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a b s t r a c t

In this work, a novel PdeAg double-skinned (DS-) membrane is used for the first time in con-

ditions typical of propane dehydrogenation (PDH). Thismembrane presents a protective layer

on top of the H2-selective one, which acts as shield against chemical deactivation and me-

chanical erosion under reaction conditions. While the protective layer is already been proven

as an efficient barrier against membrane erosion in fluidized beds, there is no validation yet

under PDH reaction. TheDS-membrane performance is comparedwith a conventional (C-) Pd

eAgmembraneunder alkane/alkeneexposure, at 400e500 �Cand3bar, to investigatewhether

the incorporationof theprotective layerwould be suited forH2 separation inPDHsystems, and

if coking rate would be affected. The novel membrane shows a H2 permeance of

2.28 � 10�6 mol∙m�2 s�1∙Pa�1 at 500 C and 4 bar of pressure difference, overcoming the per-

formance of the conventional PdAg one (1.56x∙10�6 mol m�2 s�1∙Pa�1). Both membranes

present a stable H2 flux under alkane exposure, while deactivation occurs under exposure to

alkenes. A model able to describe the H2 flux through Pd-basedmembranes is presented to fit

the experimental data andpredictmembraneperformance. Themodel includesmass transfer

limitations in the retentate and a corrective inhibition factor to account for the competitive

adsorption of hydrocarbon species in theH2 selective layer. The experimental results obtained

under alkene exposure deviates from model predictions; this can be attributed to carbon
es and Membrane Reactors, Chemical Engineering and Chemistry, Eindhoven University of

ucci).
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Nomenclature

B0 Viscous flow parameter [m2]

C Molar concentration [mol/m3]

Dij Binary diffusion coefficient of

component j [m2/s]

DKi Effective Knudsen diffusion co

component i [m2/s]

dpore Pore diameter [m]

dH Hydraulic diameter [m]

Ea Activation energy [J/mol]

Eads Adsorption energy [J/mol]

Ji Membrane flux of component

Ki Adsorption constant of compo

kg Mass transfer coefficient [m/s

Mi Molar mass of component i [k

n Pressure exponent [�]

Ni Dispersion flux of component

P Pressure [Pa]

Pi Partial pressure of component

Pe Membrane permeability [ mol

R Ideal gas constant [J/mol/K]

Sh Sherwood number [�]

T Temperature [K]

xi Molar fraction of component i

Greek letters

Е Porosity factor [�]

D Membrane thickness [m]

М Mean viscosity of binary mixt

Τ Tortuosity factor [�]
deposition on the surface of the selective layer, as further detected on the DS-membrane by

Scanning Electron Microscopy (SEM)/Energy Dispersive X-Ray Analysis (EDX), which is the

main factor for membrane deactivation.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
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Introduction

Propylene is one of the main chemicals produced worldwide,

as it is used as feedstock for the production of a vast array of

chemicals, including polymers (e.g. polyethylene and poly-

propylene), oxygenates (e.g. propylene oxide and methyl tert-

butyl ether) and important chemical intermediates (e.g. pro-

pionaldehyde). Currently, most of the propylene is obtained as

by-product in the naphtha steam cracking process, which

aims at ethylene production. Since nowadays the consump-

tion of propylene is growing faster than ethylene, there is the

need to find alternative routes that can sustain the global

demand of propylene in the coming years [1,2]. The catalytic

dehydrogenation of light paraffins into the corresponding
olefins is one interesting route already commercialized and

installed worldwide, because, being an on-purpose technique,

it yields exclusively a particular olefin [3]. More specifically,

the direct dehydrogenation of propane leads to propylene,

according to the following catalytic reaction:

C3H8 4C3H6 þ H2 DH298K
R ¼ 120 kJ

�
mol

These processes can produce olefins of polymer-grade

quality. High operating temperatures are required to achieve

high conversions, since the dehydrogenation reaction is

endothermic and limited by the thermodynamic equilibrium.

However, at these temperatures, side cracking reactions are

favored and coke is inevitably formed, which rapidly de-

activates the catalyst. Therefore, typical operating conditions

are in the range of 550e650 �C and low pressures. With these

milder conditions the yield is rather low, and thus the sepa-

ration of the products downstream becomes challenging

[4e6]. An interesting strategy to increase the yield of these

reactions at lower temperatures is the integration of H2 se-

lective membranes. The selective removal of H2 from the

catalytic bed shifts the equilibrium beyond the thermody-

namic restriction of the conventional process, achieving

higher conversions, and consequently reducing the down-

stream separation efforts [7,8]. Further improvements for the

dehydrogenation process can be achieved integrating the

membrane module in a fluidized bed reactor; this will provide

reduced intra particle mass and heat transfer resistances,

better heat management with nearly isothermal operating

conditions, and negligible pressure drop [9,10].

Amongst all H2-selective membranes, palladium-based

membranes offer the capacity to extract high fluxes with

high perm-selectivities, due to the high permeability of Pd and

its alloys (Ag, Cu, Au) for hydrogen [11]. Asmain drawback, the

application of those membranes in dehydrogenation pro-

cesses is limited by the presence of short chain hydrocarbons

and carbon side-products, which may negatively affect the

hydrogen flux stability over time. Carbon-based components

tend to adsorb on the membrane surface and subsequently

dissociate, leading to membrane coking (carbonaceous de-

posits on the surface), which inhibits the hydrogen adsorption

and dissociation, thus reducing its flux [12e15].

Even though the membrane coking has been demonstrated

to be reversible through regeneration with diluted oxygen, the

large rate of coke formation during dehydrogenation processes

limitscontinuousoperation inanintegratedmembranereactor.

Since the hydrogen flux greatly depends on the Pd-based

membrane properties, it is important to investigate various

membrane configurations in order to address their resistance

to coke formation during dehydrogenation processes. Several
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authors have recently studied the permeance inhibition of

conventional Pd-alloyed membranes in the presence of light

hydrocarbon mixtures. Montesinos et al. [14] analyzed the ef-

fects of the composition of propane/propylenemixtures on the

hydrogen permeation through commercially available dense

PdeAg membranes supported on porous stainless steel, while

Peters et al. [15] investigated the influence of different alloys,

testing the hydrogen flux through conventional unsupported

thin PdeAg and PdeCu alloy films.

