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Abstract

Copper modified MCM-41 silica materials obtained by various preparation techniques are characterized by X-ray diffraction (XRD),
temperature programmed reduction (TPR) and FTIR spectroscopy of adsorbed CO. The copper state in the samples is controlled by the
preparation method used. The catalytic activity and selectivity of the samples in methanol dehydrogenation are also compared. The role of
different copper species in the catalytic process is discussed.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction crease with temperature rise and flow rate decrease is also
established9,13,26,30,35,42,46,49]

The products of methanol dehydrogenation are of consid- Recently, mesoporous MCM-41 silicas have provoked a
erable interest because of their application as an alternativelarge interest as catalytic supports for metals, metal oxides
fuel or source for the chemical industry. Among them, and organometallic compoundS0-53] due to their well
methyl formate (MF) is stated as an important intermediate defined porous structure and inertness in catalytic processes.
for the production of valuable chemicals such as formic Different methods for the preparation of copper-containing
and acetic acids, formaldehyde and dimethylformamide MCM materials have been describg84-56] Depend-
[1-4]. On the other hand, when decomposed to hydro- ing on the method used, the presence of copper ions
gen and carbon monoxide, methanol is considered to beand highly dispersed GO or CuO particles has been
promising effective and ecological fuel for fuel cells, gas observed.
turbines and vehicle§5—9]. Copper-containing materials One of the most widely applied techniques for character-
are usually proposed as suitable low temperature catalystszation of copper-containing catalysts is IR spectroscopy of
for these processg8-33] MF is often assumed to be an adsorbed CO. It is established that only*Cecations form
intermediate in methanol decomposition to hydrogen and stable carbonyl457]. They are usually observed in two
carbon monoxide, but their direct formation from methanol spectral regions: (1) around 2160Th(with most zeolite
is not excluded eithef17,28,30,34,35] However, despite  samples[58—63) and around 2130cmt (when copper is
the great number of papers dealing with the mechanism supported on oxidef60,64—71). At high CO equilibrium
of methanol dehydrogenatidil-33,36-48] the problem pressures Clions in zeolites form dicarbonyls, and even
concerning its selectivity regulation is not fully solved. The tricarbonyls at low temperaturgs8—63] Formation of di-
selectivity is essentially affected by the acid—basic proper- carbonyls was also proposed recently for oxide-supported
ties of the supporf21-24,27] copper oxidation state and copper [64-66] The C#+—CO bond is mainly electro-
dispersion{19,29,42]and the type of copper precursor used static and, as a result, the Susites form carbonyls at low
[15,27] Higher MF selectivity is usually observed with temperatures and/or high CO equilibrium pressures only.
lower methanol conversion, but a significant selectivity de- These species are typically observed around 2200c¢m

The CY-CO type carbonyls are usually detected below
2100cnT! [72]. However, in some cases (when the copper

* Corresponding author. Tek:3592-979-3961; fax:3502-8700-225.  dispersion is high or the surface is rough) the®anO
E-mail address: ormm@orgchm.bas.bg (T. Tsoncheva). bands can be found at higher frequencies, in the region
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where the Cti-CO species absoii33]. In this case a crite- acetylacetonate in chloroform. The chloroform was then
rion for discrimination between the ¢4CO and C8-CO removed in a rotary evaporator.

species is their stability: the carbonyls of metallic copper ¢ Sample CM4: Two grams of the parent material were
are easily decomposed during evacuafori. stirred for 1 h in 0.05M solution of G then filtered,

