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Abstract: The purpose of this article is the characterization of permeability and the ideal selectivity of
new metallic brass membranes with a “sandwich” structure. Characterization is an important factor
related to the morphology, structure, and properties of the membrane. The membranes were examined
for simple gas phases, including various exogenous factors on their performance (temperature, pressure,
durability). To evaluate their performance, permeate measurements were made at temperatures from -
18 to 300°C and at various pressures from 1 to 10 bar. Results have shown that permeability is
influenced by the molecular weight and exhibits ideal selectivity greater or equal by Knudsen’s ideal
separation factor in a sequence of H,>He>CHs>N>>0,>Ar>CO,. The permeability is also a function of
the thickness of the membrane, as it shows there’s a decrease in permeability and an increase in
selectivity when the thickness is increased. The effect of temperature on these metal membranes is
considered an important factor in the operation of membranes and membrane systems. The main feature
is the reduction of permeability with the increase of temperature.
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1. Introduction

Membrane gas separation technology have attracted high interest and attention of
researcher for the last few years and today are used extensively for a wide range of industrial
applications [1] as it has proven to be a highly energy-efficient, cost-effective, and
environmentally friendly nature benign approach to gas separation [2-5] compared to other
separation methods [6-7].

The membrane is the “heart” of the separation process [8] and is defined as a thin natural
barrier that allows the selective transfer of components or molecules between two phases.
Membranes function as filters that allow specific molecules to permeate while blocking certain
molecules based on size and other physical/chemical properties [1]. Each component has a
different ability to pass through a membrane (polarity, interaction, and affinity) [9]. For this
reason, a driving force is needed to move from one phase with retention of the other
components [10] to another resulting in different recommendations on the side to which the
molecules are transported [11-13].

Characterization is an important factor related to the morphology, structure, and
properties of the membrane. A small change in the configuration parameters can change the
upper layer of the structure and give different results in the operation of the membrane.
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Depending on their geometry, the membranes may have a flat or tubular, spiral, or thin porous
sheet arrangement.

Flat membranes are the simplest construction descriptively and are mainly used on a
laboratory scale [14]. To date, there are more than 400 types of membranes commercially
available worldwide. Among them, most are organic and metal films with Ni, Pd, Ag, and
stainless steel limitation. The companies for producing inorganic films are 144, with 94 of them
specializing in ceramic films and 36 in metal films [15].

1.1. Metallic membranes.

Membranes that can be made available for industrial use other than polymeric are metal
films. The base materials for metal membranes are metals, while selective materials are metals,
metal oxides, or metal alloys [15-16]. Most of them are characterized by a graded composite
structure which mainly consists of a primary base that provides mechanical strength and a
separation layer that allows permeating the gas into the surface pores of substrates [9].

One of the many advantages of metal membranes, mostly palladium (Pd)-based
membranes, is the selectivity to H2 (~100%) and high flux without sample defects at high
temperatures of 300-600°C [17-19].

They also have significant mechanical strength and high flow. The disadvantages that
have limited their application on a large scale are the low permeability and especially the high
cost of metal [16,20]. Consequently, the cost of the system is proportional to the square of the
thickness of the metal layer, and precious metal films must be extremely thin to be cost-
effective.

Also, some metallic membranes that have been used for H purification show sensitivity
in the presence of chemicals gases such as H2S, HCI, and CO, which can be adsorbed on the
surface of the membrane, resulting in its "poisoning™ and blockade the dissociation sites. The
exclusion of sites can be sufficient to reduce hydrogen flow at a rate of 20 to 100% [14, 21-
25]. These problems can be reduced by reducing the thickness of the selective layer but
maintaining its mechanical strength. However, they are considered attractive due to their high
chemical, thermal and mechanical resistances, excellent separation characteristics, and long
service life [8].

In this experimental study, an attempt was made to make thin films from metal materials
such as brass, where the required minimum possible cost of materials is an original effort.

