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Abstract 
 

We report the synthesis of organic solvent resistant polytriazole membranes using a 

sustainable process. In the first step, the polymer was dissolved in an ionic liquid for the membrane 

casting and immersion in water, followed by exposure to two non-toxic diepoxy crosslinkers with 

different lengths. We investigated the mechanical properties by measuring the creep recovery, and 

we correlated these data with the physical aging and compaction during filtration. Additionally, 

by using dynamic mechanical analysis, we studied the polymer relaxations at high temperatures 

associated with the local mobility of the crosslinker segments and the polytriazole chains, 

discussing their effect on the membrane performance. The performance in strong polar solvents, 

such as N, N′-dimethylformamide, was evaluated from 25C to 105C, with permeance values in 

the range of 3.7 – 10.6 L m-2 h-1 bar-1, and molecular weight cut-off around 1000 g mol-1. This 

confirms that the membranes meet the requirements for organic solvent applications.  
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1. Introduction 
 

The membrane technology is considered a sustainable process when compared with 

conventional separation methods such as evaporation and distillation, which are widely used in 

industry, due to its better energy efficiency, reduced environmental impact, and its relatively easy 

scale-up [1-5]. However, most of the membranes are obtained using the phase inversion method, 

which frequently involves the use of toxic solvents such as N,N-dimethylformamide (DMF), 

tetrahydrofuran (THF) and N-methyl-2-pyrrolidone (NMP) or strong acids [6, 7]. Globally, it is 

estimated that the membrane production annually generates more than 50 billion liters of 

wastewater with toxic solvents [7]. 

Moreover, to obtain one square meter of a membrane for liquid separation by the phase 

inversion method, 100 – 500 L of wastewater are generated [2, 7, 8]. Nowadays, one of the main 

challenges of this technology is to minimize the environmental impact of membrane manufacture, 

by choosing less toxic solvents for aqueous systems, in case of discharging or to promote systems 

that could be recycled in a zero-discharge process. Another important environmental aspect is the 

exposure of membrane manufacturers to toxic volatile organic compounds (VOC), during a 

production in large-scale. To avoid that, solvents of low volatility are highly advantageous. One 

way to address these points and to improve the sustainability of the membrane technology is to 

replace the common toxic solvents by greener ones, such as methyl and ethyl lactate [9], triethyl-

phosphate [10], dimethyl sulfoxide [11], γ-butyrolactone [6] and PolarClean® [12]. Ionic liquids 

(IL) are among those considered a green solvent alternative. They are chemically stable, non-

flammable, and have low vapor pressure [13], which eliminates the problem of VOC emission. 

There is a large variety of ionic liquids, and their level of toxicity in water depends on the chemical 

composition. In any case the possibility of recycling is important for uses on large-scale. The ionic 

liquids were widely used in organic synthesis to replace traditional solvents [14], and were more 

recently implemented as a solvent for membrane fabrication [6]. For example, ionic liquids were 

used to prepare cellulose acetate [15] and polybenzimidazole and polybenzimidazole/polyimide 

blend membranes [16]. Our group has reported the used of ionic liquids as a new solvent system 

to prepare cellulose multilayer [17] and polytriazole flat sheet membranes [18], and to prepare 

polyacrylonitrile, polysulfone and cellulose acetate hollow fibers [19, 20].  

Solubilization is the first important step in membrane production. However, to have an 

important impact on the chemical, pharmaceutical and petrochemical industries, which are highly 
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organic solvent-based, a major challenge is the requirement of membrane stability in a wide range 

of pH’s and solvents [21]. Moreover, the membranes should be prepared from materials that are 

easy to process by conventional methods. Both ceramic and polymeric membranes are under 

investigation for organic solvent nanofiltration (OSN) [21]. Although the ceramics are stable in 

harsh conditions, they have limitations, such as high cost, poor mechanical properties, and difficult 

scaling-up [22]. Therefore, polymeric materials have gained growing importance in OSN, and 

some of the most used polymers for that are crosslinked polyimides. However, the imide ring is 

not stable in base conditions. Previous reports [3, 23] indicate that the organic solvent permeance 

can decline more than 30% over time for this class of materials. Crosslinked polybenzimidazole 

(PBI) has been reported as an alternative class of polymers for OSN, but the brittleness of the 

membranes is a disadvantage [24]. Recently, polyether ether ketone (PEEK) and thermally 

rearrange polymers have been reported as an alternative class of polymers suitable for OSN 

application, due to their high chemical resistance [25-27]. We recently reported that crosslinked 

polytriazole membranes, which can be easily synthesized, are stable in a wide range of solvents 

and pH’s, as required [28, 29]. We also proposed alkyne-functionalized high-performance 

polymers as a strategy for organic solvent filtration [30]. In addition to solvent and pH resistance, 

many OSN applications require membranes stable at temperatures in the range of 60 – 90C or 

even higher [21, 24]. But most of the reported studies show the OSN membranes performances at 

room temperature [3, 21, 23], and there are only a few reports on membranes tested at higher 

temperatures [27, 30-32]. 

In this study, we combine the synthesis of the crosslinked polytriazole membranes by a 

sustainable phase inversion process with the requirements of OSN applications. The membranes 

were tested from 25C to 105C, in strong polar solvents, such as DMF. The crosslinked 

membranes were obtained by dissolving the polytriazole in an ionic liquid, followed by a reaction 

with non-toxic crosslinkers in the aqueous medium. We used dynamic mechanical analysis to 

correlate the performance of the membrane with the mobility of the crosslinkers and polytriazole 

chains, and we investigated the creep recovery as a predictive indication of mechanical stability in 

long-time operations. 

