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The need to reduce greenhouse gas emissions dictates the search for new methods and materials. Here,

a novel type of inorganic–organic hybrid materials Fe@MWCNT-OH/SPEEK (with a new type of CNT

characterized by increased iron content, 5.80 wt%) for CO2 separation is presented. The introduction of

nanofillers into a polymer matrix has significantly improved hybrid membrane gas transport (D, P, S, and

aCO2/N2
), and magnetic, thermal, and mechanical parameters. It was found that magnetic casting has

improved the alignment and dispersion of Fe@MWCNT-OH carbon nanotubes. At the same time, CNT

and polymer chemical modification enhanced interphase compatibility and membrane CO2 separation

efficiency. The thermooxidative stability, and mechanical and magnetic parameters of composites were

improved by increasing new CNT loading. Cherazi's model turned out to be suitable for describing the

CO2 transport through analyzed hybrid membranes. The comparison of the transport and separation

properties of the tested membranes with the literature data indicates their potential application in the

future and the direction of further research.
Introduction

Increasing industrialization and the development of civilization
are associated with an increased demand for energy, which
entails an excessive increase in the combustion of fossil fuels and
CO2 emissions.1 The accumulation of CO2, which accounts for
more than half of greenhouse gas emissions, is responsible for
global warming, rising sea levels, and severe climate change.
Therefore, the current measures should aim to reduce emissions
of greenhouse gases, in particular CO2.2 Various strategies for
reducing CO2 emissions are proposed, such as: reducing energy
demand, implementing cleaner energy sources, reducing the
carbon footprint, capturing, storing, or sequestering CO2, and
using CO2 as a feedstock. Separated CO2 can be used in
enhanced oil recovery (EOR) operations, as well as in the culti-
vation of algae, phytoplankton, or bacteria, which allows the
production of food, livestock feed, lipids, methane, biofuels, and
even algal plastic called polyethylene furandicarboxylate (PEF).3

Currently, technologies related to the capture and storage of CO2
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ndustrial Automation, Silesian University

ring, Warsaw University of Technology,

bourne, Victoria 3010, Australia

the Royal Society of Chemistry
are the most promising. CO2 storage strategies include geolog-
ical, deep ocean storage, and xation in inorganic carbonates.4

On the other hand, the CO2 capture technology consists in its
removal from technological streams or exhaust gases and its
subsequent processing. There are three leading technologies to
capture CO2: pre-combustion, intra-combustion, and post-
combustion.5–17 The last of these technologies, consisting in the
separation of CO2 from ue gas, can be adapted to existing
industrial plants, and the released CO2 can be a substrate for
subsequent processes. CO2 separation can be performed using
various conventional methods such as absorption, adsorption,
chemical looping combustion, hydrate-based separation, and
cryogenic distillation.18–20 However, most of them are highly
energy-consuming and costly. Therefore, the latest research is
moving towards membrane methods, which require signicantly
lower nancial outlays and energy consumption. Both polymeric
and inorganicmembranes are used in the separation of CO2 from
gas mixtures. However, both types have advantages and disad-
vantages.18,19,21,22 Therefore, an excellent solution can be hybrid
membranes, also known as mixed matrix membranes (MMMs).
They combine the advantages of both a polymer matrix and
inorganic additives. However, in such membranes, particular
attention must be paid to the excellent dispersion of the inor-
ganic phase and good compatibility of these two phases.23–26

Usually, a combination of inorganic llers (such as CNTs, gra-
phene, silica, metal oxides, nanobers, zeolites, MOF and POF,
RSC Adv., 2022, 12, 13367–13380 | 13367
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Fig. 1 Sulfonation of PEEK.
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CMS) with a polymer matrix (various types of polymers, such as
polyimides (PI), uorinated polyimides (FPI), polyamides, poly-
sulfone (PSF), cellulose acetate (CA), polydimethylsiloxane
(PDMS), poly(vinyl acetate) (PVAc), poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO), brominated sulfonated poly(2,6-
dimethyl-1,4-phenylene oxide) (BSPPO), polyvinyl amine, etc.)
leads to hybrid materials with improved gas transport, mechan-
ical, thermal, electrical or magnetic properties.27–36 Such mate-
rials can be achieved by controlling the ller additive's
composition, content, andmorphology, using various processing
techniques, or by appropriate modication of both pha-
ses.23,24,31,34 Thus, to increase the compatibility between the pha-
ses and reduce the particle size of the inorganic particles, multi-
wall nanotubes (MWCNTs) could be used as a new carbon ller. It
is also possible to modify both the inorganic additive and the
polymer matrix, forming bonds between the considered phases.

In recent years, the interest in CNTs has been due to their
unique optical, magnetic, mechanical, thermal, and electrical
properties. Due to their developed surface, many selective gas
adsorption sites, and mechanical resistance, CNTs have also
found application as llers in hybrid membranes.37–40 However,
MWCNTs tend to aggregate in the polymermatrix, and therefore,
to limit it and increase membrane permeability and selectivity, it
is proposed to functionalize both the nanotubes and the polymer
and introduce potential external elds.40–43 Polymer matrices can
be modied by acylation, carboxylation, bromination, and
sulfonation.44 The latter has been reported as a suitable method
to increase the separation capacity of membranes.45

This paper reports the CO2/N2 separation results using new,
magnetically aligned Fe@MWCNT-OH/SPEEK membranes with
different additive contents. The higher content of iron charac-
terized the applied Fe@MWCNTs. Aligning of Fe@MWCNTs in
hybrid membranes at various magnetic-eld inductions and
chemical modication of the inorganic ller particles, polymer
matrix, and their inuence on CO2 separation performance was
investigated. The obtainedmembranes were also characterized by
a static mechanical performance, transmission electron micros-
copy (TEM), scanning electron microscopy (SEM), thermog-
ravimetry (TGA), X-ray diffraction (XRD), and vibrating sample
magnetometry (VSM). The experimental results were compared
with theoretically predicted data based on a three-phase system.
Experimental
Materials

