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A B S T R A C T

Nanofiltration membranes bearing high separation and anti-fouling performances represent an efficient se-
paration technology for desalination applications. Although porous organic frameworks (POFs) are considered as
a promising candidate for constructing membranes with improved water flux due to their unique advantages
such as well-defined pores and tunable functionality, there is still challenge for anti-fouling property of the
membranes. Zwitterions possessing balanced charge groups are very attractive for preparing anti-fouling
membranes owe to their high hydration capacity. In this study, nanocomposite membranes were prepared by
embedding the zwitterionic functionalized “cage-like” POFs (Z-PAF-C) into polyamide (PA) layer. The POFs
blended within polymeric membranes could provide more and shorter channels for water molecules through the
hybrid membranes, attributing to the novel porous structure of POFs. The zwitterionic groups derived from Z-
PAF-C could enhance the hydrophilicity of membrane surface, rendering the membranes promising anti-fouling
properties. The water flux of the membrane was increased distinctly from 24 L m−2 h−1 to 42.6 L m−2 h−1

under 0.2 MPa with the loading of Z-PAF-C ranged from 0 g/m2 to 0.85 g/m2 while the retention for Na2SO4

(1 g/L) was maintained at 90.6%. This study demonstrated that the introduction of the zwitterionic functio-
nalized POFs can improve the hydrophilicity and charge negativity of membrane surface, resulting in an en-
hanced water flux and anti-fouling property.

1. Introduction

Currently, a rapid consumption of global water sources and in-
creasing environmental problems lead to an urgent requirement for li-
quid separation processes, such as water desalination, wastewater re-
cycling, freshwater production, etc [1–3]. Membrane-based separation
technology, attributed to its relatively low investment and high effi-
ciency, has been considered as a promising and attractive resolution to
liquid separation [4–6]. Nevertheless, the trade-off effect between
permeability and selectivity limits the application of conventional
polymer membrane [7–10]. Hybrid membrane, which is fabricated by
incorporating nanomaterials into polymer matrix, has attracted great
attention due to its considerable potential to address this issue [11,12].
Several kinds of inorganic materials, including zeolite, titanium di-
oxide, graphene oxide and carbon nanotubes, have been explored for
constructing nanostructured membranes [13–16]. However, the great

challenge for existing hybrid membrane is the poor compatibility be-
tween inorganic materials and polymer matrix, leading to separation
performance decline [17,18]. Besides, the inorganic materials are easy
to agglomerate in polymeric matrices, which may seriously deteriorate
the separation performance of membranes. In addition, membrane
fouling is also a serious issue that prevents further widespread use of
membranes in practical applications since foulants on the membrane
surface usually results in an increase in trans-membrane pressures and a
decrease in permeation fluxes [19]. Thus, novel materials with better
affinity to organic polymers and excellent anti-fouling properties are
earnestly demanded for fabricating a good membrane with enhanced
separation performances and anti-fouling properties.

Porous organic frameworks (POFs), linked solely by strong covalent
bonds, represent a burgeoning type of crystalline nanoporous materials
with predesignable structure [20]. Recently, POFs in which organic
building blocks form highly ordered networks, attract an increasing
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interest in many fields such as gas adsorption, optoelectronic and cat-
alysis [21–24]. Due to the special properties such as tunable pore sizes,
robust microporous networks and relatively low density [25,26], POFs
exhibit great potential in separation field. Most importantly, because
the POFs are constructed based on entire organic-organic covalent
bonds, so they can be used to fabricate structurally well-formed hybrid
membrane with outstanding interface compatibility. Our recent work
has demonstrated that porous organic frameworks can be used as a
favorable filler to increase the water flux [31]. Nevertheless, enhancing
the anti-fouling property of the membranes still remains a challenge.

Zwitterions, containing equivalent cationic and anionic in the same
monomer unit, has gained an increasing attention, owing to its ap-
pealing properties such as excellent antifouling property and blood
compatibility [27]. The distinctive water binding ability of zwitterionic
materials is benefit for improving antifouling property via forming
strong hydration layer on the membrane surface [28]. An et al. reported
that the membrane fabricated by incorporating zwitterionic polyelec-
trolyte nanoparticles exhibited an improved anti-fouling performance
[11]. Zhang et al. constructed nanofiltration membranes with improved
antifouling performances by embedding surface zwitterionic functio-
nalized graphene oxide into membrane [29]. Therefore, a hybrid
membrane, in which zwitterionic functionalized porous organic fra-
meworks acted as novel building blocks, could be fabricated with im-
proved both separation and anti-fouling performances.

