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Abstract 
Nanocrystalline SiO2, Al2O3, TiO2, and ZnAl2O4 have been synthesized by 

different methods, namely sol-gel, solvothermal, and flame spray pyrolysis and employed 

as supports for Pd catalysts. The catalyst performance in selective hydrogenation of 

alkyne to alkene was correlated with physicochemical properties of the catalysts such as 

the nature of supports, the metal particle size, and the degree of metal-support interaction. 

Higher metal dispersion and improved catalyst performance was obtained using these 

nanometer-sized supports. 

 

Keywords       nanocrystalline materials; hydrogenation; Pd catalyst  
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4.1 ���

�����-$�(�;���$-!!�%?��"����������� 

4.1.1 ���

�����-$�(�;���$-!!�%?��"����������������7��?��	� 

�
�!�������

�����-$� SiO2 �����7��?��	� 
Silica was prepared by the sol-gel technique using the sol composition of 40 ml of 

tetraethylorthosilicate (TEOS), 10.5 ml of ethanol, 12.5 ml of de-ionized water, and 1 ml 
of hydrochloric acid (HCl).  The mixtures were stirred vigorously for 1 h.  Then the gel 
was calcined at 500oC for 6 h in order to remove any organic.   

 

4.1.2 ���

�����-$�(�;���$-!!�%?��"����������������7��?����1!���!� 

�
�!�������

�����-$� ZnAl2O4 �����7��?����1!���!� 
Zinc aluminate spinel (ZnAl2O4) was prepared by the solvothermal technique using 

aluminium isopropoxide (Aldrich) and zinc (��) acetylacetonate (Merck) (Zn/Al molar 
ratio = 0.5) as reactants suspended in toluene (Carlo Erba Reagenti).  First, the mixture of 
aluminium isopropoxide, 15.0 g and appropriate amount of zinc (��) acetylacetonate 
(Zn/Al molar ratio = 0.5) was prepared in 100 cm3 toluene in a 1.5 dm3 autoclave reactor. 
The suspension was heated to 300oC at the rate of 2.5oC/min and held at that temperature 
for 2 h. The resulting products were washed with methanol and dried in air and then 
calcined in a furnace at various temperatures (500, 700, 900, or 1150oC) for 1 h. 

 

4.1.3 ���

�����-$�(�;���$-!!�%?��"����������������7��@��
�����%���%�?�
 

�
�!�������

�����-$� TiO2 �����7��@��
�����%���%�?�
 
Synthesis of TiO2 was carried out using a spray flame reactor [see Figure 1]. Titanium 

(IV) tert-butoxide (TNB; Aldrich) was chosen as raw materials for preparation of a 
liquid-phase precursor. The precursors were prepared by dissolving the appropriate 
amounts of substance in xylene (MERCK; 99.8 vol.%)/acetonitrile (Fluka; 99.5 vol.%) 
mixtures (70/30 vol%). During particle synthesis, 5 ml/min of liquid precursor are fed to 
the flame by a syringe pump and disperse with 5 l/min oxygen forming fine spray 
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droplets. 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 feed with 
oxygen (3 l/min) and methane (1.5 l/min) which were 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 25 l/min of oxygen as sheath for the supporting flame. The product 
particles were collected on a glass fiber filter (Whatman GF/D, 15 cm in diameter) with 
the aid of a vacuum pump.  
 

     
 

Figure 1 Schematic of the FSP process for nanomaterials synthesis 

 

 

4.2 ����������
����������������������������$-!!�%?��"�����������1�9

�����-$�

";>�����1����������8!�A+������B�� (Incipient Wetness Impregnation method)  
 
Supported Pd catalysts were prepared by the incipient wetness impregnation 

method using Pd(NO3)2 (Aldrich) as the palladium precursor. The support was 
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impregnated to incipient wetness with an aqueous solution containing sufficient 
palladium to result in 1 wt% Pd catalysts.  The catalyst samples were dried in an oven 
at 100�C overnight and calcined in air at 400�C for 6 h prior to characterization.

 

4.3���������-$��0��
�<�-��-
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��1�����F����-����"!��
�����������������
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4.3.1 N2 physisorption 
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����!����%���B�(�1�$�����,���B�(���
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�
	+����%��������


���E�,� Micromeritics ASAP 2020 	
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 ��$�����������%�� 

�()��������*���	
���
  

  

4.3.2 X-ray diffraction (XRD) 

��!1���,� XRD �,�%����;�!C�����
������
���E�,� SIEMENS D5000 X-ray 

diffractometer 	
��
 CuK� radiation 1�$ Ni Filter 	
����
��'
�
�'����B�$	���9����%�:�

=��1�$��������!C�����
�	
��'9%����;�!C�����
�&����'������������
��$�����������%�� 

�()��������*���	
���
  

 

4.3.3 Scanning electron microscopy (SEM) 

���/�$BE6�����,�%����;�!C�����
�	��,���
���E�,� JEOL JSM-35CF scanning 

electron microscope (SEM) 	
��+��������	
� 20 kV 	
����
����E�,��E,������$*�1*;�

�()��������*���	
���
  

 

4.3.4 Transmission electron microscopy (TEM)  

������-��,�1B�����

�,,�:=��1�$�����$��
%���,�1B�����

�������$*�

��
���E�,� JEOL-JEM 2010 transmission electron microscope	
��+��������	
� 80-200 

kV 	
� National Metal and Materials Technology Center (MTEC)  

4.3.5 CO-pulse chemisorption  

!�����1B�����

�	
��;,�:������F���:�9��
�	����CO-chemisorption 

��
!�$��� 0.2 �����,�%����;�!C�����
��$F������(�����E�,�!C�����	
�,
�;���%�,�

*�������
���=������
����:D������	
�,(�*&���*9,�1�$:�;1�Q�	
��*�E,�9�
D
��

�1�9�1�Q�
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�����,��,�,,�:=���$F���
���9�:!��%����;�!C�����
��BE�,�*9����������=��!�����1�Q�	
�

���=�����:�9��
���E�,�thermal conductivity detector (TCD) 	+����	��,�	
����
�

�'
�
�'����B�$	���9����%�:�=��1�$��������!C�����
�	
��'9%����;�!C�����
�&����'�

�����������
��$�����������%�� �()��������*���	
���
 

4.3.6 X-ray photoelectron spectroscopy (XPS) 

The XPS measurement was carried out using an AMICUS photoelectron 
spectrometer equipped with an Mg K� X-ray as a primary excitation and 
KRATOS VISION2 software.  XPS elemental spectra were acquired with 0.1 eV 
energy step at a pass energy of 75 kV.  All the binding energies were referenced 
to the C 1s peak at 285 eV of the surface adventitious carbon. 

4.3.7 Electron spin resonance (ESR) 

 
Electron spin resonance spectroscopy (ESR) was conducted using a JEOL 

JESRE2X electron spin resonance spectrometer. The intensity of ESR was 
calculated using a computer software program ES-PRIT ESR DATA SYSTEM 
version 1.6. 

4.3.8 Inductively coupled plasma-optical emission spectroscope (ICP-OES)  
 
The bulk composition of catalyst quantitatively is determined by ICP-OES 

method using Optima 2100 DV. Often special procedures are needed to dissolve 
catalysts in preparation for analysis, particularly refractory materials such as 
certain noble metals and ceramics. 

 

 

4.4 ��7����1�
!�������!�%�*�����������������"!��
��������������*����������%&���	���

'
�"!�
����-�!�	#����!
�%����'��!-�?1����@V���!-�?1������-�&�%1��*����89!�

���������������9�$�8!���$�:!!
������
� 
 

Liquid-phase partial hydrogenation of 1-heptyne was carried out in a 50 cm3 stainless 
steel autoclave.  Approximately 0.02 g of supported Pd catalyst was placed in the reactor 
with 10 cm3 of 2 vol% of 1-heptyne in toluene. Afterward the reactor was filled with 
hydrogen at 1 bar pressure.  Stirring was switched on to start the reaction, and reaction 
was carried out for 5 min.  The products were analyzed by gas chromatography with a 
flame ionization detector. 
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Figure 2 A schematic diagram of the liquid-phase hydrogenation system 

 
Selective acetylene hydrogenation was performed in a quartz tube reactor (ID 9 

mm). Prior to the start of each run, the catalyst was reduced in H2 at 500oC for 2 h.  Then 
the reactor was purged with argon and cooled down to the reaction temperature, 40°C.  
Feed gas composed of 1.46% C2H2, 1.71% H2, 15.47% C2H6 and balanced C2H4 (Rayong 
Olefin Co., Ltd) and a GHSV of 5400 h�1 were used. The composition of product and 
feed stream were analyzed by a Shimadzu GC 8A equipped with TCD and FID detectors 
(molecular sieve-5A and carbosieve S2 columns, respectively).  Acetylene conversion as 
used herein is defined as moles of acetylene converted with respect to acetylene in feed.  
Ethylene selectivity is defined as the percentage of acetylene hydrogenated to ethylene 
over totally hydrogenated acetylene. The ethylene being hydrogenated to ethane 
(ethylene loss) is the difference between all the hydrogen consumed and all the acetylene 
which has been totally hydrogenated.  
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1. pressure regulator   8.    sampling point (feed) 

2. on-off valve    9.    sampling point (product) 

3. filter     10.   thermocouple 

4. mass flow controller   11.   variable voltage transformer 

5. 4-ways fitting   12.   temperature controller 

6. reactor    13.   electric furnace 

7. catalyst bed    14.   bubble flow meter 

 

Figure 3 Flow diagram of the selective hydrogenation of acetylene 
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4.5 (����1��!���-!F�����(� 

 

4.5.1 Selective hydrogenation of acetylene in excess ethylene on micron-sized and 

nanocrystalline TiO2 supported Pd catalysts  

 
The use of pure anatase TiO2 (either micron- or nano-sized) as supports for Pd 

catalysts produced high ethylene selectivities during selective acetylene hydrogenation in 
excess ethylene. In contrast, the use of pure rutile TiO2 supported ones resulted in 
ethylene loss due to over-hydrogenation of ethylene to ethane. The differences in 
ethylene selectivity of the various Pd/TiO2 were due mainly to the presence/absence of 
the Ti3+ defective sites on the TiO2 support, rather than the difference in the crystallite 
sizes of the TiO2 support.   
 
Table 1.1 Properties of the various TiO2 supports 
 

Sample 
BET S.A.a 

(m2/g) 
crystallite sizeb 

(nm) 
Atomic 

concentrationc (%) 

      Ti/O 

TiO2-com-A 64.4 n.d. 0.287 

TiO2-com-R 18.3 n.d. 0.250 

TiO2-sol gel 39.3 10 0.232 

TiO2-solvothermal 26.8 17 0.220 

        
 
Table 1.2 Characteristics of the various TiO2-supported Pd catalysts 
 

Catalyst 
BET 
S.A.a 

CO pulse 
chemisorptionb 

Pd 
dispersionc dP

d Pd0  
%atomic 

concentratione  

  (m2/g)  
 (x10-18 molecule 

CO/g cat.)  (%)  (nm) Ti/O Pd/Ti 
Pd/TiO2-com-A 44.5 2.23 3.93 28.5 0.253 0.084 
Pd/TiO2-com-R 17.2 1.55 2.73 41.0 0.240 0.168 
Pd/TiO2-sol gel 33.8 1.19 2.10 53.3 0.282 0.011 

Pd/TiO2-solvothermal 26.0 0.49 0.86 130.2 0.274 0.006 
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Figure 5 (b) 

   
   ©     (d) 
 

Figure 1.1 SEM micrographs of (a) TiO2-com-A (b) TiO2-com-R (c) TiO2-sol-gel and 
(d) TiO2-solvothermal 

 
 

Figure 1.2 XRD results of (a) TiO2-com-A (b) TiO2-com-R (c) TiO2-sol-gel and (d) 
TiO2-solvothermal 

rutile 

anatase 
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Figure 1.4 XRD results of (a) Pd/TiO2-com-A (b) Pd/TiO2-com-R (c) Pd/TiO2-sol-gel 
and (d) Pd/TiO2-solvothermal 

 

 
 
Figure 1.5 Pore size distribution results of the various Pd/TiO2 catalysts 
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Figure 1.6 Catalyst performances in selective acetylene hydrogenation 
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4.5.2 Characteristics and Catalytic Properties of Pd/SiO2 Synthesized by One-Step 

Flame Spray Pyrolysis in Liquid-Phase Hydrogenation of 1-Heptyne  
 
Pd/SiO2 catalysts with 0.5-10 wt% Pd loadings were prepared by one-step flame 

spray pyrolysis (FSP) and characterized by N2 physisorption, X-ray diffraction (XRD), 
transmission electron microscopy (TEM), CO chemisorption, and X-ray photoelectron 
spectroscopy (XPS). The average cluster/particles size of Pd as revealed by TEM were 
ca. 0.5 to 3 nm. The turnover frequencies (TOFs) of the flame-made catalysts decreased 
from 66.2 to 4.3 s-1 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 pretreatment is not 
necessary.  

 
Table 2.1 Physicochemical Properties of Flame-Made SiO2 and Pd/SiO2 Catalysts 

Catalyst 

BET 
Surface 
Areasa  

Pore 
Volumea CO chemisorption resultsb 

XPS results Pd 
3d5/2 

Atomic 
ratioe 

  (m2/g) (cm3/g) 

CO 
uptake 
(x10-18 

molecule 
CO/g 
cat.) 

%Pd 
dispersionc 

dPPd0,d 

(nm) 
B.E. 
(eV) FWHM Pd/Si 

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.  



17 

 

Table 2.2 Catalytic Properties for Liquid-Phase 1-Heptyne Selective Hydrogenationa 

 

Catalyst 
Conversion 

(%) 
1-Heptene Selec. 

(%) TOFb (s-1) 
        
0.5%Pd/SiO2 42 93 66.2 
1%Pd/SiO2 43 92 34.1 
 100C 62C - 
2%Pd/SiO2 54 94 25.3 
5%Pd/SiO2 75 95 8.6 
10%Pd/SiO2 73 94 4.3 
    
1% Pd/SiO2-com 20 100 7.7 
 100C 13C - 
        

 

a Reaction conditions were 105 kPa, 30oC, 5 min, and catalyst/substrate molar ratio =    
  1/1,600 
b TOF = mole product/mole Pd metal/s. Based on the amount of active Pd atoms      
  Measured by CO chemisorption. 
c Reaction conditions were 105 kPa, 30oC, 40 min, and catalyst/substrate molar ratio =    
  1/500 
 
 

 
Figure 2.1 XRD patterns of the flame-made Pd/SiO2 catalysts (as synthesized) 
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Figure 2.2 TEM micrographs of (a) the as-synthesized and (b) the spent flame-made 

Pd/SiO2 catalysts (after reaction) 
 

 

 
 
 
Figure 2.3 Pore size distribution of the flame-made Pd/SiO2 catalysts with 0.5-10 wt% 

Pd loading 
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Figure 2.4 XPS results for Pd 3d5/2 of the flame-made Pd/SiO2 catalysts 
 

 
4.5.3 Performance of Pd Catalysts Supported on Nanocrystalline �-Al2O3 and Ni-

Modified �-Al2O3 in Selective Hydrogenation of Acetylene 
 
Nanocrystalline �-Al2O3 and Ni-modified �-Al2O3 have been prepared by sol-gel 

and solvothermal methods and employed as supports for Pd catalysts. Regardless of the 
preparation method used, NiAl2O4 spinel was formed on the Ni-modified �-Al2O3 after 
calcination at 1150oC. However, an additional of NiO peaks was also observed by X-ray 
diffraction for the solvothermal-made Ni-modified �-Al2O3 powder. Catalytic 
performances of the Pd catalysts supported on these nanocrystalline �-Al2O3 and Ni-
modified �-Al2O3 in selective hydrogenation of acetylene were found to be superior to 
those of the commercial �-Al2O3 supported one. Ethylene selectivities were improved in 
the order: Pd/Ni-modified �-Al2O3-sol-gel > Pd/Ni-modified �-Al2O3-solvothermal � 
Pd/�-Al2O3-sol–gel > Pd/�-Al2O3-solvothermal >> Pd/ �-Al2O3-commerical. As revealed 
by NH3 temperature program desorption studies, incorporation of Ni atoms in �-Al2O3 
resulted in a significant decrease of acid sites on the alumina supports. Moreover, XPS 
revealed a shift of Pd 3d binding energy for Pd catalyst supported on Ni-modified �-
Al2O3-sol-gel where only NiAl2O4 was formed, suggesting that the electronic properties 
of Pd may be modified.   
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Figure 3.1 XRD patterns of the various Pd catalysts supported on nanocrystalline �-
Al2O3 and Ni-modified �-Al2O3 prepared by sol-gel and solvothermal methods.  
 

