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A B S T R A C T   

The porous and highly stable filler material CTF-fluorene was incorporated with 8, 16 and 24 wt% into the 
polymer matrices polysulfone (PSF) and Matrimid®. The resulting mixed matrix membranes (MMMs) were 
investigated by binary mixture CO2/CH4 mixed gas measurements. With increasing filler content in the MMMs, 
CO2 and CH4 permeabilities were enhanced with no loss of CO2/CH4 selectivity. All membrane systems were 
compared to theoretical permeability models and the best agreement could be found applying the Maxwell 
model. Further, calculations of the fractional free volume (FFV) confirm the contribution of filler porosity to 
improve the membrane permeability.   

1. Introduction 

The separation of CO2 from gas mixtures is an environmentally and 
economically important aspect. Especially, CO2/CH4 separation tech-
niques are industrially relevant for the processing and purification of 
natural gas (“natural gas sweetening”). Raw natural gas mainly contains 
CH4 [1], but it has to be purified from CO2, hydrocarbons or hydrogen 
sulfide (H2S) before utilization [2]. The removal of the acidic gas CO2 
minimizes corrosion in storage and transportation systems and enhances 
the energy content of natural gas [3]. The fact, that CO2 can be present 
in a range from 0.06 up to 42.66 mol% [1] in the raw natural gas, un-
derlines the necessity of CO2/CH4 separation. 

In contrast to conventional CO2 separation processes including ab-
sorption by monoethanolamine (MEA), pressure swing adsorption (PSA) 
or cryogenic distillation, polymeric membranes offer the advantages of 
low maintenance and capital costs as well as simple operation processes 
[4]. Organic polymer membranes are generally classified as non-porous 
and can consist of glassy or rubbery polymers, which form a dense film. 
To enhance the separation performance of the neat polymer membranes 
fillers can be incorporated in the membrane, resulting in a mixed matrix 
membrane (MMM). Possible fillers in MMMs are zeolites [5], silicas [6], 
zeolitic imidazolate frameworks (ZIFs) [7], metal-organic frameworks 
(MOFs) [8–12], carbon materials like carbon molecular sieves (CMS) 
[13] and porous organic polymers (POPs) [14]. 

A subclass of POPs are covalent triazine frameworks (CTFs). The first 
CTF, namely CTF-1, was synthesized under ionothermal conditions (in 

molten ZnCl2) via polymerization of dicyanobenzene resulting in a 
chemically and thermally highly stable microporous triazine network 
[15]. Not only due to their chemical stability, are CTFs favorable as a 
filler material in CO2/CH4 separation MMMs, but the nitrogen rich 
structure promotes the affinity of CO2 due to dipole-quadrupole in-
teractions between the nitrogen of the framework and the CO2 mole-
cules [16,17]. Therefore, a good CO2 permeability can be expected. 

In the last years molecular dynamics simulations and density func-
tional theory calculations with dispersion corrections (DFT-D2) on CTFs 
as pure membrane material showed promising results in the potential 
field of desalination and He separation [18,19] A way to synthesize pure 
CTF membranes was presented by Zhu et al., in 2012. By means of a 
trimerization reaction of 4,4-biphenyldicarbonitrile in CF3SO3H the 
triazine-framework-based membrane TFM-1 could be produced. The 
TFM-1 membrane achieved a CO2 permeability of 518 ± 25 Barrer with 
a CO2/N2 selectivity of 29 ± 2 [20]. Triazine based networks were also 
employed as selective layers on supporting materials. An organic 
triazine-piperazine based membrane (CTP membrane) was synthesized 
by Das et al.. The porous CTP layer was adjusted on the surface of a 
polyacrylonitrile (PAN) support and dye and salt rejection performances 
were examined [21]. Further, few-layered 2D-CTF-1 nanosheets on an 
anodic aluminum oxide substrate were used for dye retention [22]. A 
different system with CTF-1 nanosheets adjusted on a porous graphene 
oxide support was applied to form ultrathin membranes resulting in an 
efficient separation of H2 from CO2 [23]. 

