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Chapter 1 General introduction

1.1. Progress in chemical utilization of ethane

Chemical utilization of ethane has great impact on modern petroleum industry. Inexpensive ethane
derived from shale gas and associated petroleum gas is vastly available in North America and the
Middle East, respectively.! Ethane is converted to ethylene by a steam cracking process, ethane
cracker. Ethylene is one of the fundamental chemicals in petrochemical industry. Annually 142.3
million tons of ethylene was produced in 2016 all over the world? to synthesize polyethylene,
ethylene oxide, styrene and other ethylene derivatives.

Ethylene production from ethane is much superior in terms of cost to that from naphtha,' which
is a conventional feedstock for ethylene production by the steam cracking process. However,
ethane cracker is an energy-intensive process because of its high reaction temperatures (>1073
K).Therefore, the ethylene production is need to be conducted at relatively low temperatures.
Furthermore, development of ethylene production from ethane instead of naphtha has induced
another problem. In addition to ethylene, fundamental chemicals including propylene, 1, 3-
butadiene, and aromatic hydrocarbons are produced by the steam cracking of naphtha. In contrast,
these important building blocks are not obtained by the ethane cracker.! Therefore, other methods
to produce the fundamental chemicals except for ethylene are required. For instance, propylene is
produced through dehydrogenation of propane,’ methanol to propylene*® and olefin metathesis of
ethylene and 2-butenes.®

Catalytic conversion of ethane to ethylene and aromatic hydrocarbons would be key
technologies to solve the problems. Catalytic ethane dehydrogenation (EDH) over oxide or
supported-metal catalysts has been widely investigated to realize environmental friendly ethylene
production. For production of aromatics including benzene, toluene and xylenes (BTX), catalytic
ethane dehydroaromatization (EDA) is an alternative to steam cracking of naphtha. EDA has been
much attractive since valuable aromatics is produced from inexpensive ethane.

Catalytic EDH and EDA under non-oxidative conditions are described in this chapter. Excellent
reviews on oxidative EDH were published elsewhere.”* At the beginning, steam cracking of ethane
is briefly introduced on the basis of its reaction mechanism. Next, EDH over Cr-based and Ga-
based catalysts is described in detail. Influence of co-existence of CO: is also discussed. After that,
EDA over zeolite-supported metal catalysts is described. Finally, aims of thesis are presented
briefly.

1.2. Steam cracking of ethane
1.2.1. Reaction mechanism

Steam cracking of ethane is a non-catalytic process for ethane conversion to ethylene through
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pyrolysis. Prior to pyrolysis, ethane is mixed with effluent steam to remove carbonaceous deposits
on cracking coils, where the reaction proceeds at ca. 1073 K. Pyrolysis of ethane proceeds through
a radical chain mechanism firstly proposed by Rice and Herzfeld.® This mechanism is composed
of various elementary reactions such as homolysis, hydrogen abstraction, [-scission, and
combination.!® The reaction is initiated by homolytic cleavage of the C—C bond in an ethane
molecule because enthalpy for the C—C bond dissociation (376 kJ mol™)!! is lower than that of the
C—H bond dissociation (420 kJ mol™).!2 The activation energy of the C—C bond (ca. 367 kJ mol™)
is also lower than that of the C—H bond (411 kJ mol™!).!>!* The C—C bond cleavage in an ethane

molecule results in the formation of two methyl radicals as follows.

C:H¢ — 2CH35- (1.1)
The methyl radical induce subsequent propagation steps.
CHj3- + C;H¢ — CH4 + CoHs (1.2)
CoHss — CoHs + H- (1.3)
CHj3- + C2H¢ — C3Ho (1.4)
CHj: + CoHs — CsHr (1.5)
CsHy — CsHs + H- (1.6)
CsH7 — CsHg + H- (1.7)

A hydrogen atom in an ethane molecule is firstly abstracted by the methyl radical, resulting in the
formation of methane and an ethyl radical (reaction (1.2)). Subsequent B-scission in the ethyl
radical leads to the formation of ethylene and a hydrogen radical (reaction (1.3)). The methyl
radical also attacks ethane and ethylene (reactions (1.4) and (1.5)), resulting in the formation of
propane and propylene (reactions (1.6) and (1.7)). Heavy hydrocarbons can be obtained through

analogous reactions. Furthermore, termination steps proceeds through reactions between two

radicals.
2H- — H» (1.8)
CH3 + H- — CHq4 (1.9)
CHj3' + C2Hs» — CH4 + C2Hy (1.10)

On the basis of temperature programmed reaction, pyrolysis of ethane to ethylene initiates at more
than 873 K.15

Under practical situation, a lot of reactions proceed in addition to the reactions (1.1)—(1.10).
Sundaram and Froment considered 49 reactions to simulate product distribution and concentration
of radicals.!® Because the cracking coils are one of the tubular reactors, temperature gradient along
the radial direction is an important factor to calculate the product distribution and concentration of
the radicals. Marin and co-workers reported that concentration of the methyl radical is higher near
the wall of the cracking coil than its center because of high temperature near the wall.'* This results
in much methane formation if the simulation is based on a two-dimensional model.

Intrinsically, formation of by-products such as methane, C; and heavier hydrocarbons is
inevitable in case of ethylene production through the radical chain mechanism because the reaction

initiates from the C—C bond cleavage. In particular, the formation of methane and coke, which are
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thermodynamically stable, is remarkable at high conversion (temperature) level.'!7 This results

in the decrease of energy efficiency for ethylene production.
1.2.2. Coke formation

Coke formation on the internal wall of the cracking coils induces severe problems such as a
pressure drop and a decrease in a heat flux to the reactor.'® In particular, the latter decreases
ethylene yield because of a decrease in the reaction temperature. In order to maintain ethylene
yield, temperature of the outlet gas is generally operated to be constant. This indicates that the
cracking coil is heated much more than usual to supply the sufficient heat flux, resulting in the
higher temperature of the internal wall than the reaction temperature. Therefore, taking the thermal
resistance of the cracking coil and the tolerable pressure drop into consideration, periodic removal
of the carbonaceous deposit (decoking) is conducted every 20—60 days depending on operational
conditions.!”!?

In general, three types of coke formation mechanism have been proposed: the heterogeneous
catalytic mechanism, the heterogeneous radical mechanism and the homogeneous condensation
mechanism.?’ The heterogeneous catalytic mechanism is based on the coke formation on the
surface of the cracking coils. Fe and Ni included in Fe—Cr—Ni alloys, which are used as cracking
coil materials, catalytically promote coke formation. This phenomenon is observed at the initial
stage of the reaction until the surface of the cracking coil is covered with the carbonaceous deposits,
indicating that the coke formation rate gradually decreases and reaches an asymptotic value.!”-!
The heterogeneous radical mechanism is growth of the carbonaceous deposits through reactions
with the radical species. Wauters and Marin proposed that this mechanism is composed of five
steps: hydrogen abstraction, substitution, addition by the radicals, addition to olefins and
cyclization.?? Once the coke formation occurs on the wall, growth of the coke proceeds throughout
the reaction. The carbonaceous deposits also can be formed through the homogeneous
condensation mechanism as the result of the chain reaction. Therefore, the coke formation via this
route is concomitant with pyrolysis of ethane.

From a metallurgic point of view, coating the surface with inert oxides is an effective way to
mitigate the coke formation. In principle, Al or Mn is included in the Fe—Cr—Ni alloys. After
oxidation of the alloy at high temperatures (1323 K for Al; 1023 K for Mn), Al203 or MnCr;0s4,
which has high coking resistance, is deposited on the surface.??* Furthermore, coating a catalyst
for the water gas reaction have been developed to achieve the operation without the coke formation.

C(s, graphite) + HxO(g) — CO(g) + Ha(g) AH°(298 K) =131 kJ mol™! (1.11)
For instance, BASF developed CAMOL to mitigate the coke formation. In this case, tungsten-
contained oxides are used for the gasification catalysts.”* General Electric also developed
gasification catalysts for which perovskite oxides containing Ce and alkaline-earth metals are
used.”> However, introduction of the catalysts to the cracking coil is still immature technology.

Further research and development are required in this field.
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1.3. Dehydrogenation of ethane under non-oxidative conditions

Catalytic ethane dehydrogenation denoted as EDH enables ethylene production at relatively low
temperatures in comparison with pyrolysis of ethane.

C2He(g) — CaHa(g) + Ha(g) AHP(298 K) = 137 kJ mol! (1.12)
However, the reaction is endothermic, and therefore high reaction temperatures are required to
achieve higher equilibrium conversion as shown in Figure 1.1. In addition, low pressure of ethane

results in high equilibrium conversion on the basis of Le Chaterlier’s principle.

100 0.01 bar
n CzHG_)C2H4+H2 0.1 bar
X
— 80 |
c
Ke] - 1 bar
7
o 60 |
>
c n
8
e 40
2 - 10 bar
o
= 20 |
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gt 100 bar
0

500 600 700 800 900 1000
Temperature / K

Figure 1.1. Temperature dependence of equilibrium conversion of ethane dehydrogenation at

various pressure of ethane.

The reaction mechanism of EDH is intrinsically different from pyrolysis of ethane: catalysts should
have an ability in selective C—H bonds dissociation. Side reactions such as hydrogenolysis of
ethane, decomposition of ethane and ethylene to coke must be prohibited to achieve high
selectivity to ethylene and stability. In this section, representative catalysts for EDH are described

in terms of their active sites and reaction mechanism.
1.3.1. Cr oxide catalysts

Cr oxide catalysts have been one of the catalysts for dehydrogenation of light alkanes represented
by the Catofin process (CB&I Lummus).?® In terms of cost, the Cr oxide catalysts is superior to
noble metal catalysts. Thorough investigations on the active sites, effects of support and influence

of co-feeding CO- have been conducted.



1.3.1.1. Active sites

The nature of Cr species is an important factor for C—H bond activation. Basically, EDH proceeds
on Cr-O sites.?” Their structure and electronic state have been investigated by various
characterizations such as temperature-programmed reduction (TPR), Raman spectroscopy, UV-
Vis spectroscopy, X-ray diffraction (XRD), X-ray absorption fine structure (XAFS) spectroscopy,
and X-ray photoelectron spectroscopy (XPS).283

The Cr species can be various structure. Generally, the Cr species are classified into 4 types:
monochromate (isolated mononuclear Cr), polychromate (multinuclear Cr oxide cluster),
amorphous Cr20; and crystalline a-Cr203.2°73!3* The structure of the Cr species is mainly
dependent on the amount of Cr loading. At the high loading amount (> 5wt%), the amorphous
Cr203 and crystalline a-Cr2O3 are easy to be formed. These Cr species are considered to be inactive
for dehydrogenation.?®® In contrast, mono-chromate and polychromate species are dominant at
the low loading amount. The formation of Cr20O3 can be distinguished from the color of the
catalysts. The color is varied from yellowish to greenish due to the Cr,O3 formation.3*37-*8

Investigations on the nature of monochromate and polychromate have been widely conducted
since these Cr species are the active sites for EDH.?"**40 The images of them are drawn in Figure
1.2. To identify the existence of the Cr species, UV-Vis and Raman spectroscopy are useful
techniques. However, the Cr species are reduced under the reaction conditions from Cr®" and/or
Cr" to Cr’" and/or Cr*". Therefore, evaluation of the active sites under in-sifu conditions is
important. For fresh Cr oxide catalysts, Cr®* is dominant. Many reports focus on Cr®" because the
existence of Cr’* was identified by only electron spin resonance (ESR) and infarared (IR)
spectroscopy.’®*’ Also, the reduced Cr species are mainly Cr**. Although Cr?" was identified by
XPS and XAFS,**? the proportion of Cr*" in the spent catalysts was small.* Therefore, it is
considered that Cr®" is reduced to Cr’" during the dehydrogenation reaction. The nature of Cr’*

and Cr?" is still under discussion.

(a) Monochromate (b) Polychromate

Figure 1.2. Structure of (a) monochromate and (b) polychromate supported on a metal (M) oxide.

EDH over Cr oxide catalysts proceeds on the reduced monochromate and polychromate. As
shown in Figure 1.3(a), Olsbey ef al. reported that end-on and dissociative adsorption of ethane

occurs on the active sites on the basis of the isotopic study.?” On the other hand, Shee and Sayari
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observed adsorbed acetaldehyde by diffuse reflectance infrared Fourier transform (DRIFT)
spectroscopy.*! They proposed that the formation of ethoxide species is the first step for the
dehydrogenation reaction (Figure 1.3(b)). Determination of the adsorbed species on the respective
Cr species is challenging. Therefore, further investigations based on, for instance, density
functional theory (DFT) are expected to elucidate the reaction mechanism.

CHj3
Hzc\/ H,
cf H Cr/ \CHz
N\
7 N 7 N cH,
/I\I/I\ /'\I/I\ /'\!/I\ /I\!/I\
@) @) O @) O O
(a) Ethyl group (b) Ethoxy group

Figure 1.3. Schematic adsorption of ethane on reduced monochromate supported on a metal (M)

oxide: Formation of (a) ethyl group and (b) ethoxy group.
1.3.1.2. Effects of support on the catalyst state

As described in the previous section, the ideal Cr oxide catalyst has as the large amount of
monochromate or polychromate species as possible. However, the large Cr loading amount results
in the formation of the inactive Cr,Oj3 species through agglomeration.** Therefore, selection of an
appropriate support have a great influence on the catalytic activity and ethylene selectivity.
Alumina is a typical support.?’31344! Recently, Fridman et al. thoroughly examined the Cr
species on the alumina support.>* They reported that a part of the mono- and polychromate were
unstable and reduced during dehydrogenation of isobutane. After the reduction, small Cr.O3
clusters were agglomerated and large Cr2O3 clusters were formed. Furthermore, regeneration of
the catalyst under oxidative conditions induced formation of aluminum-chromium-chromate
species around the periphery of the Cr,0O3 clusters as shown in Figure 1.4. The agglomeration of

the mono- and polychromate results in the irreversible deactivation of the catalysts.

Aluminum-chromium-chromate
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Figure 1.4. Structure of aluminum-chromium-chromate.
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Silica is an alternative support to alumina. Various kinds of silica support including zeolites and
mesoporous silica were examined.’> 4% These silica supports have a large surface area,
resulting in the highly dispersed Cr species on the supports. The amount of SiOH groups would
play an important role in stabilizing the dispersed Cr species (mono- or polychromate). Cheng et
al. reported that the initial activity of Ct/SBA-15 was proportional to the amount of the SiOH
groups contributing to the abundantly dispersed Cr species.* Botavina et al. proposed the detailed
structure of monochromate on the basis of XAFS measurements.*> The reduced monochromate
was bound with two short Si~O—Cr bonds and a long Si—~O—Cr bond. Its electronic state would
rather Cr*>" than Cr*". These studies would indicate that the density of the SiOH groups have an

influence on the nature of the Cr active sites.
1.3.1.3. Co-feed of CO;

EDH in the presence of CO2 has been investigated to enhance the catalytic performance of the Cr
catalysts. In many cases, EDH in the presence of CO; is regarded as oxidative dehydrogenation.
However, the overall reaction is still endothermic as follows.
C2He(g) + CO2(g) — CaHa(g) + CO(g) + H20(g)  AHP(298 K) =178 kJ mol!  (1.13)
This chemical formula is interpreted as EDH (reaction (1.12)) in combination with the reverse
water gas shift (RWGS) reaction.
CO2(g) + Ha(g) — CO(g) + H20(g) AHP?(298 K) = 41.2 kJ mol! (1.14)
Therefore, the nature of the reaction (1.13) is completely different from oxidative EDH using O>
as an oxidizing agent, which is an exothermic reaction. The effects of the CO; introduction to the
dehydrogenation system are generally explained on the basis of following three reasons;*¢8
decrease in the partial pressure of ethane (see also Figure 1.1); removal of H> from the reaction
system through RWGS, resulting in the promotion of the reaction (1.12); improvement in the
catalytic stability thanks to removal of carbonaceous deposit through the reverse Boudart reaction.
C(s, graphite) + CO2(g) — 2CO(g) AH®(298 K) = 172 kJ mol’! (1.15)
The promotion of ethane conversion and the suppression of coke formation were practically
reported.>®4
However, the promotive effect on EDH over Cr-based catalysts is attributed to not only the
contribution of RWGS but differences in the nature of active sites and reaction mechanism.
Without CO», the active sites are supposed to be Cr** reduced from mono- or polychromate (Cr®").
At the initial stage of the reaction, where the reduction of Cr®" proceeds, ethane conversion tends

3940 indicating that Cr®" is more active for EDH than Cr*". Indeed, Mimura et al.

to decrease,
reported that apparent activation energy of EDH decreased from 119.3 (without CO») to 91.3 (with
CO») kJ mol™! using a Ct/ZSM-5 catalyst.?” Therefore, it is proposed that EDH proceeds through
the redox mechanism as shown in Scheme 1.1. In this scheme, ethane is oxidatively activated at
Cr®"=0 sites, resulting in formation of ethylene and water. Then, the catalytic cycle is completed

through the oxidation of the reduced Cr*" species with COs.
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Scheme 1.1. Redox mechanism for EDH in the presence of CO; over Cr oxide catalysts.

The redox behavior of the Cr species was verified by various techniques such as TPR, XPS and
IR spectroscopy. On the basis of TPR and XPS, the reduced Cr*" can be oxidized to Cr®" under
CO; atmosphere.¥%474 [n addition, Mimura et al. evaluated Cr=0 bonds by IR spectroscopy,>’
demonstrating that intensity of the absorption band attributed to Cr=0O decreased and increased by
ethane and CO» treatments, respectively. However, the reducible Cr®" species is not completely re-
oxidized with CO» probably because of agglomeration of mono- and polychromate and low
oxidizing ability of CO,.* Therefore, it is required for the catalyst to stabilize the reducible Cr®"
species and promote the oxidation of the reduced Cr**. The silica supports would be useful to
stabilize the Cr active sites as mentioned above. To promote the oxidation of the reduced Cr species,
the use of additives with oxygen storage capacity is one of the options.’>*! In addition, CO;
activation would be a key factor because of its low reactivity. Bugrova et al. reported that a ZrO»-
supported Cr catalyst exhibited a high activity for EDH in the presence of CO> because of the
basicity of ZrO,* which would contribute to CO> activation.

Some problems are still unsolved in case of EDH in the presence of CO,. For instance, the
contribution of CO> to the oxidation of the reduced Cr species and RWGS, is not discussed in
detail. It is required to elucidate the role of respective Cr species in dehydrogenation through the
redox mechanism and RWGS. In addition, operando analyses in combination with isotopic CO»
should be performed to establish the redox mechanism.

1.3.2. Ga oxide catalysts

Ga oxide catalysts are known to have a catalytic activity for EDH.>? The Ga catalysts are classified
into two types: zeolite-supported Ga oxide catalysts and other metal oxide-supported Ga oxide
catalysts. Comparing zeolite supports with other metal oxides such as Al,O3; and TiO», the nature
of the active sites is different because of the unique cation-exchange ability of the zeolite. In this
part, differences in the nature of the active sites, which is derived from the properties of the

supports, are described.
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1.3.2.1. Zeolite-supported Ga oxide catalysts

Zeolite-supported Ga oxide catalysts are originally used for conversion of propane or butane into
aromatic hydrocarbons.>® Cyclar process developed by BP/UOP is one of the representative
examples.>* Among the zeolites, MFI type zeolite in proton form (H-ZSM-5) is used as a support.
The unique nature of the Ga species, which can be formed thanks to the ion-exchange ability of
the zeolite, has been investigated on the basis of practical experiments and DFT calculations.

From the practical point of view, Ga/H-ZSM-5 catalysts prepared by various methods such as
physical mixing, impregnation and chemical vapor deposition (CVD) are used to elucidate the
nature of the Ga species.’® >’ The pristine Ga/H-ZSM-5 usually contains highly dispersed Ga oxide
species in the micropore system. At this stage, the Ga species are not sufficiently exchanged with
the protons. To promote the ion-exchange, the Ga/H-ZSM-5 catalyst is need to be reduced under
H> atmosphere. This phenomenon was verified by in-situ IR spectroscopy. Intensity of the
absorption band at ca. 3610 cm™ derived from acidic OH groups (Si-OH—Al) decrease under H,
atmosphere.”>*® Simultaneously, a new absorption band attributed to GaO—H appeared at ca. 3660
cm!, clearly indicating the ion-exchange of the reduced Ga species with the acidic protons.
Furthermore, formation of Ga—H bonds, which is unstable at high temperatures such as 573 K, was
observed at room temperature.®® In turn, a part of these exchanged and reduced Ga species can be
oxidized with N>O and H»O, resulting in the regeneration of the acidic OH groups concomitantly
with formation of N, and Ha, respectively.>

Based on IR spectroscopy, Ga“, GaO" and GaH," are the candidates for the active sites of the
reduced Ga/H-ZSM-5. In addition, Rane ef al. evaluated the electronic state of Ga by in-situ Ga
K-edge X-ray absorption near-edge structure (XANES) spectroscopy.”’ At high temperatures (>
673 K) under H> atmosphere, a new feature was observed in a lower energy region (10371 eV),
indicating the formation of Ga*. Subsequent cooling to 373 K induce the increase of a feature at
10377 eV with the disappearance of the low energy feature, indicating the formation of GaH,".
However, Getsoian et al. reported that the absorption edge energy was dependent on not only the
electronic state of Ga but the types of ligands.®® For instance, the absorption energy can be shifted
to the lower position through the formation of low-coordinated Ga®>* alkyl or hydride species. On
the other hand, Schreiber et al. performed quantitative analyses to elucidate the Ga species.®! They
conducted H» pulses at 873 K and measured the amount of the consumed H; and formed H>O. As
a result, they concluded that Ga* was formed after the reduction at 873 K.

The activity of respective Ga species were experimentally evaluated. Rane et al. performed
dehydrogenation of propane after reduction and/or oxidation treatments.’’ After the reduction
treatment to form GaHa", the activity gradually increased with time on stream. In contrast, the
activity of the oxidized Ga/H-ZSM-5 containing GaO™ rapidly decreased in 1 h. These activities
was close to that of Ga* species. They concluded that GaH>" and GaO™ are unstable active sites in
dehydrogenation of propane. Furthermore, the intrinsic activities of the Ga species are in the order

of GaO" > Ga" > GaHy" on the basis of the initial activities. On the other hand, Ausavasukhi and
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Sooknoi conducted EDH in a pulse reactor.” They demonstrated that the activity was enhanced
by introduction of the small amount of H», indicating the higher activity of GaH," for EDH than
Ga' or GaO". The activity of GaH," decreased with subsequent C2Hg pulses under He. In contrast,
the high activity was maintained under Ha, indicating the unstable nature of the GaH,". Therefore,
the Ga" species would be stable during the dehydrogenation reactions although the activities of the
Ga species for dehydrogenation of light alkanes would be dependent on the reactants. Nascimento
and co-workers proposed that the reaction mechanism was varied due to the size and type (liner or
blanched) of alkanes on the basis of DFT studies.®>%

The reaction mechanism of EDH on the Ga species was mainly investigated by DFT calculations.
As shown in Scheme 1.2, three reaction mechanisms are proposed by some research groups:®*~¢
the alkyl mechanism, the carbenium mechanism and the concerted mechanism. The differences

are based on the ethane activation manners.

(a) Alkyl mechanism (|3H3
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Scheme 1.2. Mechanism of ethane activation via (a) the alkyl mechanism, (b) the carbenium
mechanism and (¢) the concerted mechanism. Ga* is a representative active site of Ga/H-ZSM-5.

The alkyl mechanism begins from formation of Ga—C>Hs by hydrogen abstraction. In contrast,
the carbenium mechanism proceeds through formation of an ethoxy group concomitantly with that
of Ga—H. In the concerted mechanism, two hydrogen atoms are simultaneously abstracted from an
ethane molecule, leading to the formation of ethylene and hydrogen in a step. The activation of

ethane at Ga®, GaH?" and GaH," sites is investigated by DFT calculations using cluster models.
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The alkyl mechanism is facile at any site.% "% However, Mansoor et al. recently reported that the
carbenium mechanism is preferable at the GaH?" site.®” In addition, Schreiber et al. proposed that
the proximity between the Ga and Brensted acid sites promote the dehydrogenation of propane.®!
Experimentally, Kazansky et al. observed the adsorbed ethane on the Ga® sites by DRIFT
spectroscopy.’”®® They demonstrated the formation of Ga—C2Hs concomitantly with that of Ga—H.
After heating, the absorption band of Ga—H at 2057 cm™ was shifted to 2040 cm™!, which is
attributed to H-Ga—H, with the appearance of olefinic C—H. Therefore, EDH at the Ga" sites would

proceed as following Scheme 1.3.
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Scheme 1.3. Reaction mechanism of EDH at the Ga™ site.

