
1. Introduction

Nowadays, the development of membrane separation 
technologies allows their wider application in chemical and 
petrochemical industries. Commonly used polymeric and 
inorganic membranes have both advantages and disadvantages. 
Polymer membranes present usually high permeabilities 
to gases or vapours, and can produce thin films, but 
unfortunately they have lower thermal and chemical stability. 
While inorganic membranes exhibit usually high mechanical, 
thermal and chemical stability. However, they suffer from 
low processibility and higher costs than organic polymeric 
membranes. Thus, the main goal of the membrane technology 
development is the introduction of high-performance new 
materials [1, 2]. Recently, the studies of organic-inorganic 
hybrid materials (also known as mixed matrix membranes, 
MMMs) have attracted much attention. They have shown to 
be a promising new generation of membrane materials for the 
various potential applications such as gas separation (He, H2, 
O2, N2, CH4, CO2), pervaporation, membrane fuel cells (MFC) 
and direct methanol fuel cell (DMFC) applications. These 
materials combine the advantages of the two types of materials 
for separation purposes. That is the high processibility of 
polymers and the high selectivity and permeability of inorganic 
materials. That’s why, various combinations of polymers 
and inorganic materials have been extensively studied in 
the last years. The most commonly used inorganic fillers 
are zeolites, carbon molecular sieves, silica, metal particles, 
carbon black, carbon fiber and metal oxides. Numerous 

hybrid systems based on various polymer matrices were 
used, such as: poly(caprolactone), poly(amide), polyimide, 
poly(styrene-co-methacrylate), polydimethylsiloxane 
(PDMS), polymethylpentene (PMP), polyaniline (PANI), 
polymethyl methacrylate (PMMA), polyvinyl alcohol (PVA) 
and many others [3-8]. They are materials of great interest 
for researchers because their properties, and the effectiveness 
of membrane activity can be adjusted by controlling the 
composition, content and morphology of the particle addition, 
by usage of different processing techniques and modification 
of the polymer matrix (improvement of the interaction between 
these two materials, their compatibility and dispersion of 
inorganic phase) [9]. Material and type of filler as well as it’s 
amount in the composite have a significant influence on the 
physical and mechanical properties (thermal stability, optical, 
mechanical and gas separation properties) [10, 11]. Although, 
the production of these hybrid membranes is increasingly 
described in the literature, the scientists still are looking for 
solutions to improve their processibility, flux, selective gas 
separation and membrane durability. The reduction of potential 
problems could be also achieved using many methods, like 
chemical modification of the inorganic components surface 
using desired silanes and polymers or introduction of various 
compatibilizers [12-16]. Some effort has been also focused on 
producing organic–inorganic hybrid membranes containing 
magnetic fillers. There have been used many hybrid organic-
inorganic systems with enhanced electrical and magnetic 
properties, like, for instance: non-conducting and conducting 
polymers PANI with Fe3O4, g-Fe2O3, NiZn ferrite, BaFe12O19, 
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MnFe2O4 and SiO2/Nd–Fe–B magnet, Fe3O4/rubber, NiFe2O4/
polystyrene and hexaferrite/polymer [17-21]. It was also 
conducted research on magnetic core–shell nanocomposites 
using Zn0.5Co0.5Al0.5Fe1.46La0.04O4 as a core being surfactant 
with four different polymeric shells (PVP, PVA, PVAc and 
PEg) [25]. In recent years, our research has focused on 
magnetic hybrid organic-inorganic membranes used for the air 
enrichment in oxygen. We have used the potential difference 
between magnetic properties of paramagnetic oxygen and 
diamagnetic nitrogen, what has provided the differentiated 
conditions (other than sorption–diffusion) in mass transport 
of the separated gases and given the opportunity for their 
separation [26-32]. This paper is the continuation of our 
earlier works [28-34], which stated that the incorporation of 
magnetic micropowders into the polymer matrix (EC, PPO) 
improved the gas transport properties of produced membranes. 
In this work, we are going further to exam, the mechanical, 
rheological and magnetic properties of various magnetic hybrid 
membranes (EC and PPO with dispersed magnetic powders, 
like commercial MQP-14-12, MQP-16-7 and MQP-B with 
a particle size 5, 25 μm and 20-50 μm). 

