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Abstract This paper demonstrates the benefit of using a ternary Cu–Cr–Al system

as a support for palladium catalysts in the methanol synthesis reaction (MS)

obtained from CO hydrogenation. The influence of ternary oxide composition and

palladium addition on the physicochemical and catalytic properties of Pd/Cu–Cr–Al

catalysts in methanol synthesis is discussed. The physicochemical properties of the

studied systems were examined by XRD, TPR and BET methods. The promotion

effect of palladium on the catalytic activity and reduction of ternary oxide was

proven. It was found that palladium promoted catalysts prepared from palladium

nitrate precursor showed higher yield in methanol formation.
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Introduction

Methanol is a top chemical worldwide, which can be used as a fuel, constituent of fuel,

intermediate to produce a wide range of chemicals and finally as a laboratory solvent

[1]. The growing interest of the methanol production in recent years is apparent from

the use of this material as a source of hydrogen to power fuel cells, especially in the

case of direct-methanol fuel cell technology [2–4]. The main advantage of methanol

as a hydrogen carrier is a high hydrogen-to-carbon ratio, molecular simplicity (no C–

C bond), relatively low reforming temperatures (250–350 �C) due to its low energy

chemical bond, and low sulfur content (\0.5 ppm) [5, 6].

Methanol is conventionally obtained from synthesis gas (mixture of CO and H2)

originating from renewable (biomass) and non-renewable (fossil fuels) feedstock’s
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[1]. The annual output of methanol reached 30 million tons [7] and it is still

growing. Currently, methanol is obtained from syngas at the temperature range 200–

250 �C under the pressure of 0.5–10 MPa, according to the following reactions:

CO2 þ 3H2 $ CH3OH þ H2ODH ¼ �49:53 kJ/mol

COþ 2H2 $ CH3OH DH ¼ �90:73 kJ/mol

Methanol production from syngas has been carried out since the 1960s over Cu/

ZnO catalyst modified by chromium or/and aluminum oxides. Copper based

catalysts are commonly used in many chemical reactions such as the water gas shift

reaction (WGS), methanol steam reforming, methanol decomposition or NO

reduction. Catalytic systems based on copper oxide are characterized with high

selectivity in methanol formation [8, 9]. The improvement of copper catalyst

stability is achieved by the modification of CuO by Cr2O3 addition [9].

Investigation of the Cr2O3–CuO/Al2O3 catalysts in the methanol synthesis

reaction proved that increasing of Cu and Cr loading on catalyst surface leads to an

improvement of catalyst activity and stability in spite of specific surface area

decreasing for studied catalytic system [10].

Catalysts for methanol synthesis have been modified not only by implementing a

new component such as metal oxides (for instance chromium oxide), but also

through promotion by a noble metal. A large amount of research was carried out to

study the impact of noble metals Pd [11, 12], Pt [11, 12], Au [13, 14], Ag [13, 15] on

the catalytic activity of copper catalysts. The most suitable promoter of copper

catalysts was found to be palladium, which improves the catalytic activity and

selectivity of copper catalysts significantly [11, 12].

Kugai et. al. [11] confirmed improvement of catalytic efficiency in the case of

catalysts promoted by palladium in WGS reaction.

Epling et al. [16] tested palladium catalysts in higher alcohol synthesis and they

demonstrated that Pd addition increases the total alcohol production rate of Zn/Cr-

spinel based catalysts.

The aim of this work was to find the impact of Pd addition (regarding to Pd salt

precursor Pd(NO3)2 and PdCl2) and the effect of ternary oxide Cu–Cr–Al composition on

the physicochemical properties and catalytic activity in the methanol synthesis reaction. In

this study, 5 %Pd/xCuO:yCr2O3:zAl2O3 catalysts were prepared by the wet impregnation

method and characterized by the nitrogen adsorption method (BET), temperature

programmed reduction (TPR-H2) and X-ray diffraction (XRD) techniques. Catalytic

activity tests in the hydrogenation of carbon monoxide were performed in the methanol

synthesis reaction at two temperatures 260 and 290 �C under elevated pressure (3 MPa).

