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Complete  removal  of heavy  metal  from  complex  heavy-metal  wastewater  (CHMW)  requires  advanced
technology.  This  study  investigated  the  feasibility  of  a multi-staged  ferrite  process  (MSFP)  for  treating
CHMW,  containing  Cd,  Cu,  Pb,  Cr, Zn,  Ag, Hg, Ni, Sn  and Mn. Our  experimental  results  showed  that
most  of the supernatants  after  conventional  single-step  ferrite  process  could  conform  to  the effluent
standard  of  Environmental  Protection  Administration  in  Taiwan.  However,  the  sludge  could  not  satisfy
the  toxicity  characteristic  leaching  procedure  (TCLP)  limits  due  to  high  Cd, Cu,  and  Pb concentrations.
omplex heavy metal wastewater
ulti-staged ferrite process
agnetic separation

The  performance  of MSFP  in  removing  heavy  metals  from  wastewater  was subsequently  investigated  and
the  parameters  of  three  treating  steps  in  MSFP  were  optimized  under  70 ◦C and  90 ◦C  at  pH 9,  and  80 ◦C
at  pH 10.  After  the three-staged  procedures,  all heavy  metals  in  supernatant  and  sludge  could  fulfill  the
contamination  levels  regulated  by law.  In addition,  the  sludge  generated  from  the  MSFP  was  examined
by  XRD  and  forms  a stable  spinel  structure,  which  could  be effectively  separated  by  external  magnetic
field.
. Introduction

Complex heavy metal wastewater (CHMW)  refers to the
astewater with large variation of species and concentrations of
eavy metals. Factories with a low volume-high diversity produc-
ion and plants treating collective wastewater produce significant
uantities of CHMW.  Treating this kind of wastewater is consider-
bly more difficult than treating industrial wastewater with stable
omposition.

Conventional technologies for treating wastewater containing
eavy metals include chemical precipitation [1–5], membrane sep-
ration [6–9], coagulation [10–12],  adsorption [13–16] and ion
xchange [17,18]. Nevertheless, a sludge containing heavy met-
ls would be generated either through one treatment method or a
ombination of several methods. One of the major concerns in these
rocesses is the secondary pollution from the release of heavy met-
ls into the environment. Thus, the sludge is often solidified before
eing disposed in a landfill, which leads to increased treatment

osts and environmental loading.

Previous studies confirmed the feasibility of ferrite process (FP)
o treat wastewater containing heavy metals effectively [19–23].

∗ Corresponding authors. Fax: +886 6 2758682.
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Ferrite (Fe3O4), a magnetic iron oxide containing Fe2+ and Fe3+ in
the structure, has spinel structure and can be synthesized through
the reaction depicted by Eq. (1) [24]:

3Fe2+ + 6OH− + 1/2O2 → Fe3O4 + 3H2O (1)

When heavy metal ions coexist with Fe2+, they can be incorporated
into the structure through co-precipitation [24]. The principle of FP
to treat heavy metals is presented in Eq. (2).

xM2+ + (3 − x)Fe2++ 6OH− + 1/2O2 → MxFe(3−x)O4 + 3H2O (2)

Previous studies have shown that pH, temperature and Fe2+

dosage are important factors determining the performance of FP
[25–30]. For yielding high quality ferrite and suppressing the for-
mation of the other crystal phases, the solution pH needs to be
controlled at 9–11 and reaction temperature over 70 ◦C. A dosage
of Fe2+ 5–10 times higher than the gross metal content in solution
is required to ensure the removal efficiency.

The MxFe(3−x)O4 in Eq. (2) is the sludge generated from FP. It is
the soft magnetism that allows quick separation from the solution
by using an external magnetic field whereupon time and cost are
expected to be much less than those of sedimentation or filtration

techniques.

