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Abstract

Catalytic partial oxidation of methane to produce syngas were studied over calcined hydrotalcites of varying Mg/Al ratios
supported Rh catalysts. Hydrotalcites of varying Mg/Al ratios were prepared using their hydroxide precursors and intercalating
them with amino acid lysine. Upon calcination, these hydrotalcites converted into their mixed metal oxides having mesoporosity
and used directly as support materials for the synthesis of rhodium catalysts. Rh dispersion, size of the nanoparticles, and metal-
support interactions were found to strongly influence the activity of the catalyst and their stability. Feed composition, gas hourly
space velocity, and temperature were found to influence the catalyst activity, CO/H, ratio, and CO/CO, selectivity. Alumina and
alumina-rich calcined hydrotalcites exhibit higher catalytic activity, but carbon formation and aggregation were prominent. In
contrast, MgO and MgO-rich calcined hydrotalcite supported Rh catalysts exhibit moderate activity; however, they were resistant
against particle sintering and carbon formation. Long-term testings of these catalysts were carried out, and it was observed that
calcined hydrotalcites of varying Mg/Al ratios supported Rh catalysts were promising candidates as stable and active catalysts
toward catalytic partial oxidation of methane.

Keywords Catalytic partial oxidation of methane - Syngas production - Calcined hydrotalcites - Mg/Al ratio and coking -

Supported Rh catalysts

1 Introduction

Syngas production from the catalyst-mediated partial oxida-
tion (CPOx) is an exothermic reaction, in contrast to other
energy-intensive endothermic reforming processes. The syn-
gas produced from the CPOX reaction consists of a mixture of
H,:CO with ratio of 2, a desirable syngas composition for
downstream processes including methanol and DME synthe-
sis [1-3]. Since CPOx reaction involves methane oxidation as
one of the reaction step, the resultant syngas consists of traces
of CO,, which is very important during the syngas conversion
into methanol [4-6]. Another major advantage of this reaction
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is the possibility of operating this reaction at very high gas
hourly space velocity that enables the intensification of this
reaction into very small scale [7-11]. Due to the exothermic
nature of this reaction, the catalyst bed temperature increases
rapidly, which gives rise to the development of hotspots on the
surface of catalyst. These types of hot spot formations gener-
ally promote the sintering of active metal, which increases the
particle size and ultimately deactivates the catalyst [12—16].
The reactant feed composition is generally maintained at
2:1 mol ratio of CH,4 to O, to maintain catalytic partial oxi-
dation, and this ratio generally leads to the formation of carbon
on the active sites of the catalyst. Carbon deposition-mediated
deactivation is also a major disadvantage during dry and steam
reforming of methane, and the phenomenon of carbon depo-
sition was known to affect catalyst stability during the reac-
tion. Therefore, significant efforts were made to identify stable
catalysts that are resistant to hot spot formation and carbon
formation, which remain challenging. To develop such stable
and coke-resistant catalysts, a molecular level understanding
of the reaction mechanism, hot spot and carbon formation
mechanism is essential. Two kinds of reaction mechanism
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were proposed to explain the methane’s catalytic partial oxi-
dation. The first mechanism involves a two-step pathway, and
the first step involves a complete combustion of a fraction of
methane by the total oxygen present in the reactant feed,
which produces CO, and H,O. The second step is very much
similar to combined dry and steam reforming of methane, and
the combustion products from the first step CO, and H,O
reform the remaining unreacted methane into syngas. The first
step is exothermic and is responsible for the formation of hot
spots, while the second step is endothermic and is responsible
for the carbon formation. Both reaction steps occur at the
different domains of the same catalyst bed; thus, temperature
gradients were formed between the sites that promote the
combustion and sites that catalyze reforming of methane
[14, 15, 17-22]. As the CPOx reaction is generally carried
out using a fixed bed reactor, the front end of the catalyst
bed that promotes the oxidation and combustion stays at rel-
atively higher temperature, as compared with the temperature
of the catalyst bed region where the reforming step occurs. A
second mechanism or direct mechanism was also proposed,
which produces syngas in one step directly without involving
combustion-reforming steps. However, a two-step mechanism
to form syngas has been widely accepted. Therefore, a stable
and active catalyst must have the uniform dispersion of active
sites, strong metal-support interaction as well as resistance
toward coking to make this process efficient and stable. In
the category of non-precious metal catalysts, supported nickel
catalysts have been demonstrated as active catalysts toward
CPOx reaction to produce syngas, but it was observed that
different oxidation states of nickel perform different parts in
steps of surface reaction [14, 21, 23-25]. Syngas selectivity
was observed on the zerovalent Ni active sites, while divalent
Ni sites promote combustion [26]. Distribution of the active
nickel sites between the surface and bulk were also found to
influence the reaction; thus, synthetic procedures play a vital
role in controlling this distribution, which eventually dictate
the catalyst activity. Moreover, the nickel active sites tend to
have poor oxygen tolerance at high temperature; therefore,
oxidation of the metallic nickel sites was difficult to control.
Another disadvantage is that the reforming step on nickel
active site tends to promote carbon formation and to deacti-
vate the site rapidly.