Experimental

Catalysts preparation

The nitrates of copper, chromium and aluminum were used as support material

precursors. Ternary systems were prepared by the co-precipitation method of

appropriate hydroxides using ammonia hydroxide as a precipitating agent. The
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mixtures were dried (T = 100 �C for 24 h) and calcined 3.5 h in air atmosphere at

various temperatures 400, 700 and 900 �C. Appropriate amounts of copper,

chromium and aluminum nitrates were taken to lead to formulas of ternary system

with following molar ratios of oxides CuO:Cr2O3:Al2O3 like 1:0.5:1, 0.5:0.5:1,

0.25:0.5:1, 1:2:1. Palladium catalysts were prepared by the wet impregnation

method using aqueous solutions of palladium chloride and nitrate. The Pd loading in

all catalytic systems was 5 wt% Pd

The specific surface area (BET)

The specific surface area and porosity for catalysts and ternary systems were

determined with an automatic sorptometer Sorptomatic 1900. Samples were

prepared at 250 �C during a 12-h evacuation and after that, low temperature

nitrogen adsorption–desorption measurements were carried out.

Temperature programmed reduction (TPR-H2)

The TPR-H2 measurements were carried out in automatic TPR system AMI-1 in

temperature range 25–900 �C with the linear heating rate 10 �C/min. Samples

(weight around 0.1 g) were reduced in a hydrogen stream (5 %H2–95 %Ar) with the

gas volume velocity 40 cm3/min. Hydrogen consumption was monitored by a

thermal conductivity detector (TCD).

Phase composition studies–XRD measurements

Room temperature powder X-ray diffraction patterns were collected using a

PANalytical X’Pert Pro MPD diffractometer in Bragg–Brentano reflecting geom-

etry. Copper CuKa radiation from a sealed tube was utilized. Data were collected in

the range 5–90� 2h with step 0.0167� and exposition per one step of 27 s. Due to the

fact that raw diffraction data contain some noise, the background during the analysis

was subtracted using the Sonneveld, E. J. and Visser algorithm and next the data

were smoothed using cubic polynomial. All calculations were done with X’Pert

HighScore Plus computer program.

Catalytic activity tests

Activity tests in the methanol synthesis reaction were carried out using the high

pressure fixed bed reactor using a gas mixture of H2 and CO with molar ratio 2:1.

The process was carried out under elevated pressure (3 MPa) at 260 and 290 �C and

products were analyzed by gas chromatography. Before activity tests, all catalysts

were pre-reduced for 2 h in a flow of 5 %H2–95 %Ar mixture at 300 �C under

atmospheric pressure. The steady-state activity measurements were taken after at

least 12 h on the stream.
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Results and discussion

The specific surface area (BET)

The results of specific surface area measurements of CuO:Cr2O3:Al2O3 catalysts

described by molar ratios x:y:z = 1:0.5:1, 0.5:0.5:1, 0.25:0.5:1, 1:2:1 as well as

catalysts promoted by Pd obtained by impregnation using two types of precursors

(palladium chloride or nitrate) are shown in Table 1. The obtained data for

unpromoted copper catalysts calcined at 400 �C had the specific surface area in the

range of 181–236 m2/g. An increase of the calcination temperature from 400 to

900 �C causes a decrease in the surface area up to 10–17 m2/g. The decrease of the

specific surface area can be explained by sintering that occurs at higher temperature

and by the formation of crystal structures during calcination process. The spinel

structure CuCr2O4, CuAl2O4 (see Figs. 1, 2, 3) crystal phases formed during the

calcination process carried out at 700 and 900 �C are all characterized by a low

value of specific surface area what explain the observed results. The presence of the

above-mentioned spinel compounds were confirmed by XRD measurements (see

Figs.1, 2, 3).

The copper catalysts systems doped by Pd calcined at 400 �C showed only slight

decrease in the value of specific surface area compared to undoped catalysts. The

influence of the kind of Pd precursor on the specific surface area was also found

after specific surface area measurements.

