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Polyoxometalate supported on a magnetic FesO,/
MIL-88A rod-like nanocomposite as an adsorbent
for the removal of ciprofloxacin, tetracycline and

cationic organic dyes from aqueous solutionst

Mona Ashrafi and Saeed Farhadi®*

In this work, a magnetic HzsPW,040/FesO4/MIL-88A (Fe) rod-like nanocomposite as a stable and effective
ternary adsorbent was fabricated by the hydrothermal method and utilized for the removal of ciprofloxacin
(CIP), tetracycline (TC) and organic dyes from aqueous solution. Characterization of the magnetic
nanocomposite was accomplished by FT-IR, XRD, Raman spectroscopy, SEM, EDX, TEM, VSM, BET
specific surface area and zeta potential analyses. The influencing factors on the adsorption potency of
the HzPW1,040/FesO4/MIL-88A (Fe) rod-like nanocomposite including initial dye concentration,
temperature and adsorbent dose were studied. The maximum adsorption capacities of HzPW;,040/
FesO4/MIL-88A (Fe) for TC and CIP were 370.37 mg g~* and 333.33 mg g* at 25 °C, respectively. In
addition, the HzPW;,040/Fes04/MIL-88A (Fe) adsorbent had high regeneration and reusability capacity
after four cycles. In addition, the adsorbent was recovered through magnetic decantation and reused for
three consecutive cycles without a considerable reduction in its performance. The adsorption
mechanism was mainly ascribed to electrostatic and w—m interactions. According to these results,
H3PW1,040/Fes04/MIL-88A (Fe) can act as a reusable effective adsorbent for the fast elimination of
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1. Introduction

The rapid development of industrialization, has led to an
increasing number of water pollutants such as dyes and anti-
biotics entering the environment. Organic dyes are a potential
hazard to human health due to their various harmful effects.**
The most important sources of industrial dye pollutants origi-
nate from different industries such as the textile, cosmetic,
leather, food, pharmaceutical, paint and varnish, and pulp and
paper industries.”® Antibiotics play a major role in human and
animal disease treatment, growth promotion, and prophy-
laxis.>*® Antibiotic pollution is becoming a serious problem.
The main source of this contamination in the aquatic envi-
ronment is wastewater from antibiotic manufacturers, large
scale animal farming, and hospitals."* Tetracycline (TC), which
belongs to polyketides has broad-spectrum antibacterial activ-
ities against various disease-causing pathogens.” Ciprofloxacin
(CIP) is a type of antibiotic that is derived from the fluo-
roquinolones family, and used for healing the contagions
induced by Gram-positive and Gram-negative bacteria.’®
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tetracycline (TC), ciprofloxacin (CIP) and cationic dyes from aqueous solutions.

However, extensive use of antibiotics has resulted in their
frequent detection in the effluents of wastewater treatment
plants (WWTPs). The incomplete metabolism of humans or
animals and the undesirable removal performance of tradi-
tional technologies caused the residual CIP and TC to be
continuously discharged into the natural water. There are many
methods to remove cationic dyes, CIP, and TC, such as elec-
trochemical purification, membrane processes.'** biodegra-
dation, and adsorption process using new adsorbents such as
MOFs and Mxenes to remove different types of antibiotics and
dyes.'*® Adsorption is widely used as an excellent and prom-
ising technique due to the great advantages which are based on
its lower expenses, higher performance, and convenience in
use.19—21

Polyoxometalates (POMs) are a big group of metal-oxygen
clusters having acid-base properties, consisting of primary
transition metals such as tungsten, vanadium, and molyb-
denum.*** POMs are significant metal-oxide clusters with
a highly negative charge and abundant topologies, which have
been employed in many research fields such as optics, magne-
tism, catalysis, and biological medicine.>*** However, there are
some disadvantages for the use of POMs as adsorbents: (1) their
relatively small surface area seriously obstructs accessibility to
the active sites and (2) their excellent solubility in aqueous
solution determines that they cannot be reused and recycled in
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the process of wastewater treatment. To solve these limitations,
substrates including mof have been utilized to anchor poly-
oxometalates to the formation of heterogeneous composites.>*

Metal-organic frameworks (MOFs) are hybrid crystalline
porous materials with structures consisting of a regular array of
positively charged metal ions or metallic clusters associated
with organic linkers.”” MOFs are porous materials with fasci-
nating structures. The high surface area, crystallinity, control-
lable pore size, flexibility, and fictionalization of the porous
surface are some of the main characteristics which determine
the versatility of MOFs.”?*** Among MOFs, one of the most
attractive materials is MIL-88A (Fe). MIL-88A (Fe) was a 3D
structured framework built up from trimers of Fe’" octahedral
linked to fumarate dianions. This structure exhibited a pore-
channel system along the cages (5-7 A).*° Thus, these features
make MIL-88A (Fe) to be a good candidate for environmental
contaminant elimination.

