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Abstract

The effect of manganese on the dispersion, reduction behavior and active states of suragksOafsupported copper
catalysts was investigated by X-ray powder diffraction (XRD), temperature-programmed reduction (TPR) and XPS tech-
nologies. The relationship between the area of metallic copper and the activity of dimethyl ether (DME) synthesis from
CO/H, was also investigated. The catalytic activity over Cu-Mh@Al,03 catalyst for CO hydrogenation is higher than
that of Cuk-Al,O3. The adding of manganese increases the dispersion of the supported copper oxide. For4h&l g/
catalyst, there are two reducible copper oxide speciesnd g-peaks are attributed to the reduction of highly dispersed
copper oxide species and bulk CuO species, respectively. For the CuQAMARO; catalyst, four reduction peaks are
observed. The-peak is attributed to the reduction of high dispersed copper oxide spggiesk is ascribed to the reduction
of bulk CuO;y-peak is ascribed to the high-dispersed CuO interacting with Mnjgrehk is attributed to the reduction of
the manganese oxide interacting with copper oxide. XPS results showed than@tly existed on the working surface of
the Cu-Mn#-Al,O3 catalysts. Cu promoted the catalytic activity with positive charge, which was formed by means of long
path exchange function between Cu—-O-Mn. These results indicate that there are synergistic interactions between the copper
and manganese oxide, which are responsible for the high activity of CO hydrogenation. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction At present time, almost all-commercial DME were
produced by the dehydration of methanol using acidic

Dimethyl ether (DME) is an important chemical for ~porous materials such as zeolites, sillica—alumina, alu-

the production of gasoline, ethylene, aromatics and mina etc. as the catalyst [10] (Eg. (1)), while methanol

other chemicals [1-4]. Its applications as a fuel or can be produced from CO#H

a fuel additive for vehicles and family cooking have

bee_n studied [5—_7]. In view of the environmental pro- 2CH;OH — CH3OCH; + H,0 1)

tection, the substitution of DME for freon as an aerosol

spray [8] and a refrigerant [9] is being considered. It is reported that DME can be synthesized from
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2C0O+ 4H; — CH30CH;z + H»0, 2.2. Catalytic reaction
AH = —207.382kJymol ) S .
Catalytic activity measurements were carried out
3CO+ 3H; — CH3OCH;3 + COy, by using high pressure micro reactor (MRC8004,
AH = —247.468k¥mol A3) i.d. = 8 mm) after introducing pretreatment gas;JH

at 300C for 3h, the reactant gan(CO)/(Hz) =
In early 1990s, most researches focused on DME 2/3) was passed through the catalyst bed (2ml,
synthesis in a slurry reactor in the presence of dual 20-40 mesh) under a total pressure of 2.0 MPa and
catalyst systems consisting of a methanol-synthesisa space velocity of 18001, at temperature of
catalyst (composed of CuO, ZnO, A3) and a 220-300C. The tubing from the catalyst bed to the
methanol dehydration catalysy-Al,O3 or zeolites) gas chromatograph was heated at 100=C560 as
[1,11,14]. At the same time, there are quite a few to avoid any condensation of the products. All ex-
patents describing the method of DME synthesis perimental data were obtained under steady-state
directly from synthesis gas in a fixed-bed reactor conditions that were usually maintained for several
[15-24]. The typical procedure in these patents is hours. The products were analyzed by on-line gas
as follows: CO/H passed over a hybrid catalyst chromatograph with a thermal detector, in which
consisted of a methanol synthesis catalyst and a de-columns Porapak-Q was used to separate reaction
hydration catalyst at 240-300, 3.0-6.0MPa, and  products.
GHSV = 500-5000 hl. The catalysts employed in
this process are methanol synthesis catalysts (Cu-Zn,2.3. Catalyst characterization
Zn-Cr, Cu-Zn-Al, Cu-Zn-Cr, etc.) mixed with the
dehydration catalys{tAl,O3 or zeolites). Measurement of XRD was conducted by using a
We have developed a new catalyst system Rigaku D/Max-B for analysis of the crystal phase.
Cu-MnO,/y-Al203 prepared by a simple impregna- Cu Ka radiation. The specific surface area of metallic
tion method [25]. By using this catalyst, the reaction copper was measured by the decomposition gON
can be carried out at a lower pressure with high CO [26-28] on the surface of metallic copper as follows:
conversion and high selectivity of DME. In this paper, 2Cu+ N20O = N2 + (Cu—O-Cy;. The pulse titration
the effect of manganese on the dispersion of Cu, reduc-technique was employed in our experimeng. Was
tion behavior of catalysts and active stateyedlumina used as the carrier gas and a thermal conduct detec-
supported CuO catalysts was investigated by means oftor was used to detect the amount of the consumption
the temperature-programmed reduction (TPR), X-ray of N2O. The specific area of metallic copper was cal-
powder diffraction (XRD) and XPS techniques. culated assuming a reaction stoichiometry of two Cu
atoms per oxygen atom and a Cu surface density of
1.46 x 10'° Cu atoms/rA [26,28].
2. Experimental
2.4. Temperature-programmed reduction
2.1. Catalysts preparation of hydrogen (H2>-TPR)

