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Abstract
We report the preparation of crosslinked membranes for organophilic filtration, by
reacting a new polytriazole with free OH groups, using non-toxic poly (ethylene glycol)
diglycidyl ether (PEGDE). The OH-functionalized polymer was obtained by converting the
oxadiazole to triazole rings with high yield (98%). The maximum degree of crosslinking is
achieved after 6 h of reaction. The crosslinked polytriazole membranes are stable in a wide range
of organic solvents and show high creep recovery, indicating the robustness of crosslinked
membranes. The influence of different casting solutions and different crosslinking time on the
membrane morphology and membrane performance was investigated. The membranes
performance was studied in dimethylformamide (DMF) and (tetrahydrofuran) THF. We achieved
a permeance for THF of 49 L m-2 h-1 bar-1 for membranes with molecular weight cut off
(MWCO) of 7 kg mol-1 and a permeance for THF of 17.5 L m-2 h-1 bar-1 for membranes with
1

MWCO of 3 kg mol-1. Our data indicate that by using the new polytriazole is possible to adjust
the pore dimensions of the membranes to have a MWCO, which covers ultra- and nanofiltration
range.

Keywords: polytriazole, crosslinked membrane, high creep resistance, solvent resistance

1. Introduction
Many reactions in the chemical, pharmaceutical and petrochemical industries do not yield
pure products, requiring additional separation processes. Large amount of organic solvents is
frequently generated and needs to be recovered for further use. Conventional separation methods
involve high energy consumption and membrane technology could be a competitive energy
saving alternative process [1-3].
The main challenge of this technology is to design membranes which are easy to process
by common techniques and are stable in a wide range of pH and organic solvents. Although
inorganic membranes offer high stability in organic solvents, their cost, more difficult
processability for manufacture and integration in modules and mechanical stability are factors,
which make them less attractive than polymeric membranes [4]. Inorganic materials incorporated
in polymer matrix have been explored as mixed matrix to combine properties of both materials
classes for filtration in organic solvents [5-8]. An example of growing interest is the
incorporation of metal organic frameworks in thin film composite membranes to improve their
performance [9-10].
The most used polymers for the manufacture of membranes for organic solvent
nanofiltration (OSN) are crosslinked polyimides, due to their relatively easy synthesis and high
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stability in solvents. However, the imide ring is not stable in high concentration of organic and
inorganic bases [11]. Polysulfone and perfluorinated polymers (polyvinylidene fluoride and
polytetrafluoroethylene) have been reported to be stable in the whole pH range, but are soluble in
strong organic solvents [12-15]. Crosslinked polybenzimidazole is stable in a wide range of pH
and organic solvents, but the processability of polybenzimidazole in common solvents is
relatively difficult [16, 17]. Recently, poly (ether ether ketone) has been reported as an
alternative material for OSN due to the high chemical resistance in harsh solvents, without
requiring a crosslinking step, using strong acids for membrane preparation [18, 19].
Polyoxadiazole has been reported by our group for OSN membranes, without need for
crosslinking but also requiring acids for dissolution [20]. Both poly (ether ether ketone) and the
reported polyoxadiazole membranes are stable in several organic solvents. However they were
prepared with casting solutions based on sulphuric acid or in a mixture of methane sulphonic
acid and sulphuric acid, which require additional safety precautions [18-20]. Therefore, more
polymeric structures should be developed to combine the easy processability by conventional
industrial methods with stability in a wide range of organic solvents. Polybenzoxazole
membranes prepared by thermal rearrangement from polyimide precursors have been
successfully explored for gas separation or fuel cell [21, 22]. Our group has been investigating
fluorinated polyoxadiazoles and sulfonated polytriazoles prepared by polycondensation for fuel
cell application [23-25] using one-pot polycondensation reactions. We recently reported the
direct synthesis of a hydroxyl-functionalized copolyazole, from fluorinated oxadiazole
monomers [26]. The polytriazole is soluble in organic solvents and easy to process. After
crosslinking the obtained membranes were stable in several solvents. A weak point was,
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however, the crosslinking segment: the membrane was not stable in a broad pH range due to the
presence of silane groups, which are sensitive to basic media [26].
Here we report the facile synthesis of new crosslinked polytriazole membranes for
organophilic filtration by using poly(ethylene glycol) diglycidyl ether (PEGDE) as crosslinker,
which is non-toxic and non-expensive. The resulting membranes are stable in wide range of
organic solvents and in all pH range. Without crosslinking, polytriazole is highly soluble in
organic solvents, since 98% of the monomeric units are functionalized with free OH groups. The
same OH groups are excellent sites for post crosslinking.

