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Increased demand by the battery industry for high-purity cobalt and nickel sulphate salts
has resulted in base-metal refineries in Southern Africa considering improvements in the
quality of their products. There is a need for additional purification of the crude metal
that contains a number of elements at concentration levels of 0.1-1 g/L. Ion-exchange
technology is believed to be the most attractive method for such purification; however,
there are a limited number of conventional ion-exchange resins available. The variety of
commercial solvent-extraction reagents and their properties is much higher. Thus use of a
solvent-impregnated resin carrying a selective reagent is a relatively simple approach to
purify a high-grade single element stream. Results presented in this paper showed that
solvent-impregnated resins can be relatively easily prepared in the laboratory and tested
for ability to address a specific niche problem. Performance of new products can be easily
evaluated before resin producers are approached to manufacture on a commercial basis.

INTRODUCTION

Unlike the precious metals, such as gold and silver, which are often purchased for investment rather
than for commercial use, base metals are all notable for their industrial applications, principally in
automobiles (aluminium, nickel), packaging (aluminium, tin), building and infrastructure
(aluminium, copper, nickel, iron, zinc), electronic and electrical components (copper, lead, tin) and
many other applications (Geman & Smith, 2012). The prices of individual metals are essentially
determined by supply and demand.

The latest increase in commodity prices and steady outlook for the markets of hybrid and electric cars
resulted in sharp increases in the prices of nickel and cobalt metals/salts of high purity used for
battery production. General specifications for battery-grade nickel and cobalt sulphate salts are given
in Table I and II, respectively. For the majority of impurities present in liquors prepared for the
crystallization of the respective salts, the concentration should be below 5 mg/L. Such a concentration
level is typically very difficult and expensive to reach using conventional solvent extraction or
precipitation technologies.

BACKGROUND

Problem Statement

Historically, the majority of base-metal refineries based in Southern Africa generate crude metal
streams containing a number of impurities at concentration levels of 0.1-1 g/L. To produce cobalt and
nickel metals or salts of sufficiently high purity, the concentration of impurities has to be reduced to
the levels specified in Table I and II. This would require additional purification.
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Table I: NiSO4+-6H,0 purity specifications as per Umicore and AML (Palm, 2017), (AML, 2016).

Salt specification | Solution specification
Element . - . .
Concentration Unit Concentration Unit
Ni 22.3 % 120 g/L
Co 10 mg/kg 5 mg/L
Cu 2 mg/kg 1 mg/L
Fe 5 mg/kg 3 mg/L
Cd 2 mg/kg 1 mg/L
Zn 2 mg/kg 1 mg/L
Pb 2 mg/kg 1 mg/L
Al 5 mg/kg 3 mg/L
Ca 5 mg/kg 3 mg/L
Mg 5 mg/kg 3 mg/L
Mn 5 mg/kg 3 mg/L
Table 11: Typical battery-grade CoSOy4-7H,0 purity specifications (Haus, 2017).
Salt specification Solution specification
Element ; - - -
Concentration Unit Concentration Unit
Co 20.5 % 50 g/L
Ca 50-100 mg/kg 12--24 mg/L
Cd <5 mg/kg <1 mg/L
Cu <10 mg/kg <2 mg/L
Fe <10 mg/kg <2 mg/L
K 50-100 mg/kg 12-24 mg/L
Mg 50-100 mg/kg 12-24 mg/L
Mn <5 mg/kg <1 mg/L
Na 50-100 mg/kg 12-24 mg/L
Pb <10 mg/kg <2 mg/L
Zn <10 mg/kg <2 mg/L
Ion exchange (IX) is a well-established technology for purification/separation in

hydrometallurgical field. The advantage of IX over other methods such as solvent extraction (SX) or
precipitation is that this technology can polish the targeted metals efficiently to concentrations below
1 mg/L. Unfortunately, the number of conventional commercially available IX resins that are highly
selective to a specific impurity in a high cobalt or nickel background is limited (Sole et al., 2016).

For purification of cobalt and nickel electrolytes, resins with aminomethylphosphonic, iminodiacetic,
bispicolylamine and hydroxypropylpicolylamine groups are usually considered; however, these
resins can only be implemented for certain impurities. Development and commercialization of a new
IX resin with functional groups crafted onto a polymeric matrix requires large investment and around
10-20 years’ timeframe.

