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Membrane reactor processes are being increasingly proposed as an attractive solution for

pure hydrogen production due to the possibility to integrate production and separation

inside a single reactor vessel. High hydrogen purity can be obtained through dense metallic

membranes, especially palladium and its alloys, which are highly selective to hydrogen.

The use of thin membranes seems to be a good industrial solution in order to increase the

hydrogen flux while reducing the cost of materials. Typically, the diffusion through the

membrane layer is the rate-limiting step and the hydrogen permeation through the

membrane can be described by the Sieverts’ law but, when the membrane becomes

thinner, the diffusion through the membrane bulk becomes less determinant and other

mass transfer limitations might limit the permeation rate. Another way to increase the

hydrogen flux at a given feed pressure, is to increase the driving force of the process by

feeding a sweep gas in the permeate side. This effect can however be significantly reduced

if mass transfer limitations in the permeate side exist. The aim of this work is to study the

mass transfer limitation that occurs in the permeate side in presence of sweep gas. A

complete model for the hydrogen permeation through PdeAg membranes has been

developed, adding the effects of concentration polarization in retentate and permeate side

and the presence of the porous support using the dusty gas model equation, which com-

bines Knudsen diffusion, viscous flow and binary diffusion. By studying the influence of

the sweep gas it has been observed that the reduction of the driving force is due to the

stagnant sweep gas in the support pores while the concentration polarization in the

permeate is negligible.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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ons LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Climate change is a global challenge that does not respect

national borders. Emissions anywhere affect people every-

where. It is an issue that requires solutions that need to be

coordinated at the international level and it requires inter-

national cooperation to help developing countries move to-

ward a low-carbon economy. To address climate change,

countries adopted the Paris Agreement at the COP21 in Paris

on 12 December 2015. The Agreement entered into force less

than a year later. In the agreement, all countries agreed to

work to limit global temperature rise to well below 2� Celsius,
and given the grave risks, to strive for 1.5 �C [1].

Implementation of the Paris Agreement is essential for the

achievement of the Sustainable Development Goals, as it

provides a roadmap for climate actions that will reduce

emissions and build climate resilience. Since it is generally

accepted by the scientific community that human activities

are responsible for global warming and climate changes, a lot

of efforts has been done in finding ways to reduce emissions

while meeting the increasing energy consumption all over the

world. In fact, due to the increasing world's population and

because of globalization, it is clear that the global energy

consumption is still going to increase in the next years.

Despite the efforts and the agreement that have been

recently done by many countries to reduce the impact of

human activities, most of the world energy demand still

comes from fossil fuels, as a consequence, the word CO2

emissions are still increasing, passing from 20508.95 Mt in

1990e32294.21 Mt in 2017 [2].

While the energy-related CO2 emissions of developed

countries has decreased or at least has been constant in the

last years, the one of developing countries have increased.

Actually, China has adoptedmany green policies recently and,

as a consequence, its emissions are not increasing steeply

anymore [3]. On the contrary, looking at India's CO2 emissions,

it is evident that the trend is increasing and it will continue to

increase also in the next years. In fact, the exploitation of

fossil fuels gives the possibility to start the development itself,

because it is the cheapest and easiest way to produce energy

at the beginning. Developed countries did the same in the past

with the only difference that at the time it was not knownhow

to do it in a different way and which were the inevitable

consequences of that behaviour.

One of the most announced energy carrier able to substi-

tute fossil fuels is hydrogen. Hydrogen is an excellent energy

storage and is considered as an alternative fuel since it can be

generated from clean and green sources and themain product

of combustion is water. However, nowadays a very low per-

centage of hydrogen is produced from renewable sources

through water electrolysis while the rest is still derived from

fossil fuels.

This work belongs to a European project named HyGrid

which stands for flexible hybrid separation system for

hydrogen recovery fromnatural gas grids. The idea behind the

project is the possibility to take advantage of the renewable

peak which sometimes does not match with the energy de-

mand, in order to produce hydrogen from electrolyzers. The

hydrogen could send later to the natural gas grid in order to
avoid building an infrastructure for storing the hydrogen.

Moreover thewide extension of the natural gas grid, especially

through Europe could be exploited to distribute hydrogen. The

aim of the project is the separation of the H2 from the natural

gas grid with a very low hydrogen concentration.

This can be achieved efficiently by using hydrogen-

selective Pd based supported membranes.

The commercialization of pure palladium membranes is

still limited by several factors [4]:

� pure palladium membranes undergo the embrittlement

phenomenon when exposed to pure hydrogen at temper-

atures below 300 �C.
� pure palladium membranes are subjected to deactivation

by carbon compounds at temperatures above 450 �C.
� pure palladium membranes are subjected to irreversible

poisoning by sulphur compounds.

� the cost of palladium is high.

The palladium membranes are still very expensive but it is

possible to reduce the Pd layer thickness in order to reduce

their cost and increase the permeated flux reducing conse-

quently the number of membranes. Palladium is usually

alloyed with a metal to increase permeability and reduce the

effect of hydrogen embrittlement, and silver is currently the

most popular alloy [5]. Since self-supported Pd membranes

are not suitable for membrane reactor applications due to

their large thickness and thereby low fluxes, by supporting the

metal membrane with porous ceramic substrates, the thick-

ness can be reduced to only several micrometers without

compromising stability. The hydrogen flux which passes

across the membrane is inversely proportional to the mem-

brane thickness [6]. For this reason, thin membranes can

decrease the material cost while offering superior hydrogen

fluxes. The relatively high costs of palladium and the neces-

sity to increase hydrogen permeability are indeed driving

more and more efforts to fabricate ever thinner membranes,

which need an opportune support for acquiring the necessary

mechanical resistance. In fact, thin membranes do not have

sufficient mechanical strength and require a porous support.

