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a  b  s  t  r  a  c  t

Being  the  shortest  unsaturated  hydrocarbon,  ethylene  is  a valuable  feedstock  gas for  synthesizing  longer
chain  hydrocarbon  products.  Using  the  oxidative  coupling  of methane  to produce  ethylene  and  ethane
(C2 products)  has been  studied  extensively  over  the  past  few  decades.  In  this  work,  samaria  nanoparticles
(NPs)  and  alumina-supported  samaria  catalysts  were  prepared  using  different  methods  (water/toluene
reverse  microemulsion,  metal-oleate  high  temperature  decomposition,  and  incipient-wetness  impreg-
nation  followed  by calcination)  and  various  types  of  alumina  supports  (high and  low  surface  area
nanoparticle  alumina  [n-Al2O3(+), n-Al2O3(−)] and  a  porous  gamma  alumina  support  [p-Al2O3]). The
highest  product  yields  were  obtained  over  Sm2O3 NPs  synthesized  using  the  metal-oleate  high temper-
ature  decomposition  and  a  nitrate  precursor.  Using  a  chloride  precursor  in the  preparation  of  the Sm2O3

NPs  resulted  in  less  active  and  selective  catalysts,  and  should  be avoided.  While  the  C2 selectivities  were
lower  over  the  Sm2O3/Al2O3 catalysts,  the  yield  per  gram  of  Sm2O3 were  higher  compared  with  the
Sm2O3 NPs.  The  best  supported  catalyst  was  the  Sm2O3/n-Al2O3(−) prepared  using  incipient  wetness

impregnation  of  a nitrate  precursor,  since  this  leads  to  the smallest  Sm2O3 particles  as  well  as the largest
coverage  of  the  acidic  Al2O3 support.  XRD  analysis  revealed  that  high-temperature  calcinations  form
SmAlO3 on  the  Al2O3-supported  catalysts.  While  this  reduced  the near  surface  Sm2O3 concentration,  it
had  beneficial  effects  as  it also  lowered  the Al2O3 content.  Therefore,  Al2O3-supported  Sm2O3 warrants
further  investigation,  as  surface  modifications  of  the Al2O3 can  reduce  its acidity  and  lead  to  higher  C2

selectivities  in  the  oxidative  coupling  of methane  over  these  catalysts.
. Introduction

The conversion of ethylene to higher hydrocarbons is a
requently used industrial process, mainly for polymerization, oxi-
ation, and halogenation reactions [1–3]. Currently, ethylene is
ynthesized using steam cracking of gaseous or light liquid hydro-
arbons [4]. Given the abundance of natural gas, however, there
s significant interest in using natural gas as the feedstock for the
roduction of short hydrocarbons. Methane, the main component
>90%) of natural gas, is one possible raw material. One of the first
xidative coupling of methane (OCM) investigations occurred in
he early 1980s [5] and it was discovered that methane (CH4) and
xygen (O2) fed over a catalyst at elevated temperatures produce
he usual combustion products (CO2, CO, H2O,) along with ethane
C2H6), ethylene (C2H4), and hydrogen (H2). The impediment for

sing OCM as an industrial process is the low reaction yield for
thane and ethylene (C2 products). Generally, highly active cat-
lysts for OCM have a C2 selectivity less than 70% at a methane

∗ Corresponding author. Tel.: +1 352 392 6585; fax: +1 352 392 9513.
E-mail address: hweaver@che.ufl.edu (H.E. Hagelin-Weaver).
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conversion of ∼20–30% with the maximum observed C2 yield being
in the 20% range [6–10]. The reason for the low C2 yields can be
attributed to the thermodynamics and kinetics of the OCM reac-
tion. Both the complete oxidation and the partial oxidation of
methane are exothermic reactions (�H◦ = −890 KJ/mol for com-
plete oxidation vs. �H◦ = −175 KJ/mol for C2H6 formation, using
standard heats of formation). As the complete oxidation yields
products with a lower energy (COx) this is the thermodynamically
favored reaction pathway. The activation energies for the forma-
tion of ethane (Ea = 135 KJ/mol) and ethylene (Ea = 173 KJ/mol) are
considerably higher than the activation energy for the total com-
bustion of methane and ethane (Ea = 66 KJ/mol and Ea = 94 KJ/mol,
respectively) under the same conditions (700 ◦C and CH4:O2 = 20:1
using samaria as a catalyst [6]). Research has been focused on try-
ing to increase the activity in the oxidative coupling of methane
and decrease the oxidation rate to CO and CO2 products.

Several catalyst systems have been investigated in detail for
their use in OCM. These include for example, alkali earth metal

oxides catalysts [5,7,11–17],  reducible non-transition metal oxides
[8,18–22], and rare-earth oxides (REOs), especially samarium oxide
(samaria) [2,9,10,23–33].  In particular, the lanthanides that form
sesquioxides (Me2O3, where Me  is a metal ion) and do not form
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igher oxides (such as MeO2) are successful in converting CH4 to C2
roducts. The high thermionic properties along with their natural
asicity contribute to their ability to promote the partial oxidation
athway and therefore increase the C2 product yield [17]. Con-
entional transition metal oxide and alkali metal oxide catalysts
ypically favor the combustion of both the methane feedstock and
ny formed C2 products, and thus are not viable catalyst systems to
tudy. In particular the irreducible rare earth oxides are active OCM
atalysts, and the major factors playing a role in determining the
2 selectivity for these REOs are the oxidation/reduction properties
nd the oxygen mobility [34].

Of all the lanthanides, samaria has been the most studied OCM
atalyst, with the initial investigation performed by Otsuka [6]. This
tudy showed that the C2 rate of production for samaria was almost

 times greater than the next best REO catalyst (lanthanum oxide)
nd these results were later confirmed in subsequent work [9].
dditionally, the reaction scheme for the catalytic surface interac-

ions that occur during C2H6 production was formulated as shown
n Eqs. (1)–(3).  The active site(s) is(are) regenerated through water
esorption from two neighboring Sm3+OH− (Eq. (4)).

m3+V−(s) + 1
2

O2 → Sm3+O−(s) (1)

m3+O−(s) + CH4 → Sm3+OH−(s) + •CH3 (2)

•CH3 → C2H6 (3)

Sm3+OH−(s) → Sm3+O−(s) + Sm3+V−(s) + H2O (4)

where V− indicates a surface oxygen vacancy (or basic site).
hese sites, once occupied with a surface oxygen, are responsi-
le for the hydrogen abstraction from the methane and form the
urface hydroxide plus the •CH3 radical. Ethane is formed by the
ollision of the •CH3 radicals in the gas phase and the secondary
roduct, ethylene, is produced by the dehydrogenation of ethane
24]. Zhang et al. discovered the role of O2

− as the most proba-
le active oxygen species for non-reducible REO based catalysts
nder OCM reaction conditions using Raman spectroscopy [10].
he supplementary in situ laser Raman spectroscopic study of the
ctive-oxygen species for a different catalyst supported this claim
35,36].

In this study, we have investigated the effects of catalyst prepa-
ation method and the influence of various Al2O3 supports, on
m2O3 nanoparticles and Al2O3-supported Sm2O3 catalysts in the
xidative coupling of methane to obtain a better understanding
f the factors influencing the catalytic activity and selectivity of
m2O3-based OCM catalysts. While more active multi-component
atalysts have been reported in the literature, no additives or pro-
oters were added in this study to investigate in detail the effects

f the preparation method, the catalyst precursor and the Al2O3
upport on the oxidative coupling of methane. Two Sm2O3 precur-
ors (chloride and nitrate salts) were included in the study, and
he Sm2O3 NP preparation methods investigated include thermal
ecomposition of a samarium-oleate complex and a water/toluene
everse microemulsion technique. The supported catalysts were
repared using incipient wetness impregnation of the oleate NPs or

 samarium nitrate precursor, and samaria deposition using a mod-
fied reverse microemulsion technique onto three Al2O3 supports

ith varying properties, a high surface area nanoparticle alumina
n-Al2O3(+)) a low surface area nanoparticle alumina (n-Al2O3(−)),
nd a conventional �-Al2O3 porous catalyst support (p-Al2O3). The
ffects of calcination temperature on the activity and selectiv-
ty of selected Sm2O3 NPs and Sm2O3/Al2O3 catalysts were also

nvestigated. Each catalyst was tested at three different CH4:O2
atios (9:1, 7:1, and 4:1) as well as two reaction temperatures
740 ◦C and 800 ◦C) using one fixed volumetric feed flow rate to
bserve trends in the activity and selectivity between catalysts and
alysis A: General 454 (2013) 100– 114 101

reaction conditions. The catalysts were analyzed using BET surface
area measurements, X-ray diffraction analysis and X-ray photoelec-
tron spectroscopy to obtain their surface areas, crystal structures
and surface compositions, and determine if and how these catalysts
properties influence the catalytic activities and selectivities.

2. Experimental

2.1. Catalyst preparation

2.1.1. Samaria nanoparticle synthesis via metal-oleate
decomposition

REO NPs were synthesized via decomposition of an REO oleate
complex using a slightly modified literature procedure [37]. Briefly,
16 mmol  of the REO precursor (samarium (III) nitrate or chloride,
99.9% REO, REacton, Alfa Aesar) and 48 mmol of sodium oleate
(received from TCI) were mixed together in a two-phase solution
consisting of 28 mL  hexane (ACS grade, Fisher), 16 mL  ethanol (his-
tological grade, Fisher) and 12 mL  deionized (DI) water. The mixture
was stirred vigorously and was  allowed to age at reflux (60 ◦C) for
4 h. After reaction, the resulting samarium-oleate complex is in
the organic phase while the salts from the precursors are in the
aqueous phase. The samarium-oleate complex was isolated from
the aqueous phase by means of a separatory funnel and washed
with DI water three times in order to remove any residual salts.
Afterwards, the hexane was  removed by a rotary evaporator. The
complex was then mixed with 50 mL of tri-n-octlyamine (TCI, 90%)
and 8 mmol  of oleic acid (Alfa Aesar, tech. grade, 90%) for the high
temperature decomposition step. The heating program used for the
decomposition is as follows:

1. Ramp to 100 ◦C at 8 ◦C/min.
2. Hold at 100 ◦C for 20 min  (outgas step).
3. Ramp to 350 ◦C at 4 ◦C/min.
4. Hold at 350 ◦C for 3 h.

