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Heptane reforming was investigated in three dense ceramic membrane reactors,
where the membranes were modified differently with reforming catalyst. Each reactor
displayed distinctive catalytic behavior. The reactor with a bare membrane showed
low catalytic activity and low oxygen permeation flux (Jo,), but gave stable perform-
ance. The left two membranes reactors modified with catalyst both displayed shift
processes at the preliminary stage of membrane reaction, not only in Jo, but also in
the selectivity of all products. Moreover, the membrane reactor with more catalyst
gave higher performance in the case of Jo, and CO selectivity. The observed shift phe-
nomena are due to the activation of catalyst on the membrane surface, and the differ-
ent amounts of catalyst produce different impaction on the membrane reactions. On
the basis of the results in three membrane reactors, a reaction pathway of hydrocarbon
reforming in dense ceramic membrane reactor is proposed. Being some different from
combustion and reforming mechanism (CRR), hydrocarbon reforming in dense ceramic
membrane reactor has its own characteristics. © 2007 American Institute of Chemical
Engineers AIChE J, 54: 242-248, 2008
Keywords: dense ceramic membrane, membrane reactor, hydrocarbon reforming,

syngas, reaction pathway

Introduction

Dense ceramic membranes for oxygen permeation are fab-
ricated from multicomponent metallic oxides and possess
oxygen-ionic conductivity and electronic conductivity. At
high temperature (>1023 K), the membrane carries oxygen
ions from one side to the other via oxygen vacancies.'” The
greatly promising application of dense ceramic membranes is
syngas (CO + H,) production in the membrane reactors by
reforming or partial oxidation of hydrocarbons.>~'* This tech-
nology combined oxygen production from air with hydrocar-
bon reforming in a membrane reactor, which could poten-
tially save the capital cost of syngas production by 30%.”
Since syngas is a feedstock for a wide range of different
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chemical processes, dense ceramic membranes represent a
technical platform that has numerous applications, such as
gas-to-liquids, hydrogen, clean fuels and so on.'' Great
efforts have been made to develop this technology. Nowa-
days, Air products and its partners did well and began to
fabricate commercial-scale wafers."!

Up to now, a large number of studies have focused on the
performances of perovskite-type oxide as well as reforming
or partial oxidation of hydrocarbons to syngas in the mem-
brane reactors. In the most case, combustion and reforming
mechanism (CRR) is considered as the reaction mechanism
in the membrane reactor. Xiong and coworkers'*'> reported
disk-shaped Bag 5Srg 5Cog gFep,05-_s (BSCFO) membrane re-
actor with Ni-based reforming catalyst for the partial oxida-
tion of methane (POM) and observed that, after the tests, the
catalyst bed was composed of three different color layers,
where different Ni-based species are detected. It was similar
to what Lunsford and coworkers'® observed in a fixed-bed
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reactor and thus CRR mechanism was proposed. Wang
et al.>'” investigated BSCFO tubular membrane reactors and
also observed different Ni-based species along the radial
direction after tests. On the basis of the above observations
and the influence of methane concentrations on POM, CRR
mechanism was also suggested. Kharton et al.® investigated
methane oxidation in Lag3Srg7CoggGag,05_s membrane re-
actor and proposed CRR mechanism. Although CRR mecha-
nism was proposed in the most cases, these conclusions are
just based on catalyst states after reactions and there were
not any particular investigations on reaction pathway. There-
fore, there is a need to investigate reforming reaction in
detail in the membrane reactor to reveal the pathway of
hydrocarbon reforming and confirm the reforming mecha-
nism.

Generally, the reaction area in a membrane reactor can be
divided into three parts, i.e. the membrane, the catalyst, and
the interface between membrane and catalyst. If the reactions
in each part are clear, it is likely to elucidate to the whole
process of membrane reaction. Therefore, three dense
ceramic membrane reactors modified differently by catalyst
were designed and perovskite-type BSCFO membrane was
selected, which demonstrated good performance in POM.'*'?

Experimental

BSCFO membrane'*'® and LiLaNiO/y-Al,O5 catalyst'®2°
developed in our group were used for study. BSCFO oxide
powder was synthesized as the method described in the liter-
ature?’ and reforming catalyst LiLaNiO/y-Al,O5; with 10 wt
% Ni was prepared by the usual impregnation method.'” A
disk-type ceramic membrane, two quartz tubes, and a gold
ring assemble the membrane reactor, as shown in Figure 1.
Gold ring is soft at around 1333 K and touched closely with
the membrane and the quartz tubes under the pressure by a
spring. The thickness of BSCFO membrane was 1.4 mm and
its effective area exposed to reactions was 1.0 cm?.

