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1. Introduction

Hydrogen - the main energy carrier of the future - will find
wide application only when the problem of its low-cost separation
from hydrogen-containing sources, such as water, natural gas, oil,
coal, biomasses, timber, and industrial waste, will be solved [1].
In nature, hydrogen exists only in a bound state. At room temper-
ature and atmospheric pressure, the specific hydrogen density is
low, 0.089 kg m—3. At the same time, the value of hydrogen energy
per mass unit (120.7 MJkg~1) is higher than those of the known
organic fuels. Utilization of hydrogen permits one to avoid the prob-
lem of direct electrification which is accompanied by large losses
during electric power transmission. Hydrogen combustion is not
accompanied by harmful exhausts as methane or carbonic acid.
Note that the hydrogen used in fuel cells with proton-exchange
membranes should possess high purity (CO content not higher than
10 ppm). This can be achieved by dividing hydrogen-rich gases into
pure hydrogen and by-product gases using hydrogen-permeable
membranes. Unfortunately, there are no systematical reviews con-
cerning the application of membranes in hydrogen generation
processes, though several attempts are known in the literature
[2-4]. Efforts are focused on developing catalytic reformers using
membrane hydrogen separation, which will be integrated into sta-
tionary, mobile and portable power plants and fuel-cell based
apparatuses. The aim of the present work is to review the state
of the art of designing such systems and to analyze the prospects of
membrane reformers in hydrogen energy.
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2. Hydrogen generation processes

The main source of hydrogen is natural gas (>=90%), however,
an opportunity of commercial hydrogen generations from water
via thermochemical decomposition upon nuclear reactor heat is
in sight. The other fuels for hydrogen generation are alcohols
(methanol, ethanol, glycerin), ethers (dimethyl ether), fossil and
renewable fuels. The prospects of their utilization were consid-
ered elsewhere [5]. Table 1 illustrates the processes of hydrogen
generation from natural gas and methanol in which it is appropri-
ate to use membranes. The processes of hydrogen generation from
hydrocarbon fuels are crucial in designing reactors and catalysts of
conversion. The processes of methanol decomposition and steam
reforming of methane and methanol are endothermal processes,
the CO steam conversion and partial oxidations of methanol and
methane are exothermal reactions and the autothermal methanol
conversion proceeds at zero enthalpy. Methane steam reforming
(MSR) is one of the most extensively studied and developed pro-
cesses. It is a highly endothermal process which is limited by
equilibrium. Thus, the theoretical calculations of the thermody-
namic equilibrium show that in order to obtain high methane
conversion (>90%), the process should be performed at high tem-
peratures (>850°C), the total pressure and H,O/CH4 being as high
as 1.0 MPa and 3, respectively.

Elevated pressures are usually used to increase energy efficiency
of the whole process, however, this significantly increases the price
of MSR equipment. High methane reforming can be obtained at
relatively low temperatures with increasing hydrogen separation
portion (Fig. 1) [6]. Thus, if one separates 90% of hydrogen from
the reaction zone, the methane conversion degree becomes higher
than 94% at 500°C. At a thermodynamic equilibrium (without
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Table 1
The main processes of hydrogen generation from natural gas and methanol.

Process name

Reactions and heat effects, k] mole~!

Power consumptions for

Steam reforming CH4 +H,0 « CO + 3H>,

CH4 + 2H0 < CO; + 4H;,
CH30H + H,0 « CO; + 3Hy,

Steam-oxygen conversion

AH3o0 = +206
CO+Hy0 & CO; +Hy,  AHg = —
AHzg6 = +165

CH4 + 0.5H20 + 0.250, < CO + 2.5H;,
CO + H,0 & CO; + Ha, AH.
4CH30H + 3H,0 + 0.50; <> 4CO; + 11H3, AH;,

208 = T

Technology
41 Reaction performance
Steam formation

AH3g, = +49.4
AH5g¢ =490 Technology
41 Reaction performance
0.0 Steam formation

208 =
Oxygen recovery from air

Partial oxidation CH4 +0.50; « CO + 2H,, 503 = —36 Technology

CO + H;0 < CO;, + Ha, AH;98 = —-41 Steam formation
Methanol decomposition CH30H + 0.50; < CO; + 2H,, AH5g, = —192.2

CH30H < CO + 2H,, AHgg. = +92.0

hydrogen separation), the same value of CH4 conversion can be
achieved at 850°C, i.e. at a temperature exceeding the above value
by 350 °C. The recently developed reactors with selective hydrogen-
permeable inorganic membranes [7-11] can separate hydrogen
from the reaction zone during its generation, the temperature
should not exceed 500-600 °C. Both high separation selectivity and
permeability — penetration rate that should be comparable with
the reaction rate - are the governing characteristics of a membrane
meant for a membrane reactor. The other important features of a
membrane are: operation stability and life time [4,12].

