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Abstract

In recent years perovskite-type membranes (ABOj3) have been studied intensively as oxygen permeable materials. These perovskite ceramics
very often have a disc or tube geometry. In this paper the first data of a membrane reactor for POM with hollow fibres as membrane are reported.
The hollow fibres were spun from BCFZ (Ba(Co,Fe,Zr)O5_;) powder. Diluted methane as well as methane with steam were investigated as reaction
gases. The spent catalyst was investigated by high-resolution transmission electron microscopy (HR-TEM) after the reaction. Membrane failures
were evaluated by field-emission scanning electron microscopy (FE-SEM).

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Synthesis gas, a mixture of carbon monoxide and hydrogen,
is required for a number of industrial processes, such as
methanol or Fischer-Tropsch synthesis. There are several ways
of producing syngas from methane, e.g. by the catalytic partial
oxidation (POM) (see, e.g. [1], Eq. (1)) or the classical catalytic
steam reforming (SR) (see, e.g. [2], Eq. (2)).

CH;+1/20,2CO+2H,  AgH® = —38kJ/mol (1)

CHy; + H,O0=2CO +3H,  AzH® = —206kJ/mol )

Up to now SR is still the main technology although the POM
has advantages over the SR. A great advantage of the POM over
the SR is the H,/CO-ratio: for further applications the value of 2
(instead of 3) is optimum. Furthermore, the POM is only
slightly exothermal and therefore less cost-intensive than the
endothermal SR and can be operated at lower pressures [2].
Furthermore, the POM is kinetically faster than the SR [3].

Of course, neither the POM nor the SR process consists of
only one reaction. In fact, both processes form a complex
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reaction network. The product of the SR is a gas mixture of CO,
CO,, H; and H,O. Via dry-reforming, water—gas shift, methane
decomposition and Boudouard rection, synthesis gas is formed
as the main product [4]. A typical catalyst for SR is nickel
supported on modified and promoted Al,O; [2]. For the
catalytic POM two different mechanisms depending on the
catalyst used are suggested. Hickmann and Schmidt [3] found
hints for methane pyrolysis followed by an oxidation of the
carbon over Pt and Rh catalysts. For a Ni-based catalyst
Dissanayake et al. [5] proposed a mechanism which includes
methane decomposition as the initial step.

A disadvantage of the POM is the cost-intensive air
fractionation, which generates the most significant cost in this
process. Nitrogen cannot be tolerated in the reaction zone
because it would convert to NO,. This problem led to the idea of
the combination of the POM with oxygen conducting materials
in a membrane reactor. As oxygen conducting materials,
perovskites, perovskite-related structures and stabilized zirco-
nia were investigated by different groups [6—11]. Owing to their
high electronic and ionic conductivity at relatively low
temperature, which lead to high oxygen fluxes through the
membrane, perovskites mostly were investigated for membrane
reactors.

On the one hand, thin membranes with a high surface/
volume-ratio are required for high oxygen fluxes. The hollow
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fibre geometry provides high surface/volume-ratio. A mem-
brane reactor equipped with 0.85 mm hollow fibres shows c.
4 m* membrane area per m>. On the other hand, it is important
to select a suitable material, high oxygen conductivity and high
thermal and chemical stability at temperatures 7 > 800 °C in
reducing atmospheres are required. Under reducing conditions
(e.g. synthesis gas) on the one side of the membrane and air on
the other side, the gradient of the oxygen potential over the
membrane becomes high. This high gradient is of course the
driving force for the transport of the oxygen ions and the
electrons, but it is also the driving force for transport of the
cations. This may lead to a kinetic decomposition [12], and thus
to a failure of the membrane.

Under syngas conditions, examples of unstable perovs-
kite compositions are Sr(Feyp,Copg)Os;_s [13] and
(Lag,Srgg)(Fep2Coyg)O5_5 in tubular geometry [14]. This
instability is due to the mentioned kinetic lattice decomposi-
tion. Jin et al. [15] found (Lag»Srg g)(Fey2Cogg)O3_s in disc
geometry to be stable. They explained this result with a
continous transport of oxygen through the membrane. They
also found the (Lag ¢Srg 4)(Cog 2Feq 3)O5_s material to be stable
under POM conditions for 3-7 h.

