INSTITUT D E FRANCE
Académie des sciences

Comptes Rendus

Chimie

Peng Wang, Ziqi Wang, Zhongqing Yang, Zhilei Liu, Jingyu Ran
and Mingnv Guo

Selective catalytic and kinetic studies on oxydehydrogenation of ethane
with CO; over lanthanide metal catalysts

Volume 23, issue 1 (2020), p. 33-46
Published online: 6 May 2020

https://doi.org/10.5802/crchim.4

[cO=amm| This article is licensed under the
CREATIVE COMMONS ATTRIBUTION 4.0 INTERNATIONAL LICENSE.
http://creativecommons.org/licenses/by/4.0/

"I.<1
>
MERSENNE

Les Comptes Rendus. Chimie sont membres du
Centre Mersenne pour I’édition scientifique ouverte
www.centre-mersenne.org
e-ISSN : 1878-1543


https://doi.org/10.5802/crchim.4
http://creativecommons.org/licenses/by/4.0/
https://www.centre-mersenne.org
https://www.centre-mersenne.org

Comptes Rendus

Chimie

2020, 23, n° 1, p. 33-46
https://doi.org/10.5802/crchim.4

Full paper / Mémoire

Selective catalytic and kinetic studies on
oxydehydrogenation of ethane with CO, over
lanthanide metal catalysts

*,a,b

Peng Wang“ b, Ziqi Wang® ?, Zhongqing Yang® * % b, Zhilei Liu® ?, Jingyu Ran
and Mingnv Guo®

@ Key Laboratory of Low-Grade Energy Utilization Technologies and Systems,
Ministry of Education of China, Chongqing University, Chongqing, 400044, China

b school of Energy and Power Engineering, Chongqing University, Chongqing,
400044, China

¢ School of Mechanical and Power Engineering, Chongqing University of Science and
Technology, Chongqing, 401331, China.

E-mails: zqgyang@cqu.edu.cn (Z. Yang), ranjy@cqu.edu.cn (J. Ran).

Abstract. Single metal catalysts with different active components (La, Sm, Ce) and La loadings (5%,
10%, 15%) were prepared. Oxydehydrogenation of CoHg with CO over the above catalysts was studied
by catalyst activity experiments and characterization tests. The results indicate that the homogeneous
reaction of CO2/CyHg is the coupling of ethane pyrolysis and hydrogenolysis. Dehydrogenation has
better selectivity than reforming on La/Sm/Ce-based catalysts; Sm exhibits the best catalytic activity
due to carbon deposition resistance and many oxygen vacancies. CoHg conversion on 10% Sm/SiO2
is 42.75% at 700 °C, but CoHy selectivity is lowest. Because of the existence of Ce4+, Ce has the best
CoHy selectivity; it has potential to modify the catalyst, but its catalytic activity is lowest. La shows the
best catalytic performance. The activation energy on 10% La/SiO2 is 83.99 kJ/mol, CoHy selectivity is
96.84% at 700 °C, and its optimum loading is between 10% and 15%.
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1. Introduction

Ethylene is one of the most produced and essential
chemical products in the world [1-3]. Oxydehydro-
genation of C;Hg with CO, to CoH, provides new
ideas for pressing issues (energy conservation and
emission reduction, green chemical industry, sus-
tainable development) [4-12]. The reaction not only
promotes the comprehensive utilization of natural
gas [13], but also overcomes the shortcomings (high
pollution and high energy consumption) of high-
temperature pyrolysis of petroleum to ethylene [14,
15]. In addition, it consumes carbon dioxide and re-
duces greenhouse gas emissions [16,17]. Oxydehy-
drogenation of C;Hg with CO2 not only has great
practical significance for solving the energy crisis, but
also mitigates the impact of the greenhouse effect on
the global ecological environment [18,19]. The main
reaction paths of catalytic oxidized ethane with CO,
include reforming (reaction 1) and dehydrogenation
(reaction 2).