Based on the above considerations, in this paper, a magnetic
H3PW;,0,0/Fe;0,/MIL-88A (Fe) rod-like nanocomposite was
first fabricated by a hydrothermal method, and its chemical
properties and physical structure were characterized. The
adsorption of tetracycline (TC), ciprofloxacin (CIP), and organic
dyes onto the H3PW,;,0,40/Fe;0,/MIL-88A (Fe) and the influ-
ences of the adsorbent dose, primary adsorbate concentration
and temperature on the adsorption process were checked.

2. Experimental

2.1. Materials and procedures

Fumaric acid, iron(m) chloride (FeClz-6H,0, 99%), H3PW;,04
(98%), ammonium iron(m) sulfate ((NH,)Fe(SO4),-12H,0,
98%), ammonium iron(n) sulfate ((NH,4),Fe(SO,),12H,0,
98.5%), ammonia NHj;, methylene blue (C1¢H;3CIN;S, MB,
99%), methyl orange (C;,H;4N3NaO3S, MO, 99%), and rhoda-
mine B (C,gH3,CIN,03,RhB, 99%) were obtained from Merck
company. Tetracycline (C,H,4N,Og TC, 99.5%) and cipro-
floxacin (C;7H;3FN303, CIP, 95.5%) drugs were obtained from
Exir pharmaceutic company (Boroujerd, Iran). All of the chem-
icals were used without further purification.

2.2. Synthesis of iron-based MIL-88A (Fe) nanorods

The sample of MIL-88A (Fe) was prepared through a hydro-
thermal procedure. The accurate action to the synthesis of iron-
based MOF is as follows: FeCl;-6H,0 (1.2 g) and fumaric acid
(0.49 g) were poured into 25 mL Water and the obtained
combine was stirred for 15 min at ambient temperature. The
mixture within a 30 mL Teflon-lined autoclave was transferred
and warmed for 12 h at 65 °C. Then, it was slowly cooled at 25 °C
and the obtained light brown solid was separated through
centrifugation. The solid result was washed with water and also
with ethanol solvent three times. Eventually, the product was
dried in an oven for 1 h at 60 °C.

2.3. Synthesis of magnetic Fe;0,/MIL-88A (Fe) nanorods

The Fe;0,/MIL-88A (Fe) nanocomposite was produced as
follows: FeCls-6H,0 (1.2 g), fumaric acid (0.49 g), Fe;0, (0.1 ),
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in 25 mL of water solvent was poured and the combine was
stirred for 15 min at 25 °C. The mixture within a 30 mL Teflon-
lined autoclave was transferred and warmed at 65 °C for 12 h.
Afterward slowly cooled at 25 °C and the light brown solid
product was separated the solid product was detached from the
solution by applying a magnet and then washed with Water
solvent and dried in an oven at 70 °C for 1 h.

2.4. Synthesis of H;P,W,;,0,0/Fe;0,/MIL-88A (Fe) rod-like
composite

For the fabrication of H;PW;,0,0/Fe;0,/MIL-88A (Fe), 1 g of the
Fe;0,/MIL-88A (Fe) and 1 g of H;PW,;,0,, were solved within
20 mL of deionized water. The combine was stirred at 25 °C for
20 h. The resulting solid was washed through deionized water
and cooled gradually at 25 °C. Finally, the solid product was
detached from the solution by applying a magnet.

2.5. Characterization methods

FTIR spectra were registered with a Shimadzu-8400S spec-
trometer (Japan) in the wavenumber range of 400-4000 cm ™.
Powder XRD patterns were recorded by an X-ray diffractometer
under a current of 40 mA and voltage of 40 kv with Cu Ka
radiation (k = 0.1542 nm). The distribution and morphology of
pure MOF and magnetic nanocomposite were studied utilizing
(SEM, MIRA3 TESCAN) scanning electron microscopy con-
nected with (EDX) energy-dispersive X-ray analysis. Spectra of
UV-vis were performed on a Carry 100 Conc Varian spectro-
photometer. The surface area of the nanocomposites was per-
formed by N, adsorption isotherm with the BET method (Micro
metrics PHS-1020, Japan). The magnetic (VSM) measurement
was checked by MDKFD vibrating magnetometer (Daneshpa-
joohan Co., Iran) via a high magnetic field of 10 kOe. The
adsorption process of dyes was measured on a Varian Cary 100
spectrophotometer (USA). Raman spectra were obtained
using a Raman microscope (Senterra 2009, Germany) with
a 514 nm line.

