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Novel and ideal zirconium-based dense membrane reactors
for partial oxidation of methane to syngas
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A novel and ideal dense catalytic membrane reactor for the reaction of partial oxidation of methane to syngas (POM) was constructed
from the stable mixed conducting perovskite material of BggFeey 4Zrg 2035 and the catalyst of LiLaNiG/-Al,03. The POM reaction
was performed successfully. Not only was a short induction period of 2 h obtained, but also a high catalytic performance of 96-98% CH
conversion, 98-99% CO selectivity and an oxygen permeation flux of 5.4-5.8 iein—1 (2.9-2.0umol m-2s-1 Pa‘l) at 850°C
were achieved. Moreover, the reaction has been steadily carried out for more than 2200 h, and no interaction between the membrane
material and the catalyst took place.
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1. Introduction in which heat recovery from a second auto-thermal packed-
bed reactor was provided for a primary steam reformer [6],
The most effective application of the abundant natural g@gere attempted. The second obstruction for the direct syngas
in world was to convert methane to more useful and easi¢oduction from the economic point was that air was usually
transported chemicals. The direct conversion approach waged as oxidant. Since the downstream upgrading process
to produce methanol, formaldehyde, or olefins by partialjequired the syngas stream to be free from nitrogen and the
oxidizing methane directly. This approach was too diﬁiCUEy-production of NQ, either No or NO, must be eliminated
to realize because the desired products of the reaction Witin the syngas stream, or oxygen must be separated from
more reactive than the starting reactant LH his eventu- 4jr (usually cryogenically) before being fed to the POM re-
ally led to deep oxidation and high selectivity of @@nd actor, Although upstream oxygen separation from air was
H20 [1]. The alternative conversion approach for methangore favorable than the costly downstream purification, the
was to produce syngas (C® Hp) by partially oxidizing conventional cryogenic oxygen plant was very costly in op-
methane in the first stage, which could be achieved by eithghtion combined with the partial oxidation process. A novel
steam reforming or direct partial oxidation, or a (:ombinatio(@atawnC membrane reactor, such as a mixed oxygen ion and
of both. Then the syngas was converted into upgraded chegfisctron membrane (MIECM) reactor, in which oxygen was
icals in the next stage by methanol synthesis or Fisch&feparated from air and simultaneously fed into the methane
Tropsch technology. But the commercially used method gfream without impairing the conversion and selectivity, was
steam reforming needed to operate at high temperatures BB@oming an appreciated design.
high pressures. The cost of syngas production by steam re-rpe principle behind application of this MIECM reac-
forming was too high to apply this process into practice. $g; technology for the POM reaction is shown in figure 1.
attention was turned to the process of the direct partial 0Xhe MIECM was exclusively an oxygen ion and electron
dation of methane to syngas (POM). Although POM has regnquctor, which behaved as short-circuited electrochemi-
ceived increasing att.ent|on asan aIFerne.ltNe method in recedf cells with oxygen ions transporting from the oxygen-rich
years and many active catalysts with high £tonversion, gjge tg the oxygen-lean side of the membrane and electrons
high CO selectivity and proper ratio of,Ho CO have been mediating in a contrary procesa the membrane lattice
reported [2-4], commercial-scale plants have not been regli - moreover, no electrical energy was required to drive
ized up to now. The hot-spot problem of a conventional €gs ¢ thermodynamically downhill process for the meaning-
fed reactor for the exothermic POM reaction, which mightog Employing an MIECM reactor not only allowed the
resultin reactor runway, had to be carefully dealt with in thg; e ot yse of air as an oxidant, such that the product was free
reactor design. The design of the reactor was focused £5m the nitrogen impurity and the formation of N@uring

how to remove the additional heat efficiently. For inStanCﬁigh-temperature reaction was avoided, but also could cir-

the cyclic reactor [5], in which flow direction was perIOdI'cumvent flammability limits due to the separation of oxidant

cally reversed for heat exchange, and the combined reacioly reductant. The hot-spot problem of the conventional co-

