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Owing to the specific porous structure which could provide additional passage channel for some molecules, metal organic
frameworks are attractive candidates for enhancing permeability and selectivity of membranes in pervaporation, reverse
osmosis, and gas separation. In this experiment, Ag@UiO-66-NH2 was introduced into polyamide separation layer by
interfacial polymerization of triethylenetetramine and 1,3,5-benzenetricarboxylic acid chloride for nanofiltration. The results
indicated that Ag@UiO-66-NH2 nanoparticles did endow the membranes with rapid diffusion pathways for water molecules.
When the content of Ag@UiO-66-NH2 was 0.03 g, the prepared membrane (NF-Ag-3) showed high flux about 47.3 L·m-2·h-1 at
0.6MPa, which is about 2-fold higher than that of polyamide membrane without Ag@UiO-66-NH2, while the MgSO4 rejection
rate remained about 87.4%. The membrane also showed excellent antifouling properties, and the water flux recovery ratio was
95.6% after filtration BSA solution. When it was applied for 50mg/L bisphenol A removal, the rejection rate reached 94.6%,
and the flux is about 49.1 L·m-2·h-1. Moreover, Ag particles on UiO-66-NH2 rendered the membrane with good inhibition for
Escherichia coli. The antibacterial rate of the membranes is above 95% when the loading of Ag@UiO-66-NH2 is more than 0.03 g.

1. Introduction

Compared with reverse osmosis, nanofiltration shows
advantages of low energy consumption and high separation
efficiency. Therefore, it has been widely applied in desalina-
tion of brackish and seawater, reclamation of waste water
from medicine, chemical industry, etc. [1, 2]. However,
membrane fouling caused by organic and microbial contam-
ination or inorganic deposition deteriorates the performance
of nanofiltration membranes which shortens the membranes
service life and increases the application cost [3–9].

In order to improve the antifouling performances of the
membranes, hydrophilic polymers as polyvinyl pyrrolidone
(PVP) [10], polyethylene glycol (PEG) [11, 12], polyvinyl
alcohol (PVA) [13], and zwitterionic polymers [14–18] were
introduced into nanofiltration membranes. Due to the
hydrogen bonds between these hydrophilic polymers and

water, a hydrate layer could form which prevents the protein
and other contaminants setting on the membrane, thereby
improving solution flux recovery. Deng et al. prepared a
nanofiltration membrane with zwitterionic PEI moieties
which showed Lys solution flux recovery rate about 91.9%
[17]. Commercial membrane NF90 modified by carboxyl
betaine methacrylate (PCBMA) containing quaternary
ammonium salt showed BSA flux recovery rate near
96.49%, and the inhibition rate to Escherichia coli and Bacil-
lus subtilis was 99% [18].

Besides hydrophilic polymers described above, func-
tional nanoparticles as TiO2, ZnO, and graphene oxide were
also applied to construct antifouling nanofiltration mem-
branes because of their hydrophilic and photocatalytic activ-
ities [19–26]. Vatanpour et al. [19] prepared a composite
nanofiltration membrane by blending TiO2@multiwalled
carbon nanotubes with polyethersulfone (PES). Pure water
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flux of the blend membranes increased with the content of
TiO2@MWCNTs. The reversible fouling value of the mem-
brane containing 0.1wt% TiO2@MWCNTs remarkably
reduced from 46.9% (bare PES membrane) to 17.0%. This
is attributed to the smoother surface and synergistic photo-
catalytic activity of nanoparticles. Soria et al. [20] studied
the effects of ZnO/TiO2 mixing catalysts on PDA-modified
membranes. In comparison with pristine membrane, 125%
increase in the hydrophilicity of the modified membranes
was evidence. Meanwhile, Zn2+ released from ZnO nanopar-
ticles can destroy DNA and cytoplasm of bacteria; therefore,
the membranes showed excellent antimicrobial activity.

Recently, metal organic framework has attracted a lot of
attention because its specific porous structure could enhance
the permeability and selectivity of the membrane [27–32].
Performances of the nanofiltration membrane can be
adjusted by introducing the MOFs into the separation layer
or to the substrate membrane. A composite membrane pre-
pared by spin coating of But-8(A)/PET on the hydrolyzed
polyacrylonitrile substrate membrane exhibited high water
permeance of 683 L·m-2·h-1·MPa-1 (But-8(A) = Cr3(μ3-O)
(H2O)3(NDC(SO3H5/6)2)3) [27]. Midsan et al. [28] prepared
a hydrophilic polyamide membrane on a polysulfone sub-
strate membrane modified by copper benzene-1,3,5-tricar-
boxylate (CuBTC) nanoparticles. Water contact angle of
the membrane decreased from 70.25° to 59.02° which was
attributed to the MOFs promoting formation of more linear
structure of poly(piperazineamide) entangled with −COOH
pendant groups. Moreover, a notable increment of rejection
against NaCl could be attained by increasing the CuBTC
content in the substrate membrane.