Important is also the support pore diameter which must be

small enough to allow proper palladium deposition. On the

contrary, the smaller the support pores the higher the resis-

tance to hydrogen permeation and not good adhesion of the

Pd layer. A good solution lies in the asymmetric supports

which presents at least two main regions with different pore

size: a layer with smaller pore size and a region with micro-

channels of larger pore sizes. This area ensures the neces-

sary mechanical strength of the palladium membrane while

the area with smaller pore size allows a proper deposition of

the palladium layer [7].

There are two possible ways to increase the permeation of

hydrogen at fixed feed pressure: decreasing the thickness of

the membrane or increasing the driving force (difference in

partial pressure) of the process by the application of a vacuum

pump in the permeated side to reduce downstream mem-

brane pressure [8]. Another potential alternative is to decrease

the hydrogen molar fraction feeding sweep gas in the

permeate [9,10]. Indeed, the higher is the amount of sweep gas

fed, the lower is the hydrogen partial pressure in the permeate

https://doi.org/10.1016/j.ijhydene.2018.12.137
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and so the higher is the hydrogen permeated flux [11]. Two

configurations are possible in this case: co-current and

counter-current configurations. The best configuration is the

counter-current one because it leads to higher hydrogen

recovery.

Some literature works [12e14] suggest a negative influence

of the sweep gas on hydrogen permeance because of a higher

H2 partial pressure in the pores near the Pd layer. This effect

was considered by Li et al. [15] who calculated the trans-

membrane resistance from experimental results and

compared to concentration polarization in the retentate and

permeate side. Pinacci and Drago [11], were the first ones to

adopt the dusty gas model in the description of the support

mass transfer due to the sweep gas in a Pd membrane. The

equation of the dusty gas model as mass transport in porous

media through a stagnant gas was firstly described by Unal

[16]. The work of Pinacci focuses on pure hydrogen test in

presence of nitrogen as sweep gas. The equations adopted

were used for a better understanding of the support resistance

in presence of sweep gas. This work aims at giving more

insight into the real effect of the sweep gas to increase the

driving force in a membrane. A model able to predict the

experimental results has been developed considering

counter-current sweep gas. Themodel includes concentration

polarization in the retentate and permeate side, described

through a Sherwood correlationwhile themass transfer in the

porous support has been described considering the dusty gas

model for the porous support. The work focuses on the com-

parison of experimental and modeling results taking into ac-

count the different contributions of the mass transfer: in the

retentate side, the porous support and in the permeate side,

along with the dense Pd layer.

This study has been carried out for different experimental

conditions, type of mixture considered, support thickness,

pressure, hydrogen concentration in the retentate side and

amount of sweep gas.
Experimental

Membrane preparation

Three different asymmetric alumina tubular supports were

used for membrane preparation and further experimental
Fig. 1 e Palladium-silver ceramic supported membranes tested i

top. Membrane 2 is at the left side while Membrane 3 is at the
comparison of the deposited Pd selective layer according to

their mass transfer contribution. All the substrates/supports

were provided by Rauschert Kloster Veilsdorf and the

external/internal diameter used were 10/7, 10/4 and 14/7 mm

and external pore size of 100 nm. 14/7 mm support has a one

end closed (or finger-like configuration). Before starting with

anymembrane preparation process, the porous ceramic tubes

were connected to dense ones for proper handling of the

substrates as reported by Fernandez et al. [17]. Selective layers

were deposited onto the ceramic supports by electroless

plating co-deposition process of Pd and Ag; using the same

conditions of temperature and reagents reported in a previous

work. By controlling the plating times, different thickness can

be achieved. In this study, 90 min was the plating time used

for the 10/7mmsupport, while 2 h and 45minwere chosen for

10/4 and 14/7 supports. Annealing treatment at 550 �C for 4 h

was performed after the PdeAg deposition step.

The three membranes prepared for this study were labeled

as membrane 1, 2 and 3 for 10/7, 10/4 and 14/7 mm supports,

respectively.

Thickness was analysed by Scanning Electron Microscope

(SEM). Membrane 1 showed a selective layer of 1.68 mm,

whereas Membrane 2 and Membrane 3 showed thicker layers

(2e3 mm) due to longer deposition times.

Finally, membranes have been sealed with graphite gas-

kets and Swagelok connectors. Different torques have been

applied taking into account the diameter of the support. In

Fig. 1 it is possible to see the membranes after sealing. Before

starting the experiments, the PdeAg ceramic supported

membranes were be sealed to be integrated into the reactor.

The membranes were sealed with standard Swagelok con-

nections as described in a previous paper [17]. The sealingwas

then tightened using a force wrench until a maximum that

depends on the thickness of the ceramic support. In partic-

ular, to avoid that the support breaks, for the 10/4 (outer

diameter e inter diameter) supports the maximum torque

that can be applied is around 10 N*m, for the 10/7 supports the

maximum is up to 7 N*m, while for the 14/7 supports the

maximum is up to 12 N*m. The same procedure was per-

formed for the other outer end of the membrane with the

exception of the finger-like membranes, which need only one

sealing. After the sealing procedure, the membranes were

tested with helium/ethanol in order to detect the leakages

from both the sealing and the PdeAg surface. The leakages
n this work. Membrane 1 is depicted on the right side at the

right on the bottom.

https://doi.org/10.1016/j.ijhydene.2018.12.137
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tests were performed with helium at a pressure difference of

0.5 bar across the two sides of the membrane. The flow meter

is then able to measure the quantity of helium which can

permeate through the membrane. If this value is higher than

zero, after stabilization, it means that there are leakages.