After the decomposition step, the NPs were recovered by desta-
bilizing the suspension using ethanol. Sonication of the resulting
mixture for 20 min  was done to remove most of the capping agent
remaining on the surface. The NPs were then collected by cen-
trifugation followed by redispersing them in hexane. This process
was repeated several times to maximize capping agent removal.
The samaria NPs were calcined at 800 ◦C for 4 h unless otherwise
stated and are labeled Sm2O3(Cl)-OM and Sm2O3(N)-OM according
to Table 1.

2.1.2. Samaria nanoparticle synthesis via microemulsion method
Samaria NPs were also synthesis via a modified previously

reported [38] reverse microemulsion method for comparison.
Using this method, 22.5 mL  of DI water with the dissolved samaria
nitrate salt precursor (4.0 g) was  mixed vigorously with 186 mL  of
toluene. The amount of precursor was  the amount that would yield
a 1.5-g batch of samarium oxide. The microemulsion surfactant,
Tween 80, was  then added dropwise under vigorous stirring until
a microemulsion was  formed (approximately 2–4 mL  of Tween),
afterwards an extra 1–2 mL  was added in order to prevent the aque-
ous sodium hydroxide solution from breaking the microemulsion.
15 mL  of an aqueous sodium hydroxide solution was  then added
dropwise to precipitate samarium hydroxide. 50% excess of the
sodium hydroxide was used in order to maximize the yield of the
samarium hydroxide. The microemulsion solution was  allowed to

stir vigorously overnight and was then centrifuged to separate the
solid product from the liquid phase. The hydroxide NPs were then
dispersed in 200 mL  of an ethanol/water mixture (50%, v/v). The
solution was sonicated for an hour and centrifuged again to collect
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Table  1
BET surface areas obtained from the different Sm2O3nanoparticles and Sm2O3/Al2O3 catalysts.

Catalyst descriptiona Sm2O3 Prep.b Catalyst Prep.c SSAd [m2/g] Particle size from BET [nm] Particle size from XRD [nm]

Nanoparticles
Sm2O3(Cl)-OM OM – 8.5 85 25
Sm2O3(N)-OM OM – 14.5 50 14
Sm2O3(N)-ME ME  – 4.5 160 43
Sm2O3(Cl)-OMh OM – 3.0 240 29
Sm2O3(N)-OMh OM – 1.1 650 20
Al2O3-Supported Sm2O3

Sm2O3/p-Al2O3-OM OM IM 145
Sm2O3/p-Al2O3-IM – IM 125
Sm2O3/p-Al2O3-ME – ME  125
Sm2O3/n-Al2O3(+)-OM OM IM 130
Sm2O3/n-Al2O3(−)-OM OM IM 85
Sm2O3/n-Al2O3(+)-IM – IM 80
Sm2O3/n-Al2O3(−)-IM – IM 50
Sm2O3/p-Al2O3-IMh – IM 43
Sm2O3/p-Al2O3-MEh – ME  60
Al2O3Supportse NH3cm3/g f CO2cm3/g g

n-Al2O3(+) – – 695 9.0 0.75
n-Al2O3(−) – – 275 8.3 0.6
p-Al2O3 – – 260 1.6 1.75

a 100% Sm2O3 nanoparticles (NPs), or 20% Sm2O3 by weight on an Al2O3 support. (Cl): samarium chloride precursor used for nanoparticle (NP) preparation, and (N):
samarium nitrate precursor used for nanoparticle or catalyst preparation.

b Sm2O3 Prep.: OM = Sm2O3 NPs prepared using the oleate method. ME  = Sm2O3 NPs prepared using reverse microemulsion method.
c Catalysts prepared via the incipient wetness impregnation method (IM) using an aqueous solution of samarium nitrate (IM) or a hexane dispersion of OM nanoparticles

(OM),  or via a modified reverse microemulsion method (ME).
d Specific Surface Area (SSA) as determined by BET analysis. After calcination treatment at 800 ◦C (or 1000 ◦C) for the Sm2O3 NPs and Sm2O3/Al2O3 catalysts, or after drying

at  100 ◦C for the Al2O3 supports.
e Al2O3 supports; Al2O3(+) and Al2O3(−) from NanoScale Inc. and �-Al2O3 from Alfa Aesar.
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f NH3 adsorption (standard cm3/g) to determine acidic sites.
g CO2 adsorption (standard cm3/g) to determine basic sites.
h Catalysts calcined at 1000 ◦C before reaction instead of 800 ◦C

he final product. The NPs were dried overnight at 105 ◦C before
alcination.

.1.3. Preparation of Al2O3 -supported Sm2O3
Three different types of supported Sm2O3 catalysts were pre-

ared using two main methods of Sm2O3 deposition onto the
upport, namely, incipient wetness impregnation and a reverse
icroemulsion technique. Furthermore, three different alumina

upports were used in the synthesis of the supported catalysts, the
onventional p-Al2O3 catalyst support from Alfa Aesar, the high
urface area n-Al2O3(+) from NanoActive, and the lower surface
rea n-Al2O3(−) also from NanoActive. In all cases, the samar-
um nitrate precursor was used to facilitate comparisons. Two
ets of catalysts were prepared using incipient wetness impreg-
ation (IWI) of either an aqueous solution of samarium nitrate
r a hexane dispersion of the samaria NPs formed via the metal
leate methodology. The third type of catalyst was  prepared using

 reverse microemulsion technique to deposit the samaria onto the
upport.

For loading the samarium nitrate salt using the IWI  method, the
recursor was dissolved in a volume of DI water equal to that of
he catalysts support pore volume, or the minimum amount of sol-
ent which would completely dissolve the precursor, and was then
ixed with the catalyst support until incipient wetness. The sec-

nd IWI  method used the samaria NPs prepared using the oleate
ethod and the samarium nitrate precursor. As post-calcination
Ps, with the capping agent removed, did not disperse in the sol-
ent used, the recovered samaria NPs were dispersed in hexane
efore the calcination step. After each loading step the catalyst was
ried to remove the hexane/water from the catalyst pores, and the

oading step was repeated until the desired loading concentration

as obtained (20% Sm2O3 by weight on the support). After the final

mpregnation step (usually the 2nd or 3rd impregnation), the cat-
lysts were dried over night at 105 ◦C and calcined at 800 ◦C for 4 h
nless stated otherwise.
The third catalyst was  prepared using a heterogeneous reverse
microemulsion methodology which has been previously reported
in the lab [39]. Modifications to the procedure were made in
order to be consistent with the procedure for the pure samaria
NP microemulsion experiments. Briefly, 3.4 g of p-Al2O3 sup-
port was suspended in 22.5 mL  DI water prior to the addition
of 2.2 g samarium nitrate salt. The resulting mixture was then
added to 186 mL  toluene under vigorous stirring. The addition of
the surfactant and NaOH solution was the same as for the pure
Sm2O3 microemulsion method. After collection, half of the cata-
lyst was  calcined at 800 ◦C while the other half was  calcined at
1000 ◦C.

2.2. Characterization methods

Brunauer–Emmett–Teller (BET) surface area measurements
for all catalysts were performed using a 6-point isotherm on
a Quantrachrome NOVA 1200 instrument operating at liquid
nitrogen temperatures. Particle size calculation based on the
BET surface areas are calculated using Eq. (5).  The calculation
is based on the assumption of having monodisperse, spherical
particles.

dp = 6
SA · �p

(5)

where SA is the specific surface area [m2/g] and �p [g/m3] is the
particle density.

X-ray diffraction (XRD) patterns for select catalysts were col-
lected on a Phillips APD 3720 Xray diffractometer using Cu K�
radiation (� = 1.54 Å). Catalyst powders were pressed onto double
sided sticky tape and secured on a glass slide. An average crystallite

size was  calculated using the Scherrer equation (Eq. (6)).

dp = K�

 ̌ cos(�)
(6)
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In the Scherrer equation, dp is the crystallite size (nm), K is the
hape factor (taken as unity), � is the Cu K� radiation wavelength
nm),  ̌ is the peak width at half the maximum intensity (FWHM)
n radians, and � is the Bragg angle, which is half of the diffraction
ngle (2�).

TEM images were collected using a JEOL 2010F instrument using
n accelerating voltage of 200 kV. Samples were dispersed in hex-
ne and sonicated for 15 min  before being loaded onto a 400 mesh
opper grid with a carbon film. Several TEM images were recorded
t various locations on the sample and at different magnifications
o confirm that the structures observed were present throughout
he catalyst. For each catalyst representative images are presented
n the figures.

XPS measurements were performed on a PerkinElmer 5100 XPS
ystem using an aluminum x-ray source. Samples were dried in an
ven overnight at 105 ◦C to minimize the water adsorption on the
atalyst surface. For survey scans the time/step was  30 ms  with a
.5 eV step size, and a pass energy of 89.45 eV. For high resolution
narrow) scans, the time/step was 50 ms,  the step size 0.1 eV, and
he pass energy 35.75 eV. Both survey and high-resolution spectra
ere collected using a total of 10 scans. Samples were prepared by
lacing a thin layer of catalyst on double-sided carbon conductive
ape. Scan shifts were taken into account by referencing to the C
s peak at 284.6 eV. The Si 2p peak at 99 eV, observed on all three
atalysts, is due to the sample holder or the instrument rather than
he sample. This was confirmed in a different XPS instrument which
ses an aluminum cup as the sample holder (rather than the car-
on conductive tape) and no Si peak was detected in the spectra
btained in this system.

