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Abstract: The present study was conducted to elucidate the influence of impurities in waste ferrous sulfate on its recovery of magnetite. 
Ferrous sulfate solution was purified by the addition of NaOH solution to precipitate impurities, and magnetite was recovered from fer-
rous sulfate solution without and with purification pretreatment. Calcium hydroxide was added to the solution of ferrous sulfate as a pre-
cipitator. A mixed product of magnetite and gypsum was subsequently obtained by air oxidation and heating. Wet-milling was performed 
prior to magnetic separation to recover magnetite from the mixed products. The results show that with the purification pretreatment, the grade 
of iron in magnetite concentrate increased from 62.05% to 65.58% and the recovery rate of iron decreased from 85.35% to 80.35%. The pu-
rification pretreatment reduced the conglutination between magnetite and gypsum, which favors their subsequent magnetic separation. In 
summary, a higher-grade magnetite with a better crystallinity and a larger particle size of 2.35 μm was obtained with the purification 
pretreatment. 
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1. Introduction 

Ferrous sulfate is a major industrial byproduct of titanium 
dioxide manufacture via the sulfate method, and its main 
mineral component is FeSO47H2O. By the end of 2013, the 
total ferrous sulfate production in China was greater than 
7  106 t, and the annual growth rate of production exceeded 
10% [1]. Unfortunately, this waste is less marketable and is 
difficult to utilize because of its high impurity content [2], 
which causes not only severe environmental problems but 
also the waste of iron resources. As a consequence, an ur-
gent need exists to utilize this solid waste in an effective 
manner. 

Many methods have been used to treat ferrous sulfate, 
which can be used to manufacture iron oxides, wa-
ter-treatment coagulants, alkali ferrates, cation-substituted 
LiFePO4, and iron(III) tanning salts, among other com-
pounds [39]. To our knowledge, using of FeSO47H2O to 
produce iron oxides could be one of the most effective 

methods for waste reduction [3]. Magnetic particles (Fe3O4) 
are currently being widely studied in the wastewater floccu-
lation field [1012]. In this context, our aim in the present 
study is to use FeSO47H2O to recover Fe3O4 particles for 
magnetic seeding flocculation in water and wastewater 
treatment. However, various impurities in the waste ferrous 
sulfate adversely affect the properties of the resultant iron 
oxides [8], and research into the effect of impurities in waste 
ferrous sulfate on its suitability as a precursor for the prepa-
ration of iron oxides is scare.  

The present study is conducted to elucidate the influence 
of impurities in waste ferrous sulfate on its recovery of 
Fe3O4. Purification pretreatment was performed by adding 
NaOH solution to ferrous sulfate solution to precipitate im-
purities. Subsequently, magnetite was recovered from fer-
rous sulfate solution without and with purification pretreat-
ment. The effect of purification pretreatment prior to the 
magnetite recovery on the grade of iron in magnetite con-
centrate was analyzed. 
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2. Experimental 

2.1. Materials 

Reagent-grade NaOH and CaO (Guangdong Xilong 
Chemical Co., Ltd.) were used without further purification. 
Dried ferrous sulfate was provided by Guangdong Huiyun 
Titanium Industry Co. Ltd., China. The dried ferrous sulfate 
sample was further dried in a vacuum atmosphere at 80C 
for 12 h, and its chemical composition was subsequently 
analyzed by X-ray fluorescence (XRF); the results are 
shown in Table 1. The sample was composed of O 
(39.24wt%), Fe (36.08wt%), S (22.11wt%), and various 
impurity elements.  

