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Palladium based membranes are widely used
for supplying ultra-high purity hydrogen to a
polymer electrolyte fuel cell (PEFC) installed on
small vehicles and various electronic devices.
Compared to pressure swing adsorption (PSA),
the use of palladium based membrane is more
economical for small size (small capacity)
applications. The transportation of hydrogen
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through a palladium based membrane is governed
by Sieverts’ Law and quantified with Fick’s First
Law. Since the 20th century, the fabrication of
high-performance palladium based membrane
for enhanced hydrogen recovery performance
has become practical. However, along with the
improvement in hydrogen recovery performance,
concentration polarisation becomes unavoidable
because hydrogen permeation flux starts to affect
hydrogen concentration at the membrane surface.
Various parametric studies have investigated the
effects of membrane thickness, hydrogen molar
fraction and total upstream and downstream
pressures on concentration polarisation level. The
influence of membrane temperature, permeability,
type and number of species in the hydrogen
mixture, diffusivity of the hydrogen mixture,
system configurations and flow patterns are also
reported and comprehensively reviewed in this
paper. Part II will complete the presentation.

1. Introduction and Background
Hydrogen
purification
by
palladium-based
membrane is one of the most well-known
techniques for supplying high purity hydrogen to low
temperature operated (1) PEFC in various electronic
devices such as tablets, laptop computers and small
vehicles. The compact methanol steam reformer
that consists of a catalytic burner, reformer and
hydrogen purification device in a single package
was developed almost two decades ago (2). Over
the years, various integrated systems, operating
conditions and geometries have been investigated
to obtain the optimum operating conditions for
reliable performance (3–9). As a result, the compact
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reformer has several advantages (i.e. simple and
compact) compared to complex systems with
separated units (10).
Due to the difficulty and high risk of exposure
to accidents, the transportation and storage of
gaseous hydrogen are undesirable. Alternatively,
the utilisation of alcohols is more practical due
to their existence in a liquid form at ambient
conditions. Methanol for instance has a relatively
high hydrogen:carbon ratio and moderate reaction
temperature compared to other alcohols (10, 11).
Based on the two step equations of methanol
steam reforming, the reaction between vaporised
methanol and steam produces hydrogen and carbon
dioxide along with carbon monoxide. However, the
concentration of carbon monoxide in the electrode
of PEFC must be equal to or less than 10 ppm (12).
Otherwise, the carbon monoxide could deteriorate
the electrode performance by reducing the active
surface area for reaction and lowering the partial
pressure of hydrogen (13–15).
Hydrogen purification by palladium based
membrane is preferable rather than selective
carbon monoxide methanation and selective carbon
monoxide oxidation (16), in which very high purity
of hydrogen and very high permeation flux can be
obtained (17–19). PSA is an alternative technique to
produce very high purity hydrogen (20). However,
the high costs of installing PSA is not economical
for small size (or small capacity) applications (21).
In addition to the well-known inhibitive carbon
monoxide produced from the aforementioned
methanol steam reforming, carbon dioxide and
excessive methanol from the same reaction (22),
hydrogen sulfide (23, 24) and trace amounts of
ammonia (20, 25) from coal gasification process,
dehydrogenated methanol and ethanol (26) also
affect adversely the performance of palladium
membranes through its inhibitive mechanism.
Alloying palladium with other metals such as
silver and copper is necessary during membrane
fabrication to prevent embrittlement when the
membrane is used under hydrogen atmosphere
and below 573 K and 2 MPa (10). It was found
that the maximum amount of permeated hydrogen
is obtained when the silver content is 23% (27).
In addition, the palladium/silver membrane shows
better performance compared to the palladium/
