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Abstract

Hydrogen as a high-quality and clean energy carrier has attracted renewed and ever-increasing attention around the world in recent years,
mainly due to developments in fuel cells and environmental pressures including climate change issues. In thermochemical processes for hydrogen
production from fossil fuels, separation and purification is a critical technology. Where water–gas shift reaction is involved for converting the car-
bon monoxide to hydrogen, membrane reactors show great promises for shifting the equilibrium. Membranes are also important to the subsequent
purification of hydrogen. For hydrogen production and purification, there are generally two classes of membranes both being inorganic: dense
phase metal and metal alloys, and porous ceramic membranes. Porous ceramic membranes are normally prepared by sol–gel or hydrothermal
methods, and have high stability and durability in high temperature, harsh impurity and hydrothermal environments. In particular, microporous
membranes show promises in water gas shift reaction at higher temperatures. In this article, we review the recent advances in both dense phase
metal and porous ceramic membranes, and compare their separation properties and performance in membrane reactor systems. The preparation,
characterization and permeation of the various membranes will be presented and discussed. We also aim to examine the critical issues in these
membranes with respect to the technical and economical advantages and disadvantages. Discussions will also be made on the relevance and
importance of membrane technology to the new generation of zero-emission power technologies.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The concept of a hydrogen economy, a situation where hy-
drogen is used as the major carrier of energy, has been popular
for many decades among futurists and some policy makers.
The potential of hydrogen has been known for almost two cen-
turies. The first combustion engine, developed in 1805 by Isaac
de Rivaz, was fuelled with hydrogen. However, it was steam,
and later petroleum, that have powered the world’s engines so
far.
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Many countries around the world are seriously considering
the implications of a shift towards a hydrogen economy. The
growing interest in hydrogen is driven mainly by its potential
to solve two major challenges confronting many of the world’s
economies, how to achieve energy independence while mini-
mizing the environmental impact of economic activity. There
are four critical technologies that need to be developed before a
hydrogen economy could be realized:

(1) Cost effective production of hydrogen in a carbon con-
strained global energy system. The challenges in this area
include the production of H2 from fossil fuels with carbon
sequestration taken into account, and increasing utilization
of renewable sources.
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(2) Hydrogen purification and storage technologies that will be
able to separate, and purify the hydrogen streams to the
requirements of the subsequent storage and utilization sys-
tems. Efficient and practical storage devices for hydrogen
will have to reach the US DOE target of 6.5 wt%.

(3) An efficient, widely available and well managed hydrogen
delivery and distribution infrastructure.

(4) Efficient fuel cells and other energy conversion technolo-
gies that utilize hydrogen.

One of the promising candidates for hydrogen separation
and purification is inorganic membrane, which has also shown
increasing importance in membrane reactors in hydrogen pro-
duction processes. So far there is no systematical review of the
status of membranes for hydrogen applications. It is the aims
of this review to provide an extensive assessment of the re-
cent advances in both dense phase metal and porous ceramic
membranes, and compare their separation properties and per-
formance in membrane reactor systems in particular for natural
gas reforming and the water gas shift reactions. The prepara-
tion, characterization and permeation of the various membranes
will be presented and discussed. We also aim to highlight some
critical issues in these membranes with respect to the technical
and economical advantages and disadvantages.

1.1. Hydrogen as a fuel

Hydrogen is the most abundant element on the planet. It can
be extracted from water, biomass, or hydrocarbons such as coal
or natural gas. Hydrogen can also be produced by nuclear en-
ergy or via electricity derived from renewable resources such
as wind, solar or biomass. Hydrogen is often referred to as
‘clean energy’ as its combustion produces only water, however,
the production of hydrogen from hydrocarbons, yields CO2,
a greenhouse gas.

Globally, hydrogen is already produced in significant quan-
tities (around 5 billion cubic metres per annum) and is used
mainly to produce ammonia for fertiliser (about 50%), for oil
refining (37%), methanol production (8%) and in the chemi-
cal and metallurgical industries (4%). With greater emphasis
placed on environmental sustainability, energy cost and secu-
rity (both for stationary and transport sectors), considerable
efforts are now being directed at the developing the technolo-
gies required to build an infrastructure to support a “hydrogen
economy.” Global investment in hydrogen has accelerated dra-
matically over the past few years and is now in the range of
several US billion dollars. For instance, the Bush Administra-
tion recently announced a $US1.7 billion program directed at
advancing hydrogen technologies, in particular, fuel cell vehi-
cles. Japan also recently announced plans to introduce around
4000 hydrogen filling stations by 2020.

Perhaps the best known example of a ‘hydrogen economy’
is Iceland which has set a goal for a complete transition to hy-
drogen by 2030. In this scenario, hydrogen will be produced via
Iceland’s geothermal and hydro resources and fed into fuel cells
for stationary applications (homes, businesses) and for trans-
portation (cars, buses, fishing boats, etc.). Similarly, Hawaii is
currently conducting a feasibility study to assess the potential
for large-scale use of hydrogen, fuel cells, and renewable en-
ergy.

A number of technological barriers need to be overcome in
relation to hydrogen storage and distribution. The pathway to
hydrogen is also still unclear. Many countries around the world
have abundant resources in coal and gas, and these fossil fuels
would play a key role in such a transition. Any major hydro-
gen initiative will also require significant investment in new in-
frastructure (pipelines, storage facilities, fuelling stations, etc.).
Hydrogen promises to encourage diversity in a nation’s energy
mix while potentially offering a cleaner environment.

1.2. H2 production and purification needs

In thermochemical processes for hydrogen production from
fossil fuels, separation and purification is a critical technology.
Where water–gas shift reaction is involved for converting the
carbon monoxide to hydrogen, membrane reactors show great
promise for shifting the equilibrium. Membranes are also im-
portant to the subsequent purification of hydrogen. Hydrogen
can be economically produced by steam reforming, a reaction
between steam and hydrocarbons, using supported nickel cata-
lysts. As CH4 is a stable hydrocarbon, high temperatures (e.g.,
800 ◦C) are required for the endothermic reaction:

CH4 + H2O = CO + 3H2. (1)

Carbon monoxide is further reacted with steam to form H2 and
CO2 by the exothermic reaction, which is commonly referred
to as the water–gas shift reaction:

CO + H2O = CO2 + H2. (2)

In order to obtain high purity hydrogen from either syngas or
the products of the water–gas shift reaction (2), separation of
H2 from either CO or CO2 is necessary. Competitive separa-
tion processes for hydrogen from such as streams include amine
absorption (CO2 separation), pressure swing adsorption (PSA)
and membrane separation. Amine absorption processes are a
very mature technology and will not be discussed further. From
the experience of hydrogen separation in refineries, membrane
systems are more economical than PSA in terms of both relative
capital investment and unit recovery costs [1].

If H2 is selectively removed from the reaction system, ther-
modynamic equilibria of these reactions are shifted to the prod-
ucts side, and higher conversions of CH4 to H2 and CO2 can
be attained and at even lower temperatures. Actually, enhanced
performance of steam reforming with a real membrane catalytic
system was firstly reported by Oertel et al. [2], consistent with
computer simulation studies. They employed a Pd disk mem-
brane with a thickness of 100 µm, which effectively enhanced
hydrogen production, but at high temperatures of 700 or 800 ◦C.
According to the calculation by Shu et al. [3], membrane sepa-
ration can result in the significant conversion improvement on
the CH4 steam-reforming in a lower temperature range of 500–
600 ◦C. At such moderate temperatures, commercially avail-
able Pd membranes are too thick to work effectively. The criti-
cal features of membrane for successful membrane reactors are
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not only high separation selectivity, but also high permeability,
which mean the rate of permeation should be comparable to the
rate of catalytic reaction. Another important feature is the sta-
bility and durability of the membrane.

