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Abstract
Pd-based catalysts supported on ZrO2 and xZrO2/Al2O3 (x = 0, 10 and 20 wt.%) were prepared and characterized by X-ray diffraction, diffuse

reflectance spectroscopy, temperature programmed reduction and chemisorption of H2. Catalysts were evaluated via hydrogenation of a model

mixture representative of pyrolysis gasoline, containing styrene, 1,7-octadiene, 1-octene and dicyclopentadiene in a batch reactor operated at

30 bar and 60 8C. The Pd/Al2O3 catalyst presented the higher metallic dispersion and hydrogenation activity. In spite of the occurrence of reduction

at high temperatures and no H2 consumption at room temperature, the catalyst Pd/ZrO2 presented the lowest dispersion, ascribed to the weak Pd–

ZrO2 interaction. The initial hydrogenation rate of styrene was the highest as compared to that of other components. The results suggest that

hydrogenation of 1,7-octadiene to octane occurs via series reaction, with 1-octene as intermediate.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Pyrolysis gasoline (PYGAS) is a typical sub-product of high

temperature naphtha pyrolysis [1,2]. PYGAS is unstable due to

the presence of unsaturated compounds, such as mono and di-

olefins, in addition to styrene, that are gum agents. The classical

process to stabilize PYGAS is via catalytic hydrogenation of

these reactive species, developed in two steps [2]. In the first

step, the selective hydrogenation of mono-olefins, di-olefins

and styrene is carried out, using Pd or nickel catalysts supported

on alumina (Al2O3) and mild temperature and pressure

conditions [3]. The second step occurs over catalysts like

cobalt molybdate supported on Al2O3 in order to remove sulfur

and additional olefins hydrogenation using more severe

conditions [4]. According to new environmental regulations

in order to reduce the content of aromatic hydrocarbons in

gasoline, recently, the hydrodearomatization of pyrolysis

gasoline has received great attention [5,6].

Styrene hydrogenation in particular has been studied with Pd

and Ni catalysts using mild conditions [2,7–13]. This process
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has been used as model reaction to represent PYGAS

hydrogenation because it is one of the less reactive components

to be hydrogenated [7]. According to Nijhuis et al. [7], the

reaction initially proceeds via a zero order in styrene and

changes to a first order when complete conversion is being

approached for Pd/Al2O3 catalysts, as predicted by the

Langmuir–Hinshelwood kinetic model.

In the last years, zirconium oxide has been largely used as

support in catalysts for many reactions, such as hydrocarbons

hydrogenation, methanation and methane reforming [14–16].

The specific behavior of zirconia (ZrO2) in these reactions is

ascribed to its high thermal stability, presence of acid and

basic surface sites and oxygen storage capacity. However,

ZrO2 has low surface area, typically about 50 m2/g,

comparing unfavorably with other conventional supports,

such as Al2O3 and SiO2 (100–600 m2/g), and is more

expensive. Thus, the dispersion of ZrO2 over such oxides

is an attractive option, allowing obtaining the properties of

ZrO2 with high surface area and mechanical stability of Al2O3

or silica [17].

Preparation and characterization of ZrO2/Al2O3 systems

have been studied [18–20]. Damyanova et al. [18] reported that

the monolayer of ZrO2 over Al2O3 is formed in the range 13–

17 wt.% ZrO2, resulting supports with the following textural
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properties: SBET � 180 m2/g and pore volume � 0.50 cm3/g.

However, few works have reported the use of ZrO2/Al2O3

systems to support metallic particles. Dealing with Pd

catalysts, there are not results in the opened literature. Souza

et al. [21–23] prepared Pt/ZrO2/Al2O3 catalysts with 1–

20 wt.% ZrO2 and observed that surface coverage of ZrO2 on

Al2O3 increased up to 10 wt.% of ZrO2, falling above this

concentration, due to the nucleation of ZrO2 crystallites. The

introduction of ZrO2 in the Al2O3 surface occurs due to the

formation of Zr–O–Al bonds, which strength decrease with

the ZrO2 content. The stronger Lewis acid sites decrease

comparing to the weak ones when increasing the ZrO2

content. The low acidic character of ZrO2 increases the

activity to dehydration and dehydrogenation reactions due to

the reduction of cracking and coking side reactions

[15,18,19].