2. experimental

2.1. materials

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) was 
supplied by Sabic Innovative Plastics, while the ethylcellulose 
(EC) by Acros Organics. The magnetic powders MQP-14-12, 
MQP-16-7 and MQP-B were used as an inorganic additive. The 
MQP-14-12 with a particle size 20-50 μm (D50=38 μm) were 
obtained during the milling of powder MQP-14-12 supplied 
by Magnequench. While the magnetic powders MQFP-14-12 
with  5  and  25μm  granulation  (D50=5  μm  and D50=25μm), 
MQFP-16-7  and  MQFP-B  with  5  μm  granulation  (with 
AA4 coating; D50=5 μm) are  the products of Magnequench 
company. They are the isotropic magnetic powders, based on 
a patented Nd-Nb-Fe-B, Nd-Pr-Fe-B and Nd-Fe-Co-B alloy 
compositions. Ethanol, toluene and trichloroethylene (TCE) 
with 99% purities were supplied by Sigma Aldrich and Acros 
(Poland). Compressed cylinders of oxygen (5.6), nitrogen 
(5.0), helium (6.0) and synthetic air (5.0) were supplied by 
Linde gas (Poland).

2.2. description of membrane production process and 
experimental setup

In our studies, we have examined the hybrid organic-
inorganic  magnetic  membranes  of  thickness  118-206  μm 
(depended on the amount and granulation of added magnetic 
powder). These membranes were cast from appropriate 
polymer (EC or PPO) solutions with the dispersed magnetic 
powders after sonication (of the appropriate amount: 1.0 – 
1.75g and various granulations) in the external field of a coil 
(stable magnetic field 40 mT). Membranes were removed from 
Petri dish (with some distilled water) and dried in 40°C for at 
least two days before analysis. With this procedure, a series 
of membranes with an inorganic content ranging from 54.0 

to 72.0 wt % was prepared. The permeation measurements 
were performed, before and after magnetization in an impulse 
inducteur, generating magnetic field induction approximately 
of 2.9 T. Nitrogen, oxygen and synthetic air permeability was 
measured by means of low-pressure gas permeation analyzer 
APg-1, described in the papers [26, 27, 32, 33]. The analysed 
membranes in the form of discs (membrane effective area 
19.63 cm2) were put in a diffusive chamber and rinsed with 
an analysed gas. Oxygen, nitrogen and synthetic air (21% O2 
and 79% N2) were introduced to the setup from compressed 
gas cylinders. Then, we have established (0.3 – 0.9 MPa) 
and controlled the suitable pressure difference (electronic 
pressure meter and controller EL-press P-506C) between 
high- and low-pressure part of a chamber. After that, we have 
obtained the flow rate of permeate using Flow-Bus flowmeter 
(with a range 0-3 ml/min) with a computer data acquisition. 
All measurements were carried out in room temperature. The 
oxygen and nitrogen concentration in permeate was analysed 
using a gas chromatograph HP 5890A. 

2.3. The evaluation of gas transport coefficients 

We have collected experimental permeation data for the 
oxygen and nitrogen, both for individual, pure gases, as well 
as components of air. For their analysis was used Time Lag 
method [26]. Few important diffusion, permeability, solubility 
and selectivity coefficients, like: DL, D , P, S, α were obtained 
using this method [32, 33]. 

