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Abstract: The presence of iron in pregnant leach solutions (PLS) is a common problem, and is generally
removed using jarosite, goethite, hematite or para-goethite precipitation methods. Although these
methods are successfully applied, significant amounts of nickel can be lost. In this study, iron
precipitation was performed on a PLS obtained from agitation leaching of a lateritic nickel ore under
atmospheric conditions using the para-goethite method. The PLS contained 2.62 g/dm® Ni, 54.28 g/dm®
Fe and 0.14 g/dm® Co. During the precipitation tests the effect of pH, time, temperature, and metal
concentration were investigated. The influence of the key points, temperature and metal concentration, on
nickel loss was explained in reference to SEM and XRD analyses. Ultimately, selective nickel and iron
separation was achieved with complete iron precipitation and only 1.2% Ni loss.
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Introduction

Nickel is generally found as an associated form with iron oxides in nickeliferrous
limonites (Fe,Ni)O(OH)-nH,O. Nickel existing in this structure can only be released
by acid attack. Therefore, nickel extraction is strongly related with the decomposition
of iron matrix, which causes high acid consumptions (Chang et al., 2010). Meanwhile,
atmospheric acid leaching of lateritic nickel ores has increased in importance, as the
general capital costs are higher in pressure acid leaching operations (McDonald and
Whittington, 2008).

The associated structure of nickel and iron in minerals such as goethite and
limonite results in high iron content in the pregnant leach solution (Buekes et al.,
2000). Iron presence in many beneficiated materials is a common case since iron is
one of the most abundant elements on earth. Likewise in zinc industry, zinc
concentrates generally contain 3-18% iron (Chen and Cabri, 1986). Iron removal
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methods from pregnant leach solutions of laterites are adopted from the zinc industry.
Iron is usually removed from leaching solutions by precipitation.

Precipitation methods of goethite (Allen et al., 1970; Bodson, 1972; Boxal and
James, 1986; Torfs and Vliegen, 1996), hematite (Ropenack, 1986; Onazaki and
Kuramochi, 1986; Mealey, 1973) and jarosite (Pickering and Haigh, 1970; Steintveit,
1971; Haigh and Wood, 1972; Arregi et al., 1980; Scott et al., 1986; Tamargo et al.,
1996; Buban et al., 1999) have found place in industrial applications up today. In
addition, carbonate, hydroxide, sulfide, and oxidative precipitation methods are being
investigated in the literature (Pakarinen and Paatero, 2011).

It was reported that the jarosite process has economical disadvantageous due to the
high cost of impounding. In other respects, no further needs for alkali addition, low
volume and relatively stable residue can be counted as the advantages for goethite
precipitation (Ismael and Carvalho, 2003; Chang et al., 2010). The Union Miniere
(Torfs and Vliegen, 1996) indicated that goethite process offers some possibilities for
further treatment to obtain an inert material, which resulted in a possible usage in
construction industry. In terms of hematite precipitation, although the precipitated
hematite can be used as a marketable iron product, the precipitation process needs
temperature above 100 °C, which refers to high capital and operational costs. The
occurring reactions of these methods are given in Egs. 1, 2, and 3 (Ismael and
Carvalho, 2003).

3Fey(SOy)3 + M,SO, + 12H,0 > 2MFe3(S0O4)2(OH)g + 6H,SO,
(jarosite precipitation) (8]

Fex(SOy)s + 4H,0 «— 2FeOOH + 3H,SO,4 (goethite precipitation) (2)
2FeSQO, + 1/20, + 2H,0 « Fe,05 + 2H,SO,4 (hematite precipitation) 3)

Besides the jarosite, goethite, and hematite methods, the so-called para-goethite
method has also become a topic for the studies. The para-goethite process was started
operating by Zinifex at the Hobart smelter. The residue, which was not a documented
mineral, was treated in lead sintering (McCristal et al., 1998). Meyer et al. (1996)
indicated that 40% of iron precipitate was amorphous, and by this, the character of its
phases could not be determined. However, the phases were thought to be goethite with
poor crystalline structure. Until Loan et al. (2002) study, not so much was known
about the nature of the para-goethite residue (Cubeddu et al., 1996; McCristal et al.,
1998). Loan et al. (2002, 2006) identified 6-line ferrihydrite to be the major
precipitated iron phase. The conditions for the precipitation of hematite, goethite,
ferric hydroxide, and hydroxy! salts are shown in Table 1.

