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CopOuuonnoe usBJevyenne naaaaaus (11)

U miaatuHbl (IV) U3 CONSTHOKHUCIIBIX PACTBOPOB

O.H. Kononosa, E.B. /lyoa,

H.N. Inaigep, U.A. Ilo3nusaxos

Cubupckuti pedepanvbHulil yHUBepcUumem

Poccus, 660041, Kpacnosipck, np. Ceoboonuiii, 79

Hccnedosano copoyuonnoe xonmyenmpupoganue nainaous (1) u naamuner (IV) uz consanoxucavix
pacmeopog na anuonumax mapxu Purolite ¢ paznuunvivu @ynxyuonanrvuvimu epynnamu. Hcexoouvie
KOHYeHmpayuy naiiaous u niamuusl cocmagnsiiu coomsemcemeento 0.025-0.25 mmonv/n u
0.25 mmonv/n npu konyenmpayuu HCI ¢ xonmaxmupyrowux pacmeopax 0.01—4.0 monv/n. Ilokazana
BbICOKASI COPOYUOHHASL CNOCOOHOCHIb UCCNe0YeMblX UOHUMO8 NO OMHOWLeHUI0 K XJIOPUOHBIM
KOMNLEKcam O1a2opoOHbIX Memaios, Nposensiowadsics Ha yposue bonee 85-95 %. Yemanosneno,
YUMo NOCe U3BLeYEHUS IMUX KOMNAEKCO8 803MONCHO UX COBMECHIHOE INI0UPOBAHUE NOCPEeOCmBOM
CONSIHOKUCTI020 pacmeopa muomouesunst (1 monv/n 6 0.5 M HCI) na yposne 6onee 80 % c anuonumos
Purolite A 111 u Purogold™ A 193.

Kniouesvie cnosa: uonnwii O6M€H, I’l(l]l]la()uﬁ, niamura, COJNAHOKUCblEe pacmeopbl.

Introduction

The worldwide consumption of platinum group metals (PGM) is steadily growing, and for years
its application range continues to expand. Followed by that, the production of PGM became one of the
most important branches in metallurgy [1, 2]. The low metal content ores as well as refractory ores are
getting more involved in PGM processing, including the sulfide black-shale gold ores from the north-
eastern regions of Russia [3, 4]. At the same time, the secondary PGM raw materials (such as spent
automobile and chemical catalysts, electronic scrap, technological wastes) are more demanded as well
[5, 6].

The recovery of noble metals from raw materials is normally carried out by precipitation or
electrowinning [1, 7-10]. However, given the low concentrations of noble metals in initial industrial
solutions after the breakdown, the above-mentioned methods do not result in significant recovery of
PGM. Moreover, in this case the obtained solid products hinder the further processing [1, 7, 8, 11].

Fortunately, these problems can be avoided by using the sorption methods, known for their high
efficiency, selectivity, environmental safety and good compatibility with PGM post-determination
methods [1, 6, 7, 11-13]. In a variety of sorbents, the ion exchangers with different functional groups
seem promising, as they possess high exchange capacity and good kinetic properties. This makes these
sorbents usable even for the preconcentration of trace amounts of PGM in presence of accompanying
components [1, 5-7, 11, 13, 14].

It should be noted that in most cases the ionic state of PGM industrial solutions is the chloride

complexes with different stability and chemical inertness [1, 11, 15, 16]. As a rule, these complexes
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are also subjected to hydrolysis and aquation — the factor that makes the system more complicated [1,
15, 16].

Since palladium and platinum are associated in primary and secondary raw materials, and also
pass simultaneously into solution after the processing, the recovery of Pd and Pt on selective ion
exchangers is a matter of academic and practical interest. In this case some researchers use strong base
anion exchangers for recovery of chloride complexes of Pd and Pt because their sorption is carried
out from strong acidic media (2—6 M HCI) [6, 11, 17]. However, when processing the secondary PGM
sources, it often results in obtaining of hydrochloric acid solutions with lower acidity (0.01 mol/L and
less). In turn, it requires using the weak base anion exchangers or chelating sorbents for the recovery
of palladium and platinum from such kind of solutions. The sorption ability of these anion exchangers
facilitates the extraction of complex ions of noble metals not only through ion exchange mechanism,
but also by means of additional complex formation between the nitrogen atoms of functional groups
and atoms of the recovered metals [18].