2. Experimental part
2.1. Materials and methods
4-Aminophenol,

poly(ethylene

glycol)

diglycidyl

ether

(PEGDE)

(Mn

500),

tetrahydrofuran (THF), N,N′-dimethylformamide (DMF), N,N-dimethylacetamide (DMAc),
dimethyl sulfoxide (DMSO), N-methyl-2-pyrrolidone (NMP), polyphosphoric acid (PPA),
polystyrene (PS), poly(ethylene glycol) (PEG) and all other reagents were purchased from
Sigma-Aldrich. The polyoxadiazole precursor was synthesized in our lab by polycondensation
reaction [23, 24]. All chemicals were used as received.

2.2. Synthesis of polytriazole (PTA-OH)
Polytriazole with OH groups was synthesized following a method analogous to that
previously described by our group [26], but optimized to have 98% OH functionalization. In a
typical procedure, 50 g (0.135 mol) of polyoxadiazole precursor were added to a 2000 ml three
neck flask and were dissolved in 333 ml NMP. After the polyoxadiazole precursor was
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dissolved, 2 g of PPA and 37 g (0.3378 mol) of 4-aminiphenol were added and then the reaction
mixture was heated to 195 C in nitrogen atmosphere for 15 h. The resulting solution was
precipitated in a mixture of water-methanol at 60C and purified by re-precipitation from NMP.
The polymer was dried in a vacuum oven at 110C (yield 48 g, 84%, based on the repeat unit).
FTIR: 3000 – 3500 cm−1 (OH groups), 1518 cm-1 (triazole ring).
1

H NMR (400 MHz; DMF-d7):  ppm 10.45 (s, 1H), 7.71 (d, 4H), 7.44-7.42 (m, 6H), 7.00 (d,

2H).

C NMR (400 MHz; DMF-d7):  ppm 159.7, 154.3, 133.8, 130.3, 129.9, 129.1, 128.6,

13

126.3, 125.8, 122.9, 120.1, 116.9, 64.8, 64.5, 64.3.

2.3. Synthesis of crosslinked polytriazole membranes
The polytriazole membranes were obtained by phase inversion [27, 28]. We used two
different casting solutions: (i) 18 wt% polytriazole (PTA-OH) in NMP, and (ii) 18 wt% PTA-OH
in a 9/1 mixture of NMP/THF. The polymer solutions were cast on a glass plate using a doctor
blade with 100 μm gap. The polymer membranes were obtained by immersing the glass plate in
water. They were kept in water for 24 h to eliminate any remaining solvent. The second solution
was used to study the influence of the evaporation time on the pore size. After the polymer
solution was cast on the glass plate the solvent was evaporated for 0 s, 10 s, and 30 s before
immersion in the water bath. The incipient membranes were submerged in 10 wt% poly(ethylene
glycol) diglycidyl ether (PEGDE) aqueous solution at 80C for 3, 6 and 9 h. After the
crosslinking reaction all membranes were washed with water and a mixture of water – methanol.