CoHg +2C0O, — 4CO + 3H, 1)
CoHg + COy — CoHy + CO+H,0 2)

Lanthanide metal oxides have a special outer elec-
tronic structure, and are usually used as a carrier,
promoter and active component. They have an im-
portant influence on the CyHg conversion pathway.
Valenzuela et al. [20,21] studied a CeO,-based cat-
alyst and found that the addition of Ce?* reduced
the catalytic activity, but C,Hy selectivity could be
increased to 91%, CyH, yield could reach 22%. The
phase of the rare earth metal oxide would greatly af-
fect C,Hg conversion and CoHy selectivity. For exam-
ple, in the oxidative dehydrogenation of ethane re-
action system, CpHy selectivity on pure La;O3 cata-
lyst was 48.2%, but CoHy selectivity on Lap,0,/CO3™
catalyst was only 6.7%. For the CeO,-based catalyst,
the addition of Na promoter could improve the reac-
tion performance, and CyHy selectivity could reach
70%. It indicates that rare earth oxides are a good
catalyst for the oxidation and dehydrogenation of
C,Hg to CoHy. Besides, Beretta et al. [22] showed that
C,Hy yield can reach 50% on Pt/Al,O3 catalyst at
500°C. Lu et al. [23] synthesized Al/Pd/Al,O3 cata-
lysts by atomic layer deposition method. There was
low coordination number Pd active sites on Al,0Os,
and these sites were beneficial to break C-C bonds
and reduce carbon deposition. CoHy selectivity was
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99.0% at 675°C; it still maintained stable activity
within 1800 min. Nakagawa et al. [24] studied the
catalytic performance of various metal oxides for
ethane oxidative dehydrogenation at 650°C. The re-
sults showed that the activity of the catalyst follows
the order: Ga;03>V,05>TiO2,>Mnz04>In,03>7Zn0.
Gay 03 exhibited the highest catalytic performance.
They also studied the role of CO; in the oxidative
dehydrogenation reaction over Ga-based catalysts. It
was found that the catalytic activity of Ga,03/TiO,
increased with the increase of CO, partial pressure,
indicating that CO, could inhibit carbon deposition,
ethylene re-adsorption and promotion of desorp-
tion [25]. Koirala et al. [26] studied different load-
ings of Gay0O3/TiO; catalysts. It was found that the
acid concentration decreased and the yield of ethy-
lene increased with the increase of Ga loading be-
tween 0 and 10 wt% Ga. However, higher loadings of
Ga would reduce the catalytic performance; it was
due to the severe carbon deposition caused by too
acidic surface. Krylov et al. [27] studied the oxidative
dehydrogenation of alkanes (C;—C7) with CO» on dif-
ferent supports (Fe; O3, Cro03, MnO3, etc.). MnO, ex-
hibited the highest activity. Toth et al. [28] found that
different oxide supports could regulate the reaction
pathway. They found that Au/CeO, and Au/ZnO were
beneficial to the reforming reaction, and Au/TiO,
was beneficial to oxidative dehydrogenation. Oxi-
dized diamond as an efficient support played a sig-
nificant role in oxydehydrogenation of C,Hg with
CO, to CoHy over CryOs-loaded catalyst; CoHy se-
lectivity and CyH,4 yield were 87.7% and 22.5%, re-
spectively, at 650°C [29]. Wang et al. [30] found that
LiCl/SiO, exhibited the highest C,Hg conversion and
C,H, yield; CyHg conversion and CpHjy yield were
99% and 80%, respectively, at 600°C. However, un-
der certain conditions, rapid deactivation would oc-
cur. Shi et al. [31] found that C;Hg conversion and
C2Hy selectivity were 66.5% and 99.5%, respectively,
on the monolithic catalyst (5% Cr) at 750°C. The
equilibrium limit of ethane conversion was success-
fully surpassed by increasing temperature and reac-
tion pressure in the PBMR. Dangwal et al. [32] found
that Cy;Hg conversion and CpHjy selectivity can reach
29% and 97%, respectively, at 600°C.
Oxydehydrogenation of C,Hg with CO, to CoHy
not only has great practical significance for solving
the energy crisis, but also mitigates the impact of the
greenhouse effect on the global ecological environ-
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ment. Therefore, the single-metal catalysts with dif-
ferent active components of lanthanide metals and
different loadings of La supported on SiO, were pre-
pared by incipient wetness impregnation method.
The effects of the above catalysts on oxydehydro-
genation of C,Hg were studied by catalyst activity
experiments and catalyst characterization methods
(XRD, EDS and SEM).