1.2. Gas separation.

Membrane gas separation methods are modern physical separation in chemical
engineering processes and could reduce capital investment, operating costs, and the safety of
this process [26-27]. Separation is the most important operation in gas-related industries [6,28].
New constant developments in metal membranes have shown significant improvements that
have successfully led to H» separation, CO> capture, organic vapor removal, LPG recovering,
etc. [2,13,29-30]. The mechanism of gas transfer through metal membranes is the key to their
highly selective permeability.

An issue in the development of metal films is to make the metal layer thin enough to
achieve high flows, but it must also be strong enough to withstand operating pressures [24].
Membranes with an ultrathin thickness that can achieve high permselectivity and mechanical
stability are desired by energy and gas-related industries [2].
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The gas transfer mechanism through most metals can be divided into two types: (i)
solution diffusion for dense and metallic membranes such as Pd membranes and (ii) Knudsen
diffusion or combined Knudsen diffusion mechanism, and surface diffusion for porous metal
membranes [21,31].

Permeability and selectivity are two important concepts directly related to gas
separation [9-10,31]. A measurement of the permeability properties of a gas is the simplest and
most reliable method of characterizing membranes. Permeability measurement is the basic
method of characterizing materials, as information is collected about their structure and the
size of the material pores.

Permeability is described by the general relationship [10,13,31]:
Pe =

NA=*L [_] molexm
AP*Am m2xPaxs

Pe = the permeability, NA = gas flow (mol/sec),AP = the pressure difference on the sides of the membrane (Pa),
Am = the flow surface of the membrane (m?), L = film thickness (m)

In this study, and due to their structure, the actual thickness of the membranes can only
be calculated through the SEM (scanning electron microscope) because of the layers of which

the metal membranes are composed. For this reason, permeation values are calculated in GPUs.

Vlow(cm?) * i—i (ubary
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The GPU (Gas Permeability Unit), expressing the volumetric flow of gas through the
membrane under normal conditions (1 atm, 0°C), per unit thickness of a membrane and unit of
the partial pressure of diffuser through the membrane [9-10, 31]:

1GPU=335x10720mol/ 1, by

Selectivity indicates the extent of separation of the gas of a component from a mixture
of gases [13]. The ideal selectivity of a membrane is calculated from the permeation of two
pure gases and is defined as [10]:

S12 = Pei/ Pez

1.3. Knudsen diffusion.

The transport of gases through porous membranes is done through the Knudsen type
diffusion that is observed mainly in the intermediate membranes, when their pores have a

diameter much smaller than the average free path of the gas (dp /A <1) [9-10]:

K_?»
ndp

A = the average free path of the gas, dp = the characteristic diameter of the pores

In any collision with the pore wall, the molecules are momentarily adsorbed and then
reflected randomly [13]. This separation of gases is achieved due to the different velocities of
the different gases. Therefore what determines the rate of gas diffusion through the membrane
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is the molecular weight of the gas is with the lighter gases being diffused faster within the
membrane. Based on the Knudsen diffusion, the selectivity (i.e., the ideal separation factor) of
an A-B gas pair is given by the mathematical expression [31-32]:

VMB / MA

When the Knudsen number is much smaller than the unit (Kn<<1), the laminar flow
mechanism occurs in porous media carrying large pores. Accordingly, the Knudsen diffusion
mechanism prevails if the dimensionless number is higher than the unit (Kn>>1). The Knudsen
diffusion mechanism occurs mainly in relatively small pores. The above mechanism presents
high permeability values both at high temperatures and in corrosive environments successfully.

2. Materials and Methods

2.1.Membrane materials.