Typically, Ag-based and Cu-based materials show broad
spectrum of antimicrobial activity; therefore, MOFs contain-
ing Ag or Cu element were applied to further improve anti-
fouling performance of the membranes; however, it remains
in its infancy. Fatemeh Seyedpour et al. [30] developed a
novel antifouling TFC polyamide membrane by surface
anchoring Ag+ via in situ assembly of Ag-MOFs which
imparted highly potent antibacterial property to the mem-
brane. Similar works were reported by Pejman et al. [31, 32].

However, the silver element in Ag-MOFs described
above [30–32] is ionic state. Compared with Ag+, Ag nano-
particles have better long-term bacteriostasis [33–35]. Its
bacteriostatic property combines the effects of silver element
and nanomaterials. In solution, it generates Ag+ which
destroy the protein cell membrane by replacing Mg2+ and
Ca2+ in the cell membrane and induce the cell die. Mean-
while, due to the large specific surface area and high surface
activity of nanoparticles, it catalyzes formation of reactive
oxygen radicals which destroy the nucleic acid and DNA
of bacteria and inhibit the reproduction of bacteria. Herein,
Ag nanoparticles [36], Ag/TiO2 [37], and Fe3O4@Cs@Ag
composite [38] were applied to improve antibacterial perfor-
mance of microfiltration and ultrafiltration membranes.

Inspired by the works above, Ag nanoparticle deposited
UiO-66-NH2 (Ag@UiO-66-NH2) was applied to modify
polyamide nanofiltration membrane in this experiment.
UiO-66-NH2 is a metal–organic framework materials with
high heat resistance, water stability, and corrosion resis-
tance. Owing to the large specific area, high porosity, and
the chelation of N atom and transition metal ions, UiO-66-
NH2 and its derivatives have been widely used as adsorbent
for transition metal ions [39]. Recently, some researchers
focused on the applications of UiO-66-NH2 in membrane
separation. Xu et al. found hydrophilic -NH2 groups in
UiO-66-NH2 can facilitate water transport. Compared with
UiO-66-F4 and UiO-66, the mixed matrix membranes com-
posed of UiO-66-NH2 and 6FDA-HAB/DABA polyimide
have superior separation performance in dehydration of
C1-C3 alcohols via pervaporation [40].

A polyamide thin film nanocomposite (TFN) membrane
incorporated defect-engineered UiO-66-NH2 [41] showed
enhancements of the permeability and selectivity to Na2SO4
solution simultaneously. Polymer was applied to bridge the
gap between UiO-66-NH2 and the membrane matrix, so as
to decrease the defect in mixed-matrix membrane. The per-
formances of the membrane were improved obviously
[42–44]. However, to our knowledge, the works on modifi-
cation of nanofiltration membrane by Ag@UiO-66-NH2
were not reported before.
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Figure 1: FTIR spectra of UiO-66-NH2 and Ag@UiO-66-NH2.
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Figure 2: XRD patterns of UiO-66-NH2 and Ag@UiO-66-NH2.
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In this work, Ag@UiO-66-NH2 was incorporated into
the polyamide layer by interfacial polymerization of triethy-
lenetetramine and 1,3,5-benzenetricarboxylic acid chloride.
The effects of Ag@UiO-66-NH2 on membrane structure
and performances were investigated. The antifouling perfor-
mances for BSA and Lys and antimicrobial properties to
Escherichia coli were evaluated. The membrane prepared at
optimized condition was applied for bisphenol A removal.
The concentration and pH value of BPA solution, operating
pressure on bisphenol A rejection rate and flux were
elucidated.

2. Results and Discussion

2.1. Characterization of Ag@UiO-66-NH2. Infrared spectra
of UiO-66-NH2 and Ag@UiO-66-NH2 are shown in
Figure 1. The typical absorption peaks of UiO-66-NH2 chan-
ged insignificantly after deposition of Ag particles. The peaks
at 3454 cm-1 and 3342 cm-1 attribute to asymmetric and
symmetric stretching vibration of N-H in UiO-66-NH2
and Ag@UiO-66-NH2 and stretching vibration of O-H in
UiO-66-NH2, Ag@UiO-66-NH2, and adsorption water.
The peaks at 1571 cm-1, 1262 cm-1, and 771 cm-1 correspond
to bending vibration of N-H, stretching vibration of C-N in
aromatic amine, and C-C bending vibration in benzene ring,
respectively.

XRD spectra of UiO-66-NH2 and Ag@UiO-66-NH2 are
shown in Figure 2. The diffraction peaks of 2θ at 7.4°, 8.5°,
and 12.0° are assigned to (111), (002), and (022) planes of
UiO-66-NH2 crystal [45]. Compared with UiO-66-NH2, a
new diffraction peak appeared at 37.9°, and the intensity of
the peak at 44.2°increased in the spectrum of Ag@UiO-66-
NH2, which is attributed to the diffraction peaks of (111)
(JCPDSNo.87-0720) and (200) crystal planes of Ag particles.
This is in agreement with the result of Ref. [38].