The conventional single-step FP cannot efficiently remove some
heavy metals, such as Pb, Cd, and Cu, and the resultant sludge can-
not pass the toxicity characteristic leaching procedure (TCLP) limits

dx.doi.org/10.1016/j.jhazmat.2012.01.050
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:todojen@gmail.com
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dx.doi.org/10.1016/j.jhazmat.2012.01.050
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Table 1
Two-staged FP reaction procedures.

No. Reaction procedure

F1 I. 70 ◦C, pH = 7 II. 70 ◦C, pH = 10
F2 I. 80 ◦C, pH = 7 II. 80 ◦C, pH = 10
F3 I. 70 ◦C, pH = 7 II. 80 ◦C, pH = 10
F4  I. 70 ◦C, pH = 10 II. 80 ◦C, pH = 7
F5  I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 7
F6  I. 80 ◦C, pH = 7 II. 70 ◦C, pH = 10
F7  I. 70 ◦C, pH = 7 II. 80 ◦C, pH = 7
F8 I. 70 ◦C, pH = 10 II. 80 ◦C, pH = 10
F9 I. 80 ◦C, pH = 7 II. 70 ◦C, pH = 7
F10 I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 10
80 Y.-J. Tu et al. / Journal of Hazardo

23], which underscores the need for the “Extended Reaction Fer-
ite Process” to solve the problem. However, extending the reaction
eans that a large amount of FeSO4 dosage would be added in this

rocess.
The behavior of each heavy metal is probably different in FP.

n other words, reaction parameters such as pH or temperature
ay  have different effect on each heavy metal. A systematic inves-

igation into the optimal conditions of each heavy metal was
nitiated and the multi-staged ferrite process (MSFP) combining
everal reaction conditions was developed to treat the CHMW cost-
ffectively.

. Materials and methods

.1. Preparation of simulated CHMW

The simulated CHMW containing Cd, Cu, Pb, Cr, Zn, Ag, Hg,
i, Sn, and Mn  was prepared by dissolving Cd(NO3)2·4H2O,
uSO4·5H2O, Pb(NO3)2, K2Cr2O7, Zn(NO3)2·6H2O, AgNO3,
g(NO3)2, NiSO4·6H2O, SnCl2·2H2O, and KMnO4 (Merck, Darm-

tadt, Germany) in deionized water. The concentration of each
eavy metal was 0.002 M and the total metal concentration was
.02 M.  Each stock solution was prepared with the concentration
f 1 M and was acidified by HNO3 for preservation. The simulated
HMW was prepared by mixing 2 mL  of each heavy metal stock
olution and then diluted to 1 L. To investigate the effects of anions
n the removal efficiency, the salts of various anions, including Cl−,
O3

−, SO4
2−, MnO4

− and Cr2O7
2−, were added into the CHMW.

.2. Treating CHMW by single-step and multi-staged FP

1 L of the simulated CHMW was added into a 2-L stainless
teel reactor connected to an automatic temperature controller.

 certain amount of FeSO4·7H2O was then added and dissolved
nto the CHMW.  Air was continuously supplied with a flow rate
f 3 L air min−1. The solution pH was maintained at constant
±0.2 units) throughout the reaction period by adding NaOH or
NO3. The dosages of FeSO4 were 0.1, 0.14 and 0.2 mol, 5, 7, and 10

imes the gross heavy metal concentration respectively (Fe/M = 5,
, 10) in the systems.

The solution pHs were adjusted to 9, 10 and 11, where tem-
eratures were set to 70, 80, 85, and 90 ◦C, to study the pH and
emperature effects. After 20, 40, 60, 80 and 120 min, the suspen-
ions were cooled down to room temperature and a magnet was
pplied to separate the solid from the aqueous solution. The col-
ected solid was then dried at 105 ◦C for 24 h and subjected to
he toxicity characteristic leaching procedure (TCLP) test. The con-
entrations of Hg and Cd in aqueous solutions were determined
y ICP-MS (Element II, Thermal Scientific, Germany) and those
f the other heavy metals were determined using ICP-AES (ELAN
000, PerkinElmer, Germany). The detection limit of each heavy
etal is as follows: Cu 0.04 mg  L−1, Cd 2.1 �g L−1, Pb 0.03 mg  L−1,
i 0.06 mg  L−1, Cr 0.08 mg  L−1, Zn 0.04 mg  L−1, Mn  0.02 mg  L−1, Hg
.2 �g L−1, Ag 0.03 mg  L−1, Fe 0.07 mg  L−1, and Sn 0.01 mg  L−1. The
elative standard deviation (RSD) of three replicate analyses was
ormally lower than 3%.

