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a  b  s  t  r  a  c  t

This  work  shows  how  the  use  of structured  catalysts  results  in an  important  increase  of  the  C2 yield  in  the
oxidative  coupling  of methane  over  Sr/La2O3 catalysts.  Solids  with  2 and  5 wt.%  of  Sr  (Sr2  and  Sr5)  were
prepared  and washcoated  on cordierite  monoliths  and  alumina  foams.  Homogeneous  and  mechanically
stable  catalytic  films  were  obtained  in both  cases  with  the  addition  of  silica  as  binder.  Other  types  of foams
were  also  prepared  (aluminum  silicate  and  magnesia  stabilized  zirconia)  but  in  such  cases  the  adhesion
of  coatings  was  rather  poor.  The  catalytic  surface  XPS  characterization  of  both  powders  and  structured
catalysts  indicates  that lanthanum  is mainly  present  as  hydroxide  and  carbonate  and  that  strontium  is
mainly  present  as  carbonate.  However,  in the  case  of  washcoated  cordierite  monoliths,  a modification  in
La  3d  spectra  measured  by XPS suggests  a strong  interaction  of La  with  its  chemical  environment,  most
probably  with  silica  and/or  magnesia.  This  interaction  could  be  originated  by  migration  of  the  cordierite
components  towards  the  catalytic  film,  as  seen  by EDX.  The  decomposition  of La(OH)3 and  La2O2CO3 into
La2O3 under  reaction  conditions  was  confirmed  by  in situ LRS.  While  hydroxide  prevails  at  low  temper-
ature,  the  presence  of  oxycarbonates  starts  to be  relevant  when  the  reaction  takes  place  at  temperatures
above  400 ◦C  and  the  oxycarbonates  decompose  into  oxide  over  700 ◦C.  The  monolithic  catalysts  (M)Sr2
and  (M)Sr5  resulted  twofold  more  active  towards  ethane  and  ethylene  than the  corresponding  Sr2  and
Sr5 powders.  Meanwhile,  the  washcoated  alumina  foam  (FAl)Sr5  showed  methane  conversion  values
similar  to those  of  the  powder  but higher  C2 selectivity;  thus,  the  C2 yield  was  also  higher. In the  case  of
the  monolithic  catalysts,  the  increase  in  methane  conversion  and  C2 yield  could  be related  to  the  interac-
tion  of Sr and La  with  silica  and/or  magnesia  present  in the  cordierite  structure.  In the case  of  the alumina
foam  catalyst,  the higher  selectivity  could  be originated  by  the  lower  gas  phase/catalytic  surface  ratio
(as compared  with  the monolith),  that inhibits  gas-phase  combustion  of  C2 products.  In order  to  assess
the  stability  of  (M)Sr5,  which  was  the  best catalyst  among  the  ones  studied  in this  work,  time-on  stream

◦ ◦
runs  at  600  and  800 C  were  performed.  Surprisingly,  at  800 C,  the C2 yield  steeply  increased  from  18%
to  22.5%  during  the  first  70 h and  then  remained  constant  until  100  h. This  phenomenon  could  be  due
to  a  gradual  increase  in  chemical  interactions  between  the  cordierite  components  and  the  catalytic  coat.
At lower  temperature  (600 ◦C),  C2 yield  was  constant  during  the  100  h  of time-on-stream,  indicating  that
this  temperature  is not  enough  to  produce  the said  effect.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction
Natural gas is an energy source that has been gaining attention
n the last few years due to the development of new fracking meth-
ds. Shale gas deposits are distributed across the globe, mainly in
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Asia, Europe, North and Latin America, China and Argentina being
the countries with the largest reserves [1]. Therefore, conversion of
methane, one of the main components of natural gas into ethane
and ethylene via the oxidative coupling of methane (OCM) has
renewed its importance [2,3].
The OCM reaction was first reported by Keller and Bahsin [4]. In
their work, they demonstrated that this reaction proceeds in more
favorable thermodynamic conditions than direct methane conver-
sion. The OCM reaction is produced by oxidative dehydrogenation
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f methane molecules through methyl radicals. These radicals cou-
le with each other to form ethane and ethylene [5].

During the 90s, despite the research efforts devoted to the
CM reaction, no acceptable yield was accomplished to justify its

ndustrial application. However, some important conclusions were
cademically achieved about the reaction mechanism and active
atalyst sites [6]. In this way, methane dehydrogenation and methyl
adical coupling were considered as the clue reaction steps [7].

As said before, in the last few years, the interest in the OCM reac-
ion has increased and catalysts with higher activity and selectivity
ave been found [8,9]. In this way, with oxides as MgO, MnO2, and
a2O3, acceptable reaction performances have been reached. These
xides could be promoted by basic compounds like Li, Na and Sr
hat can contribute to generate superficial active sites for methane
ehydrogenation [10–13].

It is noteworthy that the OCM reaction is highly exothermic and
ot spots are easily produced in the reactor [7,8]. Thus, the devel-
pment of non-conventional reactors to optimize heat and mass
ransfer processes should be taken into account [14–16]. These
spects are related to process fluid dynamics; in fact, the impor-
ance of the relationship between gas-phase and surface reactions
as reported several years ago by Lane and Wolf [5].

Monolithic catalysts could be a good option to deal with the chal-
enges described above. This type of structure has a lower pressure
rop, smaller diffusion resistance and better mass and heat transfer
han powder catalysts. Cordierite is the most widely used material
or honeycomb manufacturing given its superior hydrothermal sta-
ility, mechanical features and low thermal expansion coefficients
17]. Ceramic foams represent another attractive alternative for
tructured systems that can be prepared from a range of materials,
uch as alumina, silicon carbide, aluminum silicates and zirconium
ilicates. Their properties make them excellent substrates [18]. For
xample, ceramic foams exhibit high porosities with a significant
nterconnectivity, which results in low pressure drop. In both struc-
ures, monoliths and foams, good contact between gas phase and
urface reactions is achieved. The catalytic film incorporation to
hese structures can be performed by different techniques, wash-
oating being the one most commonly used [19].

