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A LasNiOg4-zeolite membrane reactor for the g€@forming
of methane to syngas
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The LaNiO4-zeolite membrane was prepared by meanis aitu hydrothermal synthesis. Techniques such as XRD, SEM-EDX, and
BET were used to acquire information as related to the structure, morphology and the pore size distribution of the membrane. At room
temperature, we observed a/H, separation factor of 9.2, considerably higher than the Knudsen diffusion value. With the simulta-
neous separation of CO and, kh the membrane reactor, both g@nd CH; conversions were enhanced in the ZZEO, reforming
reaction.
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1. Introduction ing of methane, up to 100% GHconversion can be ac-
) ) complished in a palladium membrane reactor at3DWith
During the past two decades, the £@eforming of 5 carhon deposition [12]. In the application of a dense
methane has attracted much attention from both 'ndUStrEAIIadium membrane reactor for the generation of syngas

and environmental sectors. In the environmental aspe]%m methane, Galuszket al. [13] observed the swelling

both CG and ”.‘etha”e are unde_swable greenhouse_gasaeﬁd consequently the destruction of the membrane due to
and the reforming reaction provides a way for £Qki-

lization. From the industrial viewpoint, the conversion o%he generation of filamentous carbon. It seems that a palla-

methane and Cg@into value-added products is desirablgIum membran_e is not suitable in QH:OZ reformlpg. Cur-
since the two gases are cheap and abundant. Synthesisr g%y, c_omposne membranes, c_on5|st|ng of thin Iay_ers of
(i.e. CO+ Hy) can be used in chemical energy transmieolite films on a poroqs supporting structure, are being de-
sion systems [1,2] or utilized in the Fischer—Tropsch reat€!oPed as an alternative. Molecules are separated on the
tion [3,4]. basis of molecular size through these porous membranes.
In recent years, a variety of catalysts have been dev&@netal [14] have prepared a ZSM-5 membrane on porous
oped for CH/CO, reforming. Although catalysts of sup-alumina with good permeaselectivity (permeance at°185
ported noble metals (such as Rh [5,6], Ru [7,8], Pd [9f0.1x 1078,5.9x 1078 and 019x 10-8 molm~2s~* Pa?,
are promising, the high costs of the precious metals linfRr hydrogen,n-butane and isobutane, respectively) iby
their application. From the commercial standpoint, it isitu hydrothermal synthesis. Matsukagal. [15] have pre-
more profitable to develop the nickel-based catalysts. Thared a crackless zeolite membrane on porous alumina, with
problem with the supported nickel catalysts is easy deadtiie thickness of the zeolite membranes being in the range
vation due to coking, a consequence of nickel sintering anél 40-500.m. Further study of the mechanism of thin
carbon deposition. Lately, Choudhaey al. reported that layer formation is likely to lead to thinner and better per-
complex oxides, such as LaNiOLapgCa(or Srp2NiO3, meable membranes of this kind. In the literature, reports
LaNi1—,Co,O3 (wherex = 0.2-1) [10] with perovskite on the preparation and performance of zeolite membranes
structure were resistant to coking. In addition, Bett are mainly related to the perevaporation of ethanol and wa-
al. [11] observed that the extent of nickel sintering was rggr [16].
duced over the NiAlO4 catalyst with discontinuous interfa-  The yse of membrane as an intrinsically active catalyst or
cial layers. . . _ _as a catalyst support has not been very successful. To our
In recent years, thg couplm_g of caFaIytlc actlon_ Wlﬂp(novwedge' the study on GQreforming of methane over
membrane separation is becoming feasible for practical 8pz ¢4 ytic membrane reactor has not been reported before.
plication. According to Le Chatelier—Braun’s law, if a SPECH, this paper, the defect-free zeolite membranes were pre-
ified product was separated at equilibrium from a syste ared by me!ans Gh situ hydrothermal synthesis and ap-

the (_:hemlcal reaction moves towards_the direction of prrﬁiied in CQy reforming of methane: we observed that CH
duction. It has been pointed out that in the steam reform- . - .
and CQ conversions were significantly higher than those

* To whom correspondence should be addressed. recorded over a common fixed-bed reactor.