In our previous studies, different copper species de- Wwashed thoroughly with water and dried. The?Ciso-
pending on the preparation method used for copper lution was prepared by dissolving Cu(N)2-3H20 in
loaded MCM-41 and MCM-48 materials were established distilled water followed by addition of concentrated plH
[67,74,75] A significant amount of copper ions strongly ~ until a pH value of nine was reached.
interacting with the support were observed with the samples
obtained from the corresponding acetylacetoii@ie74] or
ammonia precursdi6]. In the present paper, representative
copper modified MCM-41 samples obtained by the above
methods were studied in detail by FTIR spectroscopy of
adsorbed CO and in catalytic dehydrogenation of methanol.
The aim of this study is to clarify the effect of the state of

copper originating from the different preparation techniques .
PP 9 g brep q spectrometer at a spectral resolution of 2¢maccu-

used on the process selectivity towards methyl formate, car- . . ;
P y y mulating 64-128 scans. For the adsorption experiments,

bon monoxide and hydrogen. Some aspects of the reaction .
mechanism are discussed self-supporting pellets were prepared from the sample pow-

ders and treated directly in the purpose-made IR cell. The
latter was connected to a vacuum-adsorption apparatus with
a residual pressure below 1HPa. The cell allowed the IR
measurements to be performed both at ambient temperature
and at 100 K. Carbon monoxide (>99.997) was supplied by
Merck. Prior to the adsorption measurements, the samples
were activated by heating for 1 h in oxygen at 673K and

The parent silica MCM-41 material (978%g~) were 1h evacuation at the same temperature (oxidized samples)
synthesized by a standard procedure described elsewheré P P

. ) 5 . within the cell system. To obtain the “reduced” samples,
E;Lel]%ol?lzfv?/irr?gtp(ignga:ti%onnzzlcnr::?qizgples were obtained by the pellets were treated in hydrogen (27 hPa) for 1 h at 523

or 673K and then evacuated at 573K for 1 h.

e Sample CM1: Two grams of the parent material were Powder X-ray diffraction (XRD) data were collected at
stirred at room temperature with 85 ml 0.024 M aqueous room temperature with an automatic DRON-3 diffractometer
solution of Cu(NQ)». The liquid phase was removed by using Cu kx radiation. Patterns were recorded within the
a 4 h treatment at 323K in a rotary evaporator. range 30-45 20 with a constant step 0.026 and 1s per

e Sample CM2: Two grams of the parent material were step counting time.
stirred at room temperature with 11 ml 1 M aqueous so- The BET surface area and pore diameters were determined
lution of Cu(NQs)2. Then the liquid phase was removed by nitrogen adsorption/desorption isotherms at 77 K using
by centrifugation and the obtained product was dried a static volumetric technique (Quantachrome Autosorb 1).
at room temperature and then under vacuum for one Before the physisorption measurements the calcined samples
night. were outgassed at 393K for 15 h under vacuum.

e Sample CM3: Two grams of the parent material were The temperature programmed reduction—thermogravi-
stirred for 1 h at room temperature and then for one more metric analysis (TPR-TGA) studies were performed in a
hour at 323K with 80ml 0.023M solution of copper SETARAM TGDTA 92 microbalance. The samples (usually

After drying all samples were calcined in an air flow at
770K for 6 h. Samples containing 6—8 wt.% coppkaifle )
and a BET surface area of 700-850g1! were obtained.
2.2. Methods

The IR spectra were recorded on a Nicolet Avatar 360

2. Experimental

2.1. Materials

Table 1

TPR data on the investigated samples

Sample Cu (wt.%) Tmax® (K) Weight loss (mg) Reduction degrée(%)
Experimental Theoretical
420-500K 500-870K 1h-870K éo-c

CM1 5.60 450 0.52 0.00 0.05 0.57 100

CM2 8.27 450 0.76 0.12 0.08 0.96 100

CM3 5.21 440 0.38 0.03 0.05 0.57 81

CM4 5.94 450 0.14 0.19 0.12 0.61 74

* Temperature of the reduction maximum on the DTG curves.
** Total weight loss during reduction referred to the calculated theoretical weight loss for the reductiofofoQuetallic copper.
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40mg) were heated in a flow of 50 vol.%>Hn Ar and CM4 samples, respectivelyig. 1). These results show
(100cn?min~1) up to 873K at 5Kmin! and a final different dispersion of the copper oxide in the samples. They
hold-up of 1 h. Prior to the TPR experiments the samples also suggest the existence of very small, XRD amorphous
were treated in situ with an air flow up to 873K at a rate of CuO particles and/or isolated copper ions with the latter two
10 K min~1, samples.