In contrast, supported precious metal catalysts including
Rh catalysts were demonstrated as highly reactive toward
CPOx to form syngas [27-30]. Hot spot formation can be
reduced, and activity can be increased by uniform dispersion
of Rh on suitable supports, and moreover, it can refine metal
support interaction and varying oxidation states. Alkaline
earth supports were known to reduce the carbon formation
due to their basicity, In contrast, uniform dispersion of rhodi-
um can be achieved on acidic sites; thus, alumina supports
were used mainly to improve the dispersion. Mixed metal
oxide supports obtained from the calcination of hydrotalcites
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[17, 31] have both kinds of alkaline earth oxides and acidic
alumina sites. Rh dispersion, particle size, reducibility of ac-
tive metal and product selectivity, can be further improved as
these bifunctional mesoporous metal oxides and monolith
supports were used as catalytic supports [32, 33]. Therefore,
this present work aims to develop rhodium catalysts supported
on hydrotalcites, derived from mixed metal oxides of varying
ratios of Mg/Al (HT1, HT2, HT3, HT4), and compare their
performance against Rh/MgO and Rh/Al,O;. Because of its
enhanced activity over nickel catalyst even with low weight
percentage, rhodium was opted, and moreover, the reducibil-
ity of thodium can be promoted by supports that have different
Mg/Al ratios. To demonstrate this phenomenon, the synthe-
sized catalysts were not reduced under H, stream and used as
synthesized. Therefore, the present study aims to analyze the
role of support characteristics, reducibility of rhodium cata-
lyst, and their variable interactions with the calcined
hydrotalcites for regulating their activity in syngas production
by CPOx of methane.

2 Experimental section
2.1 Catalyst synthesis

Magnesium hydroxide [Sigma-Aldrich, Mg(OH),] and alumi-
num hydroxide [Sigma-Aldrich AI(OH);] precursors were used
by calcining at 550 °C in static air for getting the supports MgO
and AL,O3. Calcined hydrotalcites consist of MgO:Al,O3 in the
ratios of (4.5:0.5, HT1), (3:2 HT2), (1.5:3.5 HT3), and (0.5:4.5
HT4) and were prepared using the following procedure and used
as catalyst supports. The hydroxides [Mg(OH), and Al(OH);]
were mixed in a specific Mg/Al ratio and dispersed in 50 mL of
water. To this dispersion, lysine amino acid (50 mg) was added,
and this mixture was kept under magnetic stirrer for 2 h, for
obtaining hydrotalcites of varying Mg/Al ratios. Subsequently,
to remove water content, these dispersions were transferred to
a hot air oven and dried in air. These dried materials were
further calcined in a muffle furnace at 550 °C and were used
as catalyst supports without any further processing.
Modified homogenous wet impregnation method was used
for depositing 1 wt% of rhodium on these supports. A total
of 50 mg urea and 3 g support were added to the aqueous
solution containing (RhCl3) 1 wt%, and this slurry was
stirred for few hours, and these materials were transferred
to hot air oven for drying. After complete drying of these
materials, these dried catalyst materials were calcined at
550 °C in a furnace for 4 h. Thus, the synthesized catalysts
are referred to as Rh/HT1, Rh/HT2, Rh/HT3, Rh/HT4, Rh/
Al,O3, and Rh/MgO, hereafter. ICP-MPES technique was
used for estimating the Rh content in these calcined mate-
rials. Around 1 wt% of Rh was estimated to be found from
all these samples from the ICP-MPES analysis.
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2.2 Catalyst screening procedure and characterization
procedures

To screen the synthesized catalysts for the CPOx of meth-
ane, a fixed bed reactor setup was used. All the catalysts
were pelletized, and 300 mg of each pelletized catalyst
(sieved to obtain 0.3—-0.5 um) was used for the screening
study and loaded into the fixed bed reactor. As mentioned
in the introduction, these catalysts were not activated or
pre-reduced by hydrogen before the screening. CPOx of
methane over these catalysts were performed in a tempera-
ture range (700-850 °C), GHSVs (66,000-1,10,000
mLh ™' g "), and three different feed compositions. The feed
composition of CH4/O,/N, was varied to 2/1/8, 2.2/1/7.8,
and 1.8/1/8.2 different compositions to study the influence
of feed composition on the catalyst activity.

