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Abstract
A large number of iron ore tailings (IOTs) are produced in steel industry, posing threat to the environment during its storage and
disposal. To effectively reutilize Fe in IOTs, we propose a comprehensive utilization scheme: (1) most Fe in IOTs is extracted by
concentrated hydrochloric acid to form FeCl3 flocculants; (2) after separation from the FeCl3 flocculants, a small amount of Fe is
absorbed on the residue solids, which is further washed out to synthesize micron Fe3O4 as magnetic seeds. Results show that the
as-synthetic FeCl3 flocculants meet the product standard for FeCl3 flocculants in China (GB/T 4482-2018) after a series of
treatments including rotary evaporation, neutralization, and dilution and have comparable performance with commercial
polyaluminum chloride (PAC) and polyaluminum ferric chloride (PAFC). Moreover, the addition of synthetic
superparamagnetic Fe3O4 (as magnetic seeds) doubled the flocculation rate compared with as-synthetic FeCl3 flocculants alone.
Finally, the reutilization of Fe in IOTs can create a direct economic value of ¥ 1.27/kg IOTs, and produce 745 g high-silicon
residues for further reutilization, which indicates that our comprehensive utilization scheme is of great application potential.
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Introduction

The steel industry plays an important role in developing coun-
tries such as China. Despite its benefits, large quantities of iron
ore tailings (IOTs) are generated as byproducts during the
processing of steel (Yao et al. 2015). In China, the total accu-
mulation of IOTs has exceeded 7.5 billion tons (Chen et al.

2012), and the annual increment is about 500 million tons
(Tang et al. 2019a). Large amounts of IOTs are piled up in
tailing dams or landfilled in situ, the problems of which attract
wide attention. Tailing dams have high risk of dam break
under poor management or extreme weather conditions
(Fontes et al. 2019). For example, a break of IOT dam in
Anshan (in Liaoning Province, China) caused 13 casualties
in 2007 (Yao et al. 2016). The landfill of IOTs would cause
damages to surrounding soil and groundwater and impact flo-
ra and fauna, leading to long-term deterioration of the envi-
ronment (Wong 1981; Wu et al. 2019). Therefore, compre-
hensive utilization of IOTs is required.

The easiest and themost wide utilization of IOTs is as a raw
material of building materials, such as replacing the fine ag-
gregate materials in cement concrete (Ghosh et al. 2011; Zhao
et al. 2014). However, this approach has low economic value.
Previous studies showed that iron (Fe) content of IOTs is in
average of 8–12 wt%, occasionally as high as 27 wt% (Ajaka
2009; Tang et al. 2019a). Due to such high Fe amounts, sep-
aration and reutilization of Fe is a promising way for IOTs
recycling. Reductive roasting and magnetic separation are
commonly used to improve the Fe content of IOTs and
recycled as iron ores. However, the procedure of reductive
roasting requires 800 °C, which consumes a lot of energy. In
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addition, recycled iron ores still requires a series of treatments
when utilized in steel and chemical industry (Li et al. 2014).
Therefore, an economic method with low-energy consump-
tion is required for comprehensive utilization of IOTs.

Herein, we propose a comprehensive utilization scheme of
IOTs. Firstly, concentrated hydrochloric acid (HCl) is used to
extract Fe in IOTs, and then the solution is separated from the
residue solids to prepare FeCl3 flocculants. Due to the incom-
plete separation, a small amount of Fe3+ remains on the resi-
due solids. Thus, secondly, this part of Fe is washed out by
deionized water and then used to synthesize micron Fe3O4 as
magnetic seeds for magnetic flocculation with as-synthetic
FeCl3 flocculants (Chen et al. 2020; Tang et al. 2019b).
Finally, the residue solids with high silicon amount can be
used to produce high-economic-value glass ceramics (Chen
et al. 2014; Wang et al. 2015).

In this paper, acid extraction, rotary evaporation, neutraliza-
tion, and dilution were conducted stepwise to produce FeCl3
flocculants meeting the product standard in China (GB/T 4482-
2018). Then, the synthetic flocculants were systematically
assessed by jar test, optical microscope, and Fourier transform
infrared spectroscopy (FTIR). Furthermore, Fe2+–Fe3+ co-
precipitation method was used to synthesize magnetic seeds (mi-
cron Fe3O4). The characterization of synthetic magnetic seeds
was investigated by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and vibrating sample magnetometer (VSM).
The residue solids were also analyzed by XRD, SEM, X-ray
fluorescence (XRF), and Brunner–Emmet–Teller (BET) to show
its feasibility to produce glass ceramics. Finally, economic ben-
efits of IOTs’ comprehensive utilization were analyzed to show
its application prospect.

