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1. INTRODUCTION

Industrial methanol is produced from natural gas or
coal via syngas, which has been developed by ICI,
Lurgi, Topsone and MTC companies in the last century
[1]. Methanol synthesis involving the hydrogenation of
a mixture of carbon monoxide and dioxide occurs
according to the following equations:

 

(I)

(II)

 

Both reactions are similar not only because they refer to
the same product—methanol but they are mutually cor-
related by the reverse of water gas shift reaction (WGS)
being the resultant of subtraction between Eqs. (II) and
(I) being expressed by following equation:

 

(III)

 

According to LeChatelier’s rule the comparison of
enthalpy effects confirm that low temperature range of
reaction would favor moderately exothermic methanol
synthesis reactions (I) and (II) in contrast with the
resultant of slightly endothermic effects of reverse
WGS reaction (III). Thus, in syngas mixture containing
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carbon dioxide or water components the accompanying
and unavoidable reactions (II) and (III) are involved in
main methanol synthesis reaction (I). Methanol is syn-
thesized from CO, CO

 

2

 

 and H

 

2

 

 over Cu/ZnO based cat-
alysts due to synthesis from CO

 

2

 

 began at a temperature
lower than that from CO and proceeded at a faster rate
[2]. However addition of a small amount of CO

 

2

 

(2

 

−

 

5%) to syngas can promote methanol yield remark-
ably [3]. At 300

 

°

 

C and 5.0 MPa, the degree of CO con-
version is about 20% [4]. Methanol synthesis usually
takes place in the temperature range 280–300

 

°

 

C on
Cu

 

−

 

ZnO

 

−

 

Al

 

2

 

O

 

3

 

 catalyst in ICI process [5].

Recently, the process of methanol synthesis from
carbon dioxide and hydrogen has been extensively
studied [6–8] and methanol obtained by CO

 

2

 

 hydroge-
nation appeared more expensive than that obtained
from CO and 2–5% CO

 

2

 

 mixture in reaction conditions:
0.1–10 MPa and 225–285

 

°

 

C [9–11].

In numerous papers referring to copper catalysts one
can find many single metal oxide supports: such as
Al

 

2

 

O

 

3

 

 [12], Cr

 

2

 

O

 

3

 

 [13], TiO

 

2

 

 [12], ZnO [13, 14], ZrO

 

2

 

[15, 16] and their combination [13, 14] used in metha-
nol synthesis. For example copper supported on binary
oxide 3ZnO · 

 

ZrO

 

2

 

 appeared more active than silver or
gold catalysts [17]. The selectivity to methanol from 11
to 43% was observed for zirconia modified 

 

Cu/SiO

 

2

 

catalyst [18]. The considerable improvement of metha-
nol selectivity and activity was reported depending on

 

Cu/

 

γ

 

-Al

 

2

 

O

 

3

 

(ZrO

 

2

 

) catalyst preparation method (co-pre-
cipitation, impregnation, leaching, and deposition—
precipitation) [13–18].
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Abstract

 

—The comparative study of the role of binary oxide support on catalyst physico-chemical properties
and performance in methanol synthesis were undertaken and the spinel like type structures (

 

ZnAl

 

2

 

O

 

4

 

, 

 

FeAlO

 

3

 

,

 

CrAl

 

3

 

O

 

6

 

) were prepared and used as the supports for 5% metal (Cu, Ag, Au, Ru) dispersed catalysts. The mono-
metallic 5% Cu/support and bimetallic 1% Au (or 1% Ru)–5% Cu/support (Al

 

2

 

O

 

3

 

, 

 

ZnAl

 

2

 

O

 

4

 

, 

 

FeAlO

 

3

 

,

 

CrAl

 

3

 

O

 

6

 

) catalysts were investigated by BET, XRD and TPR methods. Activity tests in methanol synthesis of
CO and CO

 

2

 

 mixture hydrogenation were carried out. The order of Cu/support catalysts activity in methanol
synthesis: CrAl

 

3

 

O

 

6

 

 > FeAlO

 

3

 

 > ZnAl

 

2

 

O

 

4

 

 is conditioned by their reducibility in hydrogen at low temperature.
Gold appeared more efficient than ruthenium in promotion of Cu/support catalysts.
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The comparative study of the role of binary oxide
support on catalyst performance in methanol synthesis
were undertaken in this work. The spinel like type
structures (ZnAl

 

2

 

O

 

4

 

, FeAlO

 

3

 

, CrAl

 

3

 

O

 

6

 

) were prepared
and used as the supports for 5% metal (Cu, Ag, Au, Ru)
dispersed catalysts. The structure and catalytic perfor-
mance of supports and metal supported catalysts were
investigated by BET, XRD and TPR methods. Activity
tests in methanol synthesis of CO and CO

 

2

 

 mixture
hydrogenation were carried out.