  
          (a)            (b) 
 
 
Figure 3.2 TEM micrographs of (a) Pd/�-Al2O3-solvothermal, and (b) Pd/Ni-modified �-
Al2O3-solvothermal.
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Figure 3.3 NH3 temperature program desorption 
profiles for the sol-gel and solvothermal-made �-Al2O3 and the Ni-modified �-Al2O3 
supports. 

Figure 3.4 XPS results of Pd 3d for (a) 
Pd/�-Al2O3-sol-gel (b) Pd/Ni-modified �-Al2O3-sol-gel and (c) Pd/Ni-modified �-
Al2O3-solvothermal. 

 
Figure 3.5  Performance of sol-gel (circle; �) and solvothermal (triangle; �) made 

Pd/�-Al2O3 (filled symbols), Pd/commercial �-Al2O3 (filled square; �) 
and Pd/Ni-modified �-Al2O3 (open symbols) catalysts in selective 
acetylene hydrogenation. 



22 

 

4.5.4 A Comparative Study of Strong Metal-Support Interaction and Catalytic 

Behaviors of Pd Catalysts Supported on Micron- and Nano-sized TiO2 in Liquid-

Phase Selective Hydrogenation of Phenylacetylene 
The strong metal-support interaction and catalytic behaviors of Pd catalysts 

supported on micron- (0.1 �m) and nano-sized (14 nm) TiO2 were investigated in the 
liquid-phase selective hydrogenation of phenylacetylene to styrene.  It was found that 
when supported on the nano-sized TiO2, the Pd/TiO2 catalyst that reduced by H2 at 
500oC exhibited strong metal-support interaction (SMSI) and much improved catalyst 
performance in liquid-phase selective hydrogenation of phenylacetylene.  However, 
as revealed by CO pulse chemisorption, X-ray photoelectron spectroscopy (XPS), 
transmission electron microscopy (TEM), and CO-temperature program desorption 
results, the SMSI effect was not detected for the micron-sized TiO2 supported ones.  It 
is suggested during high temperature reduction, the inner Ti3+ in large crystallite size 
TiO2 was more difficult to diffuse to the Pd surface than the surface Ti3+ in the 
smaller crystallite size ones.  Sintering of Pd0 metal was observed instead. 
   

 
 

Figure 4.1 CO-temperature programmed desorption profiles of 1%Pd/TiO2-micron 
and 1%Pd/TiO2-nano reduced at 40 and 500oC 

 
3.5.5 Effect of strong metal-support interaction on the catalytic performance of 
Pd/TiO2 in the liquid-phase semihydrogenation of phenylacetylene 
 

Liquid-phase semihydrogenation of phenylacetylene under mild conditions 
has been investigated on a series of solvothermal-derived nano-TiO2 supported Pd 
catalysts with various TiO2 crystallite sizes in the range of 9-23 nm.  As revealed by 
CO chemisorption and transmission electron microscopy, all the catalysts exhibited 
strong metal-support interaction (SMSI) when reduced at 500oC. The catalysts with 
SMSI show remarkably high catalytic performance in terms of both hydrogenation 
activities (turnover frequencies (TOFs) 9.1-21.4 s-1) and moderate-high selectivities to 
styrene (86-90%) at complete conversion of phenylacetylene. Without SMSI effect 
(the catalysts reduced at 40oC), styrene selectivity and catalytic activity depended 
largely on the Pd particle size in which small Pd particles (formed on small crystallite 
size TiO2 supports) exhibited lower phenylacetylene conversion and poor styrene 
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selectivity.  Moreover, the TOF values of the non-SMSI catalysts were similar to 
those reported in the literature for other supported Pd catalysts in liquid-phase 
semihydrogenation of phenylacetylene under mild conditions (TOFs 1.3-2.8 s-1).    

 
 
Figure 5.1 XRD patterns of the solvothermal-derived TiO2 with different crystallite 
sizes 
 

 
 
Figure 5.2 SEM micrographs of calcined and reduced Pd/TiO2 catalysts. Reduction 

temperature = 40oC (R40), 500oC (R500) 
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Figure 5.3 TEM micrographs of Pd/TiO2-9 nm and Pd/TiO2-23 nm reduced at  
40oC (R40) and 500oC (R500)

  
 
Figure 5.4   Liquid-phase semihydrogenation of phenylacetylene over the Pd/TiO2 

catalysts:    = phenylacetylene    = styrene      = ethylbenzene, solid 
symbols = Pd/TiO2 catalysts reduced at 40oC and open symbols = 
Pd/TiO2 catalysts reduced at 500oC (a) Pd/TiO2-9 nm (b) Pd/TiO2-12 
nm (c) Pd/TiO2-17 nm (d) Pd/TiO2-23 nm (reaction conditions were H2 
pressure = 5 bar and 30oC). 



4.5.6 Selective Hydrogenation of Acetylene over Pd Catalysts Supported on Nanocrystalline 

�-Al2O3 and Zn-Modified �-Al2O3  

 
The catalytic performance of Pd catalysts supported on nanocrystalline �-Al2O3 and Zn-

modified �-Al2O3 prepared by sol-gel and solvothermal methods was studied in the selective 
hydrogenation of acetylene. Acidity of the nanocrystalline �-Al2O3 was significantly decreased 
by incorporation of Zn atoms in the �-Al2O3. Both of acetylene conversions and ethylene 
selectivities were improved in the order: Pd/Zn-modified �-Al2O3-sol-gel > Pd/Zn-modified �-
Al2O3-solvothermal > Pd/�-Al2O3-sol–gel � Pd/�-Al2O3-solvothermal >> Pd/�-Al2O3-
commerical.  As revealed by thermal gravimetric and differential temperature analysis (TG-
DTA), Pd catalysts on the nanocrystalline Zn-modified �-Al2O3 also showed less deactivation by 
coke formation.  
Table 6.1 Characteristics of the various Pd/�-Al2O3 and Pd/Zn-modified �-Al2O3 catalysts. 

 

Crystallite size 

BET 
surface 

area 
Pore 
Vol. 

Avg. Pore 
Diameter 

Pd active 
sites 

Pd 
dispersion dP Pd0 

(nm) (m2/g ) (cm3/g) (nm) 

(x10-17 
molecule 

CO (%) (nm) 
Sample ��Al��� ZnAl2O4       /g cat.)     

                  
Pd/Al2O3 SG 31.0 n.d.a 1.6 0.011 20.4 11.3 8.8 13 

Pd/Zn-Al2O3 SG 40.4 28 1.9 0.020 11.8 4.9 3.9 29 
Pd/Al2O3 SV 69.5 n.d. 14.9 0.075 13.6 32.9 20.8 5 

Pd/Zn-Al2O3 SV 32.8 14.9 10.7 0.100 22.4 22.8 16.6 7 
                  

 
 

 
Figure 6.1 XRD patterns of the Pd/�-Al2O3 and Pd/Zn-modified �-Al2O3 supports prepared by 
sol-gel (SG) and solvothermal (SV) methods. 
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Figure 6.2 N2 adsorption-desorption isotherms of the Pd/�-Al2O3 and Pd/Zn-modified �-Al2O3 
supports prepared by sol-gel (SG) and solvothermal (SV) methods 

 

Figure 6.3 Pore size distributions of the �-Al2O3, Zn-modified �-Al2O3, and Pd/�-Al2O3  

 
Figure 6.4 NH3 temperature program desorption profiles for the Pd/�-Al2O3 and Pd/Zn-modified 

�-Al2O3 supports prepared by sol-gel (SG) and solvothermal (SV) methods. 
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Figure 6.6 Temperature dependence of the catalytic performance of Pd/�-Al2O3 and 
Pd/Zn-modified �-Al2O3 catalysts; (A) in terms of % conversion of 
C2H2 (B) in terms of % selectivity of C2H4. 

 

 

  

 

Figure 6.7 Thermal gravimetric and differential temperature analysis (TG/DTA) of 
Pd/�-Al2O3 and Pd/Zn-modified �-Al2O3 catalysts after reaction; (A) in terms of 
temperature (ºC) and weight loss (%), (B) in terms of temperature (ºC) and 
temperature difference (ºC/mg). 
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4.5.7 Improvement of Pd/Al2O3 Catalyst Performance in Selective Acetylene 

Hydrogenation using Mixed-Phases Al2O3 Support 
The catalytic performances of Pd catalysts supported on 	-Al2O3, �-Al2O3, and 

mixed phases Al2O3 were investigated in the selective hydrogenation of acetylene in 
ethylene feed stream. It was found that the use of mixed phases Al2O3 with 
approximately 64% of �-phase resulted in significant improvements in both acetylene 
conversion and ethylene selectivity. The presence of small amount of transition-phase in 
the alumina supports brought about higher BET surface area and Pd dispersion as well as 
improvement of reduction ability of the Pd/Al2O3 catalysts. On the other hand, significant 
amount of �-Al2O3 is necessary for high ethylene selectivity due to the lower amount of 
ethylene adsorbed. 
Table 7.1 The physical properties of alumina with various phase compositions. 

 

Crystallite Size 
(nm)a 

 

Samples 

 

�-Phase 

(%) 

 

BET 
Surface 

Area 
(m²/g) 	-phase �-phase 

Pore 
Volumeb 

(cm³/g) 

Average 
Pore 

Diameterb 
(Å) 

Al-�100 100 12.3 n.d. 44.5 0.03 90.1 

Al-�64 64 36.1 28.3 45.8 0.14 129.6 

Al-�47 47 45.4 17.8 48.9 0.20 151.9 

Al-�14 14 67.3 11.8 46.0 0.30 143.8 
Al-�0 0 244.1 3.7 n.d. 0.66 78.9 

 

Table 7.2 Physiochemical properties of Pd supported on alumina with various phase 
compositions.  
 

Pd 3d5/2 
d 

Samples 
Pd Active Sitesa 

(
10-18 CO 
molecule/g-cat) 

%Pd 
Dispersionb 

dp
c (Pd0) 
(nm) 

B.E. (eV) FWHM 

Atomic 
Concentration

d Pd/Al 

Pd/Al-�100 7.4 12.5 8.9 336.9 1.8 0.034 
Pd/Al-�64 11.0 18.5 6.1 336.9 2.0 0.027 
Pd/Al-�47 25.4 42.9 2.6 336.4 2.4 0.020 
Pd/Al-�14 31.7 53.5 2.1 336.4 2.3 0.011 
Pd/Al-�0 35.1 59.2 1.9 336.4 2.2 0.001 
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Figure 7.1 The XRD patterns of the Al2O3 supports containing various % of �-phase 

 

Figure 7.2 Transmission electron micrographs of the Pd/Al2O3 catalysts  
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Figure 7.3 The XPS deconvoluted spectra of the Pd/Al2O3 catalysts 
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Figure 7.4 TPR profiles of the Pd/Al2O3 catalysts 

 

Figure 7.5 Ethylene TPD results of the Pd/Al2O3 catalysts  

 

Figure 7.6 Catalyst performances in selective hydrogenation of acetylene in terms of 
GHSV values and acetylene conversion (%) 
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 Figure 7.7 Catalyst performances in selective hydrogenation of acetylene in terms of 
GHSV values and ethylene gain (%)  

4.5.8 Effect of Support Crystallite Size on Catalytic Activity and Deactivation of 

Nanocrystalline ZnAl2O4 Supported Pd Catalysts in Liquid-Phase Hydrogenation  

The catalytic activity and deactivation of nanocrystalline ZnAl2O4-supported Pd 
catalysts were investigated for the liquid-phase hydrogenation under mild conditions. 
Nanocrystalline ZnAl2O4 spinels with average crystallite size between 8-33 nm were 
synthesized by the solvothermal method in toluene. Higher turnover frequencies for 1-
heptyne hydrogenation and less deactivation due to Pd leaching were obtained for the 
Pd/ZnAl2O4-33 nm catalyst. XPS and ESR results suggest that the presence of defects in 
larger crystallite size ZnAl2O4 resulted in higher Pd dispersion and stronger interaction 
between Pd and the support.  
 
Table 8.1 N2 physisorption resultsa and XRD determined average crystallite sizes of the 
as-synthesized and the calcined ZnAl2O4 supports prepared by the solvothermal method 
 

Sample 
BET S.A. 

(m2/g) 
Pore Volume 

(m3/g) 
Avg. Pore 

Diameter (nm)

Avg. XRD 
Crystallite 
Size (nm) 

      
          

ZnAl2O4-as-syn 130 0.18 4.2 8.2 
ZnAl2O4-500 116 0.19 4.6 9.0 
ZnAl2O4-700 63 0.20 8.5 10.9 
ZnAl2O4-900 28 0.19 22.0 17.6 

ZnAl2O4-1150 15 0.08 36.6 33.3 
          
a Error of measurements as determined directly were ± 10%. 
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Table 8.2 Physicochemical properties of the various Pd catalysts 

 

Table 8.3 Catalytic properties for liquid-phase 1-heptyne hydrogenationa 

Catalysts Conversion of 
1-heptyne (%) 

1-Heptene 
selectivity (%) 

Estimated 
TOFb (s-1)c 

%Pd 
leachedd 

          
          

Pd/ZnAl2O4-as-syn 52 97 0.24 36 
Pd/ZnAl2O4-500 51 100 0.23 38 
Pd/ZnAl2O4-700 45 100 0.22 30 
Pd/ZnAl2O4-900 49 100 0.24 35 
Pd/ZnAl2O4-1150 66 100 0.32 6 

          
 

a Reaction conditions were 105 kPa, 30oC, 5 min, and catalyst/substrate molar ratio =    
  1,600 
b TOF = mole product/mole Pd metal surface atoms/s. Based on the amount of potentially 
active Pd atoms measured by CO chemisorption. 
c Estimated since at high conversion. 
d Based on atomic absorption spectroscopy results. Error of measurement as determined 
directly was ±10%. 

Catalyst 
BET 
S.A.a Pore Vol.a 

Avg. Pore 
Diametera 

CO 
chemisorptionb %dispersionc 

Pd0  

dP
,d 

   (m2/g) (m3/g) (nm) 
(1018 molecules 

CO/g cat.)    (nm) 
          

Pd/ZnAl2O4-as-syn 106 0.20 4.6 7.4 13.0 7.8 
Pd/ZnAl2O4-500 104 0.21 4.8 7.4 13.1 7.8 
Pd/ZnAl2O4-700 66 0.21 8.9 7.2 12.8 7.4 
Pd/ZnAl2O4-900 28 0.18 21.5 7.3 12.8 8.0 
Pd/ZnAl2O4-1150 16 0.10 29.2 8.7 15.3 6.7 
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Figure 8.1 XRD patterns of the as-synthesized and the calcined ZnAl2O4 

 

Figure 8.2 Pore size distribution of the as-synthesized and the calcined ZnAl2O4 



35 

 

 

Figure 8.3 TEM micrographs and selected area electron diffraction of various ZnAl2O4 
samples  

 

Figure 8.4 ESR results of the solvothermal-derived ZnAl2O4 
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Figure 8.5 XPS spectra of Pd 3d5/2 for Pd/ZnAl2O4 catalysts 

 
Figure 8.6 A conceptual model for stronger metal-support interaction induced by defect 
sites of the nanocrystalline material 
 

4.5.9 Effect of Fe-modified �-Al2O3 on the properties of Pd/�-Al2O3 catalysts in 

selective acetylene hydrogenation 

 

The use of nanocrystalline Fe-modified �-Al2O3 prepared by sol-gel and 
solvothermal method as supports for Pd catalysts resulted in an improved catalyst 
performance in selective acetylene hydrogenation. Moreover, the amount of coke 
deposits was reduced due to lower acidity of the Fe-modified �-Al2O3 supports. 
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Table 9.1 Physicochemical properties of Pd/Al2O3 and Pd/Fe-Al2O3 catalysts 

 

 
 
Figure 9.1 XRD patterns of the Pd/�-Al2O3 and Pd/Fe-modified �-Al2O3 prepared by 

sol-gel (SG) and solvothermal (SV) methods. 
 