We have measured the flow rate Q (using a flowmeter) 
and then after conversion to standard conditions and dividing 
by the effective area of the membrane, we received diffusive 
mass flux in a stationary state JS. From this mass flux we have 
assigned the mass transport coefficients based on the following 
formulas:

(1)

where: 
- average diffusion coefficient [cm2/s], Js - diffusive mass 

flux in stationary state [cm3
STP/cm2.s],

l - thickness of membrane [cm], Δc- concentration difference 
[cm3

STP/cm3].

(2)

where:

P – permeation coefficient [Barrer], , 
l – membrane thickness [cm],
Δp – gas pressure difference at both sides of the membrane 

[cmHg], Js – diffusive mass flux in a stationary state .

(3)

where:

S - solubility coefficient .
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and

(4)

where:
 - ideal selectivity coefficient, PO2, PN2 – permeation 

coefficient of pure components [Barrer].
Precise description of the Time Lag method can be found 

in our previous papers [26, 27, 29, 35, 36]. After integration of 
JS with respect to time, we have got a downstream absorption 
permeation Qa (l, t) (total flow of penetrant). According to this 
method the concentration difference Δc and Time Lag La were 
determined. The first one was obtained from an intercept of the 
asymptote to the stationary permeation curve with the Qa (l, t) 
axis. While the second one La was determined as an intercept 
of the asymptote to the stationary permeation curve with the 
time axis. 

The next diffusion coefficient DL was calculated from the 
downstream absorption Time Lag La [26, 27, 29] according to 
the following equation:

(5)

Comparing  with the value of diffusion coefficient 
DL, we can get some insight into the nature of the transport 
process. If , the diffusion is supposed to be an “ideal 
Fickian” unless there are some other processes, like a drift [26, 
29]. In this case, the drift coefficient w measures the strength 
of magnetic field that causes a preferred motion direction of 
the examined gas molecules (especially paramagnetic oxygen) 
through the membrane with respect to the field. To obtain the 
drift coefficient wBi, we have separated the drift and diffusion 
in an overall flux (assuming that diffusional contribution to the 
overall flux is magnetic field independent) and calculated from 
equation [26, 29]:

(6)

where: 
wBi – drift coefficient [cm/s], JBi – oxygen flux for magnetic 

membrane with appropriate magnetic induction Bi , 

J0 - oxygen flux for pure polymer membrane , 

Δc0 - equilibrium concentration of oxygen [cm3
STP/cm3], Bi - 

magnetic induction of a membrane [T]. The obtained values of 
drift coefficient wBi are given in Table 3. 

2.4. Characterization of hybrid membrane’s magnetic 
properties

The magnetic properties of hybrid membranes were 
examined by means of a Lake Shore 7010 vibrating sample 

magnetometer (VSM). The samples cut from the membranes 
were placed in the magnetometer perpendicularly to the 
direction of the magnetic field (their thickness was negligibly 
small compared to their other dimensions). The measurements 
were made with the maximum intensity of the magnetic 
field: 2280 kA/m. Coercivity, saturation magnetization and 
remanence were determined based on the obtained magnetic 
hysteresis loops. 

2.5. mechanical and rheological properties of hybrid 
magnetic membranes 

The microstructure of magnetic membrane’s surfaces 
was observed by optic microscopy (microscope Nikon 
Epiphot 200 with a computer image analyzer), from which 
images are shown in Fig.3. The obtained magnetic hybrid 
membranes were also analysed using the X-ray micro-
tomography (X-ray micro-tomograph SkyScan 1174), from 
which image is shown in Fig.4. 

Hybrid membranes were examined with the use of static 
testing machine Zwick/Roell Z050 working in the range 50 
kN force, with mechanical wedge holders to the flat samples. 
Tests were conducted in the room temperature with speed 
0,5 mm/min. Rheological measurements were carried out 
using ARES rheometer from TA Instruments. In the rotary 
rheometer, due to the rotation of the measuring system 
element comes to sample shearing between the two surfaces. 
One plate is stationary while the other performs a rotational 
movement. The measurements were performed in dynamic 
mode in the plate-plate system at a constant value of strain 
amplitude  γ  =0.5%  and  variable  angular  frequency  in  the 
range of ω =0.1–79.4 Hz. Experiments were conducted at an 
ambient temperature of 25ºC.