For hydrogen production and purification, there are gener-
ally two classes of membranes both being inorganic: dense
phase metal, metal alloys and ceramics (perovskites), and
porous ceramic membranes. Porous ceramic membranes are
normally prepared by sol–gel or hydrothermal methods, and
have high stability and durability in high temperature, harsh
impurity and hydrothermal environments. In general, inorganic
ceramic membranes possess lower H2 selectivity but higher
flux. In particular, microporous membranes show promise in
water gas shift reaction at higher temperatures.

1.3. H2 permselective membranes

1.3.1. Membranes and membrane separation
A membrane is a physical barrier allowing selective trans-

port of mass species, widely used for separation and purification
in many industries. Membranes can be classified into organic,
inorganic and hybrids of organic/inorganic systems. Organic
membranes can be further divided into polymeric and biologi-
cal constituents, whilst inorganic ones to metallic (dense phase)
and ceramic (porous and non-porous) membranes. Fig. 1 shows
a schematic of the membrane separation process, in which the
driving force is often pressure or concentration gradient across
the membrane. An authoritative summary of basic concepts and
definitions for membranes is available in an IUPAC (Interna-
tional Union of Pure and Applied Chemistry) report [4].

Criteria for selecting membranes are complex depending on
the application. Important considerations on productivity and
separation selectivity, as well as the membrane’s durability and
mechanical integrity at the operating conditions must be bal-
anced against cost issues in all cases [5]. The relative impor-
tance of each of these requirements varies with the application.
However, selectivity and permeation rate (or permeance) are
clearly the most basic properties of a membrane. The higher the
selectivity, the more efficient the process, the lower the driving
force (pressure ratio) required to achieve a given separation and
thus the lower the operating cost of the separation system. The
higher the flux, the smaller the membrane area is required thus,
the lower the capital cost of the system.

Table 1 summarizes the features of polymeric and inorganic
membranes in terms of their technical advantages and disad-
vantages, and the current status of development [6]. In general,
inorganic membranes favor applications under harsh tempera-
ture and chemical conditions, whereas polymeric ones have the
advantages of being economical.

1.3.2. H2 separation membranes
Gas separation using polymeric membranes was first re-

ported over 180 years ago by Mitchell in a study with hy-
drogen and carbon dioxide mixture [7]. In 1866, Graham [8]
made the next important step in understanding the perme-
ation process. He proposed that permeation involves a solution-
diffusion mechanism by which permeate molecules first dis-
solved in the upstream face of the membrane were then trans-
ported through it by the same process as that occurring in the
diffusion of liquids. The first successful application of mem-
brane gas-separation systems came much later (in the 1970’s)
and it was for hydrogen separation by polymeric membranes
from ammonia purge gas streams, and to adjust the hydro-
gen/carbon monoxide ratio in synthesis gas [9].

Hydrogen separations from highly supercritical gases, such
as methane, carbon monoxide, and nitrogen are easy to achieve
by polymeric membranes, because of the extremely high dif-
fusion coefficient of hydrogen relative to all other molecules
except helium. Even though solubility factors are not favorable
for hydrogen, the diffusion contribution dominates and gives
overall high selectivities. For example, the hydrogen/methane
selectivity of some of the new rigid polyimide and polyaramide
membranes is about 200. An example of Monsanto’s use of
membranes for synthesis gas composition adjustment is the
Fig. 1. Simplified concept schematic of membrane separation. Permeability is typically used to indicate the capacity of a membrane for processing the permeate.
High permeability means a high throughput. Permeability denotes the flux of mass through a membrane per unit of area and time at a given pressure gradient with
several units commonly used: barrer (10−10 cm3(STP) cm s−1cm−2 cmHg−1), or gas permeation units (GPU = 10−6 cm3(STP) cm−2 s−1 cmHg−1), or molar
permeability (mol m s−1 m−2 Pa−1). Permeance is defined as flux per transmembrane driving force (mol s−1 m−2 Pa−1). Selectivity is a membrane’s ability to
separate a desired component from the feed mixture. Selectivity is often calculated as permselectivity (ratio of permeation of single gases) or as a separation factor
α for a mixture.
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Table 1
Comparison of polymeric and inorganic membranes

Membrane Advantages Disadvantages Current status

Inorganic •Long term durability •Brittle (Pd) •Small scale applications
•High thermal stability (>200 ◦C) •Expensive •Surface modifications to improve hydrothermal stability
•Chemical stability in wide pH •Some have low hydrothermal stability
•High structural integrity

Polymeric •Cheap •Structurally weak, not stable, temp. limited •Wide applications in aqueous phase, and some gas
separations•Mass production (larger scale) •Prone to denature & be contaminated

(short life)•Good quality control

Fig. 2. Various gas separation mechanisms [12] (a) viscous flow, (b) Knudsen diffusion, (c) molecular sieving and (d) solution diffusion.
production of methanol from synthesis gas. Monsanto has pub-
lished a study of a plant in Texas City producing 100 million
gal/yr of methanol [10].

Although polymeric membranes have been used for hydro-
gen separation in industries, particularly for low temperature
applications for many years [11], the high temperature sta-
bility problem limits the applications of these membranes to
membrane reactors for hydrogen production. In this article,
we focus our review on the inorganic membranes systems for
hydrogen separation and for membrane reactors involving the
removal of hydrogen. Hydrogen-permselective inorganic mem-
branes are further classified into three main groups: (i) mi-
croporous ceramic or molecular sieves, (ii) dense-phase metal
or metal alloys, and (iii) dense ceramic perovskites. The for-
mer follows the activated diffusion mechanism, and the latter
solution-diffusion, as illustrated in Fig. 2.

There are generally four molecular transport mechanism
through membranes as summarized below:

(a) Viscous flow, no separation is achieved.
(b) Knudsen flow regime, separation is based on the inverse

square root ratio of the molecular weights of A and B (when
the pore radius is smaller than the gas molecule’s mean free
path); separation factor:

αAB =
[

MB

MA

]1/2

.

(c) Micropore molecular sieving (or activated diffusion), sep-
aration is based on the much higher diffusion rates of the
smallest molecule, but adsorption capacities may be impor-
tant factors for similarly sized molecules such as O2 and
N2.

(d) Solution-diffusion regime, separation is based on both sol-
ubility and mobility factors in essentially all cases, espe-
cially for non-porous polymeric membranes. Diffusivity
selectivity favors the smallest molecule. Solubility selec-
tivity favors the most condensable molecule. The concept
of transient gap opening does not apply to the process
of hydrogen permeation through a dense-phase metallic
membrane. Although the transport mechanism of hydro-
gen through metallic membranes is also solution–diffusion,
the process is much more complex than in polymeric films,
which will be discussed in Section 1.3.3 in more detail.

1.3.3. Important membrane properties required for efficient
separation

As mentioned earlier, the basic and important properties are
selectivity and permeability. In the absence of defects, the selec-
tivity is a function of the material properties at given operating
conditions. The productivity is a function of the material prop-
erties as well as the thickness of the membrane film, and the
lower the thickness, the higher the productivity. According to
Koros [9], there are two basic requirements for membrane gas
separation systems, i.e., technical and practical requirements.
The former refers to those characteristics that must be present
for the system to even be considered for the application. The
latter refers to the characteristics important in making a techni-
cally acceptable system competitive with alternative technolo-
gies, such as cryogenic distillation or pressure-swing adsorption
(PSA). The technical requirements for two main types of mem-
branes of interest to hydrogen separation are as follows:
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(1) For solution-diffusion membranes (polymeric or metallic),
it is critical to attain a perfect pin-hole free or crack-free
selective layer that can last for the entire working life of
the membrane in the presence of system upsets and long-
term pressurization.

