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a  b  s  t  r  a  c  t

Flash  fixation  of  heavy  metals  from  electroplating  wastewater  (EPW)  and pickling  waste  liquor  (PWL)
into  ferrite  lattice  can  be  investigated  by microwave  hydrothermal  process.  The  toxicity  of wastewater
may  be  reduced  by  the  redox  reaction  between  Cr(VI)  in  electroplating  wastewater  and  Fe(II)  in pickling
waste  liquor.  Box–Behnken  design  (BBD)  experiment  gives  optimal  process  condition  of  ferrite  formation
as  follows:  wastewater  volume  ratio  (V :V =  0.20),  pH value  11 and  retention  time  15  min,  on  which
eywords:
lectroplating wastewater
ickling waste liquor
icrowave hydrothermal process
eavy metal

PWL EPW

formed  ferrite  has a soft  magnetic  property  with  high  saturation  magnetization  (Ms) 47.4  emu/g.  The  rapid
ferrite process  has  lower  activation  energy  7.01  kJ/mol  according  to  grain  growth  kinetics.  Concerning
the  environmental  and  economy,  we  introduced  a new  and  interesting  method  for  water  remediation
simultaneously  synthesizing  ferrite  by  using  microwave  mediated  hydrothermal  processes.

© 2011 Elsevier B.V. All rights reserved.

errite

. Introduction

Electroplating wastewater, a kind of industrial hazardous mate-
ials, laden with various heavy metals, such as iron (Fe), zinc (Zn),
ickel (Ni) and chromium (Cr), is a potential valuable resource.
hemical precipitation, the extensively adopted method, will gen-
rate a great deal of electroplating sludge and spend high disposal
ost together with secondary pollution. The electroplating sludge
btained from chemical precipitation process has been explored
or making valuable ferrite with the aid of hydrothermal process.
errite not only is considered as important electronic material but
lso can be used for scavenging hazardous pollutants [1,2]. How-
ver, the ferrite product from electroplating sludge is doped with
aCO3 and reflects poor saturation magnetization [3].  It is a new

dea to synthesize ferrite directly from the electroplating wastew-
ter rather than from the electroplating sludge. Additionally, direct
ydrothermal process requires high temperature (300 ◦C) and long

etention time (6 h) [3].  Comparatively, microwave hydrothermal
rocess has some significant advantages: fast-heating and homoge-
eous temperature gradient [4]. Thus, in this research, our research

∗ Corresponding author. Tel.: +86 21 66137758; fax: +86 21 66137761.
∗∗ Corresponding author. Tel.: +61 7 33463809; fax: +61 7 33463973.

E-mail addresses: grqian@shu.edu.cn, grqian@mail.shu.edu.cn,
rqian@staff.shu.edu.cn (G.-R. Qian), gordonxu@uq.edu.au (Z.-P. Xu).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.06.091
team considers to get ferrite with high saturation magnetiza-
tion from electroplating wastewater by microwave hydrothermal
process.

Ferrite general formula can be expressed as XY2O4, where X is
a divalent ion (Mg2+, Fe2+, Mn2+, Ni2+, Co2+, or Zn2+) or their com-
bination, Y mainly stands for Fe3+ but can be substituted by any of
trivalent ions (Al3+, Co3+, Cr3+) [5].  The ideal molar ratio of trivalent
to divalent ions (Y:X) is 2:1. However, the ion valence, ion varieties
and their molar ratio in electroplating wastewater cannot meet this
formula. For instance, it contains large amounts of toxic Cr(VI) ions
with a potential risk to human, animals, and environment [6].  To
satisfy Y position of trivalent ions in ferrite formula, high valence
Cr(VI) must be reduced to low valence Cr(III).

