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Abstract

The use of copper-based binary catalysts, Cu/Zr oxides and Cu/Al oxides, has been
examined to produce hydrogen from ethanol in the ethanol steam reforming pro-
cess. The examined catalysts were compared with non-noble bicomponent catalysts
consisting of oxides of nickel and cobalt: Ni/Zr Co/Zr, Ni/Al and Co/Al, prepared
and tested in the identical way. Catalytic tests were carried out in the fixed-bed reac-
tor in the temperature range 433-873 K for initial molar ratio of ethanol to water
equal to 1:3. Ethanol conversion approached near 100%. Catalysts were character-
ized by XRD, TPR. Cu/Zr oxides The catalyst showed very good selectivity. It is
significant that carbon monoxide appeared only above 600 K and its selectivity has
not exceeded 3% in the higher temperature range. No methane has been detected.
Hydrogen yield was relatively stable in the temperature range from 513 to 873 K.
Similarly, in the presence of Cu/Al oxides neither CO nor CH, were found in the
products. The correlation between activity of examined catalysts and textural prop-
erties was not found.
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Introduction

The increase in environmental pollution and new restrictions and regulations
require new clean technologies of high energy efficiency, so the search for alterna-
tive sources of green energy. Nowadays there is no doubt that hydrogen is the most
important carrier of clean energy [1]. Until today, it was produced in industry from
gasification of coal and other fossil materials, in steam reforming of hydrocarbons
(mainly methane) and oxygenates (mainly methanol) [2, 3] and from electrolysis of
water [4]. In last two decades ethanol steam reforming is of great interest because
ethanol is safe and easy in storage and distribution. There are many sources of cheap
ethanol like biomass and all substrates with starch content [5].

The main reaction of hydrogen production process from ethanol is strong
endothermic [1]:

C,H;0H + 3H,0 «— 2CO,+ 6H, AHyg= +174kI/mol (1)

Many side reactions occur in the ethanol steam reforming process forming
undesired products as carbon monoxide, methane, acetic acid, acetaldehyde,
ethene and others [6].

CH,CH,0H «— CH,;CHO + H, )
CH,CHO «— CH, + CO 3)
CH, + H,0 «— CO + 3H, “)
CH,CH,0H «— C,H, + H,0 )
C,H, «— 2C +2H, (0)

C,H, +2H,0 «— 2CO + 4H, (7

It is known that even a little improvement in hydrogen selectivity and lower-
ing of concentration of carbon monoxide in the product is very important because
of poisoning effect of this in fuel cells. CO is a strong poison for PEFC anode
catalysts, the system cannot accept more than 100 ppm for efficient operation [5].
The methane has no negative effect on the anode, it can be used to provide heat
for the endothermic reforming process [7]. As is evident, this is a process with
a very complex mechanism, and therefore requires active and selective catalysts
operating under severe conditions. At the same time it must be resistant to carbon
deposition on the catalyst surface (coking) [8].

Up to now the noble metal (rhodium, platinum, ruthenium or iridium) catalysts
have been applied in this process with good results [9—12]. Due to the high cost
of precious metals, numerous efforts are undertaken to develop cheaper catalysts
with comparable properties.
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The properties of catalysts depend mainly on their composition, especially on
active metal content and support type, but also on all parameters of preparation.
Most of the studies concern on nickel [5, 13-22] and cobalt [7, 8, 15, 16, 18-20,
23-28] based catalysts. In the literature available studies on nickel catalysts, the
nickel content varies from 5 to 20 mass% deposited on various supports [5, 22].
These catalysts are active in the ethanol steam reforming in the temperature range
573-923 K [1], with an optimal nickel content of about 10 mass% [14, 16, 17].
Extensive research has been conducted on a number of different supports, of which
oxides of Ti [16], Si Mg [13], La [15] and Zn [17] deserve attention. The studies
on cobalt-based catalysts with a content of cobalt from 2 to 18 mass% [7, 8, 15, 16,
18-20, 23-28] show increase in their activity with an increase of its content in the
temperature range from 623 to 773 K [1, 27]. Oxides of Zn, Ce, Sm, La [23] and Al
[24] are listed as optimal supports for these catalysts.

An important problem concerning ethanol steam reforming process is catalyst
deactivation caused by coking. Increase in acidity of active centres of the support
gives decrease in activity because of increasing tendency to formation of carbon
deposits (coking) [5] which main source is the dehydrogenation of ethanol followed
by decomposition of ethene [6]. According to Padilla et al. [20] lanthanum addition
causes gasification of deposited coke. The elimination of coking can be also realized
by using of stoichiometric excess of water to ethanol from 2 to 18 [5].