Materials and methods

Materials

Chemicals

All chemicals used in the experiments were of analytical grade
except kaolin. Hydrochloric acid (HCl), sodium hydroxide
(NaOH), calcium oxide (CaO), ferrous sulfate heptahydrate
(FeSO4·7H2O), ammonium hydroxide (NH3·H2O), and kaolin
were obtained from Sinopharm Chemical Reagent Co., Ltd,
China. For comparison, three commercially available floccu-
lants, polyaluminum chloride (PAC), polyferric sulfate (PFS),
and polyaluminum ferric chloride (PAFC), were obtained
from Xianglingde chemical company (Nanjing, China).

Iron ore tailings

IOTs used in this study were collected from the tailing dams of
Fengshuigou in Anshan, Liaoning Province, China. The

collected samples were dried naturally and stored in sample
bags. XRD, SEM, XRF, and BETmeasurements were used to
determine the crystal structure, composition, and surface areas
of the IOTs, respectively (details could be found in
Supplementary Information).

The XRD pattern for IOTs is shown in Fig. S1. The main
phase of IOTs is quartz (SiO2, JCPDS: 46-1045) (Karamberi
et al. 2007). Besides, hematite (Fe2O3, JCPDS: 33-0664)
(Batin and Popescu 2011) and clay minerals such as cordierite
(JCPDS: 84-1219) (Zhang and Li 2018) and chlorite-
serpentine (JCPDS: 52-1044) (Tang et al. 2019a) are also
found in IOTs. Based on XRF characterization (Table S1),
the main chemical components of IOTs are SiO2 (70%) and
Fe2O3 (23%). In addition, IOTs contain small amounts of
Al2O3 (2.60%), MgO (1.60%), K2O (0.5%), and Na2O
(0.31%), which is attributed to the clay minerals. This is also
confirmed by the results of SEM-EDS mapping (Fig. S2). In
addition, the total Fe content of IOTs is 16.3% (according to
the chemical methods GB/T6730.5-2007), the moisture
content is 0.250%, and the surface area is 2.45 m2/g
(Table S2). Details of the particle size distribution is shown
in Table S3.

IOT reutilization procedure

The reutilization experiments of Fe in IOTs were primarily
divided into two processes: flocculant preparation and mag-
netic seed synthesis. In the flocculant preparation process,
concentrated hydrochloric acid (HCl) was used to extract iron
from IOTs, and then the extracted solution was rotary evapo-
rated, neutralized, and diluted stepwise to prepare FeCl3 floc-
culants. The magnetic seed synthesis process was conducted
to further recycle Fe absorbed on the extraction residues.
FeCl3 was soaked and washed away from the residues and
then co-precipitated with FeSO4 and NH3·H2O to form
Fe3O4 magnetic seeds. After that, the synthetic flocculants
and magnetic seeds were used together in a magnetic floccu-
lation system. Details of this comprehensive reutilization flow
chart are presented in Fig. 1.

Preparation of FeCl3 flocculants

As shown in Fig. 1, preparation of FeCl3 flocculants comprised the
following three steps: Step 1was to add a predetermined amount of
IOTs and HCl to a round-bottom flask with a reflux condensation
device and react at 20 °C, 40 °C, 60 °C, 80 °C, and the boiling
temperature, respectively. Thus, most Fe in the IOTs could be ex-
tracted into solution. The effects of reaction temperature (°C), liquid-
to-solid ratio (mL/g) between HCl solution and IOTs, initial HCl
content (w/w), and reaction time (min) onFe3+ content and recovery
rate of iron were analyzed. Then, the extracted solution (mainly
comprised ofFeCl3 andHCl)was separated from the residual solids.
Thus, in step 2, rotary evaporation of the solution was conducted to
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increase Fe content, reduce HCl content, and recycle excess HCl.
The effects of temperature and time on Fe3+ and HCl content in the
solution were determined. Step 3 was to add CaO to further reduce
the free acid to less than 0.4%, as required by the product standard
for FeCl3 flocculants in China (GB/T 4482-2018), and then dilute
the solution to reduce the Fe3+ concentration to product concentra-
tion (to increase the yield and profitability). Fourier transform infra-
red spectroscopy (FTIR) spectra of FeCl3 solution after each step
were recorded (details could be found in Supplementary
Information).

