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ABSTRACT: The aim of this study was to precipitate goethite
from high-iron(II)-bearing atmospheric and heap leach solutions
of lateritic nickel ore generated either by reductive leaching of the
ore or by reducing Fe(III) of the leach solution to Fe(II) using a
suitable reducing agent and to understand the Ni and Co losses
during the iron precipitation. Removal of Fe was carried out using
an oxidative hydrolysis technique targeting goethite precipitation
from a synthetic laterite leach solution containing Fe as ferrous
(Fe(II)), Al, Mg, Ni, Co, Cr, Mn, Cu, and Zn using limestone as
the neutralizing agent and air as an oxidant. The behavior of
goethite precipitation and the losses of Ni and Co were examined
under various conditions of pH, temperature, and Fe concen-
tration. The precipitation of Fe increased with increasing pH,
temperature, and feed Fe(II) concentration. Precipitation at pH
∼4.0−4.1 (measured at ambient temperature) and 90 °C resulted
in ∼96−97% Fe removal from a feed solution containing more than 50 g/L Fe(II), giving ∼1 g/L Fe in the final liquor. Goethite
formation was confirmed as a result of the Fe precipitation, and it appeared to take place via ferrihydrite/schwertmannite
intermediate phases. The crystallinity of the goethite increased with time, temperature, and feed Fe(II) concentration. The goethite
precipitate was found to be associated with an alunite phase. Losses of Ni and Co during Fe precipitation increased with pH,
temperature, and feed Fe(II) concentration. The losses were significant above pH 4 and found to be ∼7−22% Ni and 4−19% Co in
the pH range 4.1−5. The test results indicate that efficient Fe removal via goethite precipitation can be achieved from reduced
atmospheric and heap leach solutions of laterite ore; however, careful pH control is required to minimize the loss of Ni and Co
during this precipitation.

1. INTRODUCTION
Nickel laterite processing through high-pressure acid leaching
(HPAL) is a standard technology where most of the iron from
the ore is dissolved and rejected in situ, often as hematite1,2 and
jarosite.2 Compared to HPAL, atmospheric acid leaching (AL)
and heap leaching (HL) of laterites only dissolve the ore,3−5

giving much higher levels of solution impurities, mainly iron.6,7

Commercially viable techniques to effectively remove such
high iron levels from AL and HL solutions with minimum loss
of valuable metals have yet to be established for these
processes as independent AL and HL operations.
Several iron removal processes have been developed since

the first application of jarosite precipitation8 within the zinc
industry in the early 1960s. These include the goethite,9

jarosite,10 para-goethite,11−13 and hematite14 processes. The
hematite process mainly operates at high temperature15,16 and
therefore is not suitable for low-temperature (<100 °C)
application. The jarosite process has been applied successfully
in the zinc industry and other base metal industries for many
years8 but has become increasingly unpopular due to
environmental concerns over producing large volumes of

unstable acid-generated waste.13,17 The para-goethite process is
also well established in the zinc industry, being used by Zincor,
South Africa, and Nyrstar (previously Zinifex), Australia;
however, this process is similar to the jarosite process, as it
produces large volumes of sulfate-bearing sludge11,13 that can
represent an environmental threat.
The goethite process was reported in early publications by

Davey and Scott,9 Dutrizac8 and Boxall et al.,18 where it was
proposed that iron could be precipitated as “goethite” by either
oxidation or dilution methods. In the dilution method, Fe(III)
present in leach solution was added to a precipitation tank at
such a rate that the Fe(III) concentration was maintained at
less than 2 g/L during precipitation. Roche19 patented an iron
removal process using this method and claimed goethite
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precipitation from the Fe(III) solutions obtained from
atmospheric leaching of laterite ore. Wang et al.20 also studied
goethite precipitation from Fe(III) solution using a similar
method. Their subsequent mineralogical characterization
studies20,21 confirmed that iron precipitation was mostly as
ferrihydrite and/or schwertmannite, with goethite only present
as a minor phase. Ferrihydrite/schwertmannite formation has
also been reported during partial neutralization of synthetic
pressure acid leach liquor.22 Dousma and Bruyn23 indicated
that conversion of iron hydroxide/ferrihydrite/schwertmannite
to goethite is possible under suitable conditions; however, it is
normally slow and could take from 8 to 37 h to complete at 90
°C.
The oxidation method represents the oxidative hydrolysis of

