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Abstract

End-of-life electrical and electronic equipment is the potential secondary resource for
economically-viable precious metals (PMs), e.g., gold (Au), palladium (Pd), or platinum (Pt).
The hydrometallurgical processes produce acidic leachates during the recovery of PMs from
waste sources, while the selective recovery of Au, Pd, or Pt from such a matrix is challenging
either due to the chemical similarities of elements or complexities in the sources and matrices.
A total of nine solid-phase extraction (SPE) systems, all claimed to designed for separation of
PMs from complex matrices, was evaluated at varying solution pH (< 2 to 10) based on the
selectivity towards Au, Pd, or Pt. The observation was used to develop a technique for
selective Au, Pd, or Pt separation from acidic waste solutions using a macrocycle-equipped
SPE. The feed solution flow-rates, eluent-type or compositions has been optimized to achieve
maximum separation efficiency of the target analytes. The relative affinity of the macrocycles
in solid-phase toward the ions (Pd > Au > Pt) is the core phenomenon of the proposed
technique, and the host-guest type interaction is expected to be more stable than the resin-
based separation processes. Furthermore, application of the macrocycle-equipped SPE system
is advantageous regarding economics as it minimizes the impact of coexisting ions in the

matrix and provides unaltered separation performance for several loading-elution cycles.
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1.0 Introduction

Waste of electrical and electronic equipment (WEEE) become an issue of concern [1]
primarily due to the exponential increase in their varieties, volumes, and origins [2], and
being a potential source of hazards to the environment [3] and health [4, 5]. The fast-paced
innovations of electronic products not only decrease the overall life-span [6] but also cause an
imbalance in the supply-demand ratio of raw materials, especially precious metals (PMs) that
are essential for these advanced devices but low in natural abundances [7]. The content of
PMs in WEEE was assumed to be becoming higher than that of the ore itself [7], which
indicates the environmental and economic significance of recycling of such wastes [3, 8, 9].
Recycling of PMs from WEEE is typically combined with mechanical pretreatments to
segregate the value-contained components, such as printed-circuit-boards (PCBs), followed
by hydrometallurgical treatments through leaching [10, 11]. Aqua regia and mineral acids,
e.g., hydrochloric acid (HCI), nitric acid (HNO3) and sulfuric acid are used for the dissolution
of PMs from WEEE-components [12]. Such acidic leachates are further treated for the
recovery of PMs using conventional separation techniques, e.g., solvent extraction [13, 14],
membrane filtration [15], cementation [16, 17], ion exchange [18, 19], adsorption [20, 21],
and so forth.

In terms of the economic incentive, gold (Au) has the highest value among the recoverable
PMs in WEEE, seconded by palladium (Pd) [22]. The physical and chemical properties of Pd
has similarity with platinum (Pt), which also widely used in electrical devices and catalytic
applications [20, 23]. Selective separation of Pd or Pt from the aqueous matrix has been
challenging because of the coordination order between extractants and elements that occur as
follows: Pd(I1) > Pt(I1) > Pt(IV) [23, 24]. A comparable separation efficiency for the [PdCl,]
2~ and [PtCls]*, the chloro-complexes of Pd and Pt in HCI, has also been observed during the

ion-pair separation [23-25]. The Pd or Au in WEEE also remain co-mingled and challenging
3
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to collect selectively due to the complexity of the source, or coexisting elements and alloys at
varying compositions and concentrations in the matrices [10].

In the current work, a technique for the selective separation of Au, Pd, or Pt from the acidic
waste solution using macrocycle-equipped solid-phase extraction (SPE) system is proposed.
Some similar SPE-variants were evaluated regarding the selective retention of Au, Pd, or Pt
along with other critical factors for separation. The unique feature of the proposed technique,
other than using an ion-selective SPE, is the non-destructive approach for the rapid recovery

of the Au, Pd, or Pt from the acidic waste solution.

2.0 Experimental

2.1 Materials

2.1.1 Instruments

The ICAP 6300 ICP-OES (inductively coupled plasma optical emission spectrometer) from
Thermo Fisher Scientific (Waltham, MA) was used for multi-element analysis. The EMT duo
quartz torch in ICP-OES used 1.15 kW radio frequency power. The plasma, auxiliary and
nebulizer gas flow-rates, were respectively, maintained at 12, 1.0 and 0.5 L min™. The
integration time was 30 s, and each measurement was an averaged value of three replicates.
The GL-SPE vacuum manifold kit (GL Sciences, Tokyo, Japan) combining with the CAS-1
air pump (AS ONE, Osaka, Japan) was used for SPE treatments. The Navi F-52 pH meter
from Horiba Instruments (Kyoto, Japan) was used for solution pH measurements. The Arium
Pro automated water purification system from Sartorius Stedim Biotech GmbH (Géttingen,

Germany) was used to obtain the ultrapure water of > 18.2 MQ cm'* resistivities.

