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Hydrogen is gaining more and more attention because it is
regarded as an important future fuel. Today, hydrogen is
mainly produced from nonrenewable natural gas and petro-
leum. With concerns over worldwide energy demands and
global climate change, alternative sources must be found.
Obviously, water is recommended as the ideal source for the
generation of large amounts of hydrogen."! In addition to
electrolysis, recently several new processes, such as photo-
voltaic—photoelectrochemical water splitting?®* and one-step
or multistep thermochemical water splitting®™® based on
focused solar™ or nuclear heat, have been developed.
Although water dissociation into oxygen and hydrogen is
conceptually simple [Eq. (1)], efficient hydrogen production

H,0 = H, + /0, 1)

from water remains difficult as a result of the low equilibrium
constant of K,~2 x 107® at the relatively high temperature of
950°C."

However, the hydrogen production rate can be signifi-
cantly improved by extracting oxygen with an oxygen-
permeable membrane. One possible type of membrane for
the efficient removal of oxygen at high temperatures is a
mixed oxygen-ion- and electron-conducting membrane
(MIECM) with high oxygen permeability."*"'% Early studies
demonstrated the possibility of hydrogen production through
direct water decomposition by using MIECMs at the
extremely high temperature of 1400-1800°C.['"*") However,
the hydrogen production rate was relatively low because of
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the poor oxygen permeability of these membranes, and only a
modest rate of 0.6cm’min‘cm™ could be obtained at
1683°C.") To obtain a higher hydrogen production rate, one
possible way is to increase the rate of oxygen removal.
Balachandran et al. fed hydrogen on the permeation side of a
MIECM to consume the permeated oxygen.”"?! In this case,
a high oxygen partial pressure gradient across the membrane
was established and a maximum hydrogen production rate of
10.0 cm®min ' cm~? at 900°C was obtained.?"?! However, the
amount of hydrogen produced was equivalent to the amount
consumed, which makes it unpractical. Therefore, it would be
attractive for both the feed and permeate stream to yield a
valuable compound.

Herein, for the first time we report the simultaneous
production of hydrogen and synthesis gas in a hollow-fiber
perovskite MIECM reactor using methane to consume the
permeated oxygen (see Figure 1). At high temperatures,
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Figure 1. The concept of simultaneous production of hydrogen and
synthesis gas by combining water splitting with POM in a perovskite
oxygen-permeable hollow-fiber membrane.

water dissociates into hydrogen and oxygen on the membrane
surface of the core side. Oxygen permeates from the core to
the shell side of the hollow fiber, where it is consumed by the
partial oxidation of methane (POM) to form synthesis gas
according to CH,+ ', 0,—CO +2H,. Thus, when operating
under equilibrium-controlled conditions, the water dissocia-
tion proceeds continuously as the oxygen is continuously
consumed by the POM to produce synthesis gas. The
advantage of this process is to give pure hydrogen as well as
synthesis gas, which can be used to synthesize a wide variety
of valuable hydrocarbons (for example, by Fischer-Tropsch
synthesis) and oxygenates (methanol).

A novel BaCo,Fe Zr, , ,0O; s (BCFZ) perovskite hollow-
fiber membrane was applied for the in situ removal of the
oxygen that is produced by high-temperature water splitting,
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because it exhibits a high oxygen permeation rate>"! and has
already been used, for example, in the production of oxygen-
enriched air®?” and the partial oxidation of hydrocar-
bons.®¥! Figure 2 shows the influence of temperature on
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Figure 2. H, production rate on the core side as a function of temper-
ature. Core side: flow rate F,o=30 and F,,=10 cm’ min™'; shell side:
50 cm’min™' (F.,, =45, Fy.=3, and Fgy, =2 cm’ min™"). Amount of
packed Ni/Al,O, catalyst: 0.8 g. Effective membrane area: 0.86 cm”.

the hydrogen production rate. This rate increases as the
temperature rises from 800 to 950°C and a hydrogen flux
of 3.1 cm’min‘cm™? was obtained at 950°C. It was also
found that the hydrogen production rate is very low
(<0.026 cm’min~'cm™ at 900°C, see Figure S1 in the Sup-
porting Information) if a sweep gas, such as He, is used on the
permeate side.