Poly (ether ether ketone) (PEEK) was purchased from Evonik
Industries AG (Germany). Sulfuric acid, N,N-dimethylacetamide
(DMAc), toluene, ferrocene, methanol, iron(II) sulfate heptahy-
drate, trichloroethylene (TCE), and hydrogen peroxide of 99%
purity were supplied by Chemiatrade (Poland). Carbon dioxide
(5.5), nitrogen (5.0), and argon (5.0) compressed cylinders were
purchased from Air Liquide (Poland).
Sulfonation of PEEK

PEEK was sulfonated according to the procedure described
elsewhere.46 It was rst dried in an oven at 80 �C for 24 h before
13368 | RSC Adv., 2022, 12, 13367–13380
being sulfonated. Then, 14 g of PEEK was dissolved in 100 ml of
sulfuric acid (H2SO4, 95–98%) for about three hours at room
temperature and then vigorously stirred at 45 �C for the next
eight hours. Subsequently, the polymer solution was precipi-
tated in ice-cold deionized water by mechanical stirring. Finally,
the precipitated polymer was ltered off, washed few times with
deionized water until neutral pH, and then dried (24 h at room
temperature and then at 60 �C in a vacuum oven for a further 24
h). The degree of sulfonation of SPEEK (60.04%) was deter-
mined by the titration method. The scheme of the PEEK
sulfonation reaction is presented in Fig. 1.

Synthesis and functionalization of Fe@MWCNTs

Fe@MWCNTs with increased iron content were self-synthesized
by catalytic chemical vapor deposition (c-CVD) in an argon
atmosphere (99.99%) at 760 �C, with a ow rate ¼ 1.8 L min�1,
and the injection rate of the feedstock ¼ 2.8 ml h�1. A saturated
solution of ferrocene (9.6 wt%; catalyst precursor) in toluene
was used as the feedstock. In this case, Fe@MWCNTs saturated
with iron were obtained in the form of thick layers of vertically
oriented nanotubes with an outer diameter (OD) of 54 � 31 nm
and a length (l) of 100 � 20 mm, a BET surface (a) of 34 m2 g�1

and total iron content of 5.80 wt%.38,47 The Fe@MWCNTs were
then hydroxylated by adding iron(II) sulfate heptahydrate solu-
tion in deionized water (DIW) to which, aer 15 minutes of
ultrasonication, an aqueous solution of hydrogen peroxide
(30 wt%) was added in one portion, and further sonicated for 12
hours. Thus, Fe@MWCNT-OH was separated on a PTFE
membrane and washed with deionized water (DIW) and meth-
anol. It was then dried at 80 �C for 72 h. It was found that their
functionalization degree (df, mmol g�1) was 3.5 mmol of OH
group per 1 g of nanotube carrier.48 On the other hand, the
Fe : C ratio in the obtained Fe@MWCNT-OH remained
unchanged, which indicates that the hydroxylation mechanism
was based on the attack of hydroxyl radicals on the centers of
crystallographic disturbances in the walls of graphene.

Hybrid membrane preparation and characterization

The homogeneous and inorganic–organic hybrid membranes
based on a SPEEKmatrix and various additions of Fe@MWCNT-
OH as a ller (CNTs: 0.5–10.0 wt%) were examined. These
membranes were made by casting ller particles sonicated
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01585d


Fig. 2 Scheme of hybrid Fe@MWCNT-OH/SPEEK membrane prepa-
ration and gas permeation process.
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dispersions in polymer solutions without or with the magnetic
eld (B ¼ 40 mT or B ¼ 100 mT) of two ferrite magnets at
different distances (Fig. 2). The Fe@MWCNT-OH/SPEEK
membranes were obtained from the dispersion of CNTs in
a 9% SPEEK solution in DMAc, obtained by sonication for three
hours. The suspensions thus prepared were poured into levelled
Petri dishes and heated at 60 �C for 12 h, then at 80 �C for the
next 12 h. By this procedure, a series of membranes with an
inorganic content ranging from 0.5–10.0 wt% and thickness
100–200 mm were prepared. Gas (CO2 and N2) permeability
measurements were carried out for membranes using the low-
pressure gas permeation analyzer IDP-2, described else-
where49–51 at the temperature of 25 �C. These ow-rate data were
used to obtain the mass transport coefficients (D, P, S, and a),
using the Time Lag method.52–55

The mechanical and magnetic properties of obtained
hybrid membranes were tested on a Zwick/Roell Z050 static
testing machine and with the Lake Shore 7010 vibration
magnetometer (VSM). On the other hand, the cross-sections of
the membranes cut on the microtome were examined with the
JEOL 1200 transmission electron microscope at an accelera-
tion of 120 kV. It should be noted that a previous study of
Fe@MWCNT alone using TEM showed that the iron is
encapsulated in CNT.47 TGA analysis was also performed at
a heating rate of 10 �C min�1 under an argon atmosphere (60
ml min�1) using a Linseis STA PT1600 thermobalance (Selb,
Germany). Scanning electron micrographs of the obtained
hybrid membranes were made with the SIX HITACHI S-3400N
SEM apparatus. The samples were analyzed at 5 kV. The
prepared membranes were also characterized using XRD
(Rigaku Mini-Flex II diffractometer with Cu Ka radiation). The
XRD and mechanical properties analysis was performed in the
membrane thickness direction.
The evaluation of gas transport parameters through hybrid
membranes

In order to analyze the mechanism of gas transport through the
tested membranes, gas permeability tests for N2 and CO2 were
carried out using a low-pressure gas permeation analyzer. For
the analysis of experimental data, the Time Lag method was
used, obtaining several signicant gas transport coefficients,
such as, �D, P, S, and a. During the gas permeation tests, the gas
ow rate QSTP was measured and then recalculated into diffu-
sive mass ux J:
© 2022 The Author(s). Published by the Royal Society of Chemistry
J ¼ QSTP

