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ABSTRACT 

Mixed Matrix Membranes (MMMs) made from a porous covalent triazine piperazine polymer 

(CTPP) as filler embedded in poly ether-block-amide (PEBAX® 1657) were studied for the 

separation of CO2/N2 and CO2/CH4 gas systems. At a loading rate of 0.025 wt%, significant 

improvement was achieved for both CO2 permeability (from 53 to 73 barrer) and selectivity (from 

51 to 79 for CO2/N2 and from 17 to 25 for CO2/CH4) that were measured at 293 K and 3 bars. 

Results of FTIR, DSC, WAXS, and SEM revealed a strong interaction between CTPP and PEBAX 

due to the high density of hydrogen bonding in CTPP, which led to chain rigidification of PEBAX 

at very low loading rate compared to other literature reported systems. On the other hand, CTPP 

contains rich nitrogen in the framework, which favourites the adsorption of CO2 more than N2 and 

CH4. Hence, although the chain rigidification decreased the CO2 adsorption sites in PEBAX 

matrix, the intrinsic porosity and high surface area of CTPP compensated the diffusivity and 

solubility which in turn improved the overall permeability and selectivity at a very low loading 

rate. CTPP is highly stable in acid, base, and high temperature up to 400 oC. Hence, this novel type 

material is a very promising filler for preparation of mixed matrix membranes for the separation 

of CO2/N2 and CO2/CH4 systems. 

Keywords: Mixed matrix membranes, PEBAX, covalent organic framework, trazine, chain 

rigidification. 
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1. Introduction 

The basic idea of the mixed matrix membrane (MMM) is to synergistically combine the easy 

processibility of polymers with the typically high separation performance of ordered porous 

materials [1-5]. It is considered an effective approach to overcome the well-known permeability-

selectivity trade-off issue in polymer membranes [6]. In ideal MMM models, the filler and the 

polymer are considered inert; the mixing is homogeneous, and the interface is seamless [3]. 

However, in reality the hybrid structure typically contains different kinds of defects which 

commonly include: (1) “sieve in a cage”; (2) Leaky interface; (3) plugged sieves; and (4) matrix 

rigidification [7-12]. The first two are mainly caused by material incompatibility, while the last 

two can be related to strong molecular interactions. 

In the early development stage of MMMs, the fillers are typically inorganic materials such as 

zeolites, clays, mesoporous silica, inorganic oxides, and carbon materials [5]. The very different 

chemical nature of the filler and the polymer made the incompatibility issue the worst, which 

causes not only the interstitial defects but also the inhomogeneity of the composite structure. The 

development of hybrid porous materials such as metal organic framework (MOF), and further fully 

organic porous materials such as covalent organic frameworks (COFs), covalent organic polymers 

(COPs), and porous organic frameworks (POFs) [13-17], have greatly mitigated the 

incompatibility issue. Due to the strong covalent bonding and rich organic chemistry, these 

materials have showed further advantages in terms of chemical stability, high surface area, 

tuneable pore size, various topologies, low framework density, and special affinities towards 

certain gases [15, 18-20]. MMMs made of these fillers have showed much better homogeneity, 

higher loading, and thus higher separation performance [17, 21-23]. For examples, Gao and co-

workers showed a simple method for fabricating an N-rich Schiff based POF (SNW-1)/PSF 

membrane by filling SNW-1 nanoparticles into PSF matrix using a spin-coating method. A 12 

wt.% of SNW-1 exhibited a five-times higher CO2 permeability and two-times higher CO2/N2 and 

CO2/CH4 selectivities for mixed gas separation experiments [24]. Biswal et al. developed a highly 

flexible MMM comprising of a COF (TpPa-1@PBI-BuI) and a polybenzimidazole matrix in which 

the H-bonding network between PBI and COF promoted more than 50 wt.% COF loading and 

achieved a seven-fold enhancement in permeability accompanied with good selectivity for CO2/N2 

(23) and CO2/CH4 (48.7) [25]. Kang and co-workers synthesized exfoliated 2D layered COFs 

named NUS-2 and NUS-3 and blended with poly ether imide (Ultem®) and PBI to attain a high 



H2/CO2 permselectivity which exceeded the 2008 Robeson upper bound [26]. An azine-linked 

covalent organic framework (ACOF-1) was shown to enhance the CO2 permeability almost double 

with a slight improvement in selectivity of a Matrimid® matrix polymer in a CO2/CH4 mixture 

gas [27]. 