Clearly, the hydrogen production rate depends directly on
the rate of oxygen removal from the water dissociation
system. The oxygen transport can be described by the Wagner
equation for the oxygen flux j(O,) [Eq. (2)],5**" where o, and

. 1 Ocl Oion
102 =~ GFP 60+ 0

ORTInao,

Vo, with Ve, = g (2)

Oion are the electronic and ionic conductivities, respectively, F
the Faraday constant, and /uo, the gradient of the chemical
potential of oxygen across the membrane. Assuming that o, >
Oion and that dlnag /Ox can be approximated by In(p, /p¢, )/L
with p;, and p{; denoting the oxygen partial pressures on the
shell and core sides and L the membrane thickness, the
Wagner equation reads [Eq. (3)]:

1 ! '
](02) = (fFj;z Oion . (poil/pO) (3)

The oxygen partial pressure p’oZ on the permeate side can
be reduced much more efficiently when feeding methane in
combination with a Ni-based catalyst (Siid Chemie AG) to
the shell side. The permeated oxygen on the shell side is then
consumed very quickly by the oxidation of methane. As a
result of the increased oxygen partial pressure gradient across
the membrane, a higher hydrogen production rate of about
2.3 cm®min~' cm ™2 at 900°C is obtained, which is two orders of

www.angewandte.de

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

magnitude higher than the rate of a nonreactive sweep gas
such as He.

From the above discussion it follows that the hydrogen
production rate is related to three reactions: water splitting,
oxygen transport through the membrane, and POM. When
the temperature is increased, the equilibrium constant of the
endothermic water splitting will increase according to the
Van’t Hoff equation. So the equilibrium is shifted towards
water dissociation and more hydrogen can be produced.
Moreover, with increasing temperature, both the rate of the
POM and the permeability of the BCFZ hollow-fiber
membrane will increase. Thus, the hydrogen production rate
becomes higher with increasing temperature.

With increasing concentration of steam in the feed gas on
the core side, the equilibrium partial pressures of oxygen and
hydrogen will increase, thus providing a higher driving force
for oxygen permeation. As a result, the amount of hydrogen
obtained is expected to increase. As shown in Figure 3, the
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Figure 3. H, production rate on the core side at different steam
concentrations. Core side (steam + He): 40 cm*min"; shell side:
50 cm’min”' (Fy,=45, Fy.=3, and Fey,=2 cm’ min™"). Amount of
packed Ni/Al,O; catalyst: 0.8 g. Effective membrane area: 0.86 cm”.
T=950°C.

hydrogen production rate increased from about 0.2 to
31cm’min'cm™ when the steam concentration was
changed from 5 to 75vol.%. In addition, the hydrogen
production rate can be enhanced by increasing the methane
concentration (Figure 4), because a higher oxygen partial
pressure gradient across the perovskite membrane is estab-
lished, which leads to a higher oxygen permeation rate.

At the same time as hydrogen is produced on the core side
of the BCFZ hollow fiber by water dissociation, synthesis gas
can be produced on the shell side. Figure 5 shows the methane
conversion and the CO selectivity for feeding different
methane concentrations. When the amount of the feed gas
methane was small, most of the methane was totally oxidized
to give CO, and H,0. On feeding more methane, the methane
conversion decreased gradually and the CO selectivity
increased. When 2cm’min™' methane diluted by
48 cm®*min~! inert gases was fed to the shell side, about
70% methane conversion and 60% CO selectivity were
obtained. However, for high methane concentrations the
calculated selectivities became lower again. This is probably
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Figure 4. H, production rate on the core side at different methane
concentrations. Core side: F, =30 and Fy,=10 cm’min™"; shell side:
50 cm’min™' (Fy.=3 and Fqy, + Fue=47 cm’min™"). Amount of
packed Ni/Al,O, catalyst: 0.8 g. Effective membrane area: 0.86 cm’.
T=950°C.
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Figure 5. Conversion X of methane and selectivity S of CO on the shell
side at different methane concentrations. Core side: F, =30 and
Fue=10 cm’min”"; shell side: 50 cm’ min™" (Fy.=3 and Fey, +
Fhe=47 cm®min™"). Amount of packed Ni/Al,O; catalyst: 0.8 g.
Effective membrane area: 0.86 cm”. T=950°C.

caused by the formation of coke, which is expected to occur
under these reaction conditions.