SEM and TEM images (Figures 3(a) and 3(c)) indicate
the prepared UiO-66-NH2 is octahedral structure, and the
particle size is about 40 nm. After deposition of Ag nanopar-
ticles, morphology of the UiO-66-NH2 changed little
(Figure 3(b)). However, TEM image demonstrated that there
are 5 to 15 nm nanoparticles setting on UiO-66-NH2 parti-
cles (circled by red ring in Figure 3(d)).

EDS analysis identified that these particles contain Ag
element (Figure 4). In the EDS spectrum of UiO-66-NH2,
peaks corresponded to the elements of C, N, O, and Zr
appeared at 0.277, 0.392, 0.525, and 2.042, respectively. In
comparison, peaks corresponded to Ag element appeared
at 2.984 in the EDS spectrum of Ag@UiO-66-NH2
(Figure 4(b)), which further confirmed that Ag particles
had been successfully deposited on UiO-66-NH2.

The nitrogen adsorption/desorption isotherms of UiO-
66-NH2 and Ag@UiO-66-NH2 at 77K combine the charac-
teristics of typical I and IV isotherms (Figure 5). The iso-
therm revealed slightly sharp uptake at relatively low
pressure which due to the existence of intrinsic micropores
in the sample. The hysteresis loop demonstrated UiO-66-
NH2 and Ag@UiO-66-NH2 also contain some mesoporous
pores. Specific surface area of UiO-66-NH2 is 421.1m2/g,
while that of Ag@UiO-66-NH2 is 533.7m

2/g. The increased
specific area may attribute to the deposition of Ag which
provide additional external surface. It should be pointed
out that Ag particles may seal some pores on UiO-66-NH2,
so the mean pore of UiO-66-NH2 decreased from 11.96 nm
to 6.69 nm after the deposition of Ag.

2.2. Characterization of Ag@UiO-66-NH2/PA Nanofiltration
Membrane. The chemical composition of PAN substrate
membrane and typical NF membranes was characterized
by FTIR, and the spectra are shown in Figure 6. In the spec-
tra of PAN membrane, the peaks at 2241 cm-1 and 1445 cm-1

are the typical stretching vibration of -CN and-CH2. The
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Figure 3: (a) and (c) are SEM and TEM images of UiO-66-NH2;(b) and (d) are SEM and TEM images of Ag@UiO-66-NH2.
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Figure 4: EDS mapping of (a) UiO-66-NH2 and (b) Ag@UiO-66-NH2.
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PAN substrate membrane is preserved in deionized water
before use, and due to hydrolysis of polyacrylonitrile, there
are typical amide absorption peaks appeared in 1565 cm-1

corresponds to the bending vibration of amide II, while
1734 cm-1 is the characteristic peak of the stretching vibra-
tion of ester carbonyl in polyester nonwoven fabric substrate
of PAN membrane. In comparison with PAN substrate
membrane, the strength of peak at 1565 cm-1 of NF-Ag-0
and NF-Ag-3 membrane increased, which attributed to
polyamide generated by interfacial polymerization of
triethylenetetramine and benzoyl chloride on PAN substrate
membrane. The strong absorption peak at 1712 cm-1 belongs
to carboxy carbonyl generated from the hydration of
unreacted acyl chloride of TMC, which overlapped with
the ester carbonyl of polyester nonwoven fabric of the sub-
strate membrane.

The surface morphology of PAN substrate membrane and
some typical NF membranes is shown in Figure 7. The surface
of PAN substrate membrane (Figure 7(a)) was relatively
smooth, while the NF membranes were relatively rough. There
appeared granular substances on themembrane surface because
of the formation of polyamide (Figure 7(b)). After incorpora-
tion of Ag@UiO-66-NH2, the membrane surface became
rougher and more larger particles appeared which could
enhance the permeability of the membrane in a certain range.
It should be pointed out that when the content of Ag@UiO-
66-NH2 was 0.05g, some particles aggregated together
(Figure 7(d)), which deteriorated the membrane performance
we will demonstrate in the following section.

Energy spectrum analysis (Figure 8) showed the particles
on NF-Ag-3 membrane surface contain elements of C, N, O,
Zr, and Ag, and the weight percentage of these elements is
35.38wt%, 4.99wt%, 22.58wt%, 29.69wt%, and 7.36wt%,
respectively, which confirmed that Ag@UiO-66-NH2 had
been successfully incorporated into the separation layer.

Incorporation of Ag@UiO-66-NH2 to the separation layer
plays very important effect on the performance of the mem-
branes, which we will discuss below.

2.3. Separation Performance of Ag@UiO-66-NH2/Polyamide
Membrane. Figure 9 shows the separation performance of
Ag@UiO-66-NH2/polyamide membranes. The salt rejection
order for NaCl, MgCl2, Na2SO4, and MgSO4 changed from
MgSO4≥Na2SO4>MgCl2>NaCl to MgSO4>MgCl2>Na2-
SO4>NaCl by increasing the content of Ag@UiO-66-NH2.
Compared with pure polyamide membranes, the NaCl
retention rate decreased, while that of magnesium salts
nearly kept stable (Figure 9(a)).

