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1. Introduction

Preparation and characterization of novel
polyoxometalate/CoFe,O4/metal-organic
framework magnetic core—shell nanocomposites
for the rapid removal of organic dyes from watert

Afsoon Jarrah and Saeed Farhadi{*

In this study, the MIL-101(Cr) metal-organic framework was functionalized with a Dowson-type
polyoxometalate (P,W;506,°~; POM) and magnetic spinel cobalt ferrite (CoFe,O,; CFO) through
a hydrothermal route and was characterized by means of FT-IR, XRD, FE-SEM, EDX, BET, and VSM
measurements. All analyses confirmed the successful encapsulation of POM (~32.2 wt%) into the
magnetic MIL-101(Cr) framework. Compared to the pristine MIL-101(Cr) MOF, the as-prepared magnetic
ternary nanocomposite (abbreviated as POM/CFO/MIL-101(Cr)) demonstrated a notable decrease in both
the surface area and pore volume because of the incorporation of CoFe,O4 nanoparticles and huge
P2W180626‘ polyanions into the cages of the MIL-101(Cr) framework. The POM/CFO/MIL-101(Cr) was
then applied as a magnetically separable adsorbent for the rapid elimination of rhodamine B (RhB),
methyl orange (MO), and methylene blue (MB) dye pollutants from aqueous solutions. For achieving the
optimized conditions, the effects of initial pH, initial dye concentration, temperature, salt effect, and
adsorbent dose on MB and RhB elimination were investigated. The dye adsorption isotherms followed
the Langmuir model and pseudo-second-order kinetic model. The POM/CFO/MIL-101(Cr) composite
material not only exhibited a fast adsorption rate towards dye molecules, but also demonstrated the
selective adsorption of the cationic dyes in wastewater. The recycling experiments also demonstrated
that the POM/CFO/MIL-101(Cr) adsorbent was highly stable and could be quickly recovered under
a magnetic field without any alteration in the structure. The high adsorption capacity, simple fabrication
method, rapid separation by a magnet and supreme reusability of the POM/CFO/MIL-101(Cr)
nanocomposite make it an attractive adsorbent for the elimination of cationic dyes from wastewater.

adsorption method is the most popular, simple and low-cost
method for removing the dye effluents from aquatic media on

Nowadays, dye effluents are an important source of water
contamination. The pollution of waterways by organic dyes
from the painting, pharmaceuticals, textiles, plastic leather,
cosmetics, paper, rubber, and printing industries cause wide-
spread environmental harm and can lead to unalterable
damage to human beings and to other forms of life.*” Thus, it is
crucial to find optimal procedures for the elimination of dye
effluents from aqueous solutions. Various chemical, physical
and biological methods have been utilized for the treatment of
these pollutants, such as osmosis, chemical
coagulation/flocculation, biological treatments, membrane
filtration, photodegradation, and adsorption processes.*® Each
of these procedures has its disadvantages and advantages. The
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a large scale.”™ Therefore, finding a more effective adsorbent is
the main key to the industrial application of the adsorption
method.

Metal-organic frameworks (MOFs) are a new type of porous
crystalline material, which make up a category of inorganic-
organic hybrid solids constructed by the self-assembly of metal
ions or metallic clusters and organic ligands.">** MIL-101(Cr),
a MOF with the properties of large surface area, high porosity
and high stability, is one of the most frequently utilized MOFs.**
MIL-101(Cr) has attracted special attention because the pores
and pore windows are large enough to give access to volumi-
nous reactant molecules diffusing into the pores.'> However, the
MOF-based materials are difficult to recycle from solution and
the tedious and laborious processes in both the preparation and
applications limit their practical use. To overcome this
problem, MOFs are combined with magnetic nanoparticles due
to their easy isolation with an external magnetic field.**"” In this
context, various magnetic Fe;O0,@MOFs, including Fe;0,/
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Cu;3(BTC),,"®* CoFe,0,/MIL-100(Fe),’ Fe;0,4/MIL-101(Cr),2*>*
Fe;0,/Pt/MIL-100(Fe),> Fe;0,/GO/MIL-100(Fe),* Fe;0,/MIL-
100(Fe),”* and Fe;0,/silica/MIL-100(Fe)/B-CD** have been
developed to remove environmental inorganic/organic pollut-
ants from water. These magnetic MOFs-based materials exhibit
fast and excellent adsorption capacity, and easy separation from
the solution with an external magnet. However, a critical
drawback of these magnetic MOF-based systems is the non-
selective dye adsorption.

One strategy to improve the adsorption performance of MOFs
is the encapsulation of polyoxometalates (POMs) in their meso-
porous cages.”* POMs are significant metal-oxide clusters with
highly negative charge and abundant topologies, which have
been employed in many research fields such as optics, magne-
tism, catalysis, and biological medicine.”” However, their appli-
cations are limited by their relatively small surface areas (<10 m*
g 1), which hinder the accessibility to the active sites. Also, the
high solubility in aqueous solutions is not convenient for their
recycling and reuse. Accordingly, outstanding work has been
done to encapsulate POMs within porous solid MOFs.?® POM-
based metal-organic frameworks (POM@MOFs) are a class of
crystalline porous materials integrating the advantages of poly-
oxometalates (POMs) and metal-organic frameworks (MOFs),
and are widely used as catalysts and adsorbents.”** When the
POM®@MOFs materials are used in the fields of adsorption,
adsorbate molecules can diffuse into the cages of MOF, and the
POM polyanions previously encapsulated in the cages can act as
additional active sites for adsorption. The introduction of POM
clusters into MOF cages is an effective strategy for producing
materials with enhanced adsorption performances. However, it is
difficult to recover and reuse binary POM@MOFs materials, and
the tedious and laborious processes in both preparation and
application limit their practical use.