Fe(II) to form goethite18,24 as indicated in the equation

2Fe 0.5O 3H O 2FeOOH 4H2
2 2+ + = ++ + (1)

Goethite formation via the oxidation method appears to be a
suitable technique for iron removal from reduced AL and HL
leach solutions, as it produces less sludge relative to the jarosite
and paragoethite processes.3 Literature information on
goethite precipitation via an oxidative hydrolysis technique
from nickel laterite leach solutions is limited, with only the
effect of pH on nickel loss at specific iron concentrations,
typically <15 g/L, and temperatures having been re-
ported.24−26 The reported iron concentrations are much
lower compared to those typically found in any AL and HL
leach solutions, which can be higher than 100 g/L in some
instances.5−7

This current study is focused on goethite precipitation from
synthetically reduced AL and HL solutions via the oxidation
method, seeking to examine both iron removal and the nickel
and cobalt losses from high-iron-bearing solutions. The effect
of pH, temperature, and iron concentration (∼6−60 g/L) on
the losses of nickel and cobalt during goethite precipitation
were investigated. Such a wide iron concentration range should
represent the AL and HL leach solutions produced from a
variety of nickel laterite ore types, typically where the leach
solutions produced under reducing conditions have iron in the
liquor mainly as ferrous.27,28 The variable nature of the
precipitates formed under these conditions is also discussed.

2. RESULTS AND DISCUSSION
Iron removal via goethite precipitation was performed using a
synthetic laterite leach solution containing Fe (as Fe(II)), Al,
Mg, Ni, Co, Cr, Mn, Cu, and Zn. The intent was to keep all the
iron in solution as Fe(II) prior to precipitation by air oxidation.
The base level feed solution composition for the parameter
variation study was targeted at 25 g/L Fe(II), 10 g/L Al, 10 g/
L Mg, 4 g/L Ni, 0.2 g/L Co, 0.5 g/L Cr, 0.5 g/L Mn, and 0.05
g/L each of Cu and Zn. As the feed solution was prepared in
separate batches, the analysis of the major elements (Fe, Al, Ni
and Mg) in the liquor varied to some extent, whereas variations
for minor elements were minimal. The average composition of
the feed solution is given in Table 1. For the iron
concentration variation study only the Fe(II) concentration
was varied, keeping all the other elemental concentrations the
same, as shown in Table 1.
Goethite precipitation was carried out by varying the

parameters pH, temperature, and liquor Fe(II) concentration.
Prior to adding air into the reactor, the solution pH was raised
to attain the target precipitation pH using ∼12% w/w

limestone slurry at the test temperature. While raising the
pH, a minor amount of Fe(III) present in the solution was
precipitated along with some Al, where the extent of Al
precipitation was dependent on the pH of the reaction.
The pH reported in this study is an offline value (room

temperature, ∼21−22 °C) measured on the filtrate liquor of
samples from the reactor. This was considered as a better
option to present pH data, due to the drift of online values in
the reactor slurry during a test and also between tests. This
drift was possibly due to a thin coating of iron precipitate on
the surface of the pH electrode that could lead to clogging of
the electrode. Based on the offline pH, the online pH was
adjusted accordingly during the reaction as required. Such
coatings on glass electrodes have also been reported in the
goethite precipitation study by Chang et al.,24 where the pH in
the reactor was measured with precision pH test paper.
2.1. Effect of pH. The effect of pH on goethite

precipitation was studied over the range of 3.5−5.0 for up to
5 h of reaction at 90 °C. The precipitation of Fe increased with
time at each pH (Figure 1), where the trend was found to be

almost linear for the pH values 3.5, 4.0, and 4.1. The rate of Fe
precipitation was lower at pH 3.5 (∼31 mg/L/min) compared
to the other pH values, giving only 49% precipitation after 5 h.
A higher rate of initial Fe precipitation was obtained at pH 4.5
and 5.0 compared to the pH range of 3.5−4.1. The rate was
highest (109.8 mg/L/min) at pH 5.0, giving >95% Fe
precipitation in 2.5 h, where the Fe concentration in the
final liquor was found to be ∼0.7 g/L. Chang et al.24 reported a
ferrous oxidation rate of 80 mg/L/min from a reduced laterite
leach solution containing 14 g/L Fe and 0.63 g/L Ni for
goethite precipitation at pH 4−6, where <0.3 g/L Fe in the
solution was achieved after 3 h. Therefore, higher pH leads to
faster Fe(II) oxidation and goethite precipitation; however,
this also has an impact on the losses of Ni and Co.
Figure 2 indicates a significant portion of the Al precipitated

