Open Access Article. Published on 10 June 2024. Downloaded on 12/10/2025 12:22:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue,

i ") Check for updates ‘

Cite this: RSC Adv., 2024, 14, 18432

Received 22nd April 2024
Accepted 3rd June 2024

DOI: 10.1039/d4ra02962c

Efficient removal of methyl orange and
ciprofloxacin by reusable Eu-TiO,/PVDF
membranes with adsorption and photocatalysis
methods+

Jiao Wang, ©* Hemu Pi, Panchao Zhao and Na Zhou

The presence of methyl orange (MO) and ciprofloxacin (CIP) in wastewater poses a serious threat to the
environment and human health. Titanium dioxide nanoparticles (TiO, NPs) are widely studied as
photocatalysts for wastewater treatment. However, TiO, NPs have the drawbacks of high energy
required for activation, fast electron—hole pair recombination and difficulty in recovering from water. To
overcome these problems, europium decorated titanium dioxide/poly(vinylidene fluoride) (Eu-TiO,/
PVDF) membranes were successful prepared in this work by combining the modified sol-gel method
and the immersion phase inversion method. The Eu-TiO,/PVDF membranes obtained with the increase
of Eu-TiO, NPs content during the preparation process were named M1, M2 and M3, respectively. The
pure PVDF membrane without the addition of Eu—-TiO, NPs was named MO, which was prepared by the
immersion phase inversion method and served as a reference. The prepared Eu-TiO,/PVDF membranes
could not only adsorb MO, but also degrade CIP under visible-light irradiation. Moreover, the Eu-TiO,/
PVDF membranes exhibited adsorption—photocatalytic activity towards a mixture of MO and CIP under
visible-light irradiation. Last but not the least, the Eu-TiO,/PVDF membranes exhibited excellent
recyclability and reusability, opening the avenue for a possible use of these membranes in sewage-

rsc.li/rsc-advances treatment plants.

1. Introduction

Dyes and antibiotics are detected frequently in wastewater, due
to their widespread application.” Methyl orange (MO), as
a typical azo dye, has been used to dye textiles.*® It contains
a nitrogen to nitrogen double bond (-N=N-), which is difficult
to be degraded.®” Due to its toxicity and water solubility, the
presence of MO in water is very harmful to human health and
the environment.>® Ciprofloxacin (CIP), as a common antibi-
otic, is heavily used as the medicine in human activities.*® Its
residue can cause eco-toxicological effects and enhance the
resistance of bacteria in water.**° Therefore, the removal of MO
and CIP from wastewater is an urgent problem to be solved.
However, traditional wastewater treatment methods,
including flocculation, reverse osmosis, precipitation and ion
exchange, have some limitations such as expensive equipment,
secondary pollution, slow treatment rate and complex
operation.”™** Photocatalysis, as an important method in
advanced oxidation progresses, has become a research hotspot
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in wastewater treatment due to its green energy-saving, easy
operation, safety, low cost and no secondary pollution.**¢

As a typical photocatalyst, titanium dioxide (TiO,) has been
used in photocatalysis because of its non-toxicity, low cost and
chemical inertness."”** However, TiO, has a large bandgap,
which is needed for photocatalytic degradation of pollutants in
water under ultraviolet (UV) irradiation.* UV radiation accounts
for only 5% of the energy in solar radiation, while visible light
accounts for 43%.*° Therefore, improving the visible-light
photocatalytic activity of TiO, can better utilize solar light,
thereby saving energy. In this work, TiO, was decorated with the
rare earth metal europium (Eu) to enhance its photocatalytic
activity under visible-light irradiation. The specific benefits of
Eu modified TiO, are as follows: (1) the decoration of Eu can
narrow the bandgap of TiO, to achieve its absorption of visible
light; (2) the f orbitals of Eu can interact with the functional
groups in different pollutants to form complexes, thereby
improving its adsorption capacity for pollutants.*

However, europium-titanium dioxide nanoparticles (Eu-
TiO, NPs) are easily washed away and cannot be well recovered
in wastewater treatment due to their small particle size. In order
to solve this problem, poly(vinylidene fluoride) (PVDF)
membranes®® with good film-forming properties, high
mechanical strength and stable chemical properties were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared for the support of Eu-TiO, NPs and serve as excellent
adsorbents in water treatment. In this work, Eu-TiO,/PVDF
membranes with different Eu-TiO, NPs contents were prepared
via the modified sol-gel method and the immersion phase
inversion method. With the increase of Eu-TiO, NPs content,
the obtained Eu-TiO,/PVDF membranes were named M1, M2
and M3, respectively. The pure PVDF membrane without the
addition of Eu-TiO, NPs was named MO0, which was prepared by
the immersion phase inversion method and served as a refer-
ence. The obtained Eu-TiO,/PVDF membranes could not only
adsorb MO, but also degrade CIP under visible-light irradiation.
In order to study the adsorption or photocatalytic activity and
mechanism of Eu-TiO,/PVDF membranes, the adsorption
kinetics, adsorption isotherms and photocatalytic kinetics
experiments were conducted and analysed. Moreover, the Eu-
TiO,/PVDF membranes exhibited adsorption-photocatalytic
activity towards a mixture of MO and CIP under visible-light
irradiation. Finally, the Eu-TiO,/PVDF membranes exhibited
good regeneration and reusability after adsorption-photo-
catalytic degradation of a mixture of MO and CIP.