With the interactions between the filler and the polymer matrix becoming stronger and stronger, 

one will expect that the influence of the polymer matrix to the structure of the fillers as well as the 

influence of fillers to the structure of polymer will also become stronger and stronger. However, 

reports on such effects in the current literature are very few. Herein we report a mixed matrix 

membrane comprising of a novel triazine-based porous polymer filler namely covalent triazine-

piperazine polymer (CTPP) embedded in PEBAX-1657 polymer. The CTPP is amorphous and has 

a 3D dendrimer-like microporous structure reported in our previous work [28]. The permanent 

porosity produced by this triazine-piperazine linked framework demonstrated a molecular sieving 

effect for certain gases like CO2 and N2 in the atomistic scale. In addition, the abundance of Lewis 

base sites facilitates the separation efficiency for the membrane to CO2/N2, CO2/CH4 separations. 

PEBAX 1657 was chosen as the matrix polymer because of its good CO2 permeability owing to 

the high affinity of its PEO segment with the polar CO2 molecule, and a moderate selectivity over 

N2 and CH4, making it a promising material for CO2/CH4 and CO2/N2 separation [29-31]. The 

results showed that the strong interaction between CTPP and PEBAX caused significant chain 

rigidification and pore blocking effects. An advantage of these influences is that the membrane 

performance can be significantly improved at very low CTPP loading towards the separation of 

CO2/N2 and CO2/CH4 systems in terms of both permeance and selectivity. Since the cost of CTPP 

materials is typically higher, hence our results demonstrated a potential approach to reduce the 

overall membrane cost in practical applications. 

 2. Experimental 

2.1 Materials 

Cyanuric chloride (99%), piperazine (Reagent Plus, 99%), o-dichlorobenzene (DCB, anhydrous, 

99%), and the proton scavenger N, N-diisopropylethylamine (DIPEA) were purchased from 

Sigma-Aldrich. Solvents such as tetrahydrofuran (THF), 1,4-dioxane, chloroform (CHCl3), 

ethanol, methanol (MeOH) and acetone were also purchased from Sigma-Aldrich. All these 

chemicals were used without further purification. 



2.2 Synthesis of filler CTPP 

The porous CTPP filler material was prepared based on our previously reported procedure [28]. 

Briefly, piperazine (142 mg, 1.65 mmol) was dissolved in 10 mL of DCB (degassed by 

argon bubbling) through sonication. The solution was placed in an ice-water bath, and 1.74 

mL of DIPEA was added to the mixture using a syringe under vigorous stirring. Cyanuric 

chloride (184 mg, 1.0 mmol) was dispersed in 5 mL of degassed DCB through sonication 

and then added to the above piperazine-DCB mixture dropwise. The solution was kept at 

the ice-cold temperature for 6 h under continuous stirring and then slowly warmed to room 

temperature (23 °C) and stirred for another 6 h. The mixture was transferred into an 

autoclave and placed inside a preheated oven at 180 °C for 3 days. The resulting white 

powder was collected through centrifugation and thoroughly washed sequentially with 

DCB, DMF, EtOH, MeOH, THF and acetone. Finally, the product was dried in a drying 

oven.  

2.3 Fabrication of neat PEBAX and CTPP/PEBAX Membranes 

PEBAX neat membranes were prepared by first dissolving the PEBAX powder in a mixed solvent 

containing ethanol/water (70:30 wt./wt.) under refluxing at 353 K and vigorous stirring to prepare 

an 8 wt% cast solution. The cast solution was poured into a flat Teflon dish with a diameter of 100 

mm. After dried at 80 °C for 24 h, the film was peered off to obtain the free-standing PEBAX neat 

membrane. The procedure to prepare CTPP/PEBAX membranes is similar. Various percentages 

of CTPP based on the amount of PEBAX as shown in Table 1 were mixed into the cast solution 

by tip sonication with a power of 100W for 30 minutes. The mixture was stirred for another 5 h 

and then poured into the flat Teflon dish to prepare the membrane. The membrane thickness was 

measured by a digital micrometer at 5 different positions and the average value was taken. 