In this work, a novel type of Pd-based membrane, double

skin PdeAg membrane, is investigated under typical dehy-

drogenation conditions. The difference compared to standard

thin film membranes is represented by the presence of an

additional ceramic protective layer on top of the selective one,

so they have been named double-skinned membranes. These

membranes were originally fabricated to resist erosion from

the scouring action of the fluidized catalyst, during operation

in fluidized bed reactors [16e18]. The protective mesoporous

layer makes the membrane more resistant to attrition than a

conventional PdeAg under fluidization with catalyst particles,

showing stable performance for longer time. On the other

hand, in a fixed bed reactor the protective layer can shield the

selective one from direct contact with the catalyst which

could lead to chemical interactions and, as a consequence,

membrane deactivation in the long term [17]. Both these as-

pects are encompassed in this work, since the highly endo-

thermic propane dehydrogenation reaction is conventionally

carried out in a catalytic fixed bed, but it can take advantage of

the fluidized bed technology. Therefore, it becomes relevant to

investigate the performance of this novel membrane and to

assess the ability of separating H2 from propane/propylene

mixture without any major drawbacks such as slower mole-

cules diffusion due to increasedmass transfer resistance, gas-

solid chemical and physical interactions or even clogging of

the protective layer due to coke formation.

The performance of the novel double-skinned membrane

regarding hydrogen permeation under hydrocarbon exposure

and possible coke formation is investigated for the first time in

this work. A conventional PdeAg alloyed membrane is used as

reference. Firstly, a set of characterization tests were con-

ducted to determine the characteristic membrane permeation

curves as function of pressure drop, at different temperatures.

Afterward, the hydrogen permeation flux was analyzed

continuously as function of time under hydrogen-hydrocarbon

binary mixtures, at different operating conditions and feed

compositions. The experimental results were fitted by a one-

dimensional model to provide more insight into the observed

effect of hydrocarbon exposure on the membranes perfor-

mance. Finally, double skinned membrane SEM-EDX charac-

terization after test is presented to confirm the presence of

carbon on the PdeAg selective layer as deactivating agent.
Experimental materials and methods

Membranes preparation

In this work, two different configurations of Pd-alloyed

membranes were analyzed and compared. The membranes

were produced following the work of Arratibel at al [18].
Porous tubular substrates made by Al2O3 were used as

support for producing the Pd-alloyed membranes. The

ceramic supports, provided by Rauschert Kloster Veilsdorf,

have an asymmetric geometry with external/internal diam-

eter of 14/7mmand external pore size of 100 nm. According to

the procedure reported by Fernandez et al. [19], the porous

ceramic tubes were connected to dense ones to guarantee a

proper handling of the substrates; subsequently, the co-

deposition of the selective PdeAg layer was carried out by

electroless plating technique (ELP), immersing the tubular

support into a plating bath, under same conditions of tem-

perature and reagents reported in a previous work [20]. After

the PdeAg layer deposition, the samples were cleaned, dried

overnight, and annealed at 550 �C for 4 h in a reducing at-

mosphere (10 vol% H2 and 90 vol% N2). One of the two PdeAg

alloyed (conventional) membranes was turned into a double-

skinned membrane, denoted as DS in this work; an addi-

tional mesoporous YSZ/g-Al2O3 protecting layer, with pore

size of 2e5 nm and containing 50 wt% of YSZ, was deposited

on top of the PdeAg layer by a dip coating technique at room

temperature, resulting in an additional thickness of

~0.5e1 mm. The PdeAg composition of the selective layer was

determined by measuring the concentration of both metals in

the plating bath before and after deposition of the layer, using

an ICP-OES technique. The thickness of both ceramic and

selective layers was determined by the SEM technique. The

selective layer of the double-skinned membrane, containing

6.67 wt% of Ag, has a total thickness of 2e3 mm. On the other

hand, the conventional PdeAg alloyed membrane, identified

as C- in the following sections, has a slightly higher thickness

between 3 and 5 mm,with a content of silver equal to 4.23 wt%.

Permeation setup

The supported membranes, with an active length of 80 mm

and 136 mm, for the DS- and the C- respectively, were con-

nected to a dense metallic tube on one end and sealed on the

other end with a metallic cap using graphite ferrules,

following the procedure described by Fernandez at el [19].

Once the sealings were tightened, a leak test was performed at

room temperature by feeding helium from the inside of the

membranes, while they were submerged in ethanol. No bub-

bles were detected at a pressure difference of 1 bar across the

two sides of the membrane, indicating that the sealings were

properly tightened. Finally, the membranes were ready to be

tested and they were connected to the flange of the reactor

used to perform the experiments.

Prior to investigating the performance of bothmembranes,

theywere activated by feeding the reactorwith air at 400 �C for

2e3 min, in order to remove possible impurities from the

surface.

A schematic representation of the permeation setup used

for the gas permeation measurements (single gas and gas

mixture tests) can be seen in Fig. 1.

The two membranes were installed in a cylindrical reactor

made of stainless steel. The reactor unit was placed in an

electrically heated oven where the membranes and the pro-

cess gases were heated up to the operating temperature. The

process gases were regulated by different mass flow con-

trollers, supplied by Brooks Instruments, and fed to the shell

https://doi.org/10.1016/j.ijhydene.2021.09.252
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Fig. 1 e Schematic representation of the setup for permeation measurements.
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side of the membrane. A back-pressure controller was

installed to regulate pressure on the retentate side, while the

permeate side of the membrane was kept at atmospheric

pressure. An automated soap bubble flow meter from Hori-

bastec, with ameasuring range of 2� 10�3 10 L/min, was used

to measure the amount of permeated gas, separately for each

membrane tested.

Single gas permeation tests were carried out at different

transmembrane pressure differences, varied from 0.5 to

4 bars, and at temperatures in the range of 400e500 �C, under a
pure hydrogen flow. Afterward, binary gas mixture tests were

carried out to investigate the effect of hydrocarbons on the H2

flux through themembrane and themembranes stability. The

membranes were cyclically exposed to pure hydrogen and

binary (H2eN2) or (H2-CxHy) mixtures for a period of time,

starting each part of the cycle when the permeation of H2 was

sufficiently stable. To check if the initial hydrogen permeation

flux could be recovered after exposure to the hydrocarbon,

pure hydrogen was fed in the final step of the cycle. If full

recovery of the hydrogen fluxwas not reached, themembrane

was reactivated in air (20 vol% O2 and 80 vol% N2) for 2 min, at

400 �C and a total flow rate of 2 lSTP/min. Binary gas mixture

experiments were conducted at 400 �C, 425 �C and 450 �C,
keeping the retentate side at 3 bars and the permeate side at

atmospheric pressure, with a total flow rate of 5 L/min.

