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omposite membrane with pre-
immobilized UiO-66-NH2 toward enhanced
nanofiltration performance†

Xu Zhang,‡a Yufan Zhang,‡b Tiecheng Wang,a Zheng Fana and Guoliang Zhang *a

A facile controlled interfacial polymerization strategy was proposed for the synthesis of novel thin film

nanocomposite (TFN) membranes for enhanced nanofiltration performance. UiO-66 nanoparticles were

aminated and pre-immobilized onto a polymer substrate via polydopamine (PDA) coating to achieve

a continuous and defect-free polyamide dense layer. The mediation of the PDA coating could not only

enhance the structural stability of TFN nanofiltration membranes, but also improve the dispersion and

anchorage of UiO-66-NH2, thus closely fixing the position of UiO-66-NH2 nanoparticles on the polymer

substrate. Moreover, since the amino group (–NH2) further reacted with PDA via Michael addition or

Schiff base reaction, the in situ mutual reaction reduced the nanoparticle losses significantly during the

draining off of the monomer solution in the fabrication process, which effectively cut down the actual

dosage. The results showed that the PDA interlayer could induce the tight attachment of the PA layer to

the support, enhancing the structural stability of TFN membranes. Furthermore, the dosage of UiO-66-

NH2 in the as-prepared TFN membranes could also be decreased to as low as 0.01 w/v%, which was

nearly a 10–20-fold reduction in the required amount of UiO-66-NH2 for the synthesis. The fabricated

TFN/UiO-66-NH2 membranes exhibited very high water permeance and competitive salt rejections in

cross-flow nanofiltration, which shows the huge potential for the application of novel TFN membranes

with controlled nanoparticle incorporation in industrial separation.
Introduction

With the depletion of water resources and the increase in
water consumption, advanced separation methods for
improving efficient water usage are imperative. Among various
strategies, membrane separation technologies are gaining
worldwide attention.1,2 As a typical and most important tech-
nique, nanoltration (NF) presents excellent rejection capa-
bility of multivalent ions and low-molecular-weight organics,3

and has been widely applied in water treatment processes,
including dye separation,4,5 heavy metal removal6,7 and desa-
lination.8,9 Currently, most of the NF membranes are fabri-
cated through interfacial polymerization between diamine
aqueous and organic solutions containing acylchoride to
constitute thin lm composite (TFC) membranes.10 However,
these membranes are typically subjected to the permeation–
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10
rejection trade-off, restricting their tremendous applications
in industry.11

To address this issue, incorporating nanollers such as
silica,12 TiO2,13 carbon nanotubes,14 graphene15 and metal–
organic frameworks (MOFs)16 into a polyamide (PA) active layer
to prepare thin-lm nanocomposite (TFN) membranes is likely
to be an efficacious method. The introduction of nanoparticles
provides additional pathways to enhance mass transfer within
the selective layer via their intrinsic nanosized pores and
interface voids, which maintain the original molecular sieving
capacity of membranes. Unlike stiff inorganic materials, MOFs
have attracted much attention in TFN membranes because of
their singularly accessible surface area, large pore volumes, and
exible and tunable pore structures.17–19 The preparation of
MOF-based mixed matrix membranes, which are similar to
other nanollers, provides a useful approach to improve their
processability.20 However, the binding between MOFs and
polymer substrates usually presents poor compatibility due to
the easy aggregation of MOF nanoparticles, leading to a signif-
icant decrease in membrane separation performance. More-
over, as numerous expensive MOFs are unavoidably wasted
during interfacial polymerization, only a small amount of
nanollers are le behind and incorporated into the PA dense
layer, which severely hinder their potential effects. To cut down
the usage of MOFs, volatile solvents are always used, which will
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Schematic of the synthesized TFN/UiO-66-NH2 membrane.
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increase environmental burdens.20,21 Therefore, in order to
fabricate high-quality TFNMOFmembranes, newmaterials and
environment-friendly methods are urgently needed to offer
preferable affinity with polymer binders as well as an effective
control over the incorporation to minimize the loss in amount
of costly MOFs.