Some groups reported the intrinsic catalytic behaviour of
perovskites in the CHy-conversion [10,14]. In literature [10], it
was found that some materials show catalytic activity towards
oxidation and some towards oxidative coupling to higher
hydrocarbons. Nevertheless in both cases the conversion of
methane was quite low (<3.35%). Balachandran et al. [14]
showed that over the non-perovskite material SrCoq sFeOs_s
methane was converted up to 35% with a selectivity of around
90% to CO,. Owing to the low conversion rate and the low CO
selectivity of the perovskite itself, a conventional Ni-based
reforming catalyst was used in this work, so that the low
catalytic activity of the used membrane can be neglected.

Jin et al. [15] investigated a tubular membrane reactor made
from Lag ¢Sty 4Cog »Fe 305 _s packed with NiO/Al,Oj catalyst.
In this reactor the conversion of methane was nearly 100% but
the CO selectivity was lower than 70%. They explained this low
selectivity with the oxidation state of the catalyst: the more
reactive form for the conversion to synthesis gas is Ni’, which is
formed by the reducing atmosphere of CO and H,. First, some
synthesis gas has to be formed, then the catalyst will undergo
the reduction to metallic Ni. In a co-feed recator this process
can happen very easily, because the oxygen which is fed into the
reactor will be consumed, so the oxygen partial pressure will
decrease very sharply. In contrast, in a membrane reactor the
oxygen partial pressure is low but nearly constant over the
whole length of the membrane. Therefore the authors reduced
the catalyst with hydrogen before starting the reaction. The
result was a sharp increase in the CO selectivity (Sco = 100%)
but a slight decrease in the methane conversion (Xcy, = 84%).

Shao et al. [16] studied (Bag sSrg 5)(Cog sFeq2)05_sin a disc
shape with NiAlO, as catalyst. After approx. 1 h the methane
conversion was below 10% with a CO selectivity of only 20%.
After 21 h the methane conversion increases up to 98% and the
CO selectivity up to 93%. The reason for this increase in the
conversion is also the oxidation state of the Ni-based catalyst.

As mentioned above, Balachandran et al. [14] studied the
non-perovskite phase SrCogsFeO, in a tubular membrane
reactor with a Rh-based catalyst. They reached a methane
conversion of about 98% with a CO selectivity of 90%. This set-
up was only stable for 70 h.

In this paper a perovskite Ba(Co,Fe,Zr)O5;_s (BCFZ) is used,
which represents a very suitable material. It is stable and has a
good oxygen conductivity [17,18]. It is a good compromise
between high conductivity and sufficient stability. This
perovskite was spun to hollow fibres to reach a high surface/
volume-ratio for the use in a membrane reactor for the POM.

2. Experimental
2.1. Preparation of the hollow fibres

The hollow fibres were prepared by phase inversion spinning
at the Fraunhofer Institute for Interfacial Engineering and
Biotechnology [19]. The perovskite powder was mixed with a
solution of polysulfone (PSU) in 1-methyl-2-pyrrolidone
(NMP) (solid content 50-60 wt.%) and was ball milled for
24 h to obtain a homogenuous slurry. This slurry was spun
through a spinneret. The cutted green fibres (length 0.5 m, inner
diameter 1 mm) were sintered at 1320 °C for 5 h. After this
sintering process the hollow fibres had a length of 30 cm, an
outer diameter of 800-900 wm and a wall thickness of about
160 pm (Fig. 1).

2.2. Studies in the hollow fibre membrane reactor

The reaction was carried out in the membrane reactor shown
in Fig. 2. The reactor consisted of a ceramic tube with an outer
diameter of 6 mm, an inner diameter of 4 mm and a length of
24 cm. The Ni-based catalyst with a particle size of 160-
320 pm was placed outside the hollow fibre. The mass of the
catalyst was varied from 700 to 1000 mg. The temperature was
measured with a thermocouple outside the reactor. The

Fig. 1. SEM image of the cross section of BCFZ hollow fibre. The outer
diameter is 800-900 pm and the wall thickness 160 wm.
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synthesis gas

methane

Fig. 2. Membrane reactor for the catalytic partial oxidation of methane; air on the core side; feed on the shell side; 1: catalyst bed, 2: perovskite membrane.

membrane reactor was heated up to 850 and 865 °C,
respectively, without any gas stream. When the temperature
was achieved, air (purity 99.9995%) and the feed were fed into
the reactor, air on the core side and feed on the shell side (co-
current operation).

