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Abstract: The transformation behavior of ferrous sulfate was examined during hematite precipitation for iron removal
in hydrometallurgical zinc. Specifically, the effects of the method used for oxygen supply (pre-crystallization or
pre-oxidation of ferrous sulfate) and temperature (170—190 °C) on the redissolution and oxidation—hydrolysis of ferrous
sulfate were studied. The precipitation characteristics and phase characterization of the hematite product were
investigated. The results showed that the solubility of ferrous sulfate was considerably lower at elevated temperatures.
The dissolution behavior of ferrous sulfate crystals was influenced by both the concentrations of free acid and zinc
sulfate and the oxydrolysis of ferrous ions. Rapid oxydrolysis of ferrous ions may serve as the dissolution driving force.
Hematite precipitation proceeded via the following sequential steps: crystallization, redissolution, oxidation, and
precipitation of ferrous sulfate. The dissolution of ferrous sulfate was slow, which helped to maintain a low
supersaturation environment, thereby affording the production of high-grade hematite.
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of ferrous to ferric ions by gaseous oxygen and
hydrolysis of the ferric ions.

To achieve hematite precipitation of iron,
process conditions must be controlled so that the
operating point resides within the appropriate phase
stability region. According to the equilibrium phase
diagram for the Fe,0;—SO;—H,0 system, hematite
is stable at 200 °C in highly acidic solutions
(equivalent to 59.6 g/L H,SO,) [7,8]. At this
initial acid concentration, basic iron sulfate
(Fe(SO4)(OH)) is produced; however, the sulfate

1 Introduction

Iron precipitation plays a vital role in the
hydrometallurgical zinc industry. The three main
processes that have been used, since the 1960s, for
the removal of excess iron from leaching circuits
are jarosite, goethite, and hematite processes [1,2].
Hematite precipitation has advantages over the
jarosite and goethite precipitation processes from an
environmental point of view; in addition, this

precipitate has potential commercial value [3,4].
Hematite precipitation via the oxidation—

hydrolysis of ferrous sulfate at elevated

temperatures consists of two steps [5,6]: oxidation

content will gradually increase and the iron content
will decrease by the same amount. Research results
reported by DUTRIZAC and CHEN [9] indicated
that the presence of hematite seed could suppress
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the formation of basic iron sulfate, thereby allowing
hematite precipitation to proceed in a highly acid
media. In terms of free acid concentration, the
stability regions of hematite and basic ferric sulfate
were divided by a vertical line in the temperature
range of 150—220 °C, with the stability region of
hematite increasing with a rise in temperature.
Similar results were reported by SASAKI et al [10]
and ISMAEL and CARVALHO [11].

The oxidation of ferrous sulfate with
molecular oxygen in sulfuric acid solutions [12],
hydrolysis of ferric sulfate to hematite [13,14], and
nucleation and crystal growth of hematite [15] have
been studied extensively. Considering the solubility
of ferrous and zinc sulfates during hydrothermal
iron precipitation is important particularly when
high temperatures (>160 °C) or solutions containing
high iron concentrations are involved. According to
HASEGAWA et al [16], ferrous sulfate is insoluble
at the temperature at which the hematite process
operates. Thus, subsequent redissolution of ferrous
sulfate crystals cannot be ignored. Some ferrous
sulfate crystals that formed during the heating
period remained undissolved at the end of the test—
these crystals dissolved on cooling, resulting in a
higher total iron concentration in the cooled final
filtrates than those collected at the oxyhydrolysis
temperature  [17]. Therefore, studying the
relationship  between redissolution and the
oxidation—hydrolysis of ferrous sulfate is important.

Herein, we investigate the transformation
behavior of ferrous sulfate during the hematite
precipitation process. Particularly, we examine the
effects of operating conditions (method of oxygen
supply and temperature) on the redissolution and
oxidation—hydrolysis of ferrous sulfate crystals and
investigate the precipitation characteristics and
phase characterization of the hematite product in a
sulfate system. In addition, the relationship between
redissolution and oxidation—hydrolysis of ferrous
sulfate is examined.

