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1. Introduction

In the last few decades a great deal of attention has been
attracted to the use of hydrogen as an energetic carrier to be
employed for clean energy production by means of new technolo-
gies, such as polymer electrolyte fuel cells (PEMFCs). The new
application of H2 as feed in fuel cells for mobile power sources
requires in the anode inlet gas a CO concentration lower than
10–20 ppm [1]. Otherwise, the anode is poisoned and the cell
efficiency suddenly drops. Hence, if the H2 is produced from hydro-
carbon or alcohol reforming, purification is required in order to
reduce the CO level to cell requirements. So far, the most technolog-
ically feasible purification train consists of a water gas shift (WGS)

Abbreviations: GHSV, gas hourly space velocity (h−1); MR, membrane reactor;
“innovative” MR, membrane reactor configuration proposed in this paper; “typical”
MR, typical configuration of membrane reactor published in the open literature;
MREC, MR equilibrium conversion; RI, recovery index; TR, traditional reactor; TREC,
TRequilibrium conversion; VI, volume index; WGS, water gas shift.
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fundamental interest for its use as feed of proton exchange membrane fuel
configuration for a membrane reactor (MR) was proposed: the membrane
rt of the catalytic bed. This configuration is of particular importance in all
low kinetics such as, e.g., water gas shift (WGS). Permeation of hydrogen,
place when its partial pressure on the reaction side exceeds that on the
the membrane starts at the reactor entrance there is a part of membrane
the reaction side. The length used in a bad way depends on the kinetics:
methane steam reforming) it is very short but is significantly higher for
kinetics (e.g., WGS). The innovative configuration proposed allows a good
brane area for the permeation.
�m thick) MR was used to analyse the WGS reaction at 280–320 ◦C, up to
00 h−1 to 4500 h−1.
reaction volume required to achieve the same CO conversion was shown
e MR with respect to the “typical” one used up to now.

© 2008 Published by Elsevier B.V.

converter and a subsequent step of remaining CO elimination [2].
CO + H2O = CO2 + H2, �H◦
298K = −41 kJ mol−1

WGS reaction is employed in industrial processes of H2 pro-
duction from liquid and gaseous hydrocarbons. The role of this
reaction is to increase H2 yield and decrease the CO concentration,
which is, moreover, a poison for some catalysts used in down-
stream processing, as in ammonia synthesis or oil dehydrogenation.
WGS reaction is traditionally carried out in two fixed bed adia-
batic reactors, connected in series with a cooler between them.
The first reactor operates at temperatures ranging from 300 ◦C to
500 ◦C and employs an Fe–Cr-based catalyst. The second reactor
uses a CuO–ZnO-based catalyst and operates at lower temperatures
(180–300 ◦C) in order to displace the equilibrium, since WGS reac-
tion is exothermic. Recently, a renewed interest in the study of this
reaction has arisen owing to H2 application to fuel cells. Several
works on different catalysts more active than the traditional ones,
which can be used for H2 production in fuel cell application, have
been published. In the past, some authors [3] proposed the dop-
ing of CuO–ZnO-based catalysts. However, in the last few years, the
majority of them have preferred the use of supported noble met-
als like ceria [4] instead of traditional catalysts. These new catalysts,

http://www.sciencedirect.com/science/journal/03787753
mailto:g.barbieri@itm.cnr.it
dx.doi.org/10.1016/j.jpowsour.2008.03.086
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Nomenclature

E activation energy (J mol−1)
F molar flow rate (mol s−1)
J permeating flux (mol m−2 s−1)
P pressure (Pa)
T temperature (◦C)
V reaction volume (m3)

Superscripts
Feed membrane module inlet stream referred to

Permeate membrane module outlet stream as permeate

referred to
Retentate membrane module outlet stream as retentate

referred to

Acronyms
GHSV gas hourly space velocity (h−1)
MR membrane reactor
“innovative” MR membrane reactor configuration proposed

in this paper
“typical” MR typical configuration of membrane reactor pub-

lished in the open literature
MREC MR equilibrium conversion
RI recovery index
TR traditional reactor
TREC TR equilibrium conversion
VI volume index
WGS water gas shift

showing a higher activity with respect to the traditional ones, allow
an operating range of 250–350 ◦C with good results given on a tra-
ditional reactor (TR) [5]. A promising approach for WGS reaction is
the use of membrane reactors (MRs), combining the reaction and
H2 separation by means of a selective membrane.

