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Abstract: The refinery of mixed hydroxide precipitate (MHP) from nickel laterite processing by acidic re-leaching will
generate a concentrated nickel solution containing some magnesium difficult to remove. Fluorite precipitation method is often
used for nickel purification from magnesium contamination, causing serious risk of environmental pollution. Solvent
extraction technology has obvious advantages in metal separation and purification which has been widely used in nickel cobalt
industries. Magnesium separation from nickel in a synthetic re-leach solution by solvent extraction using Cyanex 272 (bis (2, 4,
4-trimethylpentyl) phosphinic acid)) and its analogue of P 507 (2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester) was
studied. It was found that the separation factor of magnesium over nickel reached higher than 200 at pH 5.5, which is much
better than that of P507 with the maximum separation factor of 88 at pH 5.0. The conditions including equilibrium pH, organic
concentration and A/O ratio for metal extraction and separation of Mg and Ca from nickel with Cyanex 272 in a concentrated
synthetic nickel solution were optimized. A five-stage counter-current batch continuous test was carried out with Cyanex 272
under optimized conditions. More than 99% of the magnesium was removed from the synthetic solution containing 3.4 g/LL Mg
and 106 g/L Ni using 0.5 M Cyanex 272, leaving only 38 mg/L Mg in the purified nickel solution, which is suitable for the
electrowinning.
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precipitation has poor selectivity, MHP usually contains large
amounts of impurities with concentrations varied depending
on factors such as compositions of leach solutions, reagents
used for the precipitation and leaching conditions. The main
metals in MHP are Ni, Co, Mn, Mg and some other
impurities in a relatively low concentration, including Fe, Al,
Cuand Ca [6, 11].

MHP re-leaching will be conducted to produce a
concentrated nickel solution which is subjected to
electrowinning for nickel cathode production after
purification. Ammonia/ammonium solution could be used to
re-leach MHP to recover nickel and cobalt due to its high
selectivity [12]. However, it suffers from some drawbacks of
low nickel/cobalt recovery, high sensitivity to MHP aging
time, significant loss of ammonium and difficulty in cobalt

1. Introduction

Nickel laterites account for about 60% of nickel resources,
which are becoming the major sources for nickel production
due to the depletion of nickel sulphite deposits [1, 2]. Two
hydrometallurgical routes are commonly used for nickel
laterite processing. One is high pressure acid leaching and
another is heap leaching [2-5]. After leaching, hydroxide
precipitation is used in a number of practices to produce
nickel/cobalt mixed hydroxide precipitates (MHP) as
intermediate products due to the low cost and easy reagent
availability [6-8]. Magnesium oxide is commonly used for
MHP precipitation [9], although other alkaline reagents such
as NaOH and Na,CO; were also used [10]. Since hydroxide
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separation from nickel [13]. Acidic leaching is more
preferred and commonly used due to its high efficiency [14].
In acidic leach solutions, if small amounts of Fe (III), Al, Cr
(IIT) and Cu present, they can be readily removed by
selective precipitation via pH adjustment to 4-5 [15]. Cobalt
can be separated from nickel by solvent extraction with
Cyanex 272 or P 507 (2-ethylhexyl phosphonic acid
mono-2-ethylhexyl ester). Other impurities including Mn, Zn
and Ca if exist can be removed by solvent extraction using
D2EHPA (Di-2-ethylhexyl phosphoric acid) [16].

A nickel selective acidic re-leach process of MHP was
developed by Williams et al. [17]. In this process, sodium
peroxy-disulphate was used to oxidize cobalt to Co (III) and
manganese to Mn (IV) to suppress their leaching. More than
90% of nickel was preferentially extracted at pH 4.5, while
few impurities entered into the leach solution, and thus
significantly enhanced the selectivity of acidic leaching with
the resultant solution, typically containing (g/L): Ni 90, Mg 3,
Zn 0.5, Ca 0.1 and trace amounts of Co, Mn, Cu, Fe, Cr and
Al (<10 mg/L). The leach efficiency was not affected by the
aging time of the MHP up to four years. Cobalt in the leach
residue was recovered in a separate reductive leach process
using sodium metabisulphite acidified in sulfuric acid
solution in pH range of 2-2.5 [18].