2. Experimental section
2.1 Materials

Tetrabutyl titanate (TBOT, 98%), ethanol (CH3;CH,OH, 99.5%),
acetic acid (CH3;COOH, 99.8%), dimethylacetamide (DMAc,
99%), methyl orange (MO, 85%) and hydrochloric acid (HCI,
37%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd (Shanghai, China). Polyvinyl pyrrolidone K30 (PVP) was
purchased from Tokyo Chemical Industry Co., Ltd (Tokyo,
Japan). Europium nitrate hexahydrate (Eu(NO3);-6H,0, 99.9%),
poly(vinylidene fluoride) (PVDF) and ciprofloxacin (CIP, 98%)
were purchased from Aladdin Reagents Co., Ltd (Shanghai,
China).

2.2 Preparation of Eu-TiO, NPs

The modified sol-gel method was used to prepare Eu-TiO,
NPs.? Firstly, 10 mL of TBOT and 30 mL of ethanol were mixed
together under stirring for 10 min to get a transparent yellow
sol, which is labelled as solution A. Secondly, 0.065 g of
Eu(NO;);-6H,0 were dissolved into 10 mL of ethanol. After
complete dissolution, 10 mL of ultrapure water and 5 mL of
acetic acid were added into the former solution to obtain
solution B. Solution A was added dropwise to solution B under
stirring to form a mixture. After a while, the mixture was
put under room temperature to get the gel. The gel was dried
at 80 °C for 7 h and then calcined at 500 °C for 2 h to obtain
Eu-TiO, NPs.

2.3 Preparation of the membranes

Eu-TiO,/PVDF membranes were prepared via the immersion
phase inversion method.**** Firstly, the predetermined quan-
tities of Eu-TiO, NPs were dispersed in 12 mL of DMAc solvent
under stirring. Subsequently, 2 g of PVDF and 0.8 g of PVP were
added into the former suspension with sonication to obtain the
homogenous solution. After 1 h sonication, the solution was
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Table 1 The compositions of MO, M1, M2 and M3

Membrane compositions MO M1 M2 M3
PVDF (g) 2 2 2 2

PVP (g) 0.8 0.8 0.8 0.8
DMAc (mL) 12 12 12 12
Eu-TiO, (g) 0 0.02 0.2 0.4

heated for 8 h at 70 °C under stirring to obtain the casting
solution. The casting solution was casted on the cleaned poly-
ethylene terephthalate (PET) film and immersed into ultrapure
water. After a while, the membrane was naturally separated
from the PET substrate. The obtained Eu-TiO,/PVDF
membranes were immersed in ultrapure water for 24 h and then
dried at room temperature. With the increase of Eu-TiO, NPs
content, the Eu-TiO,/PVDF membranes were named M1, M2
and M3, respectively. Pure PVDF membrane (M0) without the
addition of Eu-TiO, NPs was prepared by the same immersion
phase inversion method. The compositions of M0, M1, M2 and
M3 are shown in Table 1.

2.4 Characterisation of the membranes

Scanning electron microscopy (SEM) SU5000 (Hitachi, Japan)
was used to analyse the structure and morphology of the
membranes. All membranes were treated with platinum sputter
coating prior to SEM observation. The chemical compositions
of the membranes were examined by Fourier Transform
Infrared (FTIR) spectroscopy (Nicolet IS10, Thermo Nicolet
Corporation, USA). IR spectra were acquired in transmission
mode and the wavenumber range was from 4000 to 500 cm ™.
The crystalline phase of all samples was investigated by a Bruker
D8-Advance X-ray diffraction (XRD) system (Germany). The
wettability of water droplets on the membranes' surface was
characterized by using an optical contact angle measurements
instruments (Dataphysics OCA50, Germany). Thermogravi-
metric analyses (TGA) were performed using a Netzsch STA 409
F3 thermal analyser (Germany). The membranes were heated
from 25 to 600 °C (10 °C min~*) and under argon atmosphere
(50 mL min~'). The Brunauer-Emmett-Teller (BET) surface
area of the membranes was computed from the N, adsorption—-
desorption isotherms by using the TriStar II Plus 3.03 (Micro-
meritics, USA).