There are not many works concerning catalysts based on copper. According to
Rossetti et al. [16], those deposited on TiO, show high resistance to coking. How-
ever, they exhibit poor ability to break the C—C bonds, therefore acetaldehyde and
ethylene predominate in the products; it indicates that the main source of hydrogen
is the reaction of their dehydrogenation. Bergamaschi et al. [21] found the high cata-
lyst activity of Ni/Cu=28/3 mass% complex supported on ZrO, Vizcaino et al. [6]
found that in Cu/Ni catalyst supported on SiO, nickel is the phase responsible for
hydrogen production while copper—for decrease both in CO formation and coke
deposition.

There are great differences in reported works concerning active metal content and
the tested parameters, especially in terms of steam excess. For this reason, it is very
difficult to select the optimal catalyst composition on the base on literature data.

The aim of this work is to study the applicability of Cu/Zr oxides and Cu/Al
oxides binary catalysts to produce hydrogen from ethanol. The activities of the
tested Cu/Zr oxides and Cu/Al oxides catalysts were compared to those of nickel
(Ni/Zr and Ni/Al) and cobalt (Co/Zr and Co/Al) oxides catalysts prepared by the
same method and tested in the identical conditions.

Experimental
Materials
For the synthesis of catalysts: Ni(NO;),-6H,0, Co(NO;),-6H,0, Cu(NO;),-3H,0,

ZrO(NO;),-H,O, purchased from Sigma-Aldrich Poland; citric acid monohy-
drate purchased from Stanlab Sp.j. Poland; 65 mass% nitric acid, purchased from
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Avantor Performance Materials Poland; all of AR grade. To determine activity: eth-
anol Merck KGaA, gradient grade for liquid chromatography.

Catalysts synthesis

All catalysts have been prepared according to the method described by Courty et al.
[29]. The method of complex formation of metals by citric acid and thermal decom-
posing the citrate complexes proved the best in our laboratory. The mixture is per-
fectly mixed because of branched structure of citrates. The use of citrate complexes
gave excellent homogeneity and fully repeatable properties of the prepared catalyst
[30], while the conventional method of co-precipitation did not provide such results,
although the latter is usually used, as is known from the literature. The formed cata-
lysts were calcinated in a muffle at temperature 623 K. In all obtained catalysts the
ratio of metal (Ni, Co, Cu) oxide to alumina or zirconia, respectively, was the same,
equal to 63.8/36.2 (mass%/mass%).

Catalysts characterization

Phase analysis based on X-ray powder diffraction (XRD) measurements was per-
formed on a X’PERT PRO MDP diffractometer with detector X’CELERATOR,
working in Bragg-Brentano geometry. The XRD measurements (at 40 kV and
30 mA) were performed in the 2 h range from 5° to 90° with the interpolated step
size 0.02°. The crystallite sizes were calculated from Scherrer method. XRD phase
analysis was performed using reference standards from the International Centre for
Diffraction Data (ICDD) PDF-4 database.

The specific surface area (Sggy) and porosity of catalysts were determined with
the Multi-Point BET Plot analysis method using an Autosorb-1 Quantachrome appa-
ratus, with nitrogen as an adsorbate at 77 K. Prior to the measurements, the samples
were preheated and degassed under vacuum at 373 K for 18 h. The micropore area
was obtained by V-t plot method t-micropore analysis while pore size distribution
was calculated with the BJH method.

H,-TPR (temperature-programmed reduction of H,) measurements were per-
formed in Chembet-3000 (Quantachrome) u-shape quartz flow reactor (diameter ca.
5 mm) at temperature range 300-1050 K with temperature ramp of 10 K/min and a
flow rate of 5% H, in Ar. Before the TPR analysis, all samples were kept in a stream
of helium at 373 K for 1.5 h to remove physically adsorbed water.

Size of crystallites of tested catalysts are presented in Table 1. Catalyst composi-
tion and textural properties are presented in Table 2.

