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Fabrication of porous beta-cyclodextrin
functionalized PVDF/Fe–MOFmixed
matrix membrane for enhanced
ciprofloxacin removal

Check for updates

Lewis Kamande Njaramba1, Yeomin Yoon2 & Chang Min Park 1

Herein, we demonstrate the synthesis of beta-cyclodextrin (β–CD) functionalized polyvinylidene
fluoride (PVDF) and iron-based metal-organic framework (Fe–MOF) mixed matrix membrane (MMM)
for the enhanced removal of ciprofloxacin (CIP) from water. The membranes were prepared using the
phase inversion technique with PVDF as the polymer matrix, Fe–MOF as the filler, and
polyvinylpyrrolidone (PVP) as the porogen. The optimized MMM with 7% wt. Fe–MOF exhibited
excellent performance with 87.6% removal efficiency. Moreover, the maximum adsorption capacity
was 6.43mg g–1. The β–CD functionalization improved the MMM hydrophilicity exhibited by the water
contact angle (WCA) analysis (WCA = 55°). Furthermore, excellent adsorption performance can be
attributed to the large Fe–MOF specific surface area (682.5 m2 g–1), the high porosity (77%), and the
average pore diameter (395 nm) of themembrane. The inclusion of PVP (1%wt.) enhanced the porous
nature of the MMM and, consequently, the adsorption performance for CIP. Notably, the hydrophilic
and macroporous membrane showed good reusability with over 70% removal efficiency after five
sequential adsorption–desorption cycles. The insights from this study suggest that the PMC–7
membrane can be an excellent candidate for the remediation of organic contaminants from aquatic
environments.

Antibiotics are a class of drugs that are extensivelyprescribed inbothhuman
and animal healthcare for the prevention and treatment of disease and
infection. Ciprofloxacin (CIP) is a second-generation fluoroquinolone
antibiotic whose widespread use and inappropriate disposal have caused
global concern due to its persistent release and bioaccumulation in the
environment, posing a threat to both human and aquatic life1,2. Various
studies have identified CIP and its metabolites in groundwater, surface
runoff, wastewater, and even drinking water at varying concentrations3.
Diverse approaches and technologies have been explored for the removal of
CIP in different environmental matrices, such as adsorption, biodegrada-
tion, advanced oxidation processes, membrane separation, and electro-
chemical degradation4–8. Adsorption is a widely used process due to its ease
of operation, inexpensive, versatility, simplicity, and great efficacy9.

Metal-organic frameworks (MOFs) are porous crystalline materials
made up of metal clusters and organic linkers coupled together by

coordination bonds. MOFs have been rapidly developed and studied in the
removal of organic pollutants due to their attractive attributes, namely large
specific surface area (SSA), multiple reaction sites, thermal, and chemical
stability10,11. In particular, NH2-MIL-88B (Fe–MOF) is one of the most
studied iron (Fe)basedMOFsas adsorbents for organic contaminants12.The
Fe–MOF has plentiful hydrogen-rich organic ligands and amino groups,
which further aid the compatibility with the other molecules via hydrogen
bonds and covalent bonding. Fe-basedMOFs have desirable characteristics
and versatility and have found use in various applications13. Moreover, the
majority of theFe–MOFshave good stabilities inorganic solvents andwater.
However, the use of MOF powders in wastewater treatment faces adverse
challenges such as poor separation and processability, powder agglomera-
tion, and recyclability. To overcome these challenges, it is imperative to
explore different polymer substrates to compoundMOFs and improve their
adsorption, separation, and stability performance.
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Polyvinylidene fluoride (PVDF) polymer has been widely used in
membrane synthesis due to its low cost, chemical, thermal, andmechanical
stability. Thismakes it an ideal substrate choice for immobilizing functional
materials such as MOFs and, thus, the preparation of mixed matrix mem-
branes (MMM). The mixed-matrix concept combines the merits of porous
fillers such as MOFs into the processable polymeric matrix that aids in
overcoming the separation challenges and synergistically enhancing the
performanceof theMMM14,15. Furthermore, different approaches have been
explored to enhance the adsorptive efficacy of PVDF-based membranes,
including surface coating, grafting, copolymerization, and blending16–18.
Furthermore, the membrane morphology and performance can be altered
by controlling its hydrophilicity and porosity. Surface modifications of
polymeric membranes through covalent and non-covalent interactions
have been shown to improve the adhesion of fillers as well as reduce
unwanted agglomerations to improve their performance19. Cyclodextrin
(CD) is a water-soluble cyclic oligosaccharide composed ofmultiple glucose
units coupled by α-(1-4) glycosidic linkages. Beta-cyclodextrin (β–CD) is
capable of host-guest interactions with organic contaminants due to its
truncated cone shape, which contains a hydrophobic inner cavity (C–O–C
and C–H bonds) and a hydrophilic outer surface (primary and secondary
hydroxyl groups)20. Moreover, β–CD is environmentally benign, biode-
gradable, non-toxic, and inexpensive. In addition, it is rich in hydroxyl
functional groups that can serve as coordination sites to effectively form
complexes with organic contaminants. β–CD-based materials have attrac-
ted wide attention in the environmental remediation of various organic
pollutants14,21,22. Pore-forming additives (porogens) such as poly-
vinylpyrrolidone (PVP) are frequently added to improve the porosity and
permeability of membranes. PVP has diverse functional groups that pro-
mote surface modifications and dispersion of nanofillers in the polymeric
matrix23. In this study, PVPwas employed to induce the enlargement of the
macropores in the membrane and thus facilitate the adsorption process.