WGS reaction is exothermic and characterized by no variation in
the number of moles. Thus, CO equilibrium conversion is favoured
by a low temperature and is independent of the reaction pressure
in a TR. On the contrary, in an MR the reaction pressure has a posi-
tive effect on the equilibrium conversion of WGS reaction although
it is characterized by no variation of mole number. In fact, a high
pressure on the reaction side facilitates permeation and therefore,

pushes the reaction towards further product formation [6–8]. The
use of an MR, thus, allows a higher conversion to be reached also
at a higher temperature where the thermodynamic conversion is
low, acting positively on the kinetics. As a consequence, the cata-
lyst amount necessary for a given conversion can be significantly
reduced. For instance using a Pd-alloy MR, working at 280 ◦C and
1000 kPa, the catalyst volume necessary to reach 90% of the equi-
librium conversion reduces to 1/4 of that of a TR [7].

In the past, Pd-alloy membranes were already successfully used
for hydrogen production/separation also for the WGS step because
of the infinite H2 selectivity which allows a pure H2 stream, not
requiring further separations [9–11].

In the open literature, many studies were on the MRs with pal-
ladium membranes [12,13]. Seok and Hwang [14] evaluated the
performance of the WGS reaction by using Vycor glass coated with
ruthenium(III) chloride trihydrate. The reaction was carried out
under various operating temperatures, pressures and feed compo-
sitions. The highest CO conversion obtained was 85% (equilibrium
value 99.9%) at relatively low temperature (170 ◦C) and a sweep fac-
tor equal to 10, which means a sweep flow rate five times higher
than the feed one. Complete conversion (100%) was obtained by
Sources 182 (2008) 160–167 161

Kikuchi et al. [8] and Uemiya et al. [11] at 400 ◦C using a tube in
tube MR, in which the inner tube consisted of a thin palladium film,
also by using a sweep factor equal to 10. Tosti et al. [15] added silver
to palladium to decrease membrane embrittlement and to increase
the hydrogen permeability. They developed a WGS MR with a Pd–Ag
film (50 �m thick) covering the external side of a ceramic porous
tube and achieved reaction conversions close to 100% (well above
the equilibrium value of 80%) at 325–330 ◦C, owing to a high sweep
gas flow rate.

However, the majority of these studies proposed the use of
sweep gas to promote the H2 permeation, while only a small part
combines the use a low feed pressure at the sweep gas for improving
the permeation. An important role should be assigned to this vari-
able, used instead of sweep gas, which promotes the H2 permeation
allowing, at the mean time, a pure H2 stream to be obtained.

A fundamental aspect in the Pd-alloy MR use is the good
exploitation of whole the available membrane area that improves
the global MR performance, assuring a higher CO conversion and
also more H2 recovered in the permeate side. However, the hydro-
gen permeated depends not only on the membrane properties such
as the permeance, but it is also a linear function of the driving force,
which in the case of Pd–Ag MRs generally is given by the difference
of the square root of the H2 partial pressure on both side of the
membrane (Sieverts’ law). As studied in our previous work [16], in
the first part of an MR the H2 partial pressure starts from zero since
it is not present in the feed stream, but it is only produced by reac-
tion (Fig. 1-left side). As a consequence, in this reactor section the H2
partial pressure is very low, implying back permeation. This means
a bad utilization of the first part of the membrane area and thus,
a worsening of the MR performance with lower H2 recovery and
lower CO conversion with respect to the case in which the whole
selective surface is useful used. To avoid this problem, in this work
a different MR configuration is proposed, improving the idea of an
MR in series to a TR already introduced in a previous work [17].
The two reactors of [17] were combined in one unit: the innovative
MR here proposed has the Pd-based membrane located only in the
second part of the catalytic bed. The first section is characterized
only by chemical reaction whereas in the second part also the per-
meation through the membrane takes place: the reaction starts at
the reactor entrance producing H2 and its permeation starts only
where its partial pressure is high.