2 Experimental

2.1 Apparatus

The precipitation tests were conducted ina 2 L
polyclave autoclave (BiichiGlasUster, Switzerland).
The autoclave was made of CrNiMoTi and
equipped with a sampling system, a proportional—
integral—differential temperature controller, a

heating circulation bath, data logging software for a
personal computer, and a stirrer with a rotation
speed range of 0-1500r/min. The working
temperature of the autoclave was set in the range of
0—-300 °C to meet the requirements of the hematite
process.

2.2 Materials

A hydrometallurgical zinc plant solution,
obtained from indium precipitation process, was
used for the studies. The initial solution contained
approximately 32 g/L iron (II) and 100 g/L zinc and
had a pH of 3.95. Table 1 shows a typical feed
analysis of the initial solution.

Table 1 Chemical composition of initial solution
TFe*  (Fe*'® Zn* Na* K'* As* Si*
32.1 31.7 99.6 133 0.75 0.08 0.04
Al F Cv® In° Ge’ Ni* Co°
0.3 0.05 1.14 1.8 058 3.87 3.03

= g/L; " mg/L

2.3 Processes and methods

The effects of temperature and the method
used for oxygen supply on the redissolution and
oxidation—hydrolysis of ferrous sulfate crystal were
studied.

The initial solution (1.0 L) was transferred into
the autoclave. The autoclave was sealed, and the
tightness of the fasteners and general component
functioning were checked. Depending on the
method of oxygen supply (as detailed below),
oxygen was fed into the autoclave and its partial
pressure was set at the desired level. The autoclave
was heated to the required temperature
(170—190 °C) and agitated for 500—600 r/min. The
reaction time (0—180 min) was predefined and the
temperature was controlled to within +2 °C. Upon
completion of each experiment, agitation was
stopped and the autoclave was rapidly cooled using
a cooling coil. The slurry was filtered by vacuum
through 0.45 pm filters
temperature of the slurry decreased to 70 °C. The
filter cake was washed with water and then dried in
an oven at 55 °C for at least 24 h.

Oxygen was supplied using two different
methods: pre-oxidation of ferrous sulfate and
pre-crystallization of ferrous sulfate. In the
pre-oxidation experiments, oxygen was fed into the

filtration when the
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autoclave once it was sealed and heated, and the
oxygen partial pressure was fixed at 0.4 MPa. In the
pre-crystallization experiments, nitrogen was fed
into the autoclave until it reached the set
temperature, following which the nitrogen was shut
off and vented out through the vent valve. Oxygen
was subsequently introduced through the inlet valve
to achieve a partial pressure of 0.4 MPa.

Samples were removed from the autoclave at

reaction time of 0, 30, 60, 90, 120, 150 and 180 min.

The uniformly mixed fraction of iron that had
precipitated with no further mass loss was analyzed
to determine the concentrations of Fe’* and Fe*" in
the samples and final filtrate. These analyses were
used to determine the centration of undissolved
ferrous sulfate. Two different sampling methods
were employed: stirred sampling (SS) and natural
sedimentation sampling (NS). For SS, the samples
were removed from the autoclave at a stirring speed
of 600 r/min and analyzed to determine the total Fe
concentration (dissolved and undissolved ferrous
ion) in the bulk solution. Ferrous sulfate crystals
were dissolved after natural cooling according to
the characteristic solubility and then filtered from the
slurry. For NS, samples were removed from the
autoclave after switching off the stirrer to allow
natural sedimentation to proceed for 3—5 min. The
crystals precipitated at the base of the autoclave
owing to gravity and the slurry was immediately
filtered.

The extent of dissolution (X) of ferrous sulfate
was calculated from Eq. (1):

X=(Miuc jnitial M fuc,0)/ Miuc initiat X 100% (1)

where My initial 18 the initial mass of ferrous sulfate
crystals and my,, is the mass at time ¢.

