Catalysis Letters (2022) 152:3747-3760
https://doi.org/10.1007/510562-022-03947-y

P

Check for
updates

Modification of CuO-ZrO,-Zn0O Mixed Oxide Catalyst with Mn, Ga,
Ni: Impact on Physicochemical Properties and Hydrogen Production
via Low Temperature Steam Reforming of Ethanol

Michat Sliwa'® - Robert Piotr Socha’

Received: 5 August 2021 / Accepted: 6 February 2022 / Published online: 16 February 2022
© The Author(s) 2022

Abstract

The influence of CuO/ZrO,/ZnO (Cu/Zr/Zn) catalyst modification with Mn, Ni, Ga on the physicochemical properties and
activity toward hydrogen production in steam reforming of ethanol (SRE) reaction has been evaluated. The increase in
hydrogen yield and the lowest selectivity to acetaldehyde were observed upon Cu/Zr/Zn modification with Mn and Ga. The
physicochemical characterisation of spent catalysts revealed changes in catalysts phase compositions and reducibility. In the
case of Cu/Zr/Zn, Cu/Zr/Zn/Ni and Cu/Zr/Zn/Ga catalysts, the CuO phase was reduced to metallic phase and Cu,O. There-
fore, these spent catalysts exhibited lower reduction degree (Rd) in comparison with fresh catalysts. On the other hand, the
addition of Mn preserved the copper on + 2 oxidation state during SRE reaction as indicated by XRD and XPS. The uRaman
experiments showed that carbon deposit is formed only on the surface of Cu/Zr/Zn/Ni catalyst, which is the reason for the
vast deactivation and the lower total activity of this catalyst in SRE. This was also supported by XPS which additionally
showed interaction of carbon containing by-products with the surface active sites. In the case of other synthesised catalysts,
no carbon formation was stated.
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1 Introduction

Ethanol is regarded as an attractive potential source of
hydrogen generation. The major advantage of ethanol is
the fact that it can be produced from biomass fermentation,
which is a well-established, renewable and sustainable
process. For this purpose, three main types of biomass can
Jerzy Haber Institute of Catalysis and Surface Chemistry, be used: starch-containing raw materials [1], sugar-con-
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straw, wood residues, agricultural waste) [3]. Since starch
and sugar containing feedstocks are crucial for the food
industry, lignocellulosic biomass conversion to ethanol is
an alternative, promising route. Additionally, ethanol can
be easily handled, stored and transported. It is less toxic
than methanol, which is also used for steam reforming.

Hydrogen, which is considered to be environmentally
friendly future energy carrier, can be produced from etha-
nol via three main reactions: steam reforming (1), partial
oxidation (2) and oxidative steam reforming (3). Among
mentioned methods, steam reforming is the most efficient
in terms of hydrogen yield [4].

CH,CH,OH + 3H,0 = 6H, + 2CO, AH,gq = +174kJ/mol

)]
CH,CH,OH + 1.50, = 3H, + 2CO, AH,¢ = —552kJ/mol
2)
CH,CH,OH + 2H,0 + 0.50, = 5H, + 2CO, AH,o3 = —69 kJ/mol
3)

When complete steam reforming of ethanol (SRE) reac-
tion is performed, 6 mol of hydrogen are produced from
1 mol of ethanol. This is the highest hydrogen yield pos-
sible to reach when compared with steam reforming of
other fuels [5].

Unlike methanol, ethanol contains C—C bond which
must be activated in order to obtain complete ethanol
conversion and high selectivity to hydrogen and CO, in
SRE. This requires appropriate catalysts capable not only
to cleavage C—C bond but also to oxidase selectively each
of carbon atoms to CO,, limiting the formation of various
carbon-containing side products such as acetaldehyde, eth-
ylene, acetone, acetic acid, methane, CO, crotonaldehyde,
coke. The occurrence of side reactions, which significantly
reduces the theoretical concentration of hydrogen in the
outlet stream, depends on the reaction temperature, pres-
sure and steam to ethanol ratio (S/E) [6]. The wide spec-
trum of possible chemical reaction pathways taking place
during SRE includes: ethanol dehydration, ethanol dehy-
drogenation, cracking, water gas-shift reaction, acetone
formation, methanation, and reactions leading to coke for-
mation i.e.: Boudouard reaction, methane decomposition,
ethylene transformation [7, 8].

The final selectivity to each particular carbon-con-
taining product is also strongly related to the physico-
chemical properties of the catalyst. It is known that the
ratio of acidic to basic sites at the catalyst surface is a
key parameter to determine the selectivity to ethylene and
acetaldehyde. This is due to the ability of acidic centres to
facilitate the ethanol dehydration reaction whereas basic
centres promote dehydrogenation of ethanol. The ethylene,
which is formed over acidic catalysts, is considered to be
a coke precursor. The formation of carbon deposit due to
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ethylene polymerization is one of the reasons for catalyst
deactivation in SRE [9].

The supported nobles metals (Rh [10, 11], Ru [12], Ir
[13], Pd [14], Pt [15]) over various oxides such as ZrO,,
Al,05, MgO, CeO, have been stated to show high activ-
ity toward ethanol conversion. Basagiannis et al. [16] found
that catalytic activity and hydrogen selectivity change in the
following order: Pt>Pd > Rh > Ru, with Pt and Pd show-
ing significantly better catalytic performance. The authors
highlight the fact that both the dispersed metallic phase and
v-Al,O5 support are involved in SRE reaction. The interac-
tion of ethanol with acidic y-Al,O; support results in ethanol
dehydration while the presence of Pt promotes the reaction
of ethanol decomposition and dehydrogenation, especially
at low temperature.

On the other hand, there are literature reports [17] saying
that Rh supported catalysts with low metal loading exhibit
the highest ethanol conversion and hydrogen selectivity in
comparison with Ru, Pt, Pd based catalysts. This is also sup-
ported by Auprétre et al. [18] who showed that Ru/y-Al,O;
catalyst reaches 100% ethanol conversion and hydrogen
selectivity equal to 73.5% at 600 °C. The high activity of Rh
based catalyst in SRE is due to its high ability to C—C bond
cleavage [19]. Breen et al. [20] ordered the importance of
alumina-supported metals according to their catalytic activ-
ity as follows: Rh>Pd > Ni=Pt. The authors confirmed that
alumina-supported catalysts facilitate dehydration of ethanol
to ethylene. Moreover, it was found that the order of activity
of metals at higher temperature changes when ceria/zirconia
supports are used and it can be presented in the following
manner: Pt > Rh>Pd.