.3. OCM reaction experiments

Catalytic activity measurements were carried out in a quartz
ube reactor with an inner diameter of 10 mm.  The quartz tube
eactor was used in a previously reported reactor system, which
as slightly modified for the current application [40]. Each cat-

lyst was pressed into a pellet, using a Carver pellet press, then
rushed and sieved to a size range of 180–250 microns. For load-
ng the reactor, 0.4 g of the sieved catalysts (either Sm2O3 NPs
r Al2O3-supported Sm2O3) was supported in the quartz reactor
ube between two pieces of quartz wool. CH4, O2, and an inter-
al standard (N2) were fed through the system at a rate of 120
tandard cm3 per minute (sccm) (with N2 constant at 23.2 sccm)
sing three mass flow controllers (MFCs). This results in a GHSV
f 1760 h−1 for the supported catalysts and 880 h−1 for the pure
amaria NPs. Three different CH4:O2 ratios (9:1, 7:1, and 4:1) at
wo temperature settings (740 and 800 ◦C) were used to observe
he effects of the reaction parameters on the activity, selectivity and
roduct distribution in the oxidative coupling of methane (OCM).
roduct analysis was performed on a custom-configured on-line
gilent 6890 N gas chromatograph (GC) equipped with both a ther-
al  conductivity detector (TCD) and a flame ionization detector

FID) in series along with two packed columns, a polar Porapak Q
apillary column and a molecular sieve, also in series with a col-
mn  isolation valve in between the columns. The former was used
o separate the CO2, C2H6, and C2H4 and the latter for CH4, O2, N2,
O, H2 separation. Calibration curves for product formation and
ethane conversion were taken by feeding a known flow rate of

he calibration gas and 23.2 sccm of internal standard (N2) to the
C and measuring the calibration gas to N2 TCD peak area ratio. All
alibration curves were linear and regression analysis resulted in fit
alues of >99.3%. Measurements were taken at each reaction condi-

ion after 20 min  to allow for the reaction to reach steady state and

 repeat was taken to ensure reproducibility. The water produced
uring the reaction was separated from the gas phase products
rior to entering the GC using a condenser trap emerged in an
alysis A: General 454 (2013) 100– 114 103

ice-water bath. In addition to the CH4 conversions (XCH4 ) defined
as the methane reacted over the total amount of methane fed to the
reactor (Eq. (7)), a CH4 conversion to C2 and COx products (X∗

CH4
)

was defined and calculated according to Eq. (8).  This was done to
obtain an estimate of the coking in the reactions. The C2 selectivity
was defined as the methane reacted to form C2 products over the
methane reacted to C2 plus COx products (Eq. (9))  and is reported
as a percentage. C2 product yield (Eq. (10)) was  calculated as the
methane conversion (X∗

CH4
) (according to Eq. (8))  multiplied by the

selectivity (Eq. (9)). Repeat reaction experiments involving reload-
ing the catalyst resulted in standard deviations of 0.5% for both the
CH4 conversion and the C2 selectivity.

XCH4 = CH4,in − CH4,out

CH4,in
(7)

X∗
CH4

= [2 · (C2H6 + C2H4) + CO + CO2]out

CH4,in
(8)

SC2 = sccm C2products
sccm CH4 reacted to C2 and COx

(9)

C2 Yield [%] = X∗
CH4

· SC2 · 100 (10)

3. Results and discussion

The prepared Sm2O3 catalysts were subjected to methane cou-
pling experiments and catalyst characterizations.

3.1. OCM activity measurements

The catalytic activity and selectivity of all catalysts in the oxida-
tive coupling of methane to C2 hydrocarbons were evaluated at
the two different temperatures, 740 ◦C and 800 ◦C. The results are
presented in Tables 2 and 3 and Figs. 1–5.

3.1.1. Pure samaria nanoparticles
The samaria NPs were synthesized via the oleate-method using

chloride and nitrate salt precursors and via the reverse microemul-
sion using the nitrate salt to determine the effects of samaria
precursor and preparation method on the Sm2O3 particle size
and how these parameters affect the OCM activity and selectivity.
Fig. 1A and B display the OCM reaction data for the pure samaria
NPs from the oleate and microemulsion methods at reaction tem-
peratures of 740 ◦C and 800 ◦C, respectively. The results are also
summarized in Tables 2 and 3. A few general trends, which are the
same for most catalysts, can be observed from the reaction results
(Fig. 1A and B plus Tables 2 and 3). In most cases, the methane con-
version increases and the selectivity decreases as the CH4:O2 ratio
decreases from 9:1 to 4:1, i.e. more CH4 reacts but a larger fraction is
converted to CO and CO2 at the higher O2 concentrations. This is to
be expected and is the reason why  CH4 concentrations significantly
higher than the stoichiometric CH4:O2 ratio for ethane or ethylene
formation is often used in this reaction [17]. However, since the
decrease in selectivity is smaller than the increase in conversion
with decreasing CH4:O2 ratio, the highest C2 yields are obtained
at the 4:1 CH4:O2 ratio for most Sm2O3 NP catalysts (Table 2).
As can be seen in Table 2, most of the methane reacted over the
Sm2O3 nanoparticles forms C2 or COx products. The largest differ-
ences between XCH4 and X∗

CH4
are observed at a CH4:O2 ratio of 4:1,

which at first appears unusual as coking would not be expected
at the highest O2 concentrations. However, the C2 yield is higher
at the lower CH4:O2 ratios, which can increase coke formation as

the C2 products decompose easier than CH4. Furthermore, coking
is more likely at higher temperatures, and the increased conver-
sion, in particular to COx, will result in more heat released from the
exothermic reactions. This is evident as a larger difference between
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Table  2
Oxidative coupling of methane over all catalysts at 740 ◦C and 800 ◦C.

Catalysta CH4:O2 ratio T = 740 ◦C T = 800 ◦C

XCH4 [%] X∗
CH4

[%] SC2 [%] YC2 [%] XCH4 [%] X∗
CH4

[%] SC2 [%] YC2 [%]

Sm2O3nanoparticles
Sm2O3 (Cl)-OM 9 7.5 7.5 44.0 3.4 8.5 8.5 51.0 4.4

7  10.5 10.5 44.0 4.6 12.5 12.5 47.0 6.0
4 18.5 17.5 43.5 7.6 19.0 17.5 41.0 7.2

Sm2O3 (N)-OM 9 10.0 10.0 58.5 6.0 10.0 10.0 57.0 5.8
7 12.5 12.0 55.5 6.7 12.0 11.5 53.5 6.2
4  19.5 18.0 43.5 7.8 19.0 17.0 40.0 6.8

Sm2O3 (N)-ME 9 10.5 10.0 50.5 5.1 8.5 8.5 37.5 3.2
7  13.0 12.0 52.5 6.3 13.0 11.0 47.5 5.2
4 17.5 16.0 30.0 4.8 18.0 15.5 28.0 4.3

Sm2O3/Al2O3catalysts
Sm2O3/p-Al2O3-OM 9 6.0 5.0 6.0 0.3 6.5 6.0 18.0 1.1

7  7.5 7.0 7.5 0.5 8.5 7.5 20.0 1.5
4 15.0 12.5 10.5 1.3 19.0 14.5 24.5 3.6

Sm2O3/p-Al2O3-ME  9 6.0 6.0 22.0 1.3 7.5 7.5 34.0 2.6
7  8.5 8.5 20.5 1.7 10.0 9.0 30.0 2.7
4 16.5 14.0 21.0 2.9 18.5 15.0 28.0 4.2

Sm2O3/p-Al2O3-IM 9 8.5 7.0 19.5 1.4 9.0 7.5 28.5 2.1
7 10.5 8.5 19.0 1.6 12.0 9.5 28.5 2.7
4  20.5 15.5 24.5 3.8 21.5 16.5 27.5 4.5

p-Al2O3 4 16.0 10.5 8.5 0.9 – – – –
n-Al2O3(−) 4 14.0 11.5 10.0 1.1 – – – –
Sm2O3/n-Al2O3(+)-OM 4 14.5 12.0 15.0 1.8 18.5 13.5 21.0 2.8
Sm2O3/n-Al2O3(+)-IM 4 18.5 14.0 17.5 2.5 20.5 15.5 24.5 3.8
Sm2O3/n-Al2O3(−)-OM 4 16.5 14.5 23.5 3.4 17.0 14.5 23.5 3.4
Sm2O3/n-Al2O3(−)-IM 4 19.5 16.0 32.0 5.1 20.0 16.0 35.0 5.6
Sm2O3/p-Al2O3-MEb 4 18.5 16.0 31.0 5.0 19.5 16.0 30.5 4.9
Sm2O3/p-Al2O3-IMb 4 19.0 15.0 24.0 3.6 21.5 15.5 27.5 4.3

a Catalyst descriptions are given in Table 1. XCH4 : methane conversion [%], X∗
CH4

: methane conversion to C2 and COx products [%] SC2 , C2: selectivity, i.e. methane reacted

to  C2 products over methane reacted to C2 and COx products [%], YC2 : C2 yield (X∗
CH4

· SC2 ) [%]
b Catalysts calcined at 1000 ◦C before reaction instead of 800 ◦C.

Table 3
Product distribution data for the oxidative coupling of methane over all catalysts at 740 ◦C and 800 ◦C.

Catalysta CH4:O2 ratio Product distribution [%] at 740 ◦C Product distribution [%] at 800 ◦C

C2H4 C2H6 CO2 CO C2H4 C2H6 CO2 CO

Sm2O3nanoparticles
Sm2O3(Cl)-OM 9 17.4 26.6 44.7 11.3 29.7 21.4 40.3 8.6

7 19.3  24.7 46.4 9.7 29.8 17.3 44.9 8.0
4  22.7 20.6 50.3 6.5 28.3 12.9 51.1 7.7

Sm2O3(N)-OM 9 25.5 33.2 35.8 5.5 36.0 21.0 34.8 8.2
7 25.4  30.0 38.6 6.0 34.7 18.9 38.0 8.4
4  22.9 20.7 49.2 7.2 27.6 12.3 50.4 9.7

Sm2O3(N)-ME 9 23.0 27.6 41.8 7.6 21.5 16.0 49.5 13.0
7  23.9 28.7 39.4 8.0 29.4 18.3 42.4 10.0
4  15.3 14.5 60.3 10.0 19.2 8.7 59.5 12.6

Sm2O3/Al2O3catalysts
Sm2O3/p-Al2O3-OM 9 0.8 5.4 62.1 31.7 8.7 9.4 47.5 34.4

7  1.5 5.8 61.4 31.3 11.0 8.7 47.5 32.7
4 4.5  6.1 59.7 29.7 18.3 6.3 43.7 31.7

Sm2O3/p-Al2O3-ME  9 5.8 15.9 55.4 22.9 19.8 14.3 46.5 19.4
7  5.8 14.5 57.5 22.2 16.4 13.5 50.1 19.9
4  9.2 11.8 60.7 18.3 19.3 8.8 53.4 18.6