The undissolved ferrous sulfate in the slurry
was calculated from Eq. (2):

CFe(ll),s :CFe(tot),SS_ CFe(tot),NS (2)

where Cresis the concentration of ferrous sulfate
crystals, Creoss 1S the total Fe concentration in the
sample withdrawn from the autoclave while
stirring, and Creonns 1S the total Fe concentration in
the sample withdrawn from the autoclave after
natural sedimentation for 3—5 min.

The concentrations of iron and zinc in solution
were determined by complexometric titration with
ethylenediaminetetraacetic acid. The precipitation
products were characterized by X-ray diffraction
(XRD; D/Max 2200, Rigaku, Japan), scanning

electron microscopy (SEM; VEGA-3SBH, Tescan,
Czech Republic), and chemical analysis.

3 Results and discussion

3.1 Crystallization behavior of ferrous sulfate at

elevated temperature

Determining the solubility of ferrous sulfate in
/nSO,—FeSO,—H,SO; solutions at elevated
temperature is important in understanding the early
stages of hematite precipitation. The concentrations
of Zn*" and Fe’" in the samples that were withdrawn
from the autoclave after natural sedimentation for
3 min under N, flow are plotted as a function of
temperature in Fig. 1. The results show that
approximately 80% and 60% of the initial iron(Il)
and zinc, respectively, crystallized when the
temperature exceeded 180 °C. The solubility of
ferrous sulfate was considerably lower than that of
zinc sulfate. The solubility of both salts in the leach
liquor displayed the same characteristics. The
crystallization reactions of zinc and ferrous sulfates
at elevated temperatures are expressed by Egs. (3)
and (4), respectively [18]:

Fe’*+S0; +xH,0—FeS0O, xH,0 (3)
Zn**+80; +xH,0—ZnS0, xH,0 4)

The solubility of ferrous sulfate was higher in
the leach liquor, which may have resulted from the
hydrolysis of various cations, especially Fe',
during the heating period. The pH of the samples
decreased from 2.5 to 1.62 as the temperature rose
from 130 to 200 °C. According to HASEGAWA et
al [16], the solubility of ferrous sulfate is positively,
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Fig. 1 Solubility of zinc and ferrous sulfates in high-iron

leach liquor at various temperatures (pH: 3.95; N,

atmosphere)
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linearly dependent on free acid concentration in the
presence of zinc sulfate; a correlation was thus
established as Eq. (5):

Cre(iny,eq=A1Cris0,1B1 ()

where  Creaneq and Cuso, refer to ferrous
concentration at equilibrium and sulfuric acid
concentration, respectively, and 4, and B, are
constants.

The effect of zinc sulfate concentration on the

solubility of ferrous sulfate was evaluated at 190 °C.

The result is shown in Fig. 2. The solubility of
ferrous sulfate was linearly dependent on the
concentration of zinc sulfate, as expressed by

Eq. (6):
Creeq=5.932-0.0287Czp ¢q (6)

where Creeq and Cz,¢q are the concentrations of iron
and zinc ions, respectively, at equilibrium.
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Fig. 2 Effect of zinc sulfate concentration on solubility
of ferrous sulfate (Temperature: 190 °C; pH: 3.95; N,
atmosphere)

Because the concentration of free acid changed
in the solution as the reaction proceeded, the
solubility of ferrous sulfate displayed a nonlinear
relationship with temperature. The solubility of zinc
sulfate in the leach liquor was significantly lower
than that obtained in water, which indicated that
recrystallization of ferrous and zinc sulfates
occurred simultaneously at elevated temperatures.