2. EXPERIMENTAL

 

2.1. Preparation of Catalysts

 

Catalysts were prepared by wet aqueous impregna-
tion method. To prepare the support precursors, nitrates
of Al, Cr, Fe and zinc acetate were used. The ammonia
co-precipitated binary mixtures of aluminium hydrox-
ide with the appropriate zinc, iron or chromium hydrox-
ides were dried and calcined 3 h in air at 600, 500 and
700

 

°

 

C. The composition of binary oxides: ZnAl

 

2

 

O

 

4

 

,
FeAlO

 

3

 

, and CrAl

 

3

 

O

 

6

 

 is reflected by molar ratio:
Al/Zn = 2, Al/Fe = 1 and Al/Cr = 3, respectively. Metal
phase 5% Me (Cu, Ag, Au, Ru) was dispersed on appro-
priate support by impregnation method and then the
catalysts were dried and finally calcined 4 h in air at
400

 

°

 

C.

 

2.2. Methods of Characterization

 

Catalysts and supports were characterised by X-ray
diffraction, BET surface area measurements and tem-
perature programmed reduction (TPR-H

 

2

 

). Phase com-
position was analysed by XRD diffraction method
using PAN analytical X’Pert MPD diffractometer
(in 

 

2

 

θ

 

 range (20

 

°

 

–80

 

°

 

)). The specific surface area and
porosity for catalysts and supports were determined
with automatic sorptometer Sorptomatic 1900. Sam-
ples were carefully evacuated at 250

 

°

 

C and after that
low temperature BET nitrogen adsorption-desorption
were carried out. The TPR-H

 

2

 

 measurements were car-
ried out in automatic TPR system AMI-1 in tempera-
ture range 25–900

 

°

 

C with the linear heating rate
10 K/min. Samples (about 0.1 g) were reduced in
hydrogen stream (5% H2–95% Ar) with volume veloc-
ity 40 cm3 per minute. Hydrogen consumption was
monitored by a thermal conductivity detector (TCD).

2.3. Catalytic Activity Test

Hydrogenation tests of CO/CO2 mixture were car-
ried out using a flow quartz reactor in the temperature
range 200–380°C combined on line with GC detector.
Preliminary all catalysts were reduced for 2 h in H2 flow
at 300°C and atmospheric pressure. Before syngas
exposure catalysts were cooled to the reaction temper-
ature and then hydrogen stream was switch to atmo-
spheric pressure syngas mixture with molar ratio CO :
CO2 : H2 being 2 : 1 : 4 and volume velocity 56 cm3/min.
The steady-state activity measurements were taken
after at least 12 h on the stream. The analysis of the
reaction products were carried out by on line a gas
chromatograph equipped with FID detector and column
containing 10% Carbowax on Chromosorb W-aw.

3. RESULTS AND DISCUSSION

3.1. Surface Area and Porosity

Results of specific surface area measurements for
supports (Al2O3, ZnAl2O4, FeAlO3, CrAl3O6) and metal
(Cu, Ag, Au, Ru)/FeAlO3 catalysts are presented in
Table 1.

One can see that binary spinel oxides are character-
ised by considerable lower specific surface area about
40–70% than alumina itself. In the case of FeAlO3
spinel metal/support catalysts the introduction of
metallic phase 5% Me (Cu, Ag, Ru) practically does not
change the surface area being about 150 m2/g except for
Au/FeAlO3 catalyst where more than 20% decrease
was attributed to the action of strongly acidic gold
nitrate solution during support impregnation.

The results of pore size distribution measurements
for binary supports ZnAl2O4, FeAlO3, CrAl3O6, and
Al2O3 are presented in Fig. 1. All supports have the pore
radius in the range 18–85 Å. Although the pore size dis-
tribution in all cases is similar to the Al2O3 porosity the
relative changes of pore volume and radius are attrib-
uted to the different degree of crystallinity acquired
during binary oxides calcination.