Initially, the molar concentration of hydrogen in the binary

mixtures was kept equal to 80%; afterward, to better investi-

gate the effect of exposure to propylene, different hydrogen to

hydrocarbon ratios were tested to analyze their influence on

the membrane stabilities.
Membrane model description

A one-dimensional model is developed to describe hydrogen

flux through PdeAg membranes, accounting for mass

transfer limitations and competitive adsorption effects,

while neglecting coking effects. The model describes the

system through linear differential equations along the axial

direction of the membrane module, under the assumptions

of no radial dispersion and steady state conditions. The so-

lution of the differential equation system has been achieved

with Matlab® simulation tool.

Pure hydrogen permeation

To model the hydrogen flux through a Pd-based membrane,

an equation written in terms of Richardson equation is

applied at each infinitesimal membrane element, as follow:

JH2
¼ Pe

d

�
pn
H2 ret �pn

H2perm

�
(1)

where is the membrane permeability, d is the membrane

thickness, pH2ret and pH2perm are the hydrogen partial pressure at

retentate and permeate side, respectively, and n is the expo-

nential factor, which indicates the limiting step of the mech-

anism by which hydrogen crosses the palladium selective

layer. Under the ideal condition of thermodynamic equilib-

rium between the hydrogen atoms dissolved at themembrane

surface and the hydrogen concentration in the gas phase, the

pressure exponent n equals to 0.5 and the Richardson

https://doi.org/10.1016/j.ijhydene.2021.09.252
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equation (Eq. (1)) takes the form of the so-called Sieverts' law.

According to the Sieverts' law (n¼0.5), the diffusion of H atoms

through the Pd bulk is rate limiting step in the hydrogen

permeation mechanism [21e24].

The membrane permeability Pe can be expressed by an

Arrhenius-type correlation (Eq. (2)):

Pe¼ Pe0 exp

�
�Ea

RT

�
(2)

where Pe0 is the pre-exponential, Ea is the activation energy, R

is the universal gas constant and T is the membrane

temperature.

Experimental values of pure hydrogen flux for the mem-

branes investigated in this work are used to retrieve the pa-

rameters above mentioned, intrinsic of the membrane

permeation properties.

Hydrogen permeation in presence of mixtures

When describing the hydrogen permeation from a mixture

through a highly selective and permeable membrane (i.e.

when the bulk diffusion through palladium is not the only

limiting step), a correction of Eq. (1) is required, in order to

develop a transport rate expression able to predict several

additional effects, which are likely to occur when the mem-

branes are exposed to a mixture of hydrogen and other gases,

as reported by many experimental studies [12,14,25]. Those

additional effects can be: (i) possible flux decline in the pres-

ence of various species due tomass transfer limitation effects;

(ii) possible flux decline in the presence of various species due

to competitive adsorption; (iii) membrane coking. A detailed

description of how mass transfer limitations and competitive

adsorption are included in the expression of hydrogen flux is

presented in the following sections.

Modeling of mass transfer limitation effects in the retentate side
In presence of mixtures and highly hydrogen permeable

membranes, amass transfer limitation effect in the gas phase,

known as concentration polarization, occurs at the retentate

side of the membrane. This phenomenon is caused by an

accumulation of the non-permeable species and a depletion of

hydrogen on the surface of the membrane, leading to a

reduction of the hydrogen concentration on the palladium

surface compared to the gas bulk. To account for the reduction

in hydrogen partial pressure at the retentate side, a correction

of the hydrogen flux expression (Eq. (1)) is applied, considering

the stagnant-filmmodel for a multicomponent system [10,24].

According to this model, the flux is given by the sum of mo-

lecular and convective contributions, as reported in Eq. (3):

NH2
¼ JH2

þ xH2

XN
i¼1

Ni (3)

Substituting the first right term with the corresponding

Fick's law and considering only the hydrogen flux, Eq. (3) can

be rearranged in Eq. (4):

NH2
¼�CtotDH2

1� xH2

dxH2

dy
(4)
Integration of Eq. (4) from the bulk (y ¼ 0) to themembrane

surface (y ¼ RsÞ, yields to:

NH2
¼Ctot

DH2

RS
ln

�
1� xH2 ;s

1� xH2 ;ret

�
(5)

Considering the mass transfer coefficient from the bulk to

the membrane surface, defined as:

kg ¼DH2

RS
(6)

And rewriting the molar fractions in terms of partial

pressures, it is possible to derive from Eq. (5) the following

expression:

NH2
¼Ctotkg ln

�
P� PH2 ;s

P� PH2ret

�
(7)

The corrected hydrogen partial pressure at the membrane

surface ðPH2 ;sÞ, which accounts for the concentration polari-

zation effect, can be obtained by equalizing Eq. (7) with the

expression of hydrogen flux through the Pd-based mem-

branes (Eq. (1)), which yields:

NH2
¼Ctotkg ln

�
P� PH2 ;s

P� PH2 ;ret

�
¼ Pe

d

�
Pn
H2 ret �Pn

H2perm

�
(8)

A Sherwood correlation, available for different velocity and

concentration profiles as function of the ratio of annular radii

[26], is used to calculate the mass transfer coefficient in the

retentate, according to:

Sh¼
�
kg

dH

DH2

�
(9)

where dH is the hydraulic diameter of the reactor, given by the

difference between reactor and membrane diameters. It is

worth mentioning that this approach is only valid for the

conventional PdeAg membranes.

When considering the novel double-skinned PdeAg

membrane, the hydrogen flux experiences an additional

resistance at the retentate side of the membrane, due to the

presence of the protective porous layer on top of the selective

one. This will cause the hydrogen concentration to further

decrease from the membrane surface (r¼ RsÞ to the interface

between the porous layer and the Pd selective layer (r ¼ RintÞ,
as schematically represented in Fig. 2.