The first membrane reactor only had a bare membrane
without any catalyst (Figure 1A); the second one possessed a
modified membrane, which was gained through a pretreat-
ment with a small quantity of catalyst powder at 1313 K
(Figure 1B); besides a modified membrane, the third one had
400 mg catalyst on the membrane (Figure 1C), which formed
a catalyst bed.

Liquid hydrocarbons, such as naphtha, gasoline, diesel oil,
and kerosene could be on-board hydrogen sources in the near
future?” and heptane was selected as a typical component of
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Figure 1. The configurations of three dense ceramic
membrane reactors.
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them. Steam was brought into the reactor by helium and its
amount was controlled by helium flow rate and water tem-
perature. After being vaporized and mixed uniformly, feed
was introduced into the membrane reactor and reacted with
oxygen permeating from air. An on-line HP4890 GC chroma-
tograph was used to analyze the products. Since reaction
temperatures were around 1123 K, heptane converted com-
pletely by cracking or reacting with water and oxygen. Chro-
matograph did not detect any propane, propylene, or any
other heavy hydrocarbons. The selectivity of CO, CO,, CHy,
C,H,, and Jo, are defined as follows:

Fco

CO,Selectivity =
Y Fco +Fco, + Fen, +2(Fen, + Fo,u,)

Fco,
Fco + Fco, + Fen, + 2(Fe,n, + Foyng)

CO,, Selectivity =

FCH4
Fco + Fco, + Feu, + 2(Fe,n, + Fe,ny)

CHy, Selectivity =

2 X FC2H4

C,Hy, Selectivity =
2 R Fco + Fco, + Fen, + 2(Fen, + Feong)

Joo, permeation

_ Fco+2 X Feo, +2 X Fo,(unreacted) — F,o(reacted)
N 2 X S(effective area)

After the tests, reactor temperature dropped rapidly to
room temperature in helium atmosphere. SEM and XRD
analysis was used to characterize the used membranes and
catalyst.

Results and Discussion
Reforming in the reactor with a bare membrane

To decouple the role of catalyst from membrane reactions,
catalytic behavior of BSCFO membrane reactor without any
catalyst (Figure 1A) was investigated first at 7 = 1123 K,
Var = 200 ml min~! (air flow rate), W/C = 0.90 (molar
ratio of water/carbon) and results are shown in Figure 2. In
200-min test, the reaction keeps stable, but Jo, is low, only
2.8 ml cm™? min~', which is moderately higher than the
results under air/helium gradient (Jo, = 1.2 ml cm 2 min~ ")
at the same temperature.15 Since insufficient oxygen and low
catalytic activity of membrane surface, a great deal of C,H,
is detected in the products, which is mainly the thermal
cracking product of heptane. Meanwhile, around 25% hydro-
carbons converted into CO, CO,, H,, and H,O. The results
indicate that the membrane surface possesses catalytic activ-
ity for hydrocarbon oxidation, but low. In addition, much
unreacted gas-phase oxygen is detected in the products.

As we know, oxygen permeation process through dense
ceramic membrane involves a series of individual step in the
form of oxygen ions. There are different kinds of intermedi-
ate oxygen species (O, .4, O, O, Oy, 0227, 027) on the
membrane surface.>’ Therefore, the membranes surface pos-
sesses catalytic activity for oxidation reactions, like oxidative
coupling of methane to C, (OCM).24 U. Balachandran et al.’
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Figure 2. The preliminary stage of reforming reactions
in the bare membrane reactor without any
catalyst T = 1123 K, V,;, = 200 ml min~’,
W/C = 0.90, He/C = 3.4.

investigated Perovskites LaSrFeCoO for POM and observed
that, if there was no catalyst on the membrane, all of oxygen
permeating through the membrane formed CO, and H,O
with methane on the membrane surface. However, in this
case, main products on BSCFO membrane surface are CO
and CO,, as shown in Figure 2. The difference is due to the
different catalytic performance of membrane.> If active oXy-
gen species cannot react with hydrocarbons in time on the
membrane surface, they will recombine into gas-phase oxy-
gen quickly.

