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The effect of rare earth oxides as dopants on the Pt-governed oxidative coupling of methane (Pt-OCM) is investigated.
The addition of 20 wt.-% of La-, Nd-, Sm-, and Pr-oxides to the support benefits the C, product selectivity and offers the
potential to enhance the catalyst stability. Compared to the reference catalyst Pt/Al, O3, the addition of Sm,Os increased the

total selectivity by up to 23 %. Furthermore, La,O5 addition was found beneficial with respect to the (thermal) stability of

the catalyst. Dopant content variations uncovered that the catalyst formulation with 20 wt.-% La,O; represents an optimum

regarding performance and stability.
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1 Introduction

The simplest hydrocarbon, methane (CH,), which nowa-
days originates not only from fossil natural gas [1], but
also from fermentation of biomass [2] and power-to-gas
processes using renewable energy [3], plays a key role in
chemical industry. It is of great interest for a variety of dif-
ferent applications such as (bio-)methane pyrolysis [4-6],
dry reforming [7, 8], or catalytic partial oxidation (CPOX)
for syngas production [9, 10]. The main obstacle for any
of these processes is the comparably strong C-H bond of
the CH4 molecule, necessitating either high energy input or
suitable catalysts for C-H bond scission [11]. In the con-
text of CPOX, mainly platinum group metals (PGMs) like
Pt and Rh [10, 12] are applied for CH, activation, although
also non-precious metals like Ni [13] or V [14] were shown
to be active. Downstream process steps allow to convert the
syngas into value-added products, e.g., production of olefins
and aliphatic compounds via the Fischer-Tropsch-process
[15]. However, a direct conversion of methane to value-
added chemicals would have an even higher economical and
also ecological appeal.

In contrast to many other methane conversion routes,
oxidative coupling of methane (OCM) directly yields C,
products, which are of great interest and need in the chem-
ical industry [16, 17], thus making OCM an attractive route
for CH, upgrading to higher-value products [17, 18]. In
1982, Keller and Bhasin [19] discovered OCM for C, species
production and investigated several metal oxide catalysts
supported on «-Al,Os. Since then, many different cata-
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lysts [20-22] and operation conditions [23, 24] have been
evaluated. One of the most frequently used systems in
recent publications is Mn-Na,WO,/SiO, [25, 26], which
predominantly yields ethane (C,Hs) and ethylene (C,Hy4)
with comparably high C, selectivity (>70 %) but only low
methane conversion rates (<40 %) [26].

Notably, mechanistic studies by Lunsford [27] propose
an interplay between both homogeneous and heterogeneous
catalysis during OCM, with metal surface sites serving as
active centers for methyl radical (CHj;*) generation and sub-
sequent recombination of these radicals in the gas phase to
form C,Hp. In the context of the Mn-Na, WO,/SiO; catalyst,
Zhou et al. [28] investigated several transition earth oxides
for their CHj* generation capability and showed that rare
earth oxides (REOs), especially Sm,O3, can increase the C,
selectivity by enhancing the formation of CHj* radicals.

As demonstrated by Hohn et al. [29], the operation of Pt-
and Rh-based catalysts at high space velocities and thus low
residence times mainly yields acetylene (C,H;) instead of
C,Hg and C,H, at comparably high methane conversions
well above 50 %. Due to high temperatures resulting from
the simultaneously ongoing CPOX at very short contact
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times, the reaction runs autothermally and consequently an
additional energy input becomes obsolete. Recent studies by
Chawla et al. [30, 31] combining experiments and simula-
tions underscore that methyl radicals play a key role during
Pt-catalyzed OCM (Pt-OCM). These CHj* species mainly
originate from homogeneous gas phase chemistry that is
enabled by the high reaction temperatures, and their for-
mation typically involves the attack of an H radical, an OH
radical, or an O radical on the CH, molecule. Overall, high
CH, conversion, high C,H, selectivity, additional syngas
formation, and the possibility of establishing an autothermal
process make Pt-OCM particularly attractive for poten-
tial industrial applications. However, for industrial viability
the durability of the catalyst materials in demanding high-
temperature reaction environments as well as the product
selectivities need to be improved.