Pd/ZrO2 catalysts have been used in hydrogenation

reactions, although few studies have been reported. Shen

et al. [24] compared Pd catalysts in different supports in the CO

hydrogenation. The activity and selectivity were distinct,

depending on the supports characteristics. Higher CO

conversions over Pd/ZrO2 were ascribed to the presence of

cationic Pd species formed through the metal–support

interaction. In other study [16], the Pd/ZrO2 system showed

higher activity in the hydrogenation of phenol than other

supports (MgO or Al2O3).

No references were found on the use of Pd/ZrO2 catalysts for

hydrogenation of styrene or PYGAS. The aim of this work was

the development of Pd catalysts supported on ZrO2/Al2O3, with

different ZrO2 loadings. These catalysts were tested in the

hydrogenation of a mixture representative of PYGAS, contain-

ing styrene, 1,7-octadiene, 1-octene and dicyclopentadiene.

The influence of reaction parameters (pressure and tempera-

ture) was evaluated.

2. Experimental

2.1. Preparation of supports and catalysts

Supports based on ZrO2/Al2O3 were prepared in a rotatory

evaporator by wet impregnation of an aqueous solution of

zirconium acetate hydroxide (Zr(C2H3O2)1.4(OH)2.6,

Aldrich) and g-Al2O3, considering 15 cm3 of solution per

gram of support, followed by calcination under dry air

flow at 550 8C for 4 h. Supports presented 10 and 20 wt.%

ZrO2.

Zirconium oxide was prepared by addition of a 10%

zirconium acetate hydroxide solution to a 5 M NH4OH solution

with pH control [25]. After digestion for 72 h at 90 8C, the

precipitate was filtered, washed and calcined at 500 8C for 12 h

(1 8C/min) with dry air flow.

Catalysts were prepared by dry impregnation with an

aqueous solution of PdCl2 (Acros) on g-Al2O3 (Engelhard),

ZrO2, 10 wt.% ZrO2/Al2O3 and 20 wt.% ZrO2/Al2O3,

yielding 1 wt.% Pd. After impregnation, the catalysts were

dried at 120 8C for 16 h and calcined under dry air flow at

550 8C for 1 h.
2.2. Characterization

The elemental analysis of zirconium in the ZrO2/Al2O3

supports and Pd in the catalysts was performed by X-ray

fluorescence (XRF), using a Rigaku RIX 3100 equipment.

Specific surface areas (S) and pore volume (PV), calculated

as 4 V/SBET, were measured with a Micromeritcs Model ASAP

2000 equipment, using N2 at�196 8C. Samples were outgassed

for 18 h at 300 8C before the measurement of N2 adsorption.

X-ray diffraction (XRD) measurements were carried out

with the calcined samples and supports, using a Rigaku

Miniflex diffractometer (voltage: 30 kV and current: 15 mA),

equipped with a copper tube (l = 1.5405 Å) and a graphite

monochromator, operated in the step-scan mode 0.058 2u per

step and counting for 2 s per step.

Diffuse reflectance spectroscopy (DRS) analyses were done

on a Varian Cary 5 UV–vis–NIR spectrophotometer equipped

with a Praying Mantis diffuse reflection device (HarrickTM).

Spectra were taken with the calcined catalysts, in the range of

200–800 nm. Supports were used as references.

Temperature programmed reduction (TPR) with H2 used a

quartz U-tube reactor with an on line thermal conductivity

detector (TCD). Catalysts (0.5 g) were dried at 150 8C for 1 h

under argon flow (AGA, 99.99%) and reduced with 1.6% H2/Ar

flow (30 cm3/min) from 25 to 500 8C (10 8C/min). After

reduction, samples were outgassed under argon flow at 500 8C
for 30 min, cooled to 70 8C and then H2 chemisorption

measurements were performed. The amount of irreversible

adsorbed H2 was measured using the frontal method.

2.3. Hydrogenation of a model mixture

Hydrogenation tests were carried out in a batch reactor (Parr

Instruments, Inc.) with a volume of 160 cm3. Before each run,

the catalyst (10 mg) was reduced with high purity hydrogen

(AGA, 99.9999%) at 30 cm3/min for 2 h under 130 8C (10 8C/

min). After reduction, the reactor was cooled to the designed

reaction temperature under H2. A mixture (100 cm3) of toluene

(82.9% v/v), 1,7-octadiene (6.0% v/v), 1-octene (1.8% v/v),

styrene (8.5% v/v) and dicyclopentadiene (DCPD, 0.8% v/v)

was transferred to the reactor under inert atmosphere. This

mixture was previously prepared and stored with molecular

sieve in a refrigerator. Concentrations of mixture components

were determined from typical pyrolysis gasoline composition

[26]. The stirrer was set to 600 rpm and the pressure was

increased by the introduction of H2 in the reactor. Liquid

samples were taken at regular intervals during 3 h and analyzed

using a Hewlett-Packard gas chromatograph (HP6890 Plus)

equipped with a column HP 1 (60 m) and FID detector.