Triazine based networks have also been utilized as filler materials in 
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polymer membranes. A biphenyl based CTF was incorporated into pol-
ydimethylsiloxane (PDMS) matrices for n-BuOH recovery from mixtures 
with water. With the resulting MMM a separation factor of 50 at 40 ◦C 
was achieved [24]. Up till now, there are only a few examples for 
triazine based filler materials for CO2/CH4 separation. Thankamony 
et al. developed a MMM with the covalent triazine piperazine polymer 
CTPP as a filler in a poly ether-block-amide (PEBAX 1657) matrix. With 
0.025 wt% of CTPP the permeability for CO2 compared to the pure 
polymer increased from 53 to 73 Barrer with a CO2/CH4 selectivity in-
crease from 17 to 25 [25]. FCTF-1, a fluorinated CTF, was used as filler 
material in a PIM-1 membrane resulting in a rise in CO2/CH4 selectivity 
from 11.5 to 14.8 accompanied with an increase in CO2 permeability 
from 5800 Barrer to 9400 Barrer for the 5 wt% FCTF-1 membrane [26]. 
Previously synthesized PSF MMMs with the filler CTF-1 showed a CO2 
permeability of 9.8 Barrer and a CO2/CH4 selectivity of 20 for a filler 
content of 24 wt% CTF-1 [27]. 

In this work CTF-fluorene is used as a filler material for polysulfone 
and Matrimid® MMMs and was synthesized via a more economic and 
less time consuming Friedel-Crafts alkylation in comparison to the ion-
othermal CTF synthesis. Further, CTF-fluorene shows less loss of nitro-
gen content compared to other CTFs, such as CTF-triptycene [28]. 
CTF-fluorene can easily be handled in a scaled-up synthesis, which is 
essential to keep all membranes comparable by enabling membrane 
preparation with the filler material from one batch. As matrices the 
polymers PSF and Matrimid® are chosen. The patent literature un-
derlines that polysulfones are one of the most commonly used polymers 
for gas separation, especially due to plasticization resistance as well as 
chemical and thermal durability [29]. The thermoplastic polyimide 
Matrimid® was chosen as a matrix due to its high thermal stability as 
well as its high CO2/CH4 selectivity [30]. 

2. Experimental section 

2.1. Materials 

All chemicals were purchased from commercial sources. CTF syn-
thesis: Anhydrous aluminum chloride (AlCl3; 98.5%) was received from 
Acros Organics and sublimed in order to remove impurities. Cyanuric 
chloride (99%) was obtained from Sigma-Aldrich, dichloromethane 
(DCM; 99.99%) from Fisher Scientific and fluorene (>98%) from Alfa 
Aesar. Solvents for purification: Acetone (≥99.8%) was obtained from 
Fisher Chemicals, methanol (MeOH; ≥ 99.8%) and tetrahydrofuran 
(THF; ≥ 99.9%) from Sigma-Aldrich. Polymers (Fig. 1): PSF (Ultrason S 
6010) was purchased from BASF and Matrimid® 5218 (BTDA/DAPI) 
was provided by Huntsman Advanced Materials. Gases: CO2 (grade 4.5), 
CH4 (grade 4.5) and He (grade 5.0) were received from Air Liquide. 

2.2. Synthesis of CTF-fluorene 

CTF-fluorene was synthesized by Friedel-Crafts alkylation (Fig. 2) in 
analogy to the literature [28]. To ensure that all membranes could be 
prepared with the filler material out of the same batch, a 10-fold 
scaled-up synthesis was carried out. Cyanuric chloride (1.84 g, 10 
mmol), fluorene (2.49 g, 15 mmol) and anhydrous AlCl3 (6.00 g, 45 
mmol) were refluxed in 500 mL of dichloromethane (DCM) for 16 h. The 
solid product was separated from the solvent by filtration and washed 

with water followed by a Soxhlet extraction with methanol to remove 
unreacted monomers. Further washing steps were carried out with THF 
and acetone. The product was dried at 120 ◦C for 24 h (yield: 3.00 g; 
92.5%). 

