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The application and development of goethite process were hindered by the poor filterability of the precipitate
and the great loss of nickel in nickel hydrometallurgy. In this study, the effects of pH on the goethite precipitation
and themechanismof the nickel losswere investigated. The goethite precipitation at a lower pH (2.4 to 3.0) guar-
anteed a higher recovery of nickel at the cost of the filterability of the precipitate. Then a novel process, magnetic
seeding and separation, was proposed to improve the filterability of iron residues and simplify the iron removal
process. The iron precipitated on the surface of the magnetic seeds to form a large particle with core-shell struc-
tures and the magnetic core endowed the particles magnetism. Efficient magnetic separation offseted the poor
settleability and filterability of the precipitate. After magnetic separation of iron residue, the nickel solution
was qualified and the dried iron residue containedmore than 52% Fe and less than 0.6%Ni, indicating a promising
alternative process for treatment of bulky residues of iron precipitate. Further analyseswith Environmental scan-
ning electronmicroscopy (ESEM) andX-rayDiffraction (XRD) provided a fundamental understanding of the new
process.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Since the early 1970s, various hydrolysis–precipitation methods
have been developed for iron removal from hydrometallurgical solu-
tion. The widely used techniques, for examples, include the Hematite
Process (Ismael and Carvalho, 2003), the Jarosite Process (Claassen
et al., 2002; Swarnkar et al., 1996), and the Goethite Process (Davey
and Scott, 1976; Pradel et al., 1993). TheGoethite Process has the advan-
tages of lower capital expenditure over the Hematite Process and pro-
ducing eco-friendly products relative to the Jarosite Process. The
essential feature of the Goethite Process is that the concentration of fer-
ric iron should be maintained at less than 2 g/L during precipitation
(Dutrizac, 1987). This requirement can bemet by either reducing all fer-
ric ions to the ferrous state (V.M. method) (Bodson, 1972) or by adding
the concentrated pressure leaching solution into a large precipitation
vessel at the same rate as goethite precipitation (E.Z. method) (Loan
et al., 2006). The E.Z. method led to the development of another two
iron removal processes: the Paragoethite Process and Zincor Process
(Cubeddu et al., 1996;Meyer et al., 1996). Unlike the Hematite, Jarosite,
and Goethite Processes, the Paragoethite and Zincor Processes aremuch
less common, in operation at only three commercial zinc processing
sites (Wang et al., 2011). Very little information was available on the
exact nature of the Paragoethite and Zincor residues, until recent studies
of Loan et al. (2002) andClaassen et al. (2003) indentified6-line ferrihy-
drite and schwertmannite to be the major iron precipitation products.

While the iron removal processes are widely used for solution puri-
fication in the zinc industry, their application to nickel sulfate projects
has also been explored. Generally, the rejection of iron by precipitation
in the hydrometallurgical processing of nickel follows the same routes
used in the zinc industry, and an understanding of these processes
therefore comes from the studies centered on the processing of zinc. Re-
search has focused on the removal of iron by goethite precipitation from
iron-containing nickel sulfate solutions (Allan, 1973; Chang et al., 2010;
Wang et al., 2011).

However, several practical problems in iron precipitation as goethite
during the nickel hydrometallurgy process are the loss of nickel and the
poor filterability of the residues. The recent experimental work on the
V.M. process by Chang et al. (2010) has shown that 4.1% nickel was
lost with the iron precipitation occurring at pH 2.5 to 3.0, whereas
15.9% was lost for iron precipitation at pH 3.0 to 4.0 in nickel laterite
leach solution. Although the exact mechanisms remain unclear, the
loss of nickel seems to be related to the parameters affecting the iron
precipitation such as pH, temperature, and ratio of iron to nickel in the
leach solution. Loss of nickel could be minimized by carefully choosing
the right combination of the above parameters (Wang et al., 2011).
Wang et al. (2013) confirmed that a “high temperature–low pH, and
low temperature–high pH”multi-step neutralizing strategy is best suit-
ed to the removal of iron from the nickel laterite leach solutions. How-
ever the lower pH or lower temperature often results in the bad
filterability of the residues. Claassen et al. (2003) found that the pH
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Table 1
Composition of nickel sulfate leaching solution.

