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Abstract: In recent years, metal–organic framework (MOF)-based nanofibrous membranes (NFMs)
have received extensive attention in the application of water treatment. Hence, it is of great signifi-
cance to realize a simple and efficient preparation strategy of MOF-based porous NFMs. Herein, we
developed a direct in situ formation of MOF/polymer NFMs using an electrospinning method. The
porous MOF/polymer NFMs were constructed by interconnecting mesopores in electrospun compos-
ite nanofibers using poly(vinylpolypyrrolidone) (PVP) as the sacrificial pore-forming agent. MOF
(MIL-88A) particles were formed inside the polyacrylonitrile (PAN)/PVP nanofibers in situ during
electrospinning, and the porous MIL-88A/PAN (pMIL-88A/PAN) NFM was obtained after removing
PVP by ethanol and water washing. The MOF particles were uniformly distributed throughout the
pMIL-88A/PAN NFM, showing a good porous micro-nano morphological structure of the NFM with
a surface area of 143.21 m2 g−1, which is conducive to its efficient application in dye adsorption and
removal. Specifically, the dye removal efficiencies of the pMIL-88A/PAN NFM for amaranth red,
rhodamine B, and acid blue were as high as 99.2, 94.4, and 99.8%, respectively. In addition, the NFM
still showed over 80% dye removal efficiencies after five adsorption cycles. The pMIL-88A/PAN
NFM also presented high adsorption capacities, fast adsorption kinetics, and high cycling stabilities
during the processes of dye adsorption and removal. Overall, this work demonstrates that the in situ
electrospun porous MOF/polymer NFMs present promising application potential in water treatment
for organic dyestuff removal.
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1. Introduction

Dyes, pesticides, food additives, pharmaceuticals, personal care products, and other
emerging organic contaminants in water resources present numerous adverse effects on
human health and ecosystem [1]. Owing to the development of industries, such as the
textile dyeing and finishing industry, the amount of organic dyes polluting industrial
wastewater has increased [1–4]. Therefore, researchers have focused on developing ad-
equate wastewater treatment methods [5,6]. To date, numerous physical and chemical
methods, such as advanced oxidation [7], adsorption [8–13], coagulation-flocculation [14],
and photocatalysis [15], have been used for organic dye remediation. Of these, adsorption
has been one of the most cost-effective methods owing to its simplicity and low energy con-
sumption [16–19]. Therefore, it is critical to develop novel materials with high adsorption
capacities for the efficient removal of organic dyes from wastewater.

Metal–organic frameworks (MOFs), owing to their diverse structure, high surface
area, and tunable pore size, have been widely used in gas storage and separation ap-
plications and organic molecules adsorbents [20–26]. In particular, MOFs with accurate
chemical design have been successfully used to adsorb, separate, and remove organic ionic
dyes [24,27]. For example, Li et al. prepared a MOF-based nanofiber filter using an electro-
static spinning method and used it to adsorb and selectively separate cationic dyes from
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aqueous solutions [28]. Jhung et al. prepared urea- or melamine-modified MIL-100(Cr),
which is a highly efficient adsorbent for nitroimidazole dyes [29]. However, the applica-
tions of powdered MOF particles in organic dye treatment of continuous wastewater are
relatively limited [30]. Therefore, it is crucial to develop novel methods for the preparation
of polymer–MOF composite membranes for efficient and stable treatment of organic dyes
in continuous fluid wastewater.

Electrospinning is a fiber fabrication method used to produce long and continuous
polymer fibers with diameters in the nano- or micrometer ranges [31–38]. Furthermore,
the fibers form stacks during electrospinning, yielding nonwoven membranes [33,38].
Owing to their high porosity and easy preparation, electrospun polymer fibers have
recently been integrated with MOFs to shape MOFs into fibers [29–32]. For example,
Zhao et al. proposed a simple method for the uniform growth of porous MIL-100(Fe) on
electrospun polyacrylonitrile (PAN) fiber membranes via electrospinning and hydrothermal
reactions [38]. Similarly, Lu et al. deposited UiO-66-NH2 on the surface of electrospun
PVDF–MOF linker nanofibrous membranes (NFMs) and used the composite NFMs for
removal of toxic chemicals [39]. Xie et al. prepared a graphene oxide (GO)/MIL-88A(Fe)
membrane by embedding MIL-88A into a GO matrix. The membrane exhibited remarkable
recovery and self-cleaning performance and excellent degradation performance for organic
pollutants under ultraviolet (UV) irradiation [40]. Leus et. al. embedded Pt@MIL-101 into
a poly-ε-caprolactone matrix via electrospinning to create a “catalytic carpet” [41]. The
current methods used to prepare polymer–MOF composite NFMs can be classified as fol-
lows: (1) hydrothermal synthesis followed by loading MOFs onto the surface of the NFMs
after spinning and (2) direct blending of MOFs with polymer solutions for spinning [28].
These processes are complex; moreover, pure MOF particles are not dispersed uniformly
throughout the polymer matrix during spinning [28,42]. Therefore, it is critical to develop
new methods to fabricate polymer–MOF composite NFMs.

In this study, we developed a direct in situ formation of MOF/polymer NFM using an
electrospinning method. Moreover, the porous MOF/polymer NFMs were constructed by inter-
connecting mesopores in electrospun composite nanofibers using poly(vinylpolypyrrolidone)
(PVP) as the sacrificial pore-forming agent. We designed and prepared MIL-88A powder
and developed a simple one-step electrospinning method for in situ binding MIL-88A onto
PAN nanofibers. Specifically, MIL-88A MOF particles were formed inside the PAN/PVP
fibers in situ during electrospinning, and porous MIL-88A/PAN (pMIL-88A/PAN) NFM
was obtained after removing PVP by ethanol and water washing. The MOF particles were
uniformly distributed throughout the pMIL-88A/PAN NFM, showing a good porous micro-
nano morphological structure of the NFM, which is conducive to its efficient application
in dye adsorption and removal. Accordingly, the pMIL-88A/PAN NFM presented high
adsorption capacities, fast adsorption kinetics, and high cycling stability for the removal of
amaranth red, rhodamine B, and acid blue dyes. Overall, this work provides an effective
strategy for electrospinning composite MOF/polymer NFMs, which will benefit future
research and applications in water treatment and other fields.

