
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 4 2 3e3 4 3 7
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Recent advances in catalysts, palladium alloys and
high temperature WGS membrane reactors
A review
Laura Cornaglia, John Múnera, Eduardo Lombardo*

Instituto de Investigaciones en Cat�alisis y Petroquı́mica, INCAPE (FIQ, UNL-CONICET), Santiago del Estero 2829,

S3006BMF Santa Fe, Argentina
a r t i c l e i n f o

Article history:

Received 31 July 2014

Received in revised form

10 October 2014

Accepted 20 October 2014

Available online 11 November 2014

Keywords:

Hydrogen production

Pt Pd Rh

CO inhibition

H2S effect
* Corresponding author. Tel./fax: þ54 342 45
E-mail address: nfisico@fiq.unl.edu.ar (E.

http://dx.doi.org/10.1016/j.ijhydene.2014.10.0
0360-3199/Copyright © 2014, Hydrogen Ener
a b s t r a c t

There is an increasing demand for pure H2 (CO < 10 ppm) to be used in low temperature

PEM fuel cells. This puts pressure on the development of alternative routes to purify the

hydrogen that is produced in reformers using feedstocks such as natural gas and ethanol. A

good option is the water gas shift reaction conducted in a membrane reactor to obtain

ultrapure hydrogen. This contribution critically reviews the developments that took place

in this decade concerning more efficient, selective, long-lasting catalysts that do not

catalyze the formation of methane, graphitic and carbonaceous residues. The membranes,

highly selective to hydrogen with high permeability and resistant to poisonous gases,

particularly H2S, are also critically reviewed. Also included in this analysis are the different

types of membrane reactors most commonly used.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

The availability of ultrapure H2 (<10 ppm CO) at competitive

prices is a key factor for thewidespread use of PEM fuel cells in

stationary and mobile applications. One of the best options to

produce this pure gas is through the wateregas shift reaction

conducted in amembrane reactor with walls permeable to H2.

To achieve this goal, both good catalysts and membrane ma-

terials are needed, whichmust be accompanied by an efficient

reactor design. The two most recent reviews concerning

WGSR [1,2] report the state of the art, mapping the literature

till 2008 and 2009, respectively. The former [1] provides a

broad scope covering from conventional to Pd-based mem-

brane reactors.
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The required catalysts should be: i) more active than the

commercial ones used in large-scale petrochemical plants for

synthesis gas conditioning; ii) non-pyrophoric, non-toxic and

of easy start-up able to withstand frequent shutdowns and

start-ups without deactivation, especially for mobile applica-

tions; iii) highly selective and not catalyzing the formation of

methane, carbonaceous residues and graphitic carbon.

The challenges of the development ofmembranematerials

are the following: i) The attainment of H2 selectivities close to

100% while at the same time operating with the highest

possible permeance; ii) Maximum tolerance of H2S poisoning,

a frequent contaminant in industrial feedstocks (e.g. natural

gas); iii) Durability at temperatures around 400 �C and reten-

tate pressures of at least 10 bars.
ished by Elsevier Ltd. All rights reserved.
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The membrane reactor design should take into account

mass and heat transport effects, e.g. to minimize concentra-

tion polarization effects and hot spots in the catalytic bed.

All the requirements mentioned above should be met with

minimum costs. In what follows, the state of the art in the

field of catalysts, membrane materials and high temperature

membrane reactors will be critically reviewed.
The catalysts

This work starts with a short summary of Raghavan and co-

workers' [2] review concerning catalysts used in membrane

reactors. It also includes a brief reference to the options they

envisaged at the time concerning the strengths and weak-

nesses of the formulations studied till 2009 for WGSR, with

special emphasis on membrane reactor applications. They

compared the commercial high temperature (HT) FeeCr and

the low temperature (LT) CueZneAl oxides with the Co, Au

and Pt formulations and reached the following conclusions:

- HT and LT commercial catalysts are not useful for mem-

brane reactors, particularly those that require frequent

shutdowns as in mobile applications.

- Gold formulations are promissory LT catalysts. This is a

novel material that needs further research to evaluate its

catalytic behavior more thoroughly. Platinum can be used

between 200 and 500 �C. In both cases, their dispersion and

stabilities should be improved.

- Sulphur tolerant Co formulations may be worth exploring

for LT applications subject to minimization of methane

formation.

- Metal-exchanged zeolites should be carefully studied in

view of the promising data reported by Desouza et al. [3].
Fig. 1 e XRD pattern for reduced xNiyCu/CeO2 catalysts.

Reprinted from Journal of Catalysis, 314, Saw ET, Oemar U,

Tan XR, Borgna A, Hidajat K, Kawi S., Bimetallic NieCu

catalyst supported on CeO2 for high-temperature

wateregas shift reaction: methane suppression via

enhanced CO adsorption, 32e46, Copyright (2014), with

permission from Elsevier.
Catalysts of this decade

The evolution of catalysts in the last five years will be dis-

cussed in this section. The catalysts will be grouped by the

nature of the active metal.

Non-noble metal catalysts
Ni-containing formulations. The main problem of Ni is its

ability to catalyze the formation of methane. At least two

options have been explored to restrict methanation: i) Addi-

tion of alkaline metals such as K [4] and ii) Incorporation of

othermetals such as Cu [5,6], and Fe [7]. In the first case, small

nickel particles were impregnated with a KNO3 aqueous so-

lution to reach a 5% K load. Both Ni powders with and without

Kwere pelletized, crushed and sieved between 40 and 60mesh

for the catalytic tests. At 350 �C and GHSV of 4000 h�1 and

80,000 h�1, the CH4 selectivity dropped below 0.2% at CO

conversions between 99.7 and 86.7% (CH4 selectivity

(%) ¼ (moles of CH4 produced/moles of CO consumed) � 100).

On the basis of CO conversion, Hwang et al. [4] concluded that

their catalyst was more active than a FeeCr conventional

formulation. Although no stability data were provided, it was

reported that no coke formation was observed in the used K

(5%)/Ni catalyst after 20 h on stream at 350 �C under the most
severe test conditions. Unfortunately, no rate data were pro-

vided for comparison with other formulations.

When Ni was alloyed with Cu, a similar quenching of the

methanation reaction was observed by Saw et al. [5]. They

made a careful characterization of NieCu/CeO2 formulations

covering the whole range of compositions between those of

the pure metals. They reported that the best catalyst that did

not form methane was the 1:1: Cu:Ni formulation. They

showed that this was due to the formation of the CueNi alloy.

The XRD patterns of the CueNi catalysts (Fig. 1) show that the

alloy was only present in the Cu:Ni¼ 1:1 (5Cu5Ni) formulation.

In the other four CueNi samples studied, only the reflexions of

Cu0 and Ni0 are seen. It should also be noticed that the alloy

containing sample exhibited very strong CO adsorption that

sharply limited CO dissociation and, consequently, its

methanation. To support these statements they also used

EXAFS, H2-TPR and XPS techniques. Following these findings,

Saw et al. [5] aimed further research to a more detailed char-

acterization of the equimolar CueNi supported alloy. In the

supplementary data [5], they studied the reaction mechanism

and based on their reported data, they concluded that the

carboxyl mechanism represents the main pathway of the

WGS reaction while the formates are mainly spectators

responsible for catalyst deactivation. Another valuable

feature of this alloy catalyst is its stability shown in a 100 h on

stream experiment run at 400 �C using a feed composition of

5% CO, 25% H2O and 70% He (H2O:CO ¼ 5). Under these con-

ditions, the reaction rate was 60.6 mmol of CO converted

g�1 s�1. This valuewill be later comparedwith similar catalytic

data of Pt formulations (vide infra).

Watanabe et al. [7] showed that the addition of Fe (NieFe/

CeO2) sharply reduces methane formation. At 380 �C, using a

feed composition of S/CO ¼ 3.7, 15% CO, 10% CO2, 60% H2, N2

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Table 1 e WGS specific reaction rates (mol COconv g
metal¡1 s¡1) of the prepared solids. Reprinted from
Journal of Catalysis, 314, Gonz�alez Casta~no M, Reina TR,
Ivanova S, Centeno MA, Odriozola JA. Pt vs. Au in
wateregas shift reaction, 1e9, Copyright (2014), with
permission from Elsevier.

Sample Rate180�C � 105 Rate250�C � 105

Pt/Al2O3 0.61 8.95

Au/Al2O3 2.07 2.25

Pt/CeO2$Al2O3 2.92 15.54

Au/CeO2$Al2O3 4.91 9.34

Pt/CeO2FeOxAl2O3 4.71 15.69

Au/CeO2FeOxAl2O3 8.94 13.26

Au/CeO2M [10] 4.6

Au/CeO2 [11] 3.2

Pt/CeO2 [12] 0.18
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balance (dry basis), they reported near zero methane forma-

tion. Unfortunately, they did not provide WGS rate data to

compare their catalysts with others reported in the literature.