Moreover, it should be noted that platinum and palladium complexes in real industrial hydrochloric
acid solutions are often accompanied by iron and non-ferrous metal ions that complicate the isolation
of noble metals. These real industrial solutions differ from each other by the composition and
concentrations of components, stipulated by the differences in the breakdown methods for primary or
secondary sources of mineral materials. Consequently, this requires various approaches to the recovery
of noble metals, adjusted to the specific types of real solutions. Previously we have investigated the
recovery of platinum and palladium from refractory sulfide black-shale ores [4], when the metals were
successfully recovered with selective ion exchangers after the breakdown of ores. The similar problems
were successfully solved by the authors [6-8].

The present work is devoted to the sorption recovery of palladium and platinum on various ions
exchangers from model hydrochloric acid solutions. We intend to develop this investigation further by

studying the effect of accompanying ions on the recovery of these noble metals.

Materials and methods

In the present work we investigate some anion exchangers synthesized by Purolite Int. Ltd. The
resins are based on styrene and divinylbenzene (DVB), except the sorbent Purolite S 985, which is

based on polyacrylate and DVB. Their physical-chemical characteristics are presented in Table 1. As

Table 1. Physical-chemical properties of the anion exchangers investigated

Exchange capacity
Trade name Exchanger type Functional groups” in the chloride Swelling grade, %
form, mmol/g
Purolite A 500 Strong base QAB 1.2 20
Purogold™ S 992 Complexing resin Mixed amines 44 20
Purolite S 985 Complexing resin Polyamines 2.3 20
Purolite A 111 Weak base TAG 1.7 40
Purogold™ A 193 Intermediate base TAG, QAB 3.8 22

"QAB — quaternary ammonia base; TAG — tertiary amino-groups.
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follows from this Table, the studied resins possess various functional groups and, therefore, different
basicity. Their physical structure belongs to the macroporous type. Prior to the experiment, the ion
exchangers were prepared according to the conventional methods and converted into the initial chloride
form [19].

The initial working palladium solution with concentration 5.55 mmol/L and platinum solution
with concentration 102.6 mmol/L were prepared by dissolution of accurately weighed quantities of
PdCl,2H,0 and H,PtCls-6H,0 in low volume of concentrated HCI. Then the solutions were placed into
a graduated flask (50 mL) and brought to the flask’s mark with distilled water [15, 20].

We have used in the present work the freshly prepared solutions of palladium with concentrations
0.025 and 0.25 mmol/L and of platinum with concentration 0.25 mmol/L. The HCI concentrations in
the contacting solutions were 0.01, 2.0 and 4.0 mol/L. The concentrations and acidity of the investigated
solutions were chosen with an intention to make the experimental conditions closer to real industrial
conditions.

The concentrations of palladium and platinum in solutions were determined by spectrophotometrical
method with nitroso-R-salt and tin (II) chloride, respectively [15, 20, 21]. The ionic state of noble
metals in the solutions was confirmed by absorption spectra at 190—700 nm.

The sorption of noble metals was studied under batch experiment conditions: resin mass — 0.1 g;
volume of contacting solution — 10.0 mL. The equilibrium time determined by special test was 24 h.

The sorption ability of the anion exchangers investigated was estimated by means of the recovery

degree (R, %), distribution coefficient (D) and separation coefficient (S), calculated as follows:

CO B Ce
R==4—==100%, )
0
p=EC %)
C,
D
5=, ()

Pt

where C, and C,, are the initial and equilibrium molar concentrations of palladium and platinum
solutions, respectively; WEC (mmol/g) is working exchange capacity of the resins towards the recovered

ions. The latter was calculated from the equation:

(CO _Ceq)'V
q B

WEC = @)
where V(L) is volume of the contacting solution and ¢(g) is the resin quantity.

The sorption isotherms were plotted by varying the molar ratio of resins to the amount of Pd
and Pt in contacting solution [22, 23]. Then, using the obtained curves, the apparent constants of ion
exchange equilibrium were calculated according to the law of mass action [22, 23].

The elution of palladium and platinum after their simultaneous sorption was carried out under
dynamic conditions in glass columns (~1 cm diameter and ~20 cm height). First, the air-dryed resin
quantities were placed into hydrochloric acid solution (2.0 or 4.0 mol/L) and left for 30 min for
swelling. Then the swelled resins were placed into the column (bed height was 1.5 cm) and 100.0 mL

of palladium and platinum solutions were passed through the column. The flow rate was 1 mL/min.
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The separate solution portions of the filtrate (5.0-10.0 mL) were collected. After that the contents of
palladium and platinum were determined in each portion. After the saturation of resin with the sorbed
ions, the column was washed with a low volume (~10 mL) of 0.5 M HCI and then the eluent was passed
through the column, to achieve Pd and Pt recovery. The hydrochloric acid thiourea solution (1 M
in 0.5 M HCI) was taken as an elution agent. The separate filtrate portions (5.0 mL) were collected
and the concentrations of Pd and Pt were determined by a spectrophotometrical method according to
intrinsic colors of the metal complexes with thiourea [20, 21]. All the reagents used were of analytical
purification grade.

