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Abstract: Metal-organic frameworks (MOFs) are considered as good materials for the adsorption
of many environmental pollutants. In this study, magnetic Fe3O4/MIL-88A composite was
prepared by modification of MIL-88A with magnetic nanoparticles using the coprecipitation method.
The structures and magnetic property of magnetic Fe;O4/MIL-88A composite were characterized
and the adsorption behavior and mechanism for Bromophenol Blue (BPB) were evaluated. The results
showed that magnetic Fe;O4/MIL-88A composite maintained a hexagonal rod-like structure and
has good magnetic responsibility for magnetic separation (the maximum saturation magnetization
was 49.8 emu/g). Moreover, the maximum adsorption amount of Fe30,/MIL-88A composite for
BPB was 167.2 mg/g and could maintain 94% of the initial adsorption amount after five cycles.
The pseudo-second order kinetics and Langmuir isotherm models mostly fitted to the adsorption for
BPB suggesting that chemisorption is the rate-limiting step for this monomolecular-layer adsorption.
The adsorption capacity for another eight dyes (Bromocresol Green, Brilliant Green, Brilliant Crocein,
Amaranth, Fuchsin Basic, Safranine T, Malachite Green and Methyl Red) were also conducted and
the magnetic Fe304/MIL-88A composite showed good adsorption for dyes with sulfonyl groups.
In conclusion, magnetic Fe304/MIL-88A composite could be a promising adsorbent and shows great
potential for the removal of anionic dyes containing sulfonyl groups.

Keywords: adsorption;  bromophenol blue; magnetic nanoparticles; metal-organic
frameworks; wastewater

1. Introduction

The textile industry is one of the most chemically intensive industries on Earth and the major
polluter of potable water. During various stages of textile processing, huge quantities of dyes are
generated in the form of wastewater [1]. Dyes usually have complex aromatic molecular structures
which make them more stable and more difficult to biodegrade. As the diversity of textile products
increases, different dyestuffs with highly varying chemical characteristics are used in industry,
complicating further treatments of textile wastewater [2]. The direct discharge of colored and toxic
wastewater into the environment affects its ecological status by causing various undesirable changes [3].
Sulfonated azo dyes, one of the aromatic sulfonates, can be easily found in the textile industry. Due to
a high mobility within the aquatic system, they can easily pass through the water treatment process
and cause pollution of surface water [4]. There is an urgent need for the development of effective
processes to remove the dyes from wastewater.
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Various physicochemical and biological methods for treating dye effluents have been reported,
such as adsorption, precipitation, chemical degradation, advanced oxidation processes, biodegradation
and chemical coagulation [5]. Although these methods have been widely applied, they have some
disadvantages. Owing to the undesired reactions in treated water, chemical coagulation causes large
amounts of sludge and extra pollution [6]. As for biological methods, it is inadequate for most textile
wastewaters because of highly structured polymers with low biodegradability [7]. In the past decade,
the removal of dye from aqueous solutions via adsorption has attracted much attention because of
economic feasibility, simplicity, and high efficiency [8]. Traditional absorbents have some limitations
such as low adsorption capacity and difficulty in separation of absorbents after reaction. Hence, it is
necessary to design low cost and high-efficiency absorbents that can also be easily separated from the
contaminated media [9,10]. Graphene oxide [11], metal oxides nanoparticles [12], agricultural waste
peels [13], bionanomaterials [11], metal-organic frameworks (MOFs) and many kinds of materials with
various modifications constantly attract researchers” attention [14].

MOFs are a class of crystalline materials made by linking metal clusters or ions and organic
linkers through covalent bonds. Owing to their highly ordered structures, high porosity and large
surface areas, MOFs have attracted intensive attention in gas storage [15], molecular sensing [16],
catalysis [17], energy [18], and water remediation [14]. Recently, many kinds of MOF-based materials
such as rod-like metal-organic framework nanomaterial and MOF composites have been successfully
synthesized and are widely used to remove dyes from wastewater [19-22]. Magnetic materials gained
immense attention as adsorbents as well due to their strong magnetic response, low cost and good
biocompatibility represented by ferroferric oxide (Fe3O4) nanoparticles. Fe304 nanoparticles could be
easily separated from reaction liquids by the use of an external magnetic field. Consequently, they
were widely applied in separation, catalysis and environmental remediation. The combination of
Fe;04 nanoparticles and other nanomaterials could apparently simplify procedures, save time, and
improve efficiency in adsorption and separation fields [23].

Bromophenol blue (BPB) and its structurally related derivatives have been extensively applied in
many industries like food, cosmetic, textile, printing inks and laboratory indicators [24]. The present
study reports the successful synthesis of magnetic composite Fe304/MIL-88A and its use for the
adsorption of BPB in order to evaluate its feasibility as a novel adsorbent in environmental remediation.
MIL-88A was a 3D structured framework built up from trimers of Fe3* octahedra linked to fumarate
dianions. This structure exhibited a pore-channel system along the ¢ axis and cages (5-7 A) [25].
In addition, MIL-88A exhibited a flexible framework and possessed active iron metal sites, which
were applied as a photocatalyst [26]. The synthesized Fe3O4/MIL-88A composite was characterized
with transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray powder
diffraction (XRD), thermogravimetric analysis (TGA) and vibration sample magnetometer (VSM).
The adsorption properties for BPB were investigated in terms of the effects of contact time, adsorbent
dosage and initial dye concentration on removal efficiency of BPB and the kinetic and isotherm of
adsorption process. As a superior adsorbent material, Fe3O4/MIL-88A showed proper magnetic
response for shortening reaction time and excellent adsorption ability for the removal of dyes.

2. Materials and Methods

2.1. Materials

The chemicals, sodium acetate, fumaric acid, ethylene glycol, ferric chloride, ethanol, ferrous
sulfate and ammonium hydroxide were of analytical grade and obtained from Sigma-Aldrich
Chemicals (St. Louis, MO, USA). The dyes, Bromophenol Blue (BPB), Bromocresol Green, Brilliant
Green, Brilliant Crocein, Amaranth, Fuchsin Basic, Safranine T, Malachite Green and Methyl Red were
obtained commercially from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Ultrapure
water (18.2 M() cm resistivity) was obtained from an ELGA water purification system (ELGA Berkefeld,
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Veolia, Germany). All other chemicals were also analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Synthesis of Magnetic Fe304/MIL-88A Composite

The MIL-88A was prepared according to the previous synthesis customs with some modifications
in the solution concentration and reaction time [26]. Typically, 10 mmol of FeCl3-6H,0O and 10 mmol
of fumaric acid were first dissolved in 25 mL of water, and then the homogeneous solution was
transferred into a 120 mL Teflon-lined stainless steel autoclave and heated to 65 °C for 12 h. After
cooling to room temperature, the product was dispersed in water under ultrasonic waves for several
minutes and centrifuged. The liquid supernatant was decanted and the precipitate (the weight was
0.89 g after drying) was re-dispersed in 100 mL of water for further use.

