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Abstract: Pry;Zr;30,-s solid solution was prepared by co-precipitation method and used as an oxygen carrier in the selective
oxidation of methane to syngas (methane/air redox process). The evolution on the physicochemical properties of Pr;Zry ;0,5 during
the redox process was studied by means of X-ray diffraction (XRD), H, temperature-programmed reduction (H,-TPR), O,
temperature-programmed desorption(O,-TPD), Brunauer-Emmett-Teller (BET) surface area measurement and X-ray photoelectron
spectroscopy (XPS) technologies. The results indicated that Pry;Zry30,-s solid solution showed the high activity for the methane
conversion to syngas with a high CO selectivity in the range of 83.5%—88.1%. Though Pr—Zr solid solution possessed high thermal
stability, lattice oxygen was obviously reduced for the recycled sample due to decreased surface oxygen which promoted oxygen
vacancies. The increased oxygen vacancies seemed to enhance the oxygen transfer ability in the redox process and provided
sufficient oxygen for the methane selective oxidation, resulting in a satisfactory activity. The problem of hot pot was avoided by

comparing fresh, aged and recycle sample in the reaction.
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1 Introduction

Methane is an important raw material in the
chemical industry, and its conversion to syngas (CO+H,)
for further Fischer—Tropsch (F—T) [1,2] or methanol
synthesis [3,4] is a major utilization route. Carbon
dioxide reforming (CDR), steam methane reforming
(SMR) and partial oxidation of methane (POM) [5—7]
are the three principal routes for syngas production from
methane. Compared with SMR and CDR, POM owns
advantages of low capital and operating cost and syngas
with a H,/CO mole ratio of 2.0:1 which is suitable for
F-T and methanol synthesis [8]. A novel two-step POM
method for selective oxidation of methane to syngas
using the lattice oxygen of solid oxides (oxygen carrier)
was proposed to avoid explosion risk [9—11]. The most

important factor for this method is obtaining oxygen
carriers with high activity and stability for the successive
redox. As an important oxygen-storage material,
praseodymium oxide (Pr¢Oy;) is reported to own better
high-temperature stability than ceria-based oxygen-
storage material [12]. The oxygen carriers containing
ZrO, are sent to the high expectation for its excellent
performance at high temperature [13,14]. It is also
observed that incorporation of ZrO, with PrO;; could
strongly improve the oxygen mobility due to the
formation of PrsO;;—ZrO, solid solution [15]. Therefore,
Pr—Zr solid solution is expected to get excellent
performance on selective oxidation of methane to syngas
process.

In the present work, the stability and durability of
Pry;,Z1y30,-5 as oxygen carrier used in the methane/air
redox process were studied for the successive syngas
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production. The structural and physicochemical
properties of the fresh, recycled and aged Pr;Zry30,-5
were studied by XRD, H,-TPR, O,-TPD, BET and XPS
technologies for the deep understanding of behavior of
Pr—Zr mixed oxide in the selective oxidation of methane
for the syngas production.

2 Experimental

2.1 Oxygen carrier preparation

Pry7Zry30,-s oxygen carrier was prepared by
co-precipitation method. The required amounts of
Pr(NO3);-6H,0 and Zr(NOs), were dissolved in distilled
water respectively by magnetic stirring and then mixed
with the Pr to Zr molar ratio of 7:3. The surfactant
(F127) was added to the solution with mass fraction of
20%. An ammonia solution was gradually added to the
mixture with stirring until the pH reached up to 13. The
precipitates were washed with distilled water three times
after 1 h aging. The result mixtures dried at 110 °C for
24 h and then calcined at 800 °C for 6 h in air.

The aged sample was calcined at 1000 °C for 6 h in
air after 800 °C calcination.

2.2 Oxygen carrier characterization

XRD was performed on a Japan Science D/max-R
diffractometer using Cu radiation. The X-ray tube was
operated at 40 kV and 200 mA. The X-ray diffractogram
was recorded at 0.01° interval with a scanning rate of
10 (°)/min for the scanning angle (26) from 10° to 90°.