A
(1)

where QSTP is a ow rate at standard conditions [cmSTP
3 s�1],

and A is a membrane-active area [cm2].
Using JS, permeation coefficient P was determined according

to eqn (2):52,53

P ¼ JS l

Dp
(2)

where P is a permeation coefficient [barrer], [barrer¼ cmSTP
3 cm

cm�2 s�1 cmHg
�1 10�10], l is a membrane thickness [cm], Dp is

a gas pressure difference at both sides of the membrane [cmHg],
and JS is a diffusive mass ux in a stationary state [cmSTP

3

cm�2 s�1].
The following critical gas transport parameter was the

average diffusion coefficient �D, obtained from the stationary
state of permeation according to the equation:

D ¼ Js � l

Dc0
(3)

where Js is a diffusive mass ux in a stationary state [cmSTP
3

cm�2 s�1], l is a thickness of the membrane [cm], and Dc0 is the
concentration difference [cmSTP

3 cm�3].
Aer integration of mass ux J with respect to time was

received a downstream absorption permeation Qa(l,t) (total ow
of penetrant) from which the Dc0 (intercept of the asymptote to
the stationary permeation curve with the Qa(l,t) axis) could be
determined using the Time Lag method.52,53

In turn, the solubility coefficient S is a measure of the size of
sorption in membranes, and it was calculated from the eqn (4):

S ¼ P

D
(4)

where S is a solubility coefficient [cmSTP
3 cm�3 cmHg

�1].
The last parameter, the ideal selectivity coefficient aCO2/N2

,
could be calculated from the ratio of the obtained permeation
coefficients:

aCO2=N2
¼ PCO2

PN2

(5)

where PCO2
, PN2

are permeation coefficients of pure carbon
dioxide and nitrogen.

Modeling of Fe@MWCNT-OH/SPEEK

In order to reduce the number of experiments and investigate
the effect of various parameters on membrane performance,
many theoretical models were developed to predict gas perme-
ation through hybrid membranes.

Most of the existing models are used to characterize the
mixed matrix membranes with inorganic additives in the form
of platelet and spherical particles. However, a relatively small
number of models consider the inuence of tubular particles on
the gas transport process. The rst is the Hamilton–Crosser
(HC) model, which uses the analogy between thermal conduc-
tion and gas permeation in polymer composites.56 The second is
the Kang–Jones–Nair (KJN) model, based on the parallel-series
resistance model.57 However, both models can only be used to
RSC Adv., 2022, 12, 13367–13380 | 13369
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Fig. 3 Magnetic properties of hybrid membranes: (a) hysteresis loops
of SPEEK, and Fe@MWCNT-OH/SPEEK membranes with 5 and 10 wt%
of Fe@MWCNT-OH, (b) dependence of coercivity and (c) dependence
of saturation magnetization of hybrid membranes cast in the absence
and in the presence of weaker and stronger magnetic field on
Fe@MWCNT-OH loading.
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predict gas transport through two-phase systems with ideal
morphology. Interface defects, such as voids, characterize
hybrid membranes. Therefore, such membranes should be
considered three-phase systems, consisting of a polymer matrix,
ller particles, and interfacial voids. One of the models based
on this assumption is the model proposed by Chehrazi et al.58 It
uses the analogy between mass and heat transfer in polymer
composites.

Two characteristic parameters were introduced to charac-
terize the polymer-nanotube interface, such as interfacial
thickness” (aint) and “interfacial permeation resistance” (Rint).
The effective gas permeation through an imperfect membrane
can be described as follows:58

Peff

Pm

¼

3þ 4

0
BB@
2ðd=aint � 1Þ
d=aint þ 1

þ PNT=Pm

1þ 2aint

L

PNT

Pm

þ L

aint
� 1

1
CCA

3� 4
2ðd=aint � 1Þ
d=aint þ 1

(6)

where, Peff, – the gas permeation coefficient of the MMM, Pm –

the gas permeation coefficient of the polymer matrix, PNT – the
gas permeation coefficient of nanotube, 4 – volume fraction of
nanotubes, aint – thickness of the interfacial region that
connects chemically or mechanically the nanotubes and the
polymer matrix phases and plays a crucial role in the entire
properties of composites, L – length of the nanotube, d –

diameter of the nanotube.
In order to compare the predicted results with experimental

data from our own research, the average absolute relative error
(AARE) was calculated as follows:50,59

% AARE ¼ 100

NDP

XNDP

i¼1

�����
P

pred
i � P

exp
i

P
exp
i

����� (7)

where, NDP – the number of data points, Ppredi – the predicted
permeability value, Pexpi – the experimental permeability
value.

This article compares the obtained experimental results with
the results predicted using the theoretical model developed by
Chehrazi et al.58 Therefore, the values of Peff/Pm for CO2 were
calculated, using the relationship given in eqn (6), assuming
that L ¼ 10 000 nm, d ¼ 10 nm, and changing one of the
parameters, respectively, while the others remain constant. The
values of PNT/Pm, 4, and aint were varied in the following ranges
1–10 000, 0.005–0.1, and 50–500 nm, respectively. The values of
the changed parameters were selected so that the average
absolute relative error %AARE was as small as possible. The
comparison of the simulation and experimental results are
presented in Table 3.

Results and discussion
Magnetic parameters of hybrid membranes

The magnetic parameters of hybrid membranes were investi-
gated due to the signicant inuence of the magnetic eld on
the formation process of these membranes and their subse-
quent properties. Hysteresis loops were used to determine the
13370 | RSC Adv., 2022, 12, 13367–13380
saturation and coercivity magnetization, as shown in Fig. 3a. In
turn, the next gures show the effect of Fe@MWCNT-OH
content on the magnetic properties of the obtained
membranes (Fig. 3b and c).

The shape of the hysteresis loop and the saturation magne-
tization show the paramagnetic nature of the SPEEKmembrane
and the slightly ferromagnetic nature of the membranes with
the addition of modied Fe@MWCNT-OH (Fig. 3a).