In many researches, Cr(VI) has been reduced to Cr(III) by biolog-
ical method [7],  photo catalytic reduction [8] and reducing agent
method [9].  Reducing agent was  used to transfer Cr(VI) to Cr(III)
by taking the advantage of elements with reducibility, e.g. Fe(II),
but the reducing agents are always prepared especially. Pickling
waste liquor, another industrial hazardous waste from metal sur-
face cleaning in steel industry to improve steel surface, contains
considerable amount of ferrous ions [10]. Fe(II) ions in it can serve
as reducing agent to transform Cr(VI) to Cr(III). After redox reaction,

trivalent and divalent metal ions can occupy Y(III) and X(II) position,
respectively, but usually metal ions in solution cannot meet the
molar ratio. Additional iron source has to be mixed with electroplat-
ing wastewater to adjust a suitable ratio of Y/X. As expected, Fe(II)

dx.doi.org/10.1016/j.jhazmat.2011.06.091
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:grqian@shu.edu.cn
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ons in pickling waste liquor not only can achieve Cr(VI)–Cr(III)
eduction transformation but also can adjust ion balance according
o ferrite formula.

Therefore, the objectives of this work are (1) to reduce toxicity
f wastewater through redox reaction between Cr(VI) from elec-
roplating wastewater and Fe(II) from pickling waste liquor; (2)
o realize co-treatment of these two kinds of industrial hazardous
astewaters and fix heavy metals into stable components of fer-

ite lattice; (3) to investigate the grain growth activation energy and
emonstrate that the flash treatment by microwave hydrothermal
rocess can be more economical than other methods.

. Materials and methods

.1. Materials

Electroplating wastewater A, B and C were provided by Shang-
ai Hazardous Waste Management Centre (Shanghai, China), the
ain components of which were Zn and Cr shown in Table 1. Typ-

cal pickling waste liquor, obtained from Shanghai Second Steel
o., Ltd., contained 108.5 g/L (Fe) and trace amounts of other met-
ls, with a free acid concentration of 9.9 wt% (HCl). The chemical
eagents, NaOH, HCl, acetic acid and sodium acetate were bought
rom Sinopharm Group Chemical Reagent Co., Ltd. with analytical
rade and used as supplied.

.2. Methods

.2.1. Experimental procedure
To discover the co-treatment effectiveness of pickling waste

iquor and electroplating wastewater, three experimental param-
ters, namely (i) additive volume ratio of pickling waste liquor to
lectroplating wastewater A (0.05–0.50) that was also referred to
s wastewater volume ratio, (ii) pH value (7–11), and (iii) retention
ime (5–30 min), were selected as they were considered to have sig-
ificant effect on the co-treatment process. For the redox reaction
etween Cr(VI) and Fe(II), we compared the oxidation–reduction
otential (ORP) values of simulated and real mixing wastewater. At
he same time, Gibbs free energy (�rGm) values, residual estimate
f Fe(II) and Cr(VI) in real mixing wastewater were theoretically
alculated. Box–Behnken experimental design and response sur-
ace method (RSM) were used to investigate the effects of the three
xperimental parameters on the response functions and to deter-
ine the optimal conditions minimizing Zn and Cr leaching and
aximizing saturation magnetization. Under the optimal condi-

ion, the grain growth and activation energy were described as a
unction of temperature and retention time.

.2.2. Material synthesis by microwave hydrothermal method
Pickling waste liquor and electroplating wastewater were

ixed together and pH values were adjusted with NaOH (5 M)  con-
rolled by pH meter (Shanghai Leici Instrument, China) to obtain
recursors. Then obtained precursors were put into teflon liner
eactors, transferred to the microwave oven (WP750, Guangdong
alanz Group, China) or microwave digestion system (WX-4000,
hanghai Yi-Yao Instruments, China) with rated power 750 W and
eated. Products were filtered to separate solid from liquid after
ooled naturally. Precipitate was washed by distilled water for 4
r 5 times following desiccation at 105 ◦C overnight and finally
owdered.

.2.3. TCLP

Toxicity characteristic leaching procedure (TCLP) was used

o determine the chemical stability of the synthesized materi-
ls [11]. Solutions with pH of 2.88 ± 0.05 (leaching reagent A)
nd 4.93 ± 0.05 (leaching reagent B) were chosen as the leaching
Fig. 1. Oxidation–reduction potential of simulated mixing wastewater as a function
of  molar ratio Fe(II)/Cr(VI).

reagents. Ratio of solid to liquid was  1:20. Samples were rotated
at the rate of 30 ± 2 rpm for 18 h, and filtrated after undisturbed
placement for half an hour. Filtrate was  kept in the plastic bottle
for the toxicity analysis of heavy metal.