Nevertheless, the high cost of noble based catalysts seri-
ously limits their application as catalysts for SRE [21].
Therefore, the less expensive, alternative catalysts for SRE
are studied. Among them, non-noble metals seem to be the
right choice. Different catalytic systems based on these
metals (Co, Ni, Cu), have turned out to be active for SRE
reaction [22-25]. Copper-based catalysts are mainly used in
methanol steam reforming due to their high selectivity and
activity [26, 27] but there are also studies on the application
of copper containing catalysts in SRE. Galetti et al. [28]
investigated the SRE reaction over quaternary mixed oxide
CuCoZnAl catalyst. The performed studies showed very
high activity of CuCoZnAl, reaching 100% ethanol conver-
sion and selectivity to hydrogen equal to 87% at 600 °C. At
this temperature the major detected products were CO, and
CO. Unfortunately, the formation of two types of carbon
structures was confirmed in the spent catalyst by Raman
spectroscopy. Marifio et al. [29] carried out SRE reaction
at 300 °C over Cu/Ni/K/y-Al,05 and suggested that Cu [30]
was the active component in the SRE. This is in contra-
diction to the findings of Ni et al. [31] and Vizcaino et al.
[32] who showed the ability of Ni to rapture C—C bond.
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CuO/Zn0O/Al,O; catalysts were tested in SRE by Cavallaro
et al. [33] showing good activity above 350 °C. However,
the formation of acetaldehyde and acetic acid was stated
when SRE was performed at a low temperature (<325 °C).
There are also reports saying that the addition of copper to
Co-Mg—Al hydrotalcite support improves hydrogen produc-
tivity and ethanol conversion [34]. ZnO has been tested as
catalysts for SRE by Llorca et al. [35], showing complete
conversion of ethanol and reaching a high H, production
amount at 450 °C. Depending on gas hourly space velocity
(GHSV) value, the hydrogen selectivity was ranging from
60.4 to 73.4%. Additionally, ZnO exhibited the lowest selec-
tivity to ethylene in comparison with other tested oxides
i.e.: Al,O3, V,05, Sm,0;, CeO,, La,05;, MgO. All these
oxides were next used as supports for cobalt catalysts [36].
Among tested catalysts, Co/ZnO yielded the highest value
of hydrogen, reached total ethanol conversion, and deactiva-
tion was not observed when SRE was performed at 450 °C.
Unfortunately, high selectivity to acetone was stated due to
aldol condensation of acetaldehyde. Nevertheless, by apply-
ing short contact times and a high ratio of Ar to EtOH+H,0
it was possible to limit significantly the acetone production
and favour the reforming reaction. Moreover, ZnO can pro-
mote hydrogen production reactions during SRE since water
has a high sticking coefficient on its surface [37, 38]. The
addition of this oxide to Zn,Zr,0O, catalysts was found by
Sun et al. [39] to limit the ethanol dehydration and promote
the ethanol dehydrogenation reaction.

The aim of the studies was to investigate the influence of
Cu/Zr/Zn catalyst modification with Mn, Ni, Ga on its phys-
icochemical properties and activity in the low temperature
steam reforming of ethanol (SRE). The SRE reaction was
performed at 350 °C to favour the water gas shift reaction
and limit the formation of CO. The water/ethanol (S/E) ratio
was equal to 10. The higher than stoichiometric S/E ratio
during SRE was selected to simulate the bioethanol which
contains S/E = 13 [40]. The spent catalysts were investi-
gated with respect to their changes in morphology, textural
properties and chemical composition. In order to determine
these aspects, a broad spectrum of techniques was imple-
mented such as X-ray diffraction analysis, CO, temperature-
programmed desorption, N,O dissociative chemisorption,
pRaman spectroscopy, N, physisorption, temperature-pro-
grammed reduction with hydrogen and X-ray photoelectron
spectroscopy.

2 Experimental

The CuO/ZrO,/Zn0O/X (where X =NiO, MnO, Ga,05)
catalysts were synthesized via co-precipitation method at
pH 7, using Na,COj; as precipitating agent. The CuO/ZrO,
weight ratio in all synthesised catalysts was fixed to 2.3. The

concentration of dopants was 5 wt%. Cations in the form of
nitrates and Na,CO; were simultaneously added dropwise
into the beaker containing 100 mL of deionized water at
60 °C. The mixture was vigorously stirred during the pre-
cipitation. Next, precipitates were washed by five time cen-
trifugation at 4200 rpm, dried at 100 °C and calcined at
550 °C for 3 h. The synthesised catalysts are donated as Cu/
Zr/Zn, Cu/Zr/Zn/Ni, Cu/Zr/Zn/Mn, Cu/Zr/Zn/Ga, respec-
tively for CuO/ZrO,/Zn0O, CuO/ZrO,/ZnO/NiO, CuO/ZrO,/
Zn0O/MnO, CuO/ZrO,/Zn0/Ga,0;.

X-ray diffraction patterns (XRD) were recorded on
Bruker AXS D505 with CuKa radiation. The analysis was
performed between 0.6°-90° 2@ range with an accumulation
time 5 s. Mean crystallite sizes were evaluated according to
Sherrer’s equation. The main reflection of the XRD pattern,
for each of the individual phases, was used for calculation.

CO, temperature-programmed desorption (CO,-TPD)
measurements were carried out in quartz fixed-bed flow
reactor connected online to the mass spectrometer (QMG
220 PRISMA PLUS). Signals: m/z=2 (H,), m/z=44 (CO,),
m/z=40 (Ar) were monitored during TPD. Prior to TPD
run, sample (50 mg) was reduced in 5%H,/Ar flow (30 mL/
min) at 250 °C for 2.5 h. Next, reactor was cooled down
to room temperature (RT) and pulses (250 uL) of 5%CO,/
Ar were introduced until saturation. Then, the sample was
flushed with He flow (40 mL/min) for 0.5 h until obtaining
stable CO, line. TPD was done from RT to 500 °C with
AT =10 °C /min under He flow (40 mL/min).

