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Abstract This study investigated the deep removal of com-
plex nickel from simulated wastewater using magnetic sepa-
ration and magnetic seed recycling. Nano-magnetite (Fe;04)
was used as the magnetic seed. The flocculant applied was
N,N-bis-(dithiocarboxy) ethanediamine (EDTC), a highly ef-
ficient heavy metal chelating agent included in dithiocarba-
mate (DTC). Important investigated parameters included hy-
draulic retention time, magnetic seed dosage, and magnetic
field strength. The study also explored the magnetic floccula-
tion mechanism involved in the reaction. The result indicated
that the residual Ni concentration was reduced to less than
0.1 mg/L from the initial concentration of 50 mg/L under
optimal conditions. Magnetic seed recovery reached 76.42%
after a 3-h stirring period; recycled magnetic seeds were ana-
lyzed using scanning electron microscope (SEM) and X-ray
diffraction (XRD). The zeta potential results illustrated that
magnetic seeds firmly combined with flocs when the pH
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ranged from 6.5 to 7.5 due to the electrostatic attraction.
When the pH was less than 7, magnetic seeds and EDTC were
also combined due to electrostatic attraction. Particle size did
affect microfloc size; it decreased microfloc size and increased
floc volume through magnetic seed loading. The effective
binding sites between flocs and magnetic seeds increased
when adding the magnetic seeds. This led the majority of
magnetic flocs to be integrated with the magnetic seeds, which
served as a nucleus to enhance the flocculation property and
ultimately improve the nickel complex removal rate.

Keywords Magnetic separation - Magnetic seed recycle -
Nano-magnetite - EDTC - Complex nickel - Electroplating
wastewater

Introduction

Electroplating wastewater is both complex and uncontrolla-
ble. Further, the quantity and quality of wastewater are im-
pacted by factors such as processing conditions, production
loads, production management, and water use methods.
Heavy metal ions, including chromium, copper, nickel, zinc,
gold, and silver, are the main contaminants in electroplating
wastewater (Wang 2013). During industrial production activ-
ities, these heavy metal ions combine with complexing agents,
forming different nickel complexes. Examples of these com-
plexes include triethanolamine-nickel (TEA-Ni), tartaric acid
(TA)-Ni, citric acid (CA)-Ni, sodium pyrophosphoric acid
(SP)-Ni, and ethylenediaminetetraacetic acid (EDTA)-Ni.
This complicates electroplating wastewater components, mak-
ing it more difficult to manage and treat.

Nickel is a primary heavy metal element in electroplating
wastewater. It poses a significant threat to human health, as it
can accumulate in the spinal cord, brain, and viscera, causing
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chronic organ-specific diseases and enzyme system poisoning
(Timothy et al. 1989). The Chinese Ministry of Environmental
Protection has set 0.1 mg/L as a maximum allowed discharge
concentration for nickel in the Discharge Standard of
Electroplate Contaminant (GB21900-2008). Therefore, there
is much interest in effectively wiping off complex nickel from
electroplating wastewater to reach heavy metal wastewater
effluent requirements. Primary methods for treating nickel-
containing electroplating wastewater currently include neu-
tralization precipitation, sulfide precipitation, ferrite process,
ion exchange, electrolysis, membrane, adsorption, and
flocculation.

Neutralization precipitation is a method that removes nickel
in the form in Ni(OH),. However, this method requires that the
complex first be broken; the method also consumes a large
mass of agents and requires significant amounts of land as well
(Qi 2011). Sulfide precipitation also has these drawbacks, and
sulfur ions also generate secondary pollution (He et al. 2013).
Ni** can adhere to a ferrite lattice through an entrainment effect
and other forces when a ferrite process is applied (Kozlowski
and Walkowiak 2002; Chang et al. 2011). Unfortunately, this
approach is very expensive due to high energy consumption
(Zuo and Wang 2011). Other methods also have significant
disadvantages, discouraging wide adoption. These include
non-renewable for ion exchange resin and adsorption, equip-
ment maintenance for electrolysis, and expensive materials for
membrane and complicated synthetic method of flocculants
(Kapoor et al. 1999; Eom et al. 2005; Shen 2005; Yan et al.
2009; Zhou and Lu 2009; Zhang and Hu 2011).