Based on the above background, our goal in this work is to
combine magnetic CoFe,O; nanoparticles and P,W;506,°~
polyoxometalate (POM) with MIL-101(Cr) MOF to produce
materials with enhanced adsorption performances. By
combining the advantages of the magnetic properties of
CoFe,0, nanoparticles and the high adsorption capacity of
MOF, the P,W,;304,°" polyanion was incorporated into the
magnetic CoFe,O,/MOF in the design of a novel magnetic
ternary hybrid material for the rapid and selective removal of
organic dyes from polluted water. The selective adsorption of
cationic methylene blue (MB) and rhodamine B (RhB) organic
dyes onto POM/CFO/MIL-101(Cr) and the influences of the dye
concentration, ionic strength, pH, adsorbent dose, and
temperature on the adsorption process were studied. To the
best of our knowledge, this is the first report on the preparation
of the magnetic POM/CFO/MIL-101(Cr) ternary nanocomposite
and its application as an efficient selective adsorbent for the
elimination of cationic organic dyes from aqueous solutions.

2. Experimental
2.1. Materials

All analytical grade chemicals were used without further puri-
fication. Chromium(m) nitrate (Cr(NOj;);-9H,O, 98%),
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terephthalic acid (H,BDC, 99%), Na,WO,-2H,0, H3PO,, cobal-
t(u) nitrate (Co(NOj3),-6H,0, 98%), sodium hydroxide (NaOH,
99%), iron(im) nitrate (Fe(NO;);-9H,0, 98%), DMF and ethanol
(C,HsOH, 99%) were obtained from Sigma-Aldrich. Methyl
orange (MO, C;4H;4N3;NaO;S, 98%), methylene blue (MB,
C16H15CIN3S, 98%), hydrochloric acid (HCI, 36%) and rhoda-
mine B (RhB, C,gH3;CIN,03, 98%) were provided by Merck.

2.2. Preparation of MIL-101(Cr)

MIL-101(Cr) was synthesized according to an earlier report, with
some modifications.** Cr(NO3);-9H,O (24 g) and H,BDC (0.98 g)
were blended in 29 mL distilled water and stirred at room
temperature for 10-20 min. The suspension was poured into
a 50 mL Teflon-lined autoclave and was heated in an oven at
200 °C for 24 h. After slowly cooling to room temperature, the
green solid was filtered and washed with DMF at 60 °C for 3 h
and then with ethanol at 70 °C for 2.5 h to remove the untreated
H,BDC. Finally, the green MIL-101(Cr) solid was separated by
centrifugation and was dried at room temperature.

2.3. Preparation of polyoxometalate (POM)

a-KgP,W1506,-14H,0 POM was prepared according to the re-
ported method.*® A sample of Na,WO,-2H,0 (300 g; 0.91 mol)
dissolved in 350 mL distilled water was acidified by fractional
addition of HCl 4 M (250 mL; 1.00 mol) under vigorous stirring.
When the cloudy solution became limpid, H;PO, 4 M (250 mL;
1.00 mol) was added slowly. The pale yellow solution was
refluxed for at least 24 h. After this reaction time, the yellow
color of the solution became more intense. This solution was
allowed to cool to room temperature and was then treated with
150 g of KCl. The precipitate was filtered off and air-dried by
aspiration. This crude material was dissolved in 650 mL
distilled water, and the solution was, eventually, filtered to
remove insoluble impurities. The clear solution was then
heated at 80 °C for 72 h. After this period, the solution was
allowed to cool to room temperature before being placed in
a refrigerator at 4 °C. After a few days, stable yellow crystals of a-
Ke¢PyW1506, - 14H,0 polyoxometalate were collected (232.5 g;
95%).

2.4. Preparation of magnetic CFO/MIL-101(Cr)

The CFO/MIL-101(Cr) sample was produced as follows: MIL-
101(Cr) (1 g), Co(NO3),+6H,0 (0.62 g), Fe(NO5);-9H,0 (1.72 g),
and 20 mL of deionized water were poured into 50 milliliter
Teflon-lined autoclave and stirred for 30 min. The pH of the
mixture was adjusted at 12 by adding NaOH (6 M) and stirred
for 60 min. The Teflon-autoclave was then heated at 180 °C for
12 hours. After completion of the reaction, the precipitate was
separated using a magnet and washed with ethanol and
deionized water and then dried at room temperature.

