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ABSTRACT: Incorporating nanoporous materials into polyamide rejection layers is a well-established strategy for
enhancing the permeability of thin-film composite (TFC) membranes. However, interfacial defects between the
nanomaterials and the polyamide matrix often undermine membrane selectivity. In this study, UiO-66-2 NH2
nanoparticles were synthesized and incorporated into TFC membranes. The optimized integration of UiO-66-2 NH2
into the polyamide layer significantly increased the membrane permeability to 3.40 l/m2/h/bar, while simultaneously
improving the salt rejection from 97.6% to 99.0%. The increased permeability of TFC membranes could be attributed to
the abundant nanochannels present within the embedded UiO-66-2 NH2 particles. Additionally, the high-density amine
groups on UiO-66-2 NH2 surface reacted with trimesoyl chloride (TMC), effectively suppressing defect formation at the
interface.
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INTRODUCTION

The critical importance of clean water provision for
human livelihood and economic sustainability necessi-
tates the advancement of water purification technolo-
gies capable of treating both conventional and non-
conventional water resources [1, 2]. Reverse osmo-
sis (RO) membrane technology has emerged as the
predominant global solution for seawater desalina-
tion and water purification, driven by its operational
simplicity and energy-efficient separation mechanism
[3–5]. Nevertheless, the development of RO mem-
branes faces inherent limitations due to the fundamen-
tal trade-off between membrane selectivity and perme-
ability [6]. The primary challenge lies in achieving
enhanced permeability while maintaining robust sep-
aration efficiency, a pivotal requirement for optimizing
membrane performance in practical applications.

The incorporation of nanoporous materials into
polyamide selective layers has been extensively
demonstrated as an effective strategy to improve mem-
brane permeability and concurrently alleviating the in-
herent permeability-selectivity trade-off [7, 8]. Metal-
organic framework (MOF), featuring high porosity,
uniform pore size, and controllable particle dimen-
sions, has attracted significant attention. Among
them, UiO-66 nanoparticles are particularly notable
for their high pore density and tunable pore archi-
tecture [9, 10]. UiO-66, a zirconium-based MOF
constructed from zirconium metal clusters and 1,4-
benzenedicarboxylic acid linkers, possesses diverse

pore channels with an average diameter around
0.6 nm. Its structural stability in water makes it
highly suitable for incorporation into polyamide selec-
tive layers to increase water-channel density [11, 12].
To reduce interfacial defects between the polyamide
matrix and UiO-66 particles, UiO-66-NH2—fabricated
with 2-aminoterephthalic acid as the organic linker—
has emerged as an excellent nanofiller candidate for
TFC membranes [13, 14]. Then, Zhao’s team con-
firmed that incorporating UiO-66-NH2 enhances the
permeability of TFC membranes [15]. Liu’s team
functionalized UiO-66-NH2 using palmitoyl chloride
to enhance its dispersibility in organic solutions [16].
Results indicate that the increase of amino groups
within nanoparticles could effectively promote the
uniform dispersion of particles within the polyamide
layer, reduce the interfacial defects between particles
and polyamide macromolecule to maintain high wa-
ter permeability without compromising salt rejection
performance. However, the relatively low density of
−NH2 groups in UiO-66-NH2 results in weak inter-
facial interaction with the polyamide matrix, thereby
offering insufficient suppression of interfacial defects.
Consequently, at high filler loadings of UiO-66-NH2
particles within polyamide layer, severe performance
trade-offs emerge—specifically, a pronounced decline
in salt rejection—due to compromised membrane in-
tegrity and defective nanoscale morphology.

Based on the above phenomenon, in this study,
UiO-66-2 NH2 nanoparticles with double amounts of
amino groups than UiO-66-NH2 nanoparticles were
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fabricated and applied to modify TFC membranes.
UiO-66-2 NH2 has a higher −NH2 density than UiO-
66-NH2, enabling robust covalent grafting to the
polyamide matrix. This strong interfacial anchoring
suppresses nanoscale voids and delamination, allow-
ing higher filler loading without sacrificing perfor-
mance. As a result, the TFC membrane achieves
both higher water permeance and high salt rejection—
breaking the permeability—selectivity trade-off. The
effect of UiO-66-2 NH2 loading amount on the mor-
phology and performance of the fabricated UiO-66-
2 NH2/TFC membranes was systematically investi-
gated.

