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Abstract

:

This paper discusses the scientific rationale for methods of platinum metals sorption centralization from saturated solutions with a high content of macrocomponents. Methods of sorption centralization of platinum and iridium using local anionites such as AH-31, AB-17-8, Purolite S985 are described. The sorbents used were conditioned to remove organic and mineral impurities. The sorption isotherms of platinum group metals 1/EC=f(1/Cp) at a temperature of 20 °C and a duration of 24 h were plotted. The data on the sorption recovery of platinum and iridium from individual and combined sulfate-chloride solutions were determined. Isotherms of iridium sorption from sulfate-chloride solution are formed. Results of the apparent sorption equilibrium constant and values of standard Gibbs energy (ΔG, kJ/mol) of ion exchange for sorption of platinum and iridium from individual and combined sulfate-chloride solutions are presented. Linearized isotherms and kinetic curves of joint sorption of platinum and iridium from sulfate-chloride solution are described. Comparative sorption of the platinum-group metals (PGM) by anionites AB-17-8 and Purolite S985 from sulfate-chloride solutions is shown. The sorption diagram of platinum and iridium from sulfate-chloride product solutions is presented. It has been revealed that complete recovery is achieved using chelation ion-exchange resin Purolite S985, with recovery of Pt up to 95% and Ir more than 73%. The sorption process is accompanied by intradiffusion constraints that are confirmed by the analysis of kinetic curves using Schmukler and Boyd–Adams models.
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1. Introduction


Advanced hydrometallurgical technologies of platinum-containing material processing and platinum-group metals (PGM) refining are based on the use of processes running mainly in chloride and sulfate-chloride media. They are focused on collective transfer of noble metals into solution [1,2,3,4,5]. Their subsequent recovery and, moreover, selection are complicated by low content and the complex nature of the complex formation due to the formation of mono- and polynuclear compounds with different kinetic activity [6,7].



Among all available operations for the recovery of platinum satellite metals from solutions, sorption is widespread, and seems a relatively simple, cost-effective, and environmentally friendly method [2]. The selection of sorbents able to perform ionic exchange of nonferrous metals from solutions of different compositions is quite large [8,9,10,11].



Recently, sorbents produced by Purolite (Rhondda Cynon Taff, UK) have been studied and introduced more and more actively. The most interesting in terms of sorption of platinum metals that are in the form of chloride and sulfate complexes are resins of S-985 (polyamine functional group), S-920 (thiourea functional groups), S-108 (amine functional group), and S-930 (aminodiacetic chelating functional groups). These sorbents have a high selectivity to platinum metals and good sorption characteristics. They are recommended for the separation of platinoids from non-ferrous metals present in process solutions in large amounts [12,13]. Reportedly, local anionites are possible to use, such as AB-17-8 and AN-31, which are characterized by high selectivity and strength of element binding during sorption from process solutions [14,15]. The degree of platinum metal oxidation, aquation, and hydrolysis processes occurring in the system has a great impact on the sorption of sulfate and chloride complexes of platinoids by anionites [16,17,18,19,20].



The reuse of mining waste deposits of noble metals (concentration tailings, hydrometallurgical slimes, etc.) is usually associated with the processing of highly dispersed low-grade raw materials with a high content of rock-forming minerals and iron [21,22,23,24,25,26,27]. Under intensive sulfate-chloride oxidation leaching, quantitative interphase separation of macro components and noble metals does not seem possible [28]. In this regard, the development of scientifically based methods of sorption concentration of platinum metals from saturated sulfate-chloride solutions with a high content of macrocomponents is of current interest, in particular, as part of the hydrometallurgical solution of low-grade mining waste materials processing that meets today’s requirements of technical and economic efficiency and environmental safety.




2. Materials and Methods


The initial concentrations, medium acidity, and temperature selected are based on the approximation of the experiment to the real conditions that occur during the processing of platinum metal mining wastes by heap leaching, in particular, wastes from chromite concentration (PGM total is 0.3–0.5 g/t).