(2) For molecular-sieve membranes, a similar standard of per-
fection must be ensured to have no continuous pores with
sizes greater than a certain critical size existing between
the upstream and downstream membrane faces. For hydro-
gen separation, the pore size limit is around 0.3–0.4 nm
[13,14]. Adsorption on the pore walls may reduce the ef-
fective openings well below that of the “dry” substrate.

(3) Most gas streams in industry contain condensable and ad-
sorptive or even reactive components, so it is often desir-
able to remove such components prior to the membrane
separation stage. Such pretreatment is not a major problem
and other competitive separation processes such as PSA
also use feed pretreatments. However, the more robust the
membrane system is in its ability to accept unconditioned
feeds, the more attractive it is in terms of flexibility and
ease of operation. Therefore, for any type of membranes
the chemical stability and/or thermal stability are of signif-
icant concern with respect to its life and operation.

Besides the technical requirements as mentioned above,
practical requirements dictate that a membrane should provide
commercially attractive throughputs (fluxes). Even for materi-
als with relatively high intrinsic permeabilities, commercially
viable fluxes require that the effective thickness of the mem-
brane be made as small as possible without introducing defects
that destroy the intrinsic selectivity of the material. In practice,
even highly permeable membranes are not used in thick film
form to minimize the total materials costs because of the enor-
mous membrane areas required for large-scale gas separation.

In addition to flux, a practical membrane system must be
able to achieve certain upstream or downstream gas (hydrogen)
compositions. The ideal separation factor or permselectivity,
i.e., the ratio of the intrinsic permeabilities of the two perme-
ates, should be as high as possible to allow flexibility in setting
transmembrane pressure differences, while still meeting gas pu-
rity requirements. Permselectivity also determines the energy
used in compressing the feed gas, and if multistage system
designs are needed. Unfortunately, high permselectivities of-
ten correlate with low intrinsic membrane permeabilities, and
this presents a compromise between productivity and selectiv-
ity of the membrane. The trade-off between intrinsic membrane
permeability and selectivity is a major issue concerning re-
searchers who are constantly striving for better materials to
optimize both properties.

2. Dense phase membranes

Dense phase metallic and metallic alloy membranes have
attracted a great deal of attention largely because they are com-
mercially available. These membranes exist in a variety of com-
positions and can be made into large-scale continuous films for
membrane module assemblies. For hydrogen, so far there has
been some limited number of metallic membranes available that
are effective. These are primarily palladium (Pd)-based alloys
exhibiting unique permselectivity to hydrogen and generally
good mechanical stability [15–20]. Originally used in the form
of relatively thick dense metal membranes, the self-supporting
thick membranes (50–100 µm) have been found unattractive be-
cause of the high costs, low permeance and low chemical stabil-
ity. Instead, current Pd-based membranes consists of a thin layer
(<20 µm) of the palladium or palladium alloy deposited onto a
porous ceramic or metal substrate [3,21–23]. The alloying el-
ements are believed to improve the membrane’s resistance to
hydrogen embrittlement [24] and increase hydrogen permeance
[25]. For example, in PdAg, the most commonly used alloy for
hydrogen extraction, the hydrogen permeability increased with
silver content to reach a maximum at around 23 wt% Ag. Alloy-
ing Pd with Ag decreases the diffusivity but this is compensated
for by an increase in hydrogen solubility. Such alloyed mem-
branes have good stability and lower material costs, offering
higher hydrogen fluxes and better mechanical properties than
thicker metal membranes.

2.1. Preparation and characterization of metal-based
membranes

Generally there are three techniques for coating metallic thin
films onto porous metallic or ceramic supports: electroless plat-
ing, chemical vapor deposition (CVD) and physical sputtering.
Under controlled conditions all three methods produce good
quality membranes with high hydrogen selectivity over 3000
at temperatures above 300 ◦C. Most of the work on preparation
of Pd-based membranes was conducted in the 1990s, for in-
stance, on electroless plating technique [3,26,27], chemical va-
por deposition [23,28], magnetron sputtering [29–31] and spray
pyrolysis [24].

The electroless plating technique is a simpler and often more
effective method of preparation which has a number of advan-
tages such as uniformity of coatings on complex shapes, high
coating adhesion, low cost, equipment and operation simplicity.
The CVD method also has the advantages of ease to scale up
and flexibility to coat metal film on support of different geom-
etry. The main disadvantage of these two chemical methods
is the difficulty to control the composition of metal alloy de-
posited.

DC or RF sputtering method of depositing Pd and its alloys,
however, is found to produce very thin Pd/Ag membranes of
good quality [31]. Lin’s group deposited metal membranes in-
side the mesopores of alumina support in order to circumvent
mechanical problem associated with alpha-beta phase trans-
formation due to hydrogen pressure and temperature changes
[28]. However, the metal membrane formed by deposits in the
pores exhibited a lower hydrogen permeance as compared to
the metal film on the support surface. Alloying a second metal
with Pd is an effective way to avoid the phase transformation
(hydrogen embrittlement).

In electroless plating of Pd films, Pd particles are nor-
mally produced by reduction of the plating solution containing
amine–Pd complexes. These particles then grow on Pd nuclei
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Fig. 3. Ratio of hydrogen permeance after grain growth to that before the grain
growth for three different nanocrystalline Pd–Ag membranes of about 200 nm
in thickness prepared by sputtering method [36].

seeded on the substrate through a successive activation and sen-
sitization processes, which is autocatalysed by the Pd particles.
Despite its inherent simplicity, defects in the Pd layer can de-
velop due to impurities in the plating solution. On the other
hand, rapid temperature change may also lead to the formation
of defects caused by the different thermal expansion coeffi-
cients of Pd (or its alloy) and the substrate.

A new electroless plating technique combining the conven-
tional plating with osmosis was further developed by Yeung and
co-workers [32–34]. By this method, the initial loose structure
of the deposited Pd could be densified as a result of the migra-
tion of Pd to the vicinity of the defects. In the recent study, Li
et al. [35] used this new method to repair Pd/α-Al2O3 compos-
ite membranes, which originally contained a large number of
defects.

In terms of the microstructure of the thin films produced, the
following summarizes the different features of the products by
three different methods [36]:

• Thin Pd/Ag membranes prepared by the electroless plating
tend to contain large crystallites (in submicron range).

• The CVD metal membranes can be polycrystalline or
nanocrystalline depending on the deposition conditions in
100 s nm.

• Those by the sputtering deposition are nanocrystalline with
crystallite sizes in the range of 20–100 nm.

There are many discrepancies in the literature on hydrogen
permeation data through various thin Pd/Ag membranes pre-
pared by different methods [37]. These discrepancies cannot be
explained by the differences in membrane thickness and com-
position. The effects of the microstructure (e.g., the crystallite
size) on hydrogen permeation could be important.