Machine learning (ML) prediction tools, including random forest,
adaptive neuro-fuzzy inference system (ANFIS), least square support vector
regression (LSSVR), and artificial neural network (ANN) have been widely
employed in various applications in the field of wastewater treatment24–26.
Particularly, ANN has gained tremendous attention in the different envir-
onmental remediation processes in the attempt to elucidate and develop the
complex and nonlinear relationships between input and output variables
due to its adaptability, simplicity, nonlinearity, reliability, and flexibility27.
Moreover, ANNmodels have been applied in the assessment, performance
prediction, and optimization for the removal of various organic
pollutants28–30. However, the use of ANN in the modeling and performance
evaluation of MMM adsorbents for the removal of antibiotics remains
largely unexplored.

Different types of membranes have been developed for the removal of
CIP. For example, Qalyoubi et al. 31 reported an adsorptivemembrane using
polyether sulfone and zirconium phosphate for the removal of CIP. How-
ever, the high removal efficiency was achieved using both adsorption and
membranefiltration processes. Das et al.32 prepared an electrospun cellulose
acetate-based membrane for the removal of CIP and reported a 76%
removal efficiency.Guo et al.33 prepared aPVDFmembrane for the removal
of CIP using membrane distillation, with almost 100% removal efficiency.
Bhattacharya et al.34 developed an ultrafiltration membrane using copper
oxide and titanium dioxide nanoparticles supported over clay/alumina for
the removal of CIP. They reported 99% removal within 60min. However,
the use ofmembrane-based technologies for the removal of antibiotics faces
challenges such as membrane fouling and are usually pressure-driven
processes35. Despite the successes in the preparation of MMMs, they have
been rarely reported for their adsorptive removal of antibiotics.With this in
mind, we designed a simple and efficient β–CD surface functionalized
PVDF-MOF MMM adsorbent. The novelty of this study was the develop-
ment of a facile technique for the construction of a β–CD surface functio-
nalized PVDF-MOF MMM adsorbent for the enhanced removal of CIP.
The composite MMM properties, such as porosity, water contact angle
(WCA), morphology, and thermal stability were studied in detail. In

addition, ANNmodeling using four input variables (time, pH, temperature,
and mass) and two output variables (adsorption capacity and removal
efficiency) was developed to predict the removal of CIP. Finally, the
adsorption performance of MMM, reusability, and the effect of various
effects such as pH, coexisting ions, and contact timeon its performancewere
studied and discussed.

Results and discussion
Characterization of the prepared membranes
Figure 1a exhibits the X-ray diffraction (XRD) pattern of Fe–MOF, β–CD,
PM–7, and PMC–7. Fe–MOF pattern shows typical diffraction peaks at
9.34°, 10.44°, 16.67°, 18.65°, and 20.92° corresponding to (002), (101), (103),
(200), and (202) crystal planes inferring successful synthesis of Fe–MOF
with good crystallinity and consistent with those reported in the
literature36,37. Themain diffraction peaks at 9.34° and 10.44° are also evident
in PM–7 and PMC–7 but with reduced intensity due to the presence of
Fe–MOF (7%) in the PVDF and PVP matrix.

As depicted in Fig. 1b, the Fourier transform infrared spectroscopy
(FTIR) spectra of the Fe–MOF showed absorption peaks at 3474 and
3364 cm−1 attributed to the –NH2 bonds symmetric and asymmetric
vibrations, respectively.The adsorptionbandat 1652 cm−1 is associatedwith
C=N stretching vibration. Peaks at 1575 and 1377 cm−1 are assigned to the
asymmetric and symmetric carboxyl group vibrations, respectively38.
Meanwhile, bands at 1253 and 765 cm−1 are attributed to the C–N
stretching in the benzene ring and C–H bending vibrations in the organic
linkers, respectively. In addition, bands at 770, 575, and 433 cm−1 are
ascribed to theO–Fe–OandFe–Ovibrationmodes39.β–CDshowed abroad
peak at 3320 cm−1 associatedwith the –OHgroup.Moreover, peaks at 2930,
1648, and 1156 are linked to C–H, H–O–H, and C–O vibrations, respec-
tively. Notably, the sharp peak at 1020 cm−1 is linked to C–O–C andC–OH
stretching vibrations40. The peak at 938 cm−1 is ascribed to the skeletal
vibration of α-1,4 linkages in the β–CD structure41. Furthermore, for PM–7
and PMC–7 membranes, the peaks observed at 1079 and 1402 cm−1 are
associated with the C–C and C–H bonds in the PVDF matrix42. The
absorptionpeak at 879 cm−1 is ascribed to theα-phase of thePVDF. Besides,
the peaks at 612 and 487 cm−1 are linked to the –CF2 bending vibrations