In hybrid membranes based on the SPEEK matrix, a certain
order of nanotubes has already been found, despite the lack of
a magnetic eld during their casting, which could be associated
with interactions between the inorganic and polymer phases. Of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Transmission electron microscopy (TEM) image of cross-
sections of (a) Fe@MWCNT-OH/SPEEK membranes cast in a weaker
magnetic field (area occupied by CNT aggregates is marked in red) and
(b) Fe@MWCNT-OH/SPEEK membranes cast in a stronger magnetic
field (10 wt% of Fe@MWCNT-OH) (the orientation of CNTs after
applying the magnetic field is marked in red).

Fig. 5 SEM images of: (a) Fe@MWCNT-OH/SPEEKmembranes (1 wt%)
cast without a magnetic field (areas occupied by CNT aggregates are
marked in red), (b) Fe@MWCNT-OH/SPEEK membranes (1 wt%) cast in
a stronger magnetic field, (c) Fe@MWCNT-OH/SPEEK (5 wt%)
membranes cast in a stronger magnetic field.
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course, along with the increase in the strength of the magnetic
eld, better and better ordering was observed, which was re-
ected in the increase in both the coercivity and saturation
magnetization values (Fig. 3b and c).

Membranes cast without the presence of a eld or in a lower
magnetic eld were characterized by some coercive disorders,
especially with a higher addition of CNTs, which may be related
to the formation of aggregates (shown in Fig. 4a). However, this
phenomenon was not observed in the stronger magnetic eld,
where the coercivity value increased with the increase of the
inorganic addition. This may be related to better CNT-OH
dispersion in the modied matrix and their better arrange-
ment in the structure of the hybrid membrane (Fe@MWCNT-
OH are aligned according to the magnetic-eld lines – Fig. 4b).

Comparing the magnetic properties of membranes based on
the new carbon nanotubes with a higher Fe content (5.80 wt%)
with membranes based on the previous type of CNTs with
a lower Fe content, a slight increase in the coercivity and
magnetization values was found. But this slight increase
certainly contributed to the improvement of the dispersion of
nanotubes in the polymer matrix and had a positive effect on
the separation and mechanical properties of the membranes.
This may be related to the faster and more effective response of
CNTs to the inuence of an external magnetic eld.

The above conclusions regarding the morphology of hybrid
membranes were also conrmed by SEM analysis. Hybrid
membranes based on the SPEEK matrix cast without the inu-
ence of the magnetic eld were characterized by the presence of
CNTs aggregates (Fig. 5a). Aer introducing an external
magnetic eld during the production of membranes, a much
better dispersion of inorganic particles in the polymer matrix
was achieved (Fig. 5b). The TEM image shows a specic
arrangement of nanotubes along the magnetic eld lines in the
form of visible bands. On the other hand, the best morpho-
logical properties were demonstrated by hybrid membranes
© 2022 The Author(s). Published by the Royal Society of Chemistry
based on a modied polymer matrix and Fe@MWCNT-OH
nanotubes cast in a stronger magnetic eld, where
a combined effect of both the introduced functionalizations
and the inuence of the magnetic eld on the improvement of
nanotube dispersion and the increase in compatibility between
the analyzed phases was observed (Fig. 5c).

Mechanical properties of obtained hybrid membranes

Bearing in mind the future potential application of the tested
membranes, their mechanical properties should also be exam-
ined. Therefore, two mechanical parameters were investigated,
such as Young's modulus (E) and tensile strength (Rm) (Fig. 6).

In the case of hybrid membranes cast without the inuence
of an external magnetic eld, an increase in tensile strength Rm

was noted until ller loading was 2 wt% (from 36.32 to 43.69
MPa). However, for higher additives, a decrease in the value of
this parameter was found (22.90 MPa). While the value of
RSC Adv., 2022, 12, 13367–13380 | 13371
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Fig. 6 Mechanical properties of hybrid membranes: (a) Rm vs.
Fe@MWCNT-OH loadings for SPEEK membranes cast in the absence
and in the presence of weaker and stronger magnetic field and (b) E
versus Fe@MWCNT-OH loadings for SPEEK membranes cast in the
absence and in the presence of weaker and stronger magnetic field.

Fig. 7 X-ray diffraction spectra for SPEEK and Fe@MWCNT-OH/
SPEEK membrane (2 wt%).

Fig. 8 TGA and DTG results for Fe@MWCNT-OH/SPEEK hybrid
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Young's modulus E for these membranes decreased slightly
with the increase of CNTs addition (from 1.23 to 1.00 GPa). On
the other hand, the introduction of a weak magnetic eld in the
membrane production process allowed to increase both the
tensile strength Rm (from 32.73 to 56.32 MPa) and the Young's
modulus E (from 1.15 to 1.78 GPa). The increase in Young's
modulus E may be due to an increase in the density of ionic
physical crosslinking between polar ionic sites. Obviously,
thanks to the mutual inuence of both the applied chemical
modications, leading to the formation of bonds, and the
inuence of the external magnetic eld, inuencing the proper
placement of nanotubes in the membrane structure, it allowed
to obtain the highest values of mechanical parameters, even
with the greatest inorganic addition (Rm from 33.09 to
68.64 MPa and E from 1.17 to 2.08 GPa), exceeding values for
dense polymer membranes. The improvement of the mechan-
ical properties of hybrid membranes may be related to the
increase of density and reduction of the mobility of polymer
chains, appropriate dispersion, and arrangement of nanotubes
in the structure of hybrid membranes. Of course, this will
directly translate into better separation properties of the
membranes and their possible future use.

