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Abstract
Developing low cost and efficient method for the treatment of electroplating wastewater containing heavymetals complexed with
chelating agent has attracted increasing attention in industrial wastewater treatment. This study involved a system combining
Fenton oxidation (FO) and recycled ferrite (RF) process for treating synthetic solution containing Ni(II)-EDTA at ambient
temperature. In this system, the FO reaction can produce hydroxyl radicals with high redox potential to decomplex the metal-
organic complexes and degrade the organics, thereby enhancing the removal efficiency of heavy metals. The RF process is to
incorporate the non-iron metal into the spinel ferrites at room temperature, and stabilize the sludge. As a result, the toxicity
characteristic leaching procedure can fulfill the relevant standards. Furthermore, the ferrous ions in Fenton reaction could be used
as the source of irons in RF process. After treatment by the combined process, the effluent water fulfills the relevant standard in
China. In comparison with conventional alkaline precipitation, the sludge sedimentation velocity of FO-RF is 2.16 times faster
than that of conventional alkaline precipitation and the volume of sludge is reduced by half, which strongly demonstrated the
advantages of the presented FO-RF system and indicated the huge potential for the treatment of EDTA-chelated nickel.
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Introduction

Electroplating wastewater contains different kinds of heavy
metals, chelating agents (e.g., ethylenediaminetetraacetic acid,
EDTA), spent acids, and other inorganic as well as organic spe-
cies. It is harmful to the environment and human health and the

increasing discharge of this heavy metal sewage has drawn in-
creasing attention because of its non-biodegradability and high
toxicity. Moreover, as a strong complexing agent, EDTA can not
only enhance the mobility of heavy metals but can also make
them refractory to the traditional methods. Nowadays, in order to
mitigate heavy metal pollution, more and more stringent stan-
dards have been introduced to control discharge of electroplating
wastewater. Therefore, it is urgent to establish effective technol-
ogies to solve this problem (Cunha Gda et al. 2015; Han et al.
2016; Wu et al. 2013; Yi et al. 2018, 2019a, b).

Traditional technologies including ion exchange (Kim et al.
2002; ShinJuang and ChunLin 2001), coagulation (Rincon
and La Motta 2014), membrane adsorption separation
(ShinJuang et al. 1999), and alkaline precipitation (Fu et al.
2012; Ju and Hu 2011; Lan et al. 2012; Xu et al. 2015) have
been applied to treat wastewater containing heavy metals.
Among them, alkaline precipitation method has been prefer-
entially chosen due to its low-cost and simple operation, but it
is also restricted by some disadvantages such as high sludge
volume ratio and water content, loose structure of the resulting
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precipitate, and slow separation. Moreover, the alkaline pre-
cipitation will unhinderedly redissolve under acidic condi-
tions, and the result of sludge toxicity characteristic leaching
procedure (TCLP) test cannot fulfill the demands. Therefore,
stabilization/solidification process will be required before dis-
charge. Several methods to stabilize the precipitate have been
reported, including cement solidification (Koo et al. 2017) and
chemically bonded phosphate ceramic (CBPC) technology
(Kim and Lee 2017). But these methods may cause secondary
pollution, and additional treatments will increase the costs.

The ferrite process (FP) is an established method for
treating heavy metal wastewater by incorporating heavy
metals into stable spinel-type structure (Erdem and Tumen
2004; Klas et al. 2011; Morgan et al. 2004). It has more merits
than alkaline precipitation method such as efficient removal of
metal ions, easy solid–liquid separation, and low cost. In ad-
dition, the performance of FP sludge was superior to that of
traditional alkaline precipitation. It presented a lower water
content, faster sedimentation velocity, appropriate chemical
stability for solids disposal, soft magnetism, and dense struc-
ture. Additionally, the FP sludge could be recycled as magnet-
ic material (Guivar et al. 2015; Hasanzadeh et al. 2015), ener-
gy storage (Chandra et al. 2015), and microwave device (Dar
et al. 2016), as well as catalyst for steam reforming of meth-
anol (Huang et al. 2015) and synthetic natural gas (Chen et al.
2017a). The removal mechanism of heavy metals in solution
by FP is presented in Eq. (1). Non-iron metals (Me) and fer-
rous ions form an intermediate complex of colloidal structure
called green rust (GR) after co-precipitating in alkaline condi-
tion. And dehydration processes convert the GR into a stable
spinel ferrite. However, dehydration is the rate-limiting step in
the process of ferrite formation which need a long aging time.
Elevating temperatures (higher than 70 °C) can shorten the
time of dehydration and promoted metal-bearing spinels sta-
ble structure generation (Lou and Huang 2009; Lou et al.
2009). However, the operating costs will also increase.