2.3. Preparation of CTF-fluorene/PSF and CTF-fluorene/Matrimid® 
MMMs 

All MMMs were prepared by solution casting. The filler loadings 
varied between 0 and 24 wt% and were calculated according to equation 
(1): 

Filler loading [wt%] =
mfiller

mpolymer + mfiller
× 100 % (1) 

The membranes were prepared as follows [31]: 400 mg of the 
pre-dried (80 ◦C; 5 d) polymer were dissolved in 3.5 mL of DCM. 
CTF-fluorene was milled with a mixer mill (Retsch, MM301) for 15 min 
with a frequency of 30 Hz to obtain a fine powder. For example, for the 8 
wt% MMM, 35 mg of CTF-fluorene were dispersed in 4.5 mL of DCM. 
The polymer and the CTF in DCM were both stirred for 24 h. Afterwards, 
the CTF dispersion was ultrasonicated (Microtip 630–0419, VCX 750 
Sonics) three times for 15 min with an amplitude of 20%. Between the 
ultra-sonification steps the dispersion was stirred for 30 min. In order to 
achieve an equal filler/matrix mass ratio, 0.33 mL of the polymer so-
lution were added to the CTF dispersion. After stirring for another 24 h, 
the same ultra-sonification procedure was carried out again and the 
remaining polymer solution was added. A final stirring step of 1 h was 
carried out and the mixture was casted into a metal ring on a flat glass 
surface. An inverted funnel covered with a paper tissue was placed 
above the membrane to slow down the evaporation of DCM. Once the 
solvent was evaporated, the membrane was cut out with a scalpel and 
removed from the glass surface. PSF membranes were further dried at 
120 ◦C and Matrimid® membranes at 150 ◦C in a vacuum oven (20 
mbar) over night. The 16 and 24 wt% membranes were prepared 
accordingly. By enhancing the filler content to 32 wt%, the MMMs 
became brittle and susceptible to cracking. 

2.4. Instrumentation and characterization methods 

Elemental analysis was carried out on a vario MICRO cube (ele-
mentar). Attenuated total reflection infrared spectroscopy (ATR-IR) 
spectra ranging from 4000 cm− 1 to 500 cm− 1 were obtained on a Bruker 
Tensor 37. A Jeol JSM-6510LV with a LaB6 cathode (20 keV) was used to 
record scanning electron microscopy (SEM) images. Cross-section im-
ages of the membranes were recorded after freeze-fracturing of the 
liquid nitrogen cooled membrane and coating with gold by a JFC 1200 
(Jeol) coater. Thermogravimetric analysis (TGA) was carried out on a 
TG 209 F3 Tarsus (Netzsch) under synthetic air in a range from 25 ◦C to 
1000 ◦C with a heating rate of 5 K/min. Differential scanning calorim-
etry (DSC) curves were measured with a DSC 3 (Mettler-Toledo) under a 
nitrogen flow of 30 mL/min and a heating rate of 10 K/min. The glass 
transition temperature (Tg) was determined as the midpoint tempera-
ture of the transition sections of the second heating and cooling cycle. 
Sorption measurements of CTF-fluorene were performed with activated 
samples, degassed under vacuum at 120 ◦C for 8 h. An Autosorb-6 
automatic gas sorption analyzer (Quantachrome) was used to carry 

Fig. 1. Structures of PSF (left) and Matrimid® (right).  
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out nitrogen sorption measurements. The Brunauer-Emmett-Teller 
(BET) surface area was calculated from the nitrogen adsorption 
isotherm in the range of 0.05–0.3 p/p0 with a correlation coefficient of r 
= 0.99999. The total pore volume was obtained from the nitrogen 
sorption isotherm at p/p0 = 0.97. CO2 and CH4 sorption isotherms of 
CTF-fluorene were obtained from an ASAP 2020 automatic gas sorption 
analyzer (Micromeritics) and fitted with the Langmuir (LAI) isotherm 
model by applying equation (2): 

qeq = qmax ×
K × p

1 + K × p
(2) 

For CTF-fluorene (skeletal) density determination a helium pyc-
nometer AccuPyc 1330 (Micromeritics) was used. Due to the fact, that 
helium does not fill the pores of the porous CTF structure at room 
temperature, the total pore volume obtained from N2-sorption was 
included in the calculation: 

ρCTF =
VHe + Vpores

mCTF
(3) 