2.1.2 Laboratory wares
The laboratory wares used during the experiment are as follows: a) low-density polyethylene

narrow-mouth reagent bottles from Nalgene (Rochester, NY); (b) polypropylene DigiTUBE
4
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(screw-capped) from SCP Science (Quebec, Canada); (c) polyethylene Spitch Tube (screw-
capped); (d) polypropylene volumetric flasks from AS ONE (Osaka, Japan), and micropipette
tips from Nichiryo (Tokyo, Japan). All the laboratory wares were pre-cleaned by sequential
overnight soaking in the Scat 20X-PF alkaline detergent (Nacalai Tesque, Kyoto, Japan),
rinsing with ultrapure water, nightlong dipping in HCI (4 mol L™*) (Kanto Chemical, Tokyo,

Japan) followed by thorough washing with ultrapure water.

2.1.3 Reagents

Analytical grade reagents were used throughout without any further treatment. Analytical
standards (1000 mg L™) of Au, Pd, and Pt from Kanto Chemical (Tokyo, Japan) were diluted
to prepare working solutions. Strontium chloride hexahydrate, barium chloride dihydrate,
nickel nitrate, ammonium chloride (Kanto Chemical, Tokyo, Japan), cobalt chloride
hexahydrate (Wako Pure Chemical Industries, Osaka, Japan), sodium chloride, potassium
chloride, magnesium nitrate hexahydrate, calcium chloride dihydrates, (Nacalai Tesque,
Kyoto, Japan) were used to prepare the simulated mixed matrix. Ammonium chloride, HCI,
sodium hydroxide (NaOH) and thiourea, all procured from Kanto Chemical (Tokyo, Japan),
were the other reagents used in the experiment.

2-(N-Morpholino)ethanesulfonic acid hydrate (MES) from Sigma-Aldrich (St. Louis, MO), 4-
(2-Hydroxymethyl)-1-piperazinyl)ethanesulfonic acid (HEPES) from Nacalai Tesque (Kyoto,
Japan) and N-(tris(hydroxymethyl)methyl)-3-amino-propane sulfonic acid (TAPS) from MP
Biomedicals (Solon, OH) were used as buffer reagents to maintain solution pH, respectively
in the range of 3-5, 6-8 and 9-10. The solution pH < 2 was achieved with concentrated HCI,
while HCI or NaOH (1 mol L™) was added to the solution for the adjustment of a specific pH

from 2 to 10.
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2.1.4 Certified reference material (CRM) and real sample
ERM-CA713, a CRM for trace elements in wastewater, from European Commission's Joint
Research Centre (Geel, Belgium), and plating process-waste solution supplied by Sasaki

Chemical (Kyoto, Japan) was used for the method validation.

2.1.5 SPE systems

Column-packed (3 mL) SPE systems (particle mesh size, 60-100; density, 0.4 g mL™; Fixed-
bed SPE-particle volume, ~500 mg) of AnaLig PM-series (PM-01, PM-02, PM-03, PM-05,
PM-06, PM-07, and PM-08) and AnaLig Pd-series (Pd-01 and Pd-02) as supplied by GL
Sciences (Tokyo, Japan) were used. The SPE systems described to be equipped with
macrocycles attached to the silica-gel base support [26] and claimed to possess selectivity

towards a specific ion or group of ions from mixed matrices [27].

2.2 Methods

2.2.1 Separation of ions

The MRT-SPE systems are evaluated for the separation of ions from the simulated waste
matrix, with the objective to optimize the operating conditions, e.g., pH, flow-rates, eluent,
and so forth. A complete cycle of SPE-operation includes five phases: rinsing or regeneration,
conditioning, loading, pre-elution wash, and elution. The rinsing or regeneration of MRT-
SPEs was conducted using HCI (6 mol L™*; 5 mL) followed by ultrapure water (10 mL). The
conditioning of SPE-columns for maintaining the desired pH was achieved by passing MES,
HEPES, or TAPS buffer solutions (0.1 mol L™*; 20 to 50 mL). The loading phase aided the
retention of target ions (Au, Pd, and Pt) from feed solution (>3 mL) onto the element-
selective SPE-particles (PM- or Pd-series) from the solution charged into the columns. The
pre-elution wash phase (ultrapure water; >3 mL) eliminated any remaining feed solution

from the SPE-columns. The elution step back-extract the retained element with a suitable
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solvent (acid, base, or chelator) forming a liquid concentrate of the target element. The SPE-
operation cycle restarts with regeneration step. The feed solution (B), and the effluents from
the loading (S), pre-elution wash (W), and elution (E) phases were analyzed using ICP-OES.
The retention and recovery rates of target elements at the SPEs were computed using Eq (1)

and (2).