1011-372X/01/1100-0067$19.50/02001 Plenum Publishing Corporation



68 B.S. Liu, C.T. Au/ Membrane reactor for the gBO, reforming

2. Experimental membrane precursor was dried at 200overnight, and then
placed in a furnace with temperature increased to°80at
2.1. Preparation of zeolite membranes arate of 100C h~1 and kept at this temperature for 2 h.

The mixture for synthesis was prepared by the addr.3. Preparation of 9% NiO—L#Ds/y-Al>Os catalysts
tion of an aluminum sol generated from aluminum hy-
droxide to a solution of sodium meta-silicate; the mixture The 9% NiO-LaOz/y-Al,O3 catalyst was prepared by
was then stirred for 30 min before use (molar ratios $iOmeans of sol-gel processing of organometallic precursors
Al203 = 5, NgO/Si0, = 1.0 and HO/NgO = 120). according to the following procedure. 20 g aluminum iso-
Zeolite membranes were prepared on two typeswof propoxide was hydrolyzed with 150 ml of deionized water
Al>03 ceramic tubes according to the situ crystalliza- at 80°C in a flask, and the mixture was kept at°8D for
tion procedure. The first was a porousAl,O3 tube 1.5 h with vigorous stirring. Then, 0.01 mol of nitric acid
(ID 8 mm, OD 12 mm and length 100 mm), and the avewas added for peptization and the sol was refluxed &€95
age pore diameter and porosity of the alumina support weftg 1 h with stirring to obtain a clear sol. Then 6.49 and 5.8 g
about 0.2um and 40%, respectively. The second wasran of Ni(NOz),-6H,0 and LaO3z were dissolved, respectively,
Al>03 tube coated with a layer gf-Al203 by means of the in 15 ml of 20% HNQ. This solution was then added to the
sol-gel method previously reported [17]. The average pogkear boehmite sol and the mixture was refluxed &t®%or
size and porosity of this support tube were about 3-5 no% h with vigorous stirring. The obtained cogel was put in
and 35%. The thickness of the-Al,O3 layer was about a beaker for solvent evaporation at room temperature (RT).
10 um. Finally, the dry cogel was calcined at 500 for 6 h.
For the coating of the membrane, the outer wall of a dried
ceramic tube with both ends open was wrapped with two lag-4. Characterization of zeolite membrane
ers of commercial Teflon tape, and was placed vertically in
an autoclave. The synthesis mixtures were poured into theThe zeolite membrane and powder generated during the
autoclave so that the upper opening of the tube was approsynthesis of the membrane, as well as the catalysts were
mately 2—3 mm beneath the mixture level. Subsequently, tbiearacterized by X-ray diffraction (XRD, Rigaku D-max)
autoclave was closed and placed in an oven, which had beechnique with Cu i radiation.
pre-heated to the required synthesis temperature. The zeolitéThe surface and cross-section morphology of the mem-
membrane was synthesizedsitu under autogenous pres-brane was examined by means of scanning electron mi-
sure. At the end of a chosen synthesis time, the autoclasr@scopy (SEM, Jeol JSM-T330A) operating at 20 kV. The
was quenched in cool water and the tube deposited wi, Al and Na concentrations on the surface of the membrane
zeolite membrane was removed from the autoclave. Botfere measured by means of energy dispersive X-ray analy-
the membrane tube and loose zeolite crystalline depositid (EDX). The adsorption—desorption isotherm of &hd
on the bottom of the autoclave were rinsed with deionizggbre size distribution for the zeolite membranes were meas-
water until the pH of the rinse water reached a value lowered using N as the adsorbate on a NOVA-1200 instrument
than 8. Subsequently, they were dried overnightin air at & 77 K.
or 100°C. The synthesis procedure could be repeated three
or four times on a membrane tube to generate sequential I2y5. Permeation measurements
ers of coating and to fill up cracks that might be formed dur-
ing drying. The procedure is referred to as repeated synthe-Single-gas permeation of 41 CHs, CO, and CO was