 
 
 
Figure 9.2 TEM micrographs of Pd/�-Al2O3 and Pd/Fe-modified �-Al2O3 catalysts. 

  

BET 
surface area 

(m2/g) 

 Avg. 
crystallite 

sizea 
(nm) 

CO 
chemisorption 
(
1017 site/g 

cat.) 

 
% Pd 

Dispersion 

 
dp Pd0 

(nm) 

Pd/Al2O3_SG 1.0 46 10.0 8.4 13 

Pd/Fe-Al2O3_SG 1.4 62 4.1 2.7 42 

Pd/Al2O3_SV 5.1 52 11.0 7.2 16 

Pd/Fe-Al2O3_SV 3.9 63 7.8 5.1 22 
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Figure 9.3 NH3 temperature program desorption profiles for �-Al2O3 and Fe-modified �-

Al2O3 supports. 

   
(a)                       (b) 

Figure 9.4 Temperature dependence of the catalytic performance of Pd/�-Al2O3 and 
Pd/Fe-modified �-Al2O3 catalysts; (A) % conversion of C2H2 (B) % 
selectivity of C2H4. 

  
 
Figure 9.5 Thermal gravimetric and differential temperature analysis (TG/DTA) of Pd/�-

Al2O3 and Pd/Fe-modified �-Al2O3 catalysts after reaction; (A) in terms of 
temperature (ºC) and weight loss (%), (B) in terms of temperature (ºC) and 
temperature difference (ºC/mg). 
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4.5.10 Influence of preparation method on the nanocrystalline porosity of �-Al2O3 and 

the catalytic properties of Pd/�-Al2O3 in selective acetylene hydrogenation 
 

Nanocrystalline �-Al2O3 powder with average crystallite sizes 34-68 nm have 
been synthesized by three different methods, namely, solvothermal, sol-gel, and 
precipitation. Although smallest crystallite size of �-Al2O3 was obtained via the sol-gel 
synthesis, the �-Al2O3 sol-gel possessed the least amount of specific surface area and 
pore volume. A narrow pore size distribution with average pore diameter 15 nm can be 
obtained via solvothermal method while precipitation method yielded �-Al2O3 with larger 
pore size and wider pore size distribution. When employed as a support for Pd catalyst, 
the �-Al2O3 solvothermal provided the highest Pd dispersion and the best catalyst 
performance in selective hydrogenation of acetylene. The catalytic properties of Pd/�-
Al2O3 solvothermal were improved in terms of both acetylene conversion and ethylene 
selectivity. As shown by temperature program studies, the use of solvothermal-derived �-
Al2O3 facilitated H2 reduction at low temperature and desorption of ethylene and CO. 
 
Table 10.1 Physicochemical properties of �-Al2O3 various preparation methods and 
0.3%Pd/Al2O3catalysts. 

 

Table 10.2 Consumption of hydrogen in TPR, amount of ethylene and CO desorption. 

 



40 

 

 

Figure 10.1 XRD patterns of the �-Al2O3 supports: solvothermal, sol-gel, and  

precipitation method. 
 

 
Figure 10.2 IR spectra of �-Al2O3 from solvothermal (a), sol-gel (b), and precipitation 

(c) method. 
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Figure 10.3 Pore size distribution results of the �-Al2O3 supports from solvothermal (a), 

sol-gel (b), and precipitation (c) method. Figure 10.4 N2 adsorption isotherms. 

 
 

 
Figure 10.5 TEM image of the Pd supported by �-Al2O3 from solvothermal (a), sol-gel 
(b), and precipitation (c) method, showed Pd characteristics within the circles. 
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Figure 10.6 H2-TPR profiles for the various Pd/�-Al2O3 catalysts. Figure 10.7 C2H4-

TPD profiles for the various Pd/�-Al2O3 catalysts. 

 
Figure 10.8 CO-TPD profiles for the various Pd/�-Al2O3 catalysts. 

 
Figure 10.9 Performance of Pd/�-Al2O3 catalysts in the selective acetylene 

hydrogenation. 
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Abstract

Physicochemical properties and catalytic performances of Pd catalysts supported on commercial micron-sized and nanocrystalline TiO2

synthesized by sol–gel and solvothermal method were studied for the selective hydrogenation of acetylene in the presence of excess ethylene.

While acetylene conversions were found to be merely dependent on Pd dispersion, ethylene selectivity appeared to be strongly affected by the

presence of Ti3+ in the TiO2 samples. The use of pure anatase TiO2 (either micron- or nano-sized) that contained significant amount of Ti3+ as

supports for Pd catalysts gave high ethylene selectivities, while the use of pure rutile TiO2 (without Ti
3+ present) resulted in ethylene loss. The

results suggest that the effect of Ti3+ on the TiO2 supports was more important for high ethylene selectivity than the effect of TiO2 crystallite size for

selective acetylene hydrogenation over Pd/TiO2 catalysts.

# 2006 Elsevier B.V. All rights reserved.

Keywords: Selective acetylene hydrogenation; Pd/TiO2; Nanocrystalline TiO2; Sol–gel; Solvothermal; Defect

1. Introduction

Removal of trace amount of acetylene in ethylene feed

stream is vital for the commercial production of polyethylene

since acetylene acts as a poison to the polymerization catalysts.

In order to prevent ethylene loss, when acetylene is catalytically

hydrogenated, it is desirable that ethylene remains intact during

hydrogenation. Supported Pd-based catalyst is known to be the

best catalyst so far for such reaction with good activity and

selectivity. The commonly used support for palladium catalyst

in selective acetylene hydrogenation is a-alumina, however,

oligomer or green oil formation during reaction is inevitable

over Pd/Al2O3 catalysts resulting in ethylene loss and shorten

catalyst lifetime especially at high levels of acetylene

conversion [1–6]. Several attempts to improve ethylene

selectivity of the palladium catalyst have been made by many

researchers, including incorporation of a second metal such as

Ag [7–10], Au [11,12], Cu [13], Si [14], K [15], and Co [16],

pre-treatment with oxygen-containing compounds such as CO

and N2O [17–20], and modification of the catalyst supports

[21,22].

Among the various supports studied, TiO2 is of particular

interest because of its ability to manifest a strong metal–support

interaction (SMSI) with group VIII metals and its low acidity

compared to alumina. Moon and co-workers [21] reported an

improved selectivity for ethylene production in selective

acetylene hydrogenation over TiO2-modified Pd catalysts.

The authors suggest that charge transfer from Ti species to Pd

weakened the adsorption strength of ethylene on the Pd surface

hence higher ethylene selectivity was obtained. Moreover, the

amount of green oil formation was reduced on the TiO2-added

Pd catalysts due to suppression of the multiply coordinated Pd

sites resulting in an improved catalyst lifetime [23]. Fan and co-

workers [24] studied selective hydrogenation of long chain

alkadienes, it was shown that the presence of SMSI for Pd/TiO2

catalysts led to higher selectivity of alkenes.

Recently, our group has reported the synthesis of

nanocrystalline TiO2 by solvothermal method and their

applications as Pd catalyst supports in selective acetylene

hydrogenation [25]. The solvothermal-derived TiO2 supported

Pd catalysts exhibited relatively high acetylene conversions and

ethylene selectivities in the temperature range 40–90 8C in

selective acetylene hydrogenation using trace amount of C2H2
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in N2 balance. Nevertheless, their catalytic activities and

selectivities have not yet been compared to those of commercial

TiO2 supported ones under real commercial ethylene feed

stocks. Thus, it is the aim of this study to investigate and

compare the catalytic performances of commercial micron-

sized and nanocrystalline TiO2 supported Pd catalysts in

selective acetylene hydrogenation in the presence of excess

ethylene. The effects of crystallite size as well as other

physicochemical properties such as the presence of Ti3+

defective sites of the TiO2 on the catalytic properties of Pd/TiO2

catalysts were investigated by means of X-ray diffraction

(XRD), N2 physisorption, X-ray photoelectron spectroscopy

(XPS), CO chemisorption, scanning electron microscopy

(SEM), and electron spin resonance (ESR).

2. Experimental

2.1. Preparation of TiO2 and Pd/TiO2 catalyst samples

The commercial anatase TiO2 was obtained fromAldrich. By

calcination in air at 1010 8C for 4 h using a space velocity of air

flow 16,000 h�1, the anatase TiO2 was gradually transformed

into rutile TiO2. The commercial anatase and rutile TiO2 were

denoted as TiO2-com-A and TiO2-com-R, respectively.

Titanium ethoxide (Ti 20%) from Aldrich was used as Ti

precursor for preparation of the nanocrystalline TiO2 by sol–gel

method [26]. A specific amount of the precursor was dissolved

in ethanol and mixed with a water–ethanol solution at water to

alkoxide molar ratio 165. The precursor solution was added

drop wise to the aqueous solution and stirred by ultrasonic

vibration at room temperature. White precipitates of hydrous

oxides formed instantly and the mixture was stirred for at least

two more hours. The amorphous precipitates were separated

from the mother liquor by centrifugation and were re-dispersed

in ethanol for five times to minimize particle agglomeration.

The resulting materials were then dried and calcined at 450 8C
in flowing oxygen for 2 h at the heating rate of 10 8C/min. The

sol–gel derived TiO2 was denoted hereafter as TiO2-sol–gel.

The solvothermal-derived TiO2 was prepared according to

the method described in Ref. [27] using 25 g of titanium(IV)

n-butoxide (TNB) 97% from Aldrich. The starting material was

suspended in 100 ml of 1,4-butanediol in a test tube and then set

up in an autoclave. In the gap between the test tube and

autoclave wall, 30 ml of solvent was added. After the autoclave

was completely purged with nitrogen, the autoclave was heated

to 320 8C at 2.5 8C/min and held at that temperature for 6 h.

Autogenous pressure during the reaction gradually increased as

the temperature was raised. After the reaction, the autoclave

was cooled to room temperature. The resulting powders were

collected after repeated washing with methanol by centrifuga-

tion. They were then air-dried at room temperature. The

solvothermal derived TiO2 was denoted hereafter as TiO2-

solvothermal.

One percent Pd/TiO2 were prepared by the incipient wetness

impregnation technique using an aqueous solution of the

desired amount of Pd(NO3)2 (Wako). The catalysts were dried

overnight at 110 8C and then calcined in N2 flow 60 cm3/min

with a heating rate of 10 8C/min until the temperature reached

500 8C and then in air flow 100 cm3/min at 500 8C for 2 h.

2.2. Catalyst characterization

The BET surface areas of the samples were determined by

N2 physisorption using a Micromeritics ASAP 2000 automated

system. Each sample was degassed under vacuum at <10 mm
Hg in the Micromeritics ASAP 2000 at 150 8C for 4 h prior to

N2 physisorption. The XRD spectra of the catalyst samples

were measured from 20–808 2u using a SIEMENSD5000X-ray

diffractometer and Cu Ka radiation with a Ni filter. Electron

spin resonance spectra were taken at �150 8C using a JEOL

JES-RE2X spectrometer. 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. The

amounts of CO chemisorbed on the catalysts were measured

using a Micromeritic Chemisorb 2750 automated system

attached with ChemiSoft TPx software at room temperature.

Prior to chemisorption, the sample was reduced in a H2 flow at

500 8C for 2 h then cooled down to ambient temperature in a He

flow. The particle morphology was obtained using a JEOL

JSM-35CF scanning electron microscope operated at 20 kV.

Surface compositions of the catalysts were analyzed using an

AMICUS photoelectron spectrometer equipped with a Mg Ka
X-ray as a primary excitation and a KRATOS VISION2

software. XPS elemental spectra were acquired with 0.1 eV

energy step at a pass energy of 75 kV. The C 1s linewas taken as

an internal standard at 285.0 eV.

2.3. Reaction study

Selective acetylene hydrogenation was performed in a

quartz tube reactor (i.d. 9 mm). Prior to the start of each run, the

catalyst was reduced in H2 at 500 8C for 2 h. Then the reactor

was purged with argon and cooled down to the reaction

temperature, 40 8C. Feed gas composed of 1.46% C2H2, 1.71%

H2, 15.47% C2H6 and balanced C2H4 (Rayong Olefin Co., Ltd.)

and a GHSV of 5400 h�1 were used. The composition of

product and feed stream were analyzed by a Shimadzu GC 8A

equipped with TCD and FID detectors (molecular sieve-5A and

carbosieve S2 columns, respectively). Acetylene conversion as

used herein is defined as moles of acetylene converted with

respect to acetylene in feed. Ethylene selectivity is defined as

the percentage of acetylene hydrogenated to ethylene over

totally hydrogenated acetylene. The ethylene being hydro-

genated to ethane (ethylene loss) is the difference between all

the hydrogen consumed and all the acetylene which has been

totally hydrogenated.

3. Results and discussion

3.1. Physicochemical properties of the TiO2 supports

The SEM micrographs of various titania samples are shown

in Fig. 1. The commercial anatase TiO2 had a uniform particle
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size ca. 0.2 mm. After being subjected to thermal treatment

(calcination) at 1010 8C for 4 h, pure anatase titania was

gradually transformed into rutile titania and the particle size

increased to ca. 0.4 mm. The morphology of pure anatase

nanocrystalline TiO2 prepared by sol–gel and solvothermal

method was consisted of irregular shape of fine particles.

However, some of the particles of those synthesized by the sol–

gel method appeared to agglomerate into spherical micron-size

particles. The crystallization mechanism of TiO2 was probably

different for these two methods resulting in different properties

of the TiO2 obtained. It was suggested that anatase titania

synthesized by solvothermal in 1,4-butanediol was resulted

from direct crystallization [27] while sol–gel method yielded a

solid precipitate at relatively low temperature used and

crystallization occurred during the subsequent calcination step.

XRD patterns of the calcined TiO2 samples are shown in Fig. 2.

For the anatase titania (TiO2-com-A, TiO2-sol–gel, and TiO2-

solvothermal), XRD peaks at 2u = 25 (major), 37, 48, 55, 56,

62, 71, and 758 2u were evident. The TiO2-com-R exhibited

XRD peaks for rutile phase at 2u = 28 (major), 36, 42, and 578.
BET surface areas, average crystallite sizes, and percentages of

atomic concentration (Ti/O) of the various TiO2 samples are

given in Table 1. The average crystallite sizes of the TiO2

prepared by sol–gel and solvothermal calculated from the full

width at half maximum of the XRD peak at 2u = 258 using

Scherrer equation are in nanometer range (10 and 17,

respectively) while those of the commercial ones could not

be determined by this method due to the calculation limit of the

Scherrer equation (the crystallite size may be too large). BET

surface areas of the commercial anatase TiO2 decreased

essentially from 64.4 to 18.3 m2/g after calcination in order to

transform the crystalline phase to rutile phase TiO2. It is

surprising that the BET surface areas of the nano-sized TiO2

prepared by sol–gel and solvothermal method were much lower
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Fig. 1. SEM micrographs of: (a) TiO2-com-A (b) TiO2-com-R (c) TiO2-sol–gel and (d) TiO2-solvothermal.

Fig. 2. XRD results of: (a) TiO2-com-A (b) TiO2-com-R (c) TiO2-sol–gel and

(d) TiO2-solvothermal.