The feed consisted of methane, helium, neon (methane
purity 99.5%, helium purity 99.996%, neon purity 99.995%)
and in some cases steam. Neon was needed as an inert internal
standard to consider dilution effects in the reaction gas
mixture. The gas flows were controlled by mass flow
controllers (Mittig GmbH). Steam was generated from
double distilled water in a controlled evaporator unit
(CEM, Mittig GmbH) and mixed with helium in a defined
ratio. The feed flow rate and the methane content were varied
independently of each other. For the measurements without
steam at 7 = 865 °C the feed flow rate was 25, 30, 35, 50 and
65 mL/min and the content of methane 27, 33, 40, 50 and
60 vol.%. The air flow rate was kept constant at 75 mL/min.
For the a feed flow rate of 50 and 65 mL/min with a methane
content of 40 and 50 vol.% the air flow rate was varied (60 and
90 mL/min) additionally.

For the measurement with steam at 7' = 850 °C the air flow
rate was 150 mL/min and the H,O/CHy-ratio 0.5, 1.0 and 2.0,
respectively. The total feed flow varied from 40, 50, 60, 70 to
80 mL/min.

The educts as well as the products were analysed for by gas
chromatography (HP 6890N), which was connected on-line to
the reactor. The conversion with respect to the methane was
calculated as:

Fco + Fco,
Fco + Fco, + Fch, out

Xcu, = 3)
with F; = flux of component i.

The selectivity of carbon monoxide formation was
calculated as:

Fco

- -9 (€
Fco + Fco,

Sco
The selectivity of carbon dioxide formation was determined
Sco, = 1 = Sco.
The carbon balance in the experiments performed was
(100 £ 10)%.
The oxygen permeation flux was calculated as:
1

1
Jo, :EFCO‘FFCOZ +§FH20- )

2.3. Electron microscopy investigations

Membrane failure was investigated in a field-emission
scanning electron microscope (FE-SEM) of the type Jeol JISM-
6700F that was equipped with a light-element energy-
dispersive X-ray spectrometer (EDXS) of the type Oxford
Instruments INCA 300. Samples of the catalyst used in the
POM were crushed in a mortar, dispersed in ethanol and fixed
on copper supported holey carbon films for transmission
electron microscopy (TEM). Microstructural investigations
where performed in bright field (BF), dark-field (DF) and high-
resolution (HR-TEM) mode at 200 kV in a field-emission
instrument of the type Jeol JEM-2100F with an ultra high
resolution pole piece that provides a point resolution better than
0.19 nm.

3. Results and discussion
3.1. POM reaction with methane as feed

The hollow fibres used in the POM membrane reactor were
stable up to 76 h. As it will be shown, the membrane failure is a
break of the hollow fibre due to mechanical deformation caused
by coke deposition on the Ni-based catalyst.

As expected, the comparison between the measurements at
35 and 50 mL/min feed flow rate in Fig. 3 shows that a lower
feed flow, i.e. a higher contact time and lower gas hourly space
velocity (GHSV), respectively, led to higher CH,-conversions.
For both feed flow rates the CO-selectivity increased with
increasing CHy-content in the feed. This is due to the fact, that a
higher CH,4-content at constant feed flow means a higher partial
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Fig. 3. CHy-conversion (Xcy,) and CO-selectivity (Sco) vs. CHy-content at
T =865 °C; core side: 75 mL/min air; shell side: methane diluted with helium.
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Fig.4. CO-selectivity (Sco) vs. CHy-conversion (Xcy, ) with constant feed flow
rate at T = 865 °C; core side: 75 mL/min air; shell side: methane diluted with
helium.

pressure of CH,4. The oxygen partial pressure also increased
because the increasing CHy-partial pressure leads to a higher
consumption of oxygen and thus to a higher O-gradient as
driving force over the membrane. But the increase in the CH,-
concentration is higher than the increase in the oxygen partial
pressure [20,21]. So the CH4/O,-ratio increased and, therefore,
the reaction to CO is favoured.