In concentrated nickel re-leached solutions, magnesium
was usually in a high concentration which can significantly
impact nickel electrowinning. It is difficult to be removed
using conventional methods such as solvent extraction and
ion exchange [19]. Therefore, fluoride precipitation was
usually used to purify nickel solution from magnesium
contamination to meet the electrowinning requirement [20].
The application of fluoride not only can contaminate the
nickel product, but also has the risk of environmental
pollution. Solvent extraction using P507 (same active
component with P 507) has been investigated to separate
magnesium and calcium from a nickel solution. Good
separation of nickel from the calcium was obtained at pH 4.5
[21, 22]. However magnesium separation from nickel was
very poor. When magnesium extraction was approximately
40% at the optimized pH of 6.0, nickel extraction reached
high of 10%, resulting in a poor separation factor of 6. A
mixtures of Cyanex 272 (bis (2, 4, 4-trimethylpentyl)
phosphinic acid)) with Versatic 10 (neodecanoic acid) or
D2EHPA were also investigated [22, 23]. As nickel can be
strongly extracted with Versatic 10 and D2EHPA, the
separation nickel from magnesium with these mixtures was
also very poor. In this study, the application of Cyanex 272
was evaluated to separate magnesium from nickel in order to
purify nickel solution for the electrowinning purpose.

2. Experimental

2.1. Reagents and Solution Preparation

Cyanex 272 (industrial grade) and P507 (2-ethylhexyl
phosphonic acid mono-2-ethylhexyl ester, 96% purity) were
provided by Cytec Industries Inc. (Shanghai, China) and
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Laiyashi company (Shanghai, China), respectively, and
used as received. Escaid 110, an aliphatic hydrocarbon
solvent purchased from Exxon Mobil Corporation
(Shanghai China agent) was used as the diluent. Organic
solutions were prepared by dissolving extractants into the
diluent to desired concentrations. A synthetic leach solution
of MHP containing 106 g/L Ni and 3.4 g/L Mg was
prepared by dissolving their corresponding metal sulfates
(analytical grade) in de-ionized water. The final pH of the
synthetic leach solution was adjusted to 5.0+0.05 using lime
(analytical grade). As a result of the pH adjustment, a
calcium concentration of 0.6 g/L was introduced into the
synthetic solution. The solid residue of lime in the synthetic
solution was removed by filtration.

2.2. Procedures of Batch Extraction

2.2.1. Metal Extraction pH Isotherms

Batch tests of metal extraction pH isotherms were
conducted in 300 mL hexagonal glass jars immersed in a
temperature controlled water bath at 40°C. Equal volumes
(100 mL) of the aqueous and organic solutions were added
into the jar and mixed using an overhead stirrer connected
with a 40 mm diameter impeller. After the temperature
reached 40°C, a solution containing 200 g/L NaOH was
used to adjust the pH. The pH was monitored using a ROSS
Sure FlowpH probe (model 8127BN) connected to a Hanna
portable pH meter (model HI9025). The mixture samples of
20 mL were taken using a syringe with a plastic extension
at each desired pH point after the pH was constant for 2 min.
The two phases were separated using Whatmanl1PS filter
paper. Aqueous solutions were then filtered again using
membrane syringe filters with the pore size of 20 um to
completely remove the entrained organic and metal
concentrations were analyzed by ICP-AES (Inductively
coupled plasma atomic emission spectroscopy, Varian).
Organic solutions were stripped with 100 g/L H,SO, at an
A/O ratio of 1:1 and 40°C. The loaded strip liquors were
then filtered and metal concentrations were analyzed by
ICP-AES.

2.2.2. Effect of Organic Concentration

Equal volumes (20 mL) of the aqueous and organic
solutions were mixed in a 100 mL hexagonal glass jar using
an overhead stirrer connected with a 30 mm diameter
impeller at 40°C. The pH was adjusted to 5.50 using a
solution containing 200 g/l NaOH. Both aqueous and
organic samples were prepared for analysis as
aforementioned. The best performed organic solution
composition was selected for further tests.