while attaining the target pH prior to air addition for oxidative

Table 1. Synthetic Laterite Leach Solution Composition

feed solution analysis, g/L

Fe(II) Al Ni Co Cr Cu Zn Mn Mg

24.9 10.6 4.1 0.20 0.52 0.06 0.05 0.65 10.2

Figure 1. Precipitation behavior of Fe from a synthetic laterite leach
solution by oxidative hydrolysis at various pH values (3.5−5.0) and
90 °C.
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hydrolysis of Fe(II). Almost 50% of the Al precipitated on
reaching pH 4.0−4.1, while this increased to 90−95% at pH
4.5−5.0. During Fe removal, the precipitation of Al further
increased with increasing time, reaching ∼77% and ∼91% at
pH 3.5 and 4.0−4.1, respectively, after 5 h. The reported Al
removal data during goethite precipitation via oxidative
hydrolysis from laterite leach solution are limited. However,
the behavior of Al precipitation during Fe (Fe(III)) removal
from laterite leach solution via the dilution method and its
effect on Ni and Co losses have been extensively
reported.19,22,29,30 Roche19 noted final liquor Al concentrations
of 2.13−2.67 g/L from a feed Al concentration of ∼4 g/L
during iron removal via the dilution method for various doses
of limestone slurry. The present test results clarify that most of
the Al can be removed easily by increasing the pH of the liquor
to >4; however, this will result in higher Ni/Co losses.
Therefore, a second-stage precipitation may be appropriate for
complete removal of remaining iron and aluminum at pH >4,
where precipitated Ni/Co can be recovered by leaching of the
second-stage solid and recycling back the liquor to the first-
stage iron removal.
The effect of pH on the losses of Ni and Co during Fe/Al

precipitation is discussed in section 3.2.
2.2. Effect of Temperature. The effect of temperature on

goethite precipitation was investigated at temperatures of 70,
80, 90, and 97 °C while maintaining the pH at ∼4.0−4.1 for 5
h. Figure 3 shows that Fe precipitation increased on raising the
temperature from 70 to 90 °C, after which no further increase
occurred, whereas Al precipitation decreased with increasing
temperature up to 97 °C.
The trend for Ni and Co losses was to increase with

temperature; however, these losses were below 8%. Maxima of
7.4% Ni and 5.2% Co losses were obtained at 97 °C,
corresponding to analyses of 0.13% Ni and 0.005% Co in the
precipitated solid. The effect of temperature on zinc loss from
30 g/L Fe(II) solutions containing 15 g/L Zn have been
reported by Davey and Scott9 for goethite precipitation in the
temperature range of 65−95 °C. The Zn analysis in the
precipitated solid increased from 0.61% to 1.11% with an
increase in temperature from 65 to 95 °C, respectively. This is
also consistent with the valuable metals’ loss being expected to

increase during goethite precipitation with an increase in
temperature.
2.3. Effect of Fe Concentration. The effect of varying

Fe(II) concentrations between 6 and 65 g/L was examined at
pH 4.0−4.1 and 90 °C over a 5 h period. The highest Fe
concentration actually achieved was 63.2 g/L, due to the
common (sulfate) ion effect from the high Al and Mg
concentrations in the liquor (10 g/L each) and since the free
acidity was low (<5 g/L).
Precipitation increased with Fe concentration up to 50 g/L,

after which no further increase was observed (Figure 4). For

the Fe feed concentration range 50−63 g/L, Fe precipitation
was ∼96−97%, resulting in ∼1 g/L Fe in the final liquor.
Significant Al precipitation (∼86%) occurred at a low feed Fe
concentration (6 g/L), where Fe precipitation was ∼52% after
5 h of reaction. Chang et al.24 reported >95% Fe precipitation
after a 4 h reaction from a leach solution containing 14 g/L Fe.
This suggests that a high Al concentration in the liquor has an
impact on goethite precipitation at low Fe concentration. The
extent of Al precipitation gradually increased with Fe
concentration up to 50 g/L, after which no further increase
took place.

Figure 2. Precipitation behavior of Al from a synthetic laterite leach
solution during oxidative hydrolysis of Fe(II) at various pHs (3.5−
5.0) and 90 °C.

Figure 3. Effect of temperature on metal precipitation from synthetic
laterite leach solution by oxidative hydrolysis at pH 4.0−4.1 after 5 h.