The net reaction in our concept is conventional methane
steam reforming according to H,O + CH,—3H, + CO with a
H,/CO ratio of 3, which is unsuitable for the methanol or
Fischer-Tropsch syntheses. However, in our process we
obtain pure hydrogen on the core side as well as synthesis
gas with a H,/CO ratio of around 2 on the shell side. Synthesis
gas with such a ratio is usually produced by oxygen-blown
autothermal reforming, which requires a costly oxygen
separation plant. Therefore, our concept provides a new
way to obtain a Fischer—Tropsch synthesis gas. Furthermore,
the pure hydrogen produced by our method can be used to
operate the hydrocracking step in the product refinery section
of the Fischer—Tropsch plant.

Hydrogen can also be produced with a hydrogen-selective
membrane reactor in which methane steam reforming takes
place with a reforming catalyst. The technology of steam
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reforming with hydrogen-selective Pd membranes has been
developed since 1992 by Mitsubishi Heavy Industries and
Tokyo Gas. The membrane reactor operates at 550°C and
produces 40 m® (STP) hydrogenh™'."?! However, the Pd/Pd
alloy membrane can be poisoned by CO; therefore, a
subsequent water-gas shift stage is needed to convert CO to
CO,, which makes the operation more complex. On the other
hand, in the hydrogen-selective membrane reactor, only H,
rather than synthesis gas can be obtained. In our concept, we
can get both pure hydrogen, with an industrially interesting
flux (ca. 3 m*h~'m~?) without further water-gas shift reaction,
and synthesis gas. Compared to conventional steam reforming
and hydrogen-selective membrane-reactor-based steam
reforming, our multifunctional reactor contributes to the
concept of process intensification.

In conclusion, it is possible to produce significant amounts
of hydrogen from water splitting at around 900°C by using a
novel BCFZ oxygen-permeable hollow-fiber membrane. By
combining high-temperature water splitting with POM, not
only hydrogen but also synthesis gas can be obtained. This
process presents new insight into the interplay of catalysis and
separation in a membrane reactor. Besides, abundant raw
materials, such as water and methane (natural gas), were
used, which is of broad interest.

Experimental Section

The dense BCFZ perovskite hollow-fiber membranes were manufac-
tured by phase-inversion spinning followed by sintering.*? The
sintered fiber had a wall thickness of around 0.17 mm with an outer
diameter of 1.10 mm and an inner diameter of 0.76 mm. Figure S2 in
the Supporting Information shows a schematic diagram of the
membrane reactor used in this study. Two ends of the hollow fiber
were coated with Au paste. After sintering at 950°C, a dense Au film
that was not permeable to oxygen was obtained. Such an Au-coated
hollow fiber was sealed by a silicon rubber ring and the uncoated part
(3.0 cm), which was permeable to oxygen, was kept in the middle of
the oven thus ensuring isothermal conditions. A mixture of steam and
He was fed to the core side and a mixture of CH,, Ne, and He was fed
to the shell side. A Ni-based catalyst (Siid Chemie AG) was packed
around and behind the hollow-fiber membrane. The CH,, He, and Ne
flow rates were controlled by gas mass-flow controllers (Bronkhorst).
The H,O flow was controlled by a liquid mass-flow controller
(Bronkhorst) and completely evaporated at 180°C before it was fed
to the reactor. All gas lines to the reactor and the gas chromatograph
were heated to 180°C. The concentrations of the gases at the exit of
the reactor were determined by an online gas chromatograph
(Agilent 6890). Assuming that the oxygen from water splitting on
the core side was totally removed and the flow rate at the outlet was
equal to that at the inlet, the H, production rate after steam
condensation in the retentate on the core side was calculated from the
total flow rate F.,. (cm’min~"), the hydrogen concentration c(H,),
and the effective membrane area S (cm?) based on Equation (4).

F core C(HZ)

)

The CH, conversion X(CH,) and the CO selectivity S(CO) on the
shell side were calculated as Equations (5) and (6), where F(i) is the

F(CHy,out)

X(CH,) = (km

) x 100 % )
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F(CO,out)

(CH, in)—F(CH, oup) < 100% (6)

S(CO) = =

flow rate of speciesi on the shell side, calculated based on the
measured concentration of the respective species and the total flow
rate measured by a bubble flowmeter.
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