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Abstract: This paper consists of the fabrication and investigation of metal membranes and the
study of their behaviour and applications in gas separation processes. The scope is to produce and
characterize the porous crystal structure of brass alloy (standardization: DIN 17660) membranes
and measure their permeability with helium as a penetrant medium. Another part of this study
is to alter the brass alloy’s structure throughout metallurgical treatments and investigate how the
permeability is allied to the structure’s alteration. This work merges the knowledge and technology
of inorganic porous materials science in metallurgy. The novelty of the current research resides in
the process to alternate the brass alloy structure throughout metallurgical treatments and how it is
allied to the permeability of the membrane, which is of interest to be investigated. The results of the
research are analysed and compared conducting the final inferences. All metallurgical treatments
resulted in low permeability values when compared to a non-treated specimen. Specifically, the drop
in permeance ranged from 76 up to 99.56%. It is noted that consecutive treatments contributed to
even further decreases.

Keywords: metal; membranes; permeability; porosity; microscopy; mercury intrusion; annealing;
quenching; hardening

1. Introduction

Inorganic membrane science and technology is an attractive field of membrane sep-
aration technology, having advantages such as resisting harsh chemical cleaning, high
temperature and wear resistance, high chemical stability, long lifetime and autoclavabil-
ity [1–3]. Membrane technology covers all engineering approaches, such as the transport
of substances between two fractions. In general, membranes are used for mechanical
separation processes for separating gaseous or liquid streams [4].

A membrane is a selective barrier, which allows molecules, ions or other small par-
ticles with certain properties to travel through, limiting other interventions [5]. In recent
years, the development and synthesis of inorganic membranes for gas separation has been
growing at high rates and has achieved interest in research and technology sectors [6].
The definition “membrane” is used for a solid means of allowing selective separation of
the components of a mixture [5]. The stream that is intended to undergo this separation
is called the “feed”, the part of the feed that penetrates through the feed is called the
“permeate”, while the part that is withheld is called the “retentate” [7].

Due to their more durable matrix, metal membranes can withstand high-pressure
back-flushing, offering more options for easier cleaning of their surface with less need
for cleaning agents [8]. Although a wide range of materials is available for the pro-
duction of commercial porous metal membranes, the majority of current commercially

ChemEngineering 2021, 5, 76. https://doi.org/10.3390/chemengineering5040076 https://www.mdpi.com/journal/chemengineering

https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com
https://orcid.org/0000-0003-1516-3761
https://doi.org/10.3390/chemengineering5040076
https://doi.org/10.3390/chemengineering5040076
https://doi.org/10.3390/chemengineering5040076
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/chemengineering5040076
https://www.mdpi.com/journal/chemengineering
https://www.mdpi.com/article/10.3390/chemengineering5040076?type=check_update&version=1


ChemEngineering 2021, 5, 76 2 of 15

available porous metal membranes are made of stainless steel or based on stainless steel [9].
Apart from stainless steel, a wide range of metal alloys has also been used for the fabri-
cation of commercial porous metal filters/membranes by many companies due to their
unique characteristics, including good thermal conductivity, high mechanical strength
and corrosion resistance [10,11]. Other metals used for manufacturing commercial porous
metal filters/membranes include titanium [12,13], nickel [14], palladium–silver alloy [15]
and aluminium [16,17].

Porous metal membranes have attracted research interest, and new preparation and
characterization techniques are used as they are developed. As a result, they have been
used for applications in the industry, including wastewater treatment, dairy processing,
wineries and biofuel purification [9].

During the past few decades, various new porous metal membranes have been de-
veloped for use in a range of fields such as chemical/petrochemical processing [18], liq-
uid/solids, gas/solid separation and biofuel processing [19]. In addition, there are imple-
mentations in medical filtration applications [20], solid-phase extraction [19] and a number
of studies related to water purification [21–23].