Table 1: CTPP/PEBAX MMMs with various CTPP loading 

Membrane CTPP loading (wt. %) Thickness, µm 

PEBAX 0 47  

PEBCP-1 0.025 55 

PEBCP-2 0.05 56 

PEBCP-3 0.1 68 

PEBCP-4 0.5 36 

PEBCP-5 1 65 

PEBCP-6 2 72 



2.4 Membrane characterizations 

Scanning electron microscopy (SEM) images were taken from an FEI Nova Nano 630 microscope 

operated at 5 kV. Transmission electron microscopy (TEM) images were taken on an FEI TITAN 

with K2 direct detection electron-counting camera, twin microscope operated at 120 kV. Fourier 

transform infrared spectroscopy (FTIR) was performed on a Nicolet iS10 smart FTIR spectrometer 

(Thermo Scientific, USA) equipped with a smart OMNI transmission ranging from 4000 cm-1 to 

400 cm-1. The thermal properties were studied in the temperature range from -100 °C to 300 °C, 

using a PerkinElmer DSC (Differential Scanning Calorimetry) 8000 calorimeter with heating and 

cooling rates of 10 °C min-1 under nitrogen environment. The melting point was reported at the 

peak value observed on the second scan endo-thermogram. The glass transition temperature (Tg) 

was reported at the mid-point of the endothermal displacement associated with the glass/rubber 

transition in the second scan thermogram as well. The thermogravimetric analysis (TGA) was 

carried out on a thermal analyser TG 209 (Netzsch) from 30-900 °C with a heating rate of 10 °C 

min-1 under N2 flow (20 mL/min). the wide-angle X-ray scattering (WAXS) was recorded on a 

Bruker AXS D8 focus advanced X-ray diffractometer operated at 40 kV voltage and 40 mA current 

using Cu Kα radiation (wavelength λ = 1.5406 Å). The diffractometer was calibrated by a silicon 

standard (Rigaku, Japan, Tokyo). The mechanical properties of the membranes were measured by 

the mechanical analyser (DMA 800). Single-component CO2, CH4, and N2 adsorption isotherms 

were measured on an ASAP 2050 sorption analyser (Micromeritics) at 20 °C. Prior to all gas 

adsorption measurements, the samples were degassed at 90 °C for 24 h under high vacuum. 

Penetrant gas was then introduced into the chamber and allowed to equilibrate. Gas uptake as a 

function of penetrant pressure was determined. The maximum penetrant pressure was 10 bars. 

Sorption equilibrium for all gases was reached within, at most, a few hours. After measuring each 

isotherm, the polymer samples were degassed under vacuum overnight. The system temperature 

was controlled within ± 0.1°C resolution with a constant temperature water bath. From the sorption 

isotherms, the solubility of each penetrant gas was calculated as follows, 

S =
C

𝑝
 

Where, S is the solubility and C is the concentration of gas adsorbed and p is the penetrant pressure. 

2.5 Gas Permeation Measurement 



Single-component gas permeations were studied by the time-lag vacuum permeation method. The 

temperature of the permeation chamber was controlled constant at 20 °C. Before measurement, 

both the feed and the permeate sides of the membrane chamber were evacuated to < 5 mTorr to 

remove any adsorbed species from the membrane. Then, the feed side of the membrane was 

exposed to the studied gas under constant pressure in the range from 2225 to 3000 Torr, while the 

pressure of permeate side was recorded by a vacuum pressure transducer connected with a 

computer. The permeability of a gas is determined by the following equation, 

𝑃 =
𝑑𝑝

𝑑𝑡

𝑙 𝑉

𝐴 𝛥𝑃 𝑅 𝑇
 

where P is permeability (barrer =10-10[cm3(STP)cm]/[cm2scmHg]), 𝑑𝑝/𝑑𝑡 is the slope of the 