N,O dissociative chemisorption was performed using the
same set-up line as for CO,-TPD. Sample (100 mg) was
reduced in the same manner as for CO,-TPD. The pulses
(100 pL) of N,O were introduced at 90 °C under He flow
(30 mL/min) until reoxidation was completed. Signals:
m/z=44 (N,0) and m/z=28 (N,, N,0O) were monitored. The
metallic copper surface area (S,) was calculated assum-
ing atomic copper surface density of 1.47 x 10" Cu atoms/
m?, corresponding to 6.1 x 107 0, moles/m? for the stoichi-
ometry Cu/O=2 [41]. The Cu metal dispersion (D,) was
measured as the percentage ratio of surface Cu moles based
on N,O chemisorption to the total moles of Cu present in the
catalysts. Additionally, Cu® particle size (PS,) was deter-
mined using the following equation:

PS¢, (in nm) = (wt% Cu loading - 6000)/(100 - p - S¢,)

where p is the density of Cu metal (8.92 g/cm?) and wt.% is
Cu loading. N,O chemisorption experiments were repeated
a few times for each sample, resulting in a relative standard
deviation (RSD) below 1%.

The pRaman analyses for spent catalysts were carried out
with a Renishaw inVia dispersive spectrometer equipped
with a CCD detector and combined with a Leica DMLM
confocal microscope. The laser line of 514 nm was used
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as the excitation source. The spectra were recorded with a
resolution of 2 cm™! at ambient conditions and the scattered
light was collected with a 50 X Olympus objective. The six
scans were collected to assure a good signal-to-noise ratio.

Temperature-programmed reduction with hydrogen
(H,-TPR) was carried out on Chembet-3000 (Quan-
tochrome). The hydrogen consumption was monitored with
TCD detector. For a typical H,-TPR experiment, a sample
(25 mg) was placed in quartz U-shape tube reactor and con-
ditioned at 100 °C under He flow (30 mL/min) for 1.5 h.
Next, the sample was cooled down to RT under He flow
and H,-TPR experiment was performed in 5%H,/Ar (30 mL/
min) in temperature range RT — 850 °C (AT =10 °C /min).
For quantitative H,-TPR studies, four point calibration curve
was prepared using appropriate amounts of CuO standard
(Aldrich) mixed with Al,O5 in % wt. ratio=1:2, 1:4, 1:16,
1:12 (mechanical mixture). The calibration has covered the
hydrogen consumption range corresponding to TPR analysis.
The H,-TPR and CO,-TPD profiles have been deconvoluted
into Gaussian peaks. Deconvolution was performed in Ori-
gin 2018 Pro software.

The BET surface area was measured with nitrogen
adsorption at — 196 °C on Quantachrome Autosorb-1. Prior
to measurements, samples were degassed for 18 h at 150 °C
to remove adsorbed water and other surface impurities. The
pores size distribution (PSD) profiles were obtained by
Barrett-Joyner-Halenda (BJH) method from the desorption
branch.

The X-ray photoelectron spectra (XPS) were recorded
using hemispherical analyser EA 15 (PREVAC) equipped
with dual anode X-ray source RS 40B1 (PREVAC). The
measurements were performed using Mg Ka (1254 eV)
radiation and analyser pass energy of 100 eV. The spectra
were recorded in normal emission geometry with an energy
resolution of 0.9 eV. The powder samples were pressed into
indium foil and mounted at the dedicated holder, pumped
out to high vacuum then transferred into UHV chamber. The
spectra were analysed with the use of CasaXPS 2.3.15 soft-
ware. The electron binding energy (BE) scale was calibrated
for the Fermi edge at 0.0 eV. The Shirley type spectrum
background was used. The highly resolved spectra were
deconvoluted with Voigt function (Gauss to Lorentz profile
ratio of 70:30). The spectra were compared in relation to the
background level.

Steam reforming of ethanol (SRE) was performed in the
fixed-bed flow reactor connected online to gas chromato-
graph. H,, CO, CO, were separated with DB-PS624 cap-
illary column connected to TCD detector while C,HsOH,
CH,, C,H,, CH;CHO, CH;COCH; CH;COOH were sep-
arated with Porapak-T packed column connected to FID
detector. Argon was used as a carrier for GC analysis. For
SRE, catalyst (150 mg mixed with quartz to 0.7 cm?) was
loaded into the reactor and reduced in the stream of 5%H,/
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Ar (50 mL/min) at 250 °C for 1.5 h. Next, in order to remove
hydrogen from the lines, the catalyst was flushed with Ar
(50 mL/min) and the temperature was increased to 350 °C.
Then, the steam of water/ethanol mixture (S/E= 10, molar
ratio) was introduced in the Ar stream (50 mL/min) via
Bronkhorst® Vapour Delivery System (CEM). The tem-
perature of CEM was 120 °C. All lines from CEM outlet to
GC inlet were electrically heated and kept at a temperature
of 120 °C in order to prevent water and ethanol from con-
densation. Ethanol conversion (Xg,,y) and selectivity (S;)
for carbon-containing products were calculated according
to carbon balance where: [EtOH],, is a number of ethanol
moles in inlet stream [EtOH],, is a number of ethanol
moles in outlet stream, [C,] is a number of moles of carbon-
containing product i, and #; is a number of carbon moles in
carbon-containing product i.

[EtOH]

» — [E1OH]
Xrion (%) = [E:OH],

o 100

B n; * [C;]
= 2 ([E/OH], — [E:OH],)

S.(%) 100

Hydrogen yield was calculated as follows:

Y, (%) Holow 100
)= ———
H, 3 % [E1OH],,
where [H,],,, is number of hydrogen moles being produced
during SRE.

3 Results and Discussion

The XRD analysis was performed for both fresh (Fig. 1)
and spent catalysts (Fig. 2). In the case of fresh catalysts,
CuO is the main crystalline phase (20 =35.5° and 38.9°).
The modification with all dopants leads to a decrease in
CuO crystallite sizes in comparison with Cu/Zr/Zn catalyst
(Table 1). The smallest CuO crystallite sizes (12.2 nm) are
observed for Cu/Zr/Zn/Ni catalysts whereas doping with
Mn and Ga leads to CuO crystallite sizes equal to 16.7 nm
and 15.1 nm, respectively. The XRD peak of low intensity
(26=30.5°) assigned to tetragonal ZrO, phase (t-ZrO,) is
present in diffractograms for Cu/Zr/Zn/Ni and Cu/Zt/Zn/
Ga. The calculated values of t-ZrO, crystallite sizes based
on this XRD signal are 2.0 nm and 2.1 nm for Cu/Zt/Zn/
Ni and Cu/Zr/Zn/Ga, respectively. On the other hand, there
is no crystallization of t-ZrO, in the case of Cu/Zr/Zn and
Cu/Zr/Zn/Mn catalysts. Taking into account the low inten-
sity of XRD peaks of ZrO, phase or their absence, one can
say that ZrO, is present mainly in the amorphous phase in
the synthesised catalysts. This is quite surprising since all
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Fig. 2 Diffraction patterns of spent catalysts

catalysts were calcined at 550 °C, at which a-ZrO, should
no longer be present [42]. The explanation for this is that
in the obtained catalysts a-ZrO, phase is thermally stabi-
lized, which hinders its transformation into t-ZrO,. A similar
effect was observed for Cu/Zr catalysts [43]. The XRD peaks
related to MnO, Ga,0;, and NiO are not observed due to
their small crystallite sizes (<2 nm), making them undetect-
able by means of XRD and/or due to the amorphous state of
dopants. Additionally, only in the case of Cu/Zt/Zn catalyst,
the XRD signals corresponding to ZnO phase were found,
which are partially overlapping with the reflexes assigned
to CuO phase.