2.4 Characterization
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The success of the polytriazole synthesis was evaluated by Nuclear Magnetic Resonance
(NMR) Spectroscopy. The samples were dissolved in DMF-d7 and the spectra recorded on
Bruker Advance III 600 spectrometer. The structures of polytriazole and the crosslinked
membrane were evaluated by Fourier Transform Infrared Spectroscopy (FTIR). 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 with Continuum IR Microscope.
The thermal stability of the membranes was evaluated by thermogravimetric analysis
(TGA) on a TGA Q50 by TA instruments. The samples were measured in air atmosphere from
30 to 800°C, with a heating rate of 10°C min−1.
The morphology of the membranes was studied by scanning electron microscopy (SEM)
on Nova Nano and Quanta 600 microscopes, using a voltage in the range of 3–5 kV and a
working distance in the range of 3–10 mm. Before performing the measurements, the samples
were coated with iridium using a Quorum Q150TES equipment. By using transmission electron
microscopy (TEM) we studied the cross-section morphology of the membranes. Initial the
membranes were embedded in Epoxy resin at 60°C and then ultrathin sections (70 nm) were cut
using an ultramicrotome (Leica EM UC6). The membranes were stained with phosphotungstic
acid before performing the measurements using a FEI Tecnai 12 microscope operating at 120
kV.
The solvent resistance of the membranes was evaluated with UV spectrophotometer
(NanoDrop 2000c) using equation (1), following a procedure described in [26]:
Solvent resistance % = 100 (1 – A1/A0)

(1)

where A0 and A1 are the absorbance of solutions which contain unmodified and crosslinked
membranes, respectively.
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The contact angle measurement was performed by using Kruss EasyDrop equipment and
the values were defined as the average of 6 measurements.
Mechanical measurements were performed with TA Instruments Q800 Dynamic
Mechanical Analyzer in tensile mode. Rectangular samples (15x5 mm) were cut from the
membranes with 70–80 μm thickness. The stress-strain behavior was recorded using a force
ramp of 0.1 N/m, at 25 °C, until break. Five samples were tested for each membrane. The
ultimate tensile properties are calculated as the average of stress and strain at break. Strain–
recovery analysis was performed by subjecting membranes to a stress of 0.5 MPa for 20 min,
followed by a recovery period of 80 min with removed stress. The applied stress level was
chosen to ensure that the creep measurements remained in the linear viscoelastic deformation
regime of stress-strain curves and it matches the 5 bar pressure used for flux measurements. A
small preload force of 0.01 N was applied to keep the sample right in the recovery regime.
The membrane performances were measured using a dead-end cell, at a pressure of 5 bar
achieved with nitrogen. The filtration area of the membranes was 0.95 cm2. The solvent
permeance was measured for 3 h and was evaluated using equation (2):
J = Q/AΔP

(2)

where Q is the permeation rate (L h-1), A is the effective filtration area (m2), and ΔP is the
pressure difference (bar).
The membrane rejection was measured by filtration of a mixture of polystyrene (PS)
oligomers (2, 3, 10, 20 and 30 kg mol-1) dissolved in THF and poly(ethylene glycol) (PEG) (3 kg
mol-1) dissolved in DMF.
The concentrations of the feed solutions were 1 mg ml-1 of PS in THF and 2 mg ml-1 of
PEG in DMF. The membranes were conditioned by permeating pure solvents for 3 h before the
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sieving experiments. Sieving experiments were conducted for 1 h, then the permeate samples
were collected for subsequent analysis. The rejection (R) was evaluated using equation (3):
R(%) = 100 (1- Cp/Cf)

(3)

where Cp is the solute concentration in the permeate and Cf is the solute concentration in the
feed. Gel permeation chromatography (GPC) was used to analyze the permeate samples and the
feed. One GPC system was equipped with an Agilent refractive index detector and DMF was
used as a mobile phase at 45C. Another GPC system was equipped with a Viscotek employing a
GPCmax module and a GPC-TDA 305 system and THF was used as a mobile phase at 35C. For
both GPC systems we used polystyrene standards for calibration.