Fig. 1 shows the dimensionless partial pressure profiles for the
MR in “typical” (left side) and innovative (right side) configurations:
the whole membrane area is exploited with the new solution and

higher H2 recovery and thus, CO conversion can be achieved.

2. Materials and methods

2.1. Experimental apparatus

In an MR, the permeation takes place in the desired direction
only when there is a positive driving force, i.e., the specie partial
pressure on the reaction side is higher than that on the perme-
ate side. This condition is not always present along the whole MR
length, in particular when only the reactants are fed and the per-
meation is desired for a product. This is the case of reactions for
hydrogen production or its upgrading into Pd-alloy MRs.

If only reactants are fed, no hydrogen is present at the MR
entrance; therefore, no permeation is possible in the desired direc-
tion, but permeation, which happening in any case, takes place in
the undesired direction: from the permeation to the reaction side.
This happens up to the MR length where the hydrogen partial pres-
sure on the reaction and permeation sides are equal. After this point
the permeation is realized in the desired direction.
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embr

in Table 1.
A scheme of the experimental apparatus used in permeation

and reaction tests is shown in Fig. 3. The MR was placed in a tem-
perature controlled electric furnace (with PID control). Mass flow
Fig. 1. Dimensionless partial pressure profiles as a function of m

The location of the “breakthrough” along the reactor length
depends on the kinetics. For instance, in the methane steam
reforming, characterized by a high kinetics, the undesired perme-
ation is confined to a very small reactor length. In WGS reaction
(particularly at a low temperature) the kinetics is slow and the
“breakthrough” is at a significant reactor length.

Barbieri and Bernardo [17] proposed a solution where a “typical”
MR operates on the downstream of a TR. In the first reactor, CO and
H2O were partially converted in H2 and CO2. The feed of the second
reactor (the MR) contains also hydrogen thus, the permeation starts
at the MR entrance.

The novel design proposed in this paper (Fig. 2) couples both
reactors in one unit. It consists of a catalytic bed (“TR” section) fol-
lowed by a “typical” MR where a Pd-based membrane is deep in

the second part of the catalytic bed (Fig. 2). Therefore, only reaction
takes place in the first section and in the second part also perme-
ation is operated. It couples the advantage to feed the reactants and
to overcome the undesired back permeation of hydrogen.

H2 partial pressure profile (reaction side) increases in the TR sec-
tion after which, in the MR part, decreases due to the permeation
which prevails on the production by reaction. On the other mem-
brane side, the pressure drop (even though it can be very small as in
the present case) imposes the trend. In the configuration proposed
in this work (cocurrent flows) both (retentate and permeate) H2
profiles have the same trend (in the MR section) due to the perme-
ation and pressure drop (respectively). Therefore, the permeation
driving force remains always positive (Fig. 1, right side).

In the case of countercurrent flows, the H2 profile on the per-
meate side will be opposite to that on the reaction side with a
lower difference at the reactor exit and higher value at the mem-
brane exit (central part of the reactor). This produces an average
driving force for permeation lower than in the cocurrent case. Of
course, the difference in the performance of the innovative MR will
be visible depending on the fullness of the pressure drop. In the

Fig. 2. Configuration of the “innovative” MR.
ane length for a “typical” and an “innovative” MR configuration.

present case, with very low-pressure drop the two configurations
are equivalent.

A different situation is presented when a reformate stream is
fed to a WGS MR due to the high content of hydrogen in the fed
stream. In this case a “typical” MR shows its peculiar characteristic
in improved performance with respect to a TR.

The “innovative” MR (Fig. 2) was realized assembling a tubu-
lar blind Pd–Ag membrane in a stainless steel shell, filling the
tubular (TR section) and annular (“typical” MR part) volumes with
CuO/CeO2 catalyst. The innovative MR characteristics are resumed
controllers (Brooks Instrument 5850S) were used for feeding all
the inlet gaseous streams, while an HPLC pump (Dionex P680A)
was used to feed the water. A heating coil line was put into the
furnace to vaporize the water. The flow rates of the outlet streams
were measured by means of bubble soap flow meters. The chemical
analyses on the retentate and permeate streams were performed by
means of a gas chromatograph (Agilent 6890N) with two parallel
analytical lines. Each line is equipped with two columns: an HP-
Plot-5A (for separating permanent gases such as H2, N2 and CO)
and an HP-Poraplot-Q (for other species) and a TCD.