Due to excellent mechanical properties, corrosion resistance, casting properties and
formability, brasses alloys are widely used in many industries such as sanitary ware and
electronic product and equipment manufacturing [24]. Lead (Pb) is often alloyed to brasses
to improve their machinability [25]; 3 wt% Pb is added to brass alloys to improve their
cutting performance [24]. The melting point of Pb is considerably lower than that of Cu
and Zn and is distinguished as a separate phase in the brass alloy, allowing it to act as a
lubricant and coolant during the cutting processes. However, Pb is highly toxic [26,27]
in its handling and possesses a threat to humans during all the manufacturing stages of
production and processing, as well as for its final product usage. One major concern arises
when brass comes in contact with water, where Pb can be leached away and into the water
as ions [28]. Toxicity of Pb in humans can lead to lead poisoning, damaging the circulatory,
nervous, digestive and reproductive systems [26].

2. Experimental Section

A study was conducted in order to evaluate the permeability of brass alloy membranes.
An X-ray fluorescence (XRF) apparatus was used to determine the composition of a bulk
brass alloy cylinder. Five sample cylinders were cut from the bulk cylinder, and one of
them was used for membrane fabrication as a non-treated brass alloy. This non-treated
alloy was subjected to various cutting parameters of the electrical discharge machining
(EDM) process in order to determine the dependence of the membrane’s surface from the
parameters of the apparatus and determine the optimal parameters.

The remaining four cylinders were subjected to various metallurgical treatment meth-
ods, such as work-hardening, quenching and annealing. Membranes were manufac-
tured from the four treated cylinders in two different thickness values (0.100 mm and
0.120 mm) using the EDM process with the optimal parameters that were predetermined.
The permeability of the membranes was determined via a permeability experimental setup.
Finally, structure analysis comparisons were conducted on the sample cylinders via the
use of optical microscopy, and morphology of the brass alloys was captured via the use of
scanning electron microscopy (SEM).

The study of the microstructure includes grain boundary observation, phase observa-
tion and phase characterization. The optical microscope used for this study was a ZEISS
Axio Observer 3 microscope. The SEM apparatus used to capture the morphology of the
brass alloy was a JEOL JSM-6390LV SEM.

2.1. Sample Preparation

The experimental process contained the sample preparation and all procedures that
the samples underwent: metallurgical treatments, metallography procedure for microscopy
and cutting. The experimental process used for sample preparation was divided into mul-



ChemEngineering 2021, 5, 76 3 of 15

tiple stages. An initial cylinder of the bulk brass alloy with a diameter of 35 ± 0.02 mm
was used in order to perform composition characterization of the alloy using an x Olym-
pus XRF (X-ray Fluorescence) analyser. A review of the alloy’s composition was made
in order to classify the material and to determine its physical and chemical properties.
The composition of the brass alloy was detected as follows:

57.95% Cu 37.92% Zn 3.65% Pb

This brass alloy according to its consistency is defined in DIN 17660 [29], with ma-
terial designation CuZn39Pb3. In addition, it is called duplex brass and is a two-phase
microstructure (phase α + β), where one of the phases is distributed through the other
one [30].

2.2. Alloy Treatment

The cylinder was cut into five (5) test cylinders with an approximate length of 2 cm.
One of the cylinders was set as the non-treated specimen, while the four (4) remaining
were subject to the various metallurgical treatment methods, resulting in the specimens
seen in Table 1. The treatments were applied with respect to temperature.

Table 1. Treatments of specimens.

Specimen
Number Treatment Type

1 Non-treated brass alloy
2 Work-hardening at 750 ◦C heating temperature and compressed at 450 bar

3 Work-hardening in consecutive steps: heating at 780 ◦C and compressed at
50 bar, then 860 ◦C and 450 bar, 820 ◦C and 450 bar, and 900 ◦C and 450 bar

4 Work-hardening at 750 ◦C and annealing: recovery at 400 ◦C, crystal
growth at 650 ◦C

5 Heating at 850 ◦C for and quenching by an air stream

The heating time in work-hardening treatments was adjusted in a heating chamber
until the desired temperature equilibrium was achieved. After the heating process, the
material was removed from the heating chamber and inserted in a hydraulic press, where
it was compressed with a pressure of 450 bar for 15 min. This time was chosen so that the
temperature of the specimen did not decrease to temperatures where hot-working, and in
consequence, cold-working would not be possible. Hot-working is carried out above the
recrystallization temperature but below the melting point, while cold working is carried
out below the recrystallization temperature, and as such, there is no appreciable recovery
of metal [31].