xMe2þ þ 3−xð ÞFe2þ þ 6OH−

þ 1=2O2→GR→MexFe3−xO4 þ 3H2O ð1Þ

In recent years, advanced oxidation processes (AOPs) in-
cluding Fenton (Fu et al. 2009; Fu et al. 2012), UV/H2O2 (Xu
et al. 2017), or photoelectrocatalytic oxidation (Chen et al.
2017b) have been widely reported for treatment of huge dis-
charge of industrial wastewater containing organic metal com-
plexes. Among them, Fenton oxidation (FO) is an effective
technology for decomplexation owing to the strong oxidizing
property (E0 = 2.4–3.0 V) (Fu et al. 2009). It has been exten-
sively employed to degrade metal-EDTA complexes accom-
panying the release of free metallic ions. The oxidized prod-
ucts such as O2, OH

−, and H2O are eco-friendly, and the pro-
cess is easily operated and maintained. Therefore, the FO

method is an attractive and effective technology for the deg-
radation of pollutants in industrial wastewaters. Besides, iron
compound materials, including magnetite (Fe3O4) (Qiu et al.
2016) and spinel ferrites (Jiang et al. 2015; Qu et al. 2019), can
be used as heterogeneous Fenton catalysts to decompose the
organic compounds in industrial wastewater. It showed a good
catalytic performance under neutral conditions.

In general, metal ions in electroplating wastewater usually
exist in the form of chelated heavy metal, and this stable che-
lating structure seriously constrains the removal efficiency of
metal ions. It is hard to treat this kind of industrial wastewater
by single method. Furthermore, most of the electroplating
wastewaters are highly acidic which provide the suitable en-
vironment for the Fenton reaction. Therefore, we proposed a
new method combining FO with recycled ferrite (RF) process
for the treatment of electroplating wastewater contained
Ni(II)-EDTA at ambient temperature. Some advantages in
solving abovementioned problems are as follows. First of
all, the FO reaction could be used for decomplexing of
metal-organic complexes. Second, in the degradation mecha-
nism of pollutants, Fe(II) serving as catalysts indirectly partic-
ipates in oxidizing target compounds (Fu et al. 2009). The
ferrous ions in the effluent water after FO process could be
used as the source of iron ions in the RF process. Moreover,
there is no need to raise the temperature by advanced seeded
ferrite method (RF). The resulting sludge is easily to be sep-
arated and stabilized without more additional stabilization
treatments. At last, the magnetic ferrites in RF process can
be used as catalysts to produce hydroxyl radical. As a result,
the decomplexation of chelated metal was enhanced.
Therefore, the objectives of this paper were to (i) investigate
the initial parameters, including the dosages of Fe(II) and
H2O2 and their effect on the removal of Ni(II)-EDTA by
Fenton method, (ii) discuss the pH value, Ni/T-Fe, and
returning slurry ratio which influence the proposed RF pro-
cess, (iii) gain the number of iron ions (including ferrous and
ferric iron) which entered the ferrite process after Fenton re-
action, and (iv) evaluate the settleability and stability of the
resulting sludge.

Materials and methods

Materials and reagents

Deionized water was used for the preparation and dilution of
all solutions. All of the reagents were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China),
except that (NH4)3PO4·3H2O were purchased from Zhiyuan
Chemical Reagent Co., Ltd. (Tianjin, China). Ni(II)-EDTA
solution was prepared by mixing NiCl2·6H2O and Na2-
EDTA·2H2O with an equal molar ratio. pH of the solution
was adjusted by 0.1 M HCl and 0.1 M NaOH prior to the
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reaction. All reagents were of analytic grade and used without
further purification.