Figure 4. Effect of Fe(II) concentration on metal precipitation from a
synthetic laterite leach solution by oxidative hydrolysis at pH 4.0−4.1
and 90 °C after 5 h.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07595
ACS Omega 2023, 8, 11931−11940

11933

https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 4 shows near-linear losses of Ni and Co with an
increase in feed Fe concentration, giving up to ∼13% Ni and
Co losses at 63 g/L Fe. The Ni loss was generally slightly
higher compared to that of Co. Davey and Scott9 attempted
goethite removal from a high Fe (75 g/L Fe(II)) and Ni (40
g/L) chloride solution at pH 3.5, reporting a much higher Ni
loss, which they concluded was due to the high Ni
concentration in the feed liquor.
The precipitated solid was washed with gypsum-saturated

water (GSW) to retain the calcium sulfate present in the solid,
and where required, GSW-washed solid was further washed
with DI water (DIW) for removal of calcium sulfate from the
solid. The analyses of GSW-washed and DIW-washed (for
complete Ca washing) solids from the tests for feed Fe
concentrations of 6 and 63 g/L are given in Table 2. The
GSW-washed precipitate contained a significant amount of
gypsum (CaSO4·2H2O) that was confirmed by XRD analysis
and high Ca (∼15%) and S (∼14−15%) analyses in the solid.
Once the gypsum was completely removed by DIW washing,
the contents of the other elements increased ∼3 times. The S
analyses in the DIW solids were high (∼3−7%); the reason for
high S (as sulfate) retention in the DIW-washed solids is
discussed in the next section.

3. PRECIPITATED SOLID CHARACTERIZATION AND
NI/CO LOSSES
3.1. Precipitate Characterization. The characterization

of precipitated solids was carried out by X-ray diffraction
(XRD) and transmission electron microscopy (TEM) analyses
using the DIW-washed solids. The XRD traces of the 2, 4, and
5 h solids from tests with 25 g/L Fe feed concentration at pH

4.1 and 90 °C are given in Figure 5. The trace for the 2 h solid
mostly consists of broad peaks, indicating the poorly crystalline
nature of the precipitate. A prominent broad peak after 40° (2θ
angle) is due to ferrihydrite/schwertmannite phases. There-
fore, ferrihydrite/schwertmannite formation occurs at the early
stages of the oxidative hydrolysis reaction of iron precipitation.
The XRD traces for the 4 and 5 h solids confirmed goethite
peaks in the precipitate, and goethite crystallinity was found to
increase with time. Thus, it appears that schwertmannite and/
or ferrihydrite formation is a precursor for goethite formation,
as discussed later. The formation of an alunite phase was also
identified.
For additional confirmation of the phases formed, TEM

images and selected area electron diffraction (SAED) patterns
of the 2 and 5 h precipitates are given in Figure 6. The
morphologies of 2 and 5 h solids are very similar; however,
SAED of the 2 h sample shows mostly rings at d spacings of
0.25 and 0.147 nm. This confirms the presence of either poorly
crystalline ferrihydrite and/or schwertmannite; both have d
spacings close to these values. SAED of the 5 h sample is
consistent with the presence of goethite. The d spacings in nm
are labeled for the SAED rings to indicate ferrihydrite (top
right) and goethite (bottom right) in Figure 6. This confirms
the XRD findings of conversion of a poorly crystalline iron
oxide/hydroxide based precipitate to goethite with time. The
Fe(II)-catalyzed transformation of ferrihydrite to goethite and
hematite/maghemite has been reported.31−33 Goethite for-
mation from ferrihydrite is mainly thought to occur through
dissolution/reprecipitation and surface complexation mecha-
nisms.32,34

Table 2. Analyses of the GSW and DIW Solids for the Tests with Feed Fe Concentrations of 6 and 63 g/L

solid analysis, %

feed liquor Fe concn (g/L) Fe Al Ni Co Ca S Cr Cu Mn Mg

6 (GSW) 2.6 7.00 0.053 0.000 15.1 15.3 0.34 0.010 0.001 0.001
63 (GSW) 13.7 2.34 0.142 0.006 15.5 13.6 0.12 0.012 0.005 0.001
6 (DIW)a 7.6 20.2 0.148 <0.002 0.1 6.9 0.99 0.030 0.003 0.003
63 (DIW)a 44.1 7.05 0.415 0.018 <0.002 3.1 0.36 0.035 0.015 0.003

aValues for Cr, Cu, Mn, and Mg are calculated values based on the unwashed solid analysis of these elements.

