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Abstract

Main catalytic processes and fuel types are described inherent in the production of hydrogen for low-
temperature fuel cells. Different types of solid membranes for extracting hydrogen from gas mixtures are
considered. Descriptions of new membrane reactors are presented and the prospects for their use in hydrogen

energy engineering are assessed.
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INTRODUCTION version technologies, 3) in the form of synthe-

The transition of transport and industry to
the use of hydrogen energy engineering be-
comes a reality nowadays [1]. The use of hy-
drogen as an energy carrier exhibits unparal-
leled environmental benefits as compared to
traditional energy sources. Problems are almost
solved by are now associated with hydrogen
production, storage, making the systems of
safe operation, transition to an electric circuit
diagram with the help of fuel cells. The main
methods for the obtaining hydrogen are com-
pletely determined: 1) as a by-product in the
production of chlorine and recovering H, from
flue gases in refineries (the cheapest method),
2) with the use of catalytic hydrocarbon con-
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sis gas via a partial oxidation of hydrocarbon
feedstock (more expensive method as compared
to the two previous methods), 4) via electroly-
sis (the most expensive and energy-consum-
ing method, but the resulting hydrogen could
be used with no fine purification). In spite of
the enormous hydrogen reserves in the Earth’s
bowels [2] the geotechnology of its extraction
(underground coal gasification) has found no
application yet. Hydrogen amounts to about 10
% of the mass of living systems on our plan-
et, but the main source for its producing is
presented by hydrocarbon feedstock, in par-
ticular naturally occurring gas, wherefrom
they extract more than 90 % of hydrogen all
over the world.
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The catalytic production of hydrogen is the
most attractive in the case of the further con-
version of hydrogen into electricity using fuel
cells [3—5]. It should be noted that the hydro-
gen used in fuel cells with a proton exchange
membrane (PEMFC) should have a high purity
level (Cyo <10 ppm). This is caused by poison-
ing the platinum electrocatalysts for hydrogen
anode oxidation for the PEMFC operating tem-
perature values ranging within 25—90 °C. One
of the promising solutions of this problem con-
sists in the use of membrane technology, which
allows one to extract hydrogen gas from the
reaction mixture and simultaneously to enhance
the conversion level of the starting reagent as
well as to reduce the temperature of the pro-
cess [6—8]. Using membranes in catalysis is dis-
cussed in detail in a number of reviews [9, 10];
this topic also includes the development of cat-
alytically active membranes and membrane re-
actors [11]. The hydrogen permeable membranes
integrated into reactors can cause a significantly
decrease in the size, cost and complexity of
hydrogen generators.

In this paper we are considering the state-
of-the-art of the catalytic hydrogen produc-
tion with simultaneous extracting it from the
reaction medium by means of selectively per-
meable asymmetric metallic membranes. The
ultra-pure hydrogen (99.999 vol. %) obtained is
intended for direct using as PEMFC, which
causes promoting the development of hydro-
gen energy engineering.

CATALYTIC PROCESSES FOR OBTAINING HYDROGEN
FROM DIFFERENT FUELS

For the production of hydrogen one can use
various kinds of fuel. Typically, the fuel rep-
resents a mixture of either hydrocarbons, or
derivatives thereof, or properly oil fuel species
with the general formula C, H,,O,. The general
pattern of the conversion of such fuels into
hydrogen consists in a combination of five ba-
sic reactions such as steam reforming (steam
conversion), catalytic partial oxidation, carbon
monoxide steam reforming, selective CO oxi-
dation and methanation reaction. Methanation
is an adverse reaction since it consumes the
hydrogen resulting from other reactions. How-

ever, this reaction is required for decreasing
the CO concentration to a level acceptable in
the PEMFC, and for removing CO, from the
atmosphere of a spacecraft cab. The mentioned
reactions could be performed simultaneously,
if heavy hydrocarbons are completely reformed
in the lower alkanes and CO. The remaining
lower alkanes including CH,, could be further
converted into synthesis gas, or simply oxidized
for obtaining energy.

Carbon monoxide can be converted into CO,
via the reaction of water gas steam reforming,
which provides obtaining additional hydrogen.
The gross reaction (fuel - H,) can be presented
in the following form:

C,H, O, +y(O, + 3.76N,) + 2(n —y — 2/2)H,0O

- nCO, +2(n —y —2/2 +m/4)H, + 376yN, (1)
wherein n, m, z are the number of carbon,
hydrogen and oxygen atoms in C,H,0,,
respectively; y is oxygen/fuel ratio.