Permeation setup

A schematic representation of the permeation setup is depic-

ted in Fig. 2.Differentmassflowcontrollers, suppliedbyBrooks

Instruments, regulate process gases and permeate feed flow in

the working range between 0 and 5 l/min. The inlet gases to be

fed are H2, N2, He and CH4. The inlet gases are heated up in a

cylindrical reactor with a diameter of 4.2 cm and a length of

42.5 cm. The membrane is sealed to the flange of the reactor

and it is located in the middle of the reactor. Process gases are

fed to the shell side of the membrane while sweep gas is fed

counter-current to the lumen side of the membrane. The

permeate side is at atmospheric pressurewhile the inlet of the

retentate side is controlled through a back-pressure regulator

supplied by Bronkhorst. The reactor is placed in an electrically

heated oven where the membrane and the process gases are

heated up to the operating temperature. Two thermocouples

are located in the retentate and permeate side of the mem-

brane to measure the temperature of the system. An acquisi-

tionandcontrol systemregulates themainprocessparameters

suchas temperature andpressure, interfacedwitha computer.

A soapbubbleflowmeter fromHoribastechasbeenused for the

pure gas measurements and a micro-GC from Agilent model

4900 for analyzing the mixture with and without sweep gas in

order to evaluate the hydrogen purity.

Pure gas tests

Once the sealing is checked and no leakages are detected, the

membrane has been installed in the reactor and the N2

permeation has been tested at room temperature to measure

the membrane leakages at 5 bar.
Fig. 2 e Schematic represe
Afterward, the reactor was heated up to 450 �C with a step

of 3 �C/min under a nitrogen atmosphere to avoid embrittle-

ment and possible pinhole formation [18].

The N2 is measured during the heating of the reactor to

detect leaks. Theoretically, if the leaks are between 2 and

50 nm, the N2 permeation should decreasewith increasing the

temperature because of Knudsen mechanism of permeation.

Once the reactor reached the desired temperature, the

membrane has been activated by feeding the reactor with air

at atmospheric pressure for 2e3 min. This step can increase

the permeance by 25e90% compared to non-activated mem-

branes because the impurities present on the surface of the Pd

layer (due to the chemicals used during membrane prepara-

tion) are burned off in presence of oxygen.

Finally, the set-up was left under hydrogen atmosphere

until the permeance was steady. This operation could last

some hours up to a few days, depending on the different types

of membranes.

When the H2 permeation was stable, hydrogen and nitro-

gen permeation tests were performed under pure hydrogen

environment and a pure nitrogen environment. The permeate

pressure was fixed at 1 bar (atmospheric pressure), except for

the vacuum case in which 100 mbar has been used, while the

retentate has been varied between 1.5 and 5 bar. The tem-

perature of the reactor was changed between 480 and 380 �C.
The volume flow rates of the permeated gases were measured

with the flow meter. The results were used to determine

selectivity, permeance and partial pressure exponent in the

Sieverts law.

Experiments with mix gases

Different mixtures such as H2eCH4, H2eN2 and H2eHe have

been tested, as a function of the hydrogen molar fraction and

the pressure of the retentate side. Table 1 summarizes the

operating conditions of the experiments performed. The pu-

rity of the permeated hydrogen has been measured for all the

experiments. The micro GC has been used for detecting the
ntation of the setup.

https://doi.org/10.1016/j.ijhydene.2018.12.137
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Table 1 e List of experiments performed with mixtures.

Type of
mixture

H2 molar
fraction

Pressure difference
[bar]

H2eCH4 50% 4

H2eN2 70% 3

H2eHe 90% 2
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hydrogen permeance and purity. Mixture tests were per-

formed at 400 �C.
Themain purpose of the tests withmixtures is to study the

influence of themass transfer limitations in the retentate side

at different mixtures and different pressures.

Experiments with sweep gas

In order to increase the permeation of hydrogen it is necessary

to increase the driving force which, according to the Sieverts’

law, depends on the partial pressure difference across the Pde

Ag membrane. Feeding sweep gas in the permeate side of a

membrane is an interestingway to reduce the partial pressure

of the hydrogen in the permeate.

The influence of the sweep gas on the hydrogen recovery

factor (HRF) and puritywas study by feeding the sweep gas in a

counter-current way meanwhile mixtures have been fed in

the retentate side of the membrane. H2eCH4 and H2eHe (H2

molar fraction from 10 to 90%) have been used in the retentate

side as mixture while N2 has been used as sweep gas. Sweep

gas tests were carried out at 400 �C.
Modeling of palladium membranes

Sieverts’ law

In order to simulate the membrane, a model has been devel-

oped. It divides the PdeAg membranes into 150 cells in the

axial direction and it applies the Sieverts law in each cell in

order to calculate the permeated flux.