2.5 Adsorption experiments

All adsorption experiments on the membranes were performed
under dark conditions and at room temperature with a constant
stirring rate. MO absorbance changes were monitored by using
an ultraviolet-visible (UV-Vis) spectrophotometer (UV 3600,
Shimadzu, Japan). The maximum absorbance of the MO
aqueous solution was at 463 nm. For the adsorption kinetic
experiments, 20 cm” of the membranes were added into 50 mL
of the MO aqueous solution (3 mg L") under stirring and dark
conditions. During the adsorption, samples were taken at
different adsorption times of 10 min, 20 min, 30 min, 60 min,
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90 min, 120 min, 150 min and 180 min. For the adsorption
mechanism experiments, 20 cm” of the membranes were added
to each of the MO aqueous solution (50 mL) with different
initial concentrations under dark conditions and stirring. The
initial concentrations of the MO aqueous solution were 1, 3, 5,
20, 30, 60 and 90 mg L™, respectively. Samples were taken after
180 min adsorption.

The equilibrium adsorption capacity g. (mg g~ ') was calcu-
lated by using eqn (1):>%®

ge = (CO - Ce)V (1)

m

where C, (mg L") and C. (mg L") were the initial and equi-
librium concentrations of the pollutant, V (L) was the volume of
the pollutant solution, and m (g) was the mass of the
membranes.

The pseudo-first-order (eqn (2)) and pseudo-second-order
(eqn (3)) models were used to evaluate the adsorption kinetics
of the membranes towards the pollutant.>

Ln(ge — q) = In de — kyt (2‘)

i_ 1 +i (3)
g4 kg qe

where g, (mg g~ ') was the adsorption capacity at time ¢ (min), &,
(min~") and k, (g (mg~' min~")) were the pseudo-first-order and
pseudo-second-order rate constants, respectively.

Langmuir (eqn (4)) and Freundlich (eqn (5)) adsorption
models were used to investigate the adsorption mechanism of
the membranes towards the pollutant.***

C. 1 C.
J’_

qe B KLqm q7m

4)

1
Log ¢. = log K¢ + ;log C. (5)

where C. (mg L) was the equilibrium concentration of the
pollutant, g. (mg g~ ') was the equilibrium adsorption capacity,
qm (mg g~") was the maximum adsorption capacity, K;, and Kg
were the Langmuir and Freundlich adsorption equilibrium
constants, and n was a constant related to adsorption intensity.

2.6 Photocatalytic experiments

The photocatalytic activity of the membranes was evaluated by
the degradation of CIP under visible-light irradiation. A CEL-
HXF300-T3 xenon lamp (China Education Au-light Co., Ltd,
Beijing, China) with a UVIRCUT 420 filter for obtaining light at
wavelength ranging from 420 to 780 nm was used as a visible-
light source. 20 cm® of the membranes were added into
50 mL of the CIP aqueous solution (3 mg L™ ') under stitring.
The mixture was kept in the dark for 30 min to establish the
adsorption-desorption equilibrium. Subsequently, the mixture
was placed under visible-light irradiation and samples were
withdrawn at times 0 min (before irradiation) and after 10 min,
20 min, 30 min, 60 min, 90 min, 120 min, 150 min, 180 min,
210 min of visible-light irradiation. The absorbance changes for
CIP were monitored by UV-Vis spectroscopy and the maximum
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absorbance of the CIP aqueous solution was at 277 nm. The
obtained photocatalytic degradation curve was fitted by using
a pseudo-first-order kinetic model as in eqn (6):*

G
—In— =kt 6
c ©)
where C, (mg L™') was the pollutant concentration at time ¢
(min), C, (mg L") was the pollutant concentration at time zero,

and k (min~") was the degradation rate constant.

2.7 Adsorption-photocatalysis experiments

A mixture of MO and CIP was used as a mixed pollutants model
to evaluate the adsorption-photocatalytic activity of the Eu-
TiO,/PVDF membranes. Firstly, a mixed solution of MO and CIP
(Cmo = Ccrp = 1 mg L") was prepared. 20 cm? of the Eu-TiO,/
PVDF membrane (M2) were added into 50 mL of the afore-
mentioned mixed solution under stirring and dark conditions
for 180 min to reach the adsorption-desorption equilibrium.
During the adsorption process, samples were withdrawn at
30 min, 60 min, 90 min, 120 min, 150 min and 180 min.
Subsequently, the former mixture was placed under visible-light
irradiation with stirring for 180 min. During this process,
samples were withdrawn at 0 min (equivalent to 180 min of the
former adsorption process), 30 min, 60 min, 90 min, 120 min,
150 min and 180 min after visible-light irradiation. The absor-
bance changes of all samples were monitored by UV-Vis
spectroscopy.

Besides, a similar procedure was followed for the recycling
adsorption-photocatalysis experiments: after each adsorption—
photocatalysis experiment, M2 was washed by 0.1 M HCI and
ultrapure water, dried, and reused for the subsequent adsorp-
tion—-photocatalysis experiment of a fresh MO and CIP solution.