3. Results and discussion
3.1. Synthesis of polytriazole (PTA-OH) and crosslinked polytriazole membranes
Scheme 1 shows the synthesis procedure for polytriazole with OH groups. The
polytriazole was prepared by reaction of polyoxadiazole precursor with 4-aminophenol at high
temperature. The reaction took place by nucleophilic attack of amino groups on the oxadiazole
ring, resulting in the corresponding 4-substituted 1,2,4-triazole by thermal treatment [29]. High
conversion of oxadiazole in triazole rings can be achieved by simply adding to the reaction
mixture small amounts of polyphosphoric acid (PPA). For this system, 0.04 g of PPA per gram
of polyoxadiazole is sufficient to obtain a 95–98% conversion of oxadiazole into triazole rings in
10–15 h at 195C. The PTA-OH has good solubility in polar solvents such as DMF, DMAc,
DMSO and NMP, which confer a great advantage in membranes processing and manufacturing.
The good solubility is due to the combination of the high number of grafted polar OH groups and
aromatic rings, and the presence of hexafluoroisopropylidene units [30]. We investigated the
8

structure of the PTA-OH by using NMR. Fig. 1 shows the 1H-NMR and
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C-NMR of

polytriazole. The presence of new grafted OH groups is confirmed by the chemical shift at 10.45
ppm, and the presence of new grafted aromatic ring is confirmed by the chemical shift at 7.00
ppm. The small chemical shift at around 8.3 ppm is associated with residual oxadiazole rings.
The strong chemical shift at 154.3 ppm in

13

C-NMR spectra confirms the formation of triazole

rings. The grafted aromatic ring and OH groups are associated with the chemical shifts at 116.9
and 159.7 ppm, respectively. The absence of chemical shift at 164 ppm, which is characteristic
of oxadiazole rings [26], demonstrates that all oxadiazole was converted to triazole rings. To
quantify the conversion of this reaction, we divided the integrated areas of the chemical shift at
7.00 ppm, which is associated with triazole rings, by the integrated areas of chemical shift at 8.36
ppm, which is associated with oxadiazole rings. We obtained 98% conversion.

Scheme 1. Synthesis of polytriazole (PTA-OH).
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Fig. 1. 1H NMR and 13C NMR of PTA-OH.
Crosslinked polytriazole membranes were synthesized by exposing the porous membranes,
immediately after formation by phase inversion, to PEGDE in water at 80C, following the
procedure presented in Scheme 2. PEGDE was chosen as crosslinker due to its low cost, nontoxicity and high solubility in water [31, 32]. With that we consider the crosslinking reaction a
green process, which is an important advantage for the membrane industry, considering that most
reported crosslinked OSN membranes are obtained by using more harmful crosslinkers (diamine
or dihalogenates derivats) or organic solvents (acetonitrile or n-heptane) [11,16,17]. Another
advantage of using PEGDE as a crosslinker is that it can act as a pores preservation agent [33].
The porous membranes were cast using 18 wt % polymer solutions in NMP or 9/1 NMP/THF.
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Scheme 2. Preparation of crosslinked membranes; photograph of membranes crosslinked for 6 h
and immersed in different organic solvents for 6 months.
The membranes obtained from the solution in NMP were exposed to the crosslinker for 0,
3, 6 and 9 h. The membranes obtained from the solution in NMP/THF were exposed to
crosslinker for 6 h, but before immersion in water the casting solution was evaporated for 0, 10
and 30 s. To demonstrate the high stability of the crosslinked membranes in harsh environment,
we immersed the membrane modified for 6h in THF, DMF, DMAc, DMSO, NMP and acid and
base solutions for 6 months (Scheme 2). Only slight swelling occurs in the case of DMF, DMAc,
DMSO and NMP and no change or swelling was observed in THF after 6 month. Using equation
1, we quantified the stability of the membrane immersed in DMF, and it is 99.5%.
11