copper membrane from the viewpoint of hydrogen
permeability. Consequently, there is growing
interest in the palladium/silver membrane.
In addition to these two types of alloys, the
palladium-yttrium membrane has also been
previously examined due to its superior hydrogen
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permeability. However, this type of membrane is
not commercialised due to the expensive processes
required to convert the palladium-yttrium alloy into
the functional separation membrane (28).
Hydrogen permeation through palladium based
membranes is based on the solution-diffusion
mechanism (29). When a membrane with
sufficient thickness is operated at sufficiently high
temperature, the diffusion of hydrogen atoms
through the metallic lattice becomes dominant,
thus permeation flux can be estimated accurately
by using Sieverts’ Law (30, 31) that is quantified in
Fick’s First Law as follows, Equation (i):
f = q	 (√PH2,1 – √PH2,2)(i)
d
where f is the hydrogen permeation mole flux, q
is the hydrogen permeance coefficient, d is the
membrane thickness, PH2,1 is the hydrogen partial
pressure at membrane surface of upstream (or
retentate) side and PH2,2 is the hydrogen partial
pressure at membrane surface of downstream (or
permeate) side. The Sieverts’ equation as shown
by Equation (i) states that hydrogen permeation is
governed by the difference in the square root of the
hydrogen partial pressure between the upstream
and downstream side.
Membrane temperature (22, 32) and membrane
thickness (33–35) are among the important
parameters that determine compliance with
Sieverts’ Law. When the temperature of the
membrane is sufficiently high, the adsorption and
dissociation of hydrogen atoms at the membrane
surface are very fast. Therefore, the diffusion
of hydrogen atoms through the metallic lattice
becomes a controlling step for permeation. In this
case, the hydrogen permeation flux is found to be
linear with respect to the difference in the square
root of hydrogen partial pressures between the
upstream and downstream side. For the case of
the palladium/copper membrane, Ma found that
Sieverts’ Law is valid only when the membrane
temperature is set above 573 K (32), whereas
for the palladium/silver membrane, the law can
be applied even if the temperature is lower than
500 K (22).
The different findings by several groups of
researchers had proven that there is no exact
value of thickness that can be set as a limit for
compliance with Sieverts’ Law. Ward and Dao (33)
and Federico et al. (34) found that the membrane
thickness should be higher than 10 µm in order to
apply the Sieverts’ equation (Equation (i)). Other
research groups discovered that the Sieverts’ Law
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is still valid even though the membrane thickness is
below 10 µm (22, 35). These contrary findings are
supposed to be caused by difficulty in quantifying
various uncontrolled factors such as surface
processes (36), surface poisoning (37) and grain
boundaries (38).
For the case of pure hydrogen, hydrogen
permeation is found to follow the correlation of
Sieverts’ equation regardless of feed flow rate.
However, for mixtures, when the feed flow rate of
hydrogen becomes sufficiently high, the hydrogen
permeation ratio (fraction of fed hydrogen
that permeates membrane) (39) becomes low.
Therefore, the hydrogen permeation flux can
be predicted accurately by Sieverts’ equation
(Equation (i)). Further, the term PH2,1 in Equation
(i) can be predicted from the bulk value of hydrogen
mole fraction at the upstream side, which indicates
that hydrogen partial pressures at the membrane
surface and the bulk flow are uniform, as illustrated
by Line 1 in Figure 1.
When a mixture of hydrogen with relatively
low feed flow rate (or high permeation ratio) is
used, the direct substitution of inlet hydrogen
partial pressure (PH2,in) value into the Sieverts’
equation causes an overestimation of PH2,1 from
the actual permeation flux. This indicates there
is a nonuniformity of hydrogen mole fraction in
the boundary layer near to membrane surface,
as illustrated by Line 2 in Figure 1. In this case,
several research groups (39–41) mentioned that
the hydrogen permeation flux could start to affect
the hydrogen concentration at the membrane
Downstream
side