2.2.4. Analysis
The liquid was  chemically analyzed by inductively coupled

plasma atom emission spectrometer (ICP-AES, Leeman Co., Amer-
ica). Synthesized materials were characterized by X-ray diffraction
with CuK� radiation (XRD, D/MAX-2200X, Japan). Vibrating sam-
ple magnetometer (VSM, 7407 type, LakeShore Company, America)
was used to measure the magnetic properties of synthesized mate-
rials. ORP values of simulated and real mixing wastewater were
measured by Ag/AgCl electrode (PHS-3C pH meter, Shanghai Weiye
Instrument, China).

3. Results and discussion

3.1. Redox between Cr(VI) in electroplating wastewater and Fe(II)
in pickling waste liquor

In order to prove the relations of redox reaction between Cr(VI)
and Fe(II), simulated mixing wastewater samples were designed
with different molar ratios of Fe(II)/Cr(VI) ranging from 1 to 160 and
their ORP values after the interaction were measured (Fig. 1). The
ORP values for real mixing wastewater samples with wastewater
volume ratio of pickling waste liquor to electroplating wastewater
A rising from 0.05 to 0.50 were also measured (Table S1).

As shown in Fig. 1, ORP value for simulated mixing wastew-
ater decreases quickly from 682 mV  to 276 mV as molar ratio of
Fe(II)/Cr(VI) rose from 1 to 4 initially. This result can be consis-
tent with the reduction of Cr(VI) and the decrease in the oxidation
of mixed solution. However the ORP values remain low and even
invariant (less than 186 mV)  as the molar ratio value of Fe(II)/Cr(VI)
exceeds 20. Excessive Fe(II) ions in solution show the reduction
of Cr(VI)-containing solution. The transformation of ORP from the
oxidative to the reductive appears within the molar ratio value of
Fe(II)/Cr(VI) rising from 4 to 20. Comparatively, ORP  value for real
mixing wastewater goes down from 407 mV  to 194 mV as wastew-

ater volume ratio ranges from 0.05 to 0.50 listed in Table S1.  The
transformation from the oxidative to the reductive can also be
observed with increasing proportion of pickling waste liquor.
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Table 1
Components of main metals in electroplating wastewater and pickling waste liquor.

Elements (g/L)

Fe Cu Ni Zn Cr Cd Pb Ca

Electroplating wastewater A 0.02 UDa UD 0.28 1.61 UD UD 0.03
Electroplating wastewater B 0.02 UD UD 0.97 0.89 UD UD 0.03
Electroplating wastewater C 0.02 0.01 0.01 1.63 0.30 UD UD 0.03
Pickling waste liquor 108.47b 0.01 UD 0.02 0.05 0.04 0.01 UD
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a UD related to undetected.
b Fe(III) is 8.96 g/L and Fe(II) is 99.51 g/L.

The reaction equation of redox between Cr(VI) in electroplat-
ng wastewater and Fe(II) in pickling waste liquor is expressed as
ollows:

r2O7
2− + 6Fe2+ + 14H+ → 2Cr3+ + 6Fe3+ + 7H2O (1)

Eq. (1) reveals that the reduction of 1 mol  Cr(VI) consumes
 mol  of Fe(II). According to this, Gibbs free energy values (�rGm),
esidual estimate of Fe(II) and Cr(VI) in real mixing wastewater
an be theoretically calculated by concentrations of wastewaters
nd their volume ratio (Table S1).  Calculated value of Gibbs free
nergy (�rGm) increases from −233.88 kJ/mol to −223.46 kJ/mol
s wastewater volume ratio rises from 0.05 to 0.50. The calculated

rGm values less than zero also demonstrate the occurrence of
eaction theoretically. However, according to residual estimate of
e(II) and Cr(VI), the redox reaction does not fully occur at wastew-
ter volume ratio 0.05 where there are about 4.3% of Cr(VI) ions still
emaining (Table S1).  As wastewater volume ratio enhances from
.07 to 0.50, residual Fe(II) ions rise from 22.5% to 89.9% (Table S1),
here all the Cr(VI) ions are reduced into Cr(III). All these estimate

esults agree with the ORP value from high to low. Cr(III) reduced
rom Cr(VI) will take part in the ferrite process as cations rather
han anions, which help to diminish the toxicity of wastewater and
enerate ferrite simultaneously.