The magnetic Fe304/MIL-88A composite was prepared by coprecipitation method [27]. 3 mmoL
of FeCl3-6H,0 and 1.5 mmoL of FeSO,4-7H,O were mixed in 200 mL of water to form an aqueous
solution. The solution was transferred into a round bottom flask containing 100 mL of MIL-88A
aqueous solution under mechanical stirring in water bath at 75 °C. While mechanical stirring, 3 mL
of ammonium hydroxide was added dropwise into the flask and the color of the solution became
black indicating precipitate formation. The mixture was vigorously stirred for 30 min at 75 °C and
this continued for 90 min at room temperature. After the reaction, the Fe304/MIL-88A composite was
magnetically separated using a magnet and washed with water and ethanol three times. Finally, it was
dried in a vacuum oven at 45 °C for 12 h (1.20 g after drying).

2.3. Characterizations

In order to confirm the morphology and structure of the final products, the synthesized magnetic
Fe;0,4/MIL-88A composites were characterized by means of TEM, field emission scanning electron
microscopy (FESEM), and XRD. Specifically, TEM images of magnetic Fe304/MIL-88A composites
were recorded on a Tecnai-G20 transmission electron microscope (FEL, Hillsboro, OR, USA). FESEM
images were recorded on a JSM-7500F Field Emission Scanning Electron Microscope (JEOL, Tokyo,
Japan). The XRD spectra were recorded using a powder X-ray Diffractometer (Rigaku RINT 2500,
Rigaku Corporation, Tokyo, Japan) with Cu/Ko radiation at 30 mA and 40 kV. TGA was performed
in nitrogen atmosphere from 40 to 800 °C with a heating rate of 10 °C/min with a simultaneous
thermal analyzer (Netzsch STA 449F3, Ahlden, Germany). Moreover, the magnetic properties of
Fe304/MIL-88A composites were measured at room temperature on a vibration sample magnetometer
VSM7407 (Lake Shore, Westerville, OH, USA).

2.4. Adsorption Experiments

The adsorption rate experiments were performed by immersing 0.2 g of Fe30,4/MIL-88A powder
into 50 mL of 1.2 mg/mL of dye aqueous solutions in a 100 mL conical flask with cover. The flask was
shaken using a mechanical shaker (SHA-CA, Changzhou, China) at 27 °C and 200 rpm for 135 min.
At each period of time, about 2.0 mL of the solution was picked up and filtrated through a syringe
filter to measure the concentration of BPB using an ultraviolet-visible (UV-Vis) spectrophotometer
(UV-2700, Shimadzu, Kyoto, Japan) at a wavelength of 590 nm. Different process variables such
as initial concentration (0.3—-1.5 mg/mL) and doses (0.05-0.4 g) were also investigated. Percentage
removal of dyes was determined using the following equation [28]:

(Co—Ci)

Removal efficiency (%) = c
0

x 100% 1)
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where C represents the initial concentration of dye and C; represents the concentration of dye after ¢
minutes. The equilibrium amount of adsorption (g¢) and the amount of adsorption (g;) at given time
were calculated according to the following equation [29]:

go= =S XV @
gt = (CO—V(\f;)XV ®)

where C, is the equilibrium concentration of dye (mg/mL), V is the solution volume (mL), and W is
the adsorbent mass (g).

3. Results and Discussion
3.1. Characterization of Magnetic Fe304/MIL-88A Composite

3.1.1. Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron
Microscopy (FESEM)

The MIL-88A and magnetic Fe304/MIL-88A composite were characterized by TEM and FESEM
to visually observe the morphologies changes during synthesis processes. TEM image (Figure 1a)
showed the prepared MIL-88A were crystallized hexagonal microrods of over 5 um in length and
about 500 nm in diameter. FESEM observation (Figure 1b) confirmed the microrod shape and revealed
that the size distribution of these MIL-88A was relatively uniform with some exceptions. After the
combination of Fe3O,4 nanoparticles, the TEM image (Figure 1c) showed many Fe;O4 nanoparticles
were grown on the surface of MIL-88A and the structure of MIL-88A was retained. The diameter
of Fe304 nanoparticles were about 5 to 10 nm. It could be seen that the magnetic Fe304/MIL-88A
composite was successfully prepared and showed characteristics of both Fe30O4 nanoparticles and
MIL-88A in nanostructure.

Figure 1. The transmission electron microscopy (TEM) (a) and field emission scanning
electron microscopy (FESEM) (b) images of MIL-88A and the TEM (c) image of magnetic
Fe304/MIL-88A composite.

3.1.2. X-Ray Powder Diffraction (XRD)

The structures of MIL-88A and Fe3O,/MIL-88A composite were analyzed by XRD and the spectra
were compared with that of Fe304 nanoparticles. As shown in Figure 2a, the spectrum of MIL-88A
showed peaks at 8.14°, 10.42° and 12.98°, which was accordance with the reported information [30].
Meanwhile, the spectrum of Fe3O4 nanoparticles also showed characteristic peaks at 30.48°, 35.72°,
43.32°, 57.56° and 62.86° corresponding the indices (220), (311), (400), (511) and (440). This pattern
was in agreement with previously reported Fe3O4 crystal XRD data [31]. Finally, the spectrum of
magnetic Fe304/MIL-88A composite exhibited some characteristic peaks of Fe;O,4 nanoparticles at
35.72° and 62.86°. However, the peaks of MIL-88A were almost missed. As shown by TEM, the
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MIL-88A was coated with Fe30O,4 nanoparticles, which might interfere the diffraction peak of MIL-88A
crystals. Moreover, the quantity of Fe3O4 nanoparticles were much more than MIL-88A, therefore the
diffraction signals of Fe3O4 nanoparticles were much higher than those of MIL-88A and masked the
signals of MIL-88A.
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Figure 2. (a) The X-ray powder diffraction (XRD) patterns of MIL-88A (black), Fe304 nanoparticles
(red) and magnetic Fe30,4/MIL-88A composite (blue); (b) thermogravimetric analysis (TGA) curves of
MIL-88A (black), Fe304 nanoparticles (blue) and magnetic Fe304/MIL-88A composite (red); (c) The
magnetization curve of magnetic Fe304/MIL-88A composite.