While the conversion increased for low feed flows, the
CO-selectivity decreased (see Fig. 3). A reason can be the
higher contact time, but it can be also an effect of the
different conversion degrees. As the difference in the CHy-
conversion is quite small, the first reason is the more probable
one. For further considerations, Fig. 4 shows the CO-
selectivity versus the CHy-conversions for two different feed
flow rates (30, 65 mL/min). A higher feed flow led to higher
CO-selectivities for equal CHy-conversions. A higher CHy-
conversion at constant feed flow rate leads to higher CO-
selectivities.

The influence of the air flow rate can be seen from Fig. 5. For
a CHy-content of 40 vol.% the CO-selectivity increased with
increasing air flow rate. However, since the CO-selectivities
were determined at different CHy-conversions (Xcn, ~ 81%
for 60 mL/min air and Xcq, ~ 100% for 75 and 90 mL/min air)
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Fig. 5. CO-selectivity (Sco) vs. air flow rate (core side) at 7 = 865 °C; shell
side: 50 mL/min methane diluted with helium.

these data cannot be compared and a clear trend cannot be seen
from these data. For a CHy-content of 33 vol.% the CO-
selectivity goes through a maximum for an air flow rate of
75 mL/min (conversion for every data point around 100%). A
decrease with increasing air flow rate was expected because of
an decrease in the CH4/O,-ratio by increasing the oxygen
partial pressure. One possibility for this low selectivity for a low
air flow rate might be, that not enough oxygen was permeated
through the membrane so that the CH, decomposed and formed
coke. The coke formation and deposition on the catalyst and the
fibre was studied, after the hollow fibre was broken.The fibres
were investigated by FE-SEM and the catalyst by TEM as
shown in Section 3.2.

The highest oxygen permeation flux through the perovskite
membrane under study was achieved for a feed flow rate of
35 mL/min with a CH4-content of 40 vol.% and an air flow rate
of 90 mL/min. It amounts 14.3 mL/min cm?.

In comparison with the literature, in this study lower CO-
selectivities were found: 80% CO-selectivity at 94% CHy-
conversion and 83% CO-selectivity at 82% CHy-conversion
(not shown in the Figs.), respectively. These lower selectivities
are due to the higher dilution of the methane, e.g. [15]
CH4:He = 1:14.5, or to a different kind of catalyst [13].

Fig. 6. (a) Scheme of catalytic graphization of coke, (b) HR-TEM of nickel and lamellar carbon.
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Fig. 7. TEM micrographs of transformed coke intermixed with nickel: (a) bright field; (b) selected area diffraction; (c) dark field.

3.2. Electron microscopy investigations

Coke is formed by several reactions from the mentioned
complex network, e.g. the Boudouard reaction and the CHy-
decomposition. Once coke is present, it is isothermally
transformed to lamellae of turbostratic carbon by the migration
of nickel particles. This phenomenon is known as catalytic
graphitization, the thermodynamics of which is described to
some extend in literature [22-25]. During the catalytic
graphitization the relatively disordered carbon (high chemical
potential of carbon, w.) is dissolved by the metal particles,
diffuses through the metal particle and precipitate turbostratic
carbon lamellae of lower chemical potential (Fig. 6a). The
difference in the value of the free enthalpies AG is in the order
of 30-50 kJ per mole carbon at 7= 850 °C [23]. In the high-
resolution micrograph in Fig. 6b, a nickel particle with the
(11 1) lattice fringes of 0.21 nm shows up as well as adherent
carbon lamellae with dg ¢ ¢ » fringes of 0.35 nm. Owing to the
turbostratic structure [26] the plane spacing is slightly larger
than what would be expected for well-ordered graphite. During
the course of the operation, nickel particles migrate through the
whole free space and leave lamellar carbon behind them. A ball
of lamellae with thicknesses in the range of 10-20 nm is shown
in Fig. 7 in bright-field as well as in dark-field contrast. The DF
micrograph of Fig. 7c shows the turbostratic carbon with light
grey contrast and some nickel particles that are in preferential
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Fig. 8. Time dependence of the CHy-conversion (Xcp, ) and the CO-selectivity
(Sco), respectively, 7=850 °C, 60 mL/min feed flow rate, 30 vol.% CH,-
content.

diffraction condition as light spots. The evolution of carbon
lamellae may cause a constipation of the sweep pathway and
finally a breakdown of the membrane reactor. In conclusion,
this regime of operation should be strictly avoided. That can be
achieved reliably by keeping the steam content at a high level.