Magnetic flocculation is a method for separation based on
the magnetic properties of particles. Magnetic flocs form when
magnetic seeds and flocculants are added in advance (Shen
etal. 2014; Wang et al. 2015). Different flocculants (aluminum
sulfate, polyaluminum chloride (PAC), ferrous sulfate, poly-
meric ferric sulfate (PFS)) can be applied to combine colloid
particles through adsorption, bridging, and sweeping. These
actions thus form magnetic flocs. When magnetic seeds are
added, the non-magnetic flocs become magnetic. This allows
them to be separated using a magnetic separation techniques or
sedimentation properties (Zhang and Yang 2012). Eventually,
the magnetic flocs are separated from the solution and the
pollutants are effectively removed (Nuray 2003).

It has been shown that adding magnetic seeds can enhance
flocculation, improve floc structure, and advance floc sedi-
mentation properties (Li 2014). This can achieve cost reduc-
tions (Li et al. 2010a, b), because the magnetic seeds can be
recycled using a magnetic separation device. These advan-
tages have led many researchers to adopt magnetic floccula-
tion to remove turbidity, organics, salts, bacteria, and heavy
metal ions from wastewater at a laboratory scale (Fang et al.
2010; Li et al. 2010a, b; Liu et al. 2012; Li 2014).

One experimental study that examined the treatment of
coal-to-oil production wastewater enhanced by magnetic

flocculation technology (Guan et al. 2014) found that magnet-
ic flocculation led to better results than traditional floccula-
tion. Adding magnetic seeds resulted in the more rapid forma-
tion of flocs at larger floc volumes, reducing sedimentation
time. The water sample for experiment contained 5768 mg/L
of COD and 2080 NTU of turbidity. At optimum conditions,
COD and turbidity removal rates reached 56.9 and 99.7%,
respectively.

Another experiment examining the removal of Ni** using
EDTA-modified magnetic nano-particles (Chen et al. 2013)
demonstrated rapid adsorption rates; the EDTA-modified
magnetic nano-particles removed almost 100% of Ni** when
the initial concentration ranged from 10 to 80 mg/L. To date,
however, magnetic flocculation has rarely been applied to
remove complex metal ions, including complex nickel, from
electroplating wastewater.

In this study, a magnetic separation technique was first
applied to remove complex nickel from wastewater; the mag-
netic flocculation was based on a previous experiment. Nano-
magnetite (Fe;04) was used as the magnetic seed. N,N-
bis-(dithiocarboxy) ethanediamine (EDTC) was used as the
flocculant, a highly efficient heavy metal-chelating agent in-
cluded in dithiocarbamate (DTC). These materials directly
attacked the complex heavy metal to form more stable che-
lates (Zhen et al. 2012; Xiao et al. 2015; Yan et al. 2015). The
study systematically investigated the effects of hydraulic re-
tention time, magnetic seed dosage, and magnetic field
strength on the complex nickel removal rate. The study also
explored the magnetic flocculation mechanism involved in the
reaction and examined magnetic seed recycling as well. This
work provides a theoretical basis for complex nickel removal
from electroplating wastewater, using a magnetic separation
technique.

Materials and methods
Materials

All reagents used in this study were analytical grade, obtained
from commercial chemical suppliers. All solutions were pre-
pared with deionized (DI) water (conductivity <0.1 puS/cm).
The stock solutions were prepared by dissolving NiCl,-6H,0
with CA, potassium sodium TA, and SP at a molar ratio of 1:1
in 1000-mL DI water. The initial Ni** concentrations of CA-
Ni, TA-Ni, and SP-Ni were 1000 mg/L each. The pH of the
solutions was adjusted using 1.0 mol/L NaOH and 1.0 mol/L
HCI. The anionic polyacrylamide (APAM), with a molecular
weight of approximately 3 million, was dissolved in DI water
to form an APAM solution with an initial concentration of
1000 mg/L. The magnetic seeds used in the study were
nano-magnetite (Fe30,4) with 99.5% 0f 20-nm spheroidal par-
ticles; the seeds were purchased from Shanghai Macklin
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Biochemical Co., Ltd. EDTC was prepared at laboratory scale
using the synthetic method developed by Xiao et al. (2015)
and dissolved in DI water to form a EDTC solution with a
10 g/L concentration.