.2. Ferrite process during the co-treatment of electroplating
astewater and pickling waste liquor

To confirm the metastasis of metal ions from pickling waste
iquor and electroplating wastewater A into precipitation phase

nd the occurrence of ferrite process, the concentrations of metals
n treated supernatant were measured (Table 2) and precipitated
hase was analyzed by XRD (Fig. 2). Single factor variables of
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ig. 2. XRD patterns of samples with different wastewater volume ratios
VPWL:VEPW): (a) 0.05, (b) 0.07, (c) 0.10, (d) 0.20, (e) 0.50.
wastewater volume ratio (0.05–0.50), pH value (7–11) and reten-
tion time (5–30 min) were discussed.

Concentrations of metals in treated supernatant are presented in
Table 2. It can be seen that as factors vary with wastewater volume
ratio (0.05–0.50), pH value (7–11) and retention time (5–30 min),
nearly all metal ions are transferred into the precipitation except
Cr (40.8 mg/L at wastewater volume ratio 0.05) for insufficient
reduction and Fe (429 mg/L at pH 7) for inadequate alkaline. XRD
patterns of precipitations prepared from different wastewater vol-
ume  ratios (0.05–0.50) are shown in Fig. 2. As can be seen, the
samples prepared at wastewater volume ratio 0.05 and 0.07 (a
and b in Fig. 2) represent amorphous without significant diffrac-
tion peaks. As shown in Table S1,  4.3% of Cr(VI) ions are surplus
at wastewater volume ratio 0.05 and only 22.5% of Fe(II) ions are
excess at wastewater volume ratio 0.07, indicating that most of fer-
rous ions take part in the redox reaction. Xu et al. [12] established
that more ferrous ions existing in the precursor will promote ferrite
formation. For the lack of ferrous ions, ferrite cannot be obtained.
Additionally, increasing proportion of pickling waste liquor accel-
erates ferrite crystallization (Fig. 2c and d) as residual Fe(II) ions
rises from 47.8% to 74.7% (Table S1). However, a second dominant
NaCl is crystallized at wastewater volume ratio 0.50 (Fig. 2e) since
pickling waste liquor carried with acid needs more NaOH to neu-
tralize. Therefore the metastasis of metal ions into precipitation
phase may  be controlled by pH and ferrite process may be greatly
affected by the wastewater volume ratio.

3.3. The Box–Behnken experimental design and optimization in
response surface method

The Box–Behnken design (BBD), a practical experimental design
method, is widely applied in the optimization of analytical meth-
ods, such as spectrum analytical method [13], chromatographic
methods [14], capillary electrophoresis [15], electro analytical
methods [16] and sorption process [17]. For this research, the
effects of wastewater volume ratio (x1), pH value (x2) and reten-
tion time (x3) are discussed. Each variable is consecutively coded
as x1, x2 and x3 at three levels: −1, 0 and 1. The experimental range
and levels of independent variables considered in this study are
presented in Table 3. The central values chosen for the experimen-
tal design are x1 = 0.28, x2 = 9 and x3 = 17.5 min  in uncoded form.
Concentrations of Zn and Cr tested by TCLP and saturation magne-
tization (Ms) are designated as response values.

3.3.1. Statistical analysis
The statistical significance of the response model is evaluated

by the F-test for analysis of variance (ANOVA). If prob > F-values are
less than 0.05, model or model terms are significant. If values are
greater than 0.10, they are not significant. As can be seen in Table 4,

the prob > F-values for all responses are lower than 0.05 indicating
that the models are significant. The coefficients of determination
(R2) close to 1 (0.8585 and 0.8152 for Zn in leaching reagent A and
B, 0.9142 and 0.8500 for Cr in leaching reagent A and B, 0.9520 for
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Table  2
Influence factors on treated supernatant and stability of products under optimal condition.