Both molecular friction resistance and support friction

resistance are responsible for the mass transfer limitation in

the porous protective layer. Such resistances can be estimated

according to the dusty-gasmodel theory, which states that the

gas mass transport of H2 in porous media through a stagnant

gas i can be expressed by the following equation [27,28]:

� 1
RT

dPH2

dy
¼ 1
DKH2

�
JH2

þxH2

B0P
mRT

dP
dy

�
þ xiJH2

� xH2
Ji

DH2 i
(10)

where the Knudsen diffusion flow (first term), to account for

the molecule-pore wall interaction, the viscous flow (second

term) and the binary diffusion (third term) are considered.

In Eq. (10), the fluxes of H2 and the i-species of the bi-

nary mixture through a porous media can be expressed

according to:

https://doi.org/10.1016/j.ijhydene.2021.09.252
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Fig. 2 e Schematic of the double-skinned membrane.

Fig. 3 e Iterative procedure used to compute Pint [30].
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JH2
¼ � 1

dporous

DKH2

RT

�
1þ B0P

mDKA

�
dP
dy

(11)

In which:

ðDKAÞ�1 ¼ xH2

DKH2

þ xi

DKi
(12)

Substituting Eq. (11) into Eq. (10) and considering the i-

species as stagnant gas (Ji ¼ 0), the corresponding Eq. (10) can

be integrated in order to obtain the pressure difference across

the porous support:

DP¼PS � Pint ¼
ln

"
1�xint

H2

1�xS
H2

#
DKH2

D0
H2 i

þ B0
mDKi

þ B0DKH2

mDKAD
0
H2 i

þ 1
P

(13)

The effective Maxwell-Stefan gas-gas diffusivity in a

porous media is given by:

D0
H2 i

¼ ε

t
DH2 i (14)

where ε and t are the porosity and tortuosity of the ceramic

porous layer, respectively.

The effective Knudsen diffusivity is given by:

DKi ¼ ε

t

dpore

3

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s
(15)

With dpore being the pore diameter andMi themolarmass of

species i.

The viscous permeability of the porous layer is given by:

B0 ¼ ε

t

d2
pore

32
(16)

In the expressions above, the parameters ε, t and dpore are

respectively the porosity tortuosity and pore diameter of the

ceramic porous layer. Those values have been found by fitting

the permeation data of the nanoporous YSZ-Al2O3 protective

layer reported in the work of Alba et al. [29]. The final results

obtained are a porosity/tortuosity ratio of 4.2186 � 10�6 and a

pore diameter of 3 nm.

In Eq. (13) both the total pressure at the interface (Pint)

and the hydrogen concentration at the interface (xintH2
) are
unknown. In order to evaluate these two variables, Eq. (13) can

be coupled with the hydrogen flux expression (Eq. (1)) and the

Dalton's law:

Pint
H2

¼ xint
H2
Pint (17)

In this way, it is possible to obtain a system of three

equations and three variables, which can be solved applying

an iterative procedure proposed by Pinacci et al. [30] and

shown in Fig. 3, due to the non-linearity of Eq. (13).

Once the mass transfer limitations in the retentate side

have been implemented in the model, considering Eq. (9) for

the conventional PdeAg membrane, and the combination of

Eq. (9) and Eq. (13) for the novel double-skinned PdeAg

membrane, the model has been validated with experimental

values of the hydrogen flux, obtained for binary mixture

permeation tests.

Modeling of competitive adsorption effect on membrane surface
In presence of mixtures, the membrane permeance may be

inhibited by surface adsorption of other species, reducing the

available sites for hydrogen on the PdAg surface and leading to

a reduction in the hydrogen flux; this phenomenon has been

already observed in several experimental works for carbon

monoxide, sulfur, methane, propane and propylene [11,13,14].

However, from a computational point of view, very few

studies have addressed this issue, with no available sources of

adsorption energies for the gases investigated in this work on

the tested membranes.

In order to account for the competitive adsorption of other

species during hydrogen permeation through the Pd-based

membranes, an inhibition factor is included in the hydrogen

flux expression, as stated in Eq. (18) [31]:

JH2
¼ðqV þ qHÞ Pe

d

�
pn
H2 ret � pn

H2perm

�
(18)

where qV is the fraction of vacant surface adsorption sites,

potentially available for hydrogen atoms, and qH is the fraction

of surface sites already occupied by hydrogen atoms.

https://doi.org/10.1016/j.ijhydene.2021.09.252
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The inhibition factor is function of the adsorption equi-

librium constants of hydrogen and the i-species of the mix-

tures, of the form:

ðqV þ qHÞ¼
1þ ffiffiffiffiffiffiffiffiffiffiffi

KHpH

p
1þ ffiffiffiffiffiffiffiffiffiffiffi

KHpH

p þP
i



Kipi

�n (19)

with n representing the number of adsorption sites occu-

pied by the i-species.

The adsorption constant of the i-species ðKiÞ can be

expressed by an Arrhenius type equation of the form:

Ki ¼Ki0 exp

�
� Eads

RT

�
(20)

The expression for the hydrogen adsorption constant ðKHÞ
on the conventional and novel double-skinned PdeAg mem-

branes is calculated from the corresponding pure hydrogen

permeation results, following the procedure proposed by

Israni et al. [31]. In case of the hydrocarbon species, the pre-

exponential factor Ki0 and adsorption energy Eads of the

adsorption equilibrium constants are computed by fitting the

experimental values of the hydrogen flux in the binary

mixture, at different operating temperatures, with the

following rearranged expression of the inhibition factor:

ðqV þ qHÞ¼
JH2 ;Cx ;Hy jexperimental

JH2 ;Cx ;Hy

���
modelðonly CPÞ

(21)

According to Eq. (21), the inhibition factor can be consid-

ered as a relative flux; if experimental values of pure

hydrogen are considered at the denominator, an over-

estimation of the relative flux and consequently of the

adsorption equilibrium constants is obtained. Indeed, the

relative flux with respect to pure hydrogen flux values in-

cludes concentration polarization effects due to the hydro-

carbon present in the mixture, even if this effect is already

accounted in the expression of the hydrogen flux, with the

reduced partial pressure of hydrogen on the membrane sur-

face. Expressing the inhibition factor as the relative flux with

respect to the flux of hydrogen under hydrocarbon mixture,

obtained from the model with only mass transfer limitation

effects on the retentate side of the membrane, it was possible

to find a better estimation of the adsorption equilibrium

constant for the analyzed gases. The values obtained from

the fitting are reported in Table 1 per each hydrocarbon spe-

cies investigated in this work both for the double-skinned

and conventional membranes.
Table 1 e Hydrocarbons adsorption equilibrium
parameters obtained by fitting experimental results for
the DS and C membranes.