3. Types of the membranes and their production

Abbot ].A. Nollet was the first to use word “membrane” (it
means pellicle, capsule, diaphragm, thin parchment in Latin) in
1748. He was studying separations of different liquids such as alco-
hols and water with membranes [13]. Adolf Fick (1855) deduced
the diffusion law from the analogy of mass and heat fluxes upon
heat conductivity. He showed that mass flows are proportional
to the concentration and reciprocally proportional to the mem-
brane thickness. Thomas Graham (1854) discovered and studied
the penetration of hydrogen through palladium, gas diffusions
through ceramic membranes and determined the rates of diffu-
sion of carbonic acid, hydrogen, oxygen, methane, air, and carbon
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Fig. 1. Effect of the process temperature and separation hydrogen portion on the
methane conversion (process pressure 1.0 MPa, H O/CHy4 = 3). Numbers on the curves
indicate the degree of hydrogen separation [6].

oxide through rubber membranes [14]. The experimental works
of Graham permitted Knudsen (1909) to develop a permeability
model for mesopores, whereas the molecular diffusion laws hold in
the macropores region [15]. In 1910, Sieverts published the law of
hydrogen transfer through permeable palladium membranes [16].
Gryaznov was the first to use palladium-based membranes as cat-
alysts for hydrogenation and dehydrogenation (1969) [17], which
permitted a design of new catalytic membrane reactors [12,18].

Membranes can be divided into organic, inorganic and hybrid
membranes formed as organic/inorganic systems. Organic mem-
branes are sub-divided into polymeric and biological membranes,
whereas inorganic membranes are divided into metallic (solid
phase) and ceramic (porous and nonporous) membranes. Monolith
or microporous dense inorganic hydrogen-permeable membranes
are prepared from oxides and metals. A porous (composite, asym-
metric) membrane involves a support made of ceramics, carbon,
polymers, glass, stainless steel and a thin selectively permeable
layer of palladium or zeolite.

There are microporous (pore sizes less than 2 nm), mesoporous
(2-50nm) and macroporous (>50nm) membranes. Compared
to the conventional hydrogen-permeable membranes, meso-
porous ceramic membranes (low selective), microporous ceramic
membranes (low permeable), dense ceramic membranes (low
permeable) and palladium-based membranes (highly hydrogen-
permeable and infinitely selective towards hydrogen) are the best
candidates for catalytic membrane reactors of reforming and other
reactions associated with the hydrogen generation [19-29].

In the last few years, the most important works devoted to
steam reforming, including the CO steam conversion, have been
performed using Pd-membrane reactors [7-11,30-38]. For the first
time, a reactor with a palladium membrane formed as a 100 wm
thick disc was presented in Ref. [7]. In spite of high process temper-
ature (700 or 800°C), hydrogen permeability was low because of
a sizable membrane. In [28,29], the authors used chemical met-
allization (electrolysis plating) to prepare a number of thin Pd
membranes (10-26 pm thick) supported on the glass porous car-
rier. In the membrane reactor, a conversion of 88% was achieved
at lower temperature, 500 °C. Unfortunately, the following prob-
lems were not solved: mechanical strength, thermal stability,
high-temperature welding and construction of a membrane cell
depending on the ceramic support. Shu and co-workers [9] used
a porous steel disc or a tube as a support to prepare Pd and
Pd-Ag-composite membranes. The methane conversion was 63%
at 500 °C, the membrane life time was 47 h. Lin et al. [30] manufac-
tured a membrane reactor using thin (20-25 pwm) Pd membranes
supported on the porous steel tube to obtain 45% conversion of
methane at 500 °C, which exceeded the value obtained for a tradi-
tional MSR reactor by 15%. This relatively low methane conversion
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compared to Kikuchi [11] was associated with lower permeabil-
ity of the support. In addition, Kikuchi used a new chemical vapor
deposition (CVD) method to form Pd membranes [11]. This method
has found wide use in Japan because it permits preparation of
hydrogen-permeable membranes not only from palladium [39-41].
CVD was used to prepare two versions of the membranes on the
porous supports. According to the first version, substrate is supplied
to one side of the porous support and the other side is under vacuum
to prevent appearance of any cracks or pinholes on the mem-
brane formation. In the second version (counter diffusion CVD)
substrate is supplied to the support from both sides. The authors
used a-alumina (pore size 100 nm) as a support which was cov-
ered by y-alumina in order to decrease pore sizes to 4nm. The
support covered by y-alumina was placed into the furnace, impreg-
nated by tetramethyl orthosilicate (concentration 0.98 mole m—3)
at 45°C then oxygen or ozone were introduced at a flow rate of
200mImin~! at 600°C. The as-prepared silicon oxide membranes
exhibited the H,/N, separation factor ~1000 and stable operation
at 0.076 MPa of water steam and 500 °C, the life time was 21 h.