Table 1

Properties of the various TiO2 supports

Sample BET surface

areaa (m2/g)

Crystallite

sizeb (nm)

Atomic

concentrationc

(%), Ti/O

TiO2-com-A 64.4 n.d. 0.287

TiO2-com-R 18.3 n.d. 0.250

TiO2-sol–gel 39.3 10 0.232

TiO2-solvothermal 26.8 17 0.220

a Error of measurement = �10%.
b Determined from XRD line broadening.
c Determined from XPS analysis.



than that of the commercial anatase TiO2. Such results suggest

that the nano-crystals were closely packed resulting in low pore

volume in the samples. Percentages of atomic concentrations of

Ti andO on the surface of the TiO2were determined by theX-ray

photoelectron spectroscopy. The Ti/O ratios were not signifi-

cantly different among the four TiO2 samples. There was

probably an oxygen-rich layer near the surface of the TiO2

particles, which is formed by oxygen adsorption and easy

oxidation of titanium surface [28]. The ESR spectra of the TiO2

samples are shown in Fig. 3. The signals of g values less than 2

were assigned to Ti3+ (3d1) [29,30]. Nakaoka and Nosaka [31]

reported six signals of ESR measurement occurring on the

surface of titania: (i) Ti4+O�Ti4+OH�, (ii) surface Ti3+, (iii)

adsorbed oxygen (O2�), (iv) Ti4+O2�Ti4+O2�, (v) inner Ti3+, and

(vi) adsorbed water. In this study, it is seen that the sol–gel and

solvothermal-derivedTiO2 exhibited only one signal at g value of

1.996 which can be attributed to Ti3+ at the surface. Many Ti3+

ESR signals were observed for the commercial anatase TiO2, it is

indicated that more than one type of Ti3+ defects were presented

in the sample, i.e. surface Ti3+ and inner Ti3+. It should be noted

that the Ti3+ ESR signal was observed only for the anatase TiO2

(both micron- and nano-sized). The rutile TiO2 did not exhibit

any ESR signal. It is suggested that Ti4+ in the rutile TiO2 ismore

difficult to be reduced to Ti3+. As rutile titania is more

thermodynamically and structurally stable than anatase titania so

that the Ti3+ ions fixed in the surface lattice of anatase TiO2 is

easier to diffuse to the surface than one in the surface lattice of

rutile TiO2 [24]. The intensity of the Ti
3+ signal was highest for

the solvothermal-derived TiO2 suggesting that this preparation

method produces the highest amount of defects on the TiO2.

3.2. Characteristics and catalytic properties of Pd/TiO2

catalysts

The XRD patterns of the various Pd/TiO2 catalysts are shown

in Fig. 4. There were no changes in the crystalline phase of the

TiO2 after impregnation of palladium for all the catalyst samples.

The major XRD characteristic peak for PdO at 2u = 33.88 were
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Fig. 3. ESR spectra of: (a) TiO2-com-A (b) TiO2-com-R (c) TiO2-sol–gel and

(d) TiO2-solvothermal.

Fig. 4. XRD results of: (a) Pd/TiO2-com-A (b) Pd/TiO2-com-R (c) Pd/TiO2-

sol–gel and (d) Pd/TiO2-solvothermal.

Table 2

Characteristics of the various TiO2-supported Pd catalysts

Catalyst BET surface

areaa (m2/g)

CO pulse chemisorptionb

(�10�18 molecule CO/g catalyst)

Pd

dispersionc (%)

dP
d Pd0

(nm)

Atomic concentratione (%)

Ti/O Pd/Ti

Pd/TiO2-com-A 44.5 2.23 3.93 28.5 0.253 0.084

Pd/TiO2-com-R 17.2 1.55 2.73 41.0 0.240 0.168

TiO2-sol–gel 33.8 1.19 2.10 53.3 0.282 0.011

Pd/TiO2-solvothermal 26.0 0.49 0.86 130.2 0.274 0.006

a Error of measurement = �10%.
b Error of measurement = �5%.
c Based on the total amount of palladium loaded.
d Based on d = 1.12/D (nm), where D = fractional metal dispersion [34].
e Determined from XPS analysis.



evident only for the catalyst prepared with the solvothermal-

derived TiO2. The BET surface areas, CO chemisorption results,

and atomic concentration of surface element of the Pd/TiO2

catalyst samples are given inTable 2. TheBET surface area of the

Pd catalysts were not significantly different form the original

TiO2 supports, however, changes in the pore size distribution of

the catalysts due toPd loadingwere observed for both sol–gel and

solvothermal-derived TiO2 supported ones suggesting that Pd

was deposited in some of the pores of the TiO2 (Fig. 5). It should

also be noted that Pd/TiO2-com-Awas not heat-treated prior to

the impregnation step, while the other supports were treated at

1010, 450, and 320 8C.Accordingly, it is also possible that a large
decrease in the surface area of the anatase supported catalyst is

caused by the calcination of the catalyst at 500 8C after the Pd

loading. The percentages of Pd dispersion calculated from the

CO chemisorption results were in the order Pd/TiO2-com-

A > Pd/TiO2-com-R > Pd/TiO2-sol–gel > Pd/TiO2-solvother-

mal. The largest Pd particle size calculated from the CO

chemisorption for the Pd/TiO2-solvothermal catalyst is in a good

agreement with the XRD results. It should be noted that as the

anatase TiO2was transformed to rutile phase TiO2, the amount of

CO chemisorption decreased from 2.23 � 1018 to 1.55 � 1018

molecules CO while the calculated average particle size of Pd0

metal increased from 28.5 to 41.0 nm. Thus, the presence of

rutile phase significantly decreased dispersion of palladium on

the titania supports. XPS analysis revealed an increasing Pd/Ti

surface concentration from 0.084 to 0.168 when rutile TiO2 was

employed instead of anatase TiO2. In contrast, the Pd/Ti atomic

concentration ratios for those supported on sol–gel and

solvothermal derived TiO2 were much lower than those of the

commercial TiO2 supported ones.

In order to investigate the catalytic performance of the

different types of TiO2 supported Pd catalysts, selective

hydrogenation of acetylene in excess ethylene was performed

in a fixed bed flow reactor. Fig. 6 shows acetylene conversions

and ethylene selectivities obtained from the various Pd/TiO2

catalysts. Acetylene conversions were in the range of 20–59%

and were found to be merely dependent on the Pd dispersion.

The selectivities of ethylene were varied from �1.4 to 76.2%

with the commercial rutile and the sol–gel derived TiO2

supported Pd catalysts exhibited the lowest and the highest

selectivities, respectively. However, it should be noted that the

high ethylene selectivities of the nano-TiO2 supported Pd

catalysts may be because their conversions of acetylene were

low. It is thus more appropriate to use the results from Fig. 6

only to compare the selectivities of Pd/TiO2-com-A and Pd/

TiO2-com-R catalysts. The use of anatase TiO2 as supports for

Pd catalysts resulted in positive values of ethylene selectivity

while the use of rutile TiO2 produced ethylene loss due to over-

hydrogenation of ethylene to ethane. Ethylene hydrogenation is

usually believed to take place on the support by means of a

hydrogen transfer mechanism [32]. Thus, the rutile phase of

TiO2 may be responsible for such reaction. Moreover, the

presence of Ti3+ ions in anatase TiO2 supports has a positive

effect on high ethylene selectivity, i.e. increasing desorption of

ethylene from the catalyst surface. It has been reported that the

presence of Ti3+ on TiO2 can lower the temperature to induce a

strong metal–support interaction [24]. The SMSI between Pd

and TiO2 support can result in lower adsorption strength of

ethylene on the catalyst surface and promotes ethylene

desorption [21]. There were no such differences in ethylene

selectivities for the micron- and the nano-anatase TiO2

supported Pd catalysts. This indicates that the crystallite size

of TiO2 support did not have a significant impact on ethylene

selectivity; the difference in selectivity of ethylene was due

mainly to the presence/absence of Ti3+ defective sites on the

TiO2 support. However, in the other studies reported previously

by our group [25,33], we have found that there was an optimum

amount of Ti3+ sites to produce high ethylene selectivity since

J. Panpranot et al. / Applied Catalysis A: General 314 (2006) 128–133132

Fig. 5. Pore size distribution results of the various Pd/TiO2 catalysts.

Fig. 6. Catalyst performances in selective acetylene hydrogenation.



only Ti3+ species that were in contact with palladium surface

promoted SMSI effect and ethylene desorption [24]. Too many

Ti3+ sites that were not in contact with Pd may result in an over-

hydrogenation of ethylene to ethane. This is probably why

ethylene selectivity of the Pd/TiO2-solvothermal is not the

highest among four catalysts although the ESR results of Fig. 3

indicated that the intensity of the Ti3+ signal was the highest for

TiO2-solvothermal.

4. Conclusions

The use of pure anatase TiO2 (either micron- or nano-sized)

as supports for Pd catalysts produced high ethylene selectivities

during selective acetylene hydrogenation in excess ethylene. In

contrast, the use of pure rutile TiO2 supported ones resulted in

ethylene loss due to over-hydrogenation of ethylene to ethane.

The differences in ethylene selectivity of the various Pd/TiO2

were due mainly to the presence/absence of the Ti3+ defective

sites on the TiO2 support, rather than the difference in the

crystallite sizes of the TiO2 support.
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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 �
Liquid phase hydrogenation � 1-Heptyne hydrogenation �
Pd nanoparticle

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 Pd
0 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
dPPd

0,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_R
g – – 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
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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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Abstract

Nanocrystalline a-Al2O3 and Ni-modified a-Al2O3 have been prepared by sol–gel and solvothermal methods and employed as supports for Pd

catalysts. Regardless of the preparation method used, NiAl2O4 spinel was formed on the Ni-modified a-Al2O3 after calcination at 1150 8C.
However, an addition of NiO peaks was also observed by X-ray diffraction for the solvothermal-made Ni-modified a-Al2O3 powder. Catalytic

performances of the Pd catalysts supported on these nanocrystalline a-Al2O3 and Ni-modified a-Al2O3 in selective hydrogenation of acetylene

were found to be superior to those of the commercial a-Al2O3 supported one. Ethylene selectivities were improved in the order: Pd/Ni-modified a-
Al2O3–sol–gel > Pd/Ni-modified a-Al2O3-solvothermal � Pd/a-Al2O3–sol–gel > Pd/a-Al2O3-solvothermal � Pd/a-Al2O3-commerical. As

revealed by NH3 temperature program desorption studies, incorporation of Ni atoms in a-Al2O3 resulted in a significant decrease of acid sites

on the alumina supports. Moreover, XPS revealed a shift of Pd 3d binding energy for Pd catalyst supported on Ni-modified a-Al2O3–sol–gel where

only NiAl2O4 was formed, suggesting that the electronic properties of Pd may be modified.

# 2007 Elsevier B.V. All rights reserved.

Keywords: Nanocrystalline a-Al2O3; Ni-modified a-Al2O3; Solvothermal; Sol–gel; Selective acetylene hydrogenation; Nickel aluminate

1. Introduction

The selective hydrogenation of acetylene in ethylene rich

stream is a crucial process in polyethylene production since

acetylene poisons the polymerization catalysts [1,2]. Pd-based

catalyst supported on alumina with low Pd loading (0.1–

0.3 wt.%) is typically employed for this reaction due to its good

activity and selectivity and the easily desorption of ethylene on

the catalyst surface. With respect to selectivity changes,

catalysts of low Pd dispersion have been suggested to give

better selectivity towards ethylene at high acetylene conver-

sions [3–5]. The alumina used as Pd catalyst support in this

reaction contains mostly the alpha phase alumina since it

possesses relatively low specific surface area and low acidity

compared to other ‘transition’ alumina. Recent reports have

shown development of new efficient catalysts for the selective

hydrogenation of acetylene including the glow discharge

plasma-prepared Pd/a-Al2O3 [6], Pd on nano-sized TiO2 [7,8],

and zeolite-supported Pd-Ag catalysts [9].

In recent years, nanocrystalline materials have gained

considerable interest in the field of catalysis because they show

significantdifferences in termsof catalytic activity andselectivity

compared with those synthesized in micron scale. For examples,

Co catalysts supported on nanocrystalline Al2O3 [10] and ZrO2

[11] have been found to exhibit higher hydrogenation activities

and selectivities toward longchainhydrocarbons than thoseof the

commercial micron-sized Al2O3 and ZrO2 supported ones.

Physical and chemical properties of TiO2 aremodifiedwhen they

are synthesized in the nanometer range resulting in an

improvement of its photocatalytic activity [12].

Several techniques have been reported for preparation of

nanocrystalline ‘transition’ alumina such as sol–gel method

[13], hydrothermal synthesis [14], microwave synthesis [15],

emulsion evaporation [16,17], precipitation from solution [18],

www.elsevier.com/locate/cattod
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and solvothermal synthesis [19,20]. The sol–gel method is

widely used due to its simplicity, however, the precipitated

powders obtained are amorphous in nature and further heat

treatment is required for crystallization. Solvothermal method is

an alternative route for one-step synthesis of nanocrystalline

material. Desired shape and size of particles can be produced by

controlling process conditions such as solute concentration,

reaction temperature, reaction time, and the type of solvent [21].

In the present study, nanocrystalline a-Al2O3 and Ni-

modified a-Al2O3 have been synthesized via sol–gel and

solvothermal methods and employed as supports for Pd

catalysts for selective hydrogenation of acetylene. Modification

of nanocrystalline a-Al2O3 with nickel is also interesting

because it can form nickel aluminate spinel (NiAl2O4) which is

a highly stable material that can have beneficial effect on the

catalyst performance. Moreover, formation of NiAl2O4 in some

Ni-based hydrogenation catalysts has shown high resistance to

coke formation [22–24].

2. Experimental

2.1. Preparation of Nanocrystalline a-Al2O3 and Ni-

modified a-Al2O3

Nanocrystalline a-Al2O3 and Ni-modified a-Al2O3 were

prepared by sol–gel and solvothermal methods. For the sol–gel

method, 24 g of aluminium nitrate nonahydrate (Aldrich) was

dissolved in 50 cc of ethanol. The experiment was conducted in

the reflux-condenser reactor at the temperature about 70–80 8C
for 18 h. Then, urea solution, which consist of 60 g of urea and

50 ml of distilled water, was added to adjust pH of sol. The

mixture was rested at the same temperature for 24 h to be gelled

at neutral condition. The obtained product was calcined with 2

steps heating rate to avoid overflowing of gel during

calcinations, i.e. 3 8C/min from room temperature to 500 8C
and continue heating at 5 8C/min to 1150 8C. Then, temperature

was hold for 3 h. For the preparation of Ni-modified a-Al2O3, a

desired amount of nickel nitrate-6-hydrate (Aldrich) was added

to the precursor mixture and then followed the same procedures

as that of a-Al2O3.

For the solvothermal method, a-Al2O3 and Ni-modified a-
Al2O3 were prepared using a mixture of aluminum isoprop-

oxide 15.0 g and appropriate amount of nickel(II) acetylace-

tonate. The starting materials were suspended in 100 mL of

toluene in beaker, and then set up in autoclave. In the gap

between the beaker and autoclave wall, 40 mL of toluene was

added. After the autoclave was completely, the suspension was

heated to 300 8C at the rate of 2.5 8C/min and held at that

temperature for 2 h. However, the same synthesis method is

performed at various holding temperature. Autogenous

pressure during the reaction gradually increased as temperature

was raised. Then the autoclavewas cooled to room temperature.

After the autoclave was cooled, the resulting products were

washed repeatedly with methanol by centrifugation and dried in

air. The calcination of the obtained product carried out in a

furnace. The product was heated at a rate of 10 8C/min to a

desired temperature 1150 8C and held at that temperature for

1 h. For comparison purposes, a commercial a-Al2O3 (JRC-

ALO2) was also employed as Pd catalyst support.

2.2. Preparation of a-Al2O3 supported Pd catalysts

The Pd/a-Al2O3 catalysts were prepared by incipient

wetness impregnation of Al2O3 support with a desired amount

of an aqueous solution of palladium(II) nitrate hydrate

(Aldrich). The catalysts were dried overnight at 110 8C and

then calcined in N2 flow 60 cm3/min with a heating rate of

10 8C/min until the temperature reached 500 8C and then in air

flow 100 cm3/min at 500 8C for 2 h. The final Pd loading of the

catalysts was determined by atomic absorption spectroscopy

(Varian Spectra A800) to be ca. 0.3 wt.%.

2.3. Catalyst Characterization

Surface area measurements were carried out by nitrogen

adsorption in a Micromeritic Chemisorb 2750 system. Each

sample was degassed at 200 8C for 2 h. The analysis gas

consisting of 30% N2 in helium was adsorbed on the samples at

low temperature by dipping cell into liquid nitrogen dewar. X-

ray diffraction patterns of the catalyst samples were obtained

with a SIEMENS D5000 X-ray diffractometer using Cu Ka
radiation with a Ni filter. The pattern were recorded between

208 and 808 (2u) using a scanning velocity of 0.028/s. Metal

active sites were measured using CO chemisorption technique

at room temperature in a Micromeritic Chemisorb 2750

automated system attached with ChemiSoft TPx software.