Upstream side
Inlet side

Membrane
PH2,1

P

Line 1
Line 2

Pressure

A
B

PH2,1

PH2,2

x
Bulk side Boundary layer
Near to membrane
surface

Fig. 1. Schematic diagram of hydrogen partial
pressure profile
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surface, thus could trigger the phenomenon of
concentration polarisation.
The concentration polarisation phenomenon causes
the accumulation of the less permeable species
and the depletion of the more permeable species
in the boundary layer adjacent to the membrane,
thus generating a concentration gradient in the
boundary layer (42). Therefore, in such situation,
an additional elementary step is essential for the
solution-diffusion mechanism of the membrane.
This involves the transportation of molecular
hydrogen from (to) the bulk gas phase to (from) the
gas layer adjacent to the surface at the upstream
(downstream) side (33). As a consequence, if the
inlet hydrogen partial pressure is directly substituted
into the Sieverts’ equation (Equation (i)), the
hydrogen partial pressure at the membrane surface
of upstream side is overestimated, which causes a
significant deviation from the actual permeation flux.
Chen et al. observed that such deviation implies the
level of concentration polarisation for a palladium
based membrane (41). Based on the analytical
study for multicomponent hydrogen mixtures,
Caravella et al. confirmed that such deviation is
caused by the effect of multicomponent external
mass transfer (such as concentration polarisation)
in addition to non-ideal diffusion through the
membrane (43).
Technological advances in membrane materials,
modification and fabrication (42) since the end of
the 20th century have stimulated the fabrication
of very thin membranes in order to substantially
improve the permeation performance. Therefore,
the phenomenon of concentration polarisation
could not be avoided due to the use of membranes
with
minimal
thickness.
However,
some
researchers (44) have recommended installation
of baffles in the membrane reactor to decrease
the polarisation effect. For palladium based
membranes, concentration polarisation has been
extensively investigated in the past decade (40)
although concentration polarisation had been
investigated in the 1990s for separation of a
gas-vapour mixture (45). Therefore, significant
research interest in the theoretical understanding
of the phenomenon has resulted in numerous
methods for estimating hydrogen flux for such
conditions.
Therefore, a comprehensive review of the transport
phenomena for palladium based membranes
is performed, particularly on concentration
polarisation. In addition to the background of the
scenario related to palladium based membranes
already highlighted, current information on various
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parametric studies and theoretical approaches for
predicting hydrogen permeation flux under the
influence of concentration polarisation are covered.
Therefore, this review presents critical scientific
knowledge and current research on concentration
polarisation. The coverage of the present review is
significantly different from the published works of
Adhikari and Fernando (46), Rei (47), Gallucci et
al. (21), Al-Mufachi et al. (28), Li et al. (48), Conde
et al. (49) and Peters and Caravella (50). Adhikari
and Fernando comprehensively reviewed the
classification of hydrogen purification membranes,
along with the advantages and disadvantages of
each type of membrane (46). The study emphasised
the superior quality of palladium based membranes
in producing ultra-high purity hydrogen due to very
high selectivity (46). Similarly, Rei (47) reviewed
the advances in permeation through palladium
based membranes for the case of a hydrogen
mixture based on case studies in Taiwan. Several
discoveries on new phenomena of hydrogen
permeation such as perturbation of hydrogen
permeation due to palladium lattice expansion and
hydrogen spillover in the membrane reactor have
been described (47). Gallucci et al. also highlighted
the problem of concentration polarisation in the
membrane reactor, although this was not the main
topic of the study (21). The authors mainly focused
on the route of commercialisation and application
of various types of membranes (21). The review of
several palladium alloy membranes was presented
by Al-Mufachi et al. (28). The paper highlighted
the advantages and disadvantages of each type
of membrane in terms of hydrogen permeability,
tensile strength and fabrication costs (28).
Subsequently, Li et al. reviewed the thermal and
chemical stability of palladium based membranes
which are considered the two most critical issues
for the commercialisation of the membranes (48).
In 2017, a review on palladium based membranes
was performed by Conde et al. (49). The paper
presented a review of the alloying elements for
palladium based membranes and their effect on
the membrane properties. Finally, a most recent
overview by Peters and Caravella (50) has covered
the scopes of manufacturing process of palladium
membranes, membrane materials, membrane
modules and reactor design, as well as applications
of palladium based membranes.
Based on these published review articles, it can
be said that the subject of transport phenomena,
particularly on the concentration polarisation,
is the novelty for the present review. This paper
presents coverage of recent research features
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and technological advances on the transport
phenomena of palladium based membranes. It also
presents the various prediction methods applicable
to hydrogen permeation under the influence of
concentration polarisation that could serve as a
future reference for researchers and industrial
practitioners.

2. Factors Affecting Concentration
Polarisation in Palladium Based
Membranes
In this section, a review of case studies on
concentration polarisation is presented. The various
studies and types of membrane used for each study
are presented in Table I, whereas the parameters
considered for studying such phenomena are listed
in Table II. Based on Table I, it is evident that most
common membranes are tubular, as illustrated by
the various configurations in Figures 2(a)–2(c).
The studies by Faizal et al. (55, 60) examined the
phenomenon of concentration polarisation for flat
sheet type membranes, which are widely used in
compact reformers for hydrogen production (4–5,
65–66). The common configuration for a flat sheet
type membrane is illustrated by Figure 2(d). It
is interesting to note that various configurations
and fluid flow conditions have been considered
for studying concentration polarisation. Based
on Table II, it is evident that the most common
varied parameters for concentration polarisation
are operating pressure, hydrogen mixture
composition, feed flow rate and Reynolds number as
well as membrane temperature. However, several
studies have focused on geometry improvement to
suppress concentration polarisation, as elaborated
in this section.
In the early 21st century, Hou and Hughes were
among the earliest groups who observed the
concentration polarisation during an experiment
involving hydrogen permeation with a palladium
based membrane (67). The authors confirmed
the existence of the concentration polarisation
phenomenon during their experiment for a
membrane with a thickness of 5 µm to 6 µm.
However, the effect was not severe due to the
relatively high feed gas velocity, which was a 5%
decrease in hydrogen concentration for the various
mixing ratios of the binary mixture of hydrogen
and nitrogen (67).
Zhang et al. (51) were one of the pioneer
groups
who
comprehensively
investigated
the
concentration
polarisation
phenomenon
specifically for palladium based membranes. The
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Table I T
 ypes of Study and Membranes Used for Investigation on Concentration Polarisation
Phenomena
References

Type of study for
concentration
polarisation

Membrane

No.