To examine the effects of the grain size on hydrogen per-
meation, Lin and co-workers [36] prepared submicron-thick,
nanocrystalline Pd/Ag films by sputtering method. The films
were annealed at 600 ◦C for grain growth. The hydrogen per-
meation through the membrane was measured before and after
the grain grown. Fig. 3 shows the grain sizes before and af-
ter the annealing, and the ratio of the hydrogen permeance for
Pd/Ag membrane after the grain growth (with larger size) to
that before the grain growth (with smaller size) at different
permeation temperatures. It is shown that an increase in grain
(crystallite) size results in higher hydrogen permeance, with
more significant enhancement at higher permeation tempera-
tures. These data clearly indicate the importance of nanostruc-
ture (thus deposition method) of the Pd–Ag film on hydrogen
permeance.

2.2. Hydrogen permeation in dense metal membranes

The permeation of hydrogen through a metallic (such as Pd)
film is a complex process. The process involves sorption of hy-
drogen molecules on the film surface and desorption from the
ceramic substrate. The hydrogen molecule dissociates into hy-
drogen atoms on the feed side of the film, then diffuse through
the film and re-associate on the permeate side. Since the dis-
sociation reaction kinetics hydrogen and the reverse reaction
are relatively fast, the diffusion of hydrogen atoms through the
metal film is generally the rate-limiting step. The permeability
can be considered as product of solubility and diffusivity. The
permeation rate of hydrogen can be given by [29]:

(3)JA = εA

l

[
(PfxA)n − (PpyA)n

]
,

(4)εA = D0S exp

(
− Ep

RT

)
,

where JA is the rate of more permeable species A (mol m−2

s−1), l is the membrane thickness (m), Pf is the feed-side
pressure and Pp permeate-side pressure (kPa), εA is the mem-
brane permeability of more permeable component A (mol m
m−2 s−1 kPa−n), D0 is the diffusivity of hydrogen (m2 s−1),
S is the hydrogen solubility in metal film (mol m−3), Ep is the
activation energy for permeation (equal to the sum of the dif-
fusion energy and the heat of dissolution) (kJ mol−1), x is the
mole fraction in feed side (a being more permeable) and y mole
fraction in permeate side.

If diffusion through the metal film is the rate-limiting step
and hydrogen atoms form an ideal solution in the metal, then
Sievert’s law [38] holds and n is equal to 0.5. The hydrogen flux
is inversely proportional to the membrane metal film thickness
(l). In the case of polymeric membrane where selective trans-
port of a gas is by a solution-diffusion process, the exponent n

in Eq. (3) is always unity.
Hydrogen flux depends on both the membrane materials and

the thickness of the selective layer. The permeation conditions
such as pressure and temperature affect the flux according to
Eq. (1). For example, Jarosch and de Lasa [41] reported a study
on hydrogen permeation in thick film Pd membranes supported
on Inconel porous substrate (500 nm diameter) for steam re-
forming membrane reactor application. They observed typical
H2 permeabilities of 1.874 × 10−6 mol m−1 s−1 kPa−0.5 with
activation energy of 22.6 kJ mol−1. This is compared to the
permeability of 1.05×10−5 mol m−1 s−1 kPa−0.5 reported for a
foil-supported thick film of Pd [39], and 8.9×10−7−2.7×10−6
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for a porous alumina supported thin Pd membrane (17 µm) in
the temperature range of 450–600 ◦C [40]. The highest perme-
ability reported is 2.0 × 10−5 for S316L supported Pd mem-
brane of about 20 µm [3] in similar temperature range. Clearly,
there is wide variation in the values reported for the permeabil-
ity data depending on the substrate, coating methods used. Gen-
erally, the permeabilities of Pd supported membranes follow the
order: Electroless deposition > CVD deposition > sputtering
method.

Membranes produced by the electroless technique exhibited
hydrogen/argon molar selectivities in the range of 336–1187.
The temperature dependence of the permeance followed Siev-
ert’s law, which indicated a film-diffusion rate-limiting mecha-
nism.

Selectivity. In theory, a Pd membrane free of defects should
have an infinite selectivity for hydrogen over any other species.
In practice, most thin films contain some degree of defects
such as pinholes or pores. Depending on the environment to
which the membrane is exposed, cracks and pinholes can also
develop in the film as a result of phase change in the palla-
dium/hydrogen system [28]. For these reasons, the selectiv-
ity is often found to have a finite value. In Jarosch’s work,
the selectivity was found to be increasing with temperature
(Fig. 5), and decreasing with increasing differential hydrogen
partial pressure. This is obviously due to a combination of
bulk hydrogen diffusion through the Pd film and Knudsen dif-
fusion of hydrogen and argon through the pores of the sub-
strate. For a given differential hydrogen pressure, the rate of
hydrogen diffusion through the Pd film increases with temper-
ature, whereas the rate of Knudsen diffusion decreases. For
a given temperature, the selectivity falls with increasing dif-
ferential hydrogen partial pressure because hydrogen diffusion
through bulk palladium is proportional (Eq. (3)) to the differ-
ence in the square root of the hydrogen partial pressures on the
two sides of the membrane whereas Knudsen diffusion through
the pores is directly proportional to the partial pressure differ-
ence.

The selectivity values obtained by Jarosch and de Lasa are
comparable to those reported in the literature. Li et al. [42]
found that the selectivity for hydrogen over nitrogen for a com-
posite palladium/stainless steel (316L) membrane produced by
electroless deposition ranged from 400 to 1600 over the tem-
perature range 325–475 ◦C. Nam et al. [43] reported hydro-
gen/nitrogen selectivities between 500 and 4700 over the tem-
perature range 350–500 ◦C for composite palladium/stainless
steel membranes.

Uemiya et al. [44] reported the results of the H2 perme-
ation tests for the supported non-Pd membranes in comparison
with Pd membrane. Fig. 6 gives a good comparison of various
metallic membranes prepared by CVD method in the form of
Arrhenius plots. It is seen that the hydrogen flux for Pd mem-
brane is higher than other metals. The permeability for Pd sup-
ported membrane is in the order 1 × 10−7 mol m−1 s−1 kPa−0.5

at 750 ◦C. This shows that the supported Pd membranes pre-
pared by CVD method has considerably lower permeabilities
than those prepared by electroless deposition.
Fig. 4. Hydrogen permeance as a function of the difference between the square
roots of the hydrogen partial pressures on the retentate and permeate sides for
an electroless deposited thick film membrane (156 µm) [41].

Fig. 5. Selectivity of hydrogen over argon for an electroless deposited thick film
membrane (156 µm) [41].

2.3. Critical issues in dense-phase membranes

In general, dense phase metallic or alloy membranes (with
Pd being the best precious metal for high permeability), offer
very high selectivity for hydrogen practically in the order of
103. The permeance of hydrogen with thick self-supporting Pd
membranes tends to be higher than supported thin film mem-
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Fig. 6. Comparison of hydrogen flux for various supported metal membranes
prepared by CVD (�P = 196 kPa; thickness Pd 3.3 µm, Ru 3.2 µm, Pt 5.8 µm,
Rh 17.3 µm, Ir 8.3 µm) [44].

branes, primarily because the very large grain size in these
films. Electroless deposited Pd or Pd-alloy membranes have
higher permeability than those prepared by other methods.