The metal membranes were manufactured at the laboratory of the Department of
Mechanical Engineering at the International Hellenic University in Kavala. Twelve brass metal
films (DIN 17660) were fabricated and selected with a composition of 57.95% Cu, 37.92% Zn,
3.65% Pb, all in the form of a disk with an outer diameter @35, but with an active alternating
surface ®2. Membrane thickness was from 0.080 mm to 0.205 mm and characterized for single-
phase permeability experiments, with the gases Hz, N2, CO2, Oz, Ar, CHa, He. Their structure
is a sandwich-type, consisting of the membrane (internal) and two identical outer layers of
metal oxide. All membranes followed a cleaning protocol, through stages of removal process
residues that their presence may affect the permeability. To remove the surface adhesions of
the metal membranes washed with a) deionized water and b) isopropanol in two phases, at 35
W and 50 W for 240 sec and 180 sec, respectively, in an Ultrasonic cleaner device. After the
cleaning protocol, the membranes were placed onto a burner at a temperature range of 150-
180°C to absorb all the water vapor and gases that have been adsorbed and would have a
decisive effect on permeability.

2.2. Permeability.

The method is based on a dead-end mode (and “open”- crossflow) structure that leads
to a bubble meter as it is used to measure the specific flow of gases (pure components) (Hz,
He, CHas, N2, O2, Ar, CO>) at different supply pressures (1-10 bar) [13]. The gas molecules
from the high-pressure space diffuse into the metal membrane, permeate it, and then are led to
the low-pressure space as it is under pressure (vacuum), in pressure over time (Ap /At) [6]. In
the permeability experiments, all flat membranes were initially placed on a metal substrate and
sealed in the stainless-steel metal cell using O-rings-Viton for high pressures. Before the
operation of the device, leaks were checked at a pressure of 60 bar. The membranes are thin as
their thickness ranges from 0,060 to 1,200 mm, and for this reason, it is necessary to support
them to avoid various deformations that would affect their permeability through a perforated
metal substrate to ensure the required stability of the membrane [13]. The parameters pressure,
temperature, and time are recorded electronically with a USB connection with a special
software program to calculate the GPU (Gas Permeation Unit) values of the gases in units of
mol/m?*Pa*s.
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2.3.Temperature.

To evaluate the membrane performance, single-phase permeance measurements of pure
components (individual gases) were performed at a temperature range from -18°C to 300°C
and various pressures (1-10 bar) using the variable volume method. Maintaining a constant
pressure difference on both sides of the membrane, the flow rate of the gases on the filtrate side
is measured with the help of a bubble gauge. The first experiments were performed using N2
and He on a brass membrane to study their permeability and the behavior of permeability as a
function of pressure. Then measurements were made in the temperature range 23 to 300°C for
gases with constant pressure at 10 bar.

3. Results and Discussion

3.1. Permeability-selectivity.

From the experiments' measurements, the membranes with a thickness of 0.085 mm,
0.196 mm, and 0.205 mm were selected. Although they have a satisfactory permeability, they
show high selectivity, i.e., greater values by Knudsen’s ideal separation factor.

Table 1. GPU permeation of brass membranes.

MEMBRANES
Pressure 10 bar Membranethickness mm BRASS
Gases Molecular weight Kineticdiameter A) 0.085 0.196 0.205
(g/mol)
H2 2.02 2.89 GPU Permeation 41.09 1.64 3.10
He 4.00 2.60 19.70 0.62 1.80
CH4 16.04 3.80 13.26 0.59 1.43
N2 28.01 3.64 9.86 0.39 0.82
02 32.00 3.46 10.16 0.36 0.94
Ar 39.95 3.40 8.18 0.30 0.84
CO2 44,01 3.30 8.12 0.33 0.74
(@)
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Figure 1. (a) GPU Permeation- Molecular Weight of Brass Membranes with thickness 0.196mm and 0.205mm
respectively (b) GPU Permeation- Molecular Weight of Brass Membrane with thickness 0.085mm.

Permeability is affected by the molecular weight (g/mol) of each gas, resulting in
relation: H>> He> CH4> N2> O2> Ar >CO.. The graph above shows the relationship between
the three membranes. It is confirmed that the flow diffusion in the metal membrane is Knudsen
diffusion, i.e., the lighter gases diffuse faster through the membranes.