The significant changes in phase composition are
observed for spent Cu/Zt/Zn, Cu/Zr/Zn/Ni and Cu/Zr/Zn/
Ga catalysts. Firstly, the intensities of reflexes assigned to

t-ZrO, are increased, meaning the transformation of amor-
phous ZrO, into t-ZrO, occurred during SRE reaction. For
Cu/Zr/Zn/Ni and Cu/Zr/Zn/Ga catalysts, the crystallite sizes
of t-ZrO, reache 4.0 nm and 3.0 nm, respectively. Secondly,
the diffraction peaks of CuO phase disappear and the metal-
lic copper phase (Cu°®) is present (20=43.4° and 50.4°). The
reduction, which occurs during SRE reaction, leads to Cu®
crystallite sizes of higher value than CuO crystallite sizes
in fresh catalysts (Table 1). Additionally, the crystallization
process of the new Cu® phase strongly depends on additives.
The introduction of Ni and Ga in Cu/Zr/Zn catalyst results in
lower Cu® crystallite sizes, which are 17.6 nm and 22.7 nm,
respectively.

On the other hand, the XRD analysis of spent Cu/Zr/Zn/
Mn catalyst revealed only minor changes in phase composi-
tion. In both, fresh and spent Cu/Zr/Zn/Mn catalyst, CuO
phase is present but the CuO crystallite sizes in spent cata-
lyst are smaller (9.5 nm) in comparison with fresh catalyst
(16.7 nm). The presence of CuO phase in spent Cu/Zr/Zn/
Mn catalyst suggests that addition of Mn preserves the crys-
talline CuO phase and hinders the process of its reduction
during SRE reaction. This phenomena was also supported
by TPR and XPS analyses of spent Cu/Zt/Zn/Mn, which are
described further in the manuscript. Similarly to remaining
spent catalysts, in the case of Cu/Zr/Zn/Mn the crystalliza-
tion of a-ZrO, into t-ZrO, proceeds.

TPR profiles of synthesized catalysts and spent catalysts
(blue line) are depicted in Fig. 3. The reduction degree
(Rd) was calculated based on reduction stoichiometry (Cu/
H,) and hydrogen consumption in TPR experiments for all
catalysts (Table 2). According to scientific literature, the
ZnO and ZrO, do not undergo reduction in the experimen-
tal region [44, 45]. In the case of Cu/Zr/Zn/Ni catalyst, the
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Fig.3 H,-TPR profiles for fresh and spent catalysts (blue line)
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Table 1 Crystallite sizes for

Catalyst fresh spent
fresh and spent catalysts
CuO t-ZrO, ZnO CuO Cu,O Cu® t-ZrO,
(nm) (nm) (nm) (nm) (nm) (nm) (nm)
Cu/Zt/Zn 22.6 - 322 - 11.1 30.6 2.3
Cu/Zr/Zn/Ni 12.2 2.1 - - 29 17.6 44
Cu/Zr/Zn/Mn 16.7 - - 9.5 - - 3.1
Cu/Zr/Zn/Ga 15.1 2.0 - - 7.4 22.7 3.0

broad peak of very low intensity is visible with maximum at
415 °C (Fig. S1, supplementary information). This signal is
ranging from 300 to 515 °C. In order to identify this signal
the reduction of pure NiO standard was carried out. The
position of this signal matches the position of NiO reduction
peak, which can be seen in the Fig S1

The remains visible peaks of high intensity in TPR profile
have been solely assigned to the reduction of different CuO
species to metallic copper. The temperature corresponding to

maximum reduction rate (T,,,,) is decreased for Cu/Zr/Zn/Ni

(T =235 °C) and Cuw/Zr/Zn/Mn (T,,,, =266 °C) in com-
parison with unmodified Cu/Zt/Zn catalyst (T,,,, =277 °C).
In this case, the observed decrease in the T, .. is related

with smaller particle sizes of CuO in the Cu/Zr/Zn/Ni and
Cu/Zr/Zn/Mn as indicated by XRD and by higher metallic
copper dispersion as measured by N,O dissociative chem-
isorption (Table 2). Not only does the addition of Mn and Ni
result in lowering the positon of TPR signal but also leads
to increase in Rd value, reaching 99% for Cu/Zr/Zr/Mn. All
above mentioned observations show that catalysts doping
with Mn and Ni facilities the reduction of CuQO. On the other
hand, Cu/Zt/Zn/Ga catalyst is reduced at higher temperature
(T hax =292 °C) and has Rd value equal to 84% which is the
lowest among synthesised catalysts. This suggests the exist-
ence of strong interaction between Ga,05 and CuO, which
has influence on the amount of reducible CuO species. The
decrease in the amount of reducible CuQO, as a result of its
interaction with other metal oxides was also stated by Guo
et al. [46] and Wan et. Al [47].

For all catalysts, very broad reduction signal is visible in
the range of 171-320 °C which can be deconvoluted in two
(Cu/Zr/Zn/Mn), or three (Cu/Zr/Zn, Cu/Zr/Zn/Ni, Cu/Zxr/Zn/
Ga) Gaussian peaks. These peaks can be related with two
or three different CuO species present in the catalysts. The
low-temperature signals can be assigned to well dispersed
copper oxide species, whereas the high-temperature signals
are related with reduction of bulk-like CuO species of higher
particle sizes [48].