2.2.3. Effect of A/O

To determine the effect of A/O ratio on the metal
extraction and separation, different volumes of the aqueous
synthetic solution and the organic solution were mixed in
hexagonal jars at 40°C with final pH adjusted to 5.50. The
two phases were separated and samples were prepared for
analysis as mentioned above.
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2.3. Extraction Kinetics

For the determination of extraction kinetics, a preliminary
extraction test was conducted with 0.5 M Cyanex 272
solution and the synthetic aqueous solution at an A/O ratio of
1:1, 40°C and pH 5.5 to measure the amount of NaOH
solution required for pre-equilibration. After that, the organic
solution was pre-saponified with the measured amount of
NaOH solution to obtain a similar end pH value. The
synthetic aqueous solution and the pre-saponified organic
solution were then mixed at an A/O ratio of 1:1 and 40°C.
Samples of the mixed solution were taken at 0.5, 1.0, 1.5, 2.0,
3.0, 5.0 and 10 min for assay.

2.4. Batch Continuous Extraction

A five-stage batch continuous extraction test was carried
out in 100 mL hexagonal glass jars immersed in a

temperature controlled water bath at 40°C. The two phases
were mixed for 5 min using an overhead stirrer. To avoid the
possibility of nickel sulfate crystallization via build-up in the
middle stages, organic solution was inlet in two stages (EXS5
and EX2) as shown in Figure 1. The phase ratio (A/O) was
1:1 in EX1 and EX2 and 2:1 in the stages EX3-5 (Figure 1).
The organic solution consisting of 0.5 M Cyanex 272 in
Escaid 110 was pre-loaded with 9.2 g/L Ni to maintain the
required pH and avoid introducing other impurities via pH
adjustment. The pre-loaded organic solution was prepared by
contacting the organic solution with an aqueous solution
containing 30 g/L Ni at pH 6.0, A/O of 2:1 and 40°C. Both
aqueous and organic solutions were pre-heated to 40°C. The
test was continued for 15 contact rows when the metal
concentrations in the raffinate were almost constant (Figure
1). Mixed solutions were sampled, prepared and analyzed.

i Organic Aqueous
&g::}-t) (20 mL) (,?0 mL)
[Exs = Exs X3 o= x2 o= exa
l_ :
Raffinate E Loaded organic
\Y
@ » Row-1
® ®
@ @ Row-3
A 4
Continue Row-15

Raffinate

Loaded organic

Figure 1. A schematic flowsheet of the batch continuous test.

3. Results and Discussion

3.1. Metal Extraction pH Isotherms with Cyanex 272 and P
507

Cyanex 272 and P 507 are analogues of acidic phosphorus

extractants which are commonly used for nickel and cobalt
separation. Both extract calcium and magnesium stronger
than nickel with very different separation efficiencies. Minor
calcium can be readily removed from nickel solution by
D2EHPA (Di-(2-ethylhexyl) phosphoric acid), another acidic
phosphorus extractant [16], due to their high separation
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efficiency. However magnesium separation from nickel is
poor, resulting in difficulty in its removal. To search the
capability of magnesium removal using Cyanex 272 and P
507, Metal extraction pH isotherms were obtained using 0.5
M Cyanex 272 (Figure 2) and 0.5 M P 507 (Figure 3) organic
solutions and a synthetic concentrated nickel solution.

High magnesium extraction was obtained in the pH range
of 5.5-6.0 with the highest extraction of 85% at pH 5.5 with
0.5 M Cyanex 272 system. Less than 5.3% of nickel was
extracted in the pH range tested, leading to a good separation
of magnesium from nickel as shown in Figure 2. Slight
decrease in magnesium extraction with the pH increase from
5.5 to 6.0 might be attributed to the competitive extraction of
nickel. The extraction of nickel slightly increased from near
zero to 2.5% when pH increased from 4.0 to 5.5, and then
more rapidly to 5.3% as the pH increased to 6.0. As slight
increase in nickel extraction can lead to a significant increase
in nickel loading in the organic solution due to its high
concentration in the aqueous feed (106 g/L), it is important to
control nickel extraction to a low level. For example, 2.65
g/L nickel was loaded in the organic solution at pH 5.5 with
the extraction of 2.5%, and increased to 5.62 g/L with the
extraction of 5.3% at pH 6.0. The extraction of calcium was
low, varying from 8% to 14% in the pH range of 4.0-5.5, and
finally reached 20% at pH 6.0. It is suggested that calcium is
difficult to remove from the solution using Cyanex 272
system. Low calcium extraction favors to avoid the risk of
gypsum formation by accumulation [24, 25]. Calcium, if
exist, can be removed by solvent extraction with D2EHPA as
discussed previously.
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Figure 2. Metal extraction pH isotherms with 0.5 M Cyanex 272 organic
solution.

