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The practical application of membrane separation, such as CO2 recovery from flue gas, is usually accompanied by harsh
operating conditions of high temperature and pressure as well as acidic and humid feed properties, which poses a great
challenge to the stability of membrane materials. In this work, zirconium phosphate material with highly stable porousframework structure was synthesized by ionothermal method, and then, its incorporation into the polymer matrix to prepare ZrPOF-Pebax mixed-matrix membranes (MMMs) was pioneered. Benefiting from their 4.0 ·3.0 Å 7-ring windows
and CO2-philic framework, the optimal MMMs with a 5 wt % ZrPOF content exhibited enhanced CO2/N2 selectivity of
29.6, with a decent CO2 permeability of 286.3 Barrer, which raised by 79.4 and 67.5% compared to the neat Pebax 2533
membranes, respectively. Furthermore, owing to their excellent thermal, water, and chemical stability, obtained MMMs
maintained excellent performances under harsh operating conditions.
Keywords: CO2/N2 separation, Mixed-matrix membranes, Operational stability, Pebax, Porous-framework zirconium
phosphate
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Introduction

The dramatically increased carbon emissions in recent
years, which mainly arose from fossil fuel combustion and
industrial processes, have resulted in pressing climate
change and urgent environmental issue [1, 2]. According to
the ‘‘Global Energy and CO2 Emissions in 2020’’ published
by the International Energy Agency (IEA) [3], CO2 emissions declined in early 2020 due to the impact of the Covid19 crisis, but rebounded rapidly from the end of last year,
which is a severe warning that it is imperative to reduce
CO2 emissions for sustainable development of global economy [4]. At present, industrially mature CO2 capture technologies, including cryogenic separation and chemical or
physical adsorption [5, 6], usually suffer from high separation costs and/or energy-intensive processes. In contrast,
membrane-based CO2 separation has been considered as a
potential alternative method due to its advantages of energy
efficiency, small footprint, and clean operation, which is
expected to realize industrial transformation and upgrading
in CO2 removal as in water treatment [7–9]. However, the
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most widely used polymeric membranes have not reached
the desirable performance to replace the conventional separation technology due to the contradiction between selectivity and permeability, known as trade-off effect [10].
To solve the above-mentioned problems, polymeric
matrices are usually incorporated with inorganic porous
materials, such as carbon, zeolites, MOFs, and COFs, to
form mixed-matrix membranes (MMMs) [11–14] in order
to overcome the Robeson’s upper bound line [15]. The
introduction of inorganic materials disrupts the packing of
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the macromolecular chain, resulting in generation of addiseparation membrane has been gradually developed. Hasan
tional free volume, thereby leading to an enhanced gas peret al. have blended a-zirconium phosphate (a-ZrP) nanomeability; simultaneously, the blended inorganic materials
particles into polyvinylidene fluoride (PVDF), and resultant
provide internal sub-nanoscale channels structure, which is
MMMs were capable of removing most heavy metal ions
not only beneficial to the high-efficiency diffusion of guest
from industrial wastewater [30]. In a recent work by our
molecules but also can work as size-selective molecular
group, layered zirconium phenylphosphate (ZrPP) molecusieves to raise the selectivity of MMMs [16]. In this context,
lar sieve membranes were prepared with a facile in-situ
Song et al. prepared ZIF-8 nanoparticle-loaded MMMs.
hydrothermal growth. Relying on their 3.2 Å-sized interBenefiting from their 0.34-nm pore size, resultant MMMs
laminar height and strong affinity towards CO2, obtained
ZrPP membranes exhibited excellent H2/CO2 separation
exhibited enhanced CO2/CH4 selectivity and CO2 permeability [17]. In addition, carefully selected materials with
performance with a separation factor above 100 [31].
CO2 affinity framework endowed MMMs with adsorption
In comparison with their two-dimensional layered counselectivity toward target molecules. Li et al. selected
terparts, a three-dimensional open-framework zirconium
ZIF-7-OH as filler material from different functionalized
phosphate, [Zr32P48O176F8(OH)16] (abbreviated as ZrPOF),
has even better structural stability and preferential CO2
ZIF-7 crystals. Owing to its higher CO2/N2 adsorption
adsorption behavior. In addition, ZrPOF possesses oneselectivity, obtained MMMs showed superior separation
dimensional channels with appropriate 7-ring windows of
performance [18]. In some cases, the filler even enabled
4.0 ·3.0 Å through the c-axis direction, which facilitates the
improvement of their mechanical properties such as hydrorapid diffusion and shape selection of gas molecules. Hythermal stability, aging resistance, and mechanical strength
droxyl functional groups retained in the framework make
[19, 20].
ZrPOF compatible with polymer chains [32]. However,
Apart from these inspiring advantages, the incorporation
their potential as filler material for MMMs has not been
of fillers may also cause undesirable problems, resulting in
explored yet.
the inferior separation performances. First, poor interfacial
In the present work, a porous-framework zirconium
compatibility between inorganic nanofillers and polymeric
phosphate, ZrPOF, was optimally synthesized by strictly
matrices will lead to nonselective diffusion paths such as incontrolling the amount of HF acid in the reaction process.
terface defects and voids [21]. Several surface modification
The following stability tests and adsorption experiments
strategies, including functional group, hydroxyl chain, and
further proved its extraordinary structural stability and
polymer chain modification, are usually implemented to
strong CO2 affinity. Therefore, we pioneered the fabrication
address this problem. Subsequently, the shape and size of
of ZrPOF-based Pebax 2533 MMMs as shown in Fig. 1.
fillers may also affect their distribution in MMMs [22, 23].
Benefiting from the incorporation of ZrPOF, the resultant
Smaller particles require relatively large filling amount,
MMMs exhibited both enhanced CO2/N2 selectivity and
which may inevitably cause severe agglomeration, while
CO2 permeability compared to pure Pebax 2533 memlarger grains may form limited interface contact area and
branes, thereby breaking through the restriction of trade-off
are prone to sedimentation. In contrast, filling crystals with
effect. In addition, prepared MMMs still possessed reliable
a high aspect ratio offer better dispersion and comparable
separation performance under harsh operation close to the
separation performances. Finally, the wet and acidic condiactual conditions, making them superb candidates for practions as well as long-term continuous operation process in
tical CO2/N2 separation.
the practical application, such as CO2 separation from flue
gas, require high stability of
filling materials [24]. Therefore,
it is crucial to select suitable inorganic fillers and matching polymer chains for the fabrication of
high performance MMMs.
As a classical layered material,
zirconium phosphate and its organic derivatives have been evaluated as electrolyte membrane
for fuel cells, catalyst carrier,
drug delivery agents, anticorrosive and flame retardant coatings
due to their regular lamellar
structure, flexible interlayer designability, and extraordinary stability [25–29]. During the past
few years, their application as Figure 1. Schematic illustration of the preparation of ZrPOF-Pebax MMMs.
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Experimental Section