Table 1.  Chemical composition of dried ferrous sulfate  wt% 

O Fe S Mg Ti Mn Zn Al 

39.24 36.08 22.11 1.24 0.89 0.31 0.02 0.02
 

2.2. Purification pretreatment 

The purification experiments were carried out by adding 
NaOH solution to ferrous sulfate solution to precipitate im-
purities. The effect of pH value on impurity removal was 
investigated in the pH range from 2.5 to 5.0. 400 mL of fer-
rous sulfate solution with an Fe2+ ion concentration of 1 
mol/L was added to a 500 mL beaker on a magnetic stirrer. 
The solution pH value was adjusted to a certain range by 
dropwise addition of NaOH solution of different concentra-
tions, followed by continuous stirring for 30 min at room 
temperature. The solution was finally filtered under vacuum, 
and the filtrate was analyzed for volume and chemical 
composition. All the experiments were conducted in dupli-
cate; the average values are presented.  

2.3. Magnetite recovery 

On the basis of the previously described purification ex-
periments, magnetite was recovered from ferrous sulfate 
solutions without and with purification at the optimum pH 
value of 3.5–4.0. Magnetite was recovered using the fol-
lowing procedure: 4 L of ferrous sulfate solution with an 
Fe2+ ion concentration of 0.4 mol/L was added to a 5-L, 
four-necked flask fitted with a reflux condenser and electric 
heater. To obtain lime milk, we added purified water to cal-
cium oxide (CaO) at a liquid to solid mass ratio of 3:1 under 
vigorous stirring. The lime milk with a 1.4:1 molar ratio of 
CaO/Fe2+ was added dropwise to the solution under suffi-
cient stirring. The reactor was heated to 80C, and air was 
bubbled into the solution at 0.6 m3/h. When the molar ratio 
of Fe3+/Fe2+ in the reaction solution reached 1.9–2.1, the re-

action was stopped. The obtained mixture of magnetite and 
gypsum was then filtrated, dried, and ground for use in sub-
sequent experiments.  

The wet-milling pretreatment was conducted at room 
temperature in a ball mill using a slurry with a mixed prod-
uct-to-water mass ratio of 1:40 and a rotation speed of 130 
r/min. The time of milling was 20 min, and the treated 
mixed product was directly subjected to magnetic separation. 
Magnetic separation was performed using a low-intensity 
magnetic separator (CRIMM DC CXG50, Changsha Re-
search Institute of Mining and Metallurgy Co., Ltd., China), 
with a working electrical current of 1.75 A (a magnetic field 
intensity of 1750 Gs). The magnetic fractions were washed, 
filtered, weighed, and subjected to various analyses.  

The whole procedure used to recover magnetite from 
ferrous sulfate is summarized in Fig. 1. 

 
Fig. 1.  Flow sheet of magnetite recovery from ferrous sulfate. 

2.4. Analysis 

The samples were analyzed according to Chinese Stan-
dard GB/T 18632008 to examine their ferrous and ferric 
ion content [13]. The content of impurity elements in the 
solution was determined by inductively coupled plasma op-
tical emission spectrometry (ICP-OES, iCAP 7000 Series, 
Thermo Scientific). Phase analysis of the samples was con-
ducted on a Rigaku D/max-TTR III X-ray diffractometer 
(XRD) equipped with a Cu Kα radiation source (λ = 
0.154056 nm) operated at a voltage of 40 kV, a current of 
250 mA, and a scanning rate of 10°/min from 10° to 70°. 
The raw material sample was measured by XRF with a 
Bruker S4 Pioneer system equipped with two X-ray detec-
tors. The surface morphology of the samples was observed 
using an FEI Quanta 200 scanning electron microscope 
(SEM) coupled with an energy dispersive X-ray spectro-
scope (EDS). A laser particle size analyzer (LS-pop (6), 
Zhuhai OMEC Instrument Co., Ltd.) was used to analyze 
the size distribution of the samples.  

