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Abstract In the present study, magnetic seeding flocculation
was applied to remove copper (200 mg/L) and turbidity
(180 mg/L) from simulated microetch copper waste. Fe3O4

particles (40 to 1600 mesh) were used as magnetic seeds.
Poly-aluminum chloride (PAC) and anionic polyacrylamide
(PAM) were added as coagulant and flocculant, respectively.
The effect of operating factors, such as the dosages of the
coagulant and flocculant, initial pH of the wastewater, and
dosage and size of the magnetic seeds, on copper and turbidity
removal was systematically investigated. In addition, settling
speed, floc-size distribution, and volume of sludge were mea-
sured with and without the addition of magnetic seeds to com-
pare the efficiency of magnetic seeding to that of traditional
flocculation. The results indicated that the highest settling
speed, the largest floc size, and the smallest volume of sludge
were obtained simultaneously when the dosage and size of
magnetic seeds were 2.0 g/L and 300–400 mesh, respectively.
High removal efficiencies of 98.53 and 94.72 % for copper
and turbidity, respectively, were also achieved under this con-
dition; values that are 4.11 and 0.61 % higher, respectively,
than those found in traditional flocculation. The high perfor-
mancemight be attributed to efficient collision of particles and
slightly moderate vortex centrifugal force of inertia among the
magnetic seeds, which could produce larger magnetic flocs
with lower moisture.
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Introduction

With the rapid development of batteries, mining, and
electroplating industries, large amounts of copper, lead, and
mercury waste are released into the natural environment,
which has become one of the most serious environmental
problems (Agrawal et al. 2009; Ma et al. 2014; Paulino et al.
2006). Recently, there has been a growing concern about the
removal of toxic heavy metals from aqueous environments
with increased efficiency (Soares and Soares 2012; Wan
et al. 2014; Xu et al. 2013).

Traditional approaches of removing heavy metals from in-
dustrial effluents include chemical precipitation (Mirbagheri
and Hosseini 2003), ion exchange (Doula 2009), adsorption
(Kongsuwan et al. 2009; Li et al. 2010a; Yalçın et al. 2012),
membrane filtration (Samper et al. 2009), flotation (Polat and
Erdogan 2007; Yuan et al. 2008), electrochemical treatment
(Heidmann and Calmano 2008), etc., but these methods still
present important drawbacks, and heavy metal removal is not
satisfactory. For example, chemical precipitation generates
large volumes of relatively low-density sludge, which can
induce dewatering and disposal problems (Fu and Wang
2011). Electrochemical treatment involves a relatively large
capital investment and an expensive electricity supply, limit-
ing the scaling up of this process (Paulino et al. 2006). Com-
pared with these traditional methods, flocculation improves
the removal efficiency of wastewater particulates by charge
neutralization and enmeshment (Heredia and Martin 2009;
Ma 2011); however, it has a large footprint and slow sedimen-
tation velocity, which restricts the utilization of flocculation
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technology. Thus, it is urgent to improve treatment efficiencies
during the flocculation process (Zagklis et al. 2012).

Magnetic seeding removes non-magnetic water pollutants
(Anand et al. 1985; Broomberg et al. 1999; Karapinar 2003).
It was also proved that heavy metals can be removed from
wastewater by means of hydroxide flocs (Nah et al. 2006;
Terashima et al. 1986). The magnetic seeding technique has
been used for heavy metal ion removal from wastewater since
the 1970s (de Latour 1976; Feng et al. 2000; Franzreb and
Watson 2001). Li et al. (2010b) investigated arsenic removal
by combining magnetic seeding flocculation with open- or
high-gradient superconductingmagnetic separation. The combi-
nation of polymeric ferric sulfate (PFS) and magnetite had a
significant effect on arsenic removal. The grain-size distribution,
structure, and zeta potential of flocs were also studied to provide
a complete picture of the magnetic seeding flocculation process.