Meanwhile, the flux of Ag@UiO-66-NH2/polyamide
membranes were larger than that of NF-Ag-0 (without
Ag@UiO-66-NH2) (15.9 L m-2·h-1). When the loading of
Ag@UiO-66-NH2 was 0.02 g and 0.03 g, the flux increased
to 41.3 and 47.3 L m-2·h-1 for MgSO4 solution, respectively.
Further increasing the content of Ag@UiO-66-NH2, the flux
decreased. However, it should be noted that the flux was still
lager than that of NF-Ag-0 (Figure 9(b)).

Separation mechanism of NF membranes mainly
depends on charge repulsion and size exclusion effect. On
one hand, the introduction of Ag@UiO-66-NH2 impeded
the interfacial polymerization and induced a looser mem-
brane structure, which reduce the salt rejection and increase
the solution flux. On the other hand, the amount of -NH2
increased by increasing the loading of Ag@UiO-66-NH2.
The protonation of -NH2 groups may increase the effective
positive charge of the membrane which would promote the
electrostatic repulsion between membrane and the multiva-
lent cations as Mg2+. Moreover, the hydrated radius of
Mg2+ (0.300 nm) is larger than that of Na+ (0.178 nm) [41];
therefore, the rejection rate of Mg2+ salts nearly kept stable
while that of the Na+ salts decreased with incorporation of
Ag@UiO-66-NH2.

In addition, the membrane flux was also enhanced by the
following factors: (1) The porous structure of Ag@UiO-66-
NH2 provided additional passage channel for water
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Figure 7: SEM images of typical membranes. (a) PAN substrate membrane, (b) NF-Ag-0, (c) NF-Ag-3, and (d) NF-Ag-5.
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molecules. (2) The hydrogen bonds between -NH2 groups
on Ag@UiO-66-NH2 and triethylenetetramine (TETA)
could slow down the diffusion rate of the TETA to oil phase,
which is beneficial to fabricate a thinner separation layer and
reduce the water transfer resistance. (3) The hydrophilicity
of the membranes was improved by incorporation of
Ag@UiO-66-NH2. For instance, the water contact angle of
pure polyamide membrane was 53°, while that of NF-Ag-3
was only 33°.

It should be pointed out that some pores may be partly
sealed by aggregated Ag@UiO-66-NH2 particles
(Figure 7(d)) when further increasing the loading of
Ag@UiO-66-NH2 to 0.04 g and 0.05 g, so compared with
NF-Ag-3, the flux decreased.

2.4. Antibiosis Performances of Ag@UiO-66-NH2/PA
Nanofiltration Membranes. Silver nanoparticles can destroy
the phospholipid bilayer and permeability of cell membrane
and cause sugar and protein leaking from the bacteria cell.
Hence, induced cells die. Furthermore, the high surface
activity of the particles also leads the bacterial to die
[33–35]. The antibacterial performance of Ag@UiO-66-
NH2/PA nanofiltration membranes to E. coli was investi-
gated (Figure 10). The results showed that the antibacterial
ability of the membranes was enhanced by incorporating
Ag@UiO-66-NH2. The higher the Ag@UiO-66-NH2 con-
tent, the better the antibacterial was. The antimicrobial rate
of NF-Ag-0 was 35.2% (Figure 10(b)). After adding 0.03 g
Ag@UiO-66-NH2, the antimicrobial rate of the membrane
increased to 97% (Figure 10(e)). Further increasing the con-
tent to 0.05 g, the antimicrobial rate nearly reached 100%
(Figure 10(g)).

2.5. Antiprotein Adsorption of Ag@UiO-66-NH2/PA
Nanofiltration Membrane. The antiprotein adsorption per-
formance of the optimal membrane NF-Ag-3 and its appli-
cation for bisphenol A removal were evaluated. BSA and
Lys were applied as the model proteins.

After filtration of BSA solution for the first cycle, flux
recovery rate (FRR), irreversible pollution (Rir), and revers-

ible pollution (Rr) of NF-Ag-3 were 95.6%, 4.4%, and 3.6%.
After filtration for three cycles, FRR, Rir, and Rr of NF-Ag-
3 slightly changed to 89.4%, 10.6%, and 3.6%
(Figure 11(a)). In comparison, those of NF-Ag-0 were
88.4%, 11.6%, and 5.2% for the first cycle, and after running
for three cycles, those were changed to 70.4%, 29.6%, and
4.7%, respectively.

NF-Ag-3 membrane also showed excellent anti-Lys
adsorption performance. As shown in Figure 11(b), FRR,
Rir, and Rr of NF-Ag-3 membrane were 87.5%, 12.5%, and
2.7%, respectively, for separation Lys solution for three
cycles, while those of NF-Ag-0 were 67.2%, 32.8%, and 3.7%.