3. Results and discussion 

3.1. Purification pretreatment 

According to the titration and ICP-OES analysis results, 
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the initial solution obtained after dissolution of ferrous sul-
fate had a composition of Fe(II) 56.000 g/L, total Fe 57.898 
g/L, Mg 1.754 g/L, Ti 1.703 g/L, Mn 0.788 g/L, Zn 0.178 
g/L, and Al 0.153 g/L, which is in agreement with the XRF 
results (Table 1). In this study, the initial ferrous sulfate so-
lution with a pH value of 1.7–1.9 was purified by the addi-
tion of NaOH solution; the experimental results are shown 
in Table 2. The results in Table 2 demonstrate that the con-
centrations of Fe(II), total Fe, Ti, Zn, and Al in purified fer-
rous sulfate solutions were gradually decreased with in-
creasing pH value; Ti, in particular, was almost completely 
precipitated at pH levels greater than 3.5. No significant 
changes in the concentrations of Mg and Mn were observed 
in the investigated pH range, suggesting no or very little 
precipitation of these two elements. 

Table 2.  Volumes and compositions of ferrous sulfate solu-
tions purified under different pH conditions 

Composition / (g·L−1) 
pH 

Volume / 
mL Fe(II) Total Fe Mg Ti Mn Zn Al

2.53.0 392 55.888 57.344 1.757 1.367 0.793 0.178 0.146

3.03.5 391 55.888 56.896 1.748 1.231 0.795 0.154 0.099

3.54.0 391 52.808 52.808 1.755 0.028 0.795 0.142 0.074

4.04.5 391 52.438 52.438 1.744 0.002 0.788 0.104 0.045

4.55.0 390 51.856 51.856 1.739 0.002 0.788 0.094 0.029

 
The removal rates of metals as a function of pH value are 

shown in Fig. 2. At pH levels greater than 3.5, according to 
the removal rates, the metal precipitation order was Ti > Al 
> Zn > Fe. For example, at pH 3.5–4.0, the removal rates of 
Ti, Al, Zn, and Fe were 98.39%, 52.72%, 22.02%, and 
10.84%, respectively. However, an increase in pH value did 
not substantially affect the precipitation of Mg and Mn, as 
indicated by the lack of substantial change in their removal 
rates. At pH 3.5–4.0, the removal rates of Mg and Mn were 
only 2.19% and 1.38%, respectively. 

 
Fig. 2.  Removal rates of metals in purified ferrous sulfate so-
lutions under different pH conditions. 

Precipitating impurities as their respective hydroxides by 
raising the pH value of the solution is a commonly used 
technique in hydrometallurgical processing [14]. Whether a 
metal ion Mn+ in a certain concentration will form an 
insoluble hydroxide precipitate depends on the 
concentration of OH− ions in the solution, i.e., the pH of the 
solution is the most important parameter governing the 
precipitation of metal hydroxides. If Mn+ and OH− generate 
only M(OH)n precipitates without generating soluble 
hydroxy complexes, the pH value at which hydroxides begin 
to precipitate can be calculated in accordance with the 
solubility product constant (Ksp) of the metal hydroxides and 
the ionic product constant (pKw) of water as follows: 

sp wlg (M ) lg p pHnC K n K n      (1) 

where C(Mn+) is the concentration of Mn+, mol/L. According 
to Eq. (1), under certain conditions of temperature and metal 
ion concentration, the pH value increases with increasing 
Ksp. The reference Ksp values of relevant metal hydroxides 
[15] at 18–25C are listed in Table 3. We inferred from the 
results in Table 3 that the metal precipitation order with in-
creasing pH value is Ti(OH)3 > Fe(OH)3 > Al(OH)3 > 
TiO(OH)2 > Zn(OH)2 > Fe(OH)2 > Mn(OH)2 > Mg(OH)2, 
which is consistent with the results in Fig. 2. With respect to 
precipitating some impurities and minimizing iron loss, the 
optimum pH value is 3.5–4.0. 

