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ABSTRACT

Palladium membranes are being developed for the separation of hydrogen from syngas in industrial
applications. However, syngas constituents carbon monoxide, carbon dioxide, and steam are known to
adsorb at the membrane surface and inhibit the permeation of hydrogen. The current study combines an
experimental study and modelling approach in order to investigate and quantify the inhibition effects.
Experiments have been performed with a 2.8 pm thick palladium membrane (surface area 174 cm?) on a
tubular alumina support, including systematic variation of the concentrations of carbon monoxide,
carbon dioxide, and steam at 22 bar total pressure and 350-450 °C. Carbon monoxide and steam inhibit
hydrogen permeation. No significant effect has been found for carbon dioxide, except indirectly by car-
bon monoxide produced in situ from carbon dioxide. A constriction resistance model has been derived,
explicitly relating the decrease in surface coverage by adsorbed hydrogen to the ensuing decrease in
transmembrane flux. Very high surface coverages by inhibiting species ¢; > 0.995 are predicted. The
results highlight that inhibition effects are greatly reduced at high hydrogen partial pressures due to
competitive adsorption. Due to the lateral diffusion of permeating hydrogen atoms in the metallic
membrane, the thickness of the palladium membrane strongly determines the extent to which surface
coverage by non-hydrogen species causes a decrease in hydrogen transmembrane flux. Depending on the
operating conditions, membranes are predicted to have an optimal minimum thickness below which an

increased intrinsic permeance is offset by an increased impact of inhibition.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Palladium has an extremely high solubility for hydrogen atoms
and, provided no other species absorb, dense palladium mem-
branes can have an extremely high permselectivity for hydrogen.
Therefore, metallic palladium membranes have received a great
deal of interest from researchers worldwide since the first dis-
covery of hydrogen permeation in the 19th century [1-4]. Palla-
dium based membranes have been in use for the production of
hydrogen in niche markets for decades and membrane separation
technologies have significant economic potential in chemical in-
dustry, precombustion carbon dioxide capture, and the production
of ultrapure hydrogen [1,5-7]. Different companies worldwide
commercialise palladium-based membranes for hydrogen pro-
duction. State of the art membranes consist of a thin (<50 um)
metallic palladium or palladium alloy film fixed to a porous metal
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or ceramic support [8]. Palladium alloys, rather than pure palla-
dium membranes, are used in processes where a-# palladium
hydride phase transition may compromise membrane integrity
(below the critical point, T. =293 °C, p. = 20 bar [9]), to reduce
surface poisoning by specific gas phase species, and to further
enhance the hydrogen transmembrane flux [4]. Given the state of
the art, benchmarking of membranes from different vendors is a
crucial step in the introduction of hydrogen membranes to de-
monstrate the maturity and performance under industrially re-
levant conditions, i.e. about 50 vol% hydrogen at 30 bar total
pressure and 400 °C (see discussion below). In previous papers
[8,10], a strategy has been introduced consisting of systematic
experiments and model development for the description of hy-
drogen permeation at high partial pressure (11-15 bar) and tem-
perature (350-450 °C). For hydrogen-nitrogen mixtures with and
without sweep, it was found that the main resistances to mass
transfer are concentration polarisation in the retentate, hydrogen
permeation through the metallic palladium layer, and (particularly
in cases where sweep gas is used) a diffusional resistance in the
support layer. The model derived has been shown to quantify, as a
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function of operating conditions, the intrinsic and external mass
transfer resistances. In this paper this work is extended with
dedicated experiments as well as model development to account
for inhibition effects by syngas species carbon monoxide, carbon
dioxide, and steam.

The term inhibition refers to the observed decrease in trans-
membrane flux due to the competitive adsorption of gaseous
species on the membrane surface. As such, it is fundamentally
different from mass transfer resistances (e.g., concentration po-
larisation) and depletion. For palladium based membranes, in-
hibition by carbon monoxide, carbon dioxide, and steam has been
reported at temperatures around 400 °C [11-20]. Barbieri et al.
[21] interpreted the observed decrease in hydrogen flux through a
palladium-silver membrane at 319-450 °C with inhibition by up
to 2 bar carbon monoxide in terms of a Sieverts-Langmuir model,
assuming a linear correlation between the decrease in hydrogen
permeance and the surface coverage by carbon monoxide. Con-
sequently, they accounted for the membrane surface fraction not
available for hydrogen permeation using a Langmuir affinity con-
stant for carbon monoxide and a temperature dependent ‘per-
meance reduction factor’. Mejdell et al. [22] confirmed the model
for palladium-silver at 275-350 °C and 0-0.15 bar carbon mon-
oxide, while measuring a weak effect for carbon dioxide at 350 °C.
Inhibition by carbon monoxide and carbon dioxide for a palladium
membrane (350-450 °C) could be described by a similar relation
by Augustine et al. [16]. Building on these Langmuir isotherm
based inhibition models, Israni and Harold [23] adopted a more
comprehensive approach and derived a competitive adsorption
model for the inhibition by methanol, steam, carbon dioxide, and
carbon monoxide on the hydrogen flux through a palladium-silver
membrane at 225-300 °C and pressures of 3-5 bar. Recently, Pa-
trascu and Sheintuch [20] applied this inhibition model to a pure
palladium membrane in a membrane reformer, but found sig-
nificantly stronger inhibition by carbon monoxide. Abir and
Sheintuch [24] developed a first principles model of adsorption,
subsurface penetration, and atomic hydrogen diffusion and found
that inhibition by propylene and carbon monoxide substantially
reduced the hydrogen surface coverage. While these previous
studies have provided better insight into the phenomenon of in-
hibition, they are limited in several important respects. Firstly, in
terms of operating conditions, inhibition has not yet been studied
in industrial syngas mixtures with systematic variations of the
concentrations of hydrogen, carbon monoxide, carbon dioxide, and
steam at relevant temperatures and pressures. Secondly, up until
now the modelling approach has been based on a reduced, one-
dimensional model for the diffusion of hydrogen atoms across the
metal membrane.

A comprehensive model of hydrogen permeation under in-
hibition would require a proper description of the mass transfer
resistance in the membrane module, of the resistance in the
membrane support, and of the permeation across the metal
membrane layer, i.e. accounting for lateral diffusion in the metal.
Mass transfer resistance in the membrane module becomes in-
creasingly important with increasing transmembrane flux and it
has been widely discussed in the literature [10,12,25,26]. Peters
et al. [25] present a clear and comprehensive discussion of the
effects of dilution, depletion, and concentration polarisation, all
lowering the partial pressure of hydrogen at the membrane sur-
face on the feed/retentate side. The same effects, mutatis mu-
tandis, arise at the sweep/permeate side of the membrane. In
addition, the membrane support can add friction as well as a
diffusional resistance to the mass transfer resistance [10]. Kinetic
modelling has shown that at industrially relevant temperatures
above 300 °C and high hydrogen partial pressures, the diffusion of
hydrogen atoms across the metal membrane is the rate limiting
step in the absence of inhibition [27,28]. At least for membranes

with a thickness of 1 pm and over, a deviation of the pressure
exponent in the flux equation from 1/2 (Sieverts' law) in these
conditions is related to the hydrogen solubility in the palladium
bulk rather than due to surface limitations. With inhibiting species
in the feed gas, the number of sites occupied by hydrogen atoms
will decline and surface limitations become important, changing
the rate limiting step. Indeed, kinetic modelling has shown that
the rate of hydrogen dissociative adsorption becomes important at
high coverage by carbon monoxide [15]. However, a study of the
rate of adsorption and permeation of hydrogen, combined with
the rates of adsorption and desorption of inhibiting syngas species,
is lacking.

