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Abstract

Different methods for the preparation of hydrogen permselective palladium composite membranes on asymmetric ceramic
and porous stainless-steel tubes were tested. Electroless plating, electroplating, chemical and physical vapor deposition, as
well as high velocity oxy-fuel spraying were investigated. Electroless plating was confirmed to be a suitable method for
coating ceramic supports. Promising methods for the preparation of composite palladium-steel membranes are high velocity
oxy-fuel spraying and a combined method of electroplating and electroless plating. Successfully coated membranes were
employed for hydrogen separation in lab-scale membrane reactors during the dehydrogenation of ethylbenzene to styrene
and propane to propylene. In both cases, the removal of hydrogen significantly increased the olefin yield, as compared to the
corresponding conventional packed-bed reactor results. A relative increase of styrene yield above 15% was observed using
a palladium—ceramic membrane. The relative increase of propylene yield was close to 18% for the same type of membrane.
Employing a stainless steel-based membrane even further increased the yield of propylene. However, in contrast to the virtually
defect-free ceramic-based membranes, a certain amount of other components passed the palladium—steel membrane along
with hydrogen, amounting to roughly 20% of the total exit gas flow. ©2000 Elsevier Science B.V. All rights reserved.

Keywords:Membrane reactor; Hydrogen permselective membrane; Composite membrane; Ceramic membrane; Stainless-steel membrane;
Dehydrogenation

1. Introduction the main motivation for applying membrane reactors
for hydrocarbon dehydrogenation. Given the removal
The integration of reaction and separation in mul- of hydrogen arising from the dehydrogenation, the
tifunctional reactor concepts moves more and more reaction can be continued beyond the equilibrium
to the center of interest of both research institutes conversion.
and industrial companies. The enormous advantage However, the use under typically harsh conditions
of such concepts comes — besides of a cost re- of industrial dehydrogenation processes not only
duction for plant equipment and maintenance and calls for high permeability and high selectivity of the
the opportunities of simplified separation and heat membranes employed, but also for sufficient thermal,
management — first of all from the attainment of mechanical, and chemical stability. Successfully in-
higher conversion and product yield. This is also tegrating membranes into a reactor design is not a
trivial task either. In particular, gastight sealing of
* Corresponding author. Fax:49-9131-857421. ceramic membranes to metallic reactor parts can
E-mail addressdittmeyer@dechema.de (R. Dittmeyer). cause severe difficulties.
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The work so far published in the field of membrane
reactors for dehydrogenation of hydrocarbons covers -H; - Ha
H.

all common reactions and various reactor configura- CaHg —’+H2 CaHs H C3Hy
|

tions. Because of the severe demands on the mem- e
branes to be employed and the problems raised hereby, +Hy [-CH,4
experimental investigations carried out under realistic

operating conditions are relatively rare. Recent publi- C.H ,__"H2c H, —> COKE —> CO/CO

cations deal mainly with modeling and simulation [1] e +Hy 2ma +0, 2

or membrane preparation methods [2—4]. Our work is

focused on membrane application for hydrocarbon de- Fig. 1. Simplified reaction scheme for propane dehydrogenation.
hydrogenation, under operating conditions as close to

the industrial process as possible. Due to their supe-

rior permeance and permselectivity, palladium com- 2.1. Propane dehydrogenation

posite membranes consisting of a thin dense metallic

layer on a robust porous support, preferably stainless During the dehydrogenation of propane to propy-
steel, recommend themselves as most attractive typelene and hydrogen, a series of side reactions take place.
of membrane for this application. Electroless plating The products are shown in Fig. 1. The industrial pro-
has been described by various authors as a suitablecess is performed in packed bed, moving bed, or flu-
method for coating of thin palladium films on porous idized bed reactors at temperatures around 5504650
ceramic and metal substrates [5,6]. In addition, some and moderate pressure. Frequently, hydrogen is added
work has been reported on other coating techniquesin quantities of 10-20 mol% in order to delay catalyst
as well, e.g. electroplating [7] and chemical vapor deactivation. Common catalysts are Pt—-Sn ofQr
deposition [8]. supported oy-Al>03 or ZrOs.