Sis. measured over a temperature range of R1700°C. The
membrane was sealed in a stainless-steel module by silicone
2.2. Preparation of LaNiO4 catalytic membrane O-rings, then the pure gas was introduced into the inner tube

and permeated through the membrane into the outer tube; the

The gel of La(NQ@)3 + Ni(NO3)2-6H,O was prepared pressure drop from feed to permeation side was 17.24 kPa.
by the citrate method. In this method, stoichiometric metdhe permeance of # CO, CH; and CQ through the ze-
nitrates, like Ni(NQ@)2-6H0, La(NGs)3 (molar ratio of Ni  olite membrane was separately determined by means of a
and La is 1:2) were fully dissolved in diluted nitric acid,soap-bubble flowmeter. The ratio of the permeances of two
followed by the addition of citric acid and ethylene glycolsingle gases is defined as the ideal separation factor.
The molar amounts of citric acid and ethylene glycol were A similar module was used for the separation of the bi-
1.5times that of the total metal ions. Then the obtained soloary gas mixture. In order to simulate gas resistance in a
tion was heated with stirring to 9C. After the solution was catalytic reaction, the downstream outlet of the feed side was
isothermally stirred and refluxed for 3 h, with the removal dblocked with quartz wool. The total feed rate for binary gas
water through evaporation, a sticky gel was formed. mixture (1:1) was 50 mimin!, and nitrogen was used as

The LaNiOg4/zeolite composite membrane was preparetie sweeping gas. The gas mixtures in permeation and feed-
on an alumina tube that was covered with zeolite membraing sides were analyzed, respectively, by gas chromatogra-
by the impregnation of the aforementioned gel. The catalytuhy (Shimadzu 8A, TCD, Porapak Q packed column). The
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separation factor for two mixture gases was calculated &:-Resultsand discussion

cording to the following equation:

3.1. Structure and morphology of zeolite membrane
(Xi/Xj)permeate

separation factoe

(Xi/X)teed The XRD patterns of thex-Al,Oz support, the as-
whereX; andX ; represent mole fraction éfand j species, synthesized zeolite membrane, and zeolite powder are shown
respectively. in figure 2. The XRD pattern of the-Al>,O3 support was

identical with that described by Thompseiral. [18]. As ex-
2.6. Evaluation of catalytic activity and coke deposition ~Pe€cted, randomly oriented zeolite membranes were formed
on thea-Al203 support (figure 2(b)) and the XRD lines of
For comparison, we first conducted an initial study on tH8€ Support were rather strong, indicating that the zeolite lay-
performance of the 9% NiO-L®3/y-Al,03 catalyst over ©rs were rather thin. The diffraction peaks of zeolite powder
a fixed-bed reactor under the condition of gas hour spagBPeared (figure 2(c)) at the angle af 2= 10.0°, 11.7,
velocity (GHSV) equaled & x 10* mlg—1h-1. 15.#, 20.3, 23.#, 26.7 and 31.0, confirming that the
The membrane reactor was installed with a porous p&gclite NaY membrane was mainly originated from silica-
meable LaNiO4 zeolite membrane tube capable of with@luminate sol, in agreement with the results of Armstrong
standing high temperature (figure 1). The 9% NiO,DQg €t @l [19]. The results of EDX analysis indicated that the
y-Al,03 catalyst (0.2 g) was packed in the inner part opiO2/Al20s ratio on the surface of thg zeolite membrane
the LaNiOs—zeolite membrane tube. The gas mixturd@s 3.4. However, without proper aging, the &i8l20s

of methane and CO(1:1) was fed to the membrane retJatio was 1.7 accompanied with the presence of zeolite P
actor from the inlet (inner path) at a GHSV of84x particles as a contaminant. As pointed out later, the SEM re-