2.6. Adsorption experiments of drug

The adsorption of TC and CIP was performed in a 50 ml glass
beaker and the adsorption reaction temperature was main-
tained at 25 °C. The removal experiments were carried out in
50 ml reaction volume of TC and CIP 10 mg L' and the
parameters chosen for the optimization are nanoparticle
concentration: 25-100 mg L~ ' and temperature: 25-65 °C. After
the reaction was completed, the adsorbent was separated with
an external magnet. All parallel experiments were performed in
triplicate to ensure accuracy, and the average results were
employed for further data analysis. The main absorbance peak
of TC and CIP was observed at 375 and 326 nm and its removal
efficiency were calculated according to the following equation:
The degradation efficiency (R (%)) is defined as (C, — C/)/C,, x
100%, where C, is the initial concentration of TC and CIP
solution and C; is the remaining concentration of CIP at reac-
tion time ¢.

R (%) = (C, — C;) x 100/C,
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and equilibrium adsorption capacity g. (mg g ') could be
computed:

ge = (Co — C) x Vim

2.7. Adsorption experiments of organic dyes

The adsorption experiments were carried out using cationic
dyes i.e., MB, rhodamine B (RhB), and anionic dye, i.e., methyl
orange (MO) as model organic dye pollutants of the water at 25 ©
C.In a typical experiment, 20 mg of the as-prepared H;PW,,0,4¢/
Fe;0,/MIL-88A (Fe), the hybrid adsorbent was added into 30 ml
of dye aqueous solution with the initial concentration of
30 mg L' and stirred in the dark. The concentrations of MB,
RhB, and MO were determined using UV-visible spectropho-
tometry at wavelengths of 664, 553, and 467 nm, respectively.
The effects of important parameters on the adsorption perfor-
mance, like amount of nanocomposite (10, 20, 30 and 40 mg)
and initial dye concentration (25, 50, 75, 125, 150 and 200 mg),
were studied under similar conditions as described above. To
evaluate the selective adsorption ability of the hybrid nano-
material, 20 mg of H;PW;,0,¢/Fe;0,/MIL-88A (Fe) was stirred
with 30 ml of mixed dyes of MB + MO (C, (MB) = C, (MO) =
30 mg L"), MB + RhB (C, (MB) = C, (RhB) = 30 mg L™ "), MO +
RhB (C, (MB) = C, (RhB) = 30 mg L. ') and the ternary mixture
of MB + MO + RhB (C, (MB) = C, (MO) = C, (RhB) = 30 mg L)
and then the process was monitored using UV-visible spec-
troscopy at given time intervals. The elimination rate (R%) was
computed based on the following equation:

(R%) = (Cy — C)) x 100/C,

3. Results and discussion

3.1. Characterization of the adsorbent

3.1.1. FTIR analysis. The FT-IR spectra of MIL-88A (Fe) (a),
Fe;0, (b), H3zPW;,04 (c), Fe;O0,/MIL-88A (Fe) (d), and
H3PW;,0,0/Fe;0,/MIL-88A (Fe) rod-like composite (e) are dis-
played in Fig. 1. In Fig. 1(a), the broadband at about 3465 cm ™"
is related to the stretching vibration of water molecules. The two
sharp peaks at 1400 and 1610 cm™ " are assigned to symmetric
and asymmetric vibrations of carboxyl groups, respectively,
confirming the presence of the dicarboxylate linker within the
sample.* Also, the peak that appeared at 574 cm™ " is specified
to the Fe-O vibration. The FT-IR spectrum of Fe;0, (Fig. 1(b))
demonstrated an adsorption peak at 567 cm™" which is related
to the vibration of the Fe-O bond of Fe;0,.° As revealed in
Fig. 1(c), the characteristic peaks of 789 and 898 cm™' are
related to the vibration of (W-0,-W), and the bands appeared at
960, and 1083 cm ™ " are assigned to the vibrations of (W-O4) and
(P-0,) of H3PW;,0,4, polyanion, respectively.*> Comparing the
spectra of H;PW,,0,0/Fe;04/MIL-88A (Fe) samples (Fig. 1(d))
shows that after forming this nanocomposite, the characteristic
peaks related to iron-based MIL-88A, H3PW;,0,, and Fe;O,
particles are slightly shifted. These shifts emphasize that
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a strong interaction exists between the H;PW;,0,, anion and
Fe;0, nanoparticles with MIL-88A (Fe) MOF.