JH2 ¼ Pm

�
pn
H2ret � pn

H2perm

�
A (1)

In Eq (1), Pm is the hydrogen permeance, pn
H2ret, p

n
H2perm are the

partial pressure of hydrogen at the retentate and permeate

side, respectively n, is the exponent indicating what the

limiting step is, when diffusion in the Pd bulk is limiting, this

exponents equals 0.5. A is the membrane area. The per-

meance is obtained from the Arrhenius law:

Pm ¼ P0e
�Ea

RT

where the P0 is the pre-exponential, Ea the activation energy

and T is the membrane temperature. The enter parameters

are the total molar flow rate JH2, the hydrogen molar fraction,

the feeding and permeate absolute pressures, the operating

temperature, the permeability of hydrogen, the permeability

of the impurities, the exponent of the Sieverts law and the

area of the membrane.
Mass transfer limitation in the retentate side

A model for the simulation of the membrane has been

developed to study the mass transfer limitation in the reten-

tate, porous support and permeate side. The mass transfer

limitation on the retentate side (also called concentration

polarization) is mainly due to the lower hydrogen concentra-

tion on the palladium surface compared to the bulk, obtained

when the mass transfer rate in the gas phase is slower than

the one in the Pd bulk. In presence of mixtures, such as CH4,

the high H2 flux through Pd membrane results in an accu-

mulation of CH4 and a depletion of H2 in the boundary layer

near the surface of the membrane. The partial pressure at the

retentate side could be estimatedwith a Sherwood correlation

which allows the calculation of the mass transfer coefficient

for the mixture considered. The Maxwell-Stephan equation

has been considered for taking into account multi-

components system. A stagnant-film model is described by

the sum of molecular and convective contributions to the

mass flux as it is possible to see in Eq. (2).

NH2
¼ JH2

þ xH2

XN
i¼1

Ni (2)

The choice of the Maxwell-Stephan equation relies on the

conditions of the experiments performed. Since in the reten-

tate side, a mixture of gases is fed while in the permeate side,

the sweep gas is used, a multi-components approach is

required for a proper description of the system in case of

larger impurities permeation. To achieve a better estimation

of the partial pressure of hydrogen at wall, the zero rate mass

transfer coefficient, is adjusted for a non-zero flux [19]. The

correction is based on the stagnant-film model. With the

stagnant-filmmodel and the Fick's law, the partial pressure of

hydrogen at the membrane surface was estimated based on

the bulk phase pressure and zero mass transfer coefficient.

When only the hydrogen flux is considered, as stated in Eq. (3)

and the Fick's law (4) is considered, it is possible to derive Eq.

(5). The continuity equation states the flux does not change at

steady state according to Eq. (6). While Eq. (7) is obtained

integrating twice Eq. (6).

XN
i¼1

Ni ¼ NH2
(3)

JH2
¼ �cDH2B

vxH2

vy
(4)

NH2
¼ �cDH2B

1� xH2

vxH2

vy
(5)

vNH2

vy
¼ v

vy

��cDH2B

1� xH2

vxH2

vy

�
¼ 0 (6)

cDH2B ln
�
1� xH2

� ¼ k1yþ k2 (7)

k1 and k2 are constants which can be calculated from the

following boundary conditions:
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y ¼ 0xH2
¼ xH2;bulk

; k2 ¼ cDH2B ln
�
1� xH2;bulk

�

y ¼ R*xH2
¼ x*

H2
; k1 ¼ cDH2B

R*
ln

 
1� x*

H2

1� xH2;bulk

!

Both constants are substituted in Eq. (8) and the equation

can be rewritten to obtain xH2
; Eq. (9) is the differential form of

Eq. (8). Eq. (9) can be combined and Eq. (10) is obtained.

xH2
¼ 1�

�
1� xH2;bulk

�" 1� x*
H2

1� xH2;bulk

# y

R*

(8)

vxH2

vy
¼ �1� xH2;bulk

R*

"
1� x*

H2

1� xH2;bulk

# y

R*

ln

"
1� x*

H2

1� xH2;bulk

#
(9)

NH2
¼ cDH2B

R*

1� xH2;bulk

1� xH2

"
1� x*

H2

1� xH2;bulk

# y

R*

ln

"
1� x*

H2

1� xH2;bulk

#
(10)

When the molar fractions are rewritten into partial pres-

sure and the mass transfer coefficient, kgis considered
DH2B

R* ,

Eq. (11) is found.

NH2
jy¼R* ¼ kgcln

"
P� P*

H2

P� PH2;bulk

#
¼ Q

�
P*n
H2

� P*n
H2 ;perm

�
(11)

For the calculation of the mass transfer coefficient in

the retentate side, a Sherwood correlation has been used.

It is available for developed velocity and concentration

profiles ðNu∞; Sh∞Þ as a function of the ratio of annular

radii. The correlation used in this work is described in Eq.

(12).

Sh ¼ Sh∞ ¼ 6:18; for Gz � 62 (12)

From Eq. (11) it is possible to estimate the mass transfer

coefficient from Eq. (13).

Sh ¼
�
kg;ret*

deq

DH2

�
(13)

After the concentration polarization has been imple-

mented in the retentate side, the model has been validated

with experimental results inwhich binarymixtures have been

tested.

Concentration polarization in the permeate side

In order to consider the concentration polarization in the

permeate side, Eq. (6) has been integrated for the permeate

side as it is possible to see in Eq. (14).

NH2
jy¼R* ¼ kg;permcln

"
P� PH2;permbulk

P� P*
H2;perm

#
¼ Q

�
P*n
H2

� P*n
H2;perm

�
(14)

In which the mass transfer coefficient kg;perm is calculated

from a Sherwood correlation for internal convection as

described in Eq. (15) [20].
Sh ¼ Sh∞ ¼ 5:04; for Gz � 51 (15)

The final system that has been considered in order to take

into account the mass transfer limitation in retentate and

permeate is equal to system (16).

