metal is available in its reduced form as

synthesized [14–16]. Figure 2a shows typical TEM

micrographs of the flame-made Pd/SiO2 catalysts with

different Pd contents. The Pd clusters were found to be in

spherical shape with average diameters ca. 0.5–3 nm with

narrow size distribution confined to the surface of SiO2

particles. The TEM images were quite similar to those of

Pd/Al2O3 catalysts prepared via flame process reported by

Strobel et al. [16]. However, it is surprising that for Pt/SiO2

prepared by FSP under similar conditions using platinum

acetylacetonate as Pt precursor, some very large Pt parti-

cles ([100 nm) were obtained due to incomplete

evaporation [15]. This was not the case for the flame-

derived Pd/SiO2 in which only small Pd particles were

observed. The average clusters sizes of palladium increased

from 0.5 to 3 nm as Pd loading increased from 0.5 to

2 wt.% and remained at ca. 3 nm even after increasing of

Pd loading to 10 wt.%.

Table 1 summarizes some physicochemical properties

of the SiO2, the flame-made Pd/SiO2 catalysts, and the

1%Pd on commercial SiO2. The BET surface area of the

flame-made SiO2 was 196 m2/g whereas those of the

flame-made Pd/SiO2 catalysts were in the range of 246–

306 m2/g. The BET surface areas of the flame-made cat-

alysts increased as Pd contents increased from 0.5 to

5 wt.% and were slightly decreased when Pd loading was

increased from 5 to 10 wt.% (from 306 to 299 m2/g). An

increase in BET surface areas of the flame-made catalysts

compared to the SiO2 support was due probably to inhi-

bition of the growth of the SiO2 particles by Pd dopant.

Such result is similar to the works reported by Hannemann

et al. [21] for Au–Ag/SiO2 nanoparticles prepared by FSP

that adding metal particles resulted in an increase in BET

surface area of the SiO2 support. Pore volumes of the

flame-made catalysts also increased with increasing Pd

loading and were determined to be 0.43–0.69 cm3/g. The

pore size distribution patterns of the flame-made samples

as calculated by BJH desorption equation suggest the

presence of mostly meso- and macro-pores (Fig. 3). The

average pore diameters were unaltered for the flame-made

Pd/SiO2 catalysts with Pd loading between 0.5 and 5 wt.%

while that of the 10%Pd/SiO2 increased slightly. The

presence of large pores in the flame-made catalysts can

help facilitating diffusion of both reactants and products. It

has been reported that diffusion limitation of reactants

occurred when much smaller pore sizes of the supports

were used (average pore size \10 nm) for Pd catalysts in

liquid phase hydrogenation [22, 23]. These pores were

larger than that of the commercial SiO2 used in this study.

Typically, BET surface areas of supported metal cata-

lysts are less than that of the original support due to pore

blockages of metal particles during impregnation and/or

calcination step. Structural difference of the flame-made

catalysts suggests different mechanism for the formation of

metal/metal oxide particles. Formation of Pd/SiO2 nano-

particles by FSP was considered as follows: the sprayed

droplets of precursor solution were evaporated and

combusted as soon as they met the flame at very high

temperature and released the metal atoms, then nucleation

and growth of particles by coagulation and condensation

occurred along the axial direction of the flame. Comparing

to silica, the vapor pressure of Pd/PdO was higher in the

hot flame environment, and consequently SiO2 particle

formation started earlier. Further downstream of the flame

at lower temperatures, Pd/PdO started to form small par-

ticles which were deposited directly on the SiO2. Similar

particle formation mechanism has been suggested for Pd/

Al2O3 and Pt/TiO2 [16–24].

On the other hand, the 1%Pd/SiO2-com exhibited XRD

characteristic peaks of PdO at 2h degree = 33.8, and less so

at 42.0, 54.8, 60.7, and 71.4 (results not shown). The

average PdO crystallite sizes calculated from the full width

at half maximum of the XRD peak at 2h = 33.8� using

Scherrer equation was 11.4 nm. The relative amounts of

active surface Pd metal on the as-synthesized FSP-catalyst

samples were calculated from CO chemisorption experi-

ments at room temperature and are given in Table 1. It has

been confirmed by CO chemisorption experiments that

these FSP-derived Pd/SiO2 catalysts with or without H2

reduction adsorbed similar amounts of CO. Thus, it is

likely that palladium were deposited on the as-synthesized

Pd/SiO2 catalysts as Pd0 metal. The Pd active sites were

then calculated based on the assumption that one carbon

monoxide molecule adsorbs on one palladium site [25, 26].

The Pd active sites were found to increase from
Fig. 1 XRD patterns of the flame-made Pd/SiO2 catalysts

(as synthesized)
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0.97 · 1018 to 25.84 · 1018 sites/g catalyst as the Pd

contents increased from 0.5 to 10 wt.% and corresponding

to increasing of %Pd metal dispersion from 3.4 to 4.6%.