It should be noted that the maximum effi-
ciency of hydrogen production is almost inde-
pendent on the fuel conversion mode (steam
reforming, partial oxidation, autothermal mode)
to be reached in a thermally neutral point [12].
Each type of fuel has unique physical and chem-
ical properties. Table 1 [13] demonstrates that
for the complete conversion of fuel into hydro-
gen and CO, different fuels require for differ-
ent amount of oxygen, whereas the maxima
of their energy efficiency values are different,
although they were obtained in an ideal auto-
thermal process (thermal effect AH = 0). Tradi-
tionally, for the production of hydrogen fuel
one uses oxygen-containing fuel species such as
alcohols, aldehydes, ketones, etc. Among alco-
hols, methanol is the most attractive as fuel not
only because of rather moderate conditions of
conversion and a maximal energetic efficiency,
but also due to the possibility of obtaining this
substance from renewable sources [14—18]. The
catalytic production of hydrogen from metha-
nol for mobile, stationary and portable energy
generators based on fuel cell is considered in
detail in our review [19]. Another alcohol such
as ethanol is usually used as a main additive to
gasoline due to a high octane number and low
toxicity thereof [20—23]. Recently, researchers’
interest appeared in the production of hydro-
gen from phenol [24].



OBTAINING ULTRA-PURE HYDROGEN FOR FUEL CELLS IN THE REACTORS WITH MEMBRANE SEPARATION 253

TABLE 1

Fuel types, calculated thermoneutral ratio values O,/fuel (x;) and the maxima of theoretical efficiency [22]

Fuel C,H,0O, n m z AH, kcal/mol m/2n x Efficiency, %
Methanol CH,0H 1 4 1 —57.1 2 0.230 96.3
Methane CH, 1 4 0 -17.9 2 0.443 93.9
Acetic acid C,H,0, 2 4 2 -1164 1 0475 94.1
Ethane C,H, 2 6 0 —20.2 1.5 0.771 924
Ethylene C,H, 2 6 2 —108.6 15 0.418 95.2
Ethanol C,HO 2 6 1 —66.2 15 0.608 93.7
Pentene C;Hy 5 10 0 =5.0 1 1.595 90.5
Pentane C;H,, 5 12 0 —35.0 1.2 1.814 915
Cyclohexane CeH,, 6 12 0 =373 1 2.143 90.7
Benzene CgHg 6 6 0 -11.7 0.5 1.784 88.2
Toluene C,Hy 7 8 0 -2.9 0.57 2.161 88.6
Isooctane CgHg 8 18 0 —62.0 1.13 2.947 912
Gasoline C,5H4400, 73 1438 0.1 =53.0 1.014 2.613 90.8

Natural gas [25] and liquefied petroleum gas
[26], as well as their replacers (methane and
propane) [27] are considered the most attrac-
tive fuels for hydrogen production because of
enormous available reserves, high conversion
efficiency as well as a well-developed gas dis-
tribution infrastructure. For the production of
hydrogen, gasoline is also interesting, where-
of an extensive infrastructure is present. How-
ever, since 2004 the USA terminated the re-
search work concerning the topic of “Produc-
tion of Hydrogen from Gasoline” [19]. Other fuel
species those are not listed in Table 1 such as
diesel, ethanol, biodiesel, alcohol from sugar
were also considered as promising sources of
hydrogen. Hydrogen (synthesis gas) is tradition-
ally produced thereof by means a high-tem-
perature gasification/pyrolysis of biomass and
further catalytic reforming of gas-liquid prod-
ucts. Hydrogen production from coal by means
of gasification thereof into CH, followed by
using absorption catalytic conversion technolo-
gy developed in the USA by the authors of
ZEC (Zero Emission Carbon) project [28]. Ap-
proximately half the hydrogen produced is used
in this case for the gasification stage, whereas
the remainder is sent to the fuel cell in order to
generate electric energy. The efficiency of coal
conversion into electricity was equal to about
70 % [29]. Research work in this field is cur-
rently ongoing in the UK [30] and Japan [31].