Analytical methods

The concentration of Ni>* was determined using Hitachi Z-
2000 atomic absorption spectrophotometer (AAS). The pH
values of metal ion solutions were measured using a DELTA
320 digital pH meter. The precipitant’s surface morphology
was analyzed using a Hitachi Z-3400N scanning electron mi-
croscopy (SEM). The XRD was conducted using a RIGAKU
ULTIA-III X-ray diffractometer. The zeta potential was deter-
mined by Brookhaven ZetaPALS. Particle size distribution
was determined using an Eyetech-Comb laser particle size
analyzer.

Experimental procedures
EDTC synthesis

EDTC was synthesized as follows: first, 0.1 mol (6.68 mL)
ethanediamine was added to an aqueous solution of 36% eth-
anol (40 mL) in a three-necked flask. The mixture temperature
was maintained below 10 °C for 30 min with stirring. Second,
carbon disulfide with a mole ratio of 2.2:1 to ethanediamine
was then added dropwise, given that it is an exothermic reac-
tion. The mixture was stirred at room temperature (25 = 1 °C)
for 3 h to maximize the conversion of ethanediamine to di-
thiocarbamate. The reaction mixture was then cooled to below
0 °C and crystallized. The crystal was purified using the fol-
lowing steps: suction filtering, washing (three times with 75%
ethanol), suction filtering, and vacuum drying overnight at
40 °C. This process resulted in EDTC crystal formation
(Xiao et al. 2015).

Magnetic separation experiment

Previous experiments demonstrated that the optimum condi-
tions of complex nickel removal using magnetic flocculation
coupled with EDTC were as follows: 70-mg/L magnetic seeds
(350 r/min, 2 min), Mgprc/My; = 10 (250 r/min, 2 min),
APAM at 1 mg/L (50 r/min, 3 min), and a 5-min static sedi-
mentation time with unregulated pH (EDTC dosage was con-
verted to a rate on mass with Ni). At these optimum condi-
tions, the residual Ni concentrations were less than 0.1 mg/L, a
significant drop from the initial concentration of 50 mg/L. The
magnetic separation experiments on complex nickel in this
study were conducted based on this experimental design and
results.

First, a volume of 100-mL simulated wastewater (CA-NIi,
TA-Ni, SP-Ni) was placed in a 150-mL beaker, with an initial

@ Springer

Ni concentration of 50 mg/L (initial pH values of 3.20, 6.27,
and 9.41, respectively) at the room temperature. Then, discrete
doses of magnetic seeds were added and stirred at 350 rpm for
2 min. This was followed by the addition of a discrete dose of
EDTC; the mixture was then stirred at 250 rpm for 2 min.
Finally, | mg/LL APAM was added, and the mixture was stirred
at 50 rpm for 3 min. The mixture was then immediately trans-
ferred to the column in the magnetic separation device, with a
regulated electrical current. Samples were collected from the
outlet column at different time intervals; AAS was used to
calculate the removal rate. Figure 1 shows the schematic dia-
gram of the magnetic separation device used in this study.

Magnetic seed recycle experiment

Magnetic flocs were collected using a magnetic separation
device because of their magnetic properties. The magnetic
flocs were soaked in sodium hydroxide solution and stirred
at 300 rpm for a specific amount of time to produce a Ni
enrichment solution and isolate magnetic seeds. The recycled
magnetic seeds were washed at least three times using deion-
ized water. A magnet was concurrently used to attract the
magnetic seeds from the bottom of beaker for 1-2 min. The
wet magnetic seeds were then dried in a vacuum drying oven,
eventually resulting in a sample of dried and purified magnetic
seeds. Figure 2 is a flowchart showing the magnetic seed
recycling process.

Results and discussion

Effect of hydraulic retention time on complex nickel
removal

This study analyzed the effect of hydraulic retention time on
the nickel complex removal rate. The electrical current was
maintained at 4 A throughout the experiment. Samples were

