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Rhenium modified copper supported on activated carbon materials with different Re/Cu ratio are prepared by various methods.
PS and magnetic measurements are used for their characterization. Their behaviour in the catalytic methanol decomposition to2

s also studied and compared. The nature of the catalytic active complex is also discussed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

In the last decades methanol gains a considerable inter-
st as a renewable energy carrier for hydrogen storage and

ransportation[1–5]. In this aspect, methanol synthesis or its
ransformation into various enriched with hydrogen gaseous
ixtures, are of a great importance for the industry. It was

eported, that the catalytic methanol decomposition to CO
nd hydrogen is one of the promising ways in this aspect. For

he purpose of its usage, such as automotive fuel or fuel cells,
he catalysts must be active at low temperature, selective over

wide range of temperatures and stable during the reaction
1,3,4]. Several types of catalysts have been reported to be
uitable for the methanol decomposition[1,3,4,6–9], the main
lass being the copper based materials[4,10–33]. They are
sually commercial catalysts for methanol synthesis, but their
electivity below 500 K as well as their stability at higher tem-
eratures is not sufficient. Nowadays, various methods are

∗ Corresponding author. Tel.: +359 2 979 3961; fax: +359 2 8700 225.
E-mail address:tsoncheva@orgchm.bas.bg (T. Tsoncheva).

used to improve their catalytic behaviour, and among t
the active phase loading on suitable supports[21–24,27]and
the addition of different promoters[4,12,34,35]are usually
applied. It is known that activated carbon is one of the bes
alysts carriers because of its well developed porous stru
high specific surface area, a large number of different f
tional surface groups and also its catalytic inertness[36–40].
In our previous investigations we observed that copper b
activated carbon materials, obtained by the correspon
ammonia precursor are suitable catalysts for methano
composition at approximately lower temperatures[41–43].
On the other hand, bimetallic systems reveal unusual pos
ities for expanse of the catalysts family[44,45]. In principle,
the second metal could be a major source of electron int
tion effects and changes in the electron structure of a g
metal could occur. The promoter effect, with respect to th
ditional interaction with the reacting molecule, the block
mechanism, where the migration of the active metal is
vented, or the formation of bimetallic particles with differ
catalytic properties are the main mechanisms of the se
metal action[44]. For copper supported on activated car
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2004.09.013
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catalysts for methanol decomposition the influence of vari-
ous metals, such as Cr, Mn, Zn, etc. is studied[4,12,34,35].
However, no information on the effect of rhenium additives
into this type of catalysts has been given in the literature
yet. The property of rhenium species, which are capable of
adopting a variety of oxidation states, may provide rich and
interesting chemistry. In this aspect, rhenium based materials
are known to be good catalysts for metathesis of functionally
substituted olefins[46], oxidation of methanol[47] or alco-
hols dehydrogenation[48]. Re is also known as a promoter for
number of catalysts for refining industry, CO hydrogenation,
etc.[49–51].

The aim of the present paper is to study the effect of rhe-
nium additives to copper supported on activated carbon cat-
alysts for methanol decomposition. Special attention is paid
on the nature of the catalytic active sites of the modified ma-
terials.

2. Experimental

2.1. Materials

An activated carbon (commercial product, obtained from
apricot shells) with specific surface area of 910 m2/g and
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Table 1
Composition and specific surface area of Cu and Re supported on activated
carbon materials

Samples Chemical composition SBET (m2/g)

Re (wt.%) Cu (wt.%) Re/Cu
atomic ratio

0.5Re5Cu/AC-1 0.5 5.0 0.03 422
0.7Re5Cu/AC-1 0.7 5.0 0.05 668
1.0Re5Cu/AC-1 1.0 5.0 0.07 686
1.5Re5Cu/AC-1 1.5 5.0 0.10 454
1.5Re5Cu/AC-2 1.5 5.0 0.10 910
1.5Re5Cu/AC-3 1.5 5.0 0.10 350

was 0.6 K/min) in vacuum. The obtained material was de-
noted as 1.5Re5Cu/AC-3.

Some characteristics of the initial copper and rhenium-
modified materials are presented inTable 1.