This paper describes preparation and use of pal- To date membrane reactors for propane dehydro-
ladium composite membranes for two industrially genation were investigated experimentally only by few
relevant test reactions, i.e. the dehydrogenation of authors. Ziaka et al. [11,12] reported the employment
ethylbenzene to styrene and the dehydrogenation of of porous alumina membranes with a nominal pore
propane to propylene. In the run-up to the membrane size of 4 nm. The investigations were carried out at ca.
reactor tests, extensive kinetic studies were carried 0.2 bar pressure difference between both sides of the
out for both reacting systems. A detailed description membrane, without sweep gas on the permeate side.
of the results of the kinetic modeling is beyond the Using a propane—hydrogen feed (molar ratio 4:1), a
scope of this paper and will be discussed in a sep- relative increase of propylene yield of 26% at 90% se-
arate publication. The kinetic models derived were lectivity to propylene was obtained at 56D (packed
implemented in a membrane reactor simulation pro- bed: 80%) [11]. Porous membranes were also inves-
gram developed by our group, in order to accompany tigated by Weyten et al. [13]. They could only reach
and facilitate the experimental work [9]. The results significant improvement of propylene yield at rather
of this simulation will also be reported elsewhere low space velocity, i.e. below 0.25h (WHSV). A
[10]. considerable amount of sweep gas passed the mem-

brane and diluted the reaction mixture (retentate)
during the experiments, yet this was not considered
responsible for the measured increase in conversion.
2. Dehydrogenation of hydrocarbons A patent by Bitter [14] describes the application of
porous alumina membranedyfre=10nm), e.g. for

Heterogeneously catalyzed dehydrogenation re- propane dehydrogenation. It claims improvements
actions are endothermic and equilibrium restricted. of propane conversion from 40.1 to 58.7% (selectiv-
In general, the formation of olefins is favored ity 90%) at 575C and a space velocity of 0.5k
by low pressure (expansion of volume) and high (WHSV). Collins et al. [15] investigated both porous
temperature. ceramic membranesdore=0.5nm) and composite
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palladium—ceramic membranes. Their experiments of 1-2 1 (WHSV), and a steam-to-oil ratio (s/0) of
were performed at very high space velocity, similar 0.5-2.0, on a weight basis.

to those in conventional technical reactors. Only with  Similar to propane dehydrogenation, the number of
porous membranes an increase of propylene yield waspublications with experimental matter on the use of
observed. Compared to experiments in a packed-bedmembrane reactors for the dehydrogenation of ethyl-
reactor the yield was raised from 29.6 to 39.6% with benzene is rather low. Most of the experimental work
no loss in selectivity but accelerated catalyst deac- carried out deals with porous ceramic membranes.
tivation. Under these conditions, the authors found Wu et al. [17] could improve ethylbenzene conver-
ca. 10 mol% sweep gas in the retentate at the reactorsion from 48% (plug flow reactor) to 65% at 64D
outlet. Employing palladium composite membranes by use of ceramic membranedgre=4 nm). A slight
gave a small increase of propylene yield only at low increase of styrene selectivity was observed. It should
temperature. At temperatures above 86@ropylene be mentioned that these experiments were performed
yield was even decreased, as compared to experimentsvith a feed diluted with nitrogen. Various membrane
in a conventional packed-bed reactor. This was traced reactor configurations for porous alumina tubes were
back to an instability of the palladium membrane investigated by Yang et al. [18]. They reported an
under reaction conditions. Sheintuch and Dessau [16] absolute increase of styrene yield of 11% at 620
utilized dense Pd-Ag (7pm wall thickness) and  Tiscareno-Lechuga and Hill [19] were able to reach
Pd—Ru tubes (254:m wall thickness) as membranes the equilibrium conversion of ethylbenzene by em-
for the removal of hydrogen from the dehydrogena- ploying a porous membrane with a pore size of 5nm.
tion reactor. They reported an enormous improvement They had tremendous problems with coking and the
of propylene yield. At 550C, they found a maximum  low permselectivity of the membrane used. Again, the
propylene yield of 70%. However, this was achieved feed was diluted with nitrogen. A hybrid configuration

at very low space velocity of 0.12# (WHSV). with a conventional packed-bed reactor followed by a
membrane reactodgore=4 nm) was investigated by
2.2. Ethylbenzene dehydrogenation Gallaher et al. [20]. An absolute increase of styrene

yield of 7% was achieved. The experiment was per-
The reaction scheme for ethylbenzene dehydro- formed with a liquid hourly space velocity (LHSV)
genation is shown in Fig. 2. A characteristic feature of 0.411, a temperature of 57& and a feed com-
of this process is the addition of large amounts of position No:H2O:EB of 9:9:1.Bitter [14] not only
steam to the feed. The catalysts used consist first of proposed the use of porous ceramic membranes for
all of Fe&x0O3 and KoO. The usual reaction conditions dehydrogenation of propane but also for dehydrogena-
are temperatures in the range of 540-850atmo- tion of ethylbenzene. At 62& and 4 bar pressure he
spheric or subatmospheric pressure, a space velocityreported an improvement of ethylbenzene conversion