However, Pd membranes can undergo phase transformation
which lead to cracks in the metal film due to expansion of the
metal lattice. These phase changes are very pressure and tem-
perature dependent. In the 1960s commercially manufactured
Pd diffusers were used to extract H2 from waste process gas
streams, but within one year of their operation, pinholes and
cracks developed and thus the operation was terminated [45].
Mordkovich et al. [17] claimed a successful application of mul-
timetallic Pd membrane with high resistance to phase change
and cracking in pilot plant study. Four membrane columns,
each 10 m long were used for two years for the hydrogen re-
covery from an NH3 purge gas to produce pure H2 at 30 atm
with 96% H2 purity (feed at 200 atm). However, no indepen-
dent verification or confirmation is found in the literature for
similar success in large-scale applications. In order to minimize
operational problems, the current research effort focus is on de-
position of Pd alloys to mesoporous supports. Relatively thicker
films are required to minimize defects, so flux is limited. Other
means to tackle the Pd embrittlement issue includes use of low
cost amorphous alloys such as Zr, Ni, Cu and Al, but being a
more recent technology is still in need of development toward
practical operation [46]. It has also been reported that Pd-based
membranes are prone to be poisoned by impurity gases such
as H2S, CO and deposition of carbonaceous species during the
application [35,47].

Another problem associated with the metal membranes is
the deposition of carbonaceous impurities when an initially de-
fect free palladium composite membrane is used in high tem-
perature catalytic applications. The further diffusion of these
deposited carbonaceous impurities into the bulk phase of the
membrane can lead to defects in the membrane [48]. This is
Fig. 7. Hydrogen and helium permeance (with the feed of 1:1 hydrogen and
helium mixture) through a 200 nm thick Pd/Ag membrane before and after
being exposed to a carbon source at 600 ◦C [36].

more significant to thin-film membranes. Lin et al. [36] have
conducted some systematic investigations on this aspect. Fig. 7
shows permeance and separation results of a thin Pd/Ag mem-
brane prepared by sputter deposition before and after being
exposed to a graphite ring (surrounding the membrane disk) at
600 ◦C overnight. XRD analysis shows expansion of Pd/Ag lat-
tice, indicating carbon diffusion into the lattice after exposing
the Pd/Ag membrane to the carbon-containing source. The in-
crease in helium permeance after poisoning indicates a change
of the Pd/Ag membrane microstructure after the expansion of
Pd/Ag lattice, creating defects or enlarging the grain-boundary.
The incorporation of carbon in Pd/Ag lattice could reduce hy-
drogen solubility, decreasing the hydrogen permeability of the
membrane. Re-exposure of the poisoned Pd/Ag to hydrogen
atmosphere could remove the poisoning agent but cannot re-
store the mechanical integrity of Pd/Ag membrane that was
destroyed by the poisoning.

The following summarizes the main limitations of Pd-based
membranes for hydrogen separation. Use of Pd membranes
must be balanced against these demonstrated limitations [45]:

• Best membranes have limited life (months) mainly due to
cracking or pinhole formation. Since pure H2 is desired,
this is unacceptable and must be improved.

• Membranes must be operated above 250 ◦C when CO is
present.

• Alloys of Pd can undergo surface enrichment of the minor
metal atoms during long term operation.

• Sensitivity of Pd to traces of iron, which causes pinholes
(this can be minimized by using aluminized steel for piping
ahead of the membrane).

• Need for ultra thin, continuous layers of Pd in order to max-
imize H2 flux.

• Low surface area of metals requires complex membrane re-
actor designs to maximize surface to volume ratio.

• Pd is a precious, commodity metal whose prices vary with
unpredictable market forces.
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3. Microporous inorganic membranes

Porous ceramic, particularly microporous membranes pos-
sess high permeability and moderate to high selectivity, and are
chemically and thermally stable. Therefore, they are attractive
for applications in hydrogen production reactions. There are
various types of porous membranes that have been tested for
hydrogen separation or production in the literature. These in-
clude carbon molecular sieve membranes [49] for refiner gas
separation and hydrogen recovery. They have demonstrated in
pilot scale studies that carbon molecular sieve membranes can
be very efficient for separating H2 from refiner gas streams.
Air products and chemicals Inc. has employed such technology
for hydrogen enrichment to 56–60% prior to PSA purification
to produce 99.99% H2 [45]. However, due to its complex sur-
face chemistry carbon molecular sieves are not considered to
be feasible candidates for membrane reactor applications such
as in steam reforming and the water gas shift reactions be-
cause of the oxidative nature of its surface. Another type of
porous ceramic membrane reported for use in H2 production
application is based on alumina mesoporous membranes [50].
However, most of the separation data were for helium and car-
bon tetrafluoride, not for hydrogen. Even for He, the selectivity
is fairly low around the Knudsen separation factor in the order
of 1–10.

Silica and silica functionalized ceramic membranes are
showing great potential for intended application of hydro-
gen separation and production. There has been a large devel-
opment in silica membranes in the last decade with several
groups in the USA, Holland, Germany, Japan and Australia
leading the research efforts in this area. The following sub-
section will present an overview of microporous molecular
sieve membranes based on sol–gel derived silica materials
which have been reported to be good hydrogen permselective
membranes.

3.1. Preparation and permeation properties

Molecular sieve silica (MSS) membranes are a class of mi-
croporous membranes derived by sol–gel technique. Fig. 8
shows a schematic of the sol–gel preparation process of MSS
membranes. The sol–gel method is divided into two routes, the
colloidal suspension route and the polymeric gel route. In both
methods, the precursor is used hydrolyzed followed by further
condensation. The use of template agents enables the pore size
tailoring towards molecular size for intermediate or top selec-
tive layers. These include organic covalently bonded templates
such as methyl groups [51–53] and non-covalently bonded or-

Fig. 8. Schematic process of sol–gel method for preparing MSS membranes.
ganic templates such as C6- and C16-surfactants [54–56] and
alkyl-tri-ethoxy-silanes [57].

3.1.1. Colloidal suspension route
In this method a colloidal suspension, consisting of a particle

and agglomerate chain network is formed by a hydrolysis step
using an excess of water. The technique is to make silica parti-
cles of different sizes and then to coat progressively the smaller
silica particles onto the support or underlying layers with bigger
pore size. The sols are prepared by the acid catalysed hydroly-
sis of tetra-ethyl-ortho-silicate (TEOS) [58]. The resulting pore
size distribution (PSD) is generally mesoporous. Even so, Tsuru
et al. [59] claimed that pore sizes of 3–4 Å could be achieved by
the colloidal method. Naito et al. [58] modified α-alumina sup-
ports with colloidal silica sols by emphasizing the importance
of parameters controlling the dip coating process. Of particu-
lar attention, the number of layers and the order in which the
various sols are dip coated is important for the resulting pore
size. This is mainly due to the dispersion medium during the
dip coating process, which is forced into the pores of the under-
lying layer by capillary action of the microporous matrices.

Fast hydrolysis, slow condensation, and low solubility
achieved by acid reaction conditions all contribute to a high su-
persaturation level and result in small particles. Alkoxylsilicates
have small alkyl groups, which react faster with water leading
to smaller particles. These observations were reported by Chu
et al. [60] who prepared colloidal silica particles from alkyl sil-
icates such as tetra-methyl-ortho-silicate (TMOS), tetra-ethyl-
ortho-silicate (TEOS).

3.1.2. Polymeric sol–gel route
The standard sol–gel process is controlled by hydrolysis and

condensation reactions [61]. Various research groups have pro-
duced high quality membranes using a single-step catalyzed
hydrolysis [14,62] or a two-step catalyzed hydrolysis sol–gel
process [13,54–56]. The catalyzed hydrolysis process employs
the use of tetra-ethyl-ortho-silicate (TEOS) precursors mixed
with ethanol (EtOH), an acid catalyst (HCl or HNO3) and dis-
tilled water. Diniz da Costa et al. [13] have reported that sol–gel
derived films with a large contribution of silanol groups (SiOH)
prepared by the two-step sol gel process have much smaller
pore sizes with molecular dimensions in the region of 3–4 Å
than those with a large contribution of siloxane bonds (SiO4)
prepared by the single-step sol–gel process. Hence, these ma-
terials are ideal precursors to synthesize membranes with the
molecular dimensions required to separate a large gas molecule
from a small one.