In this study, novel cage-like porous aromatic frameworks (PAF-C)
were synthesized successfully via copolymerizing piperazine and cya-
nuric chloride. Then zwitterions were grafted onto POFs through che-
mical grafting reaction between PAF-C and 1,3-propane sultone (1,3-
PS). In the last step, thin film nanocomposite membranes were fabri-
cated by incorporating the surface zwitterionic functionalized POFs (Z-
PAF-C) into membrane via interfacial polymerization method. The
novel cage-like structure of POFs were considered to be benefit for
adjusting the microstructure of membranes which could enhance the
separation performance of membrane. Meanwhile, the zwitterionic
functionalized POFs were expected to improve the antifouling property
of membranes, which was attributed to the increased hydrophilicity
and electronegativity. The influence of Z-PAF-C on the micro-structure,
chemical structure, hydrophilicity, surface charge properties, etc. of
hybrid membranes was characterized. The effect of Z-PAF-C loading on
the membrane desalination performance and the antifouling perfor-
mance were investigated in detail.

2. Experiment

2.1. Materials and chemicals

Polyether sulfone (PES, E6020P) was bought from BASF Co.
(Germany) and dried at 60 °C for 24 h. Poly (ethylene glycol) (PEG, MW
= 2000 g/mol) and piperazine was obtained from Guangfu Fine
Chemical Research Institute. The trimesoyl chloride (TMC) was sup-
plied by Heowns Biochemical Technology Co. (Tianjin, China).
Cyanuric chloride was obtained from Aladdin. N,N-dimethyl formamide
(DMF), Triethylamine, n-heptane and tetrahydrofuran (THF) were
purchased from Benchmark Chemical Reagent Co. (Tianjin, China).

2.2. Synthesis of cage-like POFs (PAF-C)

The cage-like POFs were synthesized via copolymerizing piperazine
and cyanuric chloride using triethylamine as acid-binding agent and
described as follows. Typically, 0.517 g triazine trichloride was dis-
solved in 100 ml THF under ice-water bath condition. Then, 0.738 g
piperazine and 9 ml triethylamine were added. The mixture was heated
to 66 °C for overnight after stirring at 0 °C for 4 h. After being cooled to
ambient temperature, a white powder was collected by filtration.
Afterwards, the crude product was washed with THF, water and ethanol
for several times. The purified product was dried under vacuum at

110 °C overnight. The main pore size of voids in PAF-C was ~ 14.7 Å
which was calculated by Materials Studio (MS). Fig. 1. showed the
schematic illustration for the synthesis of the PAF-C.

2.3. Synthesis of the zwitterionic functionalized POFs (Z-PAF-C)

As presented in Fig. 2, the zwitterionic functionalized POFs was
prepared via ring opening reaction of PAF-C with 1, 3-PS [30]. Typi-
cally, 0.2 g PAF-C powder was dispersed in 30 ml acetonitrile under
stirring, then a mixture containing 1 g 1, 3-PS and 5 ml acetonitrile was
added into the solution at room temperature and stirred for 10 min.
Afterwards the reaction was kept stirring at 60 °C for 12 h. A white
crude product was separated by centrifugation after the reaction was
completed. The precipitate was washed thoroughly with acetone. Fi-
nally, the obtained Z-PAF-C was dried under vacuum at 35 °C for 12 h.
Fig. 2. depicted the synthetic route and chemical structure of the Z-PAF-
C.