Bimodal catalytic membranes, containing an upper layer of
silicon oxide with a selective hydrogen permeability and a bimodal-
structured support, were prepared by introducing <y-alumina
into an a-alumina micro-filtration membrane and its subse-
quent dipping into a nickel nitrate solution [42]. The hydrogen
permeability of the nickel doped silicon oxide membrane was
1x10>m3m~2s-1kPa~!, the H,/N, separation factor was 680.
The conversion of methane increased to 70% (compared to the value
of 44% obtained in the equilibrium) at the steam/methane ratio
3:1, the temperature on the membrane 500°C and the pressures in
the reaction and penetration/permeability zones equal to 0.1 and
0.02 MPa, respectively.

A sol-gel method was also used to prepare mesoporous mem-
branes by introducing metal salts (RuCls, Pd(NH3)4Cl;, RhCl3
and H,PtClg) into a porous alumina support in the boehmite
ashes [43]. These metal-dispersed alumina membranes were
used in the low-temperature MSR (300-500°C) and provided
the methane conversion >85% at 500°C, the separation factor
(o= (H2/N2)perm.zone/(H2/N2 )reforming zone) Was about 6. Microp-
orous ceramic membranes (silicon oxide nanocomposites) are also
under development now and exhibit excellent high-temperature
hydrogen permeability [44,45].

It is common knowledge that repetitive saturations of palla-
dium membranes by hydrogen and its subsequent separation cause
decomposition of the membranes due to dilation. Note that Ag,
Au, Pt, Rh, Ru, and Pb additives improve hydrogen permeability of
the membrane and Sn and Cu hinder hydrogen transfer through
membranes [4]. Copper additives decrease hydrogen permeability,
however, one can observe a jump in the membrane permeability
at the copper concentration 39-43 mass.% and 600 °C. Permeabil-
ity of hydrogen through the Pd-Ag membrane depends on the
silver concentration in the alloy. The coefficient of hydrogen per-
meability is maximum as the silver concentration is 23 mass.%. The
maximum is associated with the fact that an increase in the sil-
ver concentration in the alloy is accompanied by an increase in
the hydrogen solubility in the membrane, but the rate of hydro-
gen diffusion in the volume decays. Of prime importance is that an
addition of silver provides a transition from hydrogen-rich phase
B-PdH (unstable at temperatures above 300°C) to a-PdH which
is stable at higher temperatures. Systems Pd-In and Pd-In-Ru
exhibit increased hydrogen permeability. An optimum combination
of strength, plasticity, hydrogen permeability and corrosion resis-
tance is exhibited by alloy Pd-In-Ru (6 mass.% In, 0.5 mass.% Ru).
The reactors supplied with the Pd-In-Ru membranes were tested
on the caprolactam production and hydrogenated desulfurization
of the products and provided good hydrogen isolation from reform-
ing gases. Pd alloys with La, Nd, Y and Sm additives (to 2 mass.%)

were also analyzed. As follows from [46], an addition of a rare earth
element increases hydrogen permeability by 1.5-2.0 times in the
temperature range 177-427°C.

To use membrane hydrogen separators in the on-board fuel pro-
cessor, the authors [47] developed hyperfine palladium composite
membranes with a metal porous support and a palladium film
based on the double palladium alloys B-1 and B-2 (film thickness is
not higher than 5 wm) which exhibited high thermal stability [47].
Alloy B-1 contains silver, gold, platinum, ruthenium, and aluminum
and efficiently operates at the working temperatures 500-600 °C.
Alloy B-2 does not contain precious metals and surpasses B-1 in
permeability by 15-30%. Alloy B-2 can operate at temperatures
to 600°C and exhibits high efficiency in the temperature range
300-500°C. Both alloys are resistant to hydrogen and exhibit high
permeability. A several-thousand hours testing of B-1 based tubes
did not reveal any changes in impermeability and efficiency upon
operation in hydrogen mixtures containing CO, (to 50vol.%), CO
(to 10vol.%), CH4 (to 10vol.%) and H,O (to 23 vol.%) at the opera-
tion temperature 600 °C. At present, the problem of finding optimal
membrane compositions for hydrogen energy is far from being
solved, because there are no highly efficient palladium alloys. For
this reason, the studies of solid palladium solutions containing dif-
ferent Periodic system elements are urgent and actively performed
today.