As a prototype Zr-MOF, UiO-66 has displayed interesting
physical and chemical characteristics for the preparation of
highly water-stable MOF membranes for liquid separation.22–24

The highly regular structure of UiO-66 with the aperture size of
about 6.0 �A,25,26 which is located between H2O (2.6 �A) and
hydrated ions (e.g. Na+ 7.2�A, Mg2+ 8.6�A, SO4

2� 7.6�A, Cl� 6.6�A),
is promising for achieving high ux and sustains high salt
rejections by ionic sieving. As important analogues, aminated
UiO-66 (UiO-66-NH2) was synthesized by substituting 2-amino-
terephthalic acid for terephthalic acid. The free amino groups of
UiO-66-NH2 nanoparticles enable surface-modication with
other chemical compounds without sacricing the stability of
the parent material, which might provide a good scope for
improving the compatibility between MOFs and polymers for
fabricating well-dispersed and stable TFN MOF membranes.

To step forward for the precise control of MOF nanoparticle
incorporation, a strong relationship between the PA dense layer
and polymer substrate should be built. If the nanollers are
tightly combined with the substrate, they will not easily leach
during pouring off of the monomer solution. However, the
commonly used substrates, such as polysulfone (PSF), poly-
ethersulfone and polyacrylonitrile (PAN), could not carry out
this goal. Dopamine, an interesting mussel-inspired material
from nature,27 can be applied to modify the support surface and
construct a platform to enhance the combination with nano-
particles. As noticed, dopamine can self-polymerize into poly-
dopamine (PDA) in weak alkaline condition with the assistance
of oxygen, and form a thin and stable surface coating on
different types of material surfaces at ambient temperature.28,29

Furthermore, PDA coatings can offer a physically and chemi-
cally versatile platform for further decoration. The amino group
(–NH2) can further react with PDA viaMichael addition or Schiff
base reaction.30,31 Thus, based on our understanding, a PDA-
modied substrate might be a good choice to apply as the
mutual support for the preparation of high-quality TFN MOF
membranes.

Taking the aforementioned into consideration, herein, we
directly anchored UiO-66-NH2 nanoparticles onto the polydop-
amine modied polymer substrates by using a new controlled
interfacial polymerization method. High-quality TFN nano-
ltration membranes with defect-free PA dense layers can easily
be synthesized on a PDA buffering layer with controlled UiO-66-
NH2 incorporation (Fig. 1). Our method may have the following
features: (i) the mediation of PDA coating could enhance the
structural stability of TFN NF membranes;32 (ii) UiO-66-NH2

nanoparticles can be precisely immobilized by the homoge-
neous coating of PDA, greatly improving the dispersion and
anchorage of UiO-66-NH2; (iii) the mutual reaction can signi-
cantly reduce the nanoparticle losses during the draining off of
the monomer solution, thus effectively cutting down the actual
dosage and reducing environmental impact. To the best of our
This journal is © The Royal Society of Chemistry 2019
knowledge, so far, there is no report on fabricating a TFN
membrane via pre-immobilized nanollers onto the polymer
substrate. Moreover, based on the mechanism of this method,
we can prepare various TFNmembranes with amino-containing
particles as nanollers on versatile polymer substrates.
Experimental section
Materials

Polysulfone (PSF) powders were purchased from Changzheng
Chemical Reagent Co., Ltd (China) and dried for at least 12 h at
80 �C before use. Zirconium(IV) chloride (ZrCl4, 98%), 2-ami-
noterephthalic acid (ATA), L-dopamine, and 1,3,5-benzene-
tricarbonyl trichloride (TMC) were provided by Aladdin
Chemistry Co., Ltd (China). Inorganic salts, namely, sodium
chloride (NaCl), sodium sulfate (Na2SO4), magnesium chloride
(MgCl2), and magnesium sulfate (MgSO4) as well as N,N-dime-
thylformamide (DMF), piperazine (PIP), acetic acid, methanol,
hydrochloric acid solution (18 mol L�1) and n-hexane were
bought from Sinopharm Chemical Reagent Co., Ltd (China).
Tris(hydroxymethyl)aminomethane (Tris) was procured from
Shanghai Bo'ao Biological Technology Co., Ltd (China). De-
ionized (DI) water used in the studies was produced by a nano-
ltration-reverse osmosis (RO-EDI) system, and the ion
concentration was matched with the experimental requirement
of s # 0.5 ms cm�1. All the chemicals were of analytical grade
unless specied, and were used as received without further
purication.
Synthesis of UiO-66-NH2 nanoparticles