In this paper, the sorbent agents AH-31 (Uralchimplast, Nizny Tagil, Russia), AB-17-8 (Ural Chemical Company, Sredneuralsk, Russia), and Purolite S985 (Purolite ltd, Rhondda Cynon Taff, UK) were selected for sorption concentration of platinum and iridium. Their characteristics are presented in Table 1 below. The Table 1 contains the following abbreviations: AC - acrylic, MP - macroporous, G - gel, QAB - quaternary ammonium base, PP - polyethylene polyamine, AA - secondary and tertiary aliphatic amino groups, SEC - static exchange capacity.



Before testing, the sorbents were conditioned to remove organic and mineral impurities. At the first stage, Russian ion-exchange resins were placed for 24 h in saturated sodium chloride solution (up to three volumes) for uniform expanding. During subsequent stages, consistent washing was carried out according to the following procedure: alternate treatment of ion-exchanger resins with 1, 1.5, and 2 M of HC1 and NaOH solutions and ethanol. Purolite S985 resin was placed in saturated sodium chloride solution for uniform expanding and then treated with 1 M of HCl solution (2VHCl–1Vresin). The ionite washed with distilled water was treated with 1 M of NaOH solution (2VNaOH–1Vresin) and ethyl alcohol (1Valcohol–1Vresin). Then the anionites were converted into chloride form by passing them through 1M of hydrochloric acid solution to full saturation.



The initial iridium solution was prepared using the sintering method with barium peroxide from pure iridium powder. The sample was carefully ground with five times the amount of peroxide by weight. The mixture of iridium powders was sintered at 800–900 °C for 2 h followed by dissolving the sinter in hydrochloric acid when heated. The initial iridium concentration was 3.61 g/L. The content of trace impurities in the solution, including barium, was lower than the sensitivity of the analysis. Analysis of the spectrogram of iridium chloride solution obtained using an LEKI SS1207 spectrophotometer indicated the co-presence of Ir(III) and Ir(IV) complexes in the percentage correlation 85:15.



An initial working solution of platinum was prepared by dissolving chloroplatinic acid in concentrated hydrochloric acid. The initial concentration of Pt (II), IV) complexes was 1.66 g/L.



For sorption concentration, the initial concentrations of platinum and iridium were 0.26 mmol/L. HCl and H2SO4 concentrations were 0.5 mol/L at their molar ratio of 1:1 [29]. The volume of solutions varied from 25 to 100 mL. The duration of the experiments was 15–90 min and 24 h.



For quantification of the sorption equilibria in the experiments, anionite samples (1 g) were stirred in sulfate-chloride solutions (50 mL). After 24 h, the PGM concentrations in the equilibrium solutions were determined. Then, the sorbent exchange capacity (EC, mmol/g), distribution coefficient (D), PGM recovery into the sorbent (R, %), and separation coefficient (S) were calculated using the following equations:


   EC   =         ( C   0     - C   E  ) · V  q   



(1)






   D   =      EC    C E     



(2)






   R   =       (   C 0     - C   E   )  ·  100 %     C 0     



(3)






   S   =       D 1     D 2     



(4)




where C0 is the concentration of PGM in the initial solution in mmol/L; CE is the equilibrium concentration of PGM in solution after sorption in mmol/L; V is the volume of the solution in l; and q is the ionite suspension in g.



Using the method of molar ratio variation of ionic compounds (1 g) and solutions (25, 50, 75, and 100 mL), sorption isotherms of PGM 1/EC=f(1/CE) at 20 °C and a duration of 24 h were plotted [30,31]. The Langmuir sorption isotherm equation was used for the quantification of experimental sorption curves [32,33,34].



The formal criteria of the Schmukler, Boyd–Adams, and Morris–Weber models were used to establish the type of kinetics of the ion-exchange process in the systems under study [35,36].




3. Results and Discussion


Based on the analysis of the experimental findings on sorption from sulfate-chloride solutions, the following series of sorbability for the complexes Pt (II, IV) and Ir (III, IV) can be made for the ion exchangers: Purolite S985 > AB-17-8 > AN-31 (Table 2).



Convex isotherms of platinum and iridium ions sorption on anionites AH-31, AB-17-8, and Purolite S985 show that these sorbents have high selectivity in relation to complex anions of platinum metals in sulfate-chloride medium (Figure 1 and Figure 2).