When Re was added to Ni [8], a significant WGS rate increase

was reported. They did not say anything concerning methane

formation; neither did they provide data concerning stability

of the ReeNi/CeO2 formulation.

Noble metal formulations
Comparison of Au and Pt containing formulations. So far, the

main difference between these formulations is that the

former can be used at low temperature (ca. 200 �C) while the

latter exhibits a wide temperature window (200e500 �C)
influenced by the support and the presence of support addi-

tives. A very recent publication by Gonz�alez Casta~no et al. [9]

clearly shows that gold can be more active than Pt at ca.

200 �C but above this temperature Pt rapidly overcomes Au

(Fig. 2). Table 1 shows a more complete set of reaction rate

data, further supporting the findings of Gonz�alez Casta~no

et al. [9]. Note that the stability and consequently the activity

of Au formulations depend strongly on both the preparation

method and pre-treatment conditions employed [13,14].

Furthermore, the Pt formulations are generally more stable

than the Au ones.

Pt catalysts. A good starting point for a comparative study of Pt

supported on a variety of single and composite oxides is the

work of Panagiotopoulou and Kondarides [15]: “A comparative

study of the WGS activity of Pt catalysts supported on single

(MOx) and composite (MOx/Al2O3, MOx/TiO2) metal oxide car-

riers”. This is a comprehensive study including 13 oxide car-

riers and 25 composite oxide supports. In all the formulations,

they maintained the Pt load constant at 0.5 wt%. In all cases,

they checked for the presence of secondary undesirable

products, particularly methane. The screeningwasmadewith

a feed stream of molar composition 3% CO, 10% H2O and 87%
Fig. 2 e Comparison between the catalytic activities:

platinum and gold supported on CeFeAl under realistic

conditions (9% CO, 30% H2O, 12% CO2 and 50% H2).

Reprinted from Journal of Catalysis, 314, Gonz�alez Casta~no

M, Reina TR, Ivanova S, CentenoMA, Odriozola JA, Pt vs. Au

in wateregas shift reaction, 1e9, Copyright (2014), with

permission from Elsevier.
He, reaction temperatures (150�e500 �C) and P ¼ 1 bar. The

best formulations were then tested with a simulated reformer

outlet stream. Because they aimed at LT formulations, they

reported reaction rate data at 250 �C in three tables but since

they provided apparent activation energies obtained between

170� and 440 �C, values at other temperatures could be

estimated.

Table 2 compares the main kinetic data for the less active

catalyst Pt/Al2O3 with Pt/TiO2, Pt/CeO2 and composite oxides,

all of themwith 0.5 wt% Pt load. Note that Pt(0.5%)/CeO2/Al2O3

is ten timesmore active than Pt(0.5%)/Al2O3. The effect of CeO2

is less noticeable when the more active (TiO2) is the core

support material.

Themain conclusions from this work are: (i) the increase of

the WGS activity of Pt/Al2O3 with the addition of MOx crys-

tallites may be explained by the positive effect of the oxide

reducibility. However, in order to explain why the activity of

the composite oxide is higher than Pt/MOx, it is necessary to

take into account the MOx crystallite size as another factor

that affects the catalytic activity (Table 2). Note that the

reducibility of MOx increases with smaller crystallite size. (ii)

another fact that supports the positive effect of small MOx

crystallite size is the saturation effect observed with

increasing MOx load [15].

Pt/CexZr1�xO2. For quite a few years these formulations going

from pure CeO2 to pure ZrO2 have been studied as Pt supports

for the WGS reaction. In 2011, Vignatti et al. [16] investigated

in a systematic way the effect of Zr substitution in CeO2 on the

catalytic behavior for the WGSR. They reported that the for-

mulations richer in cerium were the most active ones. They

concluded that this was due to a weaker chemisorption of the

formate intermediates on cerium rich solids. It has been re-

ported that strong chemisorption of formates are one of the

causes of deactivation [2]. This was also reported in the case of

WGSR over Rh(0.6%)/La2O3 [17].

Almost simultaneously, Liu et al. [18] studied the WGSR

over Pt/CeO2 in the presence of 20 ppm of H2S in the feed

stream. They reported that this formulation is quite resistant

to sulphur poisoning.

Pt(0.6)/La2O3(27)SiO2. Rh(0.6)/La2O3(27)SiO2 is a highly active,

very stable formulation [19] but this is also a methanation

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Table 2 e Characterization and kinetic data of key Pt(0.5%) catalysts.a

Support SSAb

(m2 g�1)
Loading
(wt%)

D (MOx)
c

(nm)
Pt dispersion

(%)
d (Pt)d

(nm)
Rate at 250 �C
(mmol s�1 g�1)

Ea
(Kcal mol�1)

Al2O3 83 e 6 84 1.2 0.4 19.2

TiO2 41 e 23 87 1.2 10.3 15.7

CeO2 3.3 e 30 49 2.1 4.9 21.4

CeO2(10)/Al2O3 68 10 8 71 1.4 4.84 21.8

CeO2(10)/TiO2 37 10 6.8 100 1.0 21.1 19.4

a Data from P. Panagiotopoulou and D.I. Kondarides [15].
b BET area.
c Primary crystallite size estimated from XRD broadening.
d Mean Pt crystallite size estimated from chemisorption measurements.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 4 2 3e3 4 3 73426
catalyst. In runs performed under the same conditions used

for the Pt formulation, this catalyst produced 15% CH4 at CO

conversions above 90%.

A Pt catalyst was prepared by incipient wetness impregna-

tion of the same binary support using Pt(NH3)4Cl2$H2O as pre-

cursor. The XRD patterns showed that the support was made

upof La2Si2O7 (very low crystallinity) and amorphous SiO2. Prior

to use, the catalyst was heated in Ar at 400 �C and then reduced

in situ in flowing H2 at the same temperature for 2 h [20].

Table 3 shows a comparison of the best Pt and Cu:Ni (1:1)

catalysts with two commercial FeeCr formulations which

contain last-generation promoters. The rate data available for

this purpose are those obtained using only CO and H2O as

reactants. This is so because on the one hand, there are only

scarce data reported using feed streams similar to those
Table 3 e Catalytic behavior of Pt, NieCu and FeeCr formulatio

Catalystsa Db

(%)
Stability (400 �C

TOS (h) Deca

Pt(0.6)/La2O3(27)$SiO2 16 155e 0

16 155e 0

Commercial FeeCr with additives e f e

e f e

e e e

Pt(0.5)/TiO2 67 60 0

Pt(0.92)Re(1.79)/Ce0.6Zr0.4O2 69 60 20

Pt(1.05)/Ce0.46Zr0.54O2 60 60 50

Ce0.78Sn0.2Pt0.02O2.5 (2.3 wt% Pt) e 90h 0

Pt(0.5)/CeO2(10)/TiO2 100 e e

Pt(0.5)/CeO2 46 e e

Pt(1.0)/Cr2O3
k e e e

5Ni:5Cu/CeO2 e

a The weight percent of metals and oxides are indicated between parent
b Dispersion.
c mmol CO converted. gcat

�1 s�1.
d mmol CO converted.gPt

�1 s�1.
e No deactivation was observed during start-up/shut-down cycles for at
f Stability of at least one year reported by industry.
g Test conducted at 300 �C.
h Stability of 90 h reported in Ref. [24] reflects behavior at elevated (>99%
i Extrapolated using Eact ¼ 20 kcal mol�1 average from Ref. [24].
j Calculated from data at 250 �C using the activation energies provided b
k These authors also used as supports: Cr2O3eFe3O4, CeO2eZrO2, CeO2, M

these formulations was more active than 1% Pt/Cr2O3.
l Calculated from data at 450 �C using the activation energies provided b
coming out of steam reformers and, on the other, the actual

compositions used by the authors are different.

Out of the data shown in Table 3 the Pt(0.6%)/La2O3(27)$

SiO2 formulation is the secondmost active and stable of them

all, Pt(0.5%)/CeO2(10)/TiO2 being the most active one. Howev-

er, no stability data are provided for this formulation [15]

while the second best catalyst (Pt(0.6)/La2O3(27)SiO2) main-

tains its activity after the 155 h-long stability test conducted

with the start-ups and shut-downs shown in Fig. 3. The

CueNi/CeO2 catalyst has been included in this Table because

it is a promising formulation using a cheap metal. Note,

however, the scarcity of stability data provided in most cases.