MATERIALS AND METHOD

Materials

Camphorsulfonic acid (CSA, 99%), trimesoyl chloride
(TMC, 98%), N,N-dimethylformamide (DMF, 99.5%),
n-Hexane (97%), 2-aminoterephthalic acid (H2BDC-
NH2, 97%), 2,5-diaminoterephthalic acid (H2DATA,
97%), and dimethyl sulfoxide (DMSO, 99%) were
sourced from Aladdin (Shanghai, China). Polyether-
sulfone (PES) membranes (0.45 µm) were provided
by Delvstlab (Haining, China). M-phenylenediamine
(MPD, 99%), triethylamine (TEA, 99%), acetic acid
(99%), and Zirconium chloride (ZrCl4, 98%) were
purchased from Shanghai Meryer (Shanghai, China).
Sodium dodecyl sulfate (SDS, 98%) was acquired from
Shanghai Macklin (Shanghai, China).

Fabrication of UiO-66-2 NH2 nanoparticles and
TFC membranes

First, ZrCl4 (0.4 mmol), H2DATA (0.4 mmol), 46 ml
DMF and 6 ml acetic acid were mixed and stirred
in the 150 ml beaker for 30 min. The resulting
mixture was poured into the polytetrafluoroethylene-
lined autoclave and heated at 120 °C for 24 h. After
the reaction, the product was collected via centrifu-
gation at 8000 rpm. The precipitate was separated
and washed three times alternately with DMF and
anhydrous ethanol. Lastly, the synthesized UiO-66-
2 NH2 material was dried under vacuum at 70 °C for
12 h.

TFC membranes were fabricated using a sequen-
tial approach involving pre-deposition followed by in-
terfacial polymerization [17]. First, 0.01 wt% sus-
pensions of UiO-66-2 NH2 were prepared, after which
varying volume of UiO-66-2 NH2 suspension were de-
posited onto separate PES membranes (mean pore
size: 045 µm, diameter: 5 cm). Subsequently, excess
solvent was removed through vacuum filtration. Next,
3 ml of an aqueous solution containing SDS (serves as
a surfactant, 0.2 wt%), MPD (2 wt%), TEA (serves as
an acid scavenger, 0.5 wt%), DMSO (serves as a co-
solvent, 2 wt%), and CSA (serves as a pH regulator,
2 wt%) was applied uniformly across the membrane
surface and allowed to reside for 5 min, whereupon

excess liquid was removed. Immediately following
this, 1.5 ml of an n-hexane solution containing TMC
(0.15 wt%) was slowly added to the coated surface.
After reacting for 15 min under ambient conditions,
the membrane was transferred to a convection oven
and dried at 70 °C for 15 min. Finally, the fabricated
membrane was stored in deionized water at room
temperature.

Membrane characterization

The synthesized nanoparticles and fabricated mem-
branes were analyzed by XRD (XRDynamic-500, Graz,
Austria), BET (TriStarll3020, Nocross, USA), FTIR
(Nicolet-6700, Madison, USA), SEM-EDS (ZEISS Gem-
iniSEM 300, Oberkochen, Germany), and AFM (Bruker
Dimension Icon, Billerica, USA). To evaluate the desali-
nation performance of the membranes, a tangential-
flow filtration system equipped with an effective mem-
brane area of 9.07 cm2 was employed. Membrane
permeability and selectivity were determined using a
2000 mg/l NaCl solution under applied pressure of
10 bar at 25 °C. The values for both permeability and
selectivity were calculated according to the following
equations:

J =
∆V

A×∆P ×∆t
(1)

R=
�Ci − C f

Ci

�

×100% (2)

Here, A (m2), P (bar), and t (h) represent membrane
effective area, operating pressure, duration of the test,
respectively. C f and Ci (mg/l) represent the final and
initial concentrations of sodium chloride in the feed
and permeate streams, respectively. V (l) represents
the volume of the produced permeate water.

RESULTS AND DISCUSSION

Characterization of UiO-66-2 NH2 nanoparticles

The obtained UiO-66-2 NH2 nanoparticles exhibit the
regular octahedral structure as same as the UiO-66-
NH2 nanoparticles (Fig. 1A,C) [18]. The statistical
analysis of particle size distribution indicates that the
mean grain size diameter of UiO-66-2 NH2 particles
(88.70 nm) is larger than that of UiO-66-NH2 particles
(79.98 nm) (Fig. 1B,D). The result demonstrates that
the increased number of amino groups does not signif-
icantly affect the crystal growth, and this phenomenon
is consistent with the previous research results.