Recently, an efficient technology combining traditional
flocculation and the magnetic seeding technique was devel-
oped for wastewater treatment, and it was found to exhibit
superior features (Li et al. 2010a; Stolarski et al. 2007). How-
ever, there are few studies involving the influence of the op-
erating parameters and performance analysis of magnetic
seeding flocculation. Thus, in this study, the effects of various
factors on copper and turbidity removal from simulated
microetch copper waste by magnetic seeding flocculation
were systematically investigated.

Experimental

Materials

Poly-aluminum chloride (PAC) (effective aluminum oxide con-
centration of 28 % and basicity of 70–75 %), as a coagulant,
was provided by Tianjin Guangfu Fine Chemical Research
Institute (Tianjin, China). Anionic polyacrylamide (PAM) (mo-
lecular weight of five million or more and high charge) as the
flocculant was provided by Tianjin Kermel Chemical Reagent
Co., Ltd (Tianjin, China). Fe3O4 used as the magnetic seeds
was obtained from Beijing Jing Rui Kemai Water Purification
Technology Co., Ltd (Beijing, China). Magnetic seeds with
different ranges of particle sizes were prepared by sieving with
different combinations of standard sieves. The physical charac-
teristics of the magnetic seeds are presented in Table 1.

Wastewater sample

In the printed circuit board industry, a typical microetch cop-
per waste usually contains a large amount of copper, a small
amount of ammonia, and COD. In this study, a synthetic
microetch copper waste was used. First, a copper solutionwith
a Cu2+ concentration of 200 mg/L was prepared by dissolving
analytical CuSO4·5H2O in distilled water. Then, analytical

(NH4)2SO4 powder was added to the copper solution by stir-
ring at room temperature to reach the final ammonia concen-
tration of 100 mg/L. Finally, at 90 °C, soluble starch was
added to the above solution with stirring to adjust the COD
to 800 mg/L. The characteristics of the wastewater sample are
presented in Table 2.

To detect the main form of the copper contaminants, anal-
ysis of the copper waste was performed as follows:

Depending on the actual particle system, the material bal-
ance is given as

Cu2þ
� �

total ¼ Cu OHð Þ2
� �þ Cu2þ

� �þ Cu NH3ð Þ4
� �2þh i

ð1Þ

NH3½ �total ¼ NH3⋅H2O½ �þ
h
NH

4

þi
þ 4 Cu NH3ð Þ4

� �2þh i
ð2Þ

Insoluble Cu(OH)2 precipitates exist at pH>5.64 and re-
main in equilibrium with Cu2+. The precipitation dissolution
equilibrium equation can be written as

Cu OHð Þ2↔Cu2þ þ 2OH‐

Ksp ¼ Cu2þ
� �� OH‐½ �2 ð3Þ

In the presence of NH3, free Cu
2+ ions are transformed to

complex ions [Cu(NH3)4]
2+.

Cu2þ þ 4NH3↔ Cu NH3ð Þ4
� �2þ

K ¼
Cu NH3ð Þ4
� �2þh i

Cu2þ
� �

NH3½ �4 ð4Þ

The ionization equation of the weak electrolyte NH3·H2O
can be written as follows:

NH3⋅H2O↔NH4
þ þ OH‐

Kb ¼ NH4
þ½ � OH‐½ �

NH3⋅H2O½ � ð5Þ

where Ksp, K, and Kb are, respectively, the solubility product
of copper hydroxide [2.2×10−20 (mol/L)2], the stability con-
stant of tetraammine copper [2.09×1013 (mol/L)2], and the
ionization equilibrium constant of ammonia [1.8×10−5 (mol/
L)2] (Gu et al. 2004).

The concentrations of different components were calculated
with Eqs. (1), (2), (3), (4), and (5). For pH=7.0, 9.0, and 11.0,
the obtained values are given in Table 3, showing that Cu(OH)2
was the main contaminant of the simulated microetch copper
waste in the range of pH values studied.