3.2 Effect of method of oxygen supply on
dissolution of ferrous sulfate
The influence of the method of oxygen supply
on the dissolution of ferrous sulfate was studied.
Two methods for oxygen introduction were

assessed: pre-oxidation and pre-crystallization
during the heating period from 25 to 190 °C. The
results are shown in Fig. 3.
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Fig. 3 Iron ions concentration as function of time for two
methods of oxygen supply and two sampling techniques
(Temperature: 190 °C; pH: 3.95): (a) Pre-crystallization;
(b) Pre-oxidation

The amount of undissolved ferrous iron
significantly increased when the autoclave was
filled with nitrogen during the heating period. The
initial concentration of ferrous sulfate under the
pre-crystallization and pre-oxidation conditions
were 0.37 and 0.02 mol/L, respectively. Using the
pre-crystallization method, the concentration of
ferrous ion in the final solution increased from 0.01
to 0.07 mol/L and the iron removal efficiency
decreased from 93% to 73%. A relatively high
concentration of ferrous ion in the final solution not
only hindered the iron precipitation process, but
also was detrimental to subsequent circuit
operation, such as solution after iron removal was
returned to neutral leaching in hydrometallurgical
zinc.

The effect of the oxygen introduction method
on the dissolution of ferrous sulfate crystals is



496 Zhi-gan DENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 492—-500

shown in Fig. 4. Under the pre-crystallization
condition, the dissolution rate was slow, with the
dissolution of ferrous sulfate as the rate-limiting
step.
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Fig. 4 Effect of method of oxygen supply on dissolution
of ferrous sulfate crystals (Temperature: 190 °C; pH:
3.95): (a) Concentration of undissolved ferrous sulfate;
(b) Extent of dissolution of ferrous sulfate

3.3 Effect of temperature on dissolution of
ferrous sulfate

A series of experiments were conducted at
various temperatures to investigate changes in the
iron ion concentration during the experiment under
the pre-oxidation conditions. Figure 5 shows the
iron concentration profiles, obtained by the two
sampling techniques, as a function of time at 170,
180, and 190 °C.

Under the pre-oxidation conditions and at an
agitation speed of 600 r/min, partial oxidation of
ferrous ion occurred. At the start of the process,
some of the initial ferrous irons remained
undissolved in the form of ferrous sulfate crystals
after heating, which became less likely as the
temperature increased. The initial ferrous sulfate
concentrations at 170, 180, and 190 °C were 0.22,

0.084, and 0.043 mol/L, respectively. Thus, the
higher the reaction temperature was, the lower the
concentration of undissolved ferrous sulfate
remaining at the end of the experiment was.
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Fig. 5 Variation of iron ion concentration in solution as
function of time at different reaction temperatures for
two sampling techniques (Pre-oxidation; pH: 3.95):
(a) 170 °C; (b) 180 °C; (c) 190 °C

Figure 6 shows that temperature had a
pronounced effect on the dissolution of ferrous
sulfate—an increase in temperature enhanced the
dissolution rate. It is, however, necessary to
consider the issues of high cost and corrosion of the
autoclave at elevated temperature.



Zhi-gan DENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 492—-500

3.4 Characterization of hematite produced by
oxydrolysis of ferrous sulfate

The iron and sulfur contents of the different
precipitates obtained under different conditions are
shown in Fig. 7. Under the pre-oxidation condition,
the iron content of the residues increased, whereas
the sulfur content decreased with the increase of
temperature. Thus, the quality of the hematite
precipitate  significantly improved using the
pre-crystallization condition.

XRD analyses of the precipitates obtained at
various temperatures and with different methods of
oxygen supply are shown in Figs. 8 and 9,
respectively. SEM images of the precipitates
obtained at various temperatures and with different
methods of oxygen supply are presented in Figs. 10
and 11, respectively.

From Fig. 8, a pure product was obtained with
increasing the temperature. Hematite was detected
as the main phase, with some traces of jarosite and
goethite as the temperature increased from 170 to
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190 °C. The XRD pattern at 170 °C featured broad
peaks compared with that at 190 °C, which is
indicative of a lower degree of crystallization at the
lower temperature. The diffraction peaks observed
in the XRD patterns of Fig. 8 and the sulfur and
iron content results (Fig. 7) indicate that Fe,O; was
the main compound precipitated at 190 °C; only a
small portion of the precipitate was comprised
of goethite (FeOOH) and sodium jarosite
(NaFe3(S04),(0OH)s) because the different thermal
stabilities of the impurities in acid increased
gradually in the system.

