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A B S T R A C T

Membrane performance is a vital factor for the membrane-based waste VOCs treatment, which is not only
affected by the properties of monomers or polymers, but also by crosslinking temperature during the membrane-
forming procedure. However, little attention has been paid to the latter. In this work, the effect of the cross-
linking temperature on membrane structure and separation performance was studied. The properties of polymers
and membranes were first characterized by X-ray photoelectron spectroscopy, positron annihilation lifetime
spectra, and so on. Apparent differences in physicochemical properties between polymers and membranes can be
observed. Different crosslinking temperatures were thus chosen to investigate their effects on the membrane
structure, and the separation performances of membranes obtained under different crosslinking temperatures for
the molecular sieving of nitrogen over cyclohexane were also evaluated. Results showed that higher temperature
leads to higher crosslink and smaller pore size so that 99% rejection can be obtained when the crosslinking
temperature over 80 °C was used. While the permeability of nitrogen slightly decreases with increasing tem-
perature from 50 to 120 °C.

1. Introduction

VOCs (volatile organic compounds) emitted from many chemical
and pharmaceutical processes not only cause harm to the environment
and human beings, but also lead to the waste of resources [1,2].
Therefore, it is necessary to limit their emission. Membrane technology
is regarded as a very effective way for VOCs control because of its high
efficiency, easy operation, no need for further regeneration, and en-
ergy-efficient property, etc. [3,4].

In the membrane process, membrane performance is a crucial factor
that affects their industrial application, and membrane structure plays a
vital role in the improvement of membrane performance [5]. Many
monomers have thus been synthesized for the tuning of the membrane
microstructure to enhance membrane performance [6–8]. Besides the
development of monomers, preparation parameters such as crosslinking
temperature can also have a significant influence on membrane struc-
ture [9–11], finally affecting membrane performance. At the same time,
the thermal crosslinking method is widely used in the membrane-
forming procedure for the preparation of non-porous poly-
dimethylsiloxane (PDMS) [3,12] and polyether block amide (PEBA)
membrane [13], etc. or microporous polyamide [8] and polyimide

membranes, etc. [14]. Berean et al. [11] studied the effect of the
crosslinking temperature on the gases (CO2, N2, and CH4) permeation of
the PDMS membrane. Results showed the membrane obtained at a
temperature of 75 °C shows the highest gas permeabilities because of
the relaxed polymer chains, which resulted from the reduction of the
crosslinking density and the increasing fractional free volume within
the membrane, providing more diffusional channels for these gases.

Besides the non-porous PDMS membranes, microporous polymer
membranes can also be significantly affected by crosslinking tempera-
tures. As Budd et al. [15] reported that when microporous PIM-1
polymer is made into the membrane by thermal crosslinking method,
the BET surface area decreases from 860 to ∼600m2/g, indicating that
crosslinking process affects the membrane structure because the coating
procedure reportedly does not affect the intrinsic microporosity of a
polymer [16], which is also true of the dissolution procedure. There-
fore, only the thermal crosslinking process should affect the char-
acteristics of a polymer. Furthermore, it is reported that even minor
variations of the membrane structure could lead to a dramatic differ-
ence in permeability [17].

In this work, the microporous polyamide was selected to reveal the
effect of crosslinking temperature on membrane structure, because the
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polyamide microporous membrane is also a large class of membrane
materials, which can be fabricated into different membranes for gas
separation with high separation performance by the thermal cross-
linking method [8,18,19]. For example, high separation performances
were observed for molecular sieving of nitrogen over cyclohexane by
polyamide membranes [8]. The study on the effect of temperature
would provide essential data for further optimization of membrane
structure to enhance membrane performance.

Here, the properties of the microporous polymer and their corre-
sponding membrane were first compared and characterized. Different
thermal crosslinking temperatures were then investigated. Different
characterizations such as X-ray diffraction (XRD), fourier transform
infrared spectrometry (FTIR), nuclear magnetic resonance (NMR),
scanning electron microscopy (SEM) and so on were performed to re-
veal the membrane structural changes. Then polyamide membranes
obtained under different crosslinking temperatures were studied for the
separation of a nitrogen/cyclohexane mixture. Finally, the effect of
operating temperature on membrane performance for the separation of
a nitrogen/cyclohexane mixture was also investigated.