The removal efficiencies of two-staged and three-staged FP were
nvestigated by varying the pH and reaction temperature. In the
wo-staged FP, the pH was designed to 7 and 10 and the reaction
emperatures were set to 70 and 80 ◦C (Table 1). In the three-staged
P (Table 2), three of the four following reaction conditions were

xecuted in sequence: A. 70 ◦C and pH 7 (an economic condition);
. 80 ◦C and pH 10 (the optimal condition for treating Cu); C. 70 ◦C
nd pH 9 (the optimal condition for the formation of ferrite [28];
nd D. 90 ◦C and pH 9 (the particle sizes of ferrite were larger and
[Fe2+] dosage is 5 times the total heavy metal concentration in each stage.
Reaction time of each stage is 40 min.

more stable). In total, 24 sets of the three-staged procedures were
investigated in this study (Table 2).

2.3. TCLP test of the sludge

The TCLP test was  conducted following the standard method
NIEA R201.13C of the Environmental Protection Administration of
Taiwan. The extraction reagent was  prepared by adding 5.7 mL
glacial acetic acid and 64.3 mL  1 M NaOH to 1 L volumetric flask
that contained 500 mL  de-ionized water. The solution was then
diluted to 1 L using de-ionized water. 4 g of dried sludge from the FP
was placed in a 100 mL  extraction bottle containing 80 g extraction
reagent controlled at 4.93 ± 0.05 pH. The extraction bottles were
rotated at a frequency 30 rpm for 18 h, and the concentrations of the
heavy metals in the extraction liquid were measured subsequently.

2.4. Saturation magnetization of the sludge

Superconducting Quantum Interference Device (MPMS-XL7,
Quantum Design, USA) was  commissioned to reveal the saturation
magnetization of the sludge generated from the FP.

2.5. XRD analysis of the sludge

The crystal phases in the sludge were assayed by an X-ray
diffractometer (D8 Advance, Bruker, Germany) with Cu K� radia-
tion (� = 0.15406 nm)  while XRD patterns were obtained in 2� range
of 10–80◦ with a scanning rate 0.5◦ min−1 and a step size 0.02◦.

3. Results and discussion

3.1. The optimal conditions for various heavy metals

Tables S1 and S2 in the Supplementary Information section sum-
marize the heavy metal concentration in supernatant and TCLP
after single-step FP where 27 single-step FP reactions with varying
pH, temperature and FeSO4 dosage were investigated. The results
show that almost all supernatants could fulfill the effluent stan-
dards while Cu, Cd and Pb did not conform to the TCLP limit in all
conditions. The average extracted concentrations of Cu, Cd and Pb in
single-step FP were 71.83 mg  L−1, 94.40 mg  L−1, and 54.13 mg  L−1,
respectively, far surpassing the limited values.

Figs. 1–3 show the treatment efficiency for Cu, Cd, and Pb,
respectively, as the functions of pH, reaction time, temperature,
and Fe2+ dosage. Unless the parameters are specifically mentioned
in the text, the operated pH, reaction time, temperature, and Fe2+
dosage (Fe/M) were generally set to be 9, 80 min, 80 ◦C, and Fe/M = 5
respectively. The results reveal that the most important factor
for fulfilling the requirement of TCLP was pH (Fig. 1). The opti-
mal  Cu treatment efficiency was yielded at high pH (pH 10), high
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Fig. 1. Treatment efficiency of single-step FP for Cu as a function of (a) pH, (b) reaction time, (c) temperature, and (d) Fe dosage.