3.1.3. Thermogravimetric Analysis (TGA)

Figure 2b shows the weight losses of MIL-88A, Fe304 nanoparticles and magnetic Fe304 /MIL-88A
composite. In nitrogen below 350 °C, the weight loss of MIL-88A was attributed to the collapse
of organic skeleton [32]. The weight loss of Fe3O4 nanoparticles below 100 °C was related to the
evaporation of absorbed water, while the weight loss above 100 °C was relatively flat without obvious
change. Finally, magnetic Fe304/MIL-88A composite showed the same tendency in weight loss as that
of MIL-88A and the final weight loss was in between the former two materials. It illustrated that the
combination of MIL-88A and Fe3O4 nanoparticles was effective.

3.1.4. Vibration Sample Magnetometer (VSM)

As a kind of magnetic nanomaterials, the magnetic property of magnetic Fe304/MIL-88A
composite was evaluated by VSM as well. The magnetization curves of magnetic Fe304/MIL-88A
composite was shown in Figure 2c. It could be found that the maximum saturation magnetization
reached 49.8 emu/g. This value was less than that of bare Fe3O4 (about 65.0 emu/g) due to the
existence of MOF without magnetic response. However, the prepared Fe;O4/MIL-88A composite
was sufficient for magnetic separation in experiments and could be separated from solution within
two minutes.

3.1.5. Adsorption Ability

The adsorption ability of magnetic FezO4/MIL-88A composite was verified and compared with
that of MIL-88A and Fe;O, nanoparticles. Under the same adsorption conditions, the adsorption
amount of magnetic Fe304/MIL-88A composite was 141.5 mg/g with removal efficiency of 26.5%.
While, the adsorption amounts of MIL-88A and Fe3;O4 nanoparticles were 140.6 mg/g and 13.6 mg/g,
respectively. It could be seen that MIL-88A and magnetic Fe304/MIL-88A composite had considerable
adsorption abilities for BPB. However, the adsorption ability of Fe3O4 nanoparticles rather poor.
The combination of two kinds of materials gave the magnetic responsibility to MIL-88A and maintained
the adsorption ability. Based on these, the prepare of magnetic Fe304/MIL-88A composite could be
considered successful.
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3.2. Effects of Parameters on Dye Adsorption

3.2.1. Effect of Contact Time

The effect of contact time (15-135 min) on the removal efficiency of BPB was shown in Figure 3a.
At the initial stage of adsorption, an increasing adsorption could be observed. However, the increase of
adsorption slowed down as the adsorption proceeded, and finally the adsorption reached saturation.
The maximum adsorption amount (141.2 mg/g) was achieved at 60 min with removal efficiency
of 26.2%. After 135 min of adsorption, no significant increase in adsorption amount was observed
(141.2 mg/g to 147.9 mg/g). Similar patterns could be obtained in many adsorption experiments of
dyes [33].
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Figure 3. Effects of contact time (a), adsorbent dosage (b) and initial concentration (c) on the adsorption
amount of Fe304/MIL-88A composite (black) and removal efficiency (blue).

3.2.2. Effect of Adsorbent Dosage

The effect of adsorbent dosage was investigated by addition of various amounts of magnetic
Fe304/MIL-88A composite in 50 mL of dyes solution (1.2 mg/L) at room temperature for 60 min. As
shown in Figure 3b, the adsorption amount of Fe3O4/MIL-88A composite decreased and removal
efficiency increased with increasing dosage. The removal efficiency of BPB increased from 11.6% to
76.7%, which might due to the increase of adsorption sites on Fe3O4/MIL-88A surface were available
for adsorption to dyes [34]. However, the adsorption capacity of Fe3O4/MIL-88A composite of
decreased from 140.2 mg/g to 115.6 mg/g and showed maximum of 141.7 mg/g at 0.1 g. This kind of
trend was commonly shown in many adsorption researches, which was caused by the agglomeration
of adsorbent at high dosage, resulting in the reduction of effective sites on the adsorbent surface [35].

3.2.3. Effects of Initial Dye Concentration

The initial concentrations have great influences in this system, because it provides driving force
to overcome mass transfer resistance between dye ion and solid phase [36]. The effect of initial dye
concentrations (0.3-1.5 mg/mL) on the adsorption on magnetic Fe3O0,/MIL-88A composite was shown
in Figure 3c. It could be found that the removal efficiency of BPB decreased from 75.6% to 21.2%
accompanied by the increase of adsorption capacity of Fe3O4/MIL-88A composite (101.2 mg/g to
141.7 mg/g) with initial dye concentration increased. The increase of adsorption capacity of absorbent
could also be observed in the adsorption of R-250 dye on starch/poly(alginic acid-cl-acrylamide),
direct orange 34 on natural clay and crystal violet on polyaniline nanoparticles [36-38]. However,
the reduction of removal efficiency with increasing initial dye concentration might be attributed to
relatively limited number of active sites for dyes compared with the increasing dye molecules.

3.3. Adsorption Kinetics

In order to study the mechanism of adsorption kinetics, two kinds of commonly used kinetic
models, pseudo-first-order and pseudo-second-order, were applied in this research to study the
adsorption behavior of BPB on magnetic Fe304/MIL-88A composite. Especially, the pseudo-first-order
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model was the simplest model and widely exploited for investigating the adsorption behavior.
The pseudo-first-order model was expressed as follows [39]:

In (g — q¢) = Inge — kqt 4)

where g; (mg/g) and g. (mg/g) are the amounts of adsorbed dyes at a certain time and at equilibrium
status respectively, t is contact time (min) and k; (min~1) is the pseudo-first order rate constant.
The pseudo-second-order model could be represented as:

t 1 1
qt B kadqg " %t ©)
where k,; (g/mg/min) is the pseudo-second-order rate constant.

Figure 4 and Table 1 illustrated the linear plots of first and second order models for the adsorption
of BPB on magnetic Fe304/MIL-88A composite. To estimate the suitability of two models, the
corresponding correlation coefficients (R?) were obtained by linear regression methods and higher
R? value indicated more applicable model for describing the kinetics of BPB adsorption. As a
result, the higher R? value for pseudo-second-order model (0.999) indicated this model was in good
agreement with the experimental values and was more suitable for this adsorption. However, the
R? for pseudo-first-order (0.902) is much lower than that offered by the pseudo-second-order model,
which indicated the pseudo-first-order model was not suitable for the adsorption of BPB. This result
reflected the rate limiting step for this adsorption might be chemisorption, involving valence force via
sharing or exchanging electron between adsorbent and adsorbate [40].
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Figure 4. Adsorption kinetics plots (black dot) and the fitting curve (line) for the adsorption of
Bromophenol Blue (BPB) on magnetic Fe304/MIL-88A composite at 27 °C: pseudo-first-order kinetic
models (a) and pseudo-second-order kinetic models (b) and intraparticle diffusion model (c).

