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1. Introduction

Various dyes have been used in the production processes of the textile, printing and dyeing, and papermaking industries
[1,2]. A large amount of these dyes have entered water bodies and become a threat to the water environmental safety. The
dyes in the effluents, even at low concentrations, produce a number of toxic products via oxidation, hydrolysis and other
chemical reactions [3], which either directly or indirectly cause harm to human health, e.g., by increasing the incidence of
allergies, tumors and cancers [4]. Therefore, it is necessary to find simple, highly efficient, and economical methods to treat
dye wastewater.

Currently, the methods of removal of dye including adsorption [5,6], membrane treatments, advanced oxidation pro-
cesses [7-11], and biological treatments [12] have been studied extensively. Among these methods proposed, due to the
high efficiency, cost effectiveness, and simple operation, the adsorption method has received an increasing attention [13,14].
The unique feature of the adsorption method is that no other reagent is required to promote the reaction rate between the
adsorbent and adsorbate. Additionally, adsorbents generally have large specific surface areas and high removal of dye.
Therefore, the adsorption to remove dyes from wastewater displays a number of advantages, such as rapid action and strong
adaptability [15].

Traditional adsorbents, such as activated carbon, clay, silica, zeolites and other porous materials, have been investigated
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widely [16-18]. Especially activated carbon is frequently used since it is effective for the removal of dissolved organic matter.
Monika Wawrzkiewicz et al. used mixed silica-alumina oxide consisting of 4% SiO, and 96% Al,Os to adsorb acid, reactive
and direct dyes from aqueous solutions and from wastewater and got satisfactory results [19]. Dong Wei et al. reported an
aerobic granular sludge as a biosorbent to treat dye wastewater, and achieved 80.72% removal of MB [20]. New sorbent
rhamnolipid-functionalized graphene oxide (RL-GO) hybrid was prepared by one-step ultra-sonication and obtained a high
adsorption capacity of MB onto RL-GO [21]. Nevertheless, the powder and gel adsorbents are difficult to separate from water
except through high speed centrifugation; accordingly limiting their applicability. On the other hand, the powder and gel
adsorbents cannot meet the developing industrial demands because of limited adsorption capacity and tedious recovery
process. Additionally, difficulties in regenerating and high processing cost limit its applications [22]. Therefore, it is a
challenge to develop materials with high adsorption capacity, good chemical stability and easy solid-liquid separation for
the treatment of MB wastewater.

Magnetic field assisted separation technologies have a potential to provide new opportunities. Magnetic separation
based on the superparamagnetic Fe,03 has received high attention and has been widely used in wastewater treatment due
to its convenience, economy and efficiency [23,24]. Hence, the aim of our study is to focus on the combination of magnetic
particles y-Fe;03 and SiO, to overcome the disadvantage of traditional sorbents mentioned above. Based on this purpose,
we prepared magnetic composites y-Fe,03/Si0O, (M-YFS) which can not only be separated easily from liquid phase, but also
possess a couple of advantages, such as high specific surface area, high adsorption capacity, strong paramagnetism, and
stability in water without waste products. Moreover, M-YFS was characterized using TEM, XRD, FTIR, BET specific surface
area, pore size distribution and magnetic saturation intensity. The adsorption capacity for dye MB on M-YFS and its me-
chanism including the influences of the initial solution pH, kinetics and adsorption isotherms were investigated. Meanwhile,
regeneration of M-yFS was also evaluated in this study.

2. Materials and methods
2.1. Reagents and materials

All of the chemicals used were analytical grade except as noted. 2,4-DCP, tetraethyl orthosilicate (TEOS), anhydrous
alcohol, methylene blue, ammonia, y-Fe,03; were analytical grade, all was purchased from SigmaeAldrich, USA. All solutions
were prepared using deionized water.