Long-time testing and the catalyst stability were studied by
testing all the catalysts at 750 °C. Gas products and unreacted
reactant gases were analyzed by the online Shimadzu GC
equipped with TCD and FID detectors using the Varian CP-
PoraPLOT Q column and Varian CP-Molsieve 5A column,
respectively, to calculate methane conversion. CO and H,
ratios were estimated from the product gas analysis, and each
catalyst performance was estimated from these methane con-
version and syngas composition.

X-ray photoemission spectroscopic (XPS) measurements
of the supported Rh catalysts were obtained using a Thermo
K-5 Alpha XPS instrument, and the core spectral levels were
aligned with C 1 s binding energy of 285 eV. Powder XRD
patterns of these supported Rh catalysts were collected using
Bruker D8 machine operated at 40 kV accelerating voltage.
The Micrometrics ASAP2010 instrument was used to obtain
the nitrogen adsorption-desorption isotherms at 77 K, and
surface area, pore volume, and pore diameter of all the catalyst
materials were calculated from these isotherms. Transmission
electron microscopic (TEM) imaging of all these samples was
carried out using the JEOL 1010 electron microscope operated
at an accelerating voltage of 100 kV.

3 Results and discussion

Figure 1 shows N,-sorption isotherms obtained from the MgO
and Al,O3 and calcined hydrotalcite supported Rh catalysts at
77 K. Textural properties including, pore diameter, pore vol-
ume, and surface area were estimated from these sorption
isotherms. The adsorption/desorption isotherms of these ma-
terials and presence of hysteresis in all the materials demon-
strated the presence of mesopores. Calcination of Mg(OH),,
Al(OH)3, hydrotalcites of varying MgO:Al,O;5 ratios led to
the formation of slit-like mesopores due to the removal of
interlayer hydroxides as well as the removal of amino acid
lysine, which was used during the synthesis of catalyst support
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Fig. 1 Nitrogen adsorption-desorption isotherms of Rh/MgO, RhHT1,
Rh/HT2, Rh/HT3, and Rh/HT4 materials

materials. Mesopore fillings were observed at high relative
pressures in the Rh/MgO, Rh/HT1, and Rh/HT2 materials,
which have high MgO:Al,0; ratio.

In contrast, mesopore fillings in the adsorption branch were
observed at lower relative pressures in the case of Rh/Al,O3,
Rh/HT3, and Rh/HT4 materials, which had smaller
MgO:Al,O; ratio. Table 1 shows materials’ textural proper-
ties, and significant changes by varied MgO:Al,0; ratios were
seen. The obtained BET surface area of the materials im-
proved as the MgO:Al,O; ratio of the support decreased.
Addition of aluminum hydroxide to magnesium hydroxide
was known to increase the cationic charge density in each
layer, and the amount of hydroxide ions present in the inter-
layer also increases with the increase in AI(OH); concentra-
tion. Therefore, calcination of these alumina-rich hydrotalcites
led to the removal of more hydroxyl groups, which was the
main reason of high specific surface area of these materials. In
addition, the estimated pore volume and average pore diame-
ter were observed to decrease as the MgO/Al,O5 ratio de-
creased in the case of calcined hydrotalcite supported Rh cat-
alysts. Another interesting aspect that was observed was that
the surface areas of the calcined hydrotalcites were found to
increase after the impregnation of Rh onto these supports.
Because of internalization of rhodium with the structural
framework of calcined hydrotalcite, the surface area would
have been reduced if the rhodium was settled on the surface
as seen to be the same as Rh/MgO and Rh/Al,Os3.

The nature of crystalline phases present in the samples were
studied using the powder XRD patterns obtained from all the
supported Rh catalysts, and the results are given in Fig. 2.
Calcined hydrotalcites (Rh/HT'1, Rh/HT2) supported Rh cata-
lysts rich in MgO phase were crystalline, while Rh/AL,O and
Rh/HT3, and Rh/HT4 were amorphous and less crystalline.
The intense X-ray reflections were assigned to the cubic phase
of MgO, and calcined hydrotalcites also exhibit patterns of
XRD regarding MgO phase. MgO crystalline faces observed
at 20 36.8, 42.7, 61.7, and 78.2° were broadened as the
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Table 1 Textural properties of

Rh/MgO, RWHT1, RWVHT2, R/ Catalyst Pore volume (cm® g ") Pore diameter (nm)  Sgpr (m? gfl) dqiy  Crystallite size (nm)
HT3, Rh/HT4, and Rh/Al,O5