Pd-alloy dense membranes are generally utilised in a temper-
ature range where the diffusion in the metal bulk is the rate
determining step. Sieverts’ law (Eq. (1)) is used worldwide for the
mathematical description of H2 permeating flux in these mem-
branes. The hydrogen flux is a linear function of the driving force,
which, when the diffusion through the bulk is the rate determining
step, such as in the present case, is given by the difference of the

Table 1
Innovative MR characteristics

TR section
Length 8 cm
Catalyst amount 1.7 g

MR section
Length 9.5 cm
Membrane type Pd–Ag: commercial (Johnsonn–Matthey) self-supported
Membrane thickness 60 �m
Superficial area 2 cm2

Catalyst amount 1.7 g
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plant.

used during the tests because, as discussed in the introduction, one
of the main aims of this work is the study of the feed pressure effect
on the performance of the system in obtaining a pure hydrogen
stream as permeate.

The GHSV for the “innovative” MR, was calculated by using the
following equation:

1
GHSVInnovative MR

= 1
GHSVTR

+ 1
GHSVMR

h (7)
G. Barbieri et al. / Journal of P

Fig. 3. Scheme of the experimental laboratory-scale

square root of the H2 partial pressure on both membrane sides (Eq.
(2)).

JPermeating
H2

(mol m−2 s−1) = Permeance0
H2

e−E/RT �
√

PH2 (1)

�
√

PH2 (Pa0.5) = �PSieverts
H2

=
√

Preaction side
H2

−
√

Ppermeation side
H2

(2)

CO conversion of a TR and MR was calculated using Eq. (3), including
the CO and CO2 present in the outlet streams.

CO conversion = 1
2

{(
FOUT

CO2

FFeed
CO

)
+
(

1 − FOUT
CO

FFeed
CO

)}
(3)

The conversion is calculated as the arithmetic average value
between that calculated from the CO2 yield (lower limit) and that
corresponding to the CO present in the outlet stream. The difference
of the two values is the carbon balance.

The upper limit of a chemical reaction is given by the thermody-
namic equilibrium conversion. While that of a TR (TREC) is a widely
consolidated concept, the equilibrium of an MR is a relatively new
concept [6]. The permeation equilibrium has to be reached in an
MR in addition to the reaction equilibrium typical of a TR.

Therefore, the MR equilibrium conversion (MREC) is a function
of the thermodynamic variables and initial composition on both
sides of the Pd-alloy membranes.

MREC = MR equilibrium conversion(

= f Kp, TReaction, PReaction, YFeed

i , TPermeation,

PPermeation,
FFeed

FSweep
, YSweep

i

)
, (4)

MREC is independent of the membrane permeation properties
influencing the time-dependent variables (e.g., the residence time
MR) necessary to reach equilibrium, but the final value reached
depends on the extractive capacity of the system. The MREC is the
maximum conversion achievable with the MR, for set operating
conditions.

A fundamental variable to consider in the study of the MR per-
formance for producing H2 is the recovery capability of MR, the
recovery index (Eq. (5)), defined as [7]:

H2 recovery index (RIH2 ) =
FPermeate

H2

FPermeate
H2

+ FRetentate
H2

(5)

Estimated from the reactor outlet streams, it represents the H2 frac-
tion permeated through the membrane with respect to the total H2
produced by reaction.
Sources 182 (2008) 160–167 163

MFC: mass flow controller; GC: gas chromatograph.

An important parameter in the design of new plants is the vol-
ume index (VI) (Eq. (6)) that comparing the MR reaction volume
with that of a TR necessary to achieve a set conversion [16].

Volume index (VI) = VMR
Reaction

VTR
Reaction

∣∣∣∣
Set CO Conversion

(6)

In this work, the VI was calculated for the innovative MR, in order
to evaluate the gain in term of reduction of reaction volume and
catalyst with respect to a TR.