Design of hyperfine membranes (about 10 um) was the most
efficient way to increase selective permeability of Pd-membranes
and to obtain high conversion of methane at 500-600 °C, whichisin
direct proportion to a portion of the isolated hydrogen [6,48-51].
A thin, defect-free palladium membrane (6 pm thick) supported
on the macroporous stainless steel tube (MPSS) was manufactured
via the multidimensional plating mechanism [6]. The hydrogen
flux was 0.260molem~2s-1, the pressure difference across the
membrane was 0.1 MPa and the temperature was 500°C. The
methane conversion was 96.6% at the following reaction condi-
tions: 550°C, 0.5 MPa, feed space velocity 800cm?3(gcat.)"'h-1,
steam/methane =3, sweep gas flux 500cm? min—!, the hydrogen
separation was 90.4%. A 13 um thick membrane Pd/CeO,/MPSS,
prepared by the updated chemical precipitation method, provided
a hydrogen flux of 0.275molem~2s~1 at 550°C and 0.2 MPa, the
methane conversion was >97% on the stable operation of the
composite membrane during 300h [48]. A combined method of
electroless plating and chemical vapor deposition was used to pre-
pare a thin Pd-Ag asymmetric composite membrane (4 pwm) on the
commercial porous steel tube [49]. The membrane installed in a
MSR provided a conversion degree of 80.72% at 500°C and 0.5 MPa.
The membrane exhibited high operation stability during 11 ther-
mal cycles and 20 variable cycles with respect to gas. For composite
membrane Pd-Pd/y-Al;03-/a-Al; 05 (layer thickness: Pd 2-3 pwm,
Pd/y-Al;03 3-4 pum, a-Al;03 200 wm) at 400°C, the values of
hydrogen permeability of the dense palladium layer and support
a-Al,03 were 8.8 m3 m—2 h~1atm~%> and 170-200m~2h-'atm™1,
respectively, i.e. the support resistance was about 5% of the total
resistance [51]. At 430 °C, hydrogen permeability of the membrane
did not practically change during 660 h.

Deposition of a thin continuous metal layer on the porous cata-
lysts presents difficulties. To avoid the problem it was suggested
[18] to deposit thin metal films on the continuous film layer of
polymer. Traditionally, metal-polymeric composites are made of
highly permeable polymers as polyethylene, polypropylene, etc.,
which exhibit low selectivity towards hydrogen. An anisotropic
metallized polydiphenylenephthalide membrane, made of several
layers with different porosities and covered by a palladium layer
(~1 wm), showed the hydrogen output as high as 13.8m>*m—2h-!
at 200°C and the pressure difference 1.0 MPa. Since the process of
methane steam reforming requires temperatures above 400 °C, the
authors [18] developed and prepared palladium-indium-yttrium
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(or ruthenium) composite membranes based on the metal oxides.
For a 2 wm palladium thick layer, the membrane output of hydro-
gen was 10.0m3 m~2h~! at 400°C and the pressure drop 0.2 MPa.
The membrane held high selectivity during 450 thermal cycles.

The main problem in preparing thin defect-free membranes
(15 pm thick) is roughness and large surface pores of the support.
Beside the above mentioned methods of palladium deposition on
the porous supports, use has been made of the magnetron [52]
and aerosol sputtering methods [53], however, CVD has significant
advantages over them. Thus, CVD permits deposition of palladium
on the differently shaped supports prepared from conducting and
non-conducting materials, which is very important for manufac-
turing of catalytic reactors.

The authors of this work used CVD to prepare membranes on the
composite porous stainless steel and «y-alumina supports. As a sup-
port we used porous stainless steel discs with an average pore size of
5 wm, the porosity was 57%. The diameter and thickness of the discs
were 20 and 0.5 mm, respectively. The supports were pretreated in
the chloroazotic acid and calcined at 450°C in a hydrogen flow to
remove impurities and an oxide film. Using the support as a filter,
it was saturated with an aqueous y-Al,03 suspension, dried, cal-
cined at 400°C and finally pressed to reduce the total pore volume
and to provide complete filling of the pores with alumina. Palla-
dium membranes were prepared in two stages. At first, the surface
of porous support y-Al,03 was activated in turn by 0.001 M solu-
tions of SnCl, and PdCl;, to form active centers acting as nucleuses
of growth of a metal palladium film. The procedure was repeated

Table 2
Hydrogen separation efficiency of Pd membranes?.

q

3’) 1 zfl:; n::.l—-'ar? .

Fig. 2. Palladium particles on the porous stainless steel support before reduction in hydrogen at 450 °C (a) and after reduction (b).

for 10 times, each time the support and the carrier were washed
with distilled water. The resulting composite was dried and sub-
jected to metal coating. For this purpose, the composite was placed
into the solution with the following content: PdCl, 4g1-1, NH,OH
(25%)180g1-1, Trilon B 35 g1~! and hydrate hydrazine 1 g1-1. Metal
coating was accompanied by constant mixing for 3-4 h at 50-60°C.
Then the membrane was washed in distilled water for 1h, dried
and calcined at 450 °C in hydrogen. As follows from Fig. 2(a), before
the recovery annealing the palladium particles formed as balls
1-3 wm in diameter were insufficiently interconnected. Note that
the membrane was not vacuum tight. After annealing in hydro-
gen, the palladium particles conglomerated between themselves to
form a dense film 10 pm thick (Fig. 2(b)). The method allows depo-
sition of thin (1-10 wm) palladium layers on the complex profile
membranes utilized in the catalytic reactors.