-H
O_CH*_ CH, =—= H==CH,

\ - / <H; | +H,0
+H, \ / ¢ +Haz

COKE f”—;f» co/co,
T 'H2 +H20 ‘f

Y
@ + @—CHa + CyH; + C;Hg + CH,

Fig. 2. Simplified reaction scheme for ethylbenzene dehydrogenation.
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Table 1
Properties of the membrane supports

Unit  Sinter metal tubes Ceramic tubes

Length (mm) 110 110/150

Outer diameter (mm) 10 10

Wall thickness (mm) 2 15

Pore size top layer m) ca. 0.3 0.8

Thickness top layer m) ca. 100 60°

Material Cr—Ni-Steel a-Al203
Manufacturer Krebsoege GmbH Inocermic GmbH

aData of manufacturer.
b Estimated by SEM-micrographs.

from 50.7 (packed bed) to 65.2% (membrane reactor)
at 94% styrene selectivity.

3. Experimental

3.1. Preparation of palladium composite membranes

Asymmetric tubes made of alumina and porous
stainless steel, respectively were used as support
for the preparation of palladium composite mem- . §
branes. Both supports consist of a thick macroporous o :
tube and a thin top-layer with small pores on which e ¢
the palladium was coated. In case of the ceramic - @
tubes the microporous layer is located on the inside, (b
whereas the stainless-steel tubes have it on the out-
side. The membrane dimensions and other relevant
data are summarized in Table 1. SEM-micrographs
of both support types are shown in Fig. 3. Electroless
plating and chemical vapor deposition (CVD) were o Surface activationimmersion in an acidic Pdgl
employed for the coating of the ceramic supports. bath;

The palladium-stainless-steel membranes were pre-e Plating with palladium immersion in the electro-
pared by electroless plating, electroplating, physical |ess-plating bath, with the main components RdClI

Fig. 3. SEM-micrographs: (a) asymmetric ceramic support; (b)
asymmetric porous stainless-steel support.

vapor deposition (PVD), and high velocity oxy-fuel  as palladium source and hydrazine,H§OH) as
spraying (HVOF). reducing agent.

The detailed plating instruction can be found in [5].
3.1.1. Electroless plating In the following, the differences between the method

The preparation basically was carried according to of Collins and Way and the plating procedure used
the method proposed by Collins and Way [2,5]. The in this study are pointed out. In case of the porous
support tubes were treated after to the following pro- stainless-steel tubes, the cleaning sequence was ex-

cedure: tended by ultrasonic rinsing in acetone to remove ad-
e Cleaning ultrasonic rinsing in ammoniac solution, herent contaminants like oil or grease. The carriers
isopropyl alcohol and deionized water; were turned upside down after each plating step to

e Surface sensitizing: immersion in an acidic avoid the generation of defects at the top end caused
SnCh/SnCl, bath; by ascending bubbles in the upper part of the tubes.
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Table 3

Drying of the plated membranes at T4 at least af- Operating conditions chemical vapor deposition

ter every second plating step, proved to be essential

for a successful coating, as it greatly improved the ad- Parameter Unit Value
hesive strength of the palladium layer (cf. Chap. 4.1). vaporizer temperature °C) 60

The ceramic tubes were plated in a length of 150 mm Reactor temperature °¢) 210
and finally cut to the desired length of 110 mm after Reactor pressure (Pa) " 50000
preparation. This proved to be advantageous, becausééiidﬂz]ﬁs; flow (l\fr:]?nr:m)l) gfl

the mgmbranes showed defects preferably close to theResiolence time ) 95
ends in an area of ca. 10 mm next to the faces. Vari- peposition time (h) o9-11

ous attempts to seal the end regions with solder glass,
high-temperature cement or similar materials failed.
The same holds for sealing of the membrane ends be-
fore plating [2], as this prevented a defect-free coating
in the transition region between the ceramic tube and
the sealing material. Only by cutting off the membrane
ends followed by polishing of the faces, a gastight con-
nection of the membrane to the reactor flanges could
be established.

current density. Higher current densities and tempera-
tures reduced the adhesive strength and the durability
of the palladium layer. After plating, the membranes
were rinsed in deionized water and dried at I Gor
several hours.