The catalysts were prepared by the conventional TPR measurements were made in a flow system.
wet impregnation method with Cu(Ng, Mn(NOg)2, Twenty milligrams of catalyst was pretreated in air at
mixed aqueous solution taken in appropriate ratio 400°C and placed in a TPR cell at room temperature,
(Cu:Mn). The support wag-AloO3, 20-40 mesh.  after that B—N> (5:95) gas was introduced. The wa-

The catalysts were dried at 120 followed by calci- ter produced by the reduction was trapped on a 5A
nation in air stream for a certain time. The individual molecular sieve. The temperature of the sample was
and mixed catalysts are denoted ¥SuAy-Al,Os3, programmed to rise at a constant rate of @Gnin

yMn/y-Al,03 or XCuyMn/y-Al,03, wherex andy and the amount of Huptake during the reduction
denote the loading of metallic copper and manganesewas measured by a thermal conductivity detector
(mmol) per gram support. (TCD).
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2.5. Measurement of photoelectron spectra

Measurement of photoelectron spectra was con-
ducted by using a VG-ESCALAB MKIII surface an-
alyzer, Al Ka, reference to the C 1s level at 285.0eV.

3. Results and discussion

3.1. Effect of composition of the catalyst on the
catalytic activity

Fig. 1 shows the influence of Cu loading amount
of Cuk-Al,O3 catalyst upon the syngas to DME
(STD) process, which was carried out at 2.0 MPa and
GHSV = 18001 based on the gross catalyst vol-
ume. From Fig. 1, it can be seen that the activity of
Cuhky-Al,03 catalysts increases with Cu loading from
0.5 to 2mmol/g support and then decreases from a
higher loading of metallic Cu. From Fig. 1, it can
be found that the optimized Cu loading is 2 mmol/g
support.

The result of CO hydrogenation over Cu-Mn/
v-Al>03 catalyst. was shown in Fig. 2, which exhib-
ited that Mn addition showed a marked improvement
in the activity of catalysts, particularly, the conver-
sion of CO. In addition, the catalytic activity of the
Cu-Mnk-Al,03 catalysts increased with the increase
of Mn/Cu ratio until it reached a maximum at Mn/Cu
ratio of 1.
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Fig. 1. The effect of the loading of Cu on the activity of CO hy-
drogenation. Reaction conditioff: = 260°C; GHSV = 1800 i 1;
CO/H, = 2/3.
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Fig. 2. The effect ofn(Mn)/n(Cu) ratio on the activity for CO
hydrogenation. Reaction conditio: = 260°C; P = 2.0 MPa;
GHSV = 18001T%; CO/M, = 2/3.

Various composition and different preparation
methods of Cu-containing catalysts can strongly influ-
ence their catalytic activity for methanol synthesis. It
has been proposed that [29—-32] the yield of methanol
is directly proportional to the surface of metallic cop-
per for Cu/ZnO/AbO3 or supported copper catalysts
in the synthesis of methanol from the hydrogenation of
CO/COG. However, there are also conflicting reports
[33-35] which suggest that the yield of methanol is
not proportional to the surface area of metallic copper
for the Cu/ZnO and Cu/ZnO/ADs3 catalysts. There
are few studies on the relations between the catalytic
activity for DME synthesis from CO hydrogenation
and the surface area of metallic copper.