FTIR and TGA were used to follow the crosslinking reaction at different times (Fig. 2).
Fig. 2a shows the FTIR spectra for membranes obtained from solutions in NMP. The presence of
new peaks in the spectra at 2870 – 2928 cm-1, which is characteristic for aliphatic C–H stretching
vibration from PEGDE [34], and at 1090 cm-1, which is characteristic for the ether groups of
PEGDE, prove that the crosslinking reaction was successful. The intensity and the broadness of
the peak at 1090 cm-1 is similar for the membranes crosslinked for 6h and 9h, suggesting that the
amount of incorporated PEG segment is also similar. The peak at 1518 cm-1 is characteristic of
triazole rings [35]. Fig. 2b shows the TGA curves for the same membranes. The membrane
without crosslinking has only one degradation stage, which starts at 450C and is associated with
polymer degradation, while the crosslinked membranes have two degradation stages, which start
at 230C and 450C which are associated with the crosslinker and polymer degradation,
respectively. The weight loss of the first degradation stage can be associated with the total
amount of PEG segment in the membranes. The weight loss slightly increased from 28% to 31%
when the reaction time increased from 3 h to 6 h, while no significant additional weight loss was
observed when the reaction time increased from 6 h to 9 h. By increasing the reaction time, the
number of active group decreases, while the polymer chains become more rigid and the mobility
of the chains decrease. From FTIR and TGA results, it can be concluded that the maximum
degree of crosslinking was achieved after 6 h of reaction and the maximum amount of PEG
segment incorporated during the crosslinking reaction was 31%. Table 1 shows the water contact
angle measured for unmodified and crosslinked membranes. The contact angle decrease from
74 to around 60, indicating that after crosslinking the membranes become more hydrophilic.
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Fig. 2. (a) FTIR spectra and (b) TGA curves for membranes prepared from 18 wt% PTA-OH
solutions in NMP, exposed to PEGDE crosslinker for different times.
3.2. Mechanical properties of polytriazole membranes
High mechanical stability is important, specially for pressure driven membrane
applications, to assure that at high applied pressure the plastic deformation would be minimal
and the membrane performance would maintain for long time [36]. Creep, time dependent
deformation, could be detrimental under working conditions and finally could lead to membrane
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failure. We investigated the effect of PEG segment on the mechanical properties of crosslinked
membranes.
Tensile strength and Young’s modulus were determined from stress-strain experiments.
All the membranes exhibited similar stress-strain behavior, typical of glassy polymers.
Application of load initially caused a linear increase of strain due to elastic response of the
membranes, followed by a plastic deformation until the break point. The Young’s modulus,
calculated as the slope of stress–strain curve in the elastic region, together with the tensile
strength and elongation at break are listed in Table 1. The Young’s modulus of the crosslinked
membranes is slightly higher than that of the unmodified membrane, while the elongation at
break slightly decreased.
From the creep and recovery curves, obtained with the application and removal of load,
different regions can be observed, as reported in Fig. 3. Firstly, an instantaneous increase of
strain occurs, due to the stretching of polymeric chains. This is followed by the viscoelastic
response, involving time-dependent molecular rearrangements. At the end of the load application
period, viscous flow is observed. Once the stress is released, a certain portion of creep is
instantaneously recovered, followed by a gradual strain recovery due to the visco-plastic nature
of the material. The recovery period involves time-dependent molecular relaxations as the
polymer attempts to regain the original dimensions. When the polymers experience viscous flow,
creep strain remains in the polymer as a permanent deformation. As it can be observed in Fig. 3,
if compared with the pristine membrane, the crosslinked membranes have less pronounced creep,
which implies that the crosslinks restrict molecular rearrangements and improve the membrane
deformation resistance of membranes. The strain values at the end of the loading period were
reduced by 19%, 28% and 31% for the membranes crosslinked for 3 h, 6 h and 9 h, respectively.
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For these membranes the elastic deformation is decreased and, in addition, the viscoelastic
response is described by flatter curves. Thus, the membrane durability under mechanical stress is
improved.
Table 1. Water contact angle and Stress-strain data of porous membranes prepared from 18 wt%
PTA-OH solutions in NMP, exposed to the crosslinker for different times.
Crosslinking
Time (h)
0
3
6
9