3.1.3. Chemical vapor deposition (CVD)
CVD was studied as another potential method to

3.1.2. Electroplating _ coat the ceramic tubes. Membrane cleaning was again
The electroplating procedure for the stainless-steel performed corresponding to the electroless-plating

tubes was acquired from a variety of experiments. procedure.  Palladium  hexafluoroactylacetonate
Above all, the composition of the plating bath, the cur-  pg(GHF0,), was used as palladium precursor.
rent density and the plating temperature were investi- The precursor was vaporized at°@and fed to the
gated. Among others, instructions given by Buxbaum cy/p.reactor using nitrogen as carrier gas. There it
and Hsu [7] for electroplating were picked up. Itturned |55 decomposed at 210 and palladium was de-
out in the course of the experiments that the best re- hnsited on the ceramic tubes fixed inside the reactor.
sults are obtained by a combination of these plating The shell side and the faces of the tubes were sealed
instructions and the electroless plating procedure de- g4 that they could not get in touch with palladium.
scribed previously. Tube cleaning was carried outanal- gimjjar to the electroless plating, the tubes were
ogously to the electroless plating. The same holds for y,rneqd upside down after half of the deposition time
sensitizing and activating of the supports. The actual 5 ensure a uniform coating. The CVD deposition

plating was performed in an acidic palladium chlo- arameters are summarized in Table 3.
ride solution with ammonia supplemented. Addition

of NaH,PO»-H2 0, as proposed by Buxbaum and Hsu,
was omitted because a better plating control had been
achieved without. The constituents of the electroplat-
ing bath are listed in Table 2. The plating was carried
out at temperatures of 50-8Dwith 0.1-0.5 mA crm?

3.1.4. Physical vapor deposition (PVD)

PVD was used to coat porous stainless-steel tubes
only. In this technique, Pd is evaporated in a vacuum
chamber and subsequently deposited by condensa-
tion on the surface of the support placed inside the
vacuum chamber. Several PVD-versions are com-

Table 2 monly used. The experiments reported here have been
Electroplating bath composition carried out using an electron beam evaporation in-

) strument at the Institute for Solid State and Materials
Substance Formula Concentration

Research Dresden (Germany), which was operated
Palladium(ll)-chloride PdGl 29'_11 below 1x 10 °mbar pressure. Pd was charged
:lyndr;(:)cn%or:chiglr%xi de :E'O(gg%) 12gﬂ|rl in a crucible inside the vacuum chamber. The

stainless-steel tube rotated roughly 7cm above the
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crucible inside the vacuum chamber. The temperature
of the support was controlled. Coating experiments
were carried out at support temperatures around
250°C and deposition rates in the range of 1-3nth s

3.1.5. High velocity oxy-fuel spraying (HVOF)

The coating by high velocity oxy-fuel spraying was
carried out in cooperation with ATZ EVUS, Vilseck
(Germany). HVOF is a thermal spraying technique
for coating of supports based on powder-type spray-
ing materials. The Pd powder is partly molten in an
oxygen-fuel flame at temperatures of 2600-29D0
and sprayed on the support using high spraying ve-
locities in the range of 500-600 m% At the surface,
the impinging particles are deformed due to their high
thermal and kinetic energy. Repeated coating finally
leads to a continuous Pd layer.

The palladium powder used was provided by De-
gussa AG in a grain size below 4B. A propane/air
mixture served as a fuel for the spray gun. After
cleaning with ethanol, the tube was clamped hori-
zontally and set into rotation around its longitudinal
axis. During the coating, the spray gun was moved
computer-controlled along the rotating tube at linear
velocities of 25 and 37 mnt$, respectively. This
procedure was repeated several times until the desired
thickness of the palladium layer was reached.

3.2. Dehydrogenation experiments

Identical membrane reactors were used for both test
reactions. The construction details of the reactor are
shown in Fig. 4. Essentially, the reactor consists of
two concentric tubes with a length of 110 mm which
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Fig. 4. Construction principle of the laboratory membrane reactor.

Permeate Retentate

a regeneration gas gNsynth. air) can be supplied.
Hydrogen removal at the permeate side of the reactor
can be realized by nitrogen sweep gas or by using a
vacuum pump (Vacuubrand, MD 4C). Pressure con-
trollers for shell and tube side are installed. A gas
chromatograph (Dani, 86.10) equipped with flame
ionization (FID) and thermal conductivity (TCD) de-
tectors serves for product analysis. The apparatus for
dehydrogenation of ethylbenzene is equipped with
liquid pumps for dosage of ethylbenzene and water, a
vaporizer and two condensers for the exit gas streams
(retentate and permeate side). Condensable hydrocar-
bons are analyzed by a FID (Siemens RGC 202), the
gaseous components are determined by a TCD and,

are clamped between two metal flanges and sealed byafter methanization, additionally by a FID. Thermal

graphite seals. The inner tube is the composite mem-

brane, the outer one is a dense tube of the same ma-

terial as the membrane support. The catalyst is filled

mass flow controllers for dosage of sweep gas and
a pump (Vacuubrand, cvc 2000) for evacuating the
permeate side complete the experimental setup.

into the annular space between the membrane and the

dense tube. Commercial catalysts were employed for
both reactions.