2. Results and Discussion
2.1. Preparation and Characterization of the pMIL-88A/PAN NFMs

Figure 1 shows the schematic for the preparation of the porous MIL-88A/PAN (pMIL-
88A/PAN) NFM. Considering the simplicity and universality of the MOF structure, an iron-
based MOF (MIL-88A) formed from FuA and FeCl3 6H2O was used in this study. In situ
MOF formation, polymer solidification, and solvent evaporation occurred simultaneously
during electrospinning of the spinning solution containing PAN, PVP, FuA, and FeCl3
6H2O. Owing to the difference in solubility, PVP was added to the PAN spinning solution
as the supporting pore-forming sacrificial agent, whereas PAN served as the polymer
nanofiber skeleton. Therefore, the MIL-88A combined porous nanofiber can be formed
after the PVP is removed by ethanol and water washing. More importantly, the originally
embedded MIL-88A particles can be regularly exposed to the surface of the porous PAN
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nanofibers, increasing its specific surface area, and providing abundant adsorption sites for
dyes. Meanwhile, the macropores of the PAN fibers provide ample space for adsorption
and decrease the mass transfer resistance for dye treatment of continuous wastewater.
Overall, the proposed in situ electrospun scheme is a simple and effective strategy for the
preparation of pMIL-88A/PAN NFM, and the NFM will be effectively used for the removal
of organic dyes in the treatment of continuous wastewater.
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Figure 1. Schematic for the fabrication of pMIL-88A/PAN NFMs.

Details of the preparation of the relevant electrospun NFMs are shown in the Experi-
mental section and Supporting Information. To confirm the formation of the NFMs, their
morphology was evaluated. Figure S1a,b show the scanning electron microscopy (SEM)
images of the initial PAN composite PVP (PAN/PVP) NFM, presenting uniform nanofibers
with diameters of ≈300 nm as well as relatively smooth surfaces, which indicates that PAN
and PVP are well mixed and fibrillar during spinning. After sufficient ethanol and water
washing of PAN/PVP NFM to remove PVP, porous PAN (pPAN) NFM was obtained. Fig-
ure S1c,d shows its rough and uneven surface morphology after removing PVP, suggesting
the feasibility of PVP as a supporting pore-forming sacrifice agent for the preparation of
porous NFM. Then, FuA and FeCl3 6H2O were added to PAN/PVP spinning solution to
prepare in situ MIL-88A/PAN/PVP (iMIL-88A/PAN/PVP) and pMIL-88A/PAN NFMs.
Since the MIL-88A particles formed in situ in the process of electrospinning are wrapped
inside the fibers, iMIL-88A/PAN/PVP shows morphological characteristics similar to
common nanofibers (Figure 2a,b). Therefore, the aggregation morphology of MIL-88A
formed in situ can be observed in SEM images of iMIL-88A/PAN/PVP with removal of
PVP, and it can be optimized by adjusting the feeding rate during electrospinning. As
shown in Figure S2, less obvious MOF particles were displayed on the surface of NFM
at a feeding rate as high as 0.8 mL h−1. With the feeding rate as low as 0.2 mL h−1, how-
ever, large prismatic crystal particles of MIL-88A were formed, rendering the NFM fragile,
which was not conducive to further application. Through comparison, pMIL-88A/PAN
NFM with more suitable morphological characteristic was achieved at a feeding rate of
0.4 mL h−1 than 0.6 mL h−1 (Figure S2b,c). Correspondingly, Figure 2c,d show the SEM im-
ages of the optimal pMIL-88A/PAN NFM with scale bars of 400 nm and 1 µm, respectively.
The particles on the nanofiber membrane exhibited long hexagonal rhombic columnar
crystal characteristics (Figure S3), indicating that the nanofiber membrane contains a large
amount of MIL-88A particles [43–46]. Numerous homogeneous and dense particles with
diameters of 50–100 nm appeared on the rough surface of fibers, confirming that MIL-88A
was successfully embedded onto the surface of the PAN fibers and formed pMIL-88A/PAN
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nanofibers. For the purpose of comparison, in situ MIL-88A/PAN (iMIL-88A/PAN) and
blended MIL-88A with PAN spinning solution (bMIL-88A/PAN) NFMs were also prepared.
As shown in Figure 2e,f, the conventional and relatively smooth surface morphologies
indicated that the in situ or pure MOF particles were both encapsulated inside of the PAN
fibers, suggesting the significance of PVP auxiliary preparation of pMIL-88A/PAN NFM.
Energy-dispersive spectroscopy (EDS) experiments were used to determine the C, N, O,
and Fe distributions of the pMIL-88A/PAN NFM, and the EDS spectrum is shown in
Figure S4. According to the elemental mappings of the NFM, C, N, O and Fe were well
distributed throughout the surface of pMIL-88A/PAN nanofibers (Figure 2g–k), which ver-
ified the fabrication and uniform distribution of MIL-88A on the surface of PAN nanofibers.
Overall, these results demonstrated that a good micro-nano morphological pMIL-88A/PAN
NFM was successfully prepared by electrospinning.
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bars of 400 nm and 1 µm. SEM images of the iMIL-88A/PAN (e) and bMIL-88A/PAN (f) NFMs.
Overall (g), C (h), N (i), O (j), and Fe (k) elemental mappings of a pMIL-88A/PAN NFM.