Type

Thicknessa,
µm

1.

Zhang et al. (51)

Experiment and
modelling

Porous ceramic tube supported palladium
membrane

–

2.

Pizzi et al. (52)

Experiment and
analytical

Palladium/20 wt% silver tubular
membranes deposited on ceramic
supports

2.5

3.

Catalano et al.
(40)

Experiment and
analytical

Palladium/20 wt% silver tubular
membrane with ceramic support

2.5

4.

Caravella et al.
(53)

Modelling and analytical

Tubular type self-supported palladium
based membrane

1–150

5.

Coroneo et al.
(44)

Simulation and
experiment

Tubular palladium/silver membrane
deposited on tube

3

6.

Caravella et al.
(54)

Modelling and analytical

Self-supported tubular palladium based
membrane

60

7.

Chen et al. (39)

Numerical simulation

Self-supported tubular type palladium
based membrane

–

8.

Chen et al. (41)

Numerical simulation

Self-supported tubular type palladium
based membrane

–

9.

Faizal et al. (55)

Experiment and
analytical

Self-supported circular flat sheet type
palladium/23 wt% silver membrane

25

10.

Chen et al. (56)

Numerical simulation

Self-supported tubular palladium
membrane

–

11.

Chen et al. (57)

Experiment

Palladium and palladium/copper
membrane with porous stainless steel
support

6.5–7.0

12.

Chen et al. (58)

Numerical simulation

Self-supported tubular palladium
membrane

–

13.

Nekhamkina and
Sheintuch (59)

Analytical

Self-supported tubular palladium
membrane

–

14.

Zhao et al. (23)

Experiment

Palladium/copper tubular membrane with
ceramic substrate

5

15.

Faizal et al. (60)

Experiment and
analytical

Self-supported circular flat sheet type
palladium/23 wt% silver membrane

25

16.

Nakajima et al.
(61)

Experiment and
numerical

Tubular palladium/silver membrane with
ceramic support

–

17

Caravella and Sun
(62)

Analytical and
simulation (for case
study of water-gas
shift reaction)

Self-supported tubular palladium based
membrane

–

18.

Kian et al. (63)

Experiment

Palladium layer deposited on yttria
stabilised zirconia (YSZ) support
(tubular)
Palladium/gold layer deposited on YSZ
deposited on Al2O3 substrate (tubular)

19.

Helmi et al. (64)

Simulation and
experiment

Pd0.85Ag0.15 based tubular membrane
supported on Al2O3 porous in fluidised
membrane reactor

a

8

4.5

Sign – indicates not available

effect of various parameters such as pressure,
temperature, feed gas flow rate and permeability
was investigated experimentally. Also, the
parameters were interpreted through mathematical

68

11

modelling particularly for tubular membranes with
porous ceramic supports. The authors found that
when the feed gas flow rate is increased, the
concentration polarisation is weakened, resulting
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Table II Varied Parameters for Studying the Effect on Concentration Polarisation
Reference

Parameters

Zhang et al. (51)

Feed flow rate: 0–5.1 × 10–5 m3 s–1. Pressure: 101.3–405.3 kPa (difference in total
pressure). Temperature: 623–773 K

Pizzi et al. (52)

Pressure: 20–600 kPa (difference in total pressure). Inlet H2 concentration: 88 vol%
and 50 vol%

Catalano et al. (40)

Feed flow rate (m3 s–1): (1.67–5.00) × 10–5 m3 s–1 (at normal condition). Pressure: up
to 600 kPa (difference in total pressure). Inlet H2 concentration: 50 vol% and 88 vol%.
Temperature: 673–773 K. Binary (H2:N2, H2:CH4) and ternary mixtures (H2:N2:CH4)

Caravella et al. (53)

Membrane thickness: 1–150 µm. Permeance: 0.1–20 mmol m–2 s–1 Pa–0.5. Reynolds
Number: 2100–8000. Upstream total pressure: 200–1000 kPa. Downstream total
pressure: 100–800 kPa. Inlet H2 concentration: 0–1 molar fraction. Temperature:
573–773 K

Coroneo et al. (44)

0, 2 and 3 (number of baffles)

Caravella et al. (54)

Total upstream pressure: 400–1000 kPa. CO partial pressure: 0–1000 kPa. Inlet H2
concentration: 0–1 molar fraction. Ternary (H2:CO:N2) and binary mixture (H2:CO)