*To whom correspondence should be addressed. E-mail: yangws@dit@d reactor could also be avoided by the separate feeding of
ac.cn methane and oxygen by using MIECM reactors. In addition,
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Mixed Conducting Membrane The as-synthesized powders were compressed into disks
in a stainless-steel mold (17 mm in diameter) under hy-
draulic pressures of 15-25 MPa based on an area of

O; rich side 2.27 cnf. Green disk compacts were then sintered in air
at 1100-1200C for 10 h, with heating and cooling rates
of 1 and 2C min~1, respectively. The densities of the sin-
tered membrane disks were determined by the Archimedes

207 -4e 0, method using ethanol. Only those membrane disks that had
relative densities higher than 95% were used for permeation
study and constructing POM reactors.

LiLaNiO/y-Al,03 catalyst with 10 wt% nickel loading
was prepared by the impregnation method [18]. Appropri-

O, rich side ate amounts of LiN@, Ni(NO3), and La(NQ)3 were co-

impregnated ony-Al,03 supports. After drying at 120C

for 24 h under an open environment, it was calcined in air at

550-800°C for 4 h.

Figure 1. Schematic diagram of the mixed conducting membrane reactor o )
for spontaneous partial oxidation of methane to syngas. 2.2. Characterization of the membrane materials

Reaction side |

Partial Oxidation Catalyst

the cost of the gas compression in downstream processingX-ray diffraction (XRD, Rigaku D-Max/RB) was used to
could also be greatly reduced. characterize the structure of the powders and the membrane
Recent reports in the literature suggested that the MIECHisks after treatment under different conditions. The sam-
could successfully separate oxygen from air at a commées of SCFO and BCFZO before and afte-TPD were
cially feasible flux & 1.0 mlcm2min~—1) [7-15]. But when submitted to XRD measurement for characterization of their
the MIECM was applied to the POM reaction, the high oxystructural stability under oxidizing and inert atmospheres. In
gen permeability, good chemical stability, high mechanic@rder to check their structural stability under a more reduc-
strength and good compatibility between membrane matdflg atmosphere, the samples of SCFO and BCFZO after H
als and catalysts would be supplied simultaneously. Due t&R (5% H + 95% Ar) were recovered in a more oxidiz-
this harsh demand, some membrane materials were not st atmosphere (1% £+ 99% Ar) and then submitted to
able for the reaction of POM. In order to resolve this probXRD characterization. The XRD patterns of BCFZO after
lem the Zf* ion was selected in the present work to synthdreatment in pure helium at 650, 750, 850 and 85dor
size a perovskite structure oxide of Bafa&ey4Zro20s_s 100 h were acquired. In order to check the structure change
(BCFZO) for the first time due to its high mechanicaPf the membrane disk after long-term POM reaction, the

strength, low thermal conductivity and stability in the higiiwo membrane surfaces after removing the top layers were
valence state [16,17]. also submitted to XRD characterization. SEM-EDS (JEM-

5600LV, Oxford 1SI1S-300) and XPS (VG ESCA LABMKII)
were used to characterize the interaction of the membrane

2. Experimental disk and the LiLaNiOy-Al,03 catalyst. The structural sta-
bility under inert and reducing atmospheres was character-
2.1. Preparation of the catalyst and membrane disks ized by techniques of oxygen programmed desorptiog (O