For evaluation of whether the breakdown of the membrane is
due to a chemical instability (decomposition of the material) or
to a mechanical instability because of the formation of coke, the
cross-sections of the fibre were investigated by EDXS. It was
found that the elements are distributed evenly (results not
shown here). There is no enrichment of special elements on the
core and on the shell side, respectively. The XRD of the grinded
spent hollow fibre showed the unchanged perovskite structure.
That is to say the break down of the fibre is only due to the coke
formation. To avoid this coke formation, steam was added to
methane as reaction gas.

3.3. POM reaction with methane and steam as feed

The POM reaction was investigated with methane and steam
as reaction gases. The hollow fibres were stable for up to 65 h.
As it will be shown, the membrane failure was due to the
formation of BaCOs.

The CHy-conversions increased from around 84% within
20 min after the gases were fed into the reactor up to c. 100%
after 3h (see Fig. 8). Simultaneously the CO-selectivity
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Fig. 9. CO-selectivity (Sco) vs. air flow rate (core side); 7= 850 °C, 40 mL/
min feed flow rate, 30 vol.% CHy-content, Xcy, = 100%.
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Fig. 10. CHg-conversion (Xcn,) and CO-selectivity (Sco), respectively vs. feed
flow rate (shell side); 7'= 850 °C, 30 vol.% CH,-content, H,O/CH, = 1.0.
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Fig. 11. CO-selectivity (Sco) vs. feed flow rate (shell side) at different H,O/
CHj,-ratios and CH,-contents; 7 = 850 °C.

fluctuated, but the trend is an increase with reaction time: from
40 to 60%. This result is in accordance with literature data [15].
As mentioned above, a possible explanation for this initial low
selectivity is that in a membrane reactor the NiO-based catalyst
cannot be reduced so easily as in a co-feed reactor. After the 3 h
of reaction shown in Fig. 8 the hollow fibre was still stable and
the new reaction conditions were established.

The dependence of the CO-selectivity from the air flow rate
can be seen in Fig. 9. With an increase in the air flow rate (from
120, 150 up to 180 mL/min) the CO-selectivity decreased

I I T |
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Table 1
CHy-conversion for different feed flow rates and different H,O/CH,-ratios;
T=13850°C, 30 vol.% CH,

Xcn, (%) Xcn, (%) Xcn, (%)
(feed flow rate (feed flow rate (feed flow rate
40 mL/min) 50 mL/min) 70 mL/min)
H,O/CH; =1.0 97 96 97
H,O/CH, = 1.5 100 98 100

slightly from 52 to 46%. This increase is due to a slight increase
in the oxygen permeation flux: the higher the air flow rate, the
higher the oxygen flux [17]. For a higher air flow rate the
oxygen partial pressure in the reaction mixture is higher (before
the consumption) and, therefore, the total oxidation of methane
to CO, is preferred.

From Fig. 10 it can be seen, that the CO-selectivity increased
with increasing feed flow rate, at constant CHy-content. For a
feed flow rate of 60 mL/min a high selectivity of CO (around
70%) can be achieved. This is due to the fact, that the CH,-
conversions decreased for this condition and selectivities at
different conversion cannot be compared. In contrast to the
measurements without steam, in these measurements there is no
clear trend in the CO-selectivity for increasing CH4-conversion
and will be therefore not discussed. The increase in the CO-
selectivity (at nearly constant conversion) with increasing feed
flow rate is a result of the lower contact time: a low contact time
favours partial oxidation, while a high contact time favours the
total oxidation.

In the SR-process high H,O/CHy-ratios reduce the CHy-
conversions because of a catalyst inhibition [1]. In the POM
membrane reactor with addition of steam in the feed gas, this
influence cannot be proved for ratios of 1.0 and 1.5 (see
Table 1). For both conditions the conversion is around 100%.
From the literature it is known that a high steam content favours
the production of carbon dioxide [27]. This means, a high steam
content leads to a decreasing CO-selectivity and, hence, to a
possible failure of the membrane because of a reaction between
the Ba®*-ions and CO, to BaCO;. Dosing of steam is necessary
to avoid coke formation. It is important, therefore, to evaluate
the perfect H,O/CHy-ratio. The influence of the H,O/CHy-ratio
on the CO-selectivity is shown in Fig. 11 for the ratios of 1.0