Analyte Fe2+ Fe3+ Ni Cu Co S Na Pb Si As

Content/(g/L) 6.54 0.090 108 0.390 1.38 70.2 10.6 0.110 0.060 0.068
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and temperature controlled the particle size and the filtration rate,
where lower particle growth and filtration rates were observed at
lower pH. And a recent study (Loan et al., 2006) demonstrated that
the residues of goethitewere amorphous iron phases and 6-line ferrihy-
drite constitutes around 40–50%. The others were found to be solid-
solution jarosite phases, silica, and poorly crystalline goethite. Usually,
a more compact residue of increased particle size distribution is often
expected to enhance the filtration properties in industrial production.
Thus the key point for iron removal is to acquire a compact residue
with the less nickel loss under a proper precipitation environment,
such as pH, temperature, and supersaturation. This required the devel-
opment of alternate processing routes such as well-utilized jarosite or
efficient goethite process.

This paper proposed a novel process, magnetic seeding and separa-
tion, to promote the growth and aggregation of goethite precipitate on
the surface of the magnetic seeds, forming a core-shell structure. The
magnetic particles will be magnetized and gather together in amagnet-
ic field, accelerating the solid–liquid separation. Combined-analyses
were conducted to provide new insights into the mechanism of iron
precipitation on the surface of the magnetic seeds.

2. Experimental

2.1. Materials and preparation

Concentrated acidic NiSO4/Fe2+ feed liquor that contained 0.1 g L−1

H2SO4 (pH≈ 1), 108 g L−1Ni2+, and 6.54 g L−1 Fe2+was obtained from
the 4th Nickel Smelter of Jinchuan Group Ltd. in Gansu province, China.
The nickel smelter adopted the pressure oxidative leaching process. And
the components of the materials were analyzed using ICP-AES. As
shown in Table 1, the nickel sulfate leaching solution contained a large
amount of ferrous ion, as well as a variety of analytes, such as Cd, As,
Pb, Cu, Ni, and Mn, accounting for the complication of the nickel-rich
solution.

The magnetic seeds were the particles with the core-shell structure.
−37 μmmagnetite particles served as the core and the goethite precip-
itates were the shells. And the core-shell structures were prepared by
mechanical dry-milling of the mixture of the magnetite and goethite
particles for 15–20 min. The qualified magnetic seeds were collected
by a magnetic separator with 600 GS magnetic intensity.

2.2. Experimental procedure

The experiments of the effects of pH on goethite process were car-
ried out in a 2-L kettle by the V.M. process. The temperature was main-
tained at about 85.5 ± 1 °C. The oxidizing agent, hydrogen peroxide,
was pumped at a constant rate to generate Fe(III) by oxidation of
Fe(II) and the Fe(III) concentration should be kept at low levels
(b1 g/L) in the solution. Meanwhile, the neutralizer, sodium carbonate,
Table 2
The effect of pH on the goethite precipitation and the characteristic of the precipitate.

pH Time for iron
precipitation/min

Color of the
precipitates

The iron content
of the
precipitate/%

The filtration time
of the
precipitate/min

2.0–2.4 60 Black 33.2 30
2.4–2.8 60 Brown 45.6 15
2.8–3.3 60 Brown 51.7 14
3.3–3.8 60 Reddish 54.2 5
3.8–4.5 60 Reddish 55.6 5
was pumped at a flow rate designed to control the pH set point and
allowed precipitation to proceed. After the precipitation, the filterability
of the residues was measured by a vacuum filter at negative pressure
0.05 MPa.

The experiments of magnetic seeding adopted the optimum param-
eters with the above-mentioned goethite process. The magnetic seeds
were added into the reactor before the precipitation. After the precipita-
tion, polymeric flocculant (10 mg/L) was added to help catch the fine
particles for flocculation and the slurry was pumped to the magnetic
settling device for magnetic flocculation and rapid solid–liquid separa-
tion. Nonionic polyacrylamide (AR grade) served as the flocculant and
the molecular weight was 8 million to 14 million.

The residues of the experiments were filtered and the filter cakes
were washed with hot sulfuric acid solution (pH 2.5) and dried at
80 ± 5 °C for 2–3 h. After drying, the samples were divided into several
portions for a series of analyses.

2.3. Analytical techniques

Different materials were subject to chemical analysis and Inductive-
ly Coupled Plasma Atomic Emission Spectrometer (ICP-AES) analyses
for mass balance purposes, and X-ray Diffraction (XRD) analysis for
characterization of the crystalline phase. Qualitative and semi-
quantitative data from Environmental Scanning Electron Microscopy
(ESEM) analyseswere indicative of the phases and genesis of precipitat-
ed particles, thuswere used to support the XRD, XRF and chemical anal-
ysis findings. Laser particle size analysis (Malvern instruments Ltd., UK)
was conducted for providing information on the particle size of the iron
precipitate. Specific surface areas were measured by a Micromeritics
ASAP2010 nitrogen adsorption instrument (Micromeritics Inc., USA).