2. Experimental section

2.1. Materials

The monomer 2,6,14-triaminotriptycene was synthesized following
the method reported by Chen et al. [20]. Dodecanedioyl dichloride was
purchased from Aladdin Industrial Corporation. The pyridine was
purchased from Sinopharm Chemical Reagent Co., Ltd. N,N′-Di-
methylformamide (DMF,> 99.5%) and methyl alcohol were purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd. Deionized water
was made in house. Cyclohexane was purchased from Shanghai Shenbo
Chemical Co., Ltd. All purified gases (at least 99.95%), such as nitrogen,
were supplied by Nanjing Special Gas Co. LTD. The PA substrate
membrane with a pore size of 0.1 μm was purchased from Shanghai
Xinya Purification Equipment Co., Ltd, China.

2.2. Characterizations

Gel permeation chromatography (GPC) was performed to measure
the molecular weight of polymer using a Waters GPC instrument (LC20,
Shimadzu). The polymer was dissolved in the NMP for 2 h. The polymer
solution was filtered to remove insoluble polymer, and then the soluble
polymer solution was measured. Chemical structures were analyzed by
using a Thermo Nicolet Fourier transform infrared spectroscopy (FTIR)
8700 spectrometer in the range of 500–4000 cm−1 and were also
characterized using liquid state 1H (500MHz) nuclear magnetic re-
sonance (NMR) spectroscopy (Bruker 400 AVANCE III HD spectro-
meter). The crystal structures were investigated using an X-ray dif-
fractometer (XRD, Bruker, D8 Advance) using Cu Kα radiation in the
range of 5–80° at increments of 0.02° at room temperature. The mor-
phology and structure were observed by field-emission scanning elec-
tron microscopy (FE-SEM, Hitachi- 4800, Japan). The elemental com-
positions of the polymers and membranes were characterized by X-ray
photoelectron spectroscopy (XPS, Thermo ESCALAB 250, USA) with
monochromatized Al Kα radiation. The crosslinking of polymer at dif-
ferent crosslinking temperature was also analyzed by low field nuclear
magnetic resonance (NMR) spectroscopy by Bruker minispec MQ60
(Germany). The operating parameters were: the frequency=60 Hz, the
proton 90° pulse width=1.96 us, dead time=0.012ms. Positron an-
nihilation lifetime spectra were measured for the prepared polymer
powders and membranes using a conventional fast-slow coincidence
system at room temperature. A positron source was sandwiched be-
tween the membranes that had been stacked to a thickness of∼0.8mm.
The γ-rays with energies of 1.27MeV (emitted from a β-decay of 22Na)
and 0.511MeV (emitted from positron annihilation in a sample) were
measured by the start and stop counters, respectively. Each spectrum

had ∼6 million counts and a time resolution of ∼210 ps full width at
half-maximum (fwhm). The lifetime spectrum was analyzed through a
finite-term lifetime analysis, which was resolved into four discrete
components using the LT9.0 program. The lifetimes of each component
are denoted as τ1, τ2, and τ3 for p-Ps, free positron and ortho-posi-
tronium (o-Ps) while the related intensities are denoted as I1, I2, and I3,
respectively. Lifetime and intensity of longer-lived o-Ps are denoted as
τ4 and I4, respectively [21]. The following expression was employed to
relate the o-Ps lifetime (τ3 and τ4) to the kinetic diameter (R) of free-
volume holes in polymer chains:

= ⎡
⎣

−
+

+ ⎛
⎝

⎞
⎠ +

⎤
⎦

−
τ R

R R π
sin πR

R R
1
2

1
Δ

1
2

2
Δ

1

(1)

where τ is the o-Ps lifetime (ns), R refers to the volume radius (nm), and
ΔR is the electron layer thickness with an estimated value of 0.1656 nm.