The methanol dehydrogenation to MF, CO ang Was The results from the TPR measurements are presented in
conducted at 450-700K in a regime of thermoprogrammed Fig. 2andTable 1 A well defined reduction peak with max-
reaction (heating rate 2 Kmift) or under isothermal con-  imum around 450K is found for all samples in the interval
ditions at 600K with Ar as a carrier gas. Practically no 420-500K. According to XRD data for analogous samples
other products were detected except for a small amount ofreduced in hydrogen at 520 K (not shown), this peak could
CH4 (about 2—3%) at high temperatures in some cases. Thebe assigned to reduction of CuO particles to metallic copper.
on-line gas chromatographic analysis was made on a Pora-At higher temperatures, 500—870 K, no clearly defined peaks
pak Q and a molecular sieve column using an absolute cal-are found. Here, only a tail is observed in the TG profile of
ibration method. The methanol pressure was 1.57 kPa andthe samples. This effect could be assigned to reduction of
WHSYV, 1.5t 1. Before the catalytic experiments the sam- copper species and/or ions which are more difficult to re-
ples were pretreated in situ in air at 773K for 2 h. To study duce due to their higher dispersion and stronger interaction
reduced samples, additional treatment in a flow of a 1:1 with the support. It should be noted that in the case of CM3
mixture of Hp and Ar at 523 K for 2 h was performed. Prod- and CM4 a considerable fraction of these copper species (19
uct analysis was carried out by on-line gas chromatography.and 26 wt.%, respectively) could not be reduced even after
MF selectivity Gur) was calculated a&mr/(Xvr + Xco), 1hat 870K in a hydrogen flowTéble 1. This indicates the
whereXyr andXco are the MF and CO vyields, respectively. presence of different copper species and suggests that these

samples contain also a considerable amount of isolated cop-
per species and ions spread within the host structure.

3. Results
3.2. FTIR spectra of adsorbed CO
3.1. XRD and TPR measurements
3.2.1. CO adsorption on oxidized CM1
Powder X-ray measurements were carried out in order Adsorption of CO (1.3 kPa equilibrium pressure) at 100 K
to obtain information about the CuO dispersion depending on the vacuum activated sample results in the appearance
on the preparation method usefid. ). CM1 and CM2 of two bands with maxima at 2156 and 2136 ¢h(Fig. 3,
samples show some typichkl reflections (at ® = 35.6 spectrum a). Both bands strongly decrease in intensity with
and 38.8) of CuO. In contrast, only very weak and broad the equilibrium CO pressuré-ig. 3, spectra b—e) which in-
or no reflections of crystalline CuO were observed for CM3 dicates that they are due to weakly adsorbed species. The
band at 2136 cm' is assigned to physically adsorbed CO
and that at 2156 crt, to CO H-bonded to surface silanol
1200 groupg57]. Indeed, the Si—-OH band at 3742 chis shifted

to 3635 cn! in parallel with the appearance/disappearance
of the 2156 crm! band. At lower CO coverages, a weak and
1000 d broad band centered at 2132chis clearly visible Fig. 3,
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Fig. 1. XRD data on oxidized samples: CM1 (a); CM2 (b); CM3 (c) and Fig. 2. TG (dash lines) and DTG (solid lines) curves during TPR of:
CM4 (d). CM1 (a); CM2 (b); CM3 (c) and CM4 (d).
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Fig. 4. FTIR spectra of CO (700 Pa equilibrium pressure) adsorbed at

Fig. 3. FTIR spectra of CO (1.3 kPa equilibrium pressure) adsorbed at 85K 85K on CM2 (a) and after evacuation at 100K (b—g) and during a gradual
on CM1 (a); after evacuation at 100K (b—e); during a gradual increase of increase of temperature (h-k). All spectra are background corrected.
temperature (f) and at 373K (g). All spectra are background corrected.