Two separate test rigs were set up for propane and
ethylbenzene dehydrogenation, respectively. The one

4. Results and discussion

4.1. Results of membrane preparation

used for propane dehydrogenation besides the reactor

includes thermal mass flow controllers as gas feeding
devices for propane, hydrogen, nitrogen, and syn-
thetic air. Alternatively the feed #Hg, Hz, N2) or

4.1.1. Composite palladium—ceramic membranes
By electroless-plating porous ceramic tubes
were coated with defect-free palladium layers in
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Fig. 6. Hydrogen and nitrogen permeance of electroless plated
composite palladium—ceramic membranes.

the value of 2.5¢ 10-°molm2s~! Pa! determined

at room temperature is much lower. The permeance
of nitrogen at room temperature was found to be
10 M molm2s 1 Pa?l, resulting in an ideal sep-
aration factor for H/N> of 250. Measurements of
nitrogen permeance at elevated temperature were not
performed yet. However, higher separation factors are
expected due to the increase of hydrogen permeance
with temperature.

Table 4 shows a comparison of the hydrogen per-
Fig. 5. SEM-micrographs of a composite palladium—ceramic mem- m.eance e permeablllty. oboh prepareq membranes
brane prepared by electroless plating: (a) cross section; (b) palla- with selected data from literature. Despite the lower
dium surface. thickness of the palladium layer the composite mem-

branes prepared in this study exhibit a lower hydrogen
reproducible manner. Layers with a thickness of permeance. The difference in hydrogen permeability
0.3-0.4um could be deposited in one plating step. based on the thickness of the Pd layer as derived from
The palladium layers have a very good adherence SEM-micrographs is therefore even more striking. So
on the support. Fig. 5 shows the cross section and far no detailed explanation can be given for these find-
the surface of a membrane after six plating steps. It ings. Itis assumed that Pd is also deposited beyond the
is clearly visible that the palladium is firmly con- surface, i.e. inside the pores of the ceramic top-layer,
nected to the ceramic support. The palladium layer is consequently pretending a lower thickness.
ca. 2-3um thick. The membrane surface shows the In the run-up to the dehydrogenation experiments
typical palladium clusters which are perfectly grown the thermal stability of the membranes was tested. Fig.
together in this case; defects are absent. Membranes/a shows a membrane prepared by electroless plating
prepared according to this procedure have a hydro- after heating to 62GC for more than 70 h in presence
gen permeance of ca.>410- ' molm—2s 1Pal at of air. No defects are visible. Measurements of ni-
temperatures representative for dehydrogenation re-trogen permeability before and after the temperature
actions (400-60CC). In this temperature range, no treatment gave identical results. Fig. 7b shows a view
significant dependence of the permeance on temper-on the surface of a membrane after heating to°850
ature was observed as shown in Fig. 6. In contrast, for a duration of 2 h. In this case, holes in the palladium
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Table 4

Comparison of the permeation results of the palladium—ceramic membranes prepared by electroless plating with selected literature data
Temperature Thickness of JHbermeance bl permeability Separation factor Coating Reference

(°C) the Pd film um) (molm2s1Pal) (molmls1Pal) (Ha/Ny) method

25 3 3x 1079 9x 10715 >300 Electroless plating This work

400-600 3 41077 1.2x 10712 >300 Electroless plating This work

500 8 5x 1076 4.0x 10711 >1000 CVD Yan et al. [21]

500 12 8x 1077 9.6x 10712 770 Electroless plating Collins et al. [15]

layer are clearly visible. Moreover, the structure of the ceramic tubes, leads to similar deposition rates. How-
layer has been changed to more or less isolated palla-ever, many defects in the palladium layer remained
dium clusters. Normally, individual palladium clusters even after numerous plating steps. Dense palladium
are hardly visible. Testing of this membrane against films could neither be established by electroplat-
nitrogen overpressure showed remarkable leakage. ing alone, because of too low plating rates (roughly

During the electroless-plating experiments it was 0.1-0.2umh~1). Electroless plating followed by
found that drying of the membranes, at least after ev-
ery second plating step, is essential for the formation
of defect-free layers. Initial drying of the membranes
yet after the whole plating procedure led in most cases
to the formation of cracks in the palladium layer. It is
assumed that during the plating some water is trapped
inside the palladium layer. When this water is evapo-
rated during the final heating it may generate cracks.
Intermediate drying at 12C reduces the risk of crack
formation since the amount of trapped water should
be reduced.