Analytical methods

All water samples were withdrawn for analysis after filtration
using a 0.22-μmmixed cellulose membrane. The total organic
carbon (TOC) concentration was measured with a TOC-L
(CPH/CPN, Japan) analyzer (Xu et al. 2017). The removal
efficiency of TOC can be described as the Eq. 2. Co (mg/L)
and Ct (mg/L) represent the initial and residual TOC concen-
tration at time t (min), respectively. The concentration of fer-
rous ions was monitored by the o-phenanthroline method (HJ/
T 345-2007, China) at λ = 510 nm using DR3900 (HACH,
America) (Lan et al. 2012). The amount of nickel was mea-
sured by inductively coupled plasma atomic emission spec-
trometry (ICP-AES, Japan). Ni(II)-EDTAwas analyzed using
a high-performance liquid chromatography (HPLC) system.
C18 column (4.6 mm× 150, 5 μL) was used for the Ni(II)-
EDTA separation. The mobile phase in HPLC consisted of a
mixture of acetonitrile:phosphate buffer salt (ammonium
phosphate, 20 mM) = 25:75 (v:v), and the pH of buffer salt
solution was adjusted to 2.5 using phosphoric acid. Flow rate
of 1.0 mL/min, column temperature of 25 °C, and the optimal
detection wavelength of 210 nm were applied (Li et al. 2017).

RTOC ¼ C0−Ct

C0
ð2Þ

In order to prove the superiority of FO-RF method, ferrite
sludge was compared with traditional alkaline precipitated
sludge. Sludge performance evaluation including stable
sludge volume ratio (R, %), compressed solid concentration
(ρ, g/L), and water content (Wc, %) was evaluated using the
following equations:

R ¼ VT

VS
ð3Þ

where VS (L) and VT (L) represent the concentrated sludge
volume after 24 h and total volume, respectively.

ρ ¼ MS

VO
ð4Þ

where MS (g) and Vo (L) represent the total concentrated
sludge quality and the concentrated sludge volume after
24 h, respectively.

WC ¼ MS−M d

MS
ð5Þ

where Md (g) represents the concentrated sludge quality after
drying at 105 °C.

Stability of the resulting sludge was evaluated by TCLP
with a standard method, as published in China (HJ/T 300-

2007). In brief, the extraction agent containing 64.3 mL 1 M
NaOH and 5.7 mL glacial acetic acid was mixed together in a
1-L volumetric flask. Then 1 g of resulting dry sludge is added
into a 50-mL centrifuge tube, and 20 mL of extraction agent
was added. The centrifuge tube was rotated for 18 ± 2 h in a
shaking mixer. Each sample was centrifuged and filtered be-
fore measurement.

To further evaluate the performance of sludge, X-ray dif-
fraction (XRD) (ADVANCE D8) analyses were measured to
characterize the crystallization. A field emission scanning
electron microscope (SEM) (FESEM S-4800 II) was used to
observe the surface of resulting sludge. Energy dispersive
spectrometer (EDS) was used to determine the sludge alloy
composition. Transmission electron microscope (TEM)
(Tecnai 12) was also used to observe the particle size of
resulting sludge.

FO process for removing Ni(II)-EDTA

The Fenton oxidation process was carried out in 500-mL bea-
kers with an agitator and pH meter. First, the beakers were
filled with 200 mL Ni(II)-EDTA solution containing nickel
concentration of 200.0 mg/L at ambient temperature. Then,
H2O2 and Fe(II) were added into the Ni(II)-EDTA solution
and mixed for 60 min. The initial pH was set at 2.5 in this
study.

RF process for removing Ni(II)

In this study, the wastewater containing nickel was prepared
using NiCl2·6H2O, and continuously pumped into the RF re-
actor at a flow rate of 96 L/d. The solution in RF reactor was
4 L and reached a pH of 10. The speed of stirrer was main-
tained at around 100 rpm. Fe(II) (FeSO4·7H2O, pH = 4) was
directly added to the RF reactor by a peristaltic pump and the
slurry was pumped into the RF reactor after pH adjustment in
alkaline conditioning tank using 2 M NaOH solution. The
initial seed was prepared by the ambient temperature
procedure.

FO-RF process

The FO-RF process is operated continuously and the course of
the wastewater treatment is depicted as follows. First, waste-
water was prepared by mixing NiCl2·6H2O and Na2-EDTA·
2H2O with an equal molar ratio in the tank, which contained
3.4 mM Ni(II)-EDTA (pH = 2.5). FeSO4 and H2O2 reagent
batch-type entered into the FO reactor by peristaltic pump
for Fenton reaction. Then, the effluent water of the FO was
pumped into the RF reactor. Second, FeSO4 solution (73 mM,
pH = 4) and returning slurry from the alkaline conditioning
tank were serially fed to the RF reactor by peristaltic pump.
The oxidation reduction potential (ORP) and pH value in this
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process were monitored. Finally, after separation in thickener,
the effluent water and resulting sludge were collected for con-
centration analysis and sludge characteristics experiment, re-
spectively. Overall, the removal efficiency of nickel and
Ni(II)-EDTA by the FO-RF process was investigated
(Fig. 1). TCLP, water content, compressed solid concentra-
tion, and settleability of the resulting sludge were determined
and evaluated.