mixed solution on a-Al2O3 supports. Finally, the resulting
membranes were placed in an oven at 35 C for 24 h and
dried in a vacuum oven at 70 C for another 24 h to evaporate the remaining solvent.

2.1 Materials
Reagents for the synthesis of ZrPOF include oxalic acid
dihydrate (C2H2O42H2O, 99.5 %, Shanghai Aladdin
Biochemical Technology Co., Ltd), ethylamine hydrochloride (CH3CH2NH2HCl, 98 %, Shanghai Macklin
Biochemical Co., Ltd), zirconium oxychloride octahydrate
(ZrOCl28H2O, 98 %, Shanghai Macklin Biochemical Co.,
Ltd), phosphoric acid (H3PO4, ‡ 85 wt % in H2O, Shanghai
Macklin Biochemical Co., Ltd), hydrofluoric acid
(HF, ‡ 40 wt % in H2O, Shanghai Aladdin Biochemical
Technology Co., Ltd), and acetone (C3H6O, 99.5 %,
Sinopharm Chemical Reagent Co., Ltd). Materials for preparing MMMs include Pebax 2533 (containing 80 wt %
poly(tetramethylene oxide) (PTMO) and 20 wt % polyamide-12 (PA-12), Arkema), N,N-dimethylacetamide
(DMAc, C4H9NO, 99.0 %, Shanghai Macklin Biochemical
Co., Ltd), and a-Al2O3 discs (Foshan Ceramic Factory).