43.
Figure 1c illustrates the Raman spectra of the PMC–7 and Fe–MOF.

The band at 1127 cm−1 is assigned to C–COO vibrations. Bands at 827,
1127, and 1620 cm−1 are attributed to the vibrations in the benzene ring of
the MOF44. Bands at 1162 and 1339 cm−1 represent the C–H and C–O
bending vibrations in the benzene ring and the –COOH group of the MOF
ligand, respectively. Furthermore, bands at 1256 and 1423 cm−1 are attrib-
uted to the C–NH2 and –COOvibrations in theMOF ligand. Bands at 1580
and 1620 cm−1 are assigned to the C–C/C=C bonds stretching vibrations.
Bands at 458 and 590 cm−1 are assignable to the Fe–O vibrations45,46.
Importantly, characteristic Fe–MOFbands arepresent in theRamanspectra
of PMC–7, further confirming the successful incorporation of the Fe–MOF
in the membrane.

The thermal stability of the synthesized Fe–MOF, bare PVDF, and
PMC–7 was evaluated through thermogravimetric analysis (TGA) as
exhibited in the TGA weight loss curve in Fig. 1d. Fe–MOF exhibits major
weight loss at 25–330 °C, which is attributable to the vaporization of the
physically and chemically bound water molecules and the organic solvents
trapped in the MOF. The phase loss at 330–560 °C is attributable to the
ligand decomposition and the collapse of the MOF framework. The final
phase loss above 600 °C represents the formation of iron oxide and carbon
composites47,48. Bare PVDF showed excellent thermal stability up to 400 °C
with one significant loss phase (72.33%) from 450–600 °C, which is attrib-
uted to polymer degradation at those elevated temperatures. Meanwhile,
PMC–7 showed four phase losses. The first weight loss (2.38%) below
200 °C is attributable to the vaporization of the physically and chemically
confined water molecules in the β–CD cavity and Fe–MOF. Moreover, the
secondminor phase (3.66%), between 200 and 385 °C, is attributable to the
organic solvent removal and pyrolysis of the β–CD monomer49. The third
stage (13.49%) is attributed to the degradation of the Fe–MOF organic
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linkers and the collapse of the skeletal structure. The final major phase loss
(49.81%) above 500 °C is attributable to the polymer decomposition.
Overall, PMC–7 showeda slightly higher thermal stability compared to bare
PVDF membrane attributed to the addition of Fe–MOF in the PVDF
membrane.

The surface morphologies of the synthesized samples were scanned
using field electron scanning electron microscopy (FE-SEM) and high-
resolution transmission electron microscopy (HR-TEM). As illustrated in
Fig. 2a the bare PVDF shows a smooth surface withmicroporous structures
well distributed evenly on the top surface, attributed to the phase inversion
process and the inclusion of porogen (PVP). Figure 2b shows spindle-
shaped crystals, which are typical of Fe–MOF. The top surface morphology
(Fig. 2c) of the PMC–7 shows a smooth microporous surface with the
spindle crystals distributed on the surface. Furthermore, the cross-sectional
morphology (Fig. 2d) further confirms the voids in themembrane structure
and the inclusionof Fe–MOF into thePVDFmatrix. Figure 2e, f displays the
TEM images of the as-prepared PMC–7 showing aggregated layered sheets.
HR-TEMimage of PMC–7 is displayed in Fig. 2g.Moreover, as illustrated in
Fig. 2h shows the energy dispersive X-ray spectroscopy (EDX) spectra and
the matching elemental mapping of the PMC–7, confirming the uniform
dispersion C, N, O, and Fe elements and the successful synthesis of
the MMM.

The elemental composition and chemical state of PMC–7 were
investigated through X-ray spectroscopy (XPS). Supplementary Fig. 1

illustrates the wide XPS spectrum of the prepared PMC–7 membrane,
confirming the presence of Fe, C, N, O, and F elements. Figure 3a
depicts the C 1s spectra deconvoluted into different species at 284.4,
285.8, 287.2, and 290.3 eV corresponding to the C–C/C=C, C–H, and
the carbon in the carboxylate (O–C=O) group in the Fe–MOF,
respectively. Besides, the peaks at 285.1 eV (C–C) and 286.8 eV
(C–N/C–F) are associated with the –CF2 in the PVDF and alkyl
group in the benzene ring of the Fe–MOF50,51. Moreover, the high-
resolution O 1s spectra profile (Fig. 3b) was deconvoluted into three
peaks at 531.4, 531.6, and 532.5 eV, corresponding to the Fe–O, C=O,
and the O–C=O, respectively52. Furthermore, Fig. 3c illustrates the Fe
2p spectrum, which shows a characteristic peak at 711.8 and 724.4 eV
corresponding to the Fe 2p3/2 and Fe 2p1/2 of Fe–MOF, respectively53.
In addition, peaks at 707.1, 716.9, and 734.6 eV confirm the presence
of Fe3+ oxidation states in the as-prepared PMC–7 membrane54.
Meanwhile, Fig. 3d exhibits the F 1s spectrum showing a character-
istic peak at 685.6 eV belonging to the C–F bond in the PVDF
matrix55.