2. Experimental section
2.1. Catalyst preparation

The desired lanthanide metal catalysts were prepared
by incipient wetness impregnation method. The lan-
thanide metal catalysts required for the experiment
are shown in Table 1. According to the calculation of
the loading, the metal precursor (mp,) was weighed
into a beaker, and an equal volume of deionized wa-
ter was weighed into the glass bottle according to the
pore volume and the required mass (mg) of the car-
rier. The carrier (mg) was weighed and placed in a
beaker, and the precursor solution was dropped into
the carrier. The impregnated catalyst was placed in
the drier and dried at 100°C for 12 h. The dried bulk
catalyst was ground into a fine powder in a mortar,
dispersed into a thin layer, transferred to a muffle fur-
nace and calcined at 700°C for 5 h. The calcined cat-
alyst powder was compressed and shaped. Catalysts
with a particle size of 40-60 mesh were screened out.
The chemicals used in catalyst preparation are pro-
vided in Table S1.

2.2. Catalyst characterization

The characterization methods were XRD, EDS and
SEM. X-ray diffraction (XRD) used a BRUCKER D8 X-
ray diffractometer to have a wide-angle test, a cat-
alyst sample (40-60 mesh) which was not less than
0.1 g was ground to 200 mesh (particle size was less
than 70 um). The test conditions were as follows: with
a Cu target, the tube voltage was 40 kV, the tube cur-
rent was 30 mA, the 26 angle scan range was 10°-90°,
the scan rate was 6 °/min, and the scan step was 0.02.
The TESCAN VEGA3 scanning electron microscope
was used in SEM and EDS tests under a vacuum. The
electron gun was a tungsten filament with a voltage
of 2 kV and a resolution of 20 um.
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2.3. Catalyst activity evaluation

The flow chart of catalyst evaluation experiment is
shown in Figure 1. The catalyst activity tests used
a three-channel fixed-bed catalyst evaluation sys-
tem (Table S3). The catalyst particles (0.25 mL, 40—
60 mesh) were placed into the middle of the reactor,
the packing height was about 2 cm, both ends were
blocked with quartz wool, the K-type thermocouple
was placed in the reactor and contacted with quartz
wool. The flow of O, was set to 40 mL/min. The cat-
alyst bed was heated to 600°C in O, atmosphere at
a heating rate of 15°C/min and activated for 30 min.
Then the O, valve was closed, the carrier gas Ny valve
was opened, and its flow was set to 40 mL/min. The
cooling fan was turned on to cool the bed to room
temperature and purged for 30 min. Subsequently,
the C,Hg and CO, valves were opened, and the reac-
tion gases (C,Hg, CO2) and carrier gas (N») were in-
troduced into the reactor, and the furnace was heated
to the desired temperature at 15°C/min. After reach-
ing the predetermined temperature for 40 min, the
exhaust gas was collected and the content of each
gas components were analyzed in the gas chromato-
graph (ISQ QD-TRACE1300). The experimental de-
tails including chemicals, materials and instrumen-
tations can be found in supplementary information.

The evaluation indexes of catalytic activity were
mainly C,Hg and CO, Conversion; C,H4, CHy and
CO Selectivity; and CoHy4 and CHy yield. The calcu-
lation equations involved in the catalytic activity test
are as follows:

M(Rin) - M(Rout)

Reonversion = MR x 100%
R =CyHg or CO, 3)
M (Poyt)
Pelectivity = e x 100%
M(C3Hg in) — M(C2Hg out)
P=CyH4 or CHy (4)
Coselectivity =1-CzHy selectivity — CHy selectivity (5)
M(Pout)
Pyield = ————— x 100%
yield M(CyHg ) o
P=CyH4 or CHy (6)

In (3)-(6): M is the molar concentration of the cor-
responding substance. Conversion is the conversion
of the corresponding substance. Selectivity is the se-
lectivity of the corresponding substance. Yield is the
yield of the corresponding substance.
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Figure 1. The flow chart of catalyst evaluation experiment.

Table 1. Lanthanide metal catalysts required for the experiment

Lanthanide metal catalysts

Active component and loading Catalyst carrier

5% La/SiO, 5wt% LayOg SiO,

10% La/SiO, 10 wt% LayOs SiO,

15% La/SiO, 15 wt% LayOs SiO,

10% Sm/SiO, 10 wt% SmyOg SiO,

10% Ce/SiO, 10 wt% CeO» SiO,
2.4. Reaction kinetics test k=A.e 7T (7
r=k.c¢cl...cl ®)