The extraction of magnesium with 0.5 M P 507 organic
system (Figure 3) was higher than those obtained with 0.5 M
Cyanex 272 organic system (Figure 2). For example,
magnesium extraction was 82% with the 0.5 M P 507 organic
system at pH 5.0 compared to 56% using 0.5 M Cyanex 272
organic system. However, nickel extraction with the P 507
organic system was also significantly higher than that with
the Cyanex 272 system, leading their poorer separation. At
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pH 5.0 and 5.5, nickel extraction reached 5% and 10% with
the P 507 organic system, respectively, while they were only
2.5% and 5.3%, respectively, with the Cyanex 272 organic
system. The extraction of calcium was also stronger with P
507 than that with Cyanex 272. Unlike the extraction of
magnesium and nickel, calcium extraction decreased with
increasing pH, indicating that the extraction was significantly
suppressed by the competitive extraction of magnesium and
nickel. As a result, maximum extractions of magnesium and
calcium occurred at different pH values, resulting in the
difficulty in their simultaneous removal from nickel using P
507 system, although some investigations have carried out
for this purpose [21].
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Figure 3. Metal extraction pH isotherms with 0.5 M P 507 organic solution.

Separation factors of magnesium and calcium over nickel
(SFumgni and SFcqni) with 0.5 M Cyanex 272 and 0.5 M P 507
organic systems were calculated (Table 1). SFy,n; reached a
maximum value of 215 at pH 5.5 with Cyanex 272, and then
decreased to 51 at pH 6.0, indicating that appropriate pH control
is vital to achieve good magnesium and nickel separation using
Cyanex 272 system. With P 507 system, maximum SFyyn; was
88 at pH 5.0, indicating that magnesium selectivity over nickel
was poorer than that using Cyanex 272 system due to the higher
nickel extraction. The largest separation factor of SFc,n; was
215 at pH 4.0 where the separation factor of SFygni was only 34,
again, indicating that simultaneous separation of calcium and
magnesium from nickel is difficult with P 507 system. Although
the highest magnesium extraction was 89% with the P 507
system at pH 5.0 slightly higher than that of 86% with the
Cyanex 272 system at pH 5.5, Cyanex 272 is preferred for
magnesium removal from nickel solutions due to its much better
selectivity.

Table 1. Separation factors (SF) of magnesium and calcium over nickel with
the two organic systems.

H Cyanex 272 P 507
p SFMg/Ni SFCa/Ni SFMg/Ni SFCzl/Ni
4.0 65 41 34 215
4.5 104 29 63 78
5.0 153 18 88 22
5.5 215 3.5 78 4
6.0 51 4.3 - -
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3.2. Effect of Cyanex 272 Concentration

The effect of Cyanex 272 concentration on metal
extractions was determined at pH 5.5 and an A/O ratio of 1:1
(Figure 4). All metal extractions increased with increasing
Cyanex 272 concentration due to more extractant available.
The extraction of magnesium was 32% and 62% with 0.14 M
and 0.27 M Cyanex 272, respectively, while nickel extraction
was negligible, indicating very good separation of
magnesium from nickel. Significant amounts of nickel and
calcium were extracted when Cyanex 272 concentration was
increased to 0.81 M and 1.08 M. Nickel and calcium
extraction reached 7% and 30%, respectively with 0.81 M
Cyanex 272 (Figure 4). According to the metal loading in the
organic solution at different Cyanex 272 concentrations,
organic used percentage by metal loading (Organic usage (%)
= ([Metal]o.x2)/[Cyanex 272]x100) were calculated in
Table 2. The organic used by magnesium was 63.7% and
63.4% at Cyanex 272 concentration of 0.13 M and 0.25 M,
respectively. It decreased to 42.7% when the Cyanex 272
concentration increased to 0.50 M. At the same time, the
organic used by nickel and calcium extraction significantly
increased. This suggested that high magnesium loading could
strongly suppress the extraction of nickel and calcium. The