The membrane’s hydrophilicity/hydrophobicity was determined
through static water contact angle (WCA) measurements. As displayed in
Fig. 4a, the bare PVDF had an average water contact angle of ~67.90°
indicating good hydrophilicity. The inclusion of Fe–MOF in the PVDF
matrix (Fig. 4b) slightly increased the hydrophilicity of the PM–7 mem-
brane (~66.55°). The β–CD surface functionalization further reduced the

Fig. 1 | XRD, FTIR, Raman, and TGA analysis. a XRD pattern and b FTIR spectra of the as-prepared Fe–MOF, β–CD, PM–7, and PMC–7, and c Raman spectra of as-
prepared PMC–7 and Fe–MOF, and d TGA analysis of as-prepared Fe–MOF, bare PVDF, and PMC–7.
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contact angle (~55.65°), making the PMC–7 membrane more hydrophilic,
which is ideal for amembrane adsorbent in aqueous solutions. Importantly,
PVP, commonly used as a polymer additive to alter themembrane porosity,
is hydrophilic in nature and could have improved the hydrophilicity of the
membrane56. Besides, the enhanced hydrophilicity of the PMC–7 can be

attributed to theplentiful–OHgroups in thehydrophilic external surfaces of
the β–CD.

The nitrogen adsorption–desorption isotherm of Fe–MOF is illu-
strated in Supplementary Fig. 2. The MOF exhibited a typical type IV
isotherm with an H3 hysteresis loop. The Fe–MOF had a

Fig. 2 | Morphological analysis. FE-SEM images of a bare PVDF membrane, b Fe–MOF, c top surface morphology, d cross-section morphology, e, f TEM images, g HR-
TEM image, and h EDX spectra and corresponding elemental mapping of PMC–7.
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Brunauer–Emmett–Teller (BET) SSA, average pore diameter, and total pore
volume of 682.4m2 g–1, 2.534 nm, and 0.432 cm3 g–1, respectively. The
mesoporous architecture is key in providing active sites for pollutant
adsorption. Moreover, porosity and pore size distribution were evaluated
and illustrated in Fig. 5 using an automatic mercury intrusion porosimeter,
and the results are summarized inTable 1.ThebarePVDF,PMC–3,PMC–7
without PVP, PMC–7, PMC–3, and PMC–10 membranes had an average

pore diameter of 882.5, 452.2, 196.0, 395.0, and 324.1 nm, respectively. To
further elucidate the synergistic effect of PVP on the membrane perfor-
mance, porosity, and adsorption experimentswere performed. The porosity
of the bare PVDF, PMC–3, PMC– 7 without PVP, PMC–7, and PMC–10
was 83.19, 82.28, 65.23, 77.70, and 63.11%, respectively. Thus, the inclusion
of PVP in the casting solution significantly enhanced theMMMporosity as
displayed in Fig. 5b. PVP hydrophilicity promotes the formation of macro

Fig. 3 | XPS analysis. High-resolution a C 1s, b O 1s, c Fe 2p, and d F 1s XPS spectra of PMC–7.

Fig. 4 | Contact angle analysis. Static water contact angle of a bare PVDF, b PM–7, and c PMC–7.
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voids in the PVDFmembrane during the phase inversion process as well as
the mechanical strength of the fabricated membrane57,58. Notably, as pre-
sented in Supplementary Table 1, the performance of the PMC–7with PVP
was superior in contrast to PMC–7 without PVP, with removal efficiencies
of 87.6 and 54.4%, respectively.

Adsorption performance
Figure 6 illustrates the comparisonof thedifferent fabricatedmembranes for
the adsorption of CIP. PMC–7 showed the best removal performance with
1.9mg g–1, which is fivefold the performance of bare PVDF. The perfor-
mance improvedwith an increase in theMOF ratio, with 7%being themost
optimal ratio. It’sworth noting that a further increase resulted in a decline in
the removal performance, as shown in PMC–10, which can be ascribed to
blockageof thepores andactive sites inside thepolymermatrix as confirmed
by a decrease in the porosity of PMC–10. PM–7 and PMC–7 were chosen
for the subsequent adsorption experiments.

As demonstrated in Fig. 7, the influence of contact time on adsorption
capacity and removal efficiency was investigated. The adsorption occurred
rapidly in the first 60min, and then the rate gradually decreased until
adsorption equilibrium was established as the active sites diminished.
Notably, the highest adsorption capacity and the removal rate for PMC–7
were 1.9mg g–1 and87.6%, respectively compared to 1.6mg g–1 and78.9% for
PM–7. The adsorption in PM–7 can be associated with the considerable SSA
and the porous nature of the Fe–MOF, which provide accessible and abun-
dant adsorption sites. Besides, enhanced adsorption performance could be
attributed to the β–CD functionalization on the surface of PMC–7 through
different interaction mechanisms59,60. Meanwhile, the adsorption kinetic
curves were fitted to the three adsorption kinetic models, namely pseudo-
first-order (PFO), pseudo-second-order (PSO), and Elovich models, as
depicted inFig. 7a. Supplementary Informationprovidesadetaileddiscussion
of the adsorption kinetics. The corresponding rate constants and correlation
coefficient (R2) values are summarized in Supplementary Table 2. Com-
paratively, for PM–7 andPMC–7, the PSOmodel correspondedmost closely
to the experimental results, with higher R2 (0.999) and lower χ2 values, thus
suggesting a chemisorption process for the adsorption of CIP onto PMC–7.