The dehydrogenation activity of the GaO" species was evaluated in the presence of steam
because the GaO" species are reduced under the reaction conditions.>” Hensen et al. performed
dehydrogenation of propane over Ga/H-ZSM-5 in the presence of steam.® As a result, the stable
activity was achieved. At the mononuclear GaO™ site, the high activation barrier for hydrogen
recombination was calculated among the elementary steps, resulting in the formation of a water
molecule and the Ga* site.%® Therefore, they proposed that multinuclear GaO clusters are the active
sites for the dehydrogenation reaction.®”’?> The Ga cations included in the clusters are favorable
to be tetrahedral coordination.® Proposed EDH at Ga>O; clusters, for instance, is shown in Scheme
1.4.71 The dehydrogenation reaction proceeds at a Ga—O Lewis acid-base pair. Hydrogen
recombination is facile at the Ga oxide clusters although the formation of water is still favorable.

Strong Lewis basicity of the bridged oxygen stabilizes the adsorbed hydrogen, resulting in the

16



inhibition of the hydrogen recombination.”
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Scheme 1.4. Reaction mechanism of EDH in the presence of steam on a Ga oxide cluster.
1.3.2.2. Other metal oxide-supported Ga oxide catalysts

Supported Ga oxide catalysts such as Ga/TiO> are used for EDH, particularly, in the presence of
CO,.” On the supports, Ga oxide is basically Ga,Os, which has five polymorphs (a-, B-, -, k-, &-
Ga03).”* Characterizations of the Ga properties such as the structure of the active sites are
indispensable since the surface Ga species play an important role in the reaction. Zheng et al.
performed dehydrogenation of propane over Ga>O3 polymorphs except for e-Ga>03.”° As a result,
B-Ga203, which is the most stable polymorph, exhibited the highest activity among them. They
concluded that the tetrahedrally coordinated Ga®* cations facilitate the dehydrogenation reaction.

The coordination environment of Ga can be evaluated by Ga K-edge XANES. Nishi et al.
performed a quantitative analysis of tetrahedrally- and octahedrally coordinated Ga by XANES
spectroscopy.’® Hereafter, these Ga species are denoted as Ga(T) and Ga(O), respectively. The
analysis is based on deconvolution of the XANES spectra and it is applicable to the Ga polymorphs
and supported Ga oxide catalysts.”®”’

In addition, the coordination environment of Ga>O3 can be evaluated by IR spectroscopy using
H> as a molecular probe. Collins ef al. reported that the absorption bands attributed to Ga—H bonds
are observed around 2000 cm™.”® They further measured the hydrogen adsorbed on a-, B-, y-
Ga20;.” The spectra were consisted of the absorption bands at 2003 and 1980 cm'. The
contribution of the band at 1980 cm™ was in the order of a-Ga203 > y-Ga203 > B-Gax0s. This
order is in agreement with that of the fraction of Ga(T) and Ga(O) in their structures. Therefore,
they concluded that the Ga(T)-H and Ga(O)-H bonds are observed at 2003 and 1980 cm™,
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respectively. The proportion of the surface Ga(T) to Ga(O) can be calculated from the area of the
absorption bands. However, the intensity of the bands is dependent on the temperatures.*8! At
high temperatures such as 573 K, the intensity increased due to the formation of oxygen defects,
resulting in the formation of new Ga—H bonds. Therefore, the coordination environment of surface
Ga would be appropriately evaluated over 573 K because the dehydrogenation reaction is usually
conducted over 573 K under reductive conditions.

The reaction mechanism of EDH over Ga»Os is similar to the alkyl mechanism over Ga/H-ZSM-
5 (Scheme 1.3). Kazansky et al. measured ethane adsorbed on Ga>Os by DRIFT spectroscopy.®?
In this case, the polymorph of Ga;Os3 is not clearly mentioned. They observed the formation of
Ga—C>Hs in addition to C—H corresponded to CH» groups derived from ethylene, and Ga—H. The
formation of Ga—C>Hs was also verified by '3C cross-polarization (CP) magic angle spinning
(MAS) nuclear magnetic resonance (NMR) spectroscopy.®> In some cases, it is assumed the
formation of Ga—H and alkoxy groups via the activation of light alkanes.’*% However, clear
evidences of the formation of the alkoxy groups have not been reported yet.

The dehydrogenation of ethane over Ga oxide catalysts are mainly performed in the presence of
C0,.>2 Nakagawa et al. reported that Ga/TiO, exhibited a high activity in comparison with other
supports including Al,Os, SiO2, ZrO, and ZnO.” In case of Ga/Al,Os, a negative effect on the
catalytic activity was verified in the presence of CO». The promotive effects of CO> on EDH are
attributed to the hydrogen and coke removal through the RWGS and the reverse Boudart reaction,
respectively (reactions (1.14) and (1.15)).3%%" In contrast, selectivity to ethylene tends to decrease
with the increase in the activity.”>*® Methane formation is promoted instead of the decrease in
ethylene selectivity, indicating the subsequent conversion of ethylene to methane. Therefore,
appropriate conditions such as space velocity, partial pressure of CO, are required to achieve high
ethylene yield.

In comparison with Cr oxides, Ga>Os3 is a non-reducible oxide and, therefore, no report on the
redox mechanism over Ga oxide catalysts in the presence of CO,. To improve the catalytic
performance, design of Ga active sites is indispensable. For instance, Ga/H-ZSM-5 catalysts
exhibited a higher selectivity to ethylene than B-Ga>03.% Ga/H-ZSM-5 exhibits the activity for
RWGS, indicating that water is co-existing during EDH with CO». Therefore, the Ga oxide clusters,
which exhibit the high dehydrogenation activity via Scheme 1.4, would be maintained during the

reaction.
1.4. Dehydroaromatization of ethane

Ethane dehydroaromatization denoted as EDA enables the formation of BTX in one step.

C2Hs(g) — CsHo(g) + 6H2(g) AHP(298 K) = 337 kJ mol! (1.16)
This reaction is an endothermic reaction similarly to EDH. Therefore, high reaction temperatures
at around 873 K are favorable to achieve high equilibrium conversion. From the practical point of

view, the products are readily handled in terms of separation, storage and transportation because
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the gaseous reactant is converted to the liquid products, leading to a potentially feasible process.
However, commercial processes have not been developed yet using the natural gas resources
(methane and ethane) in contrast with aromatization of C3 and C4 hydrocarbons.>* This is because
of the high reaction temperatures, resulting in the rapid deactivation of catalysts through coke
formation.

This section consists of three parts: catalysts for EDA, reaction mechanism and catalyst

deactivation. Some reviews on EDA are also available.”’ 3

1.4.1. Zeolite-supported metal catalysts
1.4.1.1. Zeolite supports

For EDA, the H-ZSM-5 zeolite modified with active metals is known to be an effective catalyst
because the MFI-type zeolite has three-dimensional micropore channel systems, which consist of
a straight and a sinusoidal channels.”*?> They are composed of 10-memberd rings with a diameter
of ca. 0.55 nm, which is close to the kinetic diameters of BTX. Thanks to the micropore channels,
the MFI-type zeolite exhibits shape selectivity to BTX formation. In addition, H-ZSM-5 has
strong Brensted acid sites (BAS), which catalyze various reactions such as isomerization, cracking,
alkylation and hydrogen transfer based on the carbenium and carbonium ions chemistry. Details
of the reactions over zeolite catalysts are described in the literature.”®

The MEL-type zeolite (ZSM-11) is another candidate for the support.””*®* ZSM-11 has similar
micropore channel systems to ZSM-5, which consist of two straight channels.”**> However,
superiority of ZSM-11 to ZSM-5 is not clearly demonstrated. The MW W-type zeolite represented
by MCM-22 has not been used in contrast with methane dehydroaromatization.” MCM-22 has
two independent micropore channel systems.”** One is composed of 12-membered ring cages
connected to 10-memberd ring windows. The other is a two-dimensional micropore channel
system. Difference between methane and ethane dehydroaromatization would be attributed to the
kinds of active metals. Zn or Ga catalysts are mainly used for EDA in contrast with Mo catalysts
for methane dehydroaromatization. Use of Mo would be a key factor for the formation of BTX in
case of the MCM-22 support.

1.4.1.2. Active metals

The H-ZSM-5 zeolite is usually modified with active metals to facilitate ethane activation. It is
difficult to activate ethane at BAS because the formation of primary carbenium ions is unfavorable,
resulting in the low ethane conversion over H-ZSM-5 without the metal modification. In section
1.4.2, roles of the active metals are discussed in detail. As already reported, active metals including
Pt, Ga and Zn are effective for the ethane activation.!®!%* However, Pt is expensive and induces
hydrogenolysis of ethane to methane under H, atmospheres.'%

C2Hs(g) + 2Ha(g) — 2CHa(g) AHP(298 K) = 64.9 kJ mol’! (1.17)
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H-ZSM-5-supported Mo and Re catalysts also exhibit high performance for EDA %1% in addition
to dehydroaromatization of methane.'”!' However, these two metals are not suitable for their

111,112

practical use because of sublimation of MoOs and Re>0O7, which probably exist in the pristine

and regenerated catalysts, resulting in irreversible deactivation of the catalysts.
1.4.1.3. State of Zn species on H-ZSM-5

Based on the above reasons, Ga or Zn modified H-ZSM-5 is mainly used for EDA. The detailed
nature of the Ga species are described in section 1.3.2.1. Here, the nature of Zn species on H-ZSM-
5 is presented in detail. The nature of Zn species on H-ZSM-5 is investigated by many research
groups because of its wide applications to various chemical reactions such as methane conversion
and alkylation of benzene.!!?

Zn/H-ZSM-5 is prepared by various methods such as impregnation, ion-exchange, physical
mixing and CVD.!""*!!7 The active Zn species on H-ZSM-5 are classified into two types: ZnO
species and ion-exchanged Zn species. ZnO exist on the external surface and internal surface
denoted as macrocrystalline ZnO and ZnO clusters, respectively. These ZnO species are
conveniently analyzed by UV-Vis spectroscopy.''*!!® The macrocrystalline ZnO shows an
absorption band at ca. 370 nm attributed to its band gap width. On the other hand, the ZnO clusters
exhibit an absorption band at around 270 nm. Chen et al. reported that the ZnO clusters were
identified by laser-induced luminescence spectroscopy.!''® Excited by a 244 nm laser, Zn/H-ZSM-
5 containing the ZnO clusters showed a purple luminescence band at ca. 440 nm. However, the
ZnO species are reduced under reductive conditions at elevated temperatures. Some are exchanged
with BAS (solid state ion-exchange), resulting in the formation of ion-exchanged Zn species and
H,0.'"

ZnO + 2H*-0, — O,Zn*-0, + H,0 (1.18)
Here, O, means the oxygen in the zeolite framework. This phenomena was also observed in the
case where Zn metal was used instead of ZnO. Others are reduced to Zn metal vapor, resulting in
the loss of Zn.

The existence of the ion-exchanged Zn species is apparently verified by temperature-
programmed desorption with NH3 (NH3-TPD). In the TPD profile, two ammonia desorption peaks
are observed in low and high temperature regions denoted as /-peak and A-peak, respectively.'?°
The /-peak is attributed to desorption of ammonia bonded to the ammonia adsorbed on acid sites.
The h-peak is ascribed to desorption of ammonia adsorbed on the acid sites. Although the /#-peak

contains ammonia desorbed from BAS and Lewis acid sites, '?!

the intensity of 4-peak decreases
after the ion-exchange,''* indicating the exchange of BAS with Zn cations. The decrease in BAS
is also verified by '"H MAS NMR spectroscopy.'!” The electronic state of the ion-exchanged Zn
species is different from that of ZnO.!"> XPS studies revealed that the ion-exchanged Zn species
show a peak at ca. 1024 eV in the Zn2p3» XP spectrum.'!® In contrast, a peak corresponded to ZnO

is observed at ca. 1021 eV. Berndt et al. proposed the structure of the ion-exchanged Zn.!'® They
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performed temperature programmed surface reaction (TPSR) with CO and observed formation of
CO:; and Ha, indicating the existence of [Zn(OH)]" as shown in Scheme 1.5. During TPSR with
CO, RWGS proceeds at [Zn(OH)]" and the nearest BAS, resulting in the formation of the isolated
Zn*" species.

' o CcO Zn**--0
I / \ ,/’ + CO + H
Al 0O / \AI 2 2

(ID Si Si
Si/ \AI Si/ \AI

Scheme 1.5. Structural change from [Zn(OH)]" to isolated Zn** after RWGS.

However, Tamiyakul et al. reported that the ion-exchanged Zn species existed in pristine Zn/H-
ZSM-5 were reduced under H> atmospheres on the basis of XPS.!"> They proposed formation of
ZnH". Indeed, Zn hydrides were observed at room temperature by DRIFT spectroscopy.'?? In
addition, Biscardi ef al. analyzed Zn/H-ZSM-5 by in-situ Zn K-edge XANES spectroscopy.'* The
measurements were conducted in the presence of He, H2 or C3Hg at up to 773 K. They concluded
that [Zn(OH)]" in pristine Zn/H-ZSM-5 was dehydrated with the nearest BAS, resulting in the
isolated Zn®>* interacting with two ion-exchange sites under the propane dehydrogenation
atmosphere. Furthermore, Aleksandrov and Vayssilov investigated EDH at the isolated Zn**,
[Zn(OH)]" and ZnH" sites on the basis of DFT.!?* As a result, EDH was facile at the isolated Zn>*
site thanks to the two ion-exchange sites. Therefore, the isolated Zn?>" would be an active center
under the EDA atmosphere.

1.4.2. Reaction pathway

Reaction pathways of BTX formation were investigated using Pt, Zn, Ga and Re/H-ZSM-5.1%0- 125
127 EDA is a complex reaction, and therefore elucidation of each elementary step is challenging.
Irrespective of the kinds of the active metals, the proposed reaction pathway is almost the same.
As shown in Scheme 1.6, ethane is first dehydrogenated at the metal sites on the external or internal
surface. Subsequently, ethylene is oligomerized, cyclized and dehydrogenated to BTX in the
micropore channel systems. Under low conversion levels (low residence time), ethylene is the
main product. On the other hand, selectivity to BTX and methane increase with a decrease in
selectivity to ethylene under high conversion levels (high residence time). C3 and C4 hydrocarbons,
which are mainly composed of olefins, also form during the reaction.

Hagen et al. demonstrated the formation of linear C4 olefins using a recirculation reactor.'?8
They proposed that the linear C4 olefins are intermediates for BTX. It was reported that
oligomerization of ethylene proceeds even at room temperature.'?*!3° In addition, ethylene is

converted to propylene through oligomerization and cracking catalyzed by BAS.!*!132 Therefore,
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Scheme 1.6. Reaction pathway of EDA.

ethylene would be first oligomerized to Cs olefins and subsequently cracked to propylene.
Propylene could be also converted to BTX through the similar pathway of ethylene
aromatization.!3>!3

Distribution of BTX depends on the reaction temperatures.'!%’ At lower temperatures (< 723 K),
proportion of them is in the order of xylenes > toluene > benzene. In a middle temperature range
(773823 K), the proportion of toluene increases. Furthermore, benzene formation increases at
higher temperatures. This tendency is the case in aromatization of ethylene and propylene.!3%1%
Recently, Liang et al. reported that BTX formed from different olefin intermediates on the basis
of transient kinetic studies of ethane and ethylene aromatization.!*® They proposed that the
distribution of BTX might depend on the partial pressure of the olefin intermediates. In addition,
Choudhary et al. reported that the proportion of BTX in aromatization of olefins is dependent on
the space velocity.!**!3” Dependence of the proportion of BTX on space velocity (conversion) is
similar to that on temperature. The partial pressure of the intermediates is varied with conversion
of reactants, which can be controlled by the space velocity and reaction temperature, since the
aromatization reactions are subsequent reactions, resulting in the different distribution of BTX.

The nature of active metals is a crucial factor in aromatization of light alkanes. Generally, the
first dehydrogenation step (C—H bond activation) is a rate-determining step over H-ZSM-5. The
active metals promote dehydrogenation of the alkanes. In contrast, Biscardi and Iglesia proposed
hydrogen desorption step is rate-determining in dehydrogenation of propane over Zn/H-ZSM-5.138
Indeed, Zn/H-ZSM-5 and ZnO exhibit hydrogen spillover and back-spillover effects,!3*!40
indicating that hydrogen desorption is promoted by virtue of Zn. In addition, the active metals
have an influence on BTX formation. Over H-ZSM-5, dienes and cyclodienes are intermediates in
aromatization of ethylene reported by Marin and co-workers.!*! As shown in Scheme 1.7,
aromatization over H-ZSM-5 basically proceeds through oligomerization, cyclization and
dehydrogenation via hydrogen transfer with formation of alkanes.!*? In contrast, modification of
H-ZSM-5 with Ga, Zn and Ag enhance selectivity to BTX in aromatization of ethylene.!#*"14
Bandiera and Taarit proposed that dehydrogenation of cycloalkenes to form BTX is competed with
the ethane activation.!*® They demonstrated that addition of cyclohexadiene, which would be a
precursor of BTX, to ethane feed inhibited EDA.'*” Therefore, the active metals contribute not
only activation of light alkanes but the formation of BTX because aromatization of the

intermediates would be easy to proceed in comparison with hydrogen transfer catalyzed by BAS.
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1.4.3. Catalyst deactivation

Deactivation of H-ZSM-5 modified with active metals is a serious problem. Coke formation over
H-ZSM-5 is catalyzed by BAS. Various techniques including thermogravimetric analysis, Raman
and '°C MAS NMR spectroscopy are used to analyze coke species. The coke formation on zeolite
catalysts is summarized in the literature.'*® The coke species are mainly polycyclic aromatic
hydrocarbons under the aromatization conditions, which induce blocking of micropore channels,
resulting in the deactivation of the catalysts. Therefore, the catalysts must be periodically
regenerated under oxidative conditions.'*

To suppress the coke formation, addition of a promoter to metal-modified H-ZSM-5 is one of
the effective ways. Hu and co-workers performed Fe addition to Mo/ZSM-5 for EDA.'* The Fe
promoter improved the catalytic stability because carbon nanotubes formed on the external surface
of H-ZSM-5. The formation of the carbon nanotubes, which have ordered structures, would
maintain openings of the micropore channels. Another example is Pt addition to Ga/H-ZSM-5.1%°
In addition to the stability, Ga—Pt/H-ZSM-5 exhibited higher ethane conversion and selectivity to
aromatic hydrocarbons than Ga/H-ZSM-5 and Pt/H-ZSM-5. The high stability of Ga—Pt/H-ZSM-
5 would be attributed to consecutive removal of the coke species through hydrogenolysis during
the reaction. Indeed, Marecot et al. performed TPSR with H> using coke-deposited Pt, Re and
It/Al,O;3 catalysts.!>! Methane formation through hydrogenolysis of the deposited coke was

verified and the temperature of methane formation increased in the order of Ir < Re < Pt.
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Modification of BAS is an alternative option to inhibit the coke formation. BAS are located on
the external and internal surface. BAS on external surface are not expected to exhibit shape
selectivity to BTX formation since they are not located in the micropore channels. The formation
of coke precursors such as polycyclic aromatic hydrocarbons rather favorable. Epelde et al.
investigated the deactivation pathway of H-ZSM-5 during ethylene conversion to propylene.!'>?
They concluded that the coke species composed of condensed aromatics and long aliphatic chains
are deposited on the external surface. This indicates that removal of BAS located at the external
surface is effective. Inagaki et al. reported that HNOj3 treatment of H-ZSM-5 synthesized without
organic structure-directing agent removes Al (BAS) selectively from its external surface.'** In
addition, control of distribution of framework Al would be also an effective means. Generally, the
MFTI topology has 12 T-sites, which are candidates for Al sites, as shown in Figure 1.5. Among
them, T1, T4 and T6 does not face the intersections. T4 is located at the sinusoidal channels. T1
and T6 are located at the straight channels. The distribution of the Al sites can be controlled by the
synthesis conditions.!>*!>° Liu et al. synthesized H-ZSM-5 with different Al distribution and
performed ethane and ethylene aromatization over Pt/H-ZSM-5.% They concluded that BAS
located at the intersections tend to contribute to the formation of aromatic hydrocarbons. H-ZSM-
5 with much Al located at the intersections exhibited high and stable conversion and BTX yield.
The remaining Al sites located at straight and sinusoidal channels would induce the coke formation,

resulting in blocking of the micropore channels and inhibition of diffusion of the products.

Figure 1.5. Twelve T-sites in the MFI topology.

1.5. Aims of the thesis

As described above, ethylene production through the thermal cracking of ethane consume much
energy due to the high reaction temperatures and periodic removal of coke. In addition, an

alternative process of BTX production from ethane is attractive because of the high feasibility.
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Therefore, the aims of the thesis are as follows:

1. Dehydrogenation of ethane over metal oxide catalysts in the presence of steam at lower
temperature (973 K) than the steam cracking process;

2. Dehydroaromatization of ethane over ZSM-5-supported metal catalysts with high catalytic
performance, particularly the stability.

In chapters 2 and 3, metal oxide catalysts for EDH in the presence of steam are described. It was

found that steam in the reaction system promotes EDH over reducible perovskite oxides. In

chapters 4 and 5, EDA over H-ZSM-5 modified with active metals is described. It was found that

the amount of active metals and BAS could be controlled by steam treatment in combination with

an ion-exchange method. Various spectroscopic measurements including IR, XANES, UV-Vis and

NMR in combination with DFT calculations revealed the nature and structure of active sites.

Finally, catalytic science for ethane conversion is summarized in chapter 6.
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Chapter 2 Dehydrogenation of ethane over Ga oxide catalysts in the

presence of steam

The text in this chapter is reproduced in part from H. Seki, H. Saito, K. Toko, Y. Hosono, T. Higo,
J. G. Seo, S. Maeda, K. Hashimoto, S. Ogo, Y. Sekine, Effect of Ba Addition to Ga-a-Al>O3
Catalyst on Structure and Catalytic Selectivity for Dehydrogenation of Ethane. Appl. Catal. A:
Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V. The text is also reproduced with permission
from H. Saito, S. Maeda, H. Seki, S. Manabe, Y. Miyamoto, S. Ogo, K. Hashimoto, Y. Sekine,
Supported Ga-Oxide Catalyst for Dehydrogenation of Ethane. J. Jpn. Petrol. Inst. 2017, 60, 203—
210. Copyright 2017 The Japan Petroleum Institute.

2.1. Introduction

Ethylene, an important chemical in the petrochemical industry, is converted to fundamental
chemicals such as polyethylene, ethylene oxide, vinyl chloride, and vinyl acetate. Steam cracking
of naphtha is mainly used for ethylene production in Europe and Japan. However, ethane is a main
feedstock to produce ethylene in the United States and the Middle East because ethane is cheaply
available by virtue of the development of shale gas and associated petroleum gas, respectively.'-?
Steam cracking of ethane, a non-catalytic process, requires high reaction temperatures (10231148
K) to achieve high ethylene yield.? Additionally, it is necessary to remove carbonaceous deposits
from the cracking coils frequently to prevent plugging and increased thermal resistance.’ As a
result, steam cracking of ethane is an energy-intensive process. Therefore, it is necessary to
develop a cracking coils to overcome these shortcomings. AFFTALLOY (Kubota), the latest
cracking coil, has excellent ability to suppress carbon deposition and carburization because its
internal surface is covered with a-Al,03.* Furthermore, the reaction temperature can be lowered
and coke formation can be suppressed if a catalyst for dehydrogenation of ethane is introduced to
the cracking coils.

In general, supported Cr, Ga or Pt catalyst is used for non-oxidative dehydrogenation of
ethane.”?! Unlike non-oxidative dehydrogenation of ethane, the reaction atmosphere of steam
cracking of ethane includes steam. Therefore, the catalyst introduced to the cracking coils must
inhibit side reactions such as steam reforming and coke formation to achieve high ethylene
selectivity. Furthermore, an inexpensive catalyst is preferred, rendering Pt and other noble metals
unsuitable for these purposes. Moreover, Cr catalysts are cheaper catalysts, but they are known to
be deactivated at the initial stage of non-oxidative dehydrogenation of ethane.?%!