2.2 Preparation of ZrPOF
ZrPOF was synthesized by a typical ionothermal method
with slight modification [32]. Oxalic acid dihydrate
(4.0 g, 31.73 mmol) and ethylamine hydrochloride (4.0 g,
49.07 mmol) were mixed together and ground with an agate
mortar to form a deep-eutectic ionic solvent. The mixture
was transferred to a Teflon-lined stainless-steel autoclave
(50 mL), followed by the addition of zirconium oxychloride
octahydrate (500 mg, 1.55 mmol), phosphoric acid (354 mg,
3.07 mmol), and hydrofluoric acid (x mg, x = 0, 100, 150,
200). The autoclave was then heated at 180 C for 72 h.
Afterward, the resulting solid products were sequentially
washed by centrifugation (5000 rpm, 10 min) with acetone
and deionized water, followed by wet ball milling (400 rpm,
5 h), dried at room temperature and finally calcined at
410 C for 10 h.

2.3 Fabrication of MMMs
The ZrPOF/Pebax MMMs were fabricated by a solution
spin-coating method followed by solvent evaporation. First,
Pebax particles were added to DMAc and stirred at 70 C
for 5 h to obtain a Pebax solution. At the same time, a certain amount of ZrPOF powders was dispersed in DMAc
with sonication for 0.5 h to produce a homogeneous ZrPOF
suspension. The obtained ZrPOF suspension was added to
the above Pebax solution in three times. After each addition, the mixture was stirred and sonicated for 0.5 h, followed by stirring at 70 C for another 5 h. The content of
Pebax in the final mixed solution was 5 wt %, while the concentration of ZrPOF in the polymer matrix was varied from
0 to 15 wt %. MMMs were fabricated by spin-coating the
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2.4 Characterization
The crystal structure of ZrPOF was analyzed by X-ray diffraction (XRD, Rigaku SmartLab, Japan) using a CuKa
radiation (l = 1.5418 Å) source with a step size of 0.02 and
a scanning rate of 8 min–1 over a 2q range of 5 to 50 at
45 kV and 200 mA. Morphologies of prepared ZrPOF crystals and membranes were characterized by scanning electron microscopy (SEM, Hitachi FlexSEM 1000, Japan) with
an acceleration voltage of 10 kV. The thermal properties of
synthesized ZrPOF crystals were characterized by thermogravimetric analysis (TGA, NETZSCH TG 209, Germany)
in the range of 40 to 900 C with a heating rate of
10 C min–1. Adsorption experiments of the ZrPOF crystals
were carried out by an adsorption analyzer (Mike ASAP
2020 Plus, America) with CO2 and N2 at 77 and 298 K.
Before each adsorption experiment, activated ZrPOF was
outgassed at 200 C under vacuum for 10 h.

2.5 Gas Permeation Test
Mixed-gas permeation experiments were performed using a
binary gas mixture of CO2 and N2 with 99.999 % purity.
Prepared ZrPOF-Pebax MMMs were fixed in a module
sealed with O-rings, under pressure conditions that
ranged from 1 to 6 bar, a feed ratio that varied from
CO2/N2 = 20:80 to 80:20, and a test temperature that
changed from 20 to 80 C. Permeated gas was removed by
sweep gas. Helium (He) was used as the sweep gas to
remove permeated gas. A calibrated gas chromatograph
(7890B GC, Agilent) was employed to measure the concentration of mixed gases on the permeate side.
The separation factor (abbreviated as ai/j) of gas pairs is
defined in Eq. (1), where Xi/perm and Xj/perm are the mole
fractions of components i and j on the permeate side, Xi/feed
and Xj/feed are the mole fractions of components i and j on
the feed side.
xi;perm =xj;perm
ai=j ¼
(1)
xi;feed =xj;feed
The gas permeability P (barrer; 1 barrer =
10–10 cm3(STP)cm cm–2s–1cmHg–1) can be calculated using
Eq. (2), where Q (cm3s–1) is the volume flow rate of gas at
standard temperature and pressure (STP), L (cm) is the
thickness of the membrane measured by SEM images,
DP (cmHg) is the transmembrane pressure, and A (cm2) is
the effective membrane area.
QL
(2)
P¼
DPA
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Results and Discussion