One interesting observation is the low Pt dispersion of the

Pt(0.6)/La2O3(27)SiO2 formulation. C. Cornaglia et al. [20] tried to

check for a possible change of dispersion after use. They
ns: HT WGS catalysts.

) Ratec

400 �C
Rated

400 �C
H2O/CO Reference

y (%)

170 28.3 1 [20]

482 80.6 3 [20]

40 e 1 [20]

52 e 3 [20]

42 e 1 [21]

290 58.0 3.33 [22]
g 310 33.5 4.5 [23]
g 150 14.3 4.5 [23]

149i 6.48 6.6 [24]

1300j 255j 3.3 [25]

323j 64.6j 3.3 [25]

105l 10.5l 1 [26]

61 e 5 [5]

heses.

least 155 h (Fig. 2).

conversion).

y the authors.

gO V2O5, ZrO2, Fe3O4, MoO3, MuO2, Al2O3, Bi2MoO6, with 1% Pt. None of

y the authors.

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Fig. 3 e Stability test. CO conversion vs time including

start-up and shut-down cycles of WGS reaction over

Pt(0.6)/La2O3(27)SiO2 catalyst at 400 �C, 1 bar, H2O/

CO ¼ 1e3,GHSV ¼ 1.2e1.5 £ 106 h¡1. Reprinted from Appl

Catal A Gen, 462e463, Cornaglia C, Tosti S, Sansovini M,

Múnera JF, Lombardo EA., Novel catalyst for the WGS

reaction in a Pd-membrane reactor, 278e286, Copyright

(2013), with permission from Elsevier.
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measured the Pt/Si surface concentration (XPS) before and after

reaction and reported no change in this ratio [20] as an indi-

cation of no dispersion modification after use. This of course is

consistentwith the catalytic stability of this formulation (Fig. 3).

One possible explanation of the significant difference in Pt

dispersionmight be related to the reducibility of the supports,

higher in the case of catalysts that chemisorb more H2 (partly

on the support) and, consequently, lead to the higher calcu-

lated dispersions shown in Table 3.

Pd(1%)/LaCoO3. Watanabe et al. [27] impregnated different Pd

precursors on a structured LaCoO3 perovskite support. Of the

four precursors they used, namely [Pd(NH3)4Cl2, Pd(ethylene-

diamine)2Cl2, Pd(acetylacetonate)2, and PdCl2], the latter was

the most effective one. In the four cases, the impregnation

steps were repeated until reaching a 1% Pd load on the sup-

port. The catalysts were calcined at 550 �C for 2 h. The most

active catalyst was washed with different solutions before

calcination in order to remove the chloride ligands. The

washing agents were water, aqueous solutions of NH3 or

NaOH at pH ¼ 11.05. After immersion in each solution, the

structured catalyst was washed with distilled water for 2 min

and then calcined at 550 �C for 2 h. The best result was ob-

tained with ammonia washing. Unfortunately, it is not

possible to compare the activities of the different formula-

tions with other catalysts reported in the literature because

the authors included neither reaction rate and activation en-

ergy data nor data concerning the stability of this formulation.
The membranes

Themembranes applied in reactors for theWGS reactionwere

mainly of the inorganic type that can be classified [1] into two
main groups: i) Dense metallic ones: self-supported and

composite membranes, ii) Porous membranes.

Recently, Yun and Oyama [28] reviewed the palladium and

palladiumalloymembranes for hydrogen separation prepared

by different fabrication methods and using several supports.

They proposed correlations between structure and Pd mem-

brane functions based on mechanistic considerations of per-

meance along with structural properties and membrane

morphologies. In the case of binary palladium-alloys, they

proposed that H2 permeance is generally proportional to the

average atomic distances of the alloys. This result is in line

with the hydrogen permeation mechanism which is

controlled by the diffusion of atomic hydrogen through the

metal lattice. A longer atomic distance would facilitate this

process.

Several problems in Pd membranes have been identified in

the literature: i) embrittlement, ii) deposition of carbonaceous

impurities, iii) poisoning by H2S, iv) high cost and v) low ideal

and mixture selectivities.

Membranes based on Pd and Pd alloys

Table 4 summarizes the Pd membranes used in this decade in

membrane reactors for the WGS reaction. The composite

metallic membranes were synthesized by cold-working (CW),

magnetron sputtering (MS), or more frequently by electroless

plating (ELP), and their thicknesses were between 3 and 24 mm.

Different configurations and reactor geometries were

employed such as tubular and plate-type membranes. In

addition, dissimilar scale membranes were applied, including

bench scale and Pd films mounted on top of a microchannel

configuration.

The main features that have an important effect on MR

performance are module design, method of membrane syn-

thesis, hydrogen flux, permeability, feed gas composition,

feed pressure, selectivity, stability and the presence of CO,

WGS gases and H2S.

In this review, the discussion has been focused mainly on

the latter topics, the inhibition effects of CO, CO2, WGS mix-

tures and H2S on hydrogen permeation through Pd-based

membranes. Barreiro et al. [29] classified the gases that can

produce a reduction in the hydrogen permeating flux into

three main groups on the basis of their interactions with the

metal surface: inert gases (Ar, He, N2), inhibitor gases (CO, CO2)

and poisonous gases (H2S). The inert gases can build a

hydrogen depleted layer adjacent to the membrane surface

leading to a concentration polarization effect. In contrast, the

inhibitors such as carbon monoxide can adsorb strongly on

the membrane surface competing with hydrogen. Basile and

coworkers [1] identified CO inhibition as one of the most

relevant problems on Pd and Pd-alloymembranes at operating

temperatures below 250 �C.

CO inhibition
Different strategies were employed to study the CO and/or

CO2 inhibition effect on hydrogen permeation of Pd mem-

branes. In some cases, the membranes were exposed to H2/

N2/CO or H2/N2/CO2 mixtures and in others, experiments,

sequences of pure H2 and pure CO exposures were carried

out.

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Table 4 e Pd and Pd alloy membranes for H2 selective separation on WGS membrane reactors.

Membrane Synthesis
methoda

Thickness
(mm)

T(�C) DP(bar) SH2

b Stability Gas mixture Shape, size Reference

Pd/Al2O3 ELP 6 400 7 e 27 days CO/CO2/H2O/CH4/H2
c Bench scale,

44 cm

[37]

Pd/PSS ELP 24 320e450 5 to 8 S∞ e H2/CO2, H2/N2/CO2 H2/H2O/CO2 Tube, 70 cm [29]

PdAg MS 3 300 3 3000 300 h H2/N2/CO Microchannel [30]

Pd/PSS ELP 10.2 350e450 3 S∞ e H2, H2/CO, H2/CO2 H2/CO/CO2
d Tube, 7 cm [31]

Pd/Al2O3 ELP 3 300 4.46 2500e3000f 20 days Pure H2, pure COd

WGS simulated streame

Tube, 25 cm [32]

Pd/PSS ELP 8e9 350e450 14.7 240e2600 1000 h H2,H2/CO2 H2/CO/CO2
d Tube, 6 cm [33]

Pd/PSS ELP 8e9 400 14.7 240e1200 1000 h H2/H2O
d Tube, 6.5 cm [35]

PdePt/YSZ ELP 4e12 400 7.7 600e13,000 160 h H2, H2O, CO2, CO, DOE1g Tube, 13 cm [36]

PdAu MS, CW 10e25 400 12.5 e 370 h WGS simulated stream

DOE1, DOE2a, DOE2bg

Circular

samples

[41]

Pd, PdAu,

PdAg PdCu

MS 2 450 e 10,000 100 h H2S, WGS simulated streamh Microchannel [42]

PdAu,

PdAgAu/PSS

ELP 4.8e9.3 450e500 11 690e2200 100 h WGS simulated stream

H2, H2O, CO2, CO, H2S

Tube, 5 cm [46]

a The membranes were synthesized by cold-working (CW), magnetron sputtering (MS) and by electroless plating (ELP).
b Ideal selectivity.
c CO/CO2/H2O/CH4/H2 ¼ 4.0/19.2/15.4/1.2/60.1.
d WGS reaction measurements were carried out.
e H2/CO/CO2/CH4/H2O ¼ 5.22/1/0.48/0.1/2.8, H2/CO/CO2/CH4 ¼ 5.22/1/0.48/0.1 and H2/CO/CO2/CH4/H2O ¼ 6.12/0.1/1.38/0.1/1.9.
f Separation factors.
g See Table 5.
h H2/CO2/H2O/CO ¼ 62/14/20/4.