TPD) and hydrogen programmed reduction{FPR). The

Powders of BCFZO and compared material of g0 oxygen desorption experiment was performed according to
Fep203-5 (SCFO) were synthesized from nitrates of théhe following procedure [13]. About 1 g of the sample was
component metalsia a method of combining EDTA acid loaded in a quartz glass tube and treated in a pure oxygen
and citric complexes. In brief, the calculated amounttmosphere at 80 for 2 h. After the temperature was
of nitrates were dissolved in EDTA-N§H20 (NH3z-H20, cooled down to room temperature at a rate ®€tnin—1, the
8 mol I"%, EDTA: NH3-H,0 = 1 g: 10 ml) solution under oxygen desorption experiment was performed by increasing
heating and stirring. Then a proper amount of citric acid walke temperature from 20 to 1020 at a rate of 10C min—1.
introduced, the mole ratio of EDTA acid : citric acid: totaHighly pure He was used as the carrier gas, with a flow rate
metal ions was controlled to be around 1:1.5:1. Precipf 30 mimin~1. A thermal conductivity detector (TCD) was
itation might occur after the addition of citric acid, therused on line for signal detection with a computer data acqui-
NH3-H20 or HNGO; was added to adjust the pH value taition system. In order to examine the reversibility of oxy-
around 6, and the solution became transparent immediatejgn adsorption and desorption, the sample afteT D was
By evaporating the water, a dark purple gel was obtainggeated in pure oxygen atmosphere at 80Cor 2 h, then
The gel was then heated at 120 for 10 h to get primary cooled down to room temperature, as described above, and
powders, which were calcined at 98D for 5 h to obtain the Q-TPD experiment was performed again. Compared
powders with the final composition. with the procedure of @TPD, the B-TPR experimental
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Figure 2. Schematic diagram of high-temperature permeation cell. [
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procedure had some differences, for example, the amount
of sample was 60 mg rather than 1 g, the pretreatment at-  permocouple ————»f - Afroutlet

mosphere was a mixture of 1%@nd 99% Ar rather than

pure oxygen and the carrier gas was a mixture of 5% Hkigure 3. The configuration of the mixed conducting membrane reactor for
and 95% Ar. After H-TPR, the sample was recovered with partial oxidation of methane to syngas.

a flow of 1% @ and 99% Ar mixed gases at 800 for a

certain time, then cooled down to room temperature qu.'Ck}Yng seal. Then the temperature was increased to 1070
under the same atmosphere. The next-rgATRR experi-

ment was performed aaain. This process was repeated ar\llq maintained at this temperature for several minutes. Af-
i P €d again. P ) P ey sealing the membrane disk well, the temperature was
eral times for obtaining multi-run HTPR profiles.

cooled down to 850C at a rate of 2Cmin~! and 300 mg
of LiLaNiO/y-Al,03 catalyst containing 10% Ni prepared
by impregnation [18] was loaded on the membrane surface.

The oxygen permeation experiments under an air/He gr?€n the diluted methane (50% He and 50%4LBnd air
dient were performed in a vertical high-temperature gas pd¥ere introduced to start the reaction. An HP6890 gas chro-
meation cell, as shown in figure 2. A ceramic glass powPatograph equipped with a SA molecular sieve column (for
der (Keramik-Glasur, UHLIG, Germany) was used as tH8€ separation of §} Oz, N2, CHs and CO) and a TDX-01
ceramic binding agent to seal the disk into a dense quaf@lumn (for the separation of CO, G@nd hydrocarbons)
tube. The sidewall of the disk was also covered with tH&ere used for analyzing the compositions of the product
paste based on the ceramic glass powder to avoid a ra@iafes- The total flow rates at the inlet and outlet of the reac-
contribution to the oxygen permeation flux. After assemb#pr were separately measured by a soap flow meter. Methane
of the permeation cell, the temperature was increased ugegversion, CO selectivity, COselectivity, G selectivity
1040°C at a heating rate of Z min~! and held at this tem- and oxygen permeation flux were defined as follows:
perature for 10 min. The ceramic glass powder was softened )
and it fused the membrane disk and the quartz tube. The perCHa, conversion=

2.3. Oxygen permeability under air/He gradient

meation study was performed within the temperature range (FeoHa + FeyHg)2 + Feo, + Feco
of 600-95C°C. An HP6890 gas chromatograph equipped  (Fc,H, + Fc,Hg)2 + Fco, + Fco + FeHyoutlet
with a 5A sieve column for the separation of @nd N> was Fco

connected to the exit of the oxygen-lean side. The gas chroCO. selectivity= Feo + Feo, + 2(Foy + Forg)
matograph was frequently calibrated using standard gases of
oxygen in helium in order to ensure reliability of the exper- COy, selectivity=
imental data. The detailed experimental procedure and the
calculation of oxygen permeation flux were given in [14].