Fig. 5 | Pore structure analysis. a Pore size distribution and b porosity of bare PVDF, PMC–3, PMC–7 without PVP, PMC–7, and PMC–10.

Table 1 | Pore structure characterization

Membrane Porosity (%) Total pore
area (m2 g–1)

Total intrusion
volume (mL g–1)

Average pore dia-
meter (nm)

Bulk den-
sity (gmL–1)

Apparent den-
sity (gmL–1)

Bare PVDF 83.19 23.92 5.278 882.5 0.158 0.938

PMC–3 82.28 36.70 4.149 452.2 0.198 1.119

PMC–7 without PVP 65.23 32.83 1.609 196.0 0.406 1.166

PMC–7 77.70 30.06 2.969 395.0 0.262 1.174

PMC–10 63.11 29.82 2.417 324.1 0.261 0.708

Porosity and pore size distribution of bare PVDF, PMC–3, PMC–7 without PVP, PMC–7, and PMC–10.

Fig. 6 | Adsorption performance. Adsorption capacity of CIP over P, PC, PMC–3,
PM–7, PMC–7, and PMC–10 (Experimental conditions: [CIP]0 = 10 mg L–1,
adsorption time = 360 min, pH = 6, and temperature = 25 ± 2 °C). The error bars
represent the mean ± standard deviation.
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To better elucidate the adsorption behavior of PM–7 and PMC–7
membranes, adsorption isotherm experiments were performed as depicted
in Fig. 8. Langmuir and Freundlich isotherm models were employed to fit
the obtained experimental data. The corresponding fitting parameters, R2,
and the χ2 values are summarized in Supplementary Table 3. For PM–7 and
PMC–7, the PSO model best fitted the experimental results based on the
higher R2 and lower χ2 values. Importantly, the Langmuir and Freundlich
isotherm models R2 values for PMC–7 were 0.981 and 0.898, respectively,
suggesting that the CIP adsorption was a homogeneousmonolayer process.
Besides, the dimensionless factor (RL) values ranged between 0 and 1,
suggesting that the adsorption process was favorable. Moreover, the max-
imum adsorption capacity (qm) was 6.43mg g–1. A comparison of the
adsorption capacities of previously reported adsorbents is presented in
Supplementary Table 4.

Effect of pH
Solution pH is a key variable that influences the adsorption process by
altering the adsorbent surface charge, degree of ionization, and CIP spe-
ciation. CIP (pKa,1 = 6.09 and pKa,2 = 8.74) can exist as cationic CIP+

(pH < 6.09), zwitterionic CIP± (pH = 6.09–8.74), and anionic, CIP–

(pH > 8.74)61. To gain further insight into the effect of pH on the removal of
CIP onto PMC–7, the adsorption performance was evaluated at different
pHs (3–11) as exhibited in Supplementary Fig. 3a. Furthermore, as dis-
played in Supplementary Fig. 3b the zeta potential of PMC–7was negatively
charged for all pH values, and the surface charge decreased with an increase
in pH. The removal rates at pH 3, 5, 7, 9, and 11 were 76.0, 82.5, 86.7, 81.9,
and 64.3%, respectively, suggesting that the adsorption was more favorable
at pH 7. The adsorption performance between pH 3–7 can be attributed to
electrostatic interactions between the cationic CIP+ and zwitterionic CIP±

forms and the negatively chargedmembrane.On the other hand, in alkaline
conditions, the decrease in performance at pH 9 and 11 can be attributable
to electrostatic repulsion that exists between the anionic CIP– and the
negatively charged membrane at high pH values. This suggests the invol-
vement of other mechanisms in the adsorption of the pollutant.

Effect of coexisting ions and reusability
The presence of various anions and cations in aqueous solutions may affect
the removal of organic pollutants. The effect of coexisting anions such as
chloride (Cl–), bicarbonate (HCO3

–), sulfate (SO4
2–), and nitrate (NO3

–) for
the removal of CIP was illustrated in Supplementary Fig. 4. The order of
interference was as follows Cl– > SO4

2– >NO3
– >HCO3

–. Cl– caused the
most inhibitory effect to have 75.6% removal efficiency, followed by SO4

2–,
which resulted in a 77.9% removal efficiency, NO3

– resulted in an 84.9%
removal efficiency, and finally, HCO3

–, which exhibited minimal inter-
ference on CIP adsorption with an 86.9% removal efficiency. The reduction
could be attributed to the competition with the CIP moieties for the active
sites on theMMMsurface62. Moreover, the effect of cations (Pb2+, K+, Zn2+,
and Mg2+) on the removal of CIP was investigated, as depicted in Supple-
mentary Fig. 4. The order of interferencewas as follows: Zn2+ >Pb2+ >Mg2+