In this context, the present study aims at improving the
C, product selectivities, in particular to the main C, prod-
uct CH,, as well as the catalyst stability during Pt-OCM.
For this, REOs that can contribute to methyl radical for-
mation are added as dopants to Pt/y -Al,03-OCM-catalysts
by preparing REO/y-Al,O3 support materials in different
weight shares using La, Sm, Pr, and Nd as rare earth metals
and subsequent impregnation with Pt. After washcoat-
ing of monolithic substrates, the resulting catalyst samples
are tested for their activity and product selectivity in a
kinetic test bench. An undoped Pt/y-Al,O;-catalyst serves
as reference.

2 Methodology and Experimental Setup
2.1 Sample Preparation

Depending on the desired amount of REO in the sam-
ple, two different methods were used for powder catalyst
preparation. For REO contents <40 wt.-%, incipient wetness
impregnation (IWI) was applied. For this, the respective rare
earth nitrate (REN) and the platinum precursor were dis-
solved together in an amount of deionized water equal to
the pore volume of y-Al,O3 (Puralox, Sasol; calcined for
5 h at 700 °C) that served as a basis for the support. The
different precursors used are given in Tab. S1 (Supporting
Information). The resulting sample was dried at 80 °C for at
least 4 h and afterwards calcined for 5 h at 500 °C, both in
static air. Samples with an REO content > 40 wt.-% were
synthesized by coprecipitation (CP). For this, both REN
and alumina nitrate were dissolved in deionized water in
the desired weight ratio. Under continuous stirring, concen-
trated NaOH was slowly added to the solution until reaching
a pH value of about 9. The resulting gel-like liquid obtained
after additional 2.5 h of stirring was subsequently filtrated
and washed with deionized water until the pH value of the
filtrate was at about 7. After 4 h of drying at 80 °C, the
obtained solid was calcined for 5 h at 700 °C in static air.
After an IWT of the platinum precursor, the powder catalyst
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was calcined for 5 h at 500 °C in static air. As a refer-
ence, one sample with pure La,0O3 as support was prepared
analogously via IWL

Subsequently, the samples were coated onto cordierite
honeycomb monoliths (Corning, length | = diameter d =
10 mm, 400 CPSI) according to the method described by
Karinshak et al. [32]. After mixing the catalyst powder with
deionized water and a binder (AIO(OH), boehmite, Disperal
P2, Sasol) in a ball mill (Pulverisette 6, Fritsch) for 2x5 min
at 300 rpm with 10 min pause between the two consecutive
milling runs, the resulting slurry was carefully coated onto
the monolith until an active metal loading of 30 g ft~> was
reached. The monolithic sample was subsequently calcined
for 5 h at 550 °C in static air. As the Pt-loading is 1 wt.-% for
all samples, the nomenclature of the final catalyst used here-
inafter refers only to the dopant content, e.g., 20Sm refers
to 1 wt.-% Pt/20 wt.-% Sm,0O3/Al,0; and 100Al refers to
1 wt.-% Pt/AlL,Os.

2.2 Catalytic Activity Test

Activity tests were conducted in a test-bench that was
already described in detail in a previous publication [30].
The diluent N, was premixed with CH4 and O, and pre-
heated to 190 °C before entering the reactor located in a
furnace. The reactor itself consists of quartz glass and has
an inner diameter of 20 mm but is reduced to 10 mm at
the reaction zone, where the monolithic catalyst is located.
The furnace was heated to 500 °C during the duration of an
experiment. For beneficial heat transfer, an uncoated mono-
lith (heat shield) was placed 10 mm upstream of the catalyst.
A type-S thermocouple 5 mm downstream of the catalyst
monitors the temperature inside the reactor. The effluent
gas was cooled to 190 °C, diluted with additional N, behind
the reactor (improves the signal-to-noise ratio in the ana-
lyzer) and analyzed in an online Fourier-transform infrared
spectrometer (FTIR, MultiGas 2030, MKS Instruments).

A paramagnetic oxygen detector (Magnos28, ABB
GmbH) monitored the oxygen consumption during the
reaction and an NO dosage unit behind the reactor allowed
to introduce NO as a tracer gas to account for volume
changes of the gas stream due to the reactions taking place.
Based on the carbon and oxygen balances we generously
estimated the error regarding the cumulated C-containing
species as £7 % and the error regarding the cumulated
O-containing species as £20 % in the worst case. The
error from misdosage of the mass flow controllers (MFCs,
Bronkhorst) that were used for feeding CHy, O,, and N,
was considered low, as the MFC calibrations were con-
firmed on a regular basis. In contrast, disadvantageous
signal-to-noise ratios for the gas species in the FTIR ana-
lyzer were considered most relevant; the fluctuations of CO,
concentration data were particularly pronounced. Since the
paramagnetic oxygen detector provides reliable online data
only in the percentage range, the uncertainty regarding O,
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concentration increases with rising oxygen consumption
and contributes substantially to the error in the O-balance.

