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Abstract: The magnetic composite-materials (Fe;O4@SDBS@LDHs) were prepared by sodium dodecyl benzene sulfonate (SDBS)
modified layered double hydroxides (SDBS@LDHs) with Fe;O, via co-precipitation method. The results of XRD, FT-IR and
SEM/EDS indicated that the dispersibility of LDHs was improved, and the modification of SDBS took place on the surface of LDHs.
The adsorption capacity of Fe;0,@SDBS@LDHs to brilliant green (BG) reaches 329.1 mg/g after the adsorption equilibrium. The
thermodynamic parameters indicated that the adsorption process was endothermic and spontaneous, and the rate of a reaction
increased with the raise of the reaction temperature. The Langmuir model was applicable for describing the sorption isotherms,
indicating that the adsorption process is a monolayer adsorption. The results of kinetics study showed that adsorption fitted the
pseudo-second order model well. The adsorbents still have good adsorption performance after four adsorption cycles. Moreover, the
magnetic composite could be easily separated from aqueous solution. This indicated that Fe;0,@SDBS@LDHs can be considered as

potential adsorbents in environmental applications for the removal of BG from aqueous solutions.
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1 Introduction

Dyes are widely used in various industries, such as
textile, leather, paper, cosmetics, and plastics. However,
the dye pollutants discharged into rivers and lakes
without any prior treatment have caused potential threat
to the eco-environment and difficulty to be treated
because of large volume, high content of organic dye
pollutants[1,2]. Therefore, many efforts have been made
to develop effective methods for the elimination of
organic dyes from wastewater, including sedimentation,
coagulation, flocculation, chemical treatments, oxidation,
photodegradation, biological treatments, adsorption, and
[3—6]. Among these methods,
adsorption is one of the most commonly used methods
due to its operational simplicity, effectiveness, low
energy requirements and low cost [7]. Overall, in
consideration of environmental problems and economic
cost, to develop novel adsorbents with high adsorption
efficiency and capacities is necessary and desirable.

Layered double hydroxides (LDHs), are known as
hydrotalcitelike compound or anionic clay. LDHs consist
of positively charged metal hydroxide layers separated

membrane process

by anions and water molecules which are generally
l xMx {OH)Z ]x+(An )x/n mHzO,
where M*" is a divalent metal cation such as Mg2+, Zn*,
Co**, Ni*" and Cu®"; M*" represents a trivalent metal
cation such as AI**, Fe*" and Cr’"; A" is the interlayer
exchangeable anion, and x is denoted as the molar ratio
of M**/(M*+M’") generally ranging between 0.20 and
0.33 for pure LDH formation [8,9]. The excellent
interlayer anion-exchange capacity, high layer charge
density, and large specific surface area allow LDHs to
become effective adsorbents to adsorb anionic dyes in
aqueous solutions [10,11]. Recently, the modification of
LDHs has been focused on increasing the adsorption
capacity due to their potential application as special
adsorbents for organic contaminants [12]. Intercalation
of organic phase composite is one of the popular ways of
modification, such as sodium dodecyl sulfate and
quaternary ammonium salts [13].

Though LDHs have good adsorbing ability to dyes
their poor separation efficiency in aqueous solution still
influenced their application in industry. In recent
years, magnetic separation technology has attracted
much attention for its simple separation method and
high separation efficiency. Therefore, it is necessary to
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enhance separation efficiency and re-dispersion
performance of LDHs in the aqueous solution by
combining Fe;0, nanoparticle and LDH [14]. YAN
et al [15] fabricated three different magnetic core-shell
Fe;O4,@LDHs composites via a rapid coprecipitation
method to apply for wastewater treatment.

Herein, we developed a facile two-step approach for
the synthesis of magnetic Fe;0,@SDBS@LDHs
composites. The synthesized composites were

characterized using XRD, FT-IR, SEM/EDS and UV—Vis.

Batch experiments were conducted to study the
adsorption efficiency of brilliant green (BG). The effects
of the initial concentration of the composites, pH and
contact time on BG adsorption were investigated. In
addition, the kinetics and thermodynamics of the
adsorption process were also studied. The results showed
that the Fe;O,@SDBS@LDHs can serve as efficient and
low-cost adsorbents for the removal of BG from
wastewater.