 

2. Experimental 
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2.1.Materials  

1-Ethyl-3-methylimidazolium diethyl phosphate ([EMIM] DEP) (98%), 1,4-butanediol 

diglycidyl ether (BDG) (95%), poly(ethylene glycol) diglycidyl ether (PEGDE) (Mn 500), 

poly(ethylene glycol) (PEG) different molecular weight, N,N′-dimethylformamide (DMF) 

(99.8%), and all other reagents were procured from Aldrich. The polytriazole was synthesized in 

our lab by polycondensation reaction [28, 29]. All the chemicals were used as received. 

 

2.2.Membrane preparation and crosslinking  

The first step of the membrane preparation involves the dissolution of the polytriazole 

polymer in [EMIM] DEP. The polytriazole membranes were prepared by phase inversion [33, 34]. 

We dissolved 15% of polytriazole in the ionic liquid [EMIM] DEP at 85 – 90 ℃ for 48 h. The 

resulting solution was cast using a doctor blade with a gap set to 200 μm, on a glass plate, in an 

oven at 65 – 70 ℃. The as-cast solution film was immediately removed from the oven and cooled 

to the room temperature for 30s, before immersing it in water. To be sure that the [EMIM] DEP 

was fully removed from the membranes, we soaked them in water at 80 C for 12h.  

The membranes were then crosslinked by submerging them in 10 wt % solutions of 1,4-

butanediol diglycidyl ether (BDG) or poly(ethylene glycol) diglycidyl ether (PEGDE) in water at 

80C for 6h. After the crosslinking reaction, the membranes were washed with water and a mixture 

of water-methanol to remove any unreacted crosslinker, and stored in water at 4℃ before 

measuring the performance (Fig. 1). The conditions to obtain polytriazole membranes using NMP 

were previously described [29]. The samples abbreviation are PTA-NMP (membranes prepared 

from PTA solutions in NMP), PTA-IL (membranes prepared from solutions in the ionic liquid, 

IL), PTA-IL-BDG (membranes prepared from solutions in the ionic liquid, IL, followed by 

crosslinking with BDG) and PTA-IL-PEGDE (membranes prepared from solutions in the ionic 

liquid and crosslinked with PEGDE). 
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Fig. 1. Schematic illustration for the preparation of crosslinked polytriazole membranes: (a) the 

casting process; (b) the crosslinking reaction was taking place in an aqueous solution containing 

10% of crosslinkers. 

 

2.3.Characterization 

2.3.1 Chemical analysis 

The success of the crosslinking reaction was evaluated by Fourier Transform Infrared 

(FTIR) spectroscopy. The FTIR spectra were recorded by performing 16 scans with a spectral 

resolution of 4 cm−1, at room temperature, on a Nicolet 6700 FT-IR System. 

Solid-State Nuclear Magnetic Resonance Spectroscopy was used to investigate the 

chemical structure of the crosslinked membranes. One-dimensional 1H MAS and 13C CP/MAS 

solid state NMR spectra were recorded on Bruker AVANCE III spectrometers operating at 400, 

or 600 MHz resonance frequencies for 1H. Experiments at 400 MHz employed a conventional 

double-resonance 4 mm CP/MAS probe, while experiments at 600 MHz utilized a 3.2 mm double-

resonance probe. Dry nitrogen gas was used for the sample spinning to prevent the degradation of 



 

7 
 

the samples. NMR chemical shifts are reported with respect to the external references, 

tetramethylsilane (TMS) and adamantane. For 13C CP/MAS NMR experiments, the following 

sequence was used: 90° pulse on the proton (pulse length 2.4 s), then a cross-polarization step with 

contact time of typically 2 ms, and finally acquisition of the 13C signal, under high-power proton 

decoupling. The delay between the scans was set to 5 s to allow the complete relaxation of the 1H 

nuclei, and the number of scans ranged between 10000 and 20000 for 13C,  and was 32 for 1H. An 

exponential apodization function corresponding to a line broadening of 80 Hz was applied before 

the Fourier transformation. 

The 2D 1H−13C heteronuclear correlation (HETCOR) solid-state NMR spectroscopy 

experiments were conducted on a Bruker AVANCE III spectrometer using a 2.5 mm MAS probe. 

The experiments were performed according to the following scheme: 90° proton pulse, t1 evolution 

period, CP to 13C, and detection of the 13C magnetization under two-pulse phase-modulated 

(TPPM) decoupling. For the cross-polarization step, a ramped radio frequency (RF) field centered 

at 75 kHz was applied to the protons, while the 13C channel RF field was matched to obtain an 

optimal signal. A total of 64 t1 increments with 2000 scans were collected. The sample spinning 

frequency was 15 kHz. Using a short contact time (0.2 ms) for the CP step, the polarization transfer 

in the dipolar correlation experiment was verified to be selective for the first coordination sphere 

to lead to correlations only between pairs of attached 1H−13C spins (C−H directly bonded). 

X-ray photoelectron spectroscopy (XPS) was conducted under the base pressure of 3 x 10-

9 mbar on an Axis-Ultra DLD spectrometer using Al K radiation. 284.5 eV of C1s from 

adventitious carbon was used as a calibration reference. 