separation factors of SFygni and SFygc. under various
Cyanex 272 concentrations are also given in Table 2. It can
been seen that both SFyni and SFygca decreased with the
increase in Cyanex 272 concentration, indicating that
lowering Cyanex 272 concentration is favorable to the
separation of magnesium from nickel and calcium.
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Figure 4. Effect of Cyanex 272 concentration on the metal extraction at pH
5.5.

Table 2. Organic usage by metal loading and separation factors (SF) at various Cyanex 272 concentrations.

Concentration Metal extraction (%) Metal occupation (%) SFuun: SF
™M) Mg Ca Ni Mg Ca Ni Total KA M
0.13 324 0.7 0.1 63.7 0.14 3.57 67.4 356 74
0.25 61.1 2.3 0.5 63.4 0.25 6.05 69.7 336 69
0.50 86.7 15.3 2.6 42.7 0.83 16.8 60.0 248 35
0.75 90.8 30.7 6.7 29.7 1.11 28.4 59.2 138 21
1.00 93.9 35.0 14.3 22.3 0.95 44.3 67.6 92 29

(Organic usage (%) = ([Metal]og. X2)/[Cyanex 272] X100).
3.3. Effect of A/O Ratio and McCabe Thiele Diagram

Metal extractions under various A/O ratios with 0.5 M
Cyanex 272 at pH 5.5 are shown in Figure 5. The extraction
of the three metals increased with the decrease in A/O ratio
again due to the increase in extractant availability.
Significant nickel and calcium were extracted when A/O
ratio was smaller than 2:1. At an A/O ratio of 2:1, the
extraction of nickel was negligible and calcium extraction
was about 2%, and then they rapidly increased to 35% and
64%, respectively at A/O ratio of 1:4 (Figure 5). The
organic used percentage by metal loading and separation
factors under various A/O ratios are given in Table 3. With
the decrease in A/O ratio, the percentage used by
magnesium loading decreased, whereas used for nickel and
calcium was increased. This is very similar to that by
varying Cyanex 272 concentration as discussed previously.
Clearly, it is suggested that more extractant available free
from magnesium extraction will be largely used for the
extraction of nickel and calcium, resulting in poorer
separation of magnesium from them. Therefore, it is very
important to well control the organic concentration or A/O
to limit excess extractant available for the nickel extraction.

For example, the highest SFyoni was 279 at A/O ratio of 2:1
and rapidly decreased to 74 at A/O ratio of 1:4 (Table 3).
Similarly, SFygc, was 71 at A/O ratio 2:1 and decreased to
21 at A/O ratio of 1:4. Lowering A/O ratio can avoid
gypsum formation and nickel sulfate crystallization by
limiting their extraction in a continuous process. The
McCabe Thiele diagram of magnesium extraction is
constructed and shown in Figure 6. It is indicated that three
theoretical stages are required to almost completely extract
the magnesium from the synthetic solution using 0.5 M
Cyanex 272 at A/O of 1:1.

Table 3. Organic used percentage by metal loading with Cyanex 272 system
and separation factors (SF) under various A/O ratios.

Organic used percentage (%)

A/O Mg Ca Ni Total SFuan SFigca
4:1 69.2 0.11 6.56 75.8 221 107

2:1 62.0 0.25 8.15 70.4 279 71

1:1 42.7 0.83 16.5 60.0 236 33

1:2 24.2 1.11 30.9 56.3 180 24

1:3 16.7 1.05 36.8 54.5 136 18

1:4 12.4 0.86 53.6 66.8 74 21
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Figure 5. Effect of A/O ratio on metal extraction with 0.5 M Cyanex 272 at
pH 5.5.
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Figure 6. Magnesium extraction distribution isotherm and its McCabe
Thiele diagram.