Hydrocarbon
species

Double-skinned
membrane (DS)

Conventional
membrane (C)

Ki0½ � � Eads½J =mol� Ki0½ � � Eads½J =mol�
C2H6 0.0464 52864 0.0124 41319

C2H4 0.2335 53903 0.1977 52417

C3H8 1.1019 63208 0.8142 60119

C3H6 1.6667 63524 1.3633 62584
Results and discussion

Membrane permeation properties: blank tests in H2 and
H2/N2

Single gas permeation tests
Pure hydrogen permeation experiments were performed to

estimate the pressure exponent n of the power law equation,

as reported in Section Pure hydrogen permeation (see Eq. (1)).

The hydrogen permeation for both membranes (DS and C)

was measured in a temperature range of 400e500 �C for

different transmembrane pressures, after their activation

in air.

Fig. 4 shows that themembranes have a linear trendwith a

pressure exponential factor n (see Eq. (1)) of 0.75 and 0.51 for

the DS- and the C- membranes, respectively. Therefore, the

best fit for the DS- hydrogen flux is found for an n-value that

deviates from the Sieverts law (0.5), indicating that the rate

limiting step for the analyzed DS-membrane is not bulk-

diffusion, rather it can be attributed to Knudsen diffusion in

the mesoporous protective layer [16,32].

Among the two membranes, the double-skinned has

better performance, showing a hydrogen permeance of

2.28 � 10�6 mol m�2 s�1∙Pa�1 at 500 �C and a pressure dif-

ference of 4 bar, compared to the one of the C- membrane,

which is equal to 1.56 � 10�6 mol m�2 s�1∙Pa�1, under the

same operating conditions. This could be related to the fact

that the DS-membrane has a thinner selective layer and a

higher content of silver on it; as already reported in literature,

the addition of Ag to Pd improves the hydrogen permeability,

with a 1.7 times larger permeation rate compared to pure

palladium [16,33].

Another important parameter to be estimated is the acti-

vation energy of Eq. (2), which relates the permeance to tem-

perature according to the Arrhenius relation. The natural

logarithm of the calculated permeances was plotted as a

function of 1/RT, for the different operating temperatures, and

by fitting these data to a linear relationship it was possible to

find activation energies and pre-exponential factors for the

two membranes, as shown in Fig. 5.

The values found for the activation energy are 7.81 kJ/mol

for the double-skinned and 11.21 kJ/mol for the conventional

membrane, within the range of reported values for supported

Pd-based membranes with similar thickness, ranging from

5.47 to 20.48 kJ/mol [18]. Those values are indicative of the

hydrogen permeance in all the different stages of the

permeation process, including hydrogen diffusion through

the bulk, the selective layer, and the support. The apparent

activation energy is therefore dependent on a quite large va-

riety of parameters such as thickness of the membrane,

amount of silver in the hydrogen selective layer and the

support material. Comparing the values for DS- and C-

membranes, the lower activation energy of the DS might be

attributed to the fact that the hydrogen must permeate

through the mesoporous protective layer in addition to the

palladium layer and the support, and this is in agreement

with its higher n value discussed above. In the mesoporous

protective layer, it is predominant the Knudsen-viscous

diffusion mechanism which is typically characterized by
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Fig. 4 e Measured hydrogen flux from 400 to 500 �C as a function of the hydrogen partial pressure for the DS (a) and C (b)

membranes.

Fig. 5 e Arrhenius plot based on the hydrogen permeance

at different T.
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lower values of activation energies compared to the solution-

diffusion mechanism in the PdeAg selective layer [20,34].

H2/N2 binary mixture tests
Following the single gas tests, binary mixture tests with

hydrogen and nitrogen were performed at 400 �C, 450 �C and

500 �C, keeping a constant 3 bar partial pressure of hydrogen

in the feed, atmospheric pressure in the permeate, and with a

total feed flow rate of 10 lSTP/min. The volume percentage of

N2 in the gas mixture was varied between 10 and 40%. The

purpose of these experiments was to investigate the effect of

concentration polarization on the hydrogen flux. To measure

the effect of the introduction of nitrogen, a relative flux was

calculated as the ratio between the flux in the H2/N2 case

compared to pure hydrogen. The relative fluxes versus the

percentage volume fraction of nitrogen are plotted for the two

membranes at the above-mentioned temperatures in Fig. 6.

From Fig. 6 it is evident that both membranes suffer from a

quite reduced flux even when the ratio of volume of N2/H2 is

only 10%. At higher operating temperatures, Pd-based mem-

branes are characterized by increased hydrogen fluxes. The

higher the amount of hydrogen that permeates, the higher the

mass transfer limitation effect. This is shown by the more

prominent reduction in the relative flux at higher temperature

because of concentration polarization. Even though the DS-

membrane has a higher H2 flux through the thinner selective

layer (see Fig. 4), and the additional mesoporous protective
layer which increases themass transfer resistance, its relative

flux is only 2% lower than the one measured for the C-

membrane. Thus, the concentration polarization experienced

by the DS- membrane is comparable to the one of the C-,

under the analyzed operating conditions.

Membrane performance in PDH conditions: H2/CxHy

mixtures

Several binary mixtures tests were performed to evaluate and

compare the behavior of the double-skinned membrane with

the conventional PdeAg membrane, when exposed to hydro-

carbons, both alkanes and alkenes. These alkanes and alkenes

are known to be adsorbed on the Pd-based selective surface

layer, on which theymay dissociate leading to coke formation

[14,15]. Therefore, stability tests over time were carried out to

address the DS- and C- membranes performance and their

resistance towards coke formation, as well as to assess

whether or not the addition of the protective layer on the se-

lective one would affect the membrane activity and lifetime

during exposure to hydrocarbons. The results are plotted in

terms of relative hydrogen flux to allow for a direct compari-

son of the flux obtained for both membranes under the

different operating conditions analyzed. The relative flux

corresponds to the measured H2 flux at each cycle of the test

normalized by the flux obtained under pure hydrogen for

equal conditions of temperature.

Membrane performance under alkane exposure
The results obtained for binary mixture tests carried out at

400 �C with ethane and propane as hydrocarbons are reported

in Fig. 7a and b respectively, for bothmembranes investigated.