3.2. Phase Composition

The XRD patterns of supports ZnAl2O4, FeAlO3,
and CrAl3O6 are presented in Fig. 2a. Highly amor-
phous and disordered character was demonstrated in
the case of alumina itself whereas the presence of more
or less crystalline spinel structures was confirmed for

Table 1.  Specific surface area of supports and metal supported catalysts

Support/Tcalc, °C Surface area, m2/g 5% Me/FeAlO3, 400°C Surface area, m2/g

Al2O3 (400) 237 Cu/FeAlO3 144

ZnAl2O4 (600) 87 Ag/FeAlO3 150

FeAlO3 (500) 143 Au/FeAlO3 112

CrAl3O6 (700) 82 Ru/FeAlO3 143
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binary oxides [19–22]. In the case of FeAlO3 spinel the
main spinel structure was accompanied by traces of
highly amorphous disordered structures of alumina γ-
Al2O3 and hematite Fe2O3. Also dominant crystalline
spinel phase of CrAl3O6 is accompanied by chromia α-
Cr2O3. In the case of XRD pattern of ZnAl2O4 sample
the characteristic reflexes of only zinc- aluminium
spinel structure were detected.

The XRD patterns for supported metals 5% Me (Cu,
Ag, Au, Ru) dispersed on FeAlO3 spinel support after
catalysts calcination at 400°ë are presented in Fig. 2b.
The lack of detectable crystal metal oxide phases of Cu,
Ag, Ru indirectly confirms high degree of metal disper-
sion on FeAlO3 surface (crystallite size < 5 nm). Only
in the case of 5% Au/FeAlO3 catalyst the presence of
metallic gold phase is evident as a result of reductive
decomposition of Au2O3 phase during catalyst calcina-
tion.

3.3. Temperature Programmed Reduction

The TPR profiles of 5% Me/support catalysts
(metal—Cu, Ag, Au, Ru, support—Al2O3, ZnAl2O4,
FeAlO3, CrAl3O6) after their calcination 4 h in air at
400°C are presented in Figs. 3a–3d, respectively.

The TPR profiles for 5% Me (Au, Ag, Cu,
Ru)/Al2O3 catalysts are presented in Fig. 3a. Reductive
effects in low temperature range 100–300°C are only
visible for copper and ruthenium supported catalysts
and they can be assigned to hydrogen reduction of
appropriate metal oxides CuO and RuO2 to metallic
phase (CuO + H2  Cu + H2O and RuO2 + 2H2 
Ru + 2H2O). The obtained results are in good agree-
ment with the literature data [23–25]. The relatively
small reduction effect observed for 5% Cu/Al2O3 cata-
lyst can be explained by partial oxidation of copper dur-
ing calcination step. Additionally the formation of irre-
ducible spinel structure can not be neglected [26]. The
absence of reductive effects for 5% Au/Al2O3 and
5% Ag/Al2O3 catalysts confirms the instability of
Au2O3 and Ag2O oxide phases on alumina surface dur-
ing catalyst calcination in air at 400°C.

The similar interpretation can be deduced for TPR
profiles recorded for 5% Me/ZnAl2O4 catalysts which
are presented in Fig. 3b. Zinc aluminate spinel shows
only slight reduction effects in temperature range 600–
900°C which seems to indicate the formation of oxygen
vacancies (é2– + ç2  Vé + ç2é). The ZnAl2O4
spinel surface can stabilize dispersed CuO and RuO2
crystallites but all of Au2O3 oxide and most of Ag2O
oxide phases undergo the reductive decomposition to
metallic phases during catalyst calcination in air at
400°C. The calculated degrees of metal oxide reduction
in 5% Me/ZnAl2O4 catalysts are gathered in Table 2.

The low reduction degree for 5% Ag/ZnAl2O4 cata-
lyst being about 32% indicates that only small fraction
of silver oxidic form can survive the calcination step on
support surface whereas most of Ag2O crystallite phase
decomposes to metallic Ag and evolves gaseous oxy-
gen. In the case of 5% Cu/ZnAl2O4 catalyst the reduc-
tion degree was about 64% and this value seems to sug-
gest that considerable part of supported copper instead
of being oxidized to CuO was rather oxidized to Cu2O.
This effect seems to indicate that zinc aluminate surface
can stabilize supported copper as Cu+ ions. As expected
the presence of both gold metallic and ruthenium diox-
ide after calcination is confirmed by the estimated val-
ues of reduction degrees: zero for 5% Au/ZnAl2O4 and
100% for 5% Ru/ZnAl2O4 catalysts.