The TPR profiles of spent Cu/Zr/Zn, Cu/Zr/Zn/Ni and
Cu/Zr/Zn/Ga catalysts show signals of significant lower
intensities. The calculated Rd values of these catalysts are
17%, 25%, and 21% for Cu/Zr/Zn, Cu/Zr/Zn/Ni and Cu/Zr/
Zn/Ga, respectively. This means that the concentration of
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CuO phase is greatly reduced. This is in good agreement
with XRD results which shows that metallic copper is a
dominant phase in the spent Cu/Zr/Zn, Cu/Zr/Zn/Ni Cu/
Zr/Zn/Ga catalysts. On the contrary, only a slight decrease
in Rd value for spent Cu/Zr/Zn/Mn catalyst is observed in
comparison with fresh catalysts. In this case, the concen-
tration of CuO in both fresh and spent catalyst is similar
and no metallic copper phase was found in spent Cu/Zr/
Zn/Ga catalysts according to XRD analysis. The visible
TPR signals for spent catalyst suggest that CuO phase
is still present in the spent catalyst in the case of Cu/Zr/
Zn, Cu/Zr/Zn/Ni and Cu/Zr/Zn/Ga, which is in contradic-
tion to XRD diffractograms of these catalysts. In order
to confirm the presence of the amorphous CuO phase in
spent catalysts, the Raman spectra were recorded (Fig. 4).
Raman spectroscopy is a well-known technique to pro-
vide information about the surface of the sample and it
can be also applied for carbon deposit analysis. According
to relevant literature, only three modes are Raman active
for CuO phase i.e.: A, (274 cm™h, B, (328 cm™Y), By,
(627 cm™") [49]. All three bands are visible in the Raman
spectra obtained for spent catalysts. The broad shape of
the recorded CuO Raman signals and their slight shift
toward the low wavenumber region can result from the
strong interaction between Cu and ZrO,. On the other

274 A,
“H\ ?26 B 618 B
/ :‘”r«K A » 1091
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Fig. 4 Raman spectra of spent catalysts
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Table2 Physicochemical Catalyst S MY,  De* (%)  Po*(m)  PSG*BET  Rd (%) for fresh

properties of synthesised catalyst/spent

catalysts catalyst
Cu/Zxr/Zn 6.4 2.0 52 0.13 90/17
Cu/Zx/Zn/Ni 17.8 5.9 18 0.28 91/15
Cu/Zx/Zn/Mn 13.7 4.5 23 0.22 99/92
Cu/Zr/Zn/Ga 10.0 33 32 0.16 84/21

hand, the Raman spectra for spent Cu/Zr/Zn, Cu/Zr/Zn/ 201 u/Zr/Zn

Ni and Cu/Zr/Zn/Ga catalysts do not show signals related 0 2]

with Cu,O phase which presence was confirmed by XRD gwm

analysis (Fig. 2) According to scientific literature, Cu,O € 100

s

phase gives rise to five Raman peaks at 201, 300, 406,
489 and 638 cm™! [49]. In this case, the transformation
of Cu,0 to CuO can undergo during exposure to a laser
beam while collecting Raman spectra. This phenomenon
was stated by Tran et al. [50]. It was shown that illumina-
tion of CuO nanostructure sample with the high density
laser beam triggers the oxidation Cu,O to CuO. This mani-
fests in the disappearance of Cu,0O Raman peaks while A,
signal assigned to CuO becomes broader and is shifted
toward low wavenumber. Additionally, the broad CuO sig-
nals in Raman spectra are overlapping with Raman bands
for t-ZrO,, which are reported to appear at 148, 472, 608
and 640 cm™! [51]. Therefore, the confirmation of t-ZrO,
phase presence in spent catalysts was not possible with
Raman spectroscopy. The visible signal above 1000 cm™!
can be assigned to ZnO [52], which is in accordance with
XRD results of spent catalysts, whereas peak at 530 cm™!
is related with NiO [53, 54].

The N, adsorption—desorption isotherms, BJH pore size
distribution (PSD) profiles of fresh (blue line) and spent
catalysts (black line) are presented respectively in Figs. 5
and 6 whereas textural properties are summarized in Table 3.
The typical type V isotherms with H3-type loop according
to TUPAC classification [55] are observed for all catalysts.
The visible hysteresis loop above p/p°®=0.7 results from
capillary condensation of nitrogen in the mesoporous. The
modification with Ni, Ga and Mn does not change the posi-
tion of the hysteresis loops in comparison with Cu/Zr/Zn
catalyst. On the other hand, the shape of the hysteresis loops
becomes wider and steeper upon Cu/Zt/Zn catalyst doping.
These changes in hysteresis loops result from the increase
in total pore volume (Table 3). Based on PSD profiles, one
can say that the increase in the total pore volume for the
modified catalysts is mainly due to mesoporous generation
within the range from 9 to 30 nm. The addition of all dopants
leads to the increase in BET surface area in comparisons
with unmodified Cu/Zr/Zn catalyst (Table 3). Surprisingly,
there is a noticeable increase in BET surface area for spent
catalysts. This is due to the appearance of microporous
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Fig.5 N, adsorption—desorption isotherms: fresh catalysts (black
line) and spent catalysts (blue line)

as confirmed by t-plot method. Moreover, PSD is broader
and peak maxima in the PSD profiles of spent catalysts are
higher which results in an increase in total pore volume.
The N,O dissociative chemisorption results are presented
in Table 2. In the case of all modified catalysts, the increase
in metallic surface copper area (Sc,) and in metallic copper
dispersion (D, ) are observed in comparison with Cu/Zr/
Zn catalyst. Among doped catalysts, the strongest effect of
surface copper stabilization occurs for Cu/Zr/Zn/Ni catalyst,
which manifests in the highest value of S¢, (17.8 m%/g,)
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and D, (5.9%). Additionally, the S.,/BET ratio=0.28 is the
highest for this catalyst. This shows that 28% of the catalyst
BET surface is occupied by copper. For other catalysts this
ratio is lower, which means that less copper is available on
the surface, whereas more copper is in the bulk. According
to N,O dissociative chemisorption results, it can be stated
that reduction of all catalysts leads to average Cu® particle
sizes (PS¢,) of higher value than CuO crystallites sizes in
fresh catalysts, which is in line with XRD results of spent
catalysts. Nevertheless, the differences in PS¢, and Cu® crys-
tallites sizes are visible. The explanation for these discrep-
ancies is that Cu® crystallites sizes evaluated according to
Sherrer equation refer only to one XRD peak, i.e., one crys-
tal direction defined by (hkl). On the other hand, the N,O
dissociative chemisorption technique gives information on
average metallic sites, which are located solely in the surface
region of the catalyst.