3.1.2. XRD diffraction patterns. The crystallinity and phase
of the fabricated samples MIL-88A (Fe), Fe;0,, H;PW;,0,,
Fe;0,/MIL-88A (Fe), and H3;PW,;,0,40/Fe;0,/MIL-88A (Fe) rod-
like composite were analyzed via XRD as elucidated in Fig. 2.
As shown in Fig. 2(a), the XRD pattern of MIL-88A showed two
diffraction peaks at 26 = 10-12°, which was accordance with the
reported information.*® As exhibited in Fig. 2(b), the typical
peaks at 26 = 75°, 63°, 53.7°, 43.3°, 36°, and 30.2° assigning to
(440), (511), (422), (400), (311), and (220) the crystal planes of
Fe;0, particles (JCPDS card No. 19-0629).** In Fig. 2(c), the
diffraction peaks of POM alone are observed. The XRD pattern
of the nanocomposite sample in Fig. 2(d) exhibits the charac-
teristic diffraction peaks corresponding to Fe;0, and MIL-88A.
Also, some diffraction peaks contributed to H;PW;,0,4, phase
are observed with low intensities because of the homogeneous
distribution of the H;PW,,0,, molecules within the porous
structure of MIL-88A (Fe). These findings confirm that the
nanocomposite sample is composed of Fe;0,, MIL-88A and

H3;PW;,0,0 components and it has been successfully
prepared.*
3.1.3. Raman spectroscopy. Raman spectroscopy was used

to confirm the structural phase of MIL-88A (Fe), H3PW;,0,,
H3PW,;,0,,/MIL-88A (Fe), and H;PW,,0,0/Fe;0,/MIL-88A (Fe)
nanomaterials. In Fig. S1(a),t the bond of the fumaric acid
molecule in MIL-88A was evidenced by the appearance of a band
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Fig.1 The FTIR spectra of (a) MIL-88A (Fe), (b) FezO4, (c) HzPW1,040,
and (d) the HzsPW;,0,40/FezO4/MIL-88A Fe nanocomposite.
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Fig.2 The XRD patterns of (a) MIL-88A (Fe), (b) FezQO4, (c) HsPW1,040,
and (d) the HzPW;,040/Fez04/MIL-88A (Fe) nanocomposite.

at 3059 cm ™', corresponding to the stretching sp> C-H vibra-
tions, and a strong peak at 1649 cm ' associated to the
symmetric vibration modes C=C. The bands located at 1592
and 1435 cm ™, in the case of MIL-88A, materials are attributed
to the anti-symmetric and symmetric vibrations, respectively, of
the carboxylate groups. The C-O bond was observed as an
intense peak centered at 1280 cm™". Additionally, the bending
vibrations outside the plane of the bond =C-H were placed at
Raman shifts of 998, 896, and 763 cm '.** As exhibited in
Fig. S1(b),t the Raman spectrum of H3;PW,,0,, shows charac-
teristic bands at 1010 em™' (stretching vibration of P-O),
990 cm ™' (stretching of W=0), 913 cm ' (bending of W-0,W)
and 519 cm ™" (bending of O-P-0). According to Fig. S1(c),T the
appearance of some vibrational modes of the Fe;O, and three
bands of H;PW;,0,4, at 292, 751, and 1010 cm™ !, beside the
characteristic bands of MIL-88A (Fe), proved the existence of
both Fe;0, and H3PW;,0,, in the framework of MIL-88A (Fe).

3.1.4. SEM and TEM images. The morphology and
microstructure of the iron-based MIL-88A (Fe), Fe;O,, Fe;0,/
MIL-88A (Fe), and H3;PW;,0,¢/Fe;0,/MIL-88A (Fe) samples
were studied by utilizing SEM analyses as depicted in Fig. 3.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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According to Fig. 3(a) pure iron-based MIL-88a particles have
a shape bar-like with two prismatic heads. In Fig. 3(b), the
SEM image of Fe;O, consists of small and near-spherical
particles which is highly agglomerated. The SEM photo-
graphs of the binary Fe;0,/MIL-88A (Fe) (Fig. 3(c)) and ternary
H;3PW;,0,0/Fe;0,/MIL-88A (Fe) nanocomposite (Fig. 3(d) and
(e)) demonstrate that the morphology and shape of these
samples are analogous to MIL-88A (Fe), which established that
the framework of iron-based MIL-88A (Fe) remains unaltered
after modification with Fe;O, nanoparticles and H;PW;,0,,.
The morphology and microstructure of the as-prepared
H3PW;,0,0/Fe;0,/MIL-88A (Fe) nanocomposite were further
investigated by TEM analysis. As evident from the image in
Fig. 3(f), the morphology of the H3;PW,,0,¢/Fe;0,/MIL-88A
(Fe) rod-like composite sample from TEM images agreed
with the SEM results.