A more pronounced decrease in the value of the specific surface area ranging

from 5 to 8.5 % was detected for catalysts impregnated by PdCl2 containing in their

composition ternary system with various molar ratios of the oxides CuO:-

Cr2O3:Al2O3 like 0.5:0.5:1, 0.25:0.5:1 and 1:2:1 (see Table 1). This result could

Table 1 Specific surface areas of undoped and promoted by palladium Cu–Cr–Al catalysts

Type of catalyst SBET (m2/g)

Calcination temperature (�C)

400 700 900

CuO:0.5Cr2O3:Al2O3 181 37 15

5 %Pd(PdCl2)/CuO:0.5Cr2O3:Al2O3 180 40 8

5 %Pd(Pd(NO3)2)/CuO:0.5Cr2O3:Al2O3 179 39 10

0.5CuO:0.5Cr2O3:Al2O3 236 19 14

5 %Pd(PdCl2)/0.5CuO:0.5Cr2O3:Al2O3 218 77 17

5 %Pd(Pd(NO3)2)/0.5CuO:0.5Cr2O3:Al2O3 224 69 15

0.25CuO:0.5Cr2O3:Al2O3 193 36 10

5 %Pd(PdCl2)/0.25CuO:0.5Cr2O3:Al2O3 183 68 8

5 %Pd(Pd(NO3)2)/0.25CuO:0.5Cr2O3:Al2O3 190 70 9

CuO:2Cr2O3:Al2O3 234 24 17

5 %Pd(PdCl2)/CuO:2Cr2O3:Al2O3 214 17 14

5 %Pd(Pd(NO3)2)/CuO:2Cr2O3:Al2O3 223 20 15
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be explain by the formation of thermally stable (at 400 �C) CuCl2 during calcination

process, which fills the pores of the ternary oxide. In the case of palladium doped

catalysts obtained from palladium nitrate precursor, no significant effect on the SBET

was observed.

Generally, the results of the specific surface area measurements clearly show that

the increase of calcination temperature causes a drop in the value of specific surface

area related to the phase transformation of catalytic systems and sintering process.

Only a slight decrease of the surface area for catalysts impregnated by Pd precursors

was confirmed.

Fig. 1 XRD patterns for undoped catalysts calcined at various temperatures
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Phase composition studies

The phase composition studies were performed for all studied catalysts to

understand the interaction between all component systems. The X-ray patterns of

undoped and promoted by Pd (impregnated from PdCl2 or Pd(NO3)2 solution)

ternary catalytic systems like xCuO:yCr2O3:zAl2O3 after calcination in air at 400,

700 and 900 �C are shown in Figs. 1, 2 and 3.

Fig. 2 XRD patterns for ternary catalysts impregnated by PdCl2
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Fig. 1 presents the phase composition studies of ternary catalysts with various

molar ratios of the corresponding oxides xCuO:yCr2O3:zAl2O3. The XRD patterns

recorded for all samples calcined at 400 �C confirmed the presence of poorly

crystalline: c-Al2O3 (2h = 37.6�, 39.5� 45.9�, 67.0� [ICDD PDF-2 WIN 00-010-

0425]) and CuO (2h = 35.5�, 38.7�, 39.0�, 48.7� [ICDD PDF-2 WIN 00-045-0937])

phases. The increase of the calcination temperature from 400 to 700 and 900 �C

causes the growth of crystallization degree in all cases. Additionally, the calcination

process carried out at 700 and 900 �C, for all catalysts, leads to spinel structure

formation describing by following formula CuAl2O4 (2h = 31.3�, 36.9�, 44.9�,

Fig. 3 XRD patterns for ternary catalysts impregnated by Pd(NO3)2
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55.8�, 59.4�, 65.3�, 74.2�, 77.5� [ICDD PDF-2 WIN 00-033-0448]) and a new

crystalline phase Al2Cu2Cr2O8 (2h = 31.4�, 36.5�, 56.0� [ICDD PDF-2 WIN

00-052-1128]) irrespective of the ternary oxide composition.

The phase composition and reduction behavior of CuO/Al2O3 catalyst was

studied in an earlier work [17]. The authors reported that the spinel structure

CuAl2O4 was formed during the calcination of copper catalyst at 700 �C. The

intensity of copper aluminate increases together with the growth of CuO loading to

20 wt% of CuO. A further increase of CuO loading causes that the intensity of

CuAl2O4 diffraction peak is closed to that of 20.0 %. This indicates that a part of

CuO changes into CuAl2O4 via solid–solid interaction with Al2O3 [18]. A large

amount of CuAl2O4 spinel structure on the catalyst surface inhibits CuO diffusing

into Al2O3 support.