In our experiment, the effect of the surface area of
metallic copper on the activity of DME synthesis from
the CO hydrogenation results was shown in Fig. 3. It
can be seen that the catalytic activity increased with
the increase of the surface area of metallic copper, but
it was not a linear relationship. This indicates that the
catalytic activity of the catalysts depends on both the
metallic copper surface area and the powerful synergy
between copper and manganese oxide.

3.2. XRD phase analyses of calcined catalysts

Fig. 4 shows the XRD profiles of Cu@4Al,O3
catalysts with different Cu content. From Fig. 4, at low
Cu loading &1 mmol) no visible CuO crystal phases
can be observed; as the CuO loading increasing, the
crystal phase of CuO becomes apparent.
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Fig. 3. Relationship between the yield of DME and surface €Nt Mn loading: (a) 0.25MnfAl2Os; (b) 0.5Mnk-Al20s; (c)
area of Cu. Reaction conditionl = 260°C; P = 2.0MPa; 1.0Mnk-Al20s; (d) 2.0Mnk-Al20s; (€) 4.0Mnk-Al203. MnO,
GHSV = 1800 r%; CO/M, = 2/3. (A).

Fig. 5 shows the XRD profiles of Mn@y-Al 03 The results indicate that the adding of Mn enhances
catalysts with different Mn content. At low Mn load- the dispersion of CuO, which is consistent with the
ing (<0.25 mmol) no visible Mn@ crystal phase can  results of active area, particle size of metallic cop-
be observed. As the Mn loading increased, the crys- per and dispersion of Cu (Table 1). This indicates
tal phase of Mn@ becomes obvious. Fig. 6 shows the that there may be an interaction between copper oxide
XRD profiles of CuO-MnQ/y-Al,O3 catalysts with and manganese oxide particles, which restrains phase
different Mn content. XRD (Fig. 6) results show that transformation of CuO and MnO From the Figs. 4
MnO, component in Cu-Mn@'vy-Al,O3 catalysts is and 6, it can be seen that the adding of manganese
high dispersed, its XRD peaks are not observed; other enhances the dispersion of CuO, while the existence
component in Cu-MnQ@'y-Al,O3 catalysts are more  of copper also enhances the dispersion of manganese
dispersed than that in Cu@@Al,03 catalysts. As the  oxide.
adding of Mn increasing, the CuO peaks get lower and
lower indicating that CuO dispersed more and more.
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Fig. 6. XRD profiles of CuQy-Al,O3 catalysts with differ-
Fig. 4. XRD profiles of CuOy-Al,03 catalysts with different Cu ent Mn loading: (a) 2.0CytAl,Osz; (b) 2.0Cu-0.5Mmj-Al,Og3;
loading: (a) 0.5Cu-Al203; (b) 1.0Cuk-Al>03; (c) 1.5Cuk-Al0; (c) 2.0Cu-1.0Mnj-Al03; (d) 2.0Cu-2.0Mnyj-Al>03; (€)
(d) 2.0Cu#-Al,0s3; () 3.0Cuf-Al,03. CuO @). 2.0Cu-4.0Mn#-Al,03. CuO @).
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Properties of catalysts
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Catalysts Particles size (nm) Active area?(gcat) Dispersion (%)
2.0Cuf-Al,03 52 0.28 0.12
2.0Cu-0.5Mn4-Al,03 7.6 2.72 1.13
2.0Cu-1.0Mn%-Al>,03 5.8 3.56 1.48
2.0Cu-2.0Mn4-Al,03 4.7 4.40 1.70
2.0Cu-4.0Mn}-Al 203 5.2 4.00 1.60