In the Dutch national programme CATO2, palladium-based
membranes have been benchmarked for pre-combustion carbon
dioxide capture in natural gas fuelled combined cycle power
plants and in refineries [8,29]. Within this framework, a model is
developed to describe the permeation of hydrogen in industrially
relevant conditions, including the presence of inhibiting species. A
systematic approach is adopted, first developing models that de-
scribe mass transfer resistance in the module and membrane
support [10], then continuing to describe the kinetics of adsorp-
tion and desorption of hydrogen and the decrease in the apparent
permeance by inhibiting species, and to account for diffusion of
hydrogen atoms in case of inhibition. This study not only aims at
further clarifying the nature of the inhibition phenomenon, but
also to allow for the interpretation of membrane performance
measurements in industrial syngas applications.

This paper first discusses the results of a dedicated set of ex-
periments done with a supported palladium membrane, system-
atically varying the concentrations of syngas species carbon
monoxide, carbon dioxide, and steam. While palladium alloys may
arguably be considered state of the art, the current work benefits
from having a pure palladium membrane. Apart from the fact that
the operating conditions are well above the critical temperature
and phase separation is impossible, the description of the ad-
sorption and diffusion of hydrogen across pure palladium is more
straightforward. Subsequently, a set of models is developed that is
required for interpretation of the experiments. Firstly, the mem-
brane flux equation is derived from pure hydrogen experiments
and validated with hydrogen-nitrogen separation experiments.
Secondly, a novel set of model equations is derived that describes
the response of dissociative hydrogen adsorption and permeation
rates to the surface coverage by inhibiting species based on the
concept of constriction resistance. Finally, the complete set of
models is used to quantify the observed decline in permeance in
the presence of syngas species.

2. Material and methods
2.1. Experiment

Experiments have been performed on ECN's ‘Process Develop-
ment Unit’ (PDU), described in more detail elsewhere [14,30,31].
The experimental procedure has been described previously by
Boon et al. [8,10].

A supported palladium membrane was obtained from Hysep
(The Netherlands) [32]. It consists of a 2.8 pm thick layer of pal-
ladium on a ceramic support tube. The support is a porous alumina
tube of 14 mm outer diameter and 2 mm thickness and contains
three layers of different characteristics [10]. After sealing, the ef-
fective length of the membrane is 0.396 m, and the surface area
174 cm?. The membrane tube was mounted in a cylindrically
shaped module (26.62 mm internal diameter), containing an insert
tube (6 mm outer diameter) intended for sweep gas, creating a
double annulus geometry enclosing the membrane.
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Table 1
Experimental conditions.

Series Retentate pressure bar (a) Permeate pressure bar (a) Pressure difference bar Yt YN, Yeof Yeo,f Yo f
Pure H, 21-31 1.0-30 1.0-6.0 1

Hy-N, 22 2.0 20 0.50-0.70 0.30-0.50

Syngas 22 2.0 20 0.50-0.70 0.04-0.40 0-0.02 0-0.15 0-0.29

The current data were measured in a dedicated set of experi-
ments, aiming at studying the inhibition effect. Measurements
were performed at conditions as close as possible to envisaged
industrial processes, e.g. pre-combustion decarbonisation in a
power plant operation for which natural gas is converted by au-
tothermal reforming and pre-shifted upstream the membrane
separator unit [8]. Consequently, the measurements were done
with Py, = 11-15 bar, i.e. closer to industrial conditions and higher
than reported so far in the literature. Three series of measure-
ments were done, summarised in Table 1: pure hydrogen mea-
surements, hydrogen—-nitrogen separation experiments, and finally
a series of experiments with systematic addition of carbon mon-
oxide, carbon dioxide, and steam to the feed. No sweep gas was
used in any of the measurements.

The membrane was first subjected to a stabilisation programme
in pure hydrogen (2.1/1.1 bar). Then, the experiments were per-
formed (Table 1), where the syngas data were measured over a
period of 20 days. Process values have been recorded at twenty
minute intervals between varying conditions and the measure-
ments have been repeated three times at ten minute intervals, so
each condition was typically sustained for thirty minutes. The in-
tervals were extended if necessary until the pressures ( + 5 kPa)
and the measured flow rates were stable ( +0.03 NI min~!) for
five minutes. The hydrogen mass balances were mostly within
+ 5%. Incidental measurements with a mass balance error more
than + 10% were discarded. Over the test period, traces of up to
1.9 vol% of nitrogen, 0.2 vol% of carbon dioxide, and 0.02 vol% of
carbon monoxide were measured in the permeate, indicating that
the apparent permselectivity, based on linearised permeance, has
been in the range of 120. While this is a relatively low value for a
palladium membrane, only small amounts of non-hydrogen spe-
cies appear in the permeate so the permselectivity is still suffi-
ciently high not to have a significant effect on the interpretation of
the experimental results below.

In total, the membrane was tested for 780 h on stream, and
recurring standard measurements were performed in order to
verify membrane stability (pure hydrogen, 400 °C, py, ;.. = 2.1 bar,
Py perm = 1.1 bar). The 105 inhibition experiments were rando-
mised in order to prevent confounding experimental variations
and measurement time, with the notable exception of experi-
ments with carbon monoxide alone. Because it was expected that
this particular set of conditions might compromise membrane
stability, the twenty hydrogen/carbon monoxide/nitrogen separa-
tion tests were performed at the end of the experimental pro-
gramme (662-722 h). The inhibition experiments were measured
at a hydrogen recovery of up to 70%.

2.2. Modelling

The systematic approach in experiments was mirrored by
model development. The inhibition parameters were determined
from the measured fluxes in a staged approach, shown in Fig. 1,
briefly outlined here first and discussed in more detail in the fol-
lowing sections.

e For all experimental measurements, the driving force along the
membrane was determined using a membrane module model

cH,

" co retentate concentration
2 co Ha . .
HO oot Ha o2y 6 polarisation
Joo AL
.H o0 © o000 H..... _.... A . .
m intrinsic permeance

support

support friction

H, Ppermeate
H,

H, Hy

H,

Fig. 1. Schematic representation of the transport resistances accounted for in the
current model.

(Section 2.2.1), including an explicit relation for the pressure
drop in the membrane support (Eq. (6)). In this manner,
depletion of hydrogen and mass transfer resistances accounted
for and the actual driving force for permeation across the
palladium membrane layer is calculated.

e Pure hydrogen experiments were used to fit the coefficients in
the flux equation (Eq. (22)) for the palladium membrane.

® For all measurements with carbon monoxide, carbon dioxide, or
steam, the module model was used to fit (5), which is defined as
the average value along the membrane length of the actual
measured flux divided by the flux as predicted by the flux
equation, which would have been measured in the absence of
inhibition. This is necessary because inhibition lowers the
transmembrane flux and thereby lowers the effect of con-
centration polarisation.