The average Pd0 metal particle sizes calculated from CO

chemisorption were found to be in the range of 24–39 nm

which were much larger than those based on XRD and

TEM analyses. In general, low-metal dispersion and

overestimation of metal particle sizes in supported metal

catalysts based on CO chemisorption have possibly been

due to (a) partial blockage of CO adsorption as a result of

pore blockage by agglomeration of metal particles [27] and

(b) localized destruction of the pore structure forming

cracks and holes where larger metal particles could form

and chemisorption would also be restricted [28], or (c)

chemisorption suppression due to strong support-metal

interactions [29]. In this case, low-CO chemisorption

uptake of the catalysts with relatively low-metal loadings

may be due to the formation of Si–O groups covering the

small Pd metal clusters/particles resulting in an inhibition

of CO chemisorption. Otherwise, an alloy of Pd and Si may

be formed resulted in a strong interaction between Pd and

SiO2. Chemisorption suppression may relate to a decrease

in the kinetics of chemisorption as a result of it becoming

highly activated, therefore, resulting in poor uptake at a

given temperature.

X-ray photoelectron spectroscopy is a powerful tool for

determination of the surface compositions of the catalysts

and the interaction between Pd and silica supports. The

Fig. 2 TEM micrographs of (a)

the as-synthesized and (b) the

spent flame-made Pd/SiO2

catalysts (after reaction)

Table 1 Physicochemical properties of flame-made SiO2 and Pd/SiO2 catalysts

Catalyst BET surface

areasa (m2/g)

Pore volumea

(cm3/g)

CO chemisorption resultsb XPS results Pd 3d5/2 Atomic

ratioe (Pd/Si)
CO uptake (·10–18

molecule CO/g cat.)

%Pd

dispersionc
dPPd0,d

(nm)

B.E.

(eV)

FWHM

SiO2 196 0.48 n/af n/a n/a n/a n/a n/a

0.5%Pd/SiO2 246 0.43 1.0 3.42 33 n/a n/a 0.0011

0.5%Pd/SiO2_Rg – – 1.1 3.53 32 – – –

1%Pd/SiO2 251 0.46 1.9 3.40 33 n/a n/a 0.0014

2%Pd/SiO2 260 0.49 3.3 2.88 39 n/a n/a 0.0018

5%Pd/SiO2 306 0.59 13.4 4.71 24 337.4 2.389 0.0139

10%Pd/SiO2 299 0.69 25.8 4.55 25 337.4 3.189 0.0404

1%Pd/SiO2-com 234 1.02 3.3 5.81 19 – – 0.0033

a Error of measurement was ± 10%
b Error of measurement was ± 5% as determined directly
c Based on the total palladium loaded and an assumption of CO/Pd = 1
d Based on d = (1.12/D) nm [25], where D = fractional metal dispersion
e Based on XPS results
f n/a = not available
g R = after reduced for 2 h in H2 at room temperature
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elemental scans for Pd 3d5/2 of the various flame-made

Pd/SiO2 catalysts are shown in Fig. 4. No distinctive peaks

for Pd 3d5/2 were observed for the flame-made Pd/SiO2

with Pd loading between 0.5 and 2 wt.% suggesting that

very low amount of Pd present on the catalyst surface. The

binding energies of Pd 3d5/2 for the 5 and 10 wt.% Pd/SiO2

were 337.4 eV which was 0.2 eV higher than Pd 3d5/2 on

the classic Lindlar catalysts according to the literature [2].

It was also 2.3 eV higher than that corresponding to Pd0

(335.1 eV) [30], which indicating that Pd in the flame-

made Pd/SiO2 catalyst is electron-deficient. The FWHM

values, higher than 2.0 eV, are also indicative that more

than one Pd species may be present in the flame-made Pd/

SiO2 as have been suggested for Pd/Al2O3 and Pd/C cat-

alysts prepared by conventional impregnation technique

[31]. The percentages of atomic concentration for Si 2p, O

1 s, and Pd 3d are also given in Table 1. For the catalysts

with Pd loading 0.5–2 wt.%, much lower Pd/Si ratios were

observed compared to those with higher Pd loadings

(5–10 wt.%). Such results are in good agreement with the

CO chemisorption results that for the catalysts with relative

low-metal loadings, the metal surface may be covered by

Si–O groups due to simultaneous crystallization of Pd and

SiO2 in gas-phase during FSP. It is also possible that some

of the Pd metal surfaces were partially oxidized, while the

kernel of the Pd particles is metallic. This would also

explain the broad and not very intense XPS lines.