3. results and discussion

3.1. permeation data 

The mass transport coefficients of analysed gases 
for chosen magnetic hybrid membranes with magnetic 
micropowders MQP-16-7, MQP-B and MQP-14-12 were 
collected in Tab. 1 and 2. Data calculated on the basis of eq. 
1-6, are the mean values of six measurements with standard 
deviations not greater than 15%. 

3.2. magnetic properties

The example of demagnetization curves (II quarter of 
a hysteresis loop) of the magnetic hybrid membranes with 
various types of added magnetic fillers are shown in Fig.1.

The shape of the hysteresis loops and the course of 
magnetization evidenced the hard magnetic character of tested 
materials.
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Fig. 1. Demagnetization curves (II quarter of a hysteresis loop) of 
magnetic hybrid membranes with different magnetic powders

The coercivity, remanence, saturation magnetization and 
oxygen drift coefficient values for obtained hybrid membranes 
were given in Table 3.

The results given in Figure 1, Table 3 and from earlier 
studies [21, 22, 27, 30, 37] showed that the remanence and 
saturation magnetization increased with the increase of 
the powder addition in the membrane. It was found that the 
character of this dependency for saturation magnetization 
is linear. The third parameter, coercivity depended on 
a composition and microstructure of the magnetic powder but 
not on its participation in the polymer matrix. Furthermore, 
the type of added magnetic powders had an influence on 

TABLE 1
Mass transport coefficients of pure oxygen and nitrogen for various magnetic hybrid  membranes

Membrane αO2/N2

N2 pure O2 pure
DL P S DL P S

∙107 (cm2/s) (Barrer)
∙103(cm3STP/

cm3cmHg)
∙107 (cm2/s) (Barrer)

∙103(cm3STP/
cm3cmHg)

EC 1.45 3.70 3.70 0.80 0.22 11.00 10.00 1.16 0.11
EC, 1.5g, MQFP-14-12, 25 μm 2.44 17.52 13.22 42.82 2.42 48.31 64.91 101.80 2.11
EC, 1.5g, MQP-14-12, 20-50 μm 1.99 14.51 11.81 34.93 2.40 35.20 47.65 72.69 2.07

PPO 3.80 0.80 0.70 3.80 4.75 1.70 1.80 14.40 8.47
PPO, 1.0g, MQFP-16, 5 μm 4.41 2.97 2.92 16.18 5.45 6.21 8.14 71.41 11.51
PPO, 1.75g, MQFP-16, 5 μm 4.90 4.94 4.72 37.84 7.66 15.41 20.30 185.30 12.03
PPO, 1.1g, MQFP-B, 5 μm 4.50 3.14 3.08 18.07 5.75 7.01 9.20 81.36 11.61
PPO, 1.5g, MQFP-B, 5 μm 4.77 4.03 3.89 27.81 6.90 11.15 14.67 132.57 11.89

TABLE 2
Mass transport coefficients of oxygen and nitrogen in air for various magnetic hybrid membranes

Membrane αO2/N2

N2 in air O2 in air
DL P S DL P S

∙107 (cm2/s) (Barrer)
∙103(cm3

STP/
cm3cmHg)

∙107 (cm2/s) (Barrer)
∙103(cm3

STP/
cm3cmHg)

EC 1.53 9.00 9.00 15.00 2.00 15.00 15.00 23.00 1.52
EC, 1.5g, MQFP-14-12, 25 μm 2.56 76.13 81.38 140.07 1.87 143.50 162.17 358.80 2.50
EC, 1.5g, MQP-14-12, 20-50 μm 2.34 56.73 61.58 103.52 1.80 99.97 113.83 242.23 2.33