Fco,
Fco + Fco, + 2(FcyH, + FooHg) |
2(FcyH, + FoyHe)
Fco + Fco, + 2(Fcyhy, + Foohe)|
2.4. Performance of the POM reaction Jo, = Fco + 2Fco, + FH,0 + 2Fo,(unreacteyl
28 ’

Co, selectivity=

The membrane reactor configuration for the POM reac-
tion is shown in figure 3. After polishing on both surfacesyhereS is the effective membrane surface of the reaction
the membrane disk was mounted on a quartz tube with a gside.
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Figure 5. (a) XRD patterns of SCFO before and afterT®D. (b) XRD
patterns of BCFZO before and aftepOPD.

2

First run

perovskite phases had emerged due to the loss of oxygen in

100 300 500 700 900 the lattice. In comparison with SCFO, the profile of-OPD
Temperature (C) for BCFZO (figure 4(b)) only possessed one oxygen desorp-
(b) tion peak in the low-temperature zone from 300 to 700

The desorption peak in the high-temperature zone corre-
Figure 4. (a) Multi-run Q-TPD profiles of SCFO. (b) Multi-run §TPD  sponding to reduction of Go ions and the large expansion
profiles of BCFZO. of lattice parameters which could be seen for SCFO dis-
appeared. This demonstrated that the introduction &t Zr
made the reduction of Gd become more difficult, which
3.1. Structural stability of SCFO and BCFZO denoted that the BCFZO material was relatively stable. In
addition, a high reversibility of oxygen adsorption and de-
The structural stability of SCFO and BCFZO under insorption could be obtained and was consistent with the com-
ert atmosphere was characterized by multi-ry4aT®D and pletely identical XRD patterns before and after the oxygen
XRD, as shown in figures 4 and 5, respectively. From figlesorption experiment (figure 5(b)). The negligible small
ure 4(a) we could easily find that for SCFO the peak nunfattice expansion might be the reason why BCFZO possessed
ber, peak position and peak shape of different run oxygen destable structure under inert atmosphere. From the point
sorption profiles were changed greatly, which revealed thait structural stability under inert atmosphere, BCFZO was
SCFO had a low reversibility of oxygen adsorption and denore suitable for oxygen separation and supplying pure oxy-
sorption. This was in accordance with the result of XRIgen for the POM reaction.
shown in figure 5(a). The XRD patterns showed that the The technique of LI TPR was used to characterize the
SCFO had a pure perovskite structure before the oxygen dé&uctural stability of SCFO and BCFZO under a more re-
sorption experiment while after oxygen desorption new noducing atmosphere. The XRD patterns after hydrogen re-

3. Resultsand discussion
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Figure 6. (a) Multi-run B-TPR profiles of SCFO after recovery at 80D
for different times. (b) Multi-run H-TPR profiles of BCFZO after recovery
at 800°C for different time.

duction showed that both SCFO and BCFZO did not mai

tain the pure perovskite structure. Therefore, the mixture cﬁ‘
1% O and 99% Ar was used to recovery the original pureg
perovskite structure for SCFO and BCFZO. Figure 6 (a) angs

(b) have given the multi-run HTPR profiles of SCFO and
BCFZO after recovery for different times at 8%00. It was

very clear that the long-term recovery of 16 h could not give .74 i
an identical H-TPR profile as the original one for SCFO,
while only 0.5 h was long enough for BCFZO to recover

its original structure and to give an identicap-HIPR pro-

file as the first run FTPR profile. The XRD patterns of
SCFO recovery for 16 h and of BCFZO recovery for 0.5
were displayed in figure 7, which proved that BCFZO cou

BCFZO
D I NN
20 30 40 50 60 70 80

2theta

Figure 7. XRD patterns of SCFO and BCFZO after performing the
H>-TPR experiment and then recovery in 1% @ 99% Ar for 16 h and
0.5 h, respectively.

more easily recover its original structure than SCFO. The
reversible structure of BCFZO under a more reducing at-
mosphere made it more suitable for constructing POM re-
actors than SCFO.