MEMBRANE REACTORS
Types of membranes

In order to extract hydrogen from gas mix-
tures and to purify thereof one uses membranes
based on palladium alloys. This problem was
discussed in detail in our reviews [6, 7]. The
effect of various substances on the hydrogen
permeability of palladium alloys was studied
by the authors of [32]. As one could see from
Table 2, the maximum permeability of palla-
dium with respect to hydrogen is exhibited by
palladium membranes with 10 mass % of yt-

TABLE 2

Hydrogen Permeability with respect to hydrogen inherent
in different palladium alloys at 350 °C [32]

Metal Maximum Normalized

alloys permeability, permeability
mass % (Panoy / Ppa)

Y 10 3.8

Ag 23 1.7

Ce (N 1.6

Cu 40 1.1

Au 5 1.1

Ru, In 0.5, 6 2.8

Ag, Ru 30, 2 2.2

Ag, Rh 19, 1 2.6

Pure Pd - 1.0
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trium, the further are palladium alloys with
ruthenium and indium. The widest practical use
was found by membranes based on silver-pal-
ladium alloys (23 mass % of Ag).

The membranes could represent organic,
inorganic or hybrid (organic/inorganic) systems.
Organic polymeric membranes can be divided
into polymeric and biological, inorganic mem-
branes are presented by metallic and ceramic
(porous and nonporous). Monolithic or mi-
croporous dense inorganic hydrogen permeable
membranes are made basing on oxides and
metals, whereas porous (composite, asymmet-
rical) are manufactured on a the substrate made
of ceramics, carbon, polymer, glass, stainless
steel, and a thin selectively permeable layer
made of palladium or zeolite.

The membranes can be divided into mi-
croporous membranes (pore size less than 2 nm),
mesoporous membranes (2—50 nm) and macro-
porous ones (>50 nm). Mesoporous and macro-
porous ceramic membranes are characterized
by a low selectivity level with respect to hy-
drogen. Microporous ceramic membranes exhibit
low hydrogen permeability. Palladium-based
membranes have high hydrogen permeability
and an infinite selectivity level with respect to
hydrogen, whereby they are optimal for using
in catalytic membrane reactors (CMR) in the
case of steam reforming and other reactions
associated with hydrogen production [33].

The design of the membranes could be di-
vided into two types such as tubular (cylindri-
cal) membranes and lamellar (disk, foil) ones.
The former represent the bundles of thin-
walled seamless or seam pipes loaded with in-
ternal or external gas mixture overpressure. The
application of capillary tubes is especially use-
ful for high-pressure CMR. Lamellar diffusion
elements are of a great variety of construc-
tive and technological design and, as a rule,
they are made of foil bearing on a porous or
ribbed substrate. In this case the foil is corru-
gated in order to reduce the impact of stress
caused by the difference in the coefficients of
linear expansion inherent in a foil material and
a substrate. However, such elements retain their
shape up to relatively low pressure values (1.0—
2.0 MPa). The diffusion lamellar elements are
2—3 times cheaper than tubular ones.

The most efficient way to improve selective
permeability inherent in Pd membranes and to
achieve a high conversion level of hydrocar-
bons, which level is directly proportional with
respect to the percentage of recovered H,, is
the creation of ultrathin membranes (about
10 pm or less). At the Institute of Catalysis of
the SB RAS, the author of the present work
et al. used a chemical vapour deposition (CVD)
technique for manufacturing the membranes on
composite stainless steel and y-alumina porous
substrates [7, 8]. The average pore size of stain-
less steel porous disks was equal to 5 um, the
porosity level amounting to 57 %, the disk di-
ameter and thickness amounting to 20 mm and
0.5 mm, respectively. The substrates pre-treat-
ed in aqua regia, with further annealing in a
flow of hydrogen at 450 °C in order to remove
impurities and oxide films. Then, using the sub-
strate as a filter, it was saturated with an aque-
ous suspension of y-Al,Os, dried, calcined at
400 °C and pressed in order to reduce the total
pore volume and more complete filling the pores
with alumina.

The palladium membrane was produced in
two stages. First of all, they activated the sur-
face of a porous carrier of y-Al,O; alternately
by 0.001 M SnCl,, and PdCl, solutions to create
active centers those serve as nuclei for the
growth of metallic palladium film. This proce-
dure was repeated for 10 times, each time
washing the substrate with the carrier by dis-
tilled water. Then the resulting composite was
dried and subjected to metallisation. For this
purpose it was placed in a solution containing
4 g/L of PdCl,, 180 g/L of NH,OH (25 %),
35 g/L of Trilon B, and 1 g/L of hydrazine
hydrate. The metallization process was carried
out under permanent stirring for 3—4 h at 50—
60 °C. The membrane was washed with distilled
water during 1h, dried and annealed in hy-
drogen at 450 °C. From data presented in Fig. 1,
a one can see that before the reductive anneal-
ing the palladium particles represent beads with
a diameter of 1-3 pum, having poor adhesion
with respect to each other. Thereby the mem-
brane is permeable also with respect to other
gases alongside with hydrogen. After annealing
in hydrogen the palladium particles caked to-
gether to form a dense film with a thickness
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Fig. 1. Pd particles on a porous substrate of stainless steel
at 450 °C before (a) and after (b) the procedure of reduction
in flowing hydrogen.

of about 10 pm (see Fig. 1, b). This method al-
lows applying thin (1—10 pm) palladium layers
onto complex contoured membranes those are
used in catalytic reactors.