Comparison of TPR profiles recorded for Al2O3 and
ZnAl2O4 supported metal catalysts shows rather similar
behaviour of dispersed oxide phases and rather small
relative differences in reduction temperature are attrib-
uted to weak metal oxide—support interactions known
as SIMOS effects.

TPR profile obtained for support FeAlO3 and 5%
Me (Cu, Ag, Au, Ru)/FeAlO3 catalysts are presented in

75553515
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Al2O3
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FeAl2O3
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900
600
700
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400

Tcalc, °C

Fig. 1. The pore size distribution of Al2O3, ZnAl2O4,
FeAlO3, CrAl3O6 supports.

Table 2.  Reduction degree for ZnAl2O4 supported catalysts

Catalyst Degree of reduction, %

5% Cu/ZnAl2O4 64

5% Ag/ZnAl2O4 32

5% Au/ZnAl2O4 0

5% Ru/ZnAl2O4 100
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Fig. 3c. Three reduction effects located at about 430,
720 and 890°C are observed for binary iron-aluminium
oxide alone. These peaks can represent the reduction
paths of oxidic forms of both iron and binary Fe–Al
spinels structures and they can be described by two fol-
lowing schemes:

Fe2O3  Fe3O4  Fe and/or
FeAlO3  Fe2AlO4  FeAl2O4  Fe [29].

The first path refers to iron (III) oxide reduction:
hematite > magnetite > metallic iron. Different mecha-
nism of binary Fe-Al spinel reduction leads to final
product—metallic iron and iron(II) aluminate FeAl2O4
hardly reducible in temperature range up to 900°C in
5% H2–95% Ar stream. The overall reduction degree
for binary support FeAlO3 was rather low being about
37% (Table 3).

TPR runs for 5% Me(Cu, Ag, Ru)/FeAlO3 catalysts
shift considerably the reduction toward low temperature
and these effects are assigned to the reduction of silver
oxide/ferrate and CuO and RuO2 phases, respectively. In
the case of 5% Cu/FeAlO3 and 5% Ru/FeAlO3 catalysts
the first stage of reduction Fe2O3  Fe3O4 seems to
be promoted by spillover of hydrogen atoms originat-
ing from H2 dissociation taking place on already
formed Cu or Ru metallic phases. The TPR profile of
5% Au/FeAlO3 catalyst shows generally similar behav-
iour as support FeAlO3 alone.

TPR profiles for 5% Me (Cu, Ag, Au, Ru)/CrAl3O6
catalysts are presented in the Fig. 3d. The profile for
CrAl3O6 support itself exhibits one wide reduction
effect in the temperature range 300–450°C and it was
attributed to reduction of chromium oxidic forms CrOx

(1.5 < x < 3) formed during calcination step. At rela-
tively low temperature of oxidation considerable
amount of superficial Cr3+ ions can be oxidized to chro-

mate like ions  [27] and this is also the case of
CrAl3O6 binary oxide. During hydrogen reduction the
reverse process takes place (CrOx + xH2 
1/2α-Cr2O3 + xH2O). In the case of efficient removal of
water even reduction to Cr(II)O species can be antici-
pated [28].

Two reduction effects are reported for
5% Au/CrAl3O6 catalyst. First peak is assigned to the

CrO4
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Fig. 2. XRD patterns for (a) Binary oxides ZnAl2O4, FeAlO3, CrAl3O6, (b) Supported 5% Me (Cu, Ag, Au, Ru)/FeAlO3 catalysts
after calcination in air at 400°C.

Table 3.  Reduction degree for FeAlO3 supported catalysts

Support/Catalyst Degree of reduction, %

FeAlO3 37

5% Au/FeAlO3 66

5% Ag/FeAlO3 38

5% Ru/FeAlO3 58

5% Cu/FeAlO3 44



232

KINETICS AND CATALYSIS      Vol. 50      No. 2      2009

MANIECKI et al.

reduction of superficial Cr6+ oxide form, shifted to
lower temperature by about 50°C by promoting effect
of metallic gold and second one can be attributed to the
reduction of highly dispersed chromium(VI) oxide spe-
cies strongly interacting with support surface.

TPR reduction profile for 5% Ag/CrAl3O6 catalyst
is composed of three unresolved peaks. The first two
effects at about 150 and 220°C probably originates
from silver chromate forms differently interacting with
the support (Ag2CrO4 + 0.5H2  Ag + AgCrO2 +
1/2α-Cr2O3 + 0.5H2O). The last reduction peak can be
attributed to the reduction of Cr6+ oxide species origi-
nating from support CrAl3O6.