In this study, the working hypothesis consists in taking advan-
age of the beneficial properties of monoliths and foams in order
o support an active catalyst for the OCM reaction, with the aim
o foresee the feasibility of its application in real conditions. For
he preparation of structured catalysts, we selected Sr/La2O3 as
he active phase taking into account a statistical analysis of the
iterature performed by Kondratenko et al., in which the authors
oncluded that Sr is the best dopant for the host metal oxides La2O3
nd MgO  [20]. In this vein, promising Sr/La2O3 structured catalysts
o be used in the OCM reaction are presented in this work.

Cordierite monoliths, alumina, aluminum silicate and zirco-
ium oxides foams were used as substrates for the preparation of
tructured catalysts [21–23]. Firstly, two Sr/La2O3 catalysts with
ifferent Sr content (2 and 5%) were prepared in order to study the
trontium loading influence on the OCM reaction. Then, the active
hase was added to the support by the washcoating technique. Two
ifferent synthesis methods were studied for cordierite monolithic
atalysts: sequential La2O3 and Sr loading, and washcoating from a
lurry made of Sr/La2O3. This latter method was used to coat foam
tructures with the Sr/La2O3 slurry.

In addition to the activity and stability studies of the catalysts
repared, their physicochemical properties were also studied using

 battery of techniques. The structured catalysts were inspected
y scanning electron microscopy (SEM) in order to analyze the

orphological characteristics of the films deposited onto the struc-

ures; chemical mapping was studied using Energy-dispersive
-ray spectroscopy (EDX), and the mechanical stability of coatings
as analyzed using an ultrasound test. Structured and powder cata-
A: General 532 (2017) 65–76

lysts were also characterized by X-ray Photoelectron Spectroscopy
(XPS) and Laser Raman Spectroscopy (LRS). In situ Laser Raman
Spectroscopy was  used to characterize catalysts under reaction
conditions.

2. Experimental

2.1. Catalysts preparation

2.1.1. Powder catalysts preparation
In order to deposit the catalysts onto cordierite, two powders

were prepared by wet  impregnation [17]. A commercial La2O3
(Alfa Aeser, 99.9%) powder was mixed with an aqueous solution
of Sr(NO3)2 (Sigma Aldrich, 99.9%) and the water was evaporated
under continuous stirring during 4 h at 80 ◦C until a paste was
obtained. Then, this paste was placed in an oven at 150 ◦C overnight.
After drying, the samples were calcined for 10 h at 850 ◦C under air.
Powder catalysts with 2 and 5 wt.% strontium over lanthanum oxide
were denoted as Sr2 and Sr5, respectively.

2.1.2. Monolithic catalysts preparation
Cordierite honeycomb monoliths (Corning, 400 cpi, 0.1 mm wall

thickness) were used as substrates. The supports were cut in an
average size of 1 cm × 1 cm and 2 cm length as shown in Fig. 1(A).
As a cleaning procedure, cordierite pieces were washed in ultra-
sonic bath (Cole Parmer, 47 kHz and 130 W)  with acetone during
30 min  and then with distilled water. The monolithic catalysts were
obtained by two  different methods.

The first method was  based in the deposition of La2O3 onto
cordierite monolith by washcoating and the subsequent stron-
tium incorporation. This procedure consisted in immersing the
substrates during 30 s in 20 cm3 of La2O3 slurry. The slurry was
prepared in distilled water with a solid concentration of 20 wt.%.
Also, 1 wt.% of colloidal silica was  added to improve adherence.
After each immersion, the pieces were blown with air in order to
remove the slurry excess during 10 s and then they were dried
at 120 ◦C for 90 min. This immersion-blowing-drying cycle was
repeated as many times as necessary to achieve the desired lan-
thanum oxide loading. Then, the samples were calcined at 850 ◦C
during 4 h and after that, strontium was  incorporated by impregna-
tion with an aqueous solution containing 0.43 M of Sr(NO3)2. The
monolith coated with La2O3 was  immersed in 20 cm3 of the stron-
tium solution during 30 s, the solution excess was blown for 10 s
and the monolith was  dried at 120 ◦C during 90 min, calcined at
850 ◦C during 4 h, and weighted. This procedure was repeated sev-
eral times until the desired Sr loadings were achieved (2 or 5 wt.% of
Sr). These catalysts were denoted as (M)Sr2S and (M)Sr5S, respec-
tively.

The second preparation method was based on the deposition of
the catalysts previously prepared (Sr2 or Sr5) onto cordierite hon-
eycomb monoliths following the same immersion-blowing-drying
procedure described in the first method for deposition of the film.
Two different slurries were prepared in order to incorporate the
catalysts, 20 wt.% Sr2 or 20 wt.% Sr5, with 1% of silica. Finally, the
samples were calcined at 850 ◦C for 4 h. The catalysts were denoted
as (M)Sr2, prepared from Sr2 slurry, and (M)Sr5, from Sr5 slurry.

2.1.3. Catalytic ceramic foams preparation
Ceramic foams based on magnesia-stabilized zirconia, alu-

minum silicate and alumina foams were also studied as substrates
in this work. The first two  foams were provided by Medemet,

and the pictures are shown in Fig. 1(B) and (C), respectively. The
samples were cut in the same average size as monoliths. The prepa-
ration method was  identical as the second method presented in the
cordierite honeycomb monoliths. An aqueous solution of 20 wt.%
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Fig. 1. Images of the different structures: (A) Cordierite monolith, (B) Alum

r5 with 1 wt.% of silica was prepared and the pieces were wash-
oated into this solution with the immersion-blowing-drying cycle
reviously described. The sample containing Sr5 coated into alu-
inum silicate foam was denoted as (FSiAl)Sr5 after calcination at

50 ◦C during 4 h. The other catalyst also containing Sr5 coated into
agnesia-stabilized zirconia foam was denoted as (FZr)Sr5 after

alcination at 850 ◦C during 4 h.
The third foam studied in this work was alumina foam (Good

ellow, 86% porosity, 26 pores/cm); the structure is also included
n Fig. 1(D). The preparation method was similar to the previous
ne but, because this foam’s hollows are considerably smaller than
hose previously described, the immersion step was  carried out
nder vacuum in order to assure thorough contact of the structure
ith the 20 wt.% Sr5 slurry. This sample was denoted as (FAl)Sr5

fter calcination.