3.1.5. EDX analysis. The EDX analysis of the H;PW;,0,0/
Fe;0,/MIL-88A (Fe) rod-like composite is displayed in Fig. S2.1
In Fig. S2(a),f the EDX elemental spectrum of the ternary
nanohybrid sample exhibits elemental peaks corresponding to
H3PW,,04 (O, P and W), Fe;0, (Fe, O), and MIL-88A (Fe) (C, Cl,
and Fe), with no other impure peaks observed, showing that the
composite sample was composed of H;PW,,0,,, Fe;0,4, and
MIL-88A (Fe). Further, the EDX elemental mappings of the
composite in Fig. S2(b)} show the homogeneous dispersion of
elements within the nanocomposite.

3.1.6. BET analysis. The N, adsorption-desorption
isotherms of the activated MIL-88A (Fe) and H3PW;,0,4,/Fe;0,/
MIL-88A (Fe) are illustrated in Fig. 4(a) and (b). The Brunauer-
Emmett-Teller (BET) surface area values for MIL-88A (Fe) and
H3PW;,0,40/Fe;0,/MIL-88A (Fe) were calculated to be 3.19 m?
g 'and 4.16 m® g ', respectively, in agreement with literature.>*
Their average pore diameter of them was measured as 41.2 nm
and 47.4 nm, respectively. The BJH pore-size dispersions in the
inset of the figures affirm the mesoporous cages of MIL-88A (Fe)
and showed that the overall volume changes through the
incorporation. The results suggested that the H;PW,;,0,, poly-
oxometalate was mostly encapsulated within the channels and
on the surface of MIL-88A (Fe).

3.1.7. VSM analysis. The magnetic properties of the pure
Fe;0,, Fe;0,/MIL-88A (Fe), and H;PW,,0,4,/Fe;0,/MIL-88A (Fe)
samples were investigated by VSM at room temperature, and the
magnetic hysteresis loops are depicted in Fig. 5(a)-(c). The
magnetic saturation values (M) of the Fe;O, nanoparticles,
Fe;0,/MIL-88A and H3PW,;,0,40/Fe;0,/MIL-88A (Fe) were about
72, 51 and 43 emu g ', respectively, which was sufficient for
quick separation, via the aid of an outer magnet. This value was
less than that of bare Fe;0, (about 51 emu g~ ') because of the
existence of nonmagnetic H;PW;,04 and MIL-88A (Fe)
components. The magnetic separability of the H;PW;,0,/
Fe;0,/MIL-88A (Fe) nanocomposite was disclosed by
approaching the glass container with a magnet.

3.1.8. Zeta potential analysis. The zeta potential investiga-
tion results got for analyzed MIL-88A (Fe) and H3;PW;,0,0/
Fe;0,/MIL-88A (Fe) are presented in Fig. 6. As shown in Fig. 6,
the positive zeta potential value of MIL-88A (Fe) (+4.59 mV) is
changed to a negative charge for the H;PW;,0,0/Fe;0,/MIL-88A

RSC Adv, 2023, 13, 6356-6367 | 6359
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Fig. 3 The SEM photographs of (a) iron-based MIL-88A, (b) FezO,,
nanocomposite, and (f) TEM image of the HzPW1,040/FezO4/MIL-88A

(Fe) composite (—17.85 mV). This significant change in zeta
potential value is mostly because of the introducing the nega-
tively charged PW;,0,4,°> component into the MIL-88A (Fe)
framework and makes it more suitable for selective adsorption
of cationic species.

3.2. TC and CIP drugs adsorption investigations

Different factors affect the adsorption process. The effect of
H3PW;,0,0/Fe;0,/MIL-88A (Fe) dosage, temperature and
primary concentration of TC and CIP were investigated by
a variable-controlling strategy. To determine the optimum
adsorbent dosage, we explored the adsorbent effect on the TC
and CIP removal efficiency. As shown in Fig. 7(a) and (b), the
adsorption efficiency for TC is about 85% in 3 min and for CIP is
approximately 100% in 12 min.