2.4. Preparation of PA membrane

PES microporous membrane with molecular weight cut off (MWCO)
above 60,000 Da was prepared as the supporting of nanofiltration
membrane. The fabrication of substrate was reported in our previous
work [31]. A tailored PES microporous substrate (effective area of
28.7 cm2) was installed at the bottom of a filtration cell (model 8200,
Millipore Co.) which connected with a solution reservoir and a nitrogen
gas cylinder. Then 80 ml aqueous solution of PIP (1 g/L) was put into
the filtration cell and drained within 20 min using the dead-end fil-
tration system. The excess aqueous solution on the support layer surface
was removed with filter papers. Afterwards, the PIP impregnated PES
membrane was immersed into n-heptane solution containing 1 g/L TMC
to form a polyamide thin film within certain time. Subsequently the
membrane was kept in air at room temperature for 30 min. After that,
the fabricated membrane was washed thoroughly with water to stop the
polymerization reaction and stored in deionized water before use. The
POFs modified PA (Z-PAF-C/PA) membrane was prepared according to
the same procedure as above except that Z-PAF-C was dispersed to the
PIP aqueous solution as addictive. Notably, the PIP aqueous solution
containing POFs was treated with a probe sonicator for 30 min before
filtration.

2.5. Characterizations

The surface and cross-sectional morphology of as-fabricated mem-
branes were analyzed using field emission scanning electron micro-
scope (FESEM, Nanosem 430). The surface topology of the prepared
membranes was investigated using atomic force microscopy (AFM,
CSPM5000). The chemical structure of the POFs, functionalized POFs
and fabricated membranes was characterized using a FT-IR analyzer
(Bruker Vertex 80 V). The hydrophilic behavior of hybrid membranes

Fig. 1. The schematic illustration for the synthesis of the PAF-C.
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surface was measured utilizing a contact angle goniometer (JC2000C
Contact Angle Meter, Powereach Co.). An average value was acquired
by measuring five random locations on membrane surface. The zeta
potential of membrane surface was evaluated suing SurPASS
Electrokinetic Analyzer (Anton Paar KG, Austria).

2.6. Desalination performance of the fabricated membranes

A dead-end stirred cell filtration system as described in Subsection
2.4 was used to study the separation properties of the prepared nano-
filtration membranes. The tests of prepared membranes properties, in-
cluding water flux and retention to salt, were carried out under 0.2 MPa
operation pressure at room temperature. All the nanofiltration mem-
branes were initially pretreated with deionized water at 0.25 MPa for
30 min to reach a steady permeate flux. Na2SO4 solution (1 g/L, 5 g/L)
were used as the feed to evaluate the separation performance. The
water flux (Fw, L m−2 h−1) and retention (R%) to inorganic salt were
calculated from the following Eqs. (1) and (2) respectively:

=
×

F V
A tW (1)

where V (L) was the permeate volume, A (m2) was the effective area of
membrane and t (h) stood for the permeation time (h).

⎜ ⎟= ⎛
⎝

− ⎞
⎠

×R
C
C

1 100%p

f (2)

where Cp and Cf represented salt concentration in permeate and feed
solutions, respectively. All membranes were measured at least three
times to obtain an average value.

2.7. Antifouling performances

The membrane antifouling experiments were carried out under
0.2 MPa at room temperature. Solutions of 1 g/L bovine serum albumin
(BSA) and 1 g/L humic acid (HA) were used as model foulant for as-
prepared membrane. Each membrane was pre-compacted at 0.25 MPa
with pure water to obtain a stable water flux. J was the permeate flux at
the beginning of experiments, J0 stood for the permeate flux at certain
time. The antifouling performance of membranes was calculated by the
flux decline (J/J0).

3. Results and discussion

3.1. Preparation of the Z-PAF-C/PA membranes

The schematic diagram of preparation process for Z-PAF-C/PA
membranes was displayed in Fig. 3. The PES substrate was firstly fab-
ricated using non-solvent-induced phase separation method. Thereafter,
piperazine solution containing certain amounts of Z-PAF-C was poured
onto the PES membrane surface. Finally, a polyamide layer upon PES
membrane was formed by immersing the PIP impregnated substrate

into n-heptane organic phase of TMC.

3.2. Characterization of PAF-C and membranes

3.2.1. Characterization of PAF-C
SEM was used to analyze the morphology and structure of the PAF-C

(Fig. 4). It was interesting to observe that the novel nanomaterial was
actually cage-like entities with a uniform morphology and a highly
ordered structure. As can be seen from Fig. 4a, the PAF-C, with a dia-
meter about 240 nm, consisted of large amount 2D sheets. As shown in
Fig. 4b and c, a large number of pores could be observed in the PAF-C
which might be act as channels to allow water molecular pass in
membrane.