3. Results and discussion

3.1. Goethite precipitation at different pHs

3.1.1. Effect of pH on the goethite precipitation
The effect of pH on iron precipitation and characteristics of the pre-

cipitate are presented in Table 2. The color, iron grade, and filtration rate
Fig. 1. XRD patterns of goethite precipitate at different pHs.



Fig. 2. SEM images of the goethite precipitate at different pHs.
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of the precipitate variedwith pH, indicating different features. The black
precipitate produced at pH 2.0 to 2.4 contained 43.2% Fe and was diffi-
cult to filter. With pH increasing, the filterability of the precipitate was
improved and the iron content of that increased.

Toprovide insight into the effect of pHon the precipitation, XRD pat-
terns and SEM images of the precipitate gained at different pHs are
shown in Figs. 1 and 2, respectively. At pH 2.0 to 2.4, the iron precipitate
was amorphous and difficult to filter (The last column of Table 2). The
XRD patterns of the precipitate demonstrated that most of the iron pre-
cipitated as para-goethite at pH 2.4 to 4.5. As the pH increased, the XRD
pattern indicated peak narrowing, which implied that the goethite
Fig. 3. pH effect for the nickel loss, the crystallinity
crystallite size was increasing. This was also confirmed by the SEM im-
ages, as shown in Fig. 2(a) to (c). At pH 2.4 to 3.3, the precipitate was
poorly crystallized but the fine crystal grain aggregated together to
form a big particle. However, the precipitate was needle-like goethite
crystallites and had good filterability at higher pH 3.3 to 4.5. The find-
ings were in accordance with the previous work (Wang et al., 2011).

3.1.2. The nickel loss of the goethite process
However the loss of nickel to the precipitate was an important issue

during the iron removal process. Fig. 3 demonstrated the recovery of Ni
and the crystallinity of the precipitate changed with increasing pH. The
and the specific surface area of the precipitate.



Fig. 4. The effect of dosage of magnetic seeds on iron precipitation (pH 3.0 and temperature 85.5 °C).
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pH showed remarkable influence on the nickel loss to the precipitate.
When the pH was greater than 3.0 a larger portion of nickel was lost.
The loss of nickel in the precipitate may take place by twomechanisms,
adsorption or co-precipitation (Carvalho-E-Silva et al., 2003; Singh et al.,
2002). Although extensivework have been done, it is still difficult to de-
termine whether the nickel retained by the solids was adsorbed onto
the minerals, or precipitated out of solution (Beukes et al., 2000). But
it has already been proven that surface area is a determining factor for
nickel adsorption on the goethite. Fig. 3 indicated the relationship be-
tween the loss of nickel and the specific surface area of the precipitate
formed under different pHs. At pH 2.0 to 2.5, although the specific sur-
face area was the smallest, the precipitate was amorphous structure
with great loss of nickel. At pH 2.5 to 4.0, the specific surface area of
the precipitate and the loss of nickel increased dramatically with the in-
creasing of pH, and adsorption mechanism played a dominant role for
the loss of nickel during the iron precipitation. While at pH above 4.0,
the loss of nickelwas dominated by the co-precipitationmechanism. Al-
though the precipitate waswell crystallized and had a relatively smaller
specific surface area, the loss of nickel was great. Thus iron precipitation
should be conducted at pH 2.5 to 3.5, ensuring the high recovery of
nickel.

3.2. Goethite precipitation with magnetic seeds

The precipitation at a lower pH guaranteed a higher recovery of
nickel at the cost of bad filterability of the precipitate (the last column
of the Table 2). To study the effect of the magnetic seeds on the precip-
itation, the content of suspended solids of the 10 cm supernatant was
tested after magnetic settlement for 10 min. Fig. 4 demonstrated the
precipitation was significantly influenced by the dosage of magnetic
Table 3
The effect of the addition order of magnetic seeds before or after goethite precipitation on the

Dosage of flocculant/(mg/L) Addition order of magnetic seeds

0 Before precipitation
After precipitation

10 Before precipitation
After precipitation

30 Before precipitation
After precipitation
seeds. With the increasing of the magnetic seeds, the content of
suspended solids decreased dramatically. However the supernatant
was still a little turbid even with the addition of large amounts of mag-
netic seeds, which proved that a small part of fine precipitates did not
precipitate on the surface of the seed or aggregate with the magnetic
seeds. While the fine nonmagnetic particles aggregated with the mag-
netic seeds and the turbidity of the supernatant was improved by
using the polymeric flocculant and magnetic flocculation. Through this
method, the content of suspended solids decreased to 50 mg/L from
1.8 g/L when the dosage of the magnetic seeds was 6 g/L.