3.2.1. Influence of adsorbent dose. Different amounts of
H;3;PW;,0,40/Fe;0,/MIL-88A (Fe) nanocomposite (5, 10, 15, 20
mg) were added to investigate the influence of adsorbent dose
on the CIP and TC removal efficiency. The results in Fig. 8(a)
and (b) show that the removal efficiency increased with the
nanocomposite dosage from 5 to 20 mg."”** As expected, the
removal (%) of drugs sharply increased with increasing the
H3;PW,,0,0/Fe;0,/MIL-88A (Fe) nanocomposite composite
dosage; this mainly attributed to the presence of further active
sites for adsorption of drugs molecules. According to the above
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(c) FezsO4/MIL-88A (Fe), (d and e) the HzPW;,040/Fez04/MIL-88A Fe
(Fe) nanocomposite.

results, the amount of 10 mg was selected used for the subse-
quent adsorption experiments.

3.2.2. Influence of temperature. The adsorption behavior
of H3PW;,0,0/Fe;0,/MIL-88A (Fe) demonstrated at different
temperatures in Fig. 9. As shown in Fig. 9(a), the progressive
increase of temperature from 25 to 65 °C is adversely affecting
the removal of 10 mg L™ of TC by HzPW;,0,40/Fe;0,/MIL-88A
(Fe) nanocomposite, because the removal efficiency increase
from 85% to 100%. This shows that the reaction between TC
and H3;PW,;,0,0/Fe;0,/MIL-88A (Fe) nanoparticles is the
endothermic method. In Fig. 9(b), the influence of tempera-
ture on the elimination of CIP via H;PW,,0,,/Fe;0,/MIL-88A
(Fe) nanocomposite was checked at several temperatures
from 25 to 65 °C under an adsorbent dosage of 10 mg. The
results indicate that the adsorption process between cipro-
floxacin and H3;PW;,0,¢/Fe;0,/MIL-88A (Fe) nanoparticles is
exothermic.***”

3.2.3. Influence of primary TC and CIP concentration. The
influence of the various initial concentrations (25, 50, 75, and
100 mg L") of TC and CIP drugs on the adsorption efficiency of
H3PW,;,0,0/Fe;0,/MIL-88A (Fe) adsorbent under the constant
conditions of 50 mg L™ " absorbent, pH 6, and 25 °C are shown
in Fig. 10. As can be seen in Fig. 10(a) and (b), the removal
efficiency decreased with increasing the CIP and TC concen-
trations, probably due to the fast saturation of accessible active

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sites on the surface of adsorbent in higher initial concentration
of drugs and the deficiency of active sites needed for high drug
concentration.*?

3.2.4. Removal efficiency of the nanocomposite compo-
nents. The removal efficiency of pure MIL8SA (Fe) and Fe;0,/
MIL101 (Fe) in the elimination of TC and CIP from aqueous
solutions were studied under the optimum reaction conditions
in Fig. 11. The removal efficiency of these components into TC
and CIP was 59-85% and 35-100% after adsorption times of 3—-
12 minutes and 12-24 minutes, respectively. The elimination
percentage of the H;PW;,0,0/Fe;0,/MIL-88A (Fe) nano-
composite is higher than the individual components and Fe;0,/
MIL101 (Fe) composite, which showed the magnetic nano-
composite to be a better choice for the removal of the antibiotic
drugs.

3.2.5. Comparison with some reported adsorbents. To
indicate the advantage of the present adsorbent, we have
compared the results in the removal of TC and CIP from

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aqueous solution by Hz;PW;,0,0/Fe;0,/MIL-88A (Fe) nano-
composite with some reported similar adsorbents in the
literature.'*'”*** From Table 1, concerning the adsorption
capacities, the present method is more suitable and/or superior.
We can see that the adsorption process in the presence of some
reported adsorbents demonstrated lower adsorption capacities
compared to the present nanocomposite. The higher adsorp-
tion capacity of the Hz;PW;,0,0/Fe;0,/MIL-88A (Fe) is the
because of the synergistic effect between MIL-88A (Fe) and
H3PW;,040.

3.3. Dye adsorption investigations

To study and evaluate the absorption potential of H;PW;,0,0/
Fe;0,/MIL-88A (Fe) nanocomposite for the removal of dyes from
contaminated waters, two organic dyes (MB and MO) with
different charges were used for initial experiments. The
adsorption was monitored using their special absorption
bands, which are 664, and 463 nm for MB and MO, respectively.
The time-dependent UV-visible absorption spectra of dyes in
the presence of H3PW;,0,/Fe;0,/MIL-88A (Fe) are shown in
Fig. 12. Fig. 12(a) and (b) shows that the characteristic absorp-
tion band of cationic MB dye at 664 nm almost completely
disappeared within 6 min but the disappearance of band at
about 463 nm for MO is almost negligible. This result shows
that the nanocomposite is a poor absorbent for removing
anionic MO dye from aqueous solution.