Brinker and Scherer [63] extensively reviewed the sol–gel
process and its science. Depending on the pH and the H2O:Si
molar ratio (r < 5), only weakly branched networks are formed.
In this case there is a tendency for structures to interpenetrate
forming micropore apertures of molecular size. The hydrolysis
and condensation reactions in the sol–gel process lead to the
growth and aggregation of clusters resulting in gel formation.
The film microstructure depends upon the preceding formu-
lation and preparation procedures of sols to the gel point, as
well as the proceeding aging, drying, and heat treatment of
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the gels. During heat treatment continuing condensation reac-
tions lead to the strengthening of the network due to polymeric
crosslinking. Buckley and Greenblatt [64] investigated the pore
characteristics of xerogels prepared with TEOS, ethanol and
water. They found that by increasing the ethanol content of the
solution, the particle size decreased. They also reported that
increasing the alkyl chain of the alcohol solvent, the xerogel
structure changed from microporous to mesoporous. In addi-
tion, they showed that low water content favored mesoporosity,
whereas high water content favored macroporosity.

An important technique to tailor the pore size of inter-
mediate or top layers of membranes is to add organic tem-
plate agents during the sol–gel process. This field has been
reviewed by Raman et al. [65]. Baker et al. [66] explored the
potential of xerogel composites by investigating various or-
ganic oligomers and surfactants as possible modifying agents.
The incorporation of organic components within the sol–gel
process leads to composites that can help to produce crack-
free materials and improve coating-substrate adhesion. There
are two classes of sol–gel composites derived from template
agents. The first one is a covalently bonded organic template,
such as methyl groups (CH3) in methyltriethoxysilane (MTES),
which has a co-monomer non-hydrolysable functionality. The
second method employs a non-covalently organic oligomer
or surfactant which interact with the sol by weak van der
Waals, hydrogen or ionic bonds, or hydrophilic–hydrophobic
routes.

3.2. Performance in hydrogen permeation

For gas diffusion in molecular sieve membranes, differences
in permeability of gases with different kinetic diameters exceed
the differences in polymeric membranes. This was noted first
by Shelekhin et al. [67] who plotted the permeance against the
kinetic diameter of gases. Using the proposed method of dif-
fusion by Shelekhin and co-workers, the upper bound for the
permeability the molecular sieve membrane was estimated to
be 30,000 × 10−10 cm3(STP) cm s−1 cm−2 cmHg−1 (barrers).
An upper bound for H2 selective membranes from the literature
is shown in Fig. 9. To obtain this upper bound, the separation
factor versus permeability is plotted as log–log data, so that the
equation ε = kαn can be used. The low region of permeabilities
and selectivities is bound by polymeric membranes, whereas in-
organic microporous membranes lie in the high permeabilities
and selectivities region.

The diffusion of molecules in ultramicroporous (dp < 5 Å)
materials can be modeled as an activated transport mechanism.
Contrary to Knudsen diffusion, Poiseuille flow or surface diffu-
sion, activated transport is mainly characterized by an increase
in permeation as a function of temperature. Monoatomic and
diatomic gases will generally comply with activated transport
for high quality ultramicroporous membranes, whereas hydro-
carbon permeation will decrease with temperature, as surface
diffusion will be the main transport mechanism. The activated
transport mechanism was firstly derived by Barrer [68] for inter-
crystalline diffusion of molecules. In the case ultramicroporous
silica membranes, microporous flux is rate determining as the
Fig. 9. Literature data for H2/N2 separation factor versus H2 permeability for
microporous membranes.

contribution of external surface flux is not significant. Hence,
the activation energy (EA) for permeation of gases is deter-
mined by:

(5)EA = Em − Qst,

where Qst is the isosteric heat of adsorption and Em is the en-
ergy of mobility required for molecules to jump from one site
to another inside the micropore. Apart from permeation and
permselectivity, Burggraaf indicated that the activation energy
(EA) for permeation of gases could be considered as a further
quality index for the membrane. High quality molecular sieve
silica membranes generally have activation energies for the H2
permeance in excess of 10 kJ mol−1. In other words, high acti-
vation energy gives an indication that the permeation increases
at a higher rate with temperature than a membrane with smaller
activation energy. This is attributable to a high value of Em from
the presence of highly selective tight pore spaces.

In a membrane system, the transport mechanisms change
from activated transport for the microporous top layer to Knud-
sen diffusion and Poiseuille permeation for support (meso-
porous and macroporous materials). Hence, the transport resis-
tance of the support has to be taken into account to calculate
EA. The resistance can be derived from analogous resistance
circuits although it is generally observed that the top layer lim-
its the diffusion (i.e., rate determining). Qst and Em can be
determined through the van’t Hoff relation (Eq. (6)) and the
Arrhenius relation (Eq. (7)), respectively.

(6)K = K0 exp

(
Qst

RT

)
,

(7)D = D0 exp

(
− Em

RT

)
.

Common precursors for the CVD process are TEOS, phenyl-
triethoxysilane (PTES) or di-phenyl-diethoxysilane (DPDES).
The supports used are mostly Vycor glass or α- and γ -alumina.
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Table 2
Comparison of H2 selective silica membranes derived by different methods

Type of
membrane

H2 permeance (×10−8

mol m−2 s−1 Pa−1)
Selectivity Hydrothermal

stability
Reference

CVD TEOS 0.89–9.8 >1000 H2/N2 7% moisture no degradation Yan et al. [69]
CVD TEOS 2 10–230 H2/N2 Hwang et al. [70]
CVD TEOS 5 1250 H2/N2 H2/N2 dropped to 800 after 15 h Nomura et al. [71]

CVD SiO2 0.34–2 12–72 H2/N2 Flux 60% lower
increased hydrophob.

Wu et al. [72]
CVD SiO2 2 30–1500 Tsapatsis [73]
Colloidal silica 130 70 H2/CO2 Naito et al. [58]
Sol–gel TEOS 200 40–200 H2/CH4 de Vos and Verweij [14]
Sol–gel TEOS 150 9–15 H2/CO2 – de Lange et al. [62]
Sol–gel TEOS and alkyltriethoxysilanes 10 1265 H2/CH4 Kusakabe et al. [57]

Sol–gel 100 15 H2/N2 Collins et al. [74]
Sol–gel (two-step) 2 24 H2/CO Stable over 200 h Duke et al. [56]
The most recent properties achieved for CVD derived silica
membranes are reported by Nomura et al. [71] and Tsapat-
sis et al. [73]. On average the achievable selectivity factor for
H2/N2 is between 30–1500 whereas the permeability is around
2 × 10−8 mol m−2 s−1 Pa−1 at temperature up to 500 ◦C. How-
ever, CVD synthesized membranes generally result in lower
permeabilities than the colloidal or polymeric sol–gel routes
membranes if tested at the same temperature as shown in Ta-
ble 2. Hence, the latter processes are more attractive in produc-
ing molecular sieve silica (MSS) membranes with higher (1–2
order higher) permeabilities.

3.3. Critical issues in microporous membranes

Hydrothermal stability of MSS materials is a major concern
when applied in gas streams containing water vapor. Water re-
acts with the hydrophilic sites in the silica thin films resulting
in chemical and microstructural instability. Until now the im-
portance of the hydrothermal stability for membranes has been
mostly neglected and has only been tested for the supports of
microporous membranes such as zirconia, alumina and titania
membranes. The interaction of the water molecules with the sil-
ica surface depends on the type of the functional groups, which
are mainly hydroxyl-groups in the case of the silica.