10* mlg~1h~1. Part of the hydrogen and carbon monoxSults revealed that there were zeolite P particles (marked by

ide produced permeated through the zeolite membrane iffo arrow in figure 3(d)) at different positions of the zeolite

the outer tube, where they were carried away by sweepiftgmbrane. S
nitrogen. We investigated the shape and the size distribution of the

The reactants and products were analyzed by mean<Chystallites of the samples by means of scanning electron mi-
on-line gas chromatography (Shimadzu 8A, TCD). A Por&roscopy (SEM-EDX). The photograph of the porous sup-
pak Q and a 5 A sieve column were used for gas S(_‘,pa;:glrt, the surface and cross-section of the zeolite membrane
tion. Since H, CO, N;, CHg and CQ permeate through the
membrane in different permeability, the effluents from the
inner and outer path were analyzed, respectively.

‘1 Inlet
O-ring seal (fnner path)
—-———
Inlet J
(Outer pa[h) J \J M
Quartz—| |
tube
¥
Zeolite Catalyst
membrane Inorganic

adhesive w w . \—N;CM\

_ N RN

Outlet . . . .
(Outer path) 20.0 40.0 60.0 80.0
20

\L Outlet

(Inner path) Figure 2. XRD patterns of (a)-Al,03 support, (b) zeolite membrane on
a-Al>03 support and (c) zeolite powder obtained from the parent solution
Figure 1. Schematic diagram of membrane reactor fo§/Ci&, reforming. of synthesized zeolite membrane.
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Figure 3. SEM photographs of (a}Al,O3 support, (b) cross-section of zeolite membrane, (c) top surface of the membrane obtained by means of repeated
synthesis (three times) and (d) zeolite P particles appeared as a contaminant during hydrothermal synthesis.

140 brane after two times of crystallization was about /6.

120 | Zeolite 5A powder M{y After 34 h of membrane synthesis, the inner surface of the
& porous support was completely covered with randomly ori-

ented zeolite and a prolonged crystallization time would re-

sultin the growth of P-type zeolite as mentioned before (fig-

ure 3(d)).

In order to elucidate the pore structure of the zeolite mem-
brane, the adsorption—desorption isotherm gfis inves-
tigated and the results are depicted in figure 4. It can be seen
that similar to the results of zeolite 5A powder, the isotherm
of the zeolite membrane remained nearly horizontal over

bt et : a large P/ Py range, indicating that most of the adsorption
0.00 .10 .20 .30 .40 .50 .60 .70 .80 .90 1.00 o0k place at the low pressure region and the pore volume

Volume adsorbed (cm® STP/g)

Relative pressure (P/P) was well defined. The results implied a type | physisorption
isotherm of microporous solid with relatively small exter-
Figure 4. Nitrogen adsorption—desorption isotherm at 77 K. nal surface (according to the IUPAC classification [21]), and

the sample consisted of micropores with pore diameter of
after crystallization for 34 h are shown in figure 3. We obless than 2 nm [22]. However, one can learn from the pore
served the zeolite NaY crystallites in well-defined octahaize distribution curves (figure 5) of the zeolite membrane
dral planes (figure 3(c)). The average size of the particlésat besides the micropores, there were some mesopores of
was within the 5-1Q:m range, larger than the values prearound 3.5 nm, possibly related to cracking created during
viously reported by Interrantet al. [20]. It is known that drying. In addition, although the pore size of micropore ze-
the shape and the particle size of the zeolite are dependelite cannot be determined by means of &tisorption, the
on the growth condition as well as the amount of water imicropore volume of a zeolite membrane can be estimated
the silica-aluminate sol. The thickness of the zeolite merby thes-method of Halsey [23].
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Figure 6. Permeance of single gas through the zeolite membrane as a func- Temperature ( “C )

tion of temperature.
Figure 8. Ideal separation factor as a function of temperature.
3.2. Permeation of single gases
determined by both diffusion and adsorption properties. Fig-