2.2. Preparation of M-yFS nanocomposite materials

At room temperature, M-YFS was prepared at the optimum conditions according to the evaluation experiments on
preparation parameters: 0.8 g y-Fe,0; was added to a mixture of ethanol and DI water (v/v 80:20) and ultrasonically
dispersed for 60 min. After dispersion, 2 mL ammonium was added and homogeneously mixed. A mixture solution of 0.4 mL
TEOS and 30 mL ethanol was then added in drops and stirred at 200 r/min for 3 h. The composite materials were washed
three times in ethanol and then dried at 60 °C in an oven for 12 h. After cooling, the materials were ground to obtain the
orange M-yFS powder.

2.3. Adsorption experiment

An amount of M-YFS powder was added to 50 mL MB with initial concentrations of 15-180 mg/L. The initial solution pH
was adjusted to 4.0-12.0 by adding 0.1 M HCl or 0.1 M NaOH, and the solution was then shaken at 150 r/min at temperature
298-318 K for 0.5-6 h. After that, M-yFS was separated from the solution with an external magnetic field, the solution
absorbance was measured at 664 nm. All samples were prepared in duplicate, and average values of the replicated mea-
surements were reported in all experiments. The adsorption capacity of MB on M-YFS, q. (mg/g) was calculated using Eq.
(1):

Co—C,
=V 0 e
= "M M
Where g, is the adsorption capacity, Cy is the initial MB concentration, C, is the equilibrium MB concentration, V is the
volume of the solution and M is the mass of the adsorbents.

2.4. Instrumentation

A glass pH electrode (PHS-25, China) was used for pH measurement. Sample morphology was examined using a
transmission electron microscope (TEM, JEM-100CXIl, Japan). X-ray diffraction (XRD) were performed on the samples to
confirm the crystal structure and identity using X-ray Diffractometer (Rigaku D/MAX-RB, Japan) with Cu Ka radiation in the
20 ranges of 5°~80° at a scan rate of 1 °/min. The FTIR spectrum of SiO,, y-Fe,03, M-yFS before and after adsorption was
measured with NICOLET 5700 FTIR Spectrometer (Thermo Fisher Scientific). The specific surface area was determined with a
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Fig. 1. TEM images of (a) y-Fe,03 and (b) M-yFS.

specific surface area analyzer (Micromeritics, USA) and calculated by the Brunauer-Emmett-Teller (BET) method. Magne-
tization measurements were obtained using a vibrating sample magnetometer (LAKESHORE-740, USA) at room tempera-
ture. UV-vis detection was carried out on a TU-1950 double beam UV-vis Spectrophotometer (Purkinje General, China). The
characterizations of the samples were carried out at their optimal conditions.

3. Results and discussion
3.1. Characterization of materials

3.1.1. TEM image and X-ray diffraction analysis

TEM image of the y-Fe,03; and M-YFS particles are shown in Fig. 1(a) and (b). Compared with y-Fe,03 particles in Fig. 1
(a), because M-YFS particles easily aggregated in solution, SiO, was coated along the surface of aggregation, and an irregular
core-shell structure formed as illustrated in Fig. 1(b). M-yFS particles presents non-uniformity after y-Fe,05 particles were
coated with SiO,. The average diameter of the y-Fe,03 is 34 nm and that of the M-yFS nanoparticle is 38 nm, respectively,
indicates that the average coating thickness of SiO, on the surface of y-Fe,05 is approximately 2 nm.
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Fig. 2. XRD patterns of y-Fe,03 and M-yFS.

Fig. 2 displays that the XRD diffraction peaks for M-yFS particle are consistent with that of y-Fe,03 in the obvious peaks
at 2 Theta 30° (220), 44° (400), 57° (511) and 63° (440). Additionally, SiO, characteristic peaks appear at 2 Theta 36° (311)
and 42° (400), indicating that SiO, has been successfully coated on the surface of y-Fe,03 and does not change the crystal
structure of y-Fe,05.