.2. Mechanical stability test

The coating stability test was performed with each structured
atalyst previously calcined in order to evaluate the adherence
f the catalytic coatings. The coated monoliths and foams were
mmersed in acetone inside a glass vessel which was then placed in
n ultrasonic bath during 5 min  (Cole Parmer, 47 kHz and 130 W).

he samples were dried in an oven at 120 ◦C for 1 h. The sequence
as repeated several times until the weight loss stayed stable.

he weight was measured after and before each cycle. Finally, the
dherence percentage was referred to the added catalytic layer.
silicate foam, (C) Magnesia-stabilized zirconia foam and (D) Alumina foam.

2.3. Catalysts characterization

2.3.1. Scanning electron microscopy (SEM)
The morphology of the catalytic coatings was examined with a

scanning electron microscope SEM, JEOL JSM-35C operated at 20 kV
acceleration voltage. Pieces of different samples were observed
in order to study the inner channel walls and cross-sections. The
portions were glued to the sample holder with Ag painting and
then coated with a gold thin layer in order to improve the images
obtained.

2.3.2. Chemical mapping using energy-dispersive X-ray analysis
(EDX)

The elemental chemical analysis was  performed using a Phenom
ProX microscope with a fully integrated EDS detector and soft-
ware. Results were obtained by the theoretical quantitative method
(SEMIQ) which does not require standards. The distribution of the
different elements in the catalytic layer was evaluated with the Ele-
ment Identification (EID) software package and a specially designed
and fully integrated Energy Dispersive Spectrometer (EDS). The
apparatus was  equipped with a Silicon Drift Detector Thermoelec-
trically cooled (LN2 free). Samples were studied using a charge
reduction sample holder with no need to coat them.

2.3.3. X-ray photoelectron spectroscopy (XPS)
XPS analyses were performed in a multi-technique system
(SPECS) equipped with a dual Mg/Al X-ray source and a PHOIBOS
150 analyzer operating in the fixed analyzer transmission (FAT)
mode. The spectra were obtained with pass energy of 30 eV; the Al
K� X-ray source was  operated at 200 W and 12 kV. The working
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ressure in the analyzing chamber was less than 4.5 × 10−9 torr.
he XPS analyses were performed on the calcined catalysts. The
pectral regions corresponding to Sr 3d, O 1s, La 3d, Mg  2p, Al 2p,
i 2p and C 1 s (reference B.E. 284.6 eV) core levels were recorded
or each sample. The data treatment was performed with Casa XPS
rogram (Casa Software Ltda., UK). Peaks were considered to be a
ixture of Gaussian and Lorentzian functions in a 70/30 ratio. The

atio of La 3d5/2 and La 3d3/2 peaks area was fixed to 3:2.

.3.4. Laser Raman spectroscopy (LRS)
Structured catalysts and powders were characterized by means

f a Horiba JOBIN YVON Lab RAM HR instrument. The excitation
ource was the 514.5 nm line of Spectra 9000 Photometrics Ar ion
aser with its power set at 30 mW.

The Sr5 powder catalyst was studied by in situ Raman
pectroscopy under reaction conditions using a Linkam high tem-
erature cell. The powder catalyst was placed into the reaction
amera and the gas feed flowed through the solids. The feed mix-
ures were prepared in a flow system built for this purpose. The
r5 catalyst was exposed to reaction conditions at temperatures
etween 25 and 600 ◦C.

.4. Catalytic test

The experiments were conducted in a fixed-bed flow quartz
eactor at atmospheric pressure. The reactant flow entered the
eactor through an inner section of 16 mm diameter, but below the
atalyst bed this inner section was reduced up to 1/8 inch diameter
n order to decrease the homogeneous combustion of hydrocarbon
roducts as much as possible. The reactor was heated with a fur-
ace to reach the desired temperatures. The exiting gases from the
eactor were conducted through a condenser in order to eliminate
2O from the flow.

Unreacted methane, coupling products and byproducts were
easured using gas chromatograph (GC-2014 Shimadzu) with a

hermal conductivity detector (TCD) equipped with two  columns,
eolite 5A and Hayesep D. The carbon balance was better than 97%.

The reaction mixture consisted of 64% CH4, 8% O2 and 28% He.
he catalyst weigh/total flow ratio was 0.166 mg  cm−3 min.

Although only above 600 ◦C methane conversions obtained were
igher than 20%, the catalysts were tested in a wide temperature
ange (300–800 ◦C). Methane conversion (XCH4), C2 selectivity (Sc2)
nd C2 yield (yc2) were calculated as follows:

CH4 (%) = [CH4]0 − [CH4]

CH4
0

× 100

C2 (%) = 2 ([C2H4] + [C2H6])

[CH4]0 − [CH4]
× 100

c2 (%) = XCH4 × SC2 × 1
100

here:
[CH4]0: initial methane concentration.
[CH4]: methane concentration at the reactor exit.
[C2H4]: ethylene concentration at the reactor exit.
[C2H6]: ethane concentration at the reactor exit.
The stability of the monolithic catalyst (M)Sr5 was studied by

wo time-on-stream runs performed during 100 h, one at 600 ◦C
nd the other at 800 ◦C.

Since the reaction under study is exothermic, the axial tempera-

ure profile along (M)Sr5 monolith was determined under reaction
onditions at 800 ◦C, in order to analyze the possible formation of a
evere hot spot. This was done by fixing the oven power to ensure

 temperature of 800 ◦C at the center of the monolith and moving
Fig. 2. Evolution of the catalytic loaded mass after sequential impregnations of the
different structured catalysts studied.

the reading thermocouple (1 mm diameter) along several positions
inside the monolith channel, in a way  similar to the experiment
performed by Sanz et al. [24]. In order to ensure the thermocou-
ple inside the channels, one center channel wall (one of 256) was
removed and the instrument was placed inside the hole between
two channels.