PPO 3.04 0.80 0.80 4.82 6.02 1.80 1.90 14.65 8.14
PPO, 1.0g, MQFP-16, 5 μm 3.85 5.07 4.08 27.40 5.40 12.51 9.80 105.43 8.43
PPO, 1.75g, MQFP-16, 5 μm 4.36 10.81 8.66 64.73 5.99 31.13 25.77 281.96 9.06
PPO, 1.1g, MQFP-B, 5 μm 3.94 5.57 4.48 30.66 5.50 14.14 11.19 120.86 8.55
PPO, 1.5g, MQFP-B, 5 μm 4.22 8.15 6.54 47.45 5.82 22.51 18.37 200.24 8.90

TABLE 3
Magnetic properties of organic-inorganic hybrid membranes

Membrane Coercivity [kA/m] Remanence [emu/g] Saturation magnetization [emu/g] w [cm/s]
EC, 1.5g, MQFP-14-12, 25 μm 950 35.43 50.07 6,59.10-4

EC, 1.5g, MQP-14-12, 20-50 μm 911 34.84 49.87 3,68.10-4

PPO, 1.0g, MQFP-16, 5 μm 555 29.09 51.45 8,72.10-5

PPO, 1.75g, MQFP-16, 5 μm 568 44.83 75.54 1,34.10-4

PPO, 1.1g, MQFP-B, 5 μm 744 47.69 70.46 9,93.10-5

PPO, 1.5g, MQFP-B, 5 μm 730 48.49 74.43 1,20.10-4



1829

membrane’s magnetic properties. Namely, partial substitution 
of neodymium by praseodymium results in an improvement 
of MQP-16-7 (alloy Nd-Pr-Fe-B) magnetic properties, like 
the magnetization. This significant change was caused by the 
formation of iron dendrites and greater magnetocrystalline 
anisotropy of Pr2Fe14B phase. In the case of MQP-14-12 
(alloy Nd-Nb-Fe-B) niobium addition creates precipitates of 
type Nb2FeB and nanoscale precipitates, inside the Nd2Fe14B 
phase grains, which in turn anchor the domain walls and 
lead to a significant increase in coercivity. While the partial 
substitution of iron by cobalt results in the increase of Curie 
temperature and the coercivity in MQFP-B (alloy Nd-Fe-
Co-B) [20].

Additionally, the coercivity, remanence and saturation 
magnetization values for membranes with powders of grain size 
5 and 25 µm may be influenced by the fact that these powders 
are coated with an inorganic coating AA4. It was stated that 
magnetic properties of the magnetic hybrid membranes depend 
mainly on the type, particle size and addition of the magnetic 
powder, and to a minor degree on the type of polymer matrix. 
That means that the magnetic properties of these membranes, 
and their potential usage in the future could be appropriately 
tuned and tailored. This will have a direct impact on the gas 
separation and transport properties of these membranes. 

The results presented in Tables 1-3 prove that values of 
remanence and the gas transport coefficients (D, P, S and α) 
are growing with the decrease of magnetic powder particle 
size and rise of its addition. However, the greatest coefficient’s 
value increase is observed for the paramagnetic oxygen. The 
coercivity depends mainly on the remanence, that largely 
affects the properties of the concerned hybrid membranes. 
So, the effect of coercivity on the transport and separation 
properties of the membrane is indirect. The values of saturation 
magnetization, separation and gas transport coefficients of 
hybrid membranes are growing (Fig. 2) with the increase of 
the magnetic powder amount. It was also observed that the 
influence of remanence on the separation (coefficient α) and 
transport properties of membranes (coefficient’s P, D, S) is 
much greater than this of saturation magnetization. The small 
increase of a nitrogen diffusion coefficient with the rise of the 
saturation magnetization value, could be associated with the 
changes in the membrane microstructure. 