The chemical structure of the PAF-C and Z-PAF-C was analyzed by
FT-IR (Fig. 5a). The peaks located at 2900 cm−1 and 1500 cm−1 in the
spectra were ascribed to the stretching vibration of alkane C-H from
piperazine and stretching vibration of the aromatic C-N from triazine
ring, respectively. Notably, the characteristic peak at 850 cm−1 as-
signed to the stretching vibration of C-Cl in the cyanuric chloride dis-
appeared in the spectra of PAF-C and Z-PAF-C, indicating that chlorine
atoms were substituted completely. Compared with PAF-C, two new
peaks at 1230 cm−1 and 1030 cm−1 appeared in the spectra of Z-PAF-C
were attributed to the stretching vibration of S˭O, revealing the

Fig. 2. The synthetic route and chemical structure of the Z-PAF-C.

Fig. 3. The fabrication process of the Z-PAF-C/PA membrane.
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Fig. 4. SEM images of PAF-C.

Fig. 5. a) FTIR spectra of piperazine, cyanuric chloride, PAF-C and Z-PAF-C, b) XPS spectra of PAF-C and Z-PAF-C.
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successful zwitterionic functionalization. The zwitterionization proce-
dure was further confirmed by XPS spectra as shown in Fig. 5b. The
oxygen content in the Z-PAF-C spectra evidently increased from 3.5% to
14.58% compared to the PAF-C spectra, and the new peaks at 168 eV
and 230 eV corresponded to the sulfur element from sulfonate. Both the
above evidence confirmed the existence of zwitterion in the Z-PAF-C.

3.2.2. Characterization of membranes
Fig. 6. depicted the surface and cross-sections microstructure of the

as-prepared composite membranes. It was obvious to find the influence
of incorporating Z-PAF-C into PA layer, the top surface of membrane
produced with 0.85 g/m2 loading of particles was rougher and looser
compared with the pristine PA membrane. The Z-PAF-C was uniformly
distributed and almost overspread on the top of membrane surface. The
spherical shape of Z-PAF-C was still kept, implying that the physical
structure of Z-PAF-C was maintained, which was benefit for improve-
ment of water flux. Fig. 6e and f depicted cross-section morphology of
prepared membranes respectively. Both of them were composed of a
finger-like porous layer and a dense layer. The thickness of the PA layer
fabricated with Z-PAF-C was around 6 µm which indicated that the
morphology was considerably affected by embedding Z-PAF-C. In ad-
dition, there were no distinct flaws on the surface of Z-PAF-C modified
composite membrane, indicating good compatibility between organic
fillers and polymer matrix. The chemical bonds formed between the
-NH- groups of Z-PAF-C and the -COCl groups of trimesoyl chloride in
interfacial polymerization process was beneficial to membrane stability
[32].

The top morphological structure of pristine PA membrane and Z-
PAF-C/PA membrane fabricated with 0.85 g/m2 additions loading were
further visualized by AFM, the morphology images were shown in
Fig. 7. Clearly, a typical “ridge-and-valley” structure was observed in
these membranes surface. Compared with the pristine PA membrane,

the hybrid membrane possessed a rougher surface based on the value of
root mean squared (RMS) roughness which was previously proved by
SEM images. The increase of roughness after incorporating the Z-PAF-C
into PA layer could be attributed to the heterogeneous dispersion of
additions in the membrane.

The surface chemical structure changes for prepared membrane
were investigated by ATR-IR and the spectra were displayed in Fig. 8. In
comparison with the PES membrane, a new characteristic peak at
1628 cm−1, which was ascribed to the carbonyl stretching vibration of
amide group, appeared in the spectrum of PA membrane, indicating
successful interfacial polymerization reaction. The intensity of the ty-
pical peaks originating from PES distinctly declined for the Z-PAF-C/PA
membrane. In the meantime, two new characteristic peaks at
1535 cm−1 and 1438 cm−1 were observed, which were attributed to
the absorption bands of the triazine ring from Z-PAF-C. The results
revealed that the Z-PAF-C was embedded into polyamide structure
during interfacial polymerization process.