It is worth emphasizing that only in the case of ternary systems 0.25CuO:0.5-

Cr2O3:Al2O3 and CuO:2Cr2O3:Al2O3, an extra spinel CuCr2O4 phase (2h = 35.2,

37.7, 42.3, 56.2, 64.8 [ICDD PDF-2 WIN 00-034-0424]) was also formed during the

calcination process (see Fig. 1C, D). The explanation of this result is the

composition of these systems, in which one atom of copper is attributable on two

atoms of chromium, which facilitates the formation of this spinel CuCr2O4 structure.

XRD results obtained for ternary oxide clearly showed that the intensity of copper

aluminate increases together with increasing alumina content in studied system. The

same tendency is observed for CuCr2O4 structure, the intensity of its reflexes

increases with an increasing content of copper and chromium in the ternary system.

Amin et. al. [19] investigated the phase composition of copper–chromium(III)

catalysts and they also confirmed the formation of copper chromite spinel-like

structure (CuCr2O4) and small quantities of a-Cr2O3 [20]. In our previous works

[13, 14, 21], we obtained similar results. We studied the phase composition of

copper supported catalysts calcined in air at 400 �C and reported that copper

catalysts were a mixture of CuO, a-Cr2O3, CuCr2O4 and amorphous Al2O3 phases.

The phase composition studies carried out for palladium promoted catalysts

prepared by the impregnation method using PdCl2 and Pd(NO3)2 precursor are

shown in Figs. 2 and 3, respectively. The XRD patterns of palladium catalysts

prepared from chloride palladium precursor containing various compositions of

ternary systems are given in Fig. 2. The XRD curves of catalysts calcined at 400 �C

showed the same phases c-Al2O3 and CuO as previously observed for ternary

systems. The increase of calcination temperature to 700 and 900 �C caused the

growth of crystallization degree in the case of all catalysts. Additionally, the same

phases c-Al2O3, CuO, CuAl2O4, CuCr2O4, Al2Cu2Cr2O8 were visible on the XRD

patterns depending on catalysts composition as in the case of ternary systems

described previously. The only differences stemmed from the palladium oxide phase

for 2h = 33.8, 54.7, 60.2.

The study of the phase compositions of palladium catalysts obtained from the

palladium nitrate (see Fig. 3) precursor showed the same tendency as for above-

described for doped catalytic systems. For palladium catalysts calcined at 400 �C, the

presence of c-Al2O3 and CuO phases were also confirmed. The presence of following

reflections originating from appreciate crystallographic phases: c-Al2O3, CuO, PdO,

CuAl2O4, Al2Cu2Cr2O8 were confirmed for palladium catalysts calcined at 700 and
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900 �C containing in their composition following ternary systems: CuO:0.5-

Cr2O3:Al2O3 and 0.5CuO:0.5Cr2O3:Al2O3. For the 5 %Pd/0.25CuO:0.5Cr2O3:Al2O3

and 5 %Pd/CuO:2Cr2O3:Al2O3 catalysts calcined at 700 and 900 �C, we observed an

additional CuCr2O4 spinel structure for 2h = 35.2, 37.7, 42.3, 56.2, 64.8 [ICDD PDF-

2 WIN 00-034-0424] in addition to c-Al2O3, CuO, PdO, CuAl2O4, Al2Cu2Cr2O8

phases (in the same 2h values as mentioned before) in the XRD patterns.

The formation of spinel structure compounds was caused by solid–solid

interactions of CuO with c-Al2O3, and CuO with a-Cr2O3 at temperatures above

700 �C during the calcination process. In our previous work, the phase composition

studies of calcined monometallic copper catalysts supported on CrAl3O6 or spinel-

like structure ZnAl2O4 confirmed the formation of copper chromite [13, 14] and

copper aluminate [8, 22] spinel-like structure depending on the catalyst composition.

Reduction studies

The reduction studies were performed for ternary and promoted ternary catalysts to

explore individual component interactions. For a better understanding of the

reduction behavior of investigated catalysts, we studied the TPR of reference

materials CuCr2O4, CrO3, PdO/Al2O3, CuO/Al2O3 and CuAl2O4 in the first stage of

our measurements. The profiles of temperature programmed reduction for reference

compounds are presented in Fig. 4A and B.