Figure 5. XRD traces of the 2, 4, and 5 h precipitates from the test with 25 g/L feed Fe concentration at pH 4.1 and 90 °C. Mineral phases: G =
goethite, F = ferrihydrite, S = schwertmannite, and A = alunite.
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Andreeva et al.35 reported goethite formation from
ferrihydrite through its dissolution and reprecipitation.
Andreeva et al.36 also proposed a different mechanism in
their earlier study of oxidative Fe(II) hydrolysis based on the
concept of surface adsorption of Fe(II) ion on the Fe(III)
hydroxide surface. In this mechanism, the oxygenated Fe(II)
species [Fe2+·O2] is adsorbed on the surface of Fe(OH)2+
species, where the Fe(OH)2+ species is formed by the initial
oxidation of Fe(II) to Fe(III), followed by partial hydrolysis.
The [Fe2+·O2] species adsorbed on the Fe(OH)2+ surface
undergoes dehydroxylation to aggregate the building blocks of
the goethite structure.
Published sulfur (S) analysis data for goethite solids

precipitated from sulfate systems is limited. Chang et al.24

and Yue et al.25 reported the formation of goethite in the
studies from synthetic and laterite leach solutions containing
Fe(II); however, they did not report S analysis within the
goethite solids. The presence of S in the DIW solids of this
study was mostly from the presence of an alunite phase and
may be partially due to a schwertmannite phase. The S analyses
for the 2, 4, and 5 h solids were 6.1, 5.5 and 5.1%, respectively.
A significant sulfate contamination (8.8−13.8%) in the

goethite precipitate was reported by Davey and Scott.9 They
indicated that the sulfate contamination was due to the
possible formation of basic sulfates; however, they did not
mention ferrihydrite/schwertmannite formation during goe-
thite precipitation. This may reflect the limited resolution of
available XRD instruments at the time of their research
compared to modern instruments. Liu et al.37 reviewed the
surface adsorption of goethite and claimed that goethite can
have a very active surface to adsorb various anions including
sulfate. As the 5 h solid was found to contain ∼5.1% S
(equivalent to 15% sulfate), it is expected that a portion of the
S is due to sulfate adsorption on the goethite surface. However,
the formation of alunite and schwertmannite phases will
contribute to the majority of the S present in the precipitated
solids.
A comparison of the XRD traces for the 5 h solids formed at

70, 90, and 97 °C is given in Figure 7. This shows that the
precipitate formed at 70 °C was poorly crystalline, being
mostly composed of ferrihydrite/schwertmannite and alunite
phases. A higher temperature is required to promote goethite
formation from the oxidative hydrolysis of Fe(II) and, given
the sharpening of peaks, the crystallinity of the goethite
increased with the increase of temperature.
To compare the mineralogy of the precipitates formed at

various Fe concentrations, XRD traces of the 5 h solids from
the 6, 25, and 63 g/L Fe(II) tests are presented in Figure 8.
The mineralogical analysis of Fe precipitate formed at a low
Fe(II) concentration (∼6 g/L) was significantly different
compared to the precipitates formed at higher concentrations.
The presence of goethite cannot be positively identified in the
precipitate formed from the 6 g/L Fe(II) test. An alunite phase
was found instead, while schwertmannite and ferrihydrite were
also expected to form, as ∼52% Fe precipitated during the

Figure 6. TEM and SAED images of 2 h (top images) and 5 h
(bottom images) precipitates from the test with 25 g/L feed Fe
concentration at pH 4.1 and 90 °C. The d spacings in nm are labeled
for the ferrihydrite (top right) and goethite (bottom right) phases.

Figure 7. XRD traces for the 5 h precipitates from tests conducted at 70, 90, and 97 °C with 25 g/L feed Fe concentration at pH 4.1. Mineral
phases: G = goethite, F = ferrihydrite, S = schwertmannite, and A = alunite.
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reaction. In comparison, Yue et al.25 confirmed goethite
formation in their study from a solution containing ∼5.6 g/L
Fe(II) and 10 g/L Ni. This suggests that the presence of Al
affected goethite formation, as well as overall Fe removal.
Figure 8 shows that goethite crystallinity increased significantly
at higher Fe(II) concentration in the feed solution.
3.2. Nickel and Cobalt Losses. Losses of Ni and Co are