Contact
angle
()
74  2
67  1
61  1
58  2

Young’s
Modulus
(MPa)

Tensile
Strength
(MPa)

Elongation at
Break
(%)

101  3
106  5
117  3
117  4

4.3  0.1
4.5  0.4
4.5  0.5
4.5  0.4

12  1
11  2
92
92

Fig. 3. Creep – recovery curves for membranes prepared from 18 wt% PTA-OH in NMP,
exposed to crosslinker for different times.
To describe the creep component, we used the four element model of Maxwell and KevinVoigt (spring and dashpot in series with a parallel combination of spring and dashpot). The
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overall deformation is the sum of three components - instantaneous elastic deformation, delayed
elastic deformation and Newtonian flow – and is given by the equation (4):
(

)

(4)

where ε is the strain or deformation, σ0 is the applied stress, t is the time after loading, E1 and η1
are the modulus and viscosity of Maxwell spring and dashpot and τ = η2/E2 is the retardation
time that is the time required for the Voigt element to deform to 63.21% (or 1-1/e) of its total
deformation [37]. The parameter E1 was calculated from the instantaneous creep strain, η1 and E2
were estimated from the slope and from the intercept of the time-dependent deformation in the
region of equilibrium flow, while the retardation time from the exponential portion of the
viscoelastic response, E2, was calculated from τ = η2/E2 and their values are summarized in Table
2. In agreement with stress–strain results, the values E1 indicate that the elasticity of crosslinked
membranes was improved. The increase of the delayed elasticity E2, related with the stiffness,
suggests a reinforcement of crosslinked membranes. The retardation time is increased for these
membranes, indicating more solid-like behavior. The increased values of viscosity η1 translate
into reduced flow and the permanent deformation is less pronounced for the crosslinked
membranes. According to these observations, the crosslinking increases the membranes
resistance to deformation. By incorporating the PEG segment as crosslinker an enhancement of
Young’s modulus, better creep resistance and less permanent deformation were achieved.

Table 2. Creep parameters calculated with the four element model and the permanent strain after
recovery for membranes prepared from solutions in NMP exposed to crosslinker for different
times.
Crosslinking

E1 (MPa)

η1 (MPa·s)

E2 (MPa)

η2 (MPa·s)

τ (s)

Permanent
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Time (h)
0
3
6
9

strain (%)
93
116
136
137

12972
17123
20117
28531

572
581
599
685

498
570
581
609

87.0
98.1
96.9
88.9

0.09
0.04
0.03
0.01

3.3. Membrane morphology
SEM was used to investigate the morphology of the membranes before and after
crosslinking. Fig. 4 shows the SEM images of membranes prepared from solution in NMP. The
size of the membrane pores are reduced by increasing the crosslinking reaction time, showing
that after 6 hours exposure to crosslinker the pores are practically filled or covered by the PEG
segments. The cross-sectional morphology of the membranes before and after crosslinking
prepared in NMP was investigated by TEM (Fig. 5). For the membrane crosslinked during 6 h,
pores are not seen near the surface, while a structured morphology is observed for the
uncrosslinked membrane. Furthermore, phosphotungistic acid preferentially stains the PEG
richer phases, which constitute the dark areas in Fig. 5b. Therefore, we assumed that the highly
contrasted thin layer on the top of the membranes and the spherical aggregates on the walls of
the finger-like cavities could be associated with the PEG segments.
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Fig. 4. SEM images of PTA-OH membranes prepared from solutions in NMP, (a) without
crosslinking and (b) with 6 hours exposure to crosslinker.

Fig. 5. TEM images of PTA-OH membranes prepared from solutions in NMP, (a) without
crosslinking and (b) with 6 hours exposure to crosslinker and stained with phosphotungstic acid.