3. Results and discussion

3.1. Catalysts’ characterization

Table 1 shows the textural characterization of supports.

Addition of ZrO2 over Al2O3 caused an almost linear reduction

on the surface area and pore volume of ZrO2/Al2O3 in



Table 1

Textural characterization of supports

Support S (m2/g) PV (cm3/g) DP (Å)

Al2O3 220 0.50 97.3

10ZrO2/Al2O3 177 0.42 95.2

20ZrO2/Al2O3 156 0.38 97.0

ZrO2 267 n.d. n.d.

n.d.: not determined.

Table 2

Pd and ZrO2 contents and DRS results

Catalyst Pd (wt.%) ZrO2 (wt.%) DRS attribution

Pd/Al2O3 1.0 0 PdO, PdCl2, PdxOyClz
Pd/10ZrO2/Al2O3 1.1 9.5 PdO, PdxOyClz
Pd/20ZrO2/Al2O3 1.3 19.7 PdO, PdCl2, PdxOyClz
Pd/ZrO2 1.0 99.0 PdO, PdxOyClz Fig. 2. XRD results of the Pd/xZrO2/Al2O3 catalysts and g-Al2O3 support

(*ZrO2).
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comparison with Al2O3. Results are similar to the literatures

[18,22], ascribed to blockage of the Al2O3 pores by ZrO2

crystallites. Other result observed in Table 1 was the pore

volume reduction upon the addition of ZrO2 to ZrO2/Al2O3

support. However, the pore diameter was not changed

significantly. The preparation method of ZrO2 allowed

obtaining a support with specific surface similar to Al2O3,

according to the literature [25].

Pd and ZrO2 contents, obtained by X-ray fluorescence (XRF)

analysis, and diffuse reflectance spectroscopy (DRS) results of

the calcined catalysts are presented in Table 2. DRS spectra are

shown in Fig. 1. Thewavelengths corresponding to the maximum

intensity were obtained by gaussian decomposition of the

spectra. The catalysts presented bands with maximum approxi-

mately at 280 and 420 nm. The first band is ascribed, according to

Bozon-Verduraz et al. [27], to a superficial complex of Pd and

chlorine, which can be reported as PdxOyClz. The second band at

420 nm can be ascribed to bulk PdO particles without interaction

with the support [17]. This band was more intense in the DRS

spectrum of the Pd/ZrO2 catalyst.
Fig. 1. DRS spectra.
Pd/Al2O3 and Pd/20ZrO2/Al2O3 catalysts also presented a

band at 206 nm and a shoulder at 246 nm. The former was

observed but not assigned by Rakai et al. [28] and it can be

associated with the charge transfer (Pd! Cl) of PdCl2. These

authors also reported the shoulder at 246 nm after heating a

PdCl2/Al2O3 catalyst in oxygen, assigned to the charge transfer

of Pd! O.

XRD diffractograms of Al2O3, ZrO2 and calcined catalysts

are presented in Fig. 2. Pd/Al2O3 and Pd/10ZrO2/Al2O3

catalysts presented only crystalline g-Al2O3 structure, with

main peaks at 2u = 468 (4 0 0) and 678 (4 4 0). The addition of

10 wt.% ZrO2 caused no observable changes in the diffracto-

gram of Pd/10ZrO2/Al2O3 sample. Damyanova et al. [18]

observed the formation of ZrO2 crystallites with contents

around 13–17 wt.% ZrO2 in g-Al2O3 (210 m2/g). In fact, the

20 wt.% ZrO2/Al2O3 presented intense peaks at 2u � 30.48,
50.78 and 60.58, ascribed to the tetragonal form of ZrO2. The

average crystallite size of ZrO2 in Pd/20ZrO2/Al2O3 catalyst

was measured by Scherrer’s equation with the peak at 2u � 308,
resulting 14 nm. This result is in agreement with the literature
Fig. 3. TPR profiles of catalysts.