Fig. 4A presents the reduction profiles of the CuCr2O4, CrO3 and PdO/Al2O3

systems. The TPR curve of CuCr2O4 exhibited only one reduction stage with the

maximum of hydrogen consumption peak situated at 250 �C, which is attributed to

the copper–chromium(III) reduction. The next presented profile is the reduction of

the CrO3 system. One can easily observe that CrO3 [13, 14, 21] is reduced in one

stage connected with the reduction of Cr(VI) surface species to Cr(III) species (see

Fig. 4A). The maximum of this reduction effect is located at 380 �C.

The last profile visible in Fig. 4A presents the reduction process of the PdO/

Al2O3 catalyst. The behavior of this profile confirms the one step reduction process

of palladium catalyst. This stage is attributed to PdO reduction, which takes place in

the low temperature range 60–110 �C.

Cubeiro and Fierro [23] studied the reduction behavior of palladium supported

catalysts and they claimed that PdO is an easily reducible oxide, even at room

temperature. Authors also observed a low temperature reduction profile situated in

the temperature range 30–150 �C, which was assigned to the reduction of palladium

oxide to metallic palladium.

We also studied the reduction behavior of palladium catalysts supported on spinel

structure (2 %Pd/ZnAl2O4) and we observed two hydrogen consumption peaks

situated at about 30 and 80 �C. The first hydrogen consumption peak was attributed to

the reduction of highly dispersed palladium oxide, which is slowly reduced already at

room temperatures. The second reduction profile was assigned to the reduction of

small palladium crystallites interacting with the surface of ZnAl2O4 [24].

Fig. 4B shows the reduction of CuO/Al2O3 and CuAl2O4 catalysts. Those

reduction measurements were performed to understand the interaction between CuO

and Al2O3 compounds. The reduction profile of CuO/Al2O3 supported catalysts
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directly indicates that reduction of copper(II) oxide runs in one step, and this stage

includes the reduction of CuO to metallic copper which takes place in the

temperature range 210–350 �C. Whereas the reduction of CuAl2O4 runs in three

inseparable reduction stages (see Fig. 4B). The first observed reduction effect is

attributed to the reduction of CuO, next profile present copper oxide reduction being

with interaction with alumina network and finally last peak present hard reduced

copper aluminate spinel structure reduction [8, 22].

Reduction measurements of ternary oxides xCuO:yCr2O3:zAl2O3 and palladium

catalysts prepared using the chloride or nitrate palladium precursor are given on

Fig. 4 TPR profiles for investigated catalytic systems calcined in air at 400 �C
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Figs. 4C, 4D, 4E, and 4F. The TPR profiles of ternary oxides CuO:0.5Cr2O3:Al2O3,

0.5CuO:0.5Cr2O3:Al2O3 and 0.25CuO:0.5Cr2O3:Al2O3 consist of one wide reduc-

tion effect which ends at about 300 �C. This wide reduction stage represent the

reduction of CuO, CuCr2O4 and Cr(VI) surface species according to reactions 1, 2

and 3 (listed later).

Only in the case of the CuO:2Cr2O3:Al2O3 ternary oxide, which contains the

highest concentration of Cr2O3, the TPR profile showed two partially resolved

reduction stages. The first reduction effect is connected with CuO and CuCr2O4

reduction. The maximum of the second reduction peak situated at 330 �C is

attributed to a Cr(VI) oxidized phase formed from the previously reoxidized phase

of Cr2O3. The rest of Cr2O3 compound create the CuCr2O4 phase undergo the

reduction process in the first stage of reduction.

It is worth noting that the different shape of TPR profiles recorded for ternary

oxide is a function of various molar ratios of appreciate oxide xCuO:yCr2O3:zAl2O3

catalysts. That is so only in the case of CuO:2Cr2O3:Al2O3 system, which contains

the highest wt% (62.4 %) of Cr2O3. Here, two hydrogen consumption peaks are

easily visible.