The chemical structures of the as-fabricated NFMs were analyzed using FT-IR spec-
troscopy (Figure 3a,b). As shown in Figure 3a, the characteristic peaks at 2934, 2240, 1730,
and 1450 cm−1 were assigned to the vibrations of the main chain and pendant group
(−C≡N) of PAN, and the carbonyl and tertiary amine groups of PVP were observed with
the characteristic peaks of 1660 and 1280 cm−1, respectively. Compared to the PAN/PVP
NFM, the absence of characteristic peaks of PVP in the FT-IR spectrum of pPAN NFM
indicates that PVP has been effectively and completely removed during the preparation of
the porous NFMs. The similar changes of characteristic peaks of PVP in the FT-IR spectra
of iMIL-88A/PAN/PVP and pMIL-88A/PAN NFMs are exhibited in Figure 3b, combined
with the characteristic peaks of MIL-88A (1608, 1392, and 810–510 cm−1), which confirmed
the formation of the chemical structure of pMIL-88A/PAN NFM. The XRD patterns of
MIL-88A, FuA, iMIL-88A/PAN/PVP, and pMIL-88A/PAN NFMs are shown in Figure 3c.
The peaks at 10.2◦ and 12.8◦ in the XRD patterns were ascribed to the (101) and (002) crystal
planes of MIL-88A [42], which were present in the XRD patterns of iMIL-88A/PAN/PVP
and pMIL-88A/PAN NFMs, indicating that MIL-88A particles were incorporated into
the NFMs. The peak at 28.5◦ of iMIL-88A/PAN/PVP NFM may be attributed to the re-
dundant FuA in the NFM, whereas this peak in pMIL-88A/PAN NFM disappeared due
to ethanol and water rinsing of iMIL-88A/PAN/PVP NFM. Furthermore, the intensity
of the peak at 10.2◦ in the XRD pattern of pMIL-88A/PAN NFM was higher than that
of iMIL-88A/PAN/PVP NFM, indicating that MIL-88A particles became exposed after
washing and a more regular MOF crystal morphology was formed. The above results
confirmed the necessity of PVP as a pore forming sacrificial agent, and demonstrated the
successful preparation of the pMIL-88A/PAN NFM.
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The porosity of the as-fabricated NFMs, which is critical for dye adsorption and
removal, was evaluated using N2 adsorption–desorption experiments. As shown in
Figure 3d, the Brunauer–Emmett–Teller (BET) surface area of the pMIL-88A/PAN NFM
was calculated to be 143.21 m2 g−1, which is 3–3.5 times that of MIL-88A powder and
pPAN NFM (46.89 and 41.57 m2 g−1). Moreover, compared to MIL-88A powder and pPAN
NFM, the pMIL-88A/PAN NFM showed a high content of pore size distribution in the
range of 2–30 nm (Figure S5). These results indicate that the combinations of MIL-88A and
porous PAN nanofibers generated abundant mesoporous structures, which were attributed
to the formation of MOF–polymer interfaces. Therefore, pMIL-88A/PAN NFM with a good
porous structure is expected to achieve efficient dye adsorption and removal.

2.2. Adsorption Performance of the NFMs
2.2.1. Dye Removal Efficiencies

To evaluate the adsorption performance of the as-fabricated pMIL-88A/PAN NFM
for organic dyes, amaranth red (AR), rhodamine B (RB), and acid blue (AB) were used
as pollutants. These are the most commonly used dyes in industry and are frequently
detected in water environments. The chemical structures of the three dyes are shown in
Figure 4a. The adsorption performance of the pMIL-88A/PAN NFM was evaluated by
removing the dyes from wastewater samples. Figure 4b shows photographs of the dye
solutions before and after adsorption and Figure 4c shows the photographs of the NFMs
before and after adsorption. The quantified adsorption capacities of the NFMs for AR, RB,
and AB were recorded by UV–vis absorption measurements (Figure 4d–f). The ratio of
the maximum absorption peak intensity of the solution after and before adsorption can
be defined as the dye removal efficiency. The dye removal efficiencies of AR, RB, and
AB using pMIL-88A/PAN NFM were calculated as 99.2, 94.4, and 99.8%, respectively.
Accordingly, the colors of the three dye solutions became transparent after filtration using
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the pMIL-88A/PAN NFM, and the colors of the relevant NFMs changed from the initial
orange to the corresponding colors of the removed dyes (Figure 4b,c). However, after
filtration using the pPAN NFM, the dye removal efficiencies for AR, RB, and AB were
calculated as 9.0, 31.8, and 8.6%, respectively, demonstrating that pPAN NFM exhibited
limited dye adsorption and removal ability. These results verify that the pMIL-88A/PAN
NFM can highly effectively remove organic dyes from aqueous solutions.
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2.2.2. Adsorption Kinetics of pMIL-88A/PAN NFM

As shown in Figure 5a,b, due to the abundant adsorption sites of pMIL-88A/PAN
NFM, the adsorption rates of the dyes were fast in the initial stages and then started to
slow down until equilibriums were reached. The experimental conditions were as follows:
C0 = 20 mg L−1 and adsorbent dosage = 0.2 mg mL−1. The kinetic data were subsequently
fitted using the most widely used kinetic models: the pseudo-first- and pseudo-second-
order kinetic models (Figure 5a and b, respectively). The linear equations of the pseudo-first-
and pseudo-second-order kinetic models can be expressed as follows [47]:

log(qe − qt) = log qe −
k1t

2.303
(1)

t
qt

=
1

k2qe2
+

t
qe

(2)

where qt and qe (mg g−1) are the adsorption capacity at time t and at equilibrium, respec-
tively, and k1 (h−1) and k2 (g (h mg)−1) are the pseudo-first- and pseudo-second-order
model rate constants, respectively. The fitting results are listed in Table 1. The R2 values
revealed that the adsorption processes were better described by the pseudo-second-order
kinetic model. Accordingly, the qes for the adsorption of AR, RB, and AB using pMIL-
88A/PAN NFM were calculated as 102.56, 97.56, and 101.94 mg g−1, respectively, under
the pseudo-second-order kinetic model, which is 2.4–4.2 times that of the results calculated
with the pseudo-first-order model (23–43 mg g−1).
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Table 1. Calculated results of pseudo-first- and pseudo-second-order constants for the adsorption of
AR, RB, and AB using pMIL-88A/PAN NFM.