2.2. Methods of investigation

Textural characteristics were determined by low-
temperature (77.4 K) nitrogen adsorption. The specific sur-
face area was estimated by BET method. Cu content in the
samples was determined by atomic absorption technique with
Pye Unicam SP90V. Re content in the samples was deter-
mined by vacuum thermal extraction and following quan-
titative kinetic analysis, based on the catalytic activity of
Re(IV) to theN,N-dimethyldithiooxamide (DMDTO) reduc-
tion with SnCl2 in alkaline medium. An alkaline extraction
of rhenium from the activated carbon, followed by the quan-
titative kinetic determination was also done[53,54]. The
magnetic measurements were performed with Faraday type
magnetic balance in the temperature range of 298–473 K.
The EPR spectra were done with ERS 22Q spectrometer
at 100–400 K. XP spectra were registered using an ES-
CALAB MkII (VG Scientific). X-ray diffraction powder
patterns were obtained on Phylips APD-15 diffractometer
equipped with Cu K� radiation source and graphite mono-
c

2

re-
a ded
g The
m were
t gime
o of
4 nder
i . The
g y use
o sults
w n. A
c talytic
t K in
a

ore volume of 0.64 cm/g was used as a support[52].
hree various methods were applied for metals d
ition.
Method 1. The 2.0 g of activated carbon (AC) was i

regnated for 24 h with 6.8% solution of copper am
ium hydroxy carbonate (pH 9.9). After drying at 303 K
h, the samples were heated at 573 K for 6 h (heating
as 0.6 K/min) in vacuum. As prepared material was
oted as 5Cu/AC and it was used as a reference sam

he paper[42]. After that, the obtained material was spr
ng with 1% aqueous solution of NH4ReO4 (the numbe
f the sprayings depends on the desired Re content)
ample was drying at 303 K for 2 h and after that treate
73 K for 6 h (heating rate was 0.6 K/min). The samples w
enoted asxRe5Cu/AC-1, wherex is the rhenium conten
wt.%).
Method 2. The 2.0 g of AC was spraying with 1% aqu

us solution of NH4ReO4. The sample was drying at 303
or 2 h and after that treated at 573 K for 6 h (hea
ate was 0.6 K/min). As prepared material was den
s 1.5Re/AC and it was used as a reference samp

he paper. After that, the obtained material was imp
ated for 24 h with 6.8% solution of copper ammonium
roxy carbonate (pH 9.9). After drying at 303 K for 2

he sample was heated at 573 K for 6 h (heating rate
.6 K/min) in vacuum. The obtained material was denote
.5Re5Cu/AC-2.
Method 3. The 2.0 g of AC was four-fold spraying by mi

ure of aqueous solutions of NH4ReO4 and copper ammo
ium hydroxy carbonate (Re:Cu = 0.3). After drying at 30

or 2 h, the sample was heated at 573 K for 6 h (heating
hromator.

.3. Catalytic test

The catalytic experiments were carried out in a flow
ctor (0.1 g of catalyst, three times diluted with groun
lass), Ar being used as a carrier gas (50 ml/min).
ethanol partial pressure was 1.57 kPa. The catalysts

ested under conditions of a thermo-programmed re
f heating rate 2 K/min within the temperature range
00–670 K. Some experiments with selected samples u

sothermal conditions at 585 and 630 K were also done
as chromatographic analysis was performed on-line b
f a Porapak Q and molecular sieve columns. The re
ere calculated using the method of absolute calibratio
arbon-based material balance was done. Before the ca
est, the samples were pre-treated for an hour at 373
rgon.
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Fig. 1. XRD spectra of selected samples prepared by various methods:
1.5Re5Cu/AC-1 (1), 1.5Re5Cu/AC-2 (2) and 1.5Re5Cu/AC-3 (3).

3. Results

3.1. Physicochemical characterization of rhenium
modified materials

3.1.1. XRD spectra
Powder X-ray diffraction patterns of selected samples, ob-

tained by different preparation procedures are given inFig. 1.
They are almost similar for all the samples prepared by con-
secutive metals deposition (curves 1 and 2). Here, only reflec-
tions, typical of CuO are observed. However, new types of
reflections, belonging to Cu2O are found for the sample ob-
tained by Method 3 (curve 3). At the same time, no reflections
of copper or rhenium containing phases are registered for the
reference 5Cu/AC and 1.5Re/AC samples (not shown).