Surface hydrophilicity plays a vital role for nanofiltration mem-
brane in desalination applications because better affinity to water is
prone to higher water-capture ability, which in turn could bring about
greater water flux and antifouling property [33]. Here, the surface
hydrophilicity of PA membrane and hybrid membranes fabricated with
0.85 g/m2 additions loading were investigated by the contact angle
measurements. As shown in Fig. 9, the value of contact angle for the
membrane prepared with no additives embedded was higher than that
of membrane containing PAF-C without zwitterionic functionalized
which could be attributed to the increased roughness of membranes
[34,35]. The membrane constructed with zwitterionic functionalized
PAF-C exhibited the best surface hydrophilicity among the prepared
membranes. This phenomenon can be explained by the presence of
zwitterionic groups in the Z-PAF-C. The zwitterionic groups were cap-
able of capturing large amount of “free water”, resulting in the

Fig. 6. SEM images of the surface and cross section of pre-
pared membranes, a, c, e) PA and b, d, f) Z-PAF-C/PA.
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formation of tightly bound water layer adjacent to the membranes
surface [33,36].

The surface charge properties of the membranes were further con-
firmed by zeta potential test, which was one of the most important
factors that influenced the separation and antifouling properties of NF
membranes [37]. As shown in Fig. 10, both the pristine PA membrane
and hybrid membrane produced with 0.85 g/m2 additions loading
possessed a negative zeta potential and the intensity of surface charge
became increasingly lower with the incorporation of Z-PAF-C or PAF-C
into PA layer. The explanation was that more carboxylic acid groups
were generated from the hydrolysis of unreacted acid chloride groups

[38]. Notably, the membrane prepared containing PAF-C without
zwitterionic functionalized exhibited a higher electronegative zeta po-
tential than that of membrane fabricated with Z-PAF-C which could be
attributed to the shadowing effect from the zwitterionic functionalized
polymer. Compared with pristine PA membrane, the more electro-
negative property for hybrid membrane had a significantly positive
affect for separating charged solutes and salts due to the donnan effect
[29].

The thermal stability of Z-PAF-C nano-particles, pristine PA mem-
brane and hybrid membrane produced with 0.85 g/m2 Z-PAF-C loading
were investigated by TGA and the results were exhibited in Fig. 11. The

Fig. 7. AFM images of PA and Z-PAF-C/PA mem-
brane.

Fig. 8. FTIR spectra of PES, PA and Z-PAF-C/PA.

Fig. 9. Contact angles of PA, PAF-C/PA and Z-PAF-C/PA membrane.

Fig. 10. Zeta potential of PA, Z-PAF-C/PA and PAF-C/PA membrane.

Fig. 11. TGA curves of PA, Z-PAF-C/PA membrane and Z-PAF-C.
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weight loss of Z-PAF-C was negligible below 320 °C, proving that the
thermal stability of the additions was adequate for the practical nano-
filtration application. Both the Z-PAF-C/PA membrane and the pristine
PA membranes presented excellent thermal stability below 350 °C. The
weight loss for both membranes in the range from 420 °C to 620 °C was
similar, which was mainly due to the degradation of PA layer and PES
skeleton. However, the residue for the Z-PAF-C/PA membrane in this
weight loss stage was higher than that for PA membrane, indicating that
the incorporation of Z-PAF-C changed the interaction of polymer
chains. Besides, it was assumed that part of polymer chain entered into
the pores of POFs which could also result in the difference of residue
between the hybrid membrane and pristine PA membrane. The residue
for the hybrid membrane in the range of 620–750 °C was lower than
that for the pristine PA membrane which was attributed to the de-
gradation of Z-PAF-C in the membrane.