UiO-66-NH2 nanoparticles were synthesized through a sol-
vothermal reaction with a slight modication by adding
a certain amount of acetic acid.25 In detail, 0.305 g of ZrCl4 and
0.215 g of ATA were added in 75 mL DMF, followed by the
addition of 2.235 mL acetic acid. The mixed solution was then
transferred into a Teon-lined stainless steel autoclave (100mL)
and heated at 120 �C for 24 h. Aer cooling to ambient
temperature, the solution was centrifuged (10min, 8000 rpm) to
obtain yellow UiO-66-NH2 powder. The product was washed
with methanol and then dried for 12 h at 60 �C.
PSF membrane substrates preparation and modication

Polysulfone (PSF) membrane substrates were fabricated via
a phase inversion method. In this process, dried PSF powders
RSC Adv., 2019, 9, 24802–24810 | 24803
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Fig. 2 Schematic of the synthesized TFN/UiO-66-NH2 membrane.
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were dissolved into DMF (12 wt% PSF, 88 wt% DMF) and stirred
at room temperature for 12 h. The obtained homogeneous and
uniform casting suspension solution was sonicated for degas-
ication. Subsequently, the solution was cast over a glass plate
using a casting knife of 200 mm height, and then immediately
put into a DI water coagulation bath at room temperature for
phase inversion. To remove the remaining solvent, the prepared
substrates were kept in DI water overnight. All membranes were
stored in deionized water before use. L-Dopa (2 g L�1) was added
into Tris–HCl buffer solution (pH ¼ 8.5, 10 mmol L�1) to form
a dopamine coating solution. The PSF membranes were trans-
ferred into the aforementioned solution and shaken at ambient
temperature for a certain amount of time (from 3 to 24 h).
Following this, the polydopamine (PDA) deposited PSF
substrates were washed with deionized water thoroughly and
named PSF/PDA, and stored in deionized water until use. UiO-
66-NH2 nanoparticles were uniformly dispersed into Tris–HCl
buffer solution via sonication to obtain a 0.01 w/v% UiO-66-NH2

solution. Then, the PSF/PDA membranes were immersed into
the UiO-66-NH2 suspended solution to deposit at room
temperature for 24 h.
Preparation of TFC, PA/UiO-66-NH2 and TFN/UiO-66-NH2

membranes

Typically, the polyamide (PA) dense layer was prepared via the
interfacial polymerization (IP) method. In the present study, the
aqueous phase (2.0% (w/v)) was prepared by dissolving PIP in DI
water, and the organic phase (0.1% (w/v)) was produced by
dissolving TMC in n-hexane. The PSF- or UiO-66-NH2/
PDA@PSF-supported membranes was xed to a glass substrate
for the IP reaction. The as-synthesized aqueous solution was
poured onto the supported membrane and le undisturbed for
2 min, and the as-synthesized organic phase was poured to
cover the supported membrane for 1 min aer draining off the
excess water in air. The resultant TFC or TFN/UiO-66-NH2

membrane was placed in the air for 2 min to evaporate the
excess n-hexane, and subsequently dried at 80 �C for 5 min
before storing in DI water. For comparison, PA/UiO-66-NH2 was
prepared on the surface of pure PES by blending UiO-66-NH2

into PIP solution (0.01 w/v%) during interfacial polymerization.
Membrane ltration test

Separation performances of pure TFC and TFN/UiO-66-NH2

membranes were tested by measuring pure water permeability
(PWP) and salt rejection. The experiment was carried out in
a self-made cross-ow ltration system (Fig. 2), similar to our
previous study. The effective area of the membrane was 7.065
cm2. The membrane was pre-pressurized for 30 min at 0.6 MPa
until the PWP of themembrane reached a steady state. The PWP
of the as-synthesized membranes was calculated on the basis of
the following eqn (1):

PWP ¼ Q

A� DP
(1)

where PWP is the permeation ux (L m�2 h�1 bar�1), t is the
permeation time (h), Q represents the water ux at the permeate
24804 | RSC Adv., 2019, 9, 24802–24810
side (L h�1) and A is the effective membrane area (m2), and DP is
the transmembrane pressure (bar).