The present work in this chapter, therefore, focuses on Ga catalysts. Considering the practical
use of the catalyst together with a famous cracking coil AFTALLOY, the use of the a-Al2O3
support is desirable for application of the Ga catalyst because the inner wall of AFTALLOY
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consists of a-Al0s.* In other words, the use of a-Al,Os support as a model of its inner wall is
favorable to reflect the real situation. In addition, a second metal was added to Ga-a-Al>Os3 catalyst
to improve its catalytic performance. Results demonstrated that Ba-modified Ga-a-Al>O3 showed
higher ethylene selectivity than Ga-a-Al,Os. Various characterizations including theoretical
investigation have been conducted to elucidate the effects of Ba addition on catalytic activity,

selectivity, and coke formation.

2.2. Experimental
2.2.1. Catalyst preparation

To obtain a-AlO3, y-Al,O3 (JRC-ALO-6; Catalysis Society of Japan) was calcined at 1573 K in
static air for 3 h. Prior to the calcination, y-Al,O3; was crushed into powder using a planetary ball
mill (P-6; Fritsch GmbH). Ga, Ge, In, or Sn was loaded on the support by an impregnation method.
The catalyst support was soaked in distilled water for 2 h in vacuo. Then an aqueous solution of
Ga(NO3)3-nH20 (n = 7-9), In(NO3)3-3H20, GeCl, or Sn(CH3COO); was added. After the slurry
was stirred at room temperature for 2 h, water was evaporated with heating and stirring. Then, the
obtained powder was dried in an oven at 393 K overnight in air and was calcined in a muffle
furnace at 1323 for 3 h.

Second metal-modified Ga catalysts were prepared by a co-impregnation method. The metal
precursors of the second metals are summarized in Table 2.1. Procedure of the co-impregnation
method is basically the same as the impregnation method except for the simultaneous addition of
Ga and a second metal precursors to the a-Al2O3 slurry. The Ga content was fixed at Swt%. The
M/Ga molar ratio was 0.20. Ba-modified catalysts with various Ba/Ga molar ratios were prepared

using the same method.
2.2.2. Catalytic activity tests

Catalytic activity tests were conducted at atmospheric pressure in a fixed bed flow-type quartz
tube reactor (i.d., 4 mm; o.d., 6 mm). The catalyst (100 mg) sieved to 425-850 um was charged in
the reactor with SiC (ca. 392 mg). The reaction gas composition was CoHg : HDO : N =1.0: 1.4 :
5.5 at a total flow rate of 143.3 mL min™! except for preliminary screening of active metals (281.6
mL min™'). The catalyst bed was heated to 973 K in a N> flow before the reaction gas was
introduced. Products including CH4, CO, CO», and C2H4 were analyzed using GC-FID (GC-8A;
Shimadzu Corp.) equipped with a Porapak Q packed column. No other product such as Cs
hydrocarbons was detected. CO and CO> were converted to CH4 through methanation catalyzed
by Ru/Al>Os to detect them using FID. Ethane conversion and selectivity to each product were

calculated as shown below.

rco + rCH4_ + 7"CO2 + 2rC2H4 100

Ethane conversion [%] = o 2.1)
CoHg
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Selectivity [%] = P 1100 22
rcot ren, T rco, T ro,u, 2.2)

In those equations, » denotes the formation rate of each product (CO, CHs4, CO2, and C,Ha)

€69

represented by the subscripts. Ethane feed rate was denoted respectively as fC2H6. Subscript “p

in equation (2.2) stands for one of the products (CO, CHa4, CO2 or C2Ha).
2.2.3. Characterizations

X-ray diffraction (XRD) patterns were measured using an X-ray diffractometer (Smart Lab-III;
Rigaku Corp.) at 40 kV and 40 mA with Cu Ka radiation.

The specific surface area was measured by nitrogen adsorption using Brunauer—Emmett—Teller
(BET) method (Gemini VII 2390a; Micromeritics Instrument Corp.). The samples were heated to
473 K for 2 h under N, atmosphere before the measurements.

The loaded amounts of Ga and Ba were measured using an inductively coupled plasma (ICP)
optical emission spectrometer (iICAP-6500; Thermo Scientific). For the ICP measurements, each
sample (ca. 10 mg) was mixed with Li2B4O7 (ca. 1.5 g) and the mixture was heated to 1273 K and
hold the temperature for 15 min. After cooling to room temperature, the obtained transparent
material was dissolved in HNOj3 aqueous solution (HNOs3 : H>O = 3 : 50). To quantify Ga and Ba
content, Ga and Ba standard solutions (Kanto Chemical Co., Inc.) were mixed with HNO3 and
Li2B4O7 solutions. The concentration of HNOs and Li2B4O7 in the prepared standard solution was
the same as the sample solutions.

The amount of carbon deposition was measured by temperature programmed oxidation (TPO).
The catalysts (ca. 30 mg) were used after reaction at 1073 K for 24 h. The sample was heated to
873 K for 30 min to remove adsorbed water in Ar. After the sample was cooled to 373 K, it was
heated to 1173 K in 5vol% Ox/Ar at a ramping rate of 10 K min!. The amount of carbon deposition
was calculated based on the weight loss measured using thermogravimetry (TGA-50; Shimadzu
Corp.).

To evaluate the electronic state and coordination environment of Ga, Ga K-edge X-ray
absorption fine structure (XAFS) measurements were conducted at the BL14B2 of SPring-8 in
Japan. The catalysts were mixed with BN. Then 7 mm¢ pellets were formed. As a reference, p3-
Ga203 (99.99%; Fujifilm Wako Pure Chemical Corp.) mixed with BN was used to prepare a pellet.
XAFS measurements were conducted in transmission mode using a Si(111) crystal
monochromator. Analyses of X-ray absorption near-edge structure (XANES) were conducted
using software (Demeter ver. 0.9.025; Bruce Ravel).

The electronic state of surface Ga in the fresh samples was measured by X-ray photoelectron
spectroscopy (XPS) with an XPS instrument (VersaProbell; Ulvac-Phi Inc.). XPS measurements
were conducted with an Al Ko X-ray source. The binding energy in the spectra for the Ga2p peak
was referenced to the Cls peak at 284.8 eV.
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Phase identification of Ga oxide was conducted using a field emission-scanning transmission
electron microscope (FE-STEM) with an energy dispersive X-ray (EDX) spectrometer (JEM2100-
F; JEOL Ltd.).

Hydrogen adsorption was observed using Fourier transform-infrared (FT-IR) spectroscopy with
a FT-IR spectrometer (FT/IR-6100; Jasco Corp.). The catalyst (130 mg) was shaped to a 10 mm¢
self-supported disk placed into an IR cell. First, the disk was heated to 873 K in Ar to remove
adsorbed water. Subsequently, the background spectrum was measured at 323 K. Next, the disk
was heated to 873 K again. The IR spectrum was measured in Ar as a reference spectrum. Then,
H> was fed to the disk. The IR spectrum was measured after the peak intensity becomes stable.
The reference spectrum was subtracted from the spectrum after H, adsorption. The resolution was
2 cm’!. The number of scans was 500 times. The ratio of surface tetrahedrally coordinated Ga to
octahedrally coordinated Ga was estimated based on peak areas of Ga-H peaks (2003 cm™ and
1980 cm™!).??

2.2.4. Computational method

All density functional theory (DFT) calculations were performed using Vienna ab initio simulation
package (VASP) ver. 5.4.1.2-2" The projector-augmented wave (PAW) method®*>*’ was used for
core electrons. Plane wave basis sets with cutoff energy of 400 eV were used for valence electrons.
The adopted exchange-correlation functional was re-parameterized Perdew—Burke—Ernzerhof
(RPBE) out of the generalized gradient approximation (GGA). The k-point separation in
Monkhorst—Pack reciprocal space was 0.04 A", The tetrahedron method with Blochl correction
(c = 0.2 eV) was applied to band occupations around the Fermi level. The van der Waals
corrections were calculated using zero damping DFT-D3 method of Grimme. Geometry
optimizations were conducted with the conjugate-gradient algorithm. Convergence was assumed
to be reached when the total energy change was smaller than 10~ eV. In all calculations, the spin
was polarized.

We constructed $-Ga203(111) and B-Ga>03(002) slab models using four layers containing 16
gallium atoms and 24 oxygen atoms with a 15 A vacuum layer. The top two layers were relaxed
for structure optimization. These surfaces were confirmed by the experimental XRD pattern of -
Gax0s. B-Ga203(111) slab models were considered to be of two patterns: one containing the
tetrahedral Ga atoms (Ga(T)-(111)) and the other containing the octahedral Ga atoms (Ga(O)-
(111)) in the top layer. B-Ga203(002) slab models contained the tetrahedral Ga atoms in the surface
(Ga(T)-(002)) and the octahedral Ga atoms in the surface (Ga(O)-(002)). Details are shown in
Figure 2.1. The adsorption energy of ethane and ethylene (AE) was defined as

AE,4 = Epoleculessiab — Estab = Emolecule (2.3)
where Enmoleculessiab, Estab and Emolecule T€Spectively represent the energy of the $-Ga2Os slab with an

adsorbed molecule such as ethane and ethylene, the clean 3-Ga;0Os slab, and the molecule. The
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energies of ethane and ethylene molecules were calculated in the 10 x 10 x 10 A cubic box. All

calculation models were drawn using VESTA 28

2.3. Results and discussion
2.3.1. Preliminary screening of active metals

Four chemical elements (Ga, Ge, In, and Sn) were tested to investigate their catalytic activities for
dehydrogenation of ethane in the presence of steam. The dehydrogenation reaction of ethane was
conducted at 973 K. Since the internal surface of AFTALLOY is composed of a-Al>O3, 5wt% Ga,
Ge, In or Sn was impregnated on a-Al>O3. Results of screening tests are presented in Table 2.2.
These results indicate that Ga-AlOs; has a high ethylene formation rate and high ethylene
selectivity. Although In-Al>,O3 exhibited a high ethylene formation rate, ethylene selectivity was
about 70%, which was lower than those on the other catalysts. Ge-AlO3; was slightly inferior to
the Ga catalyst in terms of the ethylene formation rate and selectivity, but it showed high stability.
Considering the price of Ge, it is not feasible for industrial use. The catalytic activity of Sn-Al,O3
was almost identical to that of a-AlOs, indicating that Sn has no catalytic activity for
dehydrogenation of ethane. From the results presented above, Ga is the most effective active metal

for dehydrogenation of ethane under the reaction condition.
2.3.2. Screening of second metals

To find a better catalyst than Ga-a-Al2O3, the effects of second metal addition to Ga-a-Al2O3 on
the catalytic performance were investigated. Various M-Ga-a-Al2O3 catalysts with M/Ga molar
ratio = 0.20 (M = Ba, Bi, Ce, Co, Cu, Fe, La, Mn, Mo, Ni, Sn, Sr, W or Zr) were prepared.
Dehydrogenation of ethane in the presence of steam was conducted at 973 K. Catalytic activity
tests are conducted in a kinetic region (i.e. low conversion condition). The ethylene formation rate
vs. ethylene selectivity over these catalysts is presented in Figure 2.2. Specific values are presented
in Table 2.3. Results demonstrate that 0.20Fe-Ga-a-Al,O3 and 0.20Ba-Ga-a-Al,O3 show a higher
ethylene formation rate and higher ethylene selectivity than Ga-a-AlOs, respectively. Each
product selectivity over Ga-o-Al>O3, 0.20Fe-Ga-a-Al2O3, and 0.20Ba-Ga-a-Al>Os3 is presented in
Figure 2.3. Also, 0.20Fe-Ga-a-Al2O3 showed higher CO and CO; selectivity than Ga-o-AlOs.
This phenomenon indicates that 0.20Fe-Ga-a-Al2O; promoted steam reforming of ethane.
Consequently 0.20Fe-Ga-a-AlO3 was unsuitable for dehydrogenation of ethane in the presence
of steam. However, 0.20Ba-Ga-a-Al>O3 showed lower CO and CO; selectivity than Ga-o-Al>Os.
Therefore, we concluded that Ba was the best additive for Ga-a-Al2O; catalyst.

To ascertain the optimum amount of Ba, we prepared xBa-Ga-a-Al2O3 catalysts with various
Ba/Ga molar ratios (x = 0, 0.070, 0.10, 0.20, 0.33 and 1.0) and 5wt% Ba-a-AlOj3 catalyst and
evaluated their catalytic activities. Structural and textural characterizations were conducted using
XRD, BET, and ICP as presented in Figure 2.4 and Table 2.4. From XRD results, no peak for Ga
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species was observed, indicating that Ga was highly dispersed on a-AlbO3. However, peaks for
BaAl,04 and BaCOs were observed with the increase in the loading amount of Ba. As shown in
Table 2.4, the BET surface area of the catalysts was almost identical (about 6.0 m? g'!). The Ba/Ga
molar ratio of the prepared catalysts was almost equal to the desired value.

The activity test results are presented in Figure 2.5. Specific values of the catalytic performance
are presented in Table 2.5. Although ethylene selectivity increased by Ba addition, the ethylene
formation rate decreased concomitantly with increasing Ba loading amount. The result suggests
that the excess Ba covered Ga active sites in the catalysts with a high Ba/Ga molar ratio. In addition,
S5wt%Ba-a-AlO3 showed comparable activity to that of a-Al>O3, indicating that the supported Ba
is inactive. However, 0.10Ba-Ga-a-Al,O3; showed a high ethylene formation rate and ethylene
selectivity. Therefore, we found 0.10Ba-Ga-a-Al,Os3 as the optimal catalyst for dehydrogenation
of ethane in the presence of steam. After the reaction, little changes in XRD pattern and BET
surface area of the spent 0.10Ba-Ga-a-AlO3 were verified (Figure 2.6 and Table 2.6), indicating
0.10Ba-Ga-a-AlOs is stable under hydrothermal conditions.

2.3.3. Catalytic stability and coke formation

The catalyst stability was evaluated using long-term reaction tests. The time courses of the ethylene
formation rate and ethylene selectivity are portrayed in Figure 2.7. For this study, a-AlOs; was
used as a model of the AFTALLOY inner surface (i.e. cracking coil). Thermal cracking of ethane,
which is the non-catalytic and radical reaction in gas phase, occurred at temperatures higher than
883 K.» In the case of a-ALOs, ethylene formation was attributed to the gas phase reaction
because a-Al2O3; shows no catalytic activity for the dehydrogenation of ethane. As portrayed in
Figure 2.7(a), ethylene formation rate on Ga-a-Al2O; is higher than on bare a-Al,Os. Further
improvement in ethylene formation rate was achieved by Ba addition. In addition, 0.10Ba-Ga-o.-
Al>0Os5 catalyst showed higher ethylene selectivity than Ga-a-AlO; (Figure 2.7(b)) by virtue of the
decrease in CO and CO; selectivity (Figure 2.8). These results demonstrate that Ba addition to Ga-
a-Al20O3 suppressed CO and CO; formation, improving not only stability but also ethylene
selectivity.

In the present reaction system, possible CO and CO, formation pathways are ethane steam
reforming (2.4), gasification of carbonaceous deposit (2.5), and water gas shift reaction (2.6), as

shown in the following reaction formula.

CoHe + 2H,0 — 2CO + 5H» 2.4)
C +HO - CO +H» (2.5)
CO + H,0 — COz + Ha (2.6)

No report of the relevant literature describes that Ga or Ba catalyst shows catalytic activity for
steam reforming of ethane. Therefore, CO and CO: formation were attributed to gasification of
carbonaceous deposits (2.5) and a subsequent water gas shift reaction (2.6). Considering these

pathways, Ba addition can be expected to contribute to the suppression of carbon deposition. Also
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coke formation is attributable to ethylene decomposition. Thus, 0.10Ba-Ga-a-Al,O3 exhibited
higher ethylene formation rate than Ga-a-Al>Os.

The amounts of carbon deposition on spent a-Al,O3, Ga-a-Al,O3, and 0.10Ba-Ga-a-AlO3
catalysts were quantified using temperature programmed oxidation (TPO). To evaluate their coke
resistance, dehydrogenation of ethane was conducted under severe conditions (at 1073 K for 24 h)
because the amount of carbon deposition was too small to quantify at 973 K. The amounts of
carbon deposition on the spent catalysts are shown in Table 2.7. In the case of a-Al,O3, no carbon
deposition was observed. The amount of carbon deposition on Ga-o-Al,03 was 20.6 mg gear
demonstrating that carbon deposition occurred mainly on Ga sites. No carbon deposition on
0.10Ba-Ga-a-Al>O3 was observed. These results indicate that carbon deposition at Ga sites was
suppressed by Ba addition. Therefore, we concluded that the suppression of carbon deposition on
0.10Ba-Ga-a-Al>Os3 contributed to the inhibition of CO and CO; formation and stable catalytic
activity.

To assess the effects of Ba addition on ethylene decomposition experimentally, the amounts of
carbon deposition via ethylene decomposition on Ga-a-Al,O3 and 0.10Ba-Ga-a-Al,O3 were
compared. Instead of ethane, ethylene was fed to the reactor at 1073 K for 7 h; the spent Ga-a-
ALO; and 0.10Ba-Ga-a-Al,O3; were obtained. The amounts of carbon deposition on the spent
catalysts are shown in Table 2.7. Although the amount of carbon deposition on Ga-a-Al,O3 was
196.3 mg gear’!, no carbon deposition was observed over the spent 0.10Ba-Ga-a-Al>Os. These
results revealed that ethylene decomposition on Ga sites was suppressed by Ba addition.

2.3.4. Electronic state and structure of Ga

To elucidate the effects of Ba addition on the electronic state of the supported Ga species, Ga-o.-
Al>03 and 0.10Ba-Ga-a.-Al2O3 were characterized by XPS. XP spectra of Ga-a-Al2O3 and 0.10Ba-
Ga-a-AlO3 are shown in Figure 2.9. In the spectrum of Ba, two peaks for Ba3ds» and Ba3ds.
were observed at 780 and 795 eV, respectively, corresponded to Ba?*.3%3! From the results of XRD
(Figure 2.6), we observed BaCO3 and BaAl,O4 in xBa-Ga-a-Al,O; (x = 0.20-1.0). Generally,
Ba3ds, peaks for BaCOj; and BaAl,O4 are observed at similar binding energy around 780 eV.?%3!
Therefore, these peaks would be attributable to BaCO3 or BaAl,O4. In the Ga2p spectra, peaks for
Ga2ps2 and Ga2pi, were observed at 1118 and 1145 eV, respectively, corresponded to Ga** 3333
Biding energy for both peaks was not affected by Ba addition, indicating that the electronic state
of Ga was not varied whether Ba was added to the catalyst or not.

Ga K-edge XANES spectra and their enlarged spectra around the white lines are presented in
Figure 2.10. B-Ga,O3 was used as a reference sample of Ga®" species. The Eo values were
calculated as zero-crossing of 2™ derivative, and these of B-Gax03 (10371.2 eV), Ga-a-ALO;
(10371.6 eV) and 0.10Ba-Ga-a-Al,03 (10371.6 eV) were almost the same, indicating the presence
of Ga*" in Ga-a-Al,O3 and 0.10Ba-Ga-a-Al,O3. Reportedly, the two peaks for B-Ga203 at 10375
eV and 10379 eV are attributed to tetrahedrally coordinated Ga species denoted as Ga(T) and
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octahedrally coordinated Ga species denoted as Ga(O), respectively.>* Although the peak intensity
around white line was slightly different, Ga K-edge XANES spectra of Ga-a-Al>O3 and 0.10Ba-
Ga-a-Al,O3 showed two peaks at the same position as that of f-Ga>Os. This indicated that Ga
species in Ga-a-Al,O3; and 0.10Ba-Ga-a-AlO3 had B-GayOs structure. The Ga(T)/Ga(O) ratio
could be calculated from each peak intensity.>* Compared with the spectrum of B-GaO3, the high
peak intensity of Ga(T) was observed in the spectra of Ga-a-Al,O3 and 0.10Ba-Ga-a-Al>Os. To
the contrary, the peak intensity of Ga(O) in the spectra of supported Ga catalysts was lower than
that in the spectrum of -Ga>Os. These indicate the high Ga(T)/Ga(O) ratios of Ga-a-Al,O3 and
0.10Ba-Ga-a-Al>O3 in comparison with B-Ga>Os3. Moreover, since XANES spectrum of 0.10Ba-
Ga-a-Al,O3 were almost the same as that of Ga/a-Al2O3, coordination environment of Ga in the
bulk was hardly affected by Ba addition.

TEM images and EDX mappings of 0.10Ba-Ga-a-Al,O3 were also measured to observe Ga
oxide. Concentration of each component (O, Al, Ga and Ba) quantified by EDX were summarized
in Table 2.8. As shown in Figures 2.11(a) and (b), Ga oxide nanoparticles were observed on the a-
AL Oj3 support. The interplanar d-spacing shown in Figure 2.11(b) is 0.255 nm, corresponded to [3-
Gax03(111) facet.® The existence of B-Ga>03 was verified using TEM in addition to XAFS. EDX
mapping for Ba revealed that Ba was highly dispersed on -Ga;0Os; and a-Al,Os3. This would
indicate that coverage of B-Ga>O; with Ba affect the catalytic performance because Ba addition

had little influence on the electronic state and crystalline structure of Ga.
2.3.5. Coordination environment of surface Ga

To investigate the coordination environment of surface Ga, observations of hydrogen adsorption
by FT-IR were conducted. Collins et al. reported that the surface Ga(T)/Ga(O) ratio can be
estimated using FT-IR after adsorption of hydrogen on Ga,0s3.2? The subtracted FT-IR spectra of
hydrogen adsorption at 873 K are presented in Figure 2.12. A broad absorption band attributed to
Ga-H was observed around 2000 cm. To estimate the surface Ga(T)/Ga(O) ratio, peak
deconvolution was conducted. In our case, the absorption band was deconvoluted with Gaussian.
The results of peak deconvolution of the IR spectra are presented in Table 2.9.

According to reports of the literature,?>*® band 2 (Ga-o-ALOs: 1974 cm™, 0.070Ba-Ga-o.-
AlO3: 1975 cm™, 0.10Ba-Ga-a-AlOs3: 1964 cm™, 0.20Ba-Ga-o-Al,O3: 1951 cm™!) was assigned
to Ga(O)-H, and band 3 (Ga-a-Al,O03: 2003 cm™, 0.070Ba-Ga-0-A103: 1999 cm™!, 0.10Ba-Ga-o-
AL0O3: 2001 cm™, 0.20Ba-Ga-a-ALO3: 1992 cm™) was assigned to Ga(T)-H. Then, the peak area
ratio of band 3 over band 2 (Area3/Area2 in Table 2.9) shows the exposed Ga(T)/Ga(O) ratio at
the catalyst surface. The Area3/Area2 ratios decreased with the increase in the Ba/Ga molar ratios
(3.30—1.06—0.98—0.89), indicating that the amount of surface Ga(T) sites decreased by
coverage with Ba. Therefore, we deduce from the results of TPO and FT-IR that the surface Ga(T)
sites cause carbon deposition. The surface Ga(T) sites would be covered with Ba, leading to the

suppression of coke formation. Considering that 0.10Ba-Ga-o-Al2O3 exhibited the highest
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ethylene formation rate, the coverage of the Ga(T) sites with Ba would be insufficient in case of
0.070Ba-Ga-a-Al,Os. Although the Area3/Area2 ratio of 0.20Ba-Ga-a-AlO3 was smaller than
that of 0.10Ba-Ga-a-Al>Os3, the catalytic activity decreased with the increase in the Ba/Ga ratios
(0.10—0.20). As shown in Figure 2.6, addition of the excess amount of Ba induce the formation
of BaCOj3; and BaAl>Os. These impurities would be deposited on the active sites, resulting in the

decrease in the intrinsic activity.

2.3.6. Ethane and ethylene adsorption energy

To evaluate the properties of Ga(T) and Ga(O), the respective adsorption energies of ethane and
ethylene were calculated using first principles calculation. For this study, B-Ga,O3; was used as a
structural model of the Ga catalysts because we experimentally verified that f-Ga>Os3 exists in Ga-
a-Al203 and Ga-0.10Ba-a-Al20s. Based on the TEM image of 0.10Ba-Ga-a-Al2Os (Figure 2.12)
and XRD pattern of 3-Ga,0; (data not shown), we calculated ethane and ethylene adsorption on
(111) and (002) facets of B-Ga>0s. As shown in Figure 2.1, two kinds of Ga(O) sites exist in these
facets: coordinatively unsaturated Ga(O) sites with four oxygen in the (002) facet (distorted
surface GaO4L1> unit: Ga(0)-(002)) and those with five oxygen in the (111) facet (distorted surface
GaOs[]; unit: Ga(O)-(111)), respectively. In addition, coordinatively unsaturated Ga(T) sites with
three oxygen (distorted surface GaOs[]; unit: Ga(T)-(002) and Ga(T-(111)) also exist. The oxygen
defects are described by the square symbol (LJ). Ethane and ethylene adsorption energy on these
sites are calculated.

