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HIGHLIGHTS

» Fe;04/ZnCr-layered double hydrox-
ide adsorbent was produced from
wastewater.

» RSM was successfully applied to the
optimization of the preparation con-
ditions.

» The maximum adsorption capacity of
MO was found to be 240.16 mg/g.

» The MO adsorption mechanism on
MFLA was certified.

» MFLA could be recycled after cat-
alytic regeneration by the oxidation
technology.
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GRAPHICAL ABSTRACT

To purify heavy metal wastewater (pickling waste liquor (PWLa and PWLg) and electroplating wastewater
(EPW¢ and EPWp)), a novel magnetic Fe;04/ZnCr-LDH material was formed via two-step microwave
hydrothermal method (Step 1 and Step 2) and applicable for organic dyes wastewater treatment.
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ABSTRACT

A novel magnetic Fe304/ZnCr-layered double hydroxide adsorbent was produced from electroplating
wastewater and pickling waste liquor via a two-step microwave hydrothermal method. Adsorption of
methyl orange (MO) from water was studied using this material. The effects of three variables have been
investigated by a single-factor method. The response surface methodology (RSM) based on Box-Behnken
design was successfully applied to the optimization of the preparation conditions. The maximum adsorp-
tion capacity of MO was found to be 240.16 mg/g, indicating that this material may be an effective
adsorbent. It was shown that 99% of heavy metal ions (FeZ*, Fe3*, Cr3*, and Zn?*) can be effectively removed
into precipitates and released far less in the adsorption process. In addition, this material with adsorbed
dye can be easily separated by a magnetic field and recycled after catalytic regeneration with advanced
oxidation technology. Meanwhile, kinetic models, FTIR spectra and X-ray diffraction pattern were applied
to the experimental data to examine uptake mechanism. The boundary layer and intra-particle diffusion
played important roles in the adsorption mechanisms.

© 2012 Published by Elsevier B.V.

1. Introduction

such as Cr3*, Crb*, Cu?*, Fe3*, FeZ*, and Zn?*, have become one of
the major concerns because they are toxic to animals and human

Nowadays, heavy metal contaminations in freshwater systems
have become a global environmental issue because of its influence
on public health. Among all water contaminants, heavy metal ions,
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beings, and are the main cause for freshwater systems degradation.
Therefore, the removal of heavy metal ions from wastewater has
become a crucial issue. Various traditional technologies, such as
chemical precipitation [1], physisorption [2], electrochemistry [3],
nano-membrane technology [4], and biosorption [5,6], have been
developed to remove the heavy metal ions from wastewater. How-
ever, during the removal process, the potential application value
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of the heavy metal of wastewater is ignored. Recently, to utilize
those heavy metal ions, we investigated that heavy metal ions can
form two kinds of materials, ferrite and heavy metal-layered double
hydroxide (heavy metal-LDH) [7-10].

Heavy metal-LDH is obtained from the heavy metal
solidification/stabilization = and  generally expressed as
[M1_x2"M3*(OH); ¥* (A" ),/n-mH20 where M?* represents diva-
lent metal cation (Zn2*, Cu?*, Ni2*, Co2*, etc.), M3* trivalent metal
cation (Fe3*, Cr3*, etc.) and A" an anion (CO32-, SO42-, NO3~, Cl-,
OH-, etc.), and x is the molar ratio of trivalent metal ion to total
metal ion, i.e. M3*/(M2* + M3*) [11]. This charge excess is produced
by isomorphic substitution of divalent by trivalent cations and
compensated by the introduction of anions (together with water)
in the interlayer space. This particular structure characteristic
allows heavy metal-LDH to have a powerful ability to capture
organic or inorganic anions in aqueous solutions [12-14].

Ferrite general formula can be expressed as XY,04, where X is
a divalent ion (Fe2*, Ni2*, Co?*, or Zn?*) or their combination, Y
mainly stands for Fe3* but can be substituted by any of trivalent
ions (Co3*, Cr3*)[15]. One important characteristic of ferrites is high
values of magnetism, which makes them ideal for high frequency
applications, such as electronic components, electrode and drug-
loading materials [16].

Recently, the combination of ferrite and LDH, a magnetic com-
posite, has been developed to apply in photo-catalysis, adsorption
and drug delivery. For example, it has been reported that a
Fe304/MgAl-LDH core/shell nanocomposite was applied in pho-
todegradation of HCH [17]. It has been developed recyclable
Fe;04/hydroxyapatite (HAP) composite as a novel photocatalyst
support [18]. It has been synthesized a core-shell structural
Fe304@DFUR-LDH particle for magnetically controlled drug deliv-
ery and release [19]. Although great success has been achieved in
the magnetic composite, the application in purification of heavy
metal wastewater through formation of this composite is still dif-
ficult due to AI3* in the structure of LDH. We have lately reported
the synthesis of magnetic Fe304/ZnCr-layered double hydroxide
composite with enhanced adsorption and photocatalytic activity
[20]. Thus, we discovered that this novel material combines the
best of both worlds: (A) heavy metal ions could be tightly bound
in the crystal lattice of ferrite and LDH, and (B) Fe304/ZnCr-layered
double hydroxide composite have the potential for the further envi-
ronmental application.