Solvent-impregnated resins (SIRs) combine the advantages of both SX and IX by dispersing a liquid
complexing agent in a solid polymeric medium (resin). Once a suitable carrier and reagent has been
identified, it is relatively easy to produce a new adsorbent on a commercial scale. Owing to the
versatility of organic extractants available on the market, there exists potential for a wide range of new
products. An added advantage of SIR is that both single reagent and synergistic mixtures can be easily
transferred onto the resin matrix.

SIR technology is not an unexplored field. Currently, Lanxess produces two types of SIR for the
mining industry on commercial scale, i.e., Lewatit VP OC 1026 and TP272 resins impregnated with di-
(2-ethylhexyl)phosphonic (DEHPA) and bis(2,4,4-trimethylpentyl)phosphinic acids (Cyanex 272),
respectively (Zaganiaris, 2016).
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Lewatit VP OC 1026 has proved to be efficient in selective zinc recovery from nickel and cobalt
electrolytes at Vale’s Port Colbourne (Canada) and Anglo American Platinum’s Rustenburg Base
Metal Refinery (South Africa), respectively (Taute et al., 2013). Lewatit TP272 resin entered the market
recently and is aimed at cobalt removal from nickel streams (Vaughan et al., 2016).

TrisKem International is utilizing the principle of SIR for the production of their extraction
chromatographic resins known by the tradename of Eichrom. These products are used for analytical
and radionuclide monitoring purposes, hence are expensive and do not really target the mining or
mass production industry.

The situation of the production of a specific SIR for the mining industry presents a causality dilemma.
Once a market for a product is identified, the resin will be produced.

Development of a New Solvent-Impregnated Resin: Key Steps

Selection of reagent
The first step in designing a new SIR for removal of the targeted element is choosing the extractant. It
has to fulfill the following requirements (Juang, 1999):

¢ has high selectivity for the metal targeted at certain operating conditions;

e possesses high affinity to the polymer (resin) support during and after impregnation;

e must be a liquid or retained in the liquid state after addition of a diluent;

e both the extractant and diluent should have minimal solubility in water or in the aqueous

solutions employed during processing steps (loading, elution);
¢ has to be produced commercially;
e must be affordable for mining industry/application targeted.

Various types of organic extractants may be used for SIR synthesis, such as organophosphorus
compounds, amines, oximes, and S-containing reagents (Zuo & Muhammed, 1995; Juang, 1999; Kabay
et al., 2010).

Selection of support matrix

The choice of carrier for an organic extractant is determined by the physical and chemical properties
of the polymer matrix (such as porosity, uniformity of the pores) and stability of the resultant SIR in
multiple adsorption/elution cycles. Commonly, macroporous non-functionalised resins with a high
specific surface area and abundant pores, good mechanical strength, as well as chemical and physical
stability are considered for the preparation of SIRs (Tang et al., 2017).

The Amberlite XAD-type resins are widely used commercial resins for impregnation by various
researchers. Other supports to be considered are silica gel, kieselguhr, and activated carbons (Tang et
al., 2017). However, owing to physical properties of silica- or carbon-based matrices, their use as a
support on industrial scale can be problematic (possible pressure drop in column operations, loss due
to attritioning, instability of the matrix in acidic/basic conditions, etc.).

Preparation of solvent-impregnated resin
Impregnation of the organic extractant into the polymeric beads can be accomplished by two
means (Juang, 1999; Zagorodni, 2007):

¢ physical impregnation;

e copolymerization of the monomer and crosslinking agent in the presence of the extractants.

Physical impregnation has the advantage over copolymerization of consisting of a simple
impregnation step that can easily be done in hydrometallurgical laboratories.

Copolymerisation is used to produce Levextrel or TVEX resins. These resins are macroporous styrene
divinylbenzene copolymers containing a metal-selective extractant that was added directly to the
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mixture of the monomers during bead polymerization (Marinsky & Marcus, 1997). As such, this type
of impregnation can only be performed by IX manufacturers (Fitzpatrick, 1997). Only some reagents,
such as liquid phosphoric esters, aliphatic amines, aliphatic and aromatic oximes have appropriate
characteristics to be used in Levextrel resin synthesis (Marinsky & Marcus, 1997). Nowadays, Lanxess
uses this technology to produce VP OC1026 and TP272 resins.