® The values of () found for the inhibition data were used to
relate the decline in flux to the reduction in the fraction of the
surface covered by adsorbed hydrogen atoms (6y) through the
constriction resistance model (Eq. (43)).

e The derived kinetic relations for adsorption and desorption of
hydrogen were used to calculate the fraction of the surface
uncovered (1 — ) from @y for the inhibition data, accounting for
the splitting of molecular hydrogen into H atoms.
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® From 6y, the rate of hydrogen desorption is calculated. From the
transmembrane flux and the rate of desorption, the rate of ad-
sorption can be calculated from a mass balance for hydrogen
(EqQ. (34)). The rate of adsorption allows determining the value
of (1 — @) from adsorption kinetics.

e Finally, the experiments with a single inhibitive species and
subsequently the complete dataset were used to fit the coeffi-
cients in the relation for (5) versus the average partial pressures
of carbon monoxide, carbon dioxide, and steam.

2.2.1. Module model

Previously, a two-dimensional module model has been in-
troduced and used for the modelling of mass transfer resistance in
the membrane module [10,26]. The two-dimensional model has
been used here to validate a computationally fast, one-dimen-
sional module model that allows for regression of the local re-
duction in the transmembrane flux, given the measured outlet
hydrogen concentration in the retentate.

On the feed/retentate side, concentration polarisation needs to
be accounted for. The driving force for hydrogen permeation can
only be evaluated from the hydrogen concentration at the mem-
brane surface, y, . This is done iteratively, using a model that
expresses the flux of hydrogen towards the membrane as a func-
tion of the average concentration in the retentate and the surface
concentration at the membrane surface. The flux of hydrogen to-
wards the membrane in steady state, with a developed velocity
and concentration profile, is given by [33]

p_ D ln[ !~ iz ]
RT 'm ln(i) 1= Yupm

m

NHz,r = -

M

which can also be approximated in terms of the dimensionless Sh
number and the mixing cup average hydrogen concentration (cy,)
[26,34,35]:
_ pShD Why) = Vi

RT dn 1+ (g, + sz‘i)/Z 2)

NHz,r =

Sh=-p 3)
For cases with developed velocity profile and developing con-
centration profile, i.e. including an entrance effect for the con-
centration, the value of Sh can be correlated as a function of the Gz
number, approaching a constant value of 6.18 further downstream
from the inlet [26]:

Sh = 1.07 Gz%42 Gz > 62
6.18 Gz < 62 @)

dn
z ©))

All measurements presented here have been performed with-
out sweep gas. Therefore, there is no mass transfer resistance on
the permeate side. There is also no gas—gas diffusion resistance in
the porous membrane support. Only a small pressure drop in the
support on the permeate side is accounted for [10]:

Gz = Re Sc

-1
d_P - rmNm _l 1+ BOp
dr rD]_el,M RT ”Bl-el,M (6)
Depletion along the axial coordinate is modelled by integrating
dFy,
gz = " Mmlme @

from the inlet specification over the length of the membrane using
ode45 in Matlab 2014b.

2.2.2. Hydrogen permeation

Ward and Dao [27] have built a kinetic model for the per-
meation of hydrogen across a palladium membrane, which was
further elaborated by Deveau et al. [28]. They have shown that
under relevant conditions, the diffusion of hydrogen atoms across
the palladium metal membrane is the rate limiting step in the
absence of inhibition, which is to be confirmed for the conditions
in the current work. Their fundamental assumption, however, is
that the diffusion equation for hydrogen atoms across the metal
palladium can be reduced to a one-dimensional ordinary differ-
ential equation.

The ideal steady-state diffusion of hydrogen in palladium is
governed by Laplace's equation and Fick's first law:

0 = V2cy 8)

Ny = — DyVcy (9)

Dy may be taken as an average constant during steady-state per-
meation, omitting the correction for nonideality, provided that the
nonideality (value of n) is properly accounted for in the boundary
conditions [36].

In this work, we argue that the one-dimensional description of
the diffusion process is strictly valid only for a pure hydrogen gas
phase, i.e. in the absence of inhibition. Instead, as indicated in
Fig. 2, a two-dimensional cylindrical model is proposed. The lines
in Fig. 2c represent the diffusion path of a hydrogen atom from an
adsorbed state at the feed side to the permeate side. Eq. (8) is
written in cylindrical coordinates:

10 acH) %y
0=—2(rZH) £
rar( or 072 (10)

The boundary conditions are related to the defined geometry. The
surface of the membrane consists of Npy palladium atoms that may
be considered adsorption sites, of which (9yNpq) are occupied by a
hydrogen atom. Although some sort of order may be present in the
distribution of adsorbed hydrogen atoms on the surface, as dis-
cussed above, this will be hampered by coadsorbed species in
syngas. Hence, a permeation model is proposed here that is based
on the average distance between adsorbed hydrogen atoms. If the
average distance between two adsorbed hydrogen atoms is 2py,
then py is the radius of the cylindrical model. The surface area of
an adsorbed hydrogen atom is given by the concentration of hy-
drogen occupied palladium atoms

Npa = (Nacpa)*/? 11

'y = 1
\' 761 Npa (12)

with (accounting for steam dissociation, see Table 2)

On = Ou, + % On,0 13)
The flux of atomic hydrogen is given by

_ Duocu
ﬁH r or
_p.,o%H

iz (14)

Many studies have been published on the diffusivity of hydrogen
atoms in metallic palladium, and the review by Volkl and Alefeld
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Fig. 2. Schematic representation of the relevant geometries for H-Pd diffusion. (a) Tubular membrane. (b) Palladium membrane layer and membrane support. (c) Diffusion
of H atoms across the metallic palladium layer. (d) Cylindrical geometry of the diffusion model defining rny and py.

Table 2
Adsorption equilibrium reaction equations, * represents an adsorption site.

Hy+2* = 2*-H A
H,0+3* = 2*-H+*-0 B
CO+* = *~CO C
CO,+2* = *~CO+*-0 D
retentate
r=0 =1y r=py
I
i =
C.=fpg) 9c4/0z=0 Z=0m
acylor=0 dcylor=0
palladium
membrane
z c=f(Pr2) z2=0
support
-

Fig. 3. Two-dimensional axisymmetrical model geometry and boundaries for H-Pd
diffusion, not drawn to scale.