Samples Conditions Metals concentration (mg/L)

Cu Zn Ni Fe Cr

Wastewater volume ratio (VPWL:VEPW), pH = 10 ± 1, 7 ± 2 min
0.05 Supernatant UD UD UD 1.47 40.78
0.07  Supernatant UD UD UD 1.11 0.39
0.10 Supernatant 0.34 UD UD 1.24 1.37
0.20  Supernatant UD UD UD 1.26 0.43
0.50 Supernatant UD UD UD 1.06 0.45

pH,  VPWL:VEPW = 0.10, 7 ± 2 min
7  Supernatant 0.80 0.81 UD 428.77 1.49
8  Supernatant UD UD UD 3.02 1.13
9 Supernatant 0.33 UD UD 3.82 1.17
10 Supernatant 0.56 UD UD 1.18 1.45
11  Supernatant 0.34 UD UD 1.24 1.37

Retention time (min), VPWL:VEPW = 0.10, pH = 10 ± 1
5  Supernatant 0.34 UD UD 1.24 1.37
10  Supernatant UD UD UD 4.62 1.33
15  Supernatant UD UD UD 4.59 0.67
20  Supernatant UD UD UD 4.48 0.56
30  Supernatant UD UD UD 4.83 0.50

Optimal condition: wastewater volume ratio (VPWL:VEPW = 0.20),
pH value 11, retention time 15 min

TCLP results in leaching reagent A UD 10.01 UD UD 0.93
TCLP results in leaching reagent B UD UD UD UD UD
Supernatant UD UD UD UD UD

EPA  TCLP standard 15 – – – 5.0
GB5085.3-2007 100 100 5 – 15

Table 3
Experimental range and levels of chosen variables.

Variables Factor Levels

x Low (−1) Middle (0) High (+1)

Wastewater volume ratio (VPWL:VEPW) x1 0.05 0.28 0.50

s
t
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e
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A

pH  value x2

Retention time (min) x3

aturation magnetization) also advocate a good correlation within
he range of experiment.

.3.2. Immobilization of Zn and Cr in synthesized ferrite
TCLP is always used to evaluate the environmental leaching

isk of solid wastes, such as contaminated soils and sediments,
eavy metals-bearing sludges, metallurgical process residues and
ombustion residues [18,19].  If the concentration of contaminants
xtracted exceeds regulatory limit, the waste is classified as a haz-
rdous waste. The existent chemical species of heavy metals Zn and
r in hydrothermal ferrite product may  include chemical adsorp-
ion and chemical complex, metal oxide, hydroxide, carbonate and
omposite oxide. The proportion of Zn or Cr in the form of chemical
dsorption, metal oxide, hydroxide and carbonate are unstable in
he acid media and they are easily leached by TCLP test. However,

f the ferrite process can combine heavy metals from electroplating

astewater into the lattice of spinel structure, fixed heavy metals
elong to chemical stable species and even TCLP test cannot make
hem mobile [20]. Therefore, it is possible to assess whether Zn or Cr

able 4
nalysis of variance (ANOVA) for response model.

Response Zn, Y1 Cr, Y2

Leaching reagent A 

Quadratic model Quadratic model 

F value 4.72 8.28 

Prob  > F 0.0265 0.0054 

R2 0.8585 0.9142 
7 9 11
5 17.5 30

is  chemically combined into the lattice of ferrite or not by TCLP test.
The good stability of Zn and Cr corresponds to have a low leaching
concentration by TCLP test.

Analysis of the variance (ANOVA) for terms can reveal their sig-
nificance and helps to understand their impact degree. An analysis
of the variance (ANOVA) for model terms in Fig. S1 demonstrates
that, within the experimental range, only x1 for Zn and Cr, x2 for
Zn are statistically significant. This suggests that wastewater vol-
ume ratio and pH value may  affect on the response, but the effect of
retention time can be ignored. To understand the reciprocal effect
of wastewater volume ratio and pH on heavy metals stability, three-
dimensional curves are plotted (Fig. 3) when retention time is set at
17.5 min, but the wastewater volume ratio and pH are varied from
0.05 to 0.50 and from 7 to 11, respectively.