Since H, and CO are generated, lattice oxygen of mem-
brane could lose. Once partial lattice oxygen is lost, the lat-
tice would collapse and the membrane material would
decompose. Figure 3 shows the SEM micrographs of the
used membrane (Figure 1A) from top view after 12-h mem-
brane reaction. It can be found that the boundaries of ce-
ramic grains can still be distinguished and the structure of
membrane is intact. Main reason is the good structure revers-
ibility of BSCFO material, which makes membrane stable in
a strongly reducing atmosphere.15 Although the membrane

Figure 3. The SEM micrographs of used BSCFO mem-
brane from top view.
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surface material is reduced by reducing gas, the lost lattice
oxygen can be refilled by oxygen permeating from other side
of membrane. As a result, membrane material keeps stable in
reforming reaction.

Figure 4 demonstrates the effect of temperature on the
reforming reactions in the membrane reactor without catalyst.
It can be seen that Jo, increased gradually from 2.6 to
6.7 ml cm ™ > min~ ' with the increase of reaction temperature
from 1073 to 1223 K, and accordingly C,H, selectivity
decreases. It is obviously that the selectivity to CO and CO,
rises rapidly, but CO, selectivity is always higher than that
of CO when the reaction temperature is >1123 K. BSCFO
bare membrane surface favored the total oxidation of hydro-
carbons at high temperature.

Reforming in the reactor with a modified membrane

The tests were performed at the same reaction conditions
as in the reactor with a bare membrane, i.e. T = 1123 K,
Vair = 200 ml min~ !, W/C = 0.90. The reactor configuration
is shown in Figure 1B. Its membrane surface is modified
with reforming catalyst LiLaNiO/y-Al,O;3 as follows: 10 mg
fresh catalyst powder was packed on the membrane surface
and pretreated with membrane at 1313 K for 5 h, and then
temperature dropped to reaction temperatures. Before the
introduction of feed, high helium flow blew away the redun-
dant catalyst powder. Figure 5 shows SEM micrographs of
BSCFO membrane surface after the modification. It can be
seen that small catalyst particles fused over the membrane
surface.

Figure 6 shows the time dependence of Jo, and the selec-
tivity of products in the reactor with a modified membrane.
It is quite different from the results in the membrane reactor
without catalyst, where the membrane reaction is stable. In
this case, the membrane reactions keep stable only at the
beginning of reaction and at time-on-stream (TOS) of 60 min
a shift takes place. Within the subsequent 70 min, Jo,
increases gradually from 3.5 to 6.5 ml cm % min~ " and the
selectivity to CO and CO, increases from 12 to 40% and 21
to 24%, respectively. Meanwhile, C,H, selectivity drops
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Figure 4. The effect of temperature on the selectivity
and Jo, in the bare membrane reactor with-
out catalyst V,;, = 200 ml min~"!, W/C = 0.90,
He/C = 3.4.
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Figure 5. The SEM micrographs of modified BSCFO membrane surface from top view after 5 h at 1313 K with

10 mg catalyst powder a: x1000, b: x2000.

from 48.0 to 22%. At TOS of 130 min, the membrane reac-
tion reaches a steady state and around 70% hydrocarbons
converted.

The observed shift process in Jo, and the selectivity of
products is ascribed to the reduction of catalyst attached on
the membrane surface. The catalyst used in this study is fresh
and its active component is NiAlO,4, which is the active cen-
ter of total oxidation reaction. This is the reason why CO,
selectivity (48%) is higher than that of CO(12%) at the be-
ginning of membrane reactions. Along with the test, NiAIO4
is reduced gradually into Ni° which is the active center of
partial oxidation of hydrocarbons, so that more H, and CO
are formed and leads to more catalyst to be reduced. There-
fore, an autocatalysis process is formed and reaction rate
accelerates. In Figure 6, it is can be seen that, in the shift
stage, the rising rate of CO is higher than that of CO,. This
proves the initiation process of the modified membrane is the
reduction of active component from NiAlO4 to Ni’. When
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Figure 6. The preliminary stage of reforming reaction

in the modified membrane reactor T = 1123

K, V.ir = 200 ml min~', W/C = 0.90, He/C =

3.4.
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the reaction reaches stable, Jgo, is 6.5 ml cm 2 min~ !, which
is higher than that in the bare membrane reactor (2.8 ml
cm 2 min~ ). It can be seen that LiLaNiO/y-Al,O5 catalyst
plays an important role in membrane reforming. Liu et al.®
considered that the conductivity (ionic and electronic) of
membrane materials determined the mass and charge trans-
portation rate of membrane, while catalytic activity controls
the rate of the interfacial electrochemical reactions. The cata-
Iytic activity of the membrane surface or interfaces between
membrane and catalyst has a significant effect on oxygen
permeation. Therefore, in order to form a higher oxygen gra-
dient pressure between both sides of membrane, some cata-
lyst contacting closely to membrane surface is necessary to
deplete oxygen on the immediate membrane surface. In this
case, a small amount of gas-phase oxygen is still detected.
To further study the catalytic performance of BSCFO
membrane modified by reforming catalyst, the temperature
dependences of Jo, and the selectivity of products are inves-
tigated and the results are shown in Figure 7. With the
increase of reaction temperature, the changing trends of Jo,