Stabilisation of solvent-impregnated resins

The risk associated with SIR applications is possible leakage of the organic from the polymeric
support into the aqueous solution, especially at neutral or alkaline pH. This may result in a gradual
decrease in operating capacity, which is not acceptable from an economic and environmental
perspective (Kabay et al., 2010).

Different approaches have been developed to stabilize SIRs, including conditioning of the
impregnated resin and coating (Alexandratos & Ripperger, 1998; Muraviev et al., 1998; Trochimczuk et
al., 2004; Kabay et al., 2010; Yuan et al., 2010).

Mechanism of extraction with SIR

Researchers have proposed various models for metal recovery by SIR that are based on conventional
IX and SX theories; however, no definitive theory on the recovery mechanism has yet been
established. It was reported that the behaviour of SIRs is often similar to that of SX, whereby
equivalent concentrations of the reagents are used, although the adsorbed complexes on SIRs may be
less solvated than those in organic reagents (Fitzpatrick, 1997; Juang, 1999). In some cases,
immobilisation of the organic reagent affects the rate and mechanism of the metal complexation.

The difference in sorption mechanisms between SIR and SX may be due to the dissimilar
environments in which the reaction takes place. SIR sorption within the pores is expected to have
greater steric hindrance compared with conventional SX, thus retarding the formation of complexes
and increasing the contribution of the chemical reaction to the overall process (Juang, 1999). Any
changes in the extraction mechanism may result in a difference in the performance of the organic
reagent “as is” and immobilised on the resin. Hence, evaluation of SIR resin performance versus pure
organic is desirable in each case.

Practical Issues to be Addressed when using Solvent-Impregnated Resins

Cobalt and nickel sulphates are produced via evaporation/crystallisation and can be high-value
products if of good grade; however, the grade of salt is entirely dependent on the extent of upstream
purification. Gypsum contamination and scaling could cause problems during salt crystallization, as
well as during electrolytic recovery of pure cobalt or nickel metals (Fisher, 2011; Santos et al., 2015).

There are no conventional IX resins that have a high selectivity towards calcium and/or magnesium
and at the same time can remove these elements efficiently from crude cobalt or nickel streams;
however, recent studies revealed that DEHPA and its mixture with Cyanex 272 was successful in the
selective calcium recovery from high-grade nickel solution (Guimaraes & Mansur, 2016, 2017).

Thus, it was decided to address the calcium issue first and evaluate the performance of
organophosphorus extractants and their mixtures once impregnated into a polymer resin matrix for
removal of lo- calcium concentrations (<500 mg/L) from concentrated nickel sulphate solution (120-
140 g/L Ni).

EXPERIMENTAL PROCEDURES
Chemicals and Reagents

A non-functionalised Purolite Purosorb™ PAD610 resin (analogue of XAD7) was used as a polymeric
adsorbent due to its high chemical and mechanical stability, hydrophobic characteristics as well as
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porosity (Purolite, 2018). The following organophosphorus reagents were used: di(2-ethylhexyl)-
phosphoric acid (DEHPA), bis(2,4,4-trimethylpentyl)phosphinic acid (Cyanex 272) and di(2-
ethylhexyl) phosphonic acid (PC88A). Shellsol D70 was used as a diluent to enhance the mobility of
the ionic extractant into the resin beads.

All the chemicals used for the preparation of synthetic feed solutions were of analytical-reagent grade
supplied by Associated Chemical Enterprises.

Analytical Methods and Apparatus

A Mettler Toledo pH meter was used for measurement of pH. All samples generated were submitted
for analysis using atomic absorption spectrophotometry (AAS) and inductively coupled plasma-mass
spectrometry (ICP-MS).