3.4. Filtration performance of crosslinked polytriazole membranes
We measured the polytriazole membranes permeation for water, DMF and THF. The
rejection of polystyrene oligomers dissolved THF was measured in dead-end cell under pressure
of 5 bar. Table 3 shows the performance of membranes prepared from solutions in NMP. The
unmodified membrane has higher water permeance than the crosslinked membranes,
demonstrating that after crosslinking the pores size decreases. For all crosslinked membranes the
highest solvent permeance was measured for THF, which is the solvent with the lowest viscosity
(0.47 mPa s). The viscosity of DMF is 0.92 mPa s. The DMF permeance for the membranes
crosslinked with PEGDE was up to 22 L m-2 h-1 bar-1 with MWCO 7 kg mol-1. This is almost 4
times higher than what we previously obtained for membranes, with comparable MWCO, by
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crosslinking copolyazole membranes with (3-glycidyloxypropyl)trimethoxysilane (Table 5) [26].
With PEGDE we were able to have lower MWCO, down to 3 kg mol-1, with 8.5 L m-2 h-1 bar-1
permeance.

Table 3. Performance of membranes prepared from solutions in NMP, exposed to crosslinker for
different times.
Cross-linking
Time (h)
0
3
6
9

Permeance of pure solvents
(L m-2 h-1 bar-1)
Water
DMF
THF
140  30
13  3
13  0.1
31  8
21  5
22  6
49  7
25  5
20  6
44  10

Permeance of
THF/PS
(L m-2 h-1 bar-1)
23  5
27  5
30  2

MWCO
(kg mol-1)
10
7
8

Fig. 6a shows the DMF permeance for 10 h, for crosslinked membrane prepared from
solution in NMP as a function of time. The DMF permeance is constant after the first 15
minutes, showing the high stability of the membranes in the solvents and indicating that no
significant physical aging and compaction appears during the measurement. These results are
consistent with the creep-recovery analysis, which demonstrated that the presence of a flexible
crosslinker enhances the membrane mechanical stability. For polyimide XP84 (the most common
polymeric materials in OSN applications), 60% permeance decline was reported when tested in
methanol after the first 4 hours of filtration [36]. Compared to that value, the polytriazole
membranes are more stable. To confirm the robustness of the polytriazole membranes, the DMF
flux was measured by varying pressure from 3.2 to 9.5 bar (Fig. 6b). The good linearity indicates
that the polytriazole membranes have a constant permeable area, which does not collapse under
increasing pressure [36].
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The resistances of the crosslinked membranes in organic solvents and in low pH were
then tested after immersing the membranes up to 6 months in DMAc or in HCl. Fig. 6c shows
the DMF permeance for the crosslinked membranes after the long time exposure. For both cases
(immersion in HCl or DMAc), the DMF permeance is constant and simliar to the permeance
obtained before the exposure (Table 4).

This indicates that the crosslinked polytriazole

membranes are robust and membrane performance would maintain for long time.

Fig. 6. (a) DMF permeance as a function of time and (b) variation of DMF flux with pressure for
membranes prepared from NMP solution and exposed for 6 hours to crosslinker; (c) DMF
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permeance with time for the membranes prepared from NMP/THF (10s evaporation), crosslinked
during 6 hours and immersed in 1M HCl solution or in DMAc for 6 months.
The molecular weight cut-off (MWCO) values for membranes prepared from solutions in
NMP were obtained by identifying the minimum molecular weight with 90% rejection (Fig. 7a)
[35]. The MWCO values are in the range of 7 – 10 kg mol-1, corresponding to solutes with
hydrodynamic radii in the range of 2.3 – 2.8 nm [39]. Thus, the membranes have a MWCO at the
lower UF range. By comparing the results in terms of solvents flux and rejection, we can
conclude that 6 h of crosslinking leads to the best membrane filtration performance.
In an attempt to decrease even more the pores size in the NF range, we used a mixture of
9/1 NMP/THF to dissolve the polytriazole and to cast the membranes. By adding a volatile cosolvent, such as THF, a denser skin layer is obtained during the evaporation step [13]. The
membranes performance are shown in Table 4.

