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Abstract 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 and 33 nm were synthesized by

the solvothermal method in toluene. Higher turnover fre-

quencies 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.

Keywords ZnAl2O4 spinel � Solvothermal �
Nanocrystals � Pd catalyst � Liquid-phase hydrogenation �
1-heptyne hydrogenation

1 Introduction

Supported Pd catalysts are widely used in liquid-phase

selective alkyne hydrogenation especially for the synthesis

of fine chemicals and bio-active compounds [1–4]. The

notable advantages of supported noble metal catalysts

under heterogeneous conditions are relatively high activity,

mild process conditions, easy separation, and better han-

dling properties. The commonly used supports for Pd

catalysts include activated carbon [5, 6], silica [7], alumina

[8], and to a lesser extent, polymer [9] and zeolite [10]. It is

known that the choice of an efficient support can signifi-

cantly improve the activity, selectivity, recycling, and

reproducibility of Pd catalyst systems [11–13]. Recently,

spinel type oxides like ZnAl2O4 have been used as supports

for Pt and Pd catalysts and a distinct metal-support inter-

action was found [14, 15]. It has also been reported that Rh

complexes were effectively and stably bound to hydro-

thermally synthesized ZnAl2O4 better than to Al2O3 [16].

The solvothermal method is one of the most interesting

methods for preparation of nanocrystalline materials. It has

been used to successfully synthesize various types of nano-

sized metal oxides with large surface areas, high crystal-

linities, and high thermal stabilities [17, 18]. The products

obtained by solvothermal synthesis usually show uniform

morphology, well-controlled chemical composition, and

narrow particle size distribution. As catalyst supports,

solvothermal-derived nanocrystalline oxides have been

shown to provide better catalytic properties of the corre-

sponding supported metal catalysts compared to

commercially available supports [19–21]. In this study,

nanocrystalline ZnAl2O4 spinels were prepared by the

solvothermal method using toluene as the solvent and were

employed as Pd catalyst supports. The effect of support

crystallite size in the range of 8–33 nm on the catalytic
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activities, selectivities, and catalyst deactivation due to

metal leaching of the nanocrystalline ZnAl2O4-supported

Pd catalysts were investigated by X-ray diffraction (XRD),

N2 physisorption, transmission electron microscopy with

selected area electron diffraction (TEM with SAED), CO

pulse chemisorption, electron spin resonance (ESR), X-ray

photoelectron spectroscopy (XPS), and atomic absorption

spectroscopy (AAS). Liquid-phase hydrogenation of 1-

heptyne under mild reaction conditions was used as a test

reaction.

2 Experimental

2.1 Preparation of ZnAl2O4 and Pd/ZnAl2O4

Zinc aluminate spinel (ZnAl2O4) was prepared by the

solvothermal technique using aluminium isopropoxide

(Aldrich) and zinc (II) acetylacetonate (Merck) (Zn/Al

molar ratio = 0.5) as reactants suspended in toluene (Carlo

Erba Reagenti). First, the mixture of aluminium isoprop-

oxide, 15.0 g and appropriate amount of zinc (II)

acetylacetonate (Zn/Al molar ratio = 0.5) was prepared in

100 cm3 toluene in a 1.5-dm3 autoclave reactor. The sus-

pension was heated to 300 �C at the rate of 2.5 �C/min and

held at that temperature for 2 h. The resulting products

were washed with methanol and dried in air and then cal-

cined in a furnace at various temperatures (500, 700, 900,

or 1,150 �C) for 1 h. The as-synthesized ZnAl2O4 was

referred to as ZnAl2O4-as-syn and the calcined ZnAl2O4

supports were denoted as ZnAl2O4-500, ZnAl2O4-700,

ZnAl2O4-900, ZnAl2O4-1150 according to the calcination

temperature used.

Pd/ZnAl2O4 catalysts were prepared by the incipient

wetness impregnation method using Pd(NO3)2 (Aldrich) as

the palladium precursor. The support was 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.

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 \10 lm Hg in the Micromeri-

tics system at 150 �C for 4 h prior to N2 physisorption. The

XRD patterns of the catalysts were measured from 10� to

80� 2h using a SIEMENS D5000 X-ray diffractometer and

Cu Ka radiation with a Ni filter. Catalyst crystallite sizes

and diffraction patterns of supports were obtained using the

JEOL JEM 2010 transmission electron microscope 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 measured at room temperature using a Micromeritic

Chemisorb 2750 automated system with ChemiSoft TPx

software. Prior to chemisorption, the sample was reduced

in a H2 flow at 500 �C for 2 h and then cooled down to

ambient temperature in a He flow. The bulk compositions

of palladium in the catalysts before and after reaction were

determined using a Varian Spectra A800 atomic absorption

spectrometer. Electron spin resonance spectroscopy (ESR)

was conducted using a JEOL JESRE2X-electron spin res-

onance spectrometer. The intensity of ESR was calculated

using a computer software program ES-PRIT ESR DATA

SYSTEM (version 1.6).