At the Russian Federal Nuclear Center —
the All-Russian Scientific Research Institute of
Experimental Physics (RFNC-ARSRIEF) — a
technology has been developed for manufac-
turing disk (foil) membranes by means of cold
rolling the foil of palladium alloy B-1 20 pm
thick with the following composition (mass %):
Pd 8151, Ag 149, Au 2.0, Pt 0.69, Ru 0.7, Al
0.2 [34]. The diffusion cell represents a disk frame
made of stainless steel sheet with a thickness
of 0.2 mm, which is welded to the membrane.
The element consists of two of such discs,
whose frames are interconnected to each other
by means of arc welding. Membranes bear on
porous plates or grids, whereas the space be-
tween the membranes is filled with a coarse
grid. The gas mixture is supplied under pres-
sure from outside of the module, whereas the

hydrogen after diffusion is withdrawn from the
internal cavity of the module through the ex-
haust pipe welded to the frame. The disc-shaped
elements are connected to form the membrane
module consisting of seven elements (Fig. 2).
The technology of manufacturing especial-
ly thin palladium membranes, the investiga-
tion of their technical characteristics, elucidat-
ing the mechanism of filtering hydrogen are
presented in detail by the authors of [35]. For
the production of the hydrogen filtering foil
the authors borrowed several stages from gold
leaf industrial manufacturing technology. Af-
ter choosing the composition of Pd foil with 15
mass % of Ag and its chemical treatment the
billet was rolled using a Quarto 125 rolling mill
to obtain a thickness of 30 pim; the membranes
obtained had no microcracks. As a substrate they
used a metal grid made of stainless steel with
a thickness of 130 pm with a mesh size of
2.0 pm in the light. The foil of the membrane
was placed between two such grids, which pro-
vided the mechanical strength of the element.
Measuring the filtration rate of hydrogen dem-
onstrated that hydrogen transportation is de-
termined to a significant extent by the rate of
H, adsorption on the membrane rather than the
H, diffusion through the bulk of the membrane.
Maximum filtration rate (permeability lev-
el) was achieved for a membrane with the thick-
ness equal to 21.3 um at 400 °C to amount to
0.1 mol H,/(m? %), i. e. 8.1 m® H,/(m?[h) at a
constant flow rate of purge gas (nitrogen) in
the permeability zone equal to 90 cm?®/min, and

Fig. 2. Photo of the membrane module [34].
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at the transmembrane H, partial pressure drop
equal to 176.5 kPa. The authors are planning to
significantly improve the extraction of hydro-
gen via reducing the thickness of the mem-
brane foil (from 30 to 10 pm or less) and the
content of precious metals therein. For exam-
ple, going to ultrathin membranes with a 6-
fold decrease in thickness (from 30 to 5 um)
provides a 42-fold increasing the hydrogen per-
meability, i. e. from 0.1 to 4.2 rnol/(rn2 [$) [36].

The manufacturing of highly hydrogen per-
meable membranes of different composition
with a high chemical and thermal stability, the
choice of their geometric shape for the use in
a catalytic reactor for producing hydrogen,
great mechanical lifetime and reducing the cost
of the membranes remains major problems in
modern membrane technology for extracting the
hydrogen from a reaction mixture.

DESIGN OF MEMBRANE REACTORS

According to the definition by IUPAC, a
membrane reactor represents an apparatus
wherein there processes using gas separation
with the help of a membrane and chemical re-
actions are combined in one unit. We consider
catalytic membrane reactors, wherein the cat-
alytic function of the membrane is eliminated.
This means that the fraction of reactions at
the membrane is negligible as compared to the
reactions in the bulk of the catalyst layer on
the membrane. The target product is presented
by hydrogen is withdrawn in situ from the re-
action zone through a membrane permeability
zone, and is used, for example, in a fuel cell.
Other types of membrane reactors, with re-
moving or introducing the reactants into the
reaction zone are discussed in a review [37].