[37] summarises them in an Arrhenius relation corresponding to

Dy = Dypo exp( ﬁ)

RT 15)

with Dy =2.9-10-7 m2s-! and Ep = 22.2 k] mol-!. The correspond-
ing boundary conditions are (Fig. 3)

aCH _ _
;—0. r={0,py}, 0<2<6n (16)
oy _ _
E_O’ THST <py, Z=6nm a7
cH=I<oexp(E)p" , 0<r<ry z=6m

RT )" Har - 18)
CH=KOEXP(&)1)" , 0<r<py z=0

RT ) H2p (19)

For full coverage, 1;(fy = 1) = 0.14 nm, in line with the covalent
atomic radius of a palladium atom of 1.3 + 0.1 A [38]. Thereby, for
higher coverages, Eq. (9) reduces to the standard one-dimensional
diffusion model

_ _p,ou
Nu= —DuZy (20)
_ CHr — CH,p
Nu= - Du=rs @1
Nu= - Q(pltllz'r - pﬂz.l?) (22)
with
—Eq
= Qg exp| —=
Q=0Qo P( RT ) 23)
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Q=Ko eXP(RT)am EXP( kBT]

However, for dy significantly lower than 1, e.g. because of inhibi-
tion, the model will allow to account for the increase in length of
the diffusion path for hydrogen atoms across the palladium layer
(Fig. 2), which is commonly known as constriction resistance in
analogous problems in mechanical and electrical engineering [39-
42]. It is a geometric consideration that accounts for the fact that,
because of the surface structure, only part of the surface is ac-
cessible for contact friction, for electric current, or in the present
system for hydrogen permeation. For the latter, the constriction
resistance model accounts for the lateral diffusion of hydrogen
atoms when permeating from a retentate surface that has been
largely covered by inhibiting species. The lateral diffusion causes
hydrogen atoms to effectively fan out while crossing the palladium
membrane, thereby reducing the impact of surface inhibition on
the transmembrane flux. The two-dimensional permeation model
aims to quantify the decrease in the rate of hydrogen transmem-
brane permeation for a given equilibrium with the gas phase on
either side and as a function of the amount of surface that is
blocked by adsorption of inhibiting species.

The model has been solved in Comsol Multiphysics 4.3b
(transport of diluted species, 106-107 elements). A typical simu-
lation result is shown in Fig. 4.

The developed constriction resistance model is based on a
continuum approach for the description of the diffusion path of an
adsorbed hydrogen atom across the metallic palladium membrane.
The ability of adsorbed hydrogen atoms to move laterally over the
membrane surface is ignored, as is the renewal of the adsorbed
species on the surface. However, the palladium surface in the
current system consists of 3-10'7 exposed palladium atoms and the
hypothesis underlying the current study is that statistically aver-
aged, the continuum approach holds.

24

2.2.3. Surface adsorption of hydrogen and other syngas constituents

Ideally, the relation between (fco), (0co,), and (Gm,0) is ex-
pressed as a function of the partial pressures of the respective
components, i.e. in terms of an adsorption isotherm [15,20-23].
The Kkinetic theory of gases predicts the rate of adsorption of
species from the gas phase as the product of the rate of collision,
according to the Hertz-Knudsen formula, and the sticking
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2.8 pm, n=0.837: cy (colourscale) and Ny (arrows). (For interpretation of the references to colour in this figure caption,

coefficient s [43]:
D;Si

= —FT——
o JZ;rm,—kBT

The sticking coefficient quantifies the probability of an impinging
molecule to become adsorbed on a surface instead of being scat-
tered back into the gas phase and, correspondingly, equals the rate
of adsorption divided by the rate of bombardment. The equation
for the sticking coefficient depends on the order adsorption and
thereby determines the exponent in the extended Langmuir
equation introduced below.

For hydrogen, the sticking coefficient on a palladium surface
has been extensively studied. As discussed by Ward and Dao [27],
the dissociative adsorption can be modelled with a quasi-chemical
approach, based on the assumptions that the adsorption is not
activated, the adsorbed hydrogen atoms are structured because of
adatom-adatom interaction, and molecules from a physisorbed
precursor state migrate across the surface towards a pair of empty
sites [44]:

25)

SH,0
0)=— 2%
SHO) = e oo = 1) (26)
Gop=1—0- 201 —09)
1+ Jl —40(1 - 0)(1 — exp( — w[kgT)) Q7

This approach is justified for pure hydrogen, where the surface
coverage of hydrogen atoms is fairly high. In case the surface
coverage is low, as with a system under significant inhibition, the
adatom-adatom interaction for hydrogen will be severely ham-
pered [45]. It is therefore assumed that in case of inhibition
Langmuir kinetics is a more appropriate approach and for dis-
sociative adsorption:

SH(©@) = suo(1 - 0) (28)

The initial sticking coefficient for hydrogen on palladium is as-
sumed to be unity [27]. Similar to the adsorption of hydrogen, the
adsorption of inhibiting species is modelled with Langmuir Ki-
netics accounting for dissociation. Different accounts for steam
adsorption exist in the literature. Except at very low temperatures,
steam is reported to adsorb dissociatively to form adsorbed
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hydroxyl, atomic oxygen and atomic hydrogen atoms [46-48].
Engel and Kuipers [49] and Nyberg and Tengstal [50] found no
significant amounts of hydroxyl groups on the palladium surface
and that the formation of hydroxyl groups from adsorbed oxygen
and hydrogen atoms is the rate limiting step in the formation of
water at temperatures above 300 K. In contrast, computational
studies suggest non-dissociative adsorption based on the high
activation energy of dissociation [24]. For the current conditions,
steam is assumed to adsorb dissociatively into atomic oxygen and
hydrogen, but this assumption is of little consequence for the
analysis below. Carbon monoxide adsorbs molecularly [51-54].
Supported palladium at temperatures above 240 °C has been
shown to dissociate carbon dioxide and hence becomes active for
catalysing the reverse water-gas shift reaction and carbon dioxide
reforming of methane [55-57]. Thus, carbon dioxide will adsorb
dissociatively into carbon monoxide and atomic oxygen. The ad-
sorption equilibrium relations on which the kinetic models are
based are summarised in Table 2. Note that surface impurities may
play an important role in the adsorption on the palladium surface,
which is not addressed in the current study.

The adsorption and desorption reactions inevitably lead to
heterogeneously catalysed chemical conversions as well. Because
carbon monoxide is found when carbon dioxide is fed and vice
versa, carbon monoxide and carbon dioxide are evidently inter-
converted via water-gas shift (WGS) and reverse water-gas shift
(RWGS) reactions [55]

CO + H,0 = CO, + Hy 29)

which has also been reported to occur over steel module parts
[13,58]. Up to 1.9 mol% of methane is measured in the retentate
when either carbon monoxide or carbon dioxide is fed, which is
evidence of palladium-catalysed methanation [59,60]

CO + 3H2 = CH4 + H20 (30)

CO; + 4H, = CH4 + 2H,0 (31)

The mechanism of these reactions is still subject of considerable
debate and the current experimental conditions are rather atypi-
cal, particularly because of the important role of the catalyst
support in heterogeneous catalysis [59,61,60]. Importantly, me-
thane is not necessarily produced from surface carbon (cf. [57]),
but it can be produced from adsorbed carbon monoxide, and
possibly carbon dioxide. Since there is no sign of progressive
coking, i.e. no decline in transmembrane hydrogen flux as dis-
cussed below, and because of the high partial pressure of hydrogen
(11-15 bar), the surface coverage by carbon is neglected: ¢ ~ 0,
which is in line with observations by Erdohelyi et al. [57].