3. Results and discussion

3.1. Structured catalysts preparation

In order to compare the catalytic behaviors between powders
and structured catalysts, the same value of catalytic mass/total
gaseous flow ratio (W/F) was used. For this purpose, between 400
and 500 mg  of catalyst were washcoated into the cordierite mono-
lith pieces, for which between 5–7 immersion – blowing – drying
cycles were required. Two  different preparation methods were
performed, La2O3 washcoating followed by Sr impregnation, and
washcoating of the ready-made Sr2 or Sr5 catalysts. In Fig. 2, the
loaded catalytic mass vs. immersion number is presented for the
different substrates. In the case of the first method, 5 cycles were
needed to gain 400 mg  of La2O3 into the monolith (denoted as
(M)La2O3 in Fig. 2). Afterwards, Sr was  incorporated by several
immersions in an aqueous solution of strontium nitrate in order
to reach 2 or 5 wt.%. When Sr2 or Sr5 catalytic powder was added
to monoliths, 7 cycles were required to obtain approximately the
same catalyst loading (400 mg).

Loaded mass vs number of immersions for the three different
foams are also shown in Fig. 2. The mass gained in these cases was
300 mg  because of the characteristic substrate building. Foams have
interconnected pores and over 300 mg  of catalyst could block the
structure and interfere in the desired gas flow through the holes
during reaction. Only 3 cycles were needed to achieve 300 mg  of
catalyst in the case of alumina foams, (FAl)Sr5, while for the other
foams, (FSiAl)Sr5 and (FZr)Sr5, the adherence was  weaker and 5
cycles were needed.

Stability test results of the film coatings into the structures
are shown in Fig. 3. The weight loss of (M)Sr2 and (M)Sr5 is pre-
sented. In both cases, it was  less than 6% while for monoliths coated

with La2O3 film, weight loss was around 12%. The good adherence
reached could be due to monolith macropores, in which lanthanum
oxide particles (12 �m approximately) remained attached to the



B.M. Sollier et al. / Applied Catalysis 

0 5 10 15 20 25 30

0

20

40

60

80

100
W

ei
gh

t l
os

s 
(w

t. 
%

)

 (M)Sr2
 (M)Sr5
 (M)La2O3

 (FAl)Sr5
 (FSiZr)
 (FSiAl)
 (M)La2O3+Sr2
 (M)La2O3+Sr5

s
a

m
(
u
s
fi
fi
f
C

2
a

3

(
c
p
t
c
s
T
n
I
t
i
c
w

i
a
c
t
L
a
i
f
p
i
h
w

Time (min)

Fig. 3. Mechanical stability test of catalytic films.

tructure. The addition of colloidal silica as binder also improved
dherence, without this binder the weight loss was over 80%.

The worst stability test results were shown by cordierite
onoliths prepared by sequential impregnation. The (M)Sr2S and

M)Sr5S catalysts showed a weight loss of 100% after 10 min  of
ltrasonic treatment. This poor adherence could be attributed to the
lightly acid pH of the Sr(NO3)2 solution that could weaken La2O3
lm previously attached to monolith walls. Furthermore, the La2O3
lm could easily hydrate to produce hydroxide, and it could also

orm carbonate and oxycarbonate when in contact with ambient
O2.

On the other hand, (FAl)Sr5 exhibited a total weight loss close to
5%, while the other two foams, (FSiAl)Sr5 and (FZr)Sr5, exhibited

 100% weight loss after 15 min  of treatment.

.2. Catalytic coatings morphology and EDX results

The (M)Sr5 coating morphology is shown in Fig. 4. Images
A)–(D) show different regions from selected monolith channels
ross-sections. It can be observed that the catalyst coating mor-
hology is homogeneous on the channel walls. It can be noticed
hat coatings show high porosity and the monolith wall is fully
overed with the catalyst (Fig. 4(A) and (B)). In Fig. 4(C), it can be
een that the layer was  thicker at the corners of the square cells.
his difference in thickness is caused by the fluid dynamic phe-
omena during the blowing step of the Sr5 deposition procedure.

n Fig. 4(D), it is shown that catalyst particles penetrated through
he cordierite macropores and their interconnections during the
mmersion step. This could explain the good adherence that these
atalysts presented. (M)Sr2 did not show significant differences
ith (M)Sr5.

Fig. 4(E) shows a linear scan of the different elements present
n a cross-section cut of a channel wall of (M)Sr5 structured cat-
lyst by EDX technique. If La distribution is followed, it could be
learly seen that inside cordierite, the average lanthanum concen-
ration is low. Nevertheless, as said above, SEM images show that
a2O3 is present inside the macroporous, thus allowing the anchor-
ge of the washcoat. In the catalytic film, lanthanum concentration
ncreases, being the highest one among all the elements (except
or oxygen). On the other hand, when the distribution of the oxides

resent in the cordierite structure (SiO2-MgO-Al2O3) is studied, it

s clear that they migrate towards catalytic film. For example, MgO
as a homogeneous distribution into cordierite until the interface
ith the catalytic film. From that point, its concentration decreases,
A: General 532 (2017) 65–76 69

but it can be clearly observed that, to some extent, it is present in the
active film. The same behavior is shown by Al2O3 and SiO2. Notice-
ably, Sr distribution is clearly homogeneous in both zones. Since
strontium is believed to be responsible for the generation of vacan-
cies into the host oxides [25–27], the homogeneous distribution
into cordierite and film suggests that there are active sites dispersed
in the totality of the catalyst (film and structured support). Finally,
oxygen distribution is in agreement with the metal/oxygen ratios
of each oxide into the profile line analyzed.

From what is said above, it can be concluded that Sr is in intimate
contact not only with La2O3 but also with cordierite oxides; and that
MgO, Al2O3 and SiO2, the main components of cordierite, are also
present in the catalytic coating. Thus, a complex mixture of oxides is
generated due to the migration of the different components during
calcination at 850 ◦C.