Rh/MgO 0.667 33 65 2.10 16.5

Rh/HT1 0.835 26.2 99 2.10 14.5

Rh/HT2 0.588 13.2 118 2.11 12.5

Rh/HT3 0.433 8.5 126 2.10 14.5

Rh/HT4 0.344 52 163 2.10 9.0

Rh/ALO; 0286 42 171 1.98 8.1

aluminum oxide content became higher in the calcined hydro-
talcite XRD patterns of the support. After impregnation with
Rh catalysts, similar broadening of peaks were observed. But
the diffraction peaks regarding metallic thodium or rhodium
oxide were absent. Following Rh impregnation, it was found
that that d value of supports and its crystalline size ere slightly
changed as shown in Table 1. From the results, it was clearly
observed that rhodium was uniformly distributed throughout
the supports. This uniform dispersion of Rh precursors on the
support materials was mainly due to the addition of urea dur-
ing the synthesis of Rh impregnated catalysts. During the cal-
cination process, the tendency of Rh in forming mixed oxides
phases with MgO, oxides of Mg and Al in the calcined
hydrotalcites and Al,O3 was considered as main reason of
the disappearance of crystalline phase related to the rhodium
oxides. This clearly demonstrates the highly uniform disper-
sion of rhodium oxides within the support.

Any kind of metal oxide formation that consists of Rh,
MgO, and Al,Oj3, as well as uniform dispersion of Rh, was
observed by change in diffraction peak broadening and
absence of diffraction peaks corresponding to metallic rho-
dium. In the present work, XRD analysis of these materials
showed the absence of metallic thodium peaks, and peak
width broadening in the diffraction patterns evidently indi-
cate the Rh dispersion uniformity as well as formation of
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Fig. 2 Powder X-ray diffraction patterns of Rh/MgO, Rh/HT1, Rh/HT2,
RW/HT3, Rh/HT4, and Rh/A1,O3
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the any mixed metal oxide phase. This was the clear evi-
dence that calcination temperature and method of synthesis
were found to play key role in altering the nature of inter-
action between the rhodium phase and the support oxides.
CPOx of methane and the rate of this reaction are expected
to have higher influence over the nature of Rh interaction
with various phase of support, when the composition of the
support materials changes from pure crystalline MgO
phase to amorphous phase of alumina and also by having
variable fractions of these oxides. Particle size, support
morphology, and formation of any phase separated rhodi-
um oxide can be identified with the help of transmission
electron microscopic (TEM) imaging of Rh/MgO, Rh/
HT1, Rh/HT2, Rh/HT3, Rh/HT4, and Rh/Al,O5. In Fig.
3, It was clearly observed that the morphology of supports
was clearly distinct from each other, evidently noticed
from the TEM images. It was observed that the size of
the particles was significantly different. Rh/MgO only con-
sists of a particulate type of morphology, while all the
other calcined hydrotalcites and alumina supported Rh cat-
alysts exhibit sheet-like morphology. MgO and MgO-rich
calcined hydrotalcites have smaller sized support particles.

Increasing the Al,O3 fraction (Rh/HT3, Rh/HT4) led to
transformation of irregular small-sized particles into long pla-
nar sheets and was probably due to the calcination of layered
hydrotalcite containing higher amount of amorphous alumina
phase formation. The clear absence of any segregated Rh
phase demonstrates the uniform mixing of rhodium onto these
supports. These outcomes were clearly in agreement with the
XRD results; therefore, rhodium was uniformly dispersed
within oxide phase of the support.

To understand the chemical state of oxygen, aluminum,
rhodium, and magnesium in all such supports and its role in
modifying the interaction with rhodium metal, XPS core level
spectra of all the supported catalysts were collected. Figure 4
shows Ols, Al2p, Mgls, and Rh3d core level spectra that
were collected from the Rh/MgO, Rh/HTI1, Rh/HT2, Rh/
HT3, RH/HT4, and Rh/Al,O5; materials. Ols core level spec-
tra of each catalyst were considerably different, which is a
clear indication that support composition have a major role
in modulating the surface oxygen chemical states. All the
catalysts exhibit three kinds of chemically distinct oxides,
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and the BE observed around 529.5 eV was assigned to the
oxygen bind to the rhodium. The other two oxide components
were assigned to the bulk oxide phase from the MgO phase
and surface hydroxide. RW/HT3, Rh/HT4, and Rh/Al,O; ma-
terials exhibit less intense peaks corresponding to the oxide of
rhodium, which was probably due to the very high dispersion
of Rh onto these supports. These results indicated that the
presence of alumina enhances the dispersion of Rh onto the
calcined hydrotalcites.

Al2p and Mgls core level spectra also exhibit similar a
pattern that indicates the dispersion of thodium was dependent
upon the chemical composition of the support. Mgls spectral
profiles observed in the case of Rh/Al,O; RhWHT3, and Rb/
HT4 were found to be significantly different from the Mg 1s
spectral profile of Rh/HT1, Rh/HT2 and Rh/MgO. In a similar
manner, RhW/HT1 and Rh/HT?2 exhibit similar Al2p core level
spectral, as compared to the A12p spectral profile of Rh/Al,O5,
Rh/HT3 and Rh/HT4. This was probably due to the presence
of alumina content in the calcined hydrotalcite has strong role
in achieving the dispersion of Rh. Moreover, the strong pro-
pensity of Rh to form mixed metal oxide phase with MgO,
HT1, and HT2 led to the different kinds of metal-support
interaction. This was clearly demonstrated from the Mgls
core level spectra, which exhibited an additional chemical
component that was assigned to the mixed metal oxide phase
corresponding to Rh/MgO, Rh/HT1, and Rh/HT2. This phe-
nomenon was not observed in the case of Rh/Al,O5, Rh/HT4,
and Rh/HTS3; rather, higher fractions of alumina enable uni-
form dispersion. Al2p core level displayed prominent var-
iations with respect to Rh deposition in comparison with
MgO core level variation. This was perhaps because of
the strong interaction of alumina support with Rh than
the MgO supports interaction with Rh and due to its
high dispersion.