3. Results and discussion
3.1 Preparation and characterisation of the membranes

The preparation pathway for the Eu-TiO,/PVDF membranes
(M1, M2 and M3) is illustrated in Scheme 1. The experiment
details are reported in the Experimental section. The Eu-TiO,/
PVDF membranes (M1, M2 and M3) were prepared by the
combination of the modified sol-gel method and the immer-
sion phase inversion method. Pure PVDF membrane (MO)
without the addition of Eu-TiO, NPs was prepared by the
immersion phase inversion method. The morphology and
structure of all membranes were characterised by SEM
measurements.

Fig. 1(a) shows the SEM image of the pure PVDF membrane
(MO0), which has a smooth surface. Most of the pores on M0 are
at the micrometer level, with only a small portion at the nano-
meter level. Fig. 1(b)-(d) show the SEM images of Eu-TiO,/PVDF
membranes (M1, M2 and M3) with different contents of Eu-
TiO, NPs, respectively. The porous size of M1, M2 and M3 is also
from nano to micro scale. When the Eu-TiO, NPs content of the
membranes increases, the pores on the membranes become
smaller, and the number of pores on the membranes also
decrease. Among them, M3 has the smallest number of pores.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Steps for preparing the Eu—TiO,/PVDF membrane.

The possible reason is that the excessive mixed Eu-TiO, NPs
aggregation, which blocks the pores of the membrane and
reduces its pore size.****

EDS analyses of Eu-TiO,/PVDF membranes (M1, M2 and M3)
were performed and the results were collected in Fig. S1, S2 and
Table S1.f According to EDS analyses, the main structural
elements of M1, M2 and M3 are carbon (C), oxygen (O) and
fluorine (F), as expected. Platinum (Pt) was detected on all
membranes, because all membranes were sputtered with Pt
before SEM testing to ensure good conductivity. The presence of
titanium (Ti) in M2 and M3 confirmed that the presence of TiO,.
However, there was no Ti in M1, which might be the lower
content of TiO, of M1. Furthermore, the element composition
determined by EDS showed that the weight percentage of C, O,
F, Pt and Ti. In Table S1,T C, O and F accounted for the main
percentage in M1, M2 and M3, while Ti had a relatively low
percentage. The weight percentage of Ti in M1, M2 and M3 was
0, 0.03% and 1.83%, respectively.

IR spectra of M0, M1, M2 and M3 are shown in Fig. 2(a). All
membranes exhibited distinct characteristic peaks of PVDF,
which included -CH, bending (1402 cm™'), -CF, stretching
(1174 em™") and amorphous phase absorption (876 and
839 cm™").283%3¢ The peak with less intensity at 1664 cm™ "' was
due to C=O0 stretching vibration of PVP.*” The spectra sug-
gested that no changes occurred after the mixture of PVDF with
Eu-TiO, NPs and no residual solvent left on the membranes.

XRD patterns of the pure PVDF membrane (M0) and Eu-
TiO,/PVDF membranes (M1, M2 and M3) are displayed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2(b). MO showed the diffraction peaks at 18.47, 20.24 and
26.88, corresponding to PVDF, with (020), (110) and (021)
diffraction planes.*® Obviously, the characteristic peaks of PVDF
appeared in M1, M2 and M3. Furthermore, for both M2 and M3,
in addition to the characteristic peaks of PVDF, new peaks were
observed at 25.45, 38.88 and 48.83, corresponding to TiO,, with
(101), (004) and (200) planes. These results confirmed the
successful incorporation of TiO, NPs into the membranes. For
M1, the characteristic peaks of TiO, were not obvious, because
the mass of Eu-TiO, NPs was much lower than that of PVDF.
These results are consistent with the characterization results of
EDS mapping (Fig. S1, S2 and Table S11).

Thermal stability is an important criterion for Eu-TiO,/
PVDF membranes before applying these membranes to
different applications. Fig. 3 illustrates the TGA curves of the
pure PVDF membrane (M0) and Eu-TiO,/PVDF membranes
(M1, M2 and M3). When the heat treatment temperature was in
the range of 300-500 °C, the weight loss of all membranes was
notable. The degradation temperature was shifted from 304 °C
(for M0) to 373 °C (for M3), which indicated that the thermal
stability of membranes increased with the enhancement of
Eu-TiO, NPs amount.?*** In addition, the results showed that
the residual mass of M0, M1, M2 and M3 was 40%, 42%, 44%
and 61% at 600 °C, respectively. The pure PVDF membrane
showed higher weight loss than Eu-TiO,/PVDF membranes,
which was due to the enhancement of Eu-TiO, NPs amount
and the good interfacial interactions between PVDF and Eu-
TiO, NPs.>>?°

RSC Adv, 2024, 14,18432-18443 | 18435
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Fig.1 SEM images of (a) MO, (b) M1, (c) M2 and (d) M3.
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Fig. 2 (a) IR spectra and (b) XRD patterns of MO (orange line), M1 (red line), M2 (green line) and M3 (blue line).