While the N, content was varied in order to find the most
advantageous reaction conditions, all experiments were run
at a GHSV of 458 000 h™ and a C:O ratio of 0.55. These
values were found as optimum during a broad parameter
study to be published soon. Once starting the experiment
at 80 vol.-% N, in feed, the reaction ignites and runs
autothermally.

2.3 Characterization of the Catalyst

Elemental analysis of the sample composition, namely,
Pt- and dopant content, was done by inductively cou-
pled plasma optical emission spectroscopy (ICP-OES) in an
iCAP 7600 DUO analyzer (Thermo Fisher Scientific). X-ray
diffraction (XRD) patterns provide structural information
and were obtained in a Bruker D8 Advance diffractome-
ter using Cu-Ko radiation with a wavelength of 1.54 A and
scanning from 20° to 80° in 0.016° steps, and in a PANalyti-
cal X’Pert Pro diffractometer using Cu-Ke radiation with a
wavelength of 1.54 A and scanning in a range from 20° to
80° with a step size of 0.017° and a step time of 1 s.

N, physisorption was conducted in a BELSORP-mini II
(BEL Japan, Inc.) to analyze surface properties of the
powder catalysts, which were pretreated by degassing at
300 °C for 2 h. The surface area was determined by the
Brunauer-Emmett-Teller (BET) method [33] based on the
adsorption-desorption curves. Analogous to previous stud-
ies [34-36], CO chemisorption measurements were carried
out in a continuous flow reactor operated at atmospheric
pressure and equipped with an infrared analyzer (X-Stream
Enhanced XEGK compact gas analyzer, Emerson Electric
Co.) that monitors the CO and CO, content of the reaction
gas. After placing the quartz glass tubular reactor loaded
with the catalyst inside a furnace, the catalyst was oxidized
at 500 °C for 20 min in air, cooled to 400 °C in N, and sub-
sequently reduced with 4 vol.-% H, in N, for 60 min. After
the reductive period the reactor was cooled down to 25 °C in
N, and exposed to 1 vol.-% CO in N, for 60 min to ensure
coverage of all active sites by CO. After flushing (60 min)
to remove gas phase CO, a temperature-programmed des-
orption (TPD) of pre-adsorbed CO yielded the noble metal
dispersion under the assumption of a CO:Pt adsorption
stoichiometry of 1:1 [37].

3 Results and Discussion

3.1 Variation of the REO Dopant

In order to evaluate the impact of different REO dopants
on the OCM activity of Pt/Al,O;-based catalysts, samples
doped with La,0;, Sm,03, Nd, O3, and PrsOy; were sub-

ject to kinetic testing. For the sake of comparability, the
REO loading of 20 wt.-% was kept constant for all sam-
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ples. The results of the kinetic tests are summarized in
Fig. 1 (CH4 conversion, C, species selectivity), Fig. 2 (CO
and H,O selectivity, temperature), and Fig. SI in the Sup-
porting Information (CO, selectivity). Fig. 1A shows the
total C, selectivity of the REO-doped samples as well as of
Pt/Al,O5 that serves as a REO-free reference sample. Irre-
spective of the catalyst formulation, the C, selectivity rises
with decreasing N, dilution until reaching a maximum that
is found at 50 vol.-% N, for almost all samples. Therefore,
catalyst operation conditions with 50 vol.-% N, in the feed
will serve as reference point throughout this study. 20Pr is
the only sample that behaves differently and which has its
maximum at 45 vol.-%. Among the samples tested herein,
the Sm-doped catalyst (20Sm) achieves the highest C, selec-
tivity of 11.2 %, followed by 20Nd with 10.8 % and 20La with
10.3 %.