3.1.2. Magnetic measurements
In Table 2data on the specific magnetic susceptibility (χ)

and the effective magnetic moments (µeff) for the studied
bimetallic materials are presented. Taking into account the
diamagnetism of Re(VII), Re(0), Cu(I) and Cu(0) species,
and also the data from the spectral experiments (see Section
3.1.3), the observed results could be ascribed mainly to the
presence of paramagnetic Cu(II) and Re(IV) ions. So, the
theoretical values of magnetic moments (µt) were calculated
o and
C
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T
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m rials

S

0
0
1
1
1
1

of the Cu(II) and Re(IV) ions amount. However, the similar
values ofµeff andµt which are observed for the samples with
lower Re/Cu ratio (0.03 and 0.05), and also for 1.5Re5Cu/AC-
3, could be an indication for the predominantly presence of
Cu(II) and Re(IV) in them. At the same time, the lower values
of µeff in comparison with the correspondingµt which are
obtained for the samples with higher Re content (prepared
by Methods 1 and 2) could be an evidence for the increase of
the relative part of diamagnetic species in these materials.

3.1.3. EPR spectra
Additional information for the copper and rhenium state in

the studied samples is obtained by EPR spectroscopy (Fig. 2).
Data for selected materials are presented only. It is worth not-
ing that Cu(II) in CuO phase as well as Cu(I) ions do not give
EPR signals. Two types of copper ions could be distinguished
in the spectra of the corresponding monocomponent sample
[42]. The first one, giving a single line width of 25 mT is more
probably from magnetically coupled Cu(II) ions. The second
one, characterized withg‖ = 2.3,g⊥ = 2.04,A‖ = 15.9 mT and
A⊥ = 2 mT belongs to the single Cu(II) ions, bonded only to
the support. At the same time, a very broad and low signal,
with high value ofA constant of fine interaction, probably
belonging to Re(IV), is detected for 1.5Re/AC (Fig. 2). Two
types of signals are registered in all bimetallic samples. The
fi ingle
C mul-
t ,
b e(IV)
i ons.
I t even
t with
t e(IV)
i

F -1 (2),
1

nly on the base of the corresponding content of Re(IV)
u(II) ions for each sample (Table 2). According to[55], µt

or Cu(II) and Re(IV) is 2.08 and 3.87 BM, respectively. T
bserved essential differences in the specific magnetic
eptibility (Table 2) could be associated mainly to the chan

able 2
agnetic susceptibility (χ), effective magnetic moments (µeff) and theoreti
agnetic moments (µt) of Cu and Re supported on activated carbon mate

amples χ (×10−6) µeff (BM) µt (BM)

.5Re5Cu/AC-1 0.410 2.01 2.21

.7Re5Cu/AC-1 1.400 2.81 2.26

.0Re5Cu/AC-1 −0.201 1.24 2.32

.5Re5Cu/AC-1 −0.412 0.81 2.44

.5Re5Cu/AC-2 0.262 1.61 2.44

.5Re5Cu/AC-3 0.856 2.20 2.44
rst sharp signal could be ascribed to the presence of s
u(II) ions. Its intensity essentially decreases when a si

aneous deposition of metals is applied (Fig. 2). The second
roader EPR signal, could be due to the presence of R

ons, probably magnetically interacted with the copper i
ts intensity decreases with the temperature increase, bu
hen it remains larger for 1.5Re5Cu/AC-3 in comparison
he other bimetallic samples. The presence of isolated R
ons is not excluded in this case as well.

ig. 2. EPR spectra of selected samples: 1.5 Re/AC (1), 1.5Re5Cu/AC
.5Re5Cu/AC-3 (3).
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Fig. 3. XPS of selected samples: (A) Cu 2p2/3 photoelectron lines for 1.5Re5Cu/AC-1 (1) and 1.5Re5Cu/AC-3 (2) and (B) Re 4f photoelectron lines for
1.5Re5Cu/AC-1 (1), 1.5Re/AC (2) and 1.5Re5Cu/AC-3 (3).