Although we preliminary examined molecular adsorption of ethane, all of the adsorption energy
resulted in positive values (data not shown). Therefore, two models for dissociative adsorption of
ethane (models (a) and (b)) and one model for molecular adsorption of ethylene (model (c)) were
investigated. Results of the calculations are shown in Figure 2.13. The calculated adsorption
energy is presented in Table 2.10. At the Ga(O)-(111) sites, all calculated values of adsorption
energy were positive, indicating that Ga(O)-(111) sites are inert for activation of ethane and
ethylene, probably because of the highest coordination number of Ga(O)-(111). Of the models (a)
and (b), only model (a) at Ga(T)-(002), Ga(O)-(002), and Ga(T)-(111) sites were preferable to
dissociative adsorption of ethane because their adsorption energy showed negative values.
Adsorption energy of ethylene (model (c)) was negative at Ga(T)-(002), Ga(O)-(002) and Ga(T)-
(111) sites, where activation of ethane (model (a)) also occurred. However, tendencies of
adsorption energy on active sites were quite different if comparing the adsorption energy of model
(a) and (c) at Ga(O)-(002) sites with those at Ga(T)-(002) and Ga(T)-(111). Specifically, the
adsorption energy of model (a) was lower than that of model (c¢) at Ga(0)-(002) and vice versa at
Ga(T)-(002) and Ga(T)-(111). Generally, strong ethylene adsorption causes carbon deposition via
ethylene decomposition. Therefore, these results indicate that Ga(T)-(002) and Ga(T)-(111) sites

are likely to cause carbon deposition rather than dehydrogenation of ethane, and vice versa for
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Ga(0)-(002) sites. In other words, Ga(0)-(002) sites are suitable for selective ethylene formation
without carbon deposition.

The theoretical and experimentally obtained results led us to infer that 0.10Ba-Ga-a-Al>O3
showed high selectivity and coke resistance by virtue of the coverage of Ga(T) sites with Ba. Based
on these results, a schematic image of the effects of Ba addition on surface Ga sites is depicted in
Figure 2.14.

2.4. Chapter Conclusion

Dehydrogenation of ethane over various M-Ga-a-Al,O3 catalysts was performed in the presence
of steam. Results show that 0.10Ba-Ga-a-Al2O3 (Ba/Ga molar ratio = 0.10) exhibited high
ethylene selectivity and stability by virtue of the suppression of carbon deposition. Subsequently,
XRD, XAFS, and XPS measurements revealed highly dispersed -Ga;O3 with numerous Ga(T)
sites in Ga-a-AlbO3 and 0.10Ba-Ga-a-Al>Os. FT-IR measurements demonstrated that the surface
Ga(T)/Ga(O) ratio decreased by Ba addition because surface Ga(T) sites were covered with Ba.
First principles calculations revealed that surface Ga(T) sites were more likely to cause carbon
deposition via ethylene decomposition than ethane dehydrogenation while surface Ga(0O)-(002)
sites preferentially promote ethane dehydrogenation. Results show that 0.10Ba-Ga-oa-Al2O3
exhibits high ethylene selectivity and durability without carbon deposition by virtue of covering
unfavorable Ga(T) sites with Ba.
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Figures and Tables
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Figure 2.1. DFT calculation models for ethane or ethylene adsorption energy over B-GayOs.
Adsorption sites are enclosed in the blue circles. Reprinted from H. Seki et al., Appl. Catal. A:
Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.
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2019 Elsevier B. V.
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Figure 2.4. XRD patterns of various a-Al>O3 supported catalysts. Reprinted from H. Seki ef al.,
Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.
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Figure 2.5. Ethylene formation rate vs. ethylene selectivity over xBa-Ga-a-Al2O3 (x = 0, 0.070,
0.10, 0.20, 0.33 and 1.0), 5wt% Ba-a-Al2O3; and a-Al,O3 at 973 K. Ba/Ga molar ratio was
represented by the letter “x”. Reprinted from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23—
30. Copyright 2019 Elsevier B. V.
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Figure 2.6. XRD patterns of fresh and spent 0.10Ba-Ga-a-Al>O3. The spent catalyst was obtained
after the activity tests at 973 K for 3 h. Reprinted from H. Seki et al., Appl. Catal. A: Gen. 2019,
581, 23-30. Copyright 2019 Elsevier B. V.
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581, 23-30. Copyright 2019 Elsevier B. V.
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Copyright 2019 Elsevier B. V.
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Figure 2.9. (a) Ba3d and (b) Ga2p spectra of Ga-a-Al>O3 and 0.10Ba-Ga-a-Al;0Os. Reprinted from
H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.
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Figure 2.10. (a) Ga K-edge XANES spectra and (b) enlarged spectra of f-Ga>03, Ga-a-Al,O3 and

0.10Ba-Ga-a-Al203. Ga(T) and Ga(O) represent tetrahedrally coordinated Ga and octahedrally

coordinated Ga, respectively. Reprinted from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23—

30. Copyright 2019 Elsevier B. V.
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Figure 2.11. (a), (b) TEM images of 0.10Ga-Ba-a-Al>O3; and EDX mappings for (c) oxygen, (d)
aluminum, (e) gallium and (f) barium. The enlarged spot corresponded to the image (b) is enclosed
in the yellow circles. Reprinted from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30.
Copyright 2019 Elsevier B. V.

58



(a) Ga-0-Al,03, — Integrated (b) 0.070Ba-Ga-0-Al203 | —— |ntegrated

Raw spectrum o Raw spectrum

0.05 Band 3 (Ga(T)-H)

e

Band 3 (Ga(T)-H)

Band 4 § Band 2 (Ga(O)-H)

Band 2 (Ga(O)-H)

Band 1

Absorbance / arb. unit
Absorbance / arb. unit

2100 2050 2000 1950 1900 1850 1800 2100 2050 2000 1950 1900 1850 1800

-1 -
Wavenumber / cm Wavenumber / cm
(c) 0.10Ba-Ga-a-Al203 | —— Integrated (d) 0.20Ba-Ga-a-Al203 — Integrated
> Raw spectrum o Raw spectrum

Band 3 (Ga(T)-H)

Band 2 (Ga(O)-H)

Band 2 (Ga(O)-H)

Band 1

Absorbance / arb. unit

Absorbance / arb. unit

2100 20'00 19'00 18I00 1700 2100 2050 2000 1950 1900 1850 1800 1750
Wavenumber / cm™ Wavenumber / cm’™

Figure 2.12. Subtracted FT-IR spectra of hydrogen dissociative adsorption over (a) Ga-o-Al203,
(b) 0.070Ba-Ga-a-Al>Os3, (¢) 0.10Ba-Ga-a-Al>O3 and (d) 0.20Ba-Ga-a-Al>O3. Reprinted from H.
Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.
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Figure 2.13. Ethane and ethylene adsorption models over Ga(T)-(111), Ga(O)-(111), Ga(T)-(002)
and Ga(0)-(002) after structure optimization ((a) Ga-C,Hs, O-H, (b) Ga-H, O-C,Hs and (¢) Ga-
C>Hy). Reprinted from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019
Elsevier B. V.
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Table 2.1. Metal precursors of second metals. Reproduced from H. Seki et al., Appl. Catal. A: Gen.
2019, 581, 23-30. Copyright 2019 Elsevier B. V.

Metal Precursor

Mn Mn(NOs),6H,O

Fe Fe(NO;);'9H,0

Co Co(NO3),'6H,0

Ni Ni(NOs),'6H,0

Cu Cu(NOs),'3H,0

Sr Sr(NO3),

Zr ZrO(NOs),2H,0
Mo (NH4)¢Mo0,0,44H,0
Sn C4HgO4Sn

Ba Ba(NO3),

La La(NO3);:6H,0

Ce Ce(NO3);6H,0

W (NH4)sH, W 1,049x H,O
Bi Bi(NO3);5H,0

Table 2.2. Catalytic activities and C2H4 selectivity over M-a-Al2Os3 catalysts (M = Ga, In, Ge and
Sn). Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019
Elsevier B. V.

C,H, formation rate

Catalyst L C,H, selectivity / %
/mmol g" h
o-ALO; 4.0 97.4
Ga-a-ALO; 9.9 98.3
In-a-ALO; 9.0 86.2
Ge-a-ALO; 5.5 97.8
Sn-a-ALO; 4.4 98.0
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Table 2.3. Catalytic activities and products selectivity at 973 K over a-Al,03, Ga-a-Al2O3 and
0.20M-Ga-a-Al>Os. Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30.
Copyright 2019 Elsevier B. V.

Selectivity / % C,H, formation

Catalyst Conversion / %

CcO CH, CO, C,H, rate / mmol g h”
a-ALO;" 0.55+0.03  0.79+0.07 1.38+0.00 0.00+0.00 97.64 +0.03 2.39+0.11
Ga-0-ALO;" 0.76+0.02  121+036 2.16+0.08 1.81+0.35 94.50 +0.47 3.29 + 0.08
Mn-Ga-a-ALO; 0.51 1.12 2.69 3.52 92.41 2.19
Fe-Ga-a-ALO; 0.84 3.41 5.82 8.63 81.40 3.33
Co-Ga-0-ALO;5 0.43 0.80 2.02 1.86 95.12 1.84
Ni-Ga-a-ALOs 0.59 0.45 2.15 1.63 95.52 2.55
Cu-Ga-a-ALO; 0.55 0.47 1.04 3.28 95.09 2.38
Sr-Ga-0-ALOs 0.41 0.20 2.03 1.02 96.59 1.78
Zr-Ga-a-ALOs 0.39 0.96 4.48 5.32 88.88 1.64
Mo-Ga-a-ALOs 0.36 3.15 2.33 1.43 92.70 1.52
Sn-Ga-a-ALO; 0.38 0.88 1.89 1.94 95.09 1.63
Ba-Ga-a-ALO;"  0.58 £0.01 0.09+0.00 1.51+0.07 0.00=0.00 98.30+0.07 2.55+0.05
La-Ga-a-ALO; 0.25 0.25 2.84 2.28 94.41 1.08
Ce-Ga-0-ALO; 0.39 431 1.91 9.78 83.61 1.56
W-Ga-a-ALO; 0.22 0.18 2.09 0.00 97.56 0.94
Bi-Ga-a-ALO; 0.30 3.27 4.37 5.42 86.44 1.23

“ Average values of three times of activity tests

Table 2.4. Catalyst properties of a-Al,03, xBa-Ga-a-AlLO3 (x =0, 0.070, 0.10, 0.20, 0.33 and 1.0)
and Ba-a-AlO;. Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30.
Copyright 2019 Elsevier B. V.

BET surface

Loading amount / wt%

Catalyst area | m’ g'l Ga Ba Ba/Ga molar ratio / —
a-ALO; 6.0 — — —
Ga-a-Al,O4 4.1 4.54 — —
0.070Ba-Ga-a-Al,O; 6.8 4.56 0.783 0.0872
0.10Ba-Ga-o-AlLO; 5.8 4.69 0.974 0.106
0.20Ba-Ga-a-ALO; 6.9 4.45 1.85 0.212
0.33Ba-Ga-a-ALO; 7.0 4.34 2.62 0.307
1.0Ba-Ga-a-Al,Os 5.6 4.31 9.35 1.10
Ba-a-Al,O4 6.9 — 3.78 —
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Table 2.5. Catalytic activities and products selectivity over a-AlO3, Ga-a-AlO3, xBa-Ga-a-
AlO3 (x=10.070, 0.10, 0.20, 0.33 and 1.0) and Ba-a-Al>O3. Reproduced from H. Seki et al., Appl.
Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.

ivity / © C,H, formation
Catalyst Conversion / % Sclectivity / % e -
CO CH, CO, C,H,4 rate /mmol g h
a-ALO5" 0.55£0.03 0.79+£0.07 1.38+£0.00 0.00=0.00 97.64 +0.03 2.39+£0.11
Ga-a-ALO;" 0.76 £0.02 1.21+£0.36 2.16+0.08 1.81 £0.35 94.50 + 0.47 3.29 £0.08

0.070Ba-Ga-o-ALOs*  0.87+0.09 0.11+£0.04 1.78+0.01 0.19+0.10 97.93 +0.09 3.84 £0.37
0.10Ba-Ga-o-AlLO;" 0.97+0.04 0.42+0.08 1.45+0.16 0.16+0.16 97.91 £0.18 4.19+£0.22
0.20Ba-Ga-o-ALO;" 0.58+£0.01 0.09+0.00 1.51+£0.07 0.00+0.00 98.30+0.07 2.55+0.05

0.33Ba-Ga-a-ALO; 0.48 0.14 1.28 0.00 98.44 2.10
1.0Ba-Ga-o-ALO; 0.44 0.20 1.45 0.62 97.60 1.91
Ba-o-AL O3 0.52 0.10 1.18 0.00 98.65 2.29

“ Average values of three times of activity tests

Table 2.6. BET surface area of fresh and spent 0.10Ba-Ga-a-Al,O3. Reproduced from H. Seki et
al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier B. V.

Catalyst BET surface area / m’ g'l
Fresh 0.10Ba-Ga-oa-Al,O4 5.8
Spent 0.10Ba-Ga-o.-ALO;" 6.6

“The spent catalyst was obtained after the activity tests at 973 K for 3 h.

Table 2.7. The amount of carbon deposition on a-Al20s3, Ga-a-AlOs3 and 0.10Ba-Ga-o-Al2O3
after ethane dehydrogenation at 1073 K for 24 h or ethylene decomposition at 1073 K for 7 h.
Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier
B. V.

The amount of carbon deposition / mg gca{l

Catalyst
Ethane Ethylene
OL—A1203 n.d. —
Ga-a-Al)O4 20.6 196.3
0.10Ba-Ga-oa-Al,O; n.d. n.d.
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Table 2.8. Concentration of O, Al, Ga and Ba in 0.10Ba-Ga-a-Al,O3 quantified by EDX.
Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier

B. V.
Content
Element  Edge Energy / keV Ty T atomTe
O K 0.525 54.22 67.69
Al K 1.486 42.35 31.35
Ga K 9.241 3.23 0.92
Ba L 4.465 0.21 0.03

Table 2.9. Deconvolution of absorption band for H> adsorption in the IR spectra (Figure 2.12).
Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30. Copyright 2019 Elsevier

B. V.
Catalyst Number of band Wavenumber / cm’! Area/— Area3/Area2 / —
1 1934 2.11
2 1974 2.16
Ga—a-A1203 3 2003 713 3.30
4 2024 0.47
1 1934 4.19
2 1975 5.30
0.070Ba-Ga-a-AlL,Os 3 1999 563 1.06
4 2024 1.15
1 1892 2.92
2 1964 3.19
.10Ba-Ga-a-Al .
0.10Ba-Ga-a-Al,O4 3 2001 314 0.98
4 2024 0.31
1 1883 7.09
2 1951 4.00
0.20Ba-Ga-a-ALO; 3 1992 3.56 0.89
4
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Table 2.10. Adsorption energy of ethane or ethylene on Ga(T)-(111), Ga(O)-(111), Ga(T)-(002)

and Ga(0)-(002) sites. Reproduced from H. Seki et al., Appl. Catal. A: Gen. 2019, 581, 23-30.
Copyright 2019 Elsevier B. V.

) Adsorption energy / eV
Site Ga-C,Hs, O-H Ga-H, O-C,H;  Ga-C,H,
Ga(T)-(111) -0.24 0.83 -1.76
Ga(0)-(111) 0.41 0.87 0.16
Ga(T)-(002) -0.24 0.64 -0.54
Ga(0)-(002) -0.26 0.65 -0.085
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Appendix of Chapter 2: Structure and activity of Ga catalysts supported on transition
alumina

A2.1. Experimental
A2.1.1. Catalyst preparation

The y-Al,O3 powder (JRC-ALO-6; Catalyst Society of Japan) was used as the catalyst support. Ga
loading was conducted by the impregnation method described in section 2.2.1. After the
impregnation, the obtained powder was calcined at 1323 or 1573 K for 3 h in a static air. Catalysts
are denoted as Ga-Al,O3(1573pc + x ¢). We describe the calcination conditions in the parenthesis.
The pre-calcination (pc) temperature before the impregnation is shown in case of a-AlO3 as a
support, because a-Al,O3 was obtained by the calcination of y-Al,O3; at 1573 K. Then, the
calcination temperature after the impregnation is denoted as x in the parenthesis. No expression

for the pre-calcination condition is shown when y-Al>O3 was used for impregnation.
A2.1.2. Catalytic activity tests

Catalytic activity was evaluated basically under the same conditions described in section 2.2.2.
Briefly, a catalyst (100 mg) was sieved to 355-500 um particles and was charged into the reactor
with SiC (392 mg). After the furnace was heated to 973 K in a N> flow, the reaction gas composed
of CoHe : H2O : N2=1.0: 1.4 : 5.5 at a total flow rate of 281.6 mL min"! (SATP). Ethane conversion

and selectivity to each product were calculated on the basis of equations (2.1) and (2.2).
A2.1.3. Characterizations

XRD, nitrogen adsorption, TEM and ex-situ Ga K-edge XAFS measurements were conducted

under the same conditions described in section 2.2.3.
A2.1.4. Computational method

Plane wave basis pseudopotential calculations were implemented in the CASTEP code' to simulate
Ga K-edge XANES spectra. The exchange correlation function was Perdew-Burke-Ernzerhof
(PBE) out of the generalized gradient approximation (GGA). Ultrasoft pseudopotentials were used.
The plane wave cutoff energy (Ecut) was taken as 630 eV. The k-point separation in the Monkhorst—
Pack reciprocal space was set as approximately 0.07 A!. For comparison with the experimental
spectra, the theoretical spectra were broadened using Gaussian and Lorentzian parameters set
respectively as 0.2 eV and 0.4 eV. Details of spectrum calculation are given in the literature.? In

the pseudopotential method, the transition energy cannot be obtained in cases where only valence
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electrons are considered in all energy. It is also necessary to evaluate the core electron contribution.

Details of transition energy calculations were described in an earlier report.>

A2.2. Results and discussion
A2.2.1. Effects of calcination temperature

To improve the catalytic performance of Ga-a-Al,O3 as presented in Table 2.1, catalysts were
prepared using y-Al>O3 as a support, which has much higher specific surface area than a-Al,Os.
To ascertain whether Al-Ga solid solution is suitable or not for the purpose, the Ga catalysts
supported on a-Al>O3 or y-Al,O3 were calcined at 1573 K to form the solid solution. Results are
presented in Figure A2.1. The ethylene formation rate tended to decrease irrespective of
calcination temperature when a-Al>O3 was used as a support. Ga-AlbO3(1573pc+1323c¢), which
corresponded to Ga-a-Al203 exhibited higher ethylene formation rate than the catalyst calcined at
1573 K. On the other hand, a high catalytic activity and stability were observed over Ga-
AlO3(1323c). In the case of Ga-Al,O3(1573c¢), the ethylene formation rate was low, but no
decrease in catalytic activity was observed with time on stream. Although it is effective to use y-
AlO3 as a support, no improvement could be observed over bare Al>O3(1323c). The catalytic
activity of AlbO3(1323c) was the same level to that of AlbO3(1573c). Therefore, it should be
considered that Ga species is important for the active sites and the high specific surface area of the
support is only important for the dispersion of Ga.

For Ga-AlO3(1573pc+1323c), the ethylene formation rate rapidly decreased with time on
stream. In this reaction system, carbon deposition, sintering of Ga, and poisoning by the strong
adsorption of hydrocarbons are regarded as factors to lower the catalytic activity. Carbon
deposition is negligible in this study as mentioned above. Here, to assess the possibility of
poisoning by the strong adsorption of hydrocarbons, N> purging was conducted after the reaction,
then, the ethylene formation rate was measured. Results are presented in Table A2.1. The catalytic
activities of Ga-Al,O3(1573pc+1323c) and Ga-Al,O3(1573pc+1573¢c) were regenerated by N»
purging. Therefore, deactivation over these catalysts would be derived from the surface adsorption

of hydrocarbons.
A2.2.2. Evaluation of apparent activation energy

Ga-Al,03(1323c¢) showed better performance than the other catalysts in this work. To elucidate the
causes of its high performance, catalytic activity tests were conducted at various temperatures
(953-1033 K) for Ga-Al20O3(1323¢) catalyst and a-AlOs3 (i.e. ALOs; (1573¢)) as a model of
AFFTALLOY to measure the apparent activation energy (E.). Arrhenius plots for both catalysts
are shown in Figure A2.2. Based on the results, E, of the gas phase reaction (i.e. over bare alumina
without Ga) was 283.7 kJ mol™! and E, of the surface reaction with Ga was 211.4 kJ mol!. These

results show that coating Ga on the AFTALLOY can lower the reaction temperature drastically.
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A2.2.3. Structural characterizations

To evaluate the crystalline structure of the supported-Ga catalysts, XRD was conducted for Ga-
Al03(1573pc+1323c), Ga-Al203(1573pc+1573¢), Ga-Al203(1323c) and Ga-Al,O3(1573c¢).
Results are portrayed in Figure A2.3. From the results, only Ga-Al>O3(1323c) showed 6-Al>03
structure. The others showed a-Al,O3 phase. Peaks for Ga species were not detected, indicating
that Ga species exist on the catalyst with highly dispersed.

To evaluate the effects of the specific surface area of the support on the catalytic activity, we
measured BET surface area of the catalyst as presented in Table A2.2. BET surface area of Ga-
Al03(1323c) was 49.3 m? g'!, which is 10 times higher than that of the other catalysts, by virtue
of 6-Al,0s.

As presented in Figure A2.1, Ga-Al,03(1323c) showed the high ethylene formation rate and
stability, but the catalytic activity of Ga-Al,O3(1573pc+1323¢c), Ga-Al,O3(1573pc+1573¢)
decreased with time on stream. To identify the factors for this difference in stability, HAADF
images and EDX mappings were observed by FE-TEM. Figure A2.4(a) presents HAADF images
and EDX mappings of Ga-Al203(1323¢), Ga-Al>03(1573pc+1323c¢), Ga-Al,03(1573¢) and Ga-
ALO3(1573pc+1573c). Ga was agglomerated on Ga-Al,O3(1573pc+1323c¢), whereas Ga was
highly dispersed on Ga-Al,03(1323c). No significant difference was observed in the dispersion of
Ga even when the catalyst were calcined at 1573 K. Sintering was not observed by high
temperature calcination. Figure A2.4(b) presents the results of HAADF and EDX of Ga-
Al>O3(1323c) and Ga-AlO3(1573pc+1323c) after the reaction. In comparison with Figure A2.4(a),
the dispersion of Ga did not change after the reaction in both cases.