CO2/CH4 mixed gas separation measurements with the membranes 
were carried out with an OSMO inspector (provided by Convergence 
Industry B⋅V.) connected to a gas chromatograph. The schematic set-up 
is shown in Fig. 3. The Agilent 490 Micro GC (Agilent Technologies) was 
equipped with a fused silica column PoraPLOT Q and a thermal con-
ductivity detector. The membranes were placed in a permeation module 
and fixed with a Viton O-ring with an inner diameter of 3.6 cm (area: 
11.3 cm2). The CO2/CH4 feed gas volume ratio was 1:1 and helium was 
used as sweep gas. All measurements were performed with a trans-
membrane pressure of 3 bar at 25 ◦C and were carried out every 30 min 

until equilibrium state was reached. Each membrane was synthesized 
and measured twice. 

The permeability P is given in Barrer (1 Barrer = 10− 10 cm3(STP) cm 
cm− 2 s− 1 cmHg− 1) and was calculated according to equation (4): 

P=
xA × QHe × d

xHe × A ×
(
p2 × xf

A − p1 × xA
) (4)   

xA: molar fraction of the gas A 
QHe: volumetric flow rate of the sweep gas helium [cm3/s] 
d: thickness of the membrane, measured at 10 different points 
xHe: molar fraction of the sweep gas (permeate) 
A: area of the membrane [cm2] 
p2: feed pressure [cmHg] 
xf

A: molar fraction of the gas A in the feed 
p1: permeate pressure [cmHg] 

The selectivities of two gases (A, B) were calculated from the molar 
fractions (x) on each side, according to equation (5): 

αA,B =
(xA/xB)permeate side

(xA/xB)feed side
(5)  

3. Results and discussion 

3.1. Characterization of CTF-fluorene 

The formation of CTF-fluorene was confirmed by elemental analysis 

Fig. 2. Idealized reaction scheme of the synthesis of CTF-fluorene.  

Fig. 3. Schematic set-up for CO2/CH4 mixed gas separation measurements.  
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(Table S1) and IR (Figure S1). Elemental analysis showed a good 
accordance with the literature [28], with the typical lower nitrogen 
content that was detected than calculated for the idealized structure. We 
have previously suggested that a partial formation of polymer chains 
takes place in which the triazine unit is connected only to two bridging 
fluorene molecules and a terminal fluorene molecule [28]. In earlier 
work we had also shown that CTFs are hygroscopic due to their micro- to 
mesoporous nature with a water uptake of up to ~20 wt% at P/P0 =

0.5–0.6 or 50–60% air humidity when stored under ambient air. Thus, 
the lower than expected nitrogen but also carbon wt% can be explained 
by the presence of water and residues of aluminum species from the 
catalyst. Both, in CTFs synthesized via Friedel-Crafts synthesis and 
ionothermal synthesis, catalyst residues cannot be removed completely 
[28,32]. 

IR spectroscopy revealed bands at 1514 cm− 1 (s) and 1357 cm− 1 (m), 
which are due to aromatic C–N stretching modes of the triazine ring. The 
absence of the C–Cl stretching band at 846 cm– 1 confirmed a complete 
conversion of the educt cyanuric chloride. The TGA curve agrees with 
the one in the literature [28] (Figure S2) and verifies the thermal sta-
bility of over 300 ◦C. The SEM image (Figure S3) depicts the expected 
rounded shape of the particles. Nitrogen sorption isotherms of the CTF at 
77 K (Figure S4) showed a steep uptake at low relative pressures (p/p0) 
followed by a flat slope up to p/p0 = 1, resulting in a Type I(b) isotherm 
with hysteresis [33]. The calculated BET surface area of 762 m2/g is in 
good accordance to the literature (773 m2/g) [28] and the total pore 
volume is 0.38 cm3/g (literature [28]: 0.39 cm3/g). CO2 and CH4 
sorption measurements at 298 K (Figure S5) exhibited maximal gas 
uptakes of 1.44 and 0.44 mmol/g at a pressure of 721 mmHg (literature: 
2.14 mmol/g at 293 ± 1 K and 0.66 mmol/g at 273.15 K [28]). Ideal 
adsorbed solution theory (IAST) calculations based on the Langmuir 
(LAI) isotherm model fitted CO2 and CH4 sorption isotherms yield a 
CO2/CH4 (50:50; v:v) selectivity of 7.6 at 1 bar pressure (Figure S6), 
which makes CTF-fluorene a potentially good filler in MMMs for 
CO2/CH4 separation. 