Preparation of Solvent-Impregnated Resins

One litre of as-received PAD 610 resin was washed with acetone and then allowed to air-dry
overnight. The resin was subsequently split into five batches of 50 g each. Each batch was contacted
with a mixture containing 50 g extractant and 50 g diluent in rolling bottles for 24 h at 60°C. During
impregnation with synergistic mixtures, the following mass ratios of reagents were used: 3:1 for
DEHPA and PC88A and 1:3 for DEHPA and Cyanex 272.

After 24 h of contact, the resin was separated from the organic reagents using a Buchner funnel system
and then conditioned by washing with hot deionised water to remove loosely adsorbed and entrained
organic, vacuum filtered and then air-dried for 24 h.

The samples were named DEHPA, Cyanex, PC88, DEHPA + Cyanex, and DEHPA + PC88.

Maximum Resin Loading

A synthetic solution containing 1 g/L zinc was prepared using ZnSO4+7H>O (99% purity) salt, after
which the pH was adjusted to 4 using 1 M NaOH solution. A portion of SIR was contacted with the
solution at a ratio of 1:250 m/v in a glass rolling bottle for 24 h. After loading, the resin was separated
from the solution using 350 pm screen, washed with 20 bed volumes (BV) water (adjusted to pH 4)
and then eluted in batch mode with 50 BV 6 M HCl at 60°C for 24 h (single batch contact).

Calcium and Nickel Loading as a Function of pH

A synthetic feed liquor containing 100 g/L Ni and 0.4 g/L Ca was prepared from Ni»SO4.6H>O (99%)
and CaxSO4-2H>0 (98%) salts, respectively, and used for the testwork. Resins were contacted with a
solution at a ratio of 1:20 in glass rolling bottles. The solution pH was adjusted to the desired pH
values of 2; 2.5; 3; 3.5; 4 and 5 by the slow addition of 1 M NaOH.

After loading, a similar procedure as described above was used for separation. Resin was eluted in
batch with 10 BV 2 M HCl at 60°C for 24 h.

RESULTS AND DISCUSSION

Impregnation

Purolite Purosorb™ PAD610 resin was impregnated using different organophosphorus extractants at
a resin-to-extractant ratio of 1:1 (m/m). Extractant loading, which was calculated as mass increase of
the resin after impregnation (Mreagent/ Micaded resin), is shown in Figure 1.

The mass increase of the resin due to organic adsorption and/or absorption was between 24 and 28 %.

An increase in the resin volume of between 17 and 21% was observed after being impregnated with
organic. The overall resin density increased from 0.46 g/cm? to 0.51-0.54 g/cm3
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Figure 1: Extractant loading onto the impregnated resin.
Capacity

The capacity of commercially available SIRs like OC1026 and TP272 is typically expressed in terms of
maximum zinc loading and quoted to be 13 and 12.5 g/L, respectively (Lanxess, 2011a, 2011b).
Maximum zinc loadings onto SIRs generated for this study were as shown in Figure 2.

DEHPA+PCS88

Zinc loading, g/L
ocnka SRR &GS

SIR ID

Figure 2: Maximum Zn loading onto SIR at pH 4.0.

Zn loading onto the resin impregnated with a single organic extractant decreased in the following
order: DEHPA > PC88 > Cyanex 272, which correlates to the organic acidity. The capacity of PC88-
and Cyanex 272-impregnated resin for zinc may be higher when tested at pH > 4.

The addition of DEHPA to PC88 in a ratio of 3:1 improved the maximum zinc loading capacity at pH 4
when compared with the SIR with PC88 only. The use of both Cyanex 272 and DEHPA in a ratio of 1:3
did not result in a noticeable increase in capacity compared with a SIR with Cyanex 272 only.

Calcium and Nickel Loading S-Curves

The calcium and nickel loading as a function of pH achieved using the various SIRs are presented in
Figure 3 and 4, respectively. The results achieved with commercial Lewatit OC1026 resin are included
for comparative purposes.
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Figure 3: Calcium loading as a function of pH from high-grade Ni sulphate solution.
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Figure 4: Ni loading onto impregnated resins.