Fig. 5 shows bare Al2O3 foam (A and C) and (FAl)Sr5 foam (B and
D). If both pairs of figures are compared, it could be clearly seen
that the alumina foam is fully covered by the catalytic film. In addi-
tion, it presents high substrate porosity and homogeneous cover
morphology. An elemental mapping by EDX was also performed
over (FAl)Sr5 (not shown) in which migration of aluminum from
the foam structure to the catalytic film was  not observed. Thus,
despite the fact that lanthanum is well dispersed into the alumina
foam porosity, as seen by SEM, the interaction of the foam with the
washcoat is low, which could explain why  adherence is poorer than
that of (M)Sr5.

Fig. 6(A)–(C) show (FSiAl)Sr5 micrographs and (D) to (F) (FZr)Sr5
micrographs. In (A) and (D), the foam surface is shown, without
coating. The roughness of the material can also be observed. More-
over, in (C) and (F) it can be noted that these structures have bigger
holes than the ones seen in the alumina foam. Noticeably, film mor-
phology is not homogeneous, exhibiting agglomeration and some
line fractures.

3.3. XPS results

The chemical nature of the species present on powder and struc-
tured catalysts surface can be studied by XPS. The La 3d spectrum
of Sr5 powder catalyst consists of two main peaks belonging to
La 3d5/2 and La 3d3/2 split, and their respective satellite peaks
(Fig. 7(A)). The La 3d5/2 core level is observed at 835.4 eV (fwhm
2.8 eV) and its corresponding satellite at +3.5 eV (Table 1). Both
lanthanum species, La2O3 and La(OH)3, have close binding energy
values [28,29]. Sunding et al. reported La 3d5/2 values of 834.9 eV for
La2O3 and 835.1 eV for La(OH)3 [30]. In addition, the ratio between
satellite and main peak intensities was  calculated and it resulted
0.77-0.78 (Table 1), which could be associated to the La(OH)3 phase.
Similar results were obtained for Sr2 and Sr5 + SiO2 powders. This
latter sample was  prepared as Sr5 but with the addition of 1% SiO2
during wet impregnation in order to compare with the washcoating
slurry.

Binding Energy values of La 3d measured for structured cata-
lysts did not show significant differences with respect to powders.
However, a noticeable widening of main and satellite peaks was
observed, the fwhm approximately increasing from 2.7 to 4.0 eV
(main peaks) and from 2.9 to 3.8 eV (satellite peaks). Also, satel-
lite/main peaks intensity ratio was  close to 0.77 for powders and
foam catalysts, and around 0.95 for monoliths (Table 1). The satel-
lite peak intensity increase observed in monoliths was  attributed
to a possible interaction with the cordierite during the calcination
step at high temperature (850 ◦C). This observation is in agreement
with that made in section 3.2. according to the EDX mapping, the

cordierite components SiO2-MgO-Al2O3 migrated into the catalytic
film, thus an interaction between the catalytic phase and the said
compounds could have occurred. In this vein, the reaction between
La2O3 with SiO2 to form La2Si2O7 has already been reported, yield-
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ig. 4. SEM photomicrographs of (M)Sr5 catalyst. (A) Monolith channel top view, (
iew,  (D) monolith cross section, channel frontal view magnification and (E) EDX li

ng a spectrum similar to the one presented in Fig. 7(A) [29,31,32].
owever, the interactions with alumina and magnesium oxide
ompounds should not be discarded. In the case of the mixture
f lanthanum oxide with silica (1 wt.%, as the binder) the spectrum
oes not show any difference if compared with pure La2O3, proba-
ly because the low silica amount was not enough to produce this
henomenon.

Fig. 7(B) shows the O 1 s spectra corresponding to Sr5, (M)Sr5

nd (FAl)Sr5. In this region three peaks appear at 530.1, 531.6 and
33.1 eV (Table 1) over Sr5 catalyst. The peak at lower binding
nergy corresponds to lattice oxygen (O2−) and it represents 8% of
nolith channel top view magnification, (C) monolith cross section, channel frontal
can over the zone depicted in (D).

the total oxygen, whereas the one at 531.6 eV could be attributed
to a mixture of different species, including hydroxyl (OH−), carbon-
ate (CO3

2−) and peroxide ion (O−), all with similar BEs. This peak
is the oxygenı́s main component with a concentration of 50%. The
latter peak at 533.1 eV could come from residual molecular water
adsorbed in the catalyst or from the superoxide species (O2

−); it
represents 42% of total oxygen. An experiment was performed in
order to eliminate residual water from the catalyst surface. Sr5

was calcined at 850 ◦C during 10 h and immediately then, it was
placed into the XPS chamber and a pretreatment at 200 ◦C under
vacuum (6 × 10−3 Pa) was  performed. Surprisingly, this peak was
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Fig. 5. SEM photomicrographs. (A) and (C) bare Al2O3 foam with different magnification, and (B) and (D) coated (FAl)Sr5 with different magnification.
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ig. 6. SEM photomicrographs of: (A) (FSiAl) bare foam, (B), (C) coated (FSiAl)Sr5 

agnification.

till present into the O 1 s XPS spectra. That indicates that the peak
t 533.1 eV would correspond to superoxide species. Islam et al.
nvestigated the formation of peroxide and superoxide species, as
hese were supposed to be responsible for methane activation dur-
ng OCM reaction on this material [33]. It is believed that electron

− −
eficient species such as O and O2 on the catalysts surface are
ffective for increasing C2 selectivity [9,34].

A similar behavior was observed in the other two  powders,
r2 and Sr5 + SiO2 (Table 1). On the other hand, only two peaks
ifferent magnification, (D) (FZr) bare foam, (E), (F) coated (FZr)Sr5 with different

appeared at around 530.7 and 532.0 eV on the structured catalysts
surface. The peak at lower binding energy was assigned to lattice
oxygen (more than 60% of total oxygen) and the one at highest bind-
ing energy, to the peroxide ion (O−), OH− and CO3

2− oxygen species
[35]. The higher amount of lattice oxygen could be attributed to the

contribution of SiO2, Al2O3 and MgO  present on the surface. As it
was already discussed, these components migrate to the catalytic
film modifying the original surface composition.
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Table 1
XPS results.