3.1.4. XPS analysis
In Fig. 3 and Table 3are presented Cu 2p2/3 (Fig. 3A)

and Re 4f (Fig. 3B) photoelectron lines for selected sam-
ples. According to the spectra, CuO, Cu2O and Re2O7 are
the main observed phases for all the samples[41]. However,
the main line of Re 4f for the bimetallic samples exhibits
higher value of binding energy as compared to that one of the
reference sample (1.5Re/AC), which could be an indication
for the presence of different types of rhenium oxides in them.
Different values of Re/Cu surface ratio are also calculated for
both bimetallic materials (Table 3), the latter being about 3
times higher for the sample prepared by Method 3.

3.2. Catalytic study

In Figs. 4 and 5are presented the temperature dependen-
cies of methanol decomposition for various copper–rhenium
supported on activated carbon materials. For comparison,
catalytic data for the corresponding monocomponent metal
systems are also shown (Fig. 4). All bicomponent materials
exhibit a catalytic activity just above 500 K and the main reg-
istered carbon containing product is CO. Only small amounts
of methyl formate (FM) (below 2%) at lower temperatures
and methane (4–8%) above 600 K are observed. The con-
version curves are significantly shifted to the higher temper-
a ples,
w lysts
a n-
v m at
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i ted

T
E

S Re 4f O 1s

Cu Re2O7 ReO2 Re CuO Cu2O Cu

1 – 45.7 – – – – –
1 – 46.1 – – 531.8 532.9 –
1 – 46.0 – – 533.0 532.0 –

Fig. 4. Methanol conversion vs. temperature for copper and/or rhenium mod-
ified by various methods and materials.

significantly with the changes of the metals deposition se-
quence (Fig. 4) but it is essentially improved when a prepa-
ration method with a simultaneous metals loading is applied
(1.5ReCu/AC-3). At the same time, 5Cu/AC exhibits much
higher catalytic activity and selectivity to MF (about 22%) in
comparison with all rhenium modified materials (Fig. 4). On
the contrary, lower catalytic activity and no MF are registered
for 1.5Re/AC, but similarly to the bicomponent materials, up
to 6% methane are found above 600 K. In order to clear the
observed results (Figs. 4 and 5), some isothermal experiments
at selected temperatures were carried out (Figs. 6 and 7) as
well. The catalytic activity for 5Cu/AC and 1.5Re5Cu/AC-3
at 585 K remains almost unchanged for 1 h, while a well de-
fined tendency for its decrease is found for 1.5Re 5Cu/AC-1
and 1.5Re 5Cu/AC-2 (Fig. 6). The later effect is significantly
tures with the increase of the Re loading in the sam
hich could be an evidence for the corresponding cata
ctivity decrease (Fig. 5). A complex character of the co
ersion curves, which are characterized with a maximu
50–600 K is observed as well (Fig. 5). The catalytic activ

ty of the samples with similar Re/Cu ratio is not affec

able 3
nergies of Cu 2p3/2, O 1s and Re 4f lines of selected samples

amples Ratio of Re/Cu Cu 2p3/2

CuO Cu2O

.5Re/AC – – –

.5Re5Cu/AC-1 0.109 934.2 933.0

.5Re5Cu/AC-3 0.326 934.5 933.0



T. Tsoncheva et al. / Journal of Molecular Catalysis A: Chemical 225 (2005) 245–251 249

Fig. 5. Methanol conversion vs. temperature for samples with different
Re/Cu ratio prepared by Method 1.

higher with the temperature increase (Fig. 7) and about four-
fold decrease of the catalytic activity during 40 min time on
stream is registered for 1.5Re/AC and also for all bimetallic
samples obtained by Methods 1 and 2. It is worth mentioning
as well, that 5Cu/AC also exhibits a significant reduction of
its catalytic stability with the temperature increase (Fig. 7).

Fig. 6. Methanol conversion at 585 K for selected copper and/or rhenium
modified samples.

F
m

On the contrary, under the same conditions, essentially lower
changes in the methanol conversion for 1.5Re5Cu/AC-3 are
observed.