Table 1. Adsorption kinetic parameters for BPB on magnetic Fe304/MIL-88A composite.

Exp Pseudo-First-Order Model = Pseudo-Second-Order Model  Intraparticle Diffusion
Gexp e k1 R? ge kaa R? k1 k2 ks
148.0 119.56  0.0497 0.902 153.85  0.00125 0.999 9.82 2.68 0.44

In order to determine the adsorption process mechanism, an intraparticle diffusion model was
also used to determine the rate-limiting step during the adsorption process [41]. The expression of this
model is shown as the following equation:

qr = kit*® + C ©)

where C (mg/g) is the intercept in intraparticle diffusion plot, and k; (mg/g/min) is the intraparticle
diffusion rate constant. Figure 4c showed linear plots in three sections, implying that three steps were
involved in the adsorption with decreasing rates: (a) surface adsorption; (b) intraparticle diffusion;
(c) adsorption close to equilibrium [42]. The rate constants k; decreased and C values increased from
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step (a) to step (c) showed the increased contribution of the boundary layer to the adsorption rate.
This kind of evolution was reported in other dye/adsorbent systems [43].

3.4. Adsorption Isotherms

The analysis on adsorption equilibrium could reveal types of adsorbate layers formed on the
adsorbent surface. Three isotherm models were used in this study including the Langmuir model,
Freundlich model and Temkin model. The Langmuir model assumed that uptake occurs on a
homogeneous surface by monolayer adsorption without interaction between the absorbed materials,
which could be expressed as following [44]:

¢_1.G

= 7
e me qm ( )

where C, (mg/mL) and g, (mg/g) represent the equilibrium concentration of dye and adsorption
capacity at equilibrium, g, (mg/g) represents the maximum adsorption capacity and b represents the
equilibrium adsorption constant (mL/mg).

The Freundlich model described the formation of multilayers by adsorbate molecules on the
adsorbent surface because of different affinities for various active sites on adsorbent surface [45].
The equation was expressed as following:

log g, = log k + %log Ce 8)

where k (mL/mg) and n are the Freundlich constants.

The Temkin model assumed that adsorbent-adsorbate interactions could not be neglected during
the adsorption mechanism, and the heat of adsorption decreases linearly with the adsorbate coverage
due to the interaction [46]. This model could be represented by the following equation:

ge = Blog At + Blog C, 9)

where B (mg/g) and Ar (mL/mg) are the Temkin isotherm equilibrium binding constant.

The experimental data were fitted to the Langmuir, Freundlich and Temkin models as described
in Figure 5 and the detail parameters were shown in Table 2. Through the comparison on the R? values
(0.984 for Langmuir, 0.954 for Freundlich and 0.975 for Temkin, respectively), the Langmuir model
appeared to be the most suitable model in describing adsorption of BPB on magnetic Fe304/MIL-88A
composite. Thus, the adsorption of BPB was typical monomolecular-layer adsorption.
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Figure 5. Adsorption isotherms plots (Black dot) and the fitting curve (Red line) for the adsorption of
BPB dye on magnetic Fe3O4/MIL-88A composite at 27 °C: Langmuir model (a), Freundlich model (b)
and Temkin model (c).

Table 2. The adsorption isotherm parameters for BPB on magnetic Fe;O,/MIL-88A composite.

Langmuir Freundlich Temkin
Gm b R? 1/n k R? B At R?
204.50 2.445 0.984 0.497 149.62 0.954 112.1 19.98 0.975
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3.5. Comparison Study

Eight dyes, Bromocresol Green, Brilliant Green, Brilliant Crocein, Amaranth, Fuchsin Basic,
Safranine T, Malachite Green and Methyl Red, were investigated and compared at the same adsorption
conditions (Figure 6). 0.1 g of Fe30,4/MIL-88A powders were transferred into 50 mL of 1.0 mg/mL of
dye solutions, the mixture was shaken at 27 °C for 60 min. The adsorption amount was calculated
through monitoring the change of absorbance for each dye solution. Among these dyes, Bromocresol
Green, Brilliant Green, Brilliant Crocein, Amaranth, and BPB all contain sulfonyl groups. However,
there is no sulfonyl group in the structure of the other four dyes, Fuchsin Basic, Safranine T, Malachite
Green and Methyl Red. As a result, five dyes containing sulfonyl groups showed much better
adsorption amounts than that of dyes without sulfonyl group. In particular, there was nearly no
adsorption for Fuchsin Basic and Methyl Red. Some computed and experimental properties were
listed in Table 3. Topological polar surface area (TPSA) values were obtained on the Pubchem website
(https:/ /pubchem.ncbinlm.nih.gov/compound/) and pKa values were obtained on the Chemicalbook
website (https://www.chemicalbook.com/). The TPSA was defined as the sum of surfaces of polar
atoms in a molecule. This property has been shown to correlate with the human intestinal absorption
and blood-brain barrier penetration. Herein, BPB, Bromocresol Green, Brilliant Green, Brilliant Crocein
and Amaranth with higher adsorption amounts showed relative higher TPSA values and lower pKa
values. Based on these results, it might be assumed that magnetic Fe3O4/MIL-88A composite could
effectively adsorbed dyes with sulfonyl groups, and the polar surface and pKa values of molecules
might affect the adsorption. However, the detailed mechanism, especially in the surface charge of
absorbent and dyes, still needs more in-depth and systematic studies in future [47].
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Figure 6. Comparison of the adsorption amount among various dyes on magnetic Fe;O,/MIL-88A composite.

Table 3. The chemical properties of investigated dyes.

Dyes TPSA/A? pKa
BPB 92.2 3.85
Bromocresol Green 92.2 47
Brilliant Green 92.1 2.5
Brilliant Crocein 197 -a
Amaranth 238 -
Fuchsin Basic 75.9 -
Safranine T 68.8 6.4
Malachite Green 6.2 6.9
Methyl Red 65.3 4.95

2 means the value could not be found in the website.
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Nanomaterials 2019, 9, 51 10 of 14

Adsorption capacities of various adsorbents for BPB as reported in literature were presented
in Table 4. The comparison between this work and other reported data showed that magnetic
Fe;04/MIL-88A composite was a satisfied adsorbent for BPB compared to other adsorbents, as
the adsorption capacity of magnetic Fe304/MIL-88A composite was higher than that of most reported
materials. Therefore, it could be safely concluded that the materials prepared in this work exhibited
considerable ability for adsorbing BPB from aqueous solutions.