3.3. Separation performances of the Z-PAF-C/PA membranes

3.3.1. Effects of Z-PAF-C loading on membrane performances
The performances of the Z-PAF-C/PA hybrid membranes fabricated

with different Z-PAF-C loading were investigated at room temperature
with pure water and Na2SO4 solution. The interfacial polymerization
time was two minutes and the results were presented in Fig. 12. The
water flux of as-prepared hybrid membranes was markedly improved
by further increasing the Z-PAF-C loading. The water flux was increased
distinctly from 24 L m−2 h−1 to 66 L m−2 h−1 with the loading of Z-
PAF-C ranged from 0 g/m2 to 1 g/m2. The results could be owe to the
following factors. First of all, the surface hydrophilicity of the Z-PAF-C/
PA membranes was enhanced evidently by the addition of Z-PAF-C. The
zwitterionic groups derived from Z-PAF-C could capture large mount
water molecules to form water layer upon hybrid membrane surface,
promoting water to pass through channels in membranes with lower
resistance [29]. Also, the enlargement of membrane surface resulting
from the incorporation of Z-PAF-C produced a significant impact in
enhancing the water flux of hybrid membrane. The increase of effective
membrane area provided more opportunity to allow substance trans-
port. In addition, the interaction and space of the polyamide macro-
molecules were influenced by introducing Z-PAF-C into the PA layer,
making the hybrid membrane structure much looser with lower density.
The loose membrane structure was assumed to be benefit for the im-
provement of water flux. Besides, the interfacial space between the Z-
PAF-C and polymer chains played a positive influence on the water flux
[11]. The inherent hole in the Z-PAF-C was a factor in influencing the
water flux of hybrid membrane that could not be ignored. The special
physical structure of the Z-PAF-C could likely provide chance to form

more and shorter water channels in the membrane, increasing the water
flux significantly [31].

The separation property to Na2SO4 (1 g/L) of the composite mem-
branes was slightly changed by increasing the Z-PAF-C loading from
0 g/m2 to 0.85 g/m2. This could be explained by that the structure of
membranes became loose after the insertion of Z-PAF-C into PA layer.
The separation property of the prepared membranes was little influ-
enced at a small amount of Z-PAF-C loading. However, the rejection for
salt of the hybrid membrane decreased dramatically from 90.6% to
78.1% with the loading of Z-PAF-C ranged from 0.85 g/m2 to 1 g/m2.
The sharply decline of separation property was attributed to that the Z-
PAF-C particles was likely prone to agglomerate, enlarging the inter-
facial gaps between the Z-PAF-C and polymer chains. Although the
flaws might bring about an increase in water flux, there were a negative
influence in maintaining rejection to salt [11]. Clearly, the membrane
produced with 0.85 g/m2 Z-PAF-C loading exhibited the best membrane
performances which possessed a 42.6 L m−2 h−1 water flux while the
retention for Na2SO4 (1 g/L) was maintained above 90%. Notably,
compared with the pristine PA membrane, the as-prepared hybrid
membrane exhibited more intensity of surface electronegativity which
was benefit for enhancing the electrostatic repulsion between SO4

2-

anions and membrane surface, improving the separation properties of
membranes.

3.3.2. Effects of reaction time on membrane performances
The performances of the hybrid membranes produced with 0.85 g/

m2 Z-PAF-C loading were investigated at room temperature with dif-
ferent interfacial polymerization time and the results were depicted in
Fig. 13. The water flux decreased apparently as the reaction time in-
creased which may be explained by the density of PA layer. The degree
of interfacial polymerization further improved as extending the reac-
tion time. The membrane structure became more compact, enhancing
resistance of the water molecules through hybrid membrane.

The rejection to Na2SO4 (1 g/L) increased evidently from 76.6% to
90.6% with the reaction time ranged from 1 min to 2 min. This can be
simply explained by the mechanism of size exclusion. The fabricated PA
layer was not integrated at the beginning of reaction, resulting in a low
retention to salt. However, the separation performance of membranes
was stable and even declined slightly with further increasing reaction
time. This was because that the self-limiting phenomenon occurred. The
structure of Z-PAF-C/PA membrane was loose in the initial stage of
reaction and the interfacial space between the Z-PAF-C and polymer
chains played minor affect in separation property [29]. The gaps acted
as the channels of salt solution could not be ignored with increasing
reaction time which could bring about the decrease in separation

Fig. 12. Influence of Z-PAF-C loading on the membrane properties.
Fig. 13. Influence of reaction time on the membrane properties.
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performance.