The water contact angle for exploring the hydrophilicity of
the membranes is shown in Table 2. The contact angle of the
pure PVDF membrane (MO0) was about 114 + 6°, which sug-
gested that the surface of the pure PVDF membrane (M0) was
hydrophobic.* The contact angle was about 108 + 7° for M1, 92

18436 | RSC Adv, 2024, 14, 18432-18443
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+ 7° for M2 and 56 + 4° for M3, indicating that the contact
angle of the membrane decreased with the increase of Eu-TiO,
NPs content in the membrane. The possible reason was that the
presence of Eu-TiO, NPs with a large number of hydrophilic
groups (Ti-OH) made the membranes hydrophilicity thereby

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA measurements for MO (orange line), M1 (red line), M2
(green line) and M3 (blue line).

Table 2 Contact angles of the membranes with different content of
Eu-TiO, NPs (MO, M1, M2 and M3)

Content of Average contact
Membranes Eu-TiO, (g) angle (°)
Mo 0 114 £ 6
M1 0.02 108 £ 7
M2 0.2 92 +7
M3 0.4 56 + 4

reducing the value of water contact angle.’” In a word,
a decrease in contact angle lead to an increase in the hydro-
philicity of the membrane, which is beneficial for its future
application in water treatment.

The N, adsorption-desorption isotherm in Fig. 4 was carried
out to determine the specific surface area of M0, M1, M2 and
M3. As shown in Table 3, the BET surface area of M0, M1, M2
and M3 was 16.5258, 20.5867, 20.4360 and 26.0562 m”> g,
respectively. Compared with the BET surface area of the pure

40

N w
o o

Quantity adsorbed (cma/g STP)
=)

o

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P )

Fig. 4 Nitrogen adsorption—desorption isotherm of MO (orange line),
M1 (red line), M2 (green line) and M3 (blue line).
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Table 3 The specific surface area of MO, M1, M2 and M3 by BET test

Membranes MO M1 M2 M3

Specific surface area (m”> g~') 16.5258 20.5867 20.4360 26.0562

PVDF membrane (MO0), the BET surface area of Eu-TiO,/PVDF
membranes (M1, M2 and M3) increased, which was attributed
to the introduction of Eu-TiO, NPs. After introducing Eu-TiO,
NPs, the proportion of the smaller pore sizes increased quickly,
while the large void structures decreased or even disappeared.*!

3.2 Adsorption capacity of the membranes towards MO

MO was selected as a target pollutant to evaluate the adsorption
capacity of M0, M1, M2 and M3, respectively. The chemical
structure of MO is shown in Fig. S3(a).t Fig. 5 shows the
adsorption kinetics curves of MO on M0, M1, M2 and M3. The
adsorption percentage of MO was 75% by MO0, 36% by M1, 39%
by M2 and 27% by M3. The data indicated that the adsorption
capacity of the pure PVDF membrane (MO0) was better than Eu-
TiO,/PVDF membranes (M1, M2 and M3). The possible reason
is that the excessive mixed Eu-TiO, NPs aggregation, which
blocks the pores of the membrane and reduces its pore size and
pore numbers.** As a result, the active sites of the membranes
reduced, which prevented the adsorption of MO to the
membranes.

The fitting of pseudo-first-order (eqn (2)) and pseudo-
second-order (eqn (3)) model is shown in Fig. S4 and S5,
respectively, and the kinetic constants are listed in Table 4. The
results indicate that the kinetic data of MO by M0, M1, M2 and
M3 are better fitted with the pseudo-first-order model than with
the pseudo-second-order. Because for M0, M1 and M3, the
correlation coefficient value of the pseudo-first-order model (R*
= 0.9781 for M0, 0.9638 for M1, 0.9611 for M3) is higher than
the one of the pseudo-second-order model (R* = 0.9042 for Mo,
0.9127 for M1, 0.9401 for M3). And for M2, the theoretical

20

~— MO0
— M1

o

F ——M3

o

Adsorption capacity (mg/g)
o
o

0.0 1 1 1 " 1 L
0 50 100 150 200

Time (min)

Fig. 5 Adsorption kinetic curves of MO by MO (orange line), M1 (red
line), M2 (green line) and M3 (blue line) under dark conditions (initial
concentration of MO: 3 mg LY.
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Table 4 Model parameters of adsorption kinetics for MO adsorption on M0, M1, M2 and M3
Pseudo-first-order model Pseudo-second-order model