3.2. Oxygen permeability under air/He gradient

The temperature dependence of the oxygen permeation
flux of Arrhenius form through SCFO and BCFZO mem-
brane disks is shown in figure 8. The fluxes of these two
membrane disks were very high and increased rapidly with
increase in temperature. This resulted from the elevation of
the oxygen vacancy diffusion rate in the bulk lattice and the
elevation of the surface oxygen and oxygen ion exchange
rate with the increase in temperature. A slightly higher per-
meation flux was found for SCFO than for BCFZO. But
the activation energy for oxygen permeation for SCFO was
also higher than that of BCFZO. In addition, two activation
energies corresponding to different phase structures in the
temperature range of 600-9%0 were found for SCFO. As
for BCFZO, we could only see a single activation energy,
which showed that the cubic perovskite structure was kept
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Figure 8. The Arrhenius plots for oxygen permeation of SCFO and BCFZO
Membrane disks under air/He gradient, air flux 150 mmhinHe flux
Id 30 mImin1, thickness 1.0 mm.
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Figure 9. XRD patterns of BCFZO after treatment in high purity helium for

100 h at different temperatures. which began at = 70 min and finished at = 100 min.
well in the range of 600-95T. The identical cubic per- Within 120 min, a CH conversion of 96-98%, a CO se-

ovskite structures were demonstrated by treating the saffictivity of 98_2990_/"' an oxygen permeaglon 1f|ux cl’f around
ples in pure helium at different temperature for 100 h ar4—>-8 micmmin~= (1.9-2.0umolm™= S~*Pa *) and
then immediately submitting these samples to XRD chaf-Proper ratio of 4 to CO close to 2 were achieved. The
acterization. Figure 9 gives the XRD patterns of BCFz@P0ve phenomena could be interpreted by the factor of the
after treatment at 650, 750, 850 and 98D which re- activation of the catalyst and the structure adjustment of the
vealed that the cubic perovskite structure was well prgi€mbrane. At the beginning, the activation of the catalyst
served. was the rate-determining step. In the fresh catalyst used in
this study, the nickel was in the oxidation state,, NiAlO 4,
3.3. POM reaction in membrane reactors constructed from  Which was active for methane combustion. This might give
SCFO and BCFZO a good reason why the GQelectivity was very high at the
beginning. The initial reduction of NiAl@to Ni° was some-

The performance of SCFO and BCFZO membrane reaihat difficult, but once some Riappeared, the reduction
tors was investigated using the reactor configuration shoRFPCcess was accelerated by the producgditl CO. The re-
in figure 3. SCFO membrane disks survived only a few hougisiction of NiAIO to Ni® and the production of fHand CO
when operated as a reactor for the POM reaction aP850 accelerated each other, which resulted in the rapid increase
The abrupt cracking of the disks led to an interruption of thiéf the CO selectivity and thettelectivity. The induction of
reactor. This was in accordance with the unstable structdfe LiLaNiO//-Al2Os catalyst was finished within 60 min,
and unsteady oxygen permeability of SCFO under inert arhich was in accordance with the induction in the conven-
mosphere discussed above. As for the BCFZO reactor, fi@nal co-fed reactor. After the induction of the catalyst,
POM reaction was performed successfully for a long timi@€e structure adjustment of the membrane became the rate-
and good performance was obtained. determining step. The rate of structure adjustment varied