Fig. 4 e Hydrogen flux versus hydrogen partial pressure

with binary and ternary mixtures of H2 with N2, CO and

CO2 at 350 �C. Reprinted from Int J Hydrogen Energy, 39,

Sanz R, Calles JA, Alique D, Furones L, H2 production via

water gas shift in a composite Pd membrane reactor

prepared by the pore-plating method, 4739e4748,

Copyright (2014), with permission from Elsevier.
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CO inhibition was investigated by Bredesen and co-

workers on a 3 mm thick PdeAg alloy membrane at 300 and

350 �C, before and after exposure to air at 300 �C [30]. In this

study, the PdeAg membrane synthesized by magnetron

sputtering was mounted on a microchannel configuration in

order to eliminate transport effects. While the hydrogen flux

was decreased by ~60% going from 0 to 1 mol% CO (in H2/N2/

CO mixtures) at 350 �C before heat treatment in air, the

reduction was only ~15% after the treatment. They applied an

approach combining a SievertseLangmuir model equation

and microkinetic modeling suggesting that the effect can be

explained by changes in CO and H2 heats of adsorption upon

the treatment. The authors attributed the modification in the

heats of adsorption to the surface segregation of Pd or Ag due

to heat treatment in air.

Permeationmeasurementswith pure gases (H2 andN2) and

mixtures (H2 with N2, CO or CO2) at several temperatures

(ranging from 350 to 450 �C) and trans-membrane pressure

differences up to 2.5 bar were carried out by Sanz et al. [31] on

Pd membranes prepared by the electroless pore-plating

method. The hydrogen permeance, measured when feeding

pure hydrogen, decreased for gas mixtures. The complete

selectivity was maintained for permeation tests with binary

and ternary mixtures of H2 with N2, CO and CO2. Although a

detrimental effect on the permeate flux was observed in all

cases, the strongest effect occurred in the presence of CO and

CO2 (Fig. 4).

Barreiro et al. [29] investigated the effect of gases such as

CO2, N2, H2O on hydrogen permeation through a Pd-based

membrane in a bench-scale reactor. They selected different

mixtures of H2/CO2, H2/N2/CO2 and H2/H2O/CO2 at tempera-

tures of 320e450 �C and a hydrogen partial pressure of
1.5 bar. Under these conditions, the CO2 content did not have

an important inhibition effect on H2 permeation. However,

they observed that the reverse water gas shift reaction

(RWGS) occurred due to the co-existence of H2 and CO2.

Therefore, the best operating conditions for hydrogen

permeation proposed by Barreiro et al. [29] were lower tem-

peratures and water addition to avoid the RWGS and higher

feed flow rates.

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Table 5 e Feed gas composition (mol %) for WGS
mixturesa [41].

Gas DOE 1 DOE 2A DOE 2b

H2 50.0 51.0 33.3

CO2 30.0 29.0 40.3

H2O 19.0 19.0 25.3

CO 1.0 1.0 1.3

H2S 0 20/50b 30b

a Temperature ¼ 400 �C, Pressure ¼ 12.5 bar.
b Concentration in ppm.
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Ma and coworkers [32] conducted mixed-gas separation

experiments on Pd/porous Inconel membranes. The effects of

the membrane permeance, gas boundary layer mass transfer

resistance, and reversible binding of CO and CO2 were also

considered. Binary mixtures of H2/He, H2/CO2, and a ternary

mixture of H2, CO2 and COwere fed at 350, 400, and 450 �C and

14.4 bar. The flux of H2 through the membrane followed Sie-

verts' law, incorporating the experimentally determined per-

meance of the Pd-membranes, as well as an inhibition

coefficient, h.

Pm ¼ hPm0

h ¼ 1
1þACOPCO þACO2

PCO2

where Pm is the permeance of themembrane undermixed gas

conditions at high flow rates, Pm0 is the permeance of the

membrane to pure H2, Ax is the surface interaction parameter

for species x on the Pd surface (in inverse pressure units), and

Px is the partial pressure of species x in the gas phase. A similar

approach was previously employed by Caravella et al. [33] to

model H2 permeance inhibition by CO through a Pd-

membrane. They observed a H2 permeation inhibition

caused by the presence of both CO and CO2 in the mixtures.

The surface interaction parameters, ACO and ACO2
, were

calculated based on these data. They found that the value for

COwas highly dependent on the temperature, decreasing by 3

orders of magnitude from 350 �C to 450 �C. The surface inter-

action parameter for CO2 was small, in agreement with the

almost negligible effect of CO2 on the membrane.

The effect of CO on the H2 permeation rate through Pd

membranes was also experimentally studied by Tsotsis and

co-workers [34]. They performed a series of experiments in

which the hydrogen flux through the membrane was first

measured in a flowing pure hydrogen stream. Following this

treatment, the membrane was exposed to a flowing pure CO

stream at 300 �C during 3 or 5 h; then, the feed was switched

back to pure hydrogen. The hydrogen permeation rate

measured after less than five minutes showed no changes.

The main difference between these results and the conclu-

sions reported by others [30,31] is related to the type of the

experiments (CO mixtures or steps of pure CO).

Water gas shift gases
In addition, Tsotsis and co-workers [34] reported a Pd com-

posite membrane exposed to different mixed-gas, reformate-

type feed compositions under sufficiently high feed flow

conditions. They calculated the mixed-gas hydrogen per-

meance by fitting the experimental data; these values were

compared with the single-gas permeance for hydrogen

measured before and after the experiments. The authors

claimed that no systematic trends were observed pointing out

detrimental effects (at 300 �C and 3.08 bar) that relate to the

presence of CO (or any other reformate mixture component)

on the hydrogen permeance.

In order to isolate the effects of H2O on the supported Pd-

membrane as a preliminary to a long-term WGS test, Ma

and coworkers [35] tested a porous stainless steel supported

thin Pd-membrane under H2/H2O (10e37%) mixed-gas condi-

tions for up to 190 h at 400 �C. All the membranes exhibited
leak growth under mixed feed conditions at similar rates as

those measured during pure H2 testing, suggesting that the

wet atmosphere did not permanently harm the dense Pd-

layer. The authors noticed that a significant part of the leak

growth was due to defects inherent to the welded regions of

the PSS 316L supports. Besides, a repeated exposure of the Pd-

surface to H2O was not found to be a cause for permanent

reduction in the H2 permeance.

PdePt alloy membranes were fabricated via sequential

electroless plating by Way and coworkers [36]. The main focus

of this study was to examine if the hydrogen flux was affected

in a wateregas shift mixture. The mixture was based on the

expected composition of coal-derived syngas after a low tem-

perature WGS reactor. All the binary alloy membranes had

lower pure gas hydrogen fluxes than pure Pd membranes with

the same thickness. Hydrogen fluxes in the DOE 1mixture (See

Table 5) were compared to hydrogen fluxes in 50% hydrogen/

nitrogen mixture instead of pure hydrogen fluxes as the

membranes would experience similar hydrogen driving forces,

hydrogen depletion, and concentration polarization effects. To

discard or minimize any possible concentration polarization

effects, the feed flow rate was kept high resulting in low

hydrogen recovery (H2 Permeated/H2 Produced). When the feed

gas was switched to the WGS mixture, the hydrogen fluxes

decreased in all cases (Fig. 5). The authors hypothesized that

the cause for this decline is that carbon monoxide occupies

hydrogen dissociation sites.

Similar experimentswere carried out in long Pdmembrane

tubes of 44 cm by Li et al. [37]. In addition, they examined the

inhibition effect of WGS-components on the H2 permeation at

near practical working conditions: 400 �C, 20e35 bar feed

pressure and 30e90 NL/min feed flow rate with a WGS

composition representing the reformate gas from an oxygen-

fed autothermal reformer followed by a shift reactor. They

observed a H2 flux drop of ca. 20% compared to H2/N2mixtures

with the same H2 mole fraction, which was enhanced with

increasing feed pressure.

The effect of H2S
The effect of H2S, a common component of fossil-derived

syngas, on Pd based membranes has also been reported in

the literature. H2S can block hydrogen dissociation sites and

cause Pd-sulfide formation, which has a lower hydrogen

permeability than Pd [38]. Alloying Pd with one or more com-

ponents such as Au or Cu has been employed to improve its

response to H2S. Most of the literature reports have been

focused on H2S/H2 mixtures [39,40] and only a few of them

studied the effect of thewater gas shiftmixture containingH2S.

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Fig. 5 e Hydrogen flux with time during mixed-gas testing at 400 �C and feed pressure of 6.9 bar for a Pd-9Pt membrane.

Reprinted from Journal of Membrane Science, 427, Lewis AE, Kershner DC, Paglieri SN, Slepicka MJ, Way JD, PdePt/YSZ

composite membranes for hydrogen separation from synthetic wateregas shift streams, 257e264, Copyright (2013), with

permission from Elsevier.