Experimental data on the thin composite membranes suggest
thatitis difficult to simultaneously improve hydrogen permeability,
ideal separation factor or permselectivity, chemical and/or thermal
stability of membranes. At sufficiently high hydrogen permeability
of the membrane, one can obtain almost complete conversion of
methane at temperatures not higher than 500°C (Table 2).

4. Catalytic membrane reformers
According to the IUPAC definition, a membrane reactor is a sys-

tem that provides the performance of separation by a membrane
and chemical reaction in one unit. A catalytic membrane reformer

Membrane Preparation Thickness, um  Temperature, °C  Driving force, H, flux, molem—2s~! Separation factor, CH4 conversion, %  Ref.
method MPa H2 /N,
Pd/MPSS ELP/O 10 480 0.1 0.089 1000 n/d [54]
Pd/MPSS ELP 19-20 500 0.101 0.015-0.030 <5000 n/d [55]
Pd/MPSS ELP 5 400 0.1 0.155 100-200 n/d [56]
Pd/PG ELP 13 500 0.202 0.189 00 88 [28]
Pd/Al; 03 ELP 7-15 400 0.1 0.086-0.134 100-1000 n/d [56]
Pd/HF ELP 3-4 430 0.1 0.136 1000 n/d [50]
Pd/Al,03 CVD 0.5-1.0 350-450 0.1 0.050-0.100 100-1000 n/d [57]
Pd-Ag/PG ELP 21.6 400 0.202 0.067 00 88 [28]
Pd-Ag/MPSS ELP 15 500 0.202 0.103 oo (Hz/Ar) n/d [58]
Pd-Cu/Al, 05 ELP/O 3.5 350 0.1 0.056 >7000 n/d [59]
Pd-Cu/Al, 03 ELP/O 1.5 350 0.1 0.499 93 n/d [59]
Pd-Ag Cold rolling 50 500 0.1 0.01 00 70 [32]
Pd/MPSS MD/ELP 6 500 0.1 0.260 oo (Hz/Ar, He) 96.9 [47]
Pd/MPSS MD/ELP 6 550 0.1 0.300 oo (Ha/Ar, He) 96.9 [47]
Pd-Ag/MPSS IM/ELP 4 500 0.1 0.280 00 80.2 [49]
Pd-CeO,/MPSS  CMS/ELP 13 500 0.2 0.275 oo 97 [48]

@ Here: Legend: MPSS—macroporous stainless steel; PG—porous glass; HF—alumina hollow fiber; ELP—electroless plating; O—osmotic pressure method; CVD—chemical
vapor deposition; MD/ELP—multidimensional plating mechanism; IM/ELP—improved method of electroless plating; CMS/ELP—combined method of physical sputtering and

electroless plating; n/d—not determined.



262 B.N. Lukyanov et al. / Chemical Engineering Journal 154 (2009) 258-266

Membrane
CH,4, H,O
b2 Pd-layer Support
Catalyst ¢ L

N

/

Heat
[ s—

$5959%%%
$999999%4 |
CO, H,, CO,, H,0, H,

(CHy)
Reaction zone

Permeability zone

Fig. 3. Schematic of the catalytic membrane reformer. Hydrogen is uninterruptedly
isolated from the reaction zone using a membrane. A hydrogen flow passing through
the membrane is proportional to the difference of square roots of hydrogen partial
pressures at the inlet and outlet membrane sides.

(CMR) is a reactor in which a membrane does not practically play
the role of a catalyst, because a number of the reactions occurring
on the membrane is negligibly small as compared to the reactions
occurring in the catalyst layer over the membrane. Hydrogen - the
desired product - is in situ removed through the membrane into a
permeability zone (Fig. 3) and can be used, for example, in a fuel
cell (FC). The other membrane reactors providing either removal or
supply of reagents to the reaction zone were reviewed elsewhere
[60].

The main role of a membrane in catalytic membrane reac-
tors is separation, although the products of methane and water
conversion considerably affect its permeability. This question was
considered in detail by Gryaznov et al. [18]. It was established
that at 700-900°C, methane, carbon monoxide and dioxide do
not decrease hydrogen transfer over a wide range of partial pres-
sures and water steam slightly increases hydrogen permeability
of the palladium membrane containing 6 mass.% of ruthenium.
Carbon-black formation can worsen filtration activity of a mem-
brane (CO +H; < H,0 +C) if the MSR procedure is not followed, as
in the case of overheating of the reaction zone. Carbon does not
deposit on the membrane as ratio HyO/CH, is kept higher than
2.5. According to [47], the presence of methane and carbon dioxide
does not practically affect hydrogen permeability of the palladium
membranes over a wide temperature range.