Chen et al. (39)

Permeance: 10–3–1 mmol m–2 s–1 Pa–0.5. Reynolds number: 20–2000. Pressure:
506.5–3039 kPa. Inlet H2 concentration: 0.20–0.80 molar fraction

Chen et al. (41)

Feed flow rate: 2.713 × 10–4–4.3408 × 10–3 mol s–1. Reynolds number: 10–50
(retentate side) and 2–2000 (permeate side). Flow pattern: countercurrent and
cocurrent modes. Position of the feed flow: in lumen or shell side

Faizal et al. (55)

Feed flow rate: 1.489 × 10–5– 2.976 × 10–4 mol s–1. Upstream total pressure: 200–
300 kPa

Chen et al. (56)

Reynolds number: 20–2000 (permeate side) and 20–800 (retentate). Pressure
difference: 506.5–3039 kPa. Shell diameter: 25–100 mm

Chen et al. (57)

Feed flow rate: 1.67–3.33 × 10–6 m3 s–1. Pressure: 50.7–405.2 kPa (H2 partial
pressure difference). Inlet H2 concentration: 50–100 vol%

Chen et al. (58)

Baffle patterns, positions at shell wall, ratio of baffle length to radius (0–0.75)

Nekhamkina and
Sheintuch (59)

Pressure: 31.62–632.46 Pa0.5 (initial driving force). Inlet H2 concentration: 0.50–0.88
(molar fraction). Separation parameter, Γ(<29)

Zhao et al. (23)

Feed flow rate: 4.17 × 10–6–4.00 × 10–3 m3 s–1. Inlet H2 concentration: 0.50–0.90
(molar fraction). Temperature: 673–773 K. H2S concentration: 7–35 ppm

Faizal et al. (60)

Feed flow rate: 2.78 × 10–5–2.50 × 10–4 mol s–1. Inlet H2 concentration: 0.70–0.80
(molar fraction). Various species in H2 mixture (H2:N2, H2:Ar, H2:He and H2:CO2)

Nakajima et al. (61)

Feed flow rate: 5.0 × 10–4–1.5 × 10–3 Nm3 s–1 m–2. Internal diameter of reactor
vessel: 1.66–2.39 × 10–2 m

Kian et al. (63)

Total upstream pressure: 150–600 kPa. Various ternary and quaternary mixtures as
well as a senary mixture → H2:Ar, H2,He,H2:CH4, H2:H2O, H2:CO:He (example of ternary
mixture), H2:CO2:CO:He (example of quaternary mixture), H2:CO2,H2O:CH4:CO:He.
Gas hourly space velocity (GHSV): 221–882 h–1. Flow rates: 276–1078 ml min–1

Helmi et al. (64)

Relative fluidisation velocity: 1.3–3.3. H2 mole fraction: 0.1, 0.25 and 0.45

in higher hydrogen permeation. For instance, for
the case of membrane temperature of 723 K,
when the feed flow rate was 5 ml s–1 (equivalent
to 5 × 10–6 m3 s–1), the concentration polarisation
degree for hydrogen (ratio of hydrogen permeation
flux with concentration polarisation to hydrogen
permeation flux without concentration) was
around 0.54. However, when the feed flow rate
was increased to around 14 ml s–1 (equivalent to
14 × 10–6 m3 s–1), the concentration polarisation
degree for hydrogen became 1, that is no effect of
concentration polarisation on hydrogen permeation
flux was found. Furthermore, the authors reported
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that the observed phenomena are mainly due to
the higher removal rate of accumulated nitrogen in
the boundary layer at higher feed flow rates (51).
However, an increase in pressure at the retentate
or upstream side (at constant permeated pressure)
increases concentration polarisation, as clearly
described by the mathematical modelling developed
in the study. Based on their study, at constant
temperature of 723 K, for the case of pressure of
2 atm (equivalent to 202.6 kPa), the concentration
polarisation degree for hydrogen already reached a
value of 1 (no effect of concentration polarisation)
when the feed flow rate was around 14 ml s–1
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(a)
Upstream/shell
Downstream/lumen side
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Feed/upstream
Retentate
flow
flow
Membrane

Permeate/
downstream
flow
(b)
Permeate/downstream
flow

Membrane

Retentate
flow

Feed/upstream
flow

Upstream/lumen side
Downstream/shell side
(c)

Permeate/downstream
flow
Feed/upstream
flow
Retentate
flow
Tubular membrane

(d)
Feed/upstream flow

Retentate
flow
Upstream side
Membrane
Downstream side

Permeate/downstream flow

Fig. 2. (a) Tubular type membrane configuration
(feed flow is issued through shell side); (b)
tubular type membrane configuration (feed flow
is issued through lumen side); (c) tubular type
membrane with ‘finger-like’ configuration (front
view); (d) circular flat sheet type membrane
configuration (front view)