The time dependence of the oxygen permeation flux agéeatly for different membrane materials. As for the BCZFO
catalytic performance of the BCFZO membrane reactor dutudied in our experiment, the structure adjustment was very
ing the induction period are shown in figure 10. At thguick and only a small change occurred on the membrane
beginning { = 10 min), the oxygen permeation flux wassurface. The original bulk lattice was suitable for high oxy-
twice as high as that under air/He gradient. This might hagen permeability, and was not adjusted, which has been
resulted from the slightly lower oxygen partial pressure iproved by the structure analysis of the membrane after long-
the mixture of He CH, CO, CQ and H than the original term operation of the POM reaction. Therefore, the oxygen
helium atmosphere and the contribution of dual-phase pgermeation flux and the GHconversion sharply increased
meation caused by the gold ring and membrane disk. Th#éer the induction of the catalyst. And because the; CH
CHj4 conversion was only around 5%, and the main carbogenversion and the oxygen permeation flux accelerated each
containing products were GQ~80%) and CO {£20%). other, they possessed an abruptincrease betweer0 and
The ratio of B to CO was higher than 2. With the increasd00 min. As for BasSro5C0opgFen203-s (BSCFO) [15]
of the induction time, the oxygen permeation flux, thes;CHand L& 2BaggCop 2FengOz—_s (LBCFO) [11] reactors, the
conversion and the CO selectivity increased modestly. Whetiucture adjustment was relatively difficult, which resulted
the induction time exceeded 40 min, the CO selectivity imn the longer induction period of these two reactors. For
proved very quickly, at = 80 min nearly 100% CO se- the BSCFO reactor, the induction period ended within 20 h,
lectivity had been achieved. The abrupt increase of oxygerilst for LBCFO, 500 h was needed to reach the opera-
permeation flux and ClHconversion was a little delayed,tional steady state.
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Figure 11. Effects of temperature on the £ebnversion, CO selectivity Oz permeation flux.
and G permeation flux.
around 99%. The changes of ¢ldonversion and the CO
Figure 11 shows the temperature dependence afc@H- selectivity vyith the methane flux coulld be interpreted by the

version, CO selectivity and oxygen permeation flux witlFOM reaction performance under different ratios of,Qél
50% helium diluted methane at a flow rate of 24 mimiin Oz as in a conventional co-fed reactor. The low ratio of4CH
and air at a flow rate of 150 mimit. The CH, conver- and Q was responsible for the deep oxidation of methane
sion and oxygen permeation flux increased rapidly with trd the low CO selectivity and high methane conversion.
increase in temperature and the CO selectivity decreasddf high ratio of Ci4 and G was responsible for the par-
slowly in contrast. The elevating of the oxygen permélal oxidation of rT_lethane and high CO' selectivity and low
ation flux was due to enhancing of the diffusion rate dftethane conversion. Only when the ratio of£zhd Q@ was
oxygen vacancyia the bulk lattice and the enhancing 01arounel 2 could good performance.be achieved. The contin-
the surface exchange rate with increasing operational teHUs increase of oxygen permeation flux resulted from the
perature, which was identical with the results obtained uA€Crease of oxygen partial pressure caused by the increase
der the air/He gradient. For an excess feed of methaé he tail flux and the yield of CO and
the CH, conversion efficiency was mainly controlled by the Figure 13 shows the long-term stability of the BCFZO
oxygen permeation flux and the increase in oxygen pem@_embrane reactor for the POM reaction. After a short in-
ation flux spontaneously led to the increase in the methafidction period of 2 h, Chiconversion of 96-98%, CO se-
conversion. When methane was kept in excess, the CO §&tivity of 28__992/‘" oxygen permeagon lflux ?round 5.4-
lectivity was unchanged and near 100%. But with the -8 micnmemin™® (1.9-2.0 umolm™=S~=Pa™~) and a
crease of oxygen permeation flux, the oxygen was in eRIOPEr ratio of H to CO close to 2 were achieved. Dur-
cess and the deep oxidation of CO took place and the ¢:§ & more than 2200 h running, the oxygen permeation flux
selectivity decreased slowly. At 985G, an oxygen per- Wa&s fairly stable, similar to th'e_stable reaction performance
meation of 8.6 micm?min—! (3.0 umolm2S-1pal) of CHy conversion, CcoO select|V|_ty and the ratio of kb CO.
and CH, conversion of nearly 100% were obtained, whilé\"d there was an important point we should stress, namely,
the CO selectivity only was 82%. At 85C, not only the ending of this expenment in the BCFZO reactor was
the high oxygen permeation flux of 5.6 mlcAmin—1 caused by an abrupt failure of the power supply, and not due
(1.96 umolm—2S-1Pa 1) and the high Clj conversion of
97.5% were achieved, but also the high CO selectivity of 100
985% was Obtalned c\a N Py