For the evaluation of these indexes, an experimental work was
carried out. The permeating flux was measured feeding pure H2
before the reaction, for evaluating the permeation membrane prop-
erties (flux and permeance) as a function of the temperature.

Reaction tests were carried out on the novel system at the oper-
ating conditions reported in Table 2.

A commercial CuO/CeO2-based catalyst (Engelhard) was packed
in both (TR and “typical” MR) sections of the innovative MR.

An equimolecular H2O/CO stream was used in the reaction
experiments, on the basis of previous studies. No sweep gas was
3. Results and discussion

3.1. Permeation tests

A linear dependence of the H2 flux as a function of the driving
force (Eq. (1)) was observed at all the temperatures investigated
(Fig. 4), being the difference among experimental results and linear
regression through the origin lower than 3% and the error bars are
practically drawn inside the symbol itself. Therefore, the perme-
ation measurements confirm that hydrogen flux follows Sieverts’
law, thus, a constant permeance value can be assumed for each

Table 2
Reaction tests operating conditions

Temperature 280–320 ◦C
Feed pressure 200–600 kPa
Permeate pressure 100 kPa
H2O/CO feed molar ratio 1
GHSV 2170–10000 h−1

No sweep
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Fig. 4. Pd–Ag membrane permeation tests up to a feed pressure of 1000 kPa. Hydro-

gen permeating flux as a function of �
√

PH2 (driving force of Sieverts’ law) at

different temperatures. Symbols: measured data; lines: linear regression through
the axes origin.
Table 3
Arrhenius parameters

Feed stream Frequency factor (mol m−2 s−1 Pa−1) E (kJ mol−1)

Pure H2 0.12 (±0.05) 2.9 (±0.2)

During WGS reaction
2070 h−1 168 (±51) 7.3 (±0.3)
3180 h−1 700 (±300) 106 16.5 (±4.7)
4550 h−1 800 (±110) 106 16.9 (±0.21)

temperature. Fig. 5 shows H2 permeance (Arrhenius plot) measured
feeding a pure H2 stream or during WGS reaction. H2 permeance
increases with the temperature at any GHSV. CO average concen-
tration in the MR depends, at the same operating conditions, on
the GHSV: a higher GHSV value implies that the unconverted CO
is higher too. The presence of CO was demonstrated [18] having a
reducing effect on H2 permeation. The present results agree with
the prevision of the new model equation proposed by [18] even
if they used a temperature of 374 ◦C in their experiments. Table 3

Fig. 5. H2 permeance as a function of the temperature for pure H2 feeding stream
and during WGS reaction.
Sources 182 (2008) 160–167

reports the parameters of the Arrhenius plot for hydrogen perme-
ance calculated by experimental results of Fig. 5.

The H2 permeance during the reaction showed a reduction
owing to CO presence that inhibits the H2 permeation. This H2
permeance reduction can be estimated by using the following equa-
tion:

H2 permeance reduction = ˛ = 1 −
PermeanceDuring reaction

H2

PermeancePermeation tests
H2

(8)

In particular, for a set temperature, the H2 permeance reduction
is higher at a higher space velocity (Fig. 5). In this case, CO conver-
sion being lower (as will be shown in the section related to reaction
tests), CO partial pressure in the retentate side is higher, with con-
sequent higher inhibition effects. These are less evident at higher
temperature because the adsorption phenomenon decreases sig-
nificantly with the temperature.

3.2. Reaction tests

WGS is a reaction taking place without mole number variation,
therefore in a TR no effect on the reaction can be shown by the
feed pressure variation from the thermodynamics point of view.

On the contrary, in an MR, the feed pressure promotes the selective
removal of H2 from reaction volume and, thus, shifts the equilib-
rium limit [7] towards a higher CO conversion.