As shown in the XRD patterns presented in Fig. 2A,
the UiO-66-2 NH2 samples exhibit identical diffraction
peaks at 2θ values of 7.4°, 8.5°, 12.0°, 17.0°, 22.2°, and
25.7°, which are assigned to the (111), (002), (022),
(004), (115), and (006) crystal planes, respectively.
In comparison with UiO-66-NH2 samples, the corre-
sponding peaks in UiO-66-2 NH2 samples slightly shift
toward the left. This shift is likely due to the higher
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Fig. 1 SEM images and size distributions of UiO-66-NH2 (A and B) and UiO-66-2 NH2 (C and D).

I II

(A) (B) (C)

(D) (E) (F)

Fig. 2 (A) XRD patterns; (B) N2 adsorption and desorption isotherms; (C) Pore size distribution; (D) Atomic percentage
determined by EDS analysis; (E and F) FTIR spectroscopy.
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concentration of amino groups in UiO-66-2 NH2, which
induces lattice expansion [19]. But overall, UiO-66-
2 NH2 samples still retain an analogous crystal struc-
ture to its UiO-66-NH2 crystalline counterparts.

The N2 adsorption-desorption data in Fig. 2B,C
provide quantitative insights into the pore size dis-
tribution and specific surface area of the synthesized
nanoparticles. UiO-66-2 NH2 exhibits a specific surface
area of 390.34 m2/g and an intrinsic pore diameter of
3.84 nm, whereas UiO-66-NH2 demonstrates a higher
surface area of 1134.01 m2/g with a smaller pore size
of 1.98 nm. The enlarged pore dimensions of UiO-66-
2 NH2 facilitate improved water permeability in mod-
ified TFC membranes relative to those incorporating
UiO-66-NH2, when employed at equivalent loading
concentrations.

EDS analysis was employed to examine the ele-
mental composition of the three particle types. As
illustrated in Fig. 2D, the nitrogen content increased
from 1.26% in UiO-66-NH2 nanoparticles to 14.41%
in UiO-66-2 NH2 nanoparticles. This result confirms
the successful synthesis of UiO-66-2 NH2. The high
density of amino groups present in UiO-66-2 NH2 par-
ticles will significantly enhance the compatibility of
nanoparticles within the polyamide macromolecular
network [20, 21].

The FTIR spectra of UiO-66-NH2 and UiO-66-
2 NH2, displayed in Fig. 2E,F, exhibit characteristic
peaks near 3461 cm−1 and 3357 cm−1, correspond-
ing to the asymmetric and symmetric N−H stretch-
ing vibrations, respectively [22, 23]. The presence
of aromatic amine groups is further confirmed by
the N−H bending vibration near 1664 cm−1 and the
C−N stretching vibration observed at approximately
1257 cm−1 [12, 24]. Additionally, absorption bands at
1587 cm−1 and 1378 cm−1 are assigned to the asym-
metric and symmetric stretching vibrations of carboxy-
late groups [12, 22]. Peaks at 756 cm−1 correspond to
the longitudinal and transverse modes of Zr−O [22].

In summary, XRD patterns confirm that the UiO-
66-NH2 framework remains intact after amination,
preserving structural integrity for use as a robust
porous nanofiller. BET analysis shows a reduced sur-
face area and an increased average pore size-evidence
of −NH2 incorporation into micropores. EDS detects
elevated nitrogen content, and FTIR shows clear−NH2
peaks, confirming successful surface enrichment of
amino groups. The abundant −NH2 groups on UiO-
66-2 NH2 react covalently with TMC or hydrogen-bond
with C−−O groups in the forming polyamide layer. This
dual anchoring improves nanofiller-polymer compat-
ibility, ensuring uniform dispersion and strong inte-
gration within the selective layer. As a result, in-
terfacial defects—delamination, voids, and gaps from
aggregation—are suppressed, overcoming a major lim-
itation of conventional blended TFC membranes.