(equivalent to 14 × 10–6 m3 s–1). However, for
the case of higher pressure of 4 atm (equivalent
to 405.2 kPa), the concentration polarisation
70
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degree for hydrogen still not reached value of
1 even though feed flow rate was increased to
32 ml s–1 (equivalent to 32 × 10–6 m3 s–1). Based
on the model, the observed trend is related
to the proportional relation between the mass
transfer coefficient of the retentate side and
the diffusion coefficient, which is reciprocal to
operating pressure (51). Therefore, the findings of
Zhang et al. corroborated the previous findings by
Morguez and Sanchez (68), which reported that the
effect of selectivity is less significant compared to
feed gas flow rate, pressure and permeability (68).
The authors also observed that the temperature
range used in their experiment did not trigger the
concentration polarisation phenomenon. However,
the authors did not rule out the possibility of
concentration polarisation when the hydrogen
permeation rate is enhanced due to the increase in
temperature (51).
Pizzi et al. performed an experimental study for
ultra-thin (~2.5 µm thickness) palladium/silver
membranes deposited on ceramic supports. The
authors observed that pronounced concentration
polarisation occurred regardless of the composition
mixture (52). As a result, the phenomenon was
evident despite the concentration of nitrogen in
a binary mixture of H2:N2 being relatively very
low (12 vol%) (52). For this case, it was found
that when Sieverts’ driving force is set to 0.8 bar0.5
(equivalent to 253 Pa0.5), the hydrogen permeate
flux is only 0.26 mol s–1 m–2, that is significantly
lower if compared to the permeate flux obtained
when the concentration polarisation effect is
negligible (permeate flux of 0.68 mol s–1 m–2).
The lack of extensive studies on the detailed
mechanism of concentration polarisation specifically
for palladium based membranes prompted
Catalano et al. (40) to explore this research area.
The findings of Catalano et al. demonstrated a
similar trend with that of Zhang et al. (51) in terms
of the effect of feed flow rate, and Pizzi et al. (52)
in terms of the effect of mixture composition on the
concentration polarisation phenomena. Compared
to previous research, a fundamental investigation
on the ternary mixture of H2:N2:CH4 (volume ratio
of 50:25:25) was also conducted for the first time.
The findings showed that the permeation flux was
marginally less than the flux for the binary mixture
of H2:N2 (volume ratio of 50:50) but almost similar
to the H2:CH4 (volume ratio of 50:50) mixture.
Therefore, the findings reveal that there was a very
slight decrease in permeation flux, which occurred
when nitrogen was replaced with methane (40).
In this case, previous researchers have confirmed
that the inhibitive effect caused by methane is very
© 2021 Johnson Matthey
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minimal, thus can be neglected (69). Based on the
findings of Catalano et al. (40) and Jung et al. (69),
it is evident that the severity level of concentration
polarisation is independent on number of species
(binary or ternary) in the non-inhibitive hydrogen
mixture. Catalano et al. also have interpreted
the level of concentration polarisation for various
operating conditions using a dimensionless
polarisation number, which is defined as the ratio
of gas phase to membrane sensitivity factor (40).
The polarisation number of much higher than
1 (S>>1) means concentration polarisation is
dominant, whereas when the number is much
less than 1 (S<<1), resistance by the metal
membrane controls the entire permeation process.
The authors discovered that for both cases of
ternary and binary hydrogen mixtures with feed
flow rates of 1 Nl min–1 to 3 Nl min–1 and relatively
low inlet hydrogen concentration (50 vol% H2),
the concentration polarisation becomes dominant,
that is S>>1. However the value of S is reduced
when hydrogen concentration or feed flow rate
is increased. As example, for the case of binary
mixture of H2:N2 (50 vol% H2 and 50 vol% N2) with
operating temperature and total pressure of 673 K
and 600 kPa, respectively, when the feed flow
rate was increased from 1 Nl min–1 to 3 Nl min–1,
S reduced significantly from 6 to 2.5.
Most of the studies on concentration polarisation
elaborated previously used palladium based
membrane with support that influences the
hydrogen permeation process (70). Conversely,
Caravella et al. (53) examined the concentration
polarisation
phenomenon
on
self-supported
palladium-based membrane in which case the
effect of support was eliminated. In addition
to the previous studies, other researchers (40,
51–52), have analysed the broader range of