Magnetic seeding flocculation experiments

The magnetic seeding flocculation experiments were
performed in a program-controlled jar test apparatus
(ZR4-6, Zhongrun Water Indus t ry Technology
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Development Co. Ltd., China) at room temperature. Test
wastewater (600 mL) was transferred into a 1.0-L bea-
ker, and the initial pH was adjusted to a set value (6–
12) using 1.0 mol/L HCl or NaOH solutions. Under
rapid stirring at 300 rpm (5 s−1), pre-determined
amounts of PAC and magnetic seeds with different
ranges of particle sizes were dosed together; after
1 min, the stirring speed was reduced to 140 rpm
(5 s−1) for 2 min. A pre-determined amount of PAM
was then dosed and slow stirring continued at 70 rpm
(5 s−1) for 20 min. The clarified wastewater was then
extracted from the beaker to measure copper and turbid-
ity. All experimental runs were performed in triplicates,
and the averaged values were applied.

Copper was analyzed using atomic absorption spectropho-
tometer (AA6000, Shanghai Tianmei Scientific Instrument
Co., Ltd., China). The turbidity of the supernatant was mea-
sured using a portable turbidity meter (2100Q and 2100Q IS,
Hach Company, USA).

Performance analysis

Based on the experimental conditions of traditional floccula-
tion, the settling speed, floc-size distribution, and volume of
sludge were measured in order to compare the efficiency of
magnetic seeding to that of traditional flocculation.

First, to evaluate the settling speed of magnetic flocs, the
height of the sludge interface at a settling time of 30 min was
measured.

To measure the magnetic floc-size distribution, a MaiKeJi
laser particle-size analyzer (MICROTRACS3500, USA) was
used upon extension of the slow stirring stage described in
Magnetic seeding flocculation experiments to 20 min. The
magnetic floc samples were taken from the same position of
the beaker every 2 min during this stage.

Finally, the amount of sludge was determined by the
volumetric method using the Imhoff cone as per the
standard method of the American Public Health Associ-
ation (APHA 1995).

Results and discussion

Factors affecting traditional flocculation

In this section, the effect of operating factors such as coagulant
dosage, flocculant dosage, and wastewater initial pH on the
removal efficiency of traditional flocculation was
investigated.

Effect of coagulant dosage

The variations of copper and turbidity removal against coag-
ulant dosage from 0.30 to 3.30 g/L are shown in Fig. 1. The
copper reduction was found to increase from 18.71 to 90.68 %
with increasing coagulant dosage from 0.30 to 1.80 g/L,
whereas a decrease is observed upon further increasing the
coagulant dosage to 3.30 g/L. Similar trends were found for
the removal of turbidity with increasing coagulant dosage
from 0.30 to 1.80 g/L. However, no apparent variations in
turbidity removal were observed with a further increase in
the coagulant dosage.

Effect of flocculant dosage

Figure 2 illustrates the effect of flocculant dosage in the range
of 0–0.035 g/L on copper and turbidity removal. The results
indicate that the copper removal efficiency increased signifi-
cantly with increasing flocculant dosage from 0 to 0.015 g/L.
In this case, the flocs in the flocculation processes were effec-
tively formed and the removal efficiency increased. However,
a slight reduction of copper removal efficiency at higher floc-
culant dosages can be observed. Similar results are observed
for the turbidity removal efficiency. The results show that the
turbidity removal efficiency increased with increasing the dos-
age from 0.005 to 0.015 g/L, but at higher flocculant dosages,
a gradual decrease in the efficiency is observed. Therefore, the
increase in copper and turbidity removal was only marginal
when the flocculant was added: the removal efficiency in-
creased from 90.72 to 93.32 % for copper and from 83.1 to

Table 1 Physical characteristics
of magnetic seeds Characteristics Value

Magnetic seeds size (mesh) 40–100 100–200 200–300 300–400 400–1600

Average size (μm) 258.40 168.30 93.63 53.14 23.80

Bulk density (kg/L) 2.3654 2.3854 2.4272 2.4609 2.4935

Table 2 Characteristics of
wastewater sample Characteristics pH ρ(Cu2+)/(mg/L) ρ(ammonia)/(mg/L) ρ(CODCr)/(mg/L) Turbidity/NTU

Value 7–8 200 100 800 174–188
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94.10 % for turbidity. It is reasonable to use magnetic seeding
flocculation at an optimum flocculation dosage of 15 mg/L.