The surface basicity of the catalysts was determined by
means of CO,-TPD. The obtained CO,-TPD profiles are
shown in Fig. 7 whereas the quantitative data are depicted in
Table 4. Desorption profiles were deconvoluted into Gauss-
ian peaks in order to get a better insight into the distributions

@ Springer

of basic sites. Based on the literature, CO, can desorb from
weak (50-150 °C), from medium (150-240 °C), and from
strong (> 240 °C) basic sites during TPD [56]. The observed
in TPD profiles, deconvoluted peak maxima were classified
according to the temperature ranges mentioned above. It is
well known that weak basic sites can be attributed to the
surface —OH groups, medium basic sites to oxygen bonded
to metal (MeX—OZ_, x=2+, 3+, 4+) whereas strong basic
sites are related with isolated O%~ anions [57].

In the case of all synthesised catalysts, the weak and
medium basic sites are present. The CO, desorption is
observed in the temperature range RT — 234, when the posi-
tion of deconvoluted peak maxima (green lines) is consid-
ered. The addition of promoters to Cu/Zr/Zn catalyst leads
to the increase in total basicity in the following order: Cu/
Zr/Zn < Cu/Zr/Zn/Mn < Cu/Zr/Zn/Ga < Cu/Zr/Zn/Ni. For
catalyst modified with Ni, the total concentration of basic
sites reaches 165.9 umol/g.,, . Additionally, the changes in
the distribution of weak and medium basic sites are also vis-
ible. For Cu/Zr/Zn catalyst, the weak basic sites dominate
(73.1 umol/g . ) whereas for modified catalysts the contribu-
tion of medium basic sites in total basicity is significantly
higher, resulting in a higher concentration of total basicity
as mentioned before.

In all recorded CO,-TPD profiles, the increase in
CO,-TPD signal is observed above 275 °C. This is related to
the desorption of additional CO, which originates from the
atmosphere. The contribution of this extra CO, was marked
with blue lines and was confirmed in blank TPD (Fig. S2).
For these experiments, catalysts were only reduced and later
heated up in the same manner as during CO,-TPD, mean-
ing no CO, was introduced. For all catalysts, signals below
275 °C were not present. Only above this temperature, the
increase in the CO, signals was visible. Moreover, the ratio
of desorbed CO, (Tot,,, ) to adsorbed CO, (Tot,, ), based on
the deconvoluted maxima (green lines) up to 234 °C, is close
to one for all CO,-TPD experiments (Table 4). This addition-
ally proves that CO, desorbing above this temperature can
be solely assigned to extra atmospheric CO,. Similar results
were reported by Smyrnioti et al. [58] who investigated CO,
adsorption on a commercial CuO/ZnO/Al,O; catalyst with
TPD technique. During thermal treatment of reduced sam-
ple, the desorption of CO, was also stated above 275 °C.
The authors concluded that this extra amount of CO, must
be taken into consideration during CO,-TPD experiment.

In order to identify the chemical state of the catalysts
surface, the XPS analysis was performed. The Cu 2p spec-
tra of fresh and spent catalysts are depicted in Fig. S3a and
Fig. S3b, respectively. In the case of fresh catalysts, two
maxima of Cu 2p,,; and Cu 2p,,, doublet components are
visible with BEs value at ca. 932 eV and 952 eV, respec-
tively. The presence of shake-up satellites and BE values
indicate that all fresh samples contain CuO species, which



Modification of CuO-ZrO,-ZnO Mixed Oxide Catalyst with Mn, Ga, Ni: Impact on Physicochemical... 3755

Fig.7 CO,-TPD profiles for 350
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Table 3 BE,T surface area and Catalyst Fresh catalyst Spent catalyst
pore analysis for fresh and spent
catalysts BET Total pore® vol- BET Micropore Micropore Total pore*
ume (cm?’/ 2) area® (mz/g) volume® (cm3/g) volume
(em’/g)
Cu/Zr/Zn 493 0.16 64.4 15.2 0.005 0.28
Cu/Zr/Zn/Ni 62.1 0.19 722 5.5 0.003 0.26
Cu/Zr/Zn/Mn 63.4 0.25 73.7 8.1 0.005 0.31
Cu/Zr/Zn/Ga 61.1 0.21 78.1 19.4 0.009 0.34

#acc. to BJH method from desorption branch

bacc to V-plot method
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is in line with XRD analysis. The deconvolution of Cu 2p
core excitation was performed into three components (A,
B, C) in order to determine the contribution of different
copper species. Peaks A were assigned to Cu* bonded to
oxygen in defected oxides. Peaks B were ascribed to either
Cu™ in Cu,O or Cu’" in CuO. Peaks C were related to Cu®*
in hydroxide or salt type surrounding [59, 60].

On the other hand, based on the shape of deconvoluted
Cu 2p peaks (Fig. S3a), it cannot be distinguished what
kind of copper species dominate on the surfaces of the
fresh catalysts. Therefore, an analysis of Cu L;M,sMy;
Auger spectra (Fig. S4a) must be performed to reveal the
real electronic state of copper. Additionally, the calculated
modified Auger parameter (') (Table 5) indicates that the
surface of fresh catalysts contains CuO as the main cop-
per component, which is supported by XRD. Moreover, in
the case of Cu/Zr/Zn catalyst, hydroxylation of the copper
species is the most pronounced among all fresh catalysts.

In the case of spent Cu/Zr/Zn, Cu/Zr/Zn/Ni and Cu/Zr/
Zn/Ga catalysts, the shake-up satellites peaks are no longer
visible. This suggests that the surface of catalysts is reduced
after SRE, which is also supported by o value (Table 5, Fig.
S3b and Fig. S4b). This value indicates that the surface is
enriched in Cu,O phase as supported by XRD. However,
the XPS spectra revealed the presence of Cu>* species at the
surface layer of these catalysts, mainly in the form of salts
(components C and D in Fig. S3b). The observed partial
reduction of cooper species in Cu/Zr/Zn, Cu/Zr/Zn/Ni and
Cu/Zr/Zn/Ga catalysts correlates with TPR experiments (Rd
value). Contrary to the mentioned spent catalysts, copper in
the form of CuO is preserved at the surface of Cu/Zr/Zn/Mn.
This is also supported by XRD and TPR analyses.