Fig. 6 shows CO conversion as a function of the feed pressure
at 300 ◦C for different GHSVs. A monotonic increasing trend of CO
conversion with the feed pressure is shown at all the GHSVs. In par-
ticular, at 2070 h−1, typical condition in industrial applications, CO
conversion is always higher than TREC and is close to MREC values
at all the feed pressures investigated. This advantage is reduced at a
higher GHSV (3180 h−1) where TREC is exceeded for feed pressures
higher than 400 kPa. A low GHSV means high space-time, thus,
higher contact time among reactants and catalyst that allows higher
CO conversion, at the same operating conditions. Increasing the
GHSV, the space-time is lower therefore, CO conversion decreases.
However, good CO conversion is obtained also at a higher GHSV
and it exceeds also the conversions achieved in a TR, increasing the
feed pressure. H2 removal from the reaction volume, in fact, acts
positively on the conversion partially compensating the reduction
of contact time among reactants and catalyst.

Fig. 7 shows the CO conversion as a function of the tempera-
ture for the innovative MR and TR at 600 kPa. The curves show a

Fig. 6. CO conversion as a function of feed pressure at different GHSVs.
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tion o
Fig. 7. CO conversion as a func

maximum at ca. 300 ◦C, at all the GHSVs values. At a low temper-
ature, the kinetics and permeation are slow, even if the reaction is
favoured by a thermodynamic point of view. A high temperature
favours the kinetics and, specifically, the permeation; therefore,
the more H2 is removed from the reaction volume, the more the

CO conversion improves. However, WGS being an exothermic reac-
tion, increasing the temperature the thermodynamic limitations
become more relevant reducing the equilibrium conversion and
the measured conversion closely follows this trend.

MR CO conversion always significantly higher than the TR one
exceeds the TREC for some operating conditions. At 2070 h−1, CO
conversion is completely closed to the MREC, always exceeding
TREC, achieving the highest CO conversion of ca. 93% at 280 ◦C.
Also at 3180 h−1 and 600 kPa the CO conversion is always higher
than TREC, reaching 90% at 300 ◦C. At a higher GHSV, the MR CO
conversion reduces under the TREC, becoming the same as TR at a
lower temperature. This is owing to the lowest contact time among
reactant and catalyst that depletes the CO conversion, in addition
the reduced permeation owing to the low temperature is added.
Even if the CO conversion is lower than TREC, it is much higher
than TR in the same operating conditions.

An important parameter in the analysis of the MR is the recovery
index, useful to give an evaluation of the extractive capacity of the
system, the ratio being between the H2 amount recovered as per-
meate with respect to the total H2 produced by the reaction (Eq.
(5)).

Fig. 8. Recovery index as a function of �
√

PH2
f temperature at three GHSVs.

The RI as a function of the driving force of the process (Eq. (1))
is reported in Fig. 8 at three temperatures. The H2 recovered in
the permeate stream increases linearly with the driving force at
all the temperatures and GHSVs considered. At a low GHSV the
H2 recovered is high owing to the higher CO conversion achieved,

therefore, the best recovery (ca. 75%) is obtained at 2070 h−1 for all
the temperatures investigated. Furthermore, at the same GHSV, the
RI increases with the temperature, because of its positive effect on
permeation.

The best results are obtained at the highest temperature (320 ◦C)
operating at the lowest GHSV (2070 h−1) where ca. 75% of the H2
produced is recovered in the permeate side (Fig. 9). Even if at a
relatively high temperature the CO conversion is lower owing to the
thermodynamics, however, the H2 permeation is strongly favoured,
thus, more H2 is recovered as pure stream in the permeate side.

This behaviour is more evident at high feed pressure that, acting
also positively on the permeation, allows more H2 to be recovered
on the permeate side (Fig. 9).

A relationship among the hydrogen recovery index and the
operating conditions is highly desired. The peculiarities of the
membrane performance combined with those of the reaction
ones have to be taken into consideration to find this relationship.
The membrane performance during reaction can be related to its
permeance and specifically also to its reduction due to the CO pres-
ence that obstacles the H2 flux. CO concentration is a function
of the progress of the reaction. The reaction affects the hydrogen

at three GHSVs and three temperatures.
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Fig. 11. Volume index evaluated by experimental data as a function of feed pressure
at three temperatures.
Fig. 9. Recovery index as a function of temperature at three feed pressures.

production and hence its partial pressure. GHSV can be considered
to indicate the reaction performance or better (specifically) the
hydrogen production. Therefore, the following Eq. (9) was obtained

to represent the RI lines at all the GHSVs.