Adsorption is naturally accompanied by desorption. The rate of
desorption depends on the order n, activation energy E4, and a
desorption constant [28,43]:

Eq

Tai = Ka,i6" exp( —)

RT (32)

For hydrogen, again in the absence of inhibitive species and high
surface coverage, Ward and Dao [27] propose a more elaborate
equation accounting for interaction of adsorbed hydrogen:

2 - 20y

1+ \/1 — 4oy(1 - a;.p(] - exp(l;—";)) 33)

In steady state, the membrane flux and the rates of adsorption
and desorption are coupled via a simple mass balance:

—2Eg4;
TdHy = 2kd.i9HN§d exp[ ’T 'l] 1-

Nini = Tai — Tai (€2))

For non-permeating species (i # H,), the rates of adsorption and
desorption are necessarily equal, leading to a multicomponent
extended Langmuir adsorption isotherm [43]. The set of equations
derived above then leads to an extended Langmuir equation, using
Eq. (32),

_ (bip)! Ini
1+ %, (ip)Hmi (35)

i

b,‘ = bi,O exp( _Ea,i)

RT (36)

and n; is defined in accordance with the molecular or dissociative
mechanisms summarised in Table 2. When Niyp,<Tan, ~ TdHy
which is the case without inhibition under the current conditions,
adsorption equilibrium exists for hydrogen as well, based on Eq.
(33). Note that the adsorption model derived here is consistent
with the model that Israni and Harold [23] derived for inhibition
in methanol steam reforming with a palladium-silver membrane.
The values for n; are different however, since the temperature
range is different and dissociative adsorption needs to be ac-
counted for in the current model.

In case of inhibition, a significant decline in transmembrane
flux is measured. Below, it will be shown that a significant re-
duction in flux in the current conditions implies a very high sur-
face coverage by inhibiting species, which in turn invalidates the
assumption of adsorption-desorption equilibrium for hydrogen
made above, i.e. Npp, =~ I, >l H,. In that case, the hydrogen
surface coverage is to be derived from the measured flux (by sol-
ving Eq. (10)) and taken out of Eq. (35) (combining r, g (25) and ry
(32) to O = (1 = 0) (b, Py, 1/mH):

0; = (bipi)! /™ for i+ H,
Ou

1+ 14 + Zi#Hz (bip)Imi 37)

2.2.4. Hydrogen absorption in metallic palladium
In solution equilibrium of hydrogen atoms in palladium, the
chemical potential of the hydrogen gas in the a-phase

ui, = uy, + RT In(py,) (38)

equals the chemical potential of hydrogen atoms dissolved in a
palladium matrix [62]

pyy = w0 + RT 111(—"H

+ Auy
Xpd — XH)

(39)

where stoichiometry dictates yuy; = %”Hz' The term Ay accounts for

deviations from ideal solution. Ideally, Ayy = 0 and the isotherm

reduces to Sieverts' law:
0_10

Hu ~ Z”Hz] XH

m = eXp[ RT

Xpd — XH (40)
More generally applicable isotherms have been presented in the
literature, accounting for Ay as a function of the conditions in the
system (specifically, temperature and hydrogen partial pressure),
as reviewed by Manchester et al. [9]. In the relevant range of
conditions for palladium membranes, however, the absorption
isotherm for hydrogen can often also be successfully approximated
by a simplified equation



J. Boon et al. / Journal of Membrane Science 496 (2015) 344-358 351

E
i =Ko EXP(*k)Pﬂz

RT 41

with 0.5 < n <1, again depending on temperature and hydrogen
partial pressure [10,36,63,64]. It should be noted that in case bulk
diffusion of hydrogen atoms is the rate limiting step in permea-
tion, the value of n is not necessarily equal to 0.5 [3], because the
shape of the hydrogen absorption isotherm at higher hydrogen
partial pressures leads to n > 0.5 [36,64].

3. Results and discussion
3.1. Membrane stability

The results from membrane stability measurements in pure
hydrogen are shown in Fig. 5. There is a slight increase in hydrogen
permeance of the membrane and the permeance is linearly cor-
rected for this small increase over time, using hydrogen/nitrogen
experiments as an extra reference point at 637 h before the carbon
monoxide/hydrogen/nitrogen measurements.

3.2. Pure hydrogen permeation

The measured flux in pure hydrogen permeation tests was used
to determine the intrinsic flux equation for the metallic palladium
layer. The driving force was corrected for the pressure drop in the
membrane support, following the procedure in [10]. Nonlinear
regression was used to determine the parameters in the flux
equation (22) as summarised in Table 3. The quality of fit is well
within the + 10% range for the major part of the measurements as
shown in Fig. 6. A larger deviation is observed for the smallest
fluxes, which is likely due to the larger relative contribution of
measurement errors. The fitted value of n is 0.66, which is com-
parable to the value found in a previous study [10] and literature
[65]. The apparent activation energy for permeation, which is in
fact a product of the activation energy for diffusion and the energy
of solution as argued in Section 2.2.4, is found to be 8 + 3 k] mol,
which is consistent with measurements of Hysep palladium
membranes over the years at our laboratories. It is on the lower
end yet within the range reported in the literature, both in ex-
perimental and theoretical studies, of 7-29 k] mol~! [16,28,63,66-
71]. It is intrinsically difficult to accurately determine the activa-
tion energy because it is mathematically confounded with the pre-
exponential term Q.

The regressed flux equation parameters can be factorised into
contributions by the adsorption isotherm and bulk diffusion, as
derived above (Eq. (24)). Note that no surface limitations are ex-
pected based on the kinetic relations developed in Section 2.2.3.
The activation energy for the permeance ( E,, 8 kl mol~!) is the
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Fig. 5. Hydrogen transmembrane flux (markers) in repeated pure hydrogen re-
ference measurements at 400 °C, py, = 2.1bar, py,, = 1.1bar and permeance
correction (line); syngas measurements were performed between 257 and 722 h on
stream, H,/CO/N, measurements starting at 662 h on stream, the point at 637 h
estimated from H,/N, measurements.

Table 3
Regressed membrane flux equation (22) parameters.

Parameter Estimate Estimated error Unit

Qo 1431073 + 0.79-10-3 molm~?s~" Pa~ 0%
Ea 8.0 + 29 kJ mol~!

n 0.66 + 0.04

Error estimate with 95% confidence interval.
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Fig. 6. Parity plot of the predicted versus measured hydrogen flux for pure hy-
drogen conditions.
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Fig. 7. Derived isotherm (lines, Eq. (42)) compared to literature data at 370 °C
(brown) and 450 °C (orange); closed symbols Manchester et al. [9], open symbols
Deveau et al. [28]. (For interpretation of the references to colour in this figure
caption, the reader is referred to the web version of this paper.)

difference between the activation energy for diffusion (Ep,
22.2 k] mol~! [37]) and the absorption energy (E), so in the cur-
rent range of conditions (370-450 °C, 1-30 bar hydrogen) the ab-
sorption isotherm of hydrogen is approximated by
14.2-103
= 0.0275 =2 |p0se
CH exp( RT ) Hy 42)
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Fig. 8. Simulation results (markers) and regressed model (Eq. (43), line) for the
relative hydrogen flux (1) versus available sites for hydrogen (6y) predicted with

the cylindrical diffusion model for constriction resistance on logarithmic scale,
inset shows the same on a linear scale.
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Fig. 9. Simulation results (markers) and regressed model (Eq. (43), line) for the
relative hydrogen flux () versus available sites for hydrogen (6y) for membrane
thickness of 1, 2.8, 5, and 10 pm.

While the adsorption isotherm is thus derived in an indirect
manner (and literature data in this specific range of conditions is
scarce) it compares reasonably well with both the isotherm by
Manchester et al. [9] and the more recent isotherm by Deveau
et al. [28], as shown in Fig. 7.