Preparation of Fe3O4 magnetic seeds

After acid extraction and solid-liquid separation in step 1 in
“Preparation of FeCl3 flocculants,” a small amount of Fe3+ is
still absorbed on the residual solids. This part of Fe could be
further utilized. Thus, the separated solids were soaked and
washed with deionized water at a ratio of 0.5 mL/g, and then
solids were again separated from liquids. The residual Fe3+ on
the SiO2 would be secondly extracted into the washed solution
and further used to synthesize Fe3O4 magnetic seeds. The
synthesis of Fe3O4 was based on a co-precipitation method
(Zhang et al. 2011) using FeSO4·7H2O with a molar ratio of
Fe3+/Fe2+ of 2:1 and NH3·H2O under the protection of nitro-
gen. Finally, the Fe3O4 magnetic seeds were dried at 105 °C.
The crystal state and morphology of these seeds were charac-
terized by XRD and SEM, and magnetization curves were
determined using a vibrating sample magnetometer (VSM)
(details could be found in Supplementary Information).

IOTs utilization effects

To evaluate the practical effects of the synthetic flocculants
and Fe3O4 magnetic seeds prepared from IOTs, both tradition-
al and magnetic flocculation experiments were performed
with the synthetic flocculants alone and in combination with
magnetic seeds, respectively. The effect of reusing Fe3O4

magnetic seeds was also studied.

Traditional flocculation experiments

One liter high-turbidity wastewater was prepared with 0.5 g
kaolin powder (Ma et al. 2018), aged for 24 h, with a final
turbidity of 750.0 ± 84.6 NTU. A series of flocculation exper-
iments were carried out in a jar experiment using a flocculat-
ing and agitating machine. The procedure was set as follows: a
predetermined amount of synthetic flocculants was added to
the high-turbidity wastewater, and then the mixture was stirred
at 350 rpm for 2.5 min, at 60 rpm for 8 min and settling for 20
min, step by step. The turbidity of the supernatant (collected at
one-half the height of the liquid) was measured after 20min of
settling to determine the optimum flocculant dose.

The effect of pH on flocculationwas evaluated by adjusting
the pH value of high-turbidity wastewater with NaOH and
HCl. Furthermore, the flocculation effect of synthetic floccu-
lants was compared with three commercial flocculants, name-
ly, polyaluminum chloride (PAC), polyferric sulfate (PFS),
and polyaluminum ferric chloride (PAFC), at the optimal dos-
age and pH.

Fig. 1 Integrated processes to
comprehensively reutilize iron
ore tailings (IOTs). Blue phrases
are the treatment processes of
IOTs. Red arrow is the reuse of
intermediate product (25.4%
(w/w) HCl acid); Fe recovery
rates are also shown under each
products.
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Magnetic flocculation experiments

The synthetic flocculants and magnetic seeds were added at
desired amounts into synthetic wastewater, with three-stage
dosing process: firstly, magnetic seeds were added and stirred
at 350 rpm for 2 min; secondly, the synthesized flocculants
were added and stirred at 350 rpm for 2.5 min; and thirdly, the
stirring speed was reduced to 60 rpm for 8 min. Finally, a
strong magnet was placed at the bottom of the beaker, and
the solution was allowed to settle for 5 min to measure its
residual turbidity at one-half the height of the liquid. The
flocculation effects in the presence and absence of magnetic
seeds were compared at the optimum dose and different set-
tling time. In addition, images of flocs generated with and
without magnetic seeds were obtained using an optical micro-
scope (Olympus BX53).

Recycling procedure

The reusability of magnetic seeds was studied in five consec-
utive recycle experiments. After each cycle, magnetic seeds
were collected by magnetic separation, washed three times
with deionized water, and dried at 105 °C for 30 min for the
next cycle.

Results and discussion

Fe extraction and flocculant preparation

Acid extraction of Fe

As one of the main components of IOTs, Fe2O3 reacts quickly
with concentrated HCl and can be extracted from IOTs to
form FeCl3. To determine the optimal extraction conditions,
the effects of temperature, liquid-to-solid (L/S) ratio between
IOTs and HCl solution, initial HCl content, and reaction time
were assessed.