2.3. Synthesis of polyamides

The typical procedure for synthesizing polymers was carried out
following a previously reported method [8]. Dodecanedioyl dichloride
(named HT-PA6) was selected for detailed investigation because the
longer monomer molecular chain results in better solubility of a syn-
thesized polymer in aprotic solvent (DMF) in our work, and its mole-
cular weight of Mn is 323657 g/mol, and Mw is 342089 g/mol, which
results in a good membrane-forming property. Simultaneously, its re-
jection is also good when compared with those of other alkyl acyl
chlorides (comparison data not shown in this paper).

2.4. Fabrication of membranes

The Schematic representation of the membrane fabrication is shown
in Scheme 1. The polymers were dissolved in DMF to fabricate mem-
brane solutions with a concentration of 0.04 g/mL, which were stirred
for 8 h at 22 °C, then degassed by vacuum. The membrane solutions
were coated on dry 0.1 μm PA substrate membranes using a coating
knife to obtain composite membranes and on PTFE dishes to obtain
freestanding membranes. The nascent membranes were put into a va-
cuum oven immediately and dried at various temperatures (50, 80, 100,
and 120 °C), and the drying time varies from 96 h, 72 h, 48, and 24 h
according to the temperature. The thickness of the separation mem-
brane was observed by SEM.

2.5. Measurements of gas permeation

Gas permeation properties of mixed gas were tested at different
temperatures and pressures, and the detailed experimental design and
procedures have been reported previously [8]. The effective membrane
area is 12.56 cm2. The compositions of the feed, permeate, and residual
streams were analyzed by gas chromatography (SCION456-GC-SQ). The
original flux (Ji, L·m−2·h−1) was determined using a soap bubble
flowmeter, calculated as Eq. (2), which was repeated at least three
times with different membranes, and the obtained average deviation
was less than 5%. The gas permeability (Pi, Barrer) was calculated as
Eq. (3). The gas flux was normalized by pressure to give the permeance

Scheme 1. Schematic representation of the membrane fabrication.
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(Pi/l, GPU), which was calculated as Eq. (4).
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The gas permeability (Pi) was calculated as

= × × × ×P V
A t p T

P l10
· ·Δ

273.15
76i

i10 0

(3)

The gas permeance (Pi/L) was calculated as
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where Vi refers to the volume (cm3), A is the effective membrane area
(cm2), t is the time (s), ΔP represents the transmembrane pressure (cm
Hg), T is the testing temperature (K), l is the thickness of selective layer
of the composite membrane (cm) and P0 is defined as the atmospheric
pressure (kPa).

The rejection was calculated as
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where Cp and Cf refer to the permeate VOC concentration and feed VOC
concentration, respectively.

PSI (permeation separation index) was calculated by the following
equations:

= − ∗ PPSI (R 1) i1 (6)

= − ∗ P lPSI (R 1) /i2 (7)

2.6. Molecular dynamics simulations

Molecular dynamics simulations were conducted via the Materials
Studio software, and the COMPASS force field was used to calculate the
interactions between atoms. The van der Waals and electrostatic in-
teractions were taken into account using the “Ewald” method [22]. The
Berendsen method with a decay constant= 0.05 ps [23] and the Nose’s
thermostat with Q ratio= 0.001 [24] was used to control the pressure
and temperature, respectively.

Three kinds of HT-PA6 polymer chains, completely linear structure
(a), partial network structure (b), and complete network structure (c),
were established, as shown in Fig. 1. In the amorphous cell, three dif-
ferent HT-PA chains were selected to construct three HT-PA structure
models. The number of repeat units, chain numbers, and initial density
of the HT-PA models was set to 18, 5, and 0.01 g cm−3, respectively.
Optimization of the three different models’ geometry was first per-
formed using the energy minimization process; then, a 21-step method
was used to compress, relax, and eventually balance the models
[25,26]. Mean-square displacement (MSD) was used to analyze the
molecular mobility of the membrane, which can be obtained by the
Einstein relationship as
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where N is the total number of atoms, +r t t( )i 0 and r t( )i 0 are the po-
sitions at time +t t0 and t0, respectively, B is a constant, and D is a self-
diffusion coefficient. The GCMC method was used to estimate the ad-
sorption of gas in the sorption process. A sorption isotherm can be
obtained by performing the simulations over a pressure range of
0.01–1.5 atm. At each pressure, 1,000,000 steps of GCMC calculations
were performed using an initial equilibration period of 100,000 steps.
Diffusion coefficients were determined by the addition of 10 gas mo-
lecules into each independently equilibrated configuration to form a
new simulation cell at 300 K. The diffusion simulations were performed
for 600 ps under the NVT conditions.