These attributed to the hydrophilicity of NF membrane
was improved by Ag@UiO-66-NH2. Water contact angle of
NF-Ag-0 was 53°, while that of NF-Ag-3 decreased to 33°.
In the filtration process, ordered water layer formed on the
membrane surface through hydrogen bonding, which not
only reduces the nonspecific binding between proteins and
the membrane surface but also reduces the electrostatic force
between proteins and the membrane surface, thereby reduc-
ing the protein adsorption on the membrane surface.

2.6. Application of Ag@UiO-66-NH2/PA Nanofiltration
Membrane for Bisphenol A Removal. Bisphenol A is a kind
of typical environmental endocrine disruptors (EDCs),
which has certain embryotoxicity and teratogenicity, and
can increase the risk of ovarian cancer, prostate cancer,
asthma, and leukemia. BPA in water is difficult to be biode-
graded and has strong resistance to chemical oxidation. In
this experiment, the optimal NF membrane NF-Ag-3 mem-
brane was applied for bisphenol A removal, and the effects of
concentration, operation pressure, and pH value on bisphe-
nol A removal were explored.

As shown in Figure 12, the rejection rate for 5mg/L
bisphenol A solution was nearly 100% at 0.6MPa. Concen-
tration polarization effect on the performance of the mem-
brane is insignificant when the bisphenol A concentration
ranged from 5mg/L to 50mg/L. The rejection rate of
50mg/L bisphenol A only slightly reduced to 94.6%, while

(g)

Figure 10: Antibiosis performances of membrane. (a) PAN substrate membrane, (b) NF-Ag-0, (c) NF-Ag-1, (d) NF-Ag-2, (e) NF-Ag-3, (f)
NF-Ag-4, and (g) NF-Ag-5.
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the flux remained stable about 49.1 L·m-2·h-1 at 0.6MPa
(Figure 12(a)).

Figure 12(b) indicated that the flux increased with
increasing operation pressure, the solution flux to operation
pressure ratio of NF-Ag-3 is about 61.6 L·m-2·h-1·MPa-1, and
the bisphenol A rejection rate is very stable; the removal rate
only slightly decreased from 94.6% to 92.5% when operation
pressure changed from 0.6MPa to 0.8MPa.

When the pH value of BPA solution (50mg/L) was
adjusted from 4 to 10, the flux was remained above 45 L·m-

2·h-1; however, rejection rate decreased from 94.6% to
85.6%, which may attribute to the dissociation of bisphenol
A. Dissociation constant pKa of bisphenol A is 9.8, and
when pH value was adjusted to 10, bisphenol A is easier to
dissociate into negatively charged ions, which attracts the
positive charge on the membrane surface and increases the
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Figure 11: Antiprotein adsorption with NF-Ag-3 membrane. (a) BSA; (b) Lys.
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concentration of bisphenol A ions near the membrane sur-
face which promotes the permeation of bisphenol A, thus
reducing the removal rate of bisphenol A. Therefore, it is
appropriate be used in solution with pH less than 9.8.

Compared with other membranes reported in the litera-
ture (Table 1), the permeability and BPA rejection rate of
this work is well. According to the reported literature
[46–52], the mechanism for BPA removal by membrane is
mainly chemical (hydrogen bonding), and physical (hydro-
phobic interactions) adsorptions occur in the membrane fil-
tration process, size exclusion, catalysis, etc. In this work,
considering the results as follows: (1) the rejection rate of
BPA is more than that of the salts; (2) the membrane is
hydrophilic, we speculate that the mechanism for BPA
removal of Ag@UiO-66-NH2/PA membrane is mainly
attributed to size exclusion. Adsorption may contribute little
to the BPA removal. This will be verified by further experi-
ments, and we will report it later.

3. Conclusions

The fabrication of a high flux and antifouling Ag@UiO-66-
NH2/polyamide nanofiltration membrane and its applica-

tion for biphenol A removal were demonstrated in this work.
Ag@UiO-66-NH2 was first prepared by solvothermal pro-
cess; then it was successfully introduced into the polyamide
separation layer via interfacial polymerization. Morphology,
hydrophilicity, and salt rejection order of the membranes
changed with the content of Ag@UiO-66-NH2. The solution
flux increased obviously by the introduction of Ag@UiO-66-
NH2. Depending on charge repulsion and size exclusion
effect, the optimal membrane NF-Ag-3 showed salt rejection
order as MgSO4>MgCl2>Na2SO4>NaCl. Salt rejection rate
for 1000mg/L MgSO4 solution of NF-Ag-3 membrane was
87.4%, and the flux reached 78.8 L·m-2·h-1·MPa, which was
2-fold higher than that of membrane without Ag-MOFs.
Furthermore, hydrophilic nature of NF-Ag-3 and antimicro-
bial property of Ag nanoparticles endow the membrane with
excellent antifouling and antimicrobial performance; the
antimicrobial rate of the membrane is above 95% which ren-
ders the membrane maintain original performances in long-
time running.