Aer the PWP tests, feed solutions containing 1000 ppm
concentrations of either NaCl, MgCl2, Na2SO4, or MgSO4 were
used to assess the water permselective performance of these
TFN/UiO-66-NH2 membranes. The rejection (R) of each NF
membrane was calculated by using formula (2):

R ð%Þ ¼
�
1� Cp

Cf

�
� 100 (2)

where Cp represents the concentration of permeate solution and
Cf represents the concentration of feed solution.
Characterization

All samples containing the UiO-66-NH2 and fabricated
membranes were characterized aer being dried. Powder X-ray
diffraction (XRD) analysis of the UiO-66-NH2 nanoparticles was
analyzed by an X'Pert PRO X-ray diffractometer with Cu Ka
radiation source (l ¼ 1.5418 �A). The morphologies of the UiO-
66-NH2 nanoparticles and membranes were inspected by using
Hitachi S-4800 scanning electric microscopy (SEM). The chem-
ical structures of the UiO-66-NH2 nanoparticles and as-prepared
membranes were investigated by Fourier transform infrared
(FTIR) spectroscopy using a Nicolet 6700 FTIR spectrometer.
The surface chemical compositions of the membranes were
measured by a X-ray photoelectron spectroscopy (RAD upgraded
PHI-5000C ESCA system (PerkinElmer)) using Mg Ka as the
radiation source. The elemental composition of membranes
was analysed by energy-dispersive X-ray spectroscopy (EDX,
HIYACHI SU8010, JPN). To study the surface wettability of the
membranes, pure water contact angles (WCA) of the surfaces of
the TFC and TFN/UiO-66-NH2 membranes were determined
using a Dataphysics OCA20 (Germany) contact angle goniom-
eter under ambient conditions, and at least three measurement
were carried out to get an average value of the WCA for each
membrane.
This journal is © The Royal Society of Chemistry 2019
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Stability of UiO-66-NH2 nanoparticles on the membrane

The poor adhesion and compatibility between nanollers and
PA layer is one of the primary issues obstructing the practical
application of TFN membranes, and the leaching out of the
nanollers is an important index. To determine the amount of
UiO-66-NH2 nanoparticles leaching out from the membrane,
a batch experiment was used to measure the release of Zr ions
from PA/UiO-66-NH2 membrane and TFN/UiO-66-NH2

membrane. First, a membrane specimen with an area of 9 cm2

was dipped in 40 mL DI water in a container. Following this, the
batch container was subjected to shaking in incubator at 130
rpm for 24 h. Finally, the water samples were analyzed for the
presence of Zr ions by an IRIS Intrepid ICP.
Results and discussion

The micro-morphologies of UiO-66-NH2 nanoparticles were
characterized by SEM. As shown in Fig. 3a, they are octahedrally
cubic nanocrystals, similar to those reported in literature.23 As
shown in Fig. 3b, the particle sizes of UiO-66-NH2 range from 65
to 150 nm. In addition, 70% of these have size below 110 nm
and the average size was 98 nm. The powder XRD pattern of the
as-resulted UiO-66-NH2 nanoparticles is shown in Fig. 3c. Sharp
diffraction peaks at 2q ¼ 7.4�, 8.5� and 25.7� were observed in
the XRD pattern, owing to (1 1 1), (2 0 0) and (6 0 0) crystal
planes, respectively. In addition, the diffraction line of the UiO-
66-NH2 powders well coincided with the value in the previous
report,24 conrming that the MOF particles were successfully
synthesized. The chemical structure of the UiO-66-NH2 nano-
particles was also analyzed by FTIR spectroscopy (Fig. 3d). The
adsorption bands from 1385 to 1600 cm�1 can be attributed to
the characteristic peaks of UiO-66-NH2. Since the ligand of UiO-
66-NH2 was 2-aminoterephthalic acid, it should contain
aromatic carboxylates. Thus, the different peaks at 1423 cm�1

can be associated with the C–C vibrational bond, and the peaks
at 1385 and 1573 cm�1 are assigned to symmetric and
Fig. 3 SEM image (a), size distribution (b), XRD pattern (c) and FTIR (d)
of the UiO-66-NH2 powders.