Results and discussion

FO process on removal of Ni(II)-EDTA

Effect of Fe(II) dosage

Fe(II) ion as catalyst plays a significant role in Fenton reac-
tion. The effect of Fe(II) concentration on the removal effi-
ciency of Ni(II)-EDTA by FO process was investigated with
different dosage of Fe(II) ions in 1800 mg/L H2O2 solutions.

As shown in Fig. 2a, without the existence of Fe(II) ions, the
efficiency of decomplexation by H2O2 was 21.5% after
60 min. With Fe(II) dosage of 300 mg/L, RNi(II)-EDTA by FO
was remarkably increased to 87.6%. The results indicated that
the removal efficiency increased with higher Fe(II) concentra-
tion, due to generation of ·OH (Eq.(6)) (Zhou et al. 2016). It
should be noted that further increasing Fe(II) dosage above
450 mg/L had slight influence on the efficiency, probably due
to the self-scavenging of ·OH (Eq.(7)). Additionally, the total
organic carbon (TOC) concentration was also analyzed, and
Fig. S1a. illustrates that TOC concentration rapidly decreased
with Fe(II) dosage enhanced from 150 to 300 mg/L at the
beginning. As further increasing Fe(II) concentration to
450 mg/L, 72.2% TOC removal efficiency could be achieved.
A comparison of the results of the two experiments (TOC and
HPLC analysis) shows a very similar trend. Therefore, the
concentration of 450 mg/L was chosen as the optimal dosage
for the following experiments.

Fe2þ þ H2O2→Fe3þ þ OHþ OH− ð6Þ
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Fig. 1 a Schematic diagram of the FO-RF system and b picture of real products
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Fe2þ þ HO→Fe3þ þ OH− ð7Þ

Effect of H2O2 concentration

Besides Fe(II), H2O2 is known to be another important com-
ponent for ·OH generation. From the Fig. S1b., it can be con-
cluded that TOC residual concentration reduced with the in-
crease of the hydrogen peroxide. The degradation rate was fast
with the H2O2 concentration from 600 to 1800 mg/L at the
beginning. After that, it slowly increased once the dosage of
H2O2 exceeds more than 1800 mg/L. The effect of H2O2 dos-
age on degradation of Ni(II)-EDTA was also investigated by
HPLC, and the results are displayed in Fig. 2b. In the absence
of H2O2 (the concentration of Fe(II) is 450 mg/L), the degra-
dation efficiency of Ni(II)-EDTA is only 17.5%, which im-
plies that the decomplexation of Ni(II)-EDTAmainly depends
on H2O2 and its product (·OH). Without H2O2, the removal
efficiency of Ni(II)-EDTAwas attributed to the cooperation of
the Fe(III) replacement as well as adsorption, while replace-
ment was the main process (Ju and Hu 2011; Liu et al. 2017).
In this research, Fe(II) ions may be partially oxidized to Fe(III)
ions by oxygen (Eq.(8)), with Ni(II)-EDTA complexes con-
verted into Fe(III)-EDTA (Eq.(9)). It is also observed that the
removal efficiency of Ni(II)-EDTA increases from 17.5 to
88.3%with H2O2 concentration of 1800mg/L; however, there
was no significant improvement by further increasing the
H2O2 concentration to 3600 mg/L. Thus, taking into account
the operation and maintenance cost, the optimal concentration
of H2O2 was set at 1800 mg/L.

4Fe2þ þ O2 þ 2H2O→4Fe3þ þ 4OH− ð8Þ
Fe3þ þ Ni IIð Þ−EDTA→Fe IIIð Þ–EDTAþ Ni2þ ð9Þ

In previous work, Lan et al. have reported that the optimal
[Fe(II)]/[H2O2] concentration ratio was 0.3 (Lan et al. 2012),
which is similar with our experimental results of 0.25. The
concentration of Fe(II) in FO effluent water was only 3.6–
7.0 mg/L in the best condition, with an initial Fe(II) concentra-
tion of 450 mg/L. Most of Fe(II) had been oxidized to Fe(III) in
FO process. The FO effluent water was then discharged into the
RF reactor as the source of iron ions for ferrite process.