FCxV FCxw

r= = 9

The apparent activation energies of oxydehydro-
genation of CyHg over different lanthanide metal
catalysts are calculated according to Arrhenius equa-
tion (7). The relationship between the reaction rate r
and the reaction rate constant k is obtained by the re-
action series theory (8). According to the principle of
reaction kinetics, the expression of the catalytic reac-
tion rate ris shown in (9).
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M 22.414x60 x 1000 x M

In (7), k is the reaction rate constant, A is the pre-
factor, E is the apparent activation energy and R is
the molar gas constant. In (8), «, § and y are reaction
orders; C;, C, and C,, are reactant concentrations. In
(9), FC is the conversion of the reactants, w is the gas
flow rate and M is the mass of the catalyst. Equa-
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tion (10) can be obtained by calculating the natural
logarithm of (7). Finally, (11) can be obtained by cal-
culating (8) and (10).

lnk:lnA—£ (10)
RT

E
lnr:—ﬁ+1nA+lan‘Cf~--Cg (11)

In (11), if the linear relationship between In r and
1/T can be fitted, then the slope of the line is solved.
After further calculation, the apparent activation en-
ergy E can be obtained.

3. Results and discussion

3.1. The homogeneous reaction of CO2/CyHg in
the absence of catalyst

In order to accurately study the catalytic perfor-
mance of lanthanide metal catalysts, the occurrence
of the homogeneous reaction should be avoided or
minimized. The reaction temperature is the key fac-
tor to determine the degree of non-catalytic reaction.
It is important that the appropriate reaction tem-
perature is selected for studying the catalytic perfor-
mance of each catalyst in this experiment [33]. There-
fore, this section firstly studied the effect of temper-
ature on the reaction of CO,/C,Hg in the absence of
catalysts.

The pure SiO, powders (0.25 mL, 40-60 mesh)
without any active components were put into the
quartz reaction tube. The reaction pressure was set to
0.1 MPa, the reaction gas feed ratio was Mco,/c,Hs =
2, and the space velocity was 1200 h™!. In order to
find the temperature range with the weakest homo-
geneous reaction (avoid interference with catalytic
reactions) and the most suitable for the catalytic re-
action, the homogeneous reactions at 600°C, 650°C,
700°C, 750°C and 800°C were studied. The experi-
mental results are shown in Table 2.

All of experimental data is 0 when the tempera-
ture is below 600°C; this indicates that the homo-
geneous reaction cannot occur at low temperature.
C2Hg conversion increases with the increase of tem-
perature, but CO; conversion is always 0, so CO; does
not participate in the gas phase non-catalytic reac-
tion. Therefore, it can be inferred that the essence of
the homogeneous reaction is the coupling of ethane
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pyrolysis and ethane hydrogenolysis (reaction 12-13)
[34-37]; the results of this study are similar to Xu et
al. [38]:

CoHg — CoHy + Ho (12)
CoHg +Hy — 2CHy (13)

A certain degree of high temperature is beneficial
to the conversion process of C;Hg—CyHj in the ho-
mogeneous reaction. However, when the tempera-
ture rises to a certain value, CHy selectivity is higher
than CyHy selectivity, and CyHy yield will decrease
with increase of temperature [36,37]. Shi et al. [39]
also proved that the reduction of CyH, selectivity
and the increase of CHj4 yield at high temperatures
are caused by the promotion of side reactions at
high temperatures. As the temperature increases, the
probability of occurrence of corresponding side reac-
tions increases, such as ethane cracking reaction (re-
action 14):

CoHg — 2C(s) +3H» (14)

The increase of by-products and the further de-
crease of CoH, selectivity are due to these side re-
actions [40,41]. At the same time, excessive temper-
ature is more detrimental to the gas—solid catalytic
reaction, because high temperature is more likely to
produce carbon deposits. More importantly, carbon
deposition is one of the important reasons that affect
the catalytic performance [26,41,42].

Table 2 shows that when the temperature is 650—
700°C, there is only a weak gas-phase reaction in the
reaction process. When the temperature is raised to
750-800°C, the degree of the homogeneous reaction
increases rapidly. The results are similar to Sigaeva
et al. [40]. They have reported that the ethane py-
rolysis mainly produces ethylene, and the reaction
occurs rapidly at 650-900°C. As the temperature in-
creases, ethylene selectivity decreases, methane se-
lectivity increases and carbon deposits are formed. In
order to eliminate the influence of the homogeneous
reaction when studying the catalytic performance,
and avoid carbon deposition at high temperatures
causing catalyst deactivation, the temperature of the
gas—solid catalytic reaction should not be too high.
Therefore, this paper mainly studied the catalytic
performance in the temperature range of 500-750°C.
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Figure 2. Effect of temperature on C,Hg conversion (a) and CO; conversion (b) on different lanthanide

metal catalysts.