In order to study the influence of reaction temperature on
acid extraction, Fe3+ content and iron recovery rate were test-
ed at different temperature (from 20 °C to boiling temperature
of extracted solution), while the other three factors were con-
sidered as invariant parameters (a L/S ratio of 1 g/ml, an initial
HCl content of 31% (w/w), and a reaction time of 40 min). As
shown in Fig. 2a, the iron recovery rate and Fe3+ content in the
extracted solution increase gradually from 20 to 80 °C and
sharply from 80 °C to boiling temperature. At boiling temper-
ature, the Fe3+ content and iron recovery rate reach the max-
imum of 11.0% and 75.2%, respectively. This indicates high
temperature is beneficial to the reaction between H+ and he-
matite in IOTs (Lavasani et al. 2019).

The liquid-to-solid (L/S) ratio has a considerable effect on
Fe3+ content and iron recovery rate. To study the effect of L/S

ratio, HCl acid content was kept constant at 31% (w/w), the
extraction temperature was kept constant at boiling tempera-
ture, and reaction time was kept constant of 40 min. As shown
in Fig. 2b, the iron recovery rate gradually increases while the
Fe3+ content gradually decreases with an increase in L/S ratio.
Higher L/S ratio means larger HCl acid dosage, which leads to
more effective reaction between HCl acid and hematite and
higher iron recovery rate. However, the increase of the extract-
ed Fe amount is less than the increase of the volume. Thus, the
Fe3+ content decreases with the increase of L/S ratio. In con-
sideration of both Fe3+ content and iron recovery rate, 1 mL
HCl acid/1 g IOTs is the optimum L/S ratio.

In addition, the influence of reaction time of IOTs and HCl
acid was examined within 10 to 60min at boiling temperature,
a L/S ratio of 1 mL/g, and an initial HCl content of 31% (Fig.
2c). The increase of Fe3+ content and iron recovery rate are
significant in the first 40min, but unobvious in the last 20min.
In consideration of the energy consumption, 40 min is the
optimum reaction time.

In order to study the effect of HCl acid concentration, the
initial content of HCl acid was set as 18%, 26%, 31%, and
37% (w/w) and other parameters were constant with a L/S
ratio of 1 mL/g, a reaction time of 40 min, and a reaction
temperature of boiling temperature.With the increase of initial
content of HCl acid from 18 to 31% (w/w), Fe3+ content
significantly increases from 6.30 to 11.0%, while iron recov-
ery rate increases from 39.7 to 75.2% and residual H+ content
increases from 7.14 to 12.3% (Fig. 2d). Then, the increment
retards when initial content of HCl acid increases from 31 to
37%. Therefore, 31% (w/w) was determined to be the optimal
initial HCl content.

In conclusion, it is optimum to use initial HCl content of
31% (w/w) with an L/S ratio of 1 mL/g to extract iron for
40 min at boiling temperature. Under these conditions, the
iron recovery rate was 75.2% and the Fe3+ content was
11.0% (w/w).

Rotary evaporation

After the acid extraction by HCl under optimal conditions, the
Fe content (11.0%) was less than the requirement of FeCl3
flocculant standard in China (≥ 14.0%, GB/T 4482-2018). In
addition, the residual HCl content in the extracted solution
was 12.3%, much more than the requirement (≤ 0.4%).
Thus, rotary evaporation was used to concentrate FeCl3 solu-
tion and simultaneously reduce and recycle HCl in extracted
solution.

Figure 3 shows the effects of rotary evaporation tempera-
ture and time on HCl and Fe3+ content. When the rotary evap-
oration duration is fixed to 10 min, Fe3+ content gradually
increases from 11.1 to 16.7% with the increase of evaporation
temperature from 20 to 60 °C, while the HCl content gradually
decreases from 12.3 to 5.53%. The further increase of
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temperature (from 60 to 70 °C) has little effect on the HCl
content. This is probably because HCl and H2O form an azeo-
trope when the temperature reaches 60 °C, making the HCl/
H2O ratio in vapor the same as that in solution (Kalla et al.
2019; Othmer and Eyck 1949). For the consideration of ener-
gy conservation, 60 °C is selected as the optimal temperature.

When the rotary evaporation temperature is 60 °C, the ef-
fect of reaction time is evaluated (Fig. 3b). With the increase
of reaction time from 5 to 20 min, HCl content of solution
decreases and Fe3+ content increases. However, when the
evaporation time is more than 10min, Fe partially precipitates.
The precipitation of Fe is not conducive for subsequent treat-
ment. Therefore, 10 min is considered the optimum reaction
time for rotary evaporation.