2 X 100 1)

Extraction (%) =

E
B-S-W

Recovery (%) = x 100 (2)

The corresponding Au, Pd, or Pt retention rates at different feed solution flow-rates or the
recovery with different eluents at varying flow-rates or solvent-volumes has been studied to

select the optimized separation performance.

2.2.2 Determination of enrichment factor

Enrichment factors for the Au, Pd, or Pt separation with the SPEs based on the corresponding
selectivity behaviors were evaluated. The SPE-operation cycle was followed with the
modification in Au, Pd, and Pt-containing feed solution volume (100 to 1000 mL) in the
loading phase. Optimized separation conditions as determined in the previous step was used.

The eluent was analyzed using ICP-OES, and the enrichment factor was calculated using Eq

3):

. Feed solution volume
Enrichment factor = 3)

Eluent volume

3.0 Result and Discussion

3.1 Retention of Au, Pd, or Ptin SPEs

3.1.1 Effect of solution pH
The retention behavior of PM- or Pd-series SPEs at varying pH of 2 to 10 has been studied
using a simulated mixed matrix solution containing 30 pmol L™ Au, Pd, and Pt. The PMs

7
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(Au, Pd, or Pt) were retained quantitatively (> 95%) up to pH 4, except for PM-05, in every
other SPEs included in the current work. The Au-extraction plummeted as the pH changed
from acidic to neutral and after that, and the SPEs unable to capture Pd at solution pH > 8.
The PM-05 quantitatively captured Au and Pd from the acidic matrix, while the maximum of
Pt contents (> 90%) flow-through with the effluents from the loading (Figure 1). The
decrease in metal retention at high pHs might be due to the formation of neutral and negative
species at these pHs.

The PM-containing leaching solution from the hydro-metallurgical process usually of low pH
[10]. Therefore, the retention of PMs in PM-05 from HCl-induced solution (2 to 6 mol L™;
pH < 2) was evaluated to observe Au or Pd extraction as high as 95% or more, followed by a
Pt-retention rate of 3% or less (Figure 2). The Au, Pd, or Pt remains as chloro-complexes at
low solution pHs, i.e., in the acidic matrix [28, 29]. Macrocycles can be designed for specific
ion separations based on the size, configuration, charge, and so forth [27, 30, 31]. The
differences in the retention behavior of PM-05 towards Au, Pd, or Pt might be attributable to
the corresponding variations in the thermochemical radii (radius/nm) of the chloro-complexes
of Au (0.288 + 0.019), Pd (0.313 £ 0.019), and Pt (0.333 £ 0.019) [32]. The higher efficiency

of PM-05 SPE-system has thus been confirmed for retention of PMs from acidic wastewater.

3.1.2 Effect of feed solution flow-rates

The sample loading flow-rates in SPEs influences the retention of analytes, which supposed
to be low enough to enable efficient extraction and adequately high to avoid excessive
duration [33]. The feed solution flow-rates, as controlled using a stopcock in SPE-column
and an auto-flow speed controller unit, was adjusted in the range of 1 to 180 mL min™ to

evaluate the retention of Au, Pd, or Pt in PM-05. The retention rate for Au or Pd was > 95%
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at a 50 mL min™* flow-rate or less, while the Pt-extraction was below 4% (Figure 3). The feed

solution flow-rates, therefore, has been maintained < 50 mL min™ for all the experiments.

3.1.3 Effect of coexisting ions

The retention of analytes in SPEs is often interfered due to the coexisting matrix components
[33, 34]. The PM-containing components in WEEE, e.g., PCBs, include several elements at
different proportions [35]. The selectivity towards Au, Pd, or Pt in PM-05 in the presence of
common coexisting ions (Na*, K*, Ba*, Mg?*, Ca?*, Ni**, Sr**, Co**, Cu*, Pb**, Fe*', and
APP") was studied. Simulated solutions containing 30 pmol L™ each of Au, Pd, or Pt was
spiked with varying concentrations (3 to 300 mmol L™) of different cations and treated in
PM-05 at optimized conditions. An optimum tolerable concentration ratio (ion: analytes = 1 x
10%) was computed in the presence of Na', K*, Ba', Mg**, Ca?*, Ni**, Cu®* and Pb** in Au;
Na*, K, Ba", Mg®*, Cu** and Pb?* in Pd, while it is reduced by 10 times for Co**, Fe** and
AP in Au; Ca?*, Ni**, Co®*, Fe*" and AI**in Pd (ion: analytes = 1 x 10°) and 100 times for
Sr?* in Pd solutions (ion: analytes = 1 x 10%) in PM-05 (Figure 4).