3.2.3. CO adsorption on oxidized CM2
spectra c—e). This band consists of at least three compo- In this case again low-temperature CO adsorption re-
nents (around 2135, 2128 and 2115¢n The band is re-  sults in the appearance of two intense bands: H-bonded CO
sistant towards evacuation at ambient temperatbig. G, at 2156 cm! and physically adsorbed CO at 2135t
spectrum f) and disappears completely after evacuation at(Fig. 4, spectrum a). Careful analysis of the spectrum shows
373K (Fig. 3, spectrum g). The band position and stabil- however that here, the band at 2134¢nhas a low-fre-
ity indicate that it is due to Ct-CO specie§66—71] The guency shoulder. Coverage decrease allows a more precise
relatively high stability of these entities originates from the location of this shoulder, its maximum being at 2129¢m
synergism between and w-components of the Cu-CO (Fig. 4, spectrum c). The 2156 cth band disappears and
bond. It should be noted that &CO species could also a weak band at 2162 cmh becomes clearly visibleF{g. 4,
be observed around 2130 chbut they are, as a rule de- spectrum e). The lower frequency band is converted to a
composed even at low temperat{if@]. The results indicate  well-shaped band at 2129 cth

some heterogeneity of the Cications in the sample. Additional decrease in coverage leads to an intensity drop
of the 2162 and 2129 cnt bands and to a development of a
3.2.2. CO adsorption on reduced CM1 new, coverage independent band at 2132%(Fig. 4, spec-

The sample was reduced in 13.3kPaahd then evacu-  tra e—k). The latter is highly resistant to evacuation and dis-
ated at 523 K. Adsorption of CO (400 Pa equilibrium pres- appears from the spectrum after evacuation at 373 K (spectra
sure) on the sample thus treated, led again to the appearanceot shown).
of two intense bands, at 2156 and 2136 ¢frwhich had al- The above results can be rationalized assuming for-
ready been attributed to H-bonded and physically adsorbedmation of Cu(CO), species a5 at 2162 andvs at
CO, respectively (spectra not shown). Decrease in the equi-2129 cnt!) which are converted to Gu+-CO monocar-
librium pressure caused vanishing of these two bands, thusbonyls (2132 cm?). There are many works reporting for-
revealing a broad weak component centered at 212Zcm  mation of copper di- (and even tri-) carbonyls after CO
However, in contrast to the case of the oxidized sample, adsorption on zeolitefs8—63] However, typically thevag
the band at 2127 cit was easily removed during evacua- and vs modes are observed around 2178 and 2151%cm
tion even at temperatures lower than the ambient one. ThisThe formation of polycarbonylic species has been explained
allows assignment of the 2127 cthband to C-CO car- by the low coordination of the cations in zeolites and is not
bonyls, which is consistent with the TPR results indicating typical of the Ca—CO systen{60]. Thus, many studies of
an almost complete reduction of copper under the conditions CO adsorption on oxide-supported copper report exclusively
applied. Generally the carbonyls of metallic copper absorb formation of monocarbonyls. Zecchina and co-workers
at lower frequencies than the €uCO species (as observed [65] were the first to report formation of dicarbonyls af-
here) but there are many exceptions to this [G6I4. Here ter low-temperature CO adsorption on Cu-gignd CyO
again, a heterogeneity of the copper sites has been found. (frequencies at 2162—2150 and 2132—-2113tmWe have
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also recently reported similar species formed on CuSiO
[64], Cu/TiO, [66] and Cu/MCM-41[67] samples.