In conclusion, the optimal temperature and time for rotary
evaporation should be set at 60 °C and 10 min, respectively.
Under these conditions, Fe3+ content in the FeCl3 solution in-
creases to 16.7% and the HCl content decreases to 5.53%. Based
on product standard of China (Fe3+ content ≥ 14% and HCl
content ≤ 0.4%), further treatment of the solution is required.

Neutralization and dilution

Neutralization was conducted to further reduce the HCl con-
tent in the FeCl3 solution. The acidity of the mixture was

gradually neutralized by adding CaO (30.3 g/1000 g solution),
and the basicity of the mixture increased gradually. Then,
moderate amounts of water was added to the FeCl3 solution
with Fe3+ content decreasing to 14.2%, to maximize economic
benefits.

Characterization of FeCl3 flocculants

FTIR spectra of the FeCl3 solutions after acid extraction, ro-
tary evaporation, and neutralization are presented in Fig. 4a to
identify possible chemical bands of flocculants. Two peaks at
3390 and 1636 cm−1 are assigned to the stretching vibration of
–OH group and bending vibration of –OH group in the water
molecule, respectively, indicating FeCl3 solutions after each
step may contain structural and adsorbed water (Jia et al.
2017; Wang et al. 2017). A characteristic absorbing peak at
600 cm–1 is assigned to the stretching vibration of Fe–OH
(Chen et al. 2015; Ying et al. 2007; Zhang et al. 2015).
Particularly, small absorbing peaks at 1075 and 878 cm−1

are existed in FeCl3 solutions after acid extraction, which is
the bending vibration of Fe–O–Fe or Fe–OH–Fe (Chen et al.
2015; Ying et al. 2007). This may be attributed to the incom-
plete hydrolysis of iron during the acid extraction. When the
extraction solution is rotary evaporated, the peaks at 1075 and
878 cm−1 vanish, so does to the FeCl3 solutions after

Fig. 2 Effects of a temperature, b ratio of liquid to solid, c reaction time, and d initial HCl acid content on acid extraction of Fe. Error bars represent
standard deviations from triplicate experiments (n = 3)
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neutralization, indicating that the Fe–O–Fe and Fe–OH–Fe
structures are further hydrolyzed during the procedure of ro-
tary evaporation (Wang et al. 2017). Moreover, the continu-
ous reinforcement of spectral absorption of Fe–OH at 600 cm–

1 after each step also confirms the deduction of Fe morpho-
logic variation. Therefore, the final products are FeCl3
flocculants.

In addition, Fe3+ and HCl contents of the final products
were determined to be 14.2 ± 0.1% and ≤ 0.10%, respectively,
which met the product standard of China (GB/T 4482-2018,
Fe3+ content ≥ 14% and HCl content ≤ 0.4%). Details of the
Fe3+ and HCl content after each step could be found in
Table S4. Furthermore, heavy metals (Zn, As, Pb, Hg, Cd,
Cr) in the synthetic flocculants also met the standards
(Table S4), meaning that the prepared FeCl3 flocculants could
be used for wastewater treatment. Besides, 2.04% Al was

found in the FeCl3 flocculants, which may participate in floc-
culation. The FeCl3 flocculants prepared from IOTs is hereaf-
ter referred as syn-FeCl3.

Flocculation effect of syn-FeCl3

To evaluate the flocculation effects of syn-FeCl3, the ability to
purify high turbidity wastewater with different dosages and
pH values was evaluated, and its performance was compared
with three commercially available flocculants: polyaluminum
chloride (PAC), polyferric sulfate (PFS), and polyaluminum
ferric chloride (PAFC).

The effect of syn-FeCl3 dosage on turbidity after floccula-
tion process was evaluated at a raw water pH value of 8.3
through jar testing (Fig. 4b). With the increase of syn-FeCl3
doses from 0 to 46 mg/L, the residual turbidity of wastewater
decreases sharply from 750.0 NTU to 3.61 NTU. Further de-
crease in turbidity is insignificant with the increase of the syn-
FeCl3 doses from 46 to 93 mg/L, and thus, the optimal syn-
FeCl3 dosage was 46 mg/L.