Dye
Pseudo-First-Order Model Pseudo-Second-Order Model

qe (mg g−1) k1 (h−1) R2 qe (mg g−1) k2 (g (mg h)−1) R2

AR 33.81 0.1329 0.8646 102.56 0.009564 0.9992
RB 23.14 0.0546 0.6184 97.56 0.01846 0.9998
AB 42.88 0.1073 0.9626 101.94 0.008094 0.9992

The dye removal rates for the adsorption of AR, RB, and AB using the pPAN and
pMIL-88A/PAN NFMs, and pure MIL-88A powder (Figure S6) indicate that the removal
rates of the pMIL-88A/PAN NFM for the three dyes were higher than that of pure MIL-88A
powder and pPAN NFM. This was attributed to the synergistic effect of the mesopores
and MIL-88A particles morphology of the pMIL-88A/PAN NFM increasing the adsorption
efficiency of the composite membranes for the dyes.

2.2.3. Adsorption Isotherms of pMIL-88A/PAN NFM

The adsorption performance of the pMIL-88A/PAN NFM was further evaluated using
adsorption isotherms, and the results are shown in Figure 6 and Table 2. The classical
isotherm models: Langmuir and Freundlich were used to fit the experimental data, and the
corresponding linear equations are as follows [48]:
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Table 2. Calculated results of the Langmuir and Freundlich models for the adsorption of AR, RB, and
AB by the pMIL-88A/PAN NFM.

Dye
Langmuir Isotherm Freundlich Isotherm

qmax (mg g−1) b (L mg−1) R2 KF n R2

AR 180.41 0.0129 0.99989 17.8564 2.729 0.94561
RB 382.75 0.0071 0.99988 16.6871 2.079 0.97013
AB 399.35 0.0036 0.99950 6.10945 1.711 0.98950

Langmuir isotherm (homogeneous and monolayer adsorption):

Ce

qe
=

Ce

qm
+

1
bqm

(3)

Freundlich isotherm (heterogeneous and multilayer adsorption):

log qe = logKF +
1
n

logCe (4)

Here, qe is the equilibrium adsorption capacity (mg g−1), Ce is the equilibrium con-
centration (mg L−1), qm and b are Langmuir constants related to the maximum adsorption
capacity and binding energy, respectively, and KF and n are the Freundlich constant and het-
erogeneity factor, respectively. The fitting data are summarized in Table 2. Upon analyzing
the nonlinear or linear fitting curves (Figure 6) and comparing the R2 values for the Fre-
undlich and Langmuir models, it was concluded that the AR, RB, and AB adsorption by the
pMIL-88A/PAN NFM fit the Langmuir model better. These results indicate that adsorption
was a monolayer process, and specific homogeneous sites were present in the adsorbent.
Therefore, the maximum adsorption capacities (qmaxs) of the pMIL-88A/PAN NFM for AR,
RB, and AB were determined using the Langmuir model, and the results are summarized
in Table 2. Meanwhile, adsorption isotherms of MIL-88A powder, iMIL-88A/PAN and
bMIL-88A/PAN NFMs for three dyes were performed (Figure S7), and the corresponding
qmaxs are listed in Table S1. The qmaxs of pure MIL-88A for AR, RB, and AB were 114.03,
119.30, and 309.45 mg g−1, respectively. In contrast, the qmaxs of the pMIL-88A/PAN NFM
for AR, RB, and AB were 180.41, 382.75, and 399.35 mg g−1, respectively. The qmaxs of
the pMIL-88A/PAN NFM for the three dyes, especially for RB, were higher than those of
pure MIL-88A powder. In addition, the qmaxs of the iMIL-88A/PAN and bMIL-88A/PAN
NFMs for the three dyes were substantially lower than those of pure MIL-88A and pMIL-
88A/PAN NFM, which should be attributed to the fact that the MOF particles are wrapped
in the iMIL-88A/PAN and bMIL-88A/PAN NFMs. These results indicate that the in situ
electrospun and PVP removing preparation strategy of pMIL-88A/PAN NFM can expose
more adsorption sites of MIL-88A for dyes, and more pore structures suitable for dyes
adsorption were formed, improving its dye adsorption performance.
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2.2.4. Recyclability of the pMIL-88A/PAN NFM

Adsorption–desorption experiments were conducted to evaluate the recyclability of
the pMIL-88A/PAN NFM. In the first adsorption test, the pMIL-88A/PAN NFM showed
99–100% removal efficiencies for AR, RB, and AB dyes (Figure 5). Then, the dye-adsorbed
NFM was treated with ethanol to destroy the interactions between MOFs and organic
dyes and realize the desorption of dyes, so that the NFM can be used for the following
recyclability experiments. The desorption efficiency was calculated as the ratio of the mass
of NFM desorbed by ethanol to the mass of the initial NFM. The desorption efficiencies of
pMIL-88A/PAN NFM adsorbed AR, RB, and AB dyes were as high as 99.9%, indicating that
all three dyes could achieve a good adsorption-desorption cycling. After five adsorption–
desorption cycles, the removal efficiencies of the pMIL-88A/PAN NFM for AR, RB, and AB
dyes remained higher than 80% (Figure 7a). After five adsorption–desorption cycles, the
NFM showed good optical shape maintenance (Figure 7b). Moreover, the NFM before RB
adsorption and after desorption of RB exhibited similar FT-IR spectra, suggesting the good
structural stability of the NFM under long-term application. Overall, the pMIL-88A/PAN
NFM exhibited a good recyclability, which enables a long service life and will be beneficial
to the recovery and reuse of dyes from wastewater.
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3. Materials and Methods
3.1. Materials

PAN (Mw = 200 kDa) was obtained from Shunjie Plastic Technology Co., Ltd. (Najing,
China). FeCl3 6H2O and N,N-dimethylformamide (DMF) were purchased from Tianjin Best
Chemical Co., Ltd. (Tianjin, China). PVP (Mw = 130 kDa), fumaric acid (FuA), amaranth
red (AR), rhodamine B (RB), and acid blue (AB) were acquired from Energy Chemical
(Guangzhou, China). All chemicals were of analytical grade and were used as received
without further purification.

3.2. Preparation of NFMs

The NFMs were prepared by electrospinning strategy. Firstly, the PAN/PVP solu-tion
(solution A) was prepared by adding 1 g of PAN powder to DMF (PAN:DMF = 1:9 wt/wt)
under constant stirring for 6 h to prepare a uniform and transparent mixture. Thereafter,
1 g of PVP powder was added to the PAN solution and the mixture was stirred continuously
for 5 h to prepare the solution A. Next, FeCl3 6H2O and fumaric acid were added to DMF
(FeCl3 6H2O:FuA:DMF = 1.01:2.11:10 wt/wt), and the mixture was stirred for 3 h to prepare
spinning solution B. An electrospinning solution C was prepared by mixing the solution A
with the as-prepared solution B.