8>>>>><
>>>>>:

NH2 jy¼R* ¼ kg;retcln

"
P� P*

H2;ret

P� PH2;retbulk

#
¼ Q

�
P*n
H2;ret

� P*n
H2;perm

�

NH2
jy¼R* ¼ kg;permcln

"
P� PH2;permbulk

P� P*
H2;perm

#
¼ Q

�
P*n
H2

� P*n
H2;perm

� (16)

where the mass transfer coefficient in the retentate and

permeate side, are estimated as explained before.

Mass transfer limitation in the porous support

The mass transfer limitation in the porous support is due to

molecular friction resistance and a support friction resistance.

A dusty gas model, depicted in Eq. (17) has been used to take

into account the molecules-pore wall interaction by intro-

ducing the Knudsen diffusion flow (first term), the viscous

flow (second term) and the binary diffusion (third term).

Once the mixture reaches the palladium layer, only

hydrogen can permeate due to the high selectivity [21]. When

nitrogen is used as sweep gas, in the permeate side of the

membrane there is a mixture of hydrogen and nitrogen. The

equation of the dusty gas model has been written for the

specie of hydrogen and for the specie of nitrogen. As the flux

of nitrogen through the membrane is zero, it can be consid-

ering stagnant gas in the porous support, so the flux of ni-

trogen through the support could also be considered equal to

zero. If Eqs (17) and (18) are added, it is possible to obtain Eq.

(19) [16].

� 1
RT

dP2

dz
¼ 1

DK1

�
N2 þ x2B0

P
mRT

dP
dz

	
þ x1N2 � x2N1

D12
(17)

� 1
RT

dP1

dz
¼ 1

DK1

�
N1 þ x1B0

P
mRT

dP
dz

	
þ x2N1 � x1N2

D12
(18)

In which B0 is the viscous permeability of the support

matrix, DK1 is the Knudsen diffusivity for specie one, D12 is the

binary diffusivity, N1 and N2 are respectively the flux of

hydrogen and nitrogen.

N1 ¼ �DK1

RT

�
1þ B0P

mDKA

�
dP
dz

(19)

In which,

ðDKAÞ ¼ x1

DK1
þ x2

DK2

Substituting Eq (19) in Eq. (18) and integrating, Eq. (20) is

obtained which describes the pressure difference in the

porous support. It is function of the total pressure at the

retentate side, the hydrogen concentration at the bulk of the

permeate side, the average pressure on the porous support

and the characteristics of the support. The main parameters
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of the support are the porosity, the tortuosity and the pore

size.

DP ¼ PðLÞ � Pð0Þ ¼ �
ln
h
1�x1ðLÞ
1�x1ð0Þ

DK1

D0
12
þ B0

mDK2
þ B0

mDKAD
0
12
PDK1 þ 1

P

(20)

The effective Maxwell-Stefan gas-gas diffusivity in a

porous support is given by:

D0
ij ¼

ε

t
Dij

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

ceramic porous support respectively and D0
ij is the Maxwell-

Stefan gas-gas diffusivity which is equal to the Fick diffu-

sivity for an ideal gas.

The effective Knudsen diffusivity is given by:

DKi ¼ ε

t

dpore

3

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s

where dpore is the pore diameter and Mi is the molar mass of

species i. If convection through the support is modelled as

laminar, incompressible flow through cylindrical pores, the

Hagen-Poiseuille law with added porosity and tortuosity

modification gives:

B0 ¼ ε

t

d2
pore

32

Combining Eq. (19) and the corresponding equation for

species 2, Eq. (21) is attained.

�D12

DK1

P
x2

dx2

dz
¼ dP

dz

�
1þ D12

DK1
þ B0P

m

�
1

DKA
þ D12

DK2DK1

�	
(21)

Thus the term dP
dz can be eliminated between Eq. (21) and

Eq. (19).

By integrating one would obtain Eq. (22) in which the

hydrogen flow depends on the hydrogen concentration at the

surface, at the bulk of the permeate, on the average pressure

along the porous support.

N1 ¼ P

RTL
ln

�
1� x1ðLÞ
1� x1ð0Þ

	�
1

D12
þ 1

DK1

1þ B0PDKA

1þ B0PDK2

	�1

(22)

Combining Eqs (14) and (18), it is possible to solve the

system and calculate partial pressure of hydrogen at the
Fig. 3 e SEM analysis of the porous support with to 10 mm
retentate side, pressure drop of the porous support and

hydrogen concentration on the palladium surface at the

permeate side. The equations are shown in (23).

8>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>:

P� P*
H2;ret

P� PH2;bulk
¼ exp

�
Q

ckgret

�
P*n
H2;ret �

��
Ptot perm þ DP

�
x*
i

�n�	

N1 ¼ P
RTL

ln

�
1� x1ðLÞ
1� x1ð0Þ

	�
1
D12

þ 1
DK1

1þ B0PDKA

1þ B0PDK2

	�1

DP ¼ PðLÞ � Pð0Þ ¼ �
ln
h1� x1ðLÞ
1� x1ð0Þ

	
DK1

D0
12

þ B0

mDK2
þ B0

mDKAD
0
12

PDK1 þ 1
P

NH2

��
y¼R* ¼ kg;permcln

"
P� PH2;permbulk

P� P*
H2;perm

#
¼ Q

�
P*n
H2

� P*n
H2;perm

�

(23)

The SEM image of the alumina asymmetric porous sup-

port is shown in Fig. 3. The inner part of the support has a

mean pore size of 3 mm; on which 3 layers with decreasing

pore size are deposited. The top layer has the mean pore size

of 100 nm on which the Pd layer will be deposited. The

asymmetric support has the purpose to avoid mass transfer

limitation in the support, which it could be visible in sym-

metric supports. The limiting pore size considered in the

simulation has been measured through a porosimetry test

performed with ethanol for all the different supports of the

membrane tested.