Catalytic membrane reformers are used in the processes of MSR
and methane partial oxidation (POX) [61,62] as well as the reform-
ers of CO steam conversion [63-68] and CO selective oxidation [69].
In CMR POX the multilayered palladium membranes on the TiO,
support were used. Note that the thickness of a Pd layer varied
from 10 to 21 wm. In the CO selective oxidation reactor, the mem-
branes were made of zirconium oxide stabilized by yttrium oxide.
Ceramic membranes were used in the catalytic membrane reactor
of CO steam conversion [63]. Unfortunately, they did not provide the
concentration of CO <10 ppm, which is required for a fuel cell with a
proton-exchange membrane (PEMFC). As a result, it is necessary to
perform the final gas cleaning from CO using, for example, metha-
nation or selective oxidation processes. The Eltron Pd membranes
were specially designed for the CO high-temperature steam conver-
sion. Compared to the traditional palladium membranes, hydrogen
permeability of the Eltron membrane is 20 times higher and the
cost is 10 times lower [65]. The silicon composite membranes pro-

m
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Fig. 4. Schematic of the 30 kW power methanol fuel processor with 10 modules
(3 kW power each) [71].

vide: the CO conversion higher than 95%, selectivity towards H,/CO,
H,/CO, and H;,/N; ranging within 15-40 and separation factor
(H2/CO) 20-45 at 220-290°C and 0.2-0.6 MPa [66]. The ultra thin
palladium membranes (1.6 pwm Pd/23 mass.% Ag) provided a very
good cleaning of gases from CO [67].

At present, the catalytic membrane reformers for hydrogen
generation from different hydrocarbons fuels such as methane,
methanol, ethanol, gasoline, etc., using steam or autothermal
(steam-oxygen conversion) reforming belong to the best developed
reactors. Much attention in literature was focused on the use of
palladium membrane reactors in generating super-purity hydro-
gen, including patents [70-82]. A catalytic membrane reformer or
a membrane fuel processor takes the place of a traditional multi-
component fuel processor as one module providing a simultaneous
performance of a reaction and separation. Compact sizes of CMR
attract much interest of the designers of hydrogen-fueled electri-
cal vehicles. For commercial and research activities, the catalytic
membrane reformers with a wide output range (1cm3H, h=! to
10% cm3H; h~! and higher) are used.

Catalytic membrane reformers are divided into tubular and
plate-type diffusion reactors. The first are designed as a bundle
of thin-wall seamless drawn or sutural tubes pressurized either
by external or internal gas mixture overpressure. Capillary tubes
are used in high-pressure catalytic membrane reformers. Plate dif-
fusion elements feature a great variety of design and technologic
implementations, and are usually made of foil based on the porous
or ribbed supports. The foil is corrugated to reduce the effect of
tension caused by different linear expansion coefficients of foil and
support materials. However, such elements hold their shape up to
relatively low pressures, 1.0-2.0 MPa. The plate diffusion elements
are 2-3 times lower in cost than the tubes.

Let us consider several catalytic membrane reactors. In [71], a
30kW,. electric power CMR was designed for a vehicle (Fig. 4).
The volume of the module was 3.91, the weight (without flanges)
5.7 kg, the hydrogen output 2.3 nm3 h~! (see schematic in Fig. 5).
A membrane hydrogen separator was integrated into the CMR.
The membrane was made of alloy Pd-Cu 25 pum thick, though
Pd-Ag and Pd-V-Ni-Cr alloys were also tested. Specific flow rate
of the hydrogen flow increased with an increase of both tem-

» Pure hydrogen

» Exhaust

Feed
tank

Fig. 5. Schematic of the 3 kW power methanol reforming module providing pure
hydrogen [71]. The reformer bottom is filled with platinum catalyst supported on
the metal grid. Membrane Pd-Cu tubes are at the top.
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perature and pressure through a membrane. At 300°C and the
hydrogen partial pressure 0.414 MPa, the specific flow rate of hydro-
gen was 30cm> min~! cm~2. The presence of CO in the reformer
reduced the hydrogen flow rate by ~25 vol.%, because the CO irre-
versible adsorption locked the centers of adsorption (dissociation)
of hydrogen. The samples of CuO/ZnO/Al;03, CuO/ZnO/TiO, and
Cu0/Cr,03/TiO, were tested as reforming catalysts. A residue gas
flow containing nonseparated hydrogen (~25 vol.%) was directed to
the catalytic combustion zone located around the modules (Fig. 4).
The heat released by combustion was utilized in the methanol
steam reforming. To heat up the system which is usually cold,
a liquid methanol portion was injected through an injector into
the combustion zone and set on fire. As temperature increased
to ~45 °C, the catalytic combustion began. A steel grid with sup-
ported Pt/Al,03 was used as a combustion catalyst. Five minutes
after the cold start, the flow temperature at the jacket outlet was
about 350°C. In a minute, the hydrogen generation started in
the module which was heated to 100°C. After 12 min of heating,
the temperature of the heating flow was 500°C. By the twenti-
eth minute, the reformate temperature at the module outlet was
300-320°C. Note that each module provided the maximal hydro-
gen output 2.3nm?3h-1, the hydrogen purity was 99.9999% and
the CO concentration was lower than 1ppm. Specific character-
istics of the fuel processor were: power density of the processor
1kWI1-1 (0.84kWkg1), total volume 401 and total weight 50 kg.
The methanol conversion was 95%, the hydrogen separation by a
steel membrane was 75% and the total thermal effectiveness of the
system was 89%. The period of transition (response time) from full
loading to restart (after a short stop of the processor) was about
2 min.