Subsequently, the solution C was loaded into a 10 mL syringe for electrospinning with
an applied voltage of 25 kV, a receiving distance of 15 cm and a flow rate of 0.4 mL h−1.
This fiber sample was named in situ MIL-88A/PAN/PVP (iMIL-88A/PAN/PVP) NFM.
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The collected iMIL-88A/PAN/PVP NFM was immersed into a mixed aqueous solution
containing 50% ethanol at 50 ◦C for 24 h to remove PVP, followed by rinsing with ethanol
and water. Then the NFM was soaked in methanol for 3 d, followed by drying in a vacuum
oven at 100 ◦C overnight to obtain the porous MIL-88A/PAN (pMIL-88A/PAN) NFM.

The PAN/PVP NFM was obtained by electrospinning solution A, and then the pPAN
NFM was obtained by removing PVP of PAN/PVP NFM. For comparison, pure MIL-88A
particles, in situ MIL-88A/PAN (iMIL-88A/PAN) and blended MIL-88A/PAN (bMIL-
88A/PAN) NFMs were also prepared.

3.3. Characterization

Scanning electron microscopy (SEM) and elemental mapping measurements were
performed on a Sigma500 (ZEISS) scanning electron microscope. Fourier-transform infrared
(FT-IR) spectra were recorded on a Nicolet IS 10 (Thermo Fisher, Massachusetts, America)
spectrometer. X-ray diffraction (XRD) characterization was performed on a Rigaku Smart-
Lab 9 kW using Cu Kα radiation (λ = 1.5406 Å, 40 kV, and 100 mA). Nitrogen physisorption
measurements were conducted to determine the surface areas and pore volumes on a Mi-
cromeritics ASAP 2460 apparatus. UV-vis spectra were recorded on an UV-3600 (Shimadzu,
Kyoto, Japan) spectrophotometer.

3.4. Adsorption and Desorption Experiments
3.4.1. Adsorption Experiments

Kinetic experiments were conducted by adding 20 mg of adsorbent to 100 mL of AR,
RB, and AB solutions with initial concentrations of 20 mg L−1. The adsorbent dosage was
0.2 mg mL−1, and 2 mL aliquots were used to determine the concentrations of the dyes.
For the adsorption experiments, 10 mg of adsorbent was added to 10 mL of amaranth red,
rhodamine B, and acid blue solutions with concentrations in the range of 25–400 mg L−1.
For the adsorption–desorption experiments, 20 mg of adsorbent was added to 5 mL of 4 mg
mL−1 amaranth red, rhodamine B, and acid blue solutions and was allow to react with the
dyes for 48 h. The used adsorbents were regenerated by immersing them in ethanol for 4 h
to remove the dyes, followed by rinsing with ethanol and water several times and drying
under vacuum. The regenerated adsorbents were reused. The dye removal efficiency of
each adsorbent sample was determined using the initial adsorption capacity. After five
adsorption–desorption cycles the adsorption capacity (q (mg g−1)) of each adsorbent for
the dyes was calculated as follows:

q (mg/g) =
(Co − Ce)V

W
(5)

where Co and Ce (mg L−1) are the initial and equilibrium concentrations of amaranth red,
rhodamine B, and acid blue in the aqueous solutions, respectively, V (L) is the volume of
the dye solution, and W (g) is the mass of the dry adsorbent.

3.4.2. Desorption Experiments

Specifically, the adsorbed nanofiber membranes were immersed in a mixture of ethanol:
water = 1:1 for 6 h, followed by washing with ethanol and water several times, and finally
the nanofiber membranes were immersed in methanol solution for 12 h, followed by
vacuum drying.

4. Conclusions

In summary, we developed a direct electrospinning method to prepare porous
MOF/polymer NFMs. MIL-88A MOF particles were formed inside the PAN/PVP fibers in
situ during electrospinning, and the pMIL-88A/PAN NFM can be obtained after removing
PVP by ethanol and water washing. We demonstrated that the pMIL-88A/PAN NFM
achieved high dye removal efficiencies of 99.2, 94.4, and 99.8% for amaranth red, rho-
damine B, and acid blue, respectively. Moreover, the pMIL-88A/PAN NFM also presented
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high adsorption capacities, fast adsorption kinetics, and high cycling stabilities during
the processes of dye adsorption and removal. Our results demonstrated that the in situ
electrospun porous MOF/polymer NFMs present promising application potential in water
treatment for organic dyestuff removal.
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SEM images of the PAN/PVP, pPAN; Figure S2: SEM images of the pMIL-88A/PAN NFMs; Figure S3:
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rates of pPAN NFM, pMIL-88A/PAN NFM, and pure MIL-88A; Figure S6: Adsorption isotherms
of MIL-88A powder, iMIL-88A/PAN and bMIL-88A/PAN NFMs; Table S1: Calculated results of
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Author Contributions: Supervision, Conceptualization, Writing—review and editing, Project admin-
istration, X.L.; Investigation, Data curation, Writing—original draft, H.W.; formal analysis, L.X. and
J.J.; Supervision, Writing—review and editing, F.D. and Y.J.; All authors have read and agreed to the
published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (22005224).
The research was also supported by Wuyi University (AL2019003).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: The manuscript was written through contributions of all authors. All
authors have given approval to the final version of the manuscript.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rojas, S.; Horcajada, P. Metal–organic frameworks for the removal of emerging organic contaminants in water. Chem. Rev. 2020,

120, 8378–8415. [CrossRef] [PubMed]
2. Tran, N.H.; Hu, J.; Li, J.; Ong, S.L. Suitability of artificial sweeteners as indicators of raw wastewater contamination in surface

water and groundwater. Water Res. 2014, 48, 443–456. [CrossRef] [PubMed]
3. Buerge, I.J.; Keller, M.; Buser, H.R.; Muller, M.D.; Poiger, T. Saccharin and other artificial sweeteners in soils: Estimated inputs

from agriculture and households, degradation, and leaching to groundwater. Environ. Sci. Technol. 2011, 45, 615–621. [CrossRef]
[PubMed]