Sm2O3/p-Al2O3-IM 9 7.1 12.4 51.5 29.0 15.9 12.4 43.8 27.9
7 6.5  12.5 52.5 28.5 17.8 10.9 45.2 26.1
4  13.7 10.8 53.5 22.0 20.1 7.6 50.0 22.4

p-Al2O3 4 2.4 6.1 52.8 38.6 – – – –
n-Al2O3(−) 4 1.7 8.5 78.6 11.2 – – – –
Sm2O3/n-Al2O3(+)-OM 4 7.8 7.0 62.2 23.0 14.8 6.4 49.4 29.5
Sm2O3/n-Al2O3(−)-OM 4 13.2 10.4 59.5 16.9 15.2 8.2 59.6 17.1
Sm2O3/n-Al2O3(+)-IM 4 8.4 9.0 54.7 28.0 17.2 7.3 49.1 26.4
Sm2O3/n-Al2O3(−)-IM 4 17.4 14.7 49.9 18.0 24.1 10.9 48.5 16.5
Sm2O3/p-Al2O3-MEb 4 17.0 14.0 55.4 13.6 21.5 9.0 52.3 17.2
Sm2O3/p-Al2O3-IMb 4 12.0 12.2 53.6 22.2 19.8 7.7 44.9 27.6

a Catalyst descriptions are given in Table 1.
b Catalysts calcined at 1000 ◦C before reaction instead of 800 ◦C.
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Fig. 1. OCM reaction data for Sm2O3 nanoparticles prepared using the oleate
decomposition with nitrate and chloride precursors and the reverse microemul-
sion  method using a samarium nitrate precursor. The numbers in the boxes indicate
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Fig. 2. Effects of calcination temperature between 800 ◦C and 1000 ◦C in the OCM
reaction data for (A) Sm2O3 nanoparticles prepared using the oleate decomposition
method with nitrate and chloride precursors and (B) Sm2O3/p-Al2O3 catalysts pre-
pared using incipient wetness impregnation with an aqueous solution of samarium

◦ ◦
he CH4:O2 feed ratios, i.e. 4:1, 7:1 and 9:1. (A) reaction temperature of 740 ◦C and
B)  reaction temperature of 800 ◦C.

he XCH4 and X∗
CH4

at 800 ◦C versus 740 ◦C (Table 2). Coking for all
m2O3 NP catalysts was observed on the reactor walls downstream
f the catalyst bed and not on the Sm2O3 NPs. This is in an oxygen-
eficient region of the reactor, as the O2 conversion in all cases is
t least close to 100%, and indicates that coking over the Sm2O3 is
egligible.

The CH4:O2 ratio also affects the product distribution as can
e seen in Table 3. As expected, the CO2 content in the product
tream increases with increasing O2 concentration. The change in
O concentration with CH4:O2 ratio is not as significant, and the
rend depends on the specific Sm2O3 NPs. The CO concentration
ncreases slightly over the Sm2O3(N)-OM and Sm2O3(N)-ME cata-
ysts, while it decreases with increasing O2 concentration over the
m2O3(Cl)-OM catalyst. Therefore, the CO2-to-CO product ratio
early doubles over the Sm2O3(Cl)-OM catalyst, while there is only

 slight increase (if any) in this ratio with decreasing CH4:O2 ratio
or the Sm2O3(N)-OM and Sm2O3(N)-ME catalysts. At 740 ◦C and
he higher CH4:O2 ratios (9:1 and 7:1) the C2H4:C2H6 product ratio
s below one, i.e. more C2H6 than C2H4 is formed, while at the high-

st O2 concentration (CH4:O2 ratio = 4:1) more C2H4 is formed than
2H6 over all Sm2O3 NP catalysts. This is consistent with the trend
xpected from the stoichiometry, i.e. more oxygen (lower CH4:O2
atio) is required for production of C2H4 versus C2H6 (Eqs. (11)
nitrate and the reverse microemulsion method. The data was collected at a reaction
temperature of 800 ◦C and at different CH4:O2 feed ratios, i.e. 4:1, 7:1 and 9:1 (as
indicated by the numbers inside the boxes).

and (12)). It is interesting to note that at each CH4:O2 ratio the
C2H4:C2H6 product ratio is the same for the Sm2O3 NPs regardless
of preparation method and precursor, and this ratio increases from
0.8 to 1.1 as the CH4:O2 ratio is decreased from 9:1 to 4:1. This
suggests that the formation of the secondary C2H4 product is not
dependent on the Sm2O3 surface over these NPs. This observation
is supported by an earlier OCM study over 1% Sr/La2O3 [24].

2CH4 + 1/2O2 → C2H6+H2O (11)

2CH4 + O2 → C2H4 + 2H2O (12)

The effects of reaction temperature are different dependent on
whether a chloride or nitrate precursor was used in the prepara-
tion of the Sm2O3 NPs. While the CH4 conversion is not altered
significantly, the C2 selectivity decrease with increasing reaction
temperature (between 740 ◦C and 800 ◦C) for the Sm2O3 NPs pre-
pared using nitrate precursors, irrespective of preparation method
(oleate method or reverse microemulsion). The C2 yields are there-

fore lower at 800 C versus 740 C (Table 2). In contrast, the CH4
conversion and the C2 selectivity both increase with increasing
reaction temperature for the Sm2O3(Cl)-OM nanoparticles, for all
except the 4:1 CH4:O2 ratio (which exhibit a slight decrease in C2
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electivity). However, the C2 yields for the Sm2O3(Cl)-OM NPs at
00 ◦C are still lower than for the Sm2O3(N)-OM NPs at 740 ◦C.

The C2H4:C2H6 product ratio is significantly higher at 800 ◦C
han at 740 ◦C. In fact, at a reaction temperature of 800 ◦C more C2H4
han C2H6 product is formed at all CH4:O2 ratios over all Sm2O3
Ps. Over the Sm2O3(N)-OM NP catalyst, the CO2 content in the
roduct stream is similar at both 740 ◦C and 800 ◦C, but the CO
ontent is higher at 800 ◦C, and a higher CO content at the higher
eaction temperature is observed also over the Sm2O3(N)-ME NP
atalyst. This is expected since more CO would have enough energy
o desorb from the catalyst surface before undergoing oxidation at
he higher temperature. At 740 ◦C the CO is more strongly bound to
he surface, and has a higher probability of being oxidized to CO2
efore desorbing. The lower C2 selectivities at 800 ◦C thus appear
o be mainly due to a higher CO formation rate for these catalysts.

From the reaction data, it is evident that the samaria NPs
repared using the oleate method with the nitrate precur-
or outperform both the Sm2O3(Cl)-OM and the Sm2O3(N)-ME
anoparticles, since the Sm2O3(N)-OM catalyst at most conditions
xhibits both the highest CH4 conversion and the highest C2 selec-
ivity (Fig. 1A and B). This is true for all CH4:O2 ratios at 740 ◦C and

ost CH4:O2 ratios at 800 ◦C (Table 2). Only at 800 ◦C and a CH4:O2
atio of 4:1 does the Sm2O3(Cl)-OM give a higher C2 yield than the
m2O3(N)-OM catalyst (although the Sm2O3(Cl)-OM yield at 800 ◦C
7.2%) is not higher than the C2 yield obtained over the Sm2O3(N)-
M catalyst at 740 ◦C (7.8%)). While a yield of 8% is not the highest

eported in the literature, it is in line with the yields obtained over
ure Sm2O3 [9].  Higher yields can be obtained at even lower CH4:O2
atios, such as a 12% yield at a CH4:O2 ratio of 2.5 [28], but ratios
elow CH4:O2 = 4:1 were avoided in the current investigation for
afety reasons, i.e. to make sure that the feed stream had methane
oncentrations above the upper flammability limit.

The effects of calcining the nanoparticles at 1000 ◦C instead of
00 ◦C were also investigated for the Sm2O3 NPs prepared using
he oleate method. The higher calcination temperature results in a
ignificant decrease in C2 selectivity, and in most cases also a
ecrease in CH4 conversion as illustrated in Fig. 2A. After cal-
ination at 1000 ◦C the performance of the Sm2O3(Cl)-OM and
m2O3(N)-OM NPs are similar, but in most cases this is inferior
o the performance of the catalysts calcined at 800 ◦C. Only at a
eaction temperature of 740 ◦C and a CH4:O2 ratio of 9:1 is there
n advantage to calcining the Sm2O3(Cl) NPs at a higher tempera-
ure (not shown), as the CH4 conversion increased from the 7.5% of
he 800 C calcination value to 9.5% (1000 ◦C calcination) and the C2
electivity is similar (44% vs. 45.5%).

Therefore, calcination at a higher temperature is undesirable as
t decreases the C2 selectivity and thus also the C2 yield in most
ases. Only in cases where chlorines may  be present on the surface
ould a higher calcination temperature improve the C2 yield, but
hen only in very special circumstances. Avoiding chloride precur-
ors in catalyst preparation is likely a more effective way to obtain

 higher yield.

.1.2. Supported Sm2O3 catalysts – effects of preparation methods
Three types of alumina-supported samaria catalysts were pre-

ared to investigate the effects of samaria deposition method on
he catalytic activity and selectivity of Al2O3-supported Sm2O3 in
he methane coupling reaction. A porous alumina was  selected
or this study as this is a typical alumina-based catalyst support.
s described in the catalyst preparation section, the samaria was
eposited using either an incipient wetness impregnation method

r a modified reverse microemulsion method. For the IWI  method
amarium nitrate dissolved in deionized water, or Sm2O3(N)-OM
anoparticles dispersed in hexane, was used during the impreg-
ation of the p-Al2O3 support. The reaction results obtained from
alysis A: General 454 (2013) 100– 114

these catalysts are presented in Fig. 3A and B and have been
included in Tables 2 and 3.