Fig. 4. Reaction scheme for the hydrogenation of a model mixture.
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[29]. The Pd/ZrO2 catalyst and the ZrO2 support presented

similar diffractograms, ascribed to amorphous ZrO2.

Temperature programmed reduction (TPR) profiles with

1.74 vol.% H2/Ar are shown in Fig. 3. The catalysts showed

reduction peaks at room temperature and between 148 and

181 8C. A third peak was also observed, at 70 8C, ascribed to

hydrogen desorption from the Pd b–H phase [30]. The increase of

ZrO2 content shifted the reduction temperature to lower values,

suggesting modification of the Pd-support interaction. The Pd/

10ZrO2/Al2O3 catalyst presented a shoulder in the reduction

profile at 106 8C, observed after gaussian deconvolution of the

main peak at 157 8C. XRD analysis of the Pd/10ZrO2/Al2O3

catalyst showed no crystalline ZrO2 suggesting its dispersion on

the Al2O3 surface. Thus, the shoulder in the reduction profile at

106 8C can be ascribed to Pd oxide supported in ZrO2, whereas

the peak at 157 8C can be attributed to PdO supported in Al2O3,

as occurs in the other samples (Fig. 2). For the 20ZrO2/Al2O3, the

presence of crystalline ZrO2 was detected, characterizing high

agglomeration degree. This result suggests that Pd oxide is

mainly supported on Al2O3. Pd/ZrO2 presented no reduction at

room temperature. However, two peaks were verified, at 181 and

372 8C. Narui et al. [14] also observed absence of reduction of

PdO supported on ZrO2 at room temperature, attributing this

result to the stability of Pd oxide on this support.

Quantitative results of TPR were divided in two regions: at

room temperature (I) and during heating the sample (II). Table 3

shows the percentage of reduction during heating (region II).

Pd/Al2O3 and Pd/20ZrO2/Al2O3 catalysts showed similar H2

consumption in this region (94–95%), whereas Pd/10ZrO2/

Al2O3 catalyst presented lower reduction under this condition.

This result suggests smaller Pd particles in the first two

samples, probably resulting higher metallic dispersion. For the

Pd/ZrO2 catalyst, the complete reduction of Pd oxide occurs at

181 8C. Thus, the second peak, at 372 8C, can be tentatively

ascribed to the reduction of ZrO2.

H2 chemisorption experiments were carried out in order to

determine the metallic dispersion of the catalysts. The results,

expressed as metallic dispersion, are shown in Table 3. The Pd/

Al2O3 catalyst presented higher dispersion than the Pd/10ZrO2/

Al2O3 sample. High Pd dispersion has been associated with the

literature to the presence of oxychoroPd surface complex

supported on Al2O3, like PdxOyClz, present in both catalysts

[17,32,33]. Pd smaller dispersion over ZrO2 must be associated

with low stability of oxychoroPd surface complex during

heating in TPR analysis, due to Al2O3 surface covering by

ZrO2. In fact, Souza et al. [22] suggested that ZrO2 retains less

chlorine in its surface than Al2O3.
Table 3

H2 consumption and dispersion of the catalysts

Catalyst H2(I)a H2(II)a Reduction (%) DH2
(%)

Pd/Al2O3 0.46 8.43 95 62.2

Pd/10ZrO2/Al2O3 1.14 8.31 100 52.5

Pd/20ZrO2/Al2O3 0.51 8.73 98 n.d.

Pd/ZrO2 0 9.91 100 39.0

n.d.: not determined.
a H2 consumption (mmolH2/mgPd).
3.2. Hydrogenation of the model mixture

Results of the model mixture hydrogenation were expressed

as molar fraction of components (toluene, 1,7-octadiene, 1-

octene, styrene and DCPD). Fig. 4 represents the reaction

pathways of styrene to ethyl-benzene, DCPD to adamantine,

1,7-octadiene to 1-octene and 1-octene to octane.

In the hydrogenation of pyrolysis gasoline, the main

reactions of interest are conversion of styrene to ethyl-benzene

and the removal of di-olefin. The hydrogenation of aromatic

rings for the formation of cyclo-hexanes must be minimized

[31]. In our studies we did not observe the formation of cyclo-

hexanes in appreciable amount, while the formation of internal

octenes was significant. Figs. 5–7 show the behavior of styrene

and DCPD conversion and the octane molar fraction during the

reaction. Initial reaction rates shown in Fig. 8, were obtained

via derivative of fitted conversion versus time curve, carried out

at 30 bar and 60 8C. Octane molar fraction was used to

represent the conversion of 1,7-octadiene and 1-octene to the

corresponding paraffin.