3.1.2. BET specific surface area, pore size distribution and magnetic saturation intensity

The specific surface area directly governs the contact interfacial area that is available for adsorption. Generally speaking,
the adsorption capacity increases with increasing specific surface area. The N, adsorption isotherm of M-yFS and pore size
distribution are presented in Fig. 3(a) and (b). According to the classification of gas adsorption isotherms (Fig. 3(a)), the
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Fig. 3. (a) Adsorption isotherm of N, on M-yFS; (b) Pore size distribution of M-yFS.
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Fig. 4. Hysteresis curves of y-Fe;05 and M-yFS, and image of separating M-yFS from MB solution by magnetic field.

nitrogen adsorption isotherm of M-yFS exhibits a plateaus line at low pressures, whereas at high pressures, the adsorption
isotherm steep straight. The calculated specific surface area of the M-yFS is 74.35 m?/g, and that of y-Fe,0s is 68.10 m?/g
which is not illustrated with figure. In the meanwhile, Fig. 3(b) presents most of the pore size distribution of M-yFS is
around 10 nm.

Fig. 4 exhibits obviously the hysteresis curves of y-Fe,03 and M-yFS. From Fig. 4, the y-Fe,O5 particles has 62 emu/g
(300 K) of magnetic saturation intensity, whereas M-yFS particles is 55 emu/g (300 K) for it. As a result, the coating of SiO,
on the surface of M-yFS can increase the specific surface area while decreasing the magnetic saturation intensity of M-yES.
However, the slight decrease of magnetic saturation intensity has not influenced the magnetic separation. Therefore, M-yFS
particles can act as strong magnetic carriers in the adsorption process. The picture embedded in Fig. 4 also reveals that the
magnetic saturation intensity is strong enough to separate adsorbents from MB solution in a magnetic field.

3.2. Effect of various parameters on the adsorption of MB

3.2.1. Effect of contact time

Herein, firstly we compared the adsorption capacity for MB on different materials SiO,, y-Fe,03 and M-yFS. As can be
seen from Fig. 5, y-Fe,03 particles have no adsorption ability for MB, only play as the magnetic carrier role. It is noteworthy
that the adsorption capacity for MB on the coated SiO, in M-yFS can get to a much high adsorption capacity with 116.09 mg/
g. In this study, the quality ratio of y-Fe,05 to the coated SiO; is 8:1 in M-yFS, the adsorption capacity for MB on the coated
SiO, in M-yFS was calculated by the quality ratio and the adsorption capacity of M-yFS. The ratio of adsorption capacity for
MB on M-yFS with 12.8 mg/g to that on the coated SiO, is very close to the quality ratio of y-Fe,Os3 to coated SiO,. Therefore,
Y¥-Fe,03 occupies a large portion of composite materials M-yFS only as a magnetic carrier, but it is the coated SiO, on the
surface of M-yFS that act as the main adsorption function for the dye MB.

It is also clear that the adsorption capacity of the coated SiO, in M-YES is 4.5 times to the solo SiO, with 25.3 mg/g
(Fig. 5). Particularly, the adsorption of MB on M-YFS only requires 0.5 h to reach adsorption balance, however the solo SiO,
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Fig. 5. Effect of contact time for different materials. (initial pH 7.0, temperature 298 K, initial MB concentration 30 mg/L, M-yFS dosage 2 g/L, y-Fe,03
dosage 2 g/L, SiO, dosage 0.22 g/L.).
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Fig. 6. Effect of contact time for M-yFS. (a) at different initial MB concentrations 15 mg/L, 30 mg/L, 45 mg/L (initial pH 7.0, temperature 298 K, dosage of M-
vFS 2 g/L.); (b) at different dosages 1 g/L, 2 g/L, 4 g/L. (initial pH 7.0, temperature 298 K, initial MB concentration 30 mg/L.).

requires 6 h to reach adsorption balance. We could suggest that combination of SiO, and y-Fe,03; can make the surface of
nano y-Fe,0; homogenous, and enhance greatly the contacting area between SiO, and contaminants, consequently make
the adsorption to be ongoing more adequately and rapidly.

On the other hand, if compared with the maximum adsorption capacity of MB on other adsorbents such as nitric acid-
treated bamboo waste with 87.72 mg/g [25], oil palm empty fruit bunch fibers with 68.6 mg/g [26], SnO, quantum dots
decorated silica nanoparticles with 73.15 mg/g [18], and magnetic responsive metal-organic frameworks nanosphere with
73.8 mg/g [27], the coated SiO, in M-yFS not only has performed higher adsorption capacity than these adsorbents but also
has a strong separation ability from water assisted by the magnetic field.