In catalytic membrane reactors, the mem-
branes could be used either directly in the re-
actor or outside the latter. The location of the
membrane is determined by the technological
conditions of hydrogen production process, i. e.,
by the type of reaction (exothermic or
endothermic),by the temperature (less than
550 °C), by attaining a maximum thermal effi-
ciency [34], by simplifying the scheme of the
fuel processor [6]. In the methanol fuel proces-
sor, the membrane modules are placed direct-

ly within the reactor; both lamellar [38] and
the cylindrical membranes are used [39—44].
Tubular Pd membranes with a thickness of
20 pm (2041 pcs, 2 m long, and 1 mm in diam-
eter) were used directly within the reactor for
steam methane oxidative reforming [42]. In the
reforming zone there is a catalyst fluidized bed
circulating at a temperature of 560 °C, H,O/
CH, ratio being equal to 4, the reactor pres-
sure amounting to 2.2 MPa, with the hydrogen
yield equal to 3.204 mol H,/mol CH,.

A hybrid adsorbent-membrane reactor
(HAMR), comprising a hybrid fixed-bed cata-
lyst with a membrane, coupled with methane
steam reforming zone through a porous ceram-
ic membrane with a CO, adsorbing system was
investigated within the temperature and pres-
sure range suitable for different transportation
and stationary applications [5, 45]. According
to the scheme of the HAMR (Fig. 3), the cata-
lyst and adsorbent are located on the outside
of the membrane, whereas additional adsor-
bent is located inside the membrane volume.
There are different configurations of HAMR
known: a) the catalyst is loaded on the reaction
side, whereas the adsorbent is located in the
permeability zone, and b) both the catalyst and
the adsorbent are loaded on the reaction side,
with no catalyst and adsorbent in the perme-
ability zone. In the first case, the membrane
separates the catalyst from the adsorbent,

Raw material
T P
l njg njg

Adsorbent

Permeability

Catalyst
or catalyst
+ adsorbent

Reaction zone (F)

Products
Fig. 3. Schematic diagram of an adsorbent-membrane
reactor [45]: F — feed zone or reaction zone, P —
permeability zone, n is the molar flow of the j-th reagent,
0 is the initial state of a reagent.
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which allows permanently regenerating the ad-
sorbent directly in the course of the process.
This configuration of HAMR is advantageous
as to compare with adsorptive reactors, where
the continuity of the process requires the pres-
ence of many layers.

The authors of [46] proposed a membrane
reactor with a fluidized bed and the two mem-
branes such as Pd membrane for H, separation
and a perovskite membrane for O, input placed
in two sections due to temperature difference.
In the upper section there is methane steam
reforming (MSR) occurs with a water gas shift
reaction (Pd membrane), whereas in the lower
section there is the process of partial methane
oxidation (PMO) (perovskite membrane). Test-
ing the reactor was carried out for a low tem-
perature MSR at a stoichiometric H,0/CH, ra-
tio. The PMO process for methanol was carried
out in a membrane reformer with Pd mem-
brane, the initial temperature being equal to
300 °C [47]. A membrane fluidized-bed catalyt-
ic reformer, wherein the MSR process was per-
formed with heating the reactor through the
wall, or the PMO process was carried out by
means of entering air into the catalyst bed were
tested by the authors of [48]. Hot catalyst grains
were circulating from the oxidative reforming
zone into the steam reforming zone in a pilot
reactor with 0.13 m in diameter and 2.3 m high.
The yield of the hydrogen extracted (with
99.999 % purity) was equal to 0.96 mol H,/mol
CH,. Testing the industrial CMR with MSR was
performed in order to determine an effect of
different normalized flows in the reaction and

Purging gas

Catalyst

Membrane ‘

dul AN
module " 'i;\ :
\ ‘?\ttﬁ' membrane
NV .
7~ Raw material

delivery line

_» Flow out
of the permeability zone

Fig. 4. Scheme Pd—Ag membrane reactor tube [51].

Glass balls

permeability zones [49]. CMR advantages were
demonstrated as compared to traditional MSR
reactors; they are a simple process scheme, low
temperature and fuel consumption at a higher
level of methane conversion level

The steam reforming of methane in a tra-
ditional reactor with a fixed-bed Ni catalyst
with a simultaneous extraction of hydrogen
through Pd membrane was studied by the au-
thors of [50, 51]. The authors of [50] used a
cylindrical membrane with the thickness of 2—
3 um and the area of 6.8 cm? on the substrate
of the alumina fibre. The hydrogen permeabil-
ity coefficient was equal to 9.5 m?®/(m? [h) at
528 °C. It was demonstrated that for a complete
extraction of all the hydrogen formed (about
0.00048 m3/h) at a space velocity of methane
equal to 1.4 [10° h™ on the catalyst with the
mass ranging from 6.5 to 404 mg, a membrane
is required with the area greater than 20 cm?
Coking the catalyst at the temperature of
~750 °C proceeded much more rapidly as com-
pared to that at the temperature higher than
at 800 °C even at H,O/CH, = 3.3: the catalyst
was deactivated during 5 h. Increasing the H,O/
CH, ratio from 2.0 to 5.0 resulted in 4-fold re-
ducing the conversion level of methane and
increasing the process selectivity level with re-
spect to CO,, whereas the selectivity level with
respect to CO exhibited a two-fold decrease.