Compared to the unsupported Sm2O3 NP results, the perfor-
mance of the alumina-supported Sm2O3 is inferior. Not only are
the C2 selectivities significantly lower at all temperatures and
CH4:O2 ratios, the CH4 conversions are also slightly lower for most
Sm2O3/p-Al2O3 catalysts. A lower conversion is expected, since
the amount of Sm2O3 in the reactor for the alumina-supported
catalysts is only 20% of the amount used for the pure NP Sm2O3
reactions. The acidic alumina support is also expected to yield a
much lower C2 selectivity than that observed for pure Sm2O3 [41].
Moreover, compared to the Sm2O3 NP catalysts, the X∗

CH4
/XCH4 is

lower on the Al2O3-supported catalysts, particularly at the 4:1
CH4:O2 ratio. This means that sligthly more coking takes place
over the Al2O3-containing catalysts and this was  also observed as
a change in color of the catalysts from white to black, as well as a
small amount of black deposits on the reactor walls downstream of
the catalyst bed. Despite the presence of coking, no decrease in CH4
conversion as a function of time was  observed during the experi-
ments, which indicates that the amount of coking was not sufficient
to block the active surface sites. This is consistent with coking
mainly occurring on the Al2O3 support, and not on the Sm2O3 (as
inferred from the Sm2O3 NP experiments, where no coking was
observed on the Sm2O3). While coking did not result in deactivation
with time on stream, coking should be minimized as it reduces the
yield to desired products and at longer time-on-stream a decrease
in activity is likely due to reactor blockage. Even though the Al2O3-
supported Sm2O3 catalysts exhibited lower CH4 conversions and
C2 selectivities, the C2 yield per gram of samarium is significantly
higher over the Sm2O3/p-Al2O3-ME  and Sm2O3/p-Al2O3-IM cata-
lysts compared with the Sm2O3 NP catalysts. This is particularly
true at the 4:1 CH4:O2 ratio.

Some of the trends in activity and selectivity with CH4:O2
ratio and reaction temperature are different for the alumina-
supported Sm2O3 catalysts compared with the unsupported Sm2O3
NPs. While the CH4 conversion increases with decreasing CH4:O2
ratio, just as for the unsupported Sm2O3 NPs, the C2 selectivity
either increases or is not changed significantly with decreasing
CH4:O2 ratio over the alumina-supported Sm2O3. This trend in
selectivity is in contrast to what is normally observed over OCM
catalysts, and may  be due to different contributions from Sm2O3
and Al2O3 at the various CH4:O2 ratios. The effect of reaction tem-
perature is also different between the unsupported and supported
Sm2O3 catalysts. Increasing the reaction temperature from 740 ◦C
to 800 ◦C increases both the CH4 conversion and C2 selectivity
over the Sm2O3/p-Al2O3 catalysts. Therefore, while the unsup-
ported Sm2O3 NP catalysts are superior at a reaction temperature
of 740 ◦C and higher CH4:O2 ratios (9:1 and 7:1), at 800 ◦C and a
CH4:O2 ratio of 4:1 the Sm2O3/p-Al2O3 catalysts can outperform
the Sm2O3(N)-ME NP catalyst and compete with the other Sm2O3
NP catalysts.

Evidently, the performance of the Sm2O3/p-Al2O3 catalysts is
dependent on the preparation method. The worst performing cat-
alyst is the Sm2O3/p-Al2O3-OM catalyst, where the preformed
Sm2O3 nanoparticles, prepared using the oleate method, are
deposited onto the p-Al2O3 support using incipient wetness
impregnation. Both the activity and the selectivity are lower on
the Sm2O3/p-Al2O3-OM catalyst, although the main reason for
the inferior performance is the significantly lower C2 selectivity
compared to the other Sm2O3/p-Al2O3 catalysts. Of  the three cat-
alysts, the Sm2O3/p-Al2O3 prepared using the incipient wetness
impregnation of an aqueous samarium nitrate solution (Sm2O3/p-
Al2O3-IM) has the best performance, since the CH4 conversion is

higher and the C2 selectivity is either similar to or higher than those
obtained over the Sm2O3/p-Al2O3-OM and Sm2O3/p-Al2O3-ME
catalysts.
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Fig. 3. OCM reaction data for Sm2O3 supported on p-Al2O3 prepared using incipient
wetness impregnation of samarium nitrate (aqueous solution, IM)  and a hexane dis-
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ersion of Sm2O3(N)-OM nanoparticles (OM) as well as a modified microemulsion
ethod (ME). The numbers in the boxes indicate the CH4:O2 feed ratios, i.e. 4:1, 7:1

nd 9:1. (A) reaction temperature of 740 ◦C and (B) reaction temperature of 800 ◦C.

Compared to the Sm2O3 NPs, the CO2:CO product ratios are
ower over the Sm2O3/p-Al2O3 catalysts, as significantly more CO is
ormed over the supported catalysts. In most cases, the C2H4:C2H6
atio is also lower for the supported catalysts. Only at a CH4:O2
atio of 4:1 is the C2H4:C2H6 ratio higher for the Sm2O3/p-Al2O3-IM
atalyst compared with the unsupported catalysts. This is also true
or the Sm2O3/p-Al2O3-OM catalyst but only at a reaction temper-
ture of 800 ◦C. Clearly, the presence of an Al2O3 support alters the
roduct distribution and results in lower C2 yields, but the differ-
nce in C2 yields is not as large as may  be expected from an acidic
upport, and, moreover, the yield per gram of Sm2O3 is higher for
he Sm2O3/p-Al2O3 catalysts compared with the Sm2O3 NPs. This
ndicates that Al2O3 may  be considered as a support in OCM reac-
ions, and it is possible that if the Al2O3 is doped to reduce the
cidity of the surface, Al2O3-supported Sm2O3 could be a compet-
tive catalyst.

.1.3. Supported Sm2O3 catalysts – effects of alumina support
Three different alumina supports, p-Al2O3, n-Al2O3(+), and n-

l2O3(−), were selected and loaded with 20% samaria by weight to

etermine the effects of alumina properties on Sm2O3/Al2O3 cata-

ysts. These supports were chosen to probe the effects of support
urface areas and varying acidic and basic support properties. As
an be seen in Table 1, both the nanoparticle alumina supports
alysis A: General 454 (2013) 100– 114 107

are very acidic (NH3 adsorption = 8–9 standard cm3/g) and have
very few basic sites (CO2 adsorption = 0.6–075 standard cm3/g). In
contrast, the p-Al2O3 support has significantly less acidic sites and
an almost equal number of acidic and basic sites: 1.6 sccm/g NH3
adsorption and 1.75 sccm/g CO2 adsorption, respectively. Further-
more, the p-Al2O3 and n-Al2O3(−) supports have similar surface
areas (260–275 m2/g), while the n-Al2O3(+) has a significantly
higher surface area (695 m2/g).

To faciliate interpretation of the reaction data obtained from
the Sm2O3/Al2O3 catalysts, two alumina supports, the p-Al2O3
and n-Al2O3(−) calcined at 800 ◦C, were subjected to the reaction
conditions to determine any activity originating from the sup-
port. As can be seen in Table 2, the Al2O3 supports do exhibit
some activity. At 740 ◦C and a CH4:O2 ratio of 4:1 the CH4 con-
version over the p-Al2O3 support is similar to that obtained over
the Sm2O3/p-Al2O3-OM and Sm2O3/p-Al2O3-ME catalysts under
the same conditions. However, the conversion to C2 and COx prod-
ucts (i.e. the X∗

CH4
) is lower, indicating that coking occurs over

the bare supports. This is evident in the color change from white to
black after reaction. Also, most of the CH4 reacted over the support
is converted to CO2 or CO. The selectivity to C2 products is only 8.5%
over the p-Al2O3 support.

The n-Al2O3(−) support exhibits a slightly different behavior
compared with the p-Al2O3 support. The CH4 conversion is some-
what lower, but the CH4 conversion to C2 and COx products is
higher, i.e. there is less coking. The latter is clearly evident as this
support is gray rather than black after reaction. The C2 selectivity is
also higher and so is the CO2/CO ratio while the C2H4/C2H6 product
ratio is lower.

The reaction data obtained from Sm2O3 deposited onto the
different Al2O3 supports using the incipient wetness impreg-
nation method of both the aqueous samarium nitrate solution
and the hexane dispersion of Sm2O3-OM NPs are presented in
Figs. 4 and 5. As the trends observed on the Sm2O3/p-Al2O3 cat-
alysts, i.e. the CH4 conversion and C2 selectivity increases with
increasing temperature and decreasing CH4:O2 ratio, are the same
for all alumina-supported catalysts, irrespective of catalyst prepa-
ration method and specific alumina support, only results obtained
at the 4:1 CH4:O2 ratio are presented in Tables 2 and 3 (i.e. the
feed ratio which gives the highest CH4 conversion and C2 selec-
tivity). Despite the differences in specific surface areas as well
as acid and basic properties, the CH4 conversion does not vary
significantly between the various Al2O3 supports. For most condi-
tions, the variations in CH4 conversion between catalysts prepared
using the different Al2O3 supports is close to + - 1%. Thus, the
method of Sm2O3 deposition and the reaction conditions have
larger effects on the CH4 conversion, than the Al2O3 support prop-
erties. The CH4 conversions (14–16%) for the Sm2O3/Al2O3-OM
catalysts are consistent with the conversions obtained from the
bare supports, while the CH4 conversions over the Sm2O3/Al2O3-
IM catalysts are higher (18.5–20.5%). These results suggest that
more support is accessible to reaction on the Sm2O3/p-Al2O3(OM)
catalyst compared with the Sm2O3/p-Al2O3(IM) and Sm2O3/p-
Al2O3(ME) catalysts. The Sm2O3 dispersion is thus likely highest
on the Sm2O3/Al2O3(IM) catalysts and lowest on the Sm2O3/p-
Al2O3(OM) catalysts.