Results of recycled ferrite

pH value

Since pH is one of the most important influencing factors in
RF process, the effect of pH on the treatment of containing
nickel wastewater was investigated. The pHwas controlled by
pumping NaOH solution into the alkaline conditioning tank.
When the pH of alkaline conditioning tank was adjusted, ac-
cordingly, the pH values of these two containers would also
changed. The relevance of pH values in three containers is
shown in Table 1. To figure out the effect of pH on the RF
system, the concentration of nickel in effluent water from
thickener supernatant and the TCLP test of the bottom sludge
in thickener were measured (Fig. 3a). The phase of the sludge
was also explored by XRD as shown in Fig. 3b.

As shown in Fig. 3a, the nickel concentrations in effluent
water and TCLP test both decrease firstly and increase later
with the increase of pH value. The minimum concentration of
nickel both in effluent water and TCLP test is achieved at
pH = 10.0. When the pH value increases from 7.4 to 10.0 in
RF reactor, the concentration of nickel in effluent water re-
duces from 0.67 to 0.32 mg/L. At the same time, TCLP result
of the resulting sludge decreases from 10.37 to 3.87 mg/L.
Lower concentration of nickel in TCLP test can be achieved

Fig. 2 Effect of initial Fe(II) (a) and H2O2 (b) concentrations on removal efficiency of Ni(II)-EDTA by FO (pH0 = 2.5, [Ni(II)-EDTA]0 = 3.40 mM, and
reaction time, 1 h)
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at a higher pH value, probably owing to the incorporation of
heavy metals into magnetite by forming ferrite in alkaline
solution, which is also confirmed by XRD patterns in Fig.
3b. With the pH value increasing to 10, XRD patterns of the
sludge shows a sharper ferrite peaks leading to a better crys-
tallinity, which is also consistent with the result of TCLP test.

As the pH further increasing from 10.0 to 12.3, the concen-
tration of nickel in effluent water increases from 0.32 to
0.47 mg/L. Meanwhile, the result of sludge’s TCLP test in-
creases from 3.87 to 5.23 mg/L. It is commonly known that
excess OH− could improve reducing conditions which are
required for the exclusive establishment of ferrite frameworks
(Wang et al. 2005). Nevertheless, in this study, the removal
efficiency of nickel and the stability of sludge were restrained
when the pH > 10.0. The concentration of nickel in effluent
water and TCLP result of the resulting sludge present uptrend
along with the increasing pH value. A possible explanation is
shown in the following process:

Fe OHð Þ2→Fe OHð Þ3−→Fe OHð Þ3aq→FeOm OHð Þ3−2m→α−FeOOH

Higher pH value is not conducive to the formation of stable
spinel-type structures (Wang et al. 2005). Nickel is removed in
the form of hydroxide. Meanwhile, the XRD patterns in Fig.
3b exhibit that the intensity of ferrite peaks is gradually weak-
en when the pH value was higher than 10, confirming the
inhibitory effect of pH on ferrite formation under strong alkali
conditions. This result was consistent with the previous report

that ferrite formation was inhibited in the strongly alkaline
solution at ambient temperature (Wang et al. 1996). With pH
value from 10 to 11.2, the concentration of nickel both in
effluent water and TCLP test met the Emission Standards of
Pollutants for Electroplating (GB 21900 - 2008) and
Identification Standards for Hazardous Wastes (GB 5085.3 -
1996), where the threshold concentration is 0.5 mg/L and
5.0 mg/L, respectively.