Before chemisorption measurement, the sample was reduced in

a H2 flow at 150 8C for 2 h then cooled down to ambient

temperature in a He flow. Ammonia temperature program

desorption (NH3-TPD) was also performed in a Micromeritic

Chemisorb 2750 automated system attached with ChemiSoft

TPx software. Approximately 100 mg of catalyst was placed in

a quartz tube in a temperature-controlled oven. The samples

adsorbed ammonia at 40 8C, then heated up to 650 8C at a

heating rate of 10 8C/min. The distribution of palladium on

catalyst supports were observed using AJEM-200CX transmis-

sion electron microscope operated at 160 kV. Surface

compositions of the catalysts were analyzed using an AMICUS

photoelectron spectrometer equipped with Mg Ka X-ray as

primary excitation and KRATOS VISION2 software. XPS

elemental spectra were acquired with 0.1 eV energy step at a

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

standard at 285.0 eV.

2.4. Reaction study

Catalytic performance of the catalysts was studied in

selective hydrogenation of acetylene. The experiment was

performed in a quartz tube reactor (i.d. 10.1 mm). Before

starting of the reaction, the catalyst was reduced in H2 at 150 8C
for 2 h. Then the reactor was purged with argon and cooled

down to the reaction temperature, 40 8C. Feed gas composed of

1.5% C2H2, 1.7% H2, and balanced C2H4 (TIG Co., Ltd.), a

GHSV of 39435, 24433, 16901 and 9288 h�1 were used. The

N. Wongwaranon et al. / Catalysis Today 131 (2008) 553–558554
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composition of product and feed stream were analyzed by a

Shimadzu GC 8A equipped with TCD and FID detectors

(molecular sieve-5A and carbosieve S2 columns, respectively).

Acetylene conversion as used herein is defined as moles of

acetylene converted with respect to acetylene in feed. Ethylene

selectivity is defined as the percentage of acetylene hydro-

genated to ethylene over totally hydrogenated acetylene. The

ethylene being hydrogenated to ethane (ethylene loss) is

the difference between all the hydrogen consumed and all the

acetylene which has been totally hydrogenated.

3. Results and discussion

3.1. Catalyst characterization

The XRD patterns of the sol–gel- and the solvothermal-

made Pd/a-Al2O3 and the Pd/Ni-modified a-Al2O3 catalysts

with Ni/Al atomic ratio 0.5 after calcinations at 1150 8C are

shown in Fig. 1. The patterns in the lower half of the figure

correspond to the sol–gel-made powder while the patterns in the

upper part of the figure are for those prepared by solvothermal

synthesis. Both the sol–gel- and solvothermal-made Pd/a-
Al2O3 catalysts exhibited all the characteristic peaks of a-
Al2O3 structure. While the diffraction lines for Pd/Ni-modified

a-Al2O3 catalyst could be assigned to a spinel-type NiAl2O4

structure; space group Fd3m [25]. Additional peaks corre-

sponding to NiO were also presented at 43.3 and 62.98 2u for

the product obtained from solvothermal synthesis. The XRD

characteristic peaks associated with Pd0 or PdO phase were not

observed in all the samples. This was probably due to the very

low amount of Pd present and/or a very good dispersion of Pd

phase on all the alumina supports.

TEMmicrographs were taken in order to physically measure

the size of the palladium oxide particles and/or palladium

clusters. It can be seen that the sol–gel made catalyst (Fig. 2a

and b) was consisted of agglomerated particles with primarily

irregular shape structure. For those prepared by solvothermal

method, agglomeration of finger-like particles were observed

for the Pd/a-Al2O3 whereas spherical-shape particles were

found for the Pd/Ni-modified a-Al2O3 catalysts (Fig. 2c and d,

respectively). The finger-like a-Al2O3 particles are normally

obtained by calcination of the solvothermal-made a-Al2O3

powders at high temperature [26,27]. Based on TEM analysis,

palladium particles/clusters with average particle size ca. 5–

10 nm were found to be deposited on the alumina supports.

The physical and chemical properties of Pd/a-Al2O3 and Pd/

Ni-modified a-Al2O3 catalysts are summarized in Table 1. The

average crystallite size of each crystal phase was calculated

from the Scherrer equation. The average crystallite sizes of the

a-Al2O3 prepared by sol–gel and solvothermal method were 34

and 58 nm, respectively. While, the crystallite sizes of NiAl2O4

formed in the Ni-modified a-Al2O3 prepared by sol–gel and

solvothermal method were 23 and 27 nm, respectively. In all

cases, the average crystallite sizes of NiAl2O4 were smaller

than those of a-Al2O3. Such results suggest that crystal growth

rate for NiAl2O4 was slower than that of a-Al2O3. The surface

areas of all the catalysts were not significantly different and still

quite low, due probably to high agglomeration of these

nanocrystalline particles during calcinations at high tempera-

ture. The amounts of CO chemisorption on the catalysts, the Pd

dispersions, and the average Pd metal particle sizes determined

from CO chemisorption are also given in Table 1. The pulse CO

chemisorption technique was based on the assumption that one

carbon monoxide molecule adsorbs on one palladium site [28–

32]. The amounts of CO chemisorption decreased from 7.5 to

5.4 � 1017 and 8.1 to 7.4 � 1017 sites/g cat. corresponding to

the decreasing in Pd metal dispersion from 4.4 to 3.2 and 4.8

to 4.3% by modification with Ni atoms by sol–gel and

solvothermal method, respectively. The percentages of Pd

dispersion calculated from the CO chemisorption results were

in the order Pd/a-Al2O3-solvothermal > Pd/a-Al2O3–sol–

gel � Pd/Ni-modified a-Al2O3-solvothermal > Pd/Ni-modi-

fied a-Al2O3–sol–gel. The average Pd0 particle sizes for all

the catalysts were calculated to be 24–35 nm.

Fig. 3 shows the NH3 temperature program desorption

profiles for the sol–gel and solvothermal-made a-Al2O3 and the

Ni-modified a-Al2O3 supports. Comparing the desorption peak

area of the reference g-alumina, the desorption peak areas of

the nanocrystalline a-Al2O3 powders obtained from both sol–

gel and solvothermal syntheses were relatively low due

probably to the dramatically decrease of the surface area after

calcination at high temperature. However, two desorption peaks

corresponding to different acid sites were still observed at ca.

320 and 400–500 8C for both a-Al2O3 samples. For the Ni-

modified a-Al2O3–sol–gel, no distinctive peaks were observed

and the profiles became almost flat. Such results indicate that

acidity of the a-Al2O3 samples was drastically decreased by

incorporation of Ni atoms. The results are in good agreement

with those reported by other researchers. For examples, Otero

Areán et al. [33] measured acidity of Ni-doped alumina by IR

spectroscopy of CO adsorbed at liquid nitrogen temperature. A

Fig. 1. XRD patterns of the various Pd catalysts supported on nanocrystalline

a-Al2O3 and Ni-modified a-Al2O3 prepared by sol–gel and solvothermal

methods.

N. Wongwaranon et al. / Catalysis Today 131 (2008) 553–558 555
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decrease in both Lewis and Brønsted acidity was observed as

the Ni contents increased in the Ni-alumina solid solution. The

very low Brønsted acidity also appears to be typical for many

oxide spinels as well as other aluminate spinels such as

MgAl2O4 and ZnAl2O4 [34,35]. A small broad peak was

observed for the Ni-modified a-Al2O3-solvothermal due

probably to the formation of NiO species in which some

acidity may be remained.

Because of its surface sensitivity, XPS is used to monitor the

interaction between surface Pd and the alumina supports. The

elemental scans for Pd 3d of the Pd/a-Al2O3 and the Pd/Ni-

modified a-Al2O3 catalysts are shown in Fig. 4. It was found

that the binding energy of Pd 3d for the Pd catalyst supported

Ni-modified a-Al2O3 prepared by sol–gel shifted to lower

binding energy while for those of all the other catalysts, the

binding energies for Pd 3d were at the same binding energies. It

Fig. 2. TEM micrographs of (a) Pd/a-Al2O3–sol–gel, (b) Pd/Ni-modified a-Al2O3–sol–gel, (c) Pd/a-Al2O3-solvothermal, and (d) Pd/Ni-modified a-Al2O3-

solvothermal.

Table 1

Characteristics of the various Pd/a-Al2O3 and Pd/Ni-modified a-Al2O3 catalysts

Sample dXRD
a (nm) BET surface

area (m2/g)

CO chemisorption

(�1017 sites/g cat.)

% Dispersion dP
b Pd0 (nm)

Sol–gel

Pd/a-Al2O3 34c 1.5 7.51 4.42 25

Pd/Ni-a-Al2O3 27d 1.9 5.37 3.16 35

Solvothermal

Pd/a-Al2O3 54c 4.7 8.10 4.76 24

Pd/Ni-a-Al2O3 23d, 26e 1.4 7.35 4.32 26

Commercial

Pd/a-Al2O3 391.6c 0.5 5.91 3.48 32

a Average crystallite size calculated by Scherrer equation.
b Average Pd metal particle size calculated from CO chemisorption results. dP = 1.12/D where D = Pd dispersion [25].
c a-Al2O3.
d NiAl2O4.
e NiO.
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is likely that Pd catalyst supported on NiAl2O4 spinel may

result in a lower interaction between Pd and the alumina

support.

3.2. Catalyst performance in selective acetylene

hydrogenation

The catalyst performance in selective hydrogenation of

acetylene to ethylene was studied for all the catalyst samples

using a fixed bed flow reactor. Changes in ethylene selectivity

with acetylene conversion for Pd/a-Al2O3 and Pd/Ni-modified

a-Al2O3 catalysts are shown in Fig. 5. In general, ethylene

selectivity decreases with increasing acetylene conversion due

to the fact that the ethylene is produced as an intermediate in

acetylene hydrogenation reaction. Compared to Pd catalyst

supported on the commercial a-Al2O3, the ones supported on

nanocrystalline a-Al2O3 and Ni-modified a-Al2O3 showed

superior catalytic performances in selective acetylene hydro-

genation with Pd/Ni-modified a-Al2O3 exhibited higher

selectivity than Pd/a-Al2O3. When comparing the samples

prepared by different techniques, the sol–gel-made samples

showed higher ethylene selectivity than those of the solvother-

mal-derived ones. The ethylene selectivity was improved in the

order: Pd/Ni-modified a-Al2O3-sol–gel > Pd/Ni-modified a-
Al2O3-solvothermal � Pd/a-Al2O3–sol–gel > Pd/a-Al2O3-sol-

vothermal� Pd/a-Al2O3-commercial.

During long-time investigation bymany research groups, the

catalytic activity and ethylene selectivity in the selective

acetylene hydrogenation in excess ethylene over Pd-based

catalysts are found to be dependent on many factors such as

metal dispersion (Pd metal particle size) [7], thermodynamic

adsorption differences between acetylene and ethylene [36],

and carbonaceous product formation [37,38], etc. Based on the

reaction mechanisms for acetylene hydrogenation on Pd/Al2O3

catalysts in the literatures [39], there are three active sites on the

Pdmetal surface and one active site on the alumina support. The

three sites on the palladium surface are responsible for selective

hydrogenation of acetylene to ethylene, direct ethane formation

from acetylene and oligomer formation whereas ethylene

hydrogenation is believed to take place on the support by means

of a hydrogen transfer mechanism. It was claimed that the

carbonaceous deposits present act as bridges for hydrogen

spillover [40]. It is well known that acidity on alumina surface

promotes formation of carbonaceous deposits on catalyst

surface. When Ni was incorporated in alumina lattice (i.e., in

terms of NiAl2O4 formation), the acidity of alumina decreased

drastically and thus reduced the formation of carbonaceous

deposits and hydrogen spillover. In summary, Pd catalyst

supported on Ni-modified a-Al2O3 can be used as an effective

catalyst for producing high ethylene selectivities at relatively

high acetylene conversions especially when NiAl2O4 are

Fig. 3. NH3 temperature program desorption profiles for the sol–gel and

solvothermal-made a-Al2O3 and the Ni-modified a-Al2O3 supports.

Fig. 4. XPS results of Pd 3d for (a) Pd/a-Al2O3–sol–gel, (b) Pd/Ni-modified a-

Al2O3–sol–gel and (c) Pd/Ni-modified a-Al2O3-solvothermal.

Fig. 5. Performance of sol–gel (circle;*) and solvothermal (triangle;~) made

Pd/a-Al2O3 (filled symbols), Pd/commercial a-Al2O3 (filled square; &) and

Pd/Ni-modified a-Al2O3 (open symbols) catalysts in selective acetylene hydro-

genation.
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formed. Promotion with other second metals such as Ag is then

not necessary in order to improve the catalytic performance of

these Pd-based catalysts.

4. Conclusions

The catalytic performance of Pd catalysts supported on

nanocrystalline a-Al2O3 and Ni-modified a-Al2O3 prepared by

sol–gel and solvothermal methods was studied in the selective

hydrogenation of acetylene in excess ethylene. While the use of

sol–gel method resulted in only NiAl2O4 formation, those

prepared by solvothermal gave both NiAl2O4 and NiO species.

Acidity of the nanocrystalline a-Al2O3 was significantly

decreased by incorporation of Ni atoms in a-Al2O3. Ethylene

selectivities were improved in the order: Pd/Ni-modified a-
Al2O3–sol–gel > Pd/Ni-modified a-Al2O3-solvothermal � Pd/

a-Al2O3–sol–gel > Pd/a-Al2O3-solvothermal � Pd/a-Al2O3-

commercial. The improvement in catalyst performance is

probably due to both a decrease in surface acidity of a-Al2O3

and modification of Pd surface activity due to NiAl2O4

formation.
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Abstract

The strong metal–support interaction and catalytic behaviors of Pd catalysts supported on micron(0.1�m)- and nano-sized (14 nm) TiO2 were
investigated in the liquid-phase selective hydrogenation of phenylacetylene to styrene. It was found that when supported on the nano-sized TiO2,
the Pd/TiO2 catalyst that reduced by H2 at 500 ◦C exhibited strong metal–support interaction (SMSI) and much improved catalytic performance
in liquid-phase selective hydrogenation of phenylacetylene. However, as revealed by CO pulse chemisorption, X-ray photoelectron spectroscopy
(XPS), transmission electron microscopy (TEM), and CO-temperature program desorption, the SMSI effect was not detected for the micron-sized
TiO2 supported ones. It is suggested during high-temperature reduction, the inner Ti3+ in large crystallite size TiO2 was more difficult to diffuse to
the Pd0 surface than the surface Ti3+ in the smaller crystallite size ones. Sintering of Pd0 metal was observed instead.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Pd/TiO2; Liquid-phase hydrogenation; Phenylacetylene hydrogenation; Strong metal–support interaction

1. Introduction

The selective hydrogenation of alkynes to alkenes has fun-
damental importance in the fine chemicals production and
industrial polymerization processes [1–4]. A large number of
these reactions are carried out in liquid phase using batch type
slurry reactors. The major advantages of supported noble metal
catalysts in liquid-phase hydrogenation are their relatively high
activity,mild process conditions, easy separation, andbetter han-
dling properties. Pd is one of the most frequently used metals
in such processes because of its unique ability to selectively
hydrogenation.
Various supports have been employed for recent develop-

ment of supported Pd catalysts for liquid-phase selective alkyne
hydrogenation such as silica [5–8], MCM-41 [9–11], carbon
[12], and titania [13–16]. Among these, titania is of particular