In the following experiments and discussion, the adsorption capacity of M-YFS is signified by the total mass of M-YFS.
Fig. 6(a) and (b) illustrates the effect of contact time on the adsorption capacity of MB on M-yFS at different initial MB
concentration and dosage of M-YES. These figures show that the adsorption of MB on M-YFS is a fast process, and part
equilibrium can be reached after adsorption for 2 h while whole equilibrium can be reached after adsorption for 4 h. In
addition, lower initial MB concentrations and larger quantities of M-yFS require shorter time to reach equilibrium.
Therefore, when M-YFS is used in dyeing wastewater treatment, the dosage of M-YFS can be appropriately increased to
improve the effect of adsorption and shorten adsorption time.

3.2.2. Effect of pH values of initial solution

When discussing the effects of pH values of initial solution on the adsorption process, the effects of pH on MB molecules
should be considered. As observed from Fig. 7(a), with different pH values 4.0, 7.0 and 12.0 of initial solution, although the
adsorption maximum occurs excursion compared to the initial fixed 664 nm, the excursion and change are very tiny.
Therefore, the influence of error is negligible.

Fig. 7(b) shows the effect of pH values of initial solution on adsorption capacity. From Fig. 7(b), the alkaline conditions are
beneficial to the adsorption of MB on M-YFS. As we know, MB is a heterocyclic aromatic chemical compound with the
chemical formula C;6H;gN3SCI. Under alkaline conditions, MB tends to form cations, whereas OH ™ is adsorbed to the surface
of M-YFS to form negatively charged adsorption centers, thus promoting the adsorption of MB ions.

In order to scientifically explore the adsorption mechanism, we compared the changes of zeta potential before and after
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Fig. 7. Effect of pH values of initial solution on (a) absorbance, (b) adsorption capacity and (c) zeta potential. (temperature 298 K, initial MB concentration
30 mg/L, M-yFS dosage 2 g/L, contact time 4 h.).

adsorption of MB. Zeta potential value of M-yFS under different pH values was detected and shown in Fig. 7(c). M-yFS
appears to be negative charge in solution, and zeta potential decreases with pH increases, indicating that M-yFS can adsorb
OH™ in solution. As discussed above, alkaline conditions can promote the adsorption of MB ions on M-yFS. MB in solution is
easy to ionize ClI~ anion in solution, and displays charge positivity. Thereby improve its adsorption onto M-yFS. Similarly,
the fact of zeta potential value of M-yFS after adsorption decreasing can also confirm this viewpoint.

3.2.3. Effect of initial MB concentration

Fig. 8 displays the effect of different initial MB concentrations on the adsorption capacity at different temperatures. The
figure shows that increases of initial MB concentration can enhance the adsorption of MB onto M-YFS. An increase in the
initial MB concentration can improve the force driving MB from the solution to the surface of M-YFS, thus causing the
movement of equilibrium towards adsorption. It was found that the adsorption arrived saturation when the initial MB
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Fig. 8. Effect of initial MB concentration. (initial solution pH 7.0, temperature 298 K, 308 K and 318 K, M-yFS dosage 2 g/L, contact time 4 h.).

concentration is 180 mg/L, and the adsorption capacity is 25.4 mg/g, 22.8 mg/g, and 20.5 mg/g at 298 K, 308 K, and 318 K,
respectively.

3.2.4. Effect of coexisting cations, ionic strength and humic acid

Fig. 9(a)-(c) shows the effects of coexisting cations, ionic strength and humic acid in the solution on the adsorption
capacity. Fig. 9(a) illustrates that the coexisting cations in solution can decrease the adsorption of MB on M-YFS, and the ions
with the order of weak to strong influences are Ca®*, Cu?*, and Cr>*. We could explain the results by these reasons. On the
one hand, M-YFS exhibits adsorption ability for cations by reducing the adsorption sites on the surface while repelling MB
with a positive charge. Meanwhile, the cations with larger radii and higher charges can decrease the adsorption more
significantly. On the other hand, there may be a cation complexation interaction between Ca?*, Cu?*, or Cr**, and MB
molecules. The competitive adsorption among metallic cations and MB cations on M-YFS can also be considered one of the
reasons to decrease the adsorption capacity.