RI = k
GHSV0

GHSV
1
˛

�
√

PH2 (9)

It considers any increases of GHSV with respect to the reference
values GHSV0 and the permeance reduction by means of Eq. (8).

Fig. 10 shows this correlation for the three temperatures of Fig. 9.
There is a very good agreement between the experimental points
and the regression lines through the origin. Therefore, Eq. (9) well
represents the H2 RI as function of the GHSV, feed pressure, etc. at
any investigated temperature.

The proportional factor, k, has to be evaluated at each temper-
ature. It does not have a regular dependence on the temperature
because the reaction approaches the chemical equilibrium at the
highest temperature.

As an index of the reduced size of the system, the VI was anal-
ysed considering the innovative MR configuration, for evaluating
the gain in term of reaction volume with respect to a simple TR
(Fig. 11). VI is a decreasing function of the feed pressure, at a set
temperature. The reaction volume of MR is around 50% of that of
a TR (VI = 0.5), to achieve a final conversion of ∼80% (correspond-

Fig. 10. Recovery Index as a function of �
√

PH
Fig. 12. Comparison of the volume index of “typical” MR and innovative MR config-
urations.

ing to 90% of the TREC), working at a feed pressure higher than
300 kPa. Furthermore, at a temperature higher than 280 ◦C, the VI
is still reduced. A high feed pressure and a high temperature, in fact,
implying that more H2 permeates through the membrane, shifting

2 at three GHSVs and three temperatures.
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the reaction towards further CO conversion, requiring less catalyst
amount, for achieving a set conversion. The same figure shows a
comparison with some of our previous results obtained by simu-
lating a “typical” MR in the same operating conditions [16]. A VI of
ca. 85% was calculated at 400 kPa and 280 ◦C for the MR; the innova-
tive MR shows a VI equal to ca 65%, already at 300 kPa. Furthermore,
at 600 kPa it shows a VI of 40%, lower than that shown by simple
MR (65%) at the same operating conditions (Fig. 12). This shows the
clear gain in the use of the innovative solution that, allowing the
problems related to the good exploitation of the membrane area to
be overcame, shows further reaction volume reduction with respect
to that achieved with the traditional MR.

4. Conclusion

The innovative MR configuration proposed in this work allows
the exploitation of the whole Pd-based membrane surface. In fact,
the membrane operates only in the second part of the catalytic bed
where the hydrogen partial pressure is high enough to promote the
permeation in the desired direction, from the reaction to permeate
side. The first section of the catalytic bed works converting the reac-
tants (the only species present in the feed stream) into hydrogen.
This novel configuration is necessary, in particular, when no sweep

gas is used (as in the present study). The partial pressure of hydro-
gen on the permeate side is equal to the total pressure and it is much
higher than the partial pressure on the reaction side. Therefore,
the presence of the membrane at the initial reaction stage (reactor
entrance) gives a back permeation which has been overcame by the
novel MR configuration proposed.

The performance of the novel MR was evaluated in term of CO
conversion, H2 recovery, lower reaction volume required, etc. for
the water gas shift reaction, using a Pd–Ag membrane 60 micron,
operating at 280–320 ◦C and up to 600 kPa. No sweep gas was
used to promote the permeation but only the pressure difference
between the two membrane sides. Therefore, pure H2 was obtained
as permeate stream.

Conversion is much higher than that of a TR operating in the
same conditions and also significantly exceeds the equilibrium
value of a TR (TREC). A conversion of 93% was measured at 300 ◦C
and 600 kPa operating at 2000 h−1; 70% of the H2 produced by
reaction was collected as pure permeate stream. recovery index
(at each temperature) is a linear function of the permeation driv-
ing force, permeance in the actual condition and space velocity.
It increases with the permeation driving force, H2 permeance and
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conversion (owing to the higher H2 production) but decreases with
space velocity.

A significant reduction of the volume required to achieve the
same CO conversion was shown by the novel MR configuration with
respect to the “typical” one used up to now. In fact, the reaction vol-
ume (equivalent to the catalyst volume) required by the innovative
MR is 40% (at 600 kPa and 280 ◦C) of that a TR instead of the 65% of
the typical MR.
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