2 Experimental

2.1 Materials

Mg(NO;),-6H,0, AI(NO;);-9H,0 and
dodecyl benzene sulfonate(SDBS) were purchased from
Fengchuan Chemical Reagent Co., Ltd., Tianjin, China.
FeCl,6H,0, FeCl;-6H,0, NaOH and ammonia were
received from Sinopharm Chemical Reagent Co., Ltd.
BG was obtained from Shanghai Chemical Reagent
Station. All the reagents were analytical grade chemicals
and used without any purification.

sodium

2.2 Synthesis of SDBS@LDHs

The SDBS@LDHs were prepared by a
co-precipitation method [16]. Mg(NO;),"6H,O and
AI(NO3)-9H,0 were dissolved completely in deionized
water to obtain metal salt solutions. An alkaline solution
with 2.0 mol/L NaOH was added into the solution under
vigorous stirring in N, flow to modulate the pH 10. Then,
100 mL of 0.015 mol/L SDBS solution was added into
the above mixture solution and the mixture solution was
aged at 80 °C for 9 h in a thermostatic bath. Finally, the
obtained white precipitate was then centrifuged, washed
thoroughly with deionized water until neutral pH and
dried at 60 °C overnight.

2.3 Synthesis of magnetic Fe;0,@SDBS@LDHs

The Fe;O4 nanoparticles were synthesized by
co-precipitation method [17]. 0.02 mol of FeCl;-6H,O
and 0.01 mol of FeCl,"4H,0 were dissolved in 100 mL
of deaeration water. Afterwards, this mixture solution
was transferred into a 100 mL three-necked flask. An
alkaline solution including a certain amount of NH;-H,O
was added into the mixed solution under stirring to keep

the pH at about 10 and the mixture solution was
continuously stirred at 80 °C for 0.5 h. At the end, the
resulting slurry was separated by centrifugation, washed
with deaeration water several times and dried at 60 °C
for 24 h.

The magnetic Fe;O,@SDBS@LDHs composites
were prepared by hydrothermal synthesis method. The
prepared Fe;0, (0.5 g) and SDBS@LDHs (1.0 g) were
ultrasonically dispersed into 80 mL distilled water to
obtain a uniform suspension. Afterwards, this mixture
solution was transferred into a 100 mL Teflon-lined
stainless steel autoclave and kept at 120 °C for 4 h.
Finally, after cooling to the ambient temperature
naturally, the obtained white precipitate was centrifuged,
washed thoroughly with deionized water three times and
dried in a vacuum oven at 60 °C for 24 h.

2.4 Characterization methods

XRD patterns were obtained by using Rigaku
D/MAX 2500 X-ray diffractometer (Rigaku, Tokyo) with
Cu K, radiation (40 kV, 250 mA, 4=0.154 nm) to confirm
the structure of the material. The 26 angle of the
diffractometer was stepped from 3° to 70° at a scan rate
of 8 (°)/min. UV-Vis absorption spectra of the samples
were recorded on a Lambda 950 UV-Vis spectro-
photometer (PerkinElmer, USA). FT-IR spectra were
obtained using a NICOLET AVATAR 360 FT-IR
spectrophotometer by the standard KBr disk method.
FTIR spectra were recorded in the spectral range of
4000-400 cm ' on Spectrum One FTIR spectrometer
(Thermo-Nicolet, USA). The size and morphology of the
samples were examined by scanning electron microscopy
(SEM) using a TESCAN MIRA3 LMU microscope,
combined with energy-dispersive spectroscopy (EDS) for
the determination of the chemical composition.

2.5 Adsorption experiments

Adsorption experiments were carried out in conical
flasks. A series of 20 mL BG solutions from 50 to
120 mg/L were prepared in advance. 10 mg adsorbents
were added to every BG solution. The initial pH of
solution (4, 5, 6, 7, 8, 9 ) was adjusted by dropwise
adding HCI or NaOH solution. The bath experiments for
adsorption isotherm of BG were also carried out at
varying temperatures (293, 298, and 303 K) with
different initial concentrations. The solution and phase
after equilibrium were separated by an external magnet.
The residual BG concentrations in the sample solutions
were determined by the UV-Vis spectrophotometer at
626 nm. The adsorption amount (Q,) and removal
efficiency (7)) were calculated by the following
equations [18]:
0= Cexy 1)

m
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C,-C
n= OC ¢ x100% )

0

where C; (mg/L) and C. (mg/L) are the initial and
equilibrium concentrations of BG, respectively, V' (L) is
the volume of the dye and m (g) denotes the mass of the
adsorbents used.