100 T T T T
80+ | BaCO, |
——membrane after POM
3
_"E 60 -
=
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o 40F -
E
20
0 / w i 1h ‘||Il| gl
20 30 40 50 60 70 80 90
(b) 20/°

Fig. 12. (a) XRD pattern of the fresh hollow fibre; (b) XRD pattern of the hollow fibre at the exit of the reactor compared with pattern of BaCOj3.
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Fig. 13. Comparison of the H,/CO-ratio from the measurements without steam
and with steam in the reaction gas for different feed flow rates; 7= 850 °C,
40 vol.% CH,4, H,O/CH, = 1.0.

and 1.5. As discussed before, the CO-selectivity increased with
increasing flow rate. Contrary to the literature [27] the CO-
selectivity increased when the H,O/CH,-ratio was increased
from 1.0 to 1.5. The influence of the CH,-content in the feed on
the CO-selectivity is shown as well in Fig. 11. As expected the
CO-selectivity (at constant CHy4-conversion) increased for a
higher methane content. For the measurements with an H,O/
CHjy-ratio of 1.0 as of 1.5 there is no coke formation on the
catalyst. In Fig. 12 the XRD patterns of the hollow fibre before
the reaction (a) and after the reaction (b) are shown. For the
measurements of the fibre after the reaction samples from the
middle of the reactor (hot zone) as well as from the exit (colder
zone) were taken. Between the fresh fibre and the sample from
the hot zone no differences can be noticed in the XRD. But for
the sample from the colder exit of the reactor the formation of
BaCO5; can be observed. BaCO; is formed because of a
relatively high CO,-amount in the gas. The lower temperature
at the exit of the reactor favours the formation of the carbonate.

Fig. 13 shows the different H,/CO-ratios as a function of the
feed flow rate for the measurements with and without steam in
the feed gases. There is nearly no influence of the feed flow rate
on the H,/CO-ratio. But it can be seen, that the H,/CO-ratio is
smaller for the experiments without steam. The value is around
2 as expected from the direct partial oxidation. For the
measurements with steam, the value is between 3.5 and 4.0.
One possibility for this higher value is that with steam in the
reaction gases the whole network of reactions from the SR can
takes place. In Table 2 it can be seen, that for the higher H,O/
CHy-ratio of 1.5 the H,/CO-ratio is larger than for the ratio of

Table 2
H,/CO-ratio for different H,O/CH,-ratios and feed flow rates; T =850 °C,
30 vol.% CH,4

H,/CO H,/CO H,/CO

(feed flow rate (feed flow rate (feed flow rate

40 mL/min) 50 mL/min) 60 mL/min)
H,O/CH4=1.0 2.9 2.9 32
H,O/CH,=1.5 3.3 4.3 3.8

1.0. For an increase in the feed flow rate no trend can be seen in
the H,/CO-ratio.

4. Conclusion

The POM to form synthesis gas was studied in a novel
hollow fibre membrane reactor. The POM was studied for
different feed and air flow rates and different CH4-contents in
the feed. The BCFZ hollow fibres showed a good chemical
stability under POM and a lower stability under POM plus
steam conditions.

For a CHy-conversion of 82% a CO-selectivity of 83% was
found. The oxygen permeation flux was of the order of 57 mL/
min cm?” at 7'= 865 °C.

To avoid coke formation additional measurements with
steam in the feed were performed. The highest CO-selectivity
(71%) at a CHy-conversion of 100% were achieved at a feed
flow rate of 80 mL/min, a CH,-content of 40 vol.%, a H,O/
CHy-ratio of 1.0, and an air flow rate of 150 mL/min. As
mentioned above the CO-selectivity increases with an increase
in the H,O-content from the H>,O/CHy-ratio of 1.0-1.5. It is
possible that the selectivity from 70% can be increased by
increasing the H,O/CHy-ratio. An increase in the selectivity
should improve the stability of the fibre because the formation
of BaCOj; can be prevented.

An H,O/CHy-ratio of 1.0 is sufficient to suppress the coke
formation. The CO-selectivity can also be increased by
increasing the feed flow rate. The consequence of increasing
the feed flow rate is a decrease in the conversion of CHy.

Co-feeding methane and steam allows the POM to be run
with a coke free Ni-based catalyst. The CO-selectivity is only
slightly lower than without steam.
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