3.2 Selective Hydrogenation of 1-Heptyne

The catalytic behavior of the flame-made Pd/SiO2 catalysts

was investigated in the liquid-phase selective hydrogena-

tion of 1-heptyne in a batch system. High-stirring rate

(1,000 rpm) was used in order to ensure that the reaction

rate does not depend on the external mass transfer of

hydrogen. However, it should be noted that external mass

transfer control may still exist if the relative velocity

between fluid and particles is close to zero. As mentioned

earlier, the average pore sizes of all the flame-made Pd/

SiO2 catalysts were much larger than those reported in the

literature in which diffusion limitation of reactants occur-

red (usually average pore size of the supports \10 nm),

therefore, the effect of pore size on the reaction rate could

be negligible in this study. The catalytic performance in

terms of 1-heptyne conversions and selectivities to 1-hep-

tene and the turnover frequencies (TOFs) calculated based

on CO chemisorption results of the flame-made Pd/SiO2

catalysts are given in Table 2. The conversion of 1-heptyne

increased from 42 to 75% as Pd loading increased from 0.5

to 5 wt.% and remained relatively constant when Pd

loading was increased to 10 wt.%. The selectivities for 1-

heptene were in the range of 92–95% for all the Pd/SiO2

catalysts. Based on the conditions and the column used in

our GC analysis, the other product found in the reaction

besides 1-heptene is n-heptane. No other by-products were

observed. For similar Pd loading, the catalytic activity of

the flame-made catalyst was considerably higher than that

of Pd/SiO2 catalyst prepared by incipient wetness

impregnation on a commercial SiO2 support. The results of

this study follow the trend in the literature that alkyne

hydrogenation activity of Pd catalyst depends largely on

Pd dispersion and there is no appreciable influence on

Fig. 3 Pore size distribution of the flame-made Pd/SiO2 catalysts

with 0.5–10 wt.% Pd loading

Fig. 4 XPS results for Pd 3d5/2 of the flame-made Pd/SiO2 catalysts

350 S. Somboonthanakij et al.

123



alkene selectivity [32, 33]. In general, 1-heptene selectivity

decreases with increasing 1-heptyne conversion. Under

similar reaction conditions, the flame-derived catalysts

exhibited higher 1-heptyne conversion than the impreg-

nated ones and slightly lower 1-heptene selectivity.

However, at 100% conversion of 1-heptyne, the selectivi-

ties for 1-heptene for the flame-made and the impregnated

catalysts were 62 and 13%, respectively. The specific

activities of the flame-made catalysts are also expressed in

terms of TOF which is defined as mole of product/mole of

metal/time. As the palladium loading increased from 0.5 to

10 wt.%, the TOFs of the flame-made catalysts decreased

from 66.2 to 4.3 per s. Much higher TOFs values for the

catalysts with relatively low-metal loadings (£2 wt.%) are

another evidence that CO chemisorption suppression

occurred on these catalysts. It was probably due to the

formation of very fine palladium metal clusters/particles or

an alloy of Pd and Si which resulted in a strong interaction

between Pd and SiO2. Moreover, formation of Si–O groups

at the metal surface due to homogeneous crystallization of

Pd0 and SiO2 in gas phase during flame spray synthesis or

partially oxidized Pd at the surface could also result in the

inhibition of CO chemisorption. For the 10 wt.% Pd/SiO2,

there was probably no CO chemisorption suppression since

most of the Pd was in metallic state as indicated by XRD so

the TOFs still decreased from 2 to 10 wt.% Pd loadings in

spite of similar particle size of these catalysts. The

remarkable high-catalytic hydrogenation activities (TOFs)

of Pd nanoparticles, however, have also been reported for

other Pd/SiO2 systems [34–36]. The durability of the cat-

alysts under repeated catalytic cycles was tested on both

the flame-made 1%Pd/SiO2 and 1%Pd/SiO2-com catalysts.

After different numbers of reaction cycles (0, 1, 2, or 3),

the used catalyst was filtered out and dried at room tem-

perature before being re-used in the reaction. It was found

that the catalytic activity decreased by ca. 50 and 30% after

the third cycle of run, respectively. Such results suggest

that catalyst deactivation is still a problem in the liquid-

phase reaction.

4 Conclusions

Flame spray pyrolysis is an effective method for one-step

synthesis of Pd nanoparticles with average size of 0.5–

3 nm on SiO2 supports. The as-synthesized FSP-derived

catalysts showed higher catalytic activities for selective

hydrogenation of 1-heptyne under mild conditions than the

conventional prepared Pd/SiO2 catalyst. The TOFs of the

flame-made Pd/SiO2 decreased with increasing Pd particle/

cluster size suggesting that alkyne hydrogenation activity

depends on Pd dispersion. However, there is no appreciable

influence on alkene selectivity.
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