H,-TPR experiments were performed on a TPR Win
v1.50 (produced by Quantachrome Instruments Co.)
under a flow of 10% H,—He mixture (75 cm®/min) over
100 mg oxygen carrier using a heating rate of 10 °C/min.

0,-TPD experiments were performed on a TPD Win
v1.50 (produced by Quantanchrome Instruments Co.).
Under a flow of 10% O,~N, mixture (75 cm’/min)
absorbed at 400 °C for 40 min, 100 mg oxygen carrier
was desorbed at a heating rate of 10 °C/min.

The BET surface area was determined by N,
physisorption using a Quantachrome NOVA 2000e
sorption analyzer.

XPS experiments were carried out on a Shimadzu
Amicus system equipped with a monochromatic Al K,
X-ray source (hv=1486.8 eV). Spectra were registered
after purging the samples at ambient temperature in
vacuum (residual pressure <10 ° Pa). An electron flood
gun compensated sample charging during the
measurement. The electron takeoff angle was 45° with
respect to the sample surface. The spectra were referred
to the C 1s emission at 284.8 eV.

2.3 Activity test
The selective oxidation of CH, was carried out in a

continuous flow fixed-bed reactor system under
atmospheric pressure. 1.8 g of oxygen carrier was placed
in a quartz tube with 15 mm in inside diameter. Prior to
catalytic reactions, pure N, flowed into the reactor. The
oxygen carrier was dried at 300 °C for 2 h under ambient
N, and then 5% methane flowed into the reactor at
800 °C. The reaction between methane and oxygen
carrier was performed at 850 °C. The total gas flow rate
of methane was controlled by a mass flow controller at a
specific flow rate of 200 cm’/min. After the isothermal
reaction of CH, and Pry;Zry;0,_s continued at 850 °C
for 60 min, N, was introduced into the reactor at a
specific flow rate of 50 cm’/min for 5 min. Then, air was
introduced into the reactor to regenerate the reduced
oxygen carrier for 30 min. After that, N, was imported to
purge the reactor for making preparation of next cycle
experiment. Reactant and product components were
analyzed online by a CO/CO, detector (C600, produced
by Baoying Technology).

3 Results and discussion

3.1 Cyclic redox performance

In order to study the reaction stability of Pr—Zr
oxygen carrier, successive redox process between
methane and oxygen carrier was carried out.

Figure 1(a) shows the on-line monitoring
information of successive cycles over Pry;Zry;0,-5 At
the beginning of the reaction for all cycles, a large
amount of CO, was obtained and then decreased sharply
to a really low level in 2 min. The production of CO rose
with the decrease of CO, evolution, and then kept a
stable level for several minutes. This indicated that
partial oxidation took place after the exhaustion of
surface oxygen for the complete oxidation. After the 10th
recycle, CO, content was much lower than that of fresh
one at the initial stage. Figure 1(b) shows the average
contents of CO and CO, for successive cycles in
5-20 min. Clearly, CO content did not decrease
obviously and the selectivity of CO is 83.5%—88.1%
(calculated from the data) after the 10th cycle. Those
results revealed that activity of methane selective
oxidation was promoted along with the redox process
because of modification of physicochemical properties.

3.2 Structure and reducibility evolution

Figure 2 shows the XRD patterns of Prq;Zry30,-5
before and after the 10th recycle. The two patterns
represented the typical features of a fluorite-structured
Pr¢O,; [16]. Compared with the pure Pr¢O;, the
diffraction peaks of Pry;Zry;0,- s shifted to higher 26
positions, while the lattice constant decreases from
0.5453 to 0.5368 nm for the fresh sample. This
lattice shrinkage of PrsO;; should be attributed to the
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Fig. 1 Effects of successive cycle on catalytic performance of
Pry7Z1y30,-s: (a) On-line monitoring information; (b) Average

data in 5-20 min
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Fig. 2 XRD patterns of fresh sample (a) and 10th recycle
sample of Prg ;Zry30,-5(b)

replacement of Pr*" by smaller Zr*" (0.085 vs 0.072 nm
for ionic radius) to form PrsO;;—ZrO, solid solution. The
effect of successive cycle treatment on the structure of
Pr—Zr mixed oxides is not evident from the XRD
patterns. After the 10th recycle, no obvious change on
the XRD pattern was observed and the crystallite size of
Pr¢O, grows a little (10.7 to 11.4 nm from Table 1),
indicating high stability of the Pry;Zro;0,-5 solid
solution.