Effect of wastewater initial pH

The initial pH of the wastewater plays an important role in the
flocculation efficiency. In this experiment, the initial pH was
adjusted using NaOH or HCl solutions at a 1.0-mol/L concen-
tration. Figure 3 displays the effect of wastewater initial pH on
traditional flocculation efficiency. The results demonstrate
that the initial pH largely influenced both the copper and tur-
bidity reduction. The removal rates were found to increase
sharply with increasing the pH value from 6.0 to 9.5, whereas
a slight decline of removal efficiency was observed upon fur-
ther increasing the initial pH to 12.0. Aluminum in PAC has
been found to exist in the forms of Al3+, Al(OH)2+,
Al2(OH)4

2+, Al(H2O)6
3+, and Al(13) or higher polymers

(Chin et al. 2006). In an acid environment, aluminum mainly
exists in the form of Al3+, which is not conducive for the
adsorption of colloids or for adhesion, bridges, and cross-
linking, and thus PAC reduces the flocculation efficiency. Op-
positely, in an alkaline environment, poly-nuclear (polymeric)
species can be adsorbed onto the surface of colloidal particles,
which promotes colloid aggregation. Nevertheless, when the

PAC content exceeds a certain value, the Al(OH)3(s) generat-
ed will have a negative effect on the flocculation efficiency
(Zheng et al. 2011). Because PAC is going to consume alka-
linity from the system to produce the active coagulant species
and because the dosage is high (1.8 g/L), there will be a large
decrease in pH after the treatment. Therefore, the optimum pH
for copper and turbidity reduction was 9.50, the value at which
the reduction was 94.42 and 94.11 %, respectively.

Effect of magnetic seed dosage and size

Effect of magnetic seed dosage

A series of experiments were performed to determine the op-
timal magnetic seed dosage in the magnetic seeding floccula-
tion process. The dosage of Fe3O4 magnetic seeds was varied
from 0 to 5.0 g/L. Figure 4 shows peaks in the copper and
turbidity removal curves at a dosage of 2.0 g/L. In this case,

Table 3 Calculation results of different component concentrations at
pH=7.0, 9.0, and 11.0

Variables pH=7.0 pH=9.0 pH=11.0

[Cu(OH)2] [mol/L] 3.13×10−3 3.13×10−3 3.13×10−3

[Cu2+] [mol/L] 2.20×10−6 2.20×10−10 2.20×10−14

[[Cu(NH3)4]
2+] [mol/L] 2.57×10−11 4.47×10−8 2.56×10−10

[NH3·H2O] [mol/L] 3.95×10−5 2.55×10−3 7.02×10−3

[NH4
+] [mol/L] 7.11×10−3 4.59×10−3 1.28×10−4

[[Cu(NH3)4]
2+] [mol/L] 7.01×10−11 1.22×10−7 6.98×10−10

Fig. 1 Effect of coagulant dosage on copper and turbidity removal
(wastewater initial pH 9.50, settling time 20 min)

Fig. 2 Effect of flocculant doses on copper and turbidity removal
(wastewater initial pH 9.50, settling time 20 min, coagulant dosage
1.8 g/L)

Fig. 3 Effect of wastewater initial pH on copper and turbidity removal
(settling time 20 min, coagulant and flocculant dosage 1.8 and 0.015 g/L,
respectively)
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the experimental copper and turbidity removal efficiencies
reached 98.53 and 94.72 %, respectively, values that are great-
er than those in traditional flocculation. The optimummagnet-
ic seed dosage needed to maximize the removal efficiencywas
therefore 2.0 g/L. However, at higher dosages, excessive mag-
netic seeds caused serious damage to magnetic flocs, resulting
in a reduction in the copper and turbidity removal efficiency.