3.2. Characterization of MMMs 

All MMMs were prepared with filler contents of 8, 16 and 24 wt%. 
Cross-section SEM images (Fig. 4) show the absence of defects and 
confirm the good contact between the polymer and filler particles. In the 
24 wt% CTF-fluorene/Matrimid® MMM agglomeration of the filler 
particles becomes evident. This can be explained by the high filler 
content, which makes agglomeration of filler particles more likely. At 
this loading also, formation of free volume inside the membranes be-
comes visible, which, however did not lower the selectivity of the 
membrane (see below). The increase of the CTF-fluorene content from 8 
to 24 wt% resulted in a corresponding increase of the membrane 
thickness (Table S3). 

The thermal stability of the MMMs was verified by TGA measure-
ments of the 24 wt% MMMs. The TGA curves (Figure S8) of the MMMs 
and the associated pure polymer show no significant differences in the 
shape of the curve or the decomposition temperature. The incorporation 
of the filler material CTF-fluorene did not lower the decomposition 
temperature compared to the pure polymer membranes, which proves a 
good thermal stability of the MMMs. 

In order to get information about the intersegmental mobility, that is 
the polymer chain stiffness or chain flexibility, the glass transition 
temperatures (Tg) of the pure polymer membranes and the 24 wt% 
MMMs were measured with DSC (Table 1). Generally, an increase in Tg 
can be attributed to reduced chain flexibility due to the presence of filler 
particles and may also indicate a strong interfacial interaction between 
polymer and the filler [34]. A decrease in Tg, therefore signals an in-
crease in chain flexibility, may be attributed to an increase in free 

Fig. 4. Cross-section SEM images of CTF-fluorene/PSF MMMs (top) with 8 wt% (left), 16 wt% (middle) and 24 wt% (right) filler and CTF-fluorene/Matrimid® 
MMMs (bottom) with 8 wt% (left), 16 wt% (middle) and 24 wt% (right) filler. 

Table 1 
Glass temperatures (Tg) of the pure PSF and Matrimid® membranes and the 
corresponding 24 wt% membranes.  

Membrane Pure 
PSF 

24 wt% CTF- 
fluorene/PSF 

Pure 
Matrimid® 

24 wt% CTF- 
fluorene/Matrimid® 

Tg [◦C] 187 ±
1 

187 ± 1 317 ± 0 318 ± 1  
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volume and can enhance the permeability. The incorporation of 
CTF-fluorene had no impact on the Tg of the PSF or Matrimid® mem-
branes. Consequently, no change in intersegmental mobility could be 
observed by DSC measurements. 

3.3. Gas permeability and selectivity 

In contrast to molecular sieving through a porous membrane, the 
permeation of gases through a dense polymeric membrane follows a 
solution-diffusion mechanism [35]. This mechanism is driven by dis-
similarities in physical and chemical interactions of the gas species with 
the polymer membrane as well as different thermodynamic activities on 
the feed and permeate side of a membrane, which cause a concentration 
gradient leading to diffusion towards decreasing activity [36]. The 
permeability P can be described as a product of the diffusion coefficient 
D and the solubility coefficient S: 

P=D × S (6) 

The ideal selectivity of a membrane can be calculated by division of 
the permeabilities measured by single gas experiments. For two different 
gases A and B equation (7) is applied: 

αideal,A,B =
DA

DB
×

SA

SB
=

PA

PB
(7) 

For the real selectivity interactions between the gases, e.g. compet-
itive adsorption, binary mixed-gas measurements have to be used [37]. 
Subsequently, for gas mixtures the ratio of the mole fractions x of both 
gases on the permeate side is then divided by the ratio of the mole 
fractions of each gas on the feed side to yield the selectivity. 