All the membranes analysed have porous alumina sup-

ports. In order to discover the support's limiting pore size

distribution, a porosimetry test has been performed. In fact,

the pinholes on the PdeAg membrane can be due to the

structure of the porous support, which can allow a proper

deposition of the selective layer or not. First of all, the leakages

of the dry porous support are measured as a function of the

absolute pressure difference across it. In this way it is possible

to draw the so called dry line. To measure the leakages, the

support is put in the reactor at ambient temperature.

The nitrogen permeance of the dry support is calculated

from the nitrogen flux at various temperature. Then the sup-

port was immersed in ethanol and then introduced in the

reactor; the pressure was gradually increased and the nitro-

gen permeation measured (wet curve). The limiting pore size

is obtained from the intersection between thewet line and the

line obtained considering half slope of the dry line.
outer diameter and 7 mm inner support, Membrane 1.
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Fig. 4 e Pore distribution of the limiting pore diameter

obtained from a porosimetry test for Membrane 1.
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Moreover from the different pressures applied in the

porous support, it is possible to derive the distribution

applying the Young-Laplace equation, described in (24). The

distribution obtained has been depicted in Fig. 4.

dpore ¼ 0:04Y
Dp

(24)

WhereDp stands for the pressure difference between both

sides of the porous support, Y is the surface tension of the

liquid and dpore is the pore size of the support [22,23].
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Fig. 5 e Comparison between modeling and experimental

results changing the hydrogen concentration from 50% to

90% with Membrane 2 and H2eCH4 mixture.
Results and discussion

In Table 2, the hydrogen permeance, the exponent and the

ideal perm-selectivity of the membranes obtained from pure

gas test with hydrogen, are described. Firstly, it is possible to

observe that the lower is the palladium layer thickness, the

higher is the hydrogen permeance of the membrane. This is

logical as decreasing the membrane thickness, the rate-

limiting step, which is the permeation through the bulk of

themetal, becomes faster. The hydrogen permeance is related

to the thickness of the membrane, indeed in the case of

membrane 1 with the thinner palladium layer, the permeance

has the highest value. Membrane 2 and membrane 3 have a

palladium layer thickness between 2 and 3 mm and the per-

meance of membrane 2 is higher because of the thinner

support compared to membrane 3.

Usually, the diffusion through the membrane layer is the

rate-limiting step and the hydrogen permeation through the

membrane can be described by the Sieverts law but, when the

membrane becomes thinner, the diffusion through the

membrane bulk becomes faster and another step might limit

the permeation rate. This could explain the exponent equal to
Table 2 e Hydrogen permeance and exponent for the membra

Membrane Support Diameter
[cm]

Length
[cm]

exp

Membrane 1 10/7 1.030 3.369

Membrane 2 10/4 1.029 14.500

Membrane 3 14/7 1.431 12.230
0.63 obtained in the membrane 1. The mass transfer in the

support could also play an important role and this could

explained the results obtained with membrane 2 and 3. It is

also important to underline the ideal perm-selectivity at 1 bar

depicted in Table 2.

Membrane 2 displays the highest selectivity, which is one

order ofmagnitude higher compared to the othermembranes.

The main contribution of leakages is to be attributed to the

sealing for membrane 1 and to the formation of pinholes for

membrane 3. Considering mixtures tests, the hydrogen con-

centration in the feed plays an important role in the perme-

ation. In particular, the lower is the percentage of hydrogen in

the mixture the higher is the concentration polarization (bulk

to wall mass transfer limitations).

When dealing with mixtures indeed, the average partial

pressure on the surface of the membrane is different than the

one in the bulk of the gas mixture.

In particular, the lower is the concentration of hydrogen,

the higher is the difference between the two pressures (bulk

and surface) because it is more difficult for the hydrogen to

move from the bulk to the surface.

Fig. 5 shows that at the same average partial pressure dif-

ference, a lower hydrogen permeation is obtained with the

more diluted mixtures for all the membranes investigated.

The linear dotted line represents the permeation of hydrogen

when pure hydrogen is fed to the membrane module (so that

no mass transfer limitations in the gas phase are present).

Furthermore, the extent of mass transfer limitations are

related to the membrane flux: the higher the membrane flux,

the higher is the effect of external mass transfer limitations.

Figs. 5 and 7, also show that themodel accounting formass

transfer limitations in the retentate side can predict very well

the experimental results.
nes tested at 400 �C.

onent Ideal perm-selectivity
at 1 barg

H2 permeance
[mol/s/m2/Pa]

0.63 580.0 6.27*10�6

0.67 13776.5 3.42*10�6

0.61 731.0 2.20*10�6
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Fig. 6 e Pressure drop along the porous support for the

three membranes tested in the case of 50% H2-50% CH4 in

the retentate side and 1 l/min of nitrogen as sweep gas in

the permeate side.

Fig. 7 e Comparison between experimental and modeling

results for two different mixtures in case of 50% H2 and

total volume flow rate equal to 1 l/min with membrane 2.

Fig. 8 e Comparisons between partial pressures on Pd

surface and in the bulk along the membrane length

obtained by the modeling results which includes

concentration polarization in the retentate and in the

permeate side, with a mixture of 50% H2 50% CH4, sweep

gas 0.95 l/min, 5 bar retentate pressure, Membrane 2.
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The results clearly show also a direct correlation between

the support thickness and the effect of mass transfer limita-

tions in the permeate side.