Fig. 6 e Hydrogen flux and permeate contaminant

concentrations as a function of time for a cold-worked,

25 mm thick, 20 wt% Au membrane under wateregas shift

mixtures at 400 �C, 12.5 bar total feed pressure.

Temperature cycles denoted by dashed vertical lines. A 5-

point simple moving average was performed on the flux

data to minimize noise. Reprinted from Journal of

Membrane Science, 378, Gade SK, DeVoss SJ, Coulter KE,

Paglieri SN, Alptekin GO, Way JD, Palladiumegold

membranes in mixed gas streams with hydrogen sulfide:

Effect of alloy content and fabrication technique, 35e41,

Copyright (2011), with permission from Elsevier.
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Way and coworkers [41] focused on PdAu membranes

employing two different fabrication techniques to produce

more homogeneous distributions of alloy components:

magnetron sputtering and cold-working. They tested these

materials under simulated wateregas shift streams, with and

without H2S (DOE2a and DOE1) and attempted to both explain

and optimize performance under these conditions. Sputtered

membranes failed rapidly, while cold-worked membranes

maintained acceptable hydrogen selectivity for above 350 h

under WGS mixtures containing sulfur compounds. XRD

showed that three additional solid compounds were formed

during mixture gas testing: two palladium sulfides, Pd4S and

Pd2.8S and a palladium hydride. However, the authors attrib-

uted the failure observed in sputtered membranes to metal

loss. The mechanism proposed was corrosion spalling, in

which the large palladium sulfides formed flaked off. In the

case of cold-worked membranes, although sulfidation

occurred, it was self-limiting, halting when the remaining

metallic PdeAu was sufficiently gold enriched so that sulfides

could no longer form. Membranes with a higher gold content

showed less flux inhibition by sulfur containing species. A

20 wt% Au alloy, synthesized by the cold-working technique,

had the same permeability in pure hydrogen as it did in a

sulfur-free WGSmixture, and only lost 40% of its permeability

in a 20 ppmH2Smixture (Fig. 6). However, the hydrogen purity

was 99.83% at the end of testing.

Bredesen and coworkers [42] reported the H2S exposure

and subsequent H2 flux recovery of pure Pd, Pd77Ag23,

Pd85Au15 and Pd70Cu30 membranes. Upon H2S exposure in

H2/N2 feed mixtures, all the investigated thin Pd-alloy mem-

branes exhibited a sharp decrease of the H2 flux depending of

the H2S concentration (2, 20 and 100 ppm). When exposed to a

simulated sour WGS mixture, the Pd85Au15 membrane

showed an extent of H2S poisoning about the samemagnitude

as in WGS mixtures and H2/N2 mixtures. No sign of
unselective transport was observed for this membrane after

100 h of operation in a sour WGS mixture.

In contrast to the results reported by Way and coworkers

[41], none of the membranes applied, prepared by magnetron

sputtering, showed evidence of a decrease in membrane

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
http://dx.doi.org/10.1016/j.ijhydene.2014.10.091


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 4 2 3e3 4 3 7 3431
thickness. In these membranes, signs of surface roughening

combined with grain growth were observed, whilst multiple

small pits were found primarily in the grain boundaries of the

membrane feed surface after the long-term operation.

Even though Pd-based binary alloys have been extensively

studied, latest research has paid attention to ternary Pd alloys

for improving both permeability and chemical tolerance [43].

Recently, Braun et al. [44,45] showed that the addition of Au to

the high-permeability PdAg binary membrane results in a

PdAgAu ternary membrane that minimizes the permanent H2

flux loss associated with H2S/H2 exposure by preventing the

formation of thick stable sulfides.

Lewis et al. [46] used electroless deposition to fabricate Pd-

23Au and Pd-20Au-13Ag (wt%) composite membranes. Both

membranes were tested in a sour WGS mixture containing

20 ppm H2S at 400 �C and 11 bar feed pressure. The H2 per-

meance of the Pd-20Au-13Ag alloy membrane was reduced

more than the Pd-23Au one; however, it had a higher absolute

H2 permeance in the sour WGS mixture (Fig. 7). Once the H2S

was removed from the WGS feed gas, the H2 permeance

recovered at least 97% of its original value before H2S exposure

for both membranes. After H2S testing, sulfides were not

detected using XRD. The authors noticed that the values of loss

and total recovery were remarkably similar to what was pre-

viously reported by Braun et al. [44,45] employing similar

PdAgAu alloy compositions. No results of hydrogen permeation

or permeance were included in Table 4 since the different

mixtures containing H2, H2O, CO2, CH4, CO and/or H2S

employed made it difficult to attempt a reliable comparison.
Hydrogen production in a membrane reactor

The use of a membrane reactor to perform the water gas shift

reaction allows the replacement of the traditional two-unit
Fig. 7 e Comparison of H2 permeance of PdAu and PdAuAg

alloy membranes in WGS with and without H2S at a

temperature of 400 �C and 1.1 MPa feed pressure. Reprinted

from Journal of Membrane Science, 465, Lewis AE, Zhao H,

Syed H, Wolden CA, Douglas Way J, PdAu and PdAuAg

composite membranes for hydrogen separation from

synthetic WatereGas Shift streams containing hydrogen

sulfide, 167e176, Copyright (2014), with permission from

Elsevier.
reactor, a unit operated at high temperature (HT) and the

other at low temperature (LT), by a one-unit system to obtain

high purity H2 and a CO2 reach stream. Besides, further puri-

fication such as PSA (Pressure Swing Adsorption) or PrOx

(Preferential Oxidation of CO) is not needed to reach the low

ppm levels required to feed a PEM fuel cell.

In the last few years, there have appeared several reports

focusing on the use of membrane reactors to perform water

gas shift reaction, but only a few of them have discussed the

catalyst-membrane interaction [1,2,47]. Most of these studies

used commercial catalysts and only a few operated at high

temperatures. Bi et al. [48] employed a noble metal based

catalyst Pt/Ce0.6Zr0.4O2 and a Pd membrane reactor to study

the WGSR with feeds simulating those obtained by the auto-

thermal reforming of natural gas. The authors reported that

the CO conversion remained above the thermodynamic

equilibrium up to a feed space velocity of 9100 l kg�1 h�1 at

350 �C, Ptotal ¼ 12 bar and S/C ¼ 3. On the other hand, H2 re-

covery decreased from 84.8% at a space velocity of

4050 l kg�1 h�1 to 48.7% at the highest space velocity. This

sharp decline in the separation performance was attributed to

a slow H2 diffusion through the catalyst bed, suggesting that

external mass flow resistance has a significant impact on the

H2 permeation rate in such membrane reactors. The authors

concluded that in order to obtain an effective H2 separation/

production system, the H2 recovery can be improved by

increasing the operating temperature and/or applying a

higher H2 partial pressure difference between the retentate

and permeate sides of the dense PdAg membrane. Mendes

et al. [49] studied the influence of the reaction temperature in

a range between 200 and 300 �C using a PdAg membrane.

Particularly, an increase in CO conversion above equilibrium

is more important at higher temperatures (T > 250 �C) due to

the larger H2 removal from the reaction zone.

Cornaglia et al. [20,50] studied this reaction using a PdAg

membrane operating at 400 �C; this temperature was imposed

by two factors: (i) T < 400 �C increases the CO adsorption on

the membrane that reduces the hydrogen permeability, (ii)

T > 450 �C reduces the membrane durability because it over-

takes the upper operating temperature of the membrane tube

brazing and accelerates the formation of pinholes and cracks

in the alloy. Thus the optimum temperature of a PdeAg

membrane reactor conducting the WGS reaction should bal-

ance a high CO conversion, a high H2 recovery andmembrane

stability.

In order to increase the performance of the membrane

reactor, a number of studies [35,48,51,52] analyzed the effect

of several operation parameters such as H2O/CO, temperature,

GHSV, pressure and sweep gas flow rate on the CO conversion

and H2 recovery. The best results will be discussed in the next

section.

Comparison of WGS membrane reactors performance at
high temperatures

Table 5 shows a comparison of the performance of Pd based

MRs reported in the literature. This table includes a selection

of articles published between 2009 and 2014 showing the best

performance of membrane reactors available in the open

literature. The reaction temperatures vary between 350 and

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Table 6 e Membrane reactor performance for WGS reaction at high temperature.