When it was applied for BPA removal, the rejection rate
of 50mg/L BPA reached 94.6% and the flux was about
81.8 L/m2·h·MPa, which is superior to most membranes
reported in literature. Hence, NF-Ag-3 membrane has
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Figure 12: Application of NF-Ag-3 on removing BPA. (a) Concentration, (b) operating pressure, and (c) pH value.
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potential application in BPA removal. The application per-
formances of the membrane in nature conditions and the
BPA removal mechanism are under working; the results will
be reported later. It should be noted that the preparation of
Ag@UiO-66-NH2 is time-consuming which will impede the
membrane’s industrial application. Thereby, how to improve
the production efficiency needs further investigating.

4. Experimental Section

4.1. Materials and Reagents. Polyacrylonitrile (PAN) ultrafil-
tration membrane (molecular weight cutoff = 50000) was
purchased from Shanghai Lanjing Membrane Technology
Co., Ltd. Zirconium tetrachloride (ZrCl4), 2-amino-
terephthalic acid (NH2-BDC), triethylenetetramine (TETA),

Table 1: Comparison of solution permeability and BPA rejection of various membranes.

Membrane Rejection (%) Flux (L/m2·h·Mpa)
Testing condition

Ref.
CBPA Pressure (MPa)

LBL-PI (NF) 92.1 178 34.2mg/L 0.2 [46]

Ag@UiO-66-NH2/PA 94.6 81.8 50mg/L 0.6 This work

AD SWRO 97 8.5 50mg/L 1 [47]

CE BWRO 15 24.1 50mg/L 1 [47]

XLE BWRO 95 59.1 50mg/L 1 [47]

NF270 80 148.6 50mg/L 1 [47]

NF90 92 60.5 50mg/L 1 [47]

BW30 92 19.7 50mg/L 1 [47]

NFD 83 17.97 300mg/L 0.6 [48]

NF90 93 25.23 300mg/L 0.6 [48]

NF270 83 24.55 300mg/L 0.6 [48]

CK 93 2.34 300mg/L 0.6 [48]

ESNA 96 22.68 300mg/L 0.6 [48]

NF90 90 38.4 750 μg/L 1.3 [49]

NF270 40 54.0 750 μg/L 1.3 [49]

PES-PEGHBS

35 ~110.8 (pure water) 500mg/L 0.55 [50]

60 — 100mg/L [50]

75 — 50mg/L [50]

72 — 5mg/L [50]

TS 80 70.7 50 2 μg/L 1.7 [51]

RO X20 95.3 33 2 μg/L 1.7 [51]

PVDF 27a, 9b 7100 5mg/L 0.1 [52]

PVDF-PVP 100a, 20b 3550 5mg/L 0.1 [52]

PVDF-a-carbon 24a, 2b 5107.8 5mg/L 0.1 [52]

PVDF-MnO2 54a, 41b 4128.7 5mg/L 0.1 [52]

PVDF-Ac 100a, 9b 4652.8 5mg/L 0.1 [52]

PVDF-PVP-MnO2 100a, 20b 3784.6 5mg/L 0.1 [52]

XLE 83 — 100 μg/L 0.5 [49]
aInitial rejection rate; brejection rate after 30min.
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Figure 13: Schemes of (a) 2-amino-terephthalic acid, (b) triethylenetetramine, and (c) 1,3,5-benzenetricarboxylic acid chloride.
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1,3,5-benzenetricarboxylic acid chloride (TMC), and sodium
dodecyl sulfate were obtained from Aladdin Chemical
Reagent Co., Ltd. The chemical structures of NH2-BDC,
TETA, and TMC are shown in Figure 13. Sodium chloride

(NaCl), sodium sulfate (Na2SO4), magnesium chloride hexa-
hydrate (MgCl2·6H2O), magnesium sulfate (MgSO4),
sodium hydroxide (NaOH), N,N-dimethylformamide
(DMF), n-hexane, hydrochloric acid (HCl), methanol

DMF/acetic acid
mixed solvent

BDC-NH2 ZrCl4

BDC-NH2
solution

Sonicated for 15 min

(1) Sealing (2) 120°C for 24 h,
washing, drying 

UiO-66-NH2

Ag@UiO-66-NH2
AgNO3
solution

(1) Washing

(2) Reduced by NaBH4

Figure 14: Schematical illustration of the preparation of Ag@UiO-66-NH2.

H2N

H

N
N

N

O

C C

C

C

C

C C

C

C

O O O O

O O

O

O

C A B D

N
N

N
N

X y
N

N
N

N
H H

H

H

H

H

H

H

OH

OH HO

Figure 16: Possible polymerization reaction between triethylenetetramine and 1,3,5-benzenetricarboxylic acid chloride. (a) Totally cross-
linked polymer chain, (b) polymer chain with pendant-NH and -COOH, (c) pendant chain with pendant-NH2 and -NH, and (d)
polymer chain with pendant-COOH.