The effect of pH of raw wastewater at the optimum syn-
FeCl3 dosage was assessed, and the results are shown in Fig.
4c. In general, when the pH ranged between 4.3 and 10.3, the
residual turbidity shows little change within the range of 3.41–
7.37 NTU. This indicates syn-FeCl3 is effective in a wide
range of pH values.

Interestingly, with an increase in pH, the flocculation effi-
ciency firstly decreases from pH 5.3 to 7.3, then suddenly
increases at pH 8.3, and decreases again in the pH range be-
tween 8.3 and 10.3. The reason for this trend may be related to
the change of form and charge of Fe under different pH. From
pH 4.3 to 8.0, the iron form slowly changes from Fe3+ to
Fe(OH)2

+ and then to Fe(OH)3 with a reduction of positive
charge. In the pH range of 8.0–8.5, Fe(OH)3 precipitated, and
then it changes to negative ion as Fe(OH)4

– at a higher pH
(Ching et al. 1994; Duan and Gregory 2003; Li et al. 2016).
Meanwhile, kaolin in this system is negative charged in the
pH range 4.3–10.3 due to its low isoelectric point (pH 2.3)
(Teh et al. 2009). Therefore, the flocculation efficiency de-
creases from 5.3 to 7.3 due to the reduction of positive charge
of iron; at pH 8.3, Fe(OH)3 precipitation promotes flocs set-
tling which shows a sudden increase of flocculation efficien-
cy; in the pH range of 8.3–10.3, the flocculation efficiency
decreases again because of the increase of negative charge of
iron and kaolin. Thus, syn-FeCl3 shows greater flocculation at
pH 4.3, 5.3, and 8.3. For the convenience of experiments, 8.3
(the pH of raw water) was chosen to be the pH condition to
investigate other parameters.

In addition, the flocculation effects of syn-FeCl3 and other
three commercial flocculants were compared at pH 8.3 (Fig.
4d). After flocculation, the residual turbidity of wastewater with
syn-FeCl3 is 3.61 NTU, which is lower than that of wastewater
treated by polyferric sulfate (PFS, 11.2 NTU), and similar to that

Fig. 3. Effect of a temperature and b time on rotary evaporation. Error
bars represent standard deviations from triplicate experiments (n = 3).
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of wastewater flocculated by polyaluminum ferric chloride
(PAFC) and polyaluminum chloride (PAC) of 2.41 and 2.92
NTU, respectively. This means that the flocculation ability of
syn-FeCl3 prepared from IOTs is comparable to that of commer-
cial PAFC and PAC, and better than that of PFS.

Characterization of magnetic seeds

Some Fe3+ absorbed on the residual solids after acid extraction
and separation, reducing the SiO2 grade and impeding subse-
quent recycling of SiO2. Thus, soaking and washing were
used to clean SiO2 and simultaneously generate a dilute Fe3+

solution (33.9 g/L). The dilute Fe3+ solution was further uti-
lized to synthesize Fe3O4 magnetic seeds by co-precipitation
with FeSO4·7H2O in NH3·H2O solution. The main mineral
phase, magnetic characteristics, and morphology of magnetic
seeds were studied by X-ray diffraction (XRD), vibrating
sample magnetometer (VSM), and scanning electron micros-
copy (SEM). The XRD pattern (Fig. 5a) of synthetic magnetic
seeds shows six characteristic diffraction peaks at 2θ =

30.095, 35.422, 43.052, 53.391, 56.942, and 62.515°, which
correspond to (220), (311), (400), (422), (511), and (440)
lattice planes of magnetite (JCPDS: 19-0629) (Chen et al.
2009). In addition, no crystal phase of other substances is
found, indicating that the prepared seeds are Fe3O4 magnetic
particles and has high purity.

The magnetization curves of Fe3O4 particles show that
magnetization increases with an increase in external magnetic
field intensity, and the saturation magnetization of synthetic
Fe3O4 magnetic particles is 58.82 emu/g (Fig. 5b). In addition,
the hysteresis loop is a single curve passing through the origin,
and no coercivity and remanent magnetization appeared dur-
ing th i s p rocess , ind ica t ing tha t the sample i s
superparamagnetized. In the magnetic flocculation, the
superparamagnetism of Fe3O4 seeds is beneficial for homoge-
neous distribution on flocs in the absence of magnetic field,
while fast flocs settle in the presence of magnetic field. In
addition, the superparamagnetism is also conducive to the
recycle and reuse of Fe3O4 seeds (Ma et al. 2018; Omidvar-
Hosseini and Moeinpour 2016; Wang et al. 2012).