pressure change in the linear range, V is the calibrated volume of the permeate chamber, l is the 

membrane thickness,  A is the membrane area, ΔP is the difference between the feed and permeate 

pressures, R is the universal gas constant, and T is the operating temperature. The ideal gas 

selectivity is calculated by, 

𝛼 =
𝑃𝐴

𝑃𝐵
 

where PA and PB are the permeability of gases A and B. The diffusivity coefficient, D, was 

calculated using the following equation, 

𝐷 =
𝑃

𝑆
 

The mixed-gas permeation measurements of the as-synthesized membranes were performed at 

room temperature by using a custom-designed mixed-gas permeation system reported previously 

[32]. In brief, the absolute feed pressure of 4 bar and a total flow rate of 100 ml/min were 

maintained. Helium with a flowrate of 3 – 10 ml/min was used to carry the permeating gas to a gas 

chromatograph (Agilent 7980) for gas composition analysis. The effective membrane area is 0.285 

cm2. Before the measurement, the air in both feed and permeate lines was removed by a flush with 

helium. After approximately 3-4 hours, the gas permeation reached equilibrium.  

3. Results and Discussion  

3.1 CTPP Characterization 

Figure 1a illustrates the polycondensation reaction between cyanuric chloride and piperazine to 

form the highly interconnected structure of CTPP. The obtained CTPP powder has a 3D 



nanoflower like morphology of relatively uniform size of approximately 400 nm (Figure 1b). High 

resolution TEM images (Figure 1c and 1d) reveal that the flower-like structure is composed of 

interweaving and slightly bent nanoflake components with a thickness of 5-10 nm, which allows 

easy access to its high surface area. The low-electron-density spots observed throughout the 

specimen in Figure 1d are micropores with an average size of approximately 1.3 nm. The N2 

adsorption isotherm (Figure 1e) displays a typical type I curve. A steep increase of the gas 

uptake at low relative pressures (P/P0) up to 0.14 indicates the presence of microporosity. 

The isotherm gives a BET surface area of 779 m2/g and a Langmuir surface area of 1012 

m2/g. The pore size distribution calculated by NLDFT (Inset of Figure 1e) shows that most 

of the pores are micropores with a pore size centered at 1.27 nm, which is consistent with 

the TEM observation. The chemical structure of CTPP was confirmed by 13C NMR (Figure 

1f). The NMR spectra showed a chemical shift at 42 ppm from the aliphatic CH2 groups of 

the piperazine component and another one at 165 ppm from CH group of the triazine moiety. 

 
Figure 1. (a) Schematic illustration of the synthesis and the basic structure of CTPP. (b) a SEM 

image of CTPP powder. (c) a TEM image of CTPP powder. (d) a high-resolution TEM image 

focused at the edge of a particle. (e) The N2 sorption isotherm of CTPP powder. Insert shows the 

pore size distribution calculated by the NLDFT method. (f) 13C solid-state MAS NMR spectra of 

CTPP powder. 



3.2 Gas permeation properties 

The single-component gas permeabilities of CO2, N2, and CH4 and the ideal selectivities of 

CO2/CH4 and CO2/N2 of the pristine PEBAX membranes and the CTPP/PEBAX MMMs are 

summarized as a function of CTPP loading in Figure 2a and 2b. For comparison, Table 2 lists the 

mixture gas results for CO2 and CH4. It was found that the differences between the mixture gas 

selectivities at different loadings and the corresponding single-component gas selectivities were 

very small. This behaviour has also observed in other MOF and ZIF systems [33, 34]. As like most 

of the rubbery polymers, the permeabilities in both cases are in the order of CO2 > CH4 > N2. 