In contrast, the C2 selectivity is strongly influenced by the Al2O3
support. In most cases, catalysts supported on the more acidic n-
Al2O3(+) exhibit a lower C2 selectivity than catalysts supported on
the p-Al2O3 (Table 2 and Fig. 4). The highest C2 selectivity of the
Al2O3-supported catalysts is obtained over the Sm2O3/n-Al2O3(−)-
IM catalyst and this is true for all CH4:O2 ratios at both reaction
temperatures (Fig. 4). The Sm2O3/n-Al2O3(−)-OM also has a higher

C2 selectivity than the other Sm2O3/Al2O3-OM catalysts at most
conditions (Fig. 5). Considering the higher acidity of the n-Al2O3(−)
support versus the p-Al2O3 support, this result is unexpected, but
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Fig. 4. OCM reaction data for Sm2O3 supported on different Al2O3 supports prepared
using incipient wetness impregnation of a hexane dispersion of Sm2O3 (N)-OM
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Fig. 5. OCM reaction data obtained from catalysts prepared using incipient wetness
anoparticles. The numbers in the boxes indicate the CH4:O2 feed ratios, i.e. 4:1,
:1 and 9:1. (A) reaction temperature of 740 ◦C and (B) reaction temperature of
00 ◦C.

ndicates that other support properties also influence the selectiv-
ty. The original surface area can be excluded, as it is similar on
he n-Al2O3(−) and p-Al2O3 supports (Table 1). As for the p-Al2O3-
upported catalysts, the impregnation method using the nitrate
recursor (the Sm2O3/n-Al2O3(−)-IM and Sm2O3/n-Al2O3(+)-IM
atalysts) results in catalysts with considerably higher C2 yields
han the catalysts prepared using the Sm2O3(N)-OM nanoparticles
the Sm2O3/n-Al2O3(−)-OM and Sm2O3/n-Al2O3(+)-OM catalysts),
ue to higher CH4 conversions and C2 selectivities. This result sup-
orts the conclusion that the Sm2O3 dispersion is higher on the
m2O3/Al2O3(IM) catalysts compared with the Sm2O3/Al2O3(OM)
atalysts.

Using the incipient wetness impregnation method of a nitrate
recursor onto the Al2O3 supports (the Sm2O3/Al2O3-IM catalyst
eries), the trends in product distribution appear to be similar
ver the different Al2O3 supports. For example, over the Sm2O3/p-
l2O3-IM catalyst at 740 ◦C the C2H4:C2H6 product ratio increases

rom 0.6 to 1.3 and the CO2:CO product ratio increases from 1.8
o 2.4 with decreasing CH4:O2 ratio (Table 3). These trends are

xpected considering the CH4:O2 stoichiometry of the reactions
CH4 to C2H4 versus C2H6 and CH4 to CO2 versus CO) and are the
ame (with similar product ratios) over the other Sm2O3/Al2O3-IM
atalysts (not shown). Even at a reaction temperature of 800 ◦C the
impregnation of an aqueous samarium nitrate solution on different Al2O3 supports.
The numbers in the boxes indicate the CH4:O2 feed ratios, i.e. 4:1, 7:1 and 9:1. (A)
reaction temperature of 740 ◦C and (B) reaction temperature of 800 ◦C.

trend is the same, only the C2H4:C2H6 product ratios are higher
(for the Sm2O3/p-Al2O3-IM catalyst they increase from 1.3 to 2.7),
which is expected over samaria catalysts [6]. The C2H4:C2H6 and
CO2:CO product ratios vary more with Al2O3 supports over the
Sm2O3/Al2O3-OM catalysts compared with the Sm2O3/n-Al2O3-
IM catalysts. For example, the higher CO2:CO product ratio of
the Sm2O3/n-Al2O3(−)-OM catalyst compared with the Sm2O3/p-
Al2O3-OM catalyst, reflects the higher CO2:CO product ratio of the
n-Al2O3(−) versus the p-Al2O3 supports. This again is consistent
with more Al2O3 being exposed on the OM versus the IM series
of catalysts. Thus, the higher CO2 and CO product concentrations
(lower C2 selectivities), observed over the Sm2O3/Al2O3 catalysts
are due to the Al2O3 support. The best Al2O3-supported catalyst
is the Sm2O3/n-Al2O3(−)-IM, and the main reason is likely that
more of the alumina support is covered by Sm2O3 on catalysts pre-
pared using impregnation with an aqueous solution of samarium
nitrate compared to the other preparation methods. Furthermore,
the C2 selectivity of the n-Al2O3(−) is slightly higher than that of the
p-Al2O3. The Sm2O3/n-Al2O3(−)-IM catalyst can almost compete
with the best pure NP samaria catalyst as the best C2 yield over this

catalyst is 5.6% at 800 ◦C, while it is 7.8% at 740 ◦C (or 6.8% at 800 ◦C)
over the Sm2O3(N)-OM NPs. Since the Sm2O3 content is only 20%
for the Al2O3-supported catalysts, the amount of C2 products pro-
duced per gram of Sm2O3 is more than three times higher over the
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l2O3-supported catalysts compared with the pure Sm2O3 NPs.
herefore, considering the limited supply of “rare earth oxides”,
sing an Al2O3 support can reduce the amount of REO needed and
y modifying the support to, for example, make it more basic, as
ell as adding alkaline earth promoters to the Sm2O3 it should be
ossible to prepare supported samaria catalysts that can signifi-
antly outperform pure Sm2O3 catalysts.

.1.4. Supported Sm2O3 catalysts – effects of calcination
emperature

The effects of calcination temperature on selected supported
atalysts were also investigated by calcining Sm2O3/p-Al2O3-IM
nd Sm2O3/p-Al2O3-ME  catalysts at 1000 ◦C instead of at 800 ◦C.
ables 2 and 3, reveal that the effects of calcination temperature on
he supported Sm2O3 catalysts are dependent on the preparation

ethod. For the Sm2O3/p-Al2O3-ME  catalyst there is a significant
ncrease in C2 selectivity and a slight increase in CH4 conver-
ion after calcination at the higher temperature (Fig. 2B). This is
rue at both reaction temperatures, 740 ◦C and 800 ◦C, although
he percent increase in C2 yield after the calcination at 1000 ◦C
ersus 800 ◦C is higher at 740 ◦C. While this trend is similar to that
bserved over the Sm2O3(Cl)-OM NPs, the increase in selectivity is
ore significant over the Sm2O3/p-Al2O3-ME  catalyst. In contrast,

ver the Sm2O3/p-Al2O3-IM catalyst, there is a slight decrease in
oth CH4 conversion and C2 selectivity after calcination at 1000 ◦C.

While calcination at a higher temperature can be beneficial
or Al2O3-supported Sm2O3 catalysts, it is only under certain cir-
umstances. Therefore, as was the case for the pure Sm2O3 NPs,
ethods other than high temperature treatments are likely to be
ore effective in improving the catalytic activities and selectivities

or Sm2O3/Al2O3 catalysts.

.2. Samaria catalyst characterizations

The unsupported samaria NPs and the Sm2O3/Al2O3 catalysts
ere subjected to catalyst characterizations to determine proper-

ies of importance for the catalytic activities and selectivities and
etermine differences in these properties as a function of prepa-
ation methods and alumina supports used. The results from each
echnique are presented below.

.2.1. BET surface area measurements
The BET surface areas of the prepared Sm2O3 nanoparticles

fter calcination at 800 ◦C are presented in Table 1. The particle
izes calculated using the BET surface areas are included in the
able. It is evident from these results that the oletate method gives
maller nanoparticles (larger BET surface area) than the microemul-
ion method, and, using the oleate method, the NO3

− precursor
esults in slightly smaller particles compared to the Cl− precur-
or. The lower BET surface areas do explain the lower activities
f the Sm2O3(N)-ME and Sm2O3(Cl)-OM NPs compared with the
m2O3(N)-OM NPs, but no simple correlation between the BET
urface area and the activity or selectivity data obtained over the
m2O3 nanoparticles is evident. For example, the Sm2O3(N)-ME
Ps are more active than would be expected from their surface
rea, and the Sm2O3(N)-OM NPs have the lowest activity per m2

f the Sm2O3 NPs even though they are the most active per unit
ass. Since the Sm2O3 nanoparticles were prepared using dif-

erent methods, and there are likely residues from the catalyst
reparation present on the surface of the NPs (which could cover
ome of Sm2O3), it is not expected that there will be a straight
orrelation between the catalytic activity and the surface area of

hese nanoparticles. However, it is also possible that factors other
han the Sm2O3 surface area are important for a high catalytic
ctivity. The results from the Sm2O3(N)-OM NPs calcined at differ-
nt temperatures indicate that this may  be the case. While there
alysis A: General 454 (2013) 100– 114 109

is a significant decrease in surface area from 14.5 m2/g to 1.1
m2/g when increasing the calcination temperature from 800 ◦C and
1000 ◦C, this only results in a small decrease in activity (1% ± 0.5%)
and this is true for all reaction temperatures and reactant feed
ratios. However, there is a significant decrease in the C2 selectivity
at the higher calcination temperature, which indicates that smaller
Sm2O3 particles (higher Sm2O3 surface areas) are beneficial for the
reaction.

As expected, due to the high surface areas of the alumina sup-
ports, the BET surface areas of the supported Sm2O3 catalysts are
significantly larger than those of the Sm2O3 NPs (Table 1). However,
despite the higher original surface area of the n-Al2O3(+) support,
the catalysts supported on the p-Al2O3 exhibit the highest surface
areas. The lowest surface area is obtained from catalysts supported
on the n-Al2O3(−). The p-Al2O3 support is therefore more stable
than the nanoparticle Al2O3 supports during catalyst preparation
and the high calcination temperatures (800 ◦C or higher) used in
the investigation. The higher stability of the p-Al2O3 support is also
evident when comparing catalysts prepared using different meth-
ods. The BET surface areas of the Sm2O3/p-Al2O3 catalysts prepared
using the impregnation or microemulsion techniques vary between
125 and 145 m2/g. In contrast, the BET surface areas of Sm2O3
catalysts supported on Al2O3(+) vary between 80 and 130 m2/g
dependent on which impregnation techniques was  used (Table 1).
The same numbers for the Sm2O3/Al2O3(−) catalysts are 50 and 85
m2/g.

Comparing the different preparation methods on the same
support, it is evident that the incipient wetness impregnation
(IWI) method using the nitrate precursor results in catalysts with
smaller surface areas compared with those prepared using the same
method and the OM NPs. This suggests that the IWI  with the nitrate
precursor blocks more of the pores in the Al2O3 support during the
impregnation and drying steps, so that the reactants are exposed
to less alumina over this catalyst compared with the IWI  using the
OM NPs. This is consistent with the conclusions from the reaction
experiments over the Sm2O3/Al2O3-OM catalysts. Despite the large
differences in surface areas between catalysts prepared using the
same method but different Al2O3-supports, and the similar surface
areas for catalysts prepared using different methods on the same
support, the CH4 conversion vary more with catalyst preparation
method than with the specific Al2O3 support. As no strong corre-
lation was observed between the Sm2O3 surface area and activity,
it is not surprising that the support surface area does not appear to
significantly influence the CH4 conversion.