Table 1 Specific surface area, structural characteristics and
H,-TPR results of tested samples

Lattice Crystallite H,
. BET .
Sample constant of size of (m*g ) consumption/
PrsO/nm  PrgO;/nm £ (mmol-g™")
Fresh 0.5368 10.7 17.4 1.40
10th recycle  0.5385 11.4 9.2 0.69
Aged 0.5350 11.1 12.2 1.32

The reducibility and oxygen distribution of fresh
and recycled oxygen carriers were studied by H,-TPR
and O,-TPD, as shown in Fig. 2. WAN et al [17] reported
that the H,-TPR profile of pure PrsO; is characterized by
three peaks at 510, 565 and 800 °C, respectively. The
high-temperature peak can be attributed to the reduction
of bulk lattice, and the low temperature peak and its
shoulder are attributed to the two-stage reduction of
surface lattice oxygen [18]. Compared with pure PrsOyy,
the reduction peaks of Pr—Zr mixed oxides moved to
lower temperatures of 505, 550 and 635 °C (marked as
OI, OII and OIII, respectively) after the formation of
Pr-Zr solid solution. Since Zr*" is a non-reducible
cation [19], the intensity of H, consumption is attributed
to the reduction from Pr*" to Pr’". The disappearance of
high temperature consumption band should be expected
that surface and bulk oxygen was reduced concurrently,
because oxygen located within the bulk which may come
to the surface when surface oxygen is consumed due to
high oxygen mobility [19]. After the 10th recycle, the
intensity of OI and OII decreased and OIII disappeared.
This may be ascribed to the disappearance of surface
oxygen and increased oxygen vacancies after redox
treatment.

Figure 3 shows the effects of redox treatment on the
oxygen distribution of Prj;Zr30,-5. The two patterns all
showed an obvious peak at around 475 °C and two weak
peaks at 675 and 865 °C. The low-temperature main
peak should be attributed to the desorption of surface
oxygen, and the two high-temperature peaks attributed to
the two-stage desorption of lattice oxygen [20]. The D1
peak with high intensity indicates that most of the active
oxygen in the Pry;Zr0,0,_5 solid solution could release
in inert atmosphere at low temperatures. After redox
treatment, the intensity of desorption peak decreased
slightly on the O,-TPD pattern, indicating surface
oxygen was consumed during the redox treatment.

The effects of redox treatment on the valency/
oxidation state of elements and surface composition were
determined by XPS. The chemical states of Pr and O in
the studied samples were identified by fitting the XPS
curves (Fig. 4), and the elemental composition and the
relative proportion were determined on the basis of the
XPS data (Table 2).
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Fig. 3 Effects of redox treatment on H,-TPR (a) and O,-TPD (b)

patterns of fresh sample and the 10th recycle sample of
PI’O.7ZI"0.3027(5

Two sets of spin-orbit multiples were observed at
the binding energies of about 953.5 and 933.9 eV, which
represent the 3ds, and 3ds), electrons of Pr, respectively
[21]. According to NARULA et al [22], the signals at
about 933.9 eV (v) and 953.5 eV (u) are assigned to Pr*’
and the signals at about 929.5 eV (V') and 949.8 eV (u')
to Pr’*. As shown in Fig. 4(a), all of the spectra can be
fitted with four peaks, indicating the coexistence of Pr’*
and Pr**. The relative proportions of the Pr species were
calculated by the area ratio of Pr** 3ds, (v) to Pr’* 3ds,
).