This journal is © The Royal Society of Chemistry 2019
asymmetric C–O stretching bonds, respectively, resulting from
aromatic and carboxylic groups. Two characteristic peaks at
3518 and 3337 cm�1 are derived from the asymmetric and
symmetric vibrational bands of the primary amine group,
respectively. Moreover, the bonding between aromatic carbon
and nitrogen (C–N) could be observed at 1258 and 1338 cm�1,
and the peak at 1619 cm�1 can be assigned as the bending
vibration of N–H. The characteristic peaks at 768 cm�1 can be
attributed to the Zr–O stretching vibration.24

The PSF substrates were rst modied with PDA coating,
which offer a platform for graing UiO-66-NH2 nanoparticles
onto the surface of the ultraltration membrane. Aer PDA
modication, a dark bark surface was obtained, and the color
became darker with the increase in time of deposition reaction.
In addition, a porous network structure formed on the support
surface (Fig. S1†). Since the compounds containing amino
groups can react with PDA through Michael addition or Schiff
base reaction in weak alkaline conditions, UiO-66-NH2 nano-
particles were favourably anchored onto the surface of the
PDA@PSF membrane (Fig. 4). To conrm the effect of PDA
coating, pure PSF substrate was immersed in 0.01 w/v% UiO-66-
NH2 aqueous solution for 2 min and dried at room temperature.
The treatments were similar to those for the typical fabrication
of TFN MOF membranes. From Fig. 4, we can nd that the
loading amount of UiO-66-NH2 nanoparticles on the pure PSF
membrane was much less than that on the UiO-66-NH2/
PDA@PSF membrane. Moreover, UiO-66-NH2 nanoparticles on
the surface of the PSF membrane were more likely to agglom-
erate than PDA modied supports. All of these observations
indicated that the PDA coating provided more reactive sites and
increased the loading amount of UiO-66-NH2. To further
conrm the effect of PDA, FTIR was implemented to analyze the
chemical structure of the PSF membrane and UiO-66-NH2/
PDA@PSF membrane (Fig. 5). The UiO-66-NH2/PDA@PSF
membrane presented a similar FTIR pattern to that of the PSF
substrate. Differently, the peaks at 1649 and 1554 cm�1 corre-
spond to C–N and N–H vibrations of UiO-66-NH2/PDA,33,34 and
the characteristic peak of Zr–O mode (at 764 cm�1) can also be
Fig. 4 SEM images of the membrane surfaces of UiO-66-NH2@PSF (a
and b) and UiO-66-NH2/PDA@PSF (c and d).

RSC Adv., 2019, 9, 24802–24810 | 24805
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Fig. 5 FTIR spectra of UiO-66-NH2 powders, PSF, and UiO-66-NH2/
PDA @PSF membrane.

Fig. 7 XPS survey spectra of pristine PSF, TFC, and TFN/UiO-66-NH2.
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observed, demonstrating that PDA coating made the adhesion
rmer through strong covalent bonds, and promoted more UiO-
66-NH2 anchoring on the surface of the membrane.

Aer UiO-66-NH2 was graed onto the PSF@PDA membrane
successfully, an interfacial polymerization approach of PIP and
TMC was carried out for preparing nanoltration membranes.
FTIR was applied to investigate the chemical structures and
functional groups of the surfaces of the synthesized TFC and
TFN/UiO-66-NH2 membranes (Fig. 6). The characteristic peaks
ascribed to typical PIP-PA structures at 1616 and 1364 cm�1

were observed in the FTIR spectra of pure TFC and TFN/UiO-66-
NH2 membranes. These peaks are attributed to the stretching
vibration of C]O and stretching vibration of C–N, respectively,
indicating that the cross-linked PA structure formed on the
substrate surface through interfacial polymerization.35,36 Fig. 7
shows the XPS survey spectra of pure PSF, TFC and TFN/UiO-66-
NH2 membranes. A new characteristic peak of N 1s was
observed in the XPS spectra of TFC and TFN/UiO-66-NH2
Fig. 6 FTIR spectra of TFC and TFN/UiO-66-NH2 membranes.