Table 2. Effect of temperature on the homogeneous reaction of C;Hg/CO> in the absence of catalyst

Temperature (°C) Conversion (%) Yield (%) Selectivity (%)
CoHg CO, CoHy C,Hy CHy; CO
<600 0 0 0 0 0 0
650 0.87 0 0.87 99.76 024 0
700 1.56 0 1.55 99.48 0.52 0
750 7.25 0 7.18 98.97 1.03 0
800 18.15 0 17.25 94.48 452 0

3.2. Effect of different lanthanide metal active
components on reaction performance

In order to study the effects of different active com-
ponents on the catalytic activity, 10% La/SiO», 10%
Sm/SiO, and 10% Ce/SiO, catalysts were prepared
by incipient wetness impregnation method. The cat-
alyst particles (0.25 mL, 40-60 mesh) were placed in
a quartz tube reactor. The pressure was set to 0.1
MPa, the reaction space velocity was 1200 h~!, and
the reaction gas feed ratio was Mco,/c,Hs = 2. The
effects of temperature on C,Hg and CO, conversion
on different lanthanide metal catalysts are shown
in Figure 2.

Figure 2 shows that C;Hg and CO, conversion on
different lanthanide metal catalysts increase with an
increase in temperature. 10% Ce/SiO, shows the low-
est C,Hg and CO, conversion. At 700°C, CoHg con-
version is only 20.48%, and CO; conversion is only
14.26%. 10% Sm/SiO, exhibits the best catalytic ac-
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tivity; its CoHg conversion is 42.75% and CO, conver-
sion is 35.13% at 700 °C. The catalytic activity of three
lanthanide metal catalysts is in decreasing order:
10% Sm/SiO2>10% La/Si02>10% Ce/SiO,. Kennedy
et al. [43] also got similar conclusions. They reported
that the catalytic activity order of four rare earth
metals for oxidative dehydrogenation of ethane is:
Sm,03>La;03>Ce0,. According to the research re-
sults of He and Han et al. [44,45], the acidity and al-
kalinity of the catalyst are closely related to the im-
proved catalytic activity and stability. Sm can reduce
the strong acid centre of the catalyst and increase the
active oxygen content, thus the carbon deposition is
inhibited and the catalytic activity is improved. This
is one of the reasons for the best catalytic activity of
Sm. He et al. [46] also proposed that Sm can promote
the increase in oxygen vacancies, thereby increasing
the catalytic activity.

All three lanthanide metals have a high catalytic
activity [43]. In the high temperature range, C,Hg and
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Figure 3. Effect of temperature on CO selectivity (a) and CHy selectivity (b) on different lanthanide metal

catalysts.

CO, conversion increases with an increase in tem-
perature; it shows that a high temperature is benefi-
cial to C;Hg and CO; conversion on the lanthanide
metal catalysts, but when the temperature rises to
750°C, the increase in both conversions slows down.
This indicates that high temperature promotes the
formation of carbon deposition, which will cause the
catalysts to be inactivated [42].

The effects of temperature on CO and CHy se-
lectivity on different lanthanide metal catalysts are
shown in Figure 3. CO and CHjy4 selectivity on differ-
ent lanthanide metal catalysts increase with the in-
crease in reaction temperature. CO and CHy selectiv-
ity on the three catalysts are low; 10% Sm/SiO, has
the best CH4 and CO selectivity at 700°C, but it is
only 2.55% and 2.87%. It can be seen that the reaction
system of CO,/CyHg over lanthanide metal catalysts
mainly undergoes dehydrogenation reaction instead
of reforming reaction [43]. CO and CHjy selectivity on
the above three catalysts are ranked in decreasing or-
der: 10% Sm/SiO2>10% La/Si02>10% Ce/SiO,. Al-
though the Sm-based catalyst has the best catalytic
activity, its side reaction has the best selectivity.