A prolonged exposure of silica materials to humid air at
temperatures higher than the calcination temperature of silica
(400 ◦C) causes rapid densification. Fotou et al. [75] tried to in-
crease the thermal stability by doping the starting silica sol with
traces of Al2O3 or MgO nitrate salts. They showed that dop-
ing with alumina increased the thermal stability up to 600 ◦C.
The increase in the thermal stability of sol–gel derived silica
membranes was also achieved by Yoshida et al. [76] with an
addition of zirconia. The membranes were tested for H2 per-
meation and it was shown that the activation energy increased
with increasing content of zirconia, which indicates a densi-
fication of these membranes. In addition, the good chemical
stability of inorganic microporous silica membranes is advan-
tageous in environments containing hydrogen iodide or hydro-
gen sulfide. Hwang et al. [70] measured the hydrogen separa-
tion through a silica membrane, which showed a permeance
of 6 × 10−9 mol m−2 Pa−1 s−1 and a selectivity for H2/N2 of
5–160 at 600 ◦C. These membranes showed a good stability
in a one-day exposure to a mixture of H2–H2O–HI. Similar
results were reported for a mixture of H2–H2O–HBr. More re-
cently, Duke et al. [56] applied a novel carbonised template
into the silica micropores which provided hydrostable oper-
ation at 200 ◦C with no loss to selectivity observed after al-
most 200 hours of continuous operation. In this material, the
carbon moieties acted to inhibit micropore collapse, which oc-
curs normally in microporous silica under hydrothermal condi-
tions [77].

4. State of the art in membrane reactors

Following the work of Gryaznov [16] on membrane reactors
using palladium alloys, the use of membranes to increase the
conversion of reversible reactions by separating gaseous prod-
ucts has been largely studied by a number of researchers. The
results have been summarized in a number of recent reviews
[45,78–84]. Some significant advantageous of membrane reac-
tors, compared to conventional reactors are:

• Yield-enhancement of equilibrium limited reactions com-
pared to conventional reactors.

• The reactor and the membrane can be divided into two in-
dividual compartments. For some reactions (e.g., oxidative
dehydrogenation reaction) this aspect may be very impor-
tant: by separating the stream and the oxidant, the extent of
the side-reactions can be significantly decreased.

• By using a membrane, it is possible to control the interac-
tion between two reactants.

• The stoichiometry of the reaction can be easily maintained.
• The combination of the two processes (catalytic reactor

and down-stream separation units) into one unit will reduce
capital costs.

A lot of reactions can be carried out in a membrane reactor at
lower temperatures compared to the packed bed reactor. There-
fore most of the suitable reactions for membrane reactors only
demand temperatures between 160–500 ◦C. As shown before
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a lot of silica membranes are capable of working in this tem-
perature range and give a better performance for feed streams
containing H2S or H2O vapor. In contrast, palladium mem-
branes are easy to poison and the H2 permeability decreases
when the feed contains CO [35], steam or H2S [85]. This re-
view covers steam reforming and the water gas shift reaction
only, although silica membranes have also been reported for
dehydrogenation and hydrogenation reactions which have been
reviewed by Dixon [84].

4.1. Steam reforming

In the literature, various reports on membrane reactors us-
ing porous inorganic membranes and dense membranes are
available. Most of the porous membranes reported have a pore
diameter of about 4 nm. When comparing the performance
of these porous membranes with Palladium membranes, e.g.,
in a membrane reactor for the steam reforming, dense mem-
branes showed a better performance. The mesoporous mem-
branes have lower permselectivities for H2/CO2 and H2/N2 than
the MSS membranes described in this review because at a pore
size of 4 nm activated transport is nonexistent. Yildirim et al.,
[86] stated that a high hydrogen permselecitivity is a key factor
in the reactor performance. Criscuoli et al. [87] claimed that the
better performance of the palladium membrane with respect to
the ceramic one is due not only to the selectivity but also the hy-
drogen permeation. With the large improvements in membrane
materials this difference might be overcome.

Prabhu et al. [88] reviewed hydrogen selective ceramic
membranes derived through various synthesis methods. They
described the effect of water on the permeability and high-
lighted a new type of silica membrane prepared by the chemical
vapor deposition (CVD) method, which showed 100% selectiv-
ity for H2 with respect to CH4, CO and CO2. Using this mem-
brane the conversion for the steam reforming could be increased
above the equilibrium value. In addition, they emphasized that
these membranes have a hydrothermal stability up to 10% H2O
at 600 ◦C for over 150 h. Prabhu [88] pointed out that the in-
troduction of membrane reactors in an industrial context is still
dependent on membrane cost. Therefore, future research direc-
tions may be focused on finding new membrane materials with
high H2 permeability and selectivity and manufacturing costs
lower than those of palladium [47,87].

For the steam reforming of methane Oklany et al. [85] and
Prabhu et al. [88] modeled the behavior of microporous silica
membranes in various membrane reactor set-ups. Oklany et al.
[85] claimed that Pd/Ag membranes gave better performances
than the silica membranes in terms of working parameters such
as temperature, pressure, sweep gas ratio and membrane thick-
ness, whereas the performance of the microporous membrane
was better when steam has been used as a sweep gas. Gobina
[89] mentioned the possibility for microporous silica compos-
ite membranes to be applied in coal conversion processes where
hydrogen production is required.

Another interesting example is the hydrogen separation
membranes used for a new concept for power generation sys-
tems: the hydrogen-based turbine system for carbon dioxide
recovery [90]. In the system the natural gas, which contains
mainly methane, is reformed; simultaneously the hydrogen
is removed from the reforming gas with hydrogen separa-
tion membranes (called membrane reformers). These are high
temperature inorganic hydrogen separation multi-layer porous
ceramic membranes. The residual gas including methane and
carbon monoxide is combusted in the after burner with pure
oxygen and carbon dioxide is exhausted directly. The methane
steam reforming is endothermic and requires temperatures of
900 ◦C, preventing the possibility of using gas turbine exhaust
gas to improve the thermal efficiency of the process. By using
the membrane reformer the reaction can be carried out at lower
temperatures (450–500 ◦C) and it might be possible to use the
recuperated gas turbine cycle for natural gas.

4.2. Water–gas shift reaction

The water–gas shift (WGS) reaction is a well-known exo-
thermic reaction, with equilibrium constant decreasing with
temperature. It is one of the most important industrial reactions
that can be used to produce hydrogen for ammonia synthesis,
adjust the hydrogen-to-carbon monoxide ratio of synthesis gas
and to produce hydrogen from CO from syngas for fuel cell ap-
plications. By extracting H2 from the mixture reaction through
the membrane, the reaction is shifted towards the products, thus
giving a higher conversion with respect to the equilibrium val-
ues.

Giessler et al. [55] compared the performance of MSS mem-
branes in the WGS reaction to Pd-composite membranes used
by Basile et al. [91]. The reported composite palladium mem-
brane had a H2 permeation of 6.25 × 10−8 mol s−1 m−2 Pa−1

and a H2/N2 selectivity of 3. Using nitrogen as a sweep gas,
the maximum conversion rate for the WGS reaction Basile
et al. [91] could obtain was 99.89%. At 300 ◦C, a molar ra-
tio of CO to H2O equal to one with an optimum sweep
flow, a 94% conversion of CO has been reached by Basile
et al. [91]. The MSS membranes of Giessler et al. [55] had
H2/N2 separation factors of about 35 and H2 permeances of
2.6 × 10−7 mol s−1 m−2 Pa−1. Under the same conditions used
by Basile and co-workers, it was possible to achieve CO con-
versions of 95% for a feed flow of 100 cm3 min−1 or even 98%
for a feed flow of 70 cm3 min−1 with the corresponding optimal
sweep flow. These results suggest that the MSS membranes per-
formed slightly better than the Pd-composite membrane.