The TPR profiles of 5 %Pd/CuO:0.5Cr2O3:Al2O3, 5 %Pd/0.5CuO:0.5Cr2O3:

Al2O3 and 5 %Pd/0.25CuO:0.5Cr2O3:Al2O3 (see Figs. 4C, 4D, and 4E) catalysts

prepared from PdCl2 precursor present a two-step reduction (see Figs. 4A, 4B, 4C,

and 4D). The addition of palladium to ternary systems facilitates the reduction process

of the CuO:Cr2O3:Al2O3 ternary oxide. The first effect presents the reduction of PdO

according to reaction 5. The second profile is connected with CuO, CuCr2O4 and

Cr(VI) surface species reduction. Differences were only observed for the 5 %Pd/

CuO:2Cr2O3:Al2O system, which undergoes reduction in one unresolved wide peak.

The shape of this profile suggested that it presents the reduction of the same

compounds that were observed in the case of above-described systems.

The results of TPR measurements for palladium catalysts prepared by the

impregnation of ternary oxide xCuO:yCr2O3:zAl2O3 using palladium nitrate precursor

showed mainly one reduction effect situated in the temperature range 100–280 �C (see

Figs. 4C, 4E, and 4F). One reduction effect was observed for the 5 %Pd/CuO:

0.5Cr2O3:Al2O3, 5 %Pd/0.25CuO:0.5Cr2O3:Al2O3 and 5 %Pd/0.5CuO:0.5Cr2O3:

Al2O3 catalyst and the position of the maximum of hydrogen consumption peak in

all cases were shifted into the lower temperature range. In those cases, the shift of the

reduction peaks also confirm that the addition of palladium facilitates the reduction of

ternary oxides xCuO:yCr2O3:zAl2O3. This fact can be explained by the spill-over

effect between palladium and remaining oxide (CuO, CuCr2O4 and Cr(VI) surface

species) forms, which are reduced during reduction process. The TPR reduction profile

of the 5 %Pd/0.5CuO:0.5Cr2O3:Al2O3 catalyst exhibited two unresolved reduction

effects connected with the same oxide forms reduction as for the above-described

catalytic systems (see Fig. 4D).

Moreover, hydrogen consumption peaks for catalysts impregnated by Pd(NO3)2

show one peak, while after PdCl2 impregnation, two separate peaks were detected.

The observed result can be caused by Pd–O–Cl interactions on the catalyst surface

in the case of palladium catalysts obtained after the impregnation of the ternary

oxide by palladium chloride precursor.
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Reaction 1: CuOþ H2 ! Cuþ H2O

Reaction 2: CuCr2O4 þ H2 ! Cuþ Cr2O3 þ H2O

Reaction 3: 2CrO3 þ 6H2 ! Cr2O3 þ 6H2O

Reaction 4: CuAl2O4 þ H2 ! Cuþ Al2O3 þ H2O

Reaction 5: PdOþ H2 ! Pdþ H2O

Catalytic activity tests

Activity measurements were determined for the selected ternary oxide (xCuO:y-
Cr2O3:zAl2O3) and palladium catalysts at two reaction temperatures (260 and

290 �C). Before the activity tests, all catalytic systems were activated by the

reduction at 300 �C for 2 h in a reduction mixture 5 %H2–95 %Ar under

atmospheric pressure. The reaction was carried out from CO/H2 mixture with

molar ratio CO to H2 equal to 0.5 under the elevated pressure (3 MPa). The results

of the activity tests are presented in Fig. 5A, B, C.

Catalytic activity measurements show generally one common correlation, that the

improvement of methanol yield was observed together with the increase of reaction

temperature from 260 to 290 �C for all ternary and palladium ternary catalysts (from

both palladium chloride (Fig. 5B) or palladium nitrate (Fig. 5C) precursor).

Fig. 5 clearly shows that the palladium catalysts had the highest activity in the

methanol synthesis reaction. The activity of palladium catalysts impregnated by Pd

solution in the studied reaction is about 2 to 5 times higher than that of the undoped

catalysts and it depends on palladium precursor. It is worth emphasizing that the

activity of palladium catalysts prepared using palladium nitrate precursor was

higher than that of palladium catalysts obtained using PdCl2 precursor at 290 �C.