2.3.2 Morphological analysis 

The morphology of the pristine and crosslinked membranes was studied by scanning 

electron microscopy (SEM) on a Nova Nano microscope, using a voltage of 3-5 kV and a working 

distance of 3-10 mm. The samples were coated with iridium using a Quorum Q150TES equipment, 

before performing the measurements.  

2.3.3 Thermal analysis 

The thermal stability of the membranes was investigated by thermogravimetric analyses 

(TGA), before and after filtration, on a TGA Q50 by TA instruments in an air atmosphere from 25 

to 800 °C, with a heating rate of 10 °C min−1. 



 

8 
 

 

2.3.3 Thermo-mechanical analysis 

Mechanical measurements were performed on a TA Instruments Q800 Dynamic 

Mechanical Analyzer (DMA) in tensile mode. Rectangular samples (15 x 5 mm) were cut from 

the membranes with a thickness of 70-80 μm. The strain-recovery (creep) analysis was performed 

by subjecting membranes to a stress of 0.5 MPa for 30 min, followed by a recovery period of 100 

min with removed stress. The applied stress level was chosen to ensure that the creep 

measurements remained in the linear viscoelastic deformation regime of the stress-strain curves. 

A small preload force of 0.01 N was applied to keep the sample in the recovery regime.  The creep 

and recovery curves were measured at temperatures also adopted for the filtration tests: 25°C and 

100°C. 

The response during a stress application to a polymer film is frequently described by the 

four-element model of Maxwell and Kevin-Voigt, represented in Fig. 2, as a spring and dashpot 

in series, intercalated by an element, combining a spring and dashpot in parallel.  

 

Fig. 2. Maxwell and Kevin-Voigt model. 

 

The response follows the equation 1: 

휀 =
𝜎

𝐸𝑀
+

𝜎

𝐸𝐾
(1 − 𝑒−

𝑡

𝜏) +
𝜎

𝜂𝑀
𝑡       (1) 

where ԑ is the strain or deformation, σ is the applied stress, t is the time after loading, EM 

and ηM are the modulus and viscosity of the Maxwell spring and dashpot and τ = ηK/EK is the 

retardation time, which is the time of the Kelvin-Voigt element to reach 63.21% (or 1-e-1) of its 

total deformation [35]. ηM and EK were estimated from the slope and the intercept of the time-

dependent deformation in the region of equilibrium flow, respectively. The retardation time was 

estimated from the exponential portion of the viscoelastic response; ηK was calculated from τ = 

ηK/EK, 

The molecular mobility of the membranes was also analyzed by DMA. For this, an 

oscillatory stress (σ) with a constant amplitude (15 μm) was applied to the sample, in tensile mode, 



 

9 
 

during heating from room temperature to 350 ℃ with 1℃/min. The data were represented as the 

storage modulus (E’), representing the elastic component of the sample deformation and 

proportional with the energy stored by the material, and the loss modulus (E”) which is the viscous 

component and is proportional with the energy dissipated by the material [35], as in equations 2 

and 3: 

                                                              𝐸′ =
𝜎

𝜀
cos 𝛿                                                                      (2) 

                                                              𝐸" =
𝜎

𝜀
 𝑠𝑖𝑛𝛿                                                                      (3) 

where σ is the applied sinusoidal stress, ε is the measured strain, and δ is the phase lag between 

the stress and strain. 

The measurements were performed at 5 discrete frequencies taken equidistantly in a log 

scale in from 1 to 100 Hz.  

2.3.4 Membrane performance 

The membranes performances were consecutively measured at different temperatures 

(from 25 to 105℃), in DMF, using a dead-end cell, at a pressure of 5 bar. Before the measurements, 

the membranes were immersed in DMF for 30 min. The filtration area of the membranes was 0.95 

cm2. The solvent permeated through the membranes during approximately 4 h at each temperature. 

The performances were reported as an average of 3 or 4 different measurements. The long-time 

stability was performed by direct heating the dead-end cell at 105℃, and then the permeance was 

measured for 22 h. The solvent permeance was evaluated using equation 4: 

PA

Q
J


                           (4)    

where Q is the permeation rate (L h-1), A is the active filtration area (m2), and ΔP is the pressure 

(bar).  

The rejection was measured by filtrating a poly (ethylene glycol) (PEG) mixture with 

different molecular weights (0.6, 1.5, 3, and 6 kg mol-1) in DMF. The total PEG concentration in 

DMF was 1 g L-1. The rejection experiments were performed between 1.5 h and 2.5 h before 

collecting the samples for analysis. The rejection (R) was evaluated using equation 5: 

(%) 1 100
p

f

C
R

C

 
    
 

                 (5) 
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where Cp is the solute concentration in the permeates, and Cf is the solute concentrations in the 

feed. Gel permeation chromatography (GPC) was used to analyze the permeate samples and the 

feed. The GPC system was equipped with an Agilent refractive index detector, and DMF was used 

as a mobile phase at 45C. The GPC systems were calibrated with polystyrene standards. 