The gas permeation test was performed on the zewe 7 shows the relation of permeances with kinetic diame-
lite membrane reactor with no catalyst at different temers of CH;, CO,, CO and H through the zeolite membrane
peratures. Figure 6 indicated that the permeance of Ht room temperature. If we suppose that the as-synthesized
through the single-coated zeolite membrane was 6 zeolite membrane was defect-free, we have a perfect zeolite
10~ molm~2s-2Pa 1, which was significantly lower than NaY structure with pore diameter (0.7 nm) larger than the
that through the support6 x 10°6 molm—2s2Pal). kinetic diameters of Clf CO,, CO and H molecules. In
Meanwhile, for CH and CQ, the permeances at RT weresuch a case, the effects of molecular sieving play a negligi-
6 x 1078 and 9x 108 molm2s2Pal, respectively; the ble role in determining the gas separation factor. The perme-
corresponding permeaselectivity obM@H4 was up to 9.2, ance could increase or decrease with increasing temperature,
much higher than the value (2.8) governed by the mech@depending on the contribution of adsorption to permeances.
nism of Knudsen diffusion. The results suggested that tlBai et al. [25] and Bakeret al. [26] reported the results of
zeolite membrane that had been synthesized repeatedlydas permeance of silicalite membranes; they observed that
three times was defect-free, as confirmed by SEM. Howhe permeances of small molecules went through a minimum
ever, with increasing temperature, the permeancesaird with temperature change. In addition, other studies [27] sug-
CO through the zeolite membrane decreased whereas thgested that the permeance of Ahd H decreased with in-
of CO, and CH, remained roughly constant. According tecreasing temperature, in agreement with our experimental
the diffusion theory of gas, the gas permeances of Knuksults.
sen flow in mesopores (pore size 2—-20 nm) should decreasélhe ideal separation factors for GHCO,, CO and
gradually with temperature rise (permeances proportionalltty are shown in figure 8. The results demonstrated that
T-1/2[24)). This indicated that the permeance of small mofor CO/CQ,, CO/CH; and H/CH, but not for H/CO,
ecules with kinetic diameter less than the zeolite pore wH® ideal separation factors exceed the Knudsen diffusion
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. . (113
value in the 25—70€C range. The separation factors, how- :

ever, decreased with increasing temperature. This behav- (200)
ior could be related to the adsorption capacity of the gas
molecules in the zeolite pores, for example, compared to (220)

H», methane was more strongly adsorbed at glevated te@]— (004) (204) (313)
peratures. Dalmon and coworkers [28] studied the per- {1 a1s)

meance and separation performance of hydrogen/isobutang
through MFI-zeolite membranes; below 700 K, they re- e

ported a reduction in hydrogen flux through the MFI-zeolite

membranes with temperature rise. The separation fagy 590 40.0 60'_0 '

80.0  90.0
tor of Hyo/CHs or Hy/CO, reported here is significantly 20
higher than that observed previously over ZSM-5 mem-
brane [29]. Figure 11. XRD spectrum of LNiO4 membrane powder.

3.4. CQ reforming of methane over fixed-bed and zeolite

3.3. Permeaselectivity of binary gas mixtures membrane reactors

The separation for the #4CH, or CO/CG binary gas  The XRD pattern of the LgéNiO, membrane powder is
mixtures was performed through the zeolite membrane, agown in figure 11. The results indicated a unique tetrag-
the separation factors obtained are shown in figure 9. TBgal structure of KNiF4 (spinel) of excellent crystallinity,
results indicate that the separation factor of COJG@s indicating that it is possible to prepare the;N#O,4 spinel
higher whereas that of #ACH4 was lower than the corre- strycture by mixing L&+ and N+ in molecular level ac-
sponding Knudsen diffusion values. This is because t@grding to Pechini’'s approach [32]. £MiO4 is a structure
strong adsoption of hydrocarbon hinders the diffusion of hyyitable for the stabilization of nickel ions in the catalytic
drogen through the zeolite membrane. Therefore, the seRembrane.
aration factor of binary gas mixtures was obviously lower The conversions of CiHand CG observed over a fixed-
in comparison with the ideal separation factor of single ga&d and a zeolite membrane reactor as a function of reac-
through the membrane, very much different from the cag@n temperature are shown in figure 12. At 200 the con-
of hydrogen-selective membranes [17,30]. Since the CQersion of CH and CQ observed over the zeolite mem-
reforming of methane over a fixed-bed reactor [31] was gebrane reactor was nearly the same as that observed over the
erally performed at 708C, the performance of the zeolitefixed-bed reactor. This is because the activities of the cat-
membrane at 700C was a matter of concern. alyst and catalytic membrane were low at low temperature