Fig. 7 shows the XRD spectra for a pure SPEEK membrane
and a hybrid membrane with the addition of 2 wt%
Fe@MWCNT-OH. XRD analysis revealed the SPEEK semi-
crystalline structure (peak at 21.5�). Comparing the obtained
spectra with the literature data for PEEK,60,61 it should be noted
that the polymer changed to a partially amorphous form aer
carrying out sulfonation. On the other hand, aer the addition
of modied nanotubes Fe@MWCNT-OH, the appearance of
peaks corresponding to several Fe-phases (42.9� for a-Fe and
44.7� for g-Fe) and graphite shells (25.8� and 42.3�) was found.
Their presence was conrmed during an earlier XRD analysis of
pure Fe@MWCNT.61 Overlapping between the peaks, charac-
teristic for the polymer matrix and the inorganic additive was
13372 | RSC Adv., 2022, 12, 13367–13380
stated. A certain increase in the peak intensity aer the intro-
duction of the modied nanotubes can be associated with an
appropriate incorporation of Fe@MWCNT-OH into the SPEEK
polymer matrix.
Thermal analysis of SPEEK/Fe@MWCNT-OH membranes

TGA was carried out to study the thermal stability of
membranes as shown in Fig. 8.

It was indicated that all membranes showed similar few
steps of the weight loss. While for the Fe@MWCNT-OH/SPEEK
composites the following stages of weight loss have been noted.
The rst one, below 190 �C corresponds with loss of water and
residual solvent in membranes. The second weight loss from
211–360 �C was caused by the degradation of sulfonic groups
from SPEEK matrix and degradation of OH groups from
Fe@MWCNT-OH. The last weight loss from 517–800 �C is
related with the degradation of main polymer chain and
oxidation of Fe@MWCNT-OH.

It should be noted that with the increase of Fe@MWCNT-OH
addition, the maximum of the peaks responsible for the
subsequent transformations are shied towards higher
temperatures. This may indicate better thermo-oxidative prop-
erties of the obtained hybrids, despite the use of the SPEEK
membranes with various Fe@MWCNT-OH addition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 CO2 and N2 gas transport parameters of (a) Fe@MWCNT-OH/SPEEKmembranes prepared in the absence and (b) in the presence of the
stronger magnetic field

Membrane
Fe@MWCNT-OH/SPEEK
with Fe@MWCNT-OH (wt%) aCO2/N2

N2 CO2

�D 108

(cm2 s�1) P (barrer)
S 102 (cmSTP

3

cm�3 cmHg
�1)

�D 108

(cm2 s�1) P (barrer)
S 102 (cmSTP

3

cm�3 cmHg
�1)

(a)
0.0 34.00 2.00 � 0.18 0.45 � 0.04 0.23 � 0.02 4.80 � 0.33 15.30 � 1.07 3.19 � 0.22
0.5 35.98 2.30 � 0.20 0.50 � 0.04 0.22 � 0.02 5.04 � 0.35 18.05 � 1.26 3.58 � 0.25
1.0 36.93 2.37 � 0.22 0.52 � 0.05 0.23 � 0.02 5.09 � 0.36 19.28 � 1.35 3.79 � 0.26
2.0 40.07 2.74 � 0.25 0.63 � 0.06 0.23 � 0.02 5.14 � 0.37 25.25 � 1.77 4.92 � 0.34
5.0 41.37 3.20 � 0.29 0.81 � 0.07 0.25 � 0.02 5.18 � 0.36 33.51 � 2.34 6.46 � 0.45
10.0 40.98 3.30 � 0.30 0.86 � 0.08 0.26 � 0.03 5.49 � 0.38 35.04 � 2.45 6.38 � 0.45

(b)
0.0 34.00 2.00 � 0.18 0.45 � 0.04 0.23 � 0.02 4.80 � 0.33 15.30 � 1.07 3.19 � 0.22
0.5 36.34 3.25 � 0.29 0.60 � 0.05 0.18 � 0.01 5.44 � 0.38 21.66 � 1.51 3.98 � 0.28
1.0 40.41 3.36 � 0.29 0.62 � 0.05 0.19 � 0.02 5.57 � 0.39 25.06 � 1.75 4.52 � 0.32
2.0 47.22 3.88 � 0.35 0.75 � 0.07 0.19 � 0.02 5.69 � 0.39 35.34 � 2.47 6.25 � 0.43
5.0 52.23 4.53 � 0.40 0.96 � 0.08 0.21 � 0.02 5.78 � 0.40 50.26 � 3.51 8.71 � 0.60
10.0 58.63 4.67 � 0.42 1.02 � 0.09 0.22 � 0.02 5.89 � 0.41 59.56 � 4.17 10.12 � 0.71
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matrix. The temperature corresponding to the 5 wt% weight
losses during thermooxidative degradation increased with
increasing content of CNTs in the materials (e.g., from 198 �C
for hybrid Fe@MWCNT-OH/SPEEK with 1 wt%, 211 �C for
hybrid SPEEK with 2 wt%, to 225 �C for hybrid SPEEK with
5 wt% of CNT-OH). So, we can see, that TGA results conrmed
the thermooxidative stability of the analyzed membranes. The
thermo-oxidative properties of the obtained composite
membranes proved their potential use in CO2 separation. The
weight loss of the hybrid membranes was lower than that of the
pure membrane and decreased with increasing Fe@MWCNT-
OH content. It should be noted that hybrid membranes would
not degrade below 225 �C, indicating that they can potentially
be used in CO2 separation.
Gas transport characteristics of Fe@MWCNT-OH/SPEEK
hybrid membranes

When designing membranes with a potential subsequent
application for the separation of CO2 from gas mixtures,
possible problems related to plasticization and swelling of the
membranes should be taken into account. This can result in an
increase in spacing between the polymer chains and a reduction
in the selectivity of the separation process. Therefore, the
development of CO2 selective membranes focuses on the
synthesis of polymers with shape-stable and high chain stiff-
ness. Membranes with a degree of sulfonation of 40% do not
show the phenomenon of plasticization up to 11 bar, while with
a degree of over 40% up to 32 bar.44 In the above paper, modi-
cation of the polymer matrix by sulfonation was applied.
Thanks to this process, membranes with a high degree of
sulfonation were obtained, which protects them against
possible plasticization by tightening the polymer chains.