Membranes Geerp (M) ge (mg g™ ki (min™") R ge (mgg™) k> (g (mg™" min™")) R

MO 1.73 1.66 0.01527 0.9781 1.79 0.01695 0.9042
M1 0.92 1.20 0.01203 0.9638 0.86 0.04035 0.9127
M2 1.02 1.02 0.01757 0.8551 0.98 0.03292 0.8664
M3 0.73 0.62 0.01181 0.9611 0.65 0.07445 0.9401

equilibrium adsorption capacity of the pseudo-first-order
(1.02 mg g™ ") is the same with the actual equilibrium adsorp-
tion capacity (geexp = 1.02 mg g ). It is usually observed that
when adsorption diffusion occurs through the interface, the
dynamics follow this pseudo-first-order equation.”” The
adsorption kinetics of M0, M1, M2 and M3 towards MO are
more fit the pseudo-first-order model, suggesting that the
adsorption rate decreased linearly with the increase of adsorp-
tion capacity.””*

The experimental adsorption isotherm for MO adsorption on
MO, M1, M2 and M3 (Fig. 6) indicates that the maximum
adsorption capacity of the membranes towards MO reached 3.5,
4.8,2.2 and 4.7 mg g ', respectively, after 180 min of adsorption.

a
T

N
T

Langmuir and Freundlich adsorption isotherms obtained using
eqn (4) and (5) are presented in Fig. S6 and S7,t and the
parameters are listed in Table 5. The Langmuir adsorption
model states that the adsorption of the adsorbate is limited to
a single layer and the adsorbent sites are homogeneous.**** It
means that there is no interaction between the adsorbents, and
each adsorbent occupies only one adsorption site. The Freund-
lich adsorption model implies multilayer adsorption, which
results in different adsorption energies, because the adsorption
sites on the surface of the adsorbent are heterogeneous.? Fig. S6,
S7t1 and Table 5 indicate that the data of M0, M1 and M2 are
better fitted with the Langmuir adsorption model than with the
Freundlich one, and the data of M3 are better fitted with the
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Fig. 6 Adsorption isotherm curves of MO by (a) MO, (b) M1, (c) M2 and (d) M3 under dark conditions.
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Table 5 Model parameters of the Langmuir and Freundlich models for MO adsorption on MO, M1, M2 and M3

Langmuir constants

Freundlich constants

Membranes Ky (L mg ™) gm (mg g™ R Ke (mgg™) 1/n R

Mo 0.1101 3.23 0.8736 1.23 0.1699 0.6653
M1 0.2354 5.05 0.9717 1.43 0.3011 0.7740
M2 0.3092 2.05 0.9738 1.08 0.1592 0.4072
M3 0.2564 5.12 0.9590 1.29 0.4106 0.9808

Freundlich adsorption model than with the Langmuir one. The
evidence is that for M0, M1 and M2, the correlation coefficient
value of the Langmuir adsorption model (R* = 0.8736 for MO,
0.9717 for M1, 0.9738 for M2) is higher than the one of the
Freundlich adsorption model (R* = 0.6653 for M0, 0.7740 for M1,
0.4072 for M2). However, for M3, the correlation coefficient value
of the Freundlich adsorption model (R* = 0.9808) is higher than
the one of Langmuir adsorption model (R* = 0.9590). Therefore,
the adsorption sites on the surface of M0, M1 and M2 are
uniform and the rate determining step in the adsorption process
is the interaction between MO and the adsorption sites of the
membranes (MO, M1 and M2). It can be presumed that the
adsorption of MO on M0, M1 and M2 mainly occurs through MO
to the porous structure on the membranes. As for M3, the
adsorption sites on its surface are heterogeneous with the
different adsorption energies, that is, the active site of the
adsorption is more than one. The possible adsorption mecha-
nism of M3 is that MO adsorbed through porous structure and
the Eu-TiO, NPs effect on M3.

3.3 Photocatalytic activity of the membranes towards CIP
under visible-light irradiation

CIP was selected to evaluate the photocatalytic activity of the
membranes under visible-light irradiation. The chemical
structure of CIP is shown in Fig. S3(b).f The concentration of

o
5
0.7 | MO
—— M1
—t ]2
06 ——M3
05 1 1 i 1 i 1 1
0 50 100 150 200

Time (min)

Fig.7 Time-dependent variation of the concentration of CIP solution
exposure to visible light in the presence of MO (orange line), M1 (red
line), M2 (green line) and M3 (blue line) (initial concentration of CIP:
3Img LY.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Table 6 Photocatalytic degradation efficiency and degradation rate
constants for CIP on MO, M1, M2 and M3

Membranes Degradation efficiency (%) k (min™")
MO 0 0

M1 4 3.2x10°°
M2 16 6.9 x 107*
M3 21 8.8 x 10°*

CIP is barely changed under visible-light irradiation in the
absence of the photocatalyst (Fig. S8(a)t). The photo-
degradation of CIP was studied by acquiring the absorption
spectra of the CIP solution at different times of visible-light
irradiation in the presence of M0, M1, M2 and M3, as shown
in Fig. S9.7

In Fig. 7, the variation of CIP concentration over time shows
that after 210 min of visible-light exposure, the concentration of
CIP decreased by 0, 4%, 16% and 21% in the presence of M0, M1,
M2 and M3, respectively. The results show that there was no
degradation of CIP in the presence of M0 under visible-light irra-
diation, because of the absence of Eu-TiO, NPs. Besides, when
using photocatalysts from M1 to M3, the photocatalytic degrada-
tion efficiency of CIP increased. The possible reason is that the
content of Eu-TiO, NPs increased from M1 to M3. Therefore, Eu-
TiO, NPs played a photocatalytic role in the membranes.