magnetic Nl
seeds APAM
EDTC |
inflow
o column
magnets . . magnets
outflow

Fig. 1 Schematic diagram of magnetic separation device
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99.47%, and SP-Ni increased from 97.01 to 99.76%, respec-
tively. There was no significant improvement as the hydraulic
retention time increased to 3 min; the residual Ni concentra-
tion in the outflow was less than 0.1 mg/L for CA-Ni, TA-Ni,
and SP-Ni. In the first 2 min, flocs became magnetic flocs by
combining with magnetic seeds; magnetic flocs were drawn to
the column wall and gathered at the magnetic poles, because
of the magnetic property, to decrease the outflow’s Ni concen-
tration. However, a segment of micromagnetic flocs floated in
the fluid, resulting in a failure of the outflow’s Ni concentra-
tion to reach the required threshold (<0.1 mg/L). Magnetism
slowly drew these micromagnetic flocs to the magnetic poles.
After that, the fluid became clear, as no microflocs were ob-
served floating in the solution and the outflow directly
discharged. The magnetic flocs were steadily attracted to the
column wall; the outflow water quality remained steady 3 min
later.

Figure 4 illustrates the effect of static sedimentation time on
the complex nickel removal rate under gravity-driven natural

sedimentation conditions. The Ni concentration of the super-
natant remained at less than 0.1 mg/L for 5 min. Comparing
the two methods of solid-liquid separation shows that magnet-
ic separation required less time for the outflow to meet the
experimental requirements. This demonstrates that magnetic
separation is a promising technique due to its time-saving and
cost reduction characteristics (Ritu and Mika 2010).

Effect of magnetic seed dosage on complex nickel removal

Magnetic seed dosage was an important parameter impacting
non-magnetic pollutant removal using magnetic separation.
The electrical current was maintained at 4 A throughout the
experiment. Samples were collected from the column outlet
once each minute. Figure 5 shows the results.

Figure 5 shows that there was a significant increase in the
removal rates of CA-Ni, TA-Ni, and SP-Ni in the first 2 min,
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Fig. 5 Effect of magnetic seed dosage on complex nickel removal rates

@ Springer



9298

Environ Sci Pollut Res (2017) 24:9294-9304

when the magnetic seeds ranged from 50 to 80 mg/L. The
removal rate continued to increase, resulting in a Ni concen-
tration in the outflow of less than 0.1 mg/L in the following
1 min when 70- and 80-mg/L magnetic seeds were added.
This result was not seen at magnetic seed dosages of 50 and
60 mg/L. At these levels, instead of the removal rates increas-
ing, they remained stable. This resulted in outflow concentra-
tions that exceeded the threshold requirements (<0.1 mg/L). In
the first 2 min, the Ni concentration significantly reduced; this
is because the magnetic flocs were pulled to the magnetic
poles, removing the pollutants.

When magnetic seed concentrations were only at 50 or
60 mg/L, some of the flocs could not be converted into mag-
netic flocs, because there was a lack of magnetic seeds (Zhao
et al. 2012). Instead, the pollutants settled at the bottom of
column due to gravity, leading to a decline in outflow quality.
In contrast, when the magnetic seed concentration was higher,
at 70 and 80 mg/L, there were more effective binding sites and
the flocs could combine with magnetic seeds to form magnetic
flocs (Li et al. 2010a, b). The flocs and magnetic materials
were in full contact, wiping off all the microflocs, and effi-
ciently removing the complex nickel.

The number of effective binding sites increased when more
magnetic seeds were added, producing more magnetic flocs to
draw pollutants through magnetism. This ultimately improved
the removal rate. However, magnetic seed concentrations ex-
ceeding 70 mg/L did not lead to an increased removal rate.
This is because all the non-magnetic flocs combined with the
magnetic seeds, resulting in excess magnetic seeds failing to
play the prospective role. As a result, 70 mg/L was considered
to be the optimal magnetic seed dosage.

Effect of magnetic field strength on complex nickel
removal

It was important to explore the effect of magnetic field
strength on the complex nickel removal rate, because it was
the magnetic field that generated the attractive force needed to
drag the magnetic flocs toward the magnetic poles and remove
the pollutants from the liquid. Table 1 shows the relationship
between electricity and magnetic field strength. The magnetic
field was uniformly distributed. Samples were collected from
the column outlet once a minute. Figure 6 shows the results.
Figure 6 shows that removal rates improved rapidly in the
first 2 min when the electrical current, representing magnetic
field strength, ranged from 2 to 4 A. In the following 1 min,

Table 1  The relationship between electricity and magnetic field
strength
Electrical current (A) 2 3 35 4

Magnetic field strength (kA/m) 200 300 350 400
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the removal rate of complex nickel improved slightly, reduc-
ing the Ni concentration in the outflow to less than 0.1 mg/L
when the electrical current was maintained at 3.5 or 4 A. In
contrast, the removal rate remained about the same with a 2- or
3-A electrical current; as a result, the outflow was unable to be
discharged directly due to the higher Ni concentration. The
key advantage of solid-liquid separation using magnetic sep-
aration is to guarantee the success of magnetic force compared
to other forces. This is because the magnetic flocs are acted
upon by magnetic force, gravity, buoyancy, and hydraulic
resistance.