A tubular cylindrical Pd—Ag membrane (Ag
23 mass %) supported on a porous stainless steel
was used in the MSR [51], whereby the indus-
trial Ni—ZrO reforming catalyst was housed
within a tube (outer diameter 1.6 mm, inner

Thermocouple

Stainless steel tube
supporting the membrane
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diameter 0.64 mm) (Fig. 4). The calculations of
the membrane reactor involved the following

parameters:

purge coefficient SF (sweep factor):

SF = Nygt/CHyip 1)
the conversion level of CHy:

Temy ~ [CHyy = CHygyy/CHygp] 100 0 (2)

where Ny, is the nitrogen molar flow to
hydrogen permeability zone; CH,;,, CH,,,; are
the molar flow rate values for methane at the
inlet and outlet of the MR, respectively. The
hydrogen extraction level
H2ext = H2per/H2r (3)
where H,,, H,, are hydrogen flows, the per-
meated through the membrane and produced
in the SMR reaction, respectively.
The selectivity level (X) is determined as
X = [Xout/(HZOut + Coout + COZout)] (4)
where X is the reforming product at the outlet
of MR (X,,, = H,, CO u CO,, respectively).

The work was devoted to the investigation
of MSR at a pressure ranging within 0.3—
0.9 MPa for Ni—ZrO catalyst that is character-
ized by a high thermal stability and a high re-
sistance with respect to coking as compared with
a conventional catalyst Ni—Al,O,. It was dem-
onstrated that the higher the total pressure drop
in the reactor across the membrane the more
significant is the increase in the outflow of hy-
drogen from the permeability zone. When the
partial pressure of hydrogen in the reaction
zone is equal to that within the permeability
zone the outflow of hydrogen exhibits ceasing.
An effect of shifting the equilibrium of the
MSR reaction was confirmed: in the course of
extraction through the membrane one observes
increasing the level of methane conversion as
compared to thermodynamically determined
value. The best results are obtained when the
purging ratio is equal to 1.6, at the tempera-
ture equal to 450 °C and the total pressure drop
between the reaction zone and the zone of per-
meability amounting to 0.4 MPa: the level of
methane conversion under these conditions was
equal to 65 % at about 80 % hydrogen extrac-
tion level. The steam reforming of methane with
the use of a membrane technique to produce
H, and a sorbent for binding and extracting CO,
considered in detail in review [52].

The analysis of data available from the lit-
erature demonstrates that for the extraction of

hydrogen from the reaction mixture the mem-
branes are most often used in the reactors with
most known steam CO reforming reaction [53—64]:

CO + H,0 « CO, + H, AHj =412 kJ/mol  (5)

As far as a membrane reactor for CO steam
conversion (water gas shift membrane reactor,
WGSMR) is concerned, the conversion level
values for CO and H,O therein are substantial-
ly higher than the thermodynamic equilibrium
conversion level for these reagents. The prepa-
ration of ultra-pure hydrogen in the continu-
ous mode for a fuel cell fails can be performed
in a membrane reactor for the steam conver-
sion of CO at a high pressure (5 MPa). The ef-
fluent gas from the reaction zone contains main-
ly CO, and H,O, and via condensing the steam
one could readily bind carbon dioxide. The mem-
brane reactor for steam CO reforming is most
efficient in an integrated process of the com-
bined cycle of coal gasification and the gasifi-
cation coal/biomass mixture (integrated gasifi-
cation combined cycle, IGCC) to allow simulta-
neously producing hydrogen, electricity, syn-
thesis gas, liquid fuels and chemicals. The dy-
namic simulation of a membrane reactor for
CO steam conversion for IGCC was performed
in [63], where operating conditions for achiev-
ing the level of CO conversion higher than 95 %
were investigated for Pd/Cu and Pd/Au mem-
branes under laboratory conditions. It was dem-
onstrated that a membrane reactor is achieved
by of CO steam reforming allows attaining the
conversion level of CO equal to 97.6 % with H,
extraction level equal to 63.4 %, thereby the
effluent gas from the reaction zone exhibited
the following composition (vol. %): CO, 66.4, H,
32.4, CO 1.2 thus it could be used as fuel for
gas turbines.