3.3. XRD analyses of reduced catalysts amorphous and/or microcrystallines during reduction.
Klier and co-workers [36,37] have also observed the
When the CuQy-Al,03, CuO-MnQ,/y-Al,03 cat- broadening or the absence of X-ray diffraction lines
alysts were reduced byzht 300C, it can be found  for Cu and suggested that Cu was highly dispersed
that XRD (Fig. 7) lines for CuO were absent for the and a considerable amount of amorphous phase was
reduced sample while diffraction lines for Cu were found. It is consistent with our observations.
present. This indicates that CuO in the catalysts was
completely reduced to metallic copper. The mean crys- 3.4. H»>-TPR of CuO/y-Al,03 catalysts
tallite sizes were determined by the Scherrer equa-
tion, d = «1/cosd, and the results are listed in Table With increasing copper loading, two TPR peaks,
1. This shows that the mean crystallite size of metal- namelya andp as shown in Fig. 8, can be observed
lic copper in Cu-Mn4-Al>03 is much smaller than  in the TPR patterns. The area@fpeak obviously in-
that in CuO#-Al,03 and decreases with the increas- creases with increasing the copper loading, but the area
ing manganese content until the ratiorgMn)/n(Cu) of a-peak has a maximum value occurring at 2 mmol
is 1. The mean particle sizes of metallic copper deter- Cu/g support, when the copper loading is lower than
mined by X-ray diffraction are consistent with those 2mmol Cu, theB-peak area is smaller than that of
calculated by specific area of metallic copper (see Ta- «-peak, and when the copper loading is higher than
ble 1). The diffraction line of Cu is broadened, suggest- 2mmol Cu, thep-peak area is larger than that of
ing that Cu atoms were high dispersed and exhibited «-peak and thex-peak becomes a shoulder. In ad-
“X-ray amorphous” features due to the formation of dition, the overlap ofx- and B-peaks becomes very
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Fig. 7. XRD profiles of reduced 2.0CuAl,O3 and 2.0Cu-
2.0MnA-Al>03: (a) 2.0Cuf-Al03; (b) 2.0Cu-2.0Mmj-Al03.
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Fig. 8. The TPR profiles of Cu@/Al,O3 catalysts with differ-
ent Cu loading: (a) 0.5mmol; (b) 1.0mmol; (c) 1.5mmol; (d)
2.0mmol; (e) 3.0 mmol.
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serious when copper loading is higher than 3 mmol
Cu/g support. It seems to have a saturated phenomenon 320
occurring at 2.0 mmol Cu/g support ferpeak. The i
serious overlap o&- andp-peaks implies that the re-
ducibility of these two types of copper oxide species
gradually approaches to the same.

Combining the results of TPR and XRD, it can be

d
found that the higher the copper loading, larger the C
B-peak area of TPR and the larger the signal intensity b
of XRD (Fig. 4). There is a maximum area @fpeak |
when the loading of Cu is 2mmol/g support. These a
strongly suggest that the-peak copper oxide species 100200 300 400 500
belong to the bulk CuO and thepeak copper oxide Temperature/C
species is contributed to the dispersed CuO.
Friedman et al. [38] reported that for Cu@Al ,03 Fig. 9. TPR profiles of CuGtAI2O3 with various

: Mn loading: (a) 2.0Cw-Al;O3; (b) 2.0Cu-0.5Mmj-Al,0s3;
catalysts, saturation of the support surface occurs (© 2.0CULOMM-AIO08 (d) 2.0CU-2.0M-ALOs (&)

at a copper loading approximately 4-5wt.% Cu per ; ocy.4.0Mng-Al,0s; (f) 2.0MnAy-Al 0.

100 nf/g Al,Os. Above the threshold loading, for-

mation of crystalline CuO is observed. According

to Friedman’s saturation value, ‘monolayer’ cov- three peaks are observed and when the manganese
erage of supported employed in this study (BET loading is higher than 0.25 mmol/g support four peaks
area= 230n?) should occur at a copper content of are observed. The four peaks are designated, 8
approximately 2 mmol/g support, which is compatible v, & in Fig. 9. The position ofx- and B-peaks re-

with the TPR results. Hence,- and B-peaks can be  main unchanged with increasing manganese loading.
unambiguously attributed to the reduction of highly The intensities ofu- and B-peaks decrease rapidly
dispersed copper oxide species and bulk-like CuO, with the increase of manganese loading from 0.25 to

respectively. 4.0 mmol/g support. The XRD results (Fig. 6) show
that as the adding of manganese increasing, the CuO
3.5. H»-TPR of CuO-MnO, /y-Al,O3 catalysts peaks get lower and lower. Compared to TPR results of