2.5. Preparation of POM/MIL-101(Cr)

POM/MIL-101(Cr) was fabricated as follows: Cr(NO;);-9H,O
(2.0 g, 5 mmol), H,BDC (0.83 g, 5 mmol), POM (2.0 g, 0.7 mmol)
were dispersed in 20 mL of distilled water for 15 min by

This journal is © The Royal Society of Chemistry 2020
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sonicating. The suspension became dark blue with a pH of 2.58.
The suspension was transferred to a 50 mL Teflon-lined auto-
clave and heated at 200 °C for 18 h under autogenous pressure.
The green powder was separated by centrifugation, washed five
times with distilled water, one-time with ethanol, and acetone,
and then dried at room temperature. The ICP-AES results
indicated that the loading amount of POM in the as-prepared
POM/MIL-101 nanocomposite was estimated to be 32.2 wt%.

2.6. Preparation of magnetic POM/CFO/MIL-101(Cr)
nanocomposite

For the synthesis of POM/CFO/MIL-101(Cr), 0.5 g of the POM/
Cr-MIL-101 sample and 0.21 g of CoFe,O, in 25 mL of deion-
ized water were sonicated for 30 min. The mixture was heated at
180 °C in a Teflon-lined autoclave for 22 h. After completing the
reaction, the precipitate was separated by a magnet and dried at
25 °C. The preparation process of the POM/CFO/MIL-101(Cr)
nanocomposite is presented in Scheme 1.

2.7. Characterization

XRD patterns were acquired on a Panalytical X' PERT PRO X-ray
diffractometer at 40 kv using Ni-filtered Cu Ko radiation (A =
1.5406 A). FT-IR spectra were recorded on a Shimadzu-8400S
(Japan) spectrometer. The distribution and morphology of
MIL-101(Cr) and POM/CFO/MIL-101(Cr) samples were analyzed
via scanning electron microscopy (SEM, MIRA3 TESCAN) con-
nected with energy-dispersive X-ray (EDX). The surface areas of
the samples were investigated by N, adsorption isotherm via the
BET procedure (Micro metrics PHS-1020, Japan). UV-visible
spectra were obtained using quartz cells on a Varian Cary 100
dual-beam spectrophotometer using water as the solvent. The
VSM evaluation was checked by an MDKFD vibrating magne-
tometer (Daneshpajoohan Co., Iran) through a high magnetic
field of 10 kOe. The loading amount of POM in the composite
adsorbent and the concentrations of Cr and W metals in the
filtrates and solutions after recovering the adsorbent were
determined by inductively coupled plasma atomic emission
spectrometer (PerkinElmer ICP-AES, USA). The zeta potentials

Cr(N03)3.9H20

z * oz ]
Step 2:
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Adding CoFe204
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of MIL-101(Cr) and POM/CFO/MIL-101(Cr) were measured by
a zeta potential analyzer (Zetasizer Nano zs90) at varying pH
values.

2.8. Adsorption tests

The aqueous supply solutions (500 ppm) of the dyes were
manufactured via dissolving MO, MB, and RhB powders in
deionized water. Working solutions of these dyes were obtained
by the consecutive dilution of the supply solution with deion-
ized water. The concentrations of MO, MB, and RhB dyes were
determined using a UV-vis spectrometer at 463, 664, and 553
nanometers, respectively. To investigate the influence of the
primary dye concentration, 30 mg of the adsorbent was added to
30 mL of MB solution with the concentration within 25-
200 mg L™ ". The solution pH was adjusted by adding 6 M NaOH
or HCI aqueous solution. The experiment was accomplished in
Erlenmeyer flasks and stirred at room temperature at 300 rpm
for the desired time, then the magnetic adsorbent was detached
by employing the magnet, and the equilibrium concentration
was specified by UV-vis analysis. The elimination percentage
(R%) and equilibrium adsorption capacity g. (mg g~ ') were
calculated by the following equations:

Rop— (Co= G100 Cf°)100 1)
_ (C _ CC)V
qe = OT (2)

where C. and C, (mg L") are the equilibrium and primary
concentrations of the dye pollutant, V (L) and M (g) is the
volume of pollutant solution and the mass of adsorbent,
respectively.

3. Results and discussion

3.1. XRD patterns

To investigate the phase and crystalline structures of the
fabricated MIL-101(Cr), CFO, POM, POM/MIL-101(Cr), CFO/
MIL-101(Cr) and POM/CFO/MIL-101(Cr) samples, the XRD

+

Hydrothermal B
200°C, 18h

[P2W18062]%: POM

Hydrothermal
180°C, 22h

POM/CFO/MIL-101(Cr)
nanocomposite

Scheme 1 The preparation process of the POM/CFO/MIL-101(Cr) nanocomposite.
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Fig.1 The XRD patterns of MIL-101(Cr) (a), POM (b), CFO (c), POM/MIL-101(Cr) (d), CFO/MIL-101(Cr) (e), and POM/CFO/MIL-101(Cr) (f).

patterns were recorded as elucidated in Fig. 1. In agreement
with the literature, Fig. 1a demonstrates the normal character-
ization peaks of MIL-101(Cr) at 2.8° and 3.3° with high intensity,
which shows the good crystallinity of the fabricated MIL-
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101(Cr).** In Fig. 1b, the diffraction peaks of POM are observed
at 260 of 6-10°, 15-22° and 24-30°.%* As illustrated in Fig. 1c, the
general peaks observed at 74.33°, 62.70°, 57.17°, 53.68°, 43.37°,
35.7° and 30.36° were assigned to the (533), (440), (511), (422),