Table 4. Performance of membranes obtained from solutions in NMP/THF with different
evaporation times and 6 hours exposure to crosslinker.
Evaporation
Time (s)
0
10
30

Permeance of pure solvent
(L m-2 h-1 bar-1)
DMF
THF
12  2
18  3
91
18  2
8.4  0.5
21  3

Permeance of solvent/solute
(L m-2 h-1 bar-1)
DMF/PEG
THF/PS
18  5
8.0  0.5
14  1
20  2

MWCO
(kg mol-1)
DMF
THF
8
3
3
7

Different evaporation times varying from 0 to 30 s led to different MWCO values.
The minimum value was obtained with 10 s evaporation. The MWCO was in this case 3 kg
mol-1 (Figure 7b). The hydrodynamic radii corresponding to this MWCO value is 1.5 nm.
For the same membrane, we measured the retention of PS in THF and PEG in DMF (Fig.

21

8). Similar results were obtained. This membrane has a MWCO at the upper end of the NF
range. The solvent permeance obtained with membranes prepared from solutions in NMP/THF
is slightly lower. The THF permeance is in the range of 18 – 21 L m-2 h-1 bar-1, compared to 22
L m-2 h-1 bar-1 for those prepared from solutions in NMP.

This demonstrates that by using different casting solutions and different crosslinking
times, it is possible to adjust the membrane pore size to obtain a MWCO that covers the entire
limit between the UF range and the NF range. The performances of the crosslinked polytriazole
membranes in terms of solvent permeance and solute rejection are comparable with the
performance of other membranes reported in the literature, such as copolyazole,
polybenzimidazole, mixed matrix or nanocellulose membranes [6,7,40]. The performances of
those membranes are listed in Table 5.
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Fig. 7. Retention of PS in THF as a function of molecular weight for membranes prepared from
solutions in (a) NMP and (b) NMP/THF.
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Fig. 8. Retention of PEG (3 kg mol-1) in DMF for membrane prepared from solutions in
NMP/THF, and evaporated for 10s.
Table 5. Summary of performance of different membrane materials
Membrane
material
Copolyazole
(CPA)[26]
Polyoxadiazole
(POD)[20]
Polybenzimidazole
(PBI)[16]
MOF
HKUST-1 [6, 7]

Solvent

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

Solute

Solute MW
(kg mol-1)

MWCO

THF
DMF

40
6.5

PS

10 – 150

22

THF

200 – 240

PS

10 - 300

60

acetonitrile
DMF

17 – 37
1–7

PEG

0.4 – 8

2

acetone

15

PS

0.236 -1.8

1.8

Conclusions
We prepared crosslinked membranes for organophilic filtration from a new polytriazole 98%
functionalized with free OH groups and crosslinked with poly(ethylene glycol) diglycidyl ether
(PEGDE). The OH-functionalized polymer was synthesized by reacting a polyoxadiazole
precursor with aminophenol. The reaction takes place with 98% conversion of oxadiazole to OHfunctionalized triazole rings. The resulting crosslinked membranes are stable in a wide range of
24

organic solvents. Creep-recovery analysis highlighted the role of the crosslinking in enhancing
the membrane mechanical stability. The crosslinked membranes have high creep recovery with
lower permanent deformation, indicating that by using a flexible crosslinker such as PEGDE we
can obtain membranes, which are stable in several organic solvents, without losing their
flexibility. The best membrane performance in terms of solvent flux and solute retention was
achieved for the membranes exposed 6 hours to the crosslinker. By using different casting
solutions and different crosslinking times it is possible to tailor the MWCO, corresponding to the
lower ultrafiltration range to upper end nanofiltration, suitable for a wide range of applications.
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Highlights


New crosslinked polytriazole membrane for organophilic filtration



High stability in wide range of solvents was obtained using poly (ethylene glycol)
diglycidyl ether as crosslinker.



High creep recovery with lower permanent deformation.



No significant physical aging and compaction appears during the solvent permeance.
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