4. Du, H.; Yue, M.; Huang, X.; Duan, G.; Yang, Z.; Huang, W.; Shen, W.; Yin, X. Preparation, application and enhancement dyeing
properties of ZnO nanoparticles in silk fabrics dyed with natural dyes. Nanomaterials 2022, 12, 3953. [CrossRef] [PubMed]

5. Chen, H.; Huang, M.; Liu, Y.; Meng, L.; Ma, M. Functionalized electrospun nanofiber membranes for water treatment: A review.
Sci. Total. Environ. 2020, 739, 139944. [CrossRef]

6. Baigorria, E.; Galhardi, J.A.; Fraceto, L.F. Trends in polymers networks applied to the removal of aqueous pollutants: A review. J.
Clean. Prod. 2021, 295, 126451. [CrossRef]

7. Dai, X.H.; Fan, H.X.; Yi, C.Y.; Dong, B.; Yuan, S.J. Solvent-free synthesis of a 2D biochar stabilized nanoscale zerovalent iron
composite for the oxidative degradation of organic pollutants. J. Mater. Chem. A 2019, 7, 6849–6858. [CrossRef]

8. Abdi, J.; Abedini, H. MOF-based polymeric nanocomposite beads as an efficient adsorbent for wastewater treatment in batch and
continuous systems: Modelling and experiment. Chem. Eng. J. 2020, 400, 125862. [CrossRef]

9. Zheng, X.; Rehman, S.; Zhang, P. Room temperature synthesis of monolithic MIL-100(Fe) in aqueous solution for energy-efficient
removal and recovery of aromatic volatile organic compounds. J. Hazard. Mater. 2023, 442, 129998. [CrossRef]

10. Yang, W.; Shi, F.; Jiang, W.; Chen, Y.; Zhang, K.; Jian, S.; Jiang, S.; Zhang, C.; Hu, J. Outstanding fluoride removal from aqueous
solution by a La-based adsorbent. RSC Adv. 2022, 12, 30522–30528. [CrossRef]

11. Yang, W.; Wang, Y.; Wang, Q.; Wu, J.; Duan, G.; Xu, W.; Jian, S. Magnetically separable and recyclable Fe3O4@ PDA covalent
grafted by l-cysteine core-shell nanoparticles toward efficient removal of Pb2+. Vacuum 2021, 189, 110229. [CrossRef]

12. Gotore, O.; Osamu, N.; Rameshprabu, R.; Arthi, M.; Unpaprom, Y.; Itayama, T. Biochar derived from non-customized matamba
fruit shell as an adsorbent for wastewater treatment. J. Bioresour. Bioprod. 2022, 7, 109–115. [CrossRef]

13. Jjagwe, J.; Olupot, P.W.; Menya, E.; Kalibbala, H.M. Synthesis and application of Granular activated carbon from biomass waste
materials for water treatment: A review. J. Bioresour. Bioprod. 2021, 6, 292–322. [CrossRef]

https://www.mdpi.com/article/10.3390/molecules28020760/s1
https://pubs.acs.org/
http://doi.org/10.1021/acs.chemrev.9b00797
http://www.ncbi.nlm.nih.gov/pubmed/32023043
http://doi.org/10.1016/j.watres.2013.09.053
http://www.ncbi.nlm.nih.gov/pubmed/24156949
http://doi.org/10.1021/es1031272
http://www.ncbi.nlm.nih.gov/pubmed/21142066
http://doi.org/10.3390/nano12223953
http://www.ncbi.nlm.nih.gov/pubmed/36432239
http://doi.org/10.1016/j.scitotenv.2020.139944
http://doi.org/10.1016/j.jclepro.2021.126451
http://doi.org/10.1039/C8TA11661J
http://doi.org/10.1016/j.cej.2020.125862
http://doi.org/10.1016/j.jhazmat.2022.129998
http://doi.org/10.1039/D2RA06284D
http://doi.org/10.1016/j.vacuum.2021.110229
http://doi.org/10.1016/j.jobab.2021.12.001
http://doi.org/10.1016/j.jobab.2021.03.003


Molecules 2023, 28, 760 12 of 13

14. Pintor, A.M.A.; Vilar, V.J.P.; Botelho, C.M.S.; Boaventura, R.A.R. Oil and grease removal from wastewaters: Sorption treatment as
an alternative to state-of-the-art technologies. A critical review. Chem. Eng. J. 2016, 297, 229–255. [CrossRef]

15. Chatzisymeon, E.; Stypas, E.; Bousios, S.; Xekoukoulotakis, N.P. Photocatalytic treatment of black table olive processing
wastewater. J. Hazard. Mater. 2008, 154, 1090–1097. [CrossRef]

16. Dotto, G.L.; McKay, G. Current scenario and challenges in adsorption for water treatment. J. Environ. Chem. Eng. 2020, 8, 103988.
[CrossRef]

17. Ma, X.; Zhao, S.; Tian, Z.; Duan, G.; Pan, H.; Yue, Y.; Li, S.; Jian, S.; Yang, W.; Liu, K.; et al. MOFs meet wood: Reusable magnetic
hydrophilic composites toward efficient water treatment with super-high dye adsorption capacity at high dye concentration.
Chem. Eng. J. 2022, 446, 136851. [CrossRef]

18. Chen, Y.; Li, S.; Li, X.; Mei, C.; Zheng, J.; E, S.; Duan, G.; Liu, K.; Jiang, S. Liquid transport and real-time dye purification via lotus
petiole-inspired long-range-ordered anisotropic cellulose nanofibril aerogels. ACS Nano 2021, 15, 20666–20677. [CrossRef]

19. Chen, Y.; Hanshe, M.; Sun, Z.; Zhou, Y.; Mei, C.; Duan, G.; Zheng, J.; E, S.; Jiang, S. Lightweight and anisotropic cellulose
nanofibril/rectorite composite sponges for efficient dye adsorption and selective separation. Int. J. Biol. Macromol. 2022,
207, 130–139. [CrossRef]