Y

Fig. 2 The FT-IR spectra of MIL-101(Cr) (a), POM (b), CFO (c), POM/MIL-101(Cr) (d), CFO/MIL-101(Cr) (e), and POM/CFO/MIL-101(Cr) (f).
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(400), (311), and (220) planes of CFO spinel ferrite (JCPDS no.
22-1086).>> The existence of several diffraction bands was
attributed to the POM polyanion and CFO nanoparticles in
Fig. 1d and e, respectively, though with very poor intensities,
indicating the homogeneous distribution of the POM poly-
anions and CFO nanoparticles in the mesoporous structure of
Cr-MIL-101. The main peaks of MIL-101(Cr) in POM/CFO/MIL-
101(Cr) (Fig. 1f), were preserved after loading the CFO nano-
particles and POM anion components, which indicated that
after incorporating the CFO and POM components, the struc-
ture of MIL-101(Cr) remained intact.*® However, peaks assigned
to POM in the nanocomposite sample were hardly observed,
possibly due to the low content and high dispersion of POM
molecules.

3.2. FTIR analysis

The FT-IR spectra of MIL-101(Cr), POM, CFO, POM/MIL-
101(Cr), CFO/MIL-101(Cr), and POM/CFO/MIL-101(Cr) are rep-
resented in Fig. 2. In Fig. 2a, the two strong peaks at 1654 and
1394 cm ' correspond to the symmetric and asymmetric
stretching of carboxylate groups (CO, ) in H,BDC molecules,
respectively, authenticating the existence of the dicarboxylate
linker in the fabricated sample.*”*® In the FT-IR spectrum of
POM (Fig. 2b), the characteristic peaks of 912 and 775 cm ™" are
linked to the vibrations of inter and intra W-O,-W bridges,

View Article Online
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respectively, and the peaks at 1091, and 960 cm ™" were attrib-
uted to the vibrations in (P-O,) and (W-Oy4) of the POM poly-
anion. In Fig. 2¢, the broad bands at 3410 cm™ ' and 583 cm™*
are related to the OH group and Fe-O bond vibrations of CFO
nanoparticles, respectively.*® Based on Fig. 2f, it seems that after
constructing the POM/CFO/MIL-101(Cr), the characteristic
bands related to MIL-101(Cr) were approximately the same. On
comparing the spectra of POM/MIL-101(Cr), CFO/MIL-101(Cr)
and POM/CFO/MIL-101(Cr) samples, the peaks related to pure
CFO and POM were slightly shifted (Fig. 2d-f). These shifts
confirmed strong interactions of the CFO and POM anions with
MIL-101(Cr).**

3.3. FE-SEM and EDX analyses

The morphologies of the MIL-101(Cr) and POM/CFO/MIL-
101(Cr) samples were investigated utilizing FE-SEM analyses
as illustrated in Fig. 3. According to Fig. 3a and b, pristineMIL-
101(Cr) particles have an orderly octahedral morphology with
narrow size distribution and good porosity in the sub-
micrometer scope. However, comparing FE-SEM images of
POM/CFO/MIL-101(Cr) (Fig. 3¢ and d) with MIL-101(Cr) images
did not show any specific morphology of MIL-101(Cr), indi-
cating that due to the presence of POM and CFO, the formation
mechanism was different. FE-SEM images in Fig. 3c and d show
that the POM/CFO/MIL-101(Cr) particles have core-shell

Fig. 3 SEM images of (a and b) MIL-101(Cr) and (c and d) POM/CFO/MIL-101(Cr).

This journal is © The Royal Society of Chemistry 2020
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Table 1 The textural parameters of pristine MIL-101(Cr) and POM/CFO/MIL-101(Cr) samples

BET surface area

Langmuir surface

Total pore volume Average pore

Sample (m*>¢g™ area (m> g™ ") (em® g™ diameter (nm)
MIL-lOl(CI‘) 2692.40 3455.00 2.48 0.77
POM/CFO/Cr-MIL-101 799.56 1117.67 0.60 0.52

morphology with submicrometer thickness. However, the XRD
and FT-IR results established that the framework of MIL-101(Cr)
did not collapse or degrade after encapsulation with CFO and
POM anions, albeit its morphology was altered.

To further investigate the distribution and chemical
composition of the POM/CFO/MIL-101(Cr) core-shell, EDX
spectroscopy was performed (Fig. S11). The elemental peaks
attributed to Co, Fe, O, P, C, W, K, and Cr in the introduced EDX
spectrum without other impure peaks in Fig. Slaf confirmed
the presence of these elements in the prepared core-shell
sample. A representative SEM image with corresponding EDX
elemental mappings in Fig. S1(b-j)T displayed the map of C, O,
P, K, Cr, Fe, Co and W elements, which were uniformly
distributed in the core-shell POM/CFO/MIL-101(Cr) particles,
emphasizing the homogeneity of the prepared sample.