4. Discussion

Three general catalytic effects in methanol decomposi-
tion with rhenium addition to copper based materials could
be established. First, a well-defined tendency of methanol
conversion decrease in comparison with 5Cu/AC is observed
for all bimetallic samples (Figs. 4 and 5). The magnitude of
this effect depends not only on the rhenium content of the
samples but also on the procedure of the metals deposition
used. As a whole, the increase in the Re/Cu ratio of the sam-
ples prepared by consecutive metals deposition reduces their
catalytic activity (Fig. 5). However, the conversion decrease
is considerably lower for the sample prepared by simulta-
neous metals loading, despite the higher rhenium content in
it (Fig. 4). The second effect concerns the catalysts stability
(Figs. 6 and 7). All bicomponent samples rapidly loose their
catalytic activity even at lower temperatures, which is in con-
trast with 5Cu/AC (Fig. 6). Only in the case of the sample
prepared by Method 3, a significant increase of the catalytic
stability is observed even at 630 K, where a deactivation for
a
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a died
b

d od-
i se of
B sup-
p nent
s xides
p RD
s no
r
v the
c ems
t ites.
N sup-
p ce
o ta on
t osi-
t
o C)
f ssed
ig. 7. Methanol conversion at 630 K for selected copper and/or rhenium
odified samples.
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ll other copper loaded samples occurs (Fig. 7). Finally, an
ssential decrease in the MF formation and also the ap
nce of small amounts of methane are found for all stu
imetallic materials.

According to the nitrogen adsorption (Table 1) and XRD
ata (Fig. 1), some specific structural changes with Re m

fied copper based materials occur. A significant decrea
ET surface area, which could be an indication for the
ort structure collapse is established for some bicompo
amples. On the other hand, the appearance of copper o
hase for all rhenium-containing samples is found by X
pectra (Fig. 1), which is in contrast with 5Cu/AC, where
eflections typical of copper oxides are registered[42]. Ob-
iously, the observed structural effects could not explain
atalytic peculiarities of the samples and the problem se
o be closely related to the nature of the catalytic active s
umber of papers dealing the state of copper on carbon
orts is known[56–65], but no data for rhenium influen
n it have been reported yet. On the other hand, the da

he role of different copper species in methanol decomp
ion are usually rather different[12,16,20,28]. In our previ-
us study, the formation of catalytic active complex (CA

or various copper based porous materials was discu
34,35,41–43,66,67]. For AC based materials, the particip
ion of copper species in various oxidative state, one of t
eing Cu(I) in CAC formation was assumed[34,35,41–43].
ere, the observed catalytic effects clearly indicate that s
ssential changes in CAC with rhenium modification oc
ccording to data obtained by EPR, XPS and magnetic
urements (Section3.1) one can be concluded that Cu a
e species in different oxidative state are formed during
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process of catalysts preparation. Simultaneous presence of
Cu(I), Cu(II), Re(IV) and Re(VII) species is found in all
bimetallic samples, but their distribution depends on the rhe-
nium loading and also on the preparation procedure used.
The magnetic measurements show that the relative part of
Cu(II) and Re(IV) ions increases with the decrease of Re/Cu
ratio or when the simultaneous procedure of metals deposi-
tion is applied (Table 2). At the same time, higher catalytic
activity is achieved for these samples. More over the exis-
tence of strong interaction between Cu(II) and Re(IV) species
could be assumed according to the corresponding EPR spec-
tra (Fig. 2). This effect gradually increases for 1.5Re5Cu/AC-
3 where more stable catalytic activity with time on stream is
observed. In addition, higher Re/Cu surface ratio (1:3) for
the later material is found by XPS analysis. So, the forma-
tion of CAC, containing strongly interacted between them-
selves both copper for rhenium species in different oxidative
state, could be assumed. An intensive electron transfer of a
type Re(VII)→ Re(IV) as well as Cu(0)→ Cu(I)→ Cu(II)
during the catalysts preparation, and also due to the influ-
ence of the reaction medium could be proposed. As a result,
two general effects on CAC characteristics could be consid-
ered. First, the stabilisation of Cu ions in various oxidative
state, which probably improves the catalysts stability even
at higher temperatures, occurs. More over, it is not excluded
t by
t po-
s AC-
3 o be
e po-
n n the
m
l nges
o d
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