Ni/T-Fe ratio

The ratio of Ni/T-Fe is another important parameter affecting
the removal efficiency of nickel and the stability of sludge.
The concentration of divalent nickel is given by X, where X is
defined in Ni/T-Fe molar ratio as X/3-X based on Eq.(10). To
estimate the optimal incorporation degree of nickel into the
ferrite lattice at room temperature, different matching experi-
ments were performed by RF process.

xNi2þ þ 1−xð ÞFe2þ þ 2Fe3þ þ 6OH−

→Nix Fe1−xO � Fe2O3 þ 3H2O
ð10Þ

Figure 4 illustrates the downward and upward trend of the
concentration of nickel both in effluent water and the sludge
TCLP test. The minimum value is achieved at X = 0.075. It
seems that this point is the threshold of concentration of nickel
in RF system at ambient temperature. With the decrease of the
X from 0.075 to 0.025, the concentrations of both effluent
water and the sludge TCLP test increase, due to the competi-
tion between Fe(II) and Ni(II) capturing into the spinel ferrite
structure (Lou et al. 2009) (see Eq. (1)). The nickel ions in-
corporated into the ferrite structure released into the solution
again when X = 0.025. When X increases from 0.075 to 0.14,
the concentration of nickel in effluent water and in TCLP test
rise up again. Excess nickel ions, which did not incorporated
into the stable and compact ferrite structure, precipitated in the

Fig. 3 a Effect of pH in RF reactor on the concentration of nickel in effluent water and TCLP test and b their XRD patterns

Table 1 The pH value in different containers (mg/L)

Serial number 1 2 3 4 5 6

Alkaline conditioning tank 8.5 9.2 10.4 11.8 12.7 13.6

RF reactor 7.4 8.1 9.2 10.0 11.2 12.3

Thickener 5.8 6.7 7.6 8.5 10.1 11.2
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form of Ni(OH)2. According to the literatures, the incorpora-
tion degree of designated ratio (100% incorporation) could not
be reached and the maximal degree of incorporation for nickel
was X = 0.78 (T > 65 °C) (Mckinnon et al. 2000). However,
Klas et al. hold the point that the maximal degree was 0.06 at
ambient temperature (Klas et al. 2011). The incorporate de-
gree at elevated temperature was higher than that at ambient
temperature, because higher temperature promoted dehydra-
tion effect to form more ferrite structure.

When Xwas between 0.05 and 0.075, the concentrations of
nickel both in effluent water and TCLP test met the Emission
Standards of Pollutants for Electroplating and Identification
Standards for Hazardous Wastes, respectively. However, as
mentioned above, the maximal degree of nickel incorporation
was 0.06 at ambient temperature. The optimal degree of nickel
incorporation (X = 0.075) in this study was higher than 0.06
due to the wrapping and entraining by ferrite particle for re-
sidual nickel (X = 0.075–0.06 = 0.015). Therefore, X = 0.075,
representing a lower consumption and higher removal effi-
ciency, was chosen as the optimal value for RF process. In
such condition, the amount of the Fe(II) ions which were
needed in RF process were 7.43 g/L in total. Nevertheless,
Fe(II) ions of 6.97 g/L were needed in RF reactor due to extra
Fe(III) ions of 450 mg/L, which flowed into the RF reactor
from the FO process.

Returning slurry ratio

Magnetite particles have been widely used as seeds for
treating industrial wastewater (Morgan et al. 2003; Kefeni
et al. 2017; Morgan et al. 2005). By integrating the seed pro-
cess with the RF process, heavy metal ions existing in
electroplating wastewater are likely to co-precipitate on mag-
netic seeds in the form of magnetic ferrite. The magnetite
particles as seeds not only improve the removal efficiency of

heavy metal, but also reduce the demand of iron salts. In our
research, slurry was returned to the alkaline conditioning tank
for aging to form magnetic ferrites as seeds before flowing
into the RF reactor. According to the literature, aging is ben-
eficial for the crystallinity of precipitate at ambient tempera-
ture (Mckinnon et al. 2000; Oscar Perales-Perez 2002).
Nevertheless, pH value has an obvious effect on aging process
in alkaline conditioning tank, which will generate different
products at different pH values. Oscar Perales Perez and
Yoshiaki Umetsu have reported that the precipitate only
showed sharp peaks of crystalline magnetite when the pH
value was higher than 10. However, the main products were
Green rust-II and Lepidocrocite (γ-FeOOH) when pH = 7,
while products were Green rust-II, γ-FeOOH, and
Amarantite (FeSO4(OH)·3H2O) when pH = 8 (Perez et al.
1998). Hence, highly purified ferrite sludge produced under
higher pH value (pH > 10). In this study, as mentioned in the
“pH value” section, pH value in alkaline conditioning tank
was higher than 11 when RF was operated at the optimal
condition. Magnetic ferrites were the main products and pH
was maintained at 11.8 in alkaline conditioning tank for the
following experiments.