Referring to Zn stability (Fig. 3a and b), the response surface of Zn

stability in leaching reagent A has a similar pattern to that in leach-
ing reagent B. For leaching value, Zn is considered to be more stable
in leaching reagent B than in leaching reagent A due to the higher
pH value for reagent B. As can be seen from Symbols A, C and D in

Zn, Y3 Cr, Y4 Saturation
magnetization, Y5

Leaching reagent B

2FI model Quadratic model Quadratic model

7.35 4.41 15.41
0.0032 0.0317 0.0008
0.8152 0.8500 0.9520



D. Chen et al. / Journal of Hazardous Materials 192 (2011) 1675– 1682 1679

F ty in l
r  satur

F
t
Z
i

ig. 3. Response surface curves: (a) Zn stability in leaching reagent A, (b) Zn stabili
eagent B, (e) saturation magnetization versus pH and wastewater volume ratio, (f)
ig. 3a and b, most part of Zn has a lower leaching at high wastewa-
er volume ratio or high pH value, where leaching concentration of
n is about 32–78 mg/L in leaching reagent A and less than 1 mg/L
n leaching reagent B. This may  be attributed to the ion combination
eaching reagent B, (c) Cr stability in leaching reagent A, (d) Cr stability in leaching
ation magnetization versus retention time and wastewater volume ratio.
of Zn(II) with Fe(III) to form zinc ferrite under alkali media. Fe(III)
ions are provided by oxidization of Fe(II) from pickling waste liquor
after redox reaction. However, under the circumstance of low pH
value and low wastewater volume ratio (Symbol B in Fig. 3a and
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tory limit of TCLP in EPA and the Chinese’s standard GB5085.3-2007
(Table 2). The ferrite performance tested by VSM (Fig. 5a) exhibits a
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), Zn stability is decreased. The leaching concentration increases
o about 380 mg/L in leaching reagent A and 40 mg/L in leaching
eagent B, which is much higher than the case for high wastewater
olume ratio or high pH value. The reason for this may be the
bstructed metastasis of metal ions at low pH and the weakened
egree of ferrite process at low wastewater volume ratio.

In terms of Cr stability (Fig. 3c and d), the situation is different. As
een discussed before, a large amount of Cr(VI) ions still existed in
reated supernatant due to insufficient reduction in the case of low
astewater volume ratio. As pH increases, only a small part of Cr

ons can go into precipitation phase. However the poor ferrite pro-
ess as described in Fig. 2a makes them leached out easily (Symbols
–D in Fig. 3c and d), the maximum leaching concentration comes
p to 25 mg/L. Cr(VI) can be entirely transferred to Cr(III) with high
astewater volume ratio, but the stability of Cr still reduces as pH

alue decreases and the leaching concentration of Cr increases from
bout 1 mg/L to 13 mg/L (Symbols A–C in Fig. 3c and d). Although
nough Fe(II) source transfers Cr(VI) to Cr(III), it may  still induce
on competition between Cr and Fe under low pH condition where
t obtains inadequate hydroxyl complexes.

.3.3. Saturation magnetization of products
As similar analysis above, the analysis of variance (ANOVA) for

aturation magnetization (Fig. S1), only x1 is a significant model
erm. This indicates that only wastewater volume ratio may  greatly
ffect on the saturation magnetization, on which parameter pH and
etention time seem not to have any noticeable effect. From three-
imensional curves in Fig. 3e and f, the saturation magnetization
harply increases from about 0.5 emu/g to 35 emu/g (increases by

 factor of 70) as wastewater volume ratio from about 0.05 to 0.18,
nder which the molar ratio of trivalent ions to divalent ones may
e close to 2:1. Then saturation magnetization gradually increases
rom about 35 emu/g to 50 emu/g (increases by 43%) as wastewater
olume ratio is between 0.18 and 0.35, on which the molar ratio of
rivalent ions to divalent ones may  be changed to less than 2:1 and
attice vacancy comes to be saturated. As wastewater volume ratio
ontinues increasing, the rising trend of saturation magnetization
lows down. Saturation magnetization even goes down as wastew-
ter volume ratio exceeds 0.40. This may  be caused by dosing large
mounts of NaOH to neutralize acid, promoting to form NaCl crys-
al, and the super exchange process of ions is embarrassed [21].
bviously, wastewater volume ratio is a controlling factor.