20. Ahmadijokani, F.; Molavi, H.; Bahi, A.; Fernandez, R.; Alaee, P.; Wu, S.; Wuttke, S.; Ko, F.; Arjmand, M. Metal-Organic Frameworks
and Electrospinning: A Happy Marriage for Wastewater Treatment. Adv. Funct. Mater. 2022, 25, 2207723. [CrossRef]

21. Shi, Z.; Tao, Y.; Wu, J.; Zhang, C.; He, H.; Long, L.; Lee, Y.; Li, T.; Zhang, Y.B. Robust metal–triazolate frameworks for CO2 capture
from flue gas. J. Am. Chem. Soc. 2022, 142, 2750–2754. [CrossRef] [PubMed]

22. Wu, C.; Chou, L.Y.; Long, L.; Si, X.; Lo, W.S.; Tsung, C.K.; Li, T. Structural control of uniform MOF-74 microcrystals for the study
of adsorption kinetics. ACS Appl. Mater. Inter. 2019, 11, 35820–35826. [CrossRef] [PubMed]

23. Cui, Y.; Li, B.; He, H.; Zhou, W.; Chen, B.; Qian, G. Metal–organic frameworks as platforms for functional materials. Acc. Chem.
Res. 2016, 49, 483–493. [CrossRef] [PubMed]

24. Deng, Y.; Wu, Y.; Chen, G.; Zheng, X.; Dai, M.; Peng, C. Metal-organic framework membranes: Recent development in the
synthesis strategies and their application in oil-water separation. Chem. Eng. J. 2021, 405, 127004. [CrossRef]

25. Fan, L.; Yu, Q.; Chen, J.; Khan, U.; Wang, X.; Gao, J. Achievements and Perspectives in Metal–Organic Framework-Based Materials
for Photocatalytic Nitrogen Reduction. Catalysts 2022, 12, 1005. [CrossRef]

26. Wang, X.; Yang, X.; Chen, C.; Li, H.; Huang, Y.; Cao, R. Graphene Quantum Dots Supported on Fe-based Metal-Organic
Frameworks for Efficient Photocatalytic CO2 Reduction. Acta. Chim. Sin. 2022, 80, 22–28. [CrossRef]

27. Li, T.; Liu, L.; Zhang, Z.; Han, Z. Preparation of nanofibrous metal-organic framework filter for rapid adsorption and selective
separation of cationic dye from aqueous solution. Sep. Purif. Technol. 2020, 237, 116360. [CrossRef]

28. Seo, P.W.; Khan, N.A.; Jhung, S.H. Removal of nitroimidazole antibiotics from water by adsorption over metal–organic frameworks
modified with urea or melamine. Chem. Eng. J. 2017, 315, 92–100. [CrossRef]

29. Kalaj, M.; Bentz, K.C.; Ayala, S., Jr.; Palomba, J.M.; Barcus, K.S.; Katayama, Y.; Cohen, S.M. MOF-polymer hybrid materials: From
simple composites to tailored architectures. Chem. Rev. 2020, 120, 8267–8302. [CrossRef]

30. Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and electrospun nanofibers: Methods, materials, and applications. Chem. Rev. 2019,
119, 5298–5415. [CrossRef]

31. Jian, S.; Chen, Y.; Shi, F.; Liu, Y.; Jiang, W.; Hu, J.; Han, X.; Jiang, S.; Yang, W. Template-Free Synthesis of Magnetic La-Mn-Fe
Tri-Metal Oxide Nanofibers for Efficient Fluoride Remediation: Kinetics, Isotherms, Thermodynamics and Reusability. Polymers
2022, 14, 5417. [CrossRef]

32. Venkatesan, M.; Veeramuthu, L.; Liang, F.C.; Chen, W.C.; Cho, C.J.; Chen, C.W.; Chen, J.Y.; Yan, Y.; Chang, S.H.; Kuo, C.K.
Evolution of electrospun nanofibers fluorescent and colorimetric sensors for environmental toxicants, pH, temperature, and
cancer cells–A review with insights on applications. Chem. Eng. J. 2020, 397, 125431. [CrossRef]

33. Zhao, R.; Shi, X.; Ma, T.; Rong, H.; Wang, Z.; Cui, F.; Zhu, G.; Wang, C. Constructing mesoporous adsorption channels and
MOF–polymer interfaces in electrospun composite fibers for effective removal of emerging organic contaminants. ACS Appl.
Mater. Inter. 2020, 13, 755–764. [CrossRef]

34. Zhao, R.; Tian, Y.; Li, S.; Ma, T.; Lei, H.; Zhu, G. An electrospun fiber based metal–organic framework composite membrane
for fast, continuous, and simultaneous removal of insoluble and soluble contaminants from water. J. Mater. Chem. A 2019,
7, 22559–22570. [CrossRef]

35. Jian, S.; Cheng, Y.; Ma, X.; Guo, H.; Hu, J.; Zhang, K.; Jiang, S.; Yang, W.; Duan, G. Excellent fluoride removal performance by
electrospun La–Mn bimetal oxide nanofibers. New J. Chem. 2022, 46, 490–497. [CrossRef]

36. Jian, S.; Tian, Z.; Zhang, K.; Duan, G.; Yang, W.; Jiang, S. Hydrothermal synthesis of Ce-doped ZnO heterojunction supported on
carbon nanofibers with high visible light photocatalytic activity. Chem. Res. Chin. Univ. 2021, 37, 565–570. [CrossRef]

37. Mahmoodi, N.M.; Oveisi, W.; Taghizadeh, A.; Taghizadeh, M. Synthesis of pearl necklace-like ZIF-8@chitosan/PVA nanofiber
with synergistic effect for recycling aqueous dye removal. Carbohyd. Polym. 2020, 227, 115364. [CrossRef]

38. Dou, Y.; Zhang, W.; Kaiser, A. Electrospinning of metal–organic frameworks for energy and environmental applications. Adv. Sci.
2020, 7, 1902590. [CrossRef]