Fig. 6 shows the pressure drop along the membrane for

Membranes 1, 2 and 3. Clearly the pressure drop is found to be

proportional to the support thickness. The mass transfer

limitation in the porous support depends on the pressure drop

and indeed on the porous thickness of the membrane.

In Fig. 7, the H2 flux in function of the H2 partial pressure

difference is shown, where the diamonds, the squares, and

the points describe the experimental results, with a mixture,

of H2eCH4, H2eHe and H2eN2, respectively, in case of total

flow rate of 1 l/min and inlet molar fraction of hydrogen of

50%. The dashed line with two dots, the short dashed line and

the dashed line with one dot are the simulation results for

hydrogen-methane, hydrogen-helium and hydrogen-

nitrogen, respectively.

While changing the partial pressure and the type of

mixture, the model is still able to predict well the experi-

mental results.

At higher average partial pressures there ismore difference

between the hydrogen permeance of the differentmixtures. In

fact, the higher is the pressure, the lower is the binary
diffusivity. Since themass transfer is inversely proportional to

the hydrogen binary diffusivity in themixture, this results in a

higher mass transfer limitation (and indeed this is also

confirmed by comparing flux of H2/He mixtures with the

others).

Similar effects (although more pronounced) can be seen

when permeation tests are carried out with sweep gas. In

presence of sweep gas, the partial pressure on the surface

(permeate side) is higher than the one in the bulk of the

permeate. As a consequence of this increment of the

hydrogen partial pressure in the permeate, the real driving

force for the permeation is lower.

The partial pressure of hydrogen has been reported in Fig. 8

for a case of permeation with sweep gas. The ideal driving

force is described by the distance between the filled and

empty diamonds. The real driving force should be represented

by the difference between the filled and empty triangles as

also indicated in the graph.

It is remarkable to see that there is almost no difference

between the partial pressure of hydrogen in the bulk of the

permeate side and on the surface of the permeate side when

only concentration polarization is included.

This means that the mass transfer limitation observed

from the experiments is not due to concentration polarization

in the permeate side. It is clear that another phenomenon is

limiting the hydrogen permeation and, on the contrary of

what experienced for the retentate, the implementation of

concentration polarization in the permeate side is not enough

to model what happens in the permeate when another sub-

stance is fed with hydrogen.

Since the contribution of concentration polarization is

negligible, it is important to study more in details the influ-

ence of the porous support in presence of sweep gas.

The results have been reported in Fig. 9 which shows, as

expected, the higher the amount of sweep gas fed, the higher

the hydrogen permeated flux.

However, according to the Sieverts’ Law, the increment in

the hydrogen permeated flux should be proportional to the

driving force (between feed and permeate side), while the

https://doi.org/10.1016/j.ijhydene.2018.12.137
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Fig. 9 e H2 flux recovered in presence of sweep gas,

changing the pressure in the retentate side and the

amount of sweep gas used in Membrane 2.

Fig. 10 e Comparisons between partial pressures on Pd

surface and in the bulk from the model which includes

concentration polarization in the retentate and in the

permeate side and mass transfer limitation in the porous

support, with a mixture of 50% H2 50% CH4, sweep gas

0.95 l/min, 5 bar retentate pressure, Membrane 2.

Fig. 11 e Description of the pressure drop and the

hydrogen molar fraction on the surface of the permeate

side for 0.25 l/min and 1 l/min of sweep gas, with amixture

of 50% CH4 and 50% H2 for Membrane 2.
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results show that the benefits in terms of permeation are

lower than expected, especially at higher flow rates of sweep

gas.

This suggests that feeding sweep gas in the permeate side

inducesmass transfer limitation in the porous support, which

leads to an increase of the H2 partial pressure close to the

surface of the palladium layer, and thus a decrease of total

hydrogen flux.

The presence of stagnant sweep gas in the pores of the

membrane support can reduce the hydrogen diffusion

through the support with an increment of the hydrogen par-

tial pressure at the interface between Pd-layer and support

and a consequent decreasing in the driving force of the

permeation.

The pressure drop on the porous support gives a negative

effect on the pressure at the interface of the palladium surface

causing a higher total pressure on the palladium surface

compare to the total pressure of the bulk in the permeate side.

It is important to underline the relevant difference in terms

of hydrogen permeance between the sweep gas and the vac-

uum at a similar hydrogen pressure difference. In case of

vacuum pump the only mass transfer limitation lies in the

retentate side. It is a proof of the important contribution of the

porous support to the mass transfer limitation in presence of

sweep gas.

Fig. 10, reports the partial pressure at the retentate bulk,

retentate surface, permeate bulk and permeate surface.

It is worth noting that the difference between the filled and

empty diamonds gives information of the ideal driving force

along the membrane area, while the difference between the

filled and empty triangles, gives information on the real

driving force that allows the hydrogen to permeate. In Fig. 11,

the pressure drop along the porous support and the hydrogen

molar fraction on the surface of the permeate side, is shown

for amixture of 50%H2 e 50% CH4 in the retentate side and for

different flow rates of sweep gas of 0.25 l/min and 1 l/min. The

total pressure of the retentate side has been kept equal to

5 bar. According to the results, the pressure drop in the case of

higher flow rate of sweep gas is more relevant. The hydrogen

molar fraction on the surface of the permeate side is higher in

the case of 1 l/min of sweep gas. As already shown in Fig. 9, at
4 bar pressure difference, there is no advantage in terms of

hydrogen flux in increasing the sweep gas flow rate. The

possible explanation is found in the results shown in Fig. 11.