Table 3 demonstrated the effect of the addition order of magnetic
seeds before or after goethite precipitation on the solid/liquid separa-
tion. Without flocculant, the magnetic seeds after precipitation made
little contribution to the precipitation and solid/liquid separation. How-
ever themagnetic seeds before precipitation significantly contributed to
the settling of the precipitate, which proved that goethite was precipi-
tated on the seeds or aggregated with the magnetic particles. With the
flocculant increasing, the suspended solids dramatically decreased, but
it needed much more flocculant adding magnetic seeds after precipita-
tion. And the supernatant was a little turbid for fine amorphous parti-
cles and ferric hydroxide colloid. While the supernatant was much
more clear addingmagnetic seeds before precipitation for themagnetic
seeds promoting goethite precipitation.

Fig. 5 showed the effect of magnetic seeds to the particle size of the
residues and indicated that themagnetic seeds significantly contributed
to the aggregation of the particles, especially thefineparticles (Fig. 5-A).
Fig. 5-B indicates that the precipitate with the addition of magnetic
seeds had much fewer particles smaller than 1.0 μm than the magnetic
seeds, indicating that goethite was precipitated on the seeds or aggre-
gated with the larger particles, resulting in a significant increase in the
solid/liquid separation.

Dosage of magnetic seeds/(g/L) Content of suspended solids/(g/L)

6 1.8
6 14.32
6 0.048
6 3.26
6 0.032
6 0.258



Fig. 5. The effect of magnetic seeds for the particle size of the residues. (Without flocculant, dosage of magnetic seeds was 6 g · L−1,pH 3.0 and temperature 85.5 °C).
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particle size. However the proportion of the large particle of the residue
(with the addition of magnetic seeds) was almost smaller than that of
magnetic seeds (Fig. 5-C), which proved the finemagnetic seeds played
a more significant role for the precipitation. Fig. 6-A and -B were the
Fig. 6.The process of iron precipitation on themagnetic seeds and themagneticflocculation inm
core-shell structure of the particles).

Fig. 7. The sedimentation of the residu
SEM analysis of the residues and demonstrated the magnetic seeds
were coated with the precipitate forming bigger particles with core-
shell structures. The magnetic nucleus endowed the particles magne-
tism for magnetic separation.
agnetic field. (Fig. 6-Awas the surfacemorphologyof theparticles and Fig. 6-B showed the

es by magnetic flocculation or not.



Table 4
The results of magnetic separation for goethite process from nickel leaching solution.

Samples/Elements Ni Cu Fe Co S

Leaching solution (g/L) 145 0.062 8.54 1.20
Qualified liquor (g/L) 124 0.045 0.008 1.20
Iron residues/% 0.56 0.065 52.89 0.033 1.68
Iron residues after roasting under 600 °C/% 0.73 0.071 63.32 0.035 0.23
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3.3. Magnetic flocculation for magnetic particles

Fig. 6 demonstrated the mechanism of the magnetic separation for
iron removal. The iron precipitated or aggregated on the surface of the
magnetic seeds as goethite, forming a big particle with core-shell struc-
tures. And the magnetic core endowed the particle magnetism. For the
magnetic particles, pretreatment in a magnetic field could lead to a
change of interparticle interaction. By magnetizing the particles apart
from van derWaals attraction and electrostatic repulsion, an additional
potential is induced, the magnetic attraction, which could easily domi-
nate the other potentials and result in agglomeration in the primary
minimum (Stolarski et al., 2007; Yiacoumi et al., 1996). Fig. 7 showed
a strong increase of sedimentation velocity by magnetic flocculation of
the suspension and proved that magnetic flocculation not only acceler-
ated the settling rate of the particles, but also compressed the residues
and enhanced the cake filtration. This lead to a rise in throughput due
to the acceleration of sedimentation kinetics.

Table 4 showed the results of magnetic separation for goethite pro-
cess from nickel leaching solution. The iron residues contained more
than 52% Fe and less than 0.6% Ni, which may be suitable for steel pro-
duction, indicating a promising alternative process for treatment of
bulky residues of iron precipitate.

4. Conclusion

In nickel hydrometallurgy, the goethite precipitation at a lower pH
guaranteed a higher recovery of nickel at the cost of poor filterability
of the precipitates. To solve the filtration problem, magnetic seeding
and separation were applied to improve the goethite process. And the
experiment proved that the iron precipitated on the surface of themag-
netic seeds to form a core-shell structure and the magnetic core
endowed the particles magnetism. Then the efficientmagnetic floccula-
tion and separation offseted the poor settleability and filterability of the
residues. The improved iron precipitation process was not only efficient
but also environmentally friendly, and may contribute to the develop-
ment of the hydrometallurgy process.
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