With regard to the para-goethite method, it requires nearly pH 3 and 80 °C
temperature to provide the iron precipitation. While it can be defined as a type of the
goethite method, the character of its iron precipitate makes it different.
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Table 1. Conditions for precipitation of hematite, goethite,
ferric hydroxide and hydroxyl salts (based on Babcan, 1971)

Species pH Temperature (°C)
- 0-1 0-70
Fe
1-2 25-80
3-6 35-40
Fe(OH),
6-10 10-35
Hydroxy Salts 0-1 >80
yaroxy 1-3 <80
Hematite 2-8 >100
Goethite 3-8 40-80
Paragoethite 3-4 70-90

Solvent extraction has been widely studied in treatment of iron from metal
solutions (Sato and Nakamura, 1971; Hoh et al., 1983; Demopoulos and Gefvert,
1984; Vazarlis and Neou-Syngoyna, 1984; Preston, 1985; Sato et al., 1985; Biswas
and Begum, 1998; Saji et al., 1998; Zhou et al., 1989; Ritcey, 2006). In solvent
extraction, the basic encountered problem is stripping which needs strong acid and
reduction (Demopoulos and Gefvert, 1984; Vazarlis and Neou-Syngoyna, 1984; Lupi
and Pilone, 2000). The strong acid usage poses a risk for reagent decomposition. In
the presence of high iron content, solvent extraction becomes less economical
(Pakarinen and Paatero, 2011).

Nickel loss

The nickel loss during the iron precipitation might be attributed to two mechanisms:
adsorption or co-precipitation (Singh et al., 2002; Carvalho-E-Silva et al., 2003) due to
physical or chemical bonding (Beukes et al., 2000). It is thought that the main reason
is adsorption (Agatzini-Leonardou et al., 2009).

The products of different precipitation processes have adsorption ability. While the
adsorption capability of synthetic goethite and hematite samples was shown in a study
of Buekes et al. (2000), ferrihydrite is also known as an adsorbent for many inorganic
and organic species (Jambor and Dutrizac, 1998). Besides, depending on the changes
in pH, temperature, and water activity, ferrihydrite can transform to more crystalline
products of goethite (a-FeOOH) and hematite (a-Fe,03) (Loan et al., 2006).

The adsorption mechanism has been explained considering physical parameters,
particle size, and BET surface area of the precipitates. It is known that surface area
affects the adsorption process, and there is an inverse relationship between surface
area and particle size (Cornell and Schwertmann, 1996). Furthermore, the higher
initial Fe/Ni ratio causes more nickel loss which results in the increase of the
precipitate amount. When the same initial Fe/Ni ratio was tested at different pH
values, remarkable nickel loss was observed by increasing pH (Chang et al., 2010).
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In this context, the aim of this study was to provide an enhancement in selective
nickel-iron separation from atmospheric leach liquor of a lateritic nickel ore using the
para-goethite precipitation method.

Experimental

PLS used for the precipitation tests in this study was obtained as a product of agitation
leaching of a lateritic nickel ore with sulfuric acid under atmospheric conditions
(Basturkcu and Acarkan, 2016). The metal contents of the PLS were found to be
2.62 g/dm® Ni, 54.28 g/dm® Fe, and 0.14 g/dm® Co.

The precipitation tests were conducted in a heated reaction vessel. Slaked lime
(pulp calcium hydroxide — Ca(OH),) was used to adjust the pH value of the solution
which was measured by a pH-meter with a temperature resistant glass electrode. Solid-
liquid separation was performed using a Buchner funnel, and the metal content of the
remaining solution was analyzed by Atomic Absorption Spectrophotometer (AAS).
Additionally, X-Ray Diffraction (XRD) and scanning electron microscope (SEM)
analyses were performed on the dried precipitates in order to determine the changes in
their chemical and mineralogical structure.