Figure 12 shows the methane flux dependence of oxg- ‘;""WW'6 3
gen permeation flux, CHconversion and CO selectiv-2 80T 8
ity when the operational temperature was unchanged zt . {4 “:a
850°C. At first, the CO selectivity and oxygen permey eof ~—* CtL conversion O, flux 2
ation flux increased rapidly with increasing methane flug | % COselectivity —o HyCO g

B

and the methane conversion decreased slowly in contrabt.
When the methane flux was 24 mimih the high CH %
conversion of 97.5%, the high CO selectivity of 98.5%:
and the oxygen permeation flux of 5.6 michmin~t © 20
(1.96 umolm—2S-1Pal) were achieved. With the con-
tinuous increase of the methane flux, the JCébnversion

rapidly decreased. Meanwhile, the oxygen permeation flgigure 13. Long-term stability of the BCFZO membrane reactor ac&50
was still increasing and the CO selectivity kept unchanged for the POM reaction.

406 a2
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terization by techniques of XRD, EDS and XPS. The XRD
patterns of both the reaction side and the air side of the mem-
brane disk showed that the cubic perovskite structure has
been destroyed and the metal oxides and carbonates have
been formed on both top layers, which might be a result of
the structure adjustment in the induction period of the mem-
brane reactor. After the other characterization the surface
layers of both top layers were removed and the disk was
submitted to XRD again. The XRD patterns shown in fig-
ure 14 indicated that the cubic perovskite structure was still
. e kept unchanged. This might be one reason why the mem-
40 50 60 70 80 brane disk could operate steadily for a long time. This re-
2theta sult was accompanied by the unchanged element composi-
Figure 14. XRD patterns of the long-term reaction membrane after I’emO\;an in the membrane bulk lattice obtained by EDS analysis
of the surface layers. (figure 15). Another factor to determine the stability of the
BCFZO membrane reactor was the interaction between the
to the failure of the reactor. This long-term stable operationembrane and the catalyst. The solid-state reaction between
showed that the BCFZO membrane reactor was more statsiembrane surface and the catalyst could form a new phase
than any other mixed conducting membrane reactors for ttigt impairs the oxygen permeability and POM reaction per-
POM reaction published so far, except for that constructéermance. The reaction could diffuse into the membrane
from Sr 7Lag 3GaeFe1 40515 (SLGFO) [19]. But it was bulk lattice and result in the failure of the membrane reactor
well known that not only the gallium element was more exeventually. The BSCFO membrane reactor, which had high
pensive but also its oxygen permeation flux was too low faxygen permeability and good reaction performance, only
be suitable for practical application. These two shortcorsteadily operated for 500 h for this reason [15]. But the pro-
ings made SLGFO not suitable for constructing a reactor files of the XPS and EDS of the reaction side of the BCFZO
the POM reaction, when compared with the new material afembrane after long-term reaction (shown in figures 16
BCFZO developed by us. and 17) indicated that no elements of the LiLaNieXl 2,03
In order to interpret why the BCFZO membrane reactaatalyst were found. There did not exist the solid-state re-
had a very stable POM reaction performance, the membraaeation between the membrane and the catalyst, which might
disk after the long-term reaction was subjected to chardme another reason why the BCFZO membrane reaction could
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Figure 15. Crosswise EDS composition analyses Atomic ratio vs. the depth of membrane from the reduction-sideLsusf@cen)) to the air-side
surface £ = 1200um).
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Figure 16. EDS profiles of reaction side of BCFZO membrane disk after long-term POM reaction.
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Figure 17. XPS profiles of reaction of BCFZO membrane disk subsequent
to long-term POM reaction. [6]

steadily operate for a long time, more than 2200 h. From th[g]
point of long-term steady operation, the BCFZO membrang]
reactor was more suitable for the POM reaction.