Table 2. Ideal selectivity compared to Knudsen’s selectivity.
Membrane Ideal Selectivity

‘ Gases H2/He 02/N2 H2/Ar CH4/C0O2 H2/CH4 N2/CO2
Knudsen 1.41 0.93 4.45 1.65 2.82 1.25
BRASS | 0,085 mm 2.08 1.03 5.02 1.63 3.09 121
0,196 mm 2.64 0.92 5.46 1.78 2.77 1.18
0,205 mm 1.72 1.14 3.69 1.93 2.16 11

It is important to note that thickness is not a dependent variable. A comparative diagram
of three membranes is presented below, with specific gas pairs selected for industrial-scale
applications.

The membrane with a thickness of 0.085 mm regarding GPU values is high (8-41 GPU).
The selectivity values match or exceed the Knudsen values (in the specific H2/CHagas pair, it
presents the maximum values). The 0.196 mm thick membrane permeability has the lowest
values ranging from 0.3-1.7 GPU but shows the maximum selectivity values in pairs Ha/He
and Ho/Ar with 2.64 and 5.46, respectively.

The third membrane selected with a thickness of 0.205 mm the experimental values for
the permeance are not high enough (0.7-3 GPU) as in the selectivity, its values are very close
to the theoretical ones according to Knudsen or slightly higher in gas pairs.

Permeation data were measured and verified using a volume bubble gauge (35 mL)
connected to the open end plus the device for all experiments. More specifically, the whole
procedure is repeated with the difference that the volumetric gas flow is measured as a function
of time (mL/s) at the exit with a bubble meter.
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Figure 2. Ideal selectivity with specific gas pairs compared to Knudsen’s selectivity.

3.2. Pressure.

The study of pressure affection in the permeability of metal membranes and how much
it affects their performance showed after a series of experiments. The pressure remains constant
at the desired value set (from 1 to 10 bar) in the high-pressure area, while at the same time, the
pressure value in the low-pressure area (48 cm®) changes from 0 to 1 bar in time At as the gas
passes the membrane. The experiments were performed at room temperature (23°C) with the
gas He.
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Figure 3. (a) GPU Permeation - Pressure of Brass Membranes with thickness 0.085mm. (b) GPU Permeation -
Pressure between the two Brass Membranes with thickness 0.196mm and 0.205mm, respectively

The permeability of He on the third membrane (0.205 mm) shows higher values in the
pressure range than the values of the 0.196 mm thick membrane, which means that the
thickness can be defined as an independent parameter of permeability in this category of
membranes.

3.3. Temperature.

Measurements were performed with N, gas on a brass membrane to study their
penetration at temperatures from -18 to 300°C and at pressures from 1-10 bar.
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Figure 4. Flux Rate- Pressure with N, gas for different ranges of temperature.
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The permeability of both gases increases with pressure and decreases with temperature,
which means that the predominant diffusion is still Knudsen diffusion [33-34]. Linearity of
flow values is also observed as the temperature increases per 100°C degrees, but of particular
interest is the reduction of gas permeability at-18°C as the pressure increases, where the
permeation values coincide with the permeation values at a maximum temperature of 300°C.
This was followed by measurements for the membrane with a thickness of 0.196mm, with the
pressure being kept constant at 10 bar.

0.07
= N 2
A == 02
0.06 —
CcO02
0.05 =0=CH4

0:03 B \\

0.02 ‘\\.\'\ D
‘.\I\.\.

0.01 W ~—

—

Flux Rate (ml/s*cm?)

0.00

23°C 50°C 100°C 150°C 200°C 250°C 300°C

Temperature (°C)
Figure 5. Flux Rate- Temperature for seven gases.