The pseudo-first-order kinetic model (eqn (6)) is used to
analyse the degradation kinetics of CIP by the membranes.
Fig. S101 and Table 6 show that the degradation rate constant of
CIP in the presence of M1, M2 and M3 was 3.2 x 10" °, 6.9 x
10* and 8.8 x 10~ * min!, respectively. The degradation rate
constant for M3, in the case of CIP, was about 1.3 times higher
than that for M2 and was about 275 times higher than that for
M1. It could be ascribe that the content of Eu-TiO, NPs in M3
was 2 times higher than that of M2 and was 20 times higher
than that of M1. The results indicated that within a certain
range, as the Eu-TiO, NPs content of the membranes increased,
the photocatalytic degradation efficiency of the Eu-TiO,/PVDF
membranes towards CIP increased.

3.4 Adsorption-photocatalytic activity of the membrane
towards a mixture of MO and CIP

The adsorption-photocatalytic activity of the Eu-TiO,/PVDF
membrane towards a mixture of MO and CIP was investigated.
M2 was used to evaluate the adsorption-photocatalytic activity

RSC Adv, 2024, 14,18432-18443 | 18439
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(a) Temporal variation of the MO and CIP mixture's absorption spectrum and (b) kinetic curve of the mixture of MO and CIP solution in the

presence of M2 under 180 min dark conditions and subsequent 180 min visible-light irradiation (initial concentration of MO and CIP: 1 mg L™Y).

of the Eu-TiO,/PVDF membrane, as it showed relatively good
adsorption and photocatalytic performance in former experi-
ments. In this experiment, M2 was added into a mixture of the
equiconcentrated MO and CIP solution (1 mg L") and placed
under stirring and dark conditions at first, subsequently, under
visible-light irradiation. After 180 min of dark adsorption, the
adsorption-desorption equilibrium reached and the mixture
was placed under visible-light irradiation. It is worth noting that
in the absence of the photocatalyst, the concentration of CIP or
MO remains almost unchanged under visible-light irradiation
(Fig. S871). Fig. 8 shows the adsorption and photocatalytic
degradation of the mixture of MO and CIP by M2. Fig. 8(b) was
obtained by plotting the registered absorbance values at the
maximum absorption wavelengths of CIP (277 nm) and MO (463
nm). It is important to underline that only MO absorbs light at
463 nm, while the absorbance at 277 nm stems from the
contribution of both MO and CIP. The removal percentage of
MO and CIP by M2 was 95% and 19%, respectively, after
360 min, namely after both the dark adsorption and photo-
catalytic experiments were performed.

0.04 -

MO, 463nm

(%]
S 002} T

£ 3
IIII‘III

0.00 -

Time (min)

1 I 1
0 100 200 300 400

In order to study the adsorption-photocatalytic kinetics of
M2 towards MO, data were collected at 463 nm from 0 min to
360 min (Fig. 9(a)). In Fig. 9(a), the adsorption of MO by M2
accounted for a significant proportion. Therefore, the pseudo-
first-order (eqn (2)) and pseudo-second-order (eqn (3)) models
were selected to evaluate the adsorption-photocatalysis kinetics
of M2 towards MO in this study. Fig. S111 and Table 7 show that
the kinetic data are better fitted with a pseudo-second-order
model than with a pseudo-first-order one: the correlation coef-
ficient value of the pseudo-second-order model (R*> = 0.9582) is
higher than that of the pseudo-first-order one (R> = 0.2837).
According to the pseudo-second-order model, the adsorption
rate depends on the adsorption capacity not on the concentra-
tion of adsorbate and the rate-determining step in the adsorp-
tion process is the interaction of MO with the adsorption
sites of M2.>7°

At 277 nm (maximum absorption value for CIP), both MO
and CIP absorb light. Therefore, the absorbance of CIP at
277 nm was calculated by subtracting the absorbance of MO at
277 nm from the absorbance of the mixture of MO and CIP at

(b)

0.15 -

P g

Absclp. 277nm
4
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o
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Fig. 9 Time-dependent variation of the absorbance of (a) MO at 463 nm and (b) CIP at 277 nm withdraw from a mixture of MO and CIP in the

presence of M2 (initial concentration of MO and CIP: 1 mg L ™).
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Table 7 Model parameters of adsorption—photocatalysis kinetics for MO and CIP in the presence of M2