There are two different contributions of the driving force in

the permeate side. The first one is the total pressure which,

when decreased, could help the driving force of the mem-

brane and the second one in the hydrogen concentration on

the surface which also should be decreased in order to

improve the performances.When the flow rate of sweep gas is

increased, from 0.25 to 1 l/min, the hydrogen concentration on

the surface of the permeate side is lower, while, due to the

pressure drop, the total pressure on the surface increases

leading to two different and contrasting effects. For this

reason there is an asymptote in the trend of the hydrogen

permeance with the flow rate of sweep gas that it is not

possible to overcome.

As shown in Fig. 12, the model which includes both con-

centration polarization in the retentate (CPR) and in the

permeate side (CPP) is not able to predict the reduction in

hydrogen permeation when feeding sweep gas in the

permeate. For these results, the operating conditions consist

https://doi.org/10.1016/j.ijhydene.2018.12.137
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Fig. 12 e Comparison between experimental and modeling

results for a mixture of CH4eH2 with nitrogen as sweep

gas. The sweep gas is 0.25 l/min, Membrane 2.
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in a mixture of 50% H2 and 50% CH4 in the retentate side and

1 l/min and 0.25 l/min of sweep gas in the permeate side. Ni-

trogen has been used as sweep gas, while the total flow rate in

the retentate side was equal to 1 l/min.

The squares and the triangles describe the experimental

results obtained with the described operating conditions

respectively of 0.25 l/min and 1 l/min of sweep gas. The

continuous and dashed line with two dots, describe the

simulation considering only the concentration polarization in

the retentate side, respectively for 0.25 l/min and 1 l/min of

sweep gas. The short dashed line and the dotted line which

are remarkably close to the continuous and dashed with two

dots lines, are the results of the simulation including con-

centration polarization in both side of retentate and permeate.

As already explained before, there is almost no concentration

polarization in the permeate side, but the main contribution

of mass transfer limitation due to the sweep gas is in the

porous support (these results are denoted as Full model ac-

counting for the dusty gas model approach in the porous

support). It is important to underline the mass transfer limi-

tation in the porous support plays a relevant role in the ex-

periments in presence of sweep gas, especially at a high flow

rates of sweep gas. Indeed the dashed line and dashed line

with dot (Full model) describe the results obtained for the

simulation including concentration polarization in both sides

and mass transfer limitation in the porous support.

Considering the three different membranes tested, the

thicker the support, the higher the mass transfer limitation in

the porous support.

It is important to underline the main parameters affecting

the mass transfer limitation in the porous support:

1. the support pore diameter,

2. the porosity,

3. the tortuosity,

4. the thickness of the support.

Even for asymmetric support, the mass transfer limitation

is remarkable in presence of sweep gas. In order to minimize

the mass transfer limitation in the porous support and make

the use of sweep gas conveniently, membrane developers

should look for thinner supports, large pore diameter, lower

ratio between porosity and tortuosity, searching for a tradeoff

betweenmembranemechanical stability and membrane flux.
Moreover in case of support pore size in the order of

magnitude of mm, the palladium layer should be thicker to

avoid palladium deformation at high pressure. It is a

compromise between lower mass transfer limitation and the

selectivity or permeance which it is possible to achieve.
Conclusions

PdeAg membranes deposited on alumina supports with

different wall thickness have been prepared, tested and

simulated in presence of sweep gas for a proper understand-

ing of the mass transfer role in the retentate, porous support

and permeate side. A novel model for the prediction of the

experimental results in presence of counter-current sweep

gas has been developed. The main contribution to the mass

transfer limitation in presence of sweep gas is the porous

support. Pure gas tests andmixture tests have been performed

before applying sweep gas in the permeate in order to be able

to describe properly the concentration polarization in the

retentate side. Once the validation of themodel in presence of

mixtures have been carried out, the study of themass transfer

limitation in the permeate side has been performed. The

concentration polarization in the retentate side plays an

important role in presence of mixture while when sweep gas

is applied, the concentration polarization in the permeate side

is negligible. The pressure drop on the porous support gives a

negative effect on the pressure at the interface of the palla-

dium surface causing a higher total pressure on the palladium

surface compared to the total pressure of the bulk of the

permeate side. It means the partial pressure on the surface at

the permeate side is remarkably different compared to the

partial pressure at the bulk inwhich all the sweep gas ismixed

with the hydrogen separated. Moreover this phenomenon

becomes relevant for a higher flow rate of sweep gas.
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Nomenclature

A m2 Membrane area

c mol/m3 concentration

Dij m2/s Effective binary diffusion coefficient of

component i in component j

xi - Molar fraction of component i

kg m/s Mass transfer coefficient

Sh - Sherwood number

Ni mol/s/m2 Dispersion flux of component i

Ji mol/s/m2 Membrane flux of component i

deq m Equivalent diameter

Mi kg/mol Molar mass of component i

P Pa Total pressure
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B0 m2 Viscous flow parameter

DKi m2/s Effective Knudsen diffusion coefficient

Pi Pa Partial pressure

Q Mol/s/m2/Pa Permeance

D0
12 ¼ D12

P N/s effective binary diffusion coefficient

multiplied by pressure

dpore m Pore diameter

R J/mol/K Ideal gas constant

Greek symbols

m Pa.sMean viscosity of a gas mixture

ε Porosity factor

t Tortuosity factor
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2018.12.137.
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