The O 1s spectrum of each sample is composed of
two over-lapped peaks at about 531.5 and 529.5 eV
(denoted as I and II respectively) (Fig. 4(b)). The relative
proportions of oxygen species are shown in Table 2. It is
reported, that the main bind at about 529.5 eV (II) is the
characteristic of the lattice oxygen species and the peak
with higher bind energy (I) relates to the defect
oxides [23].

From Fig. 4(a) and Table 2, the Pr’" proportion of
the 10th recycle sample is higher than that of fresh one,
indicating formation of more oxygen vacancies for the
recycled sample. In the previous study, we found that
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Binding energy/eV

(b) 10th recycle
I

528 530 532 534
Binding energy/eV

Fig. 4 XPS of Pr 3d (a) and O 1s (b) patterns of fresh sample
and 10th recycle sample of Pry ;210 ;0,5

Table 2 Surface elemental composition and relative proportions
in samples measured by XPS

Pr species O species
Oxy%’en percentage/% percentage/%
carrier - -
Pr Pr I II
Fresh 73.47 26.53 56.3 437
10th recycle 71.85 28.15 72.5 27.5

surface lattice oxygen showed high oxidation activity for
the total oxidation of methane with products of CO, and
H,0, while bulk lattice oxygen preferred to partial
oxidation giving products of CO [24]. At the earlier stage
of reaction, surface lattice oxygen played a leading role.
It oxidized methane not only to CO, but also further to
CO,. After surface lattice oxygen was consumed, CO,
formation rate was lowered, and CO turned to be the
main product. For the fresh sample, the amount of
surface lattice oxygen was larger than those of
subsequent cycles (Fig. 4(a) and Table 2). Therefore,
CO, content was much higher than that of other cycles
on the first cycle. The increased amount of lattice oxygen
in the bulk and enhanced oxygen vacancy on the surface
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motivated more CO formation. The decreased H,
consumption in H,-TPR should be owing to the
consumption of surface oxygen and formation of oxygen
vacancies (Fig. 3(a) and Tablel).

3.3 Thermal stability

Generally, hot spot is a common problem, which
could decrease the reaction activity. In order to study the
influence of hot spot during the redox process, the fresh
oxygen carrier was aged in atmosphere at 1000 °C for
3 h, and the structure was contrasted with fresh one to
confirm whether it is a hot spot or not.

The effects of aging on the XRD patterns of
Pry7Z1930,-5 are shown in Fig. 5. Both the fresh and the
aged samples show the fluorite-structured diffractogram
of PrgOy;. After aging at 1000 °C, the lattice constant
decreased and
indicating that cation distribution becomes more uniform
in the lattice although the grain grows under high
temperature calcination.

crystallite size increased slightly,

10 20 30 40 50 60 70 80
260/(°)
Fig. 5 XRD patterns of fresh and 1000 °C aged Pry;Zrq30,-5
samples

Figure 6 shows the H,-TPR profiles and O,-TPD
results of the fresh and aged Pry;Zry30,-s samples.
Hydrogen reduction peak shifted to high temperatures
due to the crystallization of material. No obvious change
has been observed for the oxygen distribution in the fresh
and recycled samples. In Table 1, it can be found that
crystallization degree for recycled sample is slighter than
that of the aged one. This result indicated that the
problem of hot spot is not obvious and the sintering of
martial can be avoided.

4 Conclusions
1) Pry7Zry30,-5 solid solution with co-precipitation

method displays favorable activity and stability without
hot spot for the selective oxidation of methane to syngas

(a) oIl
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(b) DI

200 200 600 800
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Fig. 6 Effects of aging treatment on H,-TPR (a) and O,-TPD (b)
patterns of fresh and 1000 °C aged Pr; ;210 ;0,_;sample

via methane/air redox process. Small variation of surface
structure occurs and the whole redox properties are
stable in spite of obvious decrease of reducibility of
recycled material.

2) Enhanced oxygen vacancies can smoothen the
decrease of oxygen capacity of material and provide a
constant activity during the syngas production process.

3) Negligible sintering proves that no hot spot
occurs during redox process of reduction by methane and
oxidation with air.
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