Figs. 1B-D illustrate the selectivity of each individual C,
product. C;Hg selectivities (Fig. 1B) are generally very low
(<1 %) and decline to almost zero for dilutions lower than
55 %. Only two data points exceed 1 %, namely, 20Nd at
55 vol.-% dilution with 1.01 % and 20Pr at 50 vol.-% dilu-
tion with 1.22 %. Irrespective of the catalyst formulation,
the formation of C;H, (Fig. 1C) starts at 75 % dilution and
remains at about 2 % during the N, content variation. In
analogy to the trends observed for S(C,Hg), 20Nd and 20Pr
reach S(C,H,4) maxima of 4.8 % at 55 vol.-% dilution and
5.6 % at 50 vol.-%, respectively. Notably, 20Pr and 20Nd
show deviances also for S(C,H;) (Fig. 1D) under these oper-
ation conditions, as the selectivities drop at 50 vol.-% and
55 vol.-% N, dilution, respectively. Except for these two dat-
apoints, the stepwise decrease of the N, dilution results in a
selectivity towards C,H, that clearly exceeds the selectivity
towards C,H, and C,Hg for all catalysts tested. The highest
S(C,H;) of 8.5 % is found for 20La at 50 vol.-% dilution.

To set the product selectivities in relation, Fig. 1E shows
the corresponding methane conversion for the different
catalyst samples. Except for 20Pr at 50 vol.-% dilution
(X(CHy4) = 77 %), all catalysts convert more than 80 % of
CH, under all conditions applied. In general, CH, conver-
sion rises with decreasing N, dilution, drops at moderate
N, dilutions reaching a local minimum at 55 vol.-% and
rises again if the dilution is further decreased (Fig. 1E).
Note that methane conversions between 87 % and 92 %
are found for the operation conditions that result in max-
imum C, selectivity. However, the maximum C, selectivity
does not necessarily correspond to the highest CH4 conver-
sion observed. Although we assume that uncertainties due
to noisy raw data (see Sect. 2.2) may contribute to this obser-
vation, also chemical effects as well as the temperature in the
reactor play a key role as discussed below in more detail.

In contrast to the C, selectivity, the catalyst formula-
tion has an only minor impact on the CO selectivity and
the trends during the dilution variation are very similar
(Fig. 2A), whereas those for H,O vary strongly (Fig. 2B). In
particular, at the highest dilution of 80 vol.-% of N, in the
feed there is a difference of approx. 10 % in CO selectivity
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Figure 1. Various product parameters as (A) total C; selectivity, (B) CH, conversion, (C) C;H;, (D) CoHg, and (E) CoHg selectivity versus
N content in feed at a GSHV of 458 000 h™' and a C:O ratio of 0.55 for the investigated catalysts.

between the undoped 100Al sample that exhibits the high-
est CO selectivity of 68.4 % and 20Pr with the lowest CO
selectivity of 59.8 %. Aside from the fact that the shape of
the selectivity curve is identical, the difference between the
highest and the lowest value reduces to only 1 % at 50 vol.-%
N, dilution. The continuous decrease in CO selectivity if the
dilution is decreased from 60 vol.-% onwards might then be
the result of the temperature increase in the reactor (Fig. 2C)

that promotes the OCM reaction and therefore C, species
formation rather than the CPOX reaction resulting in CO
formation.

As underscored by the data in Fig. 1A, C, formation is
promoted indeed and particularly the formation of C,H,,
which is the most stable C, product at these temperatures
[38], increases (Fig. 1B). Moreover, REO-containing samples
tend to yield higher water levels than the reference catalyst

A B C
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Figure 2. (A) CO selectivity, (B) H,O selectivity, and (C) downstream temperature versus N, content in feed at a GSHV of 458 000 h™'

and a C:O ratio of 0.55 for the investigated catalysts.
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100Al (Fig. 2B); the most pronounced difference is found at
50 vol.-% dilution, namely, S(H,O) of 25.3 % for 100Al ver-
sus 53.1 % for 20Pr. Presumably, the higher water levels are
a consequence of the REO-promoted dehydrogenation of
ethane that is formed as intermediate product during OCM
[39, 40], and subsequent oxidation of the evolving H,. Last
but not least, CO, is formed as a byproduct (Fig. S1). Despite
the rather pronounced fluctuations of the CO, concentra-
tion data obtained from the FTIR analyzer, the selectivity
trends clearly suggest that CO, formation declines with
decreasing dilution, which directly corresponds to the rising
C, species levels (Fig. 1A) enabled by the rising temperature
in the reactor (Fig. 2C).