A comparison of 50 kW power catalytic membrane reactors for
steam and autothermal methanol reforming (ATR) showed that the
volume of the latter was smaller by 131[72]. The autothermal cat-
alytic membrane reactor is schematically shown in Fig. 6. To provide
heating of the CMR-ATR, they used the heat resulting from the cat-
alytic fuel combustion and the hydrogen from the FC anode exhaust,
the overall efficiency of the CMR-FC system was about 84%.

The US patent [73] suggests a compact multi-fuel converter for
vehicles with an integrated hydrogen separator (Fig. 7). The fuel
processor is designed as an U-shaped tube. A heated gas flow is
directed from burner 1 (top part) to the reactor through flange
2 to heat the catalytic zone of cylindrical reactor 3 and cylindri-
cal membrane reactor 4. The evaporated fuel mixture is supplied
through flange 5 into the right cylinder filled with the catalyst. A
gas mixture resulting from the reforming is directed through the
U-shaped outlet at the top into membrane unit 4. The reformate
containing small amounts of hydrogen is released through flange 6.
Hydrogen is isolated from the reformate using the membrane and
released from collector 7. The compact membrane fuel processor is
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Fig. 6. Schematic of the membrane reformer for autothermal methanol conversion
supplied with countercurrent sweep gas [72].
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Fig. 7. Compact methanol fuel processor based on the steam reforming and mem-
brane hydrogen separation [73].

schematically shown in Fig. 8. The processor has three concentric
zones: zone 1 is meant for fuel gas pass, zone 2 acts as a hydro-
gen collector and zone 3 (inner) is meant for the gases which heat
the processor. Membrane filter 4 permits the isolation of hydrogen
from the reformer and its supply to the fuel cell through flange 5.
The overall sizes of the membrane processor are: diameter 5cm,
length 50 cm, area about 0.4 m2. Patent [74] describes a catalytic
heat-conjugated membrane reactor for methanol steam reforming
(quick heating of the reformer owing to the catalytic oxidation of
alcohols or hydrocarbons and residue reformate).

Anovel membrane reformer providing both steam and oxidation
methane reforming is suggested in [75]. In the reforming zone, the
fluidized catalyst bed is quickly circulating. Hydrogen is released

2 4

——————————— Air,
auxiliary fuel,
and off-gas

Fig. 8. Compact membrane reformer-processor [73].
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(b)

460 mm

Hydrogen outlet

Fig. 9. Left: Design of composite palladium membrane elements used by Tokyo Gas for their methane steam membrane reformer. Right: Arrangement of two elements in

one reactor tube [83].

from the reaction zone through filtration tubes (2941 pieces) 2 m in
length, ~1 mm in diameter which are supplied with Pd membranes
20 pm thick. The air oxygen is supplied through a number of dense
perovskite oxygen-permeable tubes (15224 pieces) 2 m in length,
~4.9mm in diameter, the membrane thickness is ~55 pm. Some
reformer characteristics: process temperature 560°C, H,O/CHy4 4,
reactor volume 0.015 m3, pressure in the reactor 2.2 MPa, hydrogen
output (mole Hy/mole CH4) 3.204. The efficiency of the unit volume
of the membrane reactor is 8.2 times higher than that of the tra-
ditional commercial tubular reactor with a fixed catalyst bed with
similar characteristics.

A compact methanol steam reforming reactor with an integrated
hydrogen separator is presented in [76]. For the steam methanol
reforming, it was suggested to use a palladium membrane reactor
with two jackets, in which the processes of steam methanol reform-
ing and CO conversion are performed at a time [77]. Hydrogen is
separated from the reformate using palladium tubes. The reactor
worked at 1.2 MPa and 350 °C, the methanol conversion was 97%,
the hydrogen separation by a membrane unit was 74%.