Membrane Catalyst Feed
(H2O/CO)

GHSV
(h�1)

Temperature
(oC)

Pressure
(Bar)

CO
Conversion

(%)

SH2

a H2

recovery
(%)

Membrane
stability (h)

Reference

PdeAg/PSS FeeCr 1.6 2900 400 14.4 97 2600 82 1000 [32]

PdeAg/PSS FeeCr 1.6 2900 450 14,4 98 2600 84 1000 [32]

Pd/Al2O3 Pt (1%)-CeZrO2 3.0b 6250 350 10 95 5000 85 5000 [48]

Pd/PSS FeeCr 1.0 5750 390 10 82 100 56 1000 [51]

Pd/PSS FeeCr 2.5c 5650 440 20 84.9 550 42.8 390 [52]

Pd/PSS FeeCr 3.5d 1003 410 6 85 300 82 615 [53]

PdeAg Pt (0.6%)-LaeSi 2.0 3120 400 8 98 ∞ 88 >2000 [20]

PdeAg Pt (0.1%)-LaeSi 5.0e 5100 400 8 92.5 ∞ 82 >2000 [50]

Pd/Al2O3

(Bench

scale)

Noble metal 3.8f 3000 400 35 92 See text 92 650 [54]

aIdeal selectivity.

Feed composition: b 34.4% H2O, 11.8% CO, 7.4% CO2, 45.3% H2 and 1.1 CH4.
c 51.2% H2O, 20.5% CO, 8.8% CO2 and 19.5% H2.

d 27.12% H2O, 7.5% CO,

23.68% CO2 and 41.7% H2.
e 40% H2O, 8.0% CO, 12% CO2 and 40% H2.

f 15.4% H2O, 4.0% CO, 19.2% CO2, 60.1% H2 and 1.2%CH4.

Fig. 8 e Effect of the H2O/CO ratio on CO conversion and H2

recovery.
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450 �Cwhile the retentate pressures go from 3 up to 20 bar. CO

conversion (XCO), membrane selectivity, hydrogen recovery

and membrane stability are also included as indicators of

reactor performance. The reactors were built with either self-

standing or composite Pd or PdAg membranes and most of

them used commercial CreFe catalysts. Note that a rigorous

comparison is not possible due to the wide variety of mem-

brane characteristics, reactor configurations and experi-

mental conditions. Among them, the pressure of the system is

especially important since the difference between retentate

and permeate pressures constitutes the driving force for the

permeation process and, consequently, governs the perme-

ation flux and the reaction equilibrium displacement. In order

to maximize the driving force, several authors introduced an

inert sweep gas stream in the system [1,20]. However, to

facilitate the production of hydrogen with high purity, over-

heated steam should be used as sweep gas.

In reference to hydrogen selectivity, most articles provide

the ideal selectivity (H2/N2) obtained through single compo-

nent permeation experiments. Concerning H2 recoveries,

Cornaglia et al. [20] reported the highest value employing a

self-standing membrane using a pressure difference and a

sweep gas as the driving forces for the permeation process. In

the case of the compositemembranes, other authors applied a

pressure difference only. Moreover, in these membranes, the

H2 permeated did not reach the purity required to feed PEM

fuel cells.

Another aspect to consider is the stability of the mem-

brane. Several studies reported stability data, but few of them

clarified whether these studies were performed under reac-

tion conditions.

The results shown in Table 6were obtained using a H2O/CO

ratio between 1 and 3.5. Several authors studied the effect of

the H2O/CO ratio on CO conversion and H2 recovery at ca.

400 �C (Fig. 8). Augustine et al. [32] confirmed that higher H2O/

CO ratios led to a higher CO conversion. On the other hand, the

H2 recovery increased for a H2O/CO ratio between 1 and 1.5 but

for higher values the H2 recovery decreased. This is due to the

fact that it depends on both themembrane permeance and CO

conversion. The authors reported that the permeance after

each measurement decreased due to the carbon formation on
themembrane surfacewhen the reactionwas evaluated using

a H2O/CO ¼ 1. In the same way, Liguori et al. [51] detected

carbon formation after being in reaction at a higher H2O/CO

ratio (3 and 4). The carbon deposition might be due to the

Boudouard reaction.

Cornaglia et al. [20] investigated the WGS in membrane

reactors using a H2O/CO ratio between 2 and 3. They employed

a Pt-based catalyst that inhibited the carbon formation.

Additionally, the hydrogen permeation of the membrane did

not change upon the experiments on the membrane reactor;

which gave an indication that no carbon contamination of the

membrane occurred even though operating at lower H2O/CO

ratios. In brief, steam excess could limit the carbon formation;

however, it also reduced the H2 partial pressure on the reac-

tion side. Besides, Goldbach and coworkers [48] reported that a

H2O excess can be adsorbed on the Pd membrane surface and

thus slow down the dissociative adsorption of H2.

Table 6 also includes results of the bench-scale reactor

reported by Jansen and coworkers [54]. The authors reported

higher CO conversion (92%) and H2 recovery (92%) operating at

35 bar pressure. However, the analysis of the retentate stream

contained 0.4% N2 due to the back permeation of sweep N2
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Fig. 9 e Effect of the feed space velocity on CO conversion

(a) and H2 recovery (b). Feed composition: Simulated

reforming outlet stream. 45.4% H2O, 22.7% CO, 9.9% CO2

and 22% H2 [32], 34.4% H2O, 11.8% CO, 7.4% CO2, 45.3% H2

and 1.1 CH4 [48], 32% H2O, 8% CO, 24% CO2 and 36% H2 [51],

51.2% H2O, 20.5% CO, 8.8% CO2 and 19.5% H2.[52].
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gas. Hence, it can be concluded that the membrane does not

have high selectivity to H2. The authors also reported a high

methane formation when the reactor was exposed to a binary

CO/H2mixture. It is important to remember that a good cata-

lyst for the water gas shift reaction should be highly selective

and should not catalyze the formation of carbon or methane.

Reaction tests using feeds with syngas compositions

In the last four years, most articles reported data obtained

with feeds of simulated syngas composition, obtained from

reforming either natural gas or ethanol. The effect of several

operational parameters (temperature, reaction pressure, feed

flow rate) in terms of CO conversion and H2 recovery has been

widely addressed [35,48,52,55]. In what follows the effect of

the space velocity will be analyzed.

Fig. 9 summarizes several results reported in the literature.

Bi et al. [48] studied the influence of the space velocity in a

range of 6200 up to 14,000 h�1 at 350 �C and 1.2 bar. The au-

thors reported that the CO conversion declined slowly from

96.5% to 94.9% in the entire operation range under study,

remaining always above the equilibrium value (90%), indi-

cating a high activity of the catalyst (Pt/Ce0.6Zr0.4O2).

Augustine et al. [32] studied the effects of feed space velocity

(1100e5500h�1) at400and450 �C.Theauthors foundtwotrends.

At lower temperature, i.e. at low GHSV, the CO conversion was

limited by the driving force of H2 across themembranewhile at

high GHSV the CO conversion was limited by the reaction rate

andtheH2permeance.Ontheotherhand,athighertemperature

(Fig. 9a), theCOconversiondecreasedslowly for thewholespace

velocity range because both the reaction rate and the H2 per-

meance are favored at higher temperatures. Liguori et al. [51]

observed a similar behavior at higher GHSV values. However,

the authors reported a decrease in the hydrogen recovery

(Fig. 9b) which could be due to the carbon deposition on the

membrane surface. On the contrary, Bi et al. [48] and Augustine

et al. [32] concluded that the decrease in the hydrogen recovery

is probably due to the short residence time of the reaction

mixture inthemembranezone,whichreducesthediffusionrate

of H2 from the reactor wall through the catalyst bed to the

membrane surface. Themassflow resistance in the catalyst bed

has a significant impact on the overall efficiency of the WGS; it

could limit the space velocity underwhich acceptable hydrogen

recovery levels can be achieved.

Recently, Catalano et al. [52] studied the influence of the

space velocity on reactor performance in a catalytic mem-

brane reactor with a permeation are of 0.02 m2. They reported

that at high GHSV values, using a composite palladium

membrane of 7.4 mm thickness, the hydrogen content was

depleted less drastically along the membrane length and the

concentration polarization phenomenon was less severe due

to a better gas transport through the catalytic bed. However,

after 390 h of testing, a decline in the membrane selectivity

was observed. The authors attributed this decline to the high

temperature (440 �C) at which the membrane was exposed.

Stability test of the membrane-catalyst system

The stability of the membrane-catalyst system should be

achieved before addressing the possibility of the commercial
application of such a system. In the literature there are few

studies that report examples of decline in the selectivity of

supported Pd-membranes as a result of extended tests under

WGS reaction conditions [32,35].