24806 | RSC Adv., 2019, 9, 24802–24810
membranes, owing to the formation of dense PA layers.
However, the characteristic peaks of S 2s and S 2p faded away in
the spectra of TFC and TFN/UiO-66-NH2 membranes. Further-
more, the characteristic peak of Zr in the XPS survey spectrum
of TFN/UiO-66-NH2 was absent. These results presented that the
surfaces of PSF and the UiO-66-NH2/PDA@PSF membrane were
thoroughly enveloped by dense PA layers.

To study the inuence of UiO-66-NH2 nanollers on the
surface morphology of the dense polyamide layer, the
morphology of the top surface and cross-section of TFN/UiO-66-
NH2 and PA/UiO-66-NH2 nanoltration membranes was char-
acterized by SEM (Fig. 8). For comparison, PA/UiO-66-NH2 was
prepared by blending UiO-66-NH2 into PIP solution (0.01 w/v%)
during interfacial polymerization. The TFC membrane with PSF
membrane as support and PA membrane with PDA@PSF as
substrate exhibited the typical nodular structure of the PA
membrane prepared through interfacial polymerization
Fig. 8 SEM images of surface and cross-section of TFN/UiO-66-NH2

membrane (a and c) and PA/UiO-66-NH2 membrane (b and d).

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Water contact angles of TFC and TFN membranes.
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(Fig. S2†). The dense and rough structure stacked by spherical
globules dispersed well on the surface of the PSF substrate,
which was formed by cross-linking PIP and TMC.8 Compared
with the pure TFC membrane, TFN/UiO-66-NH2 membranes
have rougher surfaces with apparently denser and bigger
nodular-like structures on the UiO-66-NH2/PDA@PSF substrate
(Fig. 8a). Further, these structures can be controlled and
strengthened by increasing the PDA deposition time (Fig. S3†).
The increase in PDA deposition offered more active sites and
improved loading amount of UiO-66-NH2 nanoparticles. The
hydrophilic UiO-66-NH2 nanoparticles can adsorb more PIP
monomers on the surface, resulting in an increase in PIP
concentration around UiO-66-NH2 nanoparticles on the surface
of substrate, and not merely into the pores below its surface.
Once UiO-66-NH2/PDA@PSF membranes containing PIP solu-
tion were immersed in TMC solution, the outer PIP monomers
of the UiO-66-NH2 nanoparticles rst contacted with TMC to
form small nuclei of PA above the pore, and further evolved into
PA tus around the UiO-66-NH2 nanoparticles. Furthermore,
the PIP from the inner pores of the substrate could diffuse
continuously and react with TMC to form a lm, which was
crosslinked with the scattered PA tus.16 Because the growth
orientations of PA tus and the diffusion trend of PIP were
different, a rougher surface structure was formed. As the
amount of UiO-66-NH2 nanoparticles increased, more PIP
monomers were absorbed on the surface of the support and
thus, the rougher surface with a larger nodular-like structure
became more obvious. Compared with the TFN/UiO-66-NH2

membranes, however, the surface of the PA/UiO-66-NH2

membrane is relatively smooth; only a few segments showed the
larger nodular-like structure. This manifested that the strategy
of pre-immobilizing MOFs can enable controlled interfacial
polymerization and form a more regular PA structure. As shown
in Fig. 8c and d, the cross-sectional SEM images of TFN/UiO-66-
NH2 and PA/UiO-66-NH2 membranes display the typical struc-
ture of a polyamide dense layer and their thicknesses are about
130 nm and 110 nm, respectively. Unlike TFN/UiO-66-NH2 and
TFC membranes, the PA dense layer of the PA/UiO-66-NH2

membrane displayed poor compatibility with the PSF substrate
and may detach from the support. EDX analysis was applied to
investigate the elemental composition of the cross-section of
the TFN/UiO-66-NH2membrane and PA/UiO-66-NH2membrane
(Fig. S4†). The Zr content in the TFN/UiO-66-NH2 membrane
(3.70%) was much less than that in the PA/UiO-66-NH2

membrane (59.41%). All of the results showed that PDA inter-
layer could induce the tight attachment of the PA layer to the
support, enhancing the structural stability of TFN membranes.
By way of the mechanism of our method, we have further
successfully prepared TFN membranes on PES and PAN
supports (Fig. S5†), which showed that this strategy can be
applied to form versatile TFN membranes using different
substrates.