A2.2.4. Coordination environment of Ga species

To investigate the coordination environment and the electronic state of Ga species on Ga-Al,O3 (x
c) catalysts, Ga K-edge XANES spectra were measured. Figure A2.5(a) depicts experimental Ga
K-edge XANES spectra for Ga-AlO3(1323c), Ga-Al,03(1573¢) and reference samples of -
Ga203 and a-Gay0s. Figure A2.5(b) portrays the calculated spectra for a-Ga,0s, -Gax0s, o-
Gay03(Al-rep), and B-GaxO3(Al-rep) with ab initio calculations. The description “Al-rep” means
the replacement of one of the nearest Ga cations with an Al cation. Comparing the experimental
spectra with the calculated ones, the peak position of Ga-Al,O3(1323¢) was similar to that of the
calculated spectrum of 3-Ga;0s. However, the peak intensity of the low transition energy (10373
eV) is higher than that of the high transition energy (10378 eV).* It is known that $-GaOs is the
only stable phase® and it contains two kinds of Ga, tetrahedral Ga and octahedral Ga, in its
structure.® Thus, we calculated XANES spectra of tetrahedral Ga and octahedral Ga as shown in
Figure A2.5(b) because we suppose that the difference between the experimental and theoretical
spectra is derived from the coordination environment of Ga. As shown Figure A2.5(b), tetrahedral

Ga in B-Gay0; showed relatively low peak position (10413 eV). Therefore, it is considered that
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the amount of tetrahedral Ga is larger than that of octahedral Ga in the Ga-Al,O3(1323c¢) catalyst.
The spectrum of Ga-Al,03(1573¢c) resembles the calculated spectrum of a-GayOs. The
experimental spectrum of a-Ga,O3 did not fit the calculated spectrum of a-Ga>Os because it might
contain an amorphous phase as a result of the low calcination temperature in preparation of o-
Gax0s. As shown in Figure A2.5(c), the transition energy of Ga-Al2O3(1573c¢) is higher than that
of the a-Gay0s. The transition energy of Ga-Al,O3(1323c¢) is higher than the that of the B-Ga>Os.
As shown in Figure A2.5(d), the Al-substituted samples such as a-Ga,O3(Al-rep) and B-Ga,O3(Al-
rep) have higher transition energy than those of a-Ga>O3 and $-Ga,Os3 respectively. Therefore, the
shift of the transition energy indicates the existence of Al near Ga because the coordination
environment of Ga in Ga-Al,03(1573¢) and Ga-Al>03(1323c¢) includes the Al-Ga solid solution.
The XANES spectra revealed that the crystalline structure of Ga was influenced by the
calcination temperature. The structure of Ga, which is close to f-Ga>O3 in the Ga-Al,O3(1323c¢)
catalyst and is near a-Ga>Os when the catalyst calcined at 1573 K, affect the catalytic activity
strongly. Some reports described that tetrahedral Ga shows high catalytic activity for
dehydrogenation of propane.”” As shown in Figure A2.6, the shape of the XANES spectra
suggests that the proportion of tetrahedral Ga increased by forming Al-Ga solid solution. Therefore,
this increase can be regarded as one reason for obtaining the high catalytic performance. On the
other hand, the structure of Ga on the catalyst calcined at 1573 K is close to a-Ga;03, similar to
the a-AlbO3 structure (the corundum structure). Accordingly, Ga in Ga-Al,03(1573c¢) is regarded
as having 6 coordination and it leads to the low catalytic activity. On the Ga-Al>O3(1323c¢) catalyst,
it shows high activity because Ga is mainly existed in tetrahedral coordination state and it is highly

dispersed, i.e. the high specific surface area of the active sites.
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Figures and Tables
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Figure A2.1. Ethylene formation rate at 973 K over various Ga catalysts. Reprinted with
permission from H. Saito et al., J. Jpn. Petrol. Inst. 2017, 60, 203—-210. Copyright 2017 The Japan

Petroleum Institute.
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Al203(1323c) and Al2O3(1573c). Reprinted with permission from H. Saito et al., J. Jpn. Petrol.
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Figure A2.3. XRD patterns of Ga-Al,03(1323c), Ga-Al,03(1573pc+1323c), Ga-Al,03(1573c¢)
and Ga-Al,03(1573pc+1573c¢). Reprinted with permission from H. Saito et al., J. Jpn. Petrol. Inst.
2017, 60, 203-210. Copyright 2017 The Japan Petroleum Institute.
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Figure A2.4. HAADF images and EDX mappings for (a) Ga-AlxO; catalysts calcined at various
temperatures and (b) Ga-Al>O3(1323c), Ga-AlbO3(1573pc+1323c¢) after the reaction. Reprinted
with permission from H. Saito et al., J. Jpn. Petrol. Inst. 2017, 60, 203—210. Copyright 2017 The

Japan Petroleum Institute.
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Figure A2.5. (a) Ga K-edge XANES spectra of Ga-AlbO3(1573c) and Ga-Al,O3(1323c). (b)
calculated spectra of a-Ga,03 and B-Gax0s. (¢), (d) enlarged spectra corresponded to (a) and (b),
respectively. Reprinted with permission from H. Saito ef al., J. Jpn. Petrol. Inst. 2017, 60, 203—
210. Copyright 2017 The Japan Petroleum Institute.
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Figure A2.6. (a) Ga K-edge XANES spectra of B-Ga>O3 and Ga-Al>O3(1323c) and (b) comparison
of experimental 3-Ga,Os spectra with calculated ones. Reprinted with permission from H. Saito et
al., J. Jpn. Petrol. Inst. 2017, 60, 203-210. Copyright 2017 The Japan Petroleum Institute.
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Table A2.1. Catalyst regeneration by N> purge. Reproduced with permission from H. Saito et al.,
J. Jpn. Petrol. Inst. 2017, 60, 203-210. Copyright 2017 The Japan Petroleum Institute.

Initial activity — Activity at 180 min Initial activity after N,

Catalyst -1 -1 1 -1
/mmolg h™ /mmolg h purge /mmol g h’
Ga-ALO;(1573pc+1573c) 6.0 5.6 5.9
Ga-ALO;(1573pc+1323c) 9.8 6.9 8.1

Table A2.2. BET surface area of various Ga catalysts. Reproduced with permission from H. Saito
etal.,J. Jpn. Petrol. Inst. 2017, 60, 203-210. Copyright 2017 The Japan Petroleum Institute.

BET surface

Catalyst

area / m’ g'1
Ga-AlO5(1323¢) 49.3
Ga-AlLO3(1573pc+1323¢) 5.5
Ga-AlO5(1573¢) 4.3
Ga-AlLO3(1573pc+1573¢) 4.4
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Chapter 3 Dehydrogenation of ethane over perovskite oxides in the

presence of steam

The text in this chapter is reproduced in part with permission from H. Saito, H. Seki, Y. Hosono,
T. Higo, J. G. Seo, S. Maeda, K. Hashimoto, S. Ogo, Y. Sekine, Dehydrogenation of Ethane via
the Mars-van Krevelen Mechanism over LagsBaooMnOs;_s Perovskites under Anaerobic
Conditions. J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical
Society.

3.1. Introduction

As described in the chapter 2, ethylene is an indispensable chemical in the modern world because
it is a raw material for petrochemical products such as plastics, synthetic fibers, synthetic rubbers,
and fertilizers.!> Oxidative dehydrogenation of ethane is studied widely to produce ethylene at
low reaction temperatures. Using O> as an oxidant, the reaction is exothermic and
thermodynamically favorable to low reaction temperatures (673—-873 K).>* Various catalysts have
been reported, including V-based oxides,>® Ni-based oxides,”® Mo-V-mixed oxides,”!'® and alkali
chlorides.!! To obtain high ethylene yield, inhibition of the subsequent oxidation of ethylene to
CO/CO; is necessary for the catalyst. Furthermore, removal of an adequate amount of heat
prevents the process from being implemented on a large scale. To suppress the sequential
conversion of ethylene, CO; is an alternative candidate for use as a mild oxidant. In the presence
of CO», the reaction proceeds at around 923 K by virtue of the removal of H> from the reaction
system through reverse water gas shift.!> Studies of Cr-based and Ga-based oxides have been
reported.’3'¢ However, development of a suitable catalyst remains as a challenge impeding the
activation of inert CO,. As a consequence, oxidative dehydrogenation of ethane using O, or CO»
has not been conducted on a practical scale.

From a practical perspective, the introduction of a catalyst for dehydrogenation of ethane to the
steam cracking process has great feasibility compared with the oxidative dehydrogenation process.
Some researchers investigated the dehydrogenation of ethane over Ga-based catalysts, !”2! H,
recombination and desorption are unfavorable because oxygen atoms next to Ga®>" cations have
strong Lewis basicity. Hensen et al. demonstrated that coexistence of H>O in the reaction system
improved the catalytic activity of Ga/H-ZSM-5 for dehydrogenation of propane.?? Results of their
investigation suggest that desorption of H2O proceeds rather than that of H> in dehydrogenation of
ethane. Consequently, catalysts with redox properties are expected to be effective for
dehydrogenation of ethane in the presence of H>O. Hydrothermal resistance also requires the use
of a catalyst in the steam cracking process. The previously described 3-Ga>0O3; and Ga/H-ZSM-5
catalysts are unsuitable for practical use because of their respective insufficient redox properties
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and hydrothermal resistance. Perovskite oxide (ABO3) is a promising material because of its high
redox ability and hydrothermal stability.?* Lattice oxygens in various perovskite oxides, especially
La-based perovskite oxides, are known to contribute to the oxidation of hydrocarbons, including
ethane, concomitantly with the formation of oxygen-defected sites in the perovskite oxides.?*2°
Reactive lattice oxygens in La-based perovskite oxides can be regenerated using H>O as an
oxidizing agent.”’”?° Dehydrogenation of ethane in the presence of H>O through the Mars—van
Krevelen (MvK) mechanism can be described as shown below.
C,Hg + O, — CoH, + HyO + Vi + 2¢° (3.1)
H,0 + Vg, +2¢” — H, + O, (3.2)

Herein, Olza't and V( are denoted respectively as the lattice oxygen and oxygen vacancy. Overall
reaction is regarded as non-oxidative dehydrogenation of ethane using H>O for regeneration of the
lattice oxygens. Therefore, the reaction is completely different from oxidative dehydrogenation of
ethane using O» although oxidative dehydrogenation over a V-based or Ni-based oxide catalyst
proceeds via the MvK mechanism.>%32

To develop catalysts with a high activity for dehydrogenation of ethane in the presence of H>O,
we evaluated catalytic activities of LaMO3; (M = Cr, Mn, Fe, Co and Ni) perovskite catalysts. In
addition, a part of La sites in LaMnO3, LaFeOs, and LaCoOs3 was replaced with various alkaline
earth metals (Ca, Sr and Ba) to enhance their redox ability. To elucidate the reaction mechanism,
isotopic transient tests were conducted. The electronic state of Mn was investigated using X-ray
analyses. Reducibility of Mn in the catalysts were evaluated by temperature programmed reduction
using H> (H2-TPR). These experiments have demonstrated that Ba-doped LaMnOj; perovskite

oxide showed higher activity on ethane dehydrogenation by the MvK mechanism.

3.2. Experimental
3.2.1. Catalyst preparation

La-based perovskite oxides were synthesized by a complex polymerization method. First, metal
nitrates (Kanto Chemical Co., Inc.) were dissolved in distilled water. Then, citric acid and ethylene
glycol (Kanto Chemical Co., Inc.) were added to the solution. The molar ratio of metal: citric acid:
ethylene glycol was 1 : 3 : 3. The solution was stirred in a water bath at ca. 343 K for 16 h to
promote polymerization. Subsequently, the solution was dried with a hot stirrer. The obtained

powder was pre-calcined at 673 K for 2 h in static air, and then calcined at 1123 K for 10 h.
3.2.2. Catalytic activity tests

Dehydrogenation of ethane was conducted in a fixed bed flow reactor at atmospheric pressure.
The catalyst was shaped and sieved to obtain fractions with a particle size of 425-825 um. The
sieved catalyst (100 mg) was mixed with SiC (ca. 392 mg) and charged into a quartz tube (i.d.: 4

mm, o.d.: 6 mm). The reaction gas composition was CoHe : HoO : N2 =1.0: 1.4 : 5.5 at a total flow
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rate of 143 mL min™!. The catalyst was heated to 973 K with a ramp rate of 10 K min™' under N,
atmosphere before the reaction gas was fed to the reactor. Products including CH4, CO, CO2 and
C2Hs were quantified by an online GC-FID (GC-8A; Shimadzu) equipped with a Porapak Q
packed column and a methanizer (Ru/Al,O; catalyst). Ethane conversion and selectivity to each
product were calculated as follows.

rco tren, T rco, t2rc,m,

Ethane conversion [%] = 100 (3.3)

rco treu, trco, T 2rcom, T 2rc,n,
My

Selectivity [%] = 100 (3.4)

rcotren, trco, T 2”C21-14
Here, n and » denote the number or carbon atom and formation rate in outlet gas, respectively.
Products were described in the subscripts. The subscript “p” in equation (3.4) means one of the
products (CHs4, CO, CO; or C2Ha4).

Periodic dry-wet operation tests were performed to clarify release and regeneration of lattice
oxygens. First, CoHg and N> were fed to the reactor without H,O (dry atmosphere). After the
catalyst was purged in Nj, dehydrogenation was conducted in the presence of H,O (wet
atmosphere). These operations were repeated two times. During the reaction, conditions including
temperature, contact time and partial pressure of ethane were the same as the standard activity test.
Products were quantified using the on-line GC-FID. When DO was used instead of H>O, H> (m/z
=2), HD (m/z = 3) and D, (m/z = 4) were detected with a quadruple mass spectrometer (HPR-20;

Hiden Analytical Ltd.).
3.2.3. Characterizations

Powder X-ray diffraction (XRD) measurement was conducted with an X-ray diffractometer (Smart
Lab-III; Rigaku) using Cu Ka radiation at 40 kV and 40 mA.

The specific surface areas were calculated from nitrogen adsorption isotherm at 77 K by
Brunauer-Emmett-Teller (BET) method (Gemini VII 2390a; Micromeritics Instrument). Prior to
the measurements, samples were heated to 473 K for 2 h under N> atmosphere to remove
adsorbates on the catalyst surface.

Temperature programmed reduction under H> atmosphere (H2-TPR) was conducted to
investigate reducibility of the fresh catalysts. H>-TPR profiles were obtained using an automated
catalyst analyzer (BELCAT II; MicrotracBEL) with a TCD. Prior to the measurement, a sample
(ca. 100 mg) was oxidized at 873 K for 30 min in a 10vol% O2/Ar flow at a flow rate of 50 mL
min!. After the cooling to 323 K under the same atmosphere, Ar was fed to the sample for 10 min
to remove physisorbed oxygen. Then, the sample was heated to 1173 K at a ramping rate of 10 K
min! in a 5vol% Ha/Ar flow (50 mL min™).

Temperature programmed oxidation (TPO) was performed to quantify the amount of carbon
deposition on the spent catalysts. TPO was conducted with thermogravimetry (TGA-50;

Shimadzu). Prior to the measurement, a sample (ca. 30 mg) was heated to 873 K under Ar to
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remove adsorbed species. After cooling to 323 K, the sample was heated to 1173 K at a ramping
rate of 10 K min™ under 5vol% O2/Ar. The amount of carbon deposition was calculated on the
basis of the weight loss.

The amount of reactive lattice oxygens was estimated by replacing a part of lattice '°0* with
30% using H,'®0. First, dehydrogenation of ethane was conducted for 1 h under the same
conditions as the normal activity test except for the reaction gas composition. Ethane, H»'®0 mixed
with H2'%0 (H2'°0 : H,'*0 =3 : 2), Ar, and balanced N, were fed to the reactor at a total flow rate
of 143 mL min™ (CoHe : HoO : Ar: No=1.0: 1.4 : 1.1 : 4.4). After purging the catalyst with N
and decay of the H»'30 signal, the normal activity test was subsequently conducted for 1 h. H»'*0
(m/z =19) and Ar (m/z = 40) were detected with the quadruple mass spectrometer.

The electronic state of Mn in LaMnOs; and La;.BaxMnO3.s (x = 0.1-0.4) was evaluated by ex-
situ and in-situ Mn K-edge X-ray absorption fine structure (XAFS) at the BL14B2 beam line of
SPring-8 in Japan. XAFS spectra were measured in transmission mode using Si(111) crystal
monochromator. Prior to the measurements, each catalyst was mixed with BN, and then 7 mm¢
pellets for ex-situ measurements and 10 mm¢ pellets for in-situ measurements were formed. For
the ex-situ measurements, XAFS spectra of samples including reference materials (MnO, MnO»,
Mn;03, and Mn30O4) were measured at room temperature. In-situ XAFS measurements were
performed at 973 K under reductive (C2He¢/He) and oxidative (H2O/He) conditions. The specific
procedure for the in-situ XAFS measurements is shown in Figure 3.1. At the beginning, the pellet
was heated to 973 K in helium at a ramp rate of 10 K min’!, and a reference spectrum was measured.
Then, 30% C2Hg and balanced He were fed to the sample (1st C2Hg) and a XAFS spectrum was
measured. Successively, 20vol% H>O and balanced He were introduced (1st H,O) and a XAFS
spectrum was recorded. This cycle was continuously repeated again (2nd C2He and H>0O). X-ray
absorption near-edge structure (XANES) spectra were analyzed with software (Demeter ver.
0.9.025; Bruce Ravel).

The electronic state of Mn in the catalysts was evaluated by X-ray photoelectron spectroscopy
(XPS) with an XPS instrument (VersaProbell; ULVAC-PHI). XPS measurements were conducted
using Al Ko X-ray source. The binding energy was calibrated with the C1s peak at 284.8 eV.

3.3. Results and discussion
3.3.1. Screening the effective catalyst for dehydrogenation of ethane

To develop a highly active catalyst for dehydrogenation of ethane using H»>O, prescreening tests
were conducted for various La-based perovskite oxide catalysts. The A-site metal of the perovskite
oxide (ABOs) was fixed to La; then various transition metals belonging to the fourth period were
tested for use as the B-site metal. The ethylene formation rate and ethylene selectivity over LaMOs3
(M = Cr, Mn, Fe, Co and Ni) perovskites are shown in Figure 3.2(a). Catalytic performance at 120
min with time on stream was compared to evaluate the catalytic performance under the steady

state. All the catalytic performance including ethane conversion and selectivity to the other
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products are summarized in Table 3.1. LaFeO3 showed the highest ethane conversion (4.1%)
among them, although its ethylene selectivity was low (69.2%). In addition to ethylene, formation
of CO, CH4, and CO> was verified, resulting in the comparable ethylene yield to LaMnO; and
LaCo0Os. Then, 20% of La sites in LaFeOs;, LaMnOs3, and LaCoO3 were replaced with alkaline
earth metals (Ca, Sr, and Ba) to improve their redox properties because the partial substitution of
alkaline earth metals for La is an effective means of enhancing redox properties.?®2® Catalytic
activities and ethylene selectivity over Lag.gAo2MOs.5 (A = Ca, Sr and Ba; M = Mn, Fe and Co)
are presented in Figure 3.2(b). Ethane conversion and selectivity to the by-products are presented
in Table 3.2. The catalytic performance of LagsBao2MnQOs.s was greatly improved in comparison
with that of bare perovskite oxides and exhibited the highest ethylene yield among the tested
catalysts. Its ethylene formation rate was stable for at least 4 h as shown in Figure 3.3 thanks to
the negligibly small amount of carbon deposition on spent LagsBao>MnOs.s (Table 3.3): the
amount of carbon deposition was at most 0.2% of converted ethane during the reaction for 4 h.

Thus, it was regarded as suitable for additional investigation.
3.3.2. Reducibility of the alkaline earth metals-doped LaMnO3

Partial replacement of La in LaMnO3 with alkaline earth metals enhanced catalytic performance
in case of LaosBo2MnOs.s. Hereafter LaMnO; and LaosBo2MnOs.s are denoted as LMO and
LBMO, respectively. Differences in the doping effects on the catalytic performance would be
attributed to the charge compensation mechanism and redox properties of the catalysts.

In general, the partial substitution of divalent alkaline earth metal cations (Ca*", Sr** or Ba*")
with trivalent La®" cations induce a charge imbalance in its structure. One possibility to
compensate for a negative charge is the change in the oxidation state of the B-site metal, for
example, from Mn>" to Mn*". Alternatively, oxygen vacancies could be generated instead of the

change in the oxidation state. According to literature, 338

oxygen vacancies are mainly generated
to compensate for the negative charge in alkaline earth metals-doped LaFeOs and LaCoOs. In
contrast, the charge imbalance in alkaline earth metals-doped LMO is compensated by the
oxidation of Mn** to Mn*"373? This indicates that redox properties of the B-site metals can be
improved in case of LMO. As described in reactions (3.1) and (3.2), lattice oxygens would be
released and regenerated concomitantly with the redox of Mn during the reaction. Thus, the
improvement in the redox properties of Mn by the partial replacement of La*" cations would
enhance the catalytic activity.

Thus, H>-TPR was conducted to elucidate the effect of different dopants (Ca, Sr and Ba) on
reducibility of LMO. H>-TPR profiles of fresh LMO and alkaline earth metals-doped LMO are
shown in Figure 3.4. In the profiles (Figure 3.4(a)), two reduction peaks were observed: a low
temperature peak at 500—800 K and a high temperature peak over 1000 K. The low temperature
peak includes three components such as the reduction of adsorbed oxygen species (Oad), Mn** to

Mn**, and a part of Mn** to Mn?* 244? The high temperature peak is attributable to the reduction
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of Mn*" to Mn?" in bulk, resulting in the decomposition of the perovskite structure. Although Mn
cations in LMO should be trivalent, it is generally reported that Mn*" cations exist in LMQ.3%4
The electronic state of Mn in LMO was evaluated by ex-situ Mn K-edge (XAFS spectroscopy.
MnO(Fm-3m), Mn203(la-3a), and MnO2(P42/mnm) were used as reference materials. X-ray
absorption near edge structure (XANES) spectrum of fresh LMO is shown in Figure 3.5. The
electronic state of Mn in LMO was close to that of Mn in Mn>O3 and MnOy, indicating that Mn>*
and Mn*" exist in LaMnO3;. However, linear combination fitting was not applicable because of no
isosbestic point. XPS was also performed to evaluate the electronic state of Mn although
determination of the Mn valence is difficult because of the slight difference in binding energy for
Mn?" and Mn*" #2 However, the broad peak in the Mn2ps/> spectrum demonstrated that Mn**" and
Mn*" coexisted in LMO (Figure 3.6). These indicate that LMO had excess amount of oxygen such
as LaMnOs+s to maintain its charge neutrality. During the first reduction step, removal of the
excess oxygen and the subsequent formation of oxygen vacancies would proceed with the
reduction of Mn cations as follows.
LaMn*"1.Mn*,O3:y2 + xH, — LaMn*"O; + xH,0 (3.5)
LaMn**Os + yH, — LaMn*',Mn**,03.,2 + yH>O (3.6)

Assuming that dehydrogenation of ethane proceeds via the MvK mechanism, the redox properties
of Mn would be a key factor for the catalytic performance because the redox of Mn would occur
simultaneously with the release and regeneration of lattice oxygens. Since the perovskite structure
of LBMO was stable after the activity test (Figure 3.7), the redox of Mn species at 500-800 K
would contribute to dehydrogenation of ethane.

Therefore, peak deconvolution of the first reduction peak in the TPR profiles was conducted to
further investigate the reducibility of Mn cations. Deconvoluted profiles and calculated H»
consumption are presented in Figure 3.4(b)—(e) and Table 3.4, respectively. In the H,-TPR profile
of Ca or Sr-doped LMO, a lower temperature peak below 600 K, corresponded to the reduction of
O.d, was clearly observed. In addition, the reduction temperature of Mn*" to Mn®" increased by Ca
and Sr doping. This would indicate the stabilization of Mn*", resulting in the low redox properties
of Mn in Lag sCa02MnOQs.5 and Lag sSro2MnOj3.s. Although the amount of Mn** slightly increased
by the partial substitution of Ca®" or Sr*" cations for La*", the reduction of Mn** to Mn*" was
inhibited. As a result, Ca or Sr-doped LMO would have lower redox ability of Mn species than
that of LMO, exhibiting the low catalytic activities.