3. Results and discussion

3.1. Determination of structural alterations in the membrane-forming
process

The HT-PA6 polyamide polymer was synthesized by solution poly-
merization, as shown in Scheme 2. At the end of the polymer chains,
carboxyl and amino groups can still exist, which provides the oppor-
tunity for them to react during the membrane-forming procedure. Thus,
at a suitable temperature, water from the reaction between the carboxyl
and amino groups can be timely removed, inducing a reaction equili-
brium in a positive direction. Finally, two side chains can be connected
by this newly formed bond in the membrane, where a relatively big
pore is divided into two smaller pores, as illustrated in Scheme 3. Such a
process results in narrower three-dimensional cross-linked networks (as
indicated by pink ellipses in Scheme 3), offering remarkable separation
performance of nitrogen/VOC. The formation of new bands may pull
two polymer chains closer together while avoiding other polymer
chains, providing larger aggregate pores. To validate this assumption,
polymers and their corresponding membranes were characterized to
highlight their differences.

The chemical structures of a polymer and its corresponding mem-
brane were first analyzed by 1H NMR and 13C NMR, as shown in Fig. 2.
The first noticeable difference (Fig. 2(a)) that can be seen is char-
acteristic peaks at positions 12 and 3.5 ppm, which are ascribed to the
hydrogen on the carboxyl and amino groups [8,27]. These hydrogens
formed by hydrolysis of the unreacted acyl chloride and unreacted
amino groups in the polymer during the preparation disappeared when
the polymer was made into a membrane. Fig. 2(b) shows the 13C NMR
spectra of a polymer and its corresponding membrane. It can be seen
that the carboxyl carbon at 162.2 ppm in the membrane also dis-
appeared compared with that in the polymer. It indicates that these
carboxyl and amino groups in the polymer were reacted during the
membrane-forming process, resulting in the absence of characteristic
peaks in the 1H NMR and 13C NMR spectra of the membrane. These
newly formed bonds will divide big pores into smaller ones in the
membrane, as shown in Scheme 3, leading to a lower density, as shown
in Fig. 3(a). High permeability can thus be expected because the lower
density generally indicates a higher free volume [28–30]. This result
can be read as indirect proof supporting the occurrence of interchain
crosslinking during the membrane-forming process. Fig. 3(b) shows
BET areas of HT-PA6 polymer and its membrane. Higher BET area of
the polymer can be observed, which could be a result of interpenetra-
tion or blocking of the pores due to incomplete solvent removal [31].

Simultaneously, PALs also confirms the evolution of pores, as illu-
strated in Table 1. It shows two types of pores in the polymer and
membrane: network and aggregate pores [8]. The size of network pores
in the membrane is a little smaller than that of polymers because of the
formation of new bonds, which results in a high rejection based on the
observation of a molecular-sieving mechanism, and the increasing size
and number of aggregated pores from the polymer to membraneFig. 1. Three different polymer chains with different structure.
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contribute to enhancing the gas permeability [32].
XPS analysis was also applied to elucidate the formation of new

chemical bonds in the membrane after analyzing the oxygen content in
the polymer and membrane, as shown in Fig. 4. Two binding energies of
oxygen elements in these polymers and membranes can be detected:
one is at 531.4 eV, which is ascribed to the core level O 1 s spectra of
the amide bond (NeC]O), and the other is at 532.6 eV, which belongs
to the remaining unreacted acyl chloride groups (easily hydrolyzed to
carboxyl groups) (OeC]O). Therefore, the ratio of the integrated area
NeC]O/(NeC]O+OeC]O) (i.e., O1/(O1+O2)) shows an in-
creasing trend from polymers to membranes, implying that chemical
crosslinking between the amino and carboxyl groups occurs in the
membrane-forming process, and the size of the pores thus varies ac-
cordingly from polymers to membranes.