Once steady state values of hydrogen flux were reached for

both membranes, after almost 80 min under pure hydrogen

exposure, nitrogen was introduced in the mixture with a

concentration of 20 vol%. The introduction of nitrogen in the

feed mixture leads to the expected reduction in hydrogen flux

due to mass transfer limitation (see Section H2/N2 binary

mixture tests). As soon as the nitrogen is removed, H2 flux is

immediately restored. The introduction of C2H6 and C3H8 in the

feed mixture, with a volumetric concentration of 20%, leads to

an almost immediate drop in H2 flux, reaching values lower
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Fig. 6 e Relative H2 flux as a function of the vol% of N2 in the binary mixtures at 400 �C, 450 �C and 500 �C, PH2,ret of 3 bar and

Pperm of 1 bar, for the DS (a) and the C (b) membranes.

Fig. 7 e Relative H2 flux in time through the DS and C membranes, under exposure of H2/C2H6 (80/20 vol%) (a) and H2/C3H8

(80/20 vol%) (b), with T ¼ 400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar.

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 7 ( 2 0 2 2 ) 1 1 3 6 9e1 1 3 8 4 11377
than the ones under H2/N2 mixture of almost 10% and 15% in

case of ethane and propane, respectively. This is explained by

the fact that, in case of an alkane, not only concentration po-

larization is affecting the membrane flux, but also an adsorp-

tion of the hydrocarbon molecules on the membrane surface,

reducing the available surface sites for hydrogen dissociation.

Modeling results confirm this observation (see Section

Comparison between experiments and modeling): the flux

predicted by the model, when considering only mass transfer

limitations on the retentate, is almost 16% and 35%higher than

that obtained under competitive adsorption of C2H6 and C3H8,

respectively, for both the C- and DS- membranes. More spe-

cifically, in case of the DS- membrane, the model predicts a

flux of 0.2378 mol s�1 m�2, when only mass transfer resistance

in the retentate is described, and a flux of 0.1515 mol s�1 m�2,

when adding the competitive adsorption, with C3H8 in the

mixture. However, when removing ethane and propane and

continuing the pure hydrogen permeation, a fast and complete

recovery of hydrogen flux in the two different membranes is

observed. The fact that the hydrogen flux does not decrease

over time under alkanes exposure and that it can be fully

recovered indicate that the interaction between the alkane and

the palladium surface is reversible and it does not lead to coke

formation. Thus, it is concluded that in case of exposure to

alkanes no major interactions with the protective layer takes
place and no coke is formed on it (for DS- membrane) and on

the membrane surface (for both C- and DS- membranes).

Membrane performance under alkene exposure
Fig. 8a and b shows the hydrogen flux obtainedwhen exposing

the membranes to hydrogen/ethylene and hydrogen/propyl-

ene mixtures, respectively; the behavior of the membranes

tested is compared at 400 �C and keeping the retentate at 3 bar.

Switching from pure H2 to H2/N2 mixtures results again in

an expected drop to steady values of hydrogen flux due to

concentration polarization; returning to pure hydrogen the

initial flux is restored, as already observed in previous tests.

This confirms that the membranes performance is compara-

ble with the previous tests.

When the membranes are exposed to a mixture of 80 vol%

H2 and 20 vol% C2H4 (Fig. 8a) a different behavior emerges

compared to the hydrogen/alkane mixture. The presence of

ethylene leads to a transient decrease in hydrogen flux, which

is more evident for the DS- than the conventional C- mem-

brane, with an average deactivation rate of 0.011 and

0.0044 mol m�2∙min�1, respectively. This trend indicates that

the active hydrogen adsorption sites on the membrane sur-

face are inhibited in the presence of alkene molecules. More-

over, after removal of C2H4 from the feed it is evident that it is

not possible to restore the initial performance by feeding pure
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Fig. 8 e Relative H2 flux in time through the DS and Cmembranes, under H2/C2H4 (80/20 vol%) (a) and H2/C3H6 (80/20 vol%) (b)

exposure, with T ¼ 400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar.
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hydrogen, with the DS- membrane showing the lowest re-

covery. After almost 60 h under hydrogen exposure, the DS-

membrane can recover 83.5% of its initial flux, compared to

the 98% recovery of the C- membrane. This may indicate

either that the alkene molecules cannot desorb under the

adopted conditions or that theirmolecular dissociation occurs

on the membrane surface under PDH conditions, leading to

coke formation.

Similarly, feeding propylene to the membranes leads to a

severe decrease in flux (Fig. 8b), with a slightly deactivating

trend for the DS- and almost steady state for the C- mem-

brane. After regeneration in H2 for 20 h, it was possible to

recover 84% and 96% of the initial DS- and C- membrane ac-

tivity, respectively. The lower recovery observed for the DS-

membrane under pure H2 exposure could be explained by an

increased coke deposition or adsorption of alkene molecules

on themembrane surfacee being their removal more difficult

due to the presence of the ceramic protective layer.

To restore the initial performance of themembranes it was

necessary to reactivate them with air (O2/N2: 20/80 vol%) at

400 �C and atmospheric pressure, for 2 min.

It can be concluded that, in both cases of ethylene and

propylene dehydrogenation, the presence of the protective

layer shows not to play a significant role against deactivation

mechanism during exposure to the hydrocarbons, leading to

less resiliency to recovery the initial activity under exposure

to pure H2. The main responsible of coke formation due to

alkenes dissociation is the metallic membrane surface,

rather than the ceramic protective layer as it will be

confirmed later by the post characterization results (Section

Post characterization).

Effects of operating temperature
Coking effects tend to increase in severity and rate at higher

operating temperatures while adsorption generally decreases

with temperature [12,35,36]. For this reason, it is likely that

coking effects are even more predominantly visible at higher

temperatures [15].

Fig. 9a and b summarize the measured hydrogen flux as

function of operating temperature, for both the DS- and C-

membranes, respectively, under hydrogen/propylene mixture.

The reduction in hydrogen flux becomes more evident at

higher operating temperatures, and at 425 �C the transient
deactivation trend under exposure to the alkene is experi-

enced even by the C- membrane (Fig. 9b). At 450 �C, both

membranes show the most severe deactivation trend, reach-

ing values of hydrogen flux 90% lower than their initial per-

formance with a similar deactivation rate of 0.01 mol/

m�2∙min�1 on average. Moreover, the recovery of the initial

activity in pure H2 (fromminutez 600 in both figures) tends to

be higher for lower temperatures because of the lower extent

of coking on themembranes surface for both the DS and the C

membranes. These data confirm that the most predominant

mechanism for membrane deactivation at high temperature

is carbon formation on the membrane surface rather than

adsorption of C3.