3.3.3. The rejection to dyes for the hybrid membrane
The separation performance of the hybrid membranes fabricated

with 0.85 g/m2 additions loading was also evaluated by molecular
weight cut-off (MWCO). The MWCO value was calculated using dyes
that were rejected by the hybrid membrane to 90% [39]. Four kinds of
dyes including Methylene blue (MW= 373.9 g/mol), Orange G (MW=
452.4 g/mol), Congo red (MW = 696.7 g/mol) and Methyl blue (MW
= 799.8 g/mol) were used as model solutes. Fig. 14 depicted the re-
jections of the hybrid membrane to dyes. The retention of the mem-
brane was 85.8%, 93.2%, 100% and 100% for Methylene blue, Orange
G and Congo red and Methyl blue, respectively. The MWCO values of Z-
PAF-C/PA membrane was around 418 Da.

3.4. Antifouling performances of membranes

In order to investigate the anti-fouling performances of Z-PAF-C/PA
nano-composite membranes, the changes of membranes permeate flux
were investigated. BSA and HA were selected as protein model and
natural organic matter model, respectively. To further confirm the an-
tifouling property, membranes containing PAF-C without zwitterionic
functionalized (PAF-C/PA) were also fabricated for comparison and
Fig. 15 depicted the experimental results. The permeate flux for each

membrane decreased dramatically, attributing to the concentration
polarization and accumulation of foulants on the membrane surface at
first stage. Then the water flux reached stability due to the balance of
desorption and adsorption for foulants. However, the total flux decline
ratio for the membrane fabricated with no additives incorporated was
slightly lower than that of membrane containing PAF-C without zwit-
terionic functionalized. It was assumed that the incorporation of PAF-C
into membrane increased the wave of the membrane outer surface as
proved by AFM images, resulting in accumulation of foulants on the
membrane. Clearly, the membrane fabricated with zwitterionic func-
tionalized PAF-C exhibited the best anti-fouling properties among the
prepared membranes, this could be explained by three possible me-
chanisms. First of all, the composite membrane embedded with Z-PAF-C
possessed higher hydrophilic surface according to the contact angle
measurement [39]. The hydrophilic surface would weaken interaction
between foulants and membrane surface, preventing the absorption of
protein and organic matter. Secondly, the higher anti-fouling properties
of hybrid membrane were due to the more electronegative membrane
surface confirmed by the zeta potential measurement. The reason for
this was that the foulants used in the nanofiltration process also were
negative charged. The improved electrostatic repulsion interaction be-
tween foulants and the surface of hybrid membrane endowed the pre-
pared membrane higher anti-fouling performances to a certain extent
[40]. Thirdly, the zwitterionic groups in the Z-PAF-C could form a
water layer adjacent to the hybrid membrane surface, preventing the
attachment of foulants to the membrane surface. Although there was
negative influence on the improvement of membrane anti-fouling
properties such as the increased waves of membranes surface, it was
probably not the crucial factor to affect the membrane anti-fouling
performances. In summary, the improved surface hydrophilicity, en-
hanced surface charge negativity and the formation of “free water”
layer strengthened the anti-fouling properties of Z-PAF-C/PA hybrid
membrane.

4. Conclusions

A novel cage-like POFs was firstly synthesized and then surface
zwitterionization of POFs was prepared successfully by the ring opening
reaction. The nanocomposite membranes were fabricated by introdu-
cing the zwitterionic functionalized POFs into polyamide layer during
interfacial polymerization process. The special porous structure com-
bined with fascinating surface zwitterionization of POFs strengthened
the filtration process. The water flux of the membrane produced with
0.85 g/m2 Z-PAF-C loading reached up to 42.6 L m−2 h−1 under
0.2 MPa while the retention for Na2SO4 (1 g/L) maintained at 90.6%.
The hybrid membrane prepared with zwitterionic functionalized POFs
also exhibited improved anti-fouling properties compared with the
pristine PA membrane and the membrane containing POFs with no
zwitterionic functionalized. Incorporating zwitterionic functionalized
POFs into membrane might pave the way to prepare membranes with
high water flux and anti-fouling properties for water treatment appli-
cations.
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