2.3 Reaction Study

Liquid-phase partial hydrogenation of 1-heptyne was car-

ried 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 tol-

uene. Afterward the reactor was filled with hydrogen at

1 bar pressure. Stirring was switched on to start the reac-

tion, and reaction was carried out for 5 min. The products

were analyzed by gas chromatography with a flame ioni-

zation detector.

3 Results and Discussion

3.1 Catalyst Characteristics

Figure 1 shows the XRD patterns of the as-synthesized and

calcined ZnAl2O4 powders. Reaction of the mixture of

aluminum isopropoxide (AIP) and zinc acetylacetonate

(ZnAcAc) in toluene yielded the nanocrystalline spinel

ZnAl2O4 powders with no other impurities. Increasing

calcination temperature resulted in a subsequent increase in

the degree of crystallinity and in the crystallite size. The

average crystallite size of ZnAl2O4 powders calculated

from the Scherrer equation was found to increase linearly

from 8 to 33 nm with increasing calcination temperature to

1,150 �C. The average crystallite sizes, BET surface areas,

pore volumes, and average pore diameters of the solvo-

thermal-derived ZnAl2O4 are given in Table 1. The BET

surface areas gradually decreased with increasing calcina-

tion temperature suggesting that sintering occurred during

the calcination process corresponding to the increase of

crystallite size. The pore size distributions of the ZnAl2O4

supports are shown in Fig. 2. It was found that the calcined
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ZnAl2O4 samples retained their large pore volume and

narrow pore size distribution during high temperature cal-

cination up to 700 �C. Significant loss of pore volume was

found for the sample calcined at 1,150 �C (ZnAl2O4-

33 nm).

Figure 3 shows the transmission electron micrographs

with selective area electron diffraction (SAED) pattern of

various ZnAl2O4 spinels. The crystallites of ZnAl2O4

consisted of particles which were agglomerates of smaller

crystallites with primarily spherical shapes. The average

crystal sizes of the as-prepared and the calcined samples

determined from TEM were similar to those measured

from the XRD line broadening. The corresponding selected

area diffraction patterns confirmed the structure of

ZnAl2O4 and there was no significantly difference in

SAED patterns of the as-synthesized and the calcined

samples (not shown), indicating that all the samples con-

tained only crystalline ZnAl2O4.

The presence of defect sites on the nanocrystalline

supports was detected using electron spin resonance spec-

trometry. ESR is known as an effective method for

investigating of the electron spin state and the structure of

the surface of nano-sized crystallites. The ESR signals

from the various solvothermal-derived nanocrystalline

ZnAl2O4 are shown in Fig. 4. It is shown that only the

ZnAl2O4-33 nm sample exhibited very strong and stable

ESR signals. These ESR signals may arise from O2-

vacancies on the surface and/or incorporation of trace

impurities in their crystal structure during high temperature

calcination resulting in crystal distortion. Moreover, it has

been reported that nano-sized ZnAl2O4 possesses inverse

structure when calcined at temperatures \900 �C [22]. The

highly crystalline nature (regular spinel structure) of

ZnAl2O4 was obtained at calcination temperatures C1,000 �C.

The result in this study, however, was in agreement with

literature that larger crystallites of nanocrystalline materi-

als synthesized by the solvothermal method contain more

defects than smaller ones [23].

3.2 Characteristics and Catalytic Properties of

Nanocrystalline ZnAl2O4-Supported Pd Catalysts

The physicochemical properties of Pd supported on

as-synthesize and calcined nanocrystalline ZnAl2O4 are

shown in Table 2. For the as-synthesized ones, the BET

surface areas were slightly decreased after impregnation

with Pd suggesting pore blockage by Pd/PdO clusters.

However, for the calcined ZnAl2O4 supportd ones, there

were less differences in BET surface areas of the supports

and of the supported Pd catalysts suggesting that much of

the Pd/PdO may have been located on the external sur-

faces. The relative amounts of active surface Pd metal

atoms on the catalyst samples were calculated from CO

chemisorption experiments at room temperature. The cal-

culation of Pd active sites was based on the assumption that

Fig. 1 XRD patterns of the as-synthesized and the calcined ZnAl2O4

Table 1 N2 physisorption

resultsa and XRD determined

average crystallite sizes of the

as-synthesized and the calcined

ZnAl2O4 supports prepared by

the solvothermal method

a Error of measurements as

determined directly were ±10%

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

Fig. 2 Pore size distribution of the as-synthesized and the calcined

ZnAl2O4
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one carbon monoxide molecule adsorbs on one palladium

surface atom or site [24]. It is surprising that the amounts

of CO chemisorption were essentially similar for the

Pd catalysts supported on ZnAl2O4 with the average crys-

tallite sizes in the range of 8–18 nm. The amount of CO

chemisorption was increased for the one supported on

ZnAl2O4-33 nm. The percentages of Pd dispersion and

corresponding Pd0 particle sizes were calculated based on

the CO chemisorption results and are also given in Table 2.