3. Results and discussion 

We prepared organic solvent resistance (OSN) polytriazole membranes that are stable at 

high temperatures by using a simple and greener process compare with the conventional methods 

(Fig. 1). The solvent, [EMIM] DEP, is relatively non-toxic, compared with the most common 

solvents used to prepare OSN membranes, such as NMP, DMF, DMSO, THF and strong acids [7, 

26]. To crosslink the polytriazole membranes, we used BDG and PEGDE, which have low cost, 

are non-toxic and soluble in water. Therefore, from the point of view of the solvent and crosslinkers 

toxicity, we obtained OSN membranes by a more sustainable process, which is an essential gain 

in the membrane industry [23, 24, 26].  

 

Fig. 3. 13C CP MAS and 2D 1H-13C HETCOR NMR: a) PTA-IL and b) PTA-IL-BDG 
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The reaction with the two crosslinkers was investigated by FTIR. Fig. S1 shows the FTIR 

spectra for the pristine and crosslinked membranes with BDG and PEGDE, respectively. The new 

peaks in the crosslinked membranes spectra at 2870 – 2928 cm-1 are characteristic of the aliphatic 

C–H stretching [36], and at 1090 cm-1 correspond to the ether groups of BDG and PEGDE [37], 

proving that the crosslinking reaction took place. These characteristic peaks are more intense in 

membranes crosslinked with PEGDE than in those crosslinked with BDG, due to the higher 

number of the CH2 and ether groups.  

To fully confirm the reaction and the structure of the crosslinked membrane, a more 

comprehensive investigation was conducted using solid-state nuclear magnetic resonance (SS-

NMR) and X-ray photoelectron spectroscopy (XPS). Fig. 3 illustrates the 13C cross-polarization 

magic-angle spinning (CP MAS) and 2D 1H-13C heteronuclear correlation (HETCOR) NMR 

spectra for PTA-IL and PTA-IL-BDG membranes. The presence of new aliphatic carbon signals 

at δ = 72 and 29 ppm and new aliphatic protons signals at 0.4 and 2.1 ppm for PTA-IL-BDG 

membrane demonstrate the interaction between the BDG crosslinker and the polytriazole 

backbone. Moreover, the shifting of the peak characteristic to carbon in the C – O bond from 158 

ppm to 161 ppm and the intensity decrease of this peak, together with the almost disappearance of 

the proton at 6.4 ppm, attributed to OH groups in the 2D 1H-13C HETCOR NMR, indicate that the 

crosslinking takes place through a ring-opening reaction between the epoxy ring and the OH 

groups (Fig. 3b). The signals at 133 and 126 ppm of the PTA-IL spectra (Fig. 3a) and the signal at 

130 ppm of the PTA-IL-BDG spectra (Fig. 3b) are correlated with the aromatic carbon of the 

backbone.  

The XPS results complement and reinforce the conclusions obtained by FTIR and NMR. 

Figs. 4a and 4b show the XPS spectra for C 1s signal of the PTA-IL and PTA-IL-BDG membrane. 

The intensity of the peak at 285.8 eV, characteristic of the C-O bond, is higher for PTA-IL-BDG 

(Fig. 4b) than for PTA-IL (Fig. 4a), confirming that the crosslinker reacts with the polytriazole. In 

addition, the intensity of the peak at 287.4 eV, characteristic of C(triazole) [38], is higher for the 

crosslinked membranes, which might indicate that the expoxy ring reacts at least in part with the 

tertiary amines of triazole rings. The reaction of the crosslinker with the triazole rings is indicated 

by the presence of a new peak at 401.8 eV in the N 1s spectrum of the PTA-IL- BDG membrane 

(Fig. 4d), which can be attributed to a quaternary ammonium [39]. These findings are in agreement 

with our previous reported, where we reacted the copolyazole membranes with an epoxy silane 
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derivate. We previously did not consider the possibility of the reaction of the OH groups with the 

epoxy rings and also the fact that the reported intermediate zwitterionic structure could finally lead 

to a quaternary ammonium structure, due to the protonation of the alkoxy groups [28].  

 

Fig. 4. XPS spectra for a) C 1s of PTA-IL; b) C 1s of PTA-IL-BDG; c) N 1s of PTA-IL; d) N 1s 

of PTA-IL-BDG. 

 

3.1.Membrane morphology 

SEM was used to investigate the morphology of the membranes. Fig. 5 and 6 show the 

effect of the ionic liquid on the morphologies of the pristine and crosslinked membranes. For 

comparison, we also show the morphology of the membrane obtained with NMP, which is the 

frequently used as solvent. A higher pore density is seen on the surface of PTA-IL membranes 

than on the surface of the PTA-NMP ones (Fig. 5).  The cross-section image shows a sponge-like 

morphology, compared with the finger-like structure seen for PTA-NMP. This is another 

advantage of using an ionic liquid to cast the polytriazole membranes. Besides the process 

sustainability, a sponge-like morphology is expected to promote better mechanical stability and 
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less aging, increasing the lifetime of the membranes. The different morphologies observed with 

ionic liquid and NMP can be correlated with the kinetics of the water-ionic liquid exchange, which 

directly depends on the viscosities of the casting solutions. The kinetics affects the mechanism of 

phase separation and the formation of finger-like cavities in the membrane. Two mechanisms of 

phase separation are possible: spinodal decomposition (SD) and nucleation and growth (NG). SD 

is favored when the viscosity is low and the phase separation is fast. By SD, local composition 

fluctuations, leading to the formation of interconnected polymer-lean and polymer-rich phases 

with increasing composition difference. NG predominates when the viscosity is high and during 

the phase separation the system remains long in a metastable condition. In this case, polymer-lean 

nuclei are formed in a concentrated polymer matrix. The two mechanisms contribute to the distinct 

morphologies depicted in Fig. 5 for membranes prepared with NMP and ionic liquid.  Furthermore, 

when the solvent-non solvent exchange initiates, if the viscosity is low, the intrusion of water into 

the polymer solution might lead to the formation of finger-like cavities.  When the viscosity is 

high, the water intrusion is slower and a sponge-like morphology is more probable.  