In the precipitation tests, the effect of pH, time, temperature, and metal
concentration were investigated. The chemical changes in the precipitates were
examined in detail. According to the results, a solution for preventing the nickel loss
was suggested.

Results

Effect of pH

The effect of pH on the iron precipitation was investigated at different pH values of
2.5, 3.0, 3.5, 4.0, and 5.0. Each of the precipitation experiments took 60 min without
the heating. However, the temperature increased with the addition of Ca(OH), because
a chemical reaction occurring between the acidic medium and alkaline additive. At
that moment, it should be reported that the speed of the added lime was critical to
control the precipitation process.

As seen from Fig. 1, 99% iron precipitation was achieved with significant amounts
of nickel and cobalt losses at pH 3.0. As long as the pH increased, the losses in nickel
and cobalt continued increasing. According to the results, the optimum pH value was
determined at 3, and the precipitation time was decided to be examined.
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Fig. 1. Effect of pH on iron precipitation (60 min, without heating)

Effect of precipitation time

To investigate the effect of time on the metal precipitations, the tests were carried out
at pH 3 without the heating. The times of 30, 60, 90, and 120 min. for the
precipitations were applied on the PLS. As shown in Fig. 2, there are slight differences
in the metal concentrations, however at 60 min of precipitation, 99.9% Fe precipitation
was achieved with 27.8% Ni and 29.3% Co losses. In comparison with 30 min, it
could be indicated that the nickel and cobalt losses decreased 3.5% and 3.1%,
respectively. When 90 and 120 min were applied, the losses were as nearly the same
as 60 min did. Therefore, 60 min was chosen as the optimum time for the further tests.
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Fig. 2. Effect of precipitation time (pH 3, without heating)

Effect of temperature on metal concentration

Up to this part of the study, the complete iron precipitation was obtained with high
amounts of nickel and cobalt losses. For this reason, in this part, efforts were made to
decrease these losses. Temperatures of 50, 60, 70, 80, and 90 °C were tested for each
metal concentration: 1.31 g/dm® Ni, 27.14 g/dm® Fe and 0.07 g/dm® Co (A); 2.62
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g/dm® Ni, 54.28 g/dm? Fe and 0.14 g/dm® Co (B); 5.24 g/dm® Ni, 108.56 g/dm? Fe and
0.28 g/dm? Co (C).

The tests were carried out for 60 min, and the obtained results are shown in Figs. 3,
4, and 5 with regard to nickel, cobalt, and iron. In terms of iron, the iron precipitation
process could not be completed for the metal concentrations of B and (C) until 80 °C.
However, the increase in the temperature showed a positive effect on iron precipitation
under these concentrations. On the other hand, 99.9% Fe precipitation was achieved
with the metal concentrations of A at all temperatures. Therefore, an evaluation on the
nickel and cobalt losses was necessary in order to compare the effect of temperature
on the metal concentration.

While the losses had a downward trend as the temperature increased, the sharp
difference between the nickel losses could be observed. When the concentration C was
used, 27.1% Ni loss decreased to 14.3% Ni as the temperature was increased from 50 °C
to 90 °C. On the other hand, 80 °C temperature was found to be sufficient for the
complete iron precipitation with only 1.2% Ni loss when the metal concentration B was
diluted to that of A. In this way, there was no need to increase the temperature to 90 °C.
From cobalt point of view, the loss of 26.7% with the concentration C decreased to
14.2% at 90 °C. Also, concentration A provided just 1.5% Co loss at 80 °C.

The final iron precipitate was chemically analysed to determine the residual
elements. As presented in Table 2, the nickel and cobalt contents in the iron precipitate
were almost zero. Meanwhile, there were not large quantities of Mg or Al in the
precipitate. On the contrary, calcium showed a highest content of 17.28% due to the
lime addition.