39. Lu, A.X.; McEntee, M.; Browe, M.A.; Hall, M.G.; DeCoste, J.B.; Peterson, G.W. MOFabric: Electrospun nanofiber mats from
PVDF/UiO-66-NH2 for chemical protection and decontamination. ACS Appl. Mater. Inter. 2017, 9, 13632–13636. [CrossRef]

http://doi.org/10.1016/j.cej.2016.03.121
http://doi.org/10.1016/j.jhazmat.2007.11.014
http://doi.org/10.1016/j.jece.2020.103988
http://doi.org/10.1016/j.cej.2022.136851
http://doi.org/10.1021/acsnano.1c10093
http://doi.org/10.1016/j.ijbiomac.2022.03.011
http://doi.org/10.1002/adfm.202207723
http://doi.org/10.1021/jacs.9b12879
http://www.ncbi.nlm.nih.gov/pubmed/31968944
http://doi.org/10.1021/acsami.9b13965
http://www.ncbi.nlm.nih.gov/pubmed/31502435
http://doi.org/10.1021/acs.accounts.5b00530
http://www.ncbi.nlm.nih.gov/pubmed/26878085
http://doi.org/10.1016/j.cej.2020.127004
http://doi.org/10.3390/catal12091005
http://doi.org/10.6023/A21100455
http://doi.org/10.1016/j.seppur.2019.116360
http://doi.org/10.1016/j.cej.2017.01.021
http://doi.org/10.1021/acs.chemrev.9b00575
http://doi.org/10.1021/acs.chemrev.8b00593
http://doi.org/10.3390/polym14245417
http://doi.org/10.1016/j.cej.2020.125431
http://doi.org/10.1021/acsami.0c20404
http://doi.org/10.1039/C9TA04664J
http://doi.org/10.1039/D1NJ04976C
http://doi.org/10.1007/s40242-021-1114-6
http://doi.org/10.1016/j.carbpol.2019.115364
http://doi.org/10.1002/advs.201902590
http://doi.org/10.1021/acsami.7b01621


Molecules 2023, 28, 760 13 of 13

40. Xie, A.; Cui, J.; Yang, J.; Chen, Y.; Lang, J.; Li, C.; Yan, Y.; Dai, J. Graphene oxide/Fe (III)-based metal-organic framework
membrane for enhanced water purification based on synergistic separation and photo-Fenton processes. Appl. Catal. B-Environ.
2020, 264, 118548. [CrossRef]

41. Leus, K.; Krishnaraj, C.; Verhoeven, L.; Cremers, V.; Dendooven, J.; Ramachandran, R.K.; Dubruel, P.; Van der Voort, P. Catalytic
carpets: Pt@ MIL-101@ electrospun PCL, a surprisingly active and robust hydrogenation catalyst. J. Catal. 2018, 360, 81–88.
[CrossRef]

42. Chen, C.; Zhang, W.; Zhu, H.; Li, B.G.; Lu, Y.; Zhu, S. Fabrication of metal-organic framework-based nanofibrous separator via
one-pot electrospinning strategy. Nano Res. 2021, 14, 1465–1470. [CrossRef]

43. Xue, B.; Du, L.; Jin, J.; Meng, H.; Mi, J. In situ growth of MIL-88A into polyacrylate and its application in highly efficient
photocatalytic degradation of organic pollutants in water. Appl. Surf. Sci. 2021, 564, 150404. [CrossRef]

44. Viswanathan, V.P.; Mathew, S.V.; Dubal, D.P.; Adarsh, N.N.; Mathew, S. Exploring the Effect of Morphologies of Fe (III) Metal-
Organic Framework MIL-88A (Fe) on the Photocatalytic Degradation of Rhodamine B. ChemistrySelect 2020, 5, 7534–7542.
[CrossRef]

45. Wang, L.; Zhang, Y.; Li, X.; Xie, Y.; He, J.; Yu, J.; Song, Y. The MIL-88A-derived Fe3O4-carbon hierarchical nanocomposites for
electrochemical sensing. Sci. Rep. 2015, 5, 14341. [CrossRef]

46. Liu, W.; Zhou, J.; Ding, L.; Yang, Y.; Zhang, T. MIL-88/PVB nanofiber as recyclable heterogeneous catalyst for photocatalytic and
Fenton process under visible light irradiation. Chem. Phys. Lett. 2020, 749, 137431. [CrossRef]

47. He, J.; Wang, W.; Sun, F.; Shi, W.; Qi, D.; Wang, K.; Shi, R.; Cui, F.; Wang, C.; Chen, X. Highly efficient phosphate scavenger
based on well-dispersed La (OH)3 nanorods in polyacrylonitrile nanofibers for nutrient-starvation antibacteria. ACS Nano 2015,
9, 9292–9302. [CrossRef]

48. Ninwiwek, N.; Hongsawat, P.; Punyapalakul, P.; Prarat, P. Removal of the antibiotic sulfamethoxazole from environmental water
by mesoporous silica-magnetic graphene oxide nanocomposite technology: Adsorption characteristics, coadsorption and uptake
mechanism. Coll. Surf. A 2019, 580, 123716. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.apcatb.2019.118548
http://doi.org/10.1016/j.jcat.2018.01.018
http://doi.org/10.1007/s12274-020-3203-0
http://doi.org/10.1016/j.apsusc.2021.150404
http://doi.org/10.1002/slct.202001670
http://doi.org/10.1038/srep14341
http://doi.org/10.1016/j.cplett.2020.137431
http://doi.org/10.1021/acsnano.5b04236
http://doi.org/10.1016/j.colsurfa.2019.123716

	Introduction 
	Results and Discussion 
	Preparation and Characterization of the pMIL-88A/PAN NFMs 
	Adsorption Performance of the NFMs 
	Dye Removal Efficiencies 
	Adsorption Kinetics of pMIL-88A/PAN NFM 
	Adsorption Isotherms of pMIL-88A/PAN NFM 
	Recyclability of the pMIL-88A/PAN NFM 


	Materials and Methods 
	Materials 
	Preparation of NFMs 
	Characterization 
	Adsorption and Desorption Experiments 
	Adsorption Experiments 
	Desorption Experiments 


	Conclusions 
	References