By comparing the morphology of the surfaces of the membrane before and after the 

crosslinking, we observed that the pore sizes reduce. This can be explained partially because the 

crosslinking segments are attached to the pore walls and fill them, but also it is possible that during 

the crosslinking reaction the polymer chains are force to rearrange, which also can contribute to 

decreasing the pore size. In addition, the cross-section images show that the structure of the 

membranes became tighter after the crosslinking reactions.  

The surface morphologies of the membranes crosslinked by BDG and PEGDE are similar 

(Fig. 6). The cross-section images reveal a slightly tighter porous structure for the PTA-PEGDE 

membranes than for the PTA-BDG (Fig. 6), probably because the PEGDE consists of a PEG longer 

segment, which accumulates on the pore walls when the crosslinking reaction is complete, 

resulting in a tighter structure. 
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Fig. 5. Surface and cross-section SEM images of the membranes cast from solutions in [EMIM] 

[DEP] (first row) and in NMP (second row). 

 

Fig. 6. Surface and cross-section SEM images of the crosslinked membranes. 

 

3.2.Membrane performance at high temperature 

The performances of the membranes crosslinked by BDG and PEGDE were investigated in a 

strong polar solvent (DMF) at a temperature range from 25℃ to 105℃. Fig. 7shows the pure DMF 
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permeance under these conditions for the polytriazole membranes crosslinked with BDG and 

PEGDE. At 25℃, the DMF permeances for the PTA-IL-BDG and PTA-IL-PEGDE are in the same 

range, being slightly lower in the case of PTA-IL-PEGDE membrane, whereas by increasing the 

filtration temperature from 25℃ to 65℃, a two-fold increase of permeance is observed for both 

crosslinked membranes. For PTA-IL-BDG, the permeance increases from 4.2 L m-2 h-1 bar-1 to 9.6 

L m-2 h-1 bar-1, while for PTA-IL-PEGDE it increases from 3.7 L m-2 h-1 bar-1 to 6.7 L m-2 h-1 bar-

1. A similar trend was observed for poly(ether ether ketone) and polybenzimidazole membranes 

when the temperature was increased from 30℃ to 85℃ [31]. When the temperature was increased 

from 65℃ to 85℃ the permeances increases to 10.6 L m-2 h-1 bar-1 for PTA-IL-BDG and to 8.3 L 

m-2 h-1 bar-1 for PTA-IL-PEGDE. When the temperature further rose to 105℃, the permeance for 

PTA-IL-BDG remained practically constant as 10.2 L m-2 h-1 bar-1 and for PTA-IL-PEGDE 

continued to increase to 9.3 L m-2 h-1 bar-1.  
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Fig. 7. Pure DMF permeances at different temperatures (25℃ to 105℃) for PTA-IL-BDG and PTA-

IL-PEGDE membranes. 
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Fig 8. Membrane characterization before and after filtration: (a) FTIR spectra for the PTA-IL-

BDG; (b) TGA curves for PTA-IL-PEGDE; Cross-section SEM images for (c) PTA-IL-BDG and 

(d) PTA-IL-PEGDE membranes. 

To exclude that any disruption of the crosslinked network would be responsible for the 

increase of permeance, we analyzed the membranes before and after filtration by FTIR, TGA, and 

SEM.  In the case of PTA-IL-BDG membranes, Fig. 8a shows that the FTIR spectra before and 

after filtration overlap, which indicates that no detectable chemical change took place during the 

filtration of DMF at 105℃. Moreover, the high thermal stability of the membranes was also 

demonstrated by TGA, as shown in Fig. 8b for PTA-IL-PEGDE. The first weight loss step in the 

TGA curve is associated with the crosslinker degradation [28, 29]; the second one around 500oC 

is related to the polytriazole backbone. The curves before and after the filtration overlap. 

Therefore, we can conclude that chemical degradation is not the cause of the increase of the 

permeance for PTA-IL-PEGDE. The DMF viscosity decreases with the rise in temperature, and 

by the Hagen-Poiseuille equation, the permeance of a porous membrane is inversely proportional 

to the viscosity. However, we saw that the decrease of the viscosity is not the only factor that 

causes the increasing of the DMF permeance at high temperature. The DMF permeation increases 

from 25oC to 85oC were about 2.3-2.5-fold for PTA-IL-BDG and PTA-IL-PEGDE, slightly above 
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the effect expected due to the viscosity. Minor compaction after filtration was seen by SEM for 

PTA-IL-BDG membrane (Fig. 8c), whereas for PTA-IL-PEGDE membrane no change was 

observed at 105℃ (Fig. 8d). The higher permeance of PTA-IL-PEGDE at high temperature (105℃) 

can be explained by the fact that the PEGDE is a longer segment and allows a higher mobility to 

the polytriazole chains, facilitating the solvent transport, while the BDG crosslinker is shorter, the 

crosslinking is tighter, also increasing the rigidity of the system as a whole.  