Table 4. A comparison of adsorption of BPB by various reported adsorbents.

Adsorbent Adsorbate  Adsorption Capacity (mg/g) Reference
a-Chitin nanoparticles BPB 22.72 [48]
Activated charcoal BPB About 9.0 x 1073 [49]
SiO,-Bth*-PFg ™ ionic liquids BPB 238.10 [24]
Modified layered silicate BPB 184.5 [50]
Sorel’s cement nanoparticles BPB 4.88 [51]
Polymer-clay composite BPB About 7.5 [52]
Mesoporous MgO nanoparticles BPB 40 [53]
Mesoporous hybrid gel BPB 18.43 [54]
CoFe;Oy4 nano-hollow spheres BPB 29.3 [55]
Graphene oxi.de functionali.zed magnetic BPB 9.5 [56]

chitosan composite

CuS-NP-AC BPB 106.4 [57]
Fe;O3-ZnO-ZnFe, Oy / carbon nanocomposite BPB 90.91 [58]
Iron oxide nanoparticles BPB About 110 [59]

Fe3;04/MIL-88A BPB 141.9-167.2 This study

3.6. Recycling of Fe304/MIL-88A Composite

The reuse of adsorbent is an important aspect for practical application in economic aspect.
To evaluate the reusability of magnetic Fe3O4/MIL-88A composite, the adsorbed composite was
desorbed with ethanol solution and used for next adsorption cycles. The adsorption capacity of each
cycle was monitored and the relative adsorption capacity was calculated by comparing with the
first run in percentage form (adsorption capacity defined as 100%). Five cycles’ reuse of magnetic
Fe304/MIL-88A composite was shown in Figure 7. It could be seen that Fe;O,/MIL-88A maintained
high adsorption capacity (94%) without significant loss after five cycles. The result demonstrated that
Fe;0,4/MIL-88A composite could be applied in practical application owing to their high adsorption
capacity and good reusability.
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Figure 7. Reusability of magnetic Fe304/MIL-88A composite.
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4. Conclusions

The magnetic Fe30,/MIL-88A composite was prepared and characterized by TEM, FESEM,
XRD, TGA and VSM. The characterizations showed the preparation was successful and sufficient for
magnetic separation. The magnetic Fe3O4/MIL-88A composite showed good adsorption ability for
BPB and other dyes containing sulfonyl groups. The adsorption amount of magnetic Fe304/MIL-88A
composite was higher than many reported materials for BPB and could be maintained during five
cycles. The results illustrated that the magnetic Fe304/MIL-88A composite has promising application
in dye-contaminated wastewater treatment, especially for anionic dyes containing sulfonyl groups.

Author Contributions: Data curation, Y.H.; Investigation, Y.L. and L.L.; Methodology, Y.H. and H.Q.; Project
administration, A.X. and H.Q.; Supervision, A.X.; Writing—original draft, L.L.; Writing—review and editing, L.L.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the risk assessment of agricultural products quality and safety
project (GJFP2018010) and the Natural Science Foundation of Hunan Province (2017]]3348).

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

References

1.  Ji, Y;Ma, C,;LiJ,; Zhao, H,; Chen, Q.; Li, M,; Liu, H. A magnetic adsorbent for the removal of cationic dyes
from wastewater. Nanomaterials 2018, 8, 710. [CrossRef] [PubMed]

2. Matmin, J.; Affendi, I.; Ibrahim, S.; Endud, S. Additive-free rice starch-assisted synthesis of spherical
nanostructured hematite for degradation of dye contaminant. Nanomaterials 2018, 8, 702. [CrossRef]
[PubMed]

3. Pajootan, E.; Arami, M.; Mahmoodi, N.M. Binary system dye removal by electrocoagulation from synthetic
and real colored wastewaters. J. Taiwan Inst. Chem. Eng. 2012, 43, 282-290. [CrossRef]

4. Loos, R.; Niessner, R. Analysis of aromatic sulfonates in water by solid-phase extraction and capillary
electrophoresis. J. Chromatogr. A 1998, 822, 291-303. [CrossRef]

5. Pan, L;Wang, Z; Yang, Q.; Huang, R. Efficient removal of lead, copper and cadmium ions from water by a
porous calcium alginate/graphene oxide composite aerogel. Nanomaterials 2018, 8, 957. [CrossRef] [PubMed]

6. Gao, P; Chen, X.; Shen, E; Chen, G. Removal of chromium(VI) from wastewater by combined
electrocoagulation—electroflotation without a filter. Sep. Purif. Technol. 2005, 43, 117-123. [CrossRef]

7. Can, O.T.; Bayramoglu, M.; Kobya, M. Decolorization of reactive dye solutions by electrocoagulation using
aluminum electrodes. Ind. Eng. Chem. Res. 2003, 42, 3391-3396. [CrossRef]

8.  Carmalin Sophia, A.; Lima, E.C. Removal of emerging contaminants from the environment by adsorption.
Ecotoxicol. Environ. Saf. 2018, 150, 1-17. [CrossRef]

9.  Jabbari, V,; Veleta, ].M.; Zarei-Chaleshtori, M.; Gardea-Torresdey, J.; Villagran, D. Green synthesis of magnetic
MOF@GO and MOF@CNT hybrid nanocomposites with high adsorption capacity towards organic pollutants.
Chem. Eng. |. 2016, 304, 774-783. [CrossRef]

10. Li, WJ.; Gao, S.Y,; Liu, T.F; Han, L.W,; Lin, Z].; Cao, R. In situ growth of metal-organic framework thin films
with gas sensing and molecule storage properties. Langmuir 2013, 29, 8657-8664. [CrossRef]

11. Tan, K.B.; Vakili, M.; Horri, B.A.; Poh, PE.; Abdullah, A.Z.; Salamatinia, B. Adsorption of dyes by
nanomaterials: Recent developments and adsorption mechanisms. Sep. Purif. Technol. 2015, 150, 229-242.
[CrossRef]

12.  Santhosh, C.; Velmurugan, V.; Jacob, G.; Jeong, S.K.; Grace, A.N.; Bhatnagar, A. Role of nanomaterials in
water treatment applications: A review. Chem. Eng. J. 2016, 306, 1116-1137. [CrossRef]

13. Bhatnagar, A.; Sillanpad, M.; Witek-Krowiak, A. Agricultural waste peels as versatile biomass for water
purification—A review. Chem. Eng. ]. 2015, 270, 244-271. [CrossRef]