The results showed that some of the iron
precipitated in the form of jarosite under the
pre-oxidation condition, in particular, K-jarosite
and Na-jarosite. Significant amounts of ferrous
sulfate were oxidized during the heating period,
causing a higher supersaturation of ferric ion, which
precipitated as jarosite, especially when treating
leach solutions that contained potassium and
sodium ions. A metastable phase-like jarosite would
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Fig. 6 Effect of temperature on dissolution of ferrous sulfate crystals (Pre-oxidation; pH: 3.95): (a) Concentration of
undissolved ferrous sulfate; (b) Extent of dissolution of ferrous sulfate
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Fig. 7 Iron and sulfur contents of precipitates obtained under different reaction conditions: (a) Pre-oxidation and
varying reaction temperature; (b) Temperature of 190 °C and different methods of oxygen supply
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Fig. 8 XRD patterns of precipitates obtained at Fig. 9 XRD patterns of precipitates obtained with

temperatures of 170 °C (a), 180 °C (b) and 190 °C (c) different methods of oxygen supply: (a) Pre-

under pre-oxidation conditions crystallization; (b) Pre-oxidation (temperature of 190 °C)

Fig. 10 SEM images of precipitates obtained at temperatures of 170 °C (a) and 190 °C (b) under pre-oxidation

conditions

Fig. 11 SEM images of precipitates obtained with different methods of oxygen supply: (a) Pre-crystallization;
(b) Pre-oxidation (temperature of 190 °C)
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remain in the residue, resulting in a decrease in the
iron content and an increase in the sulfur content of
the precipitates. Under the pre-crystallization
condition, the slow dissolution kinetics of ferrous
sulfate helped to maintain a low supersaturation
environment that is conducive to the production of
high-grade hematite precipitates.

4 Conclusions

(1) The solubility of ferrous sulfate was
considerably lower at elevated temperature; the
iron(Il) concentration was less than 5 g/ when the
temperature exceeded 180 °C, and most of the
initial iron(I) present was crystallized.

(2) The dissolution behavior of ferrous sulfate
was controlled by both the concentrations of free
acid and zinc sulfate and the oxydrolysis of ferrous
ions. Rapid oxydrolysis of ferrous ions may serve
as the dissolution driving force.

(3) The sequential steps involved in hematite
precipitation are crystallization, redissolution,
oxidation, and precipitation of ferrous sulfate. The
dissolution of ferrous sulfate was the rate-limiting
step that determined the overall (slow) rate of the
entire reaction under pre-crystallization conditions.
However, the slow reaction rate helps to maintain a
low supersaturation environment that is conducive
to the production of high-grade hematite.

References

[11 PENG N, PENG B, LIU H, LIN D H, XUE K. Leaching
kinetics modelling of reductively roasted zinc calcine [J].
Can Metall Q, 2017, 56(3): 301-307.

[2] XU Z F, JIANG Q Z, WANG C Y. Atmospheric oxygen-rich
direct leaching behavior of zinc sulphide concentrate [J].
Transactions of Nonferrous Metal Society of China, 2013,
23(12): 3780-3787.

[3] HANJW,LIW, QINWQ,CHAILY, ZHENG Y X, YANG
K. Thermodynamic and kinetic studies for intensifying
selective decomposition of zinc ferrite [J]. JOM, 2016, 68(9):
2543-2550.

[4] ZHANG F, WEIC,DENG ZG LICX,LIXB,LIMT.
Reductive leaching of zinc and indium from industrial zinc
ferrite particulates in sulphuric acid media [J]. Transactions
of Nonferrous Metal Society of China, 2016, 26(9):
2495-2501.

(3]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

UMETSU V, TOZAWA K, SASAKI K. The hydrolysis of
ferric sulphate solutions at elevated temperatures [J]. Can
Metall Q, 1977, 16(1): 111-117.

RONNHOLM M R, WARNA J, SALMI T, TURUNEN 1,
LUOMA M. Kinetics of oxidation of ferrous sulfate with
molecular oxygen [J]. Chem Eng Sci, 1999, 54(19):
4223-4232.