∗ Corresponding author. Tel.: +66 2218 6869; fax: +66 2218 6877.
E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

interest because it exhibits the strong metal–support interaction
(SMSI) phenomenon after reduction at high temperatures due to
the decoration of the metal surface by partially reducible metal
oxides [17,18] or by an electron transfer between the support
and the metals [19,20]. In selective hydrogenation of acetylene
to ethylene on Pd/TiO2 catalysts, the charge transfer from Ti
species to Pd weakened the adsorption strength of ethylene on
the Pd surface hence higher ethylene selectivity was obtained
[21]. Fan and coworkers [13] found that Pd/TiO2 catalysts with
SMSI exhibited higher selectivity for alkenes in liquid-phase
hydrogenation of long chain alkadienes. Recently, Xu et al.
[16] reported that Pd/TiO2 catalyst prepared by sol–gel pro-
duced high conversion and high yield towards butyric acid in
liquid-phase hydrogenation of maleic anhydride. The excellent
catalyst performances were attributed to the strong interaction
between metal and support and the formation of interfacial
Pd–TiOx site, whichwas induced by high-temperature reduction
step.
Recently, there has been a growing interest in the appli-

cation of nano-sized TiO2 in the field of catalysis. With the

1381-1169/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2007.10.006
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decrease in particle size to nanometer scale, photocatalytic
activity of TiO2 is enhanced because the optical band gap is
widened due to surface defect [22,23] and an increase in sur-
face area [24,25]. Various techniques have been reported for the
preparation of nano-sized TiO2 such as solvothermal method
[26–28], precipitationmethod [29], sol–gelmethod [30–32], and
thermal decomposition of alkoxide [33]. The sol–gel method
is an easy method but the precipitated powders obtained are
amorphous in nature and further heat treatment is required
for crystallization. Solvothermal method is an alternative route
for direct (one-step) synthesis of pure anatase TiO2. Parti-
cle morphology, crystalline phase, and surface chemistry of
the solvothermal-derived TiO2 can be controlled by regulating
precursor composition, reaction temperature, pressure, solvent
property, and aging time.
In previous studies, the effect of TiO2 polymorphs (anatase

and rutile) on the strong metal–support interaction and catalytic
properties of Pd/TiO2 have been studied and compared [13,34].
It was shown that pre-reduction by H2 at lower temperature
results in SMSI for anatase titania supported palladium catalyst,
but not for rutile titania supported one. A recent study from our
group has shown that the use of pure anatase TiO2 that contained
significant amount of Ti3+ defects as supports for Pd catalysts
gave high ethylene selectivities in gas-phase selective acetylene
hydrogenation, while the use of pure rutile TiO2 resulted in
ethylene loss [35]. Nevertheless, the effects of Ti3+ and/or the
TiO2 crystallite size on the strong metal–support interaction of
Pd/TiO2 and their catalytic behavior in liquid-phase selective
hydrogenation have never been reported.
Thus, it is the aim of this study to investigate the SMSI phe-

nomena and catalytic behavior of Pd catalysts supported on
micron- and nano-size TiO2 in liquid-phase selective hydro-
genation of phenylacetylene undermild reaction conditions. The
nano-TiO2 was synthesized by the solvothermal method in 1,4-
butanediol using titanium n-butoxide as a titanium precursor.
The catalysts were characterized by N2 physisorption, X-ray
diffraction (XRD), CO-temperature programmed desorption
(CO-TPD), scanning electron microscopy (SEM), transmission
electron microscopy (TEM), CO pulse chemisorption, electron
spin resonance (ESR) and X-ray photoelectron spectroscopy
(XPS).

2. Experimental

2.1. Preparation of TiO2 and Pd/TiO2 catalysts

The solvothermal-derived nano-TiO2 was prepared accord-
ing to the method described in Ref. [36] using 25 g of
titanium(IV) n-butoxide (TNB) 97% from Aldrich. The start-
ing material was suspended in 100ml of 1,4-butanediol in a test
tube and then set up in an autoclave. In the gap between the
test tube and autoclave wall, 30ml of solvent was added. After
the autoclave was completely purged with nitrogen, the auto-
clave was heated to desired temperature (320 ◦C) at the rate of
2.5Kmin−1 and held at that temperature for 6 h. Autogeneous
pressure during the reaction gradually increased as the temper-
ature was raised. After the reaction, the autoclave was cooled to

room temperature. The resulting powders were collected after
repeated washing with methanol by centrifugation. They were
then air-dried at room temperature. For comparison purposes,
the micron-sized anatase TiO2 was obtained commercially from
Aldrich. The micron- and nano-sized TiO2 were denoted herein
as TiO2-micron and TiO2-nano, respectively.
The 1%Pd/TiO2 catalysts were prepared by the incipient

wetness impregnation technique using an aqueous solution of
the desired amount of Pd(NO3)2·6H2O (Aldrich). The catalysts
were dried overnight at 110 ◦C and then calcined in air at 450 ◦C
for 3 h.

2.2. Catalyst characterization

The specific surface areas, pore volumes, and average
pore diameters were determined by N2 physisorption using
a Micromeritics ASAP 2000 automated system and the
Brunauer–Emmet–Teller (BET) method. Each sample was
degassed under vacuum at <1× 10−5 bar in the Micromerit-
ics system at 150 ◦C for 4 h prior to N2 physisorption. The
XRD patterns of the catalysts were measured from 10◦ to 80◦
2θ using a SIEMENS D5000 X-ray diffractometer and Cu
K� radiation with a Ni filter. The particle morphology was
obtained using a JEOL JSM-35CF scanning electron micro-
scope (SEM) operated at 20 kV. Catalyst crystallite sizes were
obtained using the JEOLJEM2010 transmission electronmicro-
scope that employed a LaB6 electron gun in the voltage range of
80–200 kV with an optical point-to-point resolution of 0.23 nm.
The amounts of CO chemisorbed on the catalysts were mea-
sured using a Micromeritic Chemisorb 2750 automated system
with ChemiSoft TPx software. Prior to chemisorption, the sam-
ple was reduced in a H2 flow at a desired temperature for 2 h
and then cooled down to ambient temperature in a He flow.
XPS analysis was performed using an AMICUS photoelec-
tron spectrometer with Mg K� X-ray as primary excitation and
equipped with KRATOS VISION2 software. XPS elemental
spectra were acquired with 0.1 eV energy step at pass energy
of 75 kV. The C 1s line was taken as an internal standard
at 285.0 eV. Electron spin resonance spectroscopy (ESR) was
conducted using a JEOL JESRE2X electron spin resonance
spectrometer. The intensity of ESR was calculated using a com-
puter software program ES-PRIT ESR DATA SYSTEM version
1.6.

2.3. Reaction study

Approximately 0.2 g of 1%Pd/TiO2 catalyst was placed into
the 50ml autoclave. The reactant consisting of 1ml of phenyl
acetylene and 9ml of ethanol was mixed in a volumetric flask
before being introduced into the autoclave reactor. Afterward
the reactor is purgedwith hydrogen gas. The liquid-phase hydro-
genation was carried out with H2 pressure between 1 and 3 bar
at 30 ◦C for 10–40min. After the reaction, the vent valve was
slowly opened to prevent the loss of product. The product mix-
ture was analyzed by gas chromatography with flame ionization
detector (FID).
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Fig. 1. XRD patterns of nano- and micron-sized TiO2.

3. Results and discussion

Fig. 1 shows the XRD patterns of the micron- and nano-
sized TiO2. Both samples exhibited the characteristic peaks of
the anatase titania at 2θ = 25◦ (major), 37◦, 48◦, 55◦, 56◦, 62◦,
71◦, and 75◦. The average crystallite sizes of the TiO2-micron
and TiO2-nano calculated from the full width at half maximum
of the XRD peak at 2θ = 25◦ using the Scherrer equation were
100 nm (∼0.1�m) and 14 nm, respectively. The average crys-
tallite size of TiO2-micron in this study was found to be much
larger than many commercially available TiO2 widely used in
the industry such as P-25 (Degussa), PC-500 and AT-1 (Millen-
nium Chemicals), and Hombikat UV-100 (Sachtleben Chemie)
in which the TiO2 crystallite sizes are in the range of 10–30 nm
[37]. TheXRDcharacteristic peaks corresponding toPdOand/or
Pd0 metal were not observed after impregnation of Pd, calcina-
tion, and reduction steps due probably to the low amount of Pd
present or a higher degree of Pd dispersion (results not shown).
Table 1 summarizes physicochemical properties of the TiO2

and 1%Pd/TiO2 catalysts. Reduction with H2 either at 40 or
500 ◦Cdid not result in significant changes of theTiO2 crystallite
sizes. The BET surface area of the 1%Pd/TiO2-micron was not
altered from the original TiO2-micron support suggesting that
most of the palladium were deposited on the external surface of
the support. In contrast, the BET surface areas of the TiO2-nano

decreased after Pd loading followed by the high-temperature
reduction at 500 ◦C, indicating that Pd was deposited in some
of the pores of the TiO2 support. A slight increase in the TiO2
crystallite sizes of the TiO2-nano from 14 to 17 nmwas probably
caused by high temperature calcination and reduction of the cat-
alysts at 500 ◦C. The percentage of Pd dispersion estimated from
CO chemisorption and Pd0 metal particle sizes calculated were
also given in Table 1. It was found that%Pd dispersion decreased
when the catalysts were reduced at 500 ◦C for both TiO2-micron
and TiO2-nano-supported Pd catalysts. However, %Pd disper-
sion for 1%Pd/TiO2-micron decreased by 80.5% while that of
1%Pd/TiO2-nano decreased by only 53.5%. The corresponding
Pd0 particle sizes calculated based on CO chemisorption were
varied from 6.7 to 48.7 nm.
Fig. 2 shows the SEM micrographs of TiO2 and 1%Pd/TiO2

catalysts (calcined). The TiO2-micron had a uniform particle
size of 0.1–0.2�m while the TiO2-nano consisted of irregular
shape of very fine agglomerated particles. Morphologies of the
reduced 1%Pd/TiO2 catalysts were not significantly different
from the corresponding TiO2 supports suggesting high-thermal
stability of the TiO2. TEM analysis has been carried out in
order to physically measure the Pd0 particle sizes on the var-
ious TiO2 supports and the results are shown in Fig. 3. The
particle sizes of various TiO2 supports were consistent to those
obtained from XRD results. It is clearly seen that on the TiO2-
micron, Pd0 metal particle sizes increased when the catalyst was
reduced at 500 ◦C whereas those on the TiO2-nano were essen-
tially the same to those reduced at 40 ◦C. Such results indicate
that sintering of Pd0 metal occurred on the 1%Pd/TiO2-micron
catalyst during high-temperature reduction, in agreement with
the lower amount of CO chemisorption observed (Table 1). For
the 1%Pd/TiO2-nano reduced at 500 ◦C, the results of TEM
and low CO chemisorption (giving an over estimation of the
Pd0 metal particle sizes) indicate that the catalyst exhibited
strong metal–support interaction under high-temperature reduc-
tion since no change in the Pd0 particle size was observed.
The SMSI effect on these catalysts was confirmed by mea-
suring the amounts of CO chemisorption of the re-calcined
(at 450 ◦C) and re-reduced (at 40 ◦C) catalysts after they were
subjected to reduction at 500 ◦C. The results are illustrated in
Fig. 4. The amount of CO chemisorption of the re-calcined and
re-reduced 1%Pd/TiO2-micron was less than that reduced at
40 ◦C suggesting that sintering of Pd0 occurred during high-

Table 1
Physicochemical properties of various TiO2 and 1%Pd/TiO2 catalysts

Samplea Crystallite size of TiO2
by XRD (nm)

BET (m2/g) Pore volume (cm3/g) Pore diameter (nm) %Pd dispersionb dpPd0 (nm)c

TiO2-micron 100 10 0.02 7.6 – –
TiO2-nano 14 79 0.40 14.9 – –
1%Pd/TiO2-micron-R40 96 9 0.03 1.3 16.4 6.9
1%Pd/TiO2-micron-R500 94 11 0.03 1.2 3.2 48.7
1%Pd/TiO2-nano-R40 16 73 0.31 0.6 16.8 6.7
1%Pd/TiO2-nano-R500 17 68 0.28 0.8 7.8 40.6

a R40 and R400 indicate the samples reduced at 40 and 500 ◦C, respectively.
b Determined from CO chemisorption.
c Based on d (nm) = (1.12/D) [46], where D is the fractional metal dispersion.
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Fig. 2. SEM micrographs of TiO2 and 1%Pd/TiO2 (calcined).

Fig. 3. TEM micrographs of the various Pd/TiO2 catalysts.
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Fig. 4. CO chemisorption results.

temperature reduction while the amount of CO chemisorption
of the re-calcined and re-reduced1%Pd/TiO2-nano canbe totally
recovered. It is generally known that strong metal–support
interaction in TiO2 supported Pd catalysts occurred after a high-
temperature reduction ≥500 ◦C. It is thus surprising that such
interaction was not detected on our 1%Pd/TiO2-micron. How-
ever, it should be noticed that the TiO2 crystallite sizes used for
preparation of Pd/TiO2 catalysts in most studies in the literature
were in nanometer range (usually less than 50 nm) [13–15,38].
Panagiotopoulou et al. [39] also reported that formation of sub-
stoichiometric TiOx species started at lower temperature and
was more facile over Pt/TiO2 for small TiO2 particle sizes
(10–35 nm). On the other hand, a recent study byMusolino et al.
[14] on the selective liquid-phase hydrogenation of cis-2-butene-
1,4-diol to 2-hydroxy tetrahydrofuran on various supported Pd
catalysts revealed the absence of SMSI effect for the Pd/TiO2
catalyst reduced at high temperature. The interpretation of the
observed behavior has not been given by those authors.However,
the TiO2 support used in their studywas also anatase-phase TiO2
from Aldrich with the specific surface area of ∼9m2/g similar
to the micron-sized TiO2 reported in this study.
The surface compositions of the catalysts as well as the inter-

action between Pd and the TiO2 supports were confirmed by
XPS analysis. The binding energies, FWHM, and atomic con-
centrations ofTi 2p,O1s, andPd3d on various Pd/TiO2 catalysts
are given in Table 2. The Ti/O atomic ratios were found to be
much higher for the TiO2-nano than the TiO2-micron suggesting
that the solvothermal-derived TiO2-nano possessed more oxy-

Fig. 5. ESR spectra of nano- and micron-sized TiO2.

gen vacancies (or so-called Ti3+ defective sites) on the TiO2
surface than the TiO2-micron. However, there was also proba-
bly an oxygen-rich layer near the surface of the TiO2 particles,
which was formed by oxygen adsorption and easy oxidation
of titanium surface [40]. When reduced at 500 ◦C, the Pd/Ti
surface concentration decreased by 15 and 55% for 1%Pd/TiO2-
micron and 1%Pd/TiO2-nano, respectively. A slight decrease of
Pd/Ti surface concentration for 1%Pd/TiO2-micron may be due
to larger Pd0 particle size formed by sintering as shown by TEM
and CO chemisorption, while a large decrease of Pd/Ti on the
1%Pd/TiO2-nano would be due to decoration of Pd0 metal sur-
face by the reducible TiO2 support. The binding energies of Pd
3d5/2 (335.0–335.2 eV) and the FWHM less than 2 eV revealed
that palladium was in the form of Pd0 metal for both cases [41].
The presence of Ti3+ in both TiO2-micron and TiO2-nano

supports was revealed by electron spin resonance technique
(Fig. 5). TheTi3+ species are producedby trapping of electrons at
defective sites of TiO2 and the amount of accumulated electrons
may therefore reflect the number of defective sites [42]. The
signal of g value less than two was assigned to Ti3+ (3d1) [43].
Nakaoka et al. [44] reported six signals of ESR measurement
occurring on the surface of titania: (i) Ti4+O−Ti4+OH−, (ii) sur-
face Ti3+, (iii) adsorbed oxygen (O2−), (iv) Ti4+O2−Ti4+O2−,
(v) inner Ti3+, and (vi) adsorbed water. In this study, it is clearly
seen that the solvothermal-derived TiO2 exhibited only one
strong ESR signal at a g value of 1.997, which can be attributed

Table 2
XPS results

Catalysts Ti 2p O 1s Pd 3d Atomic concentration

B.E. (eV) FWHM B.E. (eV) FWHM B.E. (eV) FWHM Ti/O Pd/Ti

TiO2-micron 458.6 1.259 532.3 2.362 – – 0.028 –
TiO2-nano 458.7 1.308 530.0 1.675 – – 0.204 –

1%Pd/TiO2-micron R40 458.7 1.516 530.2 2.324 335.0 1.704 0.123 0.073
1%Pd/TiO2-micron R500 458.7 1.846 530.2 1.846 335.2 1.849 0.178 0.062

1%Pd/TiO2-nano-R40 458.7 1.292 530.0 1.596 335.0 1.570 0.210 0.009
1%Pd/TiO2-nano-R500 458.6 1.319 529.9 1.681 n/d n/d 0.190 0.004
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to Ti3+ at the surface. Many Ti3+ ESR signals were observed
for the TiO2-micron indicating that more than one type of Ti3+

defects were presented in the sample, i.e., surface Ti3+ and inner
Ti3+. Moreover, less amount of surface Ti3+ was present on the
micron-sized TiO2. Literature data indicate that the presence
of Ti3+ promotes strong metal–support interaction in Pd/TiO2
catalysts since Ti3+ can easily diffuse from the lattice of TiO2
to surface of Pd particles [13]. The results in this study, how-
ever, have shown that probably only the surface Ti3+ has high
mobility and the other Ti3+ species may not be able to diffuse
easily to Pd0 surface so that Pd catalyst supported on the TiO2-
micron with significant amount of Ti3+ did not exhibited the
strong metal–support interaction.
Temperature programmed desorption of CO has been carried

out in order to elucidate the influence of TiO2 crystallite size,
Pd dispersion, and reduction temperature on the strength and
mechanism of CO adsorption on TiO2 supported Pd catalysts.
The results are shown in Fig. 6. For 1%Pd/TiO2-micron reduced
at 40 ◦C, two main desorption peaks were observed at ca. 340
and 640 ◦C which may be attributed to CO adsorbed on differ-
ent adsorption sites probably Pd0 with different particle sizes
and/or adsorption on Ti3+ sites [45]. Both peaks were slightly

Fig. 6. CO-temperature programmed desorption profiles of (a) micron- and (b)
nano-sized TiO2 supported Pd catalysts.