The selective uptake of dyes was investigated using the
binary mixtures of MB + MO, MB + RhB, MO + RhB, and MB +
MO + RhB with H;PW,,0,,/Fe;0,/MIL-88A (Fe) as absorbent.
As shown in Fig. 13(a) and (b), the preferable uptake of
cationic MB and RhB dyes from the MB + MO and RhB + MO
mixtures can be attributed to the anionic nature of
H3PW;,0,0/Fe;0,/MIL-88A (Fe). For further comparison, the
binary mixture of cationic dyes (MB + RhB) was selected and
the results in Fig. 13(c) revealed that MB and RhB were also
adsorbed completely in the initial 3 min. As exhibited in
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Fig. 13(d), the representative peaks of MB + MO + RhB all
disappeared quickly for the mixed dyes, and only the charac-
teristic absorption peaks of MO remained, suggesting that
H3;PW,,0,0/Fe;04/MIL-88A (Fe) could selectively capture
cationic dyes when utilized in the corresponding ternary
mixture. This finding confirms that H3;PW;,0,0/Fe;0,/MIL-
88A (Fe) nanocomposite also possesses selective adsorption
ability towards cationic dyes in wastewater. So, the
H;3;PW,,0,0/Fe;04,/MIL-88A (Fe) nanocomposite exceptional
adsorption properties towards the cationic MB and RhB
molecules were clearly demonstrated. Some diverse effects on
removal of colorants can be linked to the structure of the dye
molecules and the nanocomposite as well. This is due to the
existence of vastly electronegative PW,,040°", which mostly

6362 | RSC Adv, 2023, 13, 6356-6367

enhanced the adsorption ability of the porous material MIL-
88A, which together with enormous numbers of negative
charges may have a stronger force with the positive charges of
the colorants. The fabricated material in this study is not an
efficient adsorbent for the removal of MO, because of negative
charges of both the adsorbent and dye molecules. As a conse-
quence, there is neither electrostatic attraction nor adsorption
property between the PW,,04°  encapsulated into the
nanocomposite and MO molecules.

3.4. Possible adsorption mechanism

The behavior of TC and MB adsorption onto HzPW;,0,0/
Fe;0,/MIL-88A (Fe) were studied by the adsorbent properties,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the TC and MB nature, electrostatic interaction, w—7 interac-
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action sand surface complexation in this study. MB has a flat
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Table 1 Comparison of the maximum adsorption capacities of some
reported adsorbents for TC and CIP drugs

Maximum

adsorption
Adsorbent Drug capacity (mgg™') Ref.
HAP/MIL101 (Fe)/Fe;0, CIP  112.35 16
Fe;0,/cellulose CIP 6.90 17
Fe;0,/cellulose CIP 168.03 17
CS-g-PA/TSM CIP 238.3 38
MIL101 (Cr)-HSO; CIP  564.9 39
c-FD CIP 328 40
mGOCP CIP 283.44 41
Ga-cl-PAM/C;N, CIP  169.49 42
Fe/Zn-SBC CIP 74.2 43
Fe/Zn-SBC TC 145 43
Fe;0,/MIL-53 (Al)-NH, TC  84.8 44
MnO,/graphene TC 195.31 45
Graphene oxide/ZnO TC 159 46
Fe;0,@MIL-53 (Al) TC 47.8 47
MnFe,0,/rGO TC 41 48
Scallop shell coated Fe,0O; TC 49.26 49
nanocomposite
CTM/Fe;04 TC 215.31 50
CDF/MF TC 168.24 51
MWCNT/MIL-53 (Fe) TC 180.68 52
CNT/MnFe,0, TC  86.48 53
CNT/B-CD/MnFe,0, TC  89.53 53
ZnAl-LDH/biochar TC 41.98 54
H;PW,,0,0/Fe;0,/MIL-88A (Fe) TC  370.37 This work
H3PW,0,0/Fe;0,/MIL-88A (Fe) CIP  333.33 This work

aqueous solution. The adsorption efficiency of the MIL-88A
(Fe), sample, despite its higher surface area, was lower than
that of the H3PW;,0,0/Fe;0,/MIL-88A (Fe) composite. This
confirms that other factors influence the adsorption efficiency
besides to the specific surface area of the adsorbent. After
introducing the PW1,040°" polyanions into the cavities of
MIL-88A (Fe), it was confirmed that the adsorption capacity of