Effects of H2/C3H6 ratio
In this section, the coke formation is investigated for different

hydrogen to propylene ratios and a comparison of the mem-

brane's behavior is provided. These experiments were con-

ducted at 450 �C since at this temperature the coking effect

was observed to be the most predominant.

Fig. 10a and b shows that the hydrogen flux for the

different hydrogen to propylene ratios follows similar trends

for the analyzed membranes. The ratio between these two

gases appears to have a significant influence on the mem-

brane performance. With less than 10 vol% of propylene, the

hydrogen flux reaches a steady state quite soon after exposure

to the binarymixture.When removing the propylene from the

gas mixture, the initial hydrogen flux is obtained quite fast.

This indicates that at lower concentrations of alkenes, the

mass transfer limitations and reversible interactions between

the alkene and the membrane are more predominant than

coking. On the contrary, above 10 vol% of propylene, a

decrease in hydrogen flux over time is observed, with no

possibility of restoring the initial values under pure hydrogen

exposure. These decreases are therefore attributed to the

decomposition of propylene on the palladium layer of the

membranes, resulting in membrane coking.

Comparison between experiments and modeling

The experimental data are compared withmodeling results to

assess the observation gained analyzing the experimental

trends of hydrogen flux under alkane/alkene exposure. The
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Fig. 9 e Relative H2 flux in time through the DS (a) and C (b) membranes as function of operating temperature, under H2/C3H6

exposure, with Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar.

Fig. 10 e H2 flux in time through the DS (a) and C (b) membranes under H2/C3H6 exposure, at 450 �C, Pretentate ¼ 3 bar and

Ppermeate ¼ 1 bar.
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model includes expressions for mass transfer limitation ef-

fects on the retentate, accounting for a reduced partial pres-

sure of hydrogen on the membrane surface, and competitive

adsorption of the hydrocarbons present in the mixture. This

last phenomenon is modelled through adsorption equilibrium

constants fitted for the different gases, with values for the pre-

exponential factor and adsorption energy reported in Table 1

(see Section Modeling of competitive adsorption effect on

membrane surface).

Fig. 11 shows the comparison between experimental data

and modeling results obtained for the double-skinned (a) and

the conventional PdeAg (b) membranes, during H2eC2H6 bi-

nary mixture tests at 400 �C.
The values for the pre-exponential factor and adsorption

energy of the ethane adsorption equilibrium constant were

obtained assuming one adsorption site (n¼1) on both mem-

branes. This means that the C2H6 molecule makes one

adsorption site unavailable for hydrogen according to the

following proposed adsorption mechanism (with S being the

site):

C2H6 þS/C2H6 � S (22)

Even if the surface coverage of ethane indicated by the

predicted number of adsorption sites is small, the experi-

mental results show that this inhibition effect on hydrogen

adsorption, combined with the mass transfer limitation on
the membrane bulk, is still rather strong and cannot be

neglected. In addition, the higher adsorption energy of ethane

on the double-skinned membrane, compared to the one on

the PdeAg membrane, justifies the bigger drop in hydrogen

flux experienced for this membrane.

Fig. 11 shows that the experimental values of hydrogen flux

are in good agreement with the model results, when only

adsorption mechanisms of the ethane molecule are consid-

ered, meaning that no coke is formed on the membrane

surface.

When propane is considered, the parameters of the

adsorption equilibrium constants for this molecule were ob-

tained considering a number of adsorption sites n equal to 3

on both the DS and the C membranes [36]. The corresponding

adsorption mechanism of C3H8 molecule is reported below:

C3H8 þ3S/C3H8 � S3 (23)

Each molecule of propane blocks 3 adsorption sites for

hydrogen, with higher adsorption energies than the one ob-

tained for ethane, as reported in Table 1 (see Section Modeling

of competitive adsorption effect on membrane surface).

Thus, propane leads to a higher surface coverage on the Pd-

alloyed membranes than the ethane molecule, leading to a

stronger inhibition of the hydrogen adsorption. Those obser-

vation are in line with the bigger drop in hydrogen flux

experienced for H2/C3H8 mixture tests (Fig. 7b). However, also
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Fig. 11 e Comparison between modeling and experimental results for the hydrogen flux obtained under C2H6 exposure, at

400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar, for the DS (a) and C (b) membranes.
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in case of propane, if only competitive adsorption is consid-

ered, the model reproduces the experimental results within a

reasonably good accuracy keeping the errors below 5%, for

both the membranes simulated, as shown by Fig. 12.

Therefore, it is possible to conclude that the model con-

firms the absence of coke formation under alkane exposures,

providing an accurate fit for the hydrogen flux through the

membranes investigated in this work under ethane and pro-

pane exposure.

In Fig. 13, the experimental results obtained during

H2eC2H4 binary mixture tests at 400 �C are compared with

model results for both the double-skinned (a) and the con-

ventional PdeAg (b) membranes.

When considering this molecule, the adsorption equilib-

rium parameters (see Table 1 in Section Modeling of

competitive adsorption effect on membrane surface) were

obtained by fitting the experimental results with a number of

adsorption sites n equal to 2 on both membranes. Considering

the same surface coverage, the flux inhibition is more evident

for the DS- membrane due to the higher adsorption energy

compared to the C- membrane. This agrees with the more

evident deactivation trend measured experimentally for the

DS- than the C- membrane, which cannot be predicted by the

model, as shown in Fig. 13a, if only competitive adsorption is

considered.

When propylene is considered, the constant values of the

adsorption equilibrium constants for this molecule were
Fig. 12 e Comparison between modeling and experimental resu

400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar, for the DS (a) and
obtained with a number of adsorption sites n equal to 3 on

both the DS and the C membranes, as found for propane [36].

The value of adsorption energy obtained for C3H6 molecule on

the double-skinned and conventional PdeAg membranes is

slightly higher than the one of C3H8, considering the same

surface coverage for the two molecules. This implies a higher

inhibition of the hydrogen flux due to competitive adsorption.

However, in both cases, in presence of the alkene molecule,

adsorption is not the only responsible of membrane flux in-

hibition; as shown by Fig. 14, the flux predicted by the model

cannot fit the deactivation trend obtained when feeding H2/

C3H6 (min.z 200e600) as well as the permeation values under

pure hydrogen flux obtained after the hydrocarbon exposure

(min. > 700) e when the membrane is clearly deactivated and

does not recover its initial performance.