3.1 Synthesis and Characterization of ZrPOF
To evaluate the feasibility as a filler material for MMMs, we
herein characterized the morphological, structural, and
physicochemical properties of ZrPOF synthesized with different HF additions, which were prepared according to a
well-established procedure with slight modification [32].
Prepared ZrPOF crystals exhibited a strip-like morphology
aggregated together with a high aspect ratio (Fig. 2a). The
entire diffraction peaks on the XRD patterns matched well
with the reported literature (Fig. 2b) [32]. It is noteworthy
that the addition of an appropriate amount of HF was crucial for the successful synthesis of ZrPOF. In the absence of
HF, Zr4+ would rapidly coordinate with phosphate groups
to form laminar a-ZrP with poor crystallinity. However,
with the excessive consumption of HF, more Zr–O bonds in
the framework were replaced by Zr–F bonds, resulting in
the decrease of crystallinity and stability of ZrPOF (Figs. S1
and S2 in the Supporting Information). The framework
structure of ZrPOF synthesized with 100 mg HF remained
constant after calcination at 500 C, and the crystallinity
even further increased due to the removal of guest molecules occupied in the framework at high temperature
(Fig. S3), which indicated the framework stability and structural integrity. Nonetheless, upon further increasing HF to

200 mg, the crystal structure of obtained ZrPOF would
deteriorate thoroughly above 400 C (Fig. 2b). TGA results
also proved the extraordinary thermal stability of ZrPOF
synthesized at low HF acid consumption, with a weight loss
of only 11.4 % at 900 C, which was only half of that of
ZrPOF synthesized at high concentration of HF (Fig. 2c).
Moreover, ZrPOF synthesized under optimal conditions
possessed excellent water and chemical stability, and both
morphology and structure of ZrPOF crystals remained
intact with a 24-h immersion in aqueous solutions with pH
values ranging from 0 to 12 (Figs. S4 and S5).
To verify the formation of a porous structure after heat
treatment, N2 adsorption experiments of ZrPOF were carried out at 77 K. The extremely low N2 adsorption capacity
of 33.4 cm3g–1 at 1 atm (Fig. 2e) revealed that it was difficult
for N2 molecules to access the ZrPOF framework through
the complicated pore structure with the widest 7-ring
windows of about 4.0 ·3.0 Å in c-axis direction (Fig. 2d). In
addition, CO2 and N2 adsorption experiments were carried
out at 298 K. The results showed that the adsorption capacity of CO2 was significantly higher than that of N2, with a
considerable CO2/N2 adsorption ratio of about 12.0 at 1 bar
(Fig. 2f), as a result of the strong interaction between polarized ZrPOF framework and CO2 molecules. Therefore,
ZrPOF was considered as a promising filler material for
MMMs for CO2/N2 separation.