The majority of the doped samples show an approx-
imately 100 °C higher downstream reaction temperature
compared to 100Al (Fig. 2C). Since sufficiently high tem-
peratures were reported as prerequisite for methyl radical
formation, subsequent gas phase recombination to form
C,Hs, and subsequent dehydrogenation [27, 29-31], this
more pronounced heat evolution is, in addition to methyl
radical production from heterogeneous reaction pathways,
an important factor that enables the higher C, selectivities
observed over the REO-doped catalyst samples (Fig. 1A). In
this context, the temperature trends of 20Nd and 20Pr stand
out in the data shown in Fig. 2C. They exhibit a pronounced
drop at 55 vol.-% and 50 vol.-% dilution, respectively, which
directly corresponds to the C, product species composition
obtained (Figs. 1B-D). The correlation between temperature
and product species is most pronounced for the formation
of acetylene (Fig. 1B), which is the most stable of the three
C, species at high temperatures [38]. Moreover, the CH,4
conversion drop observed for almost all samples (Fig. 1E)
is also related to the increasing temperature (Fig. 2C). This
conversion drop is most significant for 20Pr and 20Nd, for
which simultaneously a S(C,H,) drop and both a S(C,H,4)
and S(C,Hg) rise occur, which is not observed for any other
sample. On the other hand, 20La is the only catalyst that
shows a continuous trend in methane conversion over the
dilution variation.

The correlation between the temperature, the conversion
of oxygen, and the product composition became particularly
clear in recent mechanistic studies by Chawla et al. [30, 31].
On the one hand, oxidation reactions typically consume the
majority of O,, which results in pronounced heat evolution.
OH or O radicals, which form under these harsh conditions,
attack CHy4 and result in methyl radical formation. How-
ever, despite the high oxygen content in the feed gas stream,
also pyrolytic reaction pathways become relevant, during
which H radicals attack CH4 molecules to form species [31].
Herewith, the OCM reaction mechanism exhibits parallels
to reactions taking place during non-oxidative coupling of
methane (NOCM) [18, 41, 42]. Since oxygen was essentially
fully converted under most of the conditions applied in
this study, it is assumed that both oxidative and pyrolytic
pathways are relevant over the REO-doped catalyst samples
investigated herein.
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In summary, REO addition to a Pt/Al,0; OCM catalyst
was found to be beneficial, as the C, selectivity was at least
equal to the reference sample 100Al at high dilutions and
promoted at lower dilutions. As for both Pt-OCM [30] and
REO-driven OCM [28] a dependency on gas phase reactions
and thus methyl radical formation was reported previously,
one can deduce that for our catalyst systems these effects
occur simultaneously, hereby improving C, formation. Zhou
et al. [28] found Sm,O; as the most effective compound for
CHj;e generation, which outperformed other REOs by far;
however, the same study also revealed La,O3 as the dopant
yielding the highest C, selectivity, followed by Sm,0s. In
our study on Pt-OCM, Sm and Nd were found as most suit-
able dopants enabling the highest total C, selectivity, and
La-doping was found to be almost equally beneficial. More
importantly, 20La showed the highest selectivity towards
acetylene and in contrast to the other samples lacks the
conversion drop around 55 vol.-% N,.

The predominant support compound Al,O; undergoes
a phase change from its y-phase towards the «-phase at
temperatures >1200 °C [43], which are present during Pt-
OCM. Please note that the temperature shown in Fig. 2C
is the downstream temperature monitored with a distance
of about 5 mm from the catalyst and is therefore not rep-
resenting the temperature inside the catalyst itself, which
is likely even higher [29-31]. La,03 is known to stabilize
Al O; by either inhibiting a phase transition or by form-
ing mixed oxides [44-46]. The high-temperature stability
of 20La is most likely related to the ability to delay phase
changes of metal oxide supports at high temperatures, which
makes La a frequently used dopant for Al,O; [47-49]. This
leads to a more stable catalytic system exhibiting a stead-
ier performance without significant drops in activity and
selectivity.