Fig. 2. Treatment efficiency of single-step FP for Cd as a function of (a) pH, (b) reaction time, (c) temperature, and (d) Fe dosage.
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Table 2
Three-staged FP reaction procedures.

No. Reaction combination Reaction procedures

G1 ABC I. 70 ◦C, pH = 7 II. 80 ◦C, pH = 10 III. 70 ◦C, pH = 9
G2  ACB I. 70 ◦C, pH = 7 II. 70 ◦C, pH = 9 III. 80 ◦C, pH = 10
G3 BAC I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 7 III. 70 ◦C, pH = 9
G4  BCA I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 9 III. 70 ◦C, pH = 7
G5 CAB I. 70 ◦C, pH = 9 II. 70 ◦C, pH = 7 III. 80 ◦C, pH = 10
G6  CBA I. 70 ◦C, pH = 9 II. 80 ◦C, pH = 10 III. 70 ◦C, pH = 7
G7  ABD I. 70 ◦C, pH = 7 II. 80 ◦C, pH = 10 III. 90 ◦C, pH = 9
G8  ADB I. 70 ◦C, pH = 7 II. 90 ◦C, pH = 9 III. 80 ◦C, pH = 10
G9 BAD I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 7 III. 90 ◦C, pH = 9
G10 BDA I. 80 ◦C, pH = 10 II. 90 ◦C, pH = 9 III. 70 ◦C, pH = 7
G11 DAB I. 90 ◦C, pH = 9 II. 70 ◦C, pH = 7 III. 80 ◦C, pH = 10
G12  DBA I. 90 ◦C, pH = 9 II. 80 ◦C, pH = 10 III. 70 ◦C, pH = 7
G13  ACD I. 70 ◦C, pH = 7 II. 70 ◦C, pH = 9 III. 90 ◦C, pH = 9
G14  ADC I. 70 ◦C, pH = 7 II. 90 ◦C, pH = 9 III. 70 ◦C, pH = 9
G15  CAD I. 70 ◦C, pH = 9 II. 70 ◦C, pH = 7 III. 90 ◦C, pH = 9
G16 CDA I. 70 ◦C, pH = 9 II. 90 ◦C, pH = 9 III. 70 ◦C, pH = 7
G17  DAC I. 90 ◦C, pH = 9 II. 70 ◦C, pH = 7 III. 70 ◦C, pH = 9
G18 DCA I. 90 ◦C, pH = 9 II. 70 ◦C, pH = 9 III. 70 ◦C, pH = 7
G19  BCD I. 80 ◦C, pH = 10 II. 70 ◦C, pH = 9 III. 90 ◦C, pH = 9
G20 BDC I. 80 ◦C, pH = 10 II. 90 ◦C, pH = 9 III. 70 ◦C, pH = 9
G21  CBD I. 70 ◦C, pH = 9 II. 80 ◦C, pH = 10 III. 90 ◦C, pH = 9
G22  CDB I. 70 ◦C, pH = 9 II. 90 ◦C, pH = 9 III. 80 ◦C, pH = 10
G23  DBC I. 90 ◦C, pH = 9 II. 80 ◦C, pH = 10 III. 70 ◦C, pH = 9
G24  DCB I. 90 ◦C, pH = 9 II. 70 ◦C, pH = 9 III. 80 ◦C, pH = 10

[
R
R .

t
t
s
h

a

Fe2+] dosage is 5 times the total heavy metal concentration in each stage.
eaction time of each stage is 40 min.
eaction combination: A: 70 ◦C, pH 7; B: 80 ◦C, pH 10; C: 70 ◦C, pH 9; D: 90 ◦C, pH 9

emperature (90 ◦C), high Fe2+ dosage (Fe/M = 10), and longer reac-
ion time (80 min). Meanwhile, it is the formation of CuO on the

urface of ferrite instead of into the spinel structure that results in
igh Cu extraction concentration from TCLP test [29].