Figure 2. (a) SEM image of ZrPOF crystals, (b) XRD patterns of ZrPOF synthesized with 100 mg HF acid and 200 mg HF acid treated at
room temperature and 400 C, (c) TGA curves of ZrPOF synthesized with 100 and 200 mg HF, (d) structure illustration of ZrPOF, (e) N2
adsorption isotherms of prepared ZrPOF powders at 77 K, and (f) CO2 and N2 adsorption isotherms of prepared ZrPOF powders at 298 K.
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3.2 Preparation and Characterization of MMMs
ZrPOF-loaded MMMs were fabricated by spin coating a
homogeneous viscous precursor solution containing completely dissolved Pebax 2533 polymer and uniformly suspended ZrPOF powders. Aiming at eliminating agglomeration, reducing crystal size, and improving the dispersibility,
wet ball milling was carried out before incorporating ZrPOF
powders into polymer solution (Fig. S6). In the process of
suspension formation, ZrPOF crystals will be closely linked
to the macromolecule chains through hydrogen bonding
between the phosphorus hydroxyl group (P–OH) retained
on the crystal framework and the ester group (COOR) on
the Pebax polymer, thereby forming a strong interfacial
interaction to improve the polymer-filler compatibility.
Benefiting from the ultra-thin thickness along the c-axis,
ZrPOF can still be uniformly incorporated into Pebax
matrices.
For intuitively investigating the dispersion of inorganic
filler in polymer matrix, the surface and cross-sectional
morphologies of prepared membranes with different filler
contents (0, 2, 4, 6, 8 and 10 wt %) were systematically characterized by SEM (Fig. 3). The neat Pebax membrane without filling showed a smooth top surface and defect-free
cross section (Fig. 3a). However, the morphology of all
MMMs became rougher with increasing doping amounts,
which could be attributed to the reduced intermolecular
force of the polymer chains as well as the decreased crystallinity of polyether and polyamide blocks by the introduction of ZrPOF [16]. At low loading ( £ 6 wt %), ZrPOF crystals were uniformly dispersed in the polymer matrix and no
interfacial defects were observed (Figs. 3b–d), whereas owing to the easily stacked nature of strip-like ZrPOF crystals
with high aspect ratios, slightly increasing filler loading
( ‡ 8 wt %) resulted in noticeable agglomeration and voids
(Figs. 3e and f). In line with the SEM results, the increasing
peak height of ZrPOF at a 2q value of 9.48 in the XRD patterns (Fig. 4), with the variation of doping amounts, further

Figure 4. XRD patterns of ZrPOF-Pebax MMMs with ZrPOF contents of (a) 0 wt %, (b) 2 wt %, (c) 4 wt %, (d) 6 wt %, (e) 8 wt %,
and (f) 10 wt %.

revealed the increase of ZrPOF crystal contents in MMMs.
It is worth noting that large interfacial contact areas
between ZrPOF crystals and polymer matrix endowed
MMMs with better performances even at low filler contents,
which was consistent with the previously reported phenomenon of inorganic filler materials with high aspect ratio
[22, 23].

3.3 Gas Permeation Properties

The equimolecular CO2/N2 binary mixture separation performance of prepared ZrPOF-Pebax 2533 MMMs with
various filler contents was evaluated by the classical WickeKallenbach method at ambient temperature and pressure.
The effect of ZrPOF loading on the CO2 permeability and
CO2/N2 selectivity of the MMMs at the same feed volume
fraction is shown in Fig. 5. It was observed that the CO2
permeability increased significantly while N2 permeability
changed slightly in the case that the filling amount of
ZrPOF increased from 0 to 6 wt %, resulting in a remarkably
enhanced CO2/N2 selectivity, which could be interpreted
as follows. The introduction of
ZrPOF disrupted the interaction
between polymeric chains and
raised the free volume of MMMs
as well as enhanced the preferential adsorption and selective
diffusion towards CO2 over N2.
However, further increasing
ZrPOF loading led to markedly
increased N2 permeability and
continuously decreased CO2/N2
selectivity because of the appearance of visible bulk aggregation
and void defects. Under optimized conditions, 6 wt % ZrPOFloaded MMMs exhibited an enhancement of CO2/N2 separation
Figure 3. Surface and cross section SEM images of ZrPOF-Pebax MMMs with ZrPOF contents of
factor from 16.5 to 29.6 as well as
(a) 0 wt %, (b) 2 wt %, (c) 4 wt %, (d) 6 wt %, (e) 8 wt %, and (f) 10 wt %.
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Figure 5. The effect of ZrPOF contents on the CO2 and N2 permeability as well as CO2/N2 selectivity of prepared MMMs at the
same feed volume fraction.