Membrane hydrophilicity has an essential effect on the
ltration performance. The hydrophilic properties of the TFC
and TFN/UiO-66-NH2 membranes were characterized by deter-
mining their water contact angles (WCAs) (Fig. 9). The improved
hydrophilicities of TFN/UiO-66-NH2 membranes were
This journal is © The Royal Society of Chemistry 2019
conrmed by the reduction of the WCA to 19.7�, when the PDA
deposition time was below 12 h. This was most likely attributed
to the presence of hydrophilic UiO-66-NH2, which facilitated
superior water wettability to the pure TFC membranes.
However, on further increasing the PDA deposition time to 24 h,
the WCA of the TFN/UiO-66-NH2 membrane elevated to 25.8�.
The degenerated surface hydrophilicity was likely to result from
the rougher nodule-like surface, improving the surface rough-
ness. Furthermore, the nonuniform distribution of UiO-66-NH2

nanoparticles led to partial aggregation with the increase in
PDA deposition time.

The nanoltration performances of the as-synthesized
membranes were evaluated by using self-made cross-ow
equipment (Fig. 2). To further understand the effect of PDA
modication on the NF performance, the nanoltration
performance of pristine PSF support and PDA-coated PSF
membrane was studied. As shown in Fig. S6,† the PWP of PSF
membrane decreased with the increase in PDA deposition time
and the PWPwasmaintained at more than 300 Lm�2 h�1 bar�1.
At the same time, the Na2SO4 and NaCl rejection of the pure PSF
support and PDA modied membranes were lower than 2 wt%.
All of these results proved that the salts could hardly be rejected
by PSF and modied PSF membrane and thus, the salt rejection
of TFC and TFN/UiO-66-NH2 membranes are mainly dependent
on the PA dense layers. Compared with the TFC membrane
whose pure water permeability (PWP) was 6.3 L m�2 h�1 bar�1,
the PWP of the fabricated TFN/UiO-66-NH2 membranes
increased with the deposition time of PDA, and the highest
water permeability reached 13.0 L m�2 h�1 bar�1 at 12 h
(Fig. 10a), about 2 times higher than that of commercial NF
membranes with similar salt rejection.37 The signicant
enhancement in permeability should be largely ascribed to the
comparatively loose PA dense layer induced by the incorpora-
tion of porous and hydrophilic UiO-66-NH2 nanoparticles,
which provided additional passages for water molecules.
Compared to other inorganic nanollers, MOFs with a PA
matrix showed better compatibility and effectively avoided the
formation of interface voids such as nonselective defects.
Furthermore, UiO-66-NH2, with –NH2 functionalized counter-
parts produced from amino group-containing ligands, provided
RSC Adv., 2019, 9, 24802–24810 | 24807
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Fig. 10 (a) Change of PWP and salt rejection of TFN membranes vs.
PDA deposition time. (b) Separation of different salt solutions by
prepared NF membrane at optimized condition.

Fig. 11 Comparison of TFN/UiO-66-NH2membrane with other MOF-
based NF membranes reported (the detailed data are given in Table
S1†); values taken from ref. 9, 16, 22, 26 and 38–42.

Fig. 12 PWP and Na2SO4 retention of TFN/UiO-66-NH2 membranes
with different UiO-66-NH2 loading.
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better interfacial interaction with PA macromolecules, resulting
in a great improvement in permeability performance. Moreover,
all of the TFN/UiO-66-NH2 membranes presented excellent
retention capability towards Na2SO4 (>97%) and much lower
retention capability for NaCl (�20%), which indicated that the
as-synthesized TFN/UiO-66-NH2 was a typical nanoltration
membrane. As presented in Fig. 10b, the TFN/UiO-66-NH2

nanoltration membrane displayed very high rejection for
Na2SO4 (98.1%) and the salt rejection followed the order R
(Na2SO4) > R (MgSO4) > R (MgCl2) > R (NaCl), showing the
synergistic effect of molecule sieving and Donnan exclusion.
Compared with other MOF-based membranes reported in the
literature (Table S1† and Fig. 11), it is evident that our as-
prepared TFN/UiO-66-NH2 membrane displayed extremely high
water permeance and very competitive salt rejections for liquid
separation.