3 Results and discussion

3.1 Characterization of samples

X-ray diffraction patterns of LDHs, SDBS@LDHs,
Fe;O, and Fe;0,@SDBS@LDHs composites are
illustrated in Fig. 1. The peaks of SDBS@LDHs located
at (003), (006), (009), and (110) were attributed to
the characteristic peaks of pure LDHs [19,20].
SDBS@LDHs had no significant changes in the
interlayer space compared to the pure LDHs. This
unchanged “gallery height” indicated that the SDBS did
not intercalate the interlayers and the modification of
SDBS took place on the surface of LDHs. Magnetic
Fe;0,@SDBS@LDHs composites had the characteristic
peaks of pure LDHs and Fe;0,, but the intensities of the
characteristic reflections of the pure LDHs phases were
obviously reduced compared to those in pure LDHs.

(003)

(006)

10 20 30 40 50 60 70
20(°)
Fig. 1 XRD patterns of LDHs (a), SDBS@LDHs (b), Fe;O04 (c)
and Fe;0,@SDBS@LDHs (d)

The morphologies of the as-prepared products were
characterized by SEM. The SEM images and EDX
spectrum of those samples are shown in Fig. 2. We could
find that pure LDHs have obvious hexagonal lamellar
structures and 10—100 nm in particle size from Fig. 2(b).
As seen in Fig. 2(c), SDBS@LDHs still had hexagonal
lamellar structures, which indicated that SDBS did not
change the structure of the LDH and improve
agglomeration between the particles. As shown in
Fig. 2(a), the prepared Fe;O4, was nanometer
microspheres with uniform particle size and high purity.
After combining with SDBS@LDHs, the surface of
Fe;0,@SDBS@-LDHs composites was rougher than

that of initial Fe;04 (Fig. 2(d)). The corresponding EDX
spectrum (Fig. 2(e)) confirmed that Fe;O,@SDBS@-
LDHs composites were composed of C, S, O, Fe, Mg
and AL

The optical absorption spectra of Fe;0,@SDBS@-
LDHs and Fe;O4@LDHs were examined by UV-Vis
diffuse reflectance spectroscopy. As shown in Fig. 3,
in the ultraviolet region and visible region, the absorption
of the Fe;0,@SDBS@LDHs is obviously higher than
that of Fe;O4@LDHs, which can be ascribed to the
formation of the SDBS@LDHs. The SDBS on the LDHs
surface could cause the best absorbability in the
ultraviolet and visible light.

The FT-IR spectra of the magnetic Fe;O4@-
SDBS@LDHs composites are shown in Fig. 4. The
intense broadband around 3400 cm ™' was associated with
stretching of O—H and water molecules existing in the
sample. The bands at 1630 and 1468 cm ™' were due to
the water molecules and C—H bending vibration [21].
The peaks at 580 and 2850 cm ' were due to the
vibration absorption of Fe — O lattice mode and
— CH;, respectively. The absorption peaks in the
1600-1400 cm ' region were derived from the benzene
skeleton vibration. Moreover, for the SDBS (Fig. 4(a)),
the band corresponding to the S=O asymmetric
vibration was recorded at 1085 cm™"'. But the absorption
band observed around 1059 cm ' corresponded to the
S=O stretching vibration of the Fe;O4@SDBS@LDH
and SDBS@LDH composites, because the original
structure of the S=—O was destroyed in the synthesis
process of composite materials [22]. This phenomenon
indicated that the interaction force between particles was
strengthened, further explaining that hydrogen bonding
exists in the forms of S—=0—H—0—M (M=Mg or Al)
between hydrotalcite laminates and surface active anions.

3.2 Effect of contact time on BG adsorption

An evaluation of the BG (80 mg/L, 150 mL)
adsorbed on the Fe;0,@SDBS@LDHs (20 mg) at 293 K
without pH control as a function of adsorption time is
presented in Fig. 5. BG adsorption rate increased rapidly
in the first 200 min, then increased slowly and reached
adsorption equilibrium at about 600 min. After reaching
equilibrium, the adsorption capacity of Fe;O4@SDBS@-
LDHs to BG was evaluated as 329.1 mg/g.

3.3 Effect of initial solution pH on BG adsorption

The influence of solution pH on the removal of BG
by magnetic Fe;0,@SDBS@LDHs composites was
studied at different initial pH values raging from 4.0 to
9.0 at 25 °C, initial BG concentration (100 mg/L), dye
volume (50 mL) and adsorbent dose (10 mg) and the
results are depicted in Fig. 6. Along with the further
increase of pH value, there was a sharp increase of
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Fig. 2 SEM images of Fe;O4 (a), LDHs (b), SDBS@LDHs (¢), Fe;0,@SDBS@LDHs (d) and EDX spectrum from Fe;O4@SDBS@-
LDHs (e)

m (a)
B g e e

(b)
(a) m

(c)
(b) _@\/,M

0

(0 N Ty

200 300 400 500 600 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™! Wavenumbers/cm™!