The synthesized hybrid membranes were examined for their
potential use in CO2 separation. Table 1 shows the parameters
© 2022 The Author(s). Published by the Royal Society of Chemistry
of CO2 and N2 transport through the tested Fe@MWCNT-OH/
SPEEK membranes. The results were obtained based on six-
fold measurements of three identical hybrid membranes. The
reproducibility of the method was checked by the Hartley Fmax

test. It was found that the obtained values of the standard
deviation did not differ in a statistically signicant manner
(Fmax < Fmax o (2.9 < 11.1)). Therefore, it was possible to calculate
the mean value and the reproducibility value of the procedure
was CV ¼ 8.74% for each measurement series.

Comparison of experimental and theoretically predicted
data (using the Chehrazi model) for the synthesized hybrid
Fe@MWCNT-OH/SPEEK membranes (cast in a different
magnetic eld) is presented in Table 2. It can be seen that the
thickness of the interphase aint between the organic and inor-
ganic phases decreases several times with increasing magnetic
eld induction (for hybrid membranes without amagnetic eld:
aint ¼ 200, with a magnetic eld B¼ 40 mT : aint ¼ 150 and with
a magnetic eld B ¼ 100 mT : aint ¼ 100). Such a measurable
reduction in interphase thickness may be associated with better
compatibility and interfacial interaction. It was also found that
the observed phenomenon has a positive effect on the transport
properties of the tested hybrid membranes.

On the other hand, taking into account the value of the ratio
of the CO2 permeability coefficient through nanotubes to the
permeability through the polymer matrix PNT/Pm, it was found
that it increases with increasing magnetic eld induction (for
hybrid membranes cast without a magnetic eld: PNT/Pm ¼ 100,
in eld B ¼ 40 mT : PNT/Pm ¼ 5000 and in the eld B ¼ 100
mT : PNT/Pm ¼ 10 000). This may indicate not only better
compatibility between the modied organic and inorganic
phases, reduction of possible defects, but also a positive inu-
ence of the magnetic eld on the gas transport properties of the
obtained membranes. The % AARE error ranged from 12–16%,
which may indicate the appropriateness of the Chehrazi model
RSC Adv., 2022, 12, 13367–13380 | 13373

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01585d


Table 2 Experimental and theoretically predicted data for the Fe@MWCNT-OH/SPEEK hybrid membranes, cast under various conditions

Membrane 4

Experimental
data Theoretical data

Parameters for
simulation AARE [%]Peff=PmCO2

Peff=PmCO2

SPEEK/Fe@MWCNT-OH without
magnetic eld

0.005 1.18 1.11 12.40
0.010 1.26 1.22 aint ¼ 200
0.020 1.65 1.43
0.050 2.19 2.06 PNT/Pm ¼ 100
0.100 2.29 3.06
0.005 1.36 1.16 14.60

SPEEK/Fe@MWCNT-OH in weak
magnetic eld

0.010 1.45 1.32 aint ¼ 150
0.020 1.90 1.63
0.050 2.52 2.54 PNT/Pm ¼ 5000
0.100 2.98 4.00
0.005 1.42 1.24 16.60

SPEEK/Fe@MWCNT-OH in strong
magnetic eld

0.010 1.64 1.48 aint ¼ 100
0.020 2.31 1.96
0.050 3.29 3.36 PNT/Pm ¼ 10 000
0.100 3.89 5.60

Fig. 9 Dependence of the gas transport coefficients: (a) permeation
and diffusion coefficients versus Fe@MWCNT-OH loading in the
SPEEK hybrid membranes cast in the absence of magnetic field, (b)
cast in the stronger magnetic field, (c) selectivity coefficient aCO2/N2

versus filler concentration in the various hybrid membranes and (d)
selectivity coefficient aCO2/N2

versus permeation coefficient PCO2

regarding the Robeson upper bound line.
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for the description of CO2 transport through the analyzed
membranes. Such a correlation may prove that the inuence of
possible defects of the membrane structure on the gas perme-
ability in an imperfect three-phase system was considered.

However, comparing the theoretical and experimental data
for successive increasing CNT-OH additives, it can be concluded
that up to 5 wt% the consistency of the results is high. On the
other hand, the greatest deviation between the results was
found for the largest addition of 10 wt%, which indicates the
need for further modication of the proposed model in the
future.

When analyzing the obtained results, one should take into
account the inuence of the modied SPEEK polymer matrix
and carbon nanotubes, as well as their mutual inuence on the
transport of the tested gases through the Fe@MWCNT-OH/
SPEEK hybrid membranes. In previous studies49–55 on hybrid
membranes, it was found that casting of the membranes in an
external magnetic eld improved the transport properties of
gases to some extent. However, only the modication of both
the polymer matrix and the inorganic additive allowed for the
creation of hydrogen bonds and signicantly improved the
compatibility of both phases and the transport properties of
oxygen. Therefore, in the above work, the authors immediately
decided to functionalize Fe@MWCNT by hydroxylation and the
poly (ether ether ketone) matrix by sulfonation. This enabled
the enhancement of the interaction between both phases by
creating hydrogen and sulfonate bonds (between –SO3H groups
from the polymer matrix and –OH from CNTs), which in turn
measurably reduced the defects at the interface and improved
the transport and mechanical properties of the produced
membranes. The combination of the positive inuence of
a stronger external magnetic eld and the modication of
membrane's both components made it possible to obtain
membranes not burdened with the negative inuence of
forming clusters and interfacial defects. The introduction of the
magnetic eld contributed to the proper ordering of the
13374 | RSC Adv., 2022, 12, 13367–13380
internal structure of membranes, especially CNT in the polymer
matrix, and the creation of ordered transport pathways for CO2.
Thus, we see that magnetic casting may prove to be a suitable
method to improve the performance of hybrid membranes used
in the separation of CO2 from gas mixtures. Therefore, there
was an increase in the value of CO2 transport coefficients with
the increasing addition of nanotubes, without any drops for
© 2022 The Author(s). Published by the Royal Society of Chemistry
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higher additives, as was the case with unmodied membranes.
Obviously, sulfonation of the polymer matrix resulted in an
increase in the selectivity coefficients aCO2/N2

(from 20.00 to
34.00) and a decrease in the permeability coefficients of CO2

(PCO2
from 37.50 to 22.49) and N2 (PN2

: from 1.20 to 0.78).62 This
is most likely due to an increase in density and a decrease in the
mobility of the polymer chains as a result of stronger inter-
chain interactions. The applied modications and the use of
the magnetic eld made it possible to obtain hybrid
membranes characterized by an increase in the coefficients of
permeability, diffusion, sorption and even selectivity aCO2/N2

(from 34.00 to 58.63) with the Fe@MWCNT-OH loading rise
(Table 1 and Fig. 9).