Selectivity (%)
g8

Oxygen permeation flux (ml min"cm‘}

i
"
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104 ° —w_ o
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1075 1100 1125 1150 1175 1200 1225
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Figure 7. The effect of temperature on the selectivity
and Jos in the modified membrane reactor
Vair = 200 ml min~", W/C = 0.90, He/C = 3.4.
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Figure 8. The effect of He/C on the selectivity and Joo
in the modified membrane reactor T = 1123 K,
Vair = 200 ml min™", W/C = 0.90.

and the selectivity of all compositions are similar to the
results in the reactor with bare membrane. However, it is
interesting to observe that, in the reactor with a bare mem-
brane, CO, increasing rate is larger than that of CO when
temperature is >1123 K, but in the reactor with modified
membrane, the result is opposite. The observed phenomenon
is attributed to the different catalytic conditions in two cases.
In the reactor with bare membrane, membrane surface is the
catalytic medium and hydrocarbons react directly with lattice
oxygen on it. As pointed by Gellings and Bouwmeester>’
and Irusta et al.?® the catalytic properties of oxygen supplied
by conducting oxides include either total or partial oxidation
reactions and the surface properties of dense membranes
have important catalytic effects on it. Delivering active oxy-
gen species on the membrane surface are often very selective
for oxidation reactions,? as it was discussed earlier that total
oxidation reaction of hydrocarbons is dominant reaction on
the surface of BSCFO membrane. However, on the modified
membrane surface, catalyst covers the most of membrane
surface and thus hydrocarbons react with oxygen mainly on
the catalyst, not on the bare membrane surface. Since the
reduced LiLaNiO/y-Al,O5 is the partial oxidation catalyst,
CO increasing rate is larger than that of CO, with the
increase of reaction temperature. In addition, oxygen could
spill directly over to Ni particles and react with hydrocarbons
to syngas'® because of the catalyst particles fused on the
membrane surface. Figure 8 shows the effect of He/C on
reforming reaction. It can be seen that Jo, and CO selectivity
rises with the increase of He/C for the reduced catalyst.

Reforming in the membrane reactor with
400 mg catalyst

Figure 9 shows the time dependence of Jo, and the selec-
tivity of compositions in the membrane reactor with 400 mg
LiLaNiO/y-Al,O5 catalyst. Compared with Figures 4 and 6,
the profiles of Figure 9 change greatly. Jo, has a great
increase, from 7.0 to 10.0 ml cm 2 minfl, nine times larger
than the value under air/helium gradient at the same tempera-
ture. Meanwhile, C,H; and gas-phase oxygen disappear in
products.
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Figure 9. The preliminary stage of reforming reactions
in the membrane reactor with 400 mg cata-
lyst T = 1123 K, V,;, = 200 ml min~!, W/C =
0.40, He/C = 1.7.

Since 400 mg LiLaNiO/y-Al,O3 catalyst forms a catalyst
bed on the membrane, unreacted hydrocarbons have more
chance to further reform with gas-phase oxygen and pro-
duced CO, and H,O, so that in this case CO selectivity is
always higher than that of CO, even at the beginning of
reaction, and the changing selectivity to CO, CO, with the
reduction of reforming catalyst in the modified membrane re-
actor does not show here. This also causes the depletion of
gas-phase oxygen so that higher oxygen gradient pressure is
formed, which leads to higher Jo,. Therefore, in this case,
oxygen flux is high even at the beginning of reaction. Since
oxygen supplied by membrane is more than the amount
needed for the conversion of all hydrocarbons to syngas, ex-
cessive oxygen results in the reoxidation of CO and thus the
selectivity to CO drops. As discussed earlier that around
70% hydrocarbons convert into CO and CO, on the modified

Ni Ni N Nio| Ni

T T T L T T T T T T T T T

10 ' 20 30 40 50 60 70 80
20

Figure 10. XRD patterns of used LiLaNiO/y-Al,O3 cata-
lyst in different zones (a) reduced fresh cat-
alyst; (b) used catalyst in the black zone;
(c) used catalyst in the blue zone.
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Figure 11. The schematic of hydrocarbon reforming in
the dense ceramic membrane reactor.

membrane surface, the dominant reaction in 400 mg catalyst
bed is the reforming of left hydrocarbons with CO,, H,O to
syngas, not the combustion of hydrocarbons with gas-phase
oxygen from membrane, though there is a small amount of
gas-phase oxygen in the reactant.