an issue during Fe removal from laterite leach solutions, and
this imposes limitations on the Fe removal process conditions
to minimize the valuable metal losses. Such losses are generally
expected to increase with pH during Fe and Al precipitation,
and this trend was also found in this study (Table 3). The Ni
and Co losses at pH 3.5 were low (∼1%); however, these
increased rapidly after pH 4.1, giving ∼9−11% and ∼19−22%
losses at pH 4.5 and 5.0, respectively. The loss of Co was lower
than that of Ni, which is possibly due to the much lower Co
concentration (0.2 g/L Co against ∼4 g/L Ni) in the feed
liquor.
Chang et al.24 reported 4.1−15.9% Ni loss within the pH

range 2.5−4.0 from laterite leach solutions. In the present
study, the Ni and Co losses at pH 4.0−4.1 were found to be
∼4−7%, where the extents of Fe and Al precipitation were
∼78−84% and ∼91%, respectively, from a feed solution
containing ∼25 g/L Fe. A similar Ni loss of ∼5.6% has been
reported by Yue et al.25 in the pH range 3.9−4.3 from a low
Fe(II) synthetic feed solution having ∼5.6 g/L Fe and 10 g/L
Ni. However, they achieved precipitation using H2O2 instead
of air/oxygen, and the reaction was completed within 45 min,
the solid formed having a high Ni content of 5.37%.
The analyses of Ni and Co in the final solids (washed with

GSW) at pH 4.0−4.1 were 0.095−0.128% and 0.003−0.004%,
respectively (Table 3). The Ni analysis is low in the
precipitated solid due to the presence of a significant amount
of gypsum (∼65−70%). Once the gypsum dissolved with DIW
washing, the solid reported approximately 3-fold higher Ni and

Co analyses in the precipitate, at ∼0.27−0.36% and 0.012%,
respectively. A similar Ni analysis (0.467%) was reported by
Chang et al.24 at pH 3−4. A comparison of Ni loss data from
various published iron precipitation studies is given in Table 4.
This shows that Ni loss is dependent on the pH irrespective of
the adopted precipitation method and that a lower pH is
beneficial to minimize the Ni loss during Fe removal from
laterite solution. Therefore, based on the atmospheric leaching
technique adopted for the laterite ore with or without reducing
agents, a suitable Fe removal route can be chosen depending
on the Fe(II) or Fe(III) concentration in the liquor. The
oxidative hydrolysis route for Fe(II) will generate crystalline
goethite during Fe removal, which should give better filtration
or solid−liquid separation characteristics compared to the
formation of paragoethite (i.e., ferrihydrite/schwertmannite)
that will be produced from Fe(III) via the dilution or normal
Fe(III) precipitation methods.
The loss of Ni was also found to increase in this study with

increasing temperature and feed Fe(II) concentration (Figures
3 and 4). Figure 9 shows the Ni loss behavior with time from
the feed Fe(II) concentration variation tests. The maximum Ni
loss of 13.4% was obtained for 63 g/L Fe(II) feed (Fe/Ni ratio
15.6) under the conditions of 90 °C and pH 4.0−4.1. The Ni
analyses were 0.142% and 0.415% for the GSW and DIW
washed solids, respectively (Table 2).
Yue et al.25 claimed that Ni loss took place through surface

adsorption onto goethite and incorporation into the goethite
lattice. They also proposed a mechanism of goethite formation
with Ni incorporation and suggested that Ni(II) ions enter into
the goethite lattice in place of Fe(III) due to the similar ionic
radii of Ni(II) and Fe(III). The adsorption of Ni on different
goethite surfaces was studied by Beukes et al.,38 who described
an increase of adsorption with pH (>3) where the extent of
adsorption depended on the goethite surface area.

Figure 8. XRD for the 5 h precipitates from tests conducted with 6, 25, and 63 g/L Fe(II) at pH 4.1 and 90 °C. Mineral phases: G = goethite and A
= alunite.