It has been observed that strong overlaps between Mg KLL
Auger peaks and the Rh3d core level spectra mask the Rh 3d
spectra due to highly intense and powerful Mg KLL lines.
These Auger lines that correspond to the Mg KLL level were
observed between 300 and 306 eV that exhibit larger chemical
shifts and provide insight into the different chemical states of
Mg. Similar to the above results, chemical shifts of Mg KLL
Auger lines observed in the case of RhW/HT4 and Rh/HT3 were
found to be different from the Mg KLL Auger lines observed
in the case of Rh/HT2, Rh/HT1, and Rh/MgO. From these
detailed XPS core level spectral analysis, Rh was found to
form mixed metal oxide phase with Rh/MgO and MgO-rich
calcined hydrotalcites (Rh/ HT1 and Rh/HT2). However, Rh/
Al,O5 and calcined alumina-rich hydrotalcites (Rh/HT3, Rh/
HT4) enhance the dispersion of Rh rather than forming a
mixed oxide phase with the support materials. In this study,
the variable interaction of Rh with MgO or Al,O5 phases will
therefore influence their catalytic activity toward methane’s
partial oxidation.
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3.1 Catalyst screening for partial oxidation of
methane

Catalytic partial oxidation of methane over the six catalysts
including Rh/MgO, Rh/HT1, RWHT2, Rh/HT3, Rh/HT4, and
RW/AIL,O; were studied to evaluate their catalytic activity and
presented in Fig. 5. As mentioned in the experimental condi-
tions, these catalysts were not activated by hydrogen and used
after the calcination.

As mentioned in the introduction, catalytic partial oxida-
tion occurs via a two-step mechanism that combines the cata-
lytic combustion and catalytic reforming. However, the rate of
combustion was faster than the rate of reforming, and catalyst
efficiency can be assessed based on the enhanced CO selec-
tivity over the CO, selectivity. CO, was the product of exo-
thermic combustion, while CO was the product of endother-
mic reforming; therefore, selectivity comparison between CO
and CO, can provide insight into the catalyst activity at dif-
ferent temperatures. Figure 6 shows the CO and CO, selectiv-
ity of all the six catalysts at different temperatures. Rh/Al,O4
showed very high selectivity toward CO formation, while Rh/
MgO showed high selectivity toward CO, formation.
Methane conversion was found to be 90% and 54% over
Rh/Al,0O5; and Rh/MgO, respectively, at 850 °C. Rh/HTI,
RW/HT?2, Rh/HT3, and Rh/HT4 showed also high CO selec-
tivity, and this selectivity was found to increase as the catalyst
bed temperature increased. Methane conversion over the cal-
cined hydrotalcite supported Rh catalysts such as RW/HT1 and
Rh/HT4 showed around 75% at 850 °C, next to Rh/Al,Os.
Rh/HT2 and Rh/HT3 showed 70% and 67% methane conver-
sion, but higher than Rh/MgO. At higher temperatures
(850 °C), the catalyst activity of Rh/Al,O3, Rh/HT1, and
Rh/HT4 were found to be the same, while at 700 °C, the
activity of all the catalysts were significantly different and
much lower. Syngas selectivity and methane conversion were
found to increase with the increase in the catalyst bed temper-
ature, because the high temperature tends to promote the en-
dothermic reforming reaction.

As the oxides of Rh are considered as the dynamic active
sites for the catalytic oxidation of methane, the activity mea-
sured at 700 °C was not high enough to access the dynamic
active sites of Rh. The total weight percentage of rhodium was
maintained constant in all the six catalysts; therefore, the mea-
sured catalyst activity was associated with the surface rhodium
concentration. Higher conversion of methane was observed in
the following order Rh/Al,05 > Rh/HT4 > Rh/HT'1. XPS anal-
ysis showed that alumina and alumina-rich calcined
hydrotalcites promote the Rh dispersion on the surface, while
MgO and MgO-rich calcined hydrotalcites promote the mixed
metal oxide formation with Rh. Support materials that can en-
hance the Rh dispersion can increase the surface concentration
of active oxides of Rh. In contrast, support materials that pro-
mote the formation of mixed metal oxide phase reduce the
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Fig. 5 Methane conversion over

Rh/MgO, Rh/HTI1, RWHT2, Rl

HT3, Rh/HT4, and Rh/Al,O5 as a
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concentration and might be the plausible explanation behind
the lesser activity observed in the case of Rh/MgO and Rh/
HT2.