Pseudo-first-order model

Pseudo-second-order model

Pollutants Geexp (Mg g ge (mg g™ ky (min™") R ge (mgg™) k; (g (mg™" min™")) R
MO 0.55 0.62 0.02253 0.2837 0.62 0.03538 0.9582
CIP 0.13 0.11 0.00592 0.6901 0.16 0.03545 0.4117
(@ (b)
80 ] ] 40
::-; 60 | % wl
[ [
3 8
@ @
S 4w} S 20}
g g
g g
Q Q
© o oot
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1 2 3 4 5 1 2 3 4 5
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Fig. 10 Recycling experiments of M2 adsorbing—degrading a mixture of MO and CIP: removal percentage of (a) MO and (b) CIP.

the same wavelength (Fig. 9(b)). The pseudo-first-order (eqn (2))
and pseudo-second-order (eqn (3)) models were used to evaluate
the adsorption-photocatalytic degradation kinetics of M2
towards CIP. Fig. S121 and Table 7 show that the kinetic data
are better fitted with a pseudo-first-order model than with
a pseudo-second-order one: the correlation coefficient value of
the pseudo-first-order model (R*> = 0.6901) results higher than
that of the pseudo-second-order one (R* = 0.4117). According to
the pseudo-first-order model, the rate of change of solute
uptake with time is directly proportional to difference in satu-
ration concentration and the amount of solid uptake with time,
which is generally applicable over the initial stage of an
adsorption process.”” It is commonly observed that kinetics
followed the pseudo-first-order model when adsorption occurs
through diffusion through the interface.”

3.5 Reusability of the membranes

Based on the easy separation and recovery characteristics of the
PVDF membrane, the Eu-TiO,/PVDF membranes could be
easily and quickly recycled and reused. In this work, we per-
formed the recycling experiments to assess the adsorption-
photocatalysis performance of the Eu-TiO,/PVDF membrane
(M2) over different adsorption-photocatalytic cycles. A mixture
of MO and CIP was used as the model mixed pollutants for this
experiment. M2 was utilised in the adsorption-photocatalytic
degradation of a mixture of MO and CIP, recovered, washed
with 0.1 M HCI and ultrapure water, and dried before being
used for another adsorption-photocatalytic experiment with
a fresh mixture of MO and CIP solution. This procedure was

© 2024 The Author(s). Published by the Royal Society of Chemistry

repeated for five times. The results for five adsorption-photo-
catalysis cycles are reported in Fig. 10. As shown in Fig. 10(a),
the removal percentage of MO by M2 only slightly decreased
with the number of reutilisations. After five cycles, the amount
of removed MO decreased only 9%, namely from 95% to 86% of
the initial MO amount. Fig. 10(b) shows that after five cycles, the
amount of removed CIP decreased by 15%, namely from 19% to
4% of the initial CIP amount. The small decrease in the removal
efficiency may be due to the loss of active sites caused by the
adsorption on the surface of the catalyst of possibly unreacted
MO/CIP and/or its degradation products.®*** These results indi-
cated that the Eu-TiO,/PVDF membrane possessed good
stability and durability thus opening the path, after further
studies, for a possible future industrial application.

4. Conclusions

In summary, Eu-TiO,/PVDF membranes were prepared by the
combination of the modified sol-gel method and the immer-
sion phase inversion method. The obtained Eu-TiO,/PVDF
membranes were named M1, M2 and M3 with the increase of
Eu-TiO, NPs content. Meanwhile, as a reference, the pure PVDF
membrane (MO) was prepared by the immersion phase inver-
sion method. The obtained membranes could not only adsorb
MO, but also degrade CIP under visible-light irradiation. In
details, the adsorption percentage of MO by M0, M1, M2 and M3
was 75%, 36%, 39% and 27% and the degradation efficiency of
CIP by M1, M2 and M3 was 4%, 16% and 21%, respectively. In
addition, the adsorption rate constant of MO in the presence of
MO, M1, M2 and M3 was 0.01527, 0.01203, 0.01757 and

RSC Adv, 2024, 14,18432-18443 | 18441
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0.01181 min ™" and the degradation rate constant of CIP by M1,
M2 and M3 was 3.2 x 107% 6.9 x 10™* and 8.8 x 10™* min~".
Moreover, the Eu-TiO,/PVDF membrane (M2) showed adsorp-
tion-degradation activity towards a mixture of MO and CIP
under visible-light irradiation. After 360 min of adsorption-
degradation, the removal percentage of MO was 95% and the
removal percentage of CIP was 19%, in the presence of M2.
Finally, due to the use of PVDF membrane as a support, the Eu-
TiO,/PVDF membranes could be easily and quickly recycled and
reused. After five cycles, the removal percentage of MO only
decreased 9% and the removal percentage of CIP decreased
15%. It is foreseen that the Eu-TiO,/PVDF membranes will find
practical utilisation and application in water treatment.
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