Based on the calculated values of the apparent constants of ion-exchange equilibria for individual sulfate-chloride solutions:


    RCl  ¯  - Pt ( II , IV ) - HCl -  H 2   SO 4  -  H 2  O ;  



(5)






    RCl  ¯  - Ir ( III , IV ) - HCl -  H 2   SO 4  -  H 2  O ;  



(6)




where     RCl  ¯    is anionite in chloride form. From this, it can be concluded that the affinity of ion exchangers AH-31 and AB-17-8 to iridium is greater than to platinum, while the sorbent Purolite S985 is quite the opposite. The obtained negative values of the standard Gibbs energy confirm the thermodynamic probability of ion-exchange recovery of PGM complexes from the studied individual sulfate-chloride solutions (Table 3).



In the case of the joint presence of platinum and iridium, its maximum recovery from sulfate and chloride solution is provided by anionite Purolite S985, which has higher sorption properties in comparison with AB-17-8 (Figure 3). Both tested sorbents are characterized by lower (by 15–30%) iridium concentration in comparison with platinum (Table 2).



In general, the trends observed for its individual sorption remain. In particular, the affinity of the chelation resin Purolite S985 to platinum is shown to a greater extent than to iridium. The competitive advantage of platinum can be explained by the lower degree of hydration of its anions and higher kinetic lability in comparison with iridium anions (Table 3).



The rate of joint sorption concentration of platinum and iridium during the first seconds of contact is very high, and it decreases as the anionites become saturated. It should also be noted that, for the studied anionites, during 15 min, the degree of saturation with Pt ions is from 0.45 to 0.55, and Ir is from 0.31 to 0.42, respectively, when using AB-17-8 and Purolite S985.



The analysis performed of the sorption curves (Figure 4) using given kinetic models allows assuming interdiffusion limitations during joint platinum and iridium sorption for both anionites, which is confirmed by linear dependence for the Schmukler gel kinetics model (R2 = 0.991–0.932) and the non-linear character of the external diffusion Boyd–Adams model (R2 = 0.891–0.903).



In order to determine the process parameters of sorption and to study the effect of macrocomponents, solutions were used that were similar in composition to the production sulfate-chloride leaching solutions of platinum-bearing chromite concentration tailings. Their composition was as follows (in g/L): 25 NaCl, 25 HCl, 25 H2SO4, 3.4 Fe, 1.2 Mg, 5.6 mg/L Pt, 1.2 mg/l Ir. Sorption (2 h, 20 °C) was performed under static conditions using sorbents Purolite S985 and AB-17-8. Before sorption, the studied solutions were saturated with chlorine gas (up to 3.7 g/L Cl2).



It can be noted that platinum sorption in the presence of iron and magnesium is the most complete, using anion-exchange resin Purolite S985; yet, at minimum sorbent consumption of 0.5 g/L, its recovery into the sorbent is more than 80% (Figure 5 and Figure 6).



A similar sorption character is observed for iridium: when using AB-17-8, the recovery level into the sorbent is 15–20% lower than in the case of Purolite S985. Considering that there is no fundamental difference in the affinity of the studied anionites to platinum and iridium, it is expedient to extract PGM from the production sulfate-chloride solutions using collective sorption to produce the resin containing from 0.25 to 1% of PGM total. As a desorbent, hydrochloric acid solution (50–70 g/L) is the most reasonable due to its cost-efficiency, lower eluent requirement, and simultaneous regeneration of anionites (sorbents are converted into chloride form).




4. Conclusions


The low content of noble metals in the mining waste materials and the geotechnologies applied (heap, in situ, and other types of leaching), based on the use of sulfate-chloride media, suggest the use of selective methods of valuable components concentration from the production solutions, in particular, sorption by ion-exchange resins.



For sorption of platinum and iridium from individual and combined synthetic solutions, the most complete recovery is achieved when using chelation resin Purolite S985, with a recovery of Pt up to 95% and of Ir over 73%. The sorption process is accompanied by interdiffusion limitations, which is confirmed by the analysis of kinetic curves using Schmukler and Boyd-Adams models.