As we know, membrane materials need some time to
adjust their structures to the membrane reactions at the pre-
liminary stage of reactions. Some are quick'*?’ and some
are very slow.® In our previous works,' it took more than
20 h to initiate BSCFO membrane reaction in POM, but in
this case, it only takes 130 minters. The same dense ceramic
membranes demonstrate so different results. Main reason is
the opposite feeding directions in two tests. In POM,'* feed
was introduced first through the catalyst bed, so that the cata-
lyst is activated from the top of catalyst bed, and then moves
downward slowly, and finally reaches the membrane surface.
Just at this moment, reaction rate accelerates and Joo
increased dramatically because oxygen is depleted com-
pletely over the reduced catalyst. However, in this case, feed
is introduced through the inner quartz tube and reacts directly
with oxygen on the membrane surface. Such a model avoids
the activation of whole catalyst bed. This indicates that,
besides the own performance of membrane material, the
reaction conditions are other important factors to the initia-
tion of membrane reactions.

After reaction, membrane reactor cooled down rapidly to
room temperature in the helium atmosphere. It was found
that the catalyst bed was separated into two parts, a very thin
blue layer closed to the membrane surface and a thick black
layer on top of the blue layer. Different nickel species are
found in two catalysts zones, as shown in Figure 10: NiAl,O4
in blue layer and NiO and Ni’ in black layer. This pheno-
menon is similar to what Wang et al. observed in the tubular
membrane reactor™'’ and Dong et al. observed in the disk-
type membrane reactor.'* They considered that, in the blue
layer, total oxidation reactions take place and, in the black
catalyst bed, reforming reactions of CO, and H,O with
hydrocarbons occur. However, we consider that the very thin
blue catalyst layer is not the real catalyst during reaction. It
is the reoxidized products of the reduced catalyst during the
cooling process after membrane reaction, namely the conver-
sion of black Ni’ catalyst to blue NiAl,O, catalyst after test.
Despite air stops, some oxygen can still permeate continu-
ously through the membrane under the low oxygen gradient
pressure and oxidize Ni° to NiALO, during the cooling of
the reactor. On the other hand, if the catalyst keeps NiAl,O4
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state during the reaction, there would not be a shift process
at the preliminary stage.

On the basis of the results in three different membrane
reactors, a reaction pathway of hydrocarbon reforming in a
dense ceramic membrane reactor is proposed and the sche-
matic of reaction process is shown in Figure 11. In this case,
most of hydrocarbons react directly with active oxygen spe-
cies on the modified membrane surface first and produce CO,
CO,, H;0, and H,. Unreacted active oxygen species recom-
bine into gas-phase oxygen quickly and diffuse away the
membrane surface. Subsequently, unreacted hydrocarbons
reform with CO,, H,O and a small amount of gas-phase oxy-
gen in the catalyst bed. This reaction pathway is some differ-
ent from CRR mechanism.

Conclusion

Three dense ceramic BSCFO membrane reactors pretreated
by different modification methods are used for the investiga-
tion of hydrocarbon reforming. It is found that the different
treatments of catalyst have obvious effects on the reforming
reactions in the dense ceramic membrane reactor.

1. The reforming reaction in the membrane reactor with-
out catalyst is stable, but Jo, is low. The bare membrane
possesses limited catalytic activity for hydrocarbon reforming
and around 25% hydrocarbons converted into CO, CO,, Hj,
and H,O. The reactions on the bare membrane surface favor
the total oxidation for CO,.

2. The membrane reactors modified with catalyst display
very different catalytic behaviors from the results in the bare
membrane reactor. Shift process at the preliminary stage of
membrane reaction is ascribed to the activation of catalyst
fused on the membrane surface. Around 70% hydrocarbons
directly converted into CO, CO,, H,, and H,O with active
oxygen on the modified membrane surface, but CO and H,
are the main products. Therefore, the reactions in catalyst
bed are mainly the reforming of left hydrocarbons with CO,
and H,O to CO and H,, not the combustion reaction. It is
some different from CRR mechanism.

3. In this case, the initiation time of BSCFO membrane
reactor with 400 mg reforming catalyst is only 130 min,
which is different from the result in POM (20 h). This indi-
cates that reaction conditions are other important factors
which can affect the initiation of membrane besides the own
performance of membrane material.
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