Giessler and co-workers carried out functionalisation of sil-
ica derived membranes for the WGS reaction. They reported
that water affects the structure of the silica membranes result-
ing in pore widening and also pore closure. In Fig. 10a, silica
membranes showed that after exposure to steam the flux to both
H2 and CO2 increase and become non-activated (reduced flux
with temperature) while the selectivity decreased from 10 to
approximately 1.5. However, functionalisation with surfactants
lead to the formation of hydrophobic silica surface resulting in
a slight decrease in H2 and CO2 permeance, but the selectivity
remained constant while activated transport was observed prior
and after steam exposure (Fig. 10b). Hence, functionalisation
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(a)

(b)

Fig. 10. Temperature dependence performance of (a) hydrophilic membrane
and (b) hydrophobic membranes shown as permeation (before)b and (after)a
exposure to the WGS reaction [55].

allowed robustness to the silica structure under conditions fa-
vorable for the water–gas shift (WGS) reaction.

4.3. Further improvements

Another problem still existing in the area of catalytic mem-
brane reactors is the lack of real performance data. In particular
data for reaction conditions and the comparison of dense and
porous membranes which so far only have been derived by
mathematical modeling [35,86,92,93].

Generally, catalytic membrane reactors can be easily inte-
grated with existing plants, and drastic changes are not needed
in the process. Although there are a large number of studies
on catalytic membrane reactors cited in the literature, a very
small number of them are related to the analysis of the costs
of these devices. This might be attributed to the fact that the
membrane reactor technology is not yet well established and
some deficiencies have to be overcome before its implementa-
tion at larger scales. Future research should be devoted to the
preparation of defect-free and homogeneous membranes able
to work for a long period at high temperatures and pressures
and even more resistant in aggressive environments; further,
higher permeabilities (lower membrane thickness) and selec-
tivities will be needed. The sealing of membranes into modules
is also another point to be improved in order to avoid prob-
lems of streams mixing or bypassing during the reaction tests.
Finally, the optimization of engineering in module preparation
will be a crucial step for increasing the membrane reactor effi-
ciency (higher membrane area per unit volume, developments
of systems of control also useful for large scale modules, etc.).
These and other aspects related to the development and im-
plementation of membrane reactors are extensively described
by Saracco et al. [94,95]. The authors also pointed out that
while a lot of progress has been done in the area of film for-
mation and the formation of defect-free membrane films, the
areas of high-temperature sealing and scaling-up have been ne-
glected.

A final point of importance relates to the paradox in mem-
brane reactors as pointed out by Dixon [84]. From 1998 to
2002 more than 500 publications appeared in the literature
on membrane reactor research, but related industrial applica-
tions for large scale projects have not been reported. Many
reviews on membrane reactors also support the view that fur-
ther work is necessary to improve the membrane reactor tech-
nology, though its potential for industrial application has been
known for decades. Once these problems are solved, the ben-
efits of catalytic membrane reactors in the industrial world
could become more realistic. On the other hand, better eco-
nomic analyses are warranted for stimulating specific techno-
logical improvements that need to be made. An economic study
[96] for the water–gas shift reaction carried out in an Inte-
grated coal Gasification Combined Cycle (IGCC) system, by
using microporous silica membranes, pointed out that more
stable and more selective gas separation membranes are nec-
essary in order to have favorable investment and operational
costs.

4.4. Concluding remarks and perspective

Inorganic membranes offer advantages such as high flux and
high temperature operation, and can be further divided into
metallic (dense phase) and ceramic (porous and non-porous).
Hydrogen selective membranes come in various types and show
differing performance. Metallic Pd types theoretically offer in-
finite selectivity, but have issues such as precious metals costs
and poor thermomechanical stability of the selective film. Ce-
ramic membranes include dense ceramics (perovskites) and mi-
croporous, with the latter showing great promise in hydrogen
separation thus being the focus of this review.

The key selective molecule transport mechanisms in mem-
branes are solution diffusion for dense and organic types while
porous types transport molecules by Knudsen flow and ac-
tivated diffusion (molecular sieving). The unique hydrogen
selective abilities of membranes have significant potential in
membrane reactors where constant removal of reaction prod-
ucts could lead to catalyst reductions, reduced operation size,
reduced expenses and improved temperature and pressure con-
ditions. Clearly membranes are excellent candidates for hydro-
gen purification, especially when incorporated with membrane
reactor combining reaction/separation in a single unit.
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Pd membranes have been researched for well over 50 years
with many techniques for manufacturing including the popular
electroless plating. The theoretically infinite selectivity to hy-
drogen continues to draw major research efforts to improve film
quality with the reduced thickness necessary to make Pd com-
posite membranes cost effective. Hydrogen embrittlement leads
to unstable films solved somewhat by composites with Ag. We
believe that Pd composite membranes require further work to
improve film stability while remaining cost effective. Pd mem-
brane developments however, are promising with hydrogen to
nitrogen selectivities more often around 400–4700, but since
CO reduces the membrane’s ability to permeate hydrogen be-
low 250 ◦C, Pd composite membranes may eventually find their
place in higher temperature systems, including membrane reac-
tors.

Developments in Molecular Sieve Silica (MSS) membranes
in comparison to Pd are far more recent, with membrane se-
lectivity results only appearing around 15 years ago. The ce-
ramic materials are mechanically stable under thermal stresses
up to 600 ◦C, but selectivities are generally lower than Pd, rang-
ing from 9–1500. The two major techniques for manufacturing
membranes are sol–gel and chemical vapor deposition (CVD).
The sol–gel technique leads to membranes with high permeabil-
ities and good selectivities while the CVD technique leads to
good permeabilities and excellent selectivities. The natural re-
activity of silica with water has directed researchers to propose
material functionalisations making hydrothermally stable mem-
branes. Like Pd membranes, controlling defects and achieving
repeatable membrane quality are current topics of concern for
MSS membranes.

Hydrogen selective membranes are ideal candidates for
membrane reactor and have already been applied showing ex-
citing results. For the water gas shift (WGS) reaction, mem-
brane reactors have the potential to greatly improve the equi-
librium limited reaction. Initial investigations showed that both
MSS and Pd type membranes can improve conversions above
equilibrium, with MSS shown slightly better results when mod-
ified for stability in steam.

We can offer the following perspective on hydrogen mem-
branes based on this review:

• Scale up of hydrogen membrane technologies is the most
challenging yet important task for all researchers. Devel-
oping high quality small scale membranes is cost effective
in research as unsuccessful units can be easily disregarded.
Costs of rejecting unsuccessful large membranes is high,
so the key challenge which must be addressed is to reliably
prepare the high quality membranes on large surface ar-
eas integrated into process modules with high temperature
sealing.

• Some research has dealt with trace contaminants such as
sulfur, but real syngas streams contain a range of chemi-
cals such as Hg, As, CN, etc. We suggest research in this
area must incorporate the effects of trace contaminants on
membranes. Catalysts in membrane reactors could be af-
fected significantly by contaminants.
• More experimental studies of membrane reactor as well as
computational work would be vital to the design of such
membrane reactor systems.
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