Fig. 2. Dependence of diffusion and permeation coefficients on PPO 
magnetic hybrid membrane’s saturation magnetization

Based on the data given in Table 3 it was found that 
the remanence and saturation magnetization increase and 
coercivity decrease, caused the rise of a drift coefficient w, 
particularly in the case of a paramagnetic oxygen. 

3.3. results of mechanical measurements

Potential future use of magnetic hybrid membranes 
in gas mixture separation requires having the appropriate 
mechanical properties and strength. That’s why the mechanical 
and rheological measurements for these membranes were 
performed. The following mechanical parameters: apparent 
yield strength r0,2, real yield strength r, tensile strength 
rm and young’s modulus e were determined for the tested 
samples.

A study of mechanical properties showed that the 
increase of the magnetic powder addition (from 1.1 to 
1.5g)  and  a  decrease  of  its  granulation  (from  25  to  5  μm) 
improved mechanical properties of the tested membranes 
such as: apparent yield strength, real yield strength (increase 
from 7.39 to 10.66 MPa), tensile strength (rise from 12.58 
to 18.54 MPa) and young’s modulus (growth from 289.1 to 
705.7 MPa). Much better mechanical properties were stated 
for hybrid membranes with PPO matrix, that is resulted from 
PPO better mechanical properties in comparison with EC 
[38, 39]. The improvement of hybrid membrane’s mechanical 
properties is probably connected with the reduction of overall 
polymer chain’s mobility and increase of density of hybrid 
membranes with the addition of magnetic micropowders. That 
was confirmed by X-ray micro-tomography examinations, in 
which the more compacted structure of the hybrid membranes 
was revealed. 

Enhancement of the mechanical properties translates 
directly into better separation properties of hybrid membranes 
and their potential use in the future.

Because the images taken by optical microscopy (Fig.3.) 
did not allow for more detailed examination of the magnetic 
membrane’s structure, it was decided to apply the technique of 
X-ray micro-tomography. The example results from the X-ray 
micro-tomography for PPO hybrid membrane with 1.75g of 
MQFP-16-7 are shown in Fig.4. 

In the Figure 4 are shown the results concerning 
orientation of the areas occupied by the magnetic particles. 
The black colour indicates the magnetic particles, and the 
grey is a polymer matrix. The direction of the longest line 
that can be routed through a single area occupied by the 
particles was measured. It was found that the maximum is 
approximately 90 degrees. This fully confirms previous 
observations concerning the perpendicular orientation of 
created magnetic particle’s chains (linked with magnetic 
forces within the polymer matrix) which form the magnetic 
channel structure.

The concept of magnetic channels, formed by the 
magnetic powder particles in the polymer matrix under the 
influence of the applied magnetic field was introduced in the 
earlier works. It was also discussed the role of these channels 
in the separation of oxygen and nitrogen, characterized by 
various magnetic properties and in a different way interacting 
with those magnetic channels [30, 32-34].
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Fig. 3. Optical microscope images of the PPO magnetic membrane 
with various additions of MQP-16-7, 5 μm: a) 1.00g (magnification 
20x), b) 1.00g (magnification 50x), c) 1.75g (magnification 20x) d) 
1.75g (magnification 50x)

Fig. 4. X-ray micro-tomography visualization of the area’s orientation 
occupied by the magnetic powder particles within the magnetic hybrid 
membrane structure

3.4. results of rheological analysis 

The obtained magnetic hybrid membranes combine 
the features of the elastic solid and the viscous liquid. Such 
materials, could be characterized by means of viscoelastic 
properties. To describe the rheological properties of such 
materials, there are three parameters, such as: the storage 
modulus, G’, the loss modulus, G’’ and the loss coefficient tan 
δ [40, 41]. 

In this study, the elastic (storage) modulus G’ and the 
loss modulus, G’’ were measured as a function of an angular 
frequency ω and strain [%]. The example rheological results 
for 3 chosen membranes were shown in Fig.5.