3.4. Magnetic properties

VSM analysis was applied to study the magnetic characteristics
of the CFO and POM/CFO/MIL-101(Cr) samples in the utilized
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magnetic field from —8000 to 8000 Oe, at 25 °C (Fig. S27). The
saturation magnetization (M) values of the CFO and POM/CFO/
MIL-101(Cr) were about 63 and 13.7 emu g ', respectively,
which were adequate for fast separation, by using an external
magnet. The M decreased by nearly 81% in the nanocomposite
sample as compared to the CFO nanoparticles, providing
evidence that the CFO was encapsulated in the framework of
MIL-101(Cr). The magnetic property of the POM/CFO/MIL-
101(Cr) sample in aqueous media was examined by bringing
a magnet beside a glass vial containing dispersed magnetic
POM/CFO/MIL-101(Cr) in aqueous media (the inset in Fig. S27).
It was observed that the cloudy magnetic particles of the sample
were separated within 30 seconds under an outer magnetic
field.

3.5. BET specific surface areas

The N, desorption/adsorption isotherms of MOF and POM/
CFO/MIL-101(Cr) samples are displayed in Fig. S3.f Based on

the IUPAC classification, the N, adsorption-desorption
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Fig.4 UV-vis spectra of the adsorption of three dyes over POM/CFO/MIL-101(Cr): (a) RhB, (b) MO, and (c) MB. Adsorbent dosage = 30 mg, [dyelg

=25mg L% 30 mL, temp = 25 °C.
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isotherms of the three samples revealed mixed type I/IV
isotherms with the H2-type hysteresis loop, which is charac-
teristic of solids with microporous windows and mesoporous
cages. The specific surface area, average pore size and whole
pore volume of these materials are presented in Table 1. From
Fig. S3a,T the BET surface areas of MIL-101(Cr) and POM/CFO/
MIL-101(Cr) were calculated from the adsorption isotherms as
2692.40 and 799.56 m”> g, respectively. The average pore size
of the MIL-101(Cr) and POM/CFO/MIL-101(Cr) were 0.77 and
0.52 nm, respectively, which were calculated using the BJH
method (Fig. S3bt and Table 1). As shown in Table 1, the POM/
CFO/MIL-101(Cr) showed the lower surface area and pore
volume and also smaller average pore size as compared with the
MIL-101(Cr). The great difference between MIL-101(Cr) and
POM/CFO/MIL-101(Cr) was ascribed to the insertion of large
POM anions and CFO nanoparticles into the pores of MIL-
101(Cr), which can occupy main parts of the pore space.

3.6. Dye adsorption study

To check the efficiency of the POM/CFO/MIL-101(Cr) sample,
the elimination of RhB, MO and MB dyes from pollutant waters
were accomplished. The adsorption procedure was specified
through specific absorption bands, i.e., 553, 463 and 664 nm for
RhB, MO and MB, respectively. As illustrated in Fig. 4, the peaks
gradually diminished with adsorption time, denoting
a decrease in dye concentration in the solution. As shown in
Fig. 4a and b, the adsorption bands of cationic RhB and MB
dyes disappeared in 30 s and 9 min, respectively, with an
adsorption yield of 100%. Also, the result in Fig. 4c indicated
that the POM/CFO/MIL-101(Cr) sample is a weak adsorbent for
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the elimination of anionic MO dye from pollutant solution, even
after 30 min.

3.6.1. The effect of initial dye concentration. The initial dye
concentration has a prominent function in the quantity of dye
adsorbed and the efficiency of dye removal. Generally,
enhancing the primary dye concentration diminishes the yield
of dye removal, due to the impregnation of adsorption sites
upon the adsorbing surface.** The effects of the initial concen-
trations (25, 50, 75, 100, 125, 150, 175, and 200 mg L") of MB
(Fig. 5a) and RhB (Fig. 6a) on the adsorption under the fixed
conditions of pH 6, adsorbent dosage (30 mg) and 25 °C were
studied. The outcomes indicated that on enhancing the primary
dye concentration, the elimination of dye decreases. The reason
for this phenomenon is that by enhancing the concentration of
dye, the active sites on the surface of POM/CFO/MIL-101(Cr)
diminished. Thus, the optimum concentrations of 100 and
75 mg L™ were selected for MB and RhB, respectively, to ach-
ieve the maximum removal of dyes.

3.6.2. The effect of temperature. The reaction temperature
plays a substantial role in the adsorption procedure. If the
adsorption capacity increases with enhancing the temperature,
the adsorption is endothermic.** The influence of temperature
on the elimination of MB (Fig. 5b) and RhB (Fig. 6b) from
aqueous solutions via POM/CFO/MIL-101(Cr) was checked at
several temperatures (25, 35, 45, 55, 65, and 75 °C) under fixed
conditions of pH = 6 and adsorbent dosage of 30 mg. The
increase in the adsorption efficiency with temperature indicates
that the dye absorption is a spontaneous and endothermic
process. As the temperature increases, the number of molecules
that may gain adequate energy to interact with the active sites
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Fig. 5 The influence of MB concentration (a), reaction temperature (b), pH (c), and adsorbent dosage (d) on the elimination of MB dye via the
POM/CFO/MIL-101(Cr) adsorbent. Conditions: Comg) = 100 mg L™, adsorbent dose = 30 mg, pH = 6 and temp. = 25 °C. The fixed contact

adsorption time for all tests was 7 min.
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on the surface of the adsorbent also increases. Likewise,
enhancing the temperature can have an expanding influence on
the inner structure of the POM/CFO/MIL-101(Cr), enabling
a huge dye molecule to penetrate further.?