Figure 4 shows that C,Hy selectivity on different
lanthanide metal catalysts decrease with the increase
in reaction temperature. CoH, selectivity on the
above three catalysts is high. At 700°C, CoHy selectiv-
ities on 10% Ce/SiO,, 10% La/SiO, and 10% Sm/SiO,
are 97.98%, 96.84% and 94.58% respectively. CoH, se-
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lectivity on the above catalysts are ranked in decreas-
ing order: 10% Ce/SiO2>10% La/SiO2>10% Sm/SiO.
Shi et al. [39] confirmed the key role of Ce in the con-
version of ethane to ethylene. In CO, atmosphere,
ethane is oxidized to ethylene by CeO,, and then
CO; oxidizes Ce" to Ce** to continue the cycle,
and because of the presence of CeO,, more ethane is
converted to ethylene, thereby increasing the selec-
tivity of ethylene [47]. This is shown in reactions 15
and 16 [20].

CoHg + Ce*" — CoHy + Ce3* (15)

Ce3* +C0, — Ce*™ +CO (16)

Figure 5 shows that CoH, yield on the three dif-
ferent lanthanide metal catalysts increases with the
increase in reaction temperature. 10% Sm/SiO; has
the lowest Co,Hy selectivity but its C,Hg conversion
is much higher than other lanthanide metal cata-
lysts. Although C,H, yield on 10% Ce/SiO, is low, it
still has a high CoH, selectivity at high temperatures.
Many scholars who study polymetallic catalysts use
this characteristic of Ce to regulate the catalyst in or-
der to make the catalyst have high C,Hg conversion
and CoHy selectivity [48-50].

The apparent activation energy determines the
ease of catalytic reaction and affects the reaction
rate [51]. Therefore, it is necessary to study the ap-
parent activation energy of different active compo-



40 Peng Wang er al.

100

99 -

98 |

97 |

96

95 -

C2Ha4 Selectivity (%)

—=— 10La/SiO2
94 —e— 10Sm/SiO2

—4&— 10Ce/SiO2
93 |-

92 L L I L L L
500 550 600 650 700 750

Temperature (°C)

Figure 4. Effect of temperature on C,H, selec-
tivity on different lanthanide metal catalysts.

I 10Lassi0, e
ol [l 0swsio, E2g
[_J10cessio, P
- el K
< %
ML S R
2 .
= R
~+ > s
T 20| 5
U s

10 e

500 550 600 650 700 750

Temperature (°C)

Figure 5. Effect of temperature on C,H, yield
on different lanthanide metal catalysts.

nent catalysts. The apparent activation energies on
three different active component catalysts are shown
in Figure 6.

Figure 6 shows that the activation energies of the
three lanthanide metal catalysts for the catalytic re-
action of CO,/CyHg are in increasing order: 10%
Sm/Si02<10% La/SiO2<10% Ce/SiO»; the results are
consistent with the previous catalyst activity exper-
iments. The activation energy on 10% Sm/SiO, is
the lowest (58.29 kJ/mol). Under the same reaction
conditions, the activation energy on 10% Sm/SiO;
is reduced by 25.70 kJ/mol and 41.15 kJ/mol com-
pared with 10% La/SiO, and 10% Ce/SiO,. It has been
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proved again that 10% Sm/SiO, has the best catalytic
activity.

In summary, the lanthanide metals Sm and La
have good selective catalytic activity for the oxida-
tive dehydrogenation reaction system of CO,/CyHg.
Among the three lanthanide metal catalysts, 10%
Sm/SiO, has the highest catalytic activity, but its
C,Hj selectivity is lowest. 10% Ce/SiO» has the high-
est CoHy selectivity but its catalytic activity is lowest.
10% La/SiO» has both high catalytic activity and high
C,Hy selectivity; thus La has a more balanced cat-
alytic performance than Sm and Ce. Therefore, La is
the most ideal active component. Because of this ad-
vantage of La-based catalysts, the effects of different
loadings of La on the catalytic activity were further
studied.

3.3. Effect of different loadings of La on reaction
performance

In order to study the effect of different La loadings on
the catalytic activity, 5% La/SiO», 10% La/SiO, and
15% La/SiO, were prepared by incipient wetness im-
pregnation method. The catalyst particles (0.25 mL
40-60 mesh) were placed in a quartz tube reactor. The
pressure was set to 0.1 MPa, the reaction space veloc-
ity was 1200 h™!, and the reaction gas feed ratio was
Mco,/c,Hs = 2. The effects of temperature on CoHg
and CO; conversion on La/SiO, catalysts with differ-
ent loadings are shown in Figure 7.
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Figure 7. Effect of temperature on C;Hg conversion (a) and CO, conversion (b) on La/SiO, with differ-

ent loadings.