3.1.4 Retention capacity

The retention capacity of an SPE-sorbent determines the sorbent volume required for
quantitative enrichment of an analyte from the matrix, is a useful analytical variable for SPE-
assisted separation [36, 37]. A simulated mixed matrix of Au, Pd, or Pt (0.5 mmol L™) in HCI
(1 mol L™) was used to evaluate the retention capacity of PM-05 SPE-system (Figure 5). The
content of retained Au or Pd increased up to 140 mL feed solution followed by a gradual
decrease of Au-retention, while Pd-retention continued until the saturation at 250 mL sample
volume. The maximum Pd-retention capacity of PM-05 was computed as 0.22 mmol g~ or 23

mg g . The retained Au within the SPE was replaced with Pd at > 140 mL sample volume


http://dx.doi.org/10.1016/j.microc.2018.02.025

Microchemical Journal 139: 174-180
The original publication is available at: http://dx.doi.org/10.1016/j.microc.2018.02.025

and entirely back-extracted with the feed solution volume of > 250 mL. Therefore, the

retention capacity of PM-05 SPE-system was at the following order: Pt < Au < Pd.

3.2 Recovery of Au, Pd, or Pt from SPEs

3.2.1 Selection of eluent

High enrichment factor in a selective separation process can be achieved using a solvent that
could elute the analyte with a minimum volume and does not affect the determination of
analytes [38, 39]. The effect of different solvents (HNOs, NH3, HCI, thiourea; 1 mol L™),
and a mixture of thiourea in HCI (1: 0.5 mol L™) has been checked for the desorption of
retained Au or Pd from PM-05 SPE-system. The recovery of analytes was notable with
thiourea (> 82%), while a quantitative elution (> 96%) was observed for thiourea in HCI mix
(Figure 6a). The effect of thiourea concentration with the mixtures of 0.5 mol L™ HClI in the
back extraction has also been studied. The recovery ratio was gradually increased with the
increase of thiourea concentration, and remain unchanged at > 1 mol L™ (Figure 6b). Hence,
1: 0.5 mol L™ mix of thiourea in HCI is used for further experiments. Acidic thiourea solution
has been recommended as an eluent for the recovery of PMs from SPEs in other reported

works as well [40, 41].

3.2.2  Enrichment factor

The enrichment factor for the separation of Au or Pd using PM-05 was checked using a
simulated acidic waste solution containing 60 pug Au and 650 pg Pd in HCI (1 mol L™). The
content of Au or Pd resembled that of a real plating-process waste solution. The feed solution
volume was varied from 100 to 1000 mL with an upward interval of 100 mL, and quantitative
retention of Au or Pd was observed throughout. The retained ion was back-extracted using

two mL of acidic thiourea solution (1:0.5 = thiourea: HCI) at an eluent flow rate of 1 mL

10
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min~. A maximum enrichment factor of 500 was, hence, computed with <4% relative

standard deviation that indicated sufficient accuracy and good precision.

3.3 Protocol for selective separation of Au, Pd, or Pt

A multi-step SPE-assisted protocol for the selective separation of Au, Pd, or Pt from the
acidic agueous matrix of the hydrometallurgical process was designed based on the retention
behavior of PM-05, as described in Section 3.1.4. A mixed matrix containing Au, Pd, or Pt
was allowed to pass through the SPE-system until the saturation point that allowed retention
of only the Pd within SPE (step 1). The Au or Pt was collected in the effluents from the
loading, which is further passed through the PM-05 to retain the Au within the SPE and to
collect Pt as a component of the effluent (step 2). The retained elements in the solid phase of
PM-05 at the operating steps 1 and 2 were quantitatively eluted using acidic thiourea solution

(thiourea: HCI = 1:0.5). The protocol is schematically illustrated in Figure 7.

3.4 Reusability of the SPE-system

An SPE-assisted separation protocol would be economical if the SPE-system can be
regenerated with negligible performance loss and reused [42, 43]. The macrocycle-equipped
PM-05 system subjected to the repeated complete cycle of SPE-operation using a simulated
acidic waste solution containing Au, Pd, or Pt (30 pmol L™) in HCI (1 mol L™) matrix. The
retention rate was > 97 £ 2% for Au or Pd after 100 cycles followed by a recovery rate of >
98 + 3%. Therefore, the PM-05 can sustain more than 100 loading and elution cycles without

any loss of analytical performance.