14. Hasan, Z.; Jhung, S.H. Removal of hazardous organics from water using metal-organic frameworks (MOFs):
Plausible mechanisms for selective adsorptions. J. Hazard. Mater. 2015, 283, 329-339. [CrossRef] [PubMed]

15. Li, J.-R.; Kuppler, R.].; Zhou, H.-C. Selective gas adsorption and separation in metal-organic frameworks.
Chem. Soc. Rev. 2009, 38, 1477-1504. [CrossRef] [PubMed]


http://dx.doi.org/10.3390/nano8090710
http://www.ncbi.nlm.nih.gov/pubmed/30201925
http://dx.doi.org/10.3390/nano8090702
http://www.ncbi.nlm.nih.gov/pubmed/30205567
http://dx.doi.org/10.1016/j.jtice.2011.10.014
http://dx.doi.org/10.1016/S0021-9673(98)00620-7
http://dx.doi.org/10.3390/nano8110957
http://www.ncbi.nlm.nih.gov/pubmed/30463340
http://dx.doi.org/10.1016/j.seppur.2004.10.008
http://dx.doi.org/10.1021/ie020951g
http://dx.doi.org/10.1016/j.ecoenv.2017.12.026
http://dx.doi.org/10.1016/j.cej.2016.06.034
http://dx.doi.org/10.1021/la402012d
http://dx.doi.org/10.1016/j.seppur.2015.07.009
http://dx.doi.org/10.1016/j.cej.2016.08.053
http://dx.doi.org/10.1016/j.cej.2015.01.135
http://dx.doi.org/10.1016/j.jhazmat.2014.09.046
http://www.ncbi.nlm.nih.gov/pubmed/25305363
http://dx.doi.org/10.1039/b802426j
http://www.ncbi.nlm.nih.gov/pubmed/19384449

Nanomaterials 2019, 9, 51 12 of 14

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Allendorf, M.D.; Bauer, C.A.; Bhakta, R.K,; Houk, R.J.T. Luminescent metal-organic frameworks. Chem. Soc.
Rev. 2009, 38, 1330-1352. [CrossRef]

Lee, ].; Farha, O.K.; Roberts, J.; Scheidt, K.A.; Nguyen, S.T.; Hupp, ].T. Metal-organic framework materials as
catalysts. Chem. Soc. Rev. 2009, 38, 1450-1459. [CrossRef]

Manos, G.; Dunne, L. Predicting the features of methane adsorption in large pore metal-organic frameworks
for energy storage. Nanomaterials 2018, 8, 818. [CrossRef]

Wu, Y.; Pang, H.; Yao, W.; Wang, X.; Yu, S.; Yu, Z.; Wang, X. Synthesis of rod-like metal-organic framework
(MOF-5) nanomaterial for efficient removal of U(VI): Batch experiments and spectroscopy study. Sci. Bull.
2018, 63, 831-839. [CrossRef]

Ke, F; Qiu, L.G.; Yuan, Y.P; Jiang, X.; Zhu, ]J.F. Fe30,@MOF core—shell magnetic microspheres with a
designable metal-organic framework shell. J. Mater. Chem. 2012, 22, 9497-9500. [CrossRef]

Askari, H.; Ghaedi, M.; Dashtian, K.; Mha, A. Rapid and high-capacity ultrasonic assisted adsorption of
ternary toxic anionic dyes onto MOF-5-activated carbon: Artificial neural networks, partial least squares,
desirability function and isotherm and kinetic study. Ultrason. Sonochem. 2017, 37, 71. [CrossRef] [PubMed]
Li, H; Cao, X.; Zhang, C.; Yu, Q.; Zhao, Z.; Niu, X.; Sun, X.; Liu, Y.; Ma, L.; Li, Z. Enhanced adsorptive
removal of anionic and cationic dyes from single or mixed dye solutions using MOF PCN-222. RSC Adv.
2017, 7, 16273-16281. [CrossRef]

Zhao, X,; Liu, S.; Zhi, T.; Niu, H.; Cai, Y.; Wei, M.; Wu, E; Giesy, ].P. Synthesis of magnetic metal-organic
framework (MOF) for efficient removal of organic dyes from water. Sci. Rep. 2015, 5, 11849. [CrossRef]
[PubMed]

Liu, J.; Yao, S.; Wang, L.; Zhu, W.; Xu, J.; Song, H. Adsorption of bromophenol blue from aqueous samples by
novel supported ionic liquids. J. Chem. Technol. Biotechnol. 2014, 89, 230-238. [CrossRef]

Chalati, T.; Horcajada, P.; Gref, R.; Couvreur, P; Serre, C. Optimisation of the synthesis of MOF nanoparticles
made of flexible porous iron fumarate MIL-88A. |. Mater. Chem. 2011, 21, 2220-2227. [CrossRef]

Xu, W.-T.; Ma, L,; Ke, F; Peng, E-M.; Xu, G.-S.; Shen, Y.-H.; Zhu, ].-E; Qiu, L.-G.; Yuan, Y.-P. Metal-organic
frameworks MIL-88A hexagonal microrods as a new photocatalyst for efficient decolorization of methylene
blue dye. Dalton Trans. 2014, 43, 3792-3798. [CrossRef]

Fang, J.; Wang, H.; Xue, Y.; Wang, X.; Lin, T. Magnet-induced temporary superhydrophobic coatings from
one-pot synthesized hydrophobic magnetic nanoparticles. ACS Appl. Mater. Interfaces 2010, 2, 1449-1455.
[CrossRef]

Azha, S.F; Sellaoui, L.; Shamsudin, M.S.; Ismail, S.; Bonilla-Petriciolet, A.; Ben Lamine, A.; Erto, A. Synthesis
and characterization of a novel amphoteric adsorbent coating for anionic and cationic dyes adsorption:
Experimental investigation and statistical physics modelling. Chem. Eng. J. 2018, 351, 221-229. [CrossRef]
Gao, Y.; Deng, S.-Q.; Jin, X,; Cai, S.-L.; Zheng, S.-R.; Zhang, W.-G. The construction of amorphous
metal-organic cage-based solid for rapid dye adsorption and time-dependent dye separation from water.
Chem. Eng. J. 2019, 357, 129-139. [CrossRef]

Wu, H.; Ma, M.-D.; Gai, W.-Z,; Yang, H.; Zhou, ].-G.; Cheng, Z.; Xu, P,; Deng, Z.-Y. Arsenic removal from
water by metal-organic framework MIL-88A microrods. Environ. Sci. Pollut. Res. 2018, 25, 27196-27202.
[CrossRef]