Catalytic tests

A continuous fixed-bed reactor of 8 ¢cm> volume, made of stainless steel, was used
in the catalytic experiments. The bed consisted of 2 g of the catalyst of grain size of
0.8-1.0 mm. The catalyst was reduced in a stream of diluted hydrogen (7% H, in N,) at
723 K under atmospheric pressure for 4 h and activated in the mixture of the reactants
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Table 1 Sizes of crystallites of tested catalysts

Catalyst Size of crystallites (nm)

Ni (111) Co (111) CoO (111) Cu (111) Cu,O (111) Zr0O, (111)

Ni/Zr oxides 12.8 - - - - 8.4
Co/Zr oxides - 11.8 33 - - 10.3
Cu/Zr oxides - - - 232 - 55
Ni/Al oxides 8.1 - - - - -
Co/Al oxides - - - - - -
Cu/Al oxides - - - 22.5 7.5 -
Table 2 Composition and textural properties of tested catalysts
Catalyst Main metal Zirconia/aluminia Sy (m?/g) V, (em’g) D, (nm)
(mass%) (mass%)
Co/Zr oxides 63.8 36.2 89 0.16 7
Cu/Zr oxides 63.8 36.2 23 0.07 13
Ni/Al oxides 63.8 36.2 146 0.18 5
Co/Al oxides 63.8 36.2 27 0.15 22
Cu/Al oxides 63.8 36.2 13 0.04 13

at 473 K for 4 h. The catalytic activity in the ethanol conversion was determined under
the following conditions: atmospheric pressure, temperature range dependent on cata-
lyst activity within 433—-873 K, space velocity of the reactants flow 100 ml/min, initial
molar ratio of ethanol to water equal to 1:3 under pure N, flow. The feed gas was deoxi-
dized with the BTS deoxidizer and dehydrated with the molecular sieve 5 A. Substrates
and products were directed on-line to chromatograph Varian Star 3800. Then the gases
were decompressed to the atmospheric pressure and cooled to separate the liquid frac-
tion. The gaseous products were analyzed in the system of Carbo Plot P7 column, 25 m
0.53 mm and Supelcowax 10 column, 30 m-0.32 mm. Ethanol was determined quanti-
tatively in the Supelcowax 10 column and FID detector and the remaining gases in the
Carbo Plot P7 column and TCD detector. Additionally carbon monoxide and methane
were determined quantitatively in the methanizer with the sensitivity of 20 ppb [31].
Time on stream was between 23 and 36 h.

Activity of tested catalysts was characterized by hydrogen yield, ethanol conversion
and selectivities of carbon monoxide and methane according to formulas given below
[32]:

V
WH - mH2 (L/kgcat. -h) ()

2
cat.
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Fin __ rout
a= %100(%) 9)

Et

out

Si=——1 _100% (10)
2(Fy - FY)

Here m, (g) is the catalyst mass, Vy; (L/h) is the volume flow rate, F;“ and F

(mol/h) is the molar flow rate of i-th component at input (EtOH) and output (CO,
CH,), respectively.

Results and discussion

The phase composition of prepared catalysts was determined by XRD investiga-
tions presented in Fig. 1. The phase analysis revealed a presence of dominant peaks
between 20=40-44° connected to Ni’, Co® and Cuo_ Some of the peaks of weak
intensity observed in samples of catalysts containing zirconia were caused by its
crystallization (Fig. 1a). Other peaks were connected to CoO. For the Co/Al oxides
catalyst it was not possible to fit phases (Fig. 1b) because of low intensity of sig-
nals, so the description of reflexes missed. Other peaks in Fig. 1b were connected to
NiO and Cu,0. No Al,O; and mixed metal/zirconia as well as metal/alumina phases
were detected. The crystallite sizes of the Ni®, Co? or Cu® are different. Calculation
of crystallite size of Co/Al oxides catalyst by Scherrer method (Table 1) was not
possible.

Values of specific surface area BET, pore volume and average pore diam-
eter are presented in Table 2. Specific surface area and total pore volume (V)
decreased in following order: Ni/Al> Ni/Zr> Co/Zr > Co/Al> Cu/Zr> Cu/Al
oxides. The Ni/Zr oxides and Ni/Al oxides catalysts revealed the highest values
of Sggr and V over 10 times higher than those of Cu/Zr oxides and Cu/Al oxides
(Table 2). The value of total pore volume of obtained catalysts reached about 0.2
cm?/g. There was found correlation between specific surface area and value of

(a) (b)
O-NiO- Co@- CoO - Cu k- ZrO, <> -Ni ¢-Ni0 [J-Cu - Cu0
o) = &
= =
2 & * N & Ni/Al oxides
s &
=)
.‘? = Co/Al oxides
% % | e\ - A . A
H s |
2 Ni/Zr oxides| S
= =
= Co/Zr oxides e
Cu/Zr oxides| n [} Cu/Al oxides|
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o
2009 20()

Fig. 1 XRD patterns of tested catalysts
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crystallite size of active metal (see Tables 1, 2). The Cu/Zr oxides and Cu/Al
oxides catalysts revealed the lowest values of specific surface area (23 m?%/g and
13 m?/g respectively) and the highest values of crystallite sizes of Cu® (23.3 nm
and 22.5 nm respectively).

H,—TPR profiles of investigated catalysts are presented in Fig. 2. Ni/Zr oxides
catalyst showed broad peaks: low-temperature one with maximum at 662 K and
high-temperature one with maximum at 799 K. The first one is responsible for
reduction of NiO to Ni°, the second one—for reduction of strongly dispersed NiO
in Zr oxide [19]; it was not proved by XRD investigations. TPR profile of Ni/Al
oxides catalyst revealed a single very broad reduction peak at higher temperature
of 820 K comparing with Ni/Zr oxides catalyst. TPR profiles of Co/Zr oxides and
Co/Al oxides catalysts revealed 3 reduction peaks of various intensity, two low-
temperature ones at 627 K (Co/Al oxides), 631 K (Co/Zr oxides) and 671 K (Co/
Al oxides), 682 K (Co/Zr oxides). High-temperature maximum was observed at
771 K and 938 K, respectively. The first peaks were connected with two-stage
reduction of Co;0, to CoO and to Co°. The last peak was connected with reduc-
tion of CoO strongly connected with Zr oxide or Al oxide [7, 20]. Co/Al oxides
catalyst was reduced at lower temperatures than Co/Zr oxides. Cu/Zr oxides cata-
lyst was reduced from CuO to Cu’, it revealed strong single peak at 582 K [33].
Cu/Al oxides catalyst was reduced at temperature about 30 K higher than Cu/Zr
oxides catalyst. A broad peak was observed, which contained reduction of CuO
to Cu,O followed by reduction to Cu’; it was proved by XRD investigations. As
shown by the H,—TPR profile, the Cu/Al catalyst is fully reduced to Cu® at 617 K.
On the other hand, on the XRD spectra, there is a relatively intense Cu,O reflex,
which may indicate its partial oxidation after the reaction (Figs. 1b, 2b).

Catalytic activity results are presented graphically in Figs. 3, 4, 5 and 6 and
Table 3.

All catalysts achieved a high degrees of conversion (Fig. 3a, b).

Zirconia containing catalysts (Figs. 3a, 4a, 5a, 6a).

Ni/Zr oxides catalyst reaches the highest hydrogen yield of — 756 L/(kg., h)
at 773 K, unfortunately accompanied by high production of carbon monoxide
(selectivity 13%) and methane (selectivity about 32%).

(a) (b)
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662K :

~ |Ni/Zr oxides . = 820K
Z 61K’ 938K & | Ni/Al oxides :
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=z sk b z Ko7k 771K
% : ] N :
S ) 2 | Co/Al oxides : ' i
] B = 617K
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Fig.2 H,-TPR profiles of tested catalysts
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(@ (b)

40 T 40

“A Al N ANi/Zr oxlties ANi/Al oxides
OCo/Zr mu.des M A O Co/Al oxides
W Cu/Zr oxides B Cu/Al oxides|

[
=
w
=

AA |,

>

O
O L] O
(@) A do A

0-—I-I-I-I-I-I-I—IA‘A.1 R RV

400 500 600 700 800 900 400 500 600 700 800
Temperature (K) Temperature (K)

CO selectivity (%)
CO selectivity (%)

i

900
Fig.5 CO selectivity as a function of temperature for a zirconia and b alumina containing catalysts

Co/Zr oxides catalyst reaches a little lower hydrogen yield of 748 L/(kg_, h)
than Ni/Zr oxides catalyst, but at lower temperature of 613 K (Fig. 3a). In the
range of 433-573 K carbon monoxide and methane selectivities increase with
the temperature. Further increase in temperature causes rapid decrease in carbon
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Table 3 Maximum hydrogen
Catalyst T (K L/kg. h % Sco (% %
yield at corresponding s ® ke «(®) co®) (%)
temperature for tested catalysts Ni/Zr oxides 773 756 100 13 32
Co/Zr oxides 613 748 100 7 21
Cu/Zr oxides 533 309 91 0 0
Ni/Al oxides 773 717 100 13 37
Co/Al oxides 573 227 68
Cu/Al oxides 593 356 98

monoxide selectivity to 7% and increase in methane selectivity to 21% at 613 K
(Figs. 5a, 6a).

It is worth emphasizing the fact that the Cu/Zr oxides catalyst showed very good
selectivity. Hydrogen yield in the temperature range 513-873 K remained relatively
stable but significantly lower —271 L/(kg ,, h) than over the Co/Zr oxides and Ni/Zr
oxides catalysts at 613 K and 773 K respectively (Fig. 3a). In the hydrogen output
stream, carbon monoxide appeared above 600 K and its selectivity did not exceed
3% in the higher temperature range (Fig. 5a). No CH, has been detected (Fig. 6a).

Alumina containing catalysts (Figs. 3b, 4b, 5b, 6b).

Ni/Al oxides catalyst showed similar to Ni/Zr oxides hydrogen yield (717 L/(kg,,
h)) and CO selectivity of 13% with a CH, selectivity about 35% at 773 K (Table 3).
Unfortunately, this catalyst has become sintered. Taking into account the hydrogen
efficiency, selectivities towards by—products (carbon monoxide and methane) and
sintering of the catalyst, hydrogen production should be carried out at temperatures
below 753 K (Figs. 5b, 6b).

Co/Al oxides catalyst compared to Co/Zr oxides showed a slightly higher hydro-
gen yield (227 L/(kg.,, -h)) as well as over two times lower CO selectivity (8%) and
almost twice lower CH, selectivity (6%) at 573 K (Table 3). Similarly to the Ni/Al
oxides catalyst, it has become deactivated, so the process should be carried out at
temperatures below 613 K.

Cu/Al oxides catalyst showed a higher hydrogen yield of 309 L/(kg. h) at
573 K than Cu/Zr oxides (Fig. 3a, b). Above this temperature the yield reached its
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maximum and then rapidly decrease. Similarly to Cu/Zr oxides catalyst, neither CO
nor CH, were found in the products (Figs. 5b, 6b).

Experimental results are collected in Table 3. The tested catalysts achieved their
activity toward hydrogen production for different temperature ranges, therefore the
table shows the maximum hydrogen efficiencies and corresponding temperatures.

The correlation between activity of examined catalysts and textural properties
was not found. The only relationship that has been found is between pore diame-
ter and hydrogen yield: about 50% increase in pore diameter caused a decrease in
hydrogen yield (see Table 2).

There was found, that decrease in crystallite sizes of the Ni’, Co® phase gave
an improvement of its dispersion followed by high hydrogen yield (Fig. 1, Table 1).
Ni/Al oxides catalyst had the highest values of specific surface area BET (146 m*/g)
and total pore volume (0.18 cm®/g) and the lowest values of crystallite sizes of the
Ni° (8.1 nm). Large crystallites and large pore diameters of Cu/Zr oxides and Cu/Al
oxides catalysts could be responsible for the agglomeration of metal therefore giv-
ing low values of specific surface area BET and total pore volume and in effect low
values of hydrogen yield (Tables 1, 2, 3).

Based on TPR and test results, the lower hydrogen reduction temperature corre-
sponds to the lower temperature at which the catalysts achieve maximum hydrogen
efficiency (Fig. 2, Table 3). In the case of Cu/Zr oxides and Cu/Al oxides catalysts,
the H,~TPR peaks at lower reduction temperatures were connected with large crys-
tallites that caused decreased dispersion (Fig. 2, Table 1).

Summary

This paper presents studies on the activity of Cu/Zr oxides and Cu/Al oxides cata-
lysts in the ethanol steam reforming process. Their activity was compared with Ni/
Zr, Co/Zr, Ni/Al and Co/Al. The Ni/Zr oxides catalyst, characterized by high hydro-
gen efficiency of 756 L/(kg ., h) at 100% ethanol conversion at 773 K, appeared to
be the best catalyst among the ones investigated by us in the steam reforming pro-
cess. The copper catalysts (Cu/Zr oxides and Cu/Al oxides) showed lower hydrogen
efficiency (309 L/(kg , h) at 533 K and 356 L/(kg , h) at 593 K, respectively), but
their significant advantage is the lack of CO formation, which is of a great impor-
tance in the aspect of using the produced hydrogen in fuel cells.

The correlation between activity of examined catalysts and textural properties
was not found. The only relationship that has been found is between pore diame-
ter and hydrogen yield: about 50% increase in pore diameter caused a decrease in
hydrogen yield.

The attempts to apply bicomponent copper-based catalysts (Cu/Al oxides and Cu/
Zr oxides) in the ethanol steam reforming process showed their excellent selectivity
and good resistance to coking. However, they revealed unsatisfactory activities due
to low hydrogen yields. It seems reasonable to continue investigations to modify the
chosen Cu/Zr oxides catalyst in order to obtain higher hydrogen efficiency. Some
promoters will be tested.
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