upstream hydrogen molar fraction, total upstream
pressure, downstream total pressure, operating
membrane temperature, membrane thickness and
permeability to develop polarisation maps as a very
useful guide for membrane reactor designer. The
term concentration polarisation coefficient (CPC)
was introduced in the maps as a demonstration for
the level of concentration polarisation. Here, when
the value of CPC is 0, it means no polarisation
occurs while the value of 1 indicates the occurrence
of total or maximum polarisation. Additional
parameters were considered in this study that were
not covered by the other previous researchers,
namely: operating temperature, permeance, total
downstream pressure and membrane thickness.
Furthermore, the analysis demonstrated that the
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severity of concentration polarisation increases
when the temperature and permeance are
increased whereas the total downstream pressure
and membrane thickness are reduced (53). As
example, when Reynolds number, hydrogen
retentate molar fraction, temperature, pressure at
retentate side and pressure at permeate side were
set to 2100, 0.40, 500°C, 1000 kPa and 200 kPa,
respectively, the CPC increased significantly from
around 0.13 to around 0.65 (thus concentration
polarisation effect become stronger) when
membrane thickness was reduced from 50 µm
to 5 µm. Similar to the assertion by Morgues et
al. (68), Caravella et al. (53) also found that the
hydrogen flux itself plays a significant role during
concentration polarisation.
Caravella et al. extended their analytical study to
cover the concentration polarisation phenomena
for a hydrogen mixture that contains well-known
inhibitive species of carbon monoxide (22, 71–76).
In this study (54), the authors simultaneously
considered the effects of concentration polarisation
and inhibition by carbon monoxide by merging
their previously introduced approach (53) and
the approach by Barbieri et al. (77). Similar to
their previous study (53), the authors introduced
a parameter so-called permeation reduction
coefficient (PRC) that includes both polarisation and
carbon monoxide inhibitive effects simultaneously.
Interestingly, it was found that when the
polarisation and carbon monoxide inhibition occur
at the same time, the hydrogen permeation flux
obtained is lower compared to the flux obtained
when both phenomena occurred separately. This
is mainly due to the polarisation of the inhibitor
carbon monoxide toward the membrane surface,
which increases the carbon monoxide partial
pressure at the surface (54). The researchers
found that for binary mixture of hydrogen and
carbon monoxide, when operating temperature,
membrane thickness, Reynolds number, hydrogen
upstream molar fraction, total upstream pressure
and downstream pressure are set to approximately
647 K, 60 µm, 1200, 0.60, 1000 kPa and 200 kPa,
respectively, the permeating flux for the cases of
polarisation only, inhibition by carbon monoxide
only, and simultaneous polarisation and inhibition
are around 85 mmol m–2 s–1, 71.5 mmol m–2 s–1
and 67 mmol m–2 s–1 (54). The inhibition of carbon
monoxide under the influence of concentration
polarisation is expected since the low feed flow
rate is generally applied, for instance, during
steam reforming for application in small portable
electrical devices (8, 66).
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The phenomenon of concentration polarisation
was featured by the two-dimensional numerical
method for tubular type (39) and flat sheet
type (78) membranes. In general, for permeation
with tubular type membrane under concentration
polarisation influence, the direction of hydrogen
concentration decrease for binary mixture of H2:N2
is from the region around the leading edge (inlet
part) to the tailing edge (outlet part) (39). This
phenomenon is featured by Figure 3, in which
dimensionless hydrogen concentration gradient
decreases from the leading edge to the tailing edge
of the membrane surface regardless of hydrogen
volume percentage. However, for the case with
vertical flow towards flat sheet type membrane
surface, the hydrogen concentration is highest
at the centre of the membrane, and decreases in
radial direction, as shown by Figure 4 (78). These
studies investigated the hydrogen concentration
distribution around the membrane surface for
various important parameters such as operating
pressure, hydrogen molar fraction, feed flow rate
(or Reynolds number) and membrane permeance.
The qualitative simulated results reveal that
the hydrogen concentration decreases at the
membrane surface due to the effect of hydrogen
flux itself during the phenomena. However, the
severity level of concentration polarisation for the