an increase of CO2 permeability from 170.9 to 286.3 barrer,
which was 79.4 and 67.5 % higher than the pure Pebax 2533
membrane, respectively.
In the actual situation of CO2-based separation, e.g., CO2
removal from flue gas, CO2 only accounts for about 15 % in
the gas mixture, leaving N2 as the main component [33].
Herein, the effect of feed composition on the separation
performance of 6 wt % ZrPOF-loaded MMMs was investigated further to meet the demand of practical applications
(Fig. 6a). Our test results showed that CO2 permeability
increased slightly as opposed to the decrease of CO2/N2
separation factor with the increase of the volume fraction of
CO2 in the feed gas. As a result, 6 wt % ZrPOF-loaded

MMMs exhibited a more attractive separation factor at low
CO2 concentration in comparison with the binary mixture
of equal volume (29.6 compared to 36.0, respectively),
which was more favorable for the real application of
MMMs.
For reducing operation costs, the practical application of
membrane separation is often accompanied with inevitable
temperature and pressure rise [34]. In this case, the integrated membrane must withstand high temperature and
pressure without distinct performance degradation. To this
end, the effect of operating temperature and feed pressure
on the CO2/N2 gas mixture separation performance of
6 wt % ZrPOF-loaded MMMs was also investigated (Figs. 6b
and c). It can be seen that the permeability of both CO2 and
N2 increased as the operating temperature raised from 20 to
80 C. However, N2 permeability increased faster than CO2
permeability, thereby leading to declined CO2/N2 selectivity.
The above results illustrated that higher operation temperature facilitated the dissolution and diffusion of N2 better
than that of CO2. Simultaneously, the polymer matrix
became more flexible at elevated temperature, resulting in
expansile free volume for gas transport. Nevertheless, the
above MMMs still possessed a moderate CO2/N2 selectivity
of 16.1 at 65 C with a sharply elevating CO2 permeability
of 517.5 barrer.
In addition, it was observed that the permeability variation of both CO2 and N2 was not conspicuous. To be specific, the CO2/N2 separation factor only slightly decreased
from 29.6 to 21.5 in the case that the pressure difference
increased from 1 to 6 bar. This phenomenon denoted that

Figure 6. The effects of
(a) feed composition,
(b) operating temperature,
(c) feed pressure, and
(d) operating time on the
CO2 and N2 permeability as
well as CO2/N2 selectivity of
6 wt % ZrPOF-loaded
MMMs.
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the permeation flux increased almost linearly with pressure,
which was attributed to the increase of the concentration of
gas molecules transferred into the membrane matrix under
high pressure. Meanwhile, it was noted that the separation
performance of MMMs could be fully recovered as operating conditions recovered to normal temperature and pressure. Furthermore, 6 wt % ZrPOF-loaded MMMs exhibited
constant CO2/N2 selectivity and CO2 permeability during
48 h uninterrupted operation test (Fig. 6d). The remarkable
durability of ZrPOF-Pebax 2533 MMMs was demonstrated
by the above-mentioned temperature and pressure cycle test
as well as long-term stability test, which rendered it highly
promising in industrial separation applications such as CO2
recovery from flue gas.

4

Conclusion

In the present work, ZrPOF, a porous-framework zirconium
phosphate, was synthesized by ionothermal method. The
framework structure of ZrPOF was regulated by altering the
amount of F coordination atoms incorporated into the
skeleton. Resultant ZrPOF exhibited excellent thermal,
water, and chemical stability, accompanied by size-exclusion
and preferential adsorption towards CO2 over N2. Subsequently, ZrPOF-incorporated Pebax 2533 MMMs with enhanced CO2/N2 separation performance were prepared.
6 wt % ZrPOF-loaded MMMs showed an optimal CO2/N2
separation factor of 29.6, with a decent CO2 permeability of
286.3 barrer, which corresponded to 79.4 and 67.5 %
increase in comparison with neat Pebax 2533 membranes,
respectively. In addition, prepared MMMs still possessed
reliable separation performance under harsh operation conditions, thereby making them quite promising for practical
applications in CO2/N2 separation.
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polyether block polyamide
scanning electron microscopy
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a-zirconium phosphate
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