Nevertheless, the comparison of XRD data of the fresh
(Fig. 3A) and the spent catalysts (Fig. 3B) suggests that
like for any other sample a phase change towards o-Al,O3
occurred also for the La-containing catalyst. Although the
data quality impedes quantitative conclusions, one can
assume that exposure of the REO-doped samples to OCM
conditions does not initiate major transformations of the
20 wt.-% REO content, as no rare earth compounds are vis-
ible in the XRD patterns of the spent samples. However, all
samples show the characteristic reflexes of «-Al,O;. Espe-
cially for 20La this means that despite the lanthanum is
aiding the performance and stability of the catalyst, it cannot
prevent the phase change of alumina. More likely it sup-
ports the washcoat micro- and macrostructure, possibly via
the formation of stable mixed oxides, which may maintain
conversion and selectivity throughout the phase change.

Wang et al. [20] investigated the activity of La,O; for
OCM and claim that the lattice oxygen of the lanthanum
oxide significantly contributes to the methyl radical forma-
tion. According to the authors, the C-H bond cleavage is
promoted by the different Lewis acidic and Brenstedt basic
lattice sites (La*>* and O?~, respectively), resulting in an
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Figure 3. X-ray diffractograms of the fresh (A) and used (B) catalysts. Samples with 2 were recorded with the Bruker
XRD, samples with ® with the PANalytical XRD. Please note the disadvantageous signal-to-noise ratio due to the low
sample mass for the used samples.
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interplay with the present oxygen and CHj* species. The
same effects may be relevant also for the catalyst used herein.

Siakavelas et al. [22] examined the addition of La and
Sm to a Li/Ce-based OCM catalyst. For their system, the
REOs increased both the CH, conversion and the total C,
yield, but their catalysts solely yielded C,H, and C,Hs.
Although REO doping of our Pt-based catalyst system
slightly decreased the CH,4 conversion (Fig. 1E), the total
C, selectivity was clearly promoted, in particular C,H,
formation, which is attributed to the higher methyl radi-
cal formation capability of the doped catalyst formulation
[28].

In addition to their contribution to the formation of inter-
mediate species like CHje, the REO doping also impacts the
noble metal particles. Tankov et al. [50] investigated a Pt-
Pr-Al-based catalyst for the dry reforming of methane and
found a positive influence of the REO on the catalytic activ-
ity. They claim that praseodymium oxide increases the Pt
dispersion and facilitates oxidation state changes to metallic
Pt species, which are considered more active for methane
activation than platinum oxide particles. Since Pt® was pos-
tulated to be the active site for methane conversion during
both CPOX and dry reforming [51, 52], one can assume
analogously that a metallic character of our noble metal par-
ticles induced by the REO addition contributes to the high
Pt-OCM activity. Furthermore, an impact of the dopants on
the noble metal dispersion based on our CO chemisorp-
tion measurements can be assumed. Unfortunately, REOs
impede precise and quantitative CO chemisorption experi-
ments [53], as also underscored by our characterization data
(Tab. S2).

Our CO chemisorption data suggest Pt dispersions
well above 100 % for REO-containing samples, which are
attributed to a spillover of CO from the noble metal to the
support, in particular the REO sites. If the dispersion is cal-
culated under consideration of a possible adsorption of CO
also on rare earth metal surface sites, the dispersion val-
ues drop below 10 %, which seems unrealistically low when
the 100Al sample (Pt dispersion of 64 %, Tab. S2) is con-
sidered as reference. Although these data do not allow a
quantitative statement, one can assume that REO addition
results in alteration of the noble metal particle sizes, which
may also be a consequence of the change in specific surface
area. Although surface area and pore volume are expected
to play an only minor role regarding the activity of the
doped samples, a lower surface area of heterogeneous cata-
lysts frequently benefits larger noble metal particles and thus
governs the catalyst performance indirectly.

All REO-containing samples exhibit a surface area of
about 90 m’g™ and a pore volume of about 0.29 cm’g™!
(Tab. S3). Compared to the reference sample 100Al with a
specific surface area Aper = 141.3 m?g™! and a pore volume
V, = 0.42 cm®g™! (Tab. S3), REO doping reduces the surface
area. Nevertheless, the doped catalysts outperform 100Al
especially at high temperatures in terms of S(C,), which
is most likely related to the REO-promoted CHjz* forma-

Chem. Ing. Tech. 2024, 00, No. 0, 1-10

© 2024 The Authors. Chemie Ingenieur Technik published by Wiley-VCH GmbH

tion. Ultimately, elemental analysis uncovered only marginal
variations in the actual Pt loading and confirmed the REO
loading (Tab. S4), hence no significant impact on the catalyst
performance is expected.