CHENG T C, DEMOPOULOS G P. Hydrolysis of ferric
sulfate in the presence of zinc sulfate at 200 °C: Precipitation
kinetics and product characterization [J]. Ind Eng Chem Res,
2004, 43(20): 6299-6308.

PETRI K, TONI K, JUSTIN S. Modeling of
FeSO4,—H>0—H»S04 and Fe,(SO4);—H2,0—H,SO4 systems for
metallurgical applications [J]. Ind Eng Chem Res, 2007, 46:
2601-2608.

DUTRIZAC J E, CHEN T T. Impurity incorporation in
hematite precipitated from ferric sulphate solutions[J].
Erzmetall, 2012, 65(1): 31-37.

SASAKI K, OOTSUKA K, TOZAWA K.
Hydrometallurgical studies on hydrolysis of ferric sulphate
solutions at elevated temperatures. 1I. Equlibrium diagram in
the system, Fe,0;—SO;—H,0, at elevated temperatures[J].
Shigen to Sozai, 1993, 109(11): 871-877.

ISMAEL M R C, CARVALHO J M R. Iron recovery from
sulphate leach liquors in zinc hydrometallurgy [J]. Miner
Eng, 2003, 16(1): 31-39.

LU J M, DREISINGER D. Pressure oxidation of ferrous ions
by oxygen and hematite precipitation from concentrated
solution of calcium, copper and
Hydrometallurgy, 2013, 140: 59—-65.
YANG F, DENG Z G, WEI C, LI C X, LI X B. Iron-removal
by hematite from leaching liquor of high iron sphalerite [J].
The Chinese Journal of Nonferrous Metals, 2014, 24(9):
2387-2392. (in Chinese)

LI C X, DENG Z G,WEI C,FAN G, LI X B, LI M T,
WANG Y Z. Production of low-sulfur hematite by
sulfate [J].

iron chlorides [J].

hydrothermal of ferrous
Hydrometallurgy, 2018, 178: 294—300.
RUIZ M C, ZAPATA J, PADILLAR R. Effect of variables on
the quality of hematite precipitated from sulfate solutions [J].
Hydrometallurgy, 2007, 89(2): 32-39.

HASEGAWA F, TOZAWA K, NISHIMURA T. Solubility of
ferrous sulfate in aqueous solutions at high temperatures [J].
Journal of MMIJ, 1996, 112(12): 879—884.

DENG Z G, ZHU B P, ZENG P, WEI C, LI X B, LI C X,

FAN G. Behaviour and characterization of hematite process

oxyhydrolysis

for iron removal in hydrometallurgical production [J].
Canadian Metallurgical Quarterly, 2019, 58(2): 223—-231.
CHENG T C. Production of hematite in acidic zinc sulfate
media [D]. Canada: Materials Engineering McGill University,
2002: 110-129.



500

Zhi-gan DENG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 492—-500

FREKA I Sk R R B T SO LT
WaA ', AL, oA, AR B OB, ExM, B4R, F2i

1. BT RS e 56EIR LESR, B 650093;
2. mEPEEEIIR AR AR, X1l 663701;
3. e IR ERAR, BB 650102

B B AHEIEREE R AR A A BRI R I AT, BT R (BRI I Bk (X 4 o BT A ) A
JRNEHE JEE (170~190 CC)X B R ME Ak it A - ¥4 A — LA /K AR RS2, 5 2R BT = (T E RS MR AN DA AL A 45 2R 3R
W BRI R AE el VR T A A P S P IR R R 0 A VA AR AT D e P AN R R O]« U S R S TR R BRI
T AR A R R SV R 8 1 AR A KA s K 8 1 O DO S8 A R R IR P AR 5 A B R IR B 05 AR BRAT ROMT R 22
TRERAKI A FHEME . SR RS, BRBRAR I AR A B T ORIF BRI AR B, A A7 e
JRIARERE
REBIR): WRIEREE: BRRRARGS s AR IERRER

(Edited by Xiang-qun LI)