The amount of nanollers effectively incorporated into a PA
dense layer during interfacial polymerization has a huge impact
on the behaviour of TFN membranes. To further investigate the
inuence of the UiO-66-NH2 loading, we prepared TFN/UiO-66-
NH2 membranes with different amounts of UiO-66-NH2 nano-
particles on the PDA-deposited PSF substrates. It was found that
the PWP of TFN/UiO-66-NH2 membranes increased with the
loading amount of UiO-66-NH2, and presented excellent rejec-
tion for Na2SO4 (Fig. 12). When the loading amount of UiO-66-
NH2 was controlled to as low as 0.01 w/v%, the PWP of TFN/UiO-
66-NH2membrane can reach 13.0 Lm�2 h�1 bar�1, while for the
PA/UiO-66-NH2 membrane, the PWP was only 7.9 L m�2 h�1
24808 | RSC Adv., 2019, 9, 24802–24810
bar�1. The performance difference between TFN/UiO-66-NH2

and PA/UiO-66-NH2 membranes can be attributed to the fact
that the distribution of UiO-66-NH2 in the TFN/UiO-66-NH2

membrane was better than that in the PA/UiO-66-NH2

membrane and the loading amount of UiO-66-NH2 was much
higher, which was consistent with the results of PDA@PSF and
pure PSF substrates. Specically, even if the loading amount of
UiO-66-NH2 was minimized to 0.005 w/v%, the PWP of the as-
synthesized TFN/UiO-66-NH2 membrane still maintained a very
competitive value of 12.2 L m�2 h�1 bar�1 together with excel-
lent Na2SO4 rejection of 97.5%. These results demonstrated that
the polydopamine modication strategy could not only offer
preferable affinity with polymer binders during interfacial
polymerization but also take effective control over the incor-
poration to minimize the traditional wastage of the costly
MOFs, which shows great potential for the large scale produc-
tion of TFN membranes.

Since membrane stability is a critical characteristic for
applications in industry, a long-time test (1440 min) was carried
out in a Na2SO4 solution at 6 bar to measure the stability of the
TFN/UiO-66-NH2 membrane. As shown in Fig. 13, although
This journal is © The Royal Society of Chemistry 2019
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Fig. 13 The permeate flux and rejection changes of TFN/UiO-66-
NH2, PA/UiO-66-NH2 and TFC membranes during 1440 min NF test.
(Test conditions: P ¼ 6 bar, T ¼ 25 �C and 1 g L�1 Na2SO4 aqueous
solution as feed.)
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a slight permeance decrease in the initial stage was observed
possibly because of themembrane packing or the concentration
polarization on the surface of membrane, which normally
happens during nanoltration, the as-synthesized membranes
presented relative stability with regards to both permeability
and salt retention capability. For comparison, a batch test
experiment (24 h) was carried out to estimate the amount of Zr
ion leaching from the synthesized membranes. The ICP results
showed that the leaching amount of Zr ion from the PA/UiO-66-
NH2 membrane was about 0.64 ppm during a 24 h operation,
while the concentration was reduced to 0.24 ppm from TFN/
UiO-66-NH2, conrming the better stability of the TFN
membrane due to strong interactions between UiO-66-NH2 and
the PDA layer, which could be very useful for environmental
applications and industrial separation.

Conclusions

In this study, we have proposed a new method to prepare
a continuous, well-intergrown and stable TFN/UiO-66-NH2

membrane for enhanced nanoltration by using active PDA as
a buffering layer. The mediation of PDA coating can help to
precisely pre-immobilize nanoparticles and improve the
dispersion and anchorage of UiO-66-NH2 in a PA dense layer,
thus greatly enhancing the structural stability of TFN
membranes. Moreover, the mutual reaction signicantly
reduced nanoparticle losses and effectively cut down the actual
dosage of UiO-66-NH2. The fabricated TFN/UiO-66-NH2

membranes exhibited extremely high water permeance of 13.0 L
m�2 h�1 bar�1 and excellent salt rejections of 98.1%, which
shows that TFN membranes with controlled nanoparticle
incorporation will be promising candidates for environmental
applications and industrial separation.
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