3.6.3. The effect of initial pH. The primary pH of the
solution is a very important variable in the adsorption system,
which can influence the charges of the POM/CFO/MIL-101(Cr)
adsorbent, the ionization, and stability of the dyes.** As such,
the influence of primary pH was investigated in the elimination
of MB (Fig. 5c¢) and RhB (Fig. 6¢) by POM/CFO/MIL-101(Cr). At
natural pH (ca. 6-6.5), the zeta potential measured for POM/
CFO/MIL-101(Cr) adsorbent was about —11.2 mV, while the
zeta potential of unencapsulated MIL-101(Cr) was about
—2.7 mV (see Fig. S1t). This finding indicates that the POM/
CFO/MIL-101(Cr) surface was more negatively charged. As
shown in Fig. 5c and éc, the efficiencies of removal of MB and
RhB dyes were directly proportional to pH in the range of 2-11
and the dye removal efficiency increased with the increase in
pH. At low pH, the less-negative surface of POM/CFO/MIL-
101(Cr) does not favor the adsorption process as a result of
the electrostatic repulsion but substantial dye adsorption onto
POM/CFO/MIL-101(Cr) still takes place, suggesting -7 stack-
ing interactions and/or hydrophobic interactions between MB
and RhB molecules and P,Mo,/MIL-101(Cr). At higher pH, the
surface of the adsorbent is negatively charged, which favors the
electrostatic interactions of cationic species of dyes with the
negatively charged surface. The electrostatic attraction force of
cationic dyes with POM/CFO/MIL-101(Cr) is greater at higher
values of pH.*

3.6.4. The effect of POM/CFO/MIL-101(Cr) dosage. For the
optimization of the initial adsorbent dose, a series of

View Article Online
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experiments was accomplished with varied POM/CFO/MIL-
101(Cr) adsorbent amounts (10, 20, 30, and 40 mg) at pH 6 in
30 mL of 100 mg L™ " MB solutions (Fig. 5d) and 50 mg L™ RhB
solutions (Fig. 6d). The obtained results indicated that with
increasing the dosage of the adsorbent, the yield elimination of
dyes was enhanced, which could be connected to more
adsorption sites. The 100% elimination of dyes was achieved in
the presence of 40 mg POM/CFO/MIL-101(Cr), which denoted
that an adsorbent dosage of 40 mg could be used for the
optimum elimination of MB and RhB dyes from polluted water.

3.6.5. The effect of salinity. It has been reported that the
addition of salts can affect the removal efficiency due to the
salting-out effect. The effect of salt on the removal efficiency was
studied in the presence of 0.01 M NaCl, (NH,),SO, and
Na,HPO, aqueous solutions. The results in Fig. S4a and
bt show that the dye removal efficiency by POM/CFO/MIL-
101(Cr) increases in the presence of inorganic salts. As shown
in Fig. S4a and b, the dye removal efficiency improved mark-
edly with increasing salt. This proves that the presence of salt
promotes the adsorption of dyes on POM/CFO/MIL-101(Cr). The
facilitation of adsorption by salt can be demonstrated by the
salting-out theory.*>*” With the increase in the concentration of
the salt, the dissolution of dye in water is gradually restrained.
The solubility of the dye declines due to the salting-out effect,
which impels the diffusion of more dye molecules to the surface
of POM/CFO/MIL-101(Cr) and increases the adsorption effi-
ciency. For this reason, the maximum removal of MB and RhB
was achieved in the presence of Na,HPO, salt.

3.6.6. The use of the POM/CFO/MIL-101(Cr) adsorbent for
mixed dyes. To investigate the adsorption capability of the
POM/CFO/MIL-101(Cr) adsorbent for mixtures of dyes, the
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tests was 16 min.
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Fig. 7 The selective adsorption potency of POM/CFO/MIL-101(Cr) in the dye mixture solutions of (a) MB and RhB, (b) RhB and MO, (c) MB and
MO, (d) RhB, MB and MO. Reaction conditions: Como) = Cowrng) = Come) = 25 mg L™, and adsorbent dose = 40 mg.

binary MB/RhB, RhB/MO and MB/MO, and ternary MB/RhB/MO
mixtures were selected and their adsorption process were
monitored by UV-vis spectroscopy. The results in Fig. 7a-
d demonstrate that the POM/CFO/MIL-101(Cr) adsorbed the
cationic dyes faster than the anionic dye in the aqueous mixed
dyes solutions. The existence of negative charges on the surface
of POM/CFO/MIL-101(Cr) depicted by the zeta potential (see
Fig. S57) corresponds well with the results of the adsorptions of
differently charged dye molecules. The electrostatic repulsion
between the negatively charged POM/CFO/MIL-101(Cr) and
anionic MO molecules resulted in their lesser adsorption as
compared to cationic dye molecules. However, a relatively high
adsorption of anionic MO dye was also observed in the mixed
dye solutions, indicating that other interactions such as
hydrogen bonding, m-m stacking interactions, and/or hydro-
phobic interactions are involved in the adsorption process. On
the other hand, the adsorption of anionic MO molecules onto
the adsorbent could increase after the adsorption of cationic
dyes such as MB in the mixture of dyes.