For the permeability coefficient PCO2
, a signicant increase

was noted with the increase in the nanotube content, in partic-
ular aer the use of a stronger magnetic eld (PCO2

from 15.30 to
35.04 without magnetic eld and from 15.30 to 59.56 with
stronger magnetic eld). This increase may be related to the
increase in the stiffness of the polymer chains, the greater FFV
and the mobility of CO2 molecules. At the same time, with the
increase of inorganic addition, the values of the diffusion DCO2

and sorption SCO2
coefficient increased (DCO2

: from 4.80 to 5.49�
10�8 and SCO2

: from 3.19 to 6.38 � 10�2 without magnetic eld
and DCO2

: from 4.80 to 5.89� 10�8 and SCO2
: from 3.19 to 10.12�

10�2 with stronger magnetic eld). Thus, we can see that the
increase in the CO2 permeability coefficient may be the result of
an increase in the value of both these coefficients, but in
particular the sorption coefficient (due to lower crystallinity,
increase of fractional free volume and the interaction of CO2 with
both modied polymer matrix and Fe@MWCNT-OH).

On the other hand, the nitrogen permeability coefficient PN2

also showed a slight increase (from 0.45 to 0.86 without
magnetic eld and from 0.45 to 1.02 with stronger magnetic
eld), which may be caused by a small rise of the diffusion
coefficient value DN2

in the changed structure of the hybrid
membrane (from 2.00 to 3.30 � 10�8 without magnetic eld
and from 2.00 to 4.67 � 10�8 with stronger magnetic eld). On
the other hand, the values of the sorption coefficient SN2

did not
change or even slightly decreased with the increasing addition
of CNT in a stronger magnetic eld.

It should be noted that the presence of sulfonic and sulfo-
nate groups provides strong molecular interactions with CO2

and favorable affinity for CO2. Higher degree of sulfonation
gives higher efficiency of gas separation because sulfonic
groups can form hydrogen bonds and strong molecular inter-
actions with CO2. The high polarity of the sulfonic groups may
promote CO2–sulfone interactions, allowing a favorable affinity
for CO2. Also, the greater compatibility of the sulfonated poly-
mer matrix with the modied CNTs alleviates the interface
defects and regulates the effective FFV to increase CO2 diffu-
sion. The introduction of polar sulfonic groups into the polymer
matrix resulted inmore compact packing of the polymer chains,
which in turn allowed to obtain greater selectivity with much
better efficiency than in the case of PEEK membranes. The
sulfonic groups create specic uninterrupted CO2 transport
pathways, which leads to an increase in CO2 solubility selectivity
of the tested membranes. The introduction of an inorganic
© 2022 The Author(s). Published by the Royal Society of Chemistry
additive made it possible to create more tortuous pathways for
N2 as a larger molecule, resulting in an increase in selectivity.
Thus, we see that sulfonation on the one hand improves inter-
phase compatibility and reduces interfacial defects. On the
other hand, the introduction of modied CNT-OH enhances the
chain rigidity of the polymer and broadens the CO2-philic
pathways near the polymer-ller interface, which increased the
selectivity. It was noticed that the permeability and selectivity
increased with increasing additive content.

In turn, due to the fact that carbon dioxide is the main point
of interest, its characteristic parameters should be taken into
account, which play an important role in the process of gas
transport through hybrid membranes and separation. It is
important that the carbon dioxide molecule, due to its
symmetry, has a constant electric quadrupole moment. Such
quadrupoles can interact with the three-dimensional structure
of the ordered “supra-structures” formed by Fe@MWCNTs in
the polymer matrix of hybrid membranes. And this, in turn,
causes the penetration of CO2 into the cavities created there. On
the other hand, a nitrogen molecule with a much smaller
quadrupole moment will not interact with this three-
dimensional structure. Thus, the effectiveness of adsorption
and separation of gases such as CO2/N2 will be inuenced by the
nature of the 3D structure as well as the presence of oxygen
(hydroxyl) groups in Fe@MWCNT-OH. In addition, the use of
MWCNTs as a ller with a highly developed structure allowed
for a signicant improvement in the adsorption properties,
which may be due to the increase in the energy of interaction of
CO2 molecules with “supra-structures” created by Fe@MWCNT-
OH in the polymer matrix. This is reected in the increasing
CO2 permeability and selectivity of the tested hybrid
membranes with the increasing inorganic additive (Fig. 9b and
c). An important element is also the approach of the measure-
ment points to the Robeson's upper bound line (Fig. 9d) with
the increase of ller addition, and even crossing this line by the
membrane with the highest 10 wt% addition of Fe@MWCNT-
OH. The crossing of the Robeson's line indicates the possi-
bility of the potential use of the proposed membranes for
industrial applications, as this line was determined on the basis
of the latest experimental data on the separation of the CO2/N2

mixture. Summing up, it should be stated that reducing the size
of the ller particles, introducing Fe atoms, but most of all
hydroxylation of the CNT surface and sulfonation of the poly-
mer matrix signicantly increase the efficiency of CO2/N2

separation. This is most likely due to the electrical nature of the
CO2 molecule, which has a quadrupole moment and therefore
interacts much more strongly with the polar groups than does
the nitrogen molecule. It can therefore be concluded that more
efficient membranes were obtained by modifying both the
inorganic additive and the organic polymer matrix, as well as by
casting the membranes in an external magnetic eld.