Sample Binding Energy
(FWHM)/eV

Isat/Imp
b Sr/La)surface

O 1s La 3d5/2 Satellitea

Sr2 530.5(3.3)/12c

531.6 (2.0)/57
533.1 (1.8)/31

835.4 (2.8) 838.9 (2.9) 0.77 0.43

Sr5  530.1 (2.9)/8
531.6 (1.9)/50
533.1 (2.0)/42

835.4 (2.7) 838.9 (2.9) 0.78 0.56

Sr5+SiO2 530.1 (3.5)/8
531.4 (2.3)/74
532.9 (2.3)/18

835.4 (2.7) 838.5 (2.9) 0.77 0.55

(FAl)Sr5 530.5 (3.5)/78
531.9 (1.9)/22

835.6 (3.9) 839.0 (3.7) 0.77 0.52

(M)Sr2 530.7 (3.4)/73
532.3 (2.6)/27

835.5 (4.1) 838.9 (3.8) 0.95 0.26

(M)Sr5 530.7 (3.1)/58
532.6 (2.8)/42

835.5 (4.1) 838.9 (3.9) 0.96 0.39

l
a
a
c
L
5
c
0
d
c
o

p
a

a Corresponding to La 3d5/2 core level.
b Satellite/main peak intensity ratio for La 3d5/2.
c Percentage fraction of each oxygen component.

The Sr 3d spectra present a peak at 133.8–134.2 eV in all cata-
ysts, which corresponds to SrCO3 species [9,36]. The Sr/La surface
tomic ratio changes with the amount of Sr added to the catalyst
nd the values are higher than theoretical Sr/La bulk ratio. This is
aused by the synthesis method in which Sr is impregnated on the
a2O3 surface. For Sr2, this value is 0.43 and for the catalysts with

 wt.% Sr, the Sr/La ratio is around 0.5 (Table 1). However, in the
ase of monoliths the values are lower than in powders and foam,
.26 for (M)Sr2 and 0.39 for (M)Sr5. This decrease is related to the
iffusion of the Sr into the cordierite support as seen by EDX. It
onfirms the homogenous dispersion of strontium into the totality

f the catalyst structure.

In addition, the presence of Mg,  Al and Si (cordierite main com-
onents) was detected on (M)Sr5 surface. The values of Mg/La, Al/La
nd Si/La resulted 0.34, 0.65 and 0.06, respectively. Another impor-
tant fact that could be concluded by these results is that Al diffusion
is considerably lesser than that of Mg  and Si.

In C 1 s region, there appeared a peak at 288.0 eV and it cor-
responds to CO3

2− species. This is in agreement with the species
observed in the O 1 s region.

3.4. Laser Raman spectroscopy characterization

Laser Raman Spectra of Sr2 and Sr5 powder catalysts and
(FAl)Sr5, (M)Sr2 and (M)Sr5 structured catalysts are shown in Fig. 8.

In the case of the two powders, six bands at 140, 226, 287, 343,
453 and 603 cm−1 are observed. These bands correspond to those
reported for the crystalline La(OH)3 phase [37]. In addition, two
weak signals at 179 and 397 can be observed which could be
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ssigned to the La2O3 phase, whereas the weak signal at 1072 cm−1

s assigned to La2O2CO3 [38–41].

In a preliminary study, the Raman spectra showed the evolution
f La2O3 phase into La(OH)3 and La2O2CO3 for the Sr5 catalyst, after
emaining 24 h at atmospheric conditions.

The alumina foam spectrum was similar to the powders spectra
ut it showed higher intensities, especially for La2O2CO3 signals.
he spectra of the monolithic catalysts did not show significant
ifferences to the previous ones presented.

The active species of Sr5 catalyst under reaction conditions were
tudied by in situ Raman Spectroscopy. The spectra at different
emperatures are presented in Fig. 9. At 25 ◦C, La(OH)3 signals at
40, 226, 287, 343, 453 and 603 cm−1 could be observed. In addi-
ion, a weak band at 1072 cm−1 belonging to La2O2CO3 was also
vident. As the temperature increased, between 300 ◦C and 400 ◦C,
here appeared new signals at 118, 215 and 323 cm−1 correspond-
ng to LaOOH species, while La(OH)3 bands decreased [31]. This
anthanum species was seen at 400 ◦C by Orera et al. during a
hermal evolution of La(OH)3 in air heating at 10 ◦C/min [42]. It
s believed that LaOOH is the intermediate species when La(OH)3
equentially decomposes into La2O2CO3 and La2O3. Above 500 ◦C,
hen the OCM conversion increased (as described in the follow-

ng paragraphs), predominant lanthanum phases were La(OH)3 and
a2O2CO3 generated by the interaction of La2O3 with some reaction
roducts (CO2 and H2O). After that, the temperature was increased
o 600 ◦C and the spectrum showed the same bands as at 500 ◦C.
inally, the catalyst was maintained at this temperature during
5 min  and no significant changes were observed.

As in our experiments the catalyst follows the same tendency as
he catalyst studied by Orera et al., it could be concluded that above
00 ◦C all lanthanum species decompose into La2O3 [42,43]. It was
ot possible to reach that temperature because of the Raman cell
peration limits.
Alexiadis et al. attributed the good activity of the Sr/La2O3 cata-
ysts to the stability of surface hydroxyl species [13,44]. However,
hese species are also related to the formation of chemisorbed
Fig. 9. In situ LRS of Sr5 catalysts under reaction conditions. F = 20 ml/min; 30% CH4,
2%  O2 and 68% Ar. (* La(OH)3, ◦ La2O2CO3, +LaOOH).

atomic oxygen, which in turn negatively affects the C2 selectiv-
ity because it oxidizes both ethylene and ethane reaction products.
As indicated above, in our in situ Raman study, the presence of
hydroxyl species was  corroborated between 400 and 600 ◦C.