3.5 Accuracy and applications
The accuracy of the proposed separation protocol for Au, Pd, or Pt was evaluated by
analyzing simulated acidic waste matrix prepared using ERM-CA71, and real plating

process-waste solution. The composition of the matrices and the recovery ratio for the target

11
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analytes after SPE-assisted treatment are shown in Table 1. The estimated recoveries of the

target analytes were satisfactory (CRM: > 95.1%; plating process-waste solution: > 97.8% ).

4.0 Conclusion

A protocol for the selective separation of PMs (Au, Pd, or Pt) from acidic matrix has been
proposed using macrocycle-equipped PM-05 SPE-system. The retention ability of PM-05,
which was varied in the following order: Pd > Au > Pt, was used to develop the protocol. A
negligible influence of feed solution flow-rates (< 50 mL min™) and coexisting matrix ions
was observed. A quantitative back extraction of Au or Pd, retained in the PM-05, was
possible using an eluent mix of thiourea in HCI (1: 0.5). The enrichment factor of the
protocol for the selective separation of PMs was > 500, and the SPE-system successfully
sustained 100-cycle of a complete SPE-operation. The method was validated using a CRM
and real process-waste solution and could be considered as an environment-friendly
economic option for the recovery of PMs from acidic leaching waste of the metallurgical

process.
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Table 1: Application of the proposed separation protocol for the selective recovery of Au, Pd,

and Pt from Certified Reference Materials (CRM) and real plating waste solution (n = 3)

Analyte Composition Added content Recovery
(umol L) (umol L) (%)
ERM- Plating ERM- Plating ERM- Plating
CA713 waste CA713 waste CA713 waste
Au - 0.3 5.2 - 95.1+1.0 999+04
Pd - 6.1 5.2 - 97.8+25 97810
Pt - 0.1 5.2 - 98.1+0.8 98.4+0.7

‘-7 stands for ‘not mentioned’ or ‘no added content.’
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Figure 1: Retention of Au, Pd, or Pt in the SPE-systems. Feed solution, Au, Pd and Pt (30
umol L™) in H,0; solution pH, 2 to 10; feed solution volume, 3 mL; loading flow-rate, 3 mL

min™ (n = 3)
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Figure 2: Effect of HCI-induced acidic conditions (< pH 2) in comparison to the solution pH
(2 to 5) on the retention of Au, Pd, and Pt in PM-05 SPE-system. Feed solution, Au, Pd and

Pt (30 pmol L™) in H,O; feed solution volume, 3 mL; loading flow-rate, 3 mL min™ (n = 3)
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Figure 3: Effect of feed solution flow-rates on the retention of Au, Pd, and Pt in PM-05 SPE-
system. Feed solution, Au, Pd and Pt (30 pmol L™) in HCI (1 mol L™); feed solution volume,

3 mL; loading flow-rate, 1-180 mL min™ (n = 3)
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Figure 4: Effect of coexisting elements in the matrix on the retention of Au, Pd, and Pt in
PM-05 SPE-system. Feed solution, Au, Pd and Pt (30 pmol L™) in HCI (1 mol L™); content
of coexisting analytes in matrix, 3 to 300 mmol L™; ion to analyte ratio, 1:10,000, 1:1,000, or

1:100; feed solution volume, 3 mL; loading flow-rate, <50 mL min™ (n = 3)
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Figure 5: Retention capacity of Au, Pd, and Pt in PM-05 SPE-system. Feed solution, Au, Pd
and Pt (0.5 mmol L™ in HCI (1 mol L™); feed solution volume, 0-350 mL; loading flow-rate,

<50 mL min™* (n = 3)
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Figure 6: Effect of (a) eluent type (Elu-1, 1 mol L™ HNO3; Elu-2, 1 mol L™ NH3; Elu-3, 1
mol L™ HCI; Elu-4, 1 mol L™ thiourea; Elu-5, 1 mol L™ thiourea in 0.5 mol L™ HCI), and
(b) thiourea concentration (0.01 to 1.5 mol L™) in the mixture with 0.5 mol L™ HCI on the
retention of Au, Pd, and Pt in PM-05 SPE-system. Feed solution, Au, Pd and Pt (30 pmol L™
1 in HCI (1 mol L™); feed solution volume, 3 mL; loading flow-rate, <50 mL min™; eluent

volume, 3 mL; elution flow-rate, 1 mL min™ (n = 3)
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Figure 7: Schematic illustration of the protocol for selective separation of Au, Pd, and Pt in

PM-05 SPE-system
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