Fig. 3 UV—Vis absorption spectra of Fe;O,@SDBS@LDHs (a) Fig. 4 FT-IR spectra of SDBS (a), LDHs (b), SDBS@LDHs (c),
and Fe;04@LDHs (b) Fe;04 (d), Fes04@LDHs (e) and Fe;04,@SDBS@LDHs (f)
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Fig. 5 Effect of contact time on adsorption ability of

Fe;04,@SDBS@LDHs composites

1000 1200

100
951
90
85T
80

Removal rate/%

51
701

651

B
wh
[=)]
~J
[=.<]
o+

Fig. 6 Effect of solution pH on BG adsorption by
Fe;04,@SDBS@LDHs composites

removal rate, and then stabilized at pH of 7-9. From this
result, we could find that Fe;0,@SDBS@LDHs
adsorbed BG due to electrostatic attraction between
anionic surfactant modified LDHs and cationic dye.
When the solution was acid, lots of H' ions were present
in the solution, and could form competitive forces with
positively charged cationic dye, so effective absorption
decreased for the removal of BG from aqueous solution.

3.4 Effect of initial concentration on BG adsorption
The influence of BG (50 mL) adsorbed on the
Fe;0,@SDBS@LDHs (10 mg) at different BG initial
concentrations was investigated at neutral pH and
different temperatures (293, 298 and 303 K) and the
results are given in Fig. 7. The adsorption capacities of
samples showed the rising trend and representative linear
curves with the initial BG concentration. The adsorption
capacities increased for BG as the temperature increased.

3.5 Adsorption isotherms
The adsorption isotherms of BG on magnetic
Fe;04,@SDBS@LDHs composite were measured at three

different temperatures. The Langmuir and Freundlich
models, expressed as follows (Egs. (3) and (4),
respectively) are the most frequently used equations for
fitting the experimental data of an isotherm:

C_ 1 G (3)
QE kan’l’l Qm

In Q=In ke+(1/n)In C, )]
where Q. (mg/g) is the adsorption capacity at

equilibrium, Q,, (mg/g) is the maximum adsorption
capacity, kr and n are the Freundlich temperature-
dependent constants, and the 1/n value in the range of
0.1-1 indicates a favorable adsorption process and
intensity of the adsorption; and k, (L/mg) is the
Langmuir constant related to adsorption energy.

500
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Fig. 7 Effect of initial BG concentration on adsorption ability
of Fe;0,@SDBS@LDHs composites

The adsorption isotherms of BG onto
Fe,O;@SDBS@LDHs are shown in Fig. 8. Typical
parameter values obtained by linear curve fitting are
listed in Table 1. According to the values of R’ the
Langmuir model is more suitable than the Freundlich
model to describe the adsorption of BG at different
temperatures, indicating that the adsorption process is a
monolayer adsorption [23].

3.6 Adsorption thermodynamics

The study of the temperature effect on BG
adsorption by Fe;0,@SDBS@LDHs enabled us to
determine the thermodynamic parameters such as Gibbs
free energy (AG), standard enthalpy (AH) and standard
entropy change (AS) of these reactions by using the
following equations:

AG=—RTln k, (5)
AH=AG+TAS (6)
In k=AS/R—AH/(RT) (7)

where T is the temperature (K), R (8.314 J/(mol-K)) is
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Fig. 8 Adsorption isotherms of BG on magnetic Fe;0,@SDBS@LDHs composites: (a, ¢, ¢) Langmuir model; (b, d, f) Freundlich

model

Table 1 Parameters of Freundlich and Langmuir isotherms for adsorption of dyes onto Fe;04@SDBS@LDHs composites

Langmuir model

Freundlich model

T/K
On/(mg-g ™) k/(L-mg ") R ke n R
293 340.1 0.16 0.9989 202.97 10.17 0.9493
298 518.1 0.18 0.9985 120.47 2.54 0.9397
303 819.6 1.00 0.9975 138.62 1.94 0.9470

the mole gas constant. The plot of In k4 against 1/7 gives
a straight line, and the slope and the intercept correspond
to AH/R and AS/R, respectively.