The annealing was done in 2 steps, with an added step of passive cooling. Annealing
is preferred for its restoration results, after hot-working, and is achieved from two different
processes that occur at elevated temperatures, namely recovery and recrystallization, which
may be followed by grain growth [11]. The specimen was inserted in the cold heating
chamber. After the initiation of the heating process, the specimen underwent recovery for
7 min, after which the temperature was increased to the final crystal growth temperature
and left for 1 h. These values were chosen according to [32,33]. After the annealing was
done, the specimen was removed left to passively cool at room temperature.

The heating time in quenching treatments was adjusted in a heating chamber for 1 h
to the desired temperature. The specimen was then removed from the heating chamber
and quenched by a cold air stream until room temperature was achieved. This heating time
was chosen as adequate for achieving temperature equilibrium for the size of the specimen.
Air was used as a medium, as tests with water-cooling made the material extremely brittle
and led to mechanical failures of the resulting membranes.
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2.3. Membrane Fabrication

From the test cylinders (non-treated and treated) several membranes were cut in
specific width values. Since the membrane had to be thin, the method that was chosen
was electric discharge machining (EDM), a well-known computer numerical control (CNC)
method for precise and fine cutting with high slenderness ratios [34]. The specimens
were cut in two different width values of 0.100 mm and 0.120 mm. While a minimum
thickness of 0.080 mm was achievable, the apparatus failed to reproduce a constant quality
surface, introducing even bending during the cutting process. Hence, a minimum value of
0.100 mm was chosen. A sample size of 3 membranes was extracted from each cylinder,
serving as a means for repeatability. The non-treated cylinder was also used for the
fabrication of further additional membranes in order to determine the optimal parameters
of the test that were determined with the use of optical microscopy, SEM and a tachometer
on the membranes that were created.

3. Results
3.1. Microscopy

The SEM images included in Figure 1, when compared to Figure 2, present the effect
of the EDM process on the surface of the membrane. While the surface without the EDM
processing was polished before imaging, polishing the EDM processed surface would
remove the recast layer and therefore not allow any comparison. As a result, the post-EDM
images were taken from an unpolished surface.
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Figure 2. SEM image of brass alloy; magnification ×1500.

After applying metallurgical treatments on the initial brass alloys, alterations were
expected on the microstructure. The grains would have different shapes and extents.
According to literature reviews, cold-worked grains are elongated after compression at
high temperatures [35]. As the recrystallization starts, new grains are reformed [33],
growing in size as the temperature is increased [36].

Figure 3 shows the structure of the initial non-treated brass alloy specimen. In Figure 3a,b,
the boundaries are clearly present despite the minimal colour difference of the phases.
The lighter colour represents the α phase, while the dense yellow colour represents the
α + β phase. Furthermore, the lead presence is clearly denoted by the black marks.
Figures 4–7 show the structures of the treated alloys.
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In Figure 4, optical microscope images of the treated brass alloy cylindrical specimen
are captured after being work-hardened at 750 ◦C and compressed at 450 bar. The grains
were acicular (needle-like formation). In an attempt to investigate the behaviour of the
brass alloy after continuous stressing, an optical microscope image was captured, as seen
in Figure 5. The treatment used was work-hardening in consecutive steps, after which
the grains appeared to be more elongated: heat at 780 ◦C and compress at 450 bar, heat at
860 ◦C and compress at 450 bar, heat at 820 ◦C and compress at 450 bar and heat at 900 ◦C
and compress at 450 bar. After the prementioned treatments, a decrease in permeability
was expected due to the compressional forces that reduce porosity, leading to fewer and
narrower flow paths for a fluid.

Another specimen underwent work-hardening at 750 ◦C, followed by compression at
450 bar and finally annealing at 700 ◦C. The result is shown in Figure 6.

The following could be seen:

• During the annealing process, the internal stress of the material that was a result of its
manufacturing method was reduced. This was due to the molecules repositioning in
the crystal structure, inhibiting the presence of crystal structure faults. Such a crystal
structure has a homogenous set of pathways for fluid to pass through, in contrast
with a work-hardened one, which has locally compressed pathways. Due to this
recovery of the crystal structure, easier flow of a fluid is possible and thus, an increase
in permeability is expected.