Fig. 4 a The FTIR spectra of FeCl3 solutions after the processes of acid
extraction, rotary evaporation and neutralization. Effects of b flocculant
dosage, c pH of raw water, and d different flocculants on residual

turbidity. Error bars represent standard deviations from triplicate
experiments (n = 3)
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SEM images of Fe3O4 magnetic particles are shown in Fig.
5c and d. The shape of synthetic Fe3O4 is irregular (Fig. 5c),
and the particle size is about 1–5 μm. Zeng et al. (Zeng et al.
2015) showed that Fe3O4 can achieve better magnetic floccu-
lation effect when its particle size is in the range of 1–10 μm.
The enlarged image (Fig. 5d) shows that Fe3O4 particles are
agglomerated by many nanometer-grade grains.

Magnetic flocculation effects of magnetic seeds

Magnetic flocculation is a separation method based on mag-
netic particles. By adding magnetic seeds, non-magnetic flocs
become magnetized, and then under an external magnetic
field, the sedimentation and separation of magnetized flocs
can be accelerated to remove pollutants more effectively
(Qiu et al. 2017). It means that, compared with traditional
flocculation using only flocculants, the sedimentation rate of
magnetic flocculation is faster.

The effects of magnetic seeds at different doses on floccu-
lation were examined when the settling time was 5 min. As
shown in Fig. 6a, when the dose of magnetic seeds increases
from 0 to 300 mg/L, the residual turbidity decreases from 8.59
to 3.82 NTU. Subsequently, with an increase in dose of mag-
netic seeds from 300 to 500 mg/L, the residual turbidity of

wastewater increases. When the dose of magnetic seeds is less
than 300 mg/L, some of the flocs are not converted into mag-
netic flocs because of the lack of magnetic seeds. At higher
doses (> 300 mg/L), excessive magnetic seeds cause damages
to flocs, also reducing the magnetic flocculation effect (Chen
et al. 2016; Qiu et al. 2017). Therefore, 300 mg/L is selected
as the optimum magnetic seed dose in this experiment.

In addition, the flocculation of syn-FeCl3 with and without
the addition of magnetic seeds was compared under optimal
flocculation conditions, where the doses of syn-FeCl3 and
magnetic seeds were 46 mg/L and 300 mg/L, respectively.
Turbidity was measured by settling in the presence of a mag-
netic field at different times (1, 2, 3, 4, 5, 10, 15, and 20 min).
As shown in Fig. 6b, the turbidity of wastewater with mag-
netic seeds rapidly decreases with an increase in settling time,
and the residual turbidity reaches 3.82 NUT at 5 min. After
that, with an increase in settling time, the residual turbidity
decreases very little. Therefore, 5 min is regarded as the opti-
mum settling time of magnetic flocculation. During floccula-
tion without magnetic seeds, residual turbidity also decreases.
However, it is slower than the flocculation with magnetic
seeds, and residual turbidity reaches 3.96 NTU after 10 min.
This shows that the addition of magnetic seeds accelerates the
sedimentation of flocs and shortens the settling time of

Fig. 5 a XRD pattern of Fe3O4. b Magnetization curves of Fe3O4. c, d SEM images of Fe3O4
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flocculation by half. (Detailed images of the flocculation
settling process are shown in Fig. S3). In addition, flocs
formed in the absence and presence of magnetic seeds are
shown in Fig 6c and d respectively to illustrate the morphol-
ogy of floc and magnetic seeds. When magnetic seeds were
added, it was obvious that many Fe3O4 magnetic particles
were evenly distributed among the flocs, which help the mag-
netic flocs form and accelerated settling of nonmagnetic con-
taminants in the presence of a magnetic field (Qiu et al. 2017).

Recycling of magnetic seeds

One of the remarkable merits of Fe3O4 magnetic seeds is their
ability to be easily recycled and reused after flocculation
(Tang et al. 2019b). In this study, reuse of Fe3O4 seeds was
investigated, and the results are shown in Fig. 6b.