Among all studied samples, Cu/Zr/Zn/Ni catalyst
shows the highest ability for adsorption of SRE by-prod-
ucts, which is indicated by higher carbon concentration
at the surface (Table 6). This results in the appearance of
additional spectra components (Fig. S3b—S11) at higher

Table 4 Distribution of basic

tres on the surf: ¢ Catalyst Weak basic sites Medium basic Strong basic sites  Toty,, /Tot, Basicity
centres on the surlace o (umol/g,. ) sites (umol/g., )  (umol/g., ) (umol/
synthesised catalysts
8ear)
Cu/Zt/Zn 73,1 58.0 - 1.05 131.1
Cu/Zr/Zn/Ni 46.6 119.3 - 1.04 165.9
Cu/Zt/Zn/Mn 50.1 84.7 - 0.95 134.8
Cu/Zr/Zn/Ga 67.9 83.1 - 1.07 151.0

Table 5 Assignation of copper species according to modified Auger parameter

Catalyst Fresh Spent
BE KE o Main Cu BE KE o Main Cu component
Cu 2p;, Cu L;MsM 4 [eV] component  Cu 2ps, Cu L;MsMy;5 [eV]
[eV] [eV] [eV] [eV]
Cu/Zt/Zn/Ga 933.5 918.2 1850.7 CuO 932.3 916.8 1849.1 Cu,O
Cu/Zr/Zn/Ni 932.8 918.0 1850.8 CuO 933.0 916.7 1849.7 Cu,O
Cu/Zt/Zn/Mn 9324 918.1 1850.5 CuO 932.5 917.7 1850.2 Cu?*/Cu0
Cu/Zr/Zn 932.5 918.2 1850.7 CuO 932.1 916.6 1848.7 Cu,0
Table6 Atomic concentrations — (y,1og Cls Ols Cu2p Zn2p Zr3d Ni2p Mn2p Ga2py, Nals
of the elements at the surfaces
of fresh and spent catalysts Cu/Zr/Zn Fresh 142 542 92 43 128 - - - 42
Spent 140 51.1 95 8.0 124 - - - 5.0
Cu/Zt/Zn/Ni  Fresh 125 517 103 4.7 11.9 29 - - 22
Spent 253 489 8.2 3.0 11.1 22 - - 1.3
Cu/Zt/Zn/Mn  Fresh 105 58.0 10.6 5.4 11.0 - 2.3 - 22
Spent 142 564 115 4.5 102 - 2.0 - 1.2
Cu/Zrt/Zn/Ga  Fresh 13.1 56.6 7.0 5.6 122 - - 2.4 3.1
Spent 17.6 49.8 10.6 5.8 11.9 - - 1.3 3.0
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binding energies (BE), which are observed in C 1s, O 1s,
Zr 3d, Zn 2p Cu 2p and Ni 2p core excitations.

In the case of Zr 3d core excitation analysis for fresh
catalysts (Fig. S7a), two main components (A, B) in the
deconvoluted spectrum are observed. They are assigned to
Zr** in defected oxide lattice (A) and in oxide lattice (B),
respectively [59, 60]. After SRE, C components at higher
BE appear indicating the interaction of Zr** ions with SRE
by-products. Additionally, performing the SRE reaction
over Mn and Ga doped catalysts results in the appearance
of the X component in C 1 s spectrum (Fig. S5b), ascribed
to metal-carbon bonds. For spent Ni modified Cu/Zr/Zn
catalyst, large C component is present in the Zr 3d spec-
trum (Fig. 7b), which indicates pronounced adsorption of
organic by-products of SRE reaction at Zr active sites.

In the case of Zn 2p spectrum (Fig. S8b), SRE reaction
leads to hydroxylation of Zn containing active sites. This
appears as some increase of the C component assigned to
hydroxyl groups bonded to Zn** ions in the oxide lattice.
Additionally, spent Cu/Zr/Zn/Ni catalyst exhibits D com-
ponent, which can be related to the interaction of organic
by-products with Zn containing active sites (Fig. S8b).

The analysis of Ni 2p spectra revealed changes in Ni**
electronic state caused by SRE. The reaction leads to much
more electronegative (electrophilic) properties of Ni sur-
rounding as indicated by D component appearing for spent
catalyst (Fig. S9). The spectrum for spent catalyst does
not contain A component assigned to NiO compound that
suggests possible chemical adsorption of by-products at
NiO sites.

In the case of catalysts modified with Mn, the Mn 2p
spectra for fresh and spent catalyst do not show significant
changes. Two components assigned to Mn>* and Mn** are
observed (Fig. S10). This indicates that Mn*" is mainly
present in the form of salts and SRE reaction slightly oxi-
dizes Mn species by increasing Mn** surface concentra-
tion from ca. 49 to 55%. The surface state of Ga containing
catalyst does not undergo significant changes during SRE
as it is observed in core excitations for all analysed ele-
ments. (Fig. S3—-S8 and S11). It was found that gallium in

form of oxide exists at the surface of both fresh and spent
catalysts.

The catalytic results are shown in Table 7. The steady
state conditions were reached after time on stream
(TOS)=2 h. Then, the ethanol conversion (Xg,yy), hydrogen
yield (Yy,) and selectivity to particular carbon containing
products were measured. The presented values are average
from five consecutive online GC analyses. The following
carbon containing products were found in the outlet stream
during steam reforming of ethanol: CO, CO,, CH,, C,H,
(ethylene), CH;CHO (acetaldehyde), CH;COCH; (acetone),
CH;COOH (acetic acid).

The lowest yield of hydrogen and ethanol conversion were
recorded for Cu/Zr/Zn/Ni. Although this catalyst exhibited
the initial ethanol conversion of 100%, the rapid deactivation
was observed leading to a decrease in ethanol conversion
to 67% after TOS =2 h and the lowest selectivity to CO,
(Sco,=7%) and hydrogen yield (Yy,=34%) among tested
catalysts. The Raman spectra (Fig. 4 and S12) of spent Cu/
Zr/Zn/Ni catalyst revealed the peak at 1590 cm™! (G-band),
which is related to the typically ordered graphite. On the
other hand D-band (ca. 1330 cm™}), assigned to the carbon
of disordered structure, is not observed [61]. Based on that,
it can be concluded that ordered carbon deposit, formed on
the Cu/Zr/Zn/Ni catalyst surface, is responsible for rapid
catalyst deactivation. The formation of carbon deposit is
also supported by a lower carbon balance (95%), which
was calculated based on GC results. The accumulation of
by-products at Cu/Zr/Zn/Ni surface, as confirmed by XPS
experiments, also contributes to the deactivation process. On
the other hand, in the case of other spent catalysts, neither
appearance of D-band nor G-band was visible in Raman
spectra in the range of 1300-1600 cm™!, suggesting that
carbon deposit had not been formed. According to literature,
the formation of carbon deposit can be related to Boudouard
reaction or dissociation of hydrocarbon molecules [6].