Single and rather a symmetrical reduction peak is
observed for 5% Cu/CrAl3O6 catalyst with a maximum
of hydrogen consumption located at 190°ë and it can
be assigned to the reduction of dispersed CuO phase
weakly interacting with support CrAl3O6.

The reduction profile for 5% Ru/CrAl3O6 catalyst
consist of three partially resolved peaks which can be
assigned to both, RuO2 and RuO2–CrO3 surface spe-

cies, less or more involved in SIMOS type interactions
with support CrAl3O6.

4. ACTIVITY TESTS

The methanol synthesis tests were carried out on
monometallic 5% Cu/support and bimetallic 1% Au
(or 1% Ru)–5% Cu/support (FeAlO3, ZnAl2O4, CrAl3O6)
catalysts and the temperature characteristics of cata-

lytic activity expressed in   h–1 are pre-
sented in Fig. 4. The methanol yield maximum is
located in temperature range 240–280°C. Further
increase of reaction temperature to 280°C leads to the
significant fall of catalyst activity. The examined binary
supports alone appeared totally inactive in methanol
formation. The results received for monometallic cop-
per supported catalysts show significant role of support
reducibility on methanol yield. One can anticipate that
catalyst activity increases together with its higher
reducibility and the donor-acceptor ability for oxygen
atoms. The decreasing order of 5% Cu/support was as
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Fig. 3. TPR profiles (a) Me/Al2O3 catalysts, (b) Me / ZnAl2O4 catalysts, (c) Me/CrAl3O6 catalysts, (d) Me/FeAlO3 catalysts.
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follow: CrAl3O6 > FeAlO3 > ZnAl2O4. Activity in
methanol synthesis in similar condition was carried out
in work [30]. Authors claims comparable activity.

Ruthenium added to mono-metallic Cu/support sys-
tem promotes hydrogen dissociation on catalysts sur-
face. On the other hand, one can anticipate that atomic
hydrogen can reduce Cu+ superficial active sites con-
centration. This fact seems to confirm lower activity of
ruthenium doped catalyst in comparison to gold pro-
moted catalysts. Gold addition increases significantly
the amount of adsorbed carbon oxide on the catalyst
surface, what can increase catalyst activity.

The comparison of methanol yield formation on dif-
ferent catalysts at temperatures 260 and 280°C is pre-
sented in Fig. 5. The methanol formation rate is in the

range 5 × 10–5–7 × 10–3   h–1 and it can
be described by following order: 5% Cu/CrAl3O6 >
1% Au–5% Cu/FeAlO3 > 1% Ru–5% Cu/FeAlO3 >
1% Ru–5% Cu/ZnAl2O4 > 5% Cu/FeAlO3 ≈
5% Cu/ZnAl2O4.

5. CONCLUSIONS

• Specific surface area of meso-porous binary
oxides: ZnAl2O4, FeAlO3, and CrAl3O6 although is 40–
70% lower than that characteristic of Al2O3 alone but
many times higher than surface of the second individual
crystalline oxide.

• The presence of spinel like crystalline structure for
FeAlO3, ZnAl2O4, CrAl3O6 was experimentally con-
firmed by XRD method.

• The reducibility of semireducible binary oxides
FeAlO3 and CrAl3O6 increases with the addition of
active metals (Cu, Ru, and Au). The presence of chro-
mate like oxides Ag2CrO4 and CuCrO4 were anticipated
on the bases of TPR data.

• The order of Cu/support catalysts activity in meth-
anol synthesis: CrAl3O6 > FeAlO3 > ZnAl2O4 seems to
be conditioned by their low temperature reducibility in
hydrogen.
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• The gold addition is more efficient than ruthenium
in promotion of Cu/support catalysts in methanol syn-
thesis.

ACKNOWLEDGMENTS

The partial financial support of this work by the Pol-
ish Scientific Research Council supports (grant
no. 1357/T09/2005/29) is gratefully acknowledged.