3.5. Catalytic performance

The structured catalysts that showed good mechanical stabil-
ity ((M)Sr2, (M)Sr5 and (FAl)Sr5) were evaluated for the oxidative
methane coupling reaction (OCM). The two  foams, (FSiAl)Sr5 and
(FZr)Sr5, were not evaluated due to the poor adherence of the
washcoats. Coating morphologies previously presented and also
adherence tests were useful to discard these two structures.

Methane conversion, selectivity towards ethane + ethylene,
towards CO + CO2 and the yield as functions of reaction tempera-
ture are presented in Fig. 10. The behavior of powder catalysts, Sr2
and Sr5, is also presented for comparison. Fig. 10(A) shows methane
conversion for the five catalysts. The powders showed a maximum
conversion of 13% for Sr2 and 17% for Sr5 at 700 ◦C, and these values
were maintained up to 800 ◦C.

It can be observed that the monoliths showed better perfor-
mances than the powders, the highest methane conversion value
being 34% at 800 ◦C for (M)Sr5. This value is approximately two
times higher than the one corresponding to the powder. Further-
more, (M)Sr2 performance is also better than the one presented by
the powder. The foam (FAl)Sr5 presented a similar behavior to its
corresponding powder, Sr5.

Selectivity towards ethylene + ethane is presented in Fig. 10(B)
for the five different catalysts. The maximum value was around
55% at 750 ◦C for both powders. In this sense, Sr2 and Sr5 showed
similar behaviors. However, the behavior of monoliths ((M)Sr2 and
(M)Sr5) was not significantly different from that of the powders,
which presented better C2 selectivity results with a maximum of
65%, at 800 ◦C. The best selectivity results were shown by the foam.

(FAl)Sr5 reached a maximum of 71% at 800 ◦C. Furthermore, at
500 ◦C, this foam presented a selectivity value of 57% while that
of the monoliths was  33%.
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Fig. 10. Catalytic activity of Sr2, Sr5, (M)Sr2, (M)Sr5 and (FA)Sr5. (A) Methane 

Fig. 10(C) shows selectivity towards CO + CO2. These percent-
ges decreased with temperature, reaching a minimum at the
ighest temperature. Among the structured catalysts studied,
FAl)Sr5 showed the lowest CO + CO2 selectivity values.

Reaction yields are also presented in Fig. 10(C). The Sr5 pow-
er shows a slightly higher yield than Sr2 for the OCM reaction.
herefore, this powder was chosen to coat the foam structures. The
aximum yields of 10% and 8% were reached by Sr5 and Sr2, respec-

ively, at 800 ◦C. The foam, (FAl)Sr5, showed a higher yield, 12% at
00 ◦C. The best results were obtained for the monolithic catalysts,
5% and 18% at 800 ◦C for (M)Sr2 and (M)Sr5, respectively.

At 500 ◦C, the ethylene/ethane ratio is almost null for all the
atalysts studied, and it gradually increases when temperature
ncreases. Particularly, in the case of (M)Sr5, ethylene/ethane ratio
aried from 0.75 to 2.15 in the temperature range evaluated
600–800 ◦C).

With these observations, it can be concluded that the use of
ur catalysts washcoated on cordierite monoliths allows reach-
ng much better OCM performances. This result could be ascribed
o the chemical composition of cordierite or to their improved

ass transfer properties. Thus, the elements present in the mono-
ithic structure (SiO2-Al2O3-MgO) could interact with catalyst
omponents, which could increase methane conversion, probably
y modulating the amount of surface hydroxyl species, as pro-
osed by Alexiadis et al. as a key factor [13,37]. By means of the
PS technique, monoliths showed significant differences in La 3d
egion with respect to powders. These changes could be due to La

nvironment, which may  favor the formation of a well-dispersed
anthanum disilicate phase or because of the presence of MgO.
herefore, Sr(5 wt.%)/La2Si2O7 catalyst was prepared and tested for
Tempe rature (°C)

rsion, (B) Selectivity towards CO+CO2, (C) Selectivity towards C2 and (D) Yield.

the OCM reaction, showing poor catalytic activity (maximum C2
yield of 5% at 800 ◦C). Hence, the higher methane conversion val-
ues could be related to the presence of MgO  into Sr/La2O3 catalysts.
MgO  can improve Sr(2 or 5) performance owing to its high basic-
ity [20,45,46]. The interaction of cordierite oxides with the active
phase was  also seen in the O 1 s spectra. The amount of lattice oxy-
gen present in monolithic catalyst was higher than in powders. In
addition, migration of cordierite oxides to the catalytic film was
evidenced by means of the EDX technique [27,47].

Another important fact related to the improvement of the
catalytic activity of monolithic catalysts that was seen by XPS tech-
nique was that the relationship of Sr/La in these structured catalysts
is lower than in powders and foam. This fact indicates that in mono-
liths, strontium is well dispersed as it was also confirmed by EDX.
When strontium distribution was  studied it was  noticed that it was
homogenously dispersed over the totality of the catalyst, active film
and structured support. It is known that the insertion of strontium
into the lattice of the host oxide affects its defect structure, and
causes the formation of oxygen-anion vacancies [26,27]. This lattice
defects are believed to play an important role in the OCM  reac-
tion. If strontium is well dispersed into the catalyst it could modify
not only La2O3 properties but also properties of oxides from the
cordierite components like MgO, SiO2 or Al2O3 [48]. The facts dis-
cussed above indicate an increase of active sites into the catalyst,
and this is related to the higher conversion values reached by the
monolithic catalyst.