CuOA-Al 03 (Fig. 8) we propose that- andp-peaks

The reduction profile (Fig. 9) of Mn@y-Al,O3 are contributed to the high dispersed CuO and bulk
is characterized by two prominent peaks, at 320 and CuO species, respectively.
370°C, respectively. The lower temperature peak at- From Fig. 9, it can be seen that the position of
tributes to the reduction of Mnf£xo Mn3Oy; the high v-peak remains unchanged with increasing manganese
temperature peak attributes to the reduction og®in loading, while, the intensity of-peak increases with
to MnO [39]. For the thermodynamic reasons, further the increasing manganese loading. We propose that
reduction of MnO does not occur under the applied thewy species is ascribed to the high-dispersed CuO in-
experimental conditions. This result is consistent with teracting with Mn. The area @-peak monotonously
Wollner's conclusion [39]. increases with increasing manganese loading and

The TPR profiles of the mixed compounds were also shifts to higher temperature. On the basis of XRD re-
shown in Fig. 9. From Fig. 9, it can be seen that the re- sults and these findings, it is concluded that the peak
duction position of CuO-MnQ'y-Al 03 catalysts lies d may be ascribed to the reduction of manganese
in between the Cu@*Al,03 and the MnQ/vy-Al20s. oxide interacting with copper oxide. The TPR results
Apparently, the presence of copper enhances the re-show that there exists interaction between the copper
duction of manganese oxide because of hydrogenationand manganese oxide, which causes TPR peaks of
spillover [39]. the CuO-MnQ/y-Al,O3 catalyst different from the

From Fig. 9, it can be also seen that when the man- individual supported copper and manganese oxide
ganese loading is lower than 0.25mmol/g support, catalysts.
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Fig. 11. XPS Cu 2p spectra of the 2.0Cu-2.0WA,05 catalyst:

Fig. 10. XPS Mn 2p spectra of 2.0Cu-2.0MpAl,03: (a) before
reduction; (b) after reduction; (c) after reaction.

3.6. Surface state of activity

(a) before reduction; (b) after reduction; (c) after reaction.

that the valence of Cu increases from zero in the re-

duced catalysts ta-1 and+2 in the used catalysts.

The XPS of the Mn 2p level for the before reduced,
after reduced and used catalysts are shown in Fig. 10.
From Fig. 10, it can be seen that the binding energy
(BE) of the Mn 2p level for the calcined catalyst was
very close to that for pure MiD3 (BE = 642 eV). On
the other hand, in the reduced catalyst, the BE value of
the Mn 2p band was decreased, which is contributed
to the MnO. For the used catalyst, it is found that there
exists two kinds of manganese species; one shows a
BE of 641.5eV and another a BE of 642eV, the lat-
ter species contributes to MaOBased on the results
mentioned above, it is concluded that the valence of
Mn is 42 after reduction, while it increases 48 and
+4 after reaction.

The XPS of the Cu 2p level for the before reduced,
after reduced and used catalysts are shown in Fig. 11.
From Fig. 11, it can be seen that the BE of the Cu 2p
level for the before reduced catalyst was very close to
that for pure CuO (BE= 9333eV). In the reduced
catalyst, the BE value of the Cu 2p band was decreased
to 932.3eV, which contributed to the metallic cop-
per. For the used catalyst, the XPS of Cu 2p is 931.3,
moreover, a shoulder peak (BE 9335 eV) appears
which is ascribed to the CGti. The former specie is
contributed to Cti. From the Fig. 11, it is concluded

The XPS of Cu 2p for the before reduced, after re-
duced and used 2.0CuAl>03 catalyst are shown in
Fig. 12. From Fig. 12, it can be seen that the BE of
the Cu 2p level for the before reduced catalyst was

3
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Fig. 12. XPS of Cu 2p for the 2.0Cw/Al,O3 catalyst: (a) before
reduction; (b) after reduction; (c) after reaction.
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very close to that for pure CuO (BE 9333eV).
In the reduced catalyst, the BE value of the Cu 2p
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