The trend in calcium adsorption behaviour (adsorption capacity and optimum pH) observed with
DEHPA-impregnated resin was similar to the commercial analogue; however, selectivity for calcium
over nickel at optimum pH was higher for OC1026, i.e., at pH 3, the OC1026 loaded 1.2 g/L Ca and
2.7 g/L Ni, while DEHPA-containing SIR prepared in the laboratory loaded 1 g/L Ca and 6.5 g/L Ni.
Such a difference can be due to the difference in total capacity of OC1026 (13 g/L Zn) and DEHPA
resin prepared in the laboratory (i.e., 20 g/L Zn).

The performance of DEHPA-impregnated resins (commercially available OC1026 and synthesised in
the laboratory) was similar to that of conventional SX processes where 0.3 M DEHPA diluted in
Exxsol D80 was used for calcium removal from 80 g/L Ni (see Figure 5).
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Figure 5: Extraction of Ca, Mg and Ni by 0.3 M DEHPA (continuous line) or 0.32 M Cyanex 272 (dotted

line), diluted in Exxsol D80 ([Ni] = 88 /L, [Mg] = 3.1 ¢/L, [Ca] = 0.5 g/L, 50°C, A/O ratio =1)

(Guimarides & Mansur, 2017).

No information could be found in the public domain regarding PC88A and Cyanex 272 performance
for calcium extraction from high-grade nickel or cobalt solutions. Testwork with SIR resins (Figure 3)
indicated that the peak in calcium extraction by PC88A shifted one pH unit higher in comparison with
that of the DEHPA resin. The poor extraction of Ca using Cyanex-impregnated resin was observed at

all pH values tested.

Mixing of different organophosphorus reagents resulted in a change in optimum pH and selectivity of

SIRs for Ca over Ni, as shown in Figure 6.
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Figure 6: Selectivity of various solvent-impregnated resins for Ca over Ni at different pH values.

Selectivity coefficient of the SIR samples for calcium over nickel was calculated as per Equation 1:

(Cain the resin,g/L)
(Ca in solution, g/L)

KCa —
Ni (Niin theresin,g/L)
(Niin solution,g/L)

[1]
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An improvement in the selectivity of DEHPA mixtures with PC88 and Cyanex 272 for calcium has to
be highlighted and requires further investigation.

An optimal pH of 6 was reported for an actual SX system where mixture of Cyanex 272 and DEHPA
was evaluated (Guimaraes & Mansur, 2016). Based on Mintek experience (confidential work
conducted for a client), the operation of SIR at pH values close to that of major metal hydroxide
precipitation (i.e., Ni or Co) is risky due to the possibility of hydroxide precipitation inside the resin
beads. In addition, it is not advisable to operate DEHPA-impregnated resins (OC1026) at pH values
higher than 4 due to the risk associated with reagent losses (Lanxess, 2011a).

Hence, PC88 and its mixtures with DEHPA deserve further investigation as a reagent to be
impregnated into the resin matrix for evaluation of calcium polishing from nickel and potentially
cobalt streams.

CONCLUSIONS

An increase in demand for high-purity cobalt and nickel salts highlighted the need for development of
new very selective resins that can efficiently polish targeted elements from high-grade background
solutions.

It takes from 10 to 20 years for a new conventional resin with a specific functional group crafted onto
polymeric matrix to enter the market. However, SIRs are much easier to produce on commercial scale
once a suitable carrier and reagent have been identified.

A number of SIRs containing various organophosphorus reagents and their synergistic mixtures were
prepared in Mintek laboratories and scoping studies for calcium removal from high-grade nickel
sulphate solution were conducted. It was established that:

e the basic characteristics of the resin impregnated with DEHPA were similar to that achieved
with commercially produced OC1026 resin;

o the performance of DEHPA-, Cyanex 272- and Cyanex 272 + DEHPA-impregnated resins
correlated to the results reported for the same reagents not incorporated into the resin matrix.

It was found that resins impregnated with PC88A or its mixture with DEHPA has somewhat better
selectivity for calcium over nickel than the DEHPA-impregnated resin currently available on the
market.

Further optimization work for calcium removal from nickel and cobalt solutions is required; however,
it was shown that the method used for resin impregnation in the laboratory is relatively simple and
hence new products can be evaluated easily before resin producers are approached to manufacture
these on a commercial basis. This provides opportunities for the mining industry to expand the
portfolio of products available, allowing more sophisticated solutions to current process challenges.
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