Table 3.  Reference Ksp values of relevant metal hydroxides at 
18–25°C 

Metal hydroxide Ksp Metal hydroxide Ksp 

Ti(OH)3 1.00  1040 Zn(OH)2 3.00  1017

Fe(OH)3 2.49  1039 Fe(OH)2 4.87  1017

Al(OH)3 1.30  1033 Mn(OH)2 1.90  1013

TiO(OH)2 1.00  1029 Mg(OH)2 5.61  1012

3.2. Magnetite recovery 

3.2.1. Effect of purification pretreatment on the preparation 
of a mixed product 

In this study, the mixed product of magnetite and gypsum 
can be formed from ferrous sulfate solution with calcium 
hydroxide as the precipitant according to the following reac-
tions [16]: 
CaO + H2O → Ca(OH)2      (2) 

FeSO4 + Ca(OH)2 + 2H2O → Fe(OH)2 + CaSO42H2O  (3) 
4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3  (4) 
2Fe(OH)3 + Fe(OH)2 → Fe3O4 + 4H2O  (5) 

Fig. 3 shows XRD patterns of the mixed products with-
out and with purification pretreatment. The patterns of the 
two mixed products both possessed the peaks characteristic 
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of Fe3O4 (JCPDS No. 19-0629) and CaSO42H2O (JCPDS 
No. 33-0311). In addition, the peaks of both Fe3O4 and 
CaSO42H2O became sharper and narrower with purification 
pretreatment, which indicates that the obtained particles ex-
hibited higher crystallinity and a larger particle size. The 
X-ray diffraction peaks reflect the degree of crystallinity and 
the size of the particles. More intense diffraction peaks in-
dicate more extensive crystallization of particles, and the 
half-peak width decreases with increasing particle size [17]. 
The particle size distribution of the mixed products without 
and with purification pretreatment is shown in Fig. 4. From 
Fig. 4, it is evident that the particle size of the mixed product 
obtained with pretreatment was bigger than that of the 
product without pretreatment, and their median particle sizes 
were 2.31 and 2.05 μm, respectively. This finding is consis-
tent with the aforementioned XRD results. 

 
Fig. 3.  XRD patterns of the mixed products without (a) and 
with (b) purification pretreatment. 

 
Fig. 4.  Particle size distribution of the mixed products with-
out (a) and with (b) purification pretreatment. 

Figs. 5(a) and 5(b) display SEM images of the mixed 
products. The corresponding EDS spectra are also presented 
in Fig. 5(c)–5(f). In Figs. 5(a) and 5(b), two distinct phases 
were observed: A and C were irregularly shaped plates, 
whereas fine B and D were apt to aggregate. Subsequent 
EDS analysis demonstrated that the two phases were gyp-

sum (A and C) and magnetite (B and D), in agreement with 
the XRD results in Fig. 3. Moreover, comparing the EDS 
spectra of A and C reveals that the Fe content in the C phase 
(gypsum) was lower than that in the A phase and that the Ca 
and S contents in the D phase (magnetite) were lower than 
those in the B phase. We inferred that the purification pre-
treatment can reduce the conglutination between magnetite 
and gypsum, which favors their subsequent magnetic sepa-
ration.  
3.2.2. Effect of purification pretreatment on the recovery of 
magnetite 

Magnetite was recovered from the mixed product by 
magnetic separation. The original grades of iron in the 
mixed product without and with purification pretreatment 
were determined by titration to be 20.16% and 20.55%, re-
spectively. With purification pretreatment, the grade of iron 
in the magnetite concentrate increased from 62.05% to 
65.58%, whereas the recovery rate of iron decreased from 
85.35% to 80.35%. This finding is compatible with the SEM 
analysis results in Fig. 5. Fig. 6 shows the XRD patterns of 
magnetite concentrates obtained without and with purifica-
tion pretreatment. These XRD patterns of the two concen-
trates both included eight obvious diffraction peaks repre-
senting corresponding indices (111), (220), (311), (222), 
(400), (422), (511), and (440) of magnetite. The position and 
relative intensity of all of these diffraction peaks matched 
well with the reflections of the standard Fe3O4. However, 
the diffraction peak intensity of Fe3O4 was enhanced with 
purification pretreatment, indicating that the obtained prod-
ucts contained more Fe3O4 phase with a better degree of 
crystallization [18]. These results agree well with the afore-
mentioned titration results. However, a peak attributable to 
CaCO3 emerged in the patterns of both of the products. The 
reaction to form calcite can be expressed by the following 
reaction: 