Fig. 9(b) shows that high ionic strength can dramatically decrease the adsorption capacity of MB, attributing to the fact
that the increase of ionic strength can cause the salt to screen the electrostatic interactions between adsorbents and dyes,
consequently resulting in the decrease of dye adsorption. However, with a subsequent increase in the sodium chloride
concentration, the ionic strength increases and the adsorption capacity can be recovered, due to a double layer structure
could be formed because of electrostatic interactions when the solid and liquid come into contact. In addition, an increase of
ionic strength can make the positive and negative ions rise in solution, and thus neutralize partially adsorption sites on the
adsorbents. Accordingly, the double layer is compressed, and the dye molecules are able to more easily approach to the
surface of the adsorbents and thus to increase the interactions.

Fig. 9(c) displays that humic acid at low concentration of 0-2 g/L can promote the adsorption of MB on M-YFS, whereas
excess humic acid reduces the adsorption performance. As a natural polymer, humic acid exhibits excellent adsorption and
chelation with heavy metal ions and dyes in water [28]. Humic acid at low concentrations may attach to the surface of M-
YFS particles and support the adsorption of MB. However, the excess humic acid not only occupies a lot of adsorption sites
on the surface of M-yFS and obstructs the passageway among particles, but also it can decrease the solution pH values,
which are not beneficial for the adsorption process.

3.3. Adsorption kinetics

In this study, two different kinetic models were used: (1) the pseudo-second order kinetic model (Eq. (2)) and (2) the
intraparticle diffusion model (Eq. (3)) [29-31]:
The pseudo-second order kinetic could be shown by Eq. (2):

t 1 1

q kg’ 4, @)

Where ¢, is the amount sorbed at equilibrium (mg/g), k- is the equilibrium rate constant of pseudo-second order (g/mg h).
These constants can be determined by plotting t/q, against t.
The intraparticle diffusion kinetic (Weber-Morris diffusion model) is shown in Eq. (3) [32]:

q, = kigt"? + C 3)

Where Kjq4 (g/mg h) is the rate constant of the interaparticle diffusion kinetic model. The value of C and Kjq is obtained from



D. Chen et al. /| Water Resources and Industry 15 (2016) 1-13 9

15.0

 (a)

D
o

9.0

6.0

—e—Ca”
3.0F =
—a—

Adsorption capacity (mg/g)

0.0 ! ] " | L | ’ | i |
0.0 2.0 4.0 6.0 8.0 10.0

Cation concentration (mmol/L)

 (b)

13.0

12.0

Adsorption capacity (mg/g)

1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
NaCl concentration (mol/L)

14.0 -

13.0 -

12.0 -

Adsorption capacity (mg/g)

110 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 0.5

Humic acid concentration (g/L)

Fig. 9. Effect of (a) coexisting cations, (b) ionic strength and (c) humic acid. (initial pH 7.0, temperature 298 K, initial MB concentration 30 mg/L, M-yFS
dosage 2 g/L, contact time 4 h.).

the intercept and slope of the line plotted in q; against t'/?, respectively.

As presented in Table 1, Graphs 1(a), 1(b) and Graphs 2(a), 2(b) in supplementary materials, the adsorption kinetics data
of M-yFS is accordance with the pseudo-second-order kinetics model, but inconsistent with the intraparticle diffusion
model. Lines with the intraparticle diffusion model did not pass through the origin, indicating the intraparticle diffusion is
not the only speed-controlled step for the adsorption.

3.4. Adsorption isotherm

In order to understand and clarify the adsorption process, Langmuir, Freundlich and Dubinin-Radushkevich (p-R)
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Table 1
Kinetics parameters of pseudo-second-order and intraparticle diffusion model for MB adsorption on M-yFS.