.3.4. Character of ferrite formed by optimal synthesis conditions
According to significance of the response model and good corre-

ation analyzed previously in Table 4, the responses at any regime
n the interval of our experimental design can be calculated from
qs. (2)–(6).

1 = 13.72 − 87.51x1 − 60.63x2 + 8.61x3 + 110.28x1x2

− 11.32x1x3−6.10x2x3+78.98x1
2+23.06x2

2−18.31x3
2 (2)

2 = 9.00 − 11.41x1 − 8.91x2 + 4.71x3 + 10.85x1x2 − 6.25x1x3

− 2.78x2x3 (3)

3 = 7.82 + 3.25x1 − 1.28x2 + 0.39x3 − 3.98x1x2 + 0.085x1x3

+ 0.58x2x3 − 2.77x1
2 + 0.028x2

2 − 0.97x3
2 (4)

4 = −3.95x1 + 1.82x2 + 0.47x3 − 8.05x1x2 − 0.031x1x3

− 0.91x x + 5.75x 2 + 5.84x 2 − 4.93x 2 (5)
2 3 1 2 3

5 = 45.22 + 26.41x1 − 0.44x2 + 0.61x3 + 0.15x1x2 + 1.22x1x3

+ 4.19x2x3 − 17.07x1
2 − 0.68x2

2 − 1.13x3
2 (6)
Fig. 4. XRD patterns of obtained ferrite from different electroplating wastewaters:
(a)  electroplating wastewater A, (b) electroplating wastewater B, (c) electroplating
wastewater C.

where responses Y1–Y5 represent TCLP results of Zn in reagent
A and B, Cr in reagent A and B and the saturation magnetization,
respectively. Components x1, x2, x3 represent wastewater volume
ratio, pH value and retention time, respectively.

Based on these quantitative relationships, the optimal condi-
tion can be deduced, i.e. wastewater volume ratio 0.20, pH value
11 and retention time 15 min. Under this condition, electroplating
wastewater A and pickling waste liquor are simultaneously treated.
As displayed in Table 2, heavy metals in treated supernatant are
undetected, indicating that these heavy metals are well combined
into the reaction products. The XRD pattern of the precipitation
(Fig. 4a) gives a typical spinel cubic structure and major product
is ferrite phase without obvious second phase, showing that most
heavy metals are mainly fixed into the ferrite phase. According to
TCLP results summarized in Table 2, heavy metals are all unde-
tected except 10.01 mg/L for Zn and 0.93 mg/L for Cr in leaching
reagent A. This supports the fact that nearly all heavy metals are
Field(G)

Fig. 5. Magnetization characteristic curve of ferrite from different electroplating
wastewaters: (a) electroplating wastewater A, (b) electroplating wastewater B, (c)
electroplating wastewater C.
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ig. 6. XRD patterns of materials synthesized with different temperatures and
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arrow hysteresis curve, a symbol of soft magnetic materials, with
aturation magnetization (Ms) 47.4 emu/g.

.4. Application of different electroplating wastewaters

Electroplating wastewater with different Zn and Cr concen-
rations (A, B and C) are used as raw materials to synthesize
errite under optimal condition. The proportion of Cr in wastew-
ter A, B and C is about 83%, 47% and 15%, respectively. Although
ajor heavy metal contents of three electroplating wastewater

re quite different, major products from these reaction precipita-
ions (Fig. 6a–c) also present typical peaks of spinel cubic structure.
he crystallized intensity of ferrite phase, C > B > A, hints that the
resence of Cr may  obstruct the crystal growth of ferrite as elec-
roplating wastewater A contains the largest proportion of Cr.

agnetization characteristic curve of samples from electroplat-
ng wastewater A, B and C are displayed in Fig. 5a–c. The values
f saturation magnetization are 47.4, 56.9 and 70.9 emu/g, respec-
ively. Cr doping in ferrite lattice causes the poor crystallization and
ow magnetization. Cr(III) is known to occupy octahedral sites and
educes the density of magnetic ions in sublattice B, reducing not
nly the magnetic moment of the sublattice but also the exchange
nteraction [22]. The composition of metals in ferrite may  affect the
aturation magnetization.