Table 3. Ni and Co Losses to, and Contents in, Precipitated Solids Formed during Iron Removal from 25 g/L Fe(II) feed
solution at Various pH Values during the Oxidative Hydrolysis of Synthetic Laterite Solution

metal loss, % precipitate analysis, %

element pH = 3.5 pH = 4.0 pH = 4.1 pH = 4.5 pH = 5.0 pH = 3.5 pH = 4.0 pH = 4.1 pH = 4.5 pH = 5.0

Ni (0 h) 0.0 0.3 0.3 0.7 1.5 0.003 0.012 0.014 0.024 0.047
Ni (final) 1.1 4.2 6.8 10.6 22.0 0.032 0.095 0.128 0.186 0.390
Co (final) 0.7 2.3 4.0 8.6 18.8 0.001 0.003 0.004 0.007 0.016
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Elemental mapping from the TEM/EDS analysis of the
particle shown in the bottom images of Figure 6 is presented in

Figure 10. This shows an even distribution of Ni in the particle,
which suggests that Ni loss occurs through both surface
adsorption and incorporation into the goethite structure.
However, the possibility of some Ni coprecipitation cannot be
eliminated, especially at high feed Fe(II) concentrations. The
distributions of Al and S were similar, and this is consistent
with the copresence of an alunite phase with the goethite solid.

4. CONCLUSIONS
Goethite precipitation from synthetic laterite leach solution
resulted in increasing Fe removal with increasing pH,
temperature, and feed Fe(II) concentration. The extent of Al
precipitation also increased with increasing pH and feed Fe(II)
concentration but decreased with temperature. The final Fe
concentration was ∼1 g/L when the feed Fe(II) concentration
was above 50 g/L. During the early stage of the reaction, the
Fe precipitate was poorly crystalline due to the formation of
ferrihydrite/schwertmannite phases; however, after 2 h of
reaction goethite formation had commenced and its crystal-
linity increased with time. Therefore, goethite formation

Table 4. Comparison of Various Iron Precipitation Reactions and Associated Ni Loss Data from Published Studies

feed
liquor

precipitation
conditions

Fe,
g/L Ni, g/L solution type

neutralizing
agent pH Temp, °C

Fe
precipitation, %

Ni
loss, %

Ni analysis
in the
solid, % precipitation route ref

28.0 4.7 synthetic limestone 2.0 85 87.92 0.19 0.0079 dilution method (mainly
paragoethite)

20a

89.1 4.74 4.0 85 96.17 19.17 0.166

30.0 5.1 synthetic limestone 3.0 85 91.5 2.35 0.06 dilution method (mainly
paragoethite)

37b

4.0 85 95.4 11.7 0.27

27.8 4.36 limestone 2.0 85 ∼93d 0.2 0.0015 dilution method (mainly
paragoethite)

19c

26.7 3.96 3.0 85 100d 17.5 0.28

125 NR laterite tank
leach

limestone 3.2 (stage 1) NR 98 1.3 NR ferric hydroxide
(paragoethite type)

5

4.7 (stage 2) NR 99d 2.1 NR

∼5.6 ∼10 synthetic NaOH 2.0−2.3 85 14.5 0.11 0.56 oxidative hydrolysis using
H2O2 (mainly goethite)

25

2.4−2.8 98.63 0.26 0.28
2.9−3.3 99.84 1.05 1.13
3.4−3.8 100 1.99 2.17
3.9−4.3 100 5.59 5.37

14 0.63 reduced
limonite
leach

basic
MgCO3

2.5−3.0 95 96.8d 4.12 0.112 oxidative hydrolysis using
air (mainly goethite)

24

3.0−4.0 97.4d 15.9 0.467

23.3 4.1 synthetic
reduced
laterite soln

limestone 3.5 90 49.8 1.1 0.032 oxidative hydrolysis using
air (mainly goethite)

this
worke

4.0 77.7 4.2 0.095
25.4 4.0 4.1 83.8 6.8 0.128
23.3 4.1 4.5 91.3 10.6 0.186

5.0 95.1 22 0.390
50.1 4.0 4.1 97.1 11.4 0.135

aTest no. FFD-3 and FFD-5 of cited reference. bTest no. FNA-3 and FNA-4 of cited reference. cExamples 1 and 2 of cited reference. NR denotes
not reported. dApproximately calculated values based on the available data in the corresponding reference. eReported pH is the solution pH
measured at ambient temperature.

Figure 9. Behavior of Ni loss during iron precipitation for different
feed Fe(II) concentrationss at pH 4.0−4.1 and 90 °C.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07595
ACS Omega 2023, 8, 11931−11940

11937

https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07595?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07595?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


appeared to take place via the ferrihydrite/schwertmannite
phases. The crystallinity of the goethite also improved with
increases of temperature and feed Fe(II) concentration.
Loss of Ni and Co occurred during Fe precipitation, and the

losses increased with pH, temperature, and feed Fe(II)
concentration. The Ni and Co losses rose significantly with
an increase in pH of above 4 and were found to be ∼7−22%
Ni and 4−19% Co in the pH range of pH 4.1−5. Careful pH
control at ≥4 will minimize the Ni and Co losses during
goethite precipitation. Two precipitation stages will likely be a
better option for high-Fe(II)-bearing leach liquor for goethite
precipitation to minimize Ni/Co losses from laterite leach
solution.