3.6.7. Adsorption performance of the nanocomposite
components. The adsorption performance of the POM/CFO/
MIL-101(Cr) components in the elimination of MB
(100 mg L") and RhB (50 mg L ') dyes from aqueous solutions
was studied. As shown in Fig. 8, POM/CFO/MIL-101(Cr)
exhibited greater adsorption efficiency than MIL-101(Cr),
POM, CFO, and CFO/MIL-101(Cr), which indicates that the
MB and RhB adsorption performances of the MIL-101-based

This journal is © The Royal Society of Chemistry 2020

adsorbents were enhanced, after the POM cluster was intro-
duced on the surface and into the cages of MIL-101(Cr).

3.6.8. Comparison with other reported adsorbents. To
show the advantage of the present adsorbent, we compared the
obtained results in the removal of MB from aqueous solution by
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Fig. 8 Adsorption yield of MB and RhB dyes with the components of
the POM/CFO/MIL-101(Cr) sample. Conditions: Comg) = 100 mg L™,
Corne) = 50 mg L~%, adsorbent dose = 30 mg, pH = 6 and temp. =
25 °C. The fixed contact adsorption times for MB and RhB dyes were
20 and 25 min, respectively.
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Table 2 The Freundlich and Langmuir isotherm parameters for the adsorption of organic dyes using the POM/CFO/MIL-101(Cr) sample”

Langmuir Freundlich

Dye qm (mgg ™) Ky (L mg™) R Ry Ki(mgg™) n R

MB 200 1.67 0.9964 0.0031-0.005 121.06 4.40 0.9913
RhB 153.84 0.16 0.9995 0.059-0.11 23.88 1.67 0.9914

“ K1, m, and C, are the Langmuir constant (mg L"), high adsorption capacity (mg g~ '), and the equilibrium concentration of the pollutant solution
(mg L"), respectively. The Ry, factor indicates whether the isotherm is favorable (0 < R < 1), irreversible (R, = 0), linear (R, = 1), or unfavorable (R;> 1
or Ry < 0). K¢ (mg g ') and n indicate the Freundlich constant and heterogeneity factor, respectively.

the POM/CFO/MIL-101(Cr) nanocomposite with some similarly
reported adsorbents in the literature.”** From Table S1 (see
ESIT), with respect to the adsorption capacity, time and initial
dye concentration, it is clear that the present method is more
suitable and/or superior. We can see that the adsorption
process in the presence of most reported adsorbents required
a longer reaction time as compared to the POM/CFO/MIL-
101(Cr) nanocomposite. The POM polyanions with higher
negative charges incorporated in the hybrid have a stronger
force of attraction to the positive charges of the cationic dyes
(e.g. MB). In fact, the higher adsorption capacity of the POM/
CFO/MIL-101(Cr) is due to the synergistic effect between MIL-
101(Cr) and POM polyanions having high negative charges (6—).

3.7. Study of adsorption isotherms

The adsorption isotherms of cationic dyes with various primary
concentrations (125-200 mg L™ ') onto the POM/CFO/MIL-
101(Cr) adsorbent at room temperature are illustrated in Fig
S6(a—f).T To survey the adsorption mechanisms, the Freundlich
and Langmuir isotherm models were applied. The Langmuir
model is displayed in linear form eqn (S1),} and assumes that
the adsorption occurs at specific homogeneous sites, in
monolayer form, onto the adsorbing surface.®®® From Table 2,
the adsorption capacities of POM/CFO/MIL-101(Cr) for cationic
MB and RhB dyes are 200 and 153.84 mg g ', respectively,
affirming that the sample presents supreme adsorption capac-
ities for these dyes. To predict the desirability of the adsorption
system, the Ry, factor has been reported from eqn (S1).T The Ry,

factor indicates whether the kind of isotherm is favorable (0 <
R < 1), irreversible (R, = 0), linear (R, = 1), or unfavorable (R > 1
or R;< 0).** As shown in Table 2, The R, factors are between
0 and 1, indicating that the adsorption of selected cationic dyes
on the POM/CFO/MIL-101(Cr) sample was desirable.

The Freundlich model, which is extensively applied to
explain the adsorption on non-homogeneous surfaces caused
through the diverse functional groups on the surface and some
adsorbate-adsorbent interactions, was investigated for fitting
the results from the MB and RhB adsorption isotherms by using
the eqn (S3).7*° The Freundlich isotherms are depicted in
Fig. S6et for MB and Fig. S6ff for RhB. With regard to the R,
values in Table 2, the adsorptions showed a better fit to the
Langmuir isotherm as compared to the Freundlich isotherm.