Syngas composition, i.e., the H,/CO ratio, obtained from
the catalytic partial oxidation of methane is considered as an
important parameter to compare the catalyst efficiency. Hy/
CO ratio was calculated for each catalyst at different reaction
temperatures and is shown in Fig. 7. It is evident from the
figure that the average H,/CO ratio was found to vary between
2.5 and 3 except in the case of Rh/MgO. H,/CO ratio was
found to be higher in the case of Rh/Al,O5, Rh/HT4, and
Rh/HT3. Rh/HT1 and Rh/HT2 showed lower H,/CO ratio
due to their high conversion of CO,, as a result of their basic-
ity. Another possible explanation for this minor change of
ratio as a function of temperature was probably due to the
competing reactions such as shift reactions.

The feed composition, i.e., ratio of CH4/O,/N,, is also con-
sidered to influence the methane conversion and product se-
lectivity. CPOx reactions over RhW/HT1, Rh/HT2, Rh/HT3 and
Rh/HT were carried out in three different feed ratios, and the
results are presented in Fig. 8 (left panel). Major changes in
methane conversion were observed when the feed composi-
tion was varied. Rh/HT4, Rh/HT3, and Rh/HT1 showed very
high methane conversion, when the feed ratio was maintained
at 1.8/1/8.2. However, Rh/HT1 only showed high conversion
when the other two feed ratios were used, wherein the
methane/oxygen ratio was high. With less oxygen in the feed,
RW/HT1 demonstrated enhanced action, whereas Rh/HT4 and

—&—Rh-HT-1 —&—Rh-HT-2 —&—Rh-HT-3 Rh-HT-4 Rh-Al,03 —&—Rh-MgO

700

720 740 760 780 800 820 840 860

Temperature °C

Rh/HT1 showed moderate methane conversion. This was
probably due to the involvement of lattice oxygen (Rh/HT1)
in promoting the methane conversion.

As mentioned in the introduction, catalytic partial oxida-
tion of methane can be operated at very high space velocities;
therefore, catalytic partial oxidations of methane over Rh/
HT1, Rh/HT2, Rh/HT3, and Rh/HT4 were studied at two
different GHSVs, and the results are presented in the right
panel of the Fig. 8. Rh/HT4, Rh/HT3, and Rh/HT2 did not
show much changes when the GHSV was varied. In contrast,
RW/HT1 showed high conversion at lower GHSV and higher
than all the other calcined HT supported Rh catalysts.

Hot spot formation and carbon formation were the two
major factors that are responsible for the catalyst deactivation
and affect the longevity of the catalyst used for catalytic partial
oxidation of methane. Figure 9 shows the stability of all the
catalysts including Rh/HT1, Rh/HT2, Rh/HT3, and Rh/HT4
over CPOXx reaction that were assessed for the period of 10 h.
Among all the catalysts, Rh/HT1 showed higher conversion as
compared with the other catalysts for the period of 10 h with-
out any drop in methane conversion.

3.2 Spent catalyst characterization

All the spent catalysts after the CPOx reaction were charac-
terized by XRD, TGA, XPS, and TEM to identify the struc-
tural and chemical changes on the catalyst active sites as well
as the nature of carbon deposited on the surface of the catalyst.
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Fig. 6 CO and CO, selectivity estimated from the catalytic partial oxidation of methane over Rb/MgO, R/HT1, RW/HT2, RWHT3, RW/HT4, and Rh/
AL Oj as a function of temperature

Powder XRD patterns of all six spent catalysts and the
calcined catalysts are presented in Fig. 10, and the XRD pat-
terns of the spent catalysts of Rh/MgO, Rh/HT1, and Rh/HT2

H,/CO ratio

3.5

did not show much changes to the XRD patterns correspond-
ing to the fresh catalyst. MgO and MgO-rich calcined
hydrotalcites are known for their thermal stability as well as

700 750 800 850
Temperature °C
ERh-HT-1 BRh-HT-2 ORh-HT-3 ORh-HT-4 ®Rh-Al,0, ®Rh-Mgo