Fig. 7. Catalyst performances in liquid-phase selective hydrogenation of pheny-
lacetylene.

shifted to higher temperature for the catalyst reduced at 500 ◦C.
However, the amounts of CO desorption were not significant
different for 1%Pd/TiO2-micron reduced at 40 or 500 ◦C indi-
cating that CO adsorption strength was not much different for
the catalysts reduced at low and high temperatures. In contrast,
1%Pd/TiO2-nano reduced at 40 ◦C exhibited several desorption
peaks at 100–800 ◦C indicating various adsorption sites on the
catalyst surface.However, the peaks becomealmost flatwhen the
catalyst was reduced at 500 ◦C indicating negligible CO adsorp-
tion under such conditions. In other words, CO was weakly
adsorbed under high-temperature reduction conditions due to
the strong metal–support interaction effect.
Fig. 7 shows the performance of the 1%Pd/TiO2-micron and

1%Pd/TiO2-nano catalysts in liquid-phase selective hydrogena-
tion of phenylacetylene under mild conditions. Both catalysts
exhibited high styrene selectivities (≥95%) for phenylacety-
lene conversions less than 80%. Based on the conditions and
the column used in our GC analysis, the other product found
in the reaction besides styrene was ethylbenzene. No other
by-products were observed. The selectivity for styrene signifi-
cantly dropped to 65–80% when conversion of phenylacetylene
reached 100% for all the catalysts except 1%Pd/TiO2-nano
reduced at 500 ◦C that retained its high styrene selectivity >90%.
Such results suggest that the strongmetal–support interaction on
1%Pd/TiO2-nano catalyst produced great beneficial effect on the
catalyst performance. The presence of SMSI effect may result
in an inhibition of the adsorption of the product styrene on the
1%Pd/TiO2-nano; hence high styrene selectivity was obtained.
The turnover frequencies (TOF) values were calculated from

the data at a small conversion level of, for example, 30% for the
catalysts except for the SMSI catalyst. Itwas found that theTOFs
increased from 5.5 s−1 for 1%Pd/TiO2-micron-R40) to 25.1 s−1
for 1%Pd/TiO2-micron-R500) corresponding to the increase of
Pd0 particle size from 7 to 49 nm, respectively. The amount of
exposed Pd species were estimated fromCO chemisorption data
with the assumption that one carbonmonoxidemolecule adsorbs
on one palladium site [46–51]. The specific activity results were
found to be in agreement with the well-established trend in the
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literature that the liquid-phase hydrogenation activity decreases
as Pd0 particle size decreases [52–58].

4. Conclusions

As revealed by various analytical techniques such as CO
pulse chemisorption, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and CO-temperature
programdesorption, reduction byH2 at 500 ◦C resulted in strong
metal–support interaction for the nano-sized TiO2 supported Pd
catalyst, but not for the micron-sized TiO2 supported one. The
SMSI effect, however, appeared to be necessary for high cat-
alytic performance of the Pd/TiO2 catalysts in the liquid-phase
selective hydrogenation of phenylacetylene to styrene.
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a b s t r a c t

In the present study, Ni-modified �-Al2O3 with Ni/Al ratios of 0.3 and 0.5 were prepared by sol–gel and

solvothermal method and then were impregnated with 0.3 wt.% Pd. Due to different crystallization mech-

anism of the two preparation methods used, addition of nickel during preparation of �-Al2O3 resulted in

various species such as NiAl2O4, mixed phases between NiAl2O4 and �-Al2O3, and mixed phases between

NiAl2O4 and NiO. As revealed by NH3-temperature programmed desorption, formation of NiAl2O4 drasti-

cally reduced acidity of alumina, hence lower amounts of coke deposited during acetylene hydrogenation

was found for the Ni-modified �-Al2O3 supported catalysts. For any given method, ethylene selectivity was

improved in the order of Pd/Ni–Al2O3-0.5 > Pd/Ni–Al2O3-0.3 > Pd/Ni–Al2O3-0�Pd/�–Al2O3-commercial.

When comparing the samples prepared by different techniques, the sol–gel-made samples showed better

performances than the solvothermal-derived ones.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Alumina powders are very interesting crystalline materials with

broad applicability as adsorbents, coatings, soft abrasives, ceramic

tools, fillers, wear-resistant ceramics, catalysts, and catalyst sup-

ports [1,2]. Because of their fine particle size, high surface area,

high melting point (above 2000 ◦C), high purity, good adsorbent,

and high catalytic activity, they have been employed in a wide range

of large-scale technological processes [3,4].

Various transition alumina (�, �, �, �, �, and �) has been

prepared by different methods such as, sol–gel synthesis [5],

hydrothermal synthesis [6], microwave synthesis [7], emulsion

evaporation [8,9], precipitation from solution [10], and solvother-

mal synthesis [11–13]. The sol–gel method is an easy method but

the precipitated powders obtained are amorphous in nature and

further heat treatment is required for crystallization. Solvothermal

method is an alternative route for direct (one-step) synthesis of

Al2O3 nanoparticles. Particle morphology, crystalline phase, and

surface chemistry of the products can be controlled by regulat-

ing precursor composition, reaction temperature, pressure, solvent

property, and aging time [14,15]. The �-Al2O3 is usually used as a

∗ Corresponding author. Tel.: +66 2 2186869; fax: +66 2 2186877.

E-mail address: joongjai.p@eng.chula.ac.th (J. Panpranot).

thermal stabilizing material while the �-Al2O3 shows a high surface

area and is often used to make a dispersed metal catalyst.

Pd/�-Al2O3 is typically employed in gas-phase selective acety-

lene hydrogenation in commercial ethylene production plant.

Removal trace amount of acetylene in ethylene feedstock is very

important because acetylene acts as a poison to ethylene poly-

merization catalysts [16,17]. The Pd/�-Al2O3 catalyst is typically

macroporous and has a relatively small surface area of approxi-

mately 0.1–2 m2 g−1. In general, �-Al2O3 provides low dispersion of

active metal than �-Al2O3 but it is desirable in selective acetylene

hydrogenation reaction because �-Al2O3 is less acidic than �-Al2O3

so that less oligomer or green oil was formed during acetylene

hydrogenation reaction. Moreover, Pd/�-Al2O3 has lower ability for

direct ethane formation than Pd/�-Al2O3 catalyst. Recently, Pd/�-

Al2O3 prepared by glow discharge plasma has been studied in

acetylene hydrogenation [18]. The improved catalyst performance

has been suggested to be due to surface modification and changes

of the interaction between metal and support as a result of plasma

processing.

In this study, the properties of �-Al2O3 support have been mod-

ified by Ni addition during sol–gel and solvothermal syntheses.

The characteristics of Pd/Ni-modified �-Al2O3 were investigated

by means of N2 physisorption, X-ray diffraction (XRD), transmis-

sion electron microscopy (TEM), CO pulse chemisorption, thermal

gravimetric and differential temperature analysis (TG–DTA), and

0254-0584/$ – see front matter © 2008 Elsevier B.V. All rights reserved.

doi:10.1016/j.matchemphys.2008.04.042
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NH3 temperature program desorption. Their catalytic properties

were tested in the gas-phase selective hydrogenation of acetylene.

2. Experimental

2.1. Preparation of Ni-modified ˛-Al2O3

Ni-modified �-Al2O3 samples were prepared by sol–gel and solvothermal

methods. For the sol–gel method, mixture of 24 g aluminium nitrate nonahydrate

(Aldrich) and a desired amount of nickel nitrate-6-hydrate (Aldrich) were dissolved

in 50 cc of ethanol. The experiment was conducted in the reflux-condenser reactor

at the temperature about 70–80 ◦C for 18 h. Then, urea solution, which consist of

60 g of urea and 50 mL of distilled water, was added to adjust pH of sol. The mix-

ture was rested at the same temperature for 24 h to be gelled at neutral condition.

The obtained product was calcined with two steps heating rate to avoid overflow-

ing of gel during calcinations, i.e. 3 ◦C min−1 from room temperature to 500 ◦C and

continue heating at 5 ◦C min−1 to 1150 ◦C. Then, temperature was hold for 3 h.

For the solvothermal method, Ni-modified Al2O3 were prepared using a mixture

of aluminum isopropoxide 15.0 g and appropriate amount of nickel(II) acetylacet-

onate. The starting materials were suspended in 100 mL of toluene in beaker, and

then set up in autoclave. In the gap between the beaker and autoclave wall, 40 mL of

toluene was added. After the autoclave was completely, the suspension was heated

to 300 ◦C at the rate of 2.5 ◦C min−1 and held at that temperature for 2 h. However, the

same synthesis method is performed at various holding temperature. Autogenous

pressure during the reaction gradually increased as temperature was raised. Then

the autoclave was cooled to room temperature. After the autoclave was cooled, the

resulting products were washed repeatedly with methanol by centrifugation and

dried in air. The calcination of the obtained product carried out in a furnace. The

product was heated at a rate of 10 ◦C min−1 to a desired temperature and held at

that temperature for 1 h.

2.2. Preparation of Pd supported on Ni-modified ˛-Al2O3

The Pd/Ni-modified Al2O3 catalysts were prepared by incipient wetness impreg-

nation of support with a desired amount of an aqueous solution of palladium(II)

nitrate hydrate (Aldrich) to obtain the final Pd loading of ca. 0.3 wt%. The catalysts

were dried overnight at 110 ◦C and then calcined in N2 flow 60 cm3 min−1 with a

heating rate of 10 ◦C min−1 until the temperature reached 500 ◦C and then in air

flow 100 cm3 min−1 at 500 ◦C for 2 h.

2.3. Catalyst characterization

Surface area measurements were carried out by nitrogen adsorption in a

Micromeritic Chemisorb 2750 system. Each sample was degassed at 200 ◦C for 2 h.

The analysis gas consisting of 30% N2 in helium was adsorbed on the samples at low

temperature by dipping cell into liquid nitrogen dewar. X-ray diffraction patterns

of the catalyst samples were obtained with a SIEMENS D5000 X-ray diffractome-

ter using Cu K� radiation with a Ni filter. The pattern were recorded between 20◦

and 80◦ (2�) using a scanning velocity of 0.02◦ s−1. Metal active sites were mea-

sured using CO chemisorption technique at room temperature in a Micromeritic

Chemisorb 2750 automated system attached with ChemiSoft TPx software. Before

chemisorption measurement, the sample was reduced in a H2 flow at 150 ◦C for 2 h

then cooled down to ambient temperature in a He flow. Ammonia temperature pro-

gram desorption (NH3-TPD) was also performed in a Micromeritic Chemisorb 2750

automated system attached with ChemiSoft TPx software. Approximately 0.1 g of

catalyst was placed in a quartz tube in a temperature-controlled oven. The samples

adsorbed ammonia at 40 ◦C, then heated up to 650 ◦C at a heating rate of 10 ◦C min−1.

The amount of acid-sites on the catalyst surface was calculated from the desorption

amount of NH3. It was determined by measuring the areas of the desorption profiles

obtained from a Micromeritics ChemiSorb 2750 pulse chemisorption system ana-

lyzer. For the broad desorption peak, it was separated into many sub-peaks by using

the Fityk program for peak fitting. All areas of sub-peaks were summed to calculate

the total amount of acid-sites [19]. The distribution of palladium on catalyst sup-

ports were observed using AJEM-200CX transmission electron microscope operated

at 160 kV.

2.4. Reaction study

Catalytic performance of the catalysts was studied in selective hydrogenation

of acetylene. The experiment was performed in a quartz tube reactor (i.d. 10.1 mm).

Before starting of the reaction, the catalyst was reduced in H2 at 150 ◦C for 2 h. Then

the reactor was purged with argon and cooled down to the reaction temperature,

40 ◦C. Feed gas composed of 1.5% C2H2, 1.7% H2, and balanced C2H4 (TIG Co., Ltd.), a

GHSV of 39,435, 24,433, 16,901 and 9288 h−1 were used. The composition of product

and feed stream were analyzed by a Shimadzu GC 8A equipped with TCD and FID

detectors (molecular sieve-5A and carbosieve S2 columns, respectively). Acetylene

conversion as used herein is defined as moles of acetylene converted with respect

to acetylene in feed. Ethylene selectivity is defined as the percentage of acetylene

hydrogenated to ethylene over totally hydrogenated acetylene. The ethylene being

hydrogenated to ethane (ethylene loss) is the difference between all the hydrogen

consumed and all the acetylene which has been totally hydrogenated.

3. Results and discussion

3.1. Characteristics of the Ni-modified ˛-Al2O3

3.1.1. The solvothermal-made

The XRD patterns of solvothermal-made Al2O3 and Ni-modified

Al2O3 with various Ni/Al ratios (0, 0.3, and 0.5) are shown in Fig. 1.

The patterns in the lower half of the figure correspond to the as-

synthesized powder while the patterns in the upper part of the

figure are for those which have been calcined at 1150 ◦C for 1 h

in a post-synthesis treatment step. The as-synthesized and cal-

cined alumina powders exhibited typical XRD characteristic peaks

of �-alumina and �-alumina, respectively. �-Alumina powders are

normally obtained by the thermal decomposition reaction of AIP

in inert organic solvent which transformed directly to �-alumina

at high calcination temperature [20,21]. For the as-synthesized Ni-

doped samples, XRD characteristic peaks of both �-Al2O3 and Ni0

metal were observed. After calcination, XRD characteristic peaks of

NiAl2O4 spinel; space group Fd3m [22] (as indicated by circles in the

upper frame) were apparent. For the sample with Ni/Al = 0.3, only

the NiAl2O4 spinel was found while for Ni/Al = 0.5, both NiAl2O4

and NiO characteristic peaks were observed.

Thermal gravimetric and differential temperature analysis of

as-synthesized solvothermal-made powders are shown in Fig. 2.

The overall weight loss increased from 14 to 20% as the Ni/Al

ratios increased from 0 to 0.5. Two weight-decrease steps were

clearly detected. The first step observed below 250 ◦C was due to

desorption of the physisorbed water. The second weight decrease

at around 250–400 ◦C could be attributed to the combustion of

organic moieties forming on catalyst surface. The exothermic DTA

peaks were clearly observed at around 318 ◦C which should be

assigned to the exothermic heat from the combustion process.

Intensities of DTA peaks and overall weight loss increased as the

Fig. 1. XRD results of the as-synthesized and calcined �-Al2O3 and Ni-modified

�-Al2O3 prepared by solvothermal method.
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Fig. 2. TG/DTA results of the as-synthesized �-Al2O3 and Ni-modified �-Al2O3 prepared by solvothermal method.