αA,B =
(xA/xB)permeate side

(xA/xB)feed side
(8) 

The CO2 and CH4 permeability values as well as the mixed-gas se-
lectivities (α CO2/CH4) of the pure membranes, CTF-fluorene/PSF and 
CTF-fluorene/Matrimid® MMMs are provided in Table 2. Errors are 
given as standard deviation (1σ). Both, CTF-fluorene/PSF and CTF-flu-
orene/Matrimid® MMMs exhibited the expected increase in perme-
ability compared to the pure polymer membranes. The CO2 and CH4 
permeabilities of 5.4 and 0.19 Barrer for the pure PSF membrane 
improved to 12.8 and 0.42 Barrer for the MMM with 24 wt% of the filler 
CTF-fluorene embedded in the PSF matrix. A more than 2.6 times in-
crease of the permeability values was achieved for the CTF-fluorene/ 
Matrimid® MMMs. The CO2 and CH4 permeabilities increased from 6.8 
and 0.16 Barrer for the pure Matrimid® membrane to 17.8 and 0.40 
Barrer for the 24 wt% CTF-fluorene/Matrimid® MMM. The selectivity 
remained essentially unchanged within experimental error for all 
MMMs. All permeability and selectivity values are depicted in Fig. 5. 

Errors for permeability are given as standard deviation (1σ) of two 
measurements and errors for the selectivity were derived through error 
propagation by adding the relative errors, which were then computed to 
the absolute errors. 

By adding a porous filler material, here CTF-fluorene, a free volume 
is generated leading to an increase in diffusion and consequently in 
permeability. Depending on the pore size distribution of the filler an 
additional sieving effect may appear which would result in a change in 
selectivity. The difference of the kinetic diameters of CO2 and CH4 (0.33 
nm and 0.38 nm) [38] may cause a preferential sieving effect of CO2 
over CH4. In case of CTF-fluorene as a filler with pore sizes mainly 
distributed around 5 Å [28] (Figure S4), an impact of a sieving effect 
can, however, be excluded. This is supported by the unchanged 
selectivity. 

3.4. Permeability models and fractional free volume (FFV) calculations 

For the following calculations, the density values for PSF (1.23 g/ 
cm3) [39] and Matrimid® (1.20 g/cm3) [40] as well as the FFV values 
for PSF (0.156) [41] and Matrimid® (0.167) [42] were applied as given 
from the literature. The density of CTF-fluorene (0.89 g/cm3) was used 
as determined. 

3.4.1. Permeability models 
The permeability of MMMs up to ϕd = 0.2 (ϕd: volume fraction of 

dispersed phase) can be predicted by the Maxwell model [43]. The 
model assumes spherical filler particles, which are ideally distributed in 
the continuous polymer phase [43]. The Maxwell equation can be 
expressed by equation (9), where Pd describes the permeability of the 
dispersed phase, Pc the permeability of the pure polymer membrane and 
Peff the permeability of the MMM: 

Peff = Pc

[
Pd + 2Pc − 2ϕd(Pc − Pd)

Pd + 2Pc + ϕd(Pc − Pd)

]

(9) 

In equation (10) the “reduced permeation polarizability” β is 
defined, which describes the permeability differences between the 
continuous phase (with Pc) and the dispersed phase (with Pd) [44]: 

β=
Pd − Pc

Pd + 2Pc
(10) 

Further, equation (9) can be simplified to equation (11): 

Peff = Pc

[
1 + 2β × ϕd

1 − β × ϕd

]

(11) 

For β ≈ 1 (Pd ≫ Pc) the dispersed phase is much more permeable than 
the continuous phase. The resulting equation (12) refers to the Maxwell 
model for a porous dispersed phase: 

Peff

Pc
=

1 + 2ϕd

1 − ϕd
(12) 

The limiting case of a non-porous dispersed phase (Pd << Pc) can be 
described by β ≈ − 0.5 [44]. To approximate the experimental perme-
abilities between the two limiting cases of a porous dispersed phase and 
non-porous dispersed phase, we assume Pd = 8Pc. Leading to β = 0.7 and 
thus to equation (13): 

Peff

Pc
=

1 + 1.4ϕd

1 − 0.7ϕd
(13) 