The results obtained were subjected to statistical processing according to conventional procedures
[24, 25]. The average experimental error for 3 parallel runs and at confidence level of 0.95 was less
than 6 %.

Results and discussion

The complexation of palladium and platinum in chloride and hydrochloric acid solutions is
investigated in detail [1, 15, 16, 26]. It was found out that the ionic state of PGM in such solutions
depends on their acidity as well as on concentration of chloride ions. Depending on these factors, the
various aqua and hydroxo-chloride complexes with different stability and kinetic inertness can be
formed in aqueous solutions.

Palladium (II) complexes [PdCl,]* predominate in solutions where HCI concentration exceeds
1 mol/L. With the decrease in acidity, these complexes are subjected to aquation under the formation of
forms [Pd(H,0),Cl,.,]*2, where n changes from 0 to 3 [1, 20, 26]. The cumulative stability constant of
[PACL,)* ions is estimated as log B, = 11.12—12.24 [1, 20]. It should be noted that the chloride complexes
of palladium (IV) are stable only in presence of oxidants. That is why solely palladium (IT) complexes
exist in hydrochloric acid solutions [1, 20].

[PtCls]* predominate in solutions with HCI concentration 3 mol/L and more. The dilution of
these solutions and increase in their pH value leads to the formation of aqua and hydroxo-complexes
in the system, which co-exist in different proportions [1, 15, 20, 26]. The chloride complexes of
platinum (I'V) are very stable and kinetically inert. The cumulative stability constant of [PtCly]* ions
is log B¢ = 33.9 [1, 20].

As it was mentioned above, in the present work we have investigated the sorption recovery of
noble metals from strong acidic solutions (with hydrochloric acid concentrations 4.0 and 2.0 mol/L)
and from weak acidic solutions (with HCI concentration 0.01 mol/L) as well. We have recorded the
absorption spectra of freshly prepared palladium solutions in 2 M and 0.01 M HCI and revealed that
both spectra had absorption maximum at 325 nm. These indicates the presence of [PdC1,]* ions, in full
compliance with the literature data [1, 20, 26].

The spectrum of freshly prepared platinum solution in 2 M HCI had absorption maximum at
251 nm, which corresponds to [PtCls]*. The spectrum of freshly prepared platinum solution in 0.01
M HCI had two absorption maxima, at 251 nm and 355 nm, pointing out to the presence of complexes
[PtCls]* and [Pt(OH)CIs]*, respectively. Again, all these results are in full compliance with the
literature [1, 20, 26].

Therefore, the composition of contacting palladium solutions is the same in strong and weak acidic

media, whereas platinum solutions have different composition depending on acidity of solution.
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Our further studies were devoted to the sorption properties of the ion exchangers during the
recovery of chloride complexes of Pd (II) and Pt (IV) from individual solutions in dependence of HCI1
concentration. The results are presented in Tables 2 and 3.

It can be seen from these data that all the investigated anion exchangers reveal high sorption
ability to the recovered chloride complexes of noble metals, regardless of their functional groups. With
the decrease in HCI concentration in contacting solution, a slight increase in sorption parameters takes
place because of reduction of competing effect of chloride ions.

After that we have investigated the sorption preconcentration of noble metals at their simultaneous
presence in HCI solutions. The results are presented in Tables 4 and 5.

These data also demonstrate high sorption ability of the investigated resins, although there
is a slight decrease in recovery degree of palladium (II) in the presence of platinum (IV) — in

comparison with its sorption from individual solutions (Table 2). This can be explained by several

Table 2. Sorption of Pd (II) from individual hydrochloric acid solutions (Cy(Pd)=0.025 mmol/L)

Co(HCI), mol/L
Trade name Parameter
4.0 2.0 0.01
) gD 3.66 +£0.22 3.51 £0.21 3.67+0.18
Purolite A 500
R, % 93+5 94+ 5 95+5
gD 2.03+0.11 2.61£0.16 2.68+0.16
Purogold™ S 992
R, % 92+5 95+5 95+5
. lgD 2.29+0.12 2.59+£0.13 2.58+0.13
Purolite S 985
R, % 95+5 95+5 95+5
. lgD 2.18+0.13 2.42+0.15 2.44+0.15
Purolite A 111
R, % 93+5 94 +5 95+5
lgD 1.81 £ 0.11 2.03+0.12 2.56+0.15
Purogold™ A 193
R, % 86+ 4 915 95+5