In conclusion, a novel zirconium-based perovskite typég]
material of BCFZO for constructing membrane reactors foy,
the POM reaction was synthesized. The high structural sta-
bility and oxygen permeation flux were evidenced by XRO11]
Oo-TPD results and oxygen permeation studies. Moreover,
long-term stability was evidenced through the running of tHe?!
POM reaction for more than 2200 h. Not only high OXYr13
gen permeability and excellent catalytic performance for the
POM reaction were obtained, but also an induction perigth]
shorter than any other MIECM materials published so far
was achieved. (15]
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0 100 200 300 400 500 600 700 800 900
Binding energy, eV

1000

[16]
[17]

Acknowledgment [18]

The authors gratefully acknowledge the financial suppqi;
of the National Natural Science Foundation of China (Grant

No.
tee of China (Grant No. 715-006-0122) and the Ministry of
Science and Technology, China (Grant No. G1999022401)

59789201), the National Advanced Materials Commit-

References

Y. Amenomiya, V.I. Buss, M. Goledzinszka and A.R. Sanger, Catal.
Rev. Sci. Eng. 32 (1990) 163.

A.T. Ashcroft, A.K. Cheetham, J.S. Foord, M.L.H. Green, C.P. Grey,
A.J. Murrell and P.D.F. Vernon, Nature 344 (1990) 319.

W.J.M. Vermeiren, E. Blomsma and P.A. Jacobs, Catal. Today 13
(1992) 427.

D.A. Hickman and L.D. Schmidt, Science 259 (1993) 343.

R.F. Blanks, T.S. Wittrin and D.A. Peterson, Chem. Eng. Sci. 45
(1990) 2407.

E. Supp, in:Proc. World Methanol Conference, Houston, TX (1989).

Y. Teraoka, H.M. Zhang, S. Furukawa and N. Yamazoe, Chem. Lett.
167 (1985) 1743.

Y. Teraoka, T. Nobunaga and N. Yamazoe, Chem. Lett. 195 (1988)
503.

Y. Teraoka, T. Nounaga, K. Okamoto, N. Miura and N. Yamazoe,
Solid State lonics 48 (1991) 207.

] U. Balachandran, J.T. Dusek, P.S. Maiya, B. Ma, R.L. Mieville, M.S.

Kleefisch and C.A. Udovich, Catal. Today 36 (1995) 265.

C.Y. Tsai, A.G. Dixon, W.R. Moser and Y.H. Ma, AIChE J. (Ceramics
Processing) 43(11A) (1997) 2741.

M. Schwartz, J.H. White and A.F. Sammells, Int. Patent, WO
99/21649 (1999).

] Z.P. Shao, G.X. Xiong, Y. Cong and W.S. Yang, J. Membr. Sci. 164

(2000) 167.

Z.P. Shao, W.S. Yang, Y. Cong, H. Dong, J.H. Tong and G.X. Xiong,
J. Membr. Sci. 172 (2000) 177.

Z.P. Shao, H. Dong, G.X. Xiong, Y. Cong and W.S. Yang, J. Membr.
Sci. 183 (2001) 181.

M. Matsui, T. Soma and I. Oda, J. Amer. Ceram. Soc. 69 (1986) 198.
A.G. Evans and K.T. Faber, J. Am. Ceram. Soc. 67 (1984) 255.

S.L. Liu, G.X. Xiong, S.S. Sheng et al., Stud. Surf. Sci. Catal. 119
(1998) 747.

M. Schwartz, J.H. White and A.F. Sammells, Int. Patent, WO
99/21649 (1999).