3.3. Hydrogen permeation with inhibition

The actual flux relative to the flux without inhibition, 7, which
shows a decline due to a reduced surface coverage by adsorbed
hydrogen atoms is shown in Fig. 8. Without inhibition, the surface
coverage by adsorbed hydrogen atoms is close to one, the value of
pu approaches 0.138 nm, and the value of 7 is one. With inhibition,
the surface coverage by hydrogen decreases and py increases but
for 0y > 10-3 the reduced surface coverage is compensated for by
lateral diffusion in the palladium membrane and the flux is not
significantly affected. For 6y < 1073, py > 4 nm, there is a pro-
nounced decline in flux. The value of # as a function of 6y could be
fitted by a phenomenological equation

( 1 a — Oy )_1

n=—+-——

afy a (43)
with a = 26,275 + 190 at 95% confidence level, shown in Fig. 8.
This parameter is specific for the current membrane having a

thickness of 2.8 pm, but not affected by concentration (hydrogen
partial pressures) or temperature. The constriction resistance
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Fig. 10. Measured value of ; for CO/H,/N, feed gas mixtures, partial pressure cal-
culated as the average between inlet (feed conditions) and outlet (permeate
measurement); 22 bar feed pressure, 2 bar permeate pressure, ycq¢ = 0.001-0.02,
Vif = 0.6, Yy, r = 0.38-0.4.

simulations have been repeated for §;, = 1 um and 6, = 10 pm, see
Fig. 9. The value of « decreases with increasing membrane thick-
ness. Clearly, thicker membranes have a lower transmembrane
flux for a given driving force and also a larger relative contribution
of lateral diffusion of hydrogen atoms in the membrane. The
constriction resistance model will lead to an already significant
inhibition at lower surface coverage for thinner membranes than
for thicker membranes. Consequently, the susceptibility of a
membrane to inhibition is anticipated to be inversely proportional
to its thickness.

In fact, results of repeated simulations of hydrogen diffusion
across the palladium membrane for varying thickness for
py = 20 nm are shown in Fig. 9. Clearly shown are the increasing
impact of lateral diffusion and the correspondingly reduced impact
of inhibition with increasing membrane thickness. For the most
severe inhibitive conditions (low temperature, high carbon mon-
oxide partial pressure) in the current set, no increase in membrane
flux is expected from hypothetically reducing the palladium
thickness below 1 pm.

The value of () established from the single inhibition compo-
nent experiments (either carbon monoxide, carbon dioxide, or
steam added to hydrogen/nitrogen feed) are shown in Figs. 10-12,
respectively. Clear inhibition effects are present for all species. For
carbon monoxide, the effect is already significant below 10 kPa.
For higher temperatures of 398-420 °C, the inhibition effect by
carbon monoxide becomes less with increasing temperature. For
temperatures below 400 °C, the effect of temperature is unclear.
Measurements with carbon dioxide in the feed also show a re-
duction in the apparent permeance. As shown in Fig. 11, there is no
significant inhibition at 420 °C but an increasing effect for de-
creasing temperatures. The effect is significantly smaller for car-
bon dioxide than for carbon monoxide. In fact, the observed in-
hibition by carbon dioxide is attributed to the carbon monoxide
formed in the separator module, see Fig. 11, right. The inhibition
effect of steam was somewhat less pronounced than for the carbon
oxides, but clearly presents at all temperatures.

Based on the flux balance (Eq. (34)), and the kinetics of hy-
drogen adsorption and desorption, 6co and 6y,o can be estimated.
Two representative examples will be discussed first, highlighting
the complex relation between surface coverage and inhibition on
one hand, and the observed decline in flux on the other. In the
first, 61 vol% hydrogen in nitrogen was fed to the membrane,
yielding a hydrogen transmembrane flux of 1.05 mol m~2 s~ . The
average feed side hydrogen concentration was 47 vol%. Using Eqgs.
(27) and (33), it was found that the rates of adsorption and des-
orption of molecular hydrogen were both 84 molm~2s~' and,
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Fig. 11. Measured value of 5 for CO,/H,/N; feed gas mixtures, versus (Pcoz) (left) and versus (pcq) (right), partial pressures calculated as the average between inlet (feed
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Fig. 12. Measured value of n for H,O/H,/N, feed gas mixtures, partial pressure
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measurement); 22 bar feed pressure, 2 bar permeate pressure, Yo f = 0.1-0.29,
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Fig. 14. Estimated value of 6n,0 for H>O/Hz/N, feed gas mixtures; 22 bar feed
pressure, 2 bar permeate pressure, Yrpo,f = 0.1-0.29, yy, ¢ = 0.6, yn, ¢ = 0.14-0.3.

Table 4
Regressed interaction parameters with 95% con-
1 fidence interval for CO and H,0.
420+ 2 °C
o bco (kPa~1) by,o (Pa~")
0.999 398+ 1 °C 2
: O 386+1°C
4 37642 °C 194 + 103 100 + 19
T 0.998 v 357+3°C
A
Q
<° %0 & Vg Table 5
v 0.997 % Regressed flux reduction coefficients with 95% confidence interval for CO and H,O0.
0.996 Temperature (°C) Kco (MPa™1) Ki,o (MPa~ ')
357 11.6 +5.6 0.39 +0.26
0.995 ; ; 377 6.2+22 0.27 +£0.10
0 20 40 60 386 75+34 0.23+0.17
<Pgo> [kPa] 397 50416 0.18 +0.08
420 56+ 1.6 0.17 + 0.08

Fig. 13. Estimated value of dco for CO/H;/N, feed gas mixtures; 22 bar feed pres-
sure, 2 bar permeate pressure, yco ¢ = 0.001-0.02, Y.t = 06, YN, r = 0.38-04.

correspondingly, 6y = 0.993. The second example was measured
using a feed of 60 mol% hydrogen and 2 mol% carbon monoxide in
nitrogen. The transmembrane flux was 0.83 mol m 2s~ ' and the
average hydrogen concentration 48 vol%. The intrinsic flux in the
absence of inhibition would have been 0.97 mol m~2s~!, which
makes #=0.62. Using Eq. (43) and the measured flux, 6y = 6-10~>.
From Eq. (32), the rate of hydrogen desorption (on the retentate
side) is 10~7, the fraction of unoccupied sites is 3-10-3, and con-
sequently 6co = 0.997. Clearly, due to the lateral diffusion of hy-
drogen atoms in the metal, i.e. the constriction resistance, the
decrease in hydrogen coverage does not cause a commensurate

decrease in flux.