3.2.4. CO adsorption on reduced CM2

The sample was reduced at two temperatures, namely 523

and 673K, in 16 kPa i each reduction followed by evac-
uation at the same temperature.
Low-temperature CO adsorption (530Pa equilibrium

pressure) on the 523K reduced sample leads to the ap-

pearance of two main bands at 2156 ¢nfH-bonded CO)
and 2123cm?. In addition, a weak band at 2182 chis
clearly observable (spectra not shown). Evacuation leads

to decrease in intensity and disappearance of the bands at

2182 and 2156 cmt. Difference spectra indicate that the
band at 2123 cm! loses quickly two components, around
2137cm! (physically adsorbed CO) and 2112th a
small decrease of a component at ca 2125%rbeing
also observed. The band at 2112¢htan be attributed to
CW—CO species indicating the existence of reduced copper
sites. When the band at 2156 chrdisappears, a component
at 2161 cm is visible. The low-frequency band is slightly
blue shifted initially to 2127 and then to 2129t The

129
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Absorbance, a.u.

2200

2160

2120 2080

-1
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Fig. 5. FTIR spectra of CO (270 Pa equilibrium pressure) adsorbed at
100K on CM2 reduced at 673K (a); after evacuation at 100K (b—d) and

during a gradual increase of temperature (e—g). All spectra are background
corrected.

latter decreases in intensity but does not disappear even

after evacuation at ambient temperature.

The bands at 2161 and ca. 2127 care attributed, by
analogy with the oxidized sample, to thgandvs, respec-
tively, of Cu™(CO), species. The band at 2129 characterizes
the corresponding monocarbonyls.

According to its position, the band at 2182¢thin the
spectrum could be assigned toZtuCO species. However,
itis not likely to have Cét ions on the reduced sample. That
is why we assign this band to €(CO), dicarbonyls. In fact,
the band position is very similar to the modes observed
with copper dicarbonyls on Cu-ZSM{58-61]and even on
Cul/silicalite-1[62]. Evidently, the respective,s modes (ex-
pected around 2151 cm) are masked by the strong OH-CO
band at 2156 cmt. Thus, the results suggest that this re-
duction treatment has led to creation of Ceations that are
similar to cations in zeolites. The correspondingCions
are relatively stable and not reduced to'Qunder vacuum.

The spectra registered after CO adsorption (270 Pa equi-
librium pressure) on the sample reduced at 673K are pre-
sented inFig. 5 The main differences observed with the
sample reduced at 523 K are as given further.

The band at 2182 cnt is absent, which means that the
respective Cti sites have been reduced.

The band at 2161 cnt and its lower frequency coun-
terpart have a negligible intensity demonstrating that the
main fraction of the corresponding Cites has also been
reduced.

The band at 2129 cnt almost disappears after evacua-
tion at temperatures lower than the ambient one, which
indicates that the copper is mainly in theCatate.

The overall intensity of the bands around 2130¢nis
reduced. Although we have no data about the extinction

coefficient of the different copper carbonyls, the results are
consistent with the formation of copper particles where some
of the copper atoms are in the bulk and thus not accessible
to CO.

3.2.5. CO adsorption on oxidized CM3

Adsorption of CO (266 Pa equilibrium pressure) at 100 K
on the vacuum activated sample results in the appearance of
several IR bands in the spectrum. Their maxima are at 2198,
2185 (sh), 2156 (s), 2132 and 2123th{(Fig. 6, spectrum

- 2156

0.1

Absorbance, a.u.

-2198

2132

T
2160

2200 2120

Wavenumber, cm™
Fig. 6. FTIR spectra of CO (270 Pa equilibrium pressure) adsorbed at

85K on CM3 (a) and after evacuation at 100K (b—e) and during a gradual
increase of temperature (f—i). All spectra are background corrected.
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a). The 2156 cm? band is due to H-bonded CO and declines
with evacuation Eig. 6, spectra b—d). As in the previous
cases, a band at 2161tk more resistant to evacuation,
is well discernible at lower coverageiig. 6, spectrum d).
The band at 2132 cr (physically adsorbed CO) vanishes
very quickly leaving, in the spectrum, an asymmetric band
at 2126 cntl. The weak band at 2185 crh also strongly
decreases in intensity during evacuation, while the band at
2198cn1! remains almost unaffected. Additional evacua-
tion (Fig. 6, spectra e—i) results in:

| 0.05

:-2120

- 2155

Absorbance, a.u.