Augustine et al. [32] observed that the H2 permeance and

the selectivity of themembrane, tested after 1175 h in reaction

at 450 �C, were lower than before the experiment, due to

carbon formation on the membrane surface. The final selec-

tivity of the membrane (H2/He ¼ 249) was still able to produce

hydrogen with >99.0% purity under the conditions utilized.

Liguori et al. [51], using a Pd based composite membrane, re-

ported a stability of 700 h under reaction conditions. The au-

thors acknowledged the carbon formation in the membrane

surface. However, they assumed that the coke deposition was

completely reversible. On the other hand, Catalano et al. [52]

reported a reduction of 12.7% in hydrogen permeation after

350 h in reaction at 440 �C and 20 bar. Due to the high steam to

carbon ratio employed, no carbon formation was observed

after the experiments. The authors found that along the axial

direction of the membrane appreciable thermal gradients

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Fig. 11 e Membrane reactor configurations.
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occurred. Therefore, they concluded that the intermetallic

diffusion might have been the main reason for the hydrogen

permeance decline.

A long-term testing of a membrane reactor under a fixed

set of conditions followed by analysis through microscopic

techniques would be necessary to understand gradual

changes in membrane performance. In this sense, Augustine

et al. [35] studied the durability of PSS-supported membranes

under the water gas shift reaction at 400 �C and pressures

between 8 and 14.7 bar for a long time on stream (Fig. 10). In

the whole operation range, the CO conversion was about 98%

and the H2 recovery was between 80 and 88%. During the last

500 h of operation, the CO concentration on the permeated

side increased up to 2600 ppm (Not suitable for PEM cells use).

Besides, for practical purposes, it would be interesting to

perform a stability test including several start ups and shut

downs of the reaction system.

Effect of catalyst mass distribution

Babita et al. [2] mentioned the importance of optimizing the

catalyst mass distribution close to the membrane reactor

entrance, in order to adjust the membrane separation effi-

ciency considering the excess heat and hydrogen generated.

In this section different options are discussed.

Fig. 10 shows three different tubular membrane reactor

configurations: packed bed of catalyst enclosed around an

inert membrane (Fig. 11a), catalytic bed followed by a mem-

brane in contact with the second part of the catalytic bed

(Fig. 11b) and the catalyst supported on the membrane (cata-

lytic membrane) (Fig. 11c). In the first configuration, hot spots

may appear in the membrane reactor but this should not be

significant since the heat generation during WGSR is small.

One way to control the intensity of hot spots and use a

membrane reactor efficiently is to modify the catalyst distri-

bution (Fig. 11b). Drioli and coworkers [55] performed a
Fig. 10 e Stability test of the WGS using a Pd/PSS

membrane. Feed composition: 19% CO, 18% H2, 8% CO2 and

55% H2O; T ¼ 400 �C and GHSV ¼ 2700 h¡1. Reprinted from

Journal of Membrane Science, 415e416, Augustine AS,

Mardilovich IP, Kazantzis NK, Hua Ma Y, Durability of PSS-

supported Pd-membranes under mixed gas and wateregas

shift conditions, 213e220, Copyright (2012), with

permission from Elsevier.
theoretical analysis of this effect; the authors concluded that

the best configuration is to place a lower catalyst mass where

the hot spot occurs and a higher catalyst amount in the zone

where the increase of the conversion is negligible. In brief, the

reaction starts at the reactor entrance producing H2 followed

by a membrane reactor where the membrane is in contact

with the catalytic bed.

The third option is a catalytic membrane (Fig. 11c). Gold-

bach and coworkers [48] using an inert tubular membrane

reported that it is possible to reduce the catalyst bed height

and minimize the related external mass transfer resistance if

a good catalyst is available. Therefore, with an efficient cata-

lyst supported on the membrane, it is likely that a larger

reduction on the mass transfer resistance takes place.

There are no studies published in the open literature that

evaluate the WGSR using a catalytic tubular membrane.

Recently, Park and coworkers [56] prepared and evaluated a

plate-type catalytic membrane reactor equipped with an

active nickel metal catalyst and a Pd-based plate-type reactor.

Fig. 12 shows the effect of GHSV on CO conversion and H2

recovery, using two types of membrane reactors (tubular and

plate). In the plate type configuration, the CO conversion

decreased by 8.1% with the increase of GHSV from

5000 h�1e17,000 h�1 while in the case of the tubular-type MR,

the CO conversion decreased by 3%. Note that in neither case

was a significant decline observed in the CO conversion,

compared with the results reported in Fig. 8. In relation to the

H2 recovery in the plate-type catalyticmembrane, it decreased

only 8.5% while in the tubular membrane reactor it decreased

53%. The authors concluded that the contact between the

catalyst and themembrane plates can induce a fast linear flow

velocity of the gas decreasing the concentration polarization

and favoring the H2 recovery.

In the literature there are numerous theoretical studies

focused on the water gas shift reaction occurring in mem-

brane reactors [2,55,57e59]. In their review, Babita et al. [2]

analyzed different mathematical models. The authors

http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
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Fig. 12 e Effect of GHSV on the CO conversion and H2

recovery in two membrane reactor types: plate-type

catalytic reactor at 400 �C and H2O/CO ¼ 2 (Light bar and)

[56] and Tubular membrane reactor at 350 �C and H2O/

CO ¼ 3 (Dark bar and D) [48].
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concluded that it is necessary to develop more advanced

reactor models to better simulate the real system behavior. As

regards the analysis of operating variables mentioned above,

Drioli et al. [55], using a bidimensional mathematical model,

studied the effect of catalyst distribution on the performance

of a membrane reactor. The simulations results showed that

the catalyst mass increasing linearly along the membrane

reactor is more efficient than an exponential distribution to

control the temperature hot spots. In another study, Ma et al.

[59] developed a comprehensive and practical model. The

authors studied the effect of different operation variables

(temperature, feed flow rate, H2O/CO ratio, total pressure) on

the CO conversion, H2 recovery and existence of hot spots. On

the other hand, with the purpose of avoiding an improper

operation of the reactor, several studies [59,60] have analyzed

the effect of feed flow with reference to the Damk€ohler

number. This number relates the rate of H2 formation to the

permeation rate of the membrane, making it possible to

determine the nature of the controlling step in the membrane

reactor, with the help of modeling.

Therefore, thinking about developing a system to be

commercially applied, the following features should be

considered.

- For practical purposes, it is necessary to perform a stability

test including several start-ups and shut-downs of the re-

action system.

- It is also necessary to develop WGS catalysts with faster

kinetics and a tighter contact configuration between the

membrane and the catalyst in membrane reactors.
Conclusions

a) About catalysts

- There are relatively few studies using reformer outlet

compositions as feedstreams.
- Scarce reaction rates and activation energy data have

been reported, particularly in the 350e450 �C region.

- Data concerning catalyst stability are not often reported.

- Quantitative information concerning methanation ac-

tivity is especially scant.

- Only a few studies have reported the poisoning effect of

usual contaminants.

b) About the inhibition and poisoning effects on hydrogen

permeation through Pd based membranes.

- A novel approach was proposed to analyze how the Sie-

verts law is affected by polarization and inhibition by CO.

- Few studies combining the presence of water gas shift

gases and H2S have been published.
Pd ternary alloys are the most promising hydrogen se-

lective layers that present an acceptable hydrogen

permeability with a high sulfur resistance.
c) About hydrogen production in membrane reactors

- Oneway to control the intensity of temperature hot spots

to efficiently use a membrane reactor is to optimize the

catalyst distribution.

- The residence time of the reactant affects the hydrogen

recovery that it also limited by the catalyst activity and

the permeability of the tubular Pd membrane.

- In a catalytic membrane, the intimate contact between the

catalyst and themembranematerial decreases the concen-

tration polarization and increases the hydrogen recovery.

The main topics to pay attention to in the coming years

should be the following:

- Use of simulated reformer outlet compositions and

CO þ H2O for comparison with previous measurements.

- Reaction temperatures between 350 and 450 �C because

above ca. 400 �C the negative effect of CO adsorption on H2

permeation disappears.

- Pressures: 1e15 atm. Higher pressures would require a

deeper economic analysis.

- Methane formation data should always be provided.

- Stability tests at least 120 h long with shut-downs and

start-ups under controlled conditions in both types of

reactors.

- Studies concerning how the water gas shift gases and H2S

affect the hydrogen permeation and catalyst activity.

- Pertinent characterization data of the promisingmaterials.

- Test of synthesis reproducibility of the best catalysts and

membranes.

- Adequate high temperature sealings must be used to avoid

leakage that will not permit the production of ultrapure

hydrogen. Their nature will depend on the materials to be

connected (Steel, special alloys, ceramics, etc). A recent pub-

lication by Scholes et al. [61] provides an insight into this field.