The preparation of compact palladium films by
CVD did not have the expected success yet. It was
noticed that palladium was deposited preferably in the
pores of the ceramic support. Although the presence
of palladium was reaffirmed by weight increase and
EDX analysis, SEM-micrographs of the membrane
surface hardly showed a difference compared with the
bare support. Obviously the pore size of the ceramic
supports employed has been too large, so that the
precursor could deeply penetrate into the bulk struc-
ture of the support before the deposition occurred.
Ongoing experiments carried out with ceramic tubes
with reduced pore diameter of 4 nm showed already
improved results.

4.1.2. Composite palladium—stainless-steel
membranes

Porous stainless-steel membranes were coated by
palladium using a combination of electroless and elec-

troplatlng, HVOF, and PVD. . Fig. 7. SEM-micrographs; effect of temperature treatment on
It was found that electroless plating of Pd on porous electroless plated composite palladium—ceramic membranes: (a)
stainless-steel tubes, when compared to the use of620°C, 70h; (b) 850C, 2h.
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electroplating was the only method producing plane
and coherent palladium layers, although the success
of this method turned out to be dependent on the
structure of the support. Only stainless-steel tubes
sintered at relatively high temperature proved to be
suitable. High sintering temperatures guarantee a
plane and nearly smooth surface. But even through
the use of this type of supports and the combination of
electroless and electroplating techniques the quality
of the ceramic-based composite membranes could not
yet be reached. In Fig. 8, the nitrogen permeance of
various palladium—stainless-steel membranes is com-
pared with that of a palladium—ceramic membrane.
The stainless-steel membrane coated by combined
plating shows a nitrogen permeance about two orders Fig. 9. SEM-micrograph of a composite palladium—stainless-steel
of magnitude higher than the ceramic-based mem- membrane prepared by a combination of electroplating and elec-
branes. The palladium surface is shown in Fig. 9. foless plating.
The palladium clusters are well grown together, no
defects are visible. Obviously, the measured larger Compared to the palladium—ceramic membranes this
nitrogen permeance must be due to single defects ofis more than three orders of magnitude higher.
the stainless-steel support which cannot be covered The best preparation results for the stainless-steel-
by this coating method. Fig. 10 shows an example based membranes were obtained by HVOF. As can be
of such a defect found in the top layer of a porous seen in Fig. 8, the nitrogen permeance almost reaches
stainless-steel tube. It is clear that a coating of defects the low level of the palladium—ceramic membranes.
of nearly 50um size is hardly possible. However, the layers coated by HVOF are considerably
The surface of a PVD-coated stainless-steel thicker, e.g. the palladium layer shown in Fig. 12a has
tube is shown in Fig. 11. The palladium clus- athickness of roughly 70m. As demonstrated clearly
ters do not yet form a coherent layer, there is by the transparent cut shown in Fig. 12b, the layer is
still some space left between. This is confirmed coherent and no open pores exist. For the preparation
by the nitrogen permeance (cf. Fig. 8). Values of by HVOF symmetric porous stainless-steel tubes were
about 1.5x 108molm2s 1 Pa! were measured. used. These supports have a pore diameter consider-
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Fig. 8. Nitrogen permeance of various coated palladium composite Fig. 10. SEM-micrograph of a defect in the top layer of an
membranes. asymmetric porous stainless-steel support.
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Table 5

Operating conditions of propane dehydrogenation

Parameter Unit Value
Reactor temperature °Q) 560
Retentate pressure (Pa) 130000
Permeate pressure (Pa) 110000
GHSV (NII=1h=1) 200
Normalized sweep gas flow =) 17
Catalyst weight (9) 7.0
Catalyst grain size (mm) 0.8-1.0

ably larger and less uniform than the top-layer of the
asymmetric supports. It is therefore expected that the
use of asymmetric tubes together with fine Pd spray-
Fig. 11. SEM-micrograph of a composite palladium-stainless-steel ing powders will allow to prepare palladium layers of
membrane prepared by physical vapor deposition. reduced thickness with the same quality. This is desir-
able with regard to an increased hydrogen flux.