• The grains grew in size. While larger grains do not necessarily contribute to a larger
porosity of a material, since the packing factor can be kept constant, the pore size
should be increased in a crystal structure. However, a crystal structure contains less
dislocations as opposed to an amorphous material [37,38]. These dislocations can
create wider pores in the material, thus creating more favourable flow conditions
and increased permeability. On the contrary, a material with a crystal structure
has thinner pores and is expected to present a decrease in permeability. However,
one should take into consideration that amorphous materials do not have a certain
pattern and are subject to blind or closed pores, which can decrease permeability in
amorphous materials.

• Regarding the crystal structure faults that can reduce the pore size, the annealing process
inhibits such faults from forming, greatly supporting even further permeability increases.

The last treatment was heating at 850 ◦C and air stream quenched. Some grains
appeared to be smaller and some more elongated, as is depictured in Figure 7.

3.2. Porosity

Porosity was determined via an indirect determination by using the mercury intrusion
method. The volume of the mercury that was intruded in the sample was recorded with
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respect to the applied pressure. The volume was normalized to the sample’s weight, and
the results can be seen in the graph of Figure 8.
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The active porosity Φ was then determined from Equation (1), where ρ is the density
of the sample; Vgas is the volume of the gas at pore saturation; and msample is the mass of
the sample.

Φ% = ρ·
Vgas

msample
·100 (1)

The normalised saturation volume was determined as 25.62 µL/g at a saturation
pressure of 8700 psi. After measuring the density of the sample at 8.48 g/cc, the porosity
of the sample was found to be 21.73%. The profile of the graph seemed to exhibit a large
deviation of mercury volume between the intrusion and extrusion phases when compared
at the same pressure. It can equally be said that a certain volume of mercury intruded
at a much smaller pressure than the one required for its extrusion. This dependence of
variable alteration from the direction of the alteration is called the hysteresis phenomenon.
In this case, the mercury entered the sample and found itself trapped in the pores of
the sample (mercury trapping), requiring a further decrease in pressure than could be
estimated from the intrusion graph. This could have been due to the capillary forces. While
the mercury could easily penetrate the sample, due to it not having any significant opposite
force, the capillary forces acted as reaction forces to the fluid driving force (pressure
difference) during the extrusion phase. The size of the pores r can be estimated from
Equation (2). The relationship between the pressure and capillary diameter is described by
Washburn [39] as

r =
2·σHg· cos(θ)

psat
(2)

where σHg is the surface tension of mercury, approximately equal to 480 mN/m; θ is the
contact angle of mercury, approximately equal to 140 degrees; psat is the minimum pressure
at the saturation volume. The pore size was found to be 1.2259·10−8 m or 122.6

.
A.

All of the results can be seen in Table 2.
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Table 2. Porosity determination parameters.

Parameter Units Value

Saturation volume (µL/g) 25.62
Minimum saturation pressure (psi) 8700

Density (g/cm3) 8.48
Porosity (%) 21.73
Pore size (A) 122.6

3.3. Volumetric Flow Measurement

The pressure of the gas after penetrating the membrane pout is approximately equal
to the atmospheric pressure patm. Therefore, the relative pressure value of the gas before
penetrating the membrane prel is equal to the pressure drop value ∆p, as shown in Equation
(3), where pin is the absolute pressure of the gas before penetrating the membrane.

∆p = pin − pout = (prel + patm)− patm = prel (3)

After the placement of the sample in the permeability measurement setup, the gas
flow was optimized for each sample. The steady-state conditions were achieved when a
steady pressure drop across the sample was achieved.

On the bubble flowmeter, two marks were placed in order to define a certain volume.
The time recording was initiated when a soapy bubble passed the first mark and ended
when the soapy bubble reached the second mark. The volumetric flow

.
V was determined

by dividing the volume V with the time t. It should be noted that the flow was stabilized
prior to the flow time measurement. Therefore, small-time values are precise and reliable.