In contrast, H>-TPR profile of LBMO (Figure 3.4(e)) was similar to that of LMO except for the
reduction peak for a part of Mn>". Compared with the profile of LMO, evolution of the peak at
710 K was observed, indicating the improvement in the redox properties of Mn in LBMO.
Consequently, the large amount of Mn>* can be reduced to Mn?" thanks to the partial substitution
of Ba** for La**. Among the dopants, Ba®" has the largest ionic radius (1.61 A) in comparison with
the others (Ca’*: 1.34 A, Sr**: 1.44 A).** Herein, the coordination number of A-site cations in
LaosA0oMnOs.5 (A = Ca, Sr, or Ba) is assumed to be 12 although these perovskites had a
rhombohedral symmetry on the basis of our XRD measurements. The large ionic radius of Ba**
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would be useful to stabilize the perovskite structure even though the large amount of oxygen

vacancies was generated during the reduction step (reaction (3.6)).
3.3.3. Elucidation of reaction mechanism

To verify whether H O contributes to dehydrogenation of ethane, or not, periodic dry—wet
operation tests were conducted at 973 K over LMO and LBMO. Results are presented in Figure
3.8. Under the dry atmosphere, the ethylene formation rate decreased rapidly, indicating that ethane
reacted with the lattice oxygen of the perovskites. Furthermore, the lattice oxygen amount
decreased because no oxidizing agent was present for regenerating the perovskite lattice oxygen.
TPO was also performed to verify whether coke formation induce the deactivation or not. As
presented in Table 3.3, the amount of carbon deposition on LBMO after the dry test (1.9 mg gear™!)
was smaller than that after the normal activity test for 4 h (2.5 mg gea!). The catalytic activity of
LBMO in the presence of steam was stable for at least 4 h as shown in Figure 3.3. On the other
hand, its activity quickly decreased within 40 min. Thus, coke formation during the dry test did
not inhibit ethylene formation. We also verified that the perovskite structure of LBMO was
maintained even after the dry test (Figure 3.7). These results demonstrate that consumption of the
lattice oxygen induced the deactivation and the coexistence of H>O plays a crucial role in ethylene
formation. The ethylene formation rate over deactivated LMO and LBMO was comparable to that
of a-Al203, which is known to have no catalytic activity for the dehydrogenation of ethane under
similar reaction conditions.!”!® After the reactive lattice oxygens in the catalysts were consumed
monotonically, thermal cracking of ethane to ethylene in gas phase mainly proceeded. When steam
was co-fed (in a wet atmosphere), the activities soon recovered and reached a steady state. This
phenomenon elucidated that the consumed reactive surface lattice oxygen of perovskite for
ethylene formation can be regenerated by steam under the wet condition. Although this behavior
was observed in both cases (LMO and LBMO), LBMO showed the higher activity than LMO
under the wet atmosphere because LBMO has high redox ability by virtue of Ba doping as
mentioned in the H>-TPR part. These results indicate that dehydrogenation of ethane over LMO
and LBMO proceeds via the MvK mechanism as described in the reactions (3.1) and (3.2).
Furthermore, periodic dry—wet tests were conducted using D-O instead of H,O under the wet
atmosphere. If dehydrogenation of ethane in the presence of steam proceeds through the MvK
mechanism, then D, formation must be observed when the reactive lattice oxygens were
regenerated (reaction (3.2)). The time course of the formation rate of ethylene and D> over LBMO
is presented in Figure 3.9. Under the dry atmosphere, ethane would be dehydrogenated
concomitantly with the formation of lattice oxygen vacancies (reaction (3.1)). Subsequent
coexistence of DO (1st wet atmosphere) induced D; formation, clearly indicating regeneration of
the lattice oxygen (reaction (3.2)). Particularly, D, formation rate was high at the initial stage to
compensate the oxygen vacancies formed during the dry condition. Moreover, D, formation was

observed in the second cycle (2nd wet atmosphere). This result demonstrates clearly that oxygen
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release and regeneration are reversible during the reaction. These results show that, in the present
catalytic system, ethane is oxidatively dehydrogenated to ethylene on the surface lattice oxygens
of the perovskite with the formation of H>O and oxygen vacancies. The consumed lattice oxygens
are reproduced with the formation of H> (the MvK mechanism). In addition, ethylene formation
rate was higher than D, formation rate, indicating that not all of the lattice oxygen were regenerated
by D20O. Formation of H> and HD was also observed under the wet atmosphere (Figure 3.10). H
must be originated from H atoms in ethane molecules. Because H>O can be formed through
dehydrogenation of ethane (reaction (3.1)), re-adsorption of H>O and regeneration of the lattice
oxygen resulted in the formation of H; (reaction (3.2)). In addition, H>O can be formed through
the oxidation of ethane and ethylene. Formation of CO and CO> was actually observed during the
reaction as shown in Table 3.2. As a result, HoO formed during the reaction regenerates the lattice
oxygen in competition with D>O.

Oxygen release behavior was verified using H»'°0 and H'%0 mixture (H2!'°0 : H,!'*0 =3 : 2).
First, dehydrogenation of ethane was conducted at 973 K in the presence of H>'%0 to replace a part
of lattice '°0O%* with '30%. Then, the normal activity test was subsequently performed using H»'°O.
Results are shown in Figure 3.11. Evolution of H,'*O was verified in case of both LaMnQOj3 and
Lao.sBao2MnOs.s during the normal activity test. This clearly indicates that the reactive lattice
oxygens are released and regenerated through H>O as an oxygen medium. In addition, the total
amount of released H»'*O increased thanks to Ba doping, demonstrating the enhancement of the

redox properties of LaMnQO3 by Ba doping.
3.3.4. Redox behavior of Mn

To evaluate the electronic state of Mn in LMO and LBMO during the reaction, in-situ Mn K-edge
XAFS measurements of LMO and LBMO were taken, respectively, in a CoHg flow and a H>O flow.
The reaction atmosphere was varied continuously at 973 K as shown in Figure 3.1. XAFS spectra
in the 1st cycle are shown in Figure 3.12, which also shows that the absorption edge was shifted
to lower energy region in C,Hs. Subsequent H>O feeding shifted the absorption edge to a higher
energy region. In addition, similar behaviors were observed in the second cycle (Figure 3.13).
These results indicate that Mn cations in LMO and LBMO were reduced in CoHg and oxidized in
H>0 during the catalytic reaction. In other words, the redox reaction of Mn would be accompanied
by the release and regeneration of the lattice oxygens during dehydrogenation of ethane in the
presence of H>O. Comparing the spectra of LBMO with those of LMO, the shift width of the white
line position of LBMO was larger than that of LMO. These results revealed that Mn in LBMO has
higher redox ability than that in LMO by virtue of the replacement of a part of La sites with Ba.
Taking the results of isotopic transient tests with D>O and H,'®0, the reactive surface lattice
oxygen of the perovskite is reduced through dehydrogenation of ethane and desorbed as H,O with
the reduction of Mn and formation of oxygen vacancies. These vacant sites are regenerated by

oxidation using H,O with the oxidation of Mn.
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3.3.5. Effects of Ba doping

We clarified that the partial substitution of Ba for La improved the redox ability of Mn, resulting
in the high activity for dehydrogenation of ethane in the presence of H>O. The Ba doping amount
effect on the catalytic performance was investigated. The ethylene formation rate and ethylene
selectivity over La;.BaxMnOzs.s (x = 0-0.4) are presented in Figure 3.14. Catalytic performance
including ethane conversion and selectivity to by-products are presented in Table 3.5. The ethylene
formation rate increased as the Ba doping amount increased to 0.3. Subsequently, it decreased with
the further increase in the Ba doping amount. Ethylene selectivity also increased with the
increment of the Ba doping amount. Among these catalysts, Lao.7Bao3MnOs.s showed the highest
ethane conversion (4.8%) and ethylene selectivity (88%).

XRD measurements of La;xBaxMnOj3.s were taken to investigate the effects of the amounts of
Ba doping on the perovskite structure. XRD patterns of La;..Ba,MnOs.s are presented in Figure
3.15. Figure 3.15(a) shows that all Ba-doped LMO consisted of the perovskite structure. However,
small peaks for BaMnO; were observed in the XRD patterns of Lag7Bao3MnOs.s and
Lao.sBao.sMnOs.5. We specifically examined the enlarged XRD patterns (Figure 3.15(b)), the
diffraction peak derived from (024) facet for LaMnO3 was shifted to the lower degree region and
was broadened by Ba doping. This result demonstrated that the Ba dopant was located in the
perovskite structure, thereby instilling the high redox ability to the structure.

Moreover, Mn K-edge XANES spectra of La;.Ba:MnOs.s were measured to elucidate the fine
structure of Mn in La;.,Ba,MnOs.s. The results are presented in Figure 3.16. The white line position
shifted to the high energy region as the Ba doping amount increased. These results revealed that
MnOg octahedra in LBMO were distorted by Ba doping.** This distortion is probably attributable
to the partial contraction of Mn cations through the oxidation of Mn cations such as Mn**—Mn*"
to compensate the lack of a positive charge derived from substitution of the bivalent Ba®" cations
for trivalent La** cations.

Finally, H>-TPR was conducted to evaluate the reducibility of Mn in fresh Lai..BaxMnOs_s. Ha-
TPR profiles are shown in Figure 3.17(a). The high temperature peak (> 1000 K) is attributable to
the reduction of Mn** to Mn?* in bulk, resulting in the decomposition of the perovskite structure.
The low temperature peak is composed of three reduction peaks corresponded to the reduction of
Oad, Mn*", and Mn**. The low temperature peak was deconvoluted to elucidate the effect of Ba
doping amount on the redox properties of Mn. Results of the peak deconvolution and calculated
H> consumption are presented in Figure 3.17(b)—(e) and Table 3.6, respectively. H> consumption
for Oad and Mn*" in Lag.9Bao.1MnOs.5 decreased in comparison with that in LMO. Among Ba-
doped LMO, the reducible Mn*" increased with the increase in the amount of Ba. In contrast,
reducible Mn*" monotonously increased by Ba doping including LMO. The trend of ethylene
formation rate (Figure 3.14) was in accordance with that of the reducible Mn>". This indicates that
the redox of Mn between Mn>" and Mn?** would rather contribute to dehydrogenation of ethane
than that between Mn*" and Mn>" probably because of the difficulty in the oxidation of Mn*" to
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Mn*" by H20. The results of in-situ Mn K-edge XAFS (Figures 3.12 and 3.13) also support the
assumption. The absorption edge under the CoHs atmosphere incompletely returned to the same
position of the fresh LMO and LBMO under the H,O atmosphere, demonstrating that the
electronic state of Mn under the H,O atmosphere was more reduced than that of Mn in the fresh
samples.

Based on H>-TPR, clear relationship between ethylene formation rate and sum of H»
consumption for O, and Mn*" was developed as shown in Figure 3.18. Clear correlation between
ethylene formation rate and BET surface area was not obtained (Table 3.7). Thus, the catalytic
activity for dehydrogenation of ethane would be related to not only Oaq but also the amount of
reducible Mn>*. Considering the catalytic activities and the amount of reducible Mn in LMO and
Lao.oBao.1MnOs.s, the redox of Mn between Mn** and Mn?** would be a more important factor for
the catalytic activity than that of Oaq. It is probably because the consumption rate of surface lattice
oxygens is faster than the regeneration of oxygen vacancies through oxygen diffusion in bulk.
Oxygen diffusion from bulk to surface requires reduction of Mn** in bulk. Therefore, improvement
in the redox properties of Mn** would enhance bulk oxygen mobility, leading to fast regeneration
of the lattice oxygen.

3.4. Chapter Conclusion

Dehydrogenation of ethane in the presence of H>O at 973 K over La-based perovskite oxide
catalysts was investigated. Lao.7Bao3MnOs.s perovskite showed the highest activity among the
tested catalysts. The results of periodic dry-wet operation tests showed that the stable catalytic
activities of LaMnO3 (LMO) and Lao.sBag2MnO;.5 (LBMO) were supported by redox with H>O,
indicating that dehydrogenation of ethane proceeded via the MvK mechanism. Also, D, formation
was observed using D0 instead of H>O as an oxidizing agent. On the catalyst surface, ethane was
dehydrogenated oxidatively to ethylene with the reactive surface lattice oxygen. The consumed
lattice oxygen can be oxidized by H>O, leading to the completion of the catalytic redox cycle. The
isotopic transient tests with H>'%0 also revealed that the reactive lattice oxygens are released and
regenerated by H>O. The reversible redox behaviors of Mn in LMO and LBMO under the reaction
atmosphere were verified using in-situ Mn K-edge XAFS spectroscopy. Comparison of the energy
shift of LMO with that of LBMO in the spectra revealed that LBMO showed higher redox ability
than that of LMO. Results of XRD and XAFS demonstrated that the perovskite structure of LMO
was distorted by Ba doping, because of the partial oxidation of Mn cations for charge
compensation. H>-TPR revealed that the amount of reducible Mn** can be expected to play an
important role in the reaction. Consequently, LBMO showed the high activity for dehydrogenation
of ethane in the presence of H,O by virtue of its high redox properties of Mn derived from the
partial substitution of bivalent Ba** cations for trivalent La** cations. Schematic image of
dehydrogenation of ethane over LBMO is portrayed in Figure 3.19.
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Figures and Tables
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Figure 3.1. The specific procedure for in-situ XAFS measurements. Reprinted with permission
from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American

Chemical Society.
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Figure 3.2. C;H4 formation rate and C,H4 selectivity over (a) LaMO3; (M = Cr, Mn, Fe, Co and
Ni) and (b) Laog.sAo2MOs.5 (A = Ca, Sr and Ba; M = Mn, Fe and Co). Reprinted with permission
from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American
Chemical Society.
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temperature range of 373-923 K. Reprinted with permission from H. Saito et al., J. Phys. Chem.
C 2019, /23,26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.5. Mn K-edge XANES spectra of fresh LaMnO3. MnO, Mn20O3, and MnO> were used for

reference materials. Reprinted with permission from H. Saito ef al., J. Phys. Chem. C 2019, 123,
26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.6. Mn2p X-ray photoelectron spectrum of LaMnQOs;. Reprinted with permission from H.
Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical
Society.

98



O LaMnOa
O
after dry test

O

L_i JL

O
f=~o

Intensity / arb. unit

fresh Lao gBap2MnOs.s

I
N JLJ\ J\,

20 25 30 35 40 45 50 55 60
260/ deg.

Figure 3.7. XRD patterns of fresh and spent Lag sBao2MnOs3.s. Reprinted with permission from H.
Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical
Society.
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Figure 3.8. Time course of C2Hs formation rate over LaMnO3 and Lao sBao2MnOs.sunder dry and
wet atmosphere. Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123,
26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.9. Time course of the formation rate of C2H4 and D at 973 K over LaosBao2MnOs.s
under the dry and wet atmospheres. Reprinted with permission from H. Saito et al., J. Phys. Chem.
C 2019, /23,26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.10. Time course of Hz, HD and D> evolution at 973 K over LaosBao2MnOs.s under the
dry and wet atmospheres. Reprinted with permission from H. Saito ef al., J. Phys. Chem. C 2019,
123,26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.11. Time course of H>'®0 formation at 973 K over LaMnO; and LaosBao>MnO3.s.
Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281.
Copyright 2019 American Chemical Society.
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Figure 3.12. /n-situ Mn K-edge XANES spectra of (a) LaMnOs3 and (b) Lag.sBao2MnOs.s under
He (red), dry (blue) and wet (green) atmospheres (1st cycle). Reprinted with permission from H.
Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical
Society.
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Figure 3.13. /n-situ Mn K-edge XANES spectra of (a) LaMnOs3 and (b) Lag.sBao2MnOs.s under
the dry (red) and wet (blue) atmospheres (2nd cycle). Reprinted with permission from H. Saito et
al., J. Phys. Chem. C 2019, 123,26272-26281. Copyright 2019 American Chemical Society.
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Figure 3.14. CoH4 formation rate and C2Hy selectivity at 973 K over Lai,.BaxMnOs.s5 (x = 0-0.4).
Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281.
Copyright 2019 American Chemical Society.
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Figure 3.15. XRD patterns of (a) La;.BaxMnOs.s (x = 0-0.4) and (b) enlarged one. Reprinted with
permission from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019

American Chemical Society.

107



(b)

Normalized absorbance / arb. unit
Normalized absorbance / arb. unit

LaMnOs LaMnOs
Lao.sBao.1MnOs.5 LaosBao MnOs.y
L205B80:MnOs.5 LaosBap2MnOs.s
Lao7BaosMn0Os.s Lao 7Ba0sMNnOs.s
Lao.sBag4MnOs.s LaosBa0aMnOs.y
1 1 1 1 ] 1 1 1
6530 6340 6550 6360 6570 6580 6550 6552 6554 6556 6558 6560

X-ray energy / eV X-ray energy / eV

Figure 3.16. Mn K-edge XANES spectra of (a) La;..BaxMnO3.s (x = 0-0.4) and (b) enlarged
spectra. Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123,26272-26281.
Copyright 2019 American Chemical Society.
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Figure 3.17. H>-TPR profiles of (a) Lai..Ba,MnOs.5 (x = 0-0.3). Enlarged profiles of (b) LaMnOs,
(c) Lag.yoBao.1MnOs.s, (d) LagsBao2MnOs.s and (e) Lao7Bao3sMnOs.s in the temperature range of
373-923 K. Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272—
26281. Copyright 2019 American Chemical Society.
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Figure 3.19. Schematic image of dehydrogenation of ethane over Ba-doped LaMnO3 in the

presence of steam. Reprinted with permission from H. Saito et al., J. Phys. Chem. C 2019, 123,
26272-26281. Copyright 2019 American Chemical Society.
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Table 3.1. Catalytic performance of LaBOs3 perovskites (B = Cr, Mn, Fe, Co and Ni) at 973 K after
120 min with time on stream. Reproduced with permission from H. Saito et al., J. Phys. Chem. C
2019, 123, 26272-26281. Copyright 2019 American Chemical Society.

. Selectivity / % C,H, formation

Catalyst Conversion / % _—

CcoO CH, CO, CHy  rate /mmol g h
LaCrO; 1.9 1.4 1.1 3.8 93.7 8.0
LaMnO; 2.9 0.7 0.7 13.9 84.7 10.5
LaFeO; 4.1 2.0 1.2 27.6 69.2 12.8
LaCoOs 2.1 0.2 1.0 9.1 89.7 8.4
LaNiO; 4.0 22.3 0.3 54.5 22.9 4.0

Table 3.2. Catalytic performance of LaggAo2BOs.s perovskites (A = Ca, Sr and Ba; B = Mn, Fe
and Co) at 973 K after 120 min with time on stream. Reproduced with permission from H. Saito
etal.,J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical Society.

. Selectivity / % C,H, formation
Catalyst Conversion / %
CO CH,4 CO, CHy rate / mmol g h”'
Lay 3Cag,MnO;_5 2.2 0.3 2.8 15.5 81.4 7.7
Lay gSry,MnOs._s 2.9 0.4 7.3 16.0 76.3 9.4
Lag gBag,MnO5_s 4.1 0.2 5.1 7.5 87.2 16.2
LaggCag,FeOs.s 1.9 0.3 1.1 13.7 84.9 6.8
LaggSrg,FeOs.s 1.8 0.4 0.5 16.5 82.6 6.3
LaggBag,FeOs_ s 3.5 0.6 3.1 18.2 78.0 11.9
LaggCag,Co0s.5 1.7 0.1 0.6 4.5 94.8 6.7
LagsSt9,C005.5 1.9 0.1 1.4 5.8 92.8 7.6
LaggBag,Co0s.5 2.3 0.1 1.7 7.0 91.2 8.6

Table 3.3. The amount of carbon deposition on spent LagsBao2MnOs.s. Reproduced with
permission from H. Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019
American Chemical Society.

Catalyst The amount of carbon deposition / mg gcat'1
LaO.gBa().zMIlO}ga 2.5
LaO.gBa()_le'lO}g after dI'yb 1.9

“The spent catalyst after the reaction for 4 h was used for the measurement.

*The catalyst after the dry test for 40 min was used for the measurement.
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Table 3.4. H> consumption of LaMnO; and Lap.sAo2MnOs.5 (A = Ca, Sr and Ba) calculated from
H»-TPR profiles. Reproduced with permission from H. Saito et al., J. Phys. Chem. C 2019, 123,
26272-26281. Copyright 2019 American Chemical Society.

H, consumption / mmol g'1

Catalyst 0.4" Mn*" to Mn®*  Mn®" to Mn*"
LaMnO; 0.10 0.31 0.16
LaysCayp,MnOs_s5 0.094 0.37 0.081
Lag gSryoMnO;_s 0.10 0.34 0.049
LaysBay,MnO5_g 0.14 0.36 0.34

“O,q: adsorbed oxygen

Table 3.5. Catalytic performance of La;..Ba,MnO3.s perovskites (x = 0-0.4) at 120 min with time
on stream. Reproduced with permission from H. Saito ef al., J. Phys. Chem. C 2019, 123, 26272—
26281. Copyright 2019 American Chemical Society.

. Selectivity / % C,H, formation

Catalyst Conversion / % _

Cco CH,4 CO, CHy  rate/mmolg h
LaMnO; 2.9 0.7 0.7 13.9 84.7 10.5
Lag¢Bag ;MnO5_s 3.5 0.2 5.3 9.2 85.2 12.6
Lao'gBaO,zMnO}(; 4.1 0.2 5.1 7.5 87.2 16.2
Lay,Bag3MnOs_s5 4.8 0.2 5.2 6.5 88.0 18.0
Lao_GBaO_4MnO3_5 4.0 0.1 5.2 6.5 88.2 15.4

Table 3.6. H> consumption of La;.xBa,MnO;.s (x = 0-0.3) calculated from H>-TPR profiles.
Reproduced with permission from H. Saito ef al., J. Phys. Chem. C 2019, 123, 26272-26281.
Copyright 2019 American Chemical Society.

H, consumption / mmol g'1

Catalyst 0., Mn* to Mn’" Mn’" to Mn*"
LaMnO; 0.10 0.31 0.16
LagoBag MnOss  0.025 0.18 0.29
LagsBag,MnOs.s  0.14 0.36 0.34
Lag-BagsMnOss  0.13 0.40 0.39

“0,q: adsorbed oxygen
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Table 3.7. BET surface area of La;.xBaxMnO3.s (x = 0-0.4). Reproduced with permission from H.
Saito et al., J. Phys. Chem. C 2019, 123, 26272-26281. Copyright 2019 American Chemical
Society.

Catalyst BET surface area /m” g’
LaMnO; 9.7
LagoBay ;MnO5_g 7.2
LaygBag,MnOs_s 12.8
LajysBag;MnOs_s 17.8
Lay¢BagsMnO5_s 11.8
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Chapter 4 Dehydroaromatization of ethane over Co/H-ZSM-5

catalyst

The text in this chapter is reproduced in part from H. Saito, R. Terunuma, K. Kojima, T. Yabe, S.
Ogo, H. Hirayama, Y. Tanaka, Y. Sekine, Non-Oxidative Ethane Dehydroaromatization on Co/H-
ZSM-5 Catalyst. Chem. Lett. 2017, 46, 1646—1649. Copyright 2017 The Chemical Society of

Japan.
4.1. Introduction

Producing aromatic hydrocarbons such as benzene, toluene, and xylene (BTX) from natural gas is
attracting attention because of the vast abundance, low-cost, and wide distribution of natural gas
resources. Methane, the main component of natural gas, can be converted to BTX at temperatures
higher than 973 K because of thermodynamic limitations, resulting in an energy-intensive
process.! Ethane, a gas accompanying natural gas, is now converted to ethylene using an ethane
cracker. Conversion of ethane to BTX, a process designated as ethane dehydroaromatization
(EDA), presents benefits for the effective utilization of ethane. It can occur at temperatures lower
than 873 K.? Therefore, valuable BTX can be produced efficiently from a cheap ethane feedstock.

In the EDA reaction, MFI-type zeolite (ZSM-5) in H-form is often used as a catalyst support
because ZSM-5 has micropores that are nearly equal to the kinetic diameter of BTX (ca. 0.5 nm).’
Actually, ZSM-5 exhibits shape selectivity to form BTX. Active metals are loaded to promote
dehydrogenation of ethane to ethylene, regarded as an intermediate for EDA.* Ethylene was
converted sequentially to BTX through oligomerization, cyclization, and dehydrogenation on
Bronsted acid sites and active metal sites.> ¢ Reportedly, active metals such as Ga, Zn, Mo, Re,
and Pt are effective for the reactions.®!° These active metals, however, present several difficulties.
Actually, Zn exhibits high catalytic activity, but its oxides are readily reduced and vaporized under
reductive conditions,'" which can decrease the number of active sites. The industrial use of Pt is
difficult because of its high cost. Mo and Re are unsuitable for their regeneration under oxidative
conditions because sublimation of MoO3 and Re>O7 occurs.!> 13 The Ga catalyst (Ga/H-ZSM-5)
shows a lower activity than Zn/H-ZSM-5.7 Therefore, a novel metal catalyst must be used to
overcome these difficulties. In other words, an active metal with the high catalytic performance is
expected to be cost-effective and stable under the reaction and the oxidative atmosphere.

In this chapter, we investigated active metals belonging to the fourth period in the periodic table:
V, Mn, Fe, Co, Ni, Cu, and Ga. Cr and Zn were excluded because CrO3 has toxicity and because
ZnO is easily reduced and vaporized under the reaction atmosphere. Among them, we found that

the Co/H-ZSM-5 catalyst exhibited superior performance. Therefore, the effects of catalyst
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preparation on Co/H-ZSM-5 were investigated. Finally, various characterizations were conducted

to elucidate the nature of Co species on the H-ZSM-5 zeolite.