The returning slurry ratio, which influence the residence
time of slurry in alkaline conditioning tank, is one of the key
factors affecting the formation of magnetic ferrite. As such, its
effects on nickel concentration in effluent water and TCLP test
were explored at different returning slurry ratios. Figure 5.
shows that the concentrations of nickel in effluent water and
TCLP test gradually decreased as the returning slurry ratio
increase from 0.03 to 0.17. With the returning slurry ratio
increasing from 0.03 to 0.17, the returning slurry (ferrite) as
a seed material facilitated the formation of ferrite. As the
returning slurry ratio increase from 0.17 to 0.25, there was
almost no change of the nickel concentration which is lower
than the relevant standard values both in effluent water and
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Fig. 4 Effect of initial X value on the nickel concentration of effluent
water and TCLP test
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TCLP test. However, with the ratio further increasing from
0.25 to 0.45, the nickel concentrations both in effluent water
and TCLP test gradually rise up owing to the retention time of
returning slurry, as aging is too short in alkaline conditioning
tank. According to the above analysis, the optimal ratio of
returning slurry can be determined between 0.17 and 0.25
for the RF system.

Comparison of FO-RF with FO and RF process

In order to evaluate the efficiency of treatment of wastewater
contaning Ni(II)-EDTA in the sole FO and RF, FO-RF was
comparedwith separate FO and RF process. Figure 6 indicates
that the decomplexation of Ni(II)-EDTA is mainly completed
in the FO process (RNi(II)-EDTA = 88.5%) and the removal effi-
ciency of nickel ions is 5.6% in this stage. In the RF process,
RNi(II)-EDTA and RNi are only 11.7% and 22.3%, respectively. It
is also noted that both Ni(II) and Ni(II)-EDTA are efficiently
removed in the FO-RF in contrast to the separate FO and RF
process. Therefore, the decomplexation of Ni(II)-EDTA be-
fore the wastewater flow into the RF process is necessary, and
it can be concluded that the FO-RF is an effective method for
the treatment of wastewater containing Ni(II)-EDTA. The pro-
cess involved several decomplexation in the FO process, ad-
sorption, wrap, entrainment, and replacement in RF process

which was the main reason for the high removal efficiency in
the FO-RF.

Optimum operating parameters

As analyzed above, as long as the main influencing factors (X,
pH in RF reactor, and returning slurry ratio) maintained within
a certain range, both effluent water and TCLP test satisfied
Emission Standards of Pollutants for Electroplating and
Identification Standards for Hazardous Wastes, respectively.
The optimum ranges are shown in Table 2. In order to clearly
describe the process of RF reaction, the RF reactor was mon-
itored at set intervals under the best conditions (X = 0.075,
pH = 10, returning slurry ratio = 0.17). The ORP in RF reac-
tor, effluent water quality, and the stability of sludge in thick-
ener was measured. The results indicate that the reactor is
basically in a stable state after 10 h except for slight fluctuation
in TCLP test (Fig. 7). Under this condition, as long as X was
not excessively high, the nickel concentration in effluent water
was lower than 0.4 mg/L and the ORP leveled off − 750 mV
vs Ag/AgCl. The sludge was stable and TCLP satisfied rele-
vant standards (the “The evaluation of sludge’s performance”
section). The resulting sludge was characterized by dark black
color and exhibited a strong magnetic field.

The evaluation of sludge’s performance

TCLP

Table 3 shows the leachability of nickel in TCLP test at am-
bient temperature by traditional alkaline precipitation and FO-
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Fig. 6 Comparison of the removal efficiency in FO, RF, and FO-RF
processes. (Initial pH of the FO and RF process was 2.5 and 10, respec-
tively. [Ni(II)]0 = 3.40 mM, FO process: 60 min, Fe(II) = 450 mg/L,
H2O2 = 1800 mg/L)

Table 2 The optimum ranges in RF process

Serial number X pH in RF
reactor

Returning slurry
ratio

The optimal
conditions
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Fig. 7 Continuous operation under the best conditions

Table 3 Sludge leaching test results (mg/L)

Standard (China) Ni(OH)2 FO-RF

Nickel 5 420–516 2.81–4.08
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RF process. The experimental data indicates that the nickel
ions are less mobile in the generated ferrite-bearing sludge
than in the Ni(OH)2. In other words, the result of TCLP test
can meet Identification Standards for Hazardous Wastes. On
the contrary, Ni(OH)2 was completely dissolved under weak
acid conditions in the TCLP test. The concentration of nickel
ions which dissolved in the TCLP test was double than initial
concentration (200 mg/L).