Those results showed that the activity of ternary and palladium catalysts for

methanol synthesis depends on the composition of the catalysts, which points to a

role of the oxide matrix on the catalytic properties.

The catalytic activity results of the ternary catalysts in the methanol synthesis

reaction show that a decrease of copper loading leads to an enhanced of methanol

yield. Ternary oxide catalysts showed comparable catalytic activities at both

temperatures. However, the activity measurements clearly showed that the highest

methanol production was observed for 0.25CuO:0.5Cr2O3:Al2O3 system.

Another tendency was observed for palladium catalysts prepared by the

impregnation method using palladium chloride precursor. In this case, the 5 %Pd/

0.25CuO:0.5Cr2O3:Al2O3 catalyst showed the highest yield in methanol synthesis,

which contain the lowest loading of CuO oxide.

On the other hand, the catalytic systems impregnated by palladium nitrate

precursor exhibited the value of catalytic activity on the similar level. At 260 �C,

the yield of methanol formation is in the range 11–18 gMetOH/kgcat h, while at

290 �C, the yield is equal from 41 to 49 gMetOH/kgcat h. At the temperature 260 �C,

the most promising catalysts were 5 %Pd/CuO:0.5Cr2O3:Al2O3 and 5 %Pd/0.5CuO:

0.5Cr2O3:Al2O3 (18 gMetOH/kgcat h), which had similar specific surface area. The

highest yield in the methanol synthesis reaction at 290 �C was achieved in the
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5 %Pd/0.25CuO:0.5Cr2O3:Al2O3 and 5 %Pd/CuO:2Cr2O3:Al2O3 systems. The

activity measurements showed that a simple correlation could not be found

between the catalysts composition and the yield of methanol formation for all

studied systems.

Wang and Lu [25] studied the physicochemical and catalytic properties of

bimetallic Pd–Cu supported catalysts in CO oxidation. The catalysts were

synthesized from different precursors. The characterization results confirmed that

catalysts prepared using chloride and sulfate precursors lead to the formation of

highly dispersed Cu metallic particles, while the use of acetate and nitrate

precursors lead to the formation of large aggregated Cu particles. The authors also

reported that highly dispersed catalysts exhibited high activity in CO oxidation. For

bimetallic palladium catalysts prepared by co-impregnation using chloride and

sulfate as a precursors, alloy formation between Pd and Cu was proved. The alloy

formation can be the reason for the excellent catalytic properties for CO oxidation.

The hydrogenation of CO2 over bimetallic Pd–Cu catalysts was studied by

Melián-Cabrera et. al. [26]. The authors claimed that incorporation of Pd to Cu–

ZnO(Al2O3) catalysts enhance the CO2 conversion. The increase of methanol

production authors explained by spillover effect between CuO and Pd. Hydrogen

split from metallic palladium to CuO what facilitates the reduction of copper(II)

oxide. The spillover would balance the oxidizing effect of water, and/or CO2, at the

Cu surface.

Activity measurements obtained from methanol synthesis carried out over ternary

and palladium ternary catalysts and reduction studies confirmed that palladium

addition improves the yield in methanol production and facilitates the reduction of the

Fig. 5 Catalytic activity for undoped (A) and promoted by PdCl2 (B), promoted by PdNO3(C) xCuO:
yCr2O3:zAl2O3 catalysts
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oxide forms of ternary systems. This promotional effect can be explained by spillover

effect between Pd and the oxide form of ternary systems (xCuO:yCr2O3:zAl2O3).

Conclusions

The activity result showed that the most promising systems are palladium supported

catalysts Pd/Cu–Cr–Al synthesized by the impregnation method using palladium

nitrate solution as a precursor. The most active system has proven to be palladium

catalyst containing ternary system with following molar ratio 0.25CuO:0.5-

Cr2O3:Al2O3. The increase of efficiency of palladium catalysts in the methanol

synthesis is caused by spillover effect. The reduction behavior of ternary oxide and

palladium ternary oxide catalysts depends on the composition of the catalytic

system. It is worth noting that palladium addition facilitates the reduction of oxide

species presence on catalysts surface. The formation of spinel structures CuAl2O4

and CuCr2O4 and the crystalline phase Al2Cu2Cr2O8 were confirmed during

calcination step by XRD.
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