When the magnetic seeds were reused, the performance of
magnetic flocculation was slightly worse than the first use.
This is due to that partial contaminants bound on the magnetic
seeds during each time of recycling. Moreover, recycled
Fe3O4 seeds were agglomerated during the heat to 105 °C,

decreasing the dispersibility of seeds in flocs (Tang et al.
2019b; Wang et al. 2013). Therefore, the recycled Fe3O4

seeds performed worse than when they were first used.
However, despite the reduction in the magnetic flocculation
efficiency, magnetic flocculation with recycled magnetic
seeds still performed much better than traditional flocculation
without magnetic seeds. When the settling time for magnetic
flocculation was 5 min, the residual turbidity in five consecu-
tive cycles was 3.82, 4.71, 6.24, 5.76, and 4.94 NTU respec-
tively, all of which were lower than the residual turbidity of
8.59 NTU without magnetic seeds. In summary, Fe3O4 seeds
can be recycled for subsequent flocculation. After five recy-
cles, the seeds still showed satisfactory removal with water
washing.

Characterization of residue

After the recovery and utilization of iron, the physical proper-
ties of IOT residues were characterized by XRD, XRF, SEM,
and BET. As shown in Fig. S1, the main mineral phase of
residue is quartz and that a small amount of hematite and

Fig. 6 Effects of magnetic seeds on flocculation performance (pH = 8.3,
T = 25 ± 2 °C). a Flocculation performance under different dosage of
magnetic seeds with syn-FeCl3 as a flocculants (46 mg/L). b The residual
turbidity of flocculation without magnetic seeds and of flocculation with

magnetic seeds in five consecutive cycles. Floc images in the c absence
and d presence of magnetic seeds under an optical microscope. Error bars
in a and b represent standard deviations from triplicate experiments (n =
3)
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pargasite (JCPDS: 85-2161) are also present. The XRF results
(Table S1) also show that the main components of IOT resi-
dues were SiO2, representing 92% of residues. Fe2O3 content
decreased from 23 to 4.6%, which indicated that most of the
iron was extracted in the IOT reutilization process. At the
same time, the content of other metals reduced to less than
1%, showing great application potential to produce glass-
ceramics (Ye et al. 2015). In addition, the BET results
(Table S2) show that the surface area of IOT residues was
3.35 m2/g, slightly larger than that of IOTs, which may be
attributed to the extraction of iron and other metals.
Therefore, the SiO2 grade and the purity of IOT residue were
greatly improved, increasing its availability, such as the appli-
cation for glass-ceramics.

Mass balance and cost-benefit analyses of Fe com-
prehensive reutilization

As shown in Fig.1, Fe in IOTs flows into three products:
75.2% flows into the Fe flocculants, 8.6% flows into the
Fe3O4 magnetic seeds, and 12.8% remains in the high-
silicon residues. Thus, the total recovery rate of Fe is 96.6%.
In addition, Si mainly remains in the residues, and its total
recovery rate is 97.8%. (Details of the calculation of mass
balance could be found in Supplementary Information.)

A simplified cost-benefit analyses based on Chinese con-
ditions are calculated in Supplementary Information. As
shown in Table S5, to reutilize 1 kg IOTs, the direct costs of
chemicals are ¥ 0.23 and the energy costs are less than ¥ 0.39,
except for equipment, labor, and site-use costs. Meanwhile,
1 kg IOTs is able to produce 863 g FeCl3 flocculants (¥ 1.60),
29 g Fe3O4 magnetic seeds (¥ 0.29) and also 745 g high-
silicon residue (which could be further used to produce
glass-ceramics). In addition, the 25.4% HCl acid collected in
the fraction of rotary evaporation is recycled and reused in the
acid extraction process (Fig. 1) and further reduces the cost.
Therefore, regardless of the equipment, labor, and site-use
costs, the comprehensive reutilization of IOTs can create an
economic value of ¥ 1.27/kg IOTs, which is of great applica-
tion potential.

Conclusions

The present study proposed a comprehensive reutilization pro-
cedure of iron in IOTs and verified its technical and economic
feasibility. Specifically:

1. Syn-FeCl3 flocculants produced after acid extraction, ro-
tary evaporation, neutralization, and dilution step by step
met the product standard of China (GB/T 4482-2018),
showing comparable performance with commercial
PAC and PAFC, and better than commercial PFS.

2. Fe remaining on the surface of residues was washed out to
synthesize Fe3O4 magnetic seeds, which shortened the
settling time of flocculation by half and showed satisfac-
tory efficiency after five recycles.

3. According to the calculation of Fe mass balance, the total
recovery rate of Fe is 96.6%. In addition, regardless of the
equipment, labor, and site-use costs, the comprehensive
reutilization of IOTs can create an economic value of ¥
1.27/kg IOTs, which is of great application potential.
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