Fig. 7 H,/CO ratio estimated from the catalytic partial oxidation of methane over Rh/MgO, Rh/HT1, Rh/HT2, RWHT3, Rh/HT4, and Rh/Al,O5 as a
function of temperature
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not promoting the carbon formation on its surface. These re-
sults clearly demonstrate that these catalysts were strongly re-
sistant against high temperature hot spot-mediated sintering
and carbon deposition. Rh/HT1 showed long-term stability
and did not show any kind of crystalline carbon formation on
its surface. In contrast, carbon formation on the catalyst surface
was prominent in the case of Rh/Al,O5, Rh/HT3, and Rh/HT4.
Characteristic X-ray reflections (marked with *) corresponding
to the graphitic carbon (PCPDF#752078) observed in these
three spent catalysts indicated the carbon deposition was diffi-
cult to control on these catalysts. An intense peak observed at
20 44.03 was assigned to the (010) plane of the graphite phase

Fig. 9 Time on stream of the
catalytic partial oxidation of 100
methane over RWHT1, RWHT2,

RWHT3, and Rb/HT4
90

80

70

CHa conversion

60

50

40

30

of carbon, and this carbon type of carbon formation generally
lead to the deactivation of the catalyst. This was probably due
to less thermal stability and higher amount of carbon formation
on Rh/AL,0O5, Rh/HT4, and Rh/HT3. To study the structural
changes in detail, inter-planar spacing (d; ) and crystallite size
were calculated and given in Table 2. Except for Rhi/MgO, the
estimated crystallite size was found to be higher at Rh/Al,O;,
Rh/HT4, RH/HT3, Rh/HT2, and Rh/HT1.

TEM imaging of all the spent catalysts was carried out to
study the changes in catalyst morphology, type of deposited
carbon, and sintering of catalyst particles after they were used
for catalytic partial oxidation of methane. Figure 11 shows the

—E—Rh-HT-1 —&—Rh-HT-2 —&—Rh-HT-3 Rh-HT-4
100 200 300 400 500 600
Time (min)
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Table 2 Carbon content, Ols,
Al2p, Mgls peak BE, crystallite
size and inter-planar spacing of (Wt%)

the spent catalysts obtained after
the catalytic partial oxidation of
methane over Rh/MgOs, Rh/
HTI1,, RVHT2,, RWHT3,, R/
HT4,, and RWALO34

Catalyst Carbon content Ols BE Al2p BE Mgls BE Crystallite size dan
V) V) (eV) (nm)

RWMgO - 5325 - 1305.2 16.6 2.11
530.5 1303.2

RWHTI1 8.8% 5314 74.0 1303.8 16.1 2.11
529.9 1304.9

RWHT2 8.9% 530.8 73.6 1303.8 17.4 2.12
532.1 1302.9
529.8

RWHT3 9.1% 531.6 74.0 1303.8 16.1 2.11
530.1 1302.9
5325

Rh/HT4 9.4% 531.9 74.2 1303.9 12.8 2.11
530.3 1305.4

RWALO; 9.4% 530.3 74.0 - 9.3 1.98
531.9

representative TEM images, and it was clearly seen that car-
bon formation was prominent in the case of Rh/HT2, Rh/HT3,
Rh/HT4, and Rh/AL,O5. Spent catalysts including Rh/HT1
and Rh/MgO did not show much carbon formation as well
as not much morphological changes due to their thermal sta-
bility, which was in agreement with the XRD results. Carbon
nanotubes were formed on the catalyst surface in all the spent
catalysts including Rh/Al,O;, Rh/HT4, Rh/HT3, and RWHT?2,
indicating that the alumina contents of the supports tend to
promote the carbon formation. This was probably due to the
acidic active sites of alumina supports, which are known to
promote carbon formation.

XPS studies of all the spent catalysts were carried out to
investigate the chemical state of oxygen, aluminum, magne-
sium, and rhodium during the catalytic partial oxidation of
methane.

Rh/ALO

Rh/HT4,

=

Rh/HT3]

\__Rumr2,
A RAHTI,

/\  RnMgo,

40 45 50 55 60 65
20 (deg)

Fig. 10 XRD patterns of the spent catalysts Rh/MgO,, Rh/HT1,, Rh/
HT2,, Rh/HT3,, Rh/HT4,, and Rh/Al,O5, (thick lines) obtained after
the catalytic partial oxidation of methane that were overlaid with XRD
patterns of fresh catalysts (thin lines)

Intensity (a.u.)
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To investigate the changes in the chemical state and oxida-
tion of the elements, Al2p, Mgls, Ols, and Rh3d core level
spectra were collected from the spent catalysts and are pre-
sented in Fig. 12. The peak binding energies of these core
levels are provided in Table 2. Significant changes in the
XPS spectral profile were observed in the case of spent cata-
lysts from the spectral profile of fresh catalysts. Uniform dis-
persion of Rh onto the alumina supports was observed from
the presence of rhodium oxide components, which was not
present in the case of Rh/Al,O3 spent catalyst. This was prob-
ably due to the formation of carbon on the active oxide species
of thodium. Spent catalysts including Rh/MgO and Rh/HT1
exhibit Ols core level spectra which were significantly differ-
ent from the Ols spectral profile of the other spent catalysts.
This was probably due to the formation of mixed metal oxide
phase between Rh and Rh/HT1 (and Rh/MgO), which re-
stricts the presence of Rh within the structural frame work of
MgO.