It should be noticed that due to the monolithic channel dimen-

sions, the partial and/or total oxidation of CH4 and C2 to CO or CO2 is
favored. The production of methyl radicals occurs onto the catalyst
surface, and they couple themselves in the gas phase, where oxida-
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Fig. 11. Catalytic stability tests at 600 and 800 ◦C over (M)Sr5.

ive reactions take place. If the gas phase/catalytic surface ratio is
igh, C2 products and methane are more exposed to be oxidized,
isfavoring C2 selectivity. With respect to alumina foam, it was
bserved by SEM that it has interconnected pores of small dimen-
ions. Therefore, main products and methane are less exposed to
e partially or completely oxidized to CO and CO2, considerably

ncreasing C2 selectivity.
In the (FAl)Sr5 catalyst, some chemical interaction between the

atalyst components and the structure was seen by XPS but it was
ot as remarkable as in the case of cordierite, which results in no
ignificant methane conversion increase when compared with the
owder. In addition, as it was discussed above, Sr5 spread homo-
eneously into the micropores of alumina support. Nevertheless,
o evidence of Al2O3 migration from the substrate to the active
atalyst film was observed by the EDX mapping performed over
FAl)Sr5.

.6. Catalytic stability test and temperature profile over the
onolith

In order to evaluate the catalysts stability over the most active
ystem, (M)Sr5, time-on-stream experiments were performed at
00 and 800 ◦C and the results are shown in Fig. 11. Kondratenko
t al. reported a time on stream over La-Sr-based powder cata-
ysts and no changes in the C2 yield were observed [20]. At 600 ◦C,
n our study of the (M)Sr5 monolith, C2 yield stayed stable at
round 5.8% during 100 h. However, at 800 ◦C, surprisingly C2 yield
teeply increased from 18% to 22.5% during the first 70 h and then
t remained constant until 100 h. This phenomenon could be due
o the decomposition of carbonated species (strontium carbonate
nd lanthanum oxycarbonate) that are unstable at temperatures
bove 700 ◦C [43,49]. However, this decomposition takes place in
hort periods of time; thus, the catalyst activation observed cannot
e originated in the said decomposition. Most probably, a grad-
al increase in the chemical interactions between the cordierite
omponents and the catalytic layer, as suggested above, could be
he beneficial effect that improves C2 yield. Moreover, the constant
ield observed at 600 ◦C in the same period of time-on-stream fur-
her validates our hypothesis, because this lower temperature is not
nough to provoke the beneficial interactions between the catalytic

ayer and the cordierite monolith.

In order to study the temperature effect on the OCM reaction,
n axial temperature profile was obtained over (M)Sr5. This pro-
le was performed by setting the thermocouple on the monolith
A: General 532 (2017) 65–76 75

center over a hole made between two channels. The measurement
instrument was slid through the channels length and temperature
values were obtained, showing only small variations. Even though
the experiment was not accurate because it modified the gases flow
and the thermocouple was in contact with the monolith walls [50],
the temperature values obtained suggest the absence of a severe hot
spot during the reaction. This could be caused by the low reactant
flow and concentrations used in the experiments. Therefore, the
heat flux calculated from the reaction enthalpy and the observed
methane conversion is low (2.12 W).  Anyway, it cannot be claimed
that there exists a flat temperature profile due to the limitations of
the measurement performed, as pointed out above. Nevertheless,
it can be concluded that in general, the heat transference processes
are somewhat improved in monoliths as compared with powder
catalysts. In our monolithic structure, the catalyst (400 mg) is well
dispersed in a bigger reactor volume (2 cm3) than in the packed
powder catalyst (0.7 cm3), which is favorable for a better heat trans-
fer [51]. However, this point requires further analysis, for example
using a theoretical model to predict radial and axial temperature
profiles [52,53].

4. Conclusions

Homogeneous and mechanically stable catalytic films were
obtained by the washcoating of cordierite monoliths with Sr2 and
Sr5, with the addition of silica as binder. However, a very poor
mechanical stability was observed when the cordierite monolith
was first coated with La2O3, followed by Sr impregnation. This could
be probably due to acid-base interactions between the lanthana
coating and the Sr nitrate solution.

On the other hand, the coated alumina foam showed an ade-
quate porosity which allows this structure to retain the catalyst
particles, yielding a homogeneous and stable film. In the case of the
other foams studied (aluminum silicate and magnesia-stabilized
zirconia foams), the obtained coatings presented very poor adher-
ence.

The catalytic surface XPS characterization of both powders and
structured catalysts indicates that La is mainly present as hydroxide
and carbonate, and that Sr is mainly present as carbonate. However,
in the case of washcoated cordierite monoliths, a modification in
the La 3d signal suggests a strong interaction of La with its chemical
environment, most probably with silica and/or magnesium. This
interaction could be originated by the migration of the components
of cordierite towards the catalytic film, as seen by EDX.

By in situ LRS, the decomposition of La(OH)3 and La2O2CO3 into
La2O3 under reaction conditions was  confirmed. While hydroxide
prevails at low temperature, the presence of oxycarbonates starts
to be relevant when the reaction takes place at temperatures above
400 ◦C and they decompose into the oxide over 700 ◦C.

It is worth noticing that the monolithic catalysts (M)Sr2 and
(M)Sr5 resulted twofold more active towards ethane and ethylene
than the corresponding Sr2 and Sr5 powders. Meanwhile, the wash-
coated foam (FAl)Sr5 showed a similar methane conversion as the
powder but higher C2 selectivity; thus, the C2 yield was also higher.
In the case of the monolithic catalysts, the increase in methane con-
version and C2 yield could be related to La interaction with the silica
and/or magnesia present in the cordierite structure.

In the case of the alumina foam catalyst, the higher selectiv-
ity could be originated by the lower gas phase/catalytic surface
ratio (as compared with the monolith) that prevents the gas-phase
combustion of the C2 products.
The best catalyst among those studied in this work, (M)Sr5 was
stable during a time-on stream run at 800 ◦C. Moreover, the C2 yield
steeply increased from 18% to 22.5% during the first 70 h and then
remained constant until 100 h. This phenomenon could be due to
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 gradual increase in chemical interactions between the cordierite
omponents and the catalytic coat. At lower temperature (600 ◦C),
he C2 yield was constant during the 100 h of time-on-stream, indi-
ating that this temperature is not enough to produce the said
ffect.
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