One research study (Kang and Yang 2011) proposed that
the larger the magnetic force is, the greater chance the particles
would be intercepted by the magnetic field. The electrical
current, representing magnetic field strength, impacted the
attraction of the magnetic flocs to the magnetic field. A stron-
ger magnetic field led to a higher removal rate. If the magnetic
field strength was not large enough, the magnetic flocs were
not completely attracted around the magnetic poles. This re-
sulted in some flocs settling at the bottom of the column and
the outflow water quality failing to reach acceptable standards.
The adsorption rate increased with the increased electrical
current. When the magnetic field was sufficient, all the mag-
netic flocs were attracted to the magnetic poles. However,
once the electrical current reached a certain point, the particles
reached saturation and the magnetic force stopped rising
(Kang and Yang 2011). It appears that the removal rate im-
proves with the increased magnetic field strength at a certain
hydraulic time and magnetic field strength range. In this study,
the optimal electrical current was found to be 3.5 A.

Magnetic seed recycling

Research by Xiao et al. (2016a, b) demonstrated that the
flocs were the chelate of EDTC-Ni through infrared
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spectroscopy (IR) and elemental analysis. That study
found that EDTC had a stronger chelating ability than
three other complexing agents and could entrap Ni** to

form a more stable chelate called EDTC-Ni (presented in
Eq. (1)). M represented the complex nickel CA-Ni, TA-
Ni, and SP-Ni

HS H H _S
s/jc —N- H,—CH,—N—C7 + M-Ni -
( eprc ) SH

HS H H S. S .S
_C—N-CH,—CH —én—c/ “Ni# C—N—-CH,—CH,-N—C + M
s” 2 \\S/JV ~s YA 2 2 i “SH

( eore-ni )

The magnetic seeds were effectively dispersed using high-
speed stirring and became the nuclei for the flocs. Afterwards,
the magnetic flocs were separated from the liquid using the
magnetic separation device shown in Fig. 1. The flocs and
magnetic flocs were dried and analyzed using SEM and
XRD:; photos are presented in Figs. 7 and 8.

Comparing the SEM photos of flocs and magnetic flocs re-
veals several nano-sized spherical particles in the magnetic flocs.
Further, the XRD comparative analysis showed a high level of
Fe;0, in the magnetic flocs. This confirmed that the nano-sized
spherical particles observed in the SEM photos were Fe;04
magnetic seeds. In addition, CA-Ni, TA-Ni, and SP-Ni magnetic
flocs were identified as having the same peak position seen in
the XRD analysis. There were also no significant differences on
the microcosmic morphology seen in the SEM photos.

x10000 | TA-Ni

T
AN AL OC ANIAAMEA 4400 rAN
|\-‘ n/ a4'(M
viv

magneti’c seeds’ " |"|"

00 SE Je06 1418 0 0 S-S0 10,0V 7 8mm 1001 S 0802016 143

Fig. 7 SEM of flocs (a) and magnetic flocs (b)
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‘ [
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Comparing and analyzing the SEM and XRD results dem-
onstrated that the magnetic flocs of the three nickel complexes
contained the same substance, a mixture of flocs and magnetic
seeds. Given this, CA-Ni was selected as an example to pro-
vide insights into magnetic seed recycling.

The experiment indicated that magnetic seed recovery was
closely related to stirring time. Table 2 shows that the recovery
reached 76.42% after 3 h of stirring time. It was also noticed
that washing times had an effect on the recovery. However, it
would influence the future reuse because there were more
impurities in the recycled magnetic seeds with less washing
times. Thus, the magnetic seeds might be washed away during
the washing.