The chemical stability of the sludge, which may have major
implications on the final treatment of the product, reflects the
stable degree of the heavy metals. It is generally accepted that
dehydration is a crucial step in ferrite formation. In the conven-
tional approach, in order to fulfill the TCLP demands, much
longer time was required for attaining final stable precipitate
(Bemorga et al. 2005). The ferrite reaction can be promoted at
elevated temperature for the reason that the dehydration rate is
associated with the temperature. However, elevated temperature
increased treatment costs. In this research, returning slurry was
returned to the alkaline conditioning tank for aging which was
conducive to the formation of ferrite in the FO-RF process (in the
“Returning slurry ratio” section). It showed a high efficiency of
nickel removal in a short period of time. The dissolution rates of
heavy metals were also lower than traditional method at ambient
temperature.

Compactness and moisture content of the sludge

Figure 8a exhibits the change of sludge volume over time by
FO-RF and FO-Alkali precipitation. It can be found that the
settling velocity of FO-RF sludge was obviously faster than
traditional alkaline precipitation sludge. After 14 min, the vol-
ume of ferrite was reduced by 80%, and those of FO-Alkali
precipitation were reduced only by 34%. In order to explain
the impact of the RF on FO-RF process, the volume change of
Ni(OH)2, FO-Alkali precipitation, and FO-RF sludge was in-
vestigated after 60 min. The results suggest that the volume of
FO-Alkali precipitation is 1.75 times higher than Ni(OH)2
(Fig. 8b). Nevertheless, in contrast, the volume of RF sludge
after FO process is almost 7 times lower than alkali precipita-
tion which is after FO process. Meanwhile, it is also 4 times
lower than Ni(OH)2. Therefore, RF facilitates the densifica-
tion of the sludge after FO process. In addition, an external
magnetic field can be used in quick separation for FO-RF
sludge due to its soft magnetism (Fig. 8c), and the time is
much less than those of sedimentation technique.

To further evaluate the performance of sludge, stable
sludge volume ratio (R), compressed solid concentration (ρ),
and water content (Wc) were discussed. The result from
Fig. 8d displays that volume ratio (R), compressed solid con-
centration (ρ), and water content (Wc) of the FO-RF resulting
sludge are 1.6%, 56.8 mg/L, and 52.8%, respectively.
Meanwhile, the sedimentation velocity of FO-RF is 2.16 times
faster than the conventional alkaline precipitation, demon-
strating the excellent sludge performance of FO-RF.

SEM, EDS, and TEM measurement

The images of scanning electronmicrograph (SEM) and trans-
mission electron micrograph (TEM) are shown in Fig. 9.
Through the SEM test, it could be clearly observed that the
resulting sludge is composed of granular particle. In order to
gauge the particle size of the resulting sludge, TEM was also
used. The particle size was calculated using a line sectioning
method. Figure 9 b presents the TEM image of the sludge. The
particle size is approximately at 25.2–103.6 nm. Table 4
shows the EDS test results, it is revealed that the major ele-
ments of the resulting sludge are Ni, Fe, and O, and the struc-
tural formula of the resulting sludge can be expressed using
Ni0.064Fe2.936O4 (X = 0.064).

Conclusions

In this study, the FO-RF procedure was proposed as a prom-
ising method for treating electroplating wastewater containing
Ni(II)-EDTA complexes under ambient temperature. The con-
clusions of this research are shown as follows:

1. The optimum reaction conditions for the FO process were
as follows: Fe(II) dosage of 450mg/L and H2O2 dosage of
1800 mg/L at pH of 2.5. In this conditions, the efficiency
of decomplexation for Ni(II)-EDTAwas nearly 88.5%.

2. The best conditions for nickel removal by RF system in-
cluded a pH of 10, X = 0.075, and returning slurry ratio
was 0.17. Following above optimal operating parameters,
99.8% Ni(II) and 93.4% Ni(II)-EDTA were removed by
the FO-RF process.

3. The sludge performance results indicated that the FO-RF
resulting sludge is superior to the conventional alkaline
precipitation in terms of settleability and stability.

4. The combined process of FO and RF has great potential
for the degradation of non-biodegradable wastewater con-
taining Ni(II)-EDTA due to its low-cost, high efficiency,
and easy operation.
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