Table 2. Chemical analyses of final iron precipitate (80 °C, 60 min, pH 3)

Fe(%) Ni(%) Co(%) Mg(%) Ca(%) Al(%) 'LOI (%)
8.90 0.015 <0.001 0.034 17.28 0.862 9.66

“ Loss of ignition at 1000 °C
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g. 3. Effect of temperature on iron precipitation (60 min, pH 3)
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Fig. 4. Effect of temperature on nickel loss (60 min, pH 3)
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Fig. 5. Effect of temperature on cobalt loss (60 min, pH 3)

Based on the results obtained, it was possible to establish a flow-sheet including
temperature and dilution in the precipitation process. Figure 6 shows the whole
leaching process for the laterite ore sample. The iron precipitation part was performed
at 80 °C using lime on the diluted PLS. When a selective separation of iron and nickel-
cobalt was achieved, then nickel and cobalt were separated from the solution. The

barren solution was subsequently recycled to the iron precipitation step as to dilute the
PLS.

Characterization of precipitates

After all, it was necessary to explain the precipitation mechanism by the means of
XRD and SEM analyses performed on three iron precipitates: Before heating
(concentration B), after treatment at 90 °C (concentration B), and after treatment at
80 °C (concentration A). Figures 7, 8, and 9 show the XRD analyses of these samples.
The SEM images can be seen in Fig. 11.
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Fig. 6. Flow-sheet of precipitation process
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Fig. 7. XRD analyses of the precipitate before temperature treatment (metal concentration B)

According to the XRD analyses of the samples, when temperature was not
increased during the precipitation process, basically bassanite-CaSQO,-0.5(H,O) was
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formed with lesser amounts of ferrihydrite — Fe,05-0.5(H,0). When hearting was
applied, ferrihydrite and bassanite peaks weakened and gypsum formation was
observed.
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Fig. 8. XRD analyses of the precipitate after 90 °C treatment (metal concentration B)
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Fig. 9. XRD analyses of the precipitate after 80 °C treatment (metal concentration A)

Ferrihydrite is a hydrated ferric iron compound and occurs naturally or can be
synthesized by rapid hydrolysis of Fe** solution (Schwertmann and Cornell, 1991).
Basically, ferrihydrite is formed in two ways indicated by: i) two scattering bands in
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its most disordered state, ii) a maximum of six strong lines in its most crystalline state.
The difference between these 2-line and 6-line ferrihydrites is the size of the
constitutive crystallites (Manceau and Drits, 1993).

In a study of Wang et al. (2011), nickel loss from synthetic atmospheric leaching
liquors was investigated, and the precipitates were found to be dominated by
ferrihydrite and/or schwertmannite. These oxyhydroxide and oxyhydroxysulphate iron
compounds were thermodynamically unstable, and had poor crystallinity, and tend to
transform to more stable iron oxides as a function of time. Since the crystal structures
and basic properties of these minerals have not been determined yet, mineralogical
identifications become difficult (Cornell and Schwertmann, 2003).

The XRD patterns of schwertmannite and 6-line ferrinydrite show similarities.
They can have strong peaks at around 41° 20 and two weaker peaks between 70° and
80° 26. While schwertmannite causes two other peaks at around 21° and 31° 26, 6-line
ferrihydrite exhibits distinctive peaks at around 47° 20 (Wang et al., 2013).

The ferrihydrite peaks shown in Fig. 7 (between 70° and 80° 26) are less distinctive
when compared to these shown in Fig. 8 because more amorphous precipitates were
formed. Dyer et al. (2012) found a similar result, and explained that higher
temperature and low pH lead to more rapid hydrolysis resulting in the formation of
finer particles, which seem to be more amorphous. In addition, they emphasized that
less crystalline species were formed by increasing temperature from 35 to 45 °C,
which is favorable in industrial operations. Furthermore, as the temperature increased,
more amorphous phases were observed in our study.

(i)

(ii) —  LLIY) e

—4um—

Fig. 10. SEM images of i) before temperature treatment (concentration B), ii) after 90 °C treatment
(concentration B), and iii) after 80 °C treatment (concentration A)

In terms of calcium sulphate compounds, increasing solution temperature leads to
gypsum formation with lesser amount of bassanite. The XRD analyses were approved
by the images given in Fig. 10. As the temperature increased, the amount of bassanite
was smaller, and a needle shaped gypsum particles was observed.