The permeate flux of all gases decreases with the increase of temperature in a permeable
order Ho>He>CHs>N>>0,>A>CO3, because the kinetic energy of molecules becomes greater,
so the diffusion coefficient becomes greater [6]. Permeability is still determined by their
molecular weight, except for CO2, where at low temperatures (up to 100°C) it exhibits higher
permeability values than A due to the membrane diffusion transport mechanism acting on the
membrane but at higher temperatures, as shown in the diagram, this diffusion is limited by the
values of COz being lower or coinciding with Ar. The gases CHa, O2, CO3, and Ar as shown in
the diagram, were slightly affected by the increase in temperature while H, and He showed a
significant change in which from 50°C they showed a decrease in its flow. N> maintains a
constant reduction in permeability.

Table 3. Ideal selectivity in different temperatures for specific pairs of gases.
Ideal Selectivity

BrassMembrane
Gases Knudsen 23°C | 50°C 100 °C 150 °C 200 °C 250 °C 300 °C
H2/He 1.41 1.92 1.84 1.94 1.96 2.05 1.86 1.98
H2/CH4 2.82 2.77 291 2.70 2.71 2.80 2.68 2.67
H2/Ar 4.45 6.03 5.97 5.84 5.86 6.57 5.83 6.04
N2/CO2 1.25 1.38 1.25 1.35 1.49 1.70 1.61 1.60
02/N2 0.93 1.13 1.16 1.16 1.29 1.50 1.45 1.42
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The ideal selectivity corresponds to the theoretical values according to Knudsen or
shows an increasing trend, mainly at a temperature of 200°C, as shown in the table above. Note
that there is no imperfection in the surface substrate of the membrane (defects/cracks). In this
case, it is considered a good mesoporous membrane.

4. Conclusions and Future Perspectives

4.1, Permeability.

The main feature of the studied membranes is that they have low permeability values
for a series of gases such as Hz, He, CHa4, N2, O2, Ar, and CO.. The correlation of the thickness
of the membranes concerning the permeation values of the studied gases is recorded as
decreasing, with a linear behavior. The ideal selectivity values under consideration indicate
that the predominant diffusion mechanism is that of Knudsen diffusion, where the probability
of a diffuse molecule colliding with another molecule lags behind its probability of colliding
with the pore walls. The fact that the measured permeability values are recorded on the
molecular filter diffusion scale, serial diffusion, but the achieved permeability values recorded
in the Knudsen separation region could be attributed to the existence of high tortuosity of the
porous metal structure in combination with the existence of blind pores and high connectivity
of the open pore path. Besides, surface diffusion was observed, where it acts in parallel with
Knudsen diffusion in some membranes due to the interactions of CO2 with the films.

4.2. Pressure.

From all the experimental data that have emerged in the part of the effect of pressure,
one can say with certainty that the permeability is a function of the thickness of the membrane,
i.e., when there is an increase in thickness, there is a decrease in permeability and an increase
in selectivity. Therefore, films with high thickness and low permeability should be tested at
higher pressures (<10 bar) for further study.

4.3. Temperature.

To evaluate the performance of the membranes as a function of temperature, single-
phase permeability measurements of pure components (individual gases) were performed in a
temperature range from -18 to 300°C and at various pressures (1-10 bar). There were variations
and changes in the values of permeability and selectivity, with the main feature being the
reduction of the permeability with the increase of the temperature.

4.4. Stability.

The service life and durability of the membranes were also examined. The membranes
can be used repeatedly for a long time (evaluated for more than 6 months in the present study),
suggesting significant stability.

4.5, Future work.

In any case, the result of the existence of gas separation for metal films is a prototype
for the field of membrane technology, and the further study both in the control of properties in
real gaseous mixtures and in the further study of the parameters that determine its porous
network creation is necessary. The control of the above membranes at separations in the liquid
https://biointerfaceresearch.com/ 4658
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phase is a major future goal. Emphasis is placed on the study of wastewater treatment
processes, with the basic studied system being that of the aqueous phase. Efforts to further
improve the mechanism of creating the porous metal network are imperative and are planned
to improve the techniques used and test new ones.
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