Parameters Qe (exp) (ME/E) Pseudo-second-order Intraparticle diffusion model

de (cany (Mg/g) ka (g/mg h) R? ¢ (mgfg) kia (mg/g h) R?
Co (mg/L)
15 6.698 6.720 6.221 1 2.740 2.365 0.464
30 12.899 13.051 1.210 1 4.794 4.759 0.541
45 16.927 17.343 0.408 0.999 5.539 6.465 0.626
M (g/L)
1 18.483 19.264 0.207 0.999 5.170 7.278 0.708
2 12.899 13.051 1.121 1 4.794 4.759 0.541
4 6.897 6.916 9.910 1 2.861 2.428 0.454

isotherm models are applied in this study [33,34]. Langmuir isotherm is assumed that adsorption is a monolayer adsorption
and the maximum adsorption occurs when molecules adsorbed on the surface of sorbent form a saturated layer. The
Langmuir equation is

Le _ Le
9 Kg, 4, 4)

Where ¢. is the amount sorbed at equilibrium (mg/g), C. is the equilibrium concentration (mg/L), q,;, is the maximum
adsorption capacity (mg/g), and K; is the adsorption intensity or Langmuir coefficient related to the affinity of the binding
site (L/mg).

The Freundlich isotherm can be applied to non-ideal adsorption on heterogeneous surfaces as well as multilayer ad-
sorption and is expressed by Eq. (5):

1
Ing, = InK; + o Inc, )
Where Kr and 1/n is the constants that are related to the adsorption capacity and the adsorption intensity, respectively.
The D-R equation is used to explain energetic heterogeneity of solid surface at the monolayer region in micro-pores, and
the equation may be represented as:

Ing, = Ing,—pe ©)

Where q. is the amount of adsorbate per unit weight of sorbent (mol/g), g, is the D-R monolayer adsorption capacity (mol/
g),  is a constant related to adsorption energy (mol?/k]?), and ¢ is the Polanyi potential, which is equal to

e=RT In(1 + 1/c,) @

Adsorption energy E (kJ/mol), can be obtained by Eq. (8):

E=(2)"" ®

It means energy for per mol sorbate in transfer from infinity in solution to the surface.

Table 2 and Graph 3(a)-3(c) in supplementary materials demonstrate that compared with the Freundlich and D-R iso-
therm models, the Langmuir equation is more suitable for describing the adsorption behavior of MB on M-yFS. According to
the hypothesis of the Langmuir model, MB was adsorbed on the surface of M-yFS as a monolayer, and the adsorption is
uniformly distributed to all adsorption sites.

The value of the average activation energy (E) can be used to explain the adsorption mechanism [35]: when IEl is less
than 8 KJ/mol, physical adsorption plays a dominant role; and when [El is 8-16 KJ/mol, chemical ion exchange plays a
dominant role. The IEl value calculated from the D-R model is 0.302-0.434 KJ/mol, indicating that the adsorption of MB on
M-yFS is mainly physical adsorption. When the temperature increases, the g, value decreases, and it suggests the MB

Table 2
The parameters of Langmuir, Freundlich and p-R isotherms at different temperatures.

T (K) Langmuir Freundlich D-R

qm (Mg/g) K; (L/mg) R n Kr R qm (Mg/g) R E (KJ/mol)
208 26.617 0.154 0.999 5.068 10322 0.901 23.934 0.917 0.434
308 23.419 0.182 0.997 6.023 10.507 0.816 21.582 0.954 0.414

318 20.956 0.215 0.999 5.749 9.194 0.752 19.882 0.993 0.302
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Table 3
Thermodynamic parameters for MB adsorption on M-yFS.

T (K) InKc AG (kJ/mol) AH (kJ/mol) AS (J/ (mol - K)) R?
298 1.02 —2.53 —22.33 —66.05 0.84
308 0.87 —2.24

318 0.45 -120

adsorption on M-yFS is an exothermic process.