The effect of flow configuration in the mem-
brane reactor for the steam conversion of CO
without a purge gas was investigated by the
authors of [64]. It was demonstrated that a co-
current flow membrane reactor for the steam
conversion of CO (Fig. 5) is more efficient than
a countercurrent reactor with respect to the
heat characteristics, since the co-current flow-
ing causes the temperature rise in the catalyst
bed to be minimized. This favourable effect is
caused by heat exchanging with a flow in the
permeability zone, which flow acts as a cooling
medium along the reactor length. The coun-
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a Membrane
Fo, To— — F, T
B — b
[ /
z=10 z=1
Catalytic layer
b \
Fy, Ty— — F, T
B — b
——
z=0 z=1
Membrane

Fig. 5. Schematic diagram of a direct-flow (a) and
counterflow (b) membrane reactors for the conversion of
CO [64]. F is the molar flow rate, mol/s; T is the
temperature, °C; z is the longitudinal coordinate of the
reactor; [ is the reactor length; P is the permeability zone
parameter.

tercurrent facilitates the ignition CO conversion
reaction, but this flow scheme provides increasing
the temperature along the length of the reactor
and there are multiple steady states occurring.

Circular membrane modules those are inte-
grated into the reaction zone of the membrane
reactor of CO steam reforming operate in the
average at lower hydrogen partial pressures due
to its continuous removal as compared to hy-
drogen pressure at the outlet from a methane
steam reforming reactor [34].

Since the membrane productivity is deter-
mined by hydrogen pressure drop across the
membrane, the surface area and thickness of
the membrane, in this configuration the effi-
ciency of the membranes is reduced. Howev-
er, no need to supply heat to the reaction zone
of the membrane reactor of CO steam con-
version, compactness, comfortable temperature
range for membranes and simple design cause
the mentioned configuration to be the most at-
tractive one. The hydrogen-containing gas from
the reaction zone of a membrane CO steam re-
forming reactor together with the gas emission
from the anode of the fuel cell is a fuel gas for
a methane steam reforming reactor, the first
reactor of the fuel processor. For this reason
the optimization of a membrane CO steam re-
forming reactor consists in the fact that the re-

maining amount of hydrogen in the effluent
gas could provide thermal conditions in the re-
actor of methane steam reforming rather than
in the maximum extraction of hydrogen from
the reaction zone of the CO conversion reactor.

The reaction of CO steam reforming is car-
ried out within a medium-temperature layer
(350—520 °C) of the catalyst, wherewith the
number of membrane modules could be dif-
ferent. When the number of modules in the
section is equal to 5, the contribution of the
fifth module in the production of hydrogen is
less than 1 %. As far as the fuel processor with
the thermal efficiency equal to ~80 % is con-
cerned, the membrane reactor design optimum
with respect to hydrogen productivity should be
configured as a sequence of three sections each
of those consists of one catalyst layer and four
membrane modules. The temperature of the syn-
thesis gas at the inlet of the membrane reactor
should be equal to 350 °C with the ratio H,O/
CH, = 2 in the methane steam reforming reactor.

The authors of [34] stated that the disc
membranes allow one to coordinate easily the
rate of hydrogen formation within the cata-
lyst bed and the rate of hydrogen evolution by
the membrane, whereas the fact could not be
achieved in the case of cylindrical membranes,
where ~20 % of total catalyst volume is effi-
ciently used. However, this statement could not
be accepted, since the in the case of correct
organizing the catalyst packing the catalyst is
100 %, whereas matching the hydrogen evolu-
tion rate with the layer permeability represents
quite easy task. Owing to a high reaction rate
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Fig. 6. Profiles of radially averaged reaction rate (1) and
hydrogen partial pressure (2, 3) along the length of a
direct-flow membrane reactor for CO conversion in the
reaction zone (2) and in the permeability zone (3) [ 32].
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of CO steam conversion the main portion of
hydrogen, as demonstrated by mathematical
modelling [32], is evolved at the initial part
(~20 %) of the total length of the reactor (Fig. 6).
As far as the remaining part of the membrane
reactor (~80 %) is concerned, the catalyst of
the reaction zone could be replaced by an inert
packing; in this case, with varying the area
(length) of the membrane one could achieve
an almost complete extraction of hydrogen from
the reaction zone.