: Ag@UiO-66-NH2

Dipping
TETA

solution 
(1) Removing excess

solution 

(2) Interfacial polymerization
with TMC containing

Ag@UiO-66-NH2 

+ Ag@UiO-66-NH2

PAN substrate
membrane 

Ag@UiO-66-NH2/
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Figure 15: Fabrication of Ag@UiO-66-NH2/polyamide nanofiltration membrane.
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(CH3OH), acetic acid (CH3COOH), potassium bromide
(KBr), silver nitrate (AgNO3), and sodium borohydride
(NaBH4) were purchased from Sinopharm Chemical
Reagent Co. Lysozyme and bovine serum protein were pur-
chased from Shanghai Lanji Technology Development Co.,
Ltd. Beef extract, peptone, was purchased from Beijing
Aobaxing Biotechnology Co., Ltd. E. coli was kindly pro-
vided from the Department of Biology, East China Univer-
sity of Technology. Bisphenol A was purchased from
Sigma-Aldrich, Ltd.

4.2. Preparation of Ag@UiO-66-NH2 Particles

4.2.1. Synthesis of UiO-66-NH2. UiO-66-NH2 nanoparticles
were prepared via solvothermal reaction following a proce-
dure reported elsewhere [39]. 0.686mmol NH2-BDC was
dissolved in 20mL of DMF/acetic acid mixed solvent
(39 : 1). Stoichiometric amount of 0.686mmol ZrCl4 was
then added. Subsequently, the reaction mixture was soni-
cated for 15min, added into a 50mL hydrothermal reactor,
and then maintained at 120°C for 24 h. The white solids gen-
erated were recovered by centrifuging (5min, 4000 rpm),
washed with DMF for three times. To completely remove
the unreacted ligands inside the framework, the solids were
soaked in 30mL DMF and heated at 80°C for 6 h. Then,
the DMF trapped in the samples was exchanged by metha-
nol for 3 days at ambient temperature, followed by drying
at 120°C in vacuum oven overnight to afford the final
products.

4.2.2. Synthesis of Ag+@UiO-66-NH2. 3 g UiO-66-NH2 was
added into 50mL 9wt% AgNO3 solution, stirred at 60°C
for 1 h, and kept in the solution for 24 h; then, the UiO-66-
NH2 particles absorbed Ag+ were separated from the solu-
tion by centrifuging. The excess Ag+ was washed with deion-
ized water and then vacuum dried at 60°C for 24 h to obtain
Ag+@UiO-66-NH2 particles.

4.2.3. Synthesis of Ag@UiO-66-NH2. 3 g Ag+@UiO-66-NH2
and 0.09 g NaHB4 were added into 50mL and 0.01mol/L
NaOH solution. After pH was adjusted to 8, the samples
were stirred and reacted for 2 h, centrifuged, washed by
deionized water, and dried at 60°C to obtain Ag@UiO-66-
NH2. The schematical illustration of the preparation pro-
cesses of Ag@UiO-66-NH2 is shown in Figure 14.

4.3. Fabrication of Ag@UiO-66-NH2/Polyamide
Nanofiltration Membrane. The polyacrylonitrile (PAN)
ultrafiltration membrane was immersed into 144mL 0.6wt
% triethylenetetramine (TETA) solution containing
0.5wt% sodium dodecyl sulfate for 30min. The membrane
was taken out, dried, and then immersed into 86.4mL
0.5wt% of 1,3,5-benzenetricarboxylic acid chloride, and n-
hexane solution containing Ag@UiO-66-NH2 particles
ranged from 0g to 0.05 g for 90 s. The membrane was
removed and put into a 60°C oven for 10min. After cooling,
the membrane was stored in deionized water for subsequent
structural characterization and performance testing. The
membrane fabrication procedure and possible polymeriza-

tion reaction between triethylenetetramine and 1,3,5-benze-
netricarboxylic acid chloride are shown in Figures 15 and 16.

The membranes prepared by incorporating 0 g, 0.01 g,
0.02 g, 0.03 g, 0.04 g, and 0.05 g Ag@UiO-66-NH2 were
named as NF-Ag-0, NF-Ag-1, NF-Ag-2, NF-Ag-3, NF-Ag-
4, and NF-Ag-5, respectively.

4.4. Characterization of Ag@UiO-66-NH2. Chemical compo-
sition of UiO-66-NH2 and Ag@UiO-66-NH2 was character-
ized by Nicolet 380 FTIR spectrometer (USA) in the range of
400-4000 cm-1. The crystalline structure of nanoparticles was
analyzed by X-ray diffraction (XRD, D8 ADVANCE, Ger-
many) using Cu Ka radiation (λ = 1:54Å) at 40 kV and
40mA in the interval of 5° ≤ 2θ ≤ 80°. Transmission electron
microscopy (TEM, JEL-2100, Japan) at an acceleration volt-
age of 100 kV was used to determine the size and morphol-
ogy of UiO-66-NH2 and Ag@UiO-66-NH2 nanoparticles.
N2 sorption isotherms of UiO-66-NH2 and Ag@UiO-66-
NH2 were collected by a Quantachrome Autosorbe-1 ana-
lyzer at 77 k, and the surface area of UiO-66-NH2 and
Ag@UiO-66-NH2 was calculated by Brunauer-Emmer-
Teller (BET).