6364 | RSC Adv, 2023, 13, 6356-6367

the nanocomposite changed, in comparison with that of MIL-
88A (Fe). This is because of the rapid and effective adsorption
of cationic MB dye by PW,;,04,°> polyanions, whereas it is
unfavorable for H;PW;,0,40/Fe;0,/MIL-88A (Fe) to adsorb the
anionic dye MO. These findings show that the PW;,0,,°"
polyoxoanion clusters encapsulated in the mesoporous cages
of MIL-88A (Fe) act as the active sites for the adsorption of
cationic dye molecules. The zeta potential of a material is
another key factor influencing its adsorption capacity; there-
fore, this was tested to understand further why the
H3;PW;,0,0/Fe;0,/MIL-88A (Fe) sample can remove the
cationic dyes MB more effectively than the anionic MO dye.
The zeta potentials of MIL-88A (Fe) and H3;PW;,0,¢/Fe;0,/
MIL-88A (Fe) samples were measured as +4.59 and —17.85 mV,
respectively, in water at natural pH. After modification with
H3;PW;,0,40, the H3;PW;,0,0/Fe;0,/MIL-88A (Fe) nano-
composite showed a more negative zeta potential than the
pristine MIL-88A (Fe) sample, thus, it can adsorb more of the
cationic dyes such as MB, whereas it is unfavorable to adsorb
the anionic dyes such as MO.

Also in this work, the adsorption efficiency of H3PW;,0,0/
Fe;0,/MIL-88A (Fe) was found to be higher as compared to pure
H;3PW;,0,0, MIL-88A (Fe), and Fe;0,/MIL-88A (Fe). First, there
are many open metal sites on MIL-88A (Fe) that facilitate the
adsorption of specific guest molecules with corresponding
functional groups.**® Since the adsorption could happen inside
the MOFs, hydrogen bonding may also occur during the tetra-
cycline adsorption process. TC molecule has a complex struc-
ture with several carbonyls, amino and hydroxyl functional
groups, and O-containing groups of the H;PW;,0,0/Fe;0,/MIL-
88A (Fe) composite such as OH, NH, and carboxylate.”” The
aromatic structure of the drugs molecule adsorption onto MIL-
88A (Fe), series mainly occurred by m-m interaction. The O-
containing groups in MIL-88A (Fe) and PW,;,04,>  play an
important role in the adsorption process.*® The reason for high
adsorption of TC and MB on samples should be further
investigated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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3.5. Stability and reusability of the magnetic nanocomposite

To check the reusability of the H3PW;,0,0/Fe;0,/MIL-88A (Fe)
as an adsorbent, cycle experiments were carried out by applying
a combination of methanol and deionized water as desorption
solvents. For this goal, 10 mg of nanocomposite was added in
TC and CIP solutions with a concentration of 50 mg L™, and
stirred for 30 minutes, in continuing the nanocomposite was
thoroughly detached by utilizing a magnet. In the next, the
magnetic nanocomposite was eluted with a methanol solution

© 2023 The Author(s). Published by the Royal Society of Chemistry

several times and finally dried for 12 h at 25 °C and reused for
another adsorption process under the same condition. The
results in Fig. 14(a) show the adsorbent is reusable for at
minimum 3 runs without notable loss of activity. As indicated in
Fig. 14 (b)~(d), SEM, FT-IR, and XRD analyses of the recycled
H;PW,;,0,0/Fe;04/MIL-88A (Fe) after 4 runs were identical to
the fresh nanocomposite. These results established that the
structure of the magnetic nanocomposite was stable and was
not altered by the reactants.
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4. Conclusions

In summary, a magnetically separable H;PW;,0,0/Fe;0,/MIL-88A
(Fe) adsorbent was successfully prepared using a hydrothermal
method and its adsorptive property of organic dyes and antibiotics
entering the environment were investigated. The tests showed that
the magnetic nanocomposite H;PW;,0,40/Fe;0,/MIL-88A (Fe)
offers high removal efficiency against cationic dyes, TC, and CIP
antibiotics. The maximum adsorption capacities of TC and CIP
drugs onto H3PW;,0,0/Fe;0,/MIL-88A (Fe) composite were found
to be 370.33 and 333.33 mg g, respectively. Also, reusability tests
showed that H3PW,,0,0/Fe;0,/MIL-88A (Fe) composite can be
reused for three cycles without a considerable reduction in its
performance. As a result, magnetic nanocomposite could be used
as an efficient to remove cationic dyes antibiotics from water.
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