> K+, with 78.6, 81.2, 82.0 and 82.3% removal efficiencies, respectively. The
inhibitory effect on the removal performance in the presence of coexisting
ions is attributed to the competition for plentiful active sites through elec-
trostatic interactions and complexation effects between the cations and the
negatively charged PMC–763. Furthermore, to investigate the feasibility of
practical applications of the synthesized PMC–7 a comparative analysis was
performed using different water sources such as tap water (from our
laboratory), surface water (Sincheon river water, Daegu), and wastewater
(Sincheon sewage treatment plant, Daegu). As illustrated in Supplementary
Fig. 5, the observed removal efficiencies slightly reduced in the tap water
(86.8%), surface water (83.2%), and wastewater (81.6%), and this can be
attributed to the various coexisting ions in the water, which might interfere
with the adsorption process. The efficient removal efficiencies in different

Fig. 7 | Adsorption kinetics. Effect of contact time on adsorption capacity and removal rate for CIP over PM–7 and PMC–7 (Experimental conditions: [CIP]0 = 10 mg L–1,
adsorption time = 0–720 min, pH = 6, and temperature = 25 ± 2 °C). The error bars represent the mean ± standard deviation.

Fig. 8 | Adsorption isotherms. Effect of CIP concentration on adsorption capacity
over PM–7 and PMC–7. Solid and dashed lines indicated curves fitted using the
Langmuir and Freundlich isotherm models (Experimental conditions:
[CIP]0 = 1–100 mg L–1, adsorption time = 360 min, pH = 6, and
temperature = 25 ± 2 °C). The error bars represent the mean ± standard deviation.
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Fig. 9 | Reusability of PMC–7. a Effect of different desorbing agents on the
adsorption of CIP over PMC–7. b Five regeneration cycles for CIP adsorption over
PMC–7 using 0.1 M NaOH as a desorbing agent (Experimental conditions:

[CIP]0 = 10 mg L–1, adsorption time = 360 min, and temperature = 25 ± 2 °C). The
error bars represent the mean ± standard deviation.

Fig. 10 | Prediction of adsorption efficiency. Training, validation, testing, and all dataset plots for the evaluation of the ANN model in the removal of CIP.
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water sources indicate that PMC–7has an excitingprospect to beused in the
practical applications for the removal of CIP.

The reusability of the optimized PMC–7 was evaluated using different
desorbing agents, including water, ethanol, methanol, 0.1M NaOH, and
0.1MHCl, as depicted inFig. 9a. 0.1MNaOHshowed thebest performance
after one cycle and was therefore used in five subsequent cycles as depicted
in Fig. 9b. It’s worth noting that the spent membrane after each cycle was
washed in the desorbing agent, rinsed with DI water, and left to dry in
ambient conditions before the next cycle. The adsorption performance
gradually decreased with each cycle, attributed to the loss of materials and
several active sites in the membrane. Notably, the hydrophilic and macro-
porous membrane showed good reusability with over 70% removal effi-
ciency after five successive adsorption–desorption cycles. The XRD profile
before and after the adsorption (Supplementary Fig. 6) shows a decrease in
the intensity of the peak, which can be attributed to the adsorption of CIP
onto PMC–7. However, the main diffraction peaks are evident in the used
PMC–7, suggesting that the membrane maintained its structural integrity
and thus good mechanical stability. In addition, the iron leaching con-
centrations (Supplementary Table 5) for Fe–MOF and PMC–7 are below
the required discharge standards. The great reusability and easy separation
suggest that the PMC–7 is a potential adsorbent for the removal of CIP in
large-scale operations. However, real-life and industrial applications are
more difficult because of complex pollutants and coexisting ions compo-
sition, and therefore future studies should be conducted to investigate the
removal of various contaminantsusing theMMMadsorbent aswell as scale-
up studies to measure the viability of an industrial application. Moreover,
column adsorption studies should be conducted for the removal of various
organic pollutants.

Artificial neural network
The artificial neural network (ANN) was employed to predict the adsorp-
tion efficiency for CIP. Amultilayered feed-forward network comprising of
input, hidden, and output (neurons) layers employed the Levenberg-
Marquardt backpropagation learning algorithm30. The ANN model had
four input variables (time, pH, temperature, and mass) and two output
variables (adsorption capacity and removal efficiency). Furthermore, the
number of hiddenneuronswas chosenas 10, as shown in the topology of the
developed ANN network (Supplementary Fig. 7). A random set of

experiments was developed using the Design-Expert software. The ANN
modeling and calculations were performed using MATLAB 2021a neural
network toolbox. The obtained datasets were randomly selected for training
(70%), validation (15%), and testing (15%) of the ANN model. Moreover,
the regression (R) and mean square error (MSE) values were employed as
the performance metric as described in Supplementary Information. The R
values for training, validation, testing, and overall were 0.975, 0.997, 0.988,
and 0.981, respectively, as illustrated in Fig. 10. The high R values imply the
closeness of the obtained and predicted value and further underscores the
potential of ANN in the prediction of the removal of CIP. Performance,
training state, and error histogram plots are illustrated in Supplementary
Fig. 8.