The estimates for 6co and 6y,o are shown in Figs. 13 and 14.
Unfortunately, the high values of 8; and small difference do not
allow for a meaningful fit of the adsorption isotherm equations for
the entire dataset. From the single inhibitive species measure-
ments shown in Figs. 13 and 14, the values for bcg and by, could
be estimated using Eq. (37) according to the values reported in
Table 4. The regression has been repeated with ny,o = 1, but the
quality of the dataset is not sufficient to discriminate. No sig-
nificant parameter estimates could be made from the dataset with
all syngas constituents. Complementary study of the surface of
palladium under inhibition by in situ techniques such as Fourier
transform infrared spectroscopy (FTIR) and X-ray photoelectron
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Fig. 15. Arrhenius plot of K; versus inverse temperature for CO and H,O (Table 5).

spectroscopy (XPS) might enable to quantify the competitive ad-
sorption equilibrium. Instead, the reduction in flux, (), versus
partial pressure of carbon monoxide, carbon dioxide, and steam
has been fitted by a linear regression model for each of the five
temperature levels. This is an interaction model rather than ad-
sorption isotherm, because 6; versus p; could not be fitted accu-
rately as discussed below. Hence no adsorption isotherm
equation (e.g., Langmuir) is fitted but a general linear regression
model instead:

(m =1 = Kco{Pco) — Kcoy(Pco,) = Kipo{Pn,0) (44)

All data, including full syngas mixtures, were used to regress the
parameters. The interaction parameter for carbon dioxide proved
to be statistically insignificant at the 95% confidence level and was
removed from the model (Kco, = 0). The effect of carbon dioxide
may be better correlated by the corresponding concentration of
carbon monoxide, see Fig. 11. For carbon monoxide and steam,
significant interaction parameters were found at each of the five
temperature levels, shown in Table 5.

An Arrhenius plot of the flux reduction coefficients is shown in
Fig. 15. The temperature dependence of the coefficients corres-
ponds to an apparent activation energies of Eco = 42 k] mol-!, and
En,0 =49kl mol-!, even though the relation between partial
pressures and # is not to be interpreted directly in terms of an
adsorption isotherm.

When comparing the inhibition effect in the current study with
the literature, two aspects appear to be of crucial importance. First
is the hydrogen partial pressure in the system. It readily follows
from the system of equations for adsorption kinetics derived above
that a higher partial pressure of hydrogen leads to a higher value
for 0y, and consequently a lower value for the surface coverage by
inhibiting species in general. Additionally, at higher 0y, the equi-
librium reactions (Table 2, A and B) lead to a lower concentration
of surface adsorbed oxygen atoms. The effect of py, was reported
by Israni and Harold [23] already and its impact will be further
discussed below. The second important aspect of the system is to
properly account for the relation between the thickness of a
membrane and the observed inhibition effect, i.e. the contribution
of the surface and the bulk. The impact that a certain degree of
surface site blocking has on the transmembrane flux is a function
of the thickness of the membrane. The constriction resistance
model derived in Section 2.2.2 aims to quantify this relationship by
accounting not only for the one-dimensional diffusion of hydrogen
from the retentate to the permeate side of the metallic membrane,
but also for transverse diffusion. Due to the constriction resistance
effect, thicker membranes (having a lower intrinsic permeance)
will exhibit a larger contribution by transverse diffusion and
consequently less inhibition for a given degree of surface site
blocking. Conversely, many papers in the literature have inter-
preted (») as being a direct measure of 6; which would indeed
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Fig. 16. Values of 5 versus &y, for inhibition of palladium membranes by carbon
monoxide at 350 °C and up: (I) this work 357-420 °C, (II) Li et al. [ 14] 400 °C, (III) Li
et al. [11] 380 °C, and (IV) Gallucci et al. [53] 350 °C.

allow us to fit an adsorption isotherm, e.g. Langmuir equation,
directly from the measured decline in flux. The constriction re-
sistance model has indicated that there is a more complex relation
between (;) and 6; and consequently in this work no adsorption
isotherm has been fitted.

As expected from the analysis above, experimental studies that
were performed with thicker membranes have found less strong
inhibition, as illustrated for inhibition by carbon monoxide for
palladium membranes in Fig. 16. Gallucci et al. [53] measured in-
hibition for a 60 pm palladium membrane in the range of 250-
450 °C and found no effect for carbon dioxide, and inhibition for
up to 245 kPa carbon monoxide at 250 °C but not for 350 °C and
up. For a 60 pm thick palladium-silver membrane at 374 °C, Bar-
bieri et al. [21] measured significant inhibition by up to 300 kPa
carbon monoxide and successfully fitted a Sieverts-Langmuir
equation with a fairly small carbon monoxide adsorption coeffi-
cient of 0.023 kPa~ . Li et al. [11] measured a 10 pm palladium
membrane at 380 °C and found no inhibition by carbon monoxide
below approximately 12 kPa partial pressure, also weaker than
present results suggest. These differences with the current data
are well explained by the difference in membrane thickness, in
combination with the constriction resistance model.

With thinner membranes, the results in the literature are
consistent with the results from this study, provided that the
partial pressure of hydrogen is taken into account. The current set
of measurements has been performed at hydrogen partial pres-
sures of 11-15 bar. Mejdell et al. [54] measured a 3 pm palladium-
silver membrane with py =27bar and found significantly
stronger inhibition by up to 15 kPa carbon monoxide at 350 °C. At
300 °C, Israni and Harold [23] found inhibition by carbon mon-
oxide, carbon dioxide, and steam for a 3.9 pm thick palladium-
silver membrane at 5 bar total pressure. For up to 60 kPa carbon
monoxide, (y) decreased to 0.4, which is again significantly
stronger than in the current data at 350 °C and up. Steam caused
less inhibition than carbon monoxide and for up to 90 kPa steam,
(n) decreased to 0.8. This is again significantly more pronounced
than in the current study. More importantly, the relative inhibition
effect of carbon monoxide and steam is consistent, which indicates
that the inhibition mechanisms are identical. Li et al. [11] mea-
sured at hydrogen partial pressures of up to 3 bar and found that
for the addition of 5-15 kPa steam, (4) remained fairly constant at
83-70% which appears to be a stronger effect than observed in the
current study (Fig. 12). Similarly, Hou and Hughes [12] used a 5-
6 pm thick palladium-silver membrane at 275 °C and py, = 2 bar
and found stronger inhibition by up to 15 kPa steam than by the
same concentration of carbon monoxide. Indeed, for much higher
Py, of 25 bar, Li et al. [14] found no inhibition by 600 kPa steam at
400 °C.
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The current study found no significant inhibition effect for
carbon dioxide in the range of 350-420 °C, except for the inhibi-
tion that is caused by carbon monoxide that is produced in the
module. This is in line with observations by Hou and Hughes [12],
who found no effect for carbon dioxide at 325 °C and up. In con-
trast, Israni and Harold [23] did find a significant inhibition effect
by carbon dioxide, but this was observed below 300 °C. Conse-
quently, carbon dioxide does not appear to inhibit hydrogen per-
meation in the temperature range of 350-420 °C.

The constriction resistance model proved to be an important
element in the analysis of the inhibition measurements. In the
derivation of the model (Eq. (14)) a homogeneous palladium sur-
face is assumed, where each exposed palladium atom represents a
single adsorption site. The permeation model is based on a de-
scription of the metal surface in terms of the average surface
coverage by hydrogen atoms, and the average distance between
two adsorbed hydrogen atoms. The surface of the membrane, in
contrast, is made up of various crystallographic planes, kinks and
terraces. For hydrogen, however, this is of little consequence as
Behm et al. [72] have shown that the adsorption energy of hy-
drogen on palladium is hardly affected by the crystallographic
orientation of the surface. Adsorbed carbon monoxide may form
ordered adlayers on a palladium surface that are dependent on the
nanostructure of the surface [43]. Gao et al. [48] and Gallucci et al.
[53] have shown stable minima for carbon monoxide on palladium
sites, but also a small difference in adsorption energy for hollow
and bridge positions which will allow carbon monoxide to block
several hydrogen adsorption sites. Further refinement of the con-
striction resistance model may account for surface heterogeneity
and provide a better insight in the relation between surface cov-
erage by inhibitive species and the decrease in hydrogen flux.