The storage modulus g’ increases significantly with 
the increase of the magnetic powder addition (Fig.5). It was 
stated that for the examined hybrid membranes, the value of 
loss modulus g” is lower by one order of magnitude than the 
storage modulus G’, while the values of tan δ vary to a small 
extent. The values of g’ modulus for the EC hybrid membrane 
are one order smaller than for the PPO hybrid membranes. 
It is probably connected with various types of membrane 
matrices, characterized by different rheological properties. 
The intersection of function g’ and g” indicates the crossover 
point. At this point, the samples become more viscous than 
elastic. In the case of EC magnetic hybrid membrane, the 
point of intersection was about 1% strain, while in the case 
of PPO hybrid membranes in about 3%. So, for the PPO 
hybrid membranes this change occurs for higher strain values. 
It was stated that the best resistance to elastic deformation 
has the hybrid PPO membrane with 1.75 g of dispersed 
magnetic powder, while the most resistant to viscous flow was 
membrane with 1.0 g of magnetic powder. Significant higher 
values of g’ for membrane with the highest magnetic powder 
content are due to the higher amount of ferromagnetic particles 
in the polymer matrix (the stiffness of magnetic particles is 
incomparable higher than the stiffness of the polymer matrix). 
Moreover, with the increase of magnetic powder addition, 
the distance between magnetic particle chains decreases, 
the magnetic interaction between them rises, what leads to 
formation of more complex microstructures similar to the 
3D matrices with higher storage modules. Lower values of 
rheological parameters were noted for membrane containing 
powder with larger granulation, wider distribution of magnetic 
particle size and thereby much lower degree of space filling by 
magnetic powder.

Fig. 5. Comparison of the dependency of a) storage modulus G’, b) loss modulus G’’ and c) loss coefficient tan δ versus strain [%] for three 
various magnetic hybrid membranes
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4. Conclusions

Magnetic hybrid organic-inorganic membranes were 
successfully synthesized on the basis of ethylcellulose and 
poly(2,6-dimethyl-1,4-phenylene oxide) polymer matrices and 
various magnetic powder microparticles. It was stated that the 
separation and gas transport properties of the magnetic hybrid 
membranes were enhanced with the increase of magnetic 
powder addition, accompanied by an increase in membrane’s 
remanence and saturation magnetization. Whereby the 
influence of remanence on the separation (coefficient α) and 
transport properties of membranes (coefficient’s P, D, S) is 
much greater than this of saturation magnetization. At the 
same time, it was observed that the decrease in powder particle 
size, accompanied by an increase of the membrane’s coercivity 
and remanence also positively influenced the gas transport and 
separation properties (higher gas permselectivity, permeability 
and to a lesser degree solubility) of investigated magnetic 
hybrid membranes. It was also found that the increase of the 
remanence and saturation magnetization causes an increase of 
a drift coefficient w, particularly in the case of a paramagnetic 
oxygen. It can be assumed, that the magnetic properties of the 
magnetic hybrid organic-inorganic membranes depend mainly 
on the type, the particle size and addition of the magnetic 
micropowder, and to a minor degree on the type of polymer 
matrix. That means that the total magnetic behaviour of these 
magnetic hybrid membranes could be tuned and tailored 
depending on these parameters. 

In turn, the increase of the magnetic powder addition, 
decrease of its granulation and selection of appropriate type 
of polymer matrix improved mechanical (increase of apparent 
yield strength r0,2, real yield strength r, tensile strength rm 
and young’s modulus e) and rheological parameters of the 
tested membranes. It was stated that the hybrid membrane’s 
resistance to elastic deformation increased with the rise of 
magnetic powder addition, while their resistance to viscous 
flow decreases. The improvement of their mechanical and 
rheological properties also had a positive effect on their 
gas separation properties. Proper selection of all discussed 
parameters will have a direct impact on the separation and 
transport properties of investigated membranes and will affect 
their potential application in the future.
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