The recycled magnetic seeds were ground, so they could
be reused in the next round of magnetic flocculation. The

x5000 | SP-Ni x10000

I\IJIHHH
(TS /
00k SE 3060016 148

OF ANCANA 4
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Fig. 8 XRD comparative analyses of flocs (a, ¢, e) and magnetic flocs (b, d, f)

Ni concentration in the outflow for all three nickel com-
plexes reached less than 0.1 mg/L at the optimal condition
(3-min hydraulic retention time and 3.5-A electrical cur-
rent). This result demonstrated that recycled magnetic
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seeds remained effective in enhancing flocculation

(Table 3).

Figure 9 illustrates the magnetic seed recycling process.
Magnetic seeds were added to form magnetic flocs; then, the
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Table 2  Effect of stirring time on magnetic seed recovery

Stirring time (h) 1 2 3 4

Recovery (%) 20.33 46.87 76.42 76.46

magnetic flocs were soaked and stirred to recycle the magnetic
seeds. To be useful at an industrial scale, there is no need to dry
the magnetic seeds. For the land saving, the magnetic flocs need
compression to decrease the volume. The XRD of the magnetic
flocs indicated a high level of magnetite (Fe;0,4) in the magnet-
ic flocs, indicating that it was worthy of recycling. The SEM
analysis and comparison of unused and recycled magnetic
seeds showed no apparent variations in morphology. Even the
XRD of recycled magnetic seeds showed a high magnetite
(Fe50,) level. This demonstrated that the recycled magnetic
material could be applied in the next magnetic separation ex-
periment, as it still had a high level of effective constituent.
Appling the magnetic separation technique is also practical,
because recycling magnetic seeds reduce the running cost.

Magnetic flocculation mechanism
Zeta potential

The zeta potentials of magnetic seeds, EDTC, non-magnetic flocs,
and magnetic flocs were determined using ZetaPALS under dif-
ferent pH values. The non-magnetic flocs were obtained using
gravity, without magnetic seeds. Figure 10 shows the results.

Zeta potentials of magnetic seeds, EDTC, non-magnetic
flocs, and magnetic flocs changed from positive to negative
when the pH ranged from 3 to 9. The magnetic flocs had a
lower zeta potential for combining with the magnetic seeds,
which carried a lower zeta potential than the non-magnetic
flocs. In addition, the magnetic flocs (at pH = 6) had a lower
isoelectric point than non-magnetic flocs (at pH = 7.5).
Research by Prochazkova et al. (2013) suggested that particles
with strong ion exchange groups have a high isoelectric point;
particles with weak ion exchange groups exhibit a lower iso-
electric point.

Based on this conclusion, magnetic flocs were more stable
than non-magnetic flocs because of the weak ion exchange
groups on the surface. The zeta potentials of magnetic flocs
and non-magnetic flocs also demonstrated this fact when the

Table 3 Comparison of treatment effects on recycled and unused
magnetic seeds

Magnetic seeds Ni removal rate (%)

CA-Ni TA-Ni SP-Ni
Recycled 99.96 99.88 99.88
Unused 99.94 99.86 99.86

pH ranged from 9 to 11. The non-magnetic flocs began to
dissolve when the pH exceeded 9; however, the magnetic
flocs were more stable under alkaline conditions, because
the absolute value of the zeta potential of the magnetic flocs
was greater than the potential of the non-magnetic flocs.
Therefore, magnetic seeds enhance floc stability.

The zeta potential of EDTC was negative at pH values less
than 3; the magnetic seeds gained an isoelectric point at a pH of
7. As such, magnetic seeds and EDTC were combined through
electrostatic attraction (Xu et al. 2011) when the pH ranged
from 3 to 7. Similary, the magnetic seeds firmly combined with
non-magnetic flocs through electrostatic attraction, because the
magnetic seeds had an opposite electric charge than the non-
magnetic flocs, when the pH ranged from 6.5 to 7.5. Figure 11
illustrates the two ways that magnetic seeds responded.

These two ways facilitated the combination of the magnetic
seeds with either EDTC or flocs to integrate the majority of
magnetic flocs. The seed served as a nucleus to enhance the
flocculation property and improve the complex nickel remov-
al rate. The pH of electroplating wastewater was approximate-
ly 6 (Kabdasli et al. 2009) and rose slightly when DTC was
added to the liquid. The DTC was weakly ionized, causing a
slight increase of pH (presented in Eq. (2)). Therefore, no
adjustments were needed to apply the magnetic flocculation
to the electroplating wastewater.