The chromium content in the solutions similar to production ones from the chromite waste heap leaching is less than 2 mg/l, which is due to the extremely low solubility of chromite, sulfates, and chromium chlorides in sulfate-chloride media and, accordingly, does not affect the sorption parameters. Considerable content of ferro-magnesium in the heap leaching solutions does not significantly affect the PGM behavior during sorption with Purolite S985 resin: platinum recovery into the sorbent exceeds 90%, and iridium recovery 72%. An increase in the anionite consumption from 0.5 to 10 g/L is accompanied by an increase in the PGM recovery by 4–5% on average. When using Purolite S985, the total content of noble metals in the production resin achieves 0.25 to 1%.



The high sorption performance can also be related to the higher kinetic lability of inert PGM complexes during saturation of the sulfate-chloride solution with chlorine during the leaching stage of platinum-containing tailings. Application of sulfate-chloride leaching of chromite concentration tailings, which are obtained during the processing of the Inagli and Konder deposits (Russian Platinum PLC, Aldan region, Russian Federation), with the subsequent ion-exchange sorption, will make it possible to produce a high-grade collective concentrate of noble metals.
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Figure 1. Isotherm of platinum sorption from sulfate-chloride solution: CPt = 0.26 mmol/L; CH2SO4 = 0.5 mol/L; CHCl = 0.5 mol/L. 
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Figure 2. Isotherm of iridium sorption from sulfate-chloride solution: CIr = 0.26 mmol/L; CH2SO4 = 0.5 mol/L; CHCl = 0.5 mol/L. 
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Figure 3. Linearized isotherms of platinum and iridium joint sorption from sulfate-chloride solution: CMe= 0.26 mmol/L; CH2SO4 = 0.5 mol/L; CHCl = 0.5 mol/L. 
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Figure 4. Kinetic curves of platinum and iridium joint sorption from sulfate-chloride solution: CMe = 0.26 mmol/L; CH2SO4 = 0.5 mol/L; CHCl = 0.5 mol/L. 
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Figure 5. PGM comparative sorption using anionites AB-17-8 and Purolite S985 from sulfate-chloride solutions. Solution composition, g/L: 25 NaCl, 25 HCl, 25 H2SO4, 3.4 Fe, 1.2 g/L Mg, 5.6 mg/L Pt, 1.2 mg/L Ir. Sorbent consumption of 2 g/L. 
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Figure 6. Platinum and iridium sorption from production sulfate-chloride solutions. Solution composition, g/L: 25 NaCl, 25 HCl, 25 H2SO4, 3.4 Fe, 1.2 g/L Mg, 5.6 mg/L Pt, 1.2 mg/L Ir. Sorbent consumption of 0.5–10 g/L. 
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Table 1. Ion-exchange resins characteristics.
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	Ionite
	Type
	Physical Structure
	Functional Groups
	SEC for Cl- mmol/g





	AB-17-8
	strong base
	G
	QAB
	3.4



	Purolite S 985
	weakly basic
	MP
	polyamines
	2.1



	AH-31
	weakly basic
	G
	AA
	2.8
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Table 2. Sorption recovery of platinum and iridium from individual and combined sulfate-chloride solutions: CMe = 0.26 mmol/L; CH2SO4 = 0.5 mol/L; CHCl = 0.5 mol/L; 24 h.
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Ionite

	
Individual Sorption

	
Joint Sorption




	
Quantitative Characteristics of Sorption

	
EC

	
D

	
R

	
EC

	
D

	
R






	
platinum




	
AH-31

	
0.010

	
213.16

	
81

	
-

	
-

	
-




	
AB-17-8

	
0.011

	
334.62

	
87

	
0.010

	
188.10

	
79




	
Purolite S 985

	
0.012

	
950.00

	
95

	
0.011

	
262.50

	
84




	
iridium




	
AH-31

	
0.0078

	
78.21

	
61

	
-

	
-

	
-




	
AB-17-8

	
0.0086

	
101.52

	
67

	
0.007

	
57.14

	
54




	
Purolite S 985

	
0.0094

	
135.19

	
73

	
0.009

	
119.94

	
71
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Table 3. Apparent constants of sorption equilibria, regression coefficients and standard Gibbs energy values of ion exchange of platinum and iridium sorption from individual and combined sulfate-chloride solutions.
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Ionite