3.5. Adsorption thermodynamics

The adsorption free energy (AG®), standard enthalpy (AH°) and standard entropy (AS°) are calculated from the ad-
sorption of MB on M-YFS at different temperatures [36]. Based on thermodynamic theory, the relationship is shown as the
following Eqs. (9-11), respectively:

AG = AH-TAS )
K =d
‘o (10)
AH AS
InK =-22 ;22
Me="%r "R an

Where R is the gas constant (8.314 J/mol K) and T is the absolute temperature (K). Thus, AH° and AS° are obtained from the
slope and intercept of the line plotted by In(Q./C.) versus 1/T, respectively.

The enthalpy change (AH) and entropy change (AS) can be obtained according to the 1/T plotted against InKc. The slope
and intercept obtained from the fitted line was used to calculate the thermodynamic parameters shown in Table 3. These
parameters show that the AG values are negative for the experimental temperatures, demonstrating that the adsorption of
MB on M-YFS is a spontaneous process. More negative values of AG can promote an easier adsorption process. The AH
values are negative, suggesting that the adsorption of MB on M-YES is an exothermic process, and this result is consistent
with previous results. The AS values are negative, revealing that the ordered arrangement at the solid-liquid interface
increases in the adsorption process.

3.6. FTIR spectra of M-yES before and after adsorption

Fig. 10 figures out the FTIR spectra of SiO,, y-Fe,03;, and M-yFS before and after adsorption. It is obvious that the
characteristic adsorption peaks in wavenumber 446 cm~!, 555 cm~ !, 637 cm ™' and 696 cm~! belong to Fe-O bond in -
Fe,0s. Strong adsorption peaks wavenumber in 1071 cm~'and 798 cm~! are Si-O bond. Meanwhile, these peaks can be
observed in the FTIR spectra of M-yFS, which further confirm that SiO, have been successfully coated on the surface of y-
Fe,03. The peaks at M-YFS have not changed after MB adsorption, suggesting that M-YFS has a strong ability in steady which
is advantageous for cyclic utilization.

S————— W s e
P S 'I
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=N.”
g J\/\/\\/
)
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3 B
N
>
S
&k 7 s TN/N 2 - TN T T T T ST T T T T T~
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Fig. 10. FTIR spectra of SiO,, y-Fe,03, M-yFS before and after adsorption.
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Fig. 11. Effect of recycling times on adsorption capacity using different solvents.

3.7. Regeneration of M-yFS

The regeneration process was carried out under the conditions: initial MB concentration 30 mg/L, M-YFS dosage 2 g/L,
initial solution pH 7.0, temperature 298 K, and contact time 4 h. Afterward, the used M-yFS were washed with DI water and
other five solvents of ethanol (EtOH), acetic acid (AC), hydrochloric acid (HCl), ammonium water (AW) and NaOH solution in
the concentration of 1 mol/L, and then were dried for reuse. The results of the regeneration in Fig. 11 reveal that ethanol can
achieve a highest recovery for the adsorption capacity of M-yFS in all solvents. M-yFS can still keep 10.39 mg/g of adsorption
capacity and 80% removal of MB by ethanol solvent after M-yFS recycled four times.

4. Conclusions

The M-yFS exhibits an irregular core-shell structure with average diameter of the particles 38 nm, the specific surface
area 74.35 m?/g, and the magnetic saturation intensity 55 emu/g. The optimum adsorption of MB on M-yFS occurred in
alkaline conditions, and the maximum adsorption capacity calculated by coated SiO, in M-yFS is 116.09 mg/g. Coexisting
cations and ionic strength can decrease the adsorption performance of M-YFS, whereas humic acid at low concentration can
promote the adsorption of MB on M-yFS.

The adsorption of MB on M-YFS shows a good fit to the pseudo-second-order kinetics model, and intraparticle diffusion
is not the only speed-controlled step. The Langmuir isotherm is more suitable for describing the adsorption behavior of MB
on M-YFS, and the results suggest that the adsorption is a spontaneous process. In addition, the ordered arrangement at the
solid-liquid interface can be increased during the adsorption process.

Meanwhile, M-yFS can still keep 80% removals of MB by ethanol-washed and recycling four times. Moreover, due to low
cost, eco-friendly, non-toxicity and high adsorption capacity of M-yFS, the magnetic adsorbent can be considered as one of
the effective options to remove MB from dye wastewater.
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