4.2. Results of the dehydrogenation experiments

4.2.1. Dehydrogenation of propane

For membrane reactor experiments on the dehydro-
genation of propane composite palladium—ceramic
and composite palladium—stainless-steel membranes
were used. The ceramic membrane was prepared by
six steps of electroless plating. The resulting pal-
ladium film had a mean thickness of 2.81. The
stainless-steel membrane was coated by combined
electroless plating and electroplating, resulting in
8 um thickness of the palladium layer. The conditions
and parameters for the experiments are summarized
in Table 5. The normalized sweep gas flgwwas
calculated as follows:

o ﬁNz/Aperm
ﬂCgHg/(AretSb)

@

Propane conversiorXf and product yieldsY;) were
calculated by the use of the following equations:

ain _ (ﬂout,ret_i_ﬁout.perm)
Xogg=—208 G __Cofls " 300%) (2)
" C3Hg
ﬁ_utret+fl9utperm
Yi = —1p0— x 100 (%) ©)
N CaHg

Fig. 12. Composite palladium—stainless-steel membrane prepared . . . .
by high velocity oxy-fuel spraying: (a) SEM-micrograph: (b) trans- 1 he results discussed in this paper refer to the activity

parent cut. of the fresh catalyst. According to the experience from
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— stainless-steel-based membrane, a higher hydrogen
68% permeance of 3.8 107’ molm2s 1Pa?! was ob-
served, as compared to the value measured for the
ceramic-based membrane of k30 " molm?s!
Pa L. The obvious reason for this are defects of the
palladium layer of the stainless-steel-based mem-
brane. This was confirmed by the observation of
product gases other than hydrogen in the sweep gas,
amounting to roughly 15-25% of the total product
Retentate Permeate gas. Within measurement accuracy, no product gases
were detected in the sweep gas during the experiments
with the palladium—ceramic membranes. However,
the hydrogen permeability of the palladium—ceramic
membrane calculated from the results of the dehy-
drogenation experiments was about three times lower
the kinetic investigations, the activity of the catalystis than the value obtained from the separate permeation
virtually constant only for the first 1-2 h. Then, it de- experiments. In Fig. 14, the conversion of propane
creases because of catalyst deactivation due to coking.and the product yields determined from the mem-
Decisive for the increase of propane conversion brane reactor tests are compared to the corresponding
and propylene yield in the membrane reactor is values of a conventional packed-bed reactor experi-
the rate of hydrogen transport through the mem- ment. The yields of propylene, ethylene and ethane
brane. Fig. 13 shows the percentage share of hy-for the experiment with the palladium-stainless-steel
drogen determined in the permeate and retentatemembrane are not given, because they could not be
streams for both types of membranes investigated. quantified accurately due to the high dilution in the
Despite the larger palladium layer thickness of the sweep gas. The figure also shows the conversion

70% -

60% " 1 62%

Percentage of Hydrogen

‘ o Pd-ceramic membrane o Pd-stainless steel membrane }

Fig. 13. Proportion of hydrogen measured in retentate and permeate
during the propane dehydrogenation experiments.

45.0 4
40.04 =
35.0 - M
30.04
25.04 I
20.04 ] |
15.04 B |
10.04 N ]
5.04 1 ]
0.0_4 F b— : - ! 3 ; -
Conwersion|  Yield Yield Yield Yield Yield
Propane |Propylene [ Hydrogen | Methane | Ethane | Ethylene
@ Equilibriium (calc.) 30.2 30.2 30.2 - - -
mPacked Bed 29.0 22.2 28.5 5.4 3.6 0.4
g Pd-ceramic membrane 35.4 26.1 34.0 5.5 4.0 0.5
g Pd-ceramic membrane (sim.) 35.3 35.3 35.3 notincl. | notincl. | notincl.
g Pd-stainless steel membrane | 42.0 not det. 39.0 7.0 not det. | not det.

Fig. 14. Conversion and product yields of the propane dehydrogenation experiments.
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Table 6
Operating conditions of ethylbenzene dehydrogenation

Parameter Unit Value
Reactor temperature °Q) 580
Retentate pressure (Pa) 110000
Permeate pressure (Pa) 100000
WHSV (kgkg th=1) 1

s/o (ka,0 kgg3) 2
Normalized sweep gas flow =) 0-105
Catalyst weight (9) 20.0
Catalyst grain size (mm) 0.8-1.0

of propane which was calculated by the simulation
program for the conditions of the experiment with
the palladium—ceramic membrane [9]. Furthermore,

Today 56 (2000) 21-34

propane conversion of 37.5%, compared with the
packed-bed reactor even 44.8 %. Due to an increased
formation of byproducts the propylene selectivity is
slightly reduced.

It should also be mentioned that the conversion cal-
culated from the membrane reactor model fits well to
the experimental value.