	
Individual Sorption

	
Joint Sorption




	
Thermodynamic Parameters of Sorption

	
K

	
R2

	
ΔG, kJ/mol

	
K

	
R2

	
ΔG, kJ/mol






	
platinum




	
AH-31

	
16.02

	
0.986

	
−6.76

	
-

	
-

	
-




	
AB-17-8

	
20.4

	
0.9376

	
−7.36

	
27.27

	
0.9934

	
−8.05




	
Purolite S 985

	
153.84

	
0.9861

	
−12.27

	
67.67

	
0.9788

	
−10.27




	
iridium




	
AH-31

	
47.95

	
0.9796

	
−9.43

	
-

	
-

	
-




	
AB-17-8

	
53.66

	
0.9821

	
−9.70

	
20.83

	
0.9979

	
−7.40




	
Purolite S 985

	
66.90

	
0.9681

	
−10.24

	
27.34

	
0.997

	
−8.06

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
EC, mmol/g

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000

0.10 0.15 0.20

—e—AH-31
—a—AB-17
—a&— Purolite S 985

[Ir],

mmol/I





nav.xhtml


  metals-11-00569


  
    		
      metals-11-00569
    


  




  





media/file2.png
EC, mmol/g

——
0.010 //- / /

/ / —e— AH-31
0.008

/ —a— AB-17
0.006 /.

—4&— Purolite S 985
0.004 //
0.002

0.000 / T T ] [Pt],

0.00 0.05 0.10 0.15 mmol/Il






media/file5.jpg
y=5.0836x+ 105.88
y=2.6476x+72.379

200 ! WP-AB-17
‘ y=2.0389x+ 55.603 4 Prpurolites 985
leAB17
150 T
“Irpurolites 985
‘ y=0.9117x+61.691
100 ‘
50 ‘
0T
0 50 100 150 1/IMelp





media/file3.jpg
EC, mmol/g

0014
0012
0010
0008
0.006
0.004
0002

0.000
000

005

010

015

——AH31
—=-AB-17
——Purolite § 985

i),
020 mmol/I





media/file1.jpg
EC, mmol/g.

0.016
0014
0012
0010
0.008
0.006
0.004
0002

0.000
000

o

—o—AH-31

—=-AB-17
- Purolite 5 985

005

010

[,
015 mmol/t





media/file7.jpg
Saturation rate (v), mmol/g-sec.

0.000009
0.000008
0.000007
0.000006
0.000005
0.000004
0.000003
0.000002
0.000001
0.000000

——PtAB17
—=—Pt-purolite s 985
e Ir-AB-17
——Ir-Purolite § 985

900 1800 2700 3600
Duration, sec.





media/file10.png
Pt
Wir

T

o
S 0 vi < on

% “@9189p uondios

o
(]

Sorbents

Purolite S 985

AB-17





media/file12.png
M Pt-AB-17
® Pt-Purolite S 985
M Ir-AB-17
M Ir-Purolite S 985

Resin consumption, g/I





media/file9.jpg
Pt

AR

£ 8228838282 o

% ‘2a48ap uondios

Sorbents

Purolite s 985

AB-17





media/file0.png





media/file8.png
Saturation rate (v), mmol/g-sec.

0.000009
0.000008
0.000007
0.000006
0.000005
0.000004
0.000003
0.000002
0.000001
0.000000

AN
s

/AN

V/

S

/4

N

\

‘A\‘r\

o

900

Duration, sec.

—e—Pt-AB-17
—m— Pt-Purolite S 985
—A&—Ir-AB-17

—<«—|r-Purolite S 985

3 600





media/file11.jpg
W Pt-AB-17
= Pt-Purolite S 985
W r-AB-17
mr-Purolite S 985

10 Resin consumption, g/|





media/file6.png
1/EC

250

200

150 -

100

50

y=5.0836x+ 105.88
y=2.6476x+72.379

/( y=2.0389x + 55.603

A

y=0.9117x+61.691

50 100 150

mPt-AB-17

4 Pt-Purolite $ 985
+ Ir-AB-17
“Ir-Purolite S 985

1/[Me]p