When using disc membranes it is important
to choose the mode of emptying the perme-
ability zone from hydrogen. In the case when
there is no forced gas purging this zone, a non-
optimal pressure drop across the membrane oc-
curs in the course of hydrogen formation. With
the equality of hydrogen partial pressure val-
ues within the reaction zone and the permeabil-
ity zone the membrane ceases permeating the
hydrogen and the membrane efficiency decreases.
Another disadvantage of the used disc mem-
branes of palladium foil consists in the thick-
ness (20 pm): the level of hydrogen extraction
in this case does not exceed 50 % (Fig. 7).

The most developed reactor design with flat
membranes was demonstrated by Japanese sci-
entists from the Mitsubishi Heavy Industries Ltd.
and Tokyo Gas Co. basing on pioneering research
work by the authors of [65—67]. The setup com-
pleted in Tokyo Gas Co. (2004) with hydrogen
productivity equal to 40 nm?®/h [68] operated at
550 °C, at a pressure of 0.9 MPa with a ratio
of H,O (steam)/CH, = 3. Steam purging was
used for the extraction of hydrogen from the
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Fig. 7. Effect of the membrane thickness on hydrogen
extraction level at different flow directions in the reaction
zone and the permeability zone: 1 — counterflow, 2 —
direct-flow [32].

Yield of hydrogen

Fig. 8. Membrane elements in the shape of flattened tubes
(a) and the block of the membrane elements (b) [68].

zone of permeability up to the pressure value
amounting to 0.04 MPa. The hydrogen purity
was better than 99.99 %, whereas the energet-
ic efficiency of the apparatus reached 72—=76 %.
The reformer had 224 membrane elements,
made in the form of rectangular tubes 44 mm
wide, 460 mm long and 10 mm thick. A pair of
elements was combined in one reactor tube with
the size of 86x226x615 mm (Fig.8), seven of
the reactor tubes were placed together into one
block, whereas the whole setup consisted of
16 such blocks (Fig. 9).

The membrane area of each element was
equal to ~460 cm?, whereas the total membrane
area was approximately equal to 10.3 m% The
membrane represented Pd alloy in the form of
a foil with a thickness of less than 20 pm ob-
tained by means of cold rolling with hot press-
ing in a structured substrate [66] having a cor-
responding protective coating or a porous layer
protecting from intermetallic diffusion. The re-
former with the width of 1.2 m, the thickness
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Fig. 9. Schematic diagram of the setup for obtaining hydrogen completed in Tokyo Gas Co. [68].

of 0.75 m and the height of 1.35 m (including
insulation) was very compact. The installation
was placed in a container with the size of
3.56%2.56%2.3 m. The container volume was by
70 % lower as compared to the traditional set
for obtaining hydrogen with pressure swing
adsorption. Installation worked more than 3000
h at the hydrogen filing station in Tokyo.

CONCLUSION

The types of fuels for the production of
hydrogen, membrane types and the designs of
membrane reactors considered demonstrate that
it is promising to use them in hydrogen energy
engineering. A membrane reactor generates ul-
trapure hydrogen; the hydrogen in a fuel cell
generates electricity, whereas the fuel cell
alongside with the electricity generates water,
whose vapour serves as a gas for purging hy-
drogen from the reactor. Thus, the use of cat-
alytic membrane reactors allows one to mini-
mize the volume of a fuel processor with max-
imizing its energetic efficiency.

The price of a reactor in common increases
in proportion with respect to its volume. A mem-
brane reactor exhibits a high energetic efficiency
(>80 %), a high compactness, good dynamic
performance, a low fuel conversion tempera-
ture, a one-stage generation of ultra-pure hy-
drogen. As to compare with traditional tubular
reactors with a fixed catalyst bed the reactors
with integrated membrane modules have a con-
siderably smaller volume. Since the permeabili-
ty of the membrane with respect to hydrogen
determines the size of a membrane reactor,
whereas the fraction of hydrogen recovered is
proportional to the surface of the membrane,
then the transition to a super-thin (<10 pm)
defect-free membrane is the main way to in-
crease the efficiency of membrane reactors.

Significant disadvantages of the membranes
are presented by relatively low operation re-
source (less than several thousand hours) be-
cause their mechanical strength is not high
enough, as well as since the cost of the main
component such as palladium is quite high. Nev-
ertheless, recent progress in the development
of ultrathin composite membranes on differ-
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ent media indicates the prospects of implement-
ing the membrane technology in hydrogen en-
ergy engineering.
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