 

Fig. 9. Rejection of different molecular weights of PEG during the filtration in DMF: (a) PTA-IL-

BDG and (b) PTA-IL-PEGDE. 

Fig. 9 shows the molecular weight cut-off (MWCO) of the crosslinked polytriazole 

membranes, which were evaluated by using a mixture of PEG dissolved in DMF, at temperatures 

varying from 25℃ to 105℃. The MWCO at 25℃ is 1000 g mol-1 for PTA-IL-BDG and slightly 

lower than 1000 g mol-1 for PTA-IL-PEGDE (Fig. 9a and 9b). At 65℃ the MWCO for PTA-IL-

BDG membrane increases to 1500 g mol-1, while for PTA-IL-PEGDE it remains 1000 g mol-1. In 

summary, by performing the filtration at 65℃ instead of 25oC with a membrane crosslinked with 

PEGDE, we increased two times the permeance, without affecting the MWCO. At 85℃, the 

MWCO is still in the nanofiltration range for both PTA-IL-BDG and PTA-IL-PEGDE, but is up 

to 30 % higher, around 1500 g mol-1. At 105℃, the MWCO becomes 2500 g mol-1 for both 

crosslinking systems. The slight deterioration of the MWCO by increasing the temperature was 

also reported in the literature for poly(ether ether ketone) [31] and could be attributed to the fact 

that the solute affinity to the membrane changes and at the same time the mobility of the membrane 

polymer chains might increase. Therefore, the crosslinked membrane has superior permeance and 

rejection, when cast from solutions in the ionic liquid, than in NMP.  We previously reported a 
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DMF permeance of 9 L m-2 h-1 bar-1 with an MWCO of 3000 g mol-1 at room temperature [29]. 

The DMF permeances of PTA crosslinked membranes in this work, with a MWCO below 1000 g 

mol-1, are up to 10-fold higher than previous values reported for PEEK, PBI, and sulfonated 

poly(arylene ether sulfone) [31, 32]. 

3.3.Creep-recovery measurements 

One of the factors affecting the membrane performance and its durability in the OSN, 

particularly in the filtration of solvents at high temperatures, is the physical aging. The membrane 

aging of chemically stable membranes is more probably caused by the compaction under pressure 

and by the mobility of the polymer chains under stress, factors directly connected with the  

viscoelastic and mechanical properties [21, 24].  

One of the best ways to evaluate the potential deformability of the membranes in operation 

at different temperatures is the creep-recovery analysis. While a reversible deformation may have 

a positive effect for example by facilitating the diffusion-based permeation, the irreversible creep 

is correlated with a permanent deformation and, consequently, with the membrane impairment. 

The creep and recovery curves, measured at the same temperatures adopted for the filtration tests, 

25°C and 100°C, are represented in Fig. 10.  When the membrane is subjected to stress, there is an 

initial instantaneous elongation, followed by a retarded elongation.  The elongation (strain) 

happens with the stretching of the polymeric chains. The Maxwell spring describes the elastic, 

reversible response, and its elasticity modulus EM is σ/ε1, where ε1 is the instantaneous creep strain. 

As expected, the results show that the crosslinking improved the elasticity of the membranes. This 

regime is followed by a retarded increase of the strain, which gives information on the viscoelastic 

response, modeled by spring and dashpot elements in parallel. The last part of this time-dependent 

deformation represents the equilibrium flow region and is described by in-series dashpots. Its 

viscosity ηM is related to the irrecoverable creep strain and is higher for the crosslinked membranes, 

which indicates a lower flow compared with the pristine membrane. For the time-dependent 

relaxations, which can be associated with the local mobility of the material, the values of retardant 

elasticity EK and the relaxation time indicate an improved stiffness of the crosslinked membranes, 

even at high temperatures. When the applied loading is released, the strain is instantaneously in 

part reduced, corresponding to the recovery of the elastic element, followed by a time-dependent 

recovery due to time-dependent molecular reorientations.  The values of the permanent strain ε∞, 

obtained at the end of the recovery period, are reduced for the crosslinked membranes, in 
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agreement with the increased values of the viscosity ηM of the Maxwell element. These 

observations suggest reduced plasticity or deformability of the membrane that can be corroborated 

with the membrane resistance in harsh conditions, like high temperature and organic solvent 

medium. 

 

Fig. 10. Creep-recovery curves for membranes at (a) 25°C and (b) 100°C; c) experimental and 

fitted curve using the Maxwell and Kevin-Voigt model exemplified for a PTA-IL-PEGDE 

membrane at 100oC. 

 

Table 1. Creep parameters calculated with the four-elements model and the permanent strain ε∞ 

after strain recovery. 

 

Membrane T 

(°C) 

EM 

(MPa) 

ηM 

(MPa·s) 

EK 

(MPa) 

ηk 

(MPa·s) 

τ 

(s) 

ε∞ 

(%) 

PTA-IL 25 93 16,620 401.3 313 78 0.2 

PTA-IL-BDG 178 134,908 148.5 275 185 0.05 

PTA-IL-PEGDE 180 58,252 625.2 524 84.5 0.13 

PTA-IL 100 75 6,122 96.9 42 43.7 0.45 

PTA-IL-BDG 139 7,361 104.5 80 76.3 0.15 

PTA-IL-PEGDE 149 8,322 108.5 90 60.4 0.22 

 

To correlate the creep recovery properties of the membranes with the physical aging and 

compaction, we permeated DMF for 22h through the membranes at 105oC (Fig. 11). We obtained 

a constant permeance value during the experiment, which indicates no significant physical aging 

and compaction. Besides, it demonstrates that the flexible crosslinker enhances the membrane 

mechanical stability. It is interesting to compare the behavior of polytriazole at high temperature 

in DMF with that of crosslinked polyimide XP84, which is one of the most common polymers 
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used in organic solvent applications. In experiments reported with crosslinked polyimide, the 

methanol flux decreases more than 50% at room temperature over the 9h [3]. 