Effect of magnetic seed size

For magnetic seeding flocculation, the magnetic seed size
plays an important role in determining the flocculation effi-
ciency. Figure 5 shows the variation of copper and turbidity
removal with magnetic seed size. The removal efficiencies
increased significantly with decreasing the magnetic seed size
until reaching a size of 300–400 mesh, at which point, reduc-
tion efficiencies of 98.53 and 94.72 % for copper and turbid-
ity, respectively, were achieved. For the same dosage and a

mesh size of 300–400, more particles are added to the waste-
water. This increase in the concentration of particulate matter
could lead to more collisions between the Fe3O4 particles and
flocs, thus improving the magnetic seeding flocculation effi-
ciency (Lipus et al. 2001; Stolarski et al. 2007). However,
when the size exceeded 300–400 mesh, the efficiency began
to decrease. In this case, the slight vortex centrifugal force of
inertia generated between those magnetic seeds was too great,
thus destroying the structure of flocs formed. Magnetic seeds
with smaller particle sizes had little effect on the efficiency.
Thus, the best reduction efficiency was obtained when the
magnetic seed size was in the range of 300–400 mesh.

Optimization experiments of coagulant and flocculant
dosage

Since different optimum dosages might be received for the
coagulant and flocculant, the following experiments were con-
ducted: (1) The effect of flocculant on copper and turbidity
removal without coagulant and magnetic seeds and (2) the
effect of flocculant on copper and turbidity removal without
coagulant but with magnetic seeds. Table 4 shows the varia-
tions of copper and turbidity removal against flocculant dos-
age from 0.016 to 0.019 g/L with and without magnetic seeds.
Maximum copper and turbidity removal rates of 93.64 and
93.25 %, respectively, were achieved at a flocculant dosage
of 0.017 g/L (with magnetic seeds), whereas the rates were
91.11 and 92.32 %, respectively, at a flocculant dosage of
0.018 g/L (without magnetic seeds). These values were lower
than the copper and turbidity removal rates of 98.53 and
94.72 %, respectively, at 0.015 g/L with coagulant, flocculant,
and magnetic seeds. Treatment costs would be higher with a
high coagulant dosage of 1.8 g/L. Therefore, despite lower
copper and turbidity removal efficiencies, it is better to de-
crease chemical costs by using flocculant and magnetic seeds
without coagulant.

Comparison of magnetic seeding and traditional
flocculation

Settling speed analysis

Figure 6 shows the height of the sludge interface against set-
tling time. With increasing magnetic seed dosage as well as
decrease of seed size, the settling speed continuously increased
until a dosage and size of 2.0 g/L and 300–400 mesh, respec-
tively. However, a slight decrease in the settling speed is
observed with further increases of magnetic seed dosage and
decreases of magnetic seed size. Furthermore, the settling speed
at a settling time of 1 min was 5 cm/min under optimum
conditions, which is approximately 3.64 times that of tradition-
al flocculation. Similar results were also reported by Bolto
(1995).

Fig. 4 Effect of magnetic seed dosage on copper and turbidity removal
(wastewater initial pH 9.50, settling time 8 min, coagulant and flocculant
dosage 1.8 and 0.015 g/L, respectively, magnetic seed size 300–
400 mesh)

Fig. 5 Effect of magnetic seed size on copper and turbidity removal
(wastewater initial pH 9.50, settling time 8 min, coagulant, flocculant,
and magnetic seed dosage 1.8, 0.015, and 2.0 g/L, respectively)
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Copper can be purified from wastewater by a flocculation
and co-precipitation process in traditional wastewater treat-
ment. This process requires large amounts of time and land,
resulting in low copper treatment capacity. By contrast, the
addition of magnetic seeds could favor agglomeration of the
flocs; the specific gravity of those magnetic flocs combined
with Fe3O4 is much larger than that of traditional flocs. There-
fore, the settling speed and copper treatment capacity of the

wastewater can be significantly improved (Li et al. 2010a;
Yavuz and Celebi 2000.