.5. Grain growth kinetics and activation energy

Ferrite grain size controlled by processing condition will affect
he magnetic properties [23]. Generally, grain size often increases
ith increasing processing temperature and time [24,25] but

here are exceptions for the presence of inter-granular pores [26].
esearch on ferrite grain growth will help to understand the per-
ormances of the magnetic property.
The XRD patterns for the samples synthesized under optimal

ondition for electroplating wastewater A with temperature rang-
ng from 120 to 210 ◦C and retention time from 10 to 90 min  are
D(nm)

Fig. 7. Saturation magnetizations (Ms) with different grain sizes (D).

shown in Fig. 6. The grain size for each sample is calculated using
Scherrer formula (Eq. (7))  considering the most intense peak (3 1 1):

D = k�

 ̌ cos �
(7)

where D is the grain size, k is a constant equal to 0.89, � is the X-ray
wavelength equal to 0.1542 nm and  ̌ is the half-peak width.

The grain size displayed in Fig. S2a and b increases with tem-
perature rising and retention time prolonging. The impact of
temperature on grain growth is greater than that of retention time.
As temperature rises from 120 ◦C to 210 ◦C, grain size grows from
20.2 to 29.5 nm,  increasing by 46.0%. But the size only increases
by 11.7%, from 22.3 to 24.9 nm,  as retention time extends from 10
to 90 min. Raising temperature aggravates collision between ions
and accelerates crystal growth rate, but prolonging retention time
cannot achieve this. The reason for the flash reaction velocity of
microwave hydrothermal process can be owing to its flash rising
temperature.

Different grain sizes may  exhibit different magnetic properties.
Saturation magnetization for different grain sizes is presented in
Fig. 7. It is evident from the figure that the saturation magnetiza-
tion, from 41.9 to 74.8 emu/g, increases with grain size. This can be
attributed to spin canting and surface spin disorder that occurred
in these particles [27,28]. Smaller grain size will provide larger spe-
cific surface area. More existence of spin canting on the small grain
surface may  cause the decrease in saturation magnetization.

The activation energy of grain growth can be calculated by the
Arrhenius equation (Eq. (8)):

d ln k

dT
= Q

RT2
(8)

where k is the specific reaction rate constant, Q is the activation
energy, T is the absolute temperature, and R is the ideal gas constant.
The equation can be transferred to Eq. (9):

log D = − Q

2.303RT
+ A (9)

where D is the grain size and A is the intercept.
Fig. S3 shows the plots of log D versus the reciprocal of abso-

lute temperature (1/T). The plot gives a good correlation with
correlation coefficient R2 0.95. The calculated activation energy

is 7.01 kJ/mol. Different ferrite processes can exhibit disparate
activation energy. For instance, the activation energy for high
energy consuming sinter process to synthesize Mn–Zn ferrite
is 71.14 kJ/mol [29]. Ni–Zn ferrite is prepared by conventional
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ydrothermal process, whose activation energy is 35.06 kJ/mol
30]. Mn3O4 can be synthesized by solvo-thermal process with acti-
ation energy 11.36 kJ/mol [31]. Compared with those made from
igh energy-consuming technologies, microwave hydrothermal
rocess has lower activation energy. It reveals that the microwave
rocess can be carried out easily and it is more economical.

. Conclusions

Electroplating wastewater and pickling waste liquor can be co-
reated to synthesize ferrite by microwave hydrothermal process
n the alkaline condition. The toxicity of wastewater can be reduced
ue to the redox reaction between Cr(VI) in electroplating wastew-
ter and Fe(II) in pickling waste liquor. Under the optimal reaction
ondition: wastewater volume ratio (VPWL:VEPW = 0.20), pH 11 and
etention time 15 min, pure ferrite can be obtained and it has a soft
agnetic property with saturation magnetization (Ms) 47.4 emu/g.

lash rising temperature applied by microwave leads to high reac-
ion velocity with low activation energy 7.01 kJ/mol.
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