3.2. Effects of the cross-linking temperature

It is confirmed from the characterizations described above that
cross-linking occurs during the membrane-forming process, which can
be affected by temperature. Thus, the effect of temperature on cross-

linking during the membrane-forming process was elucidated.
Fig. 5 shows the FTIR spectra of the HT-PA6 polymer and its

membrane fabricated under different crosslinking temperatures. As is
shown, the small peaks at 1662, 1602, and 1550 cm−1 correspond to
the stretching vibration of the C]O band in the amide band I, poly-
amide aromatic ring, and CeN stretching of amide band II, respectively
[33,34]. The characteristic peak at 1415 cm−1 is the stretching of the
CeN band of amide III, suggesting the formation of amide groups in
both polymers and membranes. A comparison of polymer and mem-
brane shows that the intensity of peak at 3296 cm−1 ascribed to the
symmetric stretching vibration peak of NeH in the primary amino
group is reduced from the polymer to the membrane. It further supports
our assumption that amino groups in the polymers are reacted during
the membrane-forming process, leading to their decreasing intensity in
the membranes. Fig. 5 shows similar FTIR spectra for membranes ob-
tained at different temperatures. This may be because the synthesized
polymers have good membrane-forming properties, as shown in Fig. 6,
which shows visible defect-free SEM surfaces for all membranes and
that membrane thickness of 1–2 μm can be obtained from 30 to 120 °C.
Thus, similar FTIR spectra are observed.

Although FTIR shows similar spectra, comparative analysis of the
XRD spectra of the polymer and membrane illustrates differences, as
shown in Fig. 7(a). The broad features of the XRD spectra of both the
polymer and membrane suggest their amorphous nature. The peak at
2θ≈ 20° is typical d-spacing for densely packed amorphous polymers,
which is usually ascribed to an average chain-chain distance [35].

D-spacing is related to gas permeability [36]. Fig. 7(a) shows that
when the polymer is fabricated into the membrane, the peak shifts to a
high value. The d-spacing decreases from 0.445 nm of the polymer to
0.442, 0.437, 0.428, 0.427 and 0.427 nm of the membrane obtained at
30, 50, 80, 100 and 120 °C, respectively, indicating that temperature
promotes the reaction and leads to a lower d-spacing value and smaller
pore size. Fig. 7(b) shows the simulated XRD spectra obtained by the
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Scheme 2. Synthesis procedure of HT-PA6 polyamide by solution polymerization.

Scheme 3. Evolution of pores in thermal crosslinking process.

Fig. 2. 1H NMR spectra (a) and 13C NMR spectra (b) for the HT-PA6 polymer and its membrane obtained at 80 °C.
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simulation of polymers with different structures. It shows that the d-
spacing of complete network structure (c) is lower than that of partial
network structure (b) and linear structure (a), which expresses the same
trend with experimental data. It further explained that crosslinking
temperature could promote the reaction during the membrane-forming
procedure and enhance the network structure formation.

The phenomenon of enhancement of network structure with the
increase in temperature was further validated by the measurement of T2
relaxation time in LF-NMR, as shown in Fig. 8. It shows from the in-
version spectra in Fig. 8(a) that three peaks at around 0.22, 5.5, and
53ms are observed, which can be assigned to the inter-crosslink chains,
dangling ends, and sol chains, respectively [37]. The inter-crosslink
chains can be regarded as the network structure, and the other two can
be assigned to the aggregate structure. It shows that the highest peak is
for intercrosslink chains, indicating the high degrees of the network
structure in both of the polymer and membranes. With the increase in
temperature, peaks of dangling ends and sol chains gradually dis-
appeared, suggesting the enhancement of crosslinking by heat. The left
shift of T2 relaxation time, especially for intercrosslink chains, means
the decreasing mobility of chains [38,39]. Therefore, the more compact
of intercrosslink chains (or the decreasing network pore size) with the
increasing temperature can be observed. It will favor the molecular
sieving of nitrogen over VOC.