REFERENCES

1. Chinchen, G.C., Mansfield, K., and Spencer, M.S.,
Chem.-Tech., 1990, no. 11, p. 5692.

2. Fujita, Sh., Usui, M., Ito, H., and Takezawa, N., J. Catal.,
1995, vol. 157, p. 403.

3. Sun, Q., Li, Ch., Pan, W., Zhu, Q., and Deng, J., Appl.
Catal., A, 1998, vol. 171, p. 301.

4. Marchionna, M., Lami, M., and Galleti, A., Chem.-
Tech.,1997, no. 4.

5. US Patent 1010871, 1966.
6. Haaggin, J., Chem. Eng. News, 1994, vol. 72, p. 29.
7. Hirano, M., Akano, T., Imai, T., and Kuroda, K., Stud.

Surf. Sci. Catal., 1998, vol. 114, p. 545.
8. Sloczynski, J., Grabowski, R., Kozlowska, A.,

Lachowska, M., and Skrzypek, J., Stud. Surf. Sci. Catal.,
2004, vol. 153, p. 161.

9. Breen, J.P. and Ross, J.R.H., Catal. Today, 1991, vol. 51,
p. 521.

10. Velu, S., Suzuki, K., Okazaki, M., Kapoor, M.P., Osaki, T.,
and Ohashi, F., J. Catal., 2000, vol. 194, p. 373.

11. De Wild, P.J. and Verhaak, M.J.F.M., Catal. Today, 2000,
vol. 60, p. 3.

12. Bando, K.K., Sayama, K., Kusama, H., Okabe, K., and
Arakowa, H., Appl. Catal., A, 1997, vol. 165, p. 391.

13. Ma, L., Tran, T., and Wainwright, M.S., Top. Catal.,
2003, vol. 22, p. 295.

14. Saito, M., Fujitani, T., Takeuchi, M., and Watanabe, T.,
Appl. Catal., A, 1996, vol. 138, p. 311.

15. Jung, K.D. and Bell, A.T., J. Catal., 2000, vol. 193,
p. 207.

16. Liu, J., Shi, J., He, D., Zhang, Q., Wu, X., Liang, Y.,
and Zhu, Q., Appl. Catal., A, 2001, vol. 218, p. 113.

17. Slomczynski, J., Grabowski, R., Kozlowska, A., Olsze-
wski, P., Stoch, J., Skrzypek, J., and Lachowska, M.,
Appl. Catal., A, 2004, vol. 278, p. 11.

18. Fisher, I.A. and Bell, A.T., J. Catal., 1997, vol. 172,
p. 222.

19. Yanga, Ch., Chena, S., and Cheng, S., Powder Technol.,
2004, vol. 148, p. 3.

20. Li, Z., Zhang, Sh., and Lee, W.E., J. Eur. Ceram. Soc.,
2007, vol. 27, p. 3407.

21. Manetski, T.P., Bavolak, K., Gebauer, D., and Mierchin-
ski, P., Kinet. Katal. (in press).

22. Nagai, T., Hamane, D., Sujatha Devi, P., Miyajima, N.,
Yagi, T., Yamanaka, T., and Fujino, K., J. Phys. Chem. B,
2005, vol. 109, p. 18226.

23. Kim, S.-K., Kim, K.-H., and Ihm, S.-K., Chemosphere,
2007, vol. 68, p. 287.

24. Siva Sankar Reddy, P., Pasha, N., Chalapathi Rao, M.G.V.,
Lingaiah, N., Suryanarayana, I., and Sai Prasad, P.S., Catal.
Commun., 2007, vol. 8, p. 1406.

25. Wen, H., Hwang, Ch., and Chang, H., Appl. Catal., A,
1997, vol. 162, p. 71.

26. Yahiro, H., Nakaya, K., Yamamoto, T., Saiki, K., and
Yamaura, H., Catal. Commun., 2006, vol. 7, p. 228.

27. Manetski, T.P., Bavolak, K., Gebauer, D., Mirchinski, P.,
and Yuzvyak, V.K., Kinet. Katal., 2009, vol. 50, no. 1,
p. 149 [Kinet. Catal. (Engl. Transl.), vol. 50, no. 1,
p. 138].

28. Jó wiak, W.K., Ignaczak, W., Dominiak, D., and
Maniecki, T.P., Appl. Catal., A, 2004, vol. 258, p. 33.

29. Maniecki, T.P., Mierczy ski, P., Maniukiewicz, D.,
Gebauer, D., Bawolak, K., and Jó wiak, W.K., Pol. J.
Chem., (in press).

30. Abu-Zied, B.M., Appl. Catal., A, 2000, vol. 198, p. 139.

′z

n′
′z



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