3.8. Adsorption kinetics

The time-dependent adsorption capacities of RhB and MB dyes
on POM/CFO/MIL-101(Cr) were investigated versus contact time
(Fig. 9). To investigate the adsorption process, including the
rate and mechanism of adsorption, the three kinetic models
(pseudo-first-order (eqn (S4)),f pseudo-second-order (eqn
(S5)),T and intra-particle diffusion (eqn (S6))t) were utilized to
test the experimental data at various initial concentrations of
RhB (50, 75, 80, and 100 mg L"), and MB (125, 150, 175, and
200 mg L™ ').”* The values of k, and ge(cay were computed from
the intercept and slope of the linear isotherm of t/g¢ vs. ¢ in
Fig. S7.7 According to Table 3, the values of the ge(yp) for MB
and RhB dyes are close to ge(cary based on the pseudo-second-

(@)
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Fig.9 The influence of the primary dye concentration and contact time on the adsorption processes of MB (a) and RhB (b) onto the POM/CFO/

MIL-101(Cr) adsorbent.
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Table 3 Kinetics constants for MB and RhB adsorption at different dye concentrations®

Intraparticle
Pseudo-first-order kinetics Pseudo-second-order kinetics diffusion
Dye  Geep (MEE ") Gecar (mgg ") ki (min') R ky(gmg 'min™Y)  geea(mgg) R’ kp I Ry?
MB
125 124.4 2.5 0.08 0.9631 0.058 125 1.00 13.7 31.1 0.7704
150 147.59 2.8 0.09 0.9575 0.021 151.5 0.9999 16.8 32.6 0.819
175 170.08 3.4 0.1 0.9732 0.016 175.4 0.9998 19.3 38.9 0.8089
200 193.3 4.3 0.11 0.9852 0.017 200 0.9999 21.8 47.2 0.7869
RhB
50 47 1.7 0.08 0.9622 0.019 51.02 0.9994 5.4 12.6 0.7646
75 69 1.9 0.09 0.9542 0.012 76.33 0.9994 8.2 16.7 0.8018
85 77.5 2.4 0.10 0.9634 0.009 86.95 0.9992 9.2 18.2 0.8144
100 91 3.4 0.17 0.989 0.007 101.01 0.9989 10.4 23.1 0.7781

% g,and g, (mg g~ ') are the concentrations of dye adsorbed at any time ¢ and equilibrium time (min), respectively. k; (min~') and k, (g mg ™" min™")
are the rate constants of adsorption for the pseudo-first-order and the pseudo-second-order models respectively, and k, (mg g~ ' min~ ') and 7 are the
intraparticle dissemination rate constant and intercept for the first linear phase.

order equation, which supports that the pseudo-second-order
model can be applied to explain the adsorption of these dyes
onto the POM/CFO/MIL-101(Cr). These indicate that chemi-
sorption is relatively dominant and controls the adsorption
process.**** The coefficients (R*) of the pseudo-second-order
and first-order equations are presented in Table 3. It can be
seen that the correlation coefficient of the pseudo-second-order
model was higher than the pseudo-first-order equation. Thus,
these results demonstrate that the adsorption of RhB and MB
on POM/CFO/MIL-101(Cr) followed the pseudo-second-order
model. Moreover, the obtained results displayed that the

surface adsorption via the diffusion of the particles may be
accomplished, and the sorption follows an intraparticle diffu-
sion model.

3.9. Stability and recyclability of the POM/CFO/MIL-101(Cr)
adsorbent

An important factor for considering a solid material as an effi-
cient adsorbent in the industry is its ability to be recycled. To
investigate the reusability of the POM/CFO/MIL-101(Cr) sample,
cycling experiments were conducted via utilizing a combination
of distilled water, 0.1 M of NaCl and ethanol as desorption
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Fig. 10 The reusability of the POM/CFO/MIL-101(Cr) adsorbent in the elimination of MB (a). FTIR spectrum (b), XRD pattern (c), and SEM

photograph (d) of the recovered sample after 3 runs.
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solvents. For this purpose, 30 mg of the sample was added to the
MB solution at a concentration of 100 mg L™ and stirred for
20 min. In the next step, the sample was thoroughly separated
by using an external magnetic field, and washed four times with
distilled water and ultimately dried for 12 h at 60 °C. The dried
sample was reused for another adsorption process under
identical conditions. The results revealed that the adsorbent is
reusable for 3 runs without considerable loss of activity
(Fig. 10a). As represented in Fig. 10b and ¢, FT-IR, XRD, and
SEM analyses of the recycled POM/CFO/MIL-101(Cr) sample
after 3 runs were the same as for the fresh sample. These
outcomes proved that the structure of the magnetic POM/CFO/
MIL-101(Cr) sample was stable and was not altered after
reusing.

4. Conclusions

A magnetic nanocomposite based on MIL-101(Cr), POM, and
CoFe,0, was designed and synthesized by the hydrothermal
method. In comparison with the MIL-101(Cr), the magnetic
POM/CFO/MIL-101(Cr) sample nanocomposite sample demon-
strated high adsorption capacity, considerable stability, and
effective elimination of cationic dyes from aqueous solutions.
Effective factors affecting the adsorption capacity such as
primary pH, temperature, initial dye concentration, and
adsorbent amount of the solution were investigated. Also, the
adsorption kinetics and isotherm experiments demonstrated
that the adsorption processes of RhB and MB dyes follow the
pseudo-second-order and Langmuir isotherm, respectively. The
MB yield elimination was 97% after recycling the magnetic
sample for 3 runs. Thus, the POM/CFO/MIL-101(Cr) sample can
potentially be utilized as an adsorbent for treating industrial
effluents containing complex dyes. These remarkable results
suggest that the POM/CFO/MIL-101(Cr) nanocomposite is
a useful, economical and efficient adsorption and separation
material that can be further utilized in the capture and sepa-
ration of organic dyes in contaminated water.
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