Fig. 8(b) shows the ratio of intercrosslink vs. total crosslink chains at
different temperatures for HT-PA6, a decreasing trend after the first

increase can be observed. This may be the fact that both the network
and the aggregate structure will form during the membrane-forming
process. The rise of network structure may be higher than that of the
aggregate structure at first, leading to the increasing ratio. With the
further increase of the crosslinking temperature such as over 80 °C,
fewer dangling ends and sol chains were left for the formation of in-
tercrosslink chains as the reaction proceeded. However, the left shift of
T2 relaxation time for intercrosslink chains means that intercrosslink
chains become more compact, and network pore sizes become smaller,
which may pull the aggregate pores bigger, resulting in a decrease of
the ratio. These also support our assumption shown in Scheme 2 that
the formation of the smaller network pore size and enlarge aggregate

Fig. 3. True densities (a) and BET areas (b) of HT-PA6 polymer and its membrane.

Table 1
Free volume properties of the HT-PA6 polymer and its membrane by PALs.

ID τ3(ns) I3(%) D3(Å) τ4(ns) I4(%) D4(Å)

Polymer 1.63 10.2 4.96 1.91 3.20 5.52
Membrane 0.87 6.60 2.86 2.28 10.70 6.18

Fig. 4. X-ray photoelectron O1s spectra for HT-PA6 polymer and its membrane.

Fig. 5. FTIR spectra for polymer and HT-PA6 membranes obtained at different
temperature.

Y. Chen, et al. Separation and Purification Technology 252 (2020) 117401
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pore size. Therefore, an optimum temperature should be chosen ac-
cording to the experiments. These results also indicate that temperature
is an important factor that can be used to tune the pore structure.
Different polymers with different active groups may require different
optimum crosslinking temperatures.

3.3. Nitrogen/VOCs mixed gas separation performance

Membranes formed under different thermal crosslinking tempera-
tures may express different separation performances. Thus, their effects
on membrane performance have been investigated. Fig. 9 shows the
impacts of thermal temperature on the separation performance of the
nitrogen/cyclohexane mixture. It can be seen that increasing the tem-
perature enhances the rejection because of the formation of more new
bands. Thus, their d-space shown in Fig. 7 or network pore size shown
in Fig. 8(a) will decrease, leading to a higher rejection; a rejection
of> 99% can be obtained when the temperature is above 80 °C, which
is higher than the previous report whose rejection about 30% was
achieved by ZIF-8 membrane for the separation of nitrogen/n-hexane
mixture [40]. This phenomenon is verified by diffusion simulation, as
shown in Fig. 10. The slope or displacement in the MSD diagram
(Fig. 10) represents the molecular diffusivity in the different structural
models. It can be seen from Fig. 10(a) that the slope of the MSD dia-
gram of cyclohexane is almost zero compared to the high slope of ni-
trogen, suggesting reduced diffusivity of the cyclohexane molecule
because of its larger kinetic diameter than the pore size in the mem-
brane. A high rejection can thus be obtained. Simultaneously, Fig. 10(b)
shows the steepest slope in the c structure model, indicating that the
nitrogen molecule diffuses fastest in the network structure. This result
also means that newly formed bands in the membrane will help knit
more network pores, leading to the formation of more interconnectivity
among pores and accordingly, higher FAV (fractional accessible vo-
lume) can be expected as shown in Fig. 11.

Fig. 11 shows the FAV with different chain structures using different
probe radii obtained by simulation, which can indirectly represent
membrane structures obtained under different temperatures. The linear
structure roughly represents a membrane obtained at low temperature,
whereas a complete networked structure represents a membrane ob-
tained at high temperature. It can be seen that the polymer with linear
structure has the least FAV, and the polymer with complete network
structure has the highest FAV, suggesting more pores can be connected,
leading to the formation of more interpenetration of pores. Therefore,
higher FAV can be observed in the membrane with a complete network
structure, and even its BET surface area is lower [31]. It further in-
dicates that a newly formed band would increase the FAV of the
polymer, which is the same as the results presented in Table 1 that the
sum of I3 and I4 in the membrane is higher than that of the polymer.

Fig. 6. SEM surface morpgologies (a, 30 °C; b, 50 °C; c, 80 °C; d, 100 °C; e,
120 °C) and cross-sectional morphologies (a′, 30 °C; b′, 50 °C; c′, 80 °C; d′,
100 °C; e′, 120 °C) of HT-PA6 membranes under different thermal crosslinking
temperature.