Floc-size distribution analysis

The growth conditions of magnetic flocs were studied by
comparing the particle-size distribution upon the addition of
flocculant during the magnetic seeding flocculation process.
The size distribution was determined with magnetic seeds
using the optimal conditions for traditional flocculation.

Figure 7 displays the variation of magnetic flocs size, d50,
during the slow mixing period of flocculation from 0 to
20 min. The size of microflocs formed by PAC, PAM, and
magnetic seeds quickly increased at the beginning of the slow
mixing process (0–8 min, step 1) and stabilized at a fixed
value (8–18 min, step 2). Finally, the size decreased slightly
at the end of this process (18–20 min, step 3).

With the addition of magnetic seeds, the initial rate of mag-
netic seeding flocculation increased (0–8 min, step 1). The total
number of particles in the flocculation system increased when
magnetic seeds were added, and the magnetic seeding floccu-
lation rate was thus enhanced (Li et al. 2010a).Moreover, based
on the variation curves, it is reasonable to assume that the
different dosages and sizes of magnetic seeds resulted in differ-
ent magnetic floc sizes and growth rates. The growth stage (step
1) indicated that the rate of magnetic seeding flocculation ac-
celerated in the presence of magnetic seeds. However, when the
dosage exceeded a certain value, the growth rates of the flocs
began to decrease. Also, the magnetic flocs formed by 2.0 g/L
of magnetic seeds exhibited a much higher growth rate as com-
pared to other magnetic flocs. In the case of magnetic seed size,
magnetic flocs formed from 300 to 400 mesh particles grew
more rapidly than other flocs and reached a peak floc size after
8 min. The steady-state phase (step 2) exhibited trends similar
to those of the growth stage (step 1).

To better understand the magnetic seeding flocculation
mechanism, the variations of magnetic floc-size distribution
under different experimental conditions were investigated.
Magnetic flocs at slow mixing times of 8 and 18 min were
chosen as the representative flocs of the floc growth stage
(step 1) and steady-state phase (step 2), respectively.

The magnetic floc-size distributions for steps 1 and 2 are
shown in Figs. 8 and 9, respectively. In both cases, the major
peak of the floc-size shifted to higher values with the addition
of magnetic seeds. There was also a considerable decrease in

Fig. 6 Impact of magnetic seeds on the settling speed (wastewater initial
pH 9.50, settling time 8 min, coagulant and flocculant 1.8 and 0.015 g/L,
respectively). a Settling speed versus magnetic seed dosage (magnetic
seed size 300–400 mesh). b Settling speed versus magnetic seed size
(magnetic seed dosage 2.0 g/L)

Table 4 Effect of flocculant
dosage on copper and turbidity
removal with and without
magnetic seeds (wastewater initial
pH 9.50, magnetic seed dosage
and size 2.0 g/L and 300–
400 mesh, respectively)

Flocculant dosage (g/L) 0.016 0.017 0.018 0.019

Without magnetic seeds Copper removal (%) 88.45 89.20 91.11 89.24

Turbidity removal (%) 88.38 90.98 92.32 90.07

With magnetic seeds Copper removal (%) 91.32 93.64 92.02 90.93

Turbidity removal (%) 91.42 93.25 92.49 90.51
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the smaller peak for magnetic floc-size between 10 and
20 μm. The magnetic floc-size distribution suggests that the
smaller peak was reduced with a shift to the right of the major
peak after the completion of floc growth. These results indi-
cate that the microflocs were adsorbed by large magnetic flocs
during the floc growth stage, which brought about the contin-
uous growth of magnetic flocs. The steady-state size of mag-
netic flocs is achieved by the balance between weak forces,
which facilitate efficient collisions, and the breakup due to
mixing-induced shear conditions (Yu et al. 2006). Compared
to other variables, the combination of the 2.0 g/L dosage and
the 300–400 mesh particle size gave a higher floc growth rate.
This is presumably attributed to efficient collisions occurring
between particles and the slightly moderate vortex centrifugal
force of inertia generated between magnetic seeds. The dis-
tinction in the above effects resulted in a complicated

magnetic floc aggregation process, generating magnetic flocs
with larger size and lower moisture.