In contrast, the C2 selectivity varies with both preparation
method and Al2O3 support. Although the reason for this is not due
to the variation in the overall catalyst surface area, the BET data
reveals some interesting properties that are likely important in
these reactions. As the alumina can provide acidic sites that pro-
mote oxidation to undesired COx, optimizing the catalyst synthesis
procedure and use of supports that can provide a high surface area
for the Sm2O3 while at the same time minimize the number of
exposed acidic sites are important. The properties of the p-Al2O3,
n-Al2O3(+), and n-Al2O3(−) are very different and this is evident
in the product distribution from the catalysts on these supports.
However, the preparation method can also have a significant effect
on the selectivity. Due to the high surface area and the acidity
of the n-Al2O3(+), the catalysts on this support in general exhibit
the lowest C2 selectivities. However, the lowest C2 selectivity of
all the Al2O3-supported catalysts is observed over the Sm2O3/p-
Al2O3-OM catalyst at a reaction temperature of 740 ◦C. Comparing
the catalysts prepared using IWI  of OM NPs versus the IWI  of the
nitrate precursor, it is evident that the OM method results in cata-

lysts with significantly lower C2 selectivities. The BET surface area
measurements indicate that this is due to the fact that more of the
Al2O3 support is exposed on these catalysts. The incipient wetness
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Fig. 6. XRD data obtained from Sm2O3 nanoparticles prepared using the oleate
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Fig. 7. A) XRD data obtained from the Sm2O3/p-Al2O3-OM, Sm2O3/p-Al2O3-IM,
Sm2O3/p-Al2O3-ME and Sm2O3/n-Al2O3(−)-OM catalysts after calcination at 800 ◦C.
ecomposition with nitrate and chloride precursors and the reverse microemul-
ion  method using a samarium nitrate precursor. �: indicates peak positions due to
ubic Sm2O3.

mpregnation using the nitrate precursor appears to block more
f the pores on the alumina support compared to the IWI  of the
M NPs. The best C2 selectivities for the supported catalysts are
bserved over the Sm2O3/n-Al2O3(−)-IM catalyst, and the BET data
eveal that this is likely due to the fact that a significant portion
f the acidic alumina support has been covered during catalyst
reparation.

.2.2. XRD measurements
The XRD patterns obtained from the NPs synthesized using the

icroemulsion method (Sm2O3(N)-ME) after calcination at 800 ◦C
s shown in Fig. 6. The main phase identified from the XRD plot is the
ubic form of Sm2O3 with no major impurities. This is important as
he cubic phase has been shown to be more active in the OCM reac-
ion compared with for example the monoclinic phase of Sm2O3
42]. The Sm2O3 peaks are well-defined revealing a highly crys-
alline sample. The average particle size according to the Scherrer
quation (Eq. (6)) is 48.2 nm.  This is significantly smaller than the
article size estimated from the BET surface area measurement and

s likely due to crystal defects in the Sm2O3 nanoparticles, which
ould result in broader XRD peaks. Using the Scherrer equation it

s assumed that the line-broadening is due to particle size effects
nly, and thus resulting in XRD particle sizes that are smaller than
he real average particle size. Furthermore, the presence of XRD
nvisible amorphous Sm2O3 cannot be excluded.

The Sm2O3(N)-OM NPs yield significantly broader XRD peaks
ompared to the Sm2O3(N)-ME NPs (Fig. 6). This is an indication of
maller particles, as would be expected from the larger BET surface
rea of the Sm2O3(N)-OM compared with the Sm2O3(N)-ME NPs.
he crystallite size for the Sm2O3(N)-OM NPs calculated using the
cherrer equation is 14.0 nm,  i.e. significantly smaller than for the
m2O3(N)-ME NPs.

The slightly broadened peaks in the XRD pattern obtained from
he Sm2O3(Cl)-OM NPs are characteristic of the small grain sizes
n the crystalline phase. According to the Scherrer equation, the
verage crystallite size for the Sm2O3(Cl)-OM NPs is approximately
5.4 nm.  While the particle sizes determined from the XRD mea-
urements in all cases are smaller than those calculated using the

ET surface areas, they do follow the same trend, i.e. the Sm2O3(N)-
M are the smallest and the Sm2O3(N)-ME are the largest NPs.

The XRD patterns obtained from the Sm2O3/p-Al2O3 catalysts
re presented in Fig. 7A. While the Sm2O3(N)-OM NPs are cubic
B)  XRD data obtained from the Sm2O3/p-Al2O3-IM and Sm2O3/p-Al2O3-ME  catalysts
after calcination at 1000 ◦C. �: monoclinic Sm2O3, ©:  Sm2O, �: SmO0.656, �: �-Al2O3,
�:  SmAlO3, and �: cubic Sm2O3.

after calcination at 800 ◦C, in the presence of the Al2O3 sup-
port the cubic Sm2O3 appears to undergo a transformation, as no
peak due to cubic Sm2O3 is visible in the XRD pattern obtained
from the Sm2O3/p-Al2O3 catalysts and the Sm2O3 is evidently
less crystalline on the Sm2O3/p-Al2O3 catalysts. In addition to the
broad peaks due to the poorly crystalline �-Al2O3 support, the
XRD patterns obtained from the Sm2O3/p-Al2O3-ME  and Sm2O3/p-
Al2O3-OM catalysts exhibit two  peaks near 2� = 30◦. In contrast, the
Sm2O3/n-Al2O3(−)-OM catalyst exhibits four peaks in this region.
The differences in the XRD patterns obtained from the Sm2O3/p-
Al2O3-OM and Sm2O3/n-Al2O3(−)-OM catalysts, suggest that the
interactions between the Sm2O3 and the Al2O3 are different on
the p-Al2O3 and n-Al2O3 supports. While the presence of mono-
clinic Sm2O3 cannot be ruled out on these catalysts, particularly not
on the Sm2O3/n-Al2O3(−)-OM catalyst, the reference monoclinic
Sm2O3 peaks (JCPDS [42–1464]) are not a good match (Fig. 7A).
The peaks are not due to fully developed mixed metal oxide phases

either, such as SmAlO3 or Sm4Al2O9 [39,43].  However, these peaks
have been observed on a 40% Sm2O3 on Al2O3 catalyst [39], and
may  thus be a precursor to SmAlO3 formation, or they could be due
to Sm-rich SmOx (Fig. 7A). The fact that the XRD pattern obtained
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rom a spent catalyst (not shown), after several hours on stream,
nly shows particle size growth and does not contain any peaks due
o SmAlO3 suggests that the peaks most likely are due to Sm-rich
mOx.

No peaks due to Sm2O3 are observed in the XRD pattern obtained
rom the Sm2O3/p-Al2O3-IM catalyst. Thus, the incipient wetness
mpregnation using the nitrate precursor, results in Sm2O3 on the
urface which is either amorphous or has particle sizes below the
etection limit of XRD. While it is possible that the inferior perfor-
ance of the Al2O3-supported catalysts compared with the Sm2O3
Ps is due to the change in Sm2O3 crystal phase, it is more likely

hat the lower activity and selectivity are due to the lower Sm2O3
ontent and the acidic alumina, respectively, on the Sm2O3/p-Al2O3
atalysts.

After calcination at 1000 ◦C, the Sm2O3/p-Al2O3-IM and
m2O3/p-Al2O3-ME catalysts are much more crystalline (Fig. 7B).
hile some peaks due to �-Al2O3 and cubic Sm2O3 can be observed

n the XRD patterns from these catalysts, the main crystalline phase
s a samarium aluminum oxide (SmAlO3) [41]. Even though the
ransformation from poorly crystalline Sm2O3/�-Al2O3 to SmAlO3
ppears to be similar on both catalysts, the behavior of the
m2O3/p-Al2O3-IM and Sm2O3/p-Al2O3-ME  catalysts with calci-
ation temperature is very different. This could be due to two
pposing effects, i.e. SmAlO3 formation decreases the surface Al2O3

oncentration (a positive effect), but it also decreases the Sm2O3
t the surface (a negative effect). On the Sm2O3/p-Al2O3-IM the
igh-temperature treatment causes particle growth and/or crys-
allization of the cubic Sm2O3 phase. The lower activity on the

ig. 8. TEM images obtained from (A) Sm2O3(N)-OM NPs before calcination (scale bar =
m2O3(N)-ME NPs after calcination at 800 ◦C (scale bar = 50 nm), and (D) Sm2O3/n-Al2O3(
alysis A: General 454 (2013) 100– 114 111

Sm2O3/p-Al2O3-IM catalyst after calcination at 1000 ◦C is there-
fore likely due to a lower Sm2O3 surface area, due to both SmAlO3
formation and Sm2O3 particle growth. In contrast, the Sm2O3/p-
Al2O3-ME  catalyst after calcination appears to consist of other
SmOx phases in addition to the cubic Sm2O3. The effects of these
SmOx phases on the catalytic activity and selectivity are not known,
but they do not appear to be detrimental. It is also possible that the
calcination treatment removes (or redistributes) residues that are
left from the catalyst preparation procedure, residues which could
have resulted in the low initial activity and selectivity observed
over this catalyst after calcination at 800 ◦C.

3.2.3. TEM analysis
TEM images obtained from the Sm2O3(N)-OM NPs before the

calcination step is presented in Fig. 8A. Small nanoparticles with
diameters between 3 and 5 nm and a narrow size distribution
are observed. After calcination at 800 ◦C particle agglomeration
is evident, but there are still particles present with diameters
around 5 nm (Fig. 8B). However, significantly larger particles are
also present and, thus, the particle size distribution is signficantly
broader. The particle sizes appear to be reasonably consistent
with the 14 nm average crystallite size determined from the XRD
data, but there is significant agglomeration which explains the
larger particle size obtained from the BET surface area measure-

ments.