Therefore, it can be concluded that CO2, having a higher critical temperature, stronger interaction 

with the membrane matrix and smaller molecular size, achieves the highest permeability among 

the studied gases. Whereas, despite its smaller kinetic diameter compared to CH4, N2 stands at the 

last due to its lower critical temperature and condensability. So overall, the performance of both 

the pristine PEBAX membranes and the CTPP/PEBAX MMMs are primarily controlled by 

solubility [35]. With increasing CTPP content, the CO2 permeability exhibited an increase-and-

decrease manner, while that of CH4 and N2 showed a decrease-increase-and-decrease manner. 

Interestingly, the dramatic changes of all gases occurred at very low loading. For example, the 

CO2 permeability increased from 53 to 81 barrer at 0.1 wt.% CTPP loading. Afterward, the CO2 

permeability decreased gradually. The permeabilities of CH4 and N2 decreased at 0.025 wt.% and 

then increased up to 0.1 wt.% and then decreased again. Benefiting from the reverse permeability 

change at very low loading, the selectivity of both CO2/N2 and CO2/CH4 increased almost 60% at 

the loading of 0.025%. 

Table 2. Mixed gas (1:1 CH4 and CO2 mixture) performance of CTPP/PEBAX MMMs 

Membrane Amount of CTPP, 

Wt % 

Mixed gas selectivity 

CO2/CH4 

PEBAX Bare 0 15 

PEBCP-1 0.025 24 

PEBCP-2 0.05 21 

PEBCP-3 0.1 18 

PEBCP-4 0.5 17 

PEBCP-5 1 17 

PEBCP-6 2 14 

 



 
Fig 2. Permeability (a) and selectivity (b) through a neat and CTPP/PEBAX MMMs. CH4 and N2 

uptakes (c) and CO2 and N2 uptakes (d) of the CTPP filler. Solubility (e) and diffusivity (f) of 

PEBAX and CTPP/PEBAX MMMs (20 °C). 

The transport properties of the MMMs can be explained first from the intrinsic properties of CTPP. 

Fig. 2c demonstrates the single-component adsorption isotherms of CTPP filler for CH4 and N2 at 



273 K and 298 K. The maximum N2 uptake is 0.137 at 273 K and 0.065 at 298 K respectively at 

1 bar. For CH4, the maximum adsorption capacity shown by CTPP was 1.09 mmol/g at 273 K and 

at 298 K it is reduced to 0.52 mmol/g. The CO2 uptakes are given in Fig. 2d, which are 

approximately 3.48 mmol/g at 273 K and 2.01 at 298 K. These adsorption results are consistent to 

our previous results [28]. The enhanced uptake of CO2 and the high CO2/N2 selectivity can be 

ascribed to the rich Lewis bases throughout the triazine-based CTPP framework. Though both the 

apolar CO2 and N2 molecules have similar kinetic diameters (0.34 nm and 0.364 nm, respectively), 

the higher quadrupole moment (2.85 times) and polarizability (1.5 times) of CO2  compared to 

those of N2 allows more favourable interaction of CO2 with the Lewis base enriched CTPP than 

N2
 [36, 37]. Therefore, it is expected that the adsorption of CO2 will increase, while that of N2 and 

CH4 will decrease with CTPP loading.  From the other hand, the CTPP pore size is much bigger 

than any of the studied gas molecule and hence, it is expected that the diffusivity of all gases will 

increase with CTPP loading. To better understand these effects, the solubilities of each gas at 

different CTPP loadings were measured and shown in Figure 2e. Accordingly, the diffusivities 

were calculated based on the solution-diffusion theory, and the results were shown in Figure 2f. 

Obviously, the relationships of the solubility and diffusivity with the CTPP loading are much more 

complicated than what are expected from the intrinsic properties of CTPP only. We therefore 

hypothesize that the purely organic CTPP framework and the matrix polymer have induced a 

strong chain rigidification and a pore blocking effect. Based on this hypothesis, a tentative 

explanation is provided as follows. The influences on the gas solubility and diffusivity will be in 

two ways. In one way, the chain rigidification will reduce the gas solubility and diffusivity of the 

polymer matrix [38]. In the other way, the adsorption capacity of CTPP is much higher than that 

of the matrix polymer, even for the less adsorbed N2 and CH4. So, the addition of CTPP will 

increase the solubility of all gases, but the improvement will be much more significant for CO2 

than N2 and CH4 due to the N2 and CH4 phobic nature of CTPP. However, pore blocking by 

polymer will reduce this effect, particularly at higher loading. Hence, at the loading of 0.025%, 

there is a decrease in solubility, slight for CO2 but more significant for CH4 and N2, due to chain 

regidification. From 0.025% to 0.5%, the solubility increases due to sorption enhancement by 