A new hybrid adsorption-membrane reactor with a hybrid fixed
catalyst bed, in which the reaction of methane steam reform-
ing is conjugated with the CO,-adsorption system, was studied
at the temperature range 400-480°C and pressures to 3 MPa,
which are required for different transport and stationary appli-
cations [78]. The authors in [79] suggested a membrane assisted
fluidized bed reactor with a Pd membrane for hydrogen separation
and a perovskite membrane for oxygen supply. The membranes
are placed into two sections because of different temperatures.
Thus, the steam methanol reforming and CO steam conversion
proceed in the upper section (Pd membrane) whereas the partial
oxidation (perovskite membrane) proceeds on the lower section.
The reactor was tested on the low-temperature methanol steam
reforming, ratio H,O/CH,4 was stoichiometric. The process of partial
methanol reforming was performed in a reformer with a palladium
membrane, the starting temperature was 300°C [80]. In [81], the
membrane assisted fluidized bed reformer was tested during MSR
(the reactor was heated through a wall) and POX (air was intro-
duced through a catalystlayer). In the pilot reactor (diameter 0.13 m,
height 2.3 m), the heated catalyst particles were circulated from the
oxidation reforming zone to the steam reforming zone. The yield of
hydrogen (purity grade 99.999%) was 0.96 mole H, mole~! CH,. In
Ref. [82], the commercial catalytic membrane reactor of methane
steam reforming was tested to reveal effects of different fluxes in
the reaction and permeability zones. Compared to the traditional
reactor, the advantages of CMR-MSR are: less complicated process

flow diagram, low process temperature and low fuel consumptions
at higher methane conversion.

The most advanced technical demonstration of packed-bed
membrane reformer for methane steam reforming has been
reported from Japan, where this technology has been developed
since 1991 by a consortium involving Mitsubishi Heavy Industries
and Tokyo Gas based on pioneering studies by Kikuchi, Uemiya
and coworkers [8,11,29]. The unit commissioned in Tokyo Gas in
2004 has a hydrogen capacity of 40nm?3h~! [83], and operates at
550°C and 0.9 MP, a with S/C ratio of 3. Steam sweep is used to
remove the hydrogen, and the permeate is evacuated to a pressure
0f 0.04 MPa. The purity of the hydrogen is above 99.99%, and energy
efficiency of the unit reaches 72-76%. The reformer has a scalable
design with 224 membrane elements that are flat rectangular tubes,
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Fig. 10. Scalable design of the methane steam membrane reformer developed by
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each 40 mm wide, 460 mm long, and 10 mm thick (Figs. 9 and 10).
Two of these elements each are combined to one reactor tube with
dimensions 86 mm x 22 mm x 615 mm, and seven reactor tubes are
arranged to from one unit, of which 16 comprise the whole mod-
ule. Each element has a membrane area of ca. 460 cm?, which leads
to a total membrane area of ~10.3 m2. The membrane is a total
palladium-alloy foil which is cold-rolled to a thickness of <20 pwm
and hot-pressed to structural support [11], using a suitable coating
or a porous blanket for protection against intermetallic diffusion.
With a width of 1.2m, a depth of 0.75m, and height of 1.35m
(including insulation), the reformer is very compact. The whole
unit is installed in a container which is 3.56 m long, 2.56 m wide,
and 2.3 m high; this represents a 70% reduction in volume as com-
pared to a conventional system with purification by pressure swing
adsorption. The system has been operated continuously for more
than 3000 h at a hydrogen filling station in Tokyo.

5. Conclusions

1. Catalytic membrane reformers feature high energy efficiency
(>80%), compact dimensions, good dynamic characteristics, low
temperature of the carbon reforming; provide a one-step gener-
ation of super-pure hydrogen and the conversion of feed which
considerably exceeds the equilibrium value. The resulting hydro-
gen does not contain CO and can be utilized in low-temperature
fuel cells. Compared to the traditional tubular reactors, the
reformers with the integrated membrane modules for hydro-
gen separation from the reaction zone and oxygen supply to the
reaction zone increase the hydrogen output by eight times.

2. Different constructions of catalytic membrane reformers were
developed for vehicles and power plants using membrane iso-
lation of hydrogen from reformats. For vehicles, the catalytic
membrane reactors with autothermal reforming are preferred
because of the less complicated heat supply of the reforming
zone. The catalytic membrane reactors with steam methane
reforming are preferred for power plants, because they provide
higher separation of hydrogen from fuels.

3. A significant drawback of the known catalytic membranes is
short operation life. Thus, the reforming catalysts used in the
catalytic membrane reactors can operate for more than 1000 h
whereas the best membrane samples exhibit stable operation
during several hundreds of hours. A short operation life of the
known membranes, insufficient mechanical strength and, what
is more important, high cost of their main component (palla-
dium) hinder wide application of catalytic membrane reactors.
However, the advances in the development of hyperfine com-
posite membranes on different supports suggest good prospects
for introducing membrane technologies into future hydrogen
energy. A cartridge-type change of the membrane modules in the
catalytic membrane reactors is a way to increase their operation
life.
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