The TEM image for the Sm2O3(N)-ME NPs (post calcination)
reveal highly crystalline NPs with a particle size range between
30 and 50 nm (Fig. 8C). Thus, these particles are larger than

 10 nm), (B) Sm2O3(N)-OM NPs after calcination at 800 ◦C (scale bar = 20 nm), (C)
−)-OM catalyst after calcination at 800 ◦C (scale bar = 50 nm).
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he Sm2O3(N)-OM NPs, but appears to be less agglomerated
fter calcination. The particle sizes from TEM is fairly consistent
ith the average particle size calculated using the XRD data, but

here are significantly larger particles present which again explains
he particle size determined from the BET surface area.

The TEM image of the Sm2O3(N)-OM NPs deposited onto the
lumina support reveal reasonably small Sm2O3 particles dispersed
n the surface of the n-Al2O3(−) support. Due to the difference
n the material (samaria is a high Z material, while alumina is a
ow Z material), it is possible distinguish between the two oxides
Fig. 8D).
.2.4. XPS measurements
XPS spectra were collected from the three Sm2O3 catalysts

upported on the p-Al2O3 to determine the effects of catalyst
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nergy  region, and (C) low binding energy region.
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preparation method on the supported catalysts. The survey spec-
tra are presented in Fig. 9A. To facilitate analysis, the high binding
energy region between 1200 and 900 eV, and the low binding
energy region between 500 and 0 eV are displayed in Fig. 9B and
C, respectively. The main differences between the catalysts are
variations in the relative peak intensities. The Sm2O3/p-Al2O3-
IM has the lowest carbon content. The higher carbon content on
the other catalysts is likely due to residual carbon on the sur-
face from the catalyst preparation, i.e. from the oleate complex
for the Sm2O3/p-Al2O3-OM and from the Tween 80 surfactant for
the Sm2O3/p-Al2O3-ME  catalyst. On a carbon-free basis, or look-

ing only at the Al, Sm and O peaks, the Sm/Al and O/(Sm + Al)
peak area ratios are similar for the Sm2O3/p-Al2O3-ME  and
Sm2O3/p-Al2O3-IM catalysts (Table 4). Perhaps the most impor-
tant difference between the three catalysts is the higher Sm/Al
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Table  4
XPS Compositional analysis obtained from Sm2O3/p-Al2O3 catalyst series.

Catalysta O 1s [%] Sm 3d5/2 [%] Al 2p3/2 [%] C 1s [%] Na 1s [%] Sm/Al Ratio O/(Sm + Al) Ratio

Sm2O3(N)/p-Al2O3-OM 57 11 20 12 – 0.55 1.84
Sm O (N)/p-Al O -ME 58 7 23 11 1.5 0.30 1.96

positi

p
T
c
n
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d
l
p
s
B
S
N
a
a
h
m
g
p
c
c
S
e
s
o
W
S
t
M

F

2 3 2 3

Sm2O3(N)/p-Al2O3-IM 63 7 24 

a The following atomic sensitivity factors were used in the calculation of the com

eak area ratio observed on the Sm2O3/p-Al2O3-OM catalyst.
hus, there is more Sm2O3 in the near surface region on this
atalyst compared with the other Sm2O3/p-Al2O3 catalysts. This is
ot necessarily due to a higher Sm2O3 surface area on the Sm2O3/p-
l2O3-OM catalyst, as it may  simply mean that more Sm2O3 is
eposited onto the outermost surface of the p-Al2O3 support. The

ower intensity of the Al peaks obtained from this catalyst, com-
ared to the Sm2O3/p-Al2O3-IM and Sm2O3/p-Al2O3-ME  catalysts,
upports this conclusion (Fig. 9 C). This is also consistent with the
ET surface area measurements on the Sm2O3/p-Al2O3-OM and
m2O3/p-Al2O3-IM catalysts. It is possible that the Sm2O3 (N)-OM
Ps do not enter the pores of the p-Al2O3 as efficiently as the
queous solutions of samarium nitrate in the Sm2O3/p-Al2O3-IM
nd Sm2O3/p-Al2O3-ME  catalysts. So, while the outermost surface
as more Sm2O3 exposed, the small pores of the alumina support
ay  have more alumina exposed, which would be accessible to

as phase methane and oxygen. This in turn would explain the
oor selectivity of this and the other Sm2O3/Al2O3-OM catalysts
ompared with the Sm2O3/p-Al2O3-IM and Sm2O3/p-Al2O3-ME
atalysts. The lowest Sm peak intensities are observed over the
m2O3/p-Al2O3-ME catalyst and this is mainly due to the pres-
nce of sodium on the surface of this catalyst. More residual
odium (from the catalyst preparation) is present on the surface
f this catalyst compared to the other Sm2O3/p-Al2O3 catalysts.

hile the Sm/Al ratio in the near surface region is similar on the

m2O3/p-Al2O3-IM and Sm2O3/p-Al2O3-ME  catalysts, it is possible
hat the Na covers both Sm2O3 and Al2O3 on the Sm2O3/p-Al2O3-

E catalyst. The lower Sm peak intensities in the survey spectrum
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ig. 10. High-resolution XPS spectra of the (A) Sm 3d5/2 and (B) O 1s peaks obtained from
6 – 0.29 2.03

on: O 1s = 0.711, Sm 3d5/2 = 2.907, Al 2p = 0.193, C 1s = 0.296, Na 1s 1.685 [44].

obtained from the Sm2O3/p-Al2O3-ME  catalyst indicate that this
is the case. As alkaline earth metal ions often are used to pro-
mote Sm2O3-based OCM catalysts, this is likely the reason why
the Sm2O3/p-Al2O3-ME  catalyst has the highest C2 selectivity of
the Sm2O3 catalysts supported on p-Al2O3. However, the large
amount of Na on the surface of this catalyst probably blocks some
of the Sm2O3, which would explain the lower CH4 conversion
compared with the Sm2O3/p-Al2O3-IM catalyst. It is likely that
the heat treatment at 1000 ◦C immobilizes the Na and causes a
redistribution of the Na on the surface of the Sm2O3/p-Al2O3-ME
catalyst, so that more Sm2O3 is present at the outermost surface
compared with before the heat treatment. This together with a
potential promoting effect of the Na on the Sm2O3 can explain
the improved performance of this catalyst after calcination at
1000 ◦C.

The high-resolution XPS scans of the Sm 3d5/2 and O 1s regions
are shown in Fig. 10A  and B, respectively. The Sm 3d5/2 bind-
ing energy of 1083.0 eV is within the reported range [44]. The
Sm 3d5/2 peak obtained from the Sm2O3/p-Al2O3-IM catalyst is
slightly broader than the Sm 3d5/2 peaks obtained from the other
Sm2O3/p-Al2O3 catalysts. This is due to an increased intensity at
higher binding energy and could indicate stronger interactions with
the alumina support on this catalyst. The O 1s binding energy of
531.3 eV is expected for O 1s in Al2O3. All O 1s peaks are slightly

broadened on the high binding energy side, revealing presence
of surface hydroxyl groups and possibly carbonate species. The
presence of carbonate species is expected over rare earth oxide
catalysts.
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 the Sm2O3/p-Al2O3-IM, Sm2O3/p-Al2O3-OM and Sm2O3/p-Al2O3-ME  catalysts.
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. Conclusion

The reaction data obtained from the Sm2O3 NPs reveal that the
maller particle sizes of the Sm2O3(N)-OM NPs result in higher CH4
onversions and C2 selectivities at nearly all conditions used in the
nvestigation. The highest C2 yield obtained over this catalyst was
.8% at a CH4:O2 ratio of 4:1 and a reaction temperature of 740 ◦C
ith a GHSV of 880 h−1. This is not an impressive yield, but it can

e significantly improved using typical dopants, such as alkaline
arth metals. While several catalysts can produce a reaction yield
reater than that obtained over samaria, it remains one of the best
erforming single compound OCM catalysts [9].  Calcination of pure
m2O3 NPs at 1000 ◦C instead of 800 ◦C results in particle sintering
nd thus a lower surface area with a concomitant reduction in both
ctivity and selectivity. Only under certain conditions, and if the
atalyst is prepared using a chloride precursor, is there a positive
ffect from a higher calcination temperature, but the best perform-
ng catalyst is still the Sm2O3(N)-OM NPs prepared using a nitrate
recursor.

As rare earth oxides are in limited supply, finding ways to min-
mize the samaria content in a catalyst while still maintaining
he benefits of the pure compound are of great interest. While

 typical Al2O3 support is not expected to yield highly selective
atalysts, they are readily available with high surface areas. There-
ore, three different Al2O3 supports with varying properties were
nvestigated to determine if Al2O3 is a viable support. The Al2O3-
upported catalysts do exhibit a lower C2 selectivity, likely due to
articipation from acidic sites on the support, which increases COx

ormation. In particular, there is significantly more CO produced
ver the supported catalysts compared with the Sm2O3 NPs. The
atalyst preparation method appears to influence the CH4 conver-
ion more than the specific Al2O3 support used, despite significant
ifferences between the Al2O3 support surface areas and acidic
nd basic properties. In contrast, the C2 selectivity depends on
oth the catalyst preparation method and the Al2O3 support used.
he best supported catalyst is obtained by impregnating the n-
l2O3(−) support with an aqueous solution of samarium nitrate.
s the C2 selectivity increases with reaction temperature between
40 ◦C and 800 ◦C over the supported catalysts, the highest C2 yield

s obtained at a CH4:O2 ratio of 4:1 and a temperature of 800 ◦C.
he impregnation method using the nitrate precursor likely yields
he smallest Sm2O3 particles on the surface of the Al2O3 supports,
hile at the same time blocking a significant portion of the highly

cidic, COx producing, alumina sites. The CH4 conversion over the
m2O3/Al2O3(−)-IM catalyst is the same as over the Sm2O3(N)-OM
the best performing pure Sm2O3 NP catalyst), but the C2 selec-
ivity is slightly lower. While the C2 yield per gram of catalyst is
ower for the supported catalysts, the C2 yield per gram of Sm2O3
s higher over several of the Al2O3-supported catalysts. Therefore,
y selectively blocking some of the acidic support sites, it will be
ossible to increase the C2 selectivity and thus make the catalysts
ven more effective per unit weight of Sm2O3, and render Al2O3 a
iable catalyst support for the oxidative coupling of methane.
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