4.5. Characterization of Ag@UiO-66-NH2/Polyamide
Membrane. Chemical composition of the membranes sur-
face was analyzed based on attenuated total reflectance infra-
red spectroscopy (ATR-FTIR, Nicolet-380 USA) in the
range of 400-4000 cm-1. The morphology of the membranes
was observed by scanning electron microscopy (SEM, FEI
Nova NanoSEM450, Czech Republic) at accelerated voltage
of 10 kV. The element distribution on the membrane surface
was characterized by energy spectrum analyzer (EDS)
attached to SEM.

4.6. Separation Performance of the Membranes. All the sepa-
ration measurements were carried out in a cross-flow cell
with a membrane area of 23.75 cm2. The membranes were
first stabilized for 30min at 0.8MPa; then, the rejection rate
and flux of 1000mg/L NaCl, Na2SO4, MgCl2, MgSO4, and
5mg/L to 50mg/L biphenol A solution were measured at
0.6MPa at room temperature. All the tests were repeated
at least three times to obtain the performance of each fabri-
cated membranes.

The permeance (J, L·m-2·h-1) of the membrane is calcu-
lated by Equation (1)

J = V
A × t

, ð1Þ

where J is the flux (L·m-2·h-1), V is the volume of liquid
passing through in t time (L), A is the effective membrane
area (m2), and t is the time (h).

The solute rejection rate of the membrane is calculated
by Equation (2)

R
%ð Þ =

Cf − Cp

Cf

 !
× 100: ð2Þ

R is the rejection rate; Cf is the concentration of the feed
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liquid; Cp is the permeation concentration. Salt concentra-
tions of permeate and feed solutions were tested by electrical
conductivity (DDS-11A, Shanghai Leici Instrument Co.,
Shanghai, China). Concentration of biphenol A was mea-
sured by UV-visible spectrophotometer (T6, Beijing General
Analysis Instrument Co., Ltd.) at 276 nm.

4.7. Hydrophilic Characterization. The hydrophilicity of the
membrane surface was characterized by water contact angle
measurements (JC2000CI, Shanghai, China) by sessile drop
method. A total of 1μL of deionized water was dropped onto
a dry membrane with a microsyringe in an atmosphere of
saturated water vapor at room temperature. The size of the
drip was captured by video, and the water contact angle
was measured by goniometer. At least 5 contact angles were
averaged to obtain a reliable value.

4.8. Antifouling Experiments

4.8.1. Antimicrobial Resistance. Using Escherichia coli as
model bacteria, the antibacterial properties of nanofiltration
membranes were investigated by dilution coating plate
method. Escherichia coli was first inoculated in beef extract
peptone liquid medium, cultured in a shaking oven at 37°C
(150 r/min) for 24 h, and diluted to 105CFU/mL~106CFU/
ml for subsequent testing.

1 cm × 2 cm membrane was put into a test tube contain-
ing diluted bacterial solution and cultured at 37°C for 24h,
then was taken out, and washed by 15ml liquid medium.
Dilute the flushing solution to a certain concentration; then,
take 200 μ L diluted flushing solution evenly coated on beef
extract peptone solid medium and cultured at 37°C for 24 h.
Count the number of live bacteria and calculate the antibac-
terial rate by the following equation:

S
%ð Þ = M −N

M

� �
× 100, ð3Þ

where M is the number of bacterial colonies of PAN
membrane and N is the number of bacterial colonies of typ-
ical nanofiltration membrane.

4.8.2. Antiprotein Adsorption. To evaluate antifouling prop-
erty of the membranes, dynamic filtration experiment was
performed with BSA and Lys, respectively. The membranes
were precompacted by DI water at 25°C and 0.8MPa for
30min until achieving a stable state, and the filtration exper-
iment was cycled.

The pure water permeation flux Jw0 was measured for
1 h at 0.6MPa, and model contaminant solution (1000mg/
L BSA or Lys) was filtrated for another 1 h to obtain flux
Jw1. After which, the filtrated membrane was washed by
deionized water for 1 h to remove foulant molecules and
water flux Jw2 was measured. The membrane flux recovery
rate (FRR), reversible pollution index (Rr), and irreversible
pollution index (Rir) were calculated as follows:

FRR
%ð Þ = Jw2

Jw0

� �
× 100, ð4Þ

Rr

%ð Þ = Jw2 − Jw1
Jw0

� �
× 100, ð5Þ

Rir
%ð Þ =

Jw0 − Jw2
Jw0

� �
× 100, ð6Þ

where JW0 is the pure water flux of the membrane, Jw1 is
the BSA or Lys flux of the membrane, and JW2 is the pure
water flux of the membrane after cleaning.
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