As a conclusion, under C- and DS- membrane alkene ex-

posures the model is not able to fit experimental data, point-

ing out coke formation which is not efficiently removed even

in the case the alkene is taken off from themixture (i.e., under

pure H2).

Post characterization

As a final step in the experimental work, a coked double-

skinned membrane was analyzed using SEM e EDX analysis

in order to detect the presence of coke in the selective and/or

in the protective layer. The coking of the membrane was
lts for the hydrogen flux obtained under C3H8 exposure, at

C (b) membranes.
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Fig. 13 e Comparison between modeling and experimental results for the hydrogen flux obtained under C2H4 exposure, at

400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar, for the DS (a) and C (b) membranes.

Fig. 14 e Comparison between modeling and experimental results for the hydrogen flux obtained under C3H6 exposure, at

400 �C, Pretentate ¼ 3 bar and Ppermeate ¼ 1 bar, for the DS (a) and C (b) membranes.
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performed with a H2/C3H6 mixture (60/40 mol%) at 450 �C,
keeping the retentate at 3 bar and the permeate at 1 bar, as

coking effect was found to be the most severe at these oper-

ating conditions in the earlier experiments. The membrane

was exposed to these conditions for over 30 h. After this

period, the membrane proved to have a severely reduced

permeate flow which was also steady over time. Once the

double-skinned membrane was removed from the reactor
Fig. 15 e SEM (a) and EDX (b) image of the dens
flange, it was prepared to be analyzed as follows. A small piece

ofmembranewas cut, and the dense layerwas peeled off from

the support to analyze its surface and composition with SEM

and EXD.

Two SEM-EDX images are shown for the top layer (pro-

tective and selective) of the coked double-skinnedmembrane.

Fig. 15 shows the characterization results of a flawless zone on

the top layer (protective ceramic layer); Fig. 16 represents the
e layer surface of the coked DS membrane.
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Fig. 16 e SEM (a) and EDX (b) image of the scratched dense layer surface of the coked DS membrane.
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results obtained for the dense selective PdeAg layer from

which the protective layer has been removed during the

sample preparation.

In the former, oxygen and aluminum are retrieved over the

whole surface with high atomic concentrations, 66% and 14%

respectively, as an indication for g-Al2O3, while palladium and

silver of the underlying selective layer are detected in lower

amounts (5% and 0.8% respectively). In the latter, the darker

areas in Fig. 16a mainly consist of oxygen and aluminum,

representing the protective ceramic layer. The lighter areas in

Fig. 16a show the presence of high concentrations of palla-

dium, silver and carbon (Fig. 16b), representing the hydrogen

selective PdeAg layer where coke is deposited on. It is worth

noticing that carbon is only detected on the edges of the

hydrogen selective layer in quite high atomic concentration of

around 52%,while it is almost absent on the protective layer of

the double-skinned membrane, as shown in Fig. 14b, with a

corresponding atomic concentration of 4.2%. It is therefore

concluded that coke formation occurs in the PdeAg layer and

it is more pronounced at its edges. This explains why it is

more difficult to regenerate the coked membranes with pure

hydrogen in the case of the DS- membrane compared to the

other; the hydrogen is more sterically hindered because the

coke is less accessible than in the conventional PdeAg

membrane.

Although this analysis gives some insights on locating the

carbon formed on a DS-membrane exposed to PDH reaction

conditions, it must be considered as a preliminary investiga-

tion, and amore detailed characterizationworkwill be further

undertaken.
Conclusions

The behavior of a novel double-skinned membrane for

hydrogen separation has been assessed under light hydro-

carbon exposure, to evaluate the possible protection to coke

formation by the porous layer present on top of the selective

substrate. Results in terms of hydrogen flux have been

compared with the ones retrieved from a non-protected
PdeAg membrane, tested simultaneously under same condi-

tions. Several hydrogen/hydrocarbon mixtures were investi-

gated, for both alkanes and alkenes, at different operating

temperatures. The experimental results show stable perfor-

mance for both the double-skinned and the non-protected

PdeAg membranes under alkanes exposure; the alkanes

adsorb on the membrane surfaces with no further decompo-

sition into carbon species and both membranes can restore

immediately the initial hydrogen flux as soon as the alkane is

removed from the mixture. Under alkenes exposure, a tran-

sient deactivation trend of hydrogen flux is observed, due to

the decomposition of those molecules on the membrane

surfaces. The experimental results are then fitted with a

model, developed to describe the hydrogen flux through Pd-

based membranes (with and without the protective layer)

under concentration polarization and competitive adsorption

in binary mixtures. The model predicts well hydrogen fluxes

for both membranes in presence of alkane mixtures, while

deviates from the experimental results obtained under al-

kenes exposure. This suggests that the main factor for mem-

brane deactivation under alkene exposure is carbon

deposition on the surface of the selective layer, which has

been observed by Scanning Electron Microscopy (SEM)/Energy

Dispersive X-Ray Analysis (EDX) on the DS-membrane.

Even though the double-skinned membrane shows

outstanding H2 permeances (2.28 � 10�6 mol m�2 s�1∙Pa�1

measured at 500 �C and 4 bar of pressure difference) compared

to the conventional one (1.56 � 10�6 mol m�2∙s�1∙Pa�1), its

performance is comparable to the non-protected membrane

under alkane/alkene exposure. It seems that the presence of

the protective layer does not play a significant role against

deactivationmechanism during exposure to the hydrocarbons,

and it makes more difficult to recover the initial activity under

exposure to pure hydrogen. Nevertheless, this novel double-

skinned membrane presents advantages over the conven-

tional PdAg membrane, due to the beneficial effect of the pro-

tective layer againstmechanical erosion by particle attritions in

fluidized beds, which have been already proven for other ap-

plications andwill be investigated in detail for PDH.Meanwhile,

new solutions to improve the resistance to coke formation are

https://doi.org/10.1016/j.ijhydene.2021.09.252
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being investigated varying the geometry (pore size distribution)

and material composition of the protective layer.

Finally, the kinetics of coke formation on the membrane

surface under hydrocarbon exposure will be experimentally

investigated to be included in themodel for a better prediction

of membrane behavior under alkene exposure.
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