In any case, this is a topic that merits a specialized review.
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Novel catalyst for the WGS reaction in a Pd-membrane
reactor. Appl Catal A Gen 2013;462e463:278e86.
[21] Lei Y, Cant NW, Trimm D. The origin of rhodium promotion
of Fe3O4eCr2O3 catalysts for the high-temperature
wateregas shift reaction. J Catal 2006;239:227e36.

[22] Panagiotopolou P, Kondarides DI. Effects of promotion of
TiO2 with alkaline earth metals on the chemisorptive
properties and wateregas shift activity of supported
platinum catalysts. Appl Catal B Environ 2011;101:738e46.

[23] Choung SY, Ferrandon M, Krause T. Pt-Re bimetallic
supported on CeO2-ZrO2 mixed oxides as wateregas shift
catalysts. Catal Today 2005;99:257e62.

[24] Gupta A, Hedge MS. Ce0.78Sn0.2Pt0.02O2�d: a new non-
deactivating catalyst for hydrogen production via wateregas
shift reaction. Appl Catal B Environ 2010;99:279e88.

[25] Panagiotopolou P, Papavasiliou J, Avgouropoulos G,
Ioannides T, Kondarides DI. Water-gas shift activity of doped
Pt/CeO2 catalysts. Chem Eng J 2007;134:16e22.

[26] Lei Y, Cant NW, Trimm D. Activity patterns for the 'water gas
shift reaction over supported precious metal catalysts. Catal
Lett 2005;103:133e6.

[27] Watanabe R, Fujita Y, Tagawa T, Yamamoto K, Furusawa T,
Fukuhara C. Pd-supporting LaCoO3 catalytst with structured
configuration for water gas shift reaction. Appl Catal A Gen
2014;477:75e82.

[28] Yun S, Oyama TS. Correlations in palladium membranes for
hydrogen separation: a review. J Membr Sci
2011;375(1e2):28e45.

[29] Barreiro MM, Maro~no M, S�anchez JM. Hydrogen permeation
through a Pd-based membrane and RWGS conversion in H2/
CO2, H2/N2/CO2 and H2/H2O/CO2 mixtures. Int J Hydrogen
Energy 2014;39(9):4710e6.

[30] Mejdell A, Chen D, Peters TA, Bredesen R, Venvik HJ. The
effect of heat treatment in air on CO inhibition of a ~3mm Pd-
Ag(23wt.%) membrane. J Membr Sci 2010;350(1e2):371e7.

[31] Sanz R, Calles JA, Alique D, Furones L. H2 production via
water gas shift in a composite Pd membrane reactor
prepared by the pore-plating method. Int J Hydrogen Energy
2014;39(9):4739e48.

[32] Augustine AS, Ma YH, Kazantzis NK. High pressure
palladium membrane reactor for the high temperature
wateregas shift reaction. Int J Hydrogen Energy
2011;36(9):5350e60.

[33] Caravella A, Scura F, Barbieri G, Drioli E. Inhibition by CO and
polarization in Pd-based membranes: a novel permeation
reduction coefficient. J Phys Chem B 2010:12264e76.

[34] Abdollahi M, Yu J, Liu PKT, Ciora R, Sahimi M, Tsotsis TT.
Ultra-pure hydrogen production from reformate mixtures
using a palladium membrane reactor system. J Membr Sci
2012;390e391:32e42.

[35] Augustine AS, Mardilovich IP, Kazantzis NK, Hua Ma Y.
Durability of PSS-supported Pd-membranes under mixed gas
and wateregas shift conditions 2012. J Membr Sci
2012;415e416:213e20.

[36] Lewis AE, Kershner DC, Paglieri SN, Slepicka MJ, Way JD.
PdePt/YSZ composite membranes for hydrogen separation
from synthetic wateregas shift streams. J Membr Sci
2013;437:257e64.

[37] Li H, Dijkstra JW, Pieterse JAZ, Boon J, van den Brink RW,
Jansen D. Towards full-scale demonstration of hydrogen-
selective membranes for CO2 capture: inhibition effect of
WGS-components on the H2 permeation through three Pd
membranes of 44 cm long. J Membr Sci 2010;363:204e11.

[38] Iyoha O, Enick R, Killmeyer R, Morreale B. The influence of
hydrogen sulfide to-hydrogen partial pressure ratio on the
sulfidization of Pd and 70 mol% PdeCu membranes. J Membr
Sci 2007;305:77e92.

[39] Chen C-H, Ma YH. The effect of H2S on the performance of Pd
and Pd/Au composite membrane. J Membr Sci
2010;362:535e44.

http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref1
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref2
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref3
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref3
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref3
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref4
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref4
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref4
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref5
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref6
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref7
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref8
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref9
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref10
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref10
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref10
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref10
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref10
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref11
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref11
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref11
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref11
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref11
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref12
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref12
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref12
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref12
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref13
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref13
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref13
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref13
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref13
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref14
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref14
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref14
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref14
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref15
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref16
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref16
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref16
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref16
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref16
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref17
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref18
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref18
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref18
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref18
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref18
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref19
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref19
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref19
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref19
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref20
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref20
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref20
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref20
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref20
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref21
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref22
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref23
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref24
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref25
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref25
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref25
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref25
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref25
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref26
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref26
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref26
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref26
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref27
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref28
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref28
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref28
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref28
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref28
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref29
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref30
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref30
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref30
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref30
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref30
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref31
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref32
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref33
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref33
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref33
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref33
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref34
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref35
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref36
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref37
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref38
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref39
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref39
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref39
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref39
http://refhub.elsevier.com/S0360-3199(14)02931-0/sref39
http://dx.doi.org/10.1016/j.ijhydene.2014.10.091
http://dx.doi.org/10.1016/j.ijhydene.2014.10.091


i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 3 4 2 3e3 4 3 7 3437
[40] O'Brien CP, Howard BH, Miller JB, Morreale BD, Gellman AJ.
Inhibition of hydrogen transport through Pd and Pd47Cu53

membranes by H2S at 350 �C. J Membr Sci 2010;349:380e4.
[41] Gade SK, DeVoss SJ, Coulter KE, Paglieri SN, Alptekin GO,

Way JD. Palladiumegold membranes in mixed gas streams
with hydrogen sulfide: effect of alloy content and fabrication
technique. J Membr Sci 2011;378(1e2):35e41.

[42] Peters TA, Kaleta T, Stange M, Bredesen R. Hydrogen
transport through a selection of thin Pd-alloy membranes:
membrane stability, H2S inhibition, and flux recovery in
hydrogen and simulated WGS mixtures. Catal Today
2012;193:8e19.

[43] Peters TA, Kaleta T, Stange M, Bredesen R. Development of
ternary Pd-Ag-TM alloy membranes with improved sulphur
tolerance. J Membr Sci 2013;429:448e58.

[44] Braun F, Tarditi AM, Miller JB, Cornaglia LM. Pd-based binary
and ternary alloy membranes: morphological and perm-
selective characterization in the presence of H2S. J Membr Sci
2014;450:299e330.

[45] Braun F, Miller JB, Gellman AJ, Tarditi AM, Fleutot B,
Kondratyuk P, et al. PdAgAu alloy with high resistance to
corrosion by H2S. Int J Hydrogen Energy 2012;37:18547e55.

[46] Lewis AE, Zhao H, Syed H, Wolden CA, Douglas Way J. PdAu
and PdAuAg composite membranes for hydrogen separation
from synthetic water-gas shift streams containing hydrogen
sulfide. J Membr Sci 2014;465(167):176.

[47] De Falco M, Iaquaniello G, Palo E, Cucchiella B, Ciambelli P.
Palladium-based membranes for hydrogen separation:
preparation, economic analysis and coupling with a water
gas shift reactor. Handbook of membrane reactors. Reactor
types and industrial applications, vol. 2; 2013. p. 456e86.

[48] Bi Y, Xu H, Li W, Goldbach A. Wateregas shift reaction in a Pd
membrane reactor over Pt/Ce0.6Zr0.4O2 catalyst. Int J
Hydrogen Energy 2009;34:2965e71.

[49] Mendes D, Chibante V, Zheng JM, Tosti S, Borgognoni F,
Mendes A, et al. Enhancing the production of hydrogen via
wateregas shift reaction using Pd-based membrane reactors.
Int J Hydrogen Energy 2010;35:12596e608.
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