Proposed adsorption mechanism
The FTIR patterns before and after adsorption (Supplementary Fig. 9)
showed a shift and change in the intensities in some peaks, suggesting the
involvement of various functional groups in the CIP adsorption. The sig-
nificant reduction in the peak around 3320 cm−1 suggests the interaction of
the –OHand –NH2 bonds with CIP. Besides, the peak corresponding to the
C–H bond at 2916 cm−1 had a considerable decrease in intensity after the
CIP adsorption. Similarly, the peak at 1020 cm−1 reduced intensity and was
shifted to 1075 cm−1, suggesting the involvement of theC–O–Cgroups. The
peak corresponding to the C=N stretching vibrations at 1652 cm−1

increased in intensity and was shifted to 1575 cm−1. In addition, a new peak
appeared at 1388 cm−1, suggesting the interactions of the carboxyl groups
andCIP.Moreover, as depicted in Supplementary Fig. 10, the analysis of the
XPS profiles before and after the adsorption of CIP was assessed and
compared to gain insights into the involvement of various functional groups
and bonds in the adsorption of the target pollutant. TheC 1s spectra profiles
(Supplementary Fig. 10a) showed a peak shift in the binding energies,
confirming the involvement of C–C/C–H, C–C/C=C, and O–C=O in the
adsorption via π–π interactions and hydrogen bonding. The O 1s XPS
profiles (Supplementary Fig. 10b) illustrate a shift of the binding energies
inferring a strong interaction existed betweenCIP (–OHand –NH2) andO/
N containing functional groups via electrostatic interactions and hydrogen
bonding64. This is confirmedby theplentiful hydrogendonors andacceptors
in the CIP molecule and the synthesized MMM. Moreover, Fe 2p XPS
spectra (Supplementary Fig. 10c) showed a shift in the binding energies and

Fig. 11 | Mechanism of study. Proposed adsorption mechanism for the removal of CIP over PMC–7.
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a slight increase in the intensity of the peaks, proving an interaction between
Fe-containing groups andCIP.Moreover, the Fe–Ogroup can interact with
the CIP molecule via the metal surface complexation mechanisms65,66.

Notably, the high porosity confirmed by the mercury intrusion por-
osimeter and the high surface areas of the Fe–MOF, and PMC–7 can provide
accessible active sites for the binding of theCIP. This suggests the porefilling/
adsorption mechanism is plausible for the adsorption of CIP into the mac-
roporous membrane as described in the literature67,68. The aromatic ring
moieties in the target pollutant can interact with the benzene rings in the
PMC–7 structure via the π–π electron donor–acceptor interactions, thereby
facilitating more adsorption69. Besides, β–CD (host molecule) can form
inclusion complexes with CIP (guest molecule) in the hydrophobic cavity
aided by forces such as van derWaals interactions andhydrogenbonding59,70.
Asdiscussed in the effect of pH, the electrostatic interactions exist between the
negatively charged PMC–7 and the cationic CIP+ and zwitterionic CIP±

forms, furtherpromoting the adsorptionprocess.The adsorptionmechanism
for the removal of CIP onto PMC–7 is summarized in Fig. 11.

Overall, we present a facile technique for the construction of a β–CD
surface functionalized PVDF–MOF mixed matrix membrane for the
enhanced adsorptive removal of CIP. A porous and hydrophilic PMC–7
membrane fabricated through the phase inversion technique exhibited
excellent performance with 87.6% removal efficiency and the maximum
adsorption capacity was 6.43mg g–1. The inclusion of hydrophilic pore-
forming additive, PVP, in the casting solution significantly enhanced the
MMM porosity as well as the hydrophilicity, which is critical in providing
active sites for antibiotic removal. Furthermore, the improved hydro-
philicity of the PMC–7 can be attributed to β–CD surfacemodifications due
to the plentiful –OH groups in the hydrophilic external surfaces of the
β–CD. Significantly, the synthesizedmacroporousmembrane showed good
reusability with over 70% removal efficiency after five successive
adsorption–desorption cycles. The plausible adsorption mechanism can be
attributed to the synergistic involvement of electrostatic interactions, surface
complexation, hydrogen bonding, π–π interactions, and host-guest inclu-
sionmechanisms. The findings and insights from this study suggest that the
PMC–7 membrane had great potential for the removal of CIP and shows
promise for MMM in the adsorption of various organic pollutants.