e decrease in intensity/disappearance of the band at 2161
cm! and simultaneous shift of the band at 2127¢m
to 2132 cntl. Then the latter band decreases in intensity
without changing its position;

e decrease in intensity/disappearance of the band at 2198 : . : .
cm~1 with a simultaneous blue shift to ca. 2202¢h 2160 2120 2080

Taking into account the results with the other samples, Wavenumber, cm™
we propose the following assignment. The set of bands
at 2161 and 2127 cnt characterize dicarbonyls of Gu Fig. 7. FTIR spectra of CO (270 Pa equilibrium pressure) adsorbed at
ions whereas the Corresponding monospecies absorb aéOO_K on CM3 re_duced at 673K (a); after evacuation at 100K (b—g) and

1. . . uring a gradual increase of temperature (h—l). All spectra are background

2132 cn1?; the band at 2185 cnt arises from another kind o rrected.
of dicarbonyl species formed with Cun positions similar
to cationic positions in zeolites; the band at 2198 értnot
observed with the CM1 and CM2 samples) is assigned, in
agreement with literature daf&7], to Cl*T—CO species.
The principal band registered after room temperature evac-
uation, is that of Cti-CO species at 2132 cth. A weak
band around 2160 cnt is also noticed and most probably
it corresponds to monocarbonyls with Cions in cationic
positions.

Thus, the main difference between this sample and the
CM1 and CM2 specimens appears to be the existence of
accessible Gl cations in the former case.

3.2.7. CO adsorption on oxidized CM4

The spectraKig. 8) obtained after adsorption of CO at
low temperature on the vacuum activated CM4 sample are
essentially the same as those registered with the CM3 sample
(seeFig. 6). This suggests that the copper state on both
samples is almost identical.

3.2.8. CO adsorption on reduced CM4
Here again, the spectra (not shown) are similar to those ob-
tained with the reduced CM3 sample ($&g. 7). The main

3.2.6. CO adsorption on reduced CM3

Introduction of 266 Pa CO to the reduced sample at 100K
results in the appearance of two intense bands in the IR spec-
trum, their maxima being at 2155 and 2118¢n(Fig. 7,
spectrum a). Decrease of the coverage during evacuation ini-
tially does not affect the 2118 cmh band but the band at
2155 cnt! decreasesHig. 7, spectrum b) Additional cover-
age decrease is accompanied by a further intensity drop of
the 2155 cm? band and its disappearandeéid. 7, spectra
c—e). A weak component at 2159 chis then revealed. The
2118 cnt! band first slightly rises in intensity and is shifted
to 2120 cn! then starts to decline and its maximum is set-
tled at 2124 cm? (Fig. 7, spectra f, g). The band quickly
disappears from the spectrum after evacuation at tempera-
tures above 100 KHig. 7, spectra h-l). The low stability of

- 2156

Absorbance, a.u.

the band implies that it characterizes%GO species. Here 2200 2160 2120 2080
the band at 2159 cnt as well as the behavior of the lower .
frequency band resemble the spectra obtained after CO ad- Wavenumber, cm