Fig. 7. XRD spectra for the HT-PA6 polymer and its membranes with different crosslinking temperature (a) and simulated XRD spectra using different polymer chain
structure (b).
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Therefore, although the reduction in pore size would help block the
transportation of nitrogen through the membrane, resulting in lower
permeability [41], the reduction is small from 50 to 120 °C. This is
because, even though the average pore size in the membrane is lower
than that of the polymer, the increasing size and number of aggregate
pores from polymer to membrane (Table 1) enhances nitrogen perme-
ability [32]. Simultaneously, the formation of new bands will increase
the degree of network crosslinking and the interconnectivity of pores in
the membrane, enhancing the FAV and gas permeability [42,43]. Fi-
nally, three factors compensate for each other, leading to a gentle re-
duction in the nitrogen permeability. Nitrogen permeance is also ex-
pressed in Fig. 10 and shows a similar trend to that of permeability. At
30 °C, high nitrogen permeability and a low rejection might result from

the existence of invisible pinholes in the membrane due to the cross-
linking temperature being too small.

Fig. 9 also shows that the permeability of nitrogen decreases while
the rejection increases with increasing temperature; therefore, it is hard
to determine the optimal temperature. To identify this, a modified PSI
concept was selected, and the results are shown in Fig. 12. Ignoring
30 °C because of the defects in the membrane, PSI is shown to decrease
with increasing temperature. According to these results, 50 °C may be
the best temperature; however, its rejection is lower than 99%. Thus,
80 °C is a better temperature, combining a high rejection with relatively
high permeability. This result also suggests that under the premise of

Fig. 8. T2 inversion spectra (a) and the ratio of intercrosslink vs total crosslink chains at different temperature for HT-PA6.

Fig. 9. Effect of thermal crosslinking temperature on the separation perfor-
mance of HT-PA6 membrane (cyclohexane concentration: 34000 ± 1000 ppm;
temperature: 25 °C; Feed pressure: 10 kPa).

Fig. 10. Simulation of mobility of nitrogen (a) and nitrogen and cyclohexane (b) in different structure models.

Fig. 11. Simulated fractional accessible volume of polymers with different
structural models as a function of probe radius.
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guaranteeing a high rejection (or selectivity), a much higher cross-
linking temperature may ruin the permeability; thus, an optimal tem-
perature exists.

At the optimal crosslinking temperature, the obtained membrane
was tested for the separation of the nitrogen/cyclohexane mixture
under different operating temperatures. These results are shown in
Fig. 13, and a constant rejection and permeability with the increased
operating temperature can be observed. This may be because the rigid
3D structure of triptycene in the polymer chain might interlock with
itself, preventing the movement of polymer chains as the operating
temperature increases [44]. Furthermore, the network structure formed
might also restrict chain movement. Therefore, the membrane perfor-
mance remains constant across increasing temperatures.

4. Conclusions

In this work, the crosslinking temperature was confirmed to affect
membrane structure, and apparent physicochemical differences be-
tween polymers and membranes were observed, such as the density of
the membrane is lower than that of the polymer. Then, different
crosslinking temperatures were investigated to show that temperature
enhances crosslinking, leading to decreasing d-space and network pore
size and increasing aggregate pore size. A rejection of> 99% can be

obtained when the temperature is above 80 °C, which is also supported
by molecular diffusivity simulations. Simultaneously, a gentle reduction
in nitrogen permeability can be ascribed to the formation of more
network pores during the thermal crosslinking procedure, resulting in
more interconnectivity among the pores and an increasing number of
aggregated pores and FAV, which compensate for the decrease in per-
meability resulting from the decreasing pore sizes. Because of the op-
posite trends of rejection and permeability with crosslinking tempera-
ture, it is suggested that an optimal crosslinking temperature exists in
the membrane-forming procedure.

In summary, crosslinking temperature is an important factor that
should be considered in the membrane-forming procedure. It may
provide a significant foundation for more accurate tuning of membrane
structures with enhanced separation performance.
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