Methods
Materials
Polyvinylidene fluoride powder (PVDF, M.W.: 543,000), β-cyclodextrin
(β–CD, ≥97.0%) 2-amino terephthalic acid (NH2BDC, 99.0%), N,N-

dimethyl formamide (DMF, 99.5%), N,N-dimethylacetamide (DMAc,
99.0%), sodium hydroxide (NaOH, 98%), ferric chloride hexahydrate
(FeCl3·6H2O,>98.0%), hydrochloric acid (HCl, 99.8%),methanol (CH3OH,
99.8%), and ethanol (C2H5OH, 99.5%) were acquired from Sigma Aldrich
(St. Louis, MO, USA). Acetonitrile (CH3CN, 99.8%) and ciprofloxacin
hydrochloridemonohydrate (C17H18FN3O3·HCl·H2O, lyophilizedpowder)
were obtained from Fisher Scientific. Formic acid (CH2O2, >85%), and
polyvinylpyrrolidone (PVP) were purchased from Dae-Jung Chemicals
(Siheung,Gyeonggi, Republic ofKorea).All the chemicals and reagentswere
used directly without further pretreatment. Supplementary information
provides detailed characterization methods for the materials and as-
prepared samples. The physicochemical properties of CIP and β–CD are
provided in Supplementary Tables 6, 7, respectively.

Synthesis of Fe–MOF
The solvothermal technique was used to synthesize Fe–MOF, as described
in the literature with little modifications54. Typically, 2.51 g amino ter-
ephthalic acid and 3.74 g FeCl3 ∙ 6H2O were dissolved in 300mL of DMF
solution and stirred for 2 h and afterward sonicated for 0.5 h at room
temperature. The aforementioned solution was placed in a Teflon-lined
autoclave, heated to 120 °C, maintained for 20 h, and then cooled to room
temperature. The solution was centrifuged, and the resultant powder was
rinsed with DMF and washed with EtOH three times. Subsequently, the
Fe–MOFwas dried at 80 °C for 12 h and was further utilized to prepare the
mixed matrix membranes.

Preparation of mixed matrix membrane
Typically, a predetermined amount of Fe–MOF was dispersed in DMAc
solvent under sonication for 0.5 h. Then, PVDF and PVP powders were
poured into the solution andmagnetically stirred at 60 °C for 12 h to form a
homogenous casting solution. The casting solution was left to cool under
ambient conditions to remove the bubbles and then spreadon the glass plate
using a bar coater with a thickness of 100 μm. The membranes were
immersed in a distilledwater coagulation bath at room temperature for 24 h
for the phase inversion process. The as-prepared PVDF-MOF membranes
were immersed in a β–CD aqueous solution for 24 h for surface functio-
nalization and subsequently washed with de-ionized water and dried in
ambient conditions anddenoted asPMC.BarePVDF,PVDFwithoutMOF,
and PVDFwithout β–CD functionalizationmembranes were also prepared
using the same procedure and denoted as P, PC, and PM, respectively.
Meanwhile, membranes with varying MOF weight ratios (3, 7, and 10%)

Fig. 12 | Synthesis of materials. Schematic illustration of the preparation of the mixed matrix membranes.
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were prepared and labeled as PMC–3, PMC–7, and PMC–10, respectively.
The casting solution composition of the prepared membranes is presented
in Supplementary Table 8. The preparation route is shown in Fig. 12.

Experimental protocol
Ciprofloxacin hydrochloride monohydrate (CIP) was dispersed in
nano-pure water to form a stock solution with an initial concentration
of 10 mg L–1. A blank test was performed without the adsorbent added
to the solutions to assess any interferences between the wall of poly-
ethylene (PE) bottles and the filter apparatus. Batch adsorption
experiments were performed under ambient conditions, to determine
the adsorption behavior of the as-prepared mixed matrix membranes
(MMMs). The adsorption experiments were performed by adding
MMMs, with predetermined weight, in the 50 mL PE bottles con-
taining 30 mL of the CIP solutions and shaking at 150 rpm for 12 h.
The solution pH values were adjusted with 0.1 M HCl and/or 0.1 M
KOH. After the adsorption, the thin MMMs were removed, and the
residual concentrations in the supernatant were analyzed.

To measure the concentration of the target pollutant, high-
performance liquid chromatography (HPLC, Waters Technologies,
Waters Alliance 2695 series, USA) coupled to a photodiode array system
(PDA 2996 detector,Waters) was used to analyze the concentration of CIP.
The chromatographic measurement of the CIP was performed at a wave-
length of 272 nmby using the Intersil ODS-3 100Å column (150 × 4.6 mm,
5 μmparticle size, GL Science, Japan), and the temperature was maintained
at 40 °C. About 10 µL of sample volume was injected during the analysis,
and a mixed solution of methanol and 0.1% of formic acid with a volume
ratio of 30:70 (v v–1) was used as amobile phase at a flow rate of 1mLmin–1.
The equilibrium adsorption capacity (qe) and the removal efficiency (RE)
were calculated from Eqs. 1 and 2, respectively:

Adsorption capacity; qe mg g�1
� � ¼ Co � Ce

m
V ð1Þ

Removal efficiency;RE %ð Þ ¼ Co � Ce

Co

� �
× 100 ð2Þ

where qe is the amount of concentration of CIP adsorbed on the adsorbent
(mg g–1); C0 and Ce are the initial and equilibrium concentration (mg L–1),
respectively; V is the volume of the solution (L); and m is the mass of
adsorbent (g). All the experiments were performed in triplicates.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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