The organic contamination is another concern. In particular,
organic dye pollutants by cosmetics and textile industries have
gained so much attention due to high toxicity and perturbation in
aquatic life [21]. Low-cost adsorbents with high adsorption capac-
ities for removal of dye will be in high demand. So it has become
a trend that wastes instead of the chemicals synthesize founda-
tional material. Therefore, our idea is to transfer heavy metals to
useful low-cost adsorbents, ferrite/layered double hydroxide, and
discuss the removal activity and mechanism of dye. And none of
the reports involved the low-cost adsorbent which obtained from
the heavy metal stabilization of wastewater.

Herein our study (i) fabricates this novel magnetic
Fe304/ZnCr-LDH adsorbent (MFLA) using two kinds of wastewater
laden with various heavy metals ions, pickling waste liquor (PWL)
and electroplating wastewater (EPW), via two-step microwave
hydrothermal method; (ii) investigates the optimization of the
preparation conditions by using response surface methodology
(RSM) and assess the effects of synthetic parameters (pH, contact
time, and temperature), for the adsorption capacity of methyl
orange (MO) onto MFLA; (iii) shows that MFLA can be separated
from the MO solution by the magnetic field and enable its recycling
by combining with the sulfate radical oxidation for decomposition
of the dyes; and (iv) demonstrates the removal mechanism of MO
on MFLA.

2. Materials and methods
2.1. Materials

Two typical pickling waste liquors (PWL, and PWLg) and
two typical electroplating wastewaters (EPW¢ and EPWp) were
obtained from Shanghai Second Steel Co., Ltd. and Shanghai Haz-
ardous Waste Management Centre (Shanghai, China), respectively.
The main components of four wastewaters were shown in Table 1.
Methyl orange (MO) was purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and used without further purifi-
cation.

2.2. RSM experimental design

Response surface methodology (RSM) was applied to optimize
the adsorption process and investigated the related effects of pH
of the mixture solution (X7 ), the microwave hydrothermal contact
time (X;) and temperature (X3) because they were considered as
significant factors on the second step microwave hydrothermal
preparation process (formation of MFLA). In this research, the
experimental design involved three parameters (X1, X, and X3), at
three levels separately. Coded —1, 0, and +1 stands for low, middle
and high concentrations respectively (Table 2).

In the study, the statistical software of Design-Expert (version
7.1.6, STAT-EASE Inc., Minneapolis, MN, USA) was used for design-
ing and analyzing the experimental data. For statistical calculations,
the transformation of independent variables (X;) into coded corre-
sponding variables (x;) was calculated by Eq. (1).

(Xi — Xo)

XiZT (1)

where Xj is the value of X; at the center point and AX represents
the step change.

The response variable (adsorption efficiency) was fitted by a
second-order polynomial equation according to Eq. (2).

k k k-1 k
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where Y is the response variable, i and j are the index number for
pattern, by is the constant coefficient, b;, b; and bj; are the linear,
interaction and quadratic coefficients, x; and x; are the coded levels
of process factors studied.

2.3. Preparation of the adsorbents via a two-step microwave
hydrothermal method

Synthesis of Fe304: the experimental procedure for the syn-
thesis of Fe304 was similar to that description in the literature
[22]. Typically, 1mL of PWL, and 3mL of PWLg were mixed
together. The pH values were adjust with NH3-H,0 (20%, v/v) to
9 controlled by pH meter (Shanghai Leici Instrument, China). The
mixed solution obtained was carried out in the sealed reactor
with teflon liner, transferred to the microwave digestion system
(WX-4000, Shanghai Yi-Yao Instruments, China). The microwave
hydrothermal treatment was performed at 150°C, pressure of
30psi for 30 min. After cooling down, precipitates were washed
repeatedly by distilled water and dried in the oven at 80°C
overnight.

Formation of MFLA: typically, 10 mL of EPW¢ and 100 mL of
EPWp was mixed and Fe304 nanoparticles of 10 mg were dis-
persed to 25 mL of the mixture wastewater. Meanwhile, NH3-H, O
(20%, v/v) was used to adjust the pH values under ultrasonica-
tion to obtain precursors. The obtained precursors were put into
teflon liner reactors, moved to the microwave digestion system
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