The thermodynamic parameters (AG, AH, and AS)

for the adsorption of BG on Fe;0,@SDBS@LDH are
presented in Table 2. The obtained negative values of AG
at different temperatures indicated that the adsorption of
BG was thermodynamically feasible and spontaneous in
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nature. The positive value of AH confirmed the
endothermic nature of BG adsorption. The values of AG
decreased from —4.0067 to —9.0259 kJ/mol, indicating
that the endothermic adsorption of BG was enhanced by
an increase in temperature. In general, AH value between
5 and 40 kJ/mol corresponds to physical adsorption and
that between 40 and 800 kJ/mol corresponds to chemical
adsorption [24]. Conclusion could be made that the
adsorption process was mainly a chemical adsorption
process at 40 kJ/mol<AH<800 kJ/mol. The positive value
of AS suggested the increased randomness at the
solid/solution interface in this system.

Table 2 Thermodynamic data for adsorption of BG onto
Fe;0,@SDBS@LDH
T/K  AG/(KJ-mol™)

AH/(kJ-mol™") AS/(kJ-mol K ™)

293 —4.0067
298 —6.4821 152.1 532.6
303 —9.0259

3.7 Adsorption kinetics

Adsorption kinetic studies are important to evaluate
the effectiveness of an adsorbent and to provide valuable
insights into the mechanism of adsorption reactions. The
pseudo-first-order kinetics equation is expressed in the
form:

In(Q.~Q)=In Okt ®)

The pseudo-second-order kinetic equation is

expressed as

t 1 t

o — 9
O  k0? Qet ©

where Q; (mg/g) and Q. (mg/g) are respectively the
amounts of absorbed BG at time ¢ and equilibrium, 4; is
the rate constant of the first-order, and k, is the rate
constant of pseudo-second-order for the adsorption.

The intraparticle diffusion model is a single-
resistance model in nature and has been applied to
describing adsorption systems previously. The expression
for this model is

Okt ?+C (10)

From Fig. 9, it can be seen that pseudo-second order
kinetic in good agreement with the
experimental data in the entire adsorption range. So, the
pseudo-second-order kinetic model better represented the
adsorption kinetics, indicating that the chemisorption is a
rate-limited process. Linear profile was obtained for
intraparticle diffusion model plot and this plot did not
pass through the origin (Fig. 9(c)), which suggested that
boundary layer diffusion also occurred in the uptake of
BG onto Fe;0,@SDBS@LDHs composites.

model is
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0 200 400 600 800 1000
t/min

(b) -

g o L W
o n o n
T T T

n
T

(#/@)(min-g-mg™)

o
T

<
n

0 200 400 600 800 1000 1200

#/min

Q/(mg-g™)

0 5 10 15 20 25 30 35
172

#12/min

Fig. 9 Adsorption kinetic curves of first-order kinetic model (a),
second-order kinetic model (b), and intraparticle diffusion
model (¢)

3.8 Recycling of adsorbents

The development of reusable adsorbent is
economically important. By shaking with adding the lye
to the adsorbents, adsorbed BG can be almost eliminated
and removed, and thus the adsorbents can be reconverted
as adsolubilization materials for reuse. Consecutive
adsolubilization-regeneration cycles for BG with the
Fe;04,@SDBS@LDH adsorbents were repeated 4 times
under the same experimental conditions. Figure 10
showed that, a deterioration of the Fe;0,@SDBS@LDH
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adsorption capacity (76%) could be observed during the
second use, BG removal rates still remained more than
60% after four cycles. This may be attributed to the fact
that it was unavoidable to lose some adsorbents during
the consecutive adsorption—desorption cycles. These
results suggested that Fe;0,@SDBS@LDH adsorbent
could be reusable for multiple adsorption cycles.

100

80

60

40

Recovery rate/%

1 2 3 +
Cycle number
Fig. 10 Recycling experiment with four cycles of removing BG
by magnetic Fe;0,@SDBS@LDHs composites

4 Conclusions

1) The magnetic Fe;0,@SDBS@LDHs composites
were prepared by SDBS modified LDH (SDBS@LDHs)
with Fe;0, via co-precipitation method. The results of
XRD, FT-IR and SEM/EDS that the
dispersibility of LDHs improved, and the
modification of SDBS took place on the surface of
LDHs.

2) The optimum adsorption capacity reached
329.1 mg/g under neutral condition at room temperature.
The Fe;0,@SDBS@LDHs high adsorption
capacity due to electrostatic attraction between anionic
surfactant modified LDHs and cationic dye. The kinetic
model fitted well with the pseudo-second order, and the
isotherm obeyed the Langmuir model better than
Freundlich model. Besides, adsorption process of BG on
Fe;04@SDBS@LDHs was spontaneous endothermic
chemisorptions according to the thermodynamic study.
BG removal rate still remained more than 60% after four
adsorption cycles.
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