3.2 Influence of the La, 03 Content on the
Catalytic Activity

As lanthanum oxide exhibited a particularly positive effect
by stabilizing the catalyst along with an increased selectiv-
ity towards C, species, the lanthanum content in the system
was varied. To determine the optimal amount of La,0s3, the
dopant content was varied and the impact on OCM was
determined by means of kinetic measurements. Fig. 4 shows
the dependency of the different C, product selectivities on
the lanthanum content in the catalyst. As operation condi-
tions 50 vol.-% N, in the feed, a C:O ratio of 0.55, and a
space velocity of 458 000 h™! were chosen, since the 20La
catalyst exhibited its performance maximum under these
conditions (Fig. 1). The reaction over the entirely Al,O;-free
sample 100La did not ignite properly during exposure to the
reactive atmosphere and could not maintain the OCM reac-
tion under the parameters chosen, whereas all other samples
produced C, species.

As depicted in Fig. 4A, the production of C,Hg is negligi-
ble for all catalyst formulations tested. Selectivities to C;Hy
are similar for all samples, ranging from 1.5 % for 20La to
2.0 % for 62La, and C,H, is the main C, product, irrespec-
tive of the catalyst formulation. While the La-free reference
sample as well as the samples with 40 wt.-% and 62 wt.-%
show similar selectivity towards acetylene (7.5 %, 7.8 %, and
7.8%, respectively), 20La exhibits the highest C,H, selectiv-
ity (8.7%) and the highest total C, selectivity (10.3 %) of all
samples. Ultimately, the downstream temperature depicted
in Fig. 4B varies between approx. 1163 °C (62La) and 1218 °C
(40La); notably catalysts that achieve higher temperatures
do not necessarily correspond to higher total C, selectiv-
ity, although high temperatures are vital for methyl radical
formation in the gas phase [31].

As already discussed in the previous section, alumina
seems to play a crucial role in Pt-OCM and appears to be
necessary to run the autothermal Pt-OCM reaction because
the reaction did not ignite properly over 100La. Although
there are several studies on OCM that report relevant C,
species production on pure La,O; which served either as
catalyst or as support material [20, 39, 54], these stud-
ies activate and sustain the OCM reaction via external
heat. In contrast, during our Pt-OCM the activation energy
needed for ignition of the reaction was provided solely by
exothermic oxidation reactions, which allows for autother-
mal operation [30]. Similar to our study, Sarsani et al. [55]
ran OCM under autothermal conditions, however, under
different reaction conditions, namely, a C:O ratio of 2 (ver-
sus 0.55 in our study) and with a La-Ce-based catalyst. In
conclusion, using only La, 03 as support seems not suitable
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Figure 4. Selectivity towards (A) the three different C, species and (B) towards CO and H,0 and the downstream
temperature measured 5 mm behind the catalyst versus the La,O3 content in the used support at 50 vol. % N,

content in the feed, a GHSV of 458 000 h~', and a C:O ratio of 0.55.

for Pt-OCM under the conditions subject to our present
study.

Since the temperature changes are only moderate when
varying the La,O; content (A Tp,, = 55 K), the differences
in the performance regarding C, formation (Fig. 4A) are
attributed to the REO content in the support. These findings
are in analogy to results by Tankov et al. [50], who found an
optimal amount of REO content for a Pt-Pr-Al catalyst sys-
tem that was used for activating the CH4 molecule during
methane dry reforming.

With regard to structural parameters, the addition of
increasing amounts of La,O; to the Al,O5 support leads to
a decreasing surface area (91 m?g™! for 20La versus 48 m?g"!
for 62La; see Tab. S4. However, considering the product
species trends shown in Fig. 4, the surface area seems to be
a factor of minor importance in the context of OCM over
Pt/La,03-Al, 05 catalysts. Furthermore, the XRD patterns of
the fresh as-prepared catalysts (Fig. 3A) show reflexes which
are characteristic for La,O3; and that increase with the La-
loading. Despite a poorer signal-to-noise ratio, these reflexes
persist and do not seem to change also after using the sam-
ples under OCM conditions (Fig. 3B); hence, La,O3 does
not undergo phase changes, which is in line with the stud-
ies on high-temperature stability of La-containing materials
[44-46] as discussed already in the previous section in more
detail.