sorption on Cu cations. The origin of thI_S pheno_menon IS Fig. 8. FTIR spectra of CO (270Pa equilibrium pressure) adsorbed at
far from clear. We could suggest formation of dicarbonyls 100k on cM4 (a) and after evacuation at 100 K (b—f) and during a gradual
on metallic copper sites. increase of temperature (g—k). All spectra are background corrected.
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Table 2
100 . Mﬁl.f. MF selectivity on the investigated samples at comparable conversion
1 // c -~ Samples MF selectivity (mol.%)
A
80 cMm1 CM2 CM3 CM4
o | Oxidized 53 52 38 20
> Reduced 75 60 50 62
g 60 -
c |
9
) 100 -
o 40 -
>
C <
8 4
20 80
i ’..
© |
J d/ b i
Py g 60
0 > n___ 3
450 500 550 600 650 700 750 g |
‘©
Temperature, K § 20 4
Fig. 9. Methanol conversion vs. temperature on the oxidized samples: S 1
CM1 (a); CM2 (b); CM3 (c) and CM4 (d). o c
20
iy
difference is that with CM4 the frequencies of the’cGO 1%
species are somewhat lower: 2113¢nat saturation and o-,tﬁ. N —
2119cnr! at intermediate and low coverages. In the latter 450 500 550 600 650 700 750
cases the band is clearly seen to consist of two _cor_npo_nents, Temperature, K
namely at 2124 and 2119 crh The results are indicative

of some heterogeneity of the copper in this sample. Gen- Fig. 11. Methanol conversion vs. temperature on the reduced samples:
erally, the higher frequencies of CO adsorbed on metallic CM1 (a); CM2 (b); CM3 (c) and CM4 (d).
copper are suggesting a higher surface roughness. Usually

this is associated with a higher copper dispersion, but suchMF selectivity for the samples are also givenTable 2

conclusions are not unambiguous. They were estimated at a conversion degree of about 50 and
40% for the oxidized and reduced samples, respectively.
3.3. Catalytic test All catalysts exhibit activity above 500K and a higher con-

version is registered for CM3 and CM4. The distribution of
The plots of methanol conversion versus temperature onMF and CO is essentially different for all studied samples.
the oxidized samples are presentedrig. 9. The values of  The MF selectivity (se€lable 2 is higher for CM1 and

100 40
d
80 b
30 8
X ] a °
S 60 ¢ - E
1S L
S- . b 20 =
3 404 a | 5;’
Q £
= ] 10 2
o B |5}
O 204 d Q
] )
A B
O+ 11+ 0
0 50 100 150 0 50 100 150
Time, min Time, min

Fig. 10. Methanol conversion (A) and MF selectivity (B) vs. the time on stream on the oxidized samples: CM1 (a); CM2 (b); CM3 (c) and CM4 (d).
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CH30OH
|
Route 1 Route 2 Route 3
CH3;O0CH +2H, CO +2H, HCHO +H,
2CO +2H, CO +H,
Scheme 1.

CM2 and significantly decreases with CM3 and especially 4.1. Sate of copper on the samples
with CM4.
The catalysts preserve their arrangement in the methanol On the basis of the combined physicochemical and cat-
conversion under isothermal conditions at 600/Hg( 10. alytic studies two representative series of the investigated
However, in contrast to CM3 and CM4, a rapid decrease samples could be distinguished. The samples from Series |
in methanol conversion for CM1 and CM2 is observed (CM1 and CM2) contain predominantly CuO entities and
(Fig. 10A). A specific dependence of the selectivity changes practically no Cé&* ions are observed with the activated
with the time on stream for each sample is fouRi)( 10B). samples Figs. 3 and & However, a somewhat higher dis-
MF selectivity rapidly decreases for CM2 and increases for persion Fig. 1) and a lower reducibilityTable 1) are found
CM3, while it remains almost unchanged for about 2 h with for the CM2 sample as compared to CM1. Both samples
CM1 and CM4. exhibit similar catalytic activitiesKig. 9), a low stability
All reduced samples exhibit a higher catalytic activity and (Fig. 10A) and relatively high MF selectivity in methanol
selectivity towards MF as compared to the corresponding decompositionTable 2.
oxidized materialsKig. 11andTable 2. The samples from Series Il (CM3 and CM4), are charac-
terized by the presence of both highly dispersed CuO species
and C#* ions strongly interacting with the suppoFi¢s. 6

4. Discussion and §. The relative part of the latter is greater in the case
of CM4. Only partial reduction of the copper species even