Figure 10 shows the effect of sweeping rate gfdwi the and a large amount of CHand CQ ran off without be-
separation factor of CO/CO The results implied that with ing reacted. However, above 490, the conversions of CH
the enhancement of \sweeping rate, the gas in the permeand CQ over the membrane reactor increased remarkably
ation side was carried away quickly and the separation facinrcomparison with those observed over the fixed-bed reac-
for the binary gas mixtures increased. That is to say, withtar. At 700°C, the conversions of CHand CQ over the
N2 sweeping rate at or above 80 mimih the separation former were 70.96 and 72.7 mol%, respectively, whereas
factor of CO/CQ exceeds the value of Knudsen diffusion. those over the latter were 49.5 and 66.7 mol%. This is be-
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Figure 12. Conversion of CHand CQ vs reaction temperature. GHSY Figure 13

. Catalytic activitys time on stream for both fixed-bed and
4.8 x 10* mlg~1h~1, sweeping rate of nitroges 80 mimin—1.

zeolite membrane reactors. GHSV4.8 x 10* mlg~1h~1, sweeping rate

of nitrogen= 80 mimin~1, T = 700°C.
Table 1

Product distribution in CR/CO» reforming over zeolite membrane reactor.partides as a contaminant. The average size of the particles

Temp. CH,conv. CQconv.  Product distribution (mol%)  #CO  was within the range of 5—-10m.
(°C)  (mol%)  (mol%) H CO CH CO We observed that the ideal separation factors folCHl,
400 a27 253 683 495 4291 4540 138 a_nd CO/CQ exceeded the _corresponding _KnL_sten diffu-
500 2061 1974 1907 1691 3301 3101 1.13 Sionvalues. The results of nitrogen-adsorption isotherm and
600 4794 4061 3373 3187 1617 1823 1.06 the pore size distribution of the zeolite membranes verified
700 7096 7272 3865 4461 810 864 0.87 thatthe diffusion mechanism of the gases through the mem-
branes was controlled by both Knudsen and micropore dif-

cause the effect of zeolite membrane on hydrogen separaffB#ion- _ o

further promoted Cli decomposition over the NiO—k@s/ The zeolite membrape was utilized in a membrane reac-

y-Al,03 catalyst. tor for the CQ reforming of methane. We observed that
The product distribution for CHCO, reforming ob- the conversion of Chiover the zeolite membrane reactor

served over the zeolite membrane reactor under the cdf@s 21.4 mol% higher than that over a conventional fixed-

dition of n(CHs)/n(CO,) = 1:1, GHSV= 4.8 x 10* m| bed reactor. The results demonstrated that the use of a ze-

g~Lh—1, suggested a#ICO ratio of about 1.0 at 500~70C olite m_embrane reactor is obviously advantageous fop CO

(table 1). At 700°C, syngas was up to 83.3 mol% at higf€forming of methane.

space velocity, and the catalytic activities of the catalyst and

the catalytic membrane remained rather stable within 10 hR

reaction time (figure 13). For the G@eforming of methane,

the conversions of Cfand CH, observed over the zeo- s work was supported by the Research Grants Coun-

lite membrane reactor was remarkably higher than those i-5¢ the Hong Kong Special Administration Region, China
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