Ni/Al ratio increased. These results suggest that the acetylaceto-

nate groups from Ni precursor were not completely decomposed

and remained on the surface of as-synthesized samples.

3.1.2. The sol–gel-made

The XRD patterns of sol–gel-made Al2O3 and Ni-modified Al2O3

with various Ni/Al ratios (0, 0.3, and 0.5) are shown in Fig. 3. The

patterns in the lower half of the figure correspond to the powder

calcined at 800 ◦C while the patterns in the upper part of the figure

are for those which have been calcined at 1150 ◦C for 1 h in a post-

synthesis treatment step. After calcination at 800 ◦C, �-alumina was

formed. It was then transformed to �-alumina by calcination at

1150 ◦C. The Ni-modifed Al2O3 samples which have been calcined at

800 ◦C exhibited XRD characteristic peaks of �-Al2O3 and NiAl2O4.

On the other hand, the samples calcined at 1150 ◦C with Ni/Al = 0.3

exhibited characteristic peaks of NiAl2O4 and �-Al2O3 while for

Ni/Al = 0.5 only NiAl2O4 was found.

Results from thermal analysis of the obtained gel are shown

in Fig. 4. Overall weight losses of all the gel samples were essen-

tially similar at around 95%. Three weight-decrease processes were

detected, which were accompanied by three endothermic peaks

Fig. 3. XRD results of the sol–gel-derived �-Al2O3 and Ni-modified �-Al2O3 after

calcination at 800 and 1150 ◦C.

in DTA. The first peak observed below 100 ◦C was due to desorp-

tion of physisorbed water. The second and third weight decrease

occurred at around 120–230 ◦C and 230–500 ◦C could be attributed

to the elimination of chemisorption water and remaining nitrate

species forming in the gel structure. The last exothermic DTA peaks

without any weight loss were observed at around 520 ◦C and were

assigned to crystallization of the NiAl2O4 from amorphous gel. This

is confirmed by the crystallization of NiAl2O4 by calcination of gel

at 800 ◦C.

3.1.3. Mechanism for NiAl2O4 formation of the sol–gel and

solvothermal-made Ni-modified ˛-Al2O3

Many nanocrystalline materials with specific properties were

successfully synthesized by thermal treatment of suitable precur-

sors such as metal alkoxide, acetate and acetylacetonate in inert

organic solvents. Crystallization mechanism of �-Al2O3 and Ni-

modified �-Al2O3, however, was different for the two preparation

methods used (sol–gel and solvothermal). While the solvother-

mal reaction of aluminum isopropoxide alone in toluene gave

the nanocrystalline �-alumina particles [23], the sol–gel method

yielded a solid precipitate at relatively low temperature and crys-

tallization occurred during the subsequent calcination step at high

temperature. Addition of the nickel precursor solution during the

sol–gel synthesis with Ni/Al = 0.3 resulted in the mixed phases

of alpha Al2O3 and NiAl2O4 while increasing Ni/Al to 0.5 yielded

formation of NiAl2O4 alone. Such results were expected based

on the stoichiometric ratio of NiAl2O4 (Ni/Al = 0.5). However, the

solvothermal synthesis of Ni-modifed �-Al2O3 with Ni/Al = 0.3 and

0.5 resulted in the formation of NiAl2O4 alone and the mixed

phases between NiAl2O4 and NiO, respectively. The crystalliza-

tion mechanism of Ni-modified Al2O3 probably started with the

decomposition of aluminum isopropoxide, which yielded Al–O−

and (CH3)2CH+ and then the nucleophilic attack of Al–O− on nickel

acetylacetonate or another AIP molecule took place yielding the

Al–O–Ni or the Al–O–Al bond. This crystallization mechanism was

similar to that of Si-doped Al2O3 prepared from aluminum iso-

propoxide and tetraethyl orthosilicate in toluene [24]. Based on XRD

results of the as-synthesized and the calcined solvothermal-made

Ni-modified Al2O3 samples, it is indicated that Ni metal was formed

at the first place together with the crystallization of Al2O3. Calcina-

tion at high temperature then resulted in penetration of Ni atoms in

Ni0 metal phase to occupy the tetrahedral sites in NiAl2O4 matrix

via a solid-state reaction. Because of the limitation of solid solu-

tion of Ni in NiAl2O4 phase, the excess NiO was shed from NiAl2O4

matrix at higher Ni/Al ratios (Ni/Al = 0.5).

3.2. Characteristics of the Pd/Ni-modified ˛-Al2O3 catalysts

The XRD patterns of the sol–gel- and the solvothermal-made

Pd/�-Al2O3 and the Pd/Ni-modified �-Al2O3 catalysts after calci-
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Fig. 4. TG/DTA results of the as-synthesized �-Al2O3 and Ni-modified �-Al2O3 prepared by sol–gel method.

nations at 1150 ◦C are shown in Fig. 5. The patterns in the lower

half of the figure correspond to the sol–gel-made powder while

the patterns in the upper part of the figure are for those prepared

by solvothermal synthesis. Both the sol–gel- and solvothermal-

made Pd/�-Al2O3 catalysts exhibited all the characteristic peaks of

�-Al2O3 structure. While the diffraction lines for Pd/Ni-modified

�-Al2O3 catalyst could be assigned to a spinel-type NiAl2O4 struc-

ture. Additional peaks corresponding to NiO were also presented

at 43.3◦ and 62.9◦2� for the product obtained from solvothermal

synthesis with Ni/Al = 0.5. The XRD characteristic peaks associated

with Pd0 or PdO phase were not observed for all the samples.

TEM micrographs were taken in order to physically measure

the size of the palladium oxide particles and/or palladium clus-

ters. For those prepared by solvothermal method, agglomeration

of finger-like particles were observed for Pd/�-Al2O3 whereas

spherical-shape particles were found for Pd/Ni-modified �-Al2O3

(Fig. 6a and b), respectively. The finger-like �-Al2O3 particles are

normally obtained by calcination of the solvothermal-made �-

Al2O3 powders at high temperature [22,23]. It can be seen that the

sol–gel-made catalyst (Fig. 6c and d) was consisted of agglomerated

particles with primarily irregular shape structure. Based on TEM

analysis, palladium particles/clusters with average particle size ca.

5–10 nm were deposited on the alumina supports.

The physicochemical properties of Pd/�-Al2O3 and Pd/Ni-

modified �-Al2O3 catalysts are summarized in Table 1. The average

XRD crystallite size of each crystal phase was calculated from the

Scherrer equation. The average crystallite sizes of the �-Al2O3 pre-

Fig. 5. XRD results of the various Pd/�-Al2O3 and Pd/Ni-modified �-Al2O3.

pared by sol–gel and solvothermal method were 34 and 58 nm,

respectively. Compared to the �-Al2O3, the crystallite sizes of

NiAl2O4 formed in both cases were smaller suggesting that the

presence of Ni atom in NiAl2O4 inhibited the growth of crystal.

The surface areas of all the catalysts were not significantly differ-

ent and still quite low, due probably to high agglomeration of these

nanocrystalline particles during calcinations at high temperature.

The amounts of CO chemisorption on the catalysts, the percent-

ages of Pd dispersion, and the average Pd metal particle sizes

determined from CO chemisorption are also given in Table 1. 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 the amounts of CO chemisorption slightly

decreased as the Ni/Al ratio increased from 0 to 0.5 for all the Pd/Ni-

modified �-Al2O3 catalysts. However, for Ni/Al ratio 0 and 0.3, there

were no significantly differences of the percentages of Pd dispersion

and calculated Pd0 metal particle sizes for the catalysts prepared by

two different techniques. For Ni/Al = 0.5, the solvothermal-made

Pd/Ni-modified �-Al2O3 showed slightly higher amount of CO

chemisorption than the sol–gel- made catalyst.

3.3. Catalyst performance in selective acetylene hydrogenation

The catalyst performance in selective hydrogenation of acety-

lene to ethylene was studied for all the catalyst samples using a

fixed bed flow reactor. Changes in ethylene selectivity with acety-

lene conversion for Pd/�-Al2O3 and Pd/Ni-modified �-Al2O3 cata-

lysts are shown in Fig. 7. In general, ethylene selectivity decreases

with increasing acetylene conversion due to the fact that the ethy-

lene is produced as an intermediate in acetylene hydrogenation

reaction. In this study, it was found that Pd/Ni-modified �-Al2O3

exhibited better performances in selective acetylene hydrogena-

tion Pd/�-Al2O3 and Pd/commercial �-Al2O3 regardless of the

preparation method used. For a given method, ethylene selectivity

was improved in the order of Pd/Ni–Al2O3-0.5 > Pd/Ni–Al2O3-

0.3 > Pd/Ni–Al2O3-0 > Pd/�–Al2O3-commercial. When comparing

the samples prepared by different techniques, the sol–gel-made

samples showed higher ethylene selectivity than those of the

solvothermal-derived ones.

During long-time investigation by many research groups, the

catalytic activity and ethylene selectivity in the selective acetylene

hydrogenation over Pd-based catalysts are found to be depen-

dent on many factors such as metal dispersion (Pd metal particle

size) [30–33], thermodynamic adsorption differences between

acetylene and ethylene [34], and carbonaceous product formation

[35,36], etc. Based on the reaction mechanisms for acetylene hydro-

genation on Pd/Al2O3 catalysts reported in the literatures [37], there

are three active sites on the Pd metal surface and one active site on

the alumina support. The three sites on the palladium surface are

responsible for selective hydrogenation of acetylene to ethylene,
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Table 1
Characteristics of the various Pd/�-Al2O3 and Pd/Ni-modified �-Al2O3 catalysts

Sample dXRD
a (nm) BET surface area (m2 g−1) NH3 uptake (�mol g-cat−1) CO chemisorption (×1017 sites g-cat−1) Pd dispersion (%) dP

bPd0 (nm)

Sol–gel

Pd/Ni–Al2O3-0 34c 1.5 339.3 7.51 4.42 25

Pd/Ni–Al2O3-0.3 54c, 31d 1.5 197.1 6.22 3.65 31

Pd/Ni–Al2O3-0.5 27d 1.9 127.1 5.37 3.16 35

Solvothermal

Pd/Ni–Al2O3-0 54c 4.7 268.2 8.10 4.76 24

Pd/Ni–Al2O3-0.3 24d 1.8 175.6 6.28 3.69 30

Pd/Ni–Al2O3-0.5 23d, 26e 1.4 380.7 7.35 4.32 26

Commercial

Pd/�–Al2O3 391.6c 0.5 n.d. 5.91 3.48 32

a Crystallite size calculated by Scherrer equation.
b Average Pd metal particle sized calculated from CO chemisorption results. dP = 1.12 D−1, where D = Pd dispersion [25].
c �-Al2O3.
d NiAl2O4.
e NiO.

direct ethane formation from acetylene and oligomer formation

whereas ethylene hydrogenation is believed to take place on the

support by means of a hydrogen transfer mechanism. It was claimed

that the carbonaceous deposits present act as bridges for hydro-

gen spillover [38]. Sarkany et al. [39] discussed a mechanism of

acetylene hydrogenation and suggested that the role of coke is

primarily to promote hydrogen transfer from the metal surface

to the adsorbed ethene. Moreover, acidity on alumina surface is

known to promote formation of carbonaceous deposits on cata-

lyst surface. Fig. 8 shows the NH3 temperature program desorption

profiles for the sol–gel and solvothermal-made �-Al2O3 and the

Ni-modified �-Al2O3 supports. Typically, acidity of �-phase Al2O3

was much lower than �-phase alumina so it is used in the com-

mercial Pd/Al2O3 selective acetylene hydrogenation catalysts. In

this work, desorption peak areas of the nanocrystalline powders

obtained from both sol–gel and solvothermal syntheses were quite

low, however, two desorption peaks corresponding to different acid

sites were still observed at ca. 320 and 400–500 ◦C. For the sol–gel-

made Ni-modified �-Al2O3, the desorption peaks decreased rapidly

and the profiles became almost flat as the Ni/Al ratio increased

from 0 to 0.5 suggesting that acidity of alumina significantly

decreased with incorporation of Ni atoms and NiAl2O4 formation.

A decrease of alumina acidity, however, was less pronounced for

the solvothermal-made Ni-modified �-Al2O3. A broad desorption

peak at ca. 250–500 ◦C was observed for the solvothermal-made

Ni-modified �-Al2O3 with Ni/Al ratio = 0.5 due probably to the pres-

ence of NiO. According to the work reported by Areán et al. [40], a

decrease in both Lewis and Brønsted acidity was observed for Ni-

Fig. 6. TEM images of (a) Pd/�-Al2O3–solvothermal, (b) Pd/Ni-modified �-Al2O3–solvothermal, (c) Pd/�-Al2O3–sol–gel, and (d) Pd/Ni-modified �-Al2O3–sol–gel.
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Fig. 7. Performances of the various Pd/�-Al2O3 and Pd/Ni-modified �-Al2O3 in

selective hydrogenation of acetylene. (a) Solvothermal method; (b) sol–gel method.

doped alumina as the Ni contents increased in the Ni-alumina solid

solution as confirmed by IR spectroscopy of CO adsorbed at liq-

uid nitrogen temperature. Moreover, the very low Brønsted acidity

also appears to be typical for many oxide spinels as well as other

aluminate spinels such as MgAl2O4 and ZnAl2O4 [41,42].

The amounts of coke formed on the spent catalysts were mea-

sured by TG–DTA technique and the results are shown in Fig. 9. All

the catalysts were pretreated at 200 ◦C for 1 h in order to remove any

Fig. 8. NH3-temperature program desorption profiles of the various Al2O3 and Ni-

modified Al2O3 samples.

adsorbed water remaining on the catalyst surface prior to TG/DTA

experiments. Thus, one step weight loss observed with the max-

imum peak at ca. 250 ◦C can be attributed to the elimination of

deposited “soft-type” coke by combustion reaction [43,44]. These

also corresponded with the broad exothermic peaks observed in

the plots of temperature difference versus temperature. The lower

weight loss during temperature-programmed oxidation indicates

a lower rate of coke deposition on the catalyst surface [45]. It

was found that the use of sol–gel- and solvothermal-made Ni-

modified �-Al2O3 supports (Ni/Al = 0.5) reduced the amounts of

coke deposited by 44 and 38%, respectively.

The results of coke formation over the various �-Al2O3 and

Ni-modified �-Al2O3 supported Pd catalysts were in accordance

with acidity measurement. Formation of NiAl2O4 spinel during

the preparation of Ni-modifed Al2O3 by sol–gel or solvothermal

method resulted in a decreased acidity of �-Al2O3. As a conse-

quence, the catalysts exhibited high ethylene selectivities at high

acetylene conversions and lower amounts of coke deposited. For-

Fig. 9. TG/DTA results of the spent Pd/�-Al2O3 and Pd/Ni-modified �-Al2O3 catalysts, (a and b) solvothermal-made; (c and d) sol–gel-made.
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mation of NiAl2O4 in Ni-based hydrogenation catalysts has also

shown high resistance to deactivation by coke formation [46–48].

In addition, Bhattacharyya and Chang [47] have recently pro-

posed that the use of a nickel aluminate spinel catalyst could

reduce coke formation during CH4/CO2 reforming. Sueiras and

co-workers reported that Ni/NiAl2O4 catalysts exhibited high con-

version and selectivity towards benzene in 1,2,4-trichlorobenzene

hydrodechlorination [49]. Unlike the conventional Ni/Al2O3, the

most selective Ni/NiAl2O4 catalysts had the highest TOF values.

4. Conclusions

This study explored the effect of Ni-modified �-Al2O3 pre-

pared by sol–gel and solvothermal methods on the properties

of Pd/�-Al2O3 in gas-phase selective acetylene hydrogenation.

While the sol–gel-made sample with Ni/Al = 0.5 showed forma-

tion of NiAl2O4 alone, the solvothermal-made resulted in the mixed

phases between NiAl2O4 and NiO. The improved catalytic perfor-

mances in terms of higher ethylene selectivity and lower amount of

coke formation for the Pd/Ni-modified �-Al2O3 were attributed to

the lower acidity of �-Al2O3 by incorporation of nickel into alumina

matrix.
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