Moreover, negligible aging was detected at high temperature for the crosslinked 

polytriazole membranes (PTA-PEGDE), similar to the state-of-the-art membranes based on PEEK 

and PBI [31], with the advantage that the polytriazole membranes can be prepared using a 

sustainable process. Therefore, the polytriazole system might be a promising candidate for this 

application. 
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Fig. 11. DMF permeance for 22h through a PTA-IL-PEGDE membrane at 105 °C. 

 

3.4.Dynamic mechanical measurements 

We used dynamical mechanical analysis (DMA) to investigate the mechanical properties 

of the membranes and to correlate the membrane performances with the mobility of the crosslinked 

polytriazole chains at high temperatures. Besides, we used DMA to understand the differences in 

DMF permeance between the two crosslinkers. Fig. 12a shows the storage modulus (E’) for PTA-

IL, PTA-IL-BDG, and PTA-IL-PEGDE as a function of temperature at 1 Hz. The E’ values at 

room temperature for the crosslinked membranes are 200 MPa for PTA-IL-BDG and 180 MPa for 

PTA-IL-PEGDE, which are higher than for the PTA-IL (144 MPa). These data confirm that, by 

crosslinking, we obtained membranes with higher elasticity and, therefore, less irreversibly 

deformable when submitted to stress. This elasticity is even higher for PTA-IL-BDG, while when 

a relative longer crosslinker was used more flexible membranes are obtained. To demonstrate that, 

by using ionic liquid, we obtained membranes with better mechanical properties, we measured the 
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storage modulus of a membrane cast from NMP and then crosslinked with PEGDE (PTA-NMP-

PEGDE). The modification and testing conditions were similar to those of PTA-IL-PEGDE. 

Although PTA-NMP-PEGDE shows identical behavior over a full range of temperature at 1 Hz 

(Fig. 12a), the values of the storage modulus for the PTA-NMP-PEGDE are smaller, compared 

with that of PTA-IL-PEGDE. This indicates that the crosslinked membranes prepared with the 

ionic liquid are less deformable than when made with NMP. For the PTA-IL membrane, E’ slowly 

decreases as the temperature increases up to 345℃ (Fig.12a). In addition to the E’ values, the loss 

modulus (E”) representation at multiple frequencies in Fig. 12b-d helps to distinguish between the 

processes taking place during heating. The loss modulus (E”) curves in Fig. 12b-d has distinct 

features. First, in the lower temperature range, a broad and low-intensity peak is observed for 

pristine membranes, while narrower peaks of higher intensity are noted for the crosslinked 

membranes. These peaks shift to higher temperatures with increasing frequency, thus indicating 

its relaxation nature. They are probably associated with the polymer and crosslinker segments 

mobility or the freedom of rotation of the constituting groups. A relaxation of this kind is a 

thermally activated rate process, as previously suggested for other polymers [40, 41]. Secondly, 

additional E” peaks start to develop above 250℃ and have a frequency-independent character, thus 

indicating a non-relaxation process.  

Regarding the relaxation processes, for polymers like polyimides [42, 43], thermally 

rearranged polyimides [44] and polyoxadiazoles [45], the broad relaxation in the range of 100 – 

170℃ has been considered a β-relaxation, assigned to the local mobility of the main polymeric 

backbone. This relaxation involves portions of the repeat unit that oscillate in a correlated manner 

[46, 47], giving rise to cooperative conformational transitions, which include nearby bonds and do 

not disturb the overall trajectory of the chain [48]. 

For the PTA-IL membrane, the local chain mobility (β-relaxation) is frequency-dependent. 

It starts bellow 50℃ at a frequency of 1Hz and can go up to around 225℃ when measured at 31Hz. 

The onsets of the β-relaxation for the crosslinked membranes, PTA-IL-BDG and PTA-IL-PEGDE, 

are respectively marked with an arrow in Fig.12c and 12d.  The β-relaxation for these membranes 

begins at 75℃ and 100℃, respectively, pointing out that the crosslinking partially inhibits the local 

mobility or rotational freedom. β-relaxation processes relative to segments analogous to those 

constituting the BDG and PEGDE crosslinkers themselves, such as poly(ethylene glycol)s, would 

be expected at a much lower temperature [49]. 
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The relevance of local mobility probed by dynamic mechanical analysis on the membrane 

transport characteristics has been reported before in gas diffusion investigations. For instance, for 

aromatic poly(amide-imide)s membranes, a good correlation between gas permeability and the 

secondary local transition temperature has been found [50]. Similarly, it has been shown that more 

intense β-relaxation processes could be correlated to a higher oxygen permeability of polyester-

based membranes [51]. Moreover, Kim et al. [52] mentioned the importance of the polymeric local 

chain mobility on the membrane gas permeability and emphasized that the local polymer chain 

motions may affect more the gas diffusion than the free volume in the case of bisphenol-A-

polycarbonate copolymers [52].  