R\ //S R\ //S

N 4+ HO — -
SN, T e T M o
R S R SH

Particle size analysis

The particle size distribution was determined using a Eyetech-
Comb laser particle size analyzer. Figure 12 shows the results.

Figure 12 shows that microflocs began to develop when the
EDTC had a chelation reaction with the nickel complex at 2—
4 min. During this 2 min, the non-magnetic floc particle sizes
increased from 6.11 to 8.87 um, while the magnetic floc particle
sizes increased from 10.01 to 35.05 pm. Magnetic seeds enlarged
floc size and accelerated floc formation. When APAM was added
at 4 min, the particle size of non-magnetic flocs and magnetic
flocs both increased rapidly, growing to 89.7 and 124.15 um,
respectively, after 7 min. The majority of the EDTC-Ni and mag-
netic seed mixture was suspended in the liquid at the end of step 2.

Then, APAM was added in step 3. One end of APAM
absorbed one colloid; at the same time, the other end adsorbed
another colloid. The polymer chain structure formed flocs of
“colloid-polymer-colloid.” The EDTC-Ni and magnetic seed
mixture then became unstable and began to flocculate.
Furthermore, the sweep flocculation occurred while the mag-
netic flocs were drawn to the magnetic poles by the magnets,
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Fig. 9 Schematic diagram illustrating magnetic seed recycling

sweeping off the other microparticles suspended in the liquid.
APAM helped enlarge the volume of magnetic flocs and also
captured microparticles.
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Fig. 10 Zeta potential of magnetic seeds, EDTC, non-magnetic flocs,
and magnetic flocs at different pH values
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The static sedimentation started when the slow stirring was
stopped after a 7-min reaction. In the first 3 min of static
sedimentation, the particle size of non-magnetic flocs and
magnetic flocs increased slowly and then stayed at a stable
level through the end of the test. The particle size of non-
magnetic flocs and magnetic flocs reached 113.2 and
150.5 pm, respectively. This demonstrated that magnetic
seeds enlarged floc volume. Figure 13 presents the size distri-
bution of non-magnetic flocs and magnetic flocs at 17 min.
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Fig. 11 Two ways the magnetic seeds acted
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Fig.12 Development of particle size during the testing process (step 1 0—
2 min, magnetic seeds (100 mg/L or 0), fast stirring (350 r/min) for 2 min;
step 2 24 min, EDTC (Mgprc/My; = 10), fast stirring (250 r/min) for
2 min; step 3 4-7 min, APAM (1 mg/L), slow stirring (50 r/min) for
3 min; step 4 static sedimentation for 10 min)

With respect to size distributions, the flocs which particle
size was under 100 pum took less than 20% of the total mag-
netic flocs but took more than 30% of the total non-magnetic
flocs. In other words, there were fewer microflocs in the mag-
netic flocs than in the non-magnetic flocs. Adding magnetic
seeds reduces microflocs and enlarges the floc volume to en-
hance the flocculation property.

Conclusions

In this study, a magnetic separation technique was applied to
remove complex nickel from wastewater using magnetic floc-
culation. The magnetic separation experiment resulted in a

200 |- | | magnetic flocs
[_] non-magnetic flocs

150

100

size(um)

50 -

0 20 40 60 80 100
under(%)

Fig. 13 Size distribution of non-magnetic flocs and magnetic flocs

residual Ni concentration of less than 0.1 mg/L compared to
the initial concentration of 50 mg/L. The experimental condi-
tions leading to these results were 70-mg/L magnetic seeds
(350 rpm, 2 min), 3-min hydraulic retention time, and 3.5-A
electrical current. This was based on a previous magnetic floc-
culation experiment (Mgprc/My; = 10 (250 rpm, 2 min),
APAM 1 mg/L (50 rpm, 3 min)). Magnetic seed recovery
reached 76.42% after 3 h of stirring, and the recycled magnetic
seeds were still effective in enhancing flocculation. The mag-
netic seeds firmly combined with EDTC or flocs through
electrostatic attraction. This decreased the microflocs and in-
creased floc volume under optimum conditions. The magnetic
seeds were firmly combined with EDTC or flocs to integrate
majority of magnetic flocs with magnetic seeds as the nucleus
to enhance the flocculation property and improve the removal
rate of complex nickel.
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