Additionally, the precipitates, which were obtained in the absence of temperature
treatment, were partly coarse with sizes varying from 0.5 mm to 1 mm. By using hot
and dilute solution in the precipitation tests, the degree of supersaturation decreased,
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and the coarse particles formation with the crystal formation were prevented. The
precipitate showed an amorphous structure. It made it difficult to determine
ferrihydrite in the XRD analysis. It should be emphasized that the formation of
calcium compounds and particle size of the crystals depended on the solution
temperature and metal concentration. According to Fig. 10, the following findings
were determined.

1. In the absence of temperature treatment, flat shaped bassanite minerals were
observed having about 3 pum crystal size. Meanwhile, the size of the gypsum
crystals was about 2-3 pm size.

2. The size and amount of the bassanite crystals decreased and mainly a needle
shaped gypsum was observed.

3. By heating and dilution the crystal size of the gypsum decreased.

Discussion

As mentioned before, the nickel loss during iron precipitation might be attributed to
adsorption or co-precipitation, while the main reason is believed to be adsorption.
Nevertheless, it is difficult to determine whether it is adsorption or co-precipitation.

From the point of view of adsorption, Dyer et al. (2012) reported that ferrihydrite
has a greater surface area and porosity than the most of the iron oxide minerals. The
specific surface area of ferrihydrite is several hundred square meters per gram and
ferrihydrite has also high density of local or point defects. These properties bring high
ability to adsorb many chemical species (Waychunas et al., 1993; Fuller et al., 1993;
Welch et al., 2000; Hochella et al., 2005). According to our findings, as more
amorphous precipitates were formed, less nickel loss was observed. It is known that
the adsorption ability of amorphous materials is higher. Thus, two phenomena can be
suggested: i) calcium sulfate compounds, mostly gypsum, masked the surfaces of
ferrihydrite and prevented adsorption, ii) the reason of nickel loss is not adsorption.

There are three fundamentals of co-precipitation: inclusion, occlusion, and
adsorption. Inclusion is a co-precipitated impurity, which occupies a lattice site in the
precipitate. Potential interfering ions, whose radius and charge are similar to carrier
ion, may substitute into the lattice structure by chemical adsorption. Occlusion occurs
when physically adsorbed interfering ions are trapped within a precipitate during its
formation. Sometimes a part of solution is trapped in the growing precipitate with the
effect of rapid precipitation. Adsorbate is an impurity weakly bounded to the surface
of the precipitate chemically or physically (Harvey, 2000). Illustrative diagram of co-
precipitation is given in Fig. 11.

The authors of this paper overemphasize the amorphous structure of the
precipitates, since the amorphous constituents can mask the surface of the adsorbent
mineral. This might hinder adsorption or provide a less crystalline precipitate, which
prevents occlusion.
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Fig. 11. Example of co-precipitation: (+) and (-) represent the cation—anion,
M is the impurity (adopted from Harvey, 2000)

Conclusion

The para-goethite precipitation method was applied for atmospheric leach liquor of a
lateritic nickel ore. The PLS contained 2.62 g/dm® Ni, 54.28 g/dm® Fe and 0.14 g/dm®
Co. In the tests, the effect of pH, temperature, and metal concentration were
investigated. As result, total iron precipitation with 1.2% Ni and 1.5% Co losses was
achieved. To obtain this result, the PLS was diluted 1:1 by volume and precipitated at
pH 3 and 80 °C for 60 min. According the XRD and SEM analyses, mainly
ferrihydrite and calcium sulfate minerals were formed in the precipitate. As the
temperature increased, lesser bassanite and greater gypsum formation were observed
in the amorphous precipitate. Together with amorphous precipitate formation, it
became difficult to determine ferrihydrite.

In conjunction with the mineralogical observations and chemical results, possible
reasons for nickel loss were explained. Due to heating and lower metal concentration,
the size of crystals of the precipitate decreased and adsorption and/or occlusion of
nickel was prevented. Also, it was concluded that the size and shape of the
precipitated crystals had effect on nickel loss.
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