4.2. Experimental
4.2.1. Catalyst preparation

Catalyst support of H-ZSM-5 was achieved by calcining NH4-ZSM-5 (CBV 5524G; Zeolyst) at
823 K for 5 h. Metal-supported H-ZSM-5 catalysts containing Swt% active metal were prepared
respectively using an impregnation (IM) method. First H-ZSM-5 was soaked in distilled water and
was stirred for 2 h in vacuo with a rotary evaporator at room temperature. Next, aqueous solution
of a metal precursor was added to the suspension and was stirred at atmospheric pressure for 2 h.
The vanadium precursor was its ammonium salt. Others were their nitrate. Subsequently, the
suspension was evaporated to dryness, dried in air with an oven at 393 K for 24 h, and calcined at
773 K for 5 h. Co/H-ZSM-5 was also prepared using an ion-exchange (IE) method. First, H-ZSM-
5 was soaked and stirred in the 0.02 mol L! aqueous solution of Co(NO3)2:6H,0 at 353 K for 24
h. The suspension contained 1 g of H-ZSM-5 in 100 mL of the aqueous solution. Then, the powder
was separated by suction filtration, washed with distilled water and dried in air with an oven at
393 K for 24 h. The dried powder was calcined at 773 K for 5 h. The Co/H-ZSM-5 catalysts
prepared using the IM and IE method are denoted, respectively, as Co/H-ZSM-5 IM and Co/H-
ZSM-5 IE.

4.2.2. Catalytic activity tests

Catalytic activity tests were conducted in a fixed bed reactor at atmospheric pressure for 4 h.
Catalyst of 0.2 g was charged into a quartz tube (i.d. 6 mm). The temperature was raised to 873 K
under Ar atmosphere. Then, 80vol% C>Hs and balanced N> were supplied at a total flow rate of 25
mL min' (SATP). All reactions were conducted under pseudo-kinetic conditions, i.e. the
conversion rate is not high. Products were analyzed using a gas chromatograph (GC-8A; Shimadzu
Corp.) equipped with a thermal conductivity detector (TCD) using a Shincarbon ST packed
column (3 mm X 4 m; Shinwa Chemical Industries Ltd.) to separate H>, N>, CH4, C2H4, and C>He,
and an on-line gas chromatograph (GC-8A; Shimadzu Corp.) equipped with a flame ionization
detector (FID) using a HP-PLOT/Q capillary column (0.53 mm % 30 m; Agilent Technologies Inc.)
to separate CH4, CoH4, C2Hs, C3 hydrocarbons, C4 hydrocarbons, benzene, toluene, ethylbenzene,

and xylene. Ethane conversion and product selectivity were calculated as shown below.
8 t
anl n_fou Cy

Ethane conversion [%] = —
2f C,Hg

-100 (4.1)
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Here, letters f and n in equations (4.1) and (4.2) respectively denote the formation rates of

Selectivity [%] = 100 4.2)

hydrocarbons shown as the subscript and the number of carbon atoms in the hydrocarbon. C, in
equations (4.1) and (4.2) denote hydrocarbon products. The superscripts of “in” and “out” also
respectively stand for the inlet and outlet gas. The effective carbon number was used to calculate

the formation rates of C4 hydrocarbons, benzene, toluene, ethylbenzene, and xylene.
4.2.3. Characterizations

BET specific surface area was calculated from the nitrogen adsorption isotherm obtained using N»
physisorption at 77 K (Gemini VII 2390a; Micromeritics Instrument Corp.). The Al and Co
contents in catalysts were measured using an induced coupled plasma (ICP) emission spectrometer
(1ICAP-6500; Thermo Scientific).

X-ray diffraction (XRD) patterns were measured for crystal structure analyses using an X-ray
diffractometer (SmartLab 3; Rigaku Corp.) with Cu Ko radiation at 40 kV and 40 mA.

Temperature-programmed oxidation (TPO) was used to ascertain the amounts of carbon
deposition on the spent catalysts with thermogravimetry (TGA-50; Shimadzu Corp.). The amount
of carbon deposition was calculated from the weight loss of samples as follows.

. Wi, — W
The amount of carbon deposition [mg g;Lt] = Tf (4.3)
Variables W; and Wrin equation (4.3) respectively denote the initial and final weight of the samples.

Temperature-programmed reduction (TPR) was also used to investigate the reducibility of Co
species under Hz atmosphere. The TPR profiles were obtained using a catalyst analyzer (BELCAT
IT; MicrotracBEL Corp.) equipped with a TCD.

X-ray absorption fine structure (XAFS) spectroscopy was applied to elucidate the electronic
state of Co species on fresh and spent catalysts. XAFS spectra were obtained for Co K-edge at the
BL14B2 station of SPring-8 in Japan. The catalysts were physically mixed with BN using a
planetary mill (Pulverisette 6; Fritsch GmbH) to shape pellets (7 mmd). Spent catalysts were
prepared by exposing the pellets under the reaction conditions. Subsequently, the spent catalysts
were packed and sealed under Ar atmosphere without exposure in O> atmosphere. XAFS
spectroscopy was conducted at room temperature in transmission mode using the Si(111) crystal
monochromator. Analyses by X-ray absorption near-edge structure (XANES) were done using

software (Demeter ver. 0.9.025; Bruce Ravel).

4.3. Results and discussion
4.3.1. Screening an appropriate active metal
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Figure 4.1 presents ethane conversion and aromatics selectivity with time on stream over H-ZSM-
5 and 5wt% M/H-ZSM-5 (M =V, Mn, Fe, Co, Cu or Ga). Selectivity to other products at 67 min
with time on stream is presented in Table 4.1. The result of Ni is not presented in Figure 4.1 and
Table 4.1 because the catalyst bed was plugged by coke deposition. Fe and Co catalysts exhibited
high catalytic activity and aromatics selectivity. Although high aromatics selectivity (ca. 20%) was
obtained over Ga/H-ZSM-5, ethane conversion of Ga/H-ZSM-5 was lower than that of Fe or Co/H-
ZSM-5. As a result, the aromatics yield decreases in the order Fe = Co > Ga. The other M/H-ZSM-
5 catalysts showed low ethane conversion and aromatics selectivity. The aromatics selectivity of
Fe/H-ZSM-5 increased at the initial stage, corresponding to the formation of the active sites under
the reaction atmosphere. Tan reported that Fe on H-ZSM-5 was carburized in non-oxidative
methane dehydroaromatization.'* The carburized Fe species played an important role in the
formation of aromatic hydrocarbons. However, the formation of Fe carbides is unsuitable for its
regeneration under oxidative conditions because Fe carbides can be oxides such as Fe>O3, which
results in the disappearance of active sites for the formation of aromatic hydrocarbons. Therefore,
Co/H-ZSM-5 is the optimal catalyst for the EDA reaction.

4.3.2. Effects of preparation method

To investigate the influences of catalyst preparation method on catalytic properties, Co/H-ZSM-5
was also prepared using IE method. Table 4.2 presents physicochemical and textural properties of
these catalysts. BET specific surface area of Co/H-ZSM-5 IM decreased in comparison with Co/H-
ZSM-5 IE. Elemental analyses revealed that the Co content of Co/H-ZSM-5 IE was much lower
than that of Co/H-ZSM-5 IM. The Co/Al molar ratio of Co/H-ZSM-5 IM exceeded the ion-
exchange capacity (Co/Al = 0.5). These results would indicate that Co oxides are located on the
external surface of Co/H-ZSM-5 IM. The decrease in the BET specific surface area would be
caused by the plugging of micropores, which is caused by the Co oxide formation. Figure 4.2
shows XRD patterns of fresh Co/H-ZSM-5 catalysts and Co3Os as a control. The MFI structure
was maintained after Co loading. A peak derived from Co304(311) was observed in the pattern of
Co/H-ZSM-5 IM, but no peak derived from Co species was observed in that of Co/H-ZSM-5 IE.
Therefore, Co304 existed on the external surface of Co/H-ZSM-5 IM. Also, Co species in
micropores (ca. 0.5 nm) would be highly dispersed. Peaks of these Co species cannot be observed
using XRD measurements.

Figure 4.3 presents ethane conversion and aromatics selectivity with time on stream over Co/H-
ZSM-5 catalysts prepared by the IM and IE methods. Co/H-ZSM-5 IE exhibited higher catalytic
activity and aromatics selectivity than Co/H-ZSM-5 IM did. In addition, Co/H-ZSM-5 IE showed
no rapid decrease in aromatics selectivity at the initial stage. As shown in Table 4.2, the amount of
carbon deposition on Co/H-ZSM-5 IE was much less than that on Co/H-ZSM-5 IM. In the EDA
reaction, the catalytic performance is known to be deactivated by coke formation.? Therefore, the

high catalytic performance of Co/H-ZSM-5 IE is attributable to the suppression of coke formation.
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Improvement in the catalytic performance of Co/H-ZSM-5 is derived from the difference in
catalyst preparation that affects the nature of active sites, especially Co species. Therefore, we first
performed TPR measurement under H atmosphere to investigate the reducibility of Co species on
the catalysts. Figure 4.4 shows TPR profiles of Co/H-ZSM-5 catalysts and Co30O4 as a control. No
definite peak was observed in the profile of Co/H-ZSM-5 IE, which indicates that Co species
existing at ion-exchange sites were not reduced easily. However, three peaks (641, 718, and 935
K) appeared in the profile of Co/H-ZSM-5 IM. In comparison with the profile of Co304, the first
two peaks respectively corresponded to the reduction of bulk Co304to CoO and CoO to Co®. The
shift of the reduction peaks to lower temperature was also reported in the literature.'> The peak at
935 K might be attributed to the reduction of CoOx (1 < x < 1.5) clusters existing in micropores of
H-ZSM-5.'® Considering the reaction temperature and XRD pattern of Co/H-ZSM-5 IM, the bulk
Co304 existing on the external surface of H-ZSM-5 is reduced to Co°.

In addition, Co K-edge XANES analyses were used to elucidate the electronic state of Co
species on Co/H-ZSM-5 IM and IE. Figure 4.5 portrays XANES spectra of fresh and spent Co/H-
ZSM-5 IM and IE. Co foil, CoO, and Co304 were also measured as standard samples to assess the
electronic state of Co. The XANES spectrum of the fresh Co/H-ZSM-5 IM was similar to that of
C0304. This result is in accordance with the XRD pattern of Co/H-ZSM-5 IM. The electronic state
of Co species on the spent Co/H-ZSM-5 IM shows good agreement with that of Co’. Moreover,
features in X-ray energy range around 7.72 keV indicate that the spent Co/H-ZSM-5 IM contains
Co?", which probably corresponds to CoOy clusters not reduced at the reaction temperature. As
presented in Table 4.3, the results of the linear combination fitting of XANES spectra also indicate
that the spent Co/H-ZSM-5 IM contains Co** species. In contrast, little difference was observed
between fresh and spent Co/H-ZSM-5 IE. In both spectra, the pre-edge feature resembles CoO.
Therefore, we presumed that only Co** cations exist in Co/H-ZSM-5 IE and that ion-exchanged
Co*" cations are extremely stable during the reaction.

We anticipate that the differences in the nature of Co species affect catalytic activity, stability,
and aromatics selectivity. The schematic image of perspective Co/H-ZSM-5 during the reaction is
shown in Figure 4.6. Co3Os4 on the external surface of Co/H-ZSM-5 IM was reduced to Co® during
the reaction. The large amount of carbon deposition on Co/H-ZSM-5 IM indicates that Co°
promotes the decomposition of ethane to form coke,!” which results in deactivation of the catalyst.
However, most of the Co species in Co/H-ZSM-5 IE are highly dispersed Co*" cations. They are
not reduced easily under the reaction atmosphere. The high catalytic activity and small amount of
carbon deposition on Co/H-ZSM-5 IE demonstrate that Co®" cations efficiently promoted
dehydrogenation of ethane to ethylene, which is an intermediate in the EDA reaction, without coke

formation.

4.4. Chapter Conclusion
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We investigated various metal-supported H-ZSM-5 catalysts for use in non-oxidative ethane
dehydroaromatization. Co/H-ZSM-5 exhibited high aromatics yield without the induction period
in the formation of aromatic hydrocarbons. Prepared by the IE method, improvement in the
catalytic performance of Co/H-ZSM-5 was achieved. TPO measurement revealed that the amount
of carbon deposition decreased, which would explain the high catalytic performance. XRD, TPR,
and XANES measurements also revealed highly dispersed and non-reducible Co?" cations existing
in Co/H-ZSM-5 IE. These Co** cations play a crucially important role in promoting the activation
of ethane without coke formation.
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Figures and Tables
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Figure 4.1. (a) C2He conversion and (b) aromatics selectivity at 873 K with time on stream over
various H-ZSM-5 catalysts. Reprinted from H. Saito et al., Chem. Lett. 2017, 46, 1646—1649.
Copyright 2017 The Chemical Society of Japan.
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Figure 4.2. (a) XRD patterns of Co/H-ZSM-5 IE, Co/H-ZSM-5 IM and Co304 as a control and
(b) the enlarged patterns in the 2 @range from 30 to 40 degree. Reprinted from H. Saito ef al.,
Chem. Lett. 2017, 46, 1646—1649. Copyright 2017 The Chemical Society of Japan.
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Figure 4.3. C;Hg conversion (blue) and aromatics selectivity (red) with time on stream over Co/H-
ZSM-5 IM (circle) and Co/H-ZSM-5 IE (square). Reprinted from H. Saito et al., Chem. Lett. 2017,
46, 1646—1649. Copyright 2017 The Chemical Society of Japan.
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Figure 4.4. TPR profiles of Co/H-ZSM-5 IE, Co/H-ZSM-5 IM and Co0304. Reprinted from H.
Saito et al., Chem. Lett. 2017, 46, 1646—1649. Copyright 2017 The Chemical Society of Japan.
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Figure 4.5. Co K-edge XANES spectra of fresh and spent Co/H-ZSM-5 catalysts and standards
(Co foil, CoO and Co0304). Reprinted from H. Saito et al., Chem. Lett. 2017, 46, 1646—1649.
Copyright 2017 The Chemical Society of Japan.
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Figure 4.6. Schematic image of ethane dehydroaromatization over Co/H-ZSM-5 prepared by
different method. Reprinted from H. Saito et al., Chem. Lett. 2017, 46, 1646—1649. Copyright
2017 The Chemical Society of Japan.
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Table 4.1. Catalytic activity and products selectivity over various catalysts at 67 min with time
on stream. Reproduced from H. Saito et al., Chem. Lett. 2017, 46, 1646—1649. Copyright 2017
The Chemical Society of Japan.

Selectivity / %

Catalyst Conversion/ % CH, CH, C, C Aromatics
H-ZSM-5 1.1 24.2 62.7 10.1 0.0 2.9
V/H-ZSM-5 6.3 2.6 88.7 4.1 1.1 3.5
Mn/H-ZSM-5 9.1 1.2 92.6 1.9 1.2 3.1
Fe/H-ZSM-5 17.0 7.9 70.0 6.3 1.6 13.8
Co/H-ZSM-5 IM 16.6 1.6 76.4 6.5 1.8 134
Cu/H-ZSM-5 2.0 15.5 63.6 17.0 0.0 3.9
Ga/H-ZSM-5 7.1 1.0 73.1 44 1.5 19.8

? Respective catalysts contained 5wt% active metals.

Table 4.2. Physicochemical and textual properties of catalysts. Reproduced from H. Saito et al.,
Chem. Lett. 2017, 46, 1646—1649. Copyright 2017 The Chemical Society of Japan.

BET surface Content / mmol g'1 Co/Al molar  The amount of carbon

Catalyst area / m’ g'l Al Co ratio / — deposition / mg gcat-l
H-ZSM-5 368.1 0.38 - - -
Co/H-ZSM-5 M 312.5 0.39 0.82 2.13 2323
Co/H-ZSM-5 IE 363.9 0.40 0.06 0.16 11.8

Table 4.3. The proportion of Co species on Co/H-ZSM-5 IM calculated by linear combination
fitting. Reproduced from H. Saito et al., Chem. Lett. 2017, 46, 1646—1649. Copyright 2017 The
Chemical Society of Japan.

Fraction/ %
Co’ CoO C0304
Fresh Co/H-ZSM-5 IM - 19.8 80.2
Spent Co/H-ZSM-5IM  96.7 3.3 —

Catalyst
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Chapter S5 Dehydroaromatization of ethane over Zn/H-ZSM-5

catalyst

The text in this chapter is reproduced in part from H. Saito, S. Inagaki, K. Kojima, Q. Han, T. Yabe,
S. Ogo, Y. Kubota, Y. Sekine, Preferential Dealumination of Zn/H-ZSM-5 and Its High and Stable
Activity for Ethane Dehydroaromatization. Appl. Catal. A: Gen. 2018, 549, 76—81. Copyright
2017 Elsevier B. V.

5.1. Introduction

As shown in chapter 4, benzene, toluene, and xylene, called BTX, are extremely important as
fundamental raw chemicals used in the petrochemical industry. Many studies have reported
dehydroaromatization of methane which is abundant and cheap feedstock, conducted at
temperatures higher than 973 K because of thermodynamic limitations.! To form BTX selectively,
MFI type zeolite (ZSM-5) in H-form supported metal cations or oxides including Zn, Ga, Re*® is
effective because ZSM-5 has a three-dimensional 10-ring channel system with micropores of about
0.55 nm,”® which is close to the kinetic diameter of BTX. The active metals play a role in
promoting the dehydrogenation of ethane to ethylene. Brensted acid sites within the zeolite are
involved in the oligomerization of ethylene to form aromatic hydrocarbons.*> The formed alkenes
were also converted to aromatic hydrocarbons on active metal sites.” Especially, Zn is cost-
effective. It exhibits high catalytic performance in all the reactions described above. However, the
Zn/H-ZSM-5 catalyst is rapidly deactivated over time on stream because of coke deposition, which
prevents reactants from approaching the active sites because of blocking of the micropores of the
support. The carbon deposition on the external and internal surfaces of zeolites also decreases the
catalytic activity and benzene selectivity in cases of the conversion of methane to benzene, as
described in the literature.!®!! Weckhuysen et al. reported that carbon species of three types were
formed on the Mo/H-ZSM-5 surface.'? In addition to the carbon derived from Mo carbide,
graphite-like carbon on the internal surface and sp-hybridized carbon on the external surface were
observed by X-ray photoelectron spectroscopy. Ma et al. inferred that the coke formed on
Mo/MCM-22 zeolite, which has MWW topology, was associated with Brensted acid sites,'® based
on the results of temperature-programmed techniques.

Based on the previous research, use of H-ZSM-5 with higher Si/Al molar ratios in this type of
reaction is expected to suppress the coke formation because of the small amount of Brensted acid
sites. However, low catalytic activity in initial dehydrogenation would occur because of the lower
cation-exchange capacity for loading the active metal species. Therefore, dealumination of the

tl 4-20

framework Al by post-synthetic treatmen after loading of active metal species on H-ZSM-5
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with low Si/Al ratios is expected to be an effective means of realizing tuning of the Breonsted
acidity of the zeolite with high content active metal species.

In this chapter, we found that Zn/H-ZSM-5 showed high initial activity for the conversion of
ethane to BTX, therefore we investigated the effects of steam treatment on the catalytic
performance of the Zn/H-ZSM-5 catalysts for non-oxidative ethane dehydroaromatization. It is
known that tetrahedrally coordinated Al atoms located in the zeolite framework was hydrolytically
removed by water molecules.?!?* Various characterizations were conducted for elucidating the

influence of steam treatment on the catalysts.

5.2. Experimental
5.2.1. Catalyst preparation

Zeolite H-ZSM-5 was obtained by calcination of NH4-ZSM-5 (HSZ-820NHA; Tosoh) at 773 K
for 5 h. The loading of Zn on the zeolite support was carried out by an ion-exchange method. First,
H-ZSM-5 was soaked and stirred in the 0.02 mol L' aqueous solution of Zn(NO3),:6H,0 (Kanto
Chemical Co., Inc.) at 353 K for 24 h. The suspension contained 1 g of the zeolite in 100 mL of
the aqueous solution. Next, the powder was separated by suction filtration, washed with distilled
water and dried in air with an oven at 393 K for 24 h. Finally, the dried powder was calcined at
823 K for 5 h.

Steam treatment of H-ZSM-5 and Zn/H-ZSM-5 was conducted in a fixed bed reactor. The
catalyst (ca. 0.9 g) was charged into a quartz tube and then temperature was raised to 823 K under
Ar atmosphere. After that, steam treatment was conducted at 823 K for 1 h in a H2O diluted with
Ar flow at a constant partial pressure of water (38 kPa). The water vapor was introduced to the
reactor by an Ar flow through a bubbler heated at 348 K. The partial pressure of water was
controlled by the bubbler temperature calculated from the Antoine equation. The catalyst was
subsequently purged at 823 K for 30 min under Ar flow. The steam-treated samples are denoted as
H-ZSM-5 ST and Zn/H-ZSM-5 ST.

5.2.2. Catalytic activity tests

Catalytic activity tests were carried out in a fixed bed reactor at atmospheric pressure for 4 h. The
catalyst (0.2 g) was charged into a quartz tube (i.d. 6 mm) and then temperature was raised to 873
K under Ar atmosphere. The feed gas of 80vol% C2Hs and balanced N2 was supplied at a flow rate
of 25 mL min™' (SATP). Products were analyzed by a gas chromatography (GC-8A; Shimadzu)
equipped with a thermal conductivity detector (TCD) using a Shincarbon ST packed column (3
mm X 4 m, Shinwa Chemical Industries Ltd.) to detect H2, N>, CHs, CoH4 and C2Hg, and an on-
line gas chromatography (GC-8A; Shimadzu) equipped with a flame ionization detector (FID)
using a HP-PLOT/Q capillary column (0.53 mm X% 30 m, Agilent) to detect CH4, CoH4, CoHs, Cs3
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hydrocarbons, C4 hydrocarbons, benzene, toluene, ethylbenzene and xylene. Ethane conversion
and products selectivity were calculated as follows.

8 t t

nzln'fm1 Cp - 2f0u

Ethane conversion [%] = 2 = 100 (5.1)
2f C,Hg

M, 100 (5.2)
§1:1nfoutcn _ 2f0utC2H6 ‘

Here, the description of f, » means the formation rate of a detected hydrocarbon shown as the

Selectivity [%] =

subscript and the number of carbon atoms of the hydrocarbon respectively. The superscripts of “in”
and “out” also express the inlet and outlet gas.

Catalyst regeneration was performed continuously at 873 K for 1 h in a 20vol% O2/Ar flow at
a rate of 25 mL min™' (SATP) after the catalytic activity test, and the reactant was supplied again

to evaluate the catalytic performance.
5.2.3. Characterizations

BET specific surface area was calculated from nitrogen adsorption—desorption isotherm obtained
by nitrogen physisorption at 77 K, measured by a surface area gas sorption analyzer (Autosorb iQ);
Quantachrome Instruments). The external surface area and micropore volume were estimated by
the #-plot method. Prior to the measurement, the samples (ca. 80 mg) were heated in vacuo to 673
K for 12 h to remove adsorbed water.

XRD patterns were measured using an X-ray diffractometer (SmartLab III; Rigaku) using Cu
Ko radiation at 40 kV and 40 mA in the 26 range from 5 to 60 degree at a scan rate of 5 degree
min,

Temperature programmed oxidation (TPO) was performed to determine the amount of carbon
deposition on the spent catalysts using a thermogravimetry (TGA-50; Shimadzu). The samples (ca.
15 mg) were firstly heated to 873 K for 30 min under Ar atmosphere to remove adsorbed water
and volatile hydrocarbons. After cooling to 323 K, the temperature was raised at a ramping rate of
10 K min™ in a 20vol% O2/Ar flow. The weight loss of the sample was regarded as the weight of
coke formed on the catalysts. The amount of carbon deposition was calculated as follows.
1= WTfo (5.3)

The description of W; and Wr means initial and final weight of the sample respectively.

The amount of carbon deposition [mg g

Temperature programmed desorption of ammonia (NH3-TPD) was also carried out to estimate
the amount of adsorbed ammonia corresponded to acid sites. The desorbed ammonia was detected
by a catalyst analyzer (BELCAT II; MicrotracBEL) equipped with a TCD. Prior to measurements,
the samples (ca. 50 mg) were heated to 773 K for 1 h in a He flow and cooled to 373 K. After that,

5vol% NHz/He was introduced to the sample for 30 min and purged under He flow for 15 min.
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After the pre-treatment, NH3-TPD profile was obtained at a ramping rate of 10 K min™! in the
temperature range from 373 to 873 K.