Ca(OH)2 + CO2 → CaCO3 + H2O   (6) 

Fig. 7 displays SEM images of magnetite concentrates. 
As shown in Fig. 7, spherical-shaped Fe3O4 particles were 
observed in both concentrates; however, Fe3O4 particles 
were apt to aggregate because of their large specific surface 
area (surface-to-volume ratio) and high surface energy 
[1920]. In addition, the particle size of the concentrate ob-
tained with purification pretreatment increased. Fe3O4 has 
been proposed to be formed by air-oxidation of Fe(OH)2 via 
dissolution and recrystallization [21]. The particle size is re-
lated to the nucleation and growth rate of the primary parti-
cles [22], which may depend on the content of impurities 
in the reaction solution. In the absence of purification  
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Fig. 5.  SEM images of the mixed products without (a) and with (b) purification pretreatment and the corresponding EDS spectra 
of areas A (c), C (d), B (e), and D (f). 

 
Fig. 6.  XRD patterns of magnetite concentrates without (a) 
and with (b) purification pretreatment. 

pretreatment, the magnetite was very tiny, indicating that the 
nucleation rate was much faster than the growth rate. How-
ever, the particle size increased when purification pretreat-
ment was applied, suggesting that impurity reduction was 
likely to accelerate the nucleation and especially the growth 
rate. The particle size distribution of magnetite concentrates 
is shown in Fig. 8, which reveals that the particle size of 
magnetite concentrate obtained with the pretreatment was 
larger than that of the concentrate without the pretreatment; 
it also reveals that their median particle sizes were 2.35 and 
1.55 μm, respectively. This finding is in good agreement 
with the SEM results in Fig. 7. 
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Fig. 7.  SEM images of magnetite concentrates without (a) and with (b) purification pretreatment. 

 
Fig. 8.  Particle size distribution of magnetite concentrates 
without (a) and with (b) purification pretreatment. 

The concentrations of impurities in magnetite concen-
trates without and with purification pretreatment were de-
termined by ICP-OES; the results are shown in Table 4. As 
evident in Table 4, the concentrate obtained with purifi-
cation pretreatment contained higher concentrations of Mg 
and Mn compared to the concentrate obtained without puri-
fication pretreatment, whereas the concentrate obtained with 
the pretreatment contained less Ca, S, Ti, Al, and Zn. Espe-
cially the concentration of Ti in magnetite concentrate ob-
tained with purification pretreatment decreased from 
1.59wt% to 0.004wt%. The results well accord with the pre-
vious results shown in Table 2 and Fig. 2. Thus, a 
higher-grade magnetite was obtained by purification pre-
treatment. 

Table 4.  Content of impurities in magnetite concentrates 
without and with purification pretreatment             wt% 

Experimental treatment Ca S Mg Ti Mn Al Zn

Without pretreatment 2.91 1.05 0.20 1.59 0.45 0.09 0.03

With pretreatment 2.01 0.85 0.78 0.004 0.78 0.04 0.02

4. Conclusions 

(1) Ferrous sulfate solution was purified by the addition 

of NaOH solution to precipitate impurities. Under the opti-
mal pH value of 3.5–4.0, the removal rates of Fe, Mg, Ti, 
Mn, Zn, and Al were 10.84%, 2.19%, 98.39%, 1.38%, 
22.02%, and 52.72%, respectively.  

(2) Magnetite was recovered from ferrous sulfate solution 
with calcium hydroxide as the precipitant. With purification 
pretreatment, the grade of iron in the magnetite concentrate 
was increased from 62.05% to 65.58%, while the recovery 
rate of iron decreased from 85.35% to 80.35%. The experi-
mental results suggest that such purification pretreatment 
can reduce the conglutination between magnetite and gyp-
sum, which facilitates subsequent magnetic separation of 
them. A higher grade magnetite with a greater crystallinity 
and with a larger particle size of 2.35 μm was obtained with 
purification pretreatment. 
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