CTPP. However, after that the pore blocking takes more effect and the chain regidification 

becomes dominant again, so the solubility decreases again. Similarly, the diffusivity showed a 

decrease at 0.025% due to chain regidification. From 0.025% to 0.5%, there is a more than two-



fold increase in diffusivity. Considering the fact that CTPP has a better compatibility with the 

polymer, the reason should be primarily due to the microporous nature of CTPP. Afterward, the 

influence of CTPP become less due to pore blocking and the chain rigidification effect dominates 

the process and hence, the diffusivity decreases.    

To verify our hypothesis, the interaction between CTPP and PEBAX matrix was first investigated 

by Fourier transform infrared (FTIR) spectra (Figure 3). For CTPP, the characteristic peaks around 

1360 cm-1 represent the triazine rings and the bands around 2930 and 2860 cm-1 signify the 

respective asymmetric and symmetric stretching modes of CH2 group of piperazine in the CTPP 

network. However, the characteristic peak of triazine was not shown clearly in any of the spectra 

of CTPP/PEBAX MMMs, because of their overlapping with the strong peaks of PEBAX [39]. The 

specific groups of PEBAX give characteristic peaks located at 3298 cm-1 (hydrogen bonded –N–

H groups), 1731 cm-1 (hydrogen bonded –C=O in saturated esters), 1636 cm-1 (hydrogen bonded 

–C=O in H–N–C=O), 1096 cm-1 (hydrogen bonded –C–O–C) [40]. As seen in the spectra, 

compared to pristine PEBAX these peaks in MMMs have shifted to some extents to lower 

wavenumber and the peak intensities are also increased. This indicates that the addition of CTPP 

enhances the intramolecular hydrogen bonding between the poly ethylene oxide (PEO) and 

polyamide (PA) segments of PEBAX [41, 42]. Thus, this observation proves the strong interaction 

between CTPP and the PEBAX matrix. 

 
Figure 3. (a) FTIR spectra of PEBAX and CTPP/ PEBAX MMMs. (b) WAXS pattern for neat 

PEBAX and CTPP/PEBAX MMMs. The red dashed vertical line indicates the peak shift toward 

higher diffraction angle. (c) DSC thermograms of neat PEBAX and CTPP/PEBAX MMMs. The 

black dashed line shows the changes of Tg with CTPP loading.  



Figure 3b shows the wide-angle X-ray diffractions of the neat PEBAX and CTPP/PEBAX 

MMMs. All membranes exhibited a semi-crystalline XRD spectrum. The peak observed at 23.9° 

is attributed to the crystalline region of PA hard segment by hydrogen bonding, while the broad 

halo peak around 20° is related to the amorphous PEO soft segments [29]. As the amount of CTPP 

increases, the peak intensity at 23.9° increases, which indicates an increase in crystallinity of the 

polymer. Also, there is a slight peak shift from 23.9 (neat PEBAX) to 24.2 (PEBCP-6), indicating 

a decrease in d-spacing which reveals explicitly the rigidification effect of the polymer chain. The 

peak intensity increases sharply with a small addition (0.025 wt.%) of CTPP but starts to decrease 

for higher loadings of CTPP yet keeping the crystallinity higher compared to that of the pristine 

PEBAX. This behaviour justifies the presence of the cohesive interactions between CTPP and 

polymer matrix [43]. The decrease in crystallinity at high CTPP loading is possibly due to 

disruption of polymer crystalline domain by the incorporation of CTPP nanoparticles, which 

interrupts the long-range order of the polymer chains. 

Figure 3c shows the DSC results. The related thermal properties including the glass transition 

temperature (Tg), the melting temperature (Tm), and the crystallinity, are summarized in Table 2. 