4 Conclusion

To improve both activity and selectivity of Pt/Al,O3-based
OCM catalysts, the influence of rare earth oxides (REOs) on
the Pt-catalyzed oxidative coupling of methane (Pt-OCM)
was investigated by means of kinetic testing. For this, Al,O3
was doped with various rare earth metal oxides (La,0Os,
Nd, 03, Pr,03, Sm,03) with a loading of 20 wt.-%. In a sec-
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ond step, the La,O; content was varied in order to determine
the optimal dopant amount.

Regarding the total C, selectivity, the REO-doped samples
outperformed the Pt/Al,O; reference sample under most of
the reaction conditions subject to this study. At 50 vol.-%
N, in the feed, the Pt/AL,O; catalyst achieved a total C,
selectivity of 9.1 %, whereas the addition of 20 wt.-% Sm,O;
increased the total C, selectivity to 11.2 %, corresponding to
an improvement of 23 %. Based on findings from previous
studies [27, 28, 30, 31] the beneficial effect of REO addition
was attributed to an enhanced methyl radical formation. The
gas phase recombination of these radicals to form ethane
and subsequent dehydrogenation steps ultimately led to
the desired product acetylene. Furthermore, a pronounced
water formation was observed during the kinetic tests upon
introduction of REO dopants, which could be due to the
oxidation of hydrogen that evolves during dehydrogena-
tion from ethane and ethylene. The exothermicity of the
hydrogen oxidation reaction would also explain the higher
reaction temperature that promotes homogeneous reactions
and benefits the formation of C,H, that is the thermo-
dynamically most favored C, species at temperatures well
above 1000 °C as relevant in this study.

As determined by means of X-ray diffraction and kinetic
testing, samples doped with La,O; exhibit the highest sta-
bility with regard to catalyst structure and performance.
Hence, the La-content was varied in order to evaluate
whether higher REO loadings may promote OCM even
more. 20 wt.-% La,03/Al,03; was determined as the most
suitable support for Pt-OCM, as it yielded way higher C,H,
selectivities than the other samples in the content variation.
Despite the positive influence of La,03, a La,O3-only sup-
port was found to be insufficient for Pt-OCM as the reaction
did not ignite properly and could not be maintained. This
points to a key role of the Pt-Al interface for the OCM reac-
tion, or more specifically for the underlying catalytic partial
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oxidation of methane (CPOX) that provides the heat for the
autothermal reactor operation during OCM.

In summary, the present study can serve as basis for
further research on Pt-catalyzed OCM over novel catalyst
materials. Future operando studies should investigate mor-
phological changes of the support material as well as the
actual impact of the REO on the Pt-OCM mechanism in
more detail, as this will help to derive structure-activity cor-
relations for the heterogeneous catalyst on the one hand and
will provide valuable details on the reactions that take place
on the catalyst surface and in the gas phase on the other
hand. Ultimately, supplementing the present findings with
such detailed knowledge can enable the design of industri-
ally viable catalysts that exhibit high C, selectivity and high
thermal stability.

Supporting Information

Supporting Information for this article can be found under
DOI: https://doi.org/10.1002/cite.202300165. This section
includes references already mentioned in primary literature
relevant for this research [33].

Acknowledgment

The authors gratefully acknowledge O. Deutschmann for
fruitful discussions and support regarding infrastructure, S.
Bastian for technical support regarding the experimental
setup, M. Makowiak and A. Deutsch for N, physisorp-
tion measurements, S. Struzek and A. de Giacinto for
XRD measurements, C. Brown for his assistance with
CO chemisorption measurements (all ITCP, KIT), and
T. Bergfeldt (IAM-AWP, KIT) for elemental analysis via
ICP-OES.

Open access funding enabled and organized by Projekt
DEAL.

Symbols used
AT [K] temperature difference

S(X) [-]  selectivity towards X

Sub- and Superscripts

max maximum
Abbreviations
CP coprecipitation
CPOX catalytic partial oxidation (of methane)
FTIR Fourier-transform infrared spectrometer
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ICP-OES inductively coupled plasma-optical emission

spectroscopy

IWI incipient wetness impregnation
NOCM  non-oxidative coupling of methane
OCM oxidative coupling of methane
Pt-OCM  Pt-catalyzed oxidative coupling of methane
REN rare earth nitrate
REO rare earth oxide
TPD temperature-programmed desorption
XRD X-ray diffraction
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