A possibility to predict membrane permeability in the case of ϕd >

0.2 is given by the Bruggeman model [45]. For a porous filler material 
with Pd ≫ Pc equation (14) can be applied: 

Peff

Pc
=

1
(1 − ϕd)

3 (14) 

The Böttcher-Landauer model was applied for the case of Pd ≫ Pc 

Table 2 
Gas permeabilities (P) and mixed-gas selectivity factors (α) of the pure and CTF- 
polymer membranes.a  

Matrix CTF-fluorene  
content  
[wt%] 

P CO2 [Barrer] P CH4 [Barrer] α CO2/CH4 

PSF 0 5.4 ± 0.0 0.19 ± 0.01 28 ± 2 
8 6.6 ± 0.3 0.21 ± 0.01 32 ± 2 
16 8.8 ± 0.3 0.31 ± 0.01 29 ± 0 
24 12.8 ± 0.1 0.42 ± 0.04 30 ± 3 

Matrimid® 0 6.8 ± 0.3 0.16 ± 0.01 42 ± 1 
8 9.2 ± 0.4 0.21 ± 0.01 43 ± 1 
16 12.6 ± 0.1 0.28 ± 0.01 45 ± 1 
24 17.8 ± 0.3 0.40 ± 0.02 44 ± 2  

a The permeability P is calculated with the thickness of the membrane (given 
in Table S3); see equation (4) and in Section 2.3, Supp. Info. 
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using equation (15) [46]: 

Peff

Pc
=

1
(1 − 3ϕd)

(15) 

The plots of the experimentally determined Peff/Pc versus ϕd for CTF- 
fluorene/PSF, CTF-fluorene/Matrimid® MMMs and of the theoretical 
predictions based on the equations of the Maxwell, Bruggeman and 
Böttcher-Landauer model for porous fillers are summarized in Fig. 6. 

The ratio Peff/Pc for the gases CO2 and CH4 increased with 
enhancement of the filler content for all MMMs. Considering the rather 
constant CO2/CH4 selectivity for both membrane systems, Peff/Pc is 
generally higher for CO2 than for CH4 for the same polymer. 

The experimental curves for the CTF-fluorene/PSF MMMs are 
located between the Maxwell model with Pd = 8Pc and the Maxwell 
model with Pd ≫ Pc. We also assumed different relations between Pd and 
Pc to approximate the experimental Peff/Pc (Figure S9). Lower perme-
abilities than predicted can be explained by the penetration of polymer 
chains into the pores of CTF-fluorene resulting in a lowered free volume 
[47]. Further, deviations from the above-mentioned ideal assumptions 
of the Maxwell model can result in a change in permeability. Apparently, 
the Maxwell model acts as a good first approximation for the investi-
gated membrane systems, but does not consider the entirety of 

component interactions. 
The experimental values for the CTF-fluorene/Matrimid® MMMs are 

in accordance with the Bruggeman model. Only with a filler content of 
24 wt% of CTF-fluorene in the Matrimid® matrix, the elevation in 
permeability is even higher than predicted, which may be attributed to 
more complex interfacial effects. 

3.4.2. Fractional free volume (FFV) 
The FFV is a dimensionless number, which is obtained by multipli-

cation of density and pore volume. In order to calculate the total FFV of a 
MMM, equation (16) is used, where ϕc describes the volume fraction of 
the continuous phase: 

FFV = FFVpolymer × ϕc + FFVfiller × ϕd (16) 

In general, the permeability of a membrane correlates with the total 
FFV. If the FFV determines the permeability of a membrane a linear 
correlation of lg permeability P against 1/FFV is expected. 

The graphs lgP against 1/FFV are shown in Fig. 7. Concerning both 
membrane systems, the permeability of the membranes does not 
correlate exactly linear with the inverse FFV. As already described in the 
context of the permeability models, the membranes with higher filler 
volumes even exhibit a steeper rise in permeability relatively compared 
to lower filler contents. This aspect can also be seen in the corresponding 
FFV plot. The great impact of free volume leading to higher perme-
abilities is obvious, but with higher filler contents not only filler- 
polymer interactions of CTF-fluorene and the polymers PSF and Matri-
mid® are given. Filler-filler interactions, which are also not catchable 
with this calculation, start to appear. Further, the important aspect of 
the solubility of a gas in a membrane is additionally responsible for a rise 
in permeability. 