For PEBAX, the observed Tg is mainly contributed from the PEO phase but not the PA phase [44]. 

As shown in Table 2, the Tg value first increases with CTPP loading up to 0.5 wt.% and then starts 

to decrease. Such an increase-decrease behaviour can be explained by the crystallinity change that 

is observed from the XRD analyses. At small loading, the increase in Tg is attributed to the chain 

rigidification effect, while the decrease of Tg at high loading is due to loss of crystallinity that is 

caused by the interruption of the CTPP nanoparticle to the long-range order. In each DSC diagram, 

there are two characteristic melting temperatures (Tm) which represent the di-block structure of 

PEBAX. The low Tm around 11.45°C is attributed to the melting of the PEO component, and the 

high Tm around 201.79 °C corresponds to the melting of the PA phase [45, 46]. With increase in 

CTPP loading, both melting points have shifted slightly to higher values, which should be again 

due to the chain regidification effect. The degree of crystallinity was calculated by the following 

equation, for the soft and hard segment of the polymer, 

𝑋𝑐𝑟𝑦𝑠𝑡𝑎𝑙𝑙𝑖𝑛𝑖𝑡𝑦 =
∆𝐻𝑚

∆𝐻𝑚
°

×  100 

where ∆𝐻𝑚
°  is a reference value that represents the heat of melting if the polymer were 100% 

crystalline and ∆𝐻𝑚 is the heat of melting of crystals determined by integrating the areas under 



the peaks. ∆𝐻𝑚
°  for soft (PEO) and hard (PA) segments are 166.4 J g-1 and 230.0 J g-1, respectively 

[47]. It should be stated that for the crystallinity calculation, the weight of polymer in the sample 

must be considered [40]. So ∆𝐻𝑚 is calculated by dividing the heat of melting obtained from the 

peak integral of melting by the weight of each phase in sample (i.e., 60% PEO and 40% PA). The 

crystallinity obtained for neat PEBAX was 32.59% for the PA phase and 18.55 % for the PEO 

phase, which are consistent with literature reported values [40, 46]. A small loading of CTPP 

(0.025 wt.%) imposes the maximum enhancement in crystallinity (22.80% for PEO and 37.46% 

for PA), which is in consistent with the XRD results. Meanwhile, the concentration of CTPP above 

0.025 wt.% reduces the crystallinity, though it is higher compared to the pristine PEBAX matrix. 

These results clearly specify that the presence of CTPP in the polymer matrix restricts the mobility 

of PEBAX chains to make them more rigid, and this effect is significant even at very low CTPP 

loadings. 

Table 2. Thermal properties of the PEBAX and CTPP/PEBAX MMMs.  

Membrane Tg 

°C 

TmPEO 

°C 

TmPA 

°C 

ΔHmPEO 

J/g 

ΔHmPA 

J/g 

χPEO 

% 

χPA 

% 

PEBAX -52.48 11.45 201.79 30.86 74.95 18.55 32.59 

PEBCP-1 -51.75 12.00 202.08 37.93 86.15 22.80 37.46 

PEBCP-2 -51.09 12.20 203.60 34.33 81.74 20.63 35.54 

PEBCP-3 -50.36 12.20 203.47 34.04 80.62 20.46 35.05 

PEBCP-4 -49.71 12.00 203.60 33.35 79.18 20.04 34.42 

PEBCP-5 -51.75 11.54 203.60 33.26 77.55 19.99 33.72 

PEBCP-6 -53.14 11.67 203.93 31.78 72.74 19.10 31.63 

 



 
Figure 4. SEM image of surface (upper part) and cross-section (lower part) of (a) neat PEBAX, 

(b) 0.05, (c) 0.1, (d) 0.5, (e) 1.0, and (f) 2.0, weight percent of CTPP. 

The strong interaction between CTPP and PEBAX can be visually observed from SEM images 

(Figure 4). The pristine PEBAX membrane in Figure 4a showed a smooth surface. However, it is 

interesting to see that there are many nanofibers appeared on the surface of CTPP/PEBAX MMMs. 