Table 3. Sorption of Pt (IV) from individual hydrochloric acid solutions (Cy(Pt)=0.25 mmol/L)

Co(HC1), mol/L
Trade name Parameter
4.0 2.0 0.01
) gD 2.37+0.12 2.59+0.16 2.59+0.16
Purolite A 500
R, % 92+5 94+5 94+ 5
gD 2.01 £0.12 271+0.14 2.84+0.14
Purogold™ S 992
R, % 92+5 95+5 95+5
) gD 1.88 £0.11 218 +£0.13 3.02+0.15
Purolite S 985
R, % 88+ 5 94+5 95+5
) IgD 1.97 +£0.12 3.05+0.18 3.09+0.19
Purolite A 111
R, % 93+5 94 +5 95+5
lgD 248 £0.15 2.53+0.15 2.55+0.15
Purogold™ A 193
R, % 94+5 95+5 95+5
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Table 4. Sorption of Pd (II) in presence of Pt (IV) in hydrochloric acid solutions (Co(Pd)=0.025 mmol/L;
Co(Pt)=0.25 mmol/L)

Cy(HCI), mol/L
Trade name Parameter
4.0 2.0 0.01
. gD 191 £0.11 1.89 + 0.11 1.98 +0.12
Purolite A 500
R, % 89+5 9145 95+5
gD 1.68 £0.11 1.81 £0.11 1.82 £ 0.11
Purogold™ S 992
R, % 83+4 875 89+5
. gD 1.76 £ 0.11 1.64 +£0.10 1.68 £ 0.11
Purolite S 985
R, % 85+5 82+4 83+4
. gD 1.82 £0.11 1.56 £ 0.10 1.85+0.11
Purolite A 111
R, % 87+5 78 £5 88 +5
gD 1.92+0.12 1.54 +£0.10 1.64 £0.10
Purogold™ A 193
R, % 89+5 88+ 5 90+5

Table 5. Sorption of Pt (IV) in presence of Pd (II) in hydrochloric acid solutions (Cy(Pt)=0.25 mmol/L;
Cy(Pd)=0.025 mmol/L)

Trade name Parameter Co(HCI), mol/L
4.0 2.0 0.01

Purolite A 500 lgD 2.60 £ 0.16 2.81+0.17 2.77+0.17
R, % 95+5 95+5 95+5

Purogold™ S 992 gD 2.27+0.14 2.40+0.14 2.62+0.16
R, % 95+5 95+5 95+5

Purolite S 985 gD 2.15+£0.13 2.24+0.13 2.95+0.18
R, % 93+5 95+5 95+5

Purolite A 111 gD 2.37+0.14 2.50 £0.15 2.80+£0.17
R, % 95+5 95+5 95+5

Purogold™ A 193 gD 2.29+0.14 2.58 £0.15 2.89 +£0.17
R, % 95+5 95+5 95+5

reasons. First, this is the result of the reciprocal influence of chloride complexes of the recovered
noble metals. Second, it is explained by higher selectivity of the anion exchangers towards platinum
(IV) complexes, that are more stable compared to palladium (II) complexes [1, 20]. The general
theory of selectivity of ion exchange states that an ion exchanger usually is more selective to the
complex ion with higher stability [22, 27, 28]. Noteworthy, the acidity of contacting solutions
is practically not important for sorption preconcentration of the recovered complexes at their
simultaneous presence.

We have calculated the separation coefficients for palladium (II) and platinum (IV), which are
represented in Table 6. It can be seen from this Table that these values point out to the difficulties for the
separation of chloride complexes of palladium and platinum due to the high selectivity of investigated

resins.
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We have studied the ion exchange equilibriums for the recovery of chloride complexes of Pd (II)
and Pt (IV) by obtaining sorption isotherms. These curves are shown in Figures 1 and 2 for anion
exchangers Purogold™ A 193 and Purolite A 111. It can be seen that the curves are convex in general,
i.e. the anion exchangers are selective towards the recovered noble metals [18, 22, 23]. The isotherms

were used to calculate the apparent constants of ion exchange equilibrium. The values are presented

in Table 7.