The constriction resistance model is based on the assumption
that adsorption is localised. Alternatively, the surface adsorption
could be described as a dynamic equilibrium, in which adsorbed
species can move over the surface. The surface coverage is then a
surface and time average of local and dynamic adsorption equili-
brium, ((0y)). A recent example of this line of reasoning can be
found in the work of Abir and Sheintuch [24]. Based on first
principles calculations and a dynamic adsorption equilibrium, they
predict larger hydrogen surface coverage (down to ({(9y)) ~ 0.2) in
case of inhibition. Remarkably, this approach reverts to Langmuir
and extended Langmuir isotherms for the surface coverage by
hydrogen and inhibiting species, which in fact are derived from
the assumption of localised adsorption [73]. Nonetheless, with the
higher hydrogen surface coverage there is no transition in rate
limiting step which is in contrast with the present findings based
on the localised model. In order to further investigate the differ-
ences between the two approaches, the experimental data have
been reinterpreted in terms of the surface average model. In such a
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Fig. 17. Estimated value of ((dco)) for CO/H,/N, feed gas mixtures with the alter-
native surface average model (Eq. (45)); conditions as in Fig. 13.
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Fig. 18. Estimated value of ((0u,0)) for H2O/H»/N> feed gas mixtures with the al-
ternative surface average model (Eq. (45)); conditions as in Fig. 14.

case, the constriction resistance relation (Eq. (43)) does not apply.
Instead,

Nu= - Q(«0u)PL,, — Pihyy) 45)

UOH NPy — Phiyp
pgz,r - pgz,p (46)

Reinterpretation of the observed decline in flux in terms of Eq.
(46) leads to predicted values of ((9y)) in the range of 0.65-1. The
corresponding average surface coverage by inhibiting species
carbon monoxide and steam are in the range of 0-0.3, and 0.05-
0.2, respectively (Figs. 17 and 18). Thus, the surface average model
predicts lower coverage by inhibiting species, and no effect of
membrane thickness. In this context, it is interesting to note that
experimental evidence appears to indicate a thickness dependence
of the inhibition phenomenon. This is indicated in Fig. 16. It is in
line with model predictions using the constriction resistance
model as discussed above and in contrast with the surface average
model. Further study of the extent of hydrogen coverage in case of
inhibition, e.g. by surface techniques discussed above or by sys-
tematic study of the susceptibility to inhibition as a function of
membrane thickness, would clearly be of great scientific interest.

As discussed, two important conditions largely determine the
extent of the inhibition effect besides the partial pressures of in-
hibiting species: the partial pressure of hydrogen and the thick-
ness of the membrane. With respect to the first, it is crucial to
measure the inhibition effect at gas phase conditions that re-
semble the envisaged industrial conditions. The current set of in-
hibition measurements at high hydrogen partial pressures are
therefore an important addition to existing literature data. The
findings with respect to the thickness of the membrane have im-
plications for the development and production of palladium
membranes. Over the last decades, ever thinner membranes have
been produced that exhibited ever higher fluxes. In syngas, how-
ever, the inhibition effect will become more severe for thinner
membranes and may partly offset the gain in intrinsic permeance.

4. Conclusions

A model has been developed for hydrogen permeation across
palladium membranes in industrially relevant conditions, includ-
ing the presence of inhibiting species. Model equations have been
derived to describe the response of hydrogen adsorption and
permeation to surface coverage by inhibiting species. The decline
in flux due to a reduced surface coverage by adsorbed hydrogen
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atoms could be fitted by a phenomenological equation, based on
the theory of constriction resistance.

Based on the derived kinetics of adsorption and desorption, ¢
and 6y,0 have been estimated. Due to the high values of 8; no full
adsorption isotherm could be fitted for the entire dataset. Instead,
the reduction in flux, (;), versus partial pressure of carbon mon-
oxide, carbon dioxide, and steam has been fitted by a linear re-
gression model. Significant interaction parameters were found at
each of the five temperature levels for carbon monoxide and
steam. The current study found no significant inhibition effect for
carbon dioxide in the range of 350-420 °C, except for the inhibi-
tion that is caused by carbon monoxide that is produced from
carbon dioxide by reverse water-gas shift in the module.

Besides the partial pressures of inhibiting species, two main
aspects determine the inhibition effect: the partial pressure of
hydrogen and the thickness of the membrane. It has been shown
that it is crucial to measure the inhibition effect at gas phase
conditions that resemble the envisaged industrial conditions. The
constriction resistance model predicts that the susceptibility of a
membrane to inhibition is inversely correlated to its thickness.
Depending on the operating conditions, membranes have an op-
timal minimum thickness below which an increased intrinsic
permeance is offset by an increased impact of inhibition.
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Nomenclature

Bo viscous permeability of the support matrix, m?

b; Langmuir affinity constant of species i, Pa~'

Ci concentration of species i, mol m~3

d diameter, m

D molecular gas-phase diffusivity, m? s~

Dy atomic hydrogen diffusivity in palladium, m? s~

by,m  effective binary Knudsen diffusivity for hydrogen
with respect to the support matrix, m s~

E energy, ] mol~!

F molar flow rate, mol s !

Gz Graetz number, -

k Boltzmann constant, 1.38-10723 ] K~!

K flux reduction regression parameter, Pa~!

k mass transfer coefficient, ms~!

kq desorption coefficient, mol m~2s~!

ks Boltzmann constant R/N,, J K~!

m; molecular mass of species i, kg

n pressure exponent, —

Ny Avogadro constant, 6.022-10?* mol'

N; flux of species i, molm~2s~!

Npg number of palladium atoms, —

p pressure, Pa

Di partial pressure of species i, Pa

Q permeance, molm~2s~ ! Pa~"

R gas constant, 8.3145 ] mol~ ' K~!

r radial coordinate, m

T radius of adsorption site, 0.14 nm

Ti rate of species i, mol m2s~!

Re Reynolds number, -

Sc Schmidt number, -

Sh Sherwood number, -

S sticking coefficient, -

So initial sticking coefficient, at 9=0, -

S sticking coefficient of species i, -

T temperature, K

w pairwise interaction energy, ]

X; mole fraction of species i in the solid phase, -

Vi mole fraction of species i in the gas phase, -

z axial coordinate, m

Greek

a geometrical parameter in constriction resistance
model, -

thickness, m
flux relative to the predicted flux for the same
driving force without inhibition, -

0 total fraction of surface sites covered, ¥, 6;, -
6oo probability of two adjacent empty adsorption sites,
0; fraction of surface sites covered by species i, -
u viscosity, Pa s
Ui chemical potential of species i, ] mol !
Pu average half distance between adsorbed hydrogen
atoms, m
Subscript
0 pre-exponential
a activation, adsorption
D diffusion
d desorption
f feed
h hydraulic
k absorption
m membrane
o outer
r retentate
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