 

Fig. 12. DMA characterization of the membranes: (a) Storage modulus (E’) for the pristine and 

crosslinked membranes at 1Hz; Loss modulus (E”) at different frequencies for (b) PTA-IL, (c) 

PTA-IL-BDG and (d) PTA-IL-PEGDE membranes. 

 

In our case, we observed that the β-relaxation for the PTA-IL-BDG and PTA-IL-PEGDE 

membranes correlates with the solvent diffusion through the membrane measured at high 
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temperatures (65℃-105℃). In this case, the faster-coupled motion of the polymeric units together 

with BDG segments (with the onset at 75℃) might promote a faster diffusion of DMF, than in the 

case of polymeric units crosslinked with PEDGE segments (onset of β-relaxation at 100℃). This 

could explain why for the PTA-IL-BDG membranes the permeance increased to 9.6 L m-2 h-1 bar-

1 at 65℃, and above this temperature the increase in permeance is not significant, remaining 

constant after 85℃. In contrast, the β-relaxation at a higher temperature for the PTA-IL-PEGDE 

membranes explains why, after 85℃, we still have an increase of permeance from 8.3 L m-2 h-1 

bar-1 to 9.3 L m-2 h-1 bar-1. However, the DMA experiments were performed with dry membranes, 

and we cannot exclude that in the DMF filtration, the relaxation behavior could be more complex 

due to a potential DMF plasticization of the polymeric chains and enhanced local mobility.   

To further prove that the increase of the permeance with increasing temperature is in close 

correlation with the mobility of the polymer backbone and crosslinkers segments (β-relaxations) 

and is not only due to a decreasing DMF viscosity, we estimate the permeance values at high 

temperature (PT) by considering the permeance value at 25℃ (P25), multiplied by the viscosity (µ) 

ratios according to equation 6 [31, 53]: 

𝑃𝑇 = 𝑃25
µ25

µ𝑇
       (6) 

Table 2. Permeances of crosslinked membranes calculated according to equation 6. 

Temperature (℃) Viscosity 

mPa s 

PTA-IL-BDG permeance 

(L m-2 h-1 bar-1) 

PTA-IL-PEGDE permeance 

(L m-2 h-1 bar-1) 

25 0.864 4.2 3.7 

65 0.559 6.5 5.7 

85 0.470 7.7 6.8 

 

The permeance values calculated by equation 4 are presented in Table 2. In all cases, the 

permeance increases with the temperature. However, for PTA-IL-BDG at 65℃, which is close to 

the onset temperature of β-relaxations (Fig. 12c), the experimental value is much higher than that 

calculated by equation 4. Thus, we assume that the higher permeance is governed more by the 

mobility of the crosslinker, rather than only the viscosity changes. For the PTA-IL-PEGDE at 65℃, 

the experimental values are close to those calculated by equation 4, while at 85℃, which is the 

onset temperature of β-relaxations (Fig. 12d), the values are much higher. These indicate that for 

PTA-IL-PEGDE membranes up to 65℃ the increase of permeances is influenced more by the 

reduction of the DMF viscosity, while at 85℃, and above, the increase of the permeance is due to 
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the mobility of PEG segments. Therefore, we experimentally demonstrate by using DMA, that an 

important factor in increasing the permeances in OSN applications is played by the sub-glass 

relaxations, which are correlated with the mobility of the polymer chains and mobility of the 

crosslinkers segments. 

Compared to the pristine membrane, other peaks are observed in the DMA for the 

crosslinked membranes, in addition to the β-relaxations discussed above: 1) for the PTA-IL-BDG, 

a narrow frequency-dependent relaxation peak can be seen at 230-250℃ (Fig. 12c). Shifting to 

higher temperatures is observed as the frequency increases, indicating that the associated process 

requires activation energy. 2) for PTA-IL-PEGDE, an additional non-relaxation process starting 

at 175-225℃ is observed. The process is characterized by an E” maximum at about 250oC, which 

does not shift with a frequency variation. This might be related to an additional PEGDE 

crosslinking, taking place in this temperature range. However, the last-mentioned processes take 

place above the temperature of the filtration experiments and are not relevant to the present study. 

The non-relaxation processes that appear for crosslinked membranes at temperatures higher than 

250℃ in DMA are correlated with the decomposition of the crosslinking segments. This statement 

is supported by the thermogravimetric analysis presented in Fig. S2 and by the previously reported 

studies [28, 29].  

 

Conclusions 

In summary, we demonstrated the synthesis of crosslinked polytriazole membranes by a 

sustainable process using greener solvents and greener crosslinkers. The crosslinked membranes 

have high creep recovery with lower permanent deformation at 25℃ and 100 ℃, which is correlated 

with insignificant physical aging and compaction when DMF was permeated for 8h through the 

membranes at 105 ℃. Moreover, we showed that, by using dynamic mechanical analysis, it is 

possible to correlate the performance of the membranes at high temperatures with the mobility of 

the crosslinked polytriazole backbone. The obtained crosslinked polytriazole membranes 

performed well at high temperature (100°C) in strong polar solvents such as DMF, meeting the 

requirements of organic solvent applications, indicating that this class of polymeric membranes is 

promising for this type of applications.  
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