Fig. 2 shows that the optimal Cd treatment efficiency yielded
t pH 8, >80 ◦C, Fe/M > 7, and reaction time 80 min. Kiyama [25]

Fig. 3. Treatment efficiency of single-step FP for Pb as a function of
suggested that the first step for heavy metals captured into the
spinel structure is to form M(OH)+. The hydrolysis constant of

Cd(OH)2 is rather small (log K = −10.1), leading to the difficulty for
further formation of Cd(OH)+. Subsequently, Cd(OH)2 was formed
under alkaline environments [29]. With the superior solubility of
Cd(OH)2 than that of ferrite, the occurrence of Cd(OH)2 in the

 (a) pH, (b) reaction time, (c) temperature, and (d) Fe dosage.
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Table 3
Heavy metal concentrations in supernatants and TCLP in the optimal two-staged FP.

Cu Cd Pb Ni Cr Zn Mn  Hg Ag Fe Sn

Supernatant (mg  L−1) 0.087 0.050 B.D. 0.321 2.779 B.D. 0.030 0.027 0.049 0.230 0.015
Effluent standard a (mg  L−1) 3.0 0.03 1.0 1.0 2.0 5.0 10.0 0.005 0.5 10.0 –
TCLP  (mg  L−1) 8.493 9.205 7.482 1.616 0.132 0.059 3.930 0.073 0.123 1.540 0.151
TCLP  limit b (mg  L−1) 15.0 1.0 5.0 – 5.0 – – 0.2 5.0 – –

The optimal conditions of two-staged FP is the F8 shown in Table 1: I. 70 ◦C, pH = 10; II. 80
a Effluent standard in Taiwan.
b The identification criteria for hazardous industrial wastes in Taiwan.
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Fig. 4. Magnetization curve of FP sludge.

ludge contributed to the high Cd extraction efficiency in the TCLP
ests.

Fig. 3 indicates similar Pb and Cd behaviors under same optimal
onditions of pH, temperature, Fe2+ dosage, and reaction time. Two
otential reasons for the observed high leaching Pb concentration

n the TCLP test are: (1) precipitations of PbSO4 and PbCrO4 may
otentially occur in the simulated heavy metal wastewaters, but
he possibility of forming PbCrO4 was low as revealed by the low
eaching concentration of Cr in the TCLP test. PbSO4 is the more
ikely to be precipitated in the sludge of FP. (2) Radius of Pb2+

1.12 Å) is much larger than Fe2+ (0.77 Å) [31]. If the lattice position
f Fe2+ in ferrite is replaced by Pb2+, the resultant spinel structure
f PbFe2O4 is less stable and thus Pb is easier to be dissolved in the
CLP test.

.2. Performance of multi-staged FP

The single-step FP cannot be applied to treat CHMW because
he quality of the sludge cannot fulfill the environmental laws. The
ulti-staged FP, combination of several stages with different reac-
ion conditions including two or three-staged FP, are investigated
or their efficiencies in removing heavy metals from CHMW.

able 4
eavy metal concentrations in supernatants and TCLP in the optimal three-staged FP.

Cu Cd Pb Ni 

Supernatant (mg  L−1) 0.047 B.D. 0.250 0.389 

Effluent standard a (mg  L−1) 3.0 0.03 1.0 1.0 

TCLP  (mg  L−1) 2.70 0.821 0.050 0.496 

TCLP  limit b (mg  L−1) 15.0 1.0 5.0 – 

he optimal conditions of three-staged FP is the G22 shown in Table 2: I. 70 ◦C, pH = 9;
etection limit.
a Effluent standard in Taiwan.
b The identification criteria for hazardous industrial wastes in Taiwan.
◦C, pH = 10. –: No limited standard at present; B.D.: below detection limit.