3.4. Metal Extraction Kinetics

Metal extraction kinetics was studied to determine the
appropriate contact time for the continuous test (Figure 7). From
Figure 7, it can be seen that all extractions of magnesium, calcium
and nickel were fast, reaching equilibrium within 0.5 min.
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Figure 7. Metal extraction kinetics with 0.5 M Cyanex 272 at an A/O ratio
of 1:1 and 40°C.
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3.5. Batch Continuous Test

According to the McCabe Thiele diagram (Figure 6),
magnesium can be completely extracted from the synthetic
solution in three theoretical stages with 0.5 M Cyanex 272
at A/O of 1:1. However, it is predicted that large amounts
of nickel and calcium will be extracted in last stages due
to lower magnesium concentration, leaving large amount
of Cyanex 272 free for nickel and calcium extraction. This
will result in the build-up of nickel and calcium in the
middle stages, potentially leading to the risk of nickel
sulfate crystallization and gypsum formation. To ensure
efficient magnesium extraction and suppress nickel and
calcium accumulation, five stages were used in the batch
continuous test where a higher A/O ratio of 2:1 was used
in the last three stages (as shown in Figure 1). A
pre-loaded organic solution containing 9.2 g/L (0.16 M)
Ni was used. It was 1.1 times stoichiometrically of the
amount required for the exchange with 3.4 g/L (0.14 M)
Mg in the synthetic solution. As reported elsewhere [26],
nickel pre-loaded organic solution was used to avoid the
introduction of other impurities via pH adjustment using
base. During the test, the extraction pH in each stage was
well maintained in a range of 5.5-5.7 without adding
alkaline solution for the pH adjustment. Metal extraction
distribution profiles in the organic and aqueous phases are
shown in Figures 8 and 9, respectively. A rapid increase in
magnesium concentration from EX3 to EX2 then to
EXlwas observed in the organic phase (Figure 8),
suggesting that significant magnesium extraction occurred
in EX1 and EX2. Magnesium concentration in aqueous
phase decreased rapidly from the feed to EX1 and then to
EX2 as shown in Figure 9. Magnesium concentration in
discharged nickel solution (EX5 aqueous phase) was 38
mg/L  which could meet the requirement of nickel
electrowinning [19]. This corresponds to 98.9% of
magnesium extraction over five stages.

Nickel concentration in the organic phase increased
slightly from the feed organic to EXS5, then gradually
decreased from EXS5 to EX2, and finally decreased rapidly
to EX1 (Figure 9). This indicated that a small amount of
nickel was extracted in stage 5, then the pre-loaded nickel
was gradually exchanged with magnesium, and stripped to
the aqueous phase. Significant exchange between nickel
and magnesium occurred from EX2 to EX1 which was
consistent with the magnesium extraction (Figure 8).
Nickel in EX1 organic phase was approximately 2 g/L
(Figure 8) and will be discharged together with the
magnesium. The discharged nickel can be recycled by
scrubbing. There was no obvious build-up of nickel in any
stages owing to the higher A/O ratio used in the last three
stages. Calcium concentration distributions were near flat
in both organic and aqueous phases, indicating that no
calcium build-up occurred, effectively inhibiting gypsum
formation. Therefore, no gypsum formation was observed
during the continuous test.
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Figure 9. Metal extraction distribution profile in the aqueous phase.

4. Conclusions

Magnesium can be readily removed by solvent extraction
using Cyanex 272 to meet the requirement of nickel
electrowinning. It should be very useful for magnesium
removal from a concentrated nickel solution usually obtained
from MHP (mixed hydroxide precipitation) treatment during
nickel laterite processing. Unlike the conventional method by
fluorite precipitation, solvent extraction method using
Cyanex 272 for nickel purification from magnesium
contamination could avoid the risk of environmental
pollution. The separation factor of magnesium over nickel
with Cyanex 272 reached >200, much better than its
analogue of P 507. The optimized pH for magnesium
extraction with Cyanex 272 was 5.5 with very low extraction
of nickel and calcium. In a batch continuous operation,
nearly 99% Mg was removed from the synthetic re-leach
solution in five-stages extraction at an A/O ratio of 1:1 for
the first two stages and 2:1 for the last three stages, leaving
less than 50 mg/L Mg in the purified nickel solution.
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