Figure 7 shows that Cy;Hg and CO, conver-
sion on La/SiO, with different loadings increase
with the increase in reaction temperature. At 650-
700°C, CoHg and CO; conversion are higher than
its conversion in the lower temperature range.
As the loading increases, CoHg and CO, con-
version increase. Therefore, the catalytic activity
for the above catalysts are in decreasing order:
15% La/Si0,>10% La/SiO»,>5% La/SiO,. It can be
inferred that under the above three loadings, there is
no serious active component accumulation or large
particle lanthanum oxide crystal on the surface of
the catalyst. This conclusion can be confirmed in the
catalyst characterization (XRD, EDS and SEM).

Figure 8 shows that CO and CHj4 selectivity on
La/SiO, with different La loadings increase with the
increase in temperature. More importantly, CO and
CH,4 selectivity increase with the increase in load-
ings . Therefore, the increase of loadings of La is con-
ducive to the generation of by-products.

Figure 9 shows that C;H, selectivity on La/SiO,
with different loadings decreases with the increase in
temperature. More importantly, CoHy selectivity de-
creases with the increase in loading at the same re-
action temperature, because the increase in loading
promotes the generation of by-products [40,41].

In Figures 8-9, the loading of the catalyst is not as
large as possible. For the production of C,Hy, exces-
sive catalyst loading is detrimental.

The effects of temperature on CyHy yield on
La/SiO, with different catalyst loadings are shown
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in Figure 10. CoH, yield on the La/SiO, with the
above loadings increases with the increase in reac-
tion temperature. More importantly, CoH, yield in-
creases with an increase in loading under the same
temperature conditions. La does not show a decrease
in CoHy yield as the loading increases, because it
still maintains a good dispersion state on the carrier
when the loading is 15%. Compared to 10% La/SiO,
it has more available active sites. It can be further
explained that La has good dispersion. This conclu-
sion can be confirmed in the catalyst characteriza-
tion XRD, EDS and SEM).

Reducing the activation energy can effectively re-
duce the temperature required for the reaction, and
make the catalytic reaction easier. Therefore, it can
achieve the purpose of reducing energy consump-
tion and provide a new way for carbon dioxide ab-
sorption [52,53]. The apparent activation energies
on La/SiO, with different loadings are shown in
Figure 11.

Figure 11 shows that the activation energies
on La/SiO, with different loadings for the cat-
alytic reaction of CO,/CyHg are in increasing or-
der: 15% La/SiO2<10% La/SiO,<5% La/SiO,; the
results are consistent with the previous catalytic
activity experiments. The activation energy of the
catalytic reaction for 15% La/SiO, is the lowest at
E = 57.85 KJ/mol. Under the same reaction condi-
tions, the activation energy on 15% La/SiO; is re-
duced by 25.17 kJ/mol and 48.75 kJ/mol compared
with 10% La/SiO; and 5% La/SiO», which prove that
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Figure 9. Effect of temperature on CoHy selec-
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15% La/SiO, has the best catalytic activity, the ox-
idative dehydrogenation of C;Hg on 15% La/SiO,
is most likely to occur, and the reaction rate is the
largest. In summary, 15% La/SiO, has the best cat-
alytic activity.

3.4. Microstructure characterization and reac-
tion activity analysis of La-loaded catalysts
with different loadings

Combined with the conclusions obtained from the
catalytic activity experiments, we proceeded to study
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Figure 10. Effect of temperature on CyH, yield
on La/SiO, with different loadings.

the effect of La/SiO, with different loadings on the
catalytic activity in the perspective of microstructure.
XRD, EDS and SEM were used to characterize the
catalysts in this section.

In order to study the crystal phase size of the sur-
face of La/SiO, catalyst with different loadings, 5%
La/SiO,, 10% La/SiO, and 15% La/SiO, were studied
by XRD. The XRD images are shown in Figure 12.

In Figure 12, when the loadings of La are 5% and
10%, the diffraction peak of lanthanum oxide crys-
tal does not appear, indicating lanthanum oxides are
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Figure 12. XRD images of La/SiO, with differ-
ent loadings.

highly dispersed on the surface of SiO; at the cur-
rent loading. When the loading of La is increased to
15%, a weak diffraction peak appears; it shows that
the lanthanum oxides are excessive and cannot be
uniformly dispersed on the surface of the carrier. The
peak positions are about 25°, 37°, 50°, 55° and 63°. It
indicates that lanthanum oxide crystals begin to ap-
pear on the catalyst surface. Combined with the con-
clusion: 15% La/SiO»,>10% La/SiO>>5% La/SiO,; it
indicates that the best loading of La/SiO, is between
10% and 15%.