As the weight fraction of the CTPP increases the number of nanofibers increases and start to 

agglomerate to form nanobelts. Such a nanofibril like morphology has been reported in other 

mixed matrix membranes of PEBAX with other inorganic fillers but at much higher loading and 

the density is much lower [48, 49]. The reason was attributed to the strong interaction between the 

filler and PEBAX, which induced a strong phase separation between the soft and hard segments 

of the PEBAX chain. The SEM images in Figure 4 confirmed the interaction in CTPP/PEBAX is 

much stronger than other MMM systems.  



 
Figure 5. SEM image of entire cross-section of (a) neat PEBAX, (b) 0.05, (c) 0.1, (d) 0.5, (e) 1.0, 

and (f) 2.0, weight percentage of CTPP. The inset in each figure signifies the CTPP filler. 

Figure 5 shows the entire cross-section of the membranes and the presence and distribution of 

CTPP filler inside the membranes. It can be noted that the bare PEBAX membrane has relative 

smooth cross section compared to the MMMs. In addition, the CTPP filler can be clearly spotted 

inside the membranes. Furthermore, CTPP particles are well distributed in PEBCP-2, PEBCP-3 

and PEBCP-4. However, an agglomerated morphology was observed in PEBCP-5 and PEBCP-6.  

The mechanical properties of the MMMs are shown in Figure 6. the elongation at break could not 

be reached as all membranes did not break within the operational range of the machine. The 

membranes showed no obvious change in mechanical properties when the CTPP content is below 

0.05%. However, the mechanical strength started to decline when the CTPP content is above 0.1%. 

Generally, in PEBAX, the polyamide hard blocks provide mechanical strength by physical cross-

linking between the flexible polyether soft segments. The PEBCP-1 membrane showed a 

maximum tensile stress of 17.46 MPa and for PEBCP-6 the tensile stress dropped to 7.5 MPa.  

This clearly indicate that higher loading of CTPP disrupted the crystalline region formed by the 

hard amide block in PEBAX matrix, which has led to a lower mechanical strength. 



 
Figure 6: Mechanical properties of the bare PEBAX and CTPP/PEBAX MMMs. 

Finally, the thermal stability of CTPP/PEBAX was studied by TGA analyses and the results are 

shown in Figure 7. The TGA thermogram for all membranes exhibited a one-step weight loss 

profile and the pyrolysis takes place between 350 and 450 °C, which associated with the 

decomposition of polymer precursor  [50]. Furthermore, from the thermogram, it is clear that the 

CTPP has no specific effect on thermal stability of PEBAX membranes, as it was used very less 

amount in the membranes. 

 
Figure 7. TGA analyses of PEBAX and CTPP/PEBAX MMMs. 

 4. Conclusion 



In summary, we prepared novel MMMs based on PEBAX with CTPP as an organic filler, which 

could effectively improve the permeability and selectivity of CO2, compared with the pristine 

PEBAX polymer membranes. The as-fabricated CTPP/PEBAX MMMs could create a high 

permeation transport channel for CO2 under very low filler loading due to the H-bonding between 

the CTPP and the PEBAX matrix. The FTIR spectra validated the increased intra and inter 

molecular H-bonding in presence of CTPP into the PEBAX matrix. Integration of CTPP into 

PEBAX, Tg, Tm and crystallinity of MMMs were slightly increased which was beneficial for an 

elevated CO2 permselectivity for the membranes. The increment in crystallinity was confirmed by 

WAXS and DSC analyses. In addition, the existence of CTPP in the MMMs imposed a phase 

separation into the polymer matrix. The SEM surface and cross-section images showed a well-

defined phase separated morphology having nanofibril like structure. With a very low 

concentration of CTPP (< 0.05 wt.%) both the CO2 permeability and the selectivity was increased 

due to these phase separated morphology. The addition of CTPP into PEBAX matrix enforced an 

enhanced CO2-philicity of the membrane and a trivial amount of CTPP improved the overall 

performance of the CTPP/PEBAX MMMs proving as a potential candidate for CO2 separation. 
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