3.4. Permeability

For permeability calculations, both permeance and permeation are determined. Per-
meance is defined as the volume of the feed passing through a unit area of membrane at a
unit of time and under a unit of pressure [40]. In the same manner, permeation is defined
as the volume of the feed passing through a unit area of membrane over a certain thickness
at a unit of time and under a unit of pressure [41]. For the evaluation of these quantities,
the equations used are shown in Equations (4) and (5).

Permeance =
Q

S·∆p
(4)

Permeation =
Q·L
S·∆p

= Permeance·L (5)

As per the definitions of barrer and GPU, their derivation from SI units is shown below:

1 barrer = 10−10 cm3(STP)·cm
s·cm2·cmHg = 10−10

[
(10−2m)

3
(STP)

]
·(10−2m)

s·(10−2m)
2·(1333.22 Pa)

= 10−10

[
(10−2)

3
m3(STP)

]
·(10−2m)

s·(10−2)
2m2·1333.22 Pa

= 10−10 (10−2)
3·10−2

(10−2)
2·1333.22

m3(STP)·m
s·m2·Pa

= 10−10 10−6·10−2

10−4·1333.22
m3(STP)·m

s·m2·Pa = 1
1333.22 10−14 m3(STP)·m

s·m2·Pa

= 7.5006·10−4·10−14 m3(STP)·m
s·m2·Pa = 7.5006·10−18 m3(STP)·m

s·m2·Pa

1 GPU = 10−6 cm3(STP)
s·cm2·cmHg = 10−6 (10−2m)

3
(STP)

s·(10−2m)
2·(1333.22 Pa)

= 10−6 (10−2)
3
m3(STP)

s·(10−2)
2m2·1333.22 Pa

= 10−6 (10−2)
3

(10−2)
2·1333.22

m3(STP)
s·m2·Pa

= 10−6 10−6

10−4·1333.22
m3(STP)
s·m2·Pa = 1

1333.22 10−8 m3(STP)
s·m2·Pa

= 7.5006·10−4·10−8 m3(STP)
s·m2·Pa = 7.5006·10−12 m3(STP)

s·m2·Pa
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Equations (6) and (7) were used for conversion to commonly used units barrer and
GPU. These equations were adjusted according to the units that were used in the experi-
mental procedure. The active cross-sectional flow S was in m2, volumetric flow Q was in
m3/s, pressure drop ∆p was in Pa and thickness L was in m.

1 barrer = 7.5006·10−18 m3(STP)·m
s·m2·Pa

(6)

1 GPU = 7.5006·10−12 m3(STP)
s·m2·Pa

(7)

The gas flowed from the holes of the substrate, which can be seen in Figure 9, without
a significant pressure drop, compared to its flow through the membrane. However, due to
the continuity of the flow, the gas was forced to follow the paths of the holes. Therefore,
the cross-section of the flow was limited to the holes of the metal substrate.
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The permeance values of the metal membranes were determined and presented in
Figures 10–13 and Tables 3 and 4. The sample size that was chosen was 3 membranes,
where the final results were chosen as the average value of the 3 measurements, as their
deviations were minor.
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Table 3. Permeance values of metal membranes in CGS units.

Treatment
Thickness: 0.100 mm Thickness: 0.120 mm

Permeance
(GPU)

Permeation
(Barrer)

Permeance
(GPU)

Permeation
(Barrer)

Non-treated 1454.09 145,409 727.04 87,245
Work-hardening 134.22 13,422 174.49 20,939
Work-hardening in steps 6.38 638 21.81 2617
Quenching 44.70 4470 35.78 4294
Work-hardening and annealing 27.77 2777 28.99 3479

Table 4. Permeance values of metal membranes in SI units.

Treatment
Thickness: 0.100 mm Thickness: 0.120 mm

Permeance
(m3 s−1 m−2 Pa−1)

Permeation
(m3 m s−1 m−2 Pa−1)

Permeance
(m3 s−1 m−2 Pa−1)

Permeation
(m3 m s−1 m−2 Pa−1)

Non-treated 1091 × 10−8 1091 × 10−12 5453 × 10−9 6544 × 10−13

Work-hardening 1007 × 10−9 1007 × 10−13 1309 × 10−9 1571 × 10−13

Work-hardening in steps 4788 × 10−11 4788 × 10−15 1636 × 10−10 1963 × 10−14

Quenching 3352 × 10−10 3352 × 10−14 2684 × 10−10 3221 × 10−14

Work-hardening and
annealing 2083 × 10−10 2083 × 10−14 2175 × 10−10 2609 × 10−14

4. Discussion

According to the permeance values that were obtained through the experimental
process, the reduction in permeance due to the metallurgical treatments can be seen in
Table 5 by using the formula in Equation (8).