3.3. Two-staged FP

The two-staged FP can indeed enhance the treatment efficiency
substantially (see Table 3). More detailed results are shown in
Tables S3 and S4 in the Supplementary Information. The results
demonstrate that the optimal supernatants after the two-staged
FP can fulfill the effluent standard. Only Cd, Cr and Hg exceed
slightly the effluent standards. The optimal TCLP specifically indi-
cates that the difficult treatment of heavy metals (Cu, Cd, Pb) have
been reduced 10 times, from approximately 100 mg  L−1 to nearly
10 mg  L−1. Nevertheless, the performance is still unsatisfactory.
Hence, the three-staged FP is essential for further tests in treating
CHMW.

3.4. Three-staged FP

Table 4 shows the optimal conditions of the three-staged FP
for fully treating CHMW.  The results demonstrate that the three-
staged reaction strongly increases the effectiveness of the FP, all
heavy metals in supernatants and TCLP fulfilling the environmen-
tal rules through the optimal procedures (Table 2): 70 ◦C, pH = 9;
90 ◦C, pH = 9; and 80 ◦C, pH = 10.

Each heavy metal has its optimal treatment condition as men-
tioned in Section 3.1. Proper combination of these processes may
satisfy the need for effectively removing different heavy metals in
CHMW.  The extended reaction FP proposed by Lou and Chang [23],
a typical representative of multi-dosage concept, however, cannot
obtain the best economic efficiency of repeated dosage in fixed con-
ditions of extended reaction FP. This study shows that multi-dosage
can be a cost-effective treatment method by changing the reac-
tion conditions at different stages which results in the conspicuous
reduction of the FeSO4 dosage.

3.5. Rapidly magnetic separation for the FP sludge

Solid–liquid separation is usually an arduous and costly issue
in industrial plants. Compared with traditional solid-liquid sepa-
ration methods such as precipitation, filtration and centrifugation,
magnetic separation is more effective and rapider. In order to inves-
Superconducting Quantum Interference Device at 27 ± 1 ◦C. The
saturation magnetizations of the sludge generated from FP with dif-
ferent Fe/M ratio were found to range from 59.64 to 66.45 emu g−1

Cr Zn Mn  Hg Ag Fe Sn

0.569 B.D. 0.091 B.D. 0.043 0.600 0.011
2.0 5.0 10.0 0.005 0.5 10.0 –
0.419 0.066 2.935 0.062 0.037 5.196 0.102
5.0 – – 0.2 5.0 – –

 II. 90 ◦C, pH = 9; III. 80 ◦C, pH = 10. –: No limited standard at present; B.D.: below
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Fig. 5. X-ray diffraction patterns of FP sludge.

Fig. 4) and the saturation magnetization was increased with
ncreasing Fe/M. The low remanence and coercivity were detected
n these samples, showing the FP sludge were paramagnetic. Fur-
hermore, these magnetic FP sludge could be separated by an
xternal magnet within 30 s.

.6. XRD analysis

The XRD spectrum of the FP sludge displays main diffraction
eaks at the d-spacings of 4.8353, 2.9610, 2.5252, 2.0938, 1.6118,
nd 1.4805 Å (Fig. 5), matching the spinel ferrite structure standard
ell. The expected species of CuO, Cd(OH)2, and PbSO4 were not
etected in the FP sludge because the amounts were too low to be
etected by XRD.

. Conclusions

A novel method improved from conventional FP has been
nvestigated to treat CHMW in this study. This method not only
nsures that the supernatant complies with effluent standards but
lso yields stable sludge, which can pass the TCLP limits to be
egarded as a general industrial waste. For the CHMW in this sys-
em, the optimum operating parameters in a three-staged FP are:
0 ◦C, pH = 9; 90 ◦C, pH = 9; and 80 ◦C, pH = 10. Furthermore, with

ts high saturation magnetizations (66.45 emu  g−1), the FP sludge
ould be effectively and rapidly separated by an external magnetic
eld, which confirms an advantageous and practical technique in
olid–liquid separation.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2012.01.050.
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