4.2.2. Dehydrogenation of ethylbenzene

The dehydrogenation of ethylbenzene to styrene
was investigated in the laboratory membrane reac-
tor using a palladium—ceramic membrane prepared by
electroless plating, having a palladium layer thickness
of 2.4um. The operating conditions for the experi-
ment are listed in Table 6. The normalized sweep gas

flow, the conversion of ethylbenzene, and the prod-
pen Plus). In the simulation and for the equilibrium uct yields were calculated according to Egs. (1)—(3).
calculation only the main reaction was considered. ~ The dehydrogenation experiment was started in con-
As expected, both propane conversion and propy- ventional packed-bed mode, i.e. the permeate side was
lene vyield obtained in the experiment with the shut off before and behind the reactor by valves. Af-
palladium—ceramic membrane are higher than the ter the initial forming phase of the catalyst and reach-
values determined in the conventional packed-bed ing of a steady state, the permeate side was opened
reactor. The yield of propylene increased from 22.2 and sweep gas (nitrogen) was supplied. Fig. 15 shows
(packed-bed reactor) to 26.1% (Pd—ceramic mem- the hydrogen flow measured at the outlet of shell and
brane reactor). Due to the larger amount of hydro- tube side of the reactor as a function of the normalized
gen removed through the palladium-stainless-steel sweep gas flow. The hydrogen values for sweep gas
membrane (cf. Fig. 13), the conversion obtained in flows of 83.6 and 104.5 are not included because as
this test was even higher. The hydrogen yield in- a matter of the high dilution the concentration of hy-
creased from 34.0 (Pd—ceramic membrane) to 39.0% drogen dropped to very small values which could not
(Pd-stainless-steel membrane), the conversion frombe quantified with reasonable accuracy. The amount
35.4 to 42%. Compared to the palladium—ceramic of hydrogen on the permeate side increased with in-
membrane this represents a relative increase of creasing sweep gas flow. This is an obvious effect of

the calculated equilibrium conversion is given (As-

35
304
251"
20
15]
10.
51
04

Hz flow [Nml/min]

Retentate
Permeate

- 105 418 627 83.6 1045

Normalized sweep gas fiow [-]

Fig. 15. Hydrogen flow in retentate and permeate during the ethylbenzene dehydrogenation experiments.



P. Quicker et al./Catalysis Today 56 (2000) 21-34 33

1.16 ;
prepared by electroless plating. The membranes were
;ﬁgﬂi;’mm) / stable at least for roughly 100 h at temperatures up to

112

620°C. For coating of porous stainless-steel supports
various methods were tested. HVOF and a combina-
tion of electroless and electroplating were identified
as the most promising methods so far. Both prepara-
tion methods have still to be improved and optimized.
In the case of HVOF a thickness reduction of the
palladium layer by a factor of 2—4 appears to be pos-
sible when using fine spraying powders and improved
supports. For the combined method of electroplating
and electroless plating above all the quality of the
porous sinter metal supports has to be improved. The
test of the composite membranes in dehydrogenation
experiments as well as in permeance measurements

Fig. 16. Relative increase of ethylbenzene conversion and styrene 98V €ncouraging results which are qualitatively in
yield as a function of the normalized sweep gas flow. agreement with literature.

LI A

Relative increase X EB, Y Sty [-]

0 20 40 60 80 100
Normalized sweep gas flow [-]

the reduced partial pressure of hydrogen at the sweep

gas side. Note that the percentage of removed hydro-6, Symbols

gen in this experiment was much lower than during the

propane dehydrogenation experiment (Fig. 13). This a flow area (retentate or permeate side)
can be traced back to the lower hydrogen partial pres- (m?)

sure during the ethylbenzene dehydrogenation exper-¢,

iment, caused by the large amount of steam present
in the feed. The amount of hydrogen in the retentate ,

packed-bed voidage (-)
normalized sweep gas flow (-)
mole flow of species (kmol h1)

appears to be hardly affected by the sweep gas flow. s/o steam-to-oil ratio (weight basis) (-)

At high sweep gas flow even a slight increase of the \ygy weight hourly space velocity (1)
hydrogen flow was determined. Obviously, the reac- y conversion (%)

tion is able to supply enough hydrogen to keep the hy- v yield of producti(%)
drogen level constant or even increase it slightly. This
was confirmed by the measured conversion of ethyl- |4ices

benzene and the yield of styrene. The relative increase;, feed

of both values, as a function of the normalized sweep ;¢ product
gas flow, is shown in Fig. 16. The maximum increase, perm permeate
obtained at the highest sweep gas flow, reached ca. gt retentate

15%. The course of the curves even points to a fur-
ther increase when applying even higher sweep gas
flows. Due to limitations of the apparatus this could
not be shown so far. A minimal loss of styrene selec-
tivity (93.5-93%) was caused by a slight increase of
the byproducts toluene and methane.
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