Liu, L; Ma, Y,; Chen, X.; Xiong, X.; Shi, S. Screening and identification of BSA bound ligands from
Puerariae lobata flower by BSA functionalized Fe;O, magnetic nanoparticles coupled with HPLC-MS/MS.
J. Chromatogr. B 2012, 887-888, 55-60. [CrossRef] [PubMed]

Wang, Y.; Guo, X.; Wang, Z.; Lii, M.; Wu, B.; Wang, Y.; Yan, C.; Yuan, A.; Yang, H. Controlled pyrolysis of
MIL-88A to Fe,O3@C nanocomposites with varied morphologies and phases for advanced lithium storage.
J. Mater. Chem. A 2017, 5, 25562-25573. [CrossRef]

Hamza, W.; Dammak, N.; Hadjltaief, H.B.; Eloussaief, M.; Benzina, M. Sono-assisted adsorption of cristal
violet dye onto tunisian smectite clay: Characterization, kinetics and adsorption isotherms. Ecotoxicol.
Environ. Saf. 2018, 163, 365-371. [CrossRef] [PubMed]

Wang, X,; Jiang, C.; Hou, B.; Wang, Y.; Hao, C.; Wu, J. Carbon composite lignin-based adsorbents for the
adsorption of dyes. Chemosphere 2018, 206, 587-596. [CrossRef] [PubMed]

Tang, C.-Y.; Yu, P; Tang, L.-S.; Wang, Q.-Y,; Bao, R.-Y.; Liu, Z.-Y,; Yang, M.-B.; Yang, W. Tannic acid
functionalized graphene hydrogel for organic dye adsorption. Ecofoxicol. Environ. Saf. 2018, 165, 299-306.
[CrossRef] [PubMed]


http://dx.doi.org/10.1039/b802352m
http://dx.doi.org/10.1039/b807080f
http://dx.doi.org/10.3390/nano8100818
http://dx.doi.org/10.1016/j.scib.2018.05.021
http://dx.doi.org/10.1039/c2jm31167d
http://dx.doi.org/10.1016/j.ultsonch.2016.10.029
http://www.ncbi.nlm.nih.gov/pubmed/28427684
http://dx.doi.org/10.1039/C7RA01647F
http://dx.doi.org/10.1038/srep11849
http://www.ncbi.nlm.nih.gov/pubmed/26149818
http://dx.doi.org/10.1002/jctb.4106
http://dx.doi.org/10.1039/C0JM03563G
http://dx.doi.org/10.1039/C3DT52574K
http://dx.doi.org/10.1021/am100092b
http://dx.doi.org/10.1016/j.cej.2018.06.092
http://dx.doi.org/10.1016/j.cej.2018.09.124
http://dx.doi.org/10.1007/s11356-018-2751-2
http://dx.doi.org/10.1016/j.jchromb.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22305973
http://dx.doi.org/10.1039/C7TA08314A
http://dx.doi.org/10.1016/j.ecoenv.2018.07.021
http://www.ncbi.nlm.nih.gov/pubmed/30059881
http://dx.doi.org/10.1016/j.chemosphere.2018.04.183
http://www.ncbi.nlm.nih.gov/pubmed/29778084
http://dx.doi.org/10.1016/j.ecoenv.2018.09.009
http://www.ncbi.nlm.nih.gov/pubmed/30205332

Nanomaterials 2019, 9, 51 13 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Chaari, I.; Moussi, B.; Jamoussi, F. Interactions of the dye, c.I. Direct orange 34 with natural clay. J. Alloys
Compd. 2015, 647, 720-727. [CrossRef]

Sharma, G.; Naushad, M.; Kumar, A ; Rana, S.; Sharma, S.; Bhatnagar, A.; Florian, ].S.; Ghfar, A.A.; Khan, M.R.
Efficient removal of coomassie brilliant blue r-250 dye using starch/poly(alginic acid-cl-acrylamide)
nanohydrogel. Process Saf. Environ. Prot. 2017, 109, 301-310. [CrossRef]

Saad, M.; Tahir, H.; Khan, J.; Hameed, U.; Saud, A. Synthesis of polyaniline nanoparticles and their
application for the removal of crystal violet dye by ultrasonicated adsorption process based on response
surface methodology. Ultrason. Sonochem. 2017, 34, 600—-608. [CrossRef]

Al-Hussain, S.; Atta, A.; Al-Lohedan, H.; Ezzat, A.; Tawfeek, A. Application of new sodium vinyl
sulfonate-co-2-acrylamido-2-me[thylpropane sulfonic acid sodium salt-magnetite cryogel nanocomposites
for fast methylene blue removal from industrial waste water. Nanomaterials 2018, 8, 878. [CrossRef]

Tekin, N.; Safakli, A.; Bing6l, D. Process modeling and thermodynamics and kinetics evaluation of basic
yellow 28 adsorption onto sepiolite. Desalin. Water Treat. 2015, 54, 2023-2035. [CrossRef]

Mouni, L.; Belkhiri, L.; Bollinger, J.-C.; Bouzaza, A.; Assadi, A.; Tirri, A.; Dahmoune, F.; Madani, K.; Remini, H.
Removal of methylene blue from aqueous solutions by adsorption on kaolin: Kinetic and equilibrium studies.
Appl. Clay Sci. 2018, 153, 38—45. [CrossRef]

Ghosal, PS.; Gupta, AK. Determination of thermodynamic parameters from langmuir isotherm
constant-revisited. J. Mol. Lig. 2017, 225, 137-146. [CrossRef]

Tanhaei, B.; Ayati, A.; Lahtinen, M.; Sillanpdd, M. Preparation and characterization of a novel
chitosan/Al,O3 /magnetite nanoparticles composite adsorbent for kinetic, thermodynamic and isotherm
studies of methyl orange adsorption. Chem. Eng. J. 2015, 259, 1-10. [CrossRef]

Wang, X.; Zhang, Z.; Zhao, Y.; Xia, K.; Guo, Y;; Qu, Z; Bai, R. A mild and facile synthesis of amino
functionalized CoFe,04@SiO, for Hg(Il) removal. Nanomaterials 2018, 8, 673. [CrossRef] [PubMed]
Carazo, E.; Borrego-Sanchez, A.; Sanchez-Espejo, R.; Garcia-Villén, F.; Cerezo, P.; Aguzzi, C.; Viseras, C.
Kinetic and thermodynamic assessment on isoniazid /montmorillonite adsorption. Appl. Clay Sci. 2018, 165,
82-90. [CrossRef]