Generally, in the case of glassy polymers, the filler particles can in-
crease the permeability by disturbing the chain packing of the polymer. 
If additional void volume is generated, e.g. by incompatibility of filler 
and matrix, the permeability will increase, but the membrane will lose 
its selectivity. Due to the constant selectivity of both MMM systems as 
well as the constancy of the measured Tg values of the pure polymer and 
24 wt% membranes (Table 1), the formation of exceptional high void 
volume can be excluded. 

For a comparison of CO2 and CH4 permeability and selectivity values 
different CTFs as filler materials are considered. Table 3 lists the MMMs 
with the best performance considering the trade-off relationship be-
tween permeability and selectivity. The 24 wt% CTF-fluorene/PSF 
MMM showed an elevation in CO2 permeability by 137% in compari-
son to the 24 wt% CTF-1/PSF MMM with an elevation by 74% [27]. In 
both cases CO2/CH4 selectivity remains unchanged. For the CTF-fluor-
ene/Matrimid® MMMs, an 162% increase in CO2 permeability was 
achieved, accompanied by a constancy of the CO2/CH4 selectivity 
values. The incorporation of the covalent triazine piperazine polymer 

Fig. 5. CO2 and CH4 permeabilities for 0 wt%, 8 wt%, 16 wt%, 24 wt% and CO2/CH4 selectivities for CTF-fluorene/PSF (left) and CTF-fluorene/Matrimid® 
(right) MMMs. 

Fig. 6. Peff/Pc versus φd for 0 wt%, 8 wt%, 16 wt% and 24 wt% CTF-fluorene/ 
PSF and CTF-fluorene/Matrimid® MMMs in comparison to the Maxwell, 
Maxwell with Pd = 8Pc, Bruggeman and Böttcher-Landauer model for porous 
fillers. The amount of 8 wt%, 16 wt% and 24 wt% of filler correspond to filler 
volume fractions ϕd of ~0.1, 0.2 and 0.3, respectively (exact filler volume 
fractions ϕd depend on the polymer density). 
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CTPP in a PEBAX 1657 matrix led to an increase in CO2 permeability by 
38% and an increase in CO2/CH4 selectivity by 28 [25]. With the fluo-
rinated framework FCTF-1 as filler material in PIM-1, CO2 permeability 
was elevated by 62% and CO2/CH4 selectivity by 3 [26]. Although 
CTF-fluorene as filler material does not show an increase in CO2/CH4 
selectivity compared to the CTFs CTPP [25] and FCTF-1 [26], the CO2 
permeability can be increased up to 162%, which makes CTF-fluorene 
an attractive candidate for CO2/CH4 gas separation. 

4. Conclusion 

In summary, two MMM systems have been successfully prepared 
with the filler material CTF-fluorene. The synthesized CTF showed 
excellent thermal and chemical stability. Through incorporation into 
PSF and Matrimid® matrices a significant improvement in CO2 and CH4 
permeability was achieved while maintaining constant selectivity. In 
contrast to CO2 and CH4 permeabilities of 5.4 and 0.19 Barrer for the 
pure PSF membrane, the 24 wt% CTF-fluorene/PSF MMM reached 
permeabilities of 12.8 and 0.42 Barrer. With 24 wt% CTF-fluorene, 
embedded as filler in a Matrimid® matrix, an even higher increase in 
permeability was achieved, namely from 6.8 and 0.16 Barrer for CO2 
and CH4 for the pure Matrimid® membrane up to 17.8 and 0.40 Barrer 
with the filler CTF-fluorene. The comparison to theoretical permeability 
models showed the best accordance for the Maxwell model. The 
important role of free volume in order to enhance the permeability in a 

MMM was confirmed by FFV calculations. For future projects, the 
incorporation of organic, porous and highly stable CTFs as fillers in a 
Matrimid® matrix is a promising subject and provides the opportunity 
to increase CO2 and CH4 permeability whilst maintaining the Matri-
mid®-attributed high selectivity. 
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