Characterization of UiO-66-2 NH2/TFC membranes

The surface and cross-sectional images of UiO-66-
2 NH2/TFC membranes were shown in Fig. 3. The
surface images show the characteristic peak-and-valley
features typical of polyamide rejection layers. Besides,
no visible UiO-66-2 NH2 particles or defects were de-
tected on the membrane surfaces. The cross-sectional
images reveal that the UiO-66-2 NH2 particles had
been effective encapsulated in the polyamide layers.
Furthermore, UiO-66-2 NH2/polyamide composite re-
jection layers (M-2 to M-6) are thicker than the con-
ventional polyamide rejection layer (M-1), which can
be attributed to that the deposition of UiO-66-2 NH2
particles on PES membranes enhancing MPD solution
uptake and promoting the interfacial polymerization
reaction. This successful integration of UiO-66-2 NH2
into polyamide layers is expected to improve mem-
brane permeability while maintaining its desalination
performance.

The AFM images (Fig. 4) were applied to analyze
membrane surface roughness. Obviously, the incorpo-
ration of UiO-66-2 NH2 decreased the surface rough-
ness of TFC membranes. With the increase in UiO-66-
2 NH2 loading from 0 g/m2 (M-1) to 0.704 g/m2 (M-
5), the surface roughness of the membrane declined
from 91.5 nm to 73.9 nm. This is attributed to that
the hydrophilic UiO-66-2 NH2 particles could retard
the diffusion behavior of aniline, making the interfacial
polymerization reaction more mild and suppressing
large-scale surface undulations. However, upon fur-
ther increasing the UiO-66-2 NH2 loading to increase
to 0.880 g/m2 (M-6), the membrane surface roughness
rose to 83.4 nm, likely due to the agglomeration of
nanoparticles.

The FTIR spectroscopy of UiO-66-2 NH2/TFC
membranes is presented in Fig. 5. The absorption band
at 1668 cm−1 corresponds to the amide I band, repre-
senting the stretching vibrations of C−−O bond [25, 26].
The absorption band at 1540 cm−1 was assigned to the
amide II band, arising from the C−N stretching and
N−H bending vibrations [25]. The peak at 1453 cm−1

was likewise attributed to the C−N stretching vibra-
tions [27]. These characteristic amide bands verify
the successful formation of polyamide rejection layers
in the UiO-66-2 NH2/TFC membranes. Besides, the
peaks around 3353 and 3442 cm−1 are assigned to
asymmetric and symmetric N−H stretching vibrations
respectively, indicative of the NH2 bond. The peak
at 1609 cm−1 represents combined N−H deformation
and C−−C ring stretching vibrations [28]. The peak at
769 cm−1 corresponds to the Zr−O bond. Collectively,
these spectral features confirm the successful fabrica-
tion of a UiO-66-2 NH2/polyamide composite rejection
layer.

As anticipated, the UiO-66-2 NH2/TFC mem-
branes display reduced water contact angles compared
to the pristine TFC membrane, confirming enhanced
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Fig. 3 SEM images of UiO-66-2 NH2/TFC membranes: (M-1) 0 g/m2; (M-2) 0.176 g/m2; (M-3) 0.352 g/m2;
(M-4) 0.528 g/m2; (M-5) 0.704 g/m2; (M-6) 0.880 g/m2.

Table 1 Sample number of the prepared membranes.

Sample M-1 M-2 M-3 M-4 M-5 M-6

UiO-66-2 NH2 dispersion solution (ml) 0 2 4 6 8 10
UiO-66-2 NH2 content (g/m2) 0 0.176 0.352 0.528 0.704 0.880

surface hydrophilicity upon UiO-66-2 NH2 incorpora-
tion (Fig. 6). As the loading amount of UiO-66-2 NH2
particles increased from 0 to 0.528 g/m2, the water
contact angles of the UiO-66-2 NH2/TFC membranes
decreased gradually. This result is primarily attributed
to the substantial incorporation of hydrophilic amino
groups into the membrane matrix and the concurrent
reduction in surface roughness, as quantitatively con-

firmed by AFM. Besides, the M-5 (0.704 g/m2) and
M-6 (0.880 g/m2) membranes display slightly higher
contact angles compared to M-4 (0.528 g/m2), likely
due to adverse effects arising from severe nanoparti-
cle aggregation, as confirmed by cross-sectional SEM
images in Fig. 3. In general, this improved surface
hydrophilicity is expected to contribute to elevated
water flux.
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Fig. 4 AFM images of UiO-66-2 NH2/TFC membranes: (M-1) 0 g/m2; (M-2) 0.176 g/m2; (M-3) 0.352 g/m2;
(M-4) 0.528 g/m2; (M-5) 0.704 g/m2; (M-6) 0.880 g/m2.