The control of methanol dehydrogenation selectivity is &t 870K is established for both samplésg. 2, Table 3.
complicated due to the fact that proceeding of different CM3 and CM4 are characterized by a higher catalytic activ-
reactions is possibleSgheme ) [14,15,30] They differ ity (Fig. 9, a hlgher stability Fig. 10A) and a significantly
essentially in their thermodynami¢80,78] and could be  lower selectivity to MF Table 3 as compared to the sam-
favored to different extents depending on the catalyst pe- Ples from Series I. _ _ o
culiarities [17,19,21-24,27-30,34,44The catalyst prepa- A well defined tendency to an increase in catalysts activity
ration method is a promising way of regulating different (Fig- 1) and MF selectivity {able 3 is registered with all
reaction pathways but more information on the nature of the S&mples after their reduction in hydrogen. The predominant
active sites and their specific catalytic behavior is needed. formation of CQ is observed by FTIR spectroscopy and
In the case of copper-containing catalysts the literature dataPy XRD (not shown). It should be noted that the presence
concerning the role of various copper species in this processCf COPPer ions in the oxidized CM3 and CM4 is a factor
are rather controversial. Usually the participation of metallic favoring the higher dispersion of the metallic copper after
copper is reportel1-13,16,18—20,23-26,32,33,42,45,46] their reduction (se&ections 3.2.6 and 3.2.8
but the role of copper ions in this process is not com-
pletely clear[12,14,17,21,22,28,29,31,43,44,47 48] our 4.2. Mechanism of methanol decomposition
previous studie§79-84] the nature of a catalytic active
complex (CAC) of copper modified activated carbon in  As was mentioned above (s8ection 4.}, both samples
methanol decomposition has been discussed. The particfrom each series are characterized by similar catalytic ac-
ipation of CAC, comprising copper species in different tivity (Fig. 9 and MF selectivity Table 2 in methanol de-
oxidative states, bonded both with functional groups of the hydrogenation. However, some essential differences in their
support and between themselves, is proposed. In the follow-catalytic behaviour under isothermal conditioR#g( 10 or
ing section we discuss the effect of copper species (createdafter their hydrogen pretreatmeritig. 11) are observed. In
by different preparation methods) on the various methanol the latter case, an increase in the catalytic activity and MF
dehydrogenation pathways (Scheme 1). selectivity is established for all sampldsid. 11, Table 2.
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Obviously these peculiarities could not be explained by the the various methanol dehydrogenation pathways is assumed.
differences in copper dispersion (estimated on the basis of The regulation of their ratio by the preparation method used
the TPR experiments, XRD and FTIR spectra) only. Tak- could be a possible way for the methanol dehydrogenation
ing into account the results from the FTIR experiments (see selectivity control.
Section 4.), we assume that various copper species take
part in the methanol dehydrogenation. It could be concluded
that predominantly Cliparticipate in the formation of MF
while the methanol dehydrogenation to CO is favoured by
the presence of copper ions in the samples. This conclusion Financial support from the Bulgarian National Research
is also in accordance with the results of other autli23, Foundation (Projects X-1205) and Bulgarian Academy of
where the high CO selectivity in methanol decomposition is Sciences is gratefully acknowledged. K. Hadjiivanov is
assigned to copper ions in CuZSM-5. indebted to the Alexander von Humboldt-Foundation. C.
On the basis of the results obtained two general effects Minchev also thanks the Deutscher Akademischer Aus-
should be mentioned: (i) an increase in the catalytic activity tauschdienst for the donation of a Bruker Vector 22 FTIR
in the presence of copper ions (oxidized CM3 and CM4) or spectrometer and to Dr. R. Kéhn (Hamburg) and Prof. M.
metallic copper (all reduced samples); (ii) an increase in CO Froba (Giessen) for the support and helpful discussions.
or MF selectivity for the samples containing predominantly
copper ions or metallic copper, respectively. Hence, different
pathways of methanol decompositiddcheme Jon various References
copper species could be proposed. The mechanism of CO
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