Wong, S.; Tumari, H.H.; Ngadi, N.; Mohamed, N.B.; Hassan, O.; Mat, R.; Saidina Amin, N.A. Adsorption
of anionic dyes on spent tea leaves modified with polyethyleneimine (PEI-STL). J. Clean. Prod. 2019, 206,
394-406. [CrossRef]

Heimann, S.; Ndé-Tchoupé, A.L; Hu, R,; Licha, T.; Noubactep, C. Investigating the suitability of Fe?
packed-beds for water defluoridation. Chemosphere 2018, 209, 578-587. [CrossRef] [PubMed]
Dhananasekaran, S.; Palanivel, R.; Pappu, S. Adsorption of methylene blue, bromophenol blue, and
coomassie brilliant blue by «-chitin nanoparticles. J. Adv. Res. 2016, 7, 113-124. [CrossRef]

Igbal, M.].; Ashiq, M.N. Adsorption of dyes from aqueous solutions on activated charcoal. ]. Hazard. Mater.
2007, 139, 57-66. [CrossRef]

Shapkin, N.P; Maiorov, V.I; Leont’ev, L.B.; Shkuratov, A.L.; Shapkina, V.Y.; Khal’chenko, .G.J.C.J. A study of
the adsorption properties of modified layered silicate. Colloid |. 2014, 76, 746-752. [CrossRef]

El-Gamal, S.M.A.; Amin, M.S.; Ahmed, M.A. Removal of methyl orange and bromophenol blue dyes from
aqueous solution using sorel’s cement nanoparticles. J. Environ. Chem. Eng. 2015, 3, 1702-1712. [CrossRef]
El-Zahhar, A.A.; Awwad, N.S.; El-Katori, E.E. Removal of bromophenol blue dye from industrial waste
water by synthesizing polymer-clay composite. |. Mol. Lig. 2014, 199, 454-461. [CrossRef]

Ahmed, M.A.; Abou-Gamra, Z.M. Mesoporous mgo nanoparticles as a potential sorbent for removal of fast
orange and bromophenol blue dyes. Nanotechnol. Environ. Eng. 2016, 1, 10. [CrossRef]

You, L.; Wu, Z; Kim, T,; Lee, K. Kinetics and thermodynamics of bromophenol blue adsorption by a
mesoporous hybrid gel derived from tetraethoxysilane and bis(trimethoxysilyl)hexane. J. Colloid Interface Sci.
2006, 300, 526-535. [CrossRef] [PubMed]

Rakshit, R.; Khatun, E.; Pal, M.; Talukdar, S.; Mandal, D.; Saha, P.; Mandal, K. Influence of functional group
of dye on the adsorption behaviour of CoFe,O4 nano-hollow spheres. New J. Chem. 2017, 41, 9095-9102.
[CrossRef]

Sohni, S.; Gul, K.; Ahmad, F.; Ahmad, I.; Khan, A.; Khan, N.; Bahadar Khan, S. Highly efficient removal of
acid red-17 and bromophenol blue dyes from industrial wastewater using graphene oxide functionalized
magnetic chitosan composite. Polym. Compos. 2018, 39, 3317-3328. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2015.06.142
http://dx.doi.org/10.1016/j.psep.2017.04.011
http://dx.doi.org/10.1016/j.ultsonch.2016.06.022
http://dx.doi.org/10.3390/nano8110878
http://dx.doi.org/10.1080/19443994.2014.893843
http://dx.doi.org/10.1016/j.clay.2017.11.034
http://dx.doi.org/10.1016/j.molliq.2016.11.058
http://dx.doi.org/10.1016/j.cej.2014.07.109
http://dx.doi.org/10.3390/nano8090673
http://www.ncbi.nlm.nih.gov/pubmed/30158471
http://dx.doi.org/10.1016/j.clay.2018.08.009
http://dx.doi.org/10.1016/j.jclepro.2018.09.201
http://dx.doi.org/10.1016/j.chemosphere.2018.06.088
http://www.ncbi.nlm.nih.gov/pubmed/29957518
http://dx.doi.org/10.1016/j.jare.2015.03.003
http://dx.doi.org/10.1016/j.jhazmat.2006.06.007
http://dx.doi.org/10.1134/S1061933X14060155
http://dx.doi.org/10.1016/j.jece.2015.06.022
http://dx.doi.org/10.1016/j.molliq.2014.07.034
http://dx.doi.org/10.1007/s41204-016-0010-7
http://dx.doi.org/10.1016/j.jcis.2006.04.039
http://www.ncbi.nlm.nih.gov/pubmed/16725150
http://dx.doi.org/10.1039/C7NJ00941K
http://dx.doi.org/10.1002/pc.24349

Nanomaterials 2019, 9, 51 14 of 14

57.

58.

59.

Mazaheri, H.; Ghaedi, M.; Asfaram, A.; Hajati, S. Performance of cus nanoparticle loaded on activated
carbon in the adsorption of methylene blue and bromophenol blue dyes in binary aqueous solutions: Using
ultrasound power and optimization by central composite design. J. Mol. Lig. 2016, 219, 667—676. [CrossRef]
Mohammadzadeh, A.; Ramezani, M., Ghaedi, A.M. Synthesis and characterization of
Fe,03-ZnO-ZnFey;O4/carbon nanocomposite and its application to removal of bromophenol blue
dye using ultrasonic assisted method: Optimization by response surface methodology and genetic algorithm.
J. Taiwan Inst. Chem. Eng. 2016, 59, 275-284. [CrossRef]

Saha, B.; Das, S.; Saikia, J.; Das, G. Preferential and enhanced adsorption of different dyes on iron oxide
nanoparticles: A comparative study. J. Phys. Chem. C 2011, 115, 8024-8033. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.molliq.2016.03.050
http://dx.doi.org/10.1016/j.jtice.2015.07.034
http://dx.doi.org/10.1021/jp109258f
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Magnetic Fe3O4/MIL-88A Composite 
	Characterizations 
	Adsorption Experiments 

	Results and Discussion 
	Characterization of Magnetic Fe3O4/MIL-88A Composite 
	Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron Microscopy (FESEM) 
	X-Ray Powder Diffraction (XRD) 
	Thermogravimetric Analysis (TGA) 
	Vibration Sample Magnetometer (VSM) 
	Adsorption Ability 

	Effects of Parameters on Dye Adsorption 
	Effect of Contact Time 
	Effect of Adsorbent Dosage 
	Effects of Initial Dye Concentration 

	Adsorption Kinetics 
	Adsorption Isotherms 
	Comparison Study 
	Recycling of Fe3O4/MIL-88A Composite 

	Conclusions 
	References