Overall, the nature of interaction between Rh with MgO (Rh/
MgO) and Rh with MgO-rich calcined hydrotalcites (Rh/HT1,
Rh/HT2) was found to be different from the nature of interaction
between Rh with A1203 (Rh/A1203) and Rh with A1203-rich
calcined hydrotalcites (Rh/HT3 and Rh/HT4).The peak binding
energies of Mgls core level shifted to lower BEs as the alumina
content in the calcined hydrotalcite was increased. This was
probably due to the migration of Rh from the oxide framework
into the surface of the alumina. Mg KLL Auger lines overlap
with the Rh3d core level spectra that poses a difficulty in iden-
tifying its oxidation state in these materials reducibility of the
metal, their dispersion and control the size of these metals during
CPOx process.

Thermogravimetric analyses of all the spent catalysts were
carried to calculate the amount of carbon deposited on each
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Fig. 11 TEM images of the spent catalysts Rh/MgO,, Rh/HT1,, Rh/HT2,, Rh/HT3,, Rh/HT4,, and Rh/Al,O3 obtained after the catalytic partial

oxidation of methane

catalyst, during catalytic partial oxidation of methane.
Figure 13 shows the TG profile of all the spent catalysts using
air as carrier gas, and Table 2 lists the amount of carbon
deposited on each catalyst. Rh/HT1 showed less carbon

Fig. 12 XPS core level spectra of
the spent catalysts Rh/MgO,, R/
HT1,, RWHT2,, RW/HT3,, Rb/
HT4,, and Rh/Al,O5, obtained
after the catalytic partial oxidation
of methane
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deposition among all catalysts, while other materials showed
higher carbon content ranging from 8 to 9%. TGA profile of
the Rh/Al,O5 was found to be different from the TG profile of
calcined hydrotalcite supported Rh catalysts. Carbon
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Fig. 13 TG analysis of the spent catalysts spent catalysts obtained after
the catalytic partial oxidation of methane over Rh/MgO,, Rh/HT1,, Rh/
HT2,, RWHT3,, Rb/HT4,, and RW/AL, O3

desorption occurs at much lower temperatures in the case of
Rh/HTI1, Rh/HT2, Rh/HT3, and Rh/HT4, which indicated that
the carbon formed on these catalysts can be easily gasified at
lower temperatures; therefore, carbon formation may not be a
strong factor to deactivate the catalysts.

4 Conclusions

To summarize, catalytic partial oxidations of methane were
studied over calcined hydrotalcites of varying Mg/Al ratios
supported Rh catalyst. Hydrotalcites of varying Mg/Al ratios
were prepared by mixing hydroxides of magnesium and alu-
minum in the presence of lysine amino acid and subsequent
calcination. Impregnation of Rh (1 wt%) on these supports
(Rh/HT1, Rh/HT2, Rh/HT3, and Rh/HT4) were done using
homogeneous wet impregnation followed by calcination. Rh/
Al,0O5 and Rh/MgO were also prepared as reference catalysts
to compare the catalyst activities of the calcined hydrotalcite
supported Rh catalysts. The influence of support materials
Mg/Al ratio in controlling the dispersion of thodium and their
main role in controlling the catalyst activity toward catalytic
partial oxidation of methane were studied in detail. The per-
formances of all these supported Rh catalysts were strongly
affected by the support, and Mg/Al ratios were found to con-
trol the activity, coking, and syngas composition. MgO-rich
calcined hydrotalcite supported Rh catalysts (Rh/MgO, Rh/
HT2) were found to have less activity but more resistance
toward carbon formation. The probable reason was the mixed
metal oxide formation which facilitates the migration of Rh
content to the bulk and restricts its accessibility. It also de-
creases its ease of reducibility and the number of active rho-
dium sites which leads to the reduction of catalytic activity,
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which eventually promotes the combustion reaction. MgO-
supported Rh was a very stable catalyst because of the strong
interactions between rhodium and magnesium oxides. Rh/
Al,O3, Rh/HT4. and Rh/HT3 were found to enable uniform
dispersion of Rh, which was the main reason that these cata-
lysts exhibit much higher activity among all catalysts.
However, carbon formation, particle sintering, and morphol-
ogy changes in the support particles were found to reduce its
activity and stability. By varying the feed variation and
GHSV, Rh/HT1 was optimized to exhibit higher activity and
catalyst stability against coking and less sintering. These re-
sults demonstrated that using calcined hydrotalcites of varying
Mg/Al ratios as supports to Rh catalyst can increase the sta-
bility of Rh catalysts against the coking and sintering as well
as obtaining high conversion of methane and high syngas
selectivity during the CPOX reaction.
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