Table 6. Separation coefficients of Pd (II) and Pt (IV) during their sorption from hydrochloric acid solutions
(Cy(Pd) = Cy(Pt)=0.25 mmol/L)

Co(HCI), mol/L
Trade name
4.0 2.0 0.01
Purolite A 500 0.20 0.06 0.11
Purogold™ S 992 0.35 0.19 0.11
Purolite S 985 0.31 0.26 0.05
Purolite A 111 0.27 0.11 0.12
Purogold™ A 193 0.41 0.09 0.06
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Fig. 1. Sorption isotherms of chloride complexes of Pd (II) (a) and Pt (IV) (b) from individual solutions on anion
exchanger Purogold™ A 193 (C, (HCI) = 2.0 mol/L)
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Fig. 2. Sorption isotherms of chloride complexes of Pd (II) in presence of Pt (IV) (a) and of Pt (IV) in presence of
Pd (IT) (b) on anion exchanger Purolite A 111 (C, (HCI) = 2.0 mol/L)
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Table 7. Apparent constants of sorption equilibrium during recovery of Pd (II) and Pt (IV) from individual
solutions and at simultaneous presence (C, (HCI) = 2.0 mol/L)

Sorption from individual solutions Sorption at simultaneous presence
Trade name
Pd (1I) Pt(IV) Pd (1I) Pt(IV)
Purolite A 500 0.54 0.31 0.47 0.47
Purogold™ S 992 0.33 0.12 0.48 0.35
Purolite S 985 0.65 0.28 0.58 0.22
Purolite A 111 0.16 0.14 0.86 0.42
Purogold™ A 193 0.35 0.18 0.43 0.21

It is known that these constants are quantitative characteristics of the ion exchangers affinity to
the recovered ions [22, 23]. Therefore, the obtained data prove the selectivity of ion exchangers. This
conclusion is consistent with the data on sorption of Pd (II) and Pt (IV) from individual hydrochloric
acid solutions as well as at their simultaneous presence in these solutions (Tables 2—4).

Since we have revealed the high selectivity of the ion exchangers investigated towards the
recovered chloride complexes of Pd (IT) and Pt (IV), it was a matter of practical interest to study of
the desorption of these ions under the dynamic conditions. It is known that high selectivity of ion
exchangers to the recovered components means that desorption of these components would be more
problematic [18, 22, 23, 27].

It was mentioned above that we used hydrochloric acid thiourea solution as a desorption agent.
The advantage of this eluent is in its ability to form the positively charged complexes [Pd(SCN,H,),]**
and [Pt(SCN,H,),]*, the stability of which is much higher than that one of the chloride complexes of
palladium and platinum (log 8,>40-43) [20].

The elution curves for anion exchanger Purogold™ A 193 are represented in Fig. 3. According
to these data, the practically complete elution of palladium and platinum is achieved after passing of
50—60 mL of thiourea solution.

Table 8 contains the data on palladium and platinum desorption from the anion exchangers

investigated after the simultaneous sorption of noble metals from HCI solutions with concentrations

o
BO ‘“w
0 e

60
50

10 4 | e

20 {f —
{ e e W W —{
10 4 1

0é

Fig. 3. Elution curves for desorption of Pd (1) and Pt (2) from anion exchanger Purogold™ A 193 by hydrochloric
acid thiourea solution. Sorption conditions: C, (HCI1) = 2.0 mol/L; Cy(Pd) = C,(Pt)=0.25 mmol/L
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Table 8. Elution of Pd and Pt by thiourea solution (1 mol/L in 0.5 M HCI). Sorption conditions: Cy(Pd) = Cy(Pt)=
=0.25 mmol/L

Desorption degree, % for
Trade name Pd recovery from Pt recovery from
2 M HCl 4 M HCI 2 M HCI 4 M HCI
Purolite A 500 69 66 84 85
Purogold™ S 992 54 54 77 83
Purolite A 111 87 86 98 98
Purogold™ A 193 84 87 80 88

4.0 and 2.0 mol/L. It can be seen from these results that desorption of noble metals from the resins
proceeds in different way. Moreover, the recovery degree of platinum is greater than that of palladium.
The best results were obtained for weak base anion exchanger Purolite A 111. It should be noted that
after 24 h, desorption of palladium and platinum complexes is on the level of 95-100 % for all the ion
exchangers investigated.

We have pointed above to the probable difficulties in palladium and platinum separation,
originating from the low values of their separation coefficients (Table 6) and high selectivity of the
sorbents investigated. This fact is confirmed by the desorption data, in the case of simultaneous
elution of both noble metals. However, the positively charged Pd and Pt thiourea complexes can be
successfully separated after their simultaneous isolation by electrolysis — an industrial method [1,
20, 29]. Therefore, the anion exchangers Purolite A 111 and Purogold™ A 193 can be recommended
for use in technological schemes for palladium and platinum recovery from hydrochloric acid

solutions.

Conclusions

The investigation revealed the high sorption ability of studied ion exchangers during their recov-
ery of chloride complexes of palladium (II) and platinum (IV). The high selectivity of the resins makes
it impