
A
a

M
A
a

b

5
c

a

A
R
R
A
A

K
H
S
C

1

s
e
f
h
s
H
i
[
b
l
f
d
h
r
f
o
p
c

F
F

0
h

Applied Catalysis A: General 471 (2014) 84– 90

Contents lists available at ScienceDirect

Applied  Catalysis A:  General

j ourna l h omepa ge: www.elsev ier .com/ locate /apcata

 comparative  study  on  the  effect  of  Zn  addition  to  Cu/Ce
nd  Cu/Ce–Al  catalysts  in  the  steam  reforming  of  methanol

ary  Mrada,b,  Dima  Hammouda,b,c,  Cédric  Gennequina,b,∗,
ntoine  Aboukaïsa,b,  Edmond  Abi-Aada,b

Université Lille Nord de France, F-59000 Lille, France
Université du Littoral Cote d’Opale, Unité de Chimie Environnementale et Interaction sur le Vivant, E.A. 4492, MREI 1, 145 avenue Maurice Schumann,
9140  Dunkerque, France
Conseil National de la Recherche Scientifique, Beyrouth, République Libanaise
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and  methanol  (H2O/CH3OH  =  2).  The  catalytic  activity  was  found  to be strongly  dependent  on  the  nature
of  the  copper  species  present  on  the support  and on  the nature  of  the  support.  The  addition  of  ZnO  is
beneficial  to  the  solid  5Cu10Ce  and  promotes  interaction  between  Cu  Ce  O eventually  leading  to  the
reduction  of  Cu2+ to Cu+ and Cu0 the most  active  species  in the  SRM  reaction.

© 2013 Elsevier B.V. All rights reserved.
opper and zinc catalysts

. Introduction

Recent studies reveal a fast increase of the greenhouse gas emis-
ion [1,2]. Although the high cost of fossil fuels, the traffic pollution
xpands. In order to produce clean energy it is necessary to develop
uel cells technology as an alternative energy model. With their
igh efficiency and their low emission label, fuel cells are pre-
ented as suitable power sources for automotive applications [2].
ydrogen has been envisaged to be the ideal clean energy vector

n the future and its performance is developed in fuel cells usage
3]. The direct use of hydrogen for fuel cell application is hindered
y problems of supply, safety storage and handling. These prob-

ems can be resolved by using a suitable high energy/density liquid
uel, such as methanol as a hydrogen carrier. Methanol can be pro-
uced from renewable sources and is known for its low cost and
igh H:C ratio [4]. Hydrogen could be obtained through different
eforming process. One interesting method is hydrogen production

rom methanol via steam reforming (SRM (1)) [5]. It is a process that
ccurs at moderate temperatures (200–400 ◦C) and can provide a
roduct gas with high hydrogen content (up to 75%) and low CO
oncentration (1–2%) [6].

∗ Corresponding author at: Université Lille Nord de France, F-59000 Lille,
rance/Université  du Littoral Cote d’Opale, UCEIV EA 4492, F-59140 Dunkerque,
rance. Tel.: +33 3 28 65 82 62; fax: +33 3 2865 82 39.

E-mail address: cedric.gennequin@univ-littoral.fr (C. Gennequin).

926-860X/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2013.11.025
CH3OH + H2O → 3H2 + CO2, �H◦ = + 49.4 kJ mol−1 (1)

Many researches have been focused on the CuO/CeO2 mixed
oxide, because of the low cost of the base metal compared to
the precious metals and the high catalytic efficiency of this cat-
alyst for various reactions [7,8]. Oxygen’s high mobility and the
strong metal-support interaction make the CeO2 based materials
very interesting for catalysis [9]. Copper-based catalysts are widely
used for generating hydrogen from methanol [10–12]. It was shown
that the interaction between copper and ceria plays an important
role in promoting the catalytic activity [13]. Alumina is also consid-
ered as a promoter that increases the surface area and the thermal
stability of Cu0 [14]. The present work focuses on a comparative
investigation of copper-containing catalysts supported on ceria or
ceria/alumina in SRM and the influence before and after the addi-
tion of zinc. Physico-chemical analysis such as EPR, TPR, XRD, N2O
chemisorption are used to evaluate the influence of the copper
loading, the dispersion of copper species on different supports, the
support nature and the zinc effect on the methanol steam reforming
reaction.

2. Experimental
2.1. Catalyst preparation

Cerium hydroxide Ce(OH)4 was prepared as mentionned in a
previous paper [15]. Then the deposition of copper was  performed

dx.doi.org/10.1016/j.apcata.2013.11.025
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2013.11.025&domain=pdf
mailto:cedric.gennequin@univ-littoral.fr
dx.doi.org/10.1016/j.apcata.2013.11.025
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Table 1
Methanol conversion, activity, gas product composition and carbon assessment for methanol steam reforming over CeO2, 10Ce10Al, xCu10Ce, xCu10Ce10Al, 5%Zn5Cu10Ce
and  5%Zn5Cu10Ce10Al catalysts.

Sample Methanol
conversion (%)

Activity (10−4)
(mol min−1 g−1)

Product composition (%) Carbon
assessment

HCHO
(10−4 mol)

CH3OCHO
(10−4 mol)

H2 CO2 CO CH4

CeO2 65 4.70 92.5 7.5 0 0 0.45 – –
10Ce10Al 82 8.69 90.2 0.0 9.4 0.4 0.35 – 116.631
1Cu10Ce10Al 98 9.75 75.7 24.2 0.1 0.0 0.98 – 176.621
3Cu10Ce10Al 98 8.5 74.9 25.0 0.1 0.0 0.98 – 162.412
5Cu10Ce10Al 99.8 10.0 75.0 25.0 0.0 0.0 0.98 – 146.105
5%Zn5Cu10Ce10Al 96 9.33 74.9 25.0 0.1 0.0 0.73 – 28.23
1Cu10Ce 98 5.2 75.6 23.8 0.1 0.5 0.89 2.091 –
3Cu10Ce 99.7 5.26 75.3 24.4 0 0.3 0.89 2.015 –
5Cu10Ce 99.7 5.3 75.1 24.9 0 0 0.96 1.042 –
5%Zn5Cu10Ce 99.9 4.2 75 25 0 0 0.99 – –
Thermodynamics equilibrium

at 350 ◦C for SRM reaction
with the same conditions a

97 – 75 25 0 0 1 – –
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a Conditions of tests: these solids were pelletized and sieved to obtain catalysts w
2O/CH3OH ratio = 2 and GHSV = 15,500 h−1; temperature is 350 ◦C.

y the impregnation onto the Ce(OH)4 of an aqueous solution
ith given amounts of Cu(NO3)2 to obtain catalysts xCu10Ce with
ifferent molar ratios (x/10) and x = 1, 3 and 5 [16]. Alumina (Al2O3)
as prepared by sol–gel method, as mentionned [17]. The deposi-

ion of ceria was performed by the impregnation of an aqueous
olution containing given amounts of Ce(NO3)3 onto the calcined
l2O3, to obtain catalysts 10Ce10Al. After drying at 100 ◦C for
0 h, the 10Ce10Al solid was calcined under air at 600 ◦C for

 h. An aqueous solution containing a given amount of Cu(NO3)2
as also impregnated over the calcined 10Ce10Al as a support to

btain xCu10Ce10Al with different molar ratios (with x/10: molar
atio and x = 1, 3 and 5) (Table 1). Then another impregnation
f zinc (II) nitrate (Zn(NO3)2 was added over the 5Cu10Ce and
Cu10Ce10Al prepared catalysts in order to obtain 5%Zn5Cu10Ce
nd 5%Zn5Cu10Ce10Al respectively. All the prepared solids were
ried overnight and calcined under air at 600 ◦C for 4 h. These solids
ere pelletized and sieved to obtain catalysts with defined particle

ize, in the range of 0.35 < dp < 0.80 mm in order to eliminate mass
ransport limitation of the reaction rate.

.2. Catalytic tests

Steam reforming of methanol was carried out in a quartz tubu-
ar fixed bed reactor with an inner diameter value of 8 mm at
tmospheric pressure. The catalytic tests were realized at differ-
nt isothermal temperatures, and in this paper we  only present the
esults of tests performed during an isotherme of 350 ◦C for 5H. The
easurement of the temperature is taken at the catalytic bed.
The catalytic test was carried out in the microflow reactor, which

s assembled with a quartz EPR tube to allow the introduction of
he catalyst into the resonance cavity without exposure to air. All
uns were performed using 0.2 cm3 of catalyst under an argon flow
ate of 26 cm3 min−1 (GHSV = 15,500 h−1). The catalysts were not
educed under H2 but pretreated under an argon flow at 350 ◦C for
2 h before test.

The composition of the liquid feed to the reactor was  0.8 cm3 h−1

f water + methanol mixture (H2O/CH3OH = 2) evaporated with a
eating filament at 150 ◦C before its introduction into the reac-
or. The product stream mixture was the passed through a chilled
ondenser to trap any unreacted water and methanol and possi-

le condensable by-products. The mixture of dry gases effluent
as analyzed on-line by a gas chromatograph (GC-Varian 3800)

quipped with a Thermal Conductivity Detector (TCD) and a Flame
onization Detector (FID).
fined particle size in the range of 0.35 < dp < 0.80 mm;  0.2 cm3 of catalyst was used;

The conditions of test are the same for all catalysts and the cat-
alytic activity was  evaluated in terms of conversion of methanol.
The calculation of the conversion and activity are presented by the
following formulas:

Conversion (%) = 100 ∗ n0
MeOH − nf

MeOH

n0
MeOH

(2)

where n0
MeOH, number of moles of injected methanol; nf

MeOH, num-
ber of moles of none reacted methanol.

Activity = Conversion ∗ D

m
(3)

D = flow in mol  min−1 and m = mass in g.
After the test, the liquid fraction was  placed in vials heated at

80 ◦C and injected via head space method (Varian GENESIS Head-
Space) and analyzed by gas chromatograph (GC-Varian STAR 3400)
equipped with a Flame Ionization Detector (FID). Also, the cata-
lysts were also placed in vials and analyzed via head space method
(Varian GENESIS Head-Space) equiped with a mass spectroscopy
(HS–GC–MS). This allows us to identify the by-products condensed
in the liquid fraction and adsorbed over the catalysts. The results
reported are based on reactant conversions and selectivities to
carbon-containing products for each catalyst. The carbon assess-
ment (4) in Table 1 presents a calculation form of the ratio between
the quantities of carbon presented in the products issued from the
SRM reaction as gases (CO, CO2 and CH4) and as liquid fraction (non
reacted part of methanol and carbonated by-products) and the car-
bon used as a reactant to feed the SRM reaction (initially introduced
methanol). The ratio must be equal to 1 and the difference repre-
sents the adsorbed carbonate, the by-products and the coke formed
over the catalysts during the test.

Carbon assessment = nTotal1 + nTotal2

n0
MeOH

(4)

where n0
MeOH, number of moles of injected methanol; nTotal1 =

nCO2 + nCO + nCH4 (total number of carbon recovered in gaseous
form); nTotal2 , number of moles of carbon in liquid condensate.

2.3. Catalysts characterization

The Electron Paramagnetic Resonance (EPR) measurements are

performed at room temperature and at −196 ◦C on an EMX  BRUKER
spectrometer with a cavity operating at a frequency of ∼9.5 GHz
(X band). The magnetic field was modulated at 100 kHz and the
power supply was sufficiently small to avoid saturation effect.
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Table 2
Weight percentage Composition of the xCu10Ce and xCu10Ce10Al (x = 1; 3; 5) cal-
cined at 600 ◦C; Intensity of EPR signal and copper dispersion for 1Cu10Ce; 5Cu10Ce;
1Cu10Ce10Al and 5Cu10Ce10Al.

Sample Wt.% of
CuO

Test EPR intensity
(u.a.)

Copper
dispersion
before test (%)

1Cu10Ce 4.42 Before 242 41
After 127

3Cu10Ce 12.2 Before 67 28
After 129

5Cu10Ce 18.77 Before 49 25
After 133

5%Zn5Cu10Ce 18.77 Before – 28
After –

1Cu10Ce10Al 3.4 Before 165 60
After 42

3Cu10Ce10Al 15.1 Before 260 80
After 80

5Cu10Ce10Al 15.1 Before 226 59
After 72

15.1 Before – 32
6 M.  Mrad et al. / Applied Cata

odulation amplitudes from 0.5 to 10 Gauss were used. The g-
alues were determined using the relation: h� = gˇH where h is the
lanck constant,  ̌ is the Bohr magneton, H the magnetic field and

 the microwave frequency measured with high precision using a
requency-meter. The relative EPR intensity is given, in arbitrary
nit, by the normalized double integration of the EPR signal using
RUKER WINEPR program.

The structures of the solids were analyzed by powder X-ray
iffraction (XRD) technique at room temperature with a Bruker
iffractometer using Cu K� as radiation scanning (1.5406 Å) and 2�
ngles ranging from 10 to 80◦ with a step size of 0.02◦ and a count
ime of 2 s.

Temperature Programmed Reduction (TPR) was carried out with
 flow type reactor using a Zeton Altamira apparatus. Hydrogen
5 vol.% in Ar) was passed through a reaction tube containing the
alcined catalyst under atmospheric pressure at 30 cm3 min−1. The
PR reactor was heated from ambient to 900 ◦C with an electric fur-
ace at 5 ◦C min−1, and the amount of H2 consumed was  monitored
y a thermal conductivity detector (TCD).

Prior the TPR experiments, samples (30 mg)  were activated
nder argon (30 mL  min−1) at 150 ◦C during 1H.

Copper dispersions were analyzed with a Zeton Altamira appa-
atus equipped with a quartz reactor. Before analysis, a pre
eduction of the CuO to Cu was performed at 700 ◦C in a flowing
2/Ar mixture, and then it was followed by an oxidation under a
ontinuous flow of N2O/Ar at 90 ◦C. After that, a second reduction of
u2O surface to Cu was carried out. The following formula is used
o calculate the dispersion: D = 2*(A2/A1)*100 with A1 and A2 are
he peak areas of first and second reduction respectively.

. Results and discussion

.1. Test results

Test results of the steam reforming of methanol reaction of all
he prepared catalysts are shown in Table 1. All the catalysts were
erformed under the experimental conditions cited in Section 2.2.
he CeO2 support tested alone shows a relatively low methanol
onversion (65%) and low activity.

A high selectivity of H2 was obtained (92.5%) although it should
ot exceed 75% in steam reforming. Low CO2 selectivity is also
bserved (7.5%). Differences are observed between the experi-
ental and the theoretical results. 75% of H2 and 25% of CO2 are

heoretically obtained for 97% conversion of methanol at 350 ◦C by
he thermodynamics equilibrium. These results reveal that unfa-
orable reactions such as methanol decomposition have strong
nfluence on the performance of the reforming reaction and con-
ribute to the reactants consumption (Table 1).

As for the 10Ce10Al support, the methanol conversion and the
ctivity show higher values than that shown for the ceria tested
lone, this could be explained by the influence of the alumina
ddition that induces the increase of the surface specific area. In
ddition, a high selectivity of H2 (90.2%) is also shown for the
0Ce10Al with the presence of CO (9.4%) and without any formation
f CO2, also 0.4% of CH4 is detected.

By adding copper to 10Ce10Al, the conversion rate increases
rom 82% to 99.8% for 5Cu10Ce10Al and the steam reforming
f methanol reaction seems to be enhanced without any forma-
ion of CH4. The relatively low CO formation (0.1%) observed over
Cu10Ce10Al and 3Cu10Ce10Al, disappears for the 5Cu10Ce10Al
atalyst. The H2 formation reaches the 75% for the 5Cu10Ce10Al

especting the stoichiometry of the steam reforming reaction with-
ut any formation of CO and CH4. The increasing carbon assessment,
fter adding copper to the 10Ce10Al support, from 0.35 to 0.98,
ighlights the absence of carbon species over the copper supported
5%Zn5Cu10Ce10Al
After –

catalysts. Otherwise, by increasing the copper content, the catalytic
activity (10−3 mol  min−1 g−1) (Table 1) rises and shows the highest
value for the 5Cu10Ce10Al (15.1 wt.% of CuO).

As for the xCu10Ce catalysts, our results have shown that by
increasing the copper load (Table 2) in these catalysts, the methanol
conversion and the carbon assessment value are increased revea-
ling the highest performance for the 5Cu10Ce with an optimum
composition of 18.77 wt.% of CuO for dry impregnated CuO–CeO2
without any formation of CO and CH4.

By comparing to the xCu10Ce catalysts, the xCu10Ce10Al exhibit
better carbon assessment (Table 1). This could be related to the
influence of the alumina used with the ceria as a support in the
presence of copper species knowing that the CeO2 could oxidize
carbon species by itself [18]. The comparison of these two series
of catalysts (xCu10Ce and xCu10Ce10Al) shows that a high copper
content (5Cu10Ce: 18.77 wt.% and 5Cu10Ce10Al: 15.1 wt.% of CuO)
is recommended for a better catalytic activity.

After adding 5% of ZnO over 5Cu10Ce, the methanol conversion
rate (99.9%) and the carbon assessment (0.99) have shown the high-
est values among all the tested catalysts with an amount 75% of H2
and without any formation of CO and CH4.

While adding 5% of ZnO over 5Cu10Ce10Al, a low CO for-
mation is detected with absence of CH4. Whereas comparing to
the 5Cu10Ce10Al, the methanol conversion (96%) and the carbon
assessment (0.73) decrease. The low carbon assessment value indi-
cates that the addition of ZnO to xCu10Ce10Al seems to favor the
carbon formation on this catalyst.

3.2. By-products formation

Over all the tested xCu10Ce catalysts (Table 1), the formalde-
hyde (HCHO) was  detected in the liquid fraction as a by-product
without any formation of methyl formate. However, in the pres-
ence of mixed oxide support as for xCu10Ce10Al, only the methyl
formate (CH3OCHO) was detected. Thus, the nature of the support
plays a role in the formation of by-products. A rather basic support
as ceria leads to the formation of formaldehyde while a rather acid
support such as alumina leads to the formation of methyl formate.
Takazewa, Takahashi et al. [19,20] proposed reaction pathway by
nucleophilic addition of surface hydroxyls to adsorbed formalde-

hyde (only at high MeOH/H2O). This attack occurs competitively to
that of methoxy groups which can explain the formation of methyl
formate (Table 1) observed on Al2O3 based support.
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Fig. 1. EPR spectra of 1Cu10Ce; 5Cu10Ce; 1Cu10Ce10Al and 5

It is also worthy to notice that, for the two types of catalysts,
hile increasing the copper load (Table 1), the quantity of the

y-products detected in the liquid fraction drops down. Thus, the
y-product formation is also directly related to the aspect of the
opper load in the catalysts. This fact also points the role of cop-
er in the reaction mechanism, probably through the adsorption of

ntermediate species.
The addition of Zn on the solid causes a significant decrease

n the formation of by-products with the 5Cu10Ce solid or
Cu10Ce10Al solid. The interactions between the Cu–ZnO have a
ignificant effect on the formation of by-products and on the reac-
ion mechanism [21].

.3. Catalysts characterization

Several studies have shown that Electron Paramagnetic Reso-
ance spectroscopy (EPR) is used effectively to characterize the
ispersed copper (II) species in different matrix [22].

All copper based catalysts have shown an EPR spectrum char-
cteristic of d9-like ion with two signals of copper species (Fig. 1).
he first signal with an axial symmetry having the following EPR
arameters g//1 = 2.323, g⊥1 = 2.038, A//1 = 125-145 G and A⊥1 = 27 G
nd is characteristic of isolated Cu2+ ions [25,26]. In addition, the

ther signal is isotropic, centered at giso = 2.168 with a line width
HPP = 250 G and can be assigned to small clusters of copper ions

23–25] (Fig. 2). Our laboratory has deeply studied EPR spectra of

005400530052
[G]

EP
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)

giso(C-C) = 2.00 3

giso(Mn2+) = 2.001

ig. 2. EPR spectra of 10Ce10Al before test (—) and after test (—) recorded at −196 ◦C.
Ce10Al before test (—) and after test (—) recorded at −196 ◦C.

CuCe oxide and their characteristics signals [26,27]. Table 2 shows
the variation of the EPR signal intensity, calculated from normalized
double integrals (DI/N) in the WINEPR program, before and after
test versus the wt.% of CuO in xCu10Ce and xCu10Ce10Al catalysts.

By calculating the intensity of each EPR spectrum of the xCu10Ce
catalysts before test, we have found that by increasing the CuO
load, the intensity decreases. In fact, the intensity of the EPR signal
from isolated Cu2+ ions is regarded as a measure of the degree of
oxidation and dispersion of the catalyst [26].

The EPR spectrum of the xCu10Ce also reveals the presence of
seven components with relative intensities 1:2:3:4:3:2:1 of the
hyperfine splitting with two  identical nuclei Cu2+ of spin 3/2 clearly
visible for the 5Cu10Ce with g//2 = 2.210, g⊥2 = 2.038, A//2 = 84 G, and
A⊥2 = 13.5 G and situated at around 3150 G. This hyperfine structure
is characteristic of the Cu2+ ion pairs.

Nevertheless, the formation of CuO crystallites on the catalyst
surface can decrease the effective intensity of the isolated Cu2+ sig-
nal [26]. Thereby, the decreasing of the EPR intensities (Table 2)
of 3Cu10Ce and 5Cu10Ce compared to 1Cu10Ce indicates that the
number of isolated paramagnetic species in 5Cu10Ce drops down
with the increase of CuO load leading to the formation of agglomer-
ated copper species which escape EPR detection due to high dipolar
interactions. Unlike 5Cu10Ce, the 1Cu10Ce presents a highly dis-
persed Cu2+ particles (41%) leading to the highest EPR intensity
signal before test.

After test, reduced copper species are also revealed over the
1Cu10Ce by the decreasing of the EPR intensity (Fig. 1, Table 2).
On the contrary, the EPR intensities of 3Cu10Ce and 5Cu10Ce after
test increase. Thus, the intensity is also correlated with the con-
centration of Cu (II) species and indicating the presence of isolated
Cu2+ species in the CeO2 matrix. Somehow, during test, the agglom-
erated copper tends to be partially reduced inducing a decrease in
the dipolar interactions. Thus, the silent EPR species present before
test became more visible by EPR after test and leading to a higher
EPR signal intensity.

In addition, these results alone indicate that the increase in
methanol conversion with copper dispersion was not very signif-
icant. The comparison between the xCu10Ce catalysts show that
the best selectivity of H2 obtained for 5Cu10Ce was related to
the presence of large copper crystallites (25% of dispersion). The
agglomerated CuO species formed during the preparation of this
catalyst tend to avoid the formation of by-products which is proved
by the absence of CO and CH4 and the high carbon balance (0.96).
EPR informations of xCu10Ce10Al catalysts before test are
reported in Fig. 1 and Table 2. By increasing the CuO load over the
10Ce10Al support, the concentration of isolated Cu2+ ions increased
giving a higher EPR intensity for 3Cu10Ce10Al (260) which has
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he best dispersion (80%) but it decreased for 5Cu10Ce10Al (226)
wning the worst dispersion (59%).

The presence of reduced species of copper after test is revealed
y the decreasing intensity of EPR signal compared to that before
est (Table 2).

Same to xCu10Ce, the presence of less dispersed copper induces
he best selectivity of H2 with absence of CO and CH4 which was
ttributed to 5Cu10Ce10Al (59%).

The addition of zinc on the catalysts does not have the same
ffect on the activities and the dispersions. The impregnation of
n on 5Cu10Ce10Al causes a decrease in the methanol conver-
ion (96%), the dispersion (32%) and the carbon assessment (0.73),
esides 0.1% CO was formed. On the other hand, the impregna-
ion of Zn on 5Cu10Ce improves the dispersion (28%), the methanol
onversion (99.9%) and the carbon assessment (0.99).

There are several theories describing the nature of the interac-
ion between Cu–ZnO, some of them consider that the major role of
nO in a Cu based catalysts is a promoter and this role is explained
y different mechanisms [28]. Furthermore, our results correlate
ith the theory explaining the marked effect of the interactions

etween Cu–ZnO on the catalytic activity due to the presence of
nO which improves the dispersion and the reducibility of Cu2+

pecies [29]. Somehow, those interactions seem to depend directly
n the nature of the support.

EPR technique can serve as a method for carbon species inves-
igation [30,31]. Several studies have shown that carbon species
nd its derivatives show that an EPR signal constituted by a single
ine at different widths depending on the carbon species [30,31].
he EPR parameters of this signal are g = 2.002–2.005 and the line-
idth �H = 7–100 G. The paramagnetic centers originate by mobile
npaired electrons within the carbon structure or at the surface
orming free radicals. It was indicated that the EPR line-width
nd the unpaired spin density may  be related to the surface area,
he molecular structure, the particle size and defect characteris-
ics. The increase in line-width is attributed to the formation of
arbon–oxygen complexes.

Fig. 2 shows an EPR signal of 10Ce10Al after test with
iso(C C) = 2.003. This signal is isotropic, sharp with a line-width of
6 G. The EPR parameters of this signal are consistent with localized
aramagnetic spins on the carbon particles [31]. Thus, the presence
f this EPR signal showing the existence of carbon species adsorbed
n the 10Ce10Al support and explains the low rate of carbon (0.35).

In parallel, Fig. 2 shows an EPR six lines spectrum of high spin
n2+ ions with electronic configuration 3d5. It has been attributed

o Mn2+ ions (g = 2.001, A = 87 G) located in a weak axially dis-
orted octahedral crystal field. These Mn2+ species are present as
mpurities (6 ppm) in the sample and do not have any catalytic
ole.

XRD patterns of 5Cu10Ce, 5%Zn5Cu10Ce, 5Cu10Ce10Al and
%Zn5Cu10Ce10Al catalysts are shown in Fig. 3. It can be seen
hat fluorite type oxide structure of CeO2 (JCPDS: 00-034-0394)
s observed in all samples and remained in oxide form after test.
esides, aluminum oxide was not shown over the pattern because
f its amorphous phase.

The XRD pattern of the 5Cu10Ce (Fig. 3c) catalyst before test,
hows the presence of diffraction peaks related to CuO species
JCPDS: 00-045-0937) that remains even after test. After test,
iffraction peaks corresponding to Cu0 (JCPDS: 00-004-0836) were
etected which signify the reduction of CuO species during test. The
esults of EPR confirm this fact because the intensity of EPR signal
ise after test due to the dissociation of the bulk CuO which become
ore dispersed and detected by EPR.

After adding 5% of ZnO over 5Cu10Ce, CuO species are more

isible over this catalyst before test with the presence of small
iffraction peaks related to ZnO (JCPDS: 00-036-1451). After test,
iffraction peaks related to CuO species disappear and Cu2O (JCPDS:
: General 471 (2014) 84– 90

03-065-3288) with Cu0 (JCPDS: 00-004-0836) phase are present
besides the peaks assigned to ZnO.

Thus, during test the CuO species tend to be reduced into Cu0

and Cu+. In their study, Pfeifer et al. [32] have shown that the
high catalytic activity of the Cu/CeO2 catalysts in the SRM reac-
tion is directly related to the stabilization of the Cu2O species in
the presence of CeO2. Otherwise, Reitz et al. [33], did not allocate
any activity to the Cu+ species. It is well known that the reducibil-
ity of CuO species increases when CeO2 is used as a support or
even when it is added to another mixed oxide support [34–38].
This fact could probably enhance the catalytic activity [34,37].
In our case, the higher catalytic activity of 5%Zn5Cu10Ce cata-
lyst could be ascribed to the formation of an optimum Cu0–Cu2O
species stabilized by chemical interaction on ceria support, and
in the presence of zinc, which is in correlation with Idem and
Bakhshi [11].

But this was  not the case of 5%Zn5Cu10Ce10Al where the addi-
tion of 5% of ZnO has limited the formation of reduced copper
species and has decreased the methanol conversion and the carbon
assessment. On contrary of all other catalysts, CuO species are not
detected in the pattern of 5Cu10Ce10Al solid before test. The lack of
CuO peaks in these catalysts before test suggests that these particles
remaining on the surface of CeO2 may  form a solid solution which
escapes the XRD detection. In addition, the 5Cu10Ce10Al pattern
shows the presence of CuAl2O4 (JCPDS: 00-033-0448) species. Patel
and Pant [39] substantiate that the presence of alumina improves
the stabilization of isolated Cu2+ ions in their matrix, and moder-
ately by the formation of spinel like CuAl2O4. After test, the spinel
like CuAl2O4 species becomes more identified with the presence of
Cu0 (JCPDS: 00-004-0836).

After adding 5% of ZnO over 5Cu10Ce10Al, the peaks assigned
to the CuAl2O4 species are always visible without any detection of
CuO and ZnO species. Unlike the 5Cu10Ce10Al, no Cu0 is detected
over the 5%Zn5Cu10Ce10Al after test showing that the reducibility
of the copper in the presence of alumina is significantly affected by
the addition of the zinc.

The absence of Cu0 species in the XRD pattern of the
5%Zn5Cu10Ce10Al catalysts after test could explain the decrease of
the methanol conversion and the carbon assessment values com-
pared to the 5Cu10Ce10Al where Cu0 species are detected. In order
to understand the reducibility of copper species and the formation
of Cu0, a temperature programmed reduction study was  performed
on the catalysts before and after test.

TPR studies were done for the 10Ce10Al, 5Cu10Ce10Al,
5%Zn5Cu10Ce10Al, 5Cu10Ce and 5%Zn5Cu10Ce catalysts (Table 3
and Fig. 4) and the H2 consumption calculated theoretically and
measured experimentally before and after test for species that can
be reduced in samples such as CeO2, ZnO and CuO. As it is shown
in Table 3 for the 10Ce10Al, ceria is not completely reduced during
TPR before test (0.59 mmol g−1). In fact, previous studies done in
our laboratory have shown that the high load of ceria lower its dis-
persion over the alumina surface and diminish its reduction [40].
The TPR analysis performed after catalytic test shows that a small
quantity of ceria is not reduced during test (0.27 mmol  g−1).

While adding copper (5Cu10Ce10Al), the reduction of ceria was
kept almost the same (0.62 mmol  g−1) but 82% of the added copper
was reduced by TPR (1.56 mmol  g−1). After test, TPR measurements
(Fig. 4) reveal that a large part of copper was  reduced during the test
(difference between 1.56 and 0.73 mmol  g−1) showing a correlation
with the decreasing intensity of the EPR signal and the presence of
Cu0 detected by XRD. The non-reduced fraction during test could
be related to the CuAl2O4 stable phase detected by XRD after test.

After adding 5% of ZnO, no H2 consumption (Table 3) or reduc-

tion peak (Fig. 4) characterizing the reduction of the ZnO species
was revealed. Compared to the 5Cu10Ce10Al, the impregnation of
Zn enhances the reducibility of ceria (1.34 mmol  g−1) but decreases
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Fig. 3. XRD patterns before (—) and after test (—) for the catalysts: (a) 5Cu10Ce10Al, (b) 5%Zn5Cu10Ce10Al, (c) 5Cu10Ce and (d) 5%Zn5Cu10Ce. (∼) CeO2 (JCPDS: 034-0394);
(*)  CuO (JCPDS: 045-0937); (”) Cu0 (JCPDS: 004-0836); (’) Cu2O (JCPDS: 065-3288); (+) ZnO (JCPDS: 036-1451); (¤) CuAl2O4(JCPDS: 033-0448).

Table 3
Theoretical and experimental H2 consumption for ZnO/CuO/CeO2 reduction before and after test for the 10Ce10Al; 5Cu10Ce10Al; 5%ZnO5Cu10Ce10Al; CeO2; 5Cu10Ce and
5%ZnO5Cu10Ce catalysts.

Oxide species CeO2 CuO/CeO2 ZnO/CuO/CeO2 CuO/CeO2 ZnO/CuO/CeO2

Samples 10Ce10Al 5Cu10Ce10Al 5%Zn5Cu10Ce10Al 5Cu10Ce 5%Zn5Cu10Ce

−1
 

 

 

t
T
b
d
a
o
d

(
t

[H2]the (mmol  g ) 2.20 1.90/1.90
Before  test [H2]exp (mmol  g−1) 0.59 1.56/0.62
After  test [H2]exp (mmol  g−1) 0.27 0.73/0.30

he reduction of CuO (0.95 mmol  g−1compared to 1.56 mmol  g−1).
hus, after adding 5% of ZnO, only 50% of CuO are reduced by TPR
efore test. This fact could be related to the CuAl2O4 spinel species
etected by XRD that became more stable after adding ZnO. The
ddition of ZnO over the 5Cu10Ce10Al leads to lower dispersion
f copper and reduction of CuO which could be the reason of the

ecrease of the carbon assessment value.

The H2 consumption measured for the 5Cu10Ce after test
1.22 mmol  g−1) shows that 48% of CuO was reduced during
est.
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Fig. 4. TPR profiles before (—) and after test (—) for the catalysts: (a) 5Cu1
0.61/1.90/1.90 2.36/2.36 0.61/2.36/2.36
0/0.95/1.34 2.32/2.35 0/2.16/1.19
0/0.75/0.35 1.22/1.15 0/0.12/0.12

After adding 5% of ZnO, 91% of CuO is reduced by TPR before
test (2.16 mmol  g−1) while 95% from them are reduced during test
(0.12 mmol g−1).

The reduction of ceria during the SRM test is also enhanced after
adding ZnO to 5Cu10Ce (1.15 mmol  g−1 without ZnO compared to
0.12 mmol  g−1 with ZnO).
In this case, it seems worthy to notice that the 5%Zn5Cu10Ce has
shown the highest activity, conversion rate and carbon assessment
among all the tested catalysts. And unlike the other tested catalysts,
its XRD pattern has shown the presence of Cu+ and Cu0 species. This
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roves that Ce2O3 plays an important role in the catalytic activity
nd this is in correlation with Padeste et al. [41]. Furthermore, this
ole is affected by the presence of an optimum of reduced copper
pecies such as Cu0–Cu2O detected by XRD which gives the best
atalytic performance for the 5%Zn5Cu10Ce among all the tested
atalyst.

In the literature [42], the curve of the methanol conversion for
he commercial catalyst (Nissan-Girdler) G66B with a weight ratio
0/60/10 (CuO/ZnO/Al2O3) is presented and shows 60% at 300 ◦C.
ur prepared 5%Zn5Cu10Ce catalysts present 95% of conversion in

he same conditions of test. With this first comparison, we  can say
hat our catalyst 5%Zn5Cu10Ce is a good candidate for the steam
eforming reaction of methanol. Further investigations should be
ealized as tests of stability and aging over a long period to ensure
hat this catalyst is equally active and stable compared to the com-

ercial one.

. Conclusion

Indeed, it has been shown that for xCu10Ce, the best activity was
ttributed to 5Cu10Ce. The copper clusters are formed (5Cu10Ce),
hich reduces the formation of by-products during the reaction

f steam reforming of methanol. This is evidenced by the disap-
earance of the undesired products and increasing the value of the
arbon balance.

After addition of 5 wt% ZnO on 5Cu10Ce, we note that the activ-
ty, conversion and the carbon balance increase. However, our
tudies have shown that in presence of ZnO, Cu2O and Cu0 were
bserved, but with 5Cu10Ce, only Cu0 species were detected after
est.

The formation of an optimum Cu+ and Cu0 species in presence
f ZnO and the action of Cu Ce O can explain the high activity of
% Zn5Cu10Ce in the steam reforming reaction of methanol.

Among all the xCu10Ce10Al tested catalysts, the 5Cu10Ce10Al
howed the best catalytic performance in the SRM. This is related to
he presence of alumina that enhances the formation of the spinels
ike CuAl2O4. Thus the dispersed CuO is highly reduced to active
u0 species during test. The dispersion is significantly affected by
he addition of 5% of ZnO to 5Cu10Ce10Al. The Cu0 species were
ot detected over the 5%Zn5Cu10Ce10Al after test, that explain the
ecrease of the methanol conversion and the carbon assessment
alues compared to the 5Cu10Ce10Al catalysts where Cu0 species
ere detected. So, the methanol conversion rate is enhanced by the

ormation of an optimum Cu0 species.
The addition of ZnO on 5Cu10Ce have promote the interaction

etween Cu Ce O leading thereafter the reduction of Cu2+ into
u+ and Cu0 the most active species in the SRM reaction.
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