σ% =
Pnon treated − Ptreated

Pnon treated
·100 (8)

Table 5. Values of permeance reduction with different thickness values.

Treatment Method
Thickness (σ [%])

0.100 mm 0.120 mm

Work-hardening 90.77 76.00
Work-hardening in steps 99.56 97.00

Work-hardening and
annealing 98.09 96.01

Quenching 96.93 95.08

It can be observed that the drop in permeance was greater with a smaller thickness
value in every treatment method regardless. While part of the permeance reduction can be
credited to the treatment, another part can be credited to the recast layer. The recast layer
has the same depth in both membranes since it occurs at the boundaries of the membrane.
However, the treatment method affects the whole mass of the object. Since the object with
the most mass is more greatly affected by the treatment, it should be less affected (as a
percentage) from the recast layer. In this case, the object with the least mass is the 0.100 mm
membrane, assuming the same flow area value. Therefore, it is indeed expected to have a
greater reduction in permeance.

By comparing the reduction values of work-hardening with those of the work-hardening
and annealing, a further decrease of permeability can be observed by annealing the spec-
imen after work-hardening. Normally, a restoration of the crystal structure after the
compression caused by work-hardening is expected to restore the flow paths and increase
permeability to that of the untreated specimen. By studying their microscope images in
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Figures 4 and 6, respectively, the pore size seems to increase after annealing. Additionally,
the flow paths seem to have no direction. However, the annealing process partially restores
the crystal lattice to a more compact one, thereby reducing the porosity. Assuming preser-
vation of chemical composition, this reduction in porosity reduces the probability of an
open pore, thereby reducing the overall permeance.

Finally, a comparison between work-hardening and work-hardening in steps reveals
a further drop in permeance by additional work-hardening. By studying their microscope
images in Figures 4 and 5, respectively, a great reduction in pore size can be observed.
Contrary to the annealing process, the pores are not redistributed and maintain a direction,
so the flow paths remain unaltered. However, the extreme reduction of pore size chokes
the flow of the fluid, causing extreme friction, which results in greater pressure drop or, in
this case, lower flow rate.

5. Conclusions and Future Prospects

According to the results obtained concerning the permeance of the membranes, the
permeance of a membrane, which is fabricated from brass alloy (standardization: DIN
17660), is affected by its crystal structure. The metallurgical treatments that were included
in the current study, featuring work-hardening, annealing and quenching, resulted in
a drop of permeance for the fabricated membrane. Specifically, the drop in permeance
ranged from 76 up to 99.56%. Considering different membrane thickness values, thicker
membranes seemed to be affected at a slightly lower, but still high, level, according to
Table 5. All metallurgical treatments that were performed seemed to result in a drop of
permeance, regardless of the way the crystals were rearranged. This effect can possibly
be used in separation processes when one wants to separate molecules according to their
molecular size, albeit this requires further investigation through different gas mixtures.

Consecutive treatments seem to further decrease the permeability of the alloy, as
shown in work-hardening in steps and work-hardening and annealing compared to just
work-hardening. As such, consecutive treatments could be a viable technique to reduce
or even fine-tune the pore size distribution in order to make it suitable for filtering of
certain molecules.

The relative permeance reductions with respect to the treatment method are subject to
change in case a different fluid is used. A fluid with lower viscosity and low molecular
weight can achieve better flow rates due to the reduction of the pore size, as seen in the
optical microscope images. Due to this effect, the selectivity of the membrane towards
a certain component of the fluid can be increased, and thus the membrane can be suit-
able for separation and filtering processes. While selectivity behaviour is suspected in
the brass alloy membranes, such behaviour was not confirmed by experimental means.
The usage of various fluids can achieve different relative drops in permeance, while the
usage of composite fluids can confirm the effect of the membranes in separation and
filtering processes.
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