Volume of sludge analysis

The management of flocculation sludge, now often referred to
as dewatering and recovery of copper by electrolysis, accounts
for a major portion of the cost of the wastewater treatment
process. The amount of the sludge is an important index to
evaluate the magnetic seeding flocculation efficiency (Aguilar
et al. 2005). Figure 10 displays the variations of sludge vol-
ume with the size and dosage of magnetic seeds. The results
show that the volume of sludge decreased from 38.46 to
20.21 % with increasing magnetic seed dosages from 0 to
2.0 g/L, whereas a slight increase is observed upon further

Fig. 7 Growth rates of magnetic flocs formed during slow stirring
process (wastewater initial pH 9.50, coagulant and flocculant 1.8 g/L
and 0.015 g/L, respectively). a Growth rate versus magnetic seed
dosage (magnetic seed size 300–400 mesh). b Growth rate versus
magnetic seed size (magnetic seed dosage 2.0 g/L)

Fig. 8 Particle-size distribution for magnetic flocs during the floc growth
stage (step 1) (wastewater initial pH 9.50, coagulant and flocculant 1.8
and 0.015 g/L, respectively). a Floc-size distribution versus magnetic
seed dosage (magnetic seed size 300–400 mesh). b Floc-size
distribution versus magnetic seed size (magnetic seed dosage 2.0 g/L)
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increasing the magnetic seed dosage to 3.0 g/L. The size of the
magnetic seeds gave similar variation; the lowest volume of
sludge was obtained at 300–400 mesh. Therefore, under the
experimental conditions investigated, the smallest volume of
sludge (20.21 %) was achieved at a magnetic seed dosage of
2.0 g/L and size of 300–400 mesh. This sludge volume is
18.25% lower than that achieved with traditional flocculation.
These results illustrate the advantages attributed to magnetic
seeds, namely, that the addition of Fe3O4 particles improved
the ability to dewater sludge and recover copper as compared
to traditional flocculation.

Conclusions

The addition of magnetic seeds increases the settling speed
and floc size, as well as decreases sludge production. For
copper and turbidity, the highest removal efficiencies of
98.53 and 94.72 %, respectively, were achieved under the
following conditions: coagulant and flocculant dosages of

1.8 g/L and 0.015 g/L, respectively, wastewater initial pH
value of 9.50, magnetic seed dosage of 2.0 g/L, and magnetic
seed size of 300–400 mesh.

The highest settling speed, the largest floc size, and the
smallest volume of sludge were achieved simultaneously at
the maximum removal efficiencies of copper and turbidity. A
possible explanation for this phenomenon is that magnetic
seeds with a dosage of 2.0 g/L and 300–400 mesh particle size
can generate efficient collisions of particles and slightly mod-
erate vortex centrifugal force of inertia among seeds. Thus,
magnetic flocs with larger size and lower moisture were pro-
duced, improving the removal efficiency of copper and tur-
bidity, accelerating the floc sedimentation rate, and reducing
the volume of the sludge, all of them needs further study.
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Fig. 10 Volume of sludge produced by the different variables
(wastewater initial pH 9.50, settling time 30 min, coagulant and
flocculant 1.8 and 0.015 g/L, respectively). a Volume of sludge versus
magnetic seed dosage (magnetic seed size 300–400 mesh). b Volume of
sludge versus magnetic seed size (magnetic seed dosage 2.0 g/L)
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