In the product distribution of Cu/Zr/Zn/Ni catalyst,
acetaldehyde dominates (Scy,cuo=60%). This means that
hydrogen is produced mainly due to ethanol dehydrogena-
tion reaction (4). The presence of CH, and CO in the outlet

Table 7 Catalytic results for Cu/

. Catalyst Cu/Zr/Zn Cu/Zr/Zn/Ni Cu/Zr/Zn/Mn Cu/Zr/Zn/Ga

Zr/Zn, Cu/Zr/Zn/Ni, Cu/Zr/Zn/

Mn and Cu/Zt/Zn/Ga catalysts Ethanol conversion, Xg,oy (%) 99 67 100 100
Hydrogen yield (%), Yy, (%) 58 34 66 67
Selectivity to CO, S¢q (%) 0 7 0 0
Selectivity to CO,, S¢q, (%) 14 7 21 18
Selectivity to CHy, Scyy (%) 0 6 0 0
Selectivity to CH;CHO, Scyscno (%) 34 60 6 12
Selectivity to CH;COCHj, Scyscocns (%) 44 12 70 59
Selectivity to CH;COOH, Scy3c00n (%) 7 3 3 11
Carbon balance (%) 99 95 100 100
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stream suggests that a fraction of acetaldehyde, which is
formed during SRE, is also decomposed (5). Moreover, etha-
nol decomposition (6) can undergo too.

CH,CH,0H — CH;CHO + H, @)
CH;CHO - CH, + CO )

It is known that basic sites of higher strength facilitate
the ethanol dehydrogenation to acetaldehyde [62]. The
measurements of CO,-TPD showed that Cu/Zr/Zn/Ni cata-
lyst possesses the higher concentration of basic sites (165.9
pmoleg, /8,), among which medium basic sites account
for 72% of total basicity. Therefore, the selectivity to acetal-
dehyde is the highest in comparison with other synthesised
catalysts. The reaction of acetaldehyde condensation (7) is
hindered in comparison with the remaining catalysts since
the selectivity to acetone is the lowest and equal to 12%.
Similarly, the reaction of ethanol reforming to acetic acid
(8) is limited (Scy,coon=3%)-

2CH;CHO — CH;COCH; + CO + H, (7)
CH,;CH,0H + H,0 — CH;COOH + 2H, (8)
CO +H,0 - CO, +H, 9)

The addition of Ga and Mn changes significantly the
product distribution of SRE reaction. Firstly, due to the
lower concentration of medium basic sites in comparison
with Cu/Zr/Zn/Ni, the selectivity to acetaldehyde is lower
and equal to 6% and 12%, respectively for Cu/Zr/Zn/Mn
and Cu/Zr/Zn/Ga. Secondly, the higher rate of acetone for-
mation leads to the increase in the selectivity to acetone
for both mentioned catalysts. During acetone synthesis
(7), via acetaldehyde condensation, hydrogen is gener-
ated. Therefore, one can say that this reaction is the main
source of hydrogen when SRE is performed over Cu/Zr/
Zn catalyst doped with Mn (Yy, = 66%) or Ga (Yy,= 67%).
Moreover, the lack of CO and CH, in the products sug-
gests that side reactions like acetaldehyde decomposition
(5) and ethanol decomposition (6) do not proceed when
Cu/Zr/Zn/Ga and Cu/Zr/Zn/Mn are used for SRE. On the
other hand, the improvement in selectivity to CO, upon
Mn and Ga addition is visible, which reaches 21% and
18%, respectively for Cu/Zr/Zn/Mn and Cu/Zr/Zn/Ga.
This indicates that CO, which is formed in acetone syn-
thesis (7), is further oxidised to CO, due to a water gas
shift reaction (9). For both catalysts, ethanol conversion
is 100% at 350 °C. In the case of unmodified Cu/Zr/Zn
catalyst, the acetone (Scy,cocn, =44%) and acetaldehyde
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(Scu,cno=34%) dominate in the products but the hydro-
gen yield is lower (Y =58%) in comparison with cata-
lysts doped with Mn and Ga.

Additionally, in the case of all catalysts, the presence of
CO, in products during SRE reaction performed at 350 °C,
can also results from the steam reforming of acetaldehyde
(10) and/or from the steam reforming of acetone (11) as
stated by Dolgikh et al. [63], who investigated the SRE
reaction over iron based catalysts in the temperature range
from 300 to 500 °C.

4 Conclusions

The modification of Cu/Zr/Zn catalysts with Ga, Mn and
Ni leads to an increase in BET surface area and copper dis-
persion. In the case of fresh catalysts, CuO is the dominant
phase whereas ZrO, is present as an amorphous phase or
as t-ZrO, of very low crystallites sizes. The addition of
promoters results in a decrease in CuO crystallite sizes
when compared with Cu/Zr/Zn catalyst.

The highest yield to hydrogen is observed for Cu/Zr cat-
alyst modified with Ga (YH2= 66%) and Mn (YH2= 67%).
In both cases, the primary source of hydrogen is acetone
formation reaction which undergoes during SRE. Moreo-
ver, the highest selectivity to CO, for Cu/Zr/Zn/Ga and
Cu/Zr/Zn/Mn is due to the water gas shift reaction. On the
other hand, a vast deactivation of Cu/Zr/Zn/Ni catalyst is
observed which leads to a decrease in ethanol conversion
(Xgion=67%) and hydrogen yield (Yy, =34%) in compari-
son with Cu/Zr/Zn catalyst. This is caused by the forma-
tion of carbon deposit and adsorption of organic by-prod-
ucts at the surface. In the case of this catalyst, hydrogen
is produced mainly upon ethanol dehydrogenation to acet-
aldehyde, which results from the highest surface basicity.

The partial reduction of CuO undergoes during SRE
reaction for Cu/Zr, Cu/Zr/Zn/Ni and Cu/Zr/Zn/Ga. This is
the reason for significantly lower hydrogen consumption
during H,-TPR. Moreover, the transformation of amor-
phous ZrO, into tetragonal phase and increase in t-ZrO,
crystallites sizes are observed in spent catalysts. For cata-
lyst modified with Mn, copper is stabilised on + 2 oxida-
tion state in spent catalysts. Therefore no changes in phase
composition and H,-TPR profile are observed.
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