The catalytic properties of all the catalyst samples were

investigated for the liquid-phase hydrogenation of 1-hep-

tyne under mild conditions using a stirred batch reactor.

The results are summarized in Table 3. The conversions of

1-heptyne for various Pd/ZnAl2O4 catalysts were in the

range of 45–66% with Pd/ZnAl2O4-33 nm exhibiting the

highest conversion. There were no appreciable influences

on 1-heptene selectivity since all the catalysts exhibited

high selectivities for 1-heptene (97–100%). The specific

activities of the Pd/ZnAl2O4 catalysts are also expressed in

terms of turnover frequency (TOF) which is defined as

mole of product/mole of surface metal atoms/time. This is

not a perfect measure of TOF since it is for reaction with a

high conversion and therefore affected by changing reac-

tant concentration. However, it is given here as a rough

comparison of specific rate.

The actual amounts of palladium loading before and

after reaction were determined by atomic adsorption

spectroscopy and the %Pd leached for each catalyst is

given in Table 3. Before reaction, palladium loading on all

the catalyst samples was approximately 1.2 wt%. After one

batch reaction period, the amount of palladium loading

decreased to 0.6–1.1 wt% indicating that leaching of pal-

ladium occurred during reaction for most of the catalysts.

Leaching of the active metal is one of the main causes of

catalyst deactivation in liquid phase reactions. It depends

upon the reaction medium (pH, oxidation potential, che-

lating properties of molecules) and upon bulk and surface

properties of the metal [25]. The percentages of palladium

leaching were found to be much lower when Pd catalysts

were supported on ZnAl2O4-33 nm compared to those on

smaller crystallite size ones.

Fig. 3 TEM micrographs and

selected area electron

diffraction of various ZnAl2O4

samples

Fig. 4 ESR results of the solvothermal-derived ZnAl2O4
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The mechanism of metal leaching usually involves metal

compounds that are formed and are soluble in the reaction

mixture. However, it is unlikely that 1-heptyne forms a

compound with Pd at room temperature, unless it is some

hydrido-organic complex. It is likely that Pd was leached in

the form of Pd hydride phase. Under certain conditions, Pd-

b-hydride can appear as a soft material with higher

mechanical abrasion [26]. Moreover, leaching of Pd may

depend on Pd particle size, larger particles are more likely to

be leached since larger particles formed Pd-b-hydride more

easily [27, 28]. Similar results have been reported previ-

ously by our group for the deactivation of Pd/SiO2 catalysts

during liquid-phase hydrogenation [29, 30]. The leached Pd

species, however, appeared to be inactive for the present

hydrogenation since the catalyst recycling test showed

minimal loss of activity after it was reused for several

cycles. Moreover, Pd-b-hydride is expected to have a dif-

ferent catalytic activity from that of metallic palladium [31].

The interaction between Pd and the nanocrystalline

supports was also studied by XPS analysis, the Pd 3d5/2

core level binding energy of the various catalyst samples

are shown in Fig. 5. It can be seen that the Pd 3d5/2 binding

energy for Pd catalyst supported on the ZnAl2O4-33 nm

shifted towards higher binding energy suggesting a stron-

ger interaction between Pd and the highly crystalline

supports. Among the various ZnAl2O4 samples in this

Table 2 Physicochemical properties of the various Pd catalysts

Catalysts BET S.A.a

(m2/g)

Pore

volumea (m3/g)

Avg. pore

diametera (nm)

CO chemisorptionb

(1018 molecules

CO/g cat.)

Dispersion(%)c Pd0 dP
d (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

a Determined from N2 physisorption. Error of measurements as determined directly were ±10%
b Error of measurements for CO chemisorption as determined directly were ±5%
c Based on total palladium loading and an assumption of CO/Pd = 1
d Based on d = (1.12/D) nm [24], where D = fractional metal dispersion

Table 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, 30 �C, 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%

Fig. 5 XPS spectra of Pd 3d5/2 for Pd/ZnAl2O4 catalysts
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study, only the ZnAl2O4-33 nm possessed significant

amount of defects. Thus, it is hypothesized that electron

transfer occurred at the defective points of the nanocrys-

talline materials from Pd to the support, and, as a

consequence, Pd0 surface atoms became electron deficient

and their catalytic properties were modified. A conceptual

model for stronger metal-support interaction induced by

defective sites of ZnAl2O4-33 nm is illustrated in Fig. 6.

4 Conclusions

The catalytic activities and deactivation of Pd catalysts

supported on the solvothermal-derived nanocrystalline

ZnAl2O4 in liquid-phase hydrogenation of 1-heptyne were

investigated. Higher turnover frequencies and less Pd

leaching were obtained on the Pd catalyst supported on

larger crystallite size ZnAl2O4 that contained significant

amounts of defects (as shown by strong and stable ESR

signals). It is suggested that the presence of defects on

these nanocrystalline materials induced stronger metal-

support interaction between Pd and the supports thus their

catalytic properties were modified.
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