Al and Zn contents in the catalysts were measured by elemental analyses using an ICP emission
spectrometer (iICAP-6500; Thermo Scientific). The samples (ca. 10 mg) were dissolved in HF to
prepare the aqueous solution of the sample for the measurement.

UV-Vis diffuse reflectance spectra were obtained using a UV-Vis spectrometer (Lambda 650;
PerkinElmer) equipped with an integrating sphere coated by BaSOs. BaSOs was used as a
reference material and then relative reflectance of the catalysts was measured. The range of wave
length was from 190-800 nm at a scan rate of 96 nm min™'. The obtained reflectance was converted
by Kubelka—Munk (KM) function given in the following equation.

(1 —R,)’
F(R,) = R (5.4)
Here, R is relative reflectance and F(R.) is KM function that is proportional to the absorption
coefficient.

The solid-state MAS NMR measurements were performed on an ADVANCEIII-600 (600 MHz
(‘H); Bruker Biospin) with a 4 mm diameter ZrO, rotor. The loading amount of sample powder
was ca. 60—80 mg. The 2’ Al direct-excitation (DE) MAS NMR spectra (156.4 MHz) were recorded
at 0.5 s of the contact time for 1024 times at a spinning rate of 13.0 kHz. The ?’Al chemical shifts
were determined using aqueous AI(NO3)3 solution, the resonance peak of which was adjusted to 0
ppm. The #Si dipolar decoupling (DD) MAS NMR spectra (119.2 MHz) were recorded at 30 s of
the contact time for 1024 times at a spinning rate of 10.0 kHz. The *°Si cross polarization
(CP)/MAS NMR spectra were also recorded at 4 s of the contact time for 4096 times at a spinning
rate of 10 kHz. The reference of 2°Si chemical shifts was determined with reference to the 2°Si
signal of hexamethylcyclotrisiloxane (HMCS) at —9.66 ppm.

Pyridine-IR measurements were conducted to examine the acidity of the catalysts. Self-
supporting zeolite wafers (ca. 60 mg) were suspended between NaCl windows in a cylindrical cell.
The sample was then heated to 773 K under vacuum (< 1073 Pa), held for 1 h, and cooled to 373
K. During the cooling, the blank spectrum was recorded at 473 K prior to the adsorption
experiments. While maintaining the temperature at 373 K, pyridine (ca. 4.0 kPa) was injected into
the cell. The cell was left in vacuum to allow physically adsorbed pyridine to desorb. After that,
the sample was heated to 473 K. The spectrum was then recorded and averaged over 64 scans
between 400 and 4000 cm™! with 4 cm™' resolution at 473 K. From this spectrum, the blank

spectrum was subtracted to obtain the spectrum of adsorbed pyridine.

5.3. Results and discussion
5.3.1. Textural and physicochemical properties of various catalysts

Before examining the catalytic activity, we evaluated the textural and chemical properties of

catalysts. Textural properties including the BET surface area, the external surface area and
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micropore volume and the results of elemental analyses are presented in Table 5.1. Nitrogen
adsorption-desorption isotherms of the catalysts are shown in Figure 5.1. According to IUPAC
classification,? all isotherms were typical type-I isotherms with hysteresis loops, indicating the
existence of mesopores. The steep increase in the volume of adsorbed nitrogen at high relative
pressure (> 0.9) indicates the existence of macropores derived from intercrystalline spaces. As
presented in Table 5.1, steam treatment or Zn loading on parent H-ZSM-5 did not greatly affected
the textural properties. On the other hand, degradation of microporosity was observed for catalysts
modified by both steam treatment and Zn loading. The decrease in Al content of Zn/H-ZSM-5
could be attributed to the increase in the weight of the catalysts caused by the exchange of H" with
Zn?" or leaching out Al species, especially existed on the extra framework, during ion-exchange.
X-ray diffraction (XRD) patterns of the catalysts indicate that ion-exchange and steam treatment
had little influence on the MFI structure as shown in Figure 5.2. The absence of peaks arising from
ZnO and/or Zn crystalline phases suggests that Zn species are highly dispersed on the external and

internal surface of the supports.
5.3.2. Catalytic performance for dehydroaromatization of ethane

Ethane conversion and selectivity to aromatic compounds over various catalysts with time on
stream are investigated. Results are presented in Figure 5.3. Selectivity to the other products
(methane, ethylene, C3, and C4) is also presented in Figure 5.4. Higher ethane conversion and
aromatics selectivity at the initial stage were observed by the introduction of Zn without steam
treatment. They decreased rapidly with time on stream because of carbon deposition at the pore
mouth or in the micropores. Catalyst regeneration under oxidative conditions at 873 K also
indicates the deactivation caused by coke formation as shown in Figure 5.5. The stability of
catalytic performance of Zn/H-ZSM-5 was improved by Zn loading followed by steaming. As
shown in Table 5.2, the amount of carbon deposition of Zn/H-ZSM-5 ST was one-tenth less than
that of Zn/H-ZSM-5. The suppression of coke formation by steam treatment contributes to the
improvement in the catalytic stability, while maintaining sufficient catalytic activity to form BTX.
Steam-treated Zn/H-ZSM-5 before ion-exchange with Zn*" (Zn/H-ZSM-5 ST bef. IE), however,
exhibited low catalytic performance because the catalyst contained a small amount of Zn, which
indicates that the amount of the H (Bronsted acid) exchanged with Zn?* during ion-exchange**’
would decrease by dealumination via steaming, thereby causing the limitation of Zn loading.
Ethylene selectivity gradually increased concomitantly with decreasing aromatic selectivity
(Figure 5.4(b)). This is because ethylene can be formed on the external surface, on the other hand
sequential conversion of ethylene to aromatic hydrocarbons in micropores was inhibited by coke
formation. To clarify coke formation in micropores, nitrogen adsorption-desorption isotherms of
spent catalysts were measured as shown in Figure 5.6. Textural properties of these catalysts also
presented in Table 5.3. For Zn/H-ZSM-5, the volume of adsorbed nitrogen at very low relative

pressure drastically decrease in comparison with Figure 5.1(c) although the behavior at higher
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relative pressure was almost the same. As presented Table 5.3, micropore surface area and
micropore volume of spent Zn/H-ZSM-5 become lower than those of fresh one (see also Table
5.1). These results indicate that coke mainly formed in the micropore. It is note that the volume of
coke formed during the reaction cannot fill with the micropore volume of Zn/H-ZSM-5 (0.148
cm?) even if the density of the formed coke is equal to benzene. Therefore, the plugging the pore
mouth would occur, and nitrogen molecules could not enter into a part of the micropore. In case
of Zn/H-ZSM-5 ST, the volume of adsorbed nitrogen at very low relative pressure slightly
decreased corresponded to the small amount of carbon deposition. Micropore surface area and
micropore volume little decreased after the reaction. The decrease in BET surface area is mainly
due to the decrease in the external surface area. Therefore, coke would formed on the external
surface of Zn/H-ZSM-5 ST, indicating that plugging the pore mouth would partly occur and

thereby aromatics selectivity gradually decreased with time on stream.
5.3.3. Effects of steam treatment on the catalysts

UV-Vis diffuse reflectance spectroscopy (DRS) was used to elucidate the influence of steam
treatment on coordination environment of Zn species in the catalyst. The spectra of fresh and
steam-treated H-ZSM-5 and Zn/H-ZSM-5 are shown in Figure 5.7. The bulk ZnO did not exist on
the supports in accordance with XRD patterns because a large absorption band around 380 nm
derived from band gap? was not observed. In the spectra of steam-treated samples, the increase in
the absorbance around 250 nm would be associated with the interaction between Al species formed
by dealumination and oxygen in the framework. The coordination environment of Zn species was
unaffected by steam treatment. Therefore, improvement in the stability of the catalytic
performance by steam treatment can be attributed to dealumination of the zeolite support.

MAS NMR spectroscopy was applied to obtain information related to the local structure of the
zeolites. The ’Al MAS NMR spectra of fresh and steam-treated samples are presented in Figure
5.8(a). Peaks of the parent H-ZSM-5 correspond to tetrahedrally coordinated Al species (Alr) in
the MFI framework around 55 ppm and octahedrally coordinated extra-framework Al species
(Algr) at O ppm. In the spectrum of H-ZSM-5 ST, the peak intensity of Alr decreased in comparison
with the parent H-ZSM-5. A new broad peak around 35 ppm assigned to penta-coordinated Algr?’
appeared. However, the peak intensity of Alr decreased slightly by steam treatment in the case of
Zn/H-ZSM-5 ST. The dealumination of Alr occur through hydrolysis.?!? These results
demonstrate that the Zn/H-ZSM-5 catalyst only slightly dealuminates because Zn cations would
cover Al sites. Therefore, HoO molecules cannot approach such Al sites.

The ?°Si MAS NMR spectra of the catalysts are presented in Figure 5.8(b). We attributed a peak
at —112 ppm and a shoulder peak at —115 ppm to Q*(0Al), which means Si(OSi)s. The difference
in chemical shift reflects the non-equivalent Q*(0Al) sites.?® A peak at —106 ppm corresponded to
Q*(1Al), which means (AlO)Si(OSi)s, because no distinct peak around —100 ppm derived from
Q*(0A1*° was observed in 2°Si cross-polarization (CP)/MAS NMR spectra as shown in Figure
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5.9. In the spectra of steam-treated catalysts, the decrease in the peak intensity of Q*(1Al) was
observed because of dealumination during steam treatment. The Si/Al molar ratios in the zeolite
framework calculated from the equation given in the literature®! are presented in Table 5.2. The
values clearly show the degree of dealumination. Increases in the Si/Al ratios of steam-treated
samples corresponded to the change of the 2’ Al MAS NMR spectra, which indicates that bared Alr
(without correspondence of Zn species) were preferentially dealuminated because of hydrolysis
with H>O molecules. The selective dealumination would correspond to the decrease in the amount
of Bronsted acid sites.

Pyridine-IR measurements were performed to investigate the acidic properties of the catalysts.
The spectra of H-ZSM-5, Zn/H-ZSM-5 and steam treated ones are shown in Figure 5.10. Bands
for pyridine adsorbed on Lewis and Brensted acid sites were observed at 1452 and 1542 cm’,
respectively.’? The absorbance of each samples is different because of the difference in the molar
extinction coefficients. It is also known that the molar extinction coefficient determined by other
groups cannot be applied to our measurement system.*? Therefore, we cannot distinguish the
decrease in the band at 1542 cm™ from the increase in the band at 1452 cm™'. Instead of pyridine-
IR measurements, NH3-TPD measurement mentioned below clearly show the decrease in the acid
sites by steam treatment.

NH;-TPD profiles of fresh and steam-treated samples are shown in Figure 5.11. In the profile
of parent H-ZSM-5, two desorption peaks corresponded to the low temperature peak around 500
K (I-peak) and the high temperature peak around 720 K (h-peak) were observed. The /-peak is
derived from physical adsorption of NH3 or NH3 weakly adsorbed on NH*"; the A-peak is attributed
to NH3 adsorbed on acid sites.>* In comparison with parent H-ZSM-5, the intensity of A-peak
decreased in the profile of H-ZSM-5 ST. This indicates that the number of acid sites corresponded
to Brensted acid sites probably decreased by steam treatment. The intensity of A-peak also
decreased by Zn loading because of the exchange of H" with Zn?*. Steam treatment of Zn/H-ZSM-
5 caused the further decrease in the intensity of A-peak because bared Alr were preferentially
dealuminated. As a result, a reasonable amount of Brensted acid sites in Zn/H-ZSM-5 ST can
avoid coke formation. Thereby Zn/H-ZSM-5 ST exhibited high catalytic performance.

5.3.4. Discussion

We presume that the high catalytic performance of Zn/H-ZSM-5 ST is attributable to the
suppression of coke formation by steam treatment. The >’Al and 2’Si MAS NMR spectra revealed
that dealumination of bared Alr occurred. In the NH3-TPD profiles of fresh and steam-treated
Zn/H-ZSM-5, the decrease in the intensity of s-peak corresponded to the desorption of NHj3
adsorbed on acid sites was observed. The slight change in the Zn content and its coordination
environment by steam treatment also supports the preferential dealumination. Improved catalytic
performance was achieved by steam treatment after Zn loading because of the removal of the extra

Brensted acid sites, which also promotes coke formation.
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From a microscopic perspective, preferential dealumination is expected to affect the proximity
between a Zn?" cation and a proton. Coke formation in ethane dehydroaromatization was similar
to that in methane dehydroaromatization. This phenomenon might derive from consecutive
conversion of olefins and aromatic hydrocarbons by Brensted acid. As presented in Table 2,
dealumination of Alr decreased the number of Al per unit cell calculated from the chemical
formula of the MFI structure.® A certain amount of Alr decreased by steam treatment, irrespective
of the existence of Zn. However, Zn species were quantitatively and qualitatively stable during
steam treatment. Therefore, Zn>" cation in Zn/H-ZSM-5 ST is expected to be located far from
Brensted acid site by the selective dealumination as portrayed in Figure 5.12. The decrease in the
adjacent protons can suppress the consecutive conversion of products (i.e. benzene and ethylene)
to coke precursors. The optimal amount of Brensted acid sites is indispensable to achieve high

catalytic performance.
5.4. Chapter Conclusion

In conclusion, high catalytic performance of the Zn/H-ZSM-5 catalyst for non-oxidative
dehydroaromatization was achieved by steam treatment after Zn loading. Our TPO measurements
revealed that steam treatment suppressed coke formation. The results of elemental analyses, UV-
Vis DRS, and XRD demonstrated that Zn species on the support were highly stable during steam
treatment. The 2’Al and ?Si MAS NMR spectra of Zn/H-ZSM-5 indicate that dealumination
occurs preferentially on bared Alr sites. NH3-TPD measurement also indicate steam treatment
decrease in the amount of acid sites. These suggest that steam treatment after Zn ion-exchange
efficiently removes the extra Bronsted acid sites which promote coke formation. Results show that
preferential dealumination of Zn/H-ZSM-5 enables high performance for ethane

dehydroaromatization thanks to the optimal amount of Brensted acid sites.
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Figure 5.1. Nitrogen adsorption-desorption isotherms of (a) H-ZSM-5, (b) H-ZSM-5 ST, (¢) Zn/H-
ZSM-5, (d) Zn/H-ZSM-5 ST and (e) Zn/H-ZSM-5 ST bef. IE. Open and closed symbols indicate
adsorption and desorption, respectively. Reprinted from H. Saito et al., Appl. Catal. A: Gen. 2018,
549, 76-81. Copyright 2017 Elsevier B. V.
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Reprinted from H. Saito et al., Appl. Catal. A: Gen. 2018, 549, 76-81. Copyright 2017 Elsevier B.
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Figure 5.3. (a) C2Hg conversion and (b) aromatics selectivity with time on stream over H-ZSM-5
and various Zn/H-ZSM-5 catalysts. Reprinted from H. Saito et al., Appl. Catal. A: Gen. 2018, 549,
76-81. Copyright 2017 Elsevier B. V.
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H-ZSM-5 and various Zn/H-ZSM-5 catalysts. Reprinted from H. Saito et al., Appl. Catal. A: Gen.
2018, 549, 76-81. Copyright 2017 Elsevier B. V.
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549, 76-81. Copyright 2017 Elsevier B. V.
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Figure 5.6. Nitrogen adsorption-desorption isotherms of spent (a) Zn/H-ZSM-5 and (b) Zn/H-
ZSM-5 ST. Reprinted from H. Saito et al., Appl. Catal. A: Gen. 2018, 549, 76-81. Copyright 2017
Elsevier B. V.
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Figure 5.9. ?Si CP-MAS NMR spectra of H-ZSM-5, Zn/H-ZSM-5 and steam-treated ones.
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Figure 5.10. Subtracted IR spectra of various catalysts after pyridine adsorption at 373 K, followed
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Figure 5.11. NH3-TPD profiles of H-ZSM-5 (red), H-ZSM-5 ST (blue), Zn/H-ZSM-5 (green) and

Zn/H-ZSM-5 ST (black). Reprinted from H. Saito ef al., Appl. Catal. A: Gen. 2018, 549, 76-81.
Copyright 2017 Elsevier B. V.
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Table 5.1. Textural and chemical properties of various H-ZSM-5 and Zn/H-ZSM-5 catalysts.
Reproduced from H. Saito et al., Appl. Catal. A: Gen. 2018, 549, 76-81. Copyright 2017 Elsevier
B. V.

BET surface External surface Microporous Micropore Al content  Zn content .
Catalyst ) 4 y 4 ) 4 A r 4 Zn/Alratio
area/m’ g area/m’ g surface area / m” g volume /cm” g /mmolg" /mmolg
H-ZSM-5 409.0 55.0 354.0 0.151 1.18 — —
H-ZSM-5 ST 387.8 55.9 331.9 0.143 1.21 — —
Zn/H-ZSM-5 399.3 59.6 339.7 0.148 1.05 0.370 0.352
Zn/H-ZSM-5 ST 358.9 62.2 296.7 0.127 1.09 0.383 0.350
Zn/H-ZSM-5 ST bef. IE 335.0 64.9 270.1 0.117 1.06 0.063 0.059

Table 5.2. The amount of carbon deposition and Si/Al ratios of various H-ZSM-5 and Zn/H-
ZSM-5 catalysts. Reproduced from H. Saito et al., Appl. Catal. A: Gen. 2018, 549, 76-81.
Copyright 2017 Elsevier B. V.

Catalyst The ar.n.ourit of carbf)ln Si/Al ratio The numl:.)er of
deposition”/ mg g ,; Al per unit cell
H-ZSM-5 n.d. 14.9 6.0
H-ZSM-5 ST — 48.0 2.0
Zn/H-ZSM-5 118.8 15.4 5.9
7n/H-ZSM-5 ST 11.1 26.4 3.5
7n/H-ZSM-5 ST bef. IE n.d. — —

“The expression of “n.d.” indicates the amount of carbon deposition could not be detected.

Table 5.3. Textural properties of spent Zn/H-ZSM-5 and Zn/H-ZSM-5 ST. Reproduced from H.
Saito et al., Appl. Catal. A: Gen. 2018, 549, 76-81. Copyright 2017 Elsevier B. V.

BET surface External surface = Microporous Micropore
Catalyst R 7 1 2 -1 3
area/m g area/m g surface area /m~ g volume / cm
Spent Zn/H-ZSN-5 47.5 34.0 13.5 0.010
Spent Zn/H-ZSN-5 ST 323.6 55.0 268.6 0.115
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Chapter 6 General conclusion

Catalytic conversion of ethane to ethylene and aromatic hydrocarbons over metal oxides and
zeolite-supported metals catalysts are described throughout this thesis. In chapters 2 and 3,
dehydrogenation of ethane over B-GaOs/a-Al,O3 and Ba-doped LaMnO;3 (Lai-.Ba:MnOs3.s)
perovskite catalysts was investigated in the presence of steam. The aim of these chapters is
developing catalysts for dehydrogenation of ethane in the presence of steam, leading to the
application of the catalysts to the steam cracking process. In chapters 4 and 5,
dehydroaromatization of ethane over the MFI-type zeolite-supported Co and Zn catalysts were
examined to develop an alternative process to the steam cracking of naphtha for the BTX
production. Through the research, the performance of the catalysts was enhanced by the control of
the quality and quantity of their active sites.

In chapter 2, the B-Ga;O; active site contains two kinds of Ga species in its structure:
tetrahedrally and octahedrally coordinated Ga denoted as Ga(T) and Ga(O), respectively. In
general, Ga(T) promotes C—H bond activation of light alkanes. However, it is inferred from
adsorption energy of ethane and ethylene calculated on the basis of DFT that ethylene
decomposition to the coke is induced by Ga(T). In addition, dissociative adsorption of ethane
proceeds on unsaturated Ga(O) such as Ga(O) at the (002) facet, which results in the formation of
Ga—C;Hs and O-H species. From the experimental insight, it is demonstrated that the contribution
of Ga(T) is inhibited by the modification of B-Ga>Os/a-Al2O3 with Ba, resulting in the high activity
and ethylene selectivity. The similar effect was verified by the Sr modification. The Ga(T) would
exhibit stronger Lewis acidity than Ga(O) because of the small coordination number. The basic
metals (Sr and Ba) would interact with Ga(T), resulting in the poisoning of Ga(T) and the
suppression of the coke formation.

In chapter 3, the active center for ethane activation is ascribed to the surface lattice oxygen of
the Lai.xBaxMnOs_s perovskite. The reaction proceeds via the Mars-van Krevelen mechanism in
the presence of steam, which is completely different from B-Ga>Os. Ethane is oxidatively activated
at the surface lattice oxygen, resulting in the formation of ethylene and water concomitantly with
the oxygen vacancy. Then, water under the reaction atmosphere regenerate the oxygen vacancy
with hydrogen desorption (water splitting), leading to the completion of the catalytic cycle. The
Ba doping increases the capacity of the reactive surface lattice oxygen probably because the larger
ionic radius of Ba** than La*" induce the lattice strain. In addition, the high redox ability of Mn,
which can be various oxidation states in comparison with Co and Fe, is an important factor for the
catalytic performance. The activity of Lai.Ba:MnOs;.s was higher than p-Ga0s3/a-ALOs.
Therefore, use of reducible oxides would change the reaction mechanism of ethane
dehydrogenation in the presence of steam. Activation of ethane would be easy to proceed on the
reactive surface lattice oxygen in comparison with metal-oxygen couple such as Ga—O.

In chapter 4, dehydrogenation of ethane proceeds at the Co active sites. The formed ethylene is
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subsequently converted to the aromatic hydrocarbons. Prepared by the impregnation method, Co
metal particles existed on the H-ZSM-5 support. Ethane was activated on the Co particles, resulting
in the coke formation. On the other hand, Co?" cations existed at the ion-exchange sites of H-ZSM-
5 in the case where Co/H-ZSM-5 was prepared by the ion-exchange method. At the Co?* cation
sites, ethane was dehydrogenated to ethylene with the little amount of carbon deposition. Therefore,
the ion-exchanged Co?" is better active sites for dehydrogenation of ethane, which is the first step
of BTX formation, than Co metal.

In chapter 5, the steam treatment of Zn/H-ZSM-5, which exhibited the higher activity at the
initial stage than Co/H-ZSM-5, was performed to control the amount of Brensted acid sites. In
analogous to Co/H-ZSM-5, the ion-exchange method was used for the preparation of Zn/H-ZSM-
5, indicating the existence of Zn** cations at the ion-exchange sites. The pristine Zn/H-ZSM-5
rapidly deactivated by coke formation catalyzed by Brensted acid sites. The steam treatment of
Zn/H-ZSM-5 inhibited the coke formation, leading to the high and stable activity and selectivity
to aromatic hydrocarbons. The steam treatment after the Zn loading realize the high Zn content
with the appropriate amount of Brensted acid sites. On the other hand, the steam treatment before
the Zn loading induces the lack of the ion-exchange sites (Brensted acid sites), resulting in the low
Zn content. Therefore, the framework Al, which is the origin of Brensted acid sites, is stabilized if
the ion-exchange sites are occupied by metal cations. This indicates that the desirable amount of
the active sites (metal cations and Brensted acid sites) could be obtained by means of the steam
treatment and ion-exchange method.

Throughout the thesis, the quality and quantity of the active sites for ethane conversion was
controlled by the various techniques to develop optimal catalysts. For dehydrogenation of ethane,
oxidative activation of ethane at the reactive surface lattice oxygens of reducible oxides is facile
in comparison with that at the surface metal-oxygen couple of non-reducible oxides. This would
be also the case in dehydrogenation of propane and butane. In addition, the conventional
dehydrogenation processes require periodic regeneration of catalysts deactivated by the coke
formation. The reducible metal oxide catalyst would exhibit stable activity for dehydrogenation of
propane and butane in the presence of steam. For ethane dehydroaromatization, ethane is activated
at the ion-exchanged metal cation sites. The steam treatment in combination with the ion-exchange
method realize the appropriate amount of Brensted acid sites with the large amount of the metal
cations. Taking the results of ethane dehydrogenation into account, activation of ethane efficiently
proceeds via the Mars-van Krevelen mechanism. This requires oxygenated metal cations at the
1on-exchange sites in the zeolite in addition to use of any oxidizing agent. It is desirable that redox
of the metal cations proceeds with carbon dioxide to suppress sequential oxidation of the products
in addition to carbon dioxide utilization. Thus, these catalytic science and technology contribute
to not only the efficient production of the valuable chemicals from ethane but future petrochemical

industry as a bridging technology to the sustainable society.
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