The hydrogenation rate of styrene was the greater one. For

example, the Pd/Al2O3 catalyst presented reaction rates of 213,



Fig. 5. Styrene conversion vs. reaction time. Fig. 7. Octane molar fraction vs. reaction time.

Fig. 8. Initial reaction rates (T = 60 8C, P = 30 bar and mcat = 10 mg).
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15 and 1.9 mol/(kgcat min) for the hydrogenation of styrene and

DCPD and the octane formation, respectively. According to

Hoffer et al. [31], the greater rate for the styrene hydrogenation

must be related to the highest adsorption strength of this

compound in comparison, for example, to 1-octene in a

Langmuir–Hinshelwood kinetic model.

As shown in Fig. 8, the initial reaction rates of styrene and

DCPD for the tested catalyst decreased in the same order. Pd/

Al2O3 showed the highest activity. The increase of ZrO2 content

reduced the catalysts’ activity. This reduction in the activity

followed the decrease in the dispersion of Pd particles, obtained

by H2, chemisorption, Table 3.

Well-dispersed Pd particles have been associated in

literature to the presence of superficial complexes in Al2O3,

represented as PdxOyClz [17,32,33]. This species was observed

by DRS in all catalysts. Thus, the lower dispersion observed for

catalysts prepared with ZrO2 and ZrO2/Al2O3 is associated with

the low stability of these superficial complexes in ZrO2 as

compared to Al2O3.

In agreement to reaction schemes proposed in the literature

[31], the hydrogenation of di-olefins can result the correspond-
Fig. 6. DCPD conversion vs. reaction time.
ing mono-olefin and isomers, as represented in Fig. 4. In order

to examine the hydrogenation pathway of di-olefin under

prevailing conditions, experiments with a mixture containing

only toluene and 1,7-octadiene were carried out for the same

conditions used with the mixture model, using the Pd/Al2O3

and Pd/ZrO2 catalysts. Molar percentages of 1,7-octadiene,
Fig. 9. 1,7-Octadiene, 1-octene and octane molar percentages vs. reaction time.



Fig. 10. 1-Octene molar percentage vs. reaction time.
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1-octene and octane during experiment are shown in Fig. 9. It was

observed that the conversion of 1,7-octadiene yields predomi-

nantly octane. However, it was also verified the formation of 1-

octene and internal octenes. This result suggests that 1-octene is

formed in the hydrogenation of 1,7-octadiene. Subsequently,

octane is formed through a mechanism in series, nevertheless it is

also possible the direct reaction of 1,7-octadiene to octane. Di

Serio et al. [34] verified that in the hydrogenation of molecules

such as 1,7-octadiene, the isomerization to iso-octadiene, the

formation of mono-olefins and finally octane occur.

Fig. 10 detaches the 1-octene low concentration region. The

molar percentage of 1-octene, originated from the hydrogena-

tion of 1,7-octadiene, for the Pd/Al2O3 catalyst, increased up to

50 min and then decreased, characterizing its consumption for

octane formation, as a result, the sequence of reactions in series.

Dobrovolná et al. [35] studied competitive hydrogenation of

alkenes, dienes and alkynes using Pd catalysts. The authors

reported that 1,7-octadiene hydrogenation coursed through 1-

octene that is partially isomerized to cis and trans-2-octene and

later, hydrogenated to octane.

4. Conclusions

Pd catalysts supported on Al2O3, ZrO2 and ZrO2/Al2O3

presented distinct behavior regarding reducibility with H2 and Pd

dispersion. For the Pd/ZrO2, Pd interacted strongly with the

support, with a poor dispersion as compared to Pd/Al2O3. For the

Pd/10ZrO2/Al2O3 catalyst, Pd interacted with ZrO2 and Al2O3.

Hydrogenation of a mixture of styrene, dicyclopentadiene

(DCPD), 1,7-octadiene and 1-octene in a batch reactor showed

that the initial rate of hydrogenation of styrene was the higher

one. Hydrogenation of 1,7-octadiene to octane occurs via series

reaction, with 1-octene as intermediate. The most active catalyst

was the Pd/Al2O3, which presented the highest dispersion.
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