In order to further explain that 15% La/SiO, has
the best catalytic activity among the three loadings,
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5% La/SiO,, 10% La/SiO, and 15% La/SiO, were
studied by SEM and EDS. EDS images of La/SiO;
with different loadings are shown in Figure 13. SEM
images of catalysts with different loadings of La
magnified 50 times and 100 times are shown in
Figure 14.

In Figure 13, the blue circle indicates the surface
of the carrier is not utilized by the lanthanum oxide.
The red circle indicates the lanthanum oxides are ag-
glomerated. When the loadings are 5% and 10%, lan-
thanum oxides can be uniformly distributed on the
surface of the carrier, but a large amount of surface
area of SiO; are not fully utilized (the area drawn by
the blue circle). When the loading reaches 15%, the
surface of the catalyst is fully utilized by lanthanum
oxides and a small amount of aggregation begins to
appear (the area drawn by the red circle).

In Figure 14, at the same magnification, most of
the lanthanum oxide particles on the 5% La/SiO, and
10% La/SiO, are relatively small; there is no obvious
aggregation. The lanthanum oxides can be well dis-
persed on the surface of the carrier. The lanthanum
oxide particles on 15% La/SiO, show a slightly higher
degree of growth and aggregation. At this point, the
lanthanum oxide particles on the surface of the car-
rier are still in a relatively good distribution state. Ac-
cording to the experimental results, 15% La/SiO still
has high catalytic activity; it indicates that the load-
ing of 15% is only slightly overloaded for La/SiO,, but
does not affect the catalytic performance seriously.
Compared with 10% La/SiO», 15% La/SiO, makes
better use of the surface area of the catalyst and has
higher catalytic activity. The conclusion that the best
loading is between 10% and 15% is proven again.

4. Conclusion

In this paper, the homogeneous reaction of
CO,/CyHg is the coupling of ethane pyrolysis and
hydrogenolysis; it starts at 650°C, and the degree
of reaction increases rapidly at 750-800°C. Dehy-
drogenation has better selectivity than reforming
on La/Sm/Ce-based catalysts. Due to strong carbon
deposition resistance and more oxygen vacancies,
Sm exhibits the best catalytic activity; its C,Hg con-
version is 42.75% on 10% Sm/SiO, at 700°C, but its
C,Hy selectivity is lowest (94.58%), because of high
CO and CHy selectivity. Ce exhibits the best C,Hy
selectivity, Ce can regulate the catalyst by its high
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Figure 13. EDS images of La/SiO, with different loadings: (a) 5% La/SiO,, (b) 10% La/SiO, and (c)

15% La/SiO3.

Figure 14. SEM images of La/SiO, with different loadings: (a) 5% La/SiO, (50 times), (b) 10% La/SiO,
(50 times), (c) 15% La/SiO5 (50 times), (A) 5% La/SiO, (100 times), (B) 10% La/SiO, (100 times) and (C)

15% La/SiO, (100 times).

CyHy selectivity because Ce*" promotes the con-
version of ethane to ethylene. However 10% Ce/SiO2
has the lowest catalytic activity; its C,Hg conversion
is only 42.75% at 700°C. More importantly, La is the
most ideal active component among La, Sm and
Ce, catalytic activity and ethylene selectivity are at a
high level. The activation energy on 10% La/SiO; is
83.99 kJ/mol, CyH, selectivity is 96.84% at 700°C, its
optimal loading is between 10% and 15%. Although
15% La has better catalytic performance than 10% La
and 5% La, lanthanum oxides start to aggregate.

In the future work, a catalyst with high catalytic ac-
tivity and ethylene selectivity is expected to be pre-
pared. Based on the conclusion that Ce-based cata-
lyst has high ethylene selectivity, but its catalytic ac-
tivity is insufficient, and Sm-based catalyst has high
catalytic activity, but its ethylene selectivity is not

C. R. Chimie, 2020, 23, n° 1, 33-46

outstanding, Sm and Ce are co-doped to prepare
the lanthanide bimetallic catalyst. The oxidative de-
hydrogenation characteristics of ethane on the lan-
thanide bimetallic catalyst are further studied.
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