Fig. 5 FTIR spectroscopy of UiO-66-2 NH2/TFC membranes.

Fig. 6 Contact angle test on the surface of different mem-
branes.

As shown in Fig. 7A, the UiO-66-2 NH2/TFC mem-
branes demonstrate consistently higher water fluxes
in comparison with the unmodified TFC membrane
(2.57 l/m2/h/bar). The water flux exhibits a pos-
itive correlation with UiO-66-2 NH2 loading within
an optimal range, whereas excessive particle loading
gradually reduces water permeation. Specifically, the
M-4 (0.528 g/m2) membrane achieves a water flux of
3.40 l/m2/h/bar, representing a 32.3% enhancement
over the pristine TFC membrane. These improvements
originate from two fundamental characteristics of the
MOF material: (1) its hydrophilic surface chemistry,
conferred by amine (−NH2) functional groups grafted
onto the UiO-66 framework, promotes strong hydro-
gen bonding with water molecules, thereby reducing
interfacial resistance and accelerating surface hydra-
tion; (2) its well-defined intrinsic microporosity, intrin-
sic microporosity serves as additional, low-resistance
transport pathways for water molecules across the
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(A) (B)

Fig. 7 Separation performance for (A) UiO-66-2 NH2/TFC membranes and (B) other water channel TFC membranes
[15, 29, 30].

membrane. Beyond the optimal loading, the water
flux of membranes showed a little decrease due to
the severe nanoparticle aggregation and the greater
mass transfer resistance caused by the increase in
the thickness of the separation layer, as confirmed by
cross-sectional SEM images in Fig. 3. The membrane
desalination performance follows a similar trend: M-
4 (0.528 g/m2) membrane achieves 99.0% rejection,
surpassing the 97.6% rejection of the pristine TFC
membrane. This indicates complete encapsulation of
MOFs by the formed polyamide layer, thereby well-
maintained salt rejection. Besides, as shown in Fig. 7B,
the reported TFC RO membranes are limited by the
trade-off effect, resulting to the decrease of desali-
nation performance while increasing its permeability
performance. In this study, the high density of amine
groups on UiO-66-2 NH2 enables two key interactions
during polyamide formation: covalent amidation with
TMC and hydrogen bonding with C−−O groups in the
polyamide network. This dual anchoring improves
nanofiller-polymer compatibility, ensuring uniform dis-
persion and strong integration within the selective
layer. This dual anchoring improves MOF-polymer
adhesion, ensures uniform dispersion, and prevents
delamination and defects in the selective layer.

CONCLUSION

UiO-66-2 NH2 had been introduced to modify the
polyamide rejection layer of the TFC membrane. Op-
timal integration of UiO-66-2 NH2 into the polyamide
layer led to a notable increase in water permeabil-
ity, achieving a value of 3.40 l/m2/h/bar. Addition-
ally, salt rejection improved marginally from 97.6%
to 99.0%. These superior permeability and desalina-
tion performances are attributed to two intrinsic UiO-
66-2 NH2 properties: (1) hydrophilic −NH2 groups
enhance water affinity of polyamide rejection layer
via hydrogen bonding, lowering interfacial resistance

and accelerating hydration; (2) uniform microporosity,
which provides low-resistance water transport path-
ways within polyamide rejection layer. However, be-
yond optimal loading, nanoparticle aggregation and
separation layer thickening increase mass transfer re-
sistance, reducing water flux of TFC membrane.

Future work should focus on three priorities:
(1) assessing membrane stability during extended op-
eration under industrially relevant stressors-including
fluctuating pH, chlorine exposure, and organic/inor-
ganic fouling; (2) search for new characterization
methods to conduct quantitative analysis of the defect
distribution within the TFC membrane; and (3) per-
forming long-term real-feed filtration tests with in-situ
monitoring to identify the primary cause of flux and se-
lectivity loss-mechanical compaction, pore narrowing,
or polymer hydrolysis.
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