various parameters above is generally similar to
the values described quantitatively by previous
experimental and analytical studies (40, 51–54).
Chen et al. introduced an important parameter
called hydrogen permeation ratio (HPR) to indicate
the level of concentration polarisation (39). The
HPR is defined as the ratio of hydrogen permeation
rate across the membrane to the hydrogen feed
rate at the inlet. The authors concluded that a
decrease in value of HPR indicates that the severity
of concentration polarisation is diminished. As an
example, for the case of binary mixture of H2:N2
(H2 mole fraction of 0.50) with pressure difference
and membrane permeance of 30 atm and 10–4 mol
m–2 s–1 Pa–0.5, respectively, HPR decreased from
96 to 3 when Reynolds number was increased
from 20 to 2000, thus severity of concentration
polarisation is significantly reduced (39). It is
interesting to note that when the aforementioned
four important parameters (operating pressure,
hydrogen molar fraction, feed flow rate and
membrane permeance) were set in such a way
to cause the effect of concentration polarisation
to become very significant, the hydrogen
concentration gradient is very high at the leading
edge of the membrane (in the region near to
the inlet) and then decays faster. Due to this
phenomenon, there was almost no driving force for

100
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Fig. 3. Dimensionless hydrogen concentration
gradient from the leading edge (Z = 0.025 m) to
the tailing edge (Z = 0.175 m) of the membrane
surface, for the case of Reynolds number of 200,
pressure difference of 30 atm and permeance of
10–3 Reprinted from (39) Copyright (2011), with
permission from Elsevier
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Fig. 4. Radial profile of hydrogen concentration on
the membrane surface as a function of mean mole
flux (feed flow rate divided by effective membrane
surface area) for the case of inlet hydrogen mole
fraction of 0.75, membrane temperature of 623 K,
total upstream pressure of 0.25 MPa and total
downstream pressure of 0.10 MPa (78)
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permeation in most of the remaining membrane
length, as demonstrated by Figure 5 (refer to
the case of permeance (K) of 10–3) (39). Figure
5 also demonstrates that when the permeance
is increased, the tendency for concentration
polarisation to occur increases. Based on Nagy et
al. (79), a convex shape can be observed for the
hydrogen concentration curve in a boundary layer
during concentration polarisation phenomena,
once the convective flow starts to play a role in
the diffusive flow of the layer (80, 81). Based on
these numerical simulation studies, Chen et al.
also asserted that the concentration polarisation
phenomenon is not significant when the hydrogen
permeation ratio (H2 permeation rate:H2 feed rate)
is less than 30%. It is important to note that even
if the concentration polarisation can be improved
(and more hydrogen flux can be obtained), the
HPR that indicates hydrogen recovery becomes
smaller, and this becomes a shortcoming for the
membrane performance (39).
Subsequently, Chen et al. extended their
numerical simulation to the tubular type
membrane with simultaneous use of feed flow and
sweep flow (41) under concentration polarisation
influence. The advantage of using sweep flow to
improve hydrogen permeation flux (and to abate
concentration polarisation) has been confirmed
by previous researchers (6, 7, 82–84). When
the sweep flow rate at the permeated side is
increased, the hydrogen partial pressure at the
membrane surface of the permeated side can
be reduced, thus hydrogen permeation flux
increases (and concentration polarisation is
weakened) due to increase in hydrogen partial
pressure difference (7, 83). For instance, in
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symmetry

Tubular
membrane

YH 2

Inlet

B

C

D

YH2,inlet
1.0
0.9

Tubular membrane

Inlet

the case of countercurrent mode with the use
of sweep gas in the shell side (outside tubular
membrane and inside shell), the improvement
in hydrogen flux was improved by 12.3%
when the sweep flow rate was increased from
2.713 mol s–1 to 4.3408 mol s–1, thus indicating
the importance of sweep flow rate in improving
hydrogen flux. In this case, the optimum flow
rate of sweep gas can be estimated from the
arctangent function (41, 85) of feed gas flow
rate, once the flow rate or Reynolds number of
the feed gas is specified. Here, the flow rate of
sweep gas is considered optimum when the flow
rate can give the maximum hydrogen permeation
flux and sufficiently high hydrogen recovery (up
to 95% H2 recovery) could be maintained (41).
It is interesting to note that the coupling
between feed gas and sweep gas will give better
separation performance when countercurrent
mode is applied (5, 41). It is also interesting
to note that whether the feed gas is issued in
the lumen side (inside tubular membrane)
or the shell side (outside tubular membrane
and inside the shell) during countercurrent
mode, the difference in hydrogen flux for both
configurations is negligible. Therefore, this
implies the independence of hydrogen flux on
the position of the feed flow. Also, the difference
in hydrogen permeation flux between cocurrent
mode and countercurrent mode can be reduced
by increasing the feed flow rate. Similar to the
feed flow rate, a decrease in the sweep flow rate
causes the effect of concentration polarisation to
become stronger.
Part II (86) continues the discussion and provides
the conclusions.
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Fig. 5. Distributions of
concentration contour
for various hydrogen
permeance values (H2:N2
mixture, inlet H2 = 50%,
Reynolds number = 200
and pressure difference
= 30 atm). Reprinted
from (39) Copyright
(2011), with permission
from Elsevier
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