5. EXPERIMENTAL SECTION
5.1. Goethite Precipitation. The goethite precipitation

study was carried out with a synthetic solution prepared using
laboratory reagent grade and analytical reagent grade sulfate
salts of ferrous iron, aluminum, nickel, cobalt, magnesium,
chromium, manganese, zinc, and copper. The required
amounts of metal sulfate salts were dissolved in DI water in
the presence of a small quantity of sulfuric acid to minimize

Fe(II) oxidation and precipitation. To prevent the oxidation of
Fe(II) during storage, a small amount of sulfur dioxide gas was
prepurged through the solutions.
Tests were carried out in a 2 L capacity continuously stirred,

baffled glass reactor having a flat flange/multisocket lid fitted
with pH probe, thermometer, air purging tube, neutralizing
agent slurry addition tube, and condenser. The reactor was
heated in an oil bath (ULTRAPEG 400) with provision to
control the bath temperature to maintain the reactor
temperature to within ±1 °C. The precipitation reaction was
carried out by oxidizing Fe(II) using air and adding limestone
slurry as the neutralizing agent.
A required amount of test solution was added to the reactor,

which was then placed in the oil bath. To prevent Fe(II)
oxidation, a nitrogen blanket was maintained in the reactor
headspace prior to air addition. After attaining the test
temperature, limestone slurry (pulp density ∼12% w/w) was
slowly placed in the reactor to achieve the target precipitation
pH. Once the reactor pH was reached, a sample was collected
and air was employed at a flow rate of ∼2.5 L/min. The reactor
pH was maintained by adding limestone slurry, typically in a
continuous mode, using a peristaltic pump. Reactions were

Figure 10. Elemental mapping from the TEM/EDS analysis of a particle in the 5 h precipitate from the test with 25 g/L feed Fe concentration at
pH 4.1 and 90 °C.
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carried out for 5 h by varying pH, temperature, and feed Fe(II)
concentration. Slurry samples from the reactor were collected
at 0.5 and 1 h and subsequently at hourly intervals. The
collected samples were filtered immediately, and the solid was
washed thoroughly with GSW and dried overnight in an oven
at ∼80 °C. Elemental analyses for both the liquors and solids
were performed using an ICP-OES instrument adopting
standard procedures.
All the tests were performed by conducting both physical

mass balance (based on liquor and solids/slurry output/input
× 100) and elemental mass balance (elemental mass output/
input × 100). The baseline test performed with 25 g/L Fe
concentration was repeated twice to verify the reproducibility
of the test data.
Since limestone slurry was used as the neutralizing reagent,

gypsum formation took place during iron precipitation. The
amount of gypsum in the precipitated solid was ∼67−70% w/
w in this study. Therefore, precipitated solids selected for
characterization studies were washed thoroughly with DIW to
remove the gypsum (until the wash water was found to be
sulfate free by testing with barium chloride solution).
5.2. Instrumental Techniques. The samples for X-ray

diffraction (XRD) analysis were air-dried, finely ground, and
back-pressed into conventional XRD sample holders. XRD
measurements were carried out using a PANalytical high-
resolution multipurpose powder diffractometer (Empyrean)
with Co Kα radiation and operating at 45 kV and 40 mA. A
Bragg−Brentano high-definition monochromator was used in
front of the incident beam. A PIXcel3D proton-counting X-ray
detector was used to collect the data over an angular range of
10−90° 2θ in continuous scan mode for 1 h. The XRD data
was interpreted with XPLOT and HighScore Plus (3.04)
software using the ICDD and ICSD databases.
The samples for transmission electron microscopy (TEM)

analysis were suspended in water and deposited on standard
perforated carbon support films on copper grids. TEM imaging
and elemental analyses were performed using a FEI TALOS
field-emission-gun transmission electron microscope (FEG-
TEM) Titan G2 80-200 TEM/STEM with ChemiSTEM
technology, equipped with an energy dispersive X-ray
spectrometer (EDS) and selected area electron diffraction
(SAED) capabilities.
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