Table 3 presents literature data on CO2 separation with the
use of hybrid membranes based on various polymer matrices
and CNTs. On the other hand, Fig. 10 compares the results of
CO2 separation for the proposed Fe@MWCNT-OH/SPEEK
hybrid membranes with the corresponding literature results,
collected in Table 3.
RSC Adv., 2022, 12, 13367–13380 | 13375
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Table 3 Gas transport properties of hybrid membranes based on various types of CNTs and polymer matrices

Hybrid membrane
polymer matrix

Filler of hybrid
membrane CNT [wt%] Pressure [bar] Temperature [�C] PCO2

[barrer] Alpha CO2/N2 Ref.

Cellulose acetate CNT 0.1 3 — 147 5.50 63
BrPPO CNT 5 0.67 25 153 28.00 64
Polyimide CNT 15 1 25 866.6 4.10 65
CMC CNT 1 2 80 116 45.00 66
PC/PEG C-MWCNT 10 2 25 20.32 52.1 67
PEBA SWNT 5 2.3 21 102 63.0 68
Matrimid CNT-GO 5 4 � 10�5 25 38.07 81.0 69
Pebax MWCNT-COOH-4 4 3 30 24 81.0 70
Polyimide MWCNT-COOH-OH 3 1 15 9.06 37.7 71
Pebax MWNT 5 7 34.85 202 50.0 72
Pebax MWNT 10 7 34.85 310 44.0 72
Pebax MWNT 15 7 34.85 680 41.0 72
PSF CNT/ZIF-301(6) 10 2 25 16 38.0 73
PSF CNT/ZIF-301(12) 8 2 25 17 37.0 73
PSF CNT/ZIF-301(18) 6 2 25 18 44.0 73
PSF CNT/ZIF-301(24) 4 2 25 17 48.0 73
PSF CNT/ZIF-301(30) 2 2 25 16 34.0 73
TFN CNT-GO 1 : 1 4 70 66.3 47.1 74
BTDA-TDI/MDI (P84) MWCNT 2 1 25 190.5 1.9 75
6FDA-TP polyimide AP-SWNT 2 16.4 35 81 22 76

Fig. 10 Comparison of the dependence of the selectivity coefficient
aCO2/N2

on the permeation coefficient PCO2
for experimental and

literature data.
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It was found that the proposed hybrid membranes showed in
many cases a marked improvement in selectivity and/or
permeability compared to other membranes. Or their trans-
port properties are comparable to the membranes representing
the latest trends in CO2 separation. It is especially visible in the
case of the membrane with the greatest addition of
Fe@MWCNT-OH (Fig. 10), which clearly crosses the Robeson
line. A signicant improvement in their transport properties
may result from the synergistic effect of Fe@MWCNT-OH and
SPEEK. Therefore, the proposed combination of a polymer
matrix and an inorganic additive will allow the creation of
a hybrid membrane material with potential application in
improved CO2 separation.
Conclusions

As part of the above article, novel inorganic–organic hybrid
membranes were successfully synthesized, using SPEEK as
13376 | RSC Adv., 2022, 12, 13367–13380
a polymer matrix and Fe@MWCNT-OH as a ller. It was found
that the introduction of nanollers with an increased iron
content (5.80 wt%) into the polymer matrix signicantly
improved gas transport (D, P, S and aCO2/N2

), magnetic, thermal,
and mechanical parameters of the analyzed membranes, espe-
cially aer the use of magnetic casting and chemical modi-
cation of the inorganic and organic phases. The use of the
magnetic eld in the production of membranes allowed for the
proper arrangement and improvement of CNT dispersion in the
polymer matrix and had a positive effect on their gas transport
properties. The application of materials with paramagnetic and
slightly ferromagnetic properties for the production of hybrid
membranes made it possible to obtain a positive response to
the magnetic eld used. While the chemical modication of the
polymer matrix and inorganic ller improved the interfacial
compatibility and signicantly improved the CO2 separation
efficiency, increasing both the selectivity coefficient aCO2/N2

values to 58.63 and the permeation coefficient PCO2
to 59.56

barrer. The positive inuence of the proposed modications of
both the polymer matrix and the inorganic additive on the CO2

transport properties was found. Namely, the presence of polar
sulfonic and sulfonate groups may promote CO2–sulfone
interactions, allowing a favorable affinity for CO2. While better
compatibility of the phases may mitigate the defects at their
boundary and regulate the adequate fractional free volume to
increase the CO2 transport. On the other hand, the introduction
of modied CNTs, which create “supra-structures” in the poly-
mer matrix, may increase the rigidity of the polymer chains,
extend the CO2-philic pathways and increase the interaction
with CO2 electric quadrupole moment. The mechanical
parameters (E and Rm) of the tested membranes were improved
by increasing the addition of Fe@MWCNT-OH nanoller (an
increase in Rm from 33.09 to 68.64 MPa and E from 1.17 to 2.08
GPa). It was also found that the thermo-oxidative stability of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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tested composites increased with the increase of CNT content.
Themodel developed by Chehrazi et al. turned out to be suitable
for the description of CO2 transport through the analyzed
hybrid membranes (% AARE error was 12–16%). The proposed
hybrid membranes seem to be suitable for the separation of
CO2 from gas mixtures, especially aer the introduction of
chemical modications and the external magnetic eld
(increase in interfacial compatibility and affinity for CO2). This
type of solution, in the form of selective membranes
Fe@MWCNT-OH/SPEEK for CO2 separation, e.g., from coal
combustion ue gases, may be used in the power industry in the
future. The comparison of the transport and separation prop-
erties of the tested membranes with the literature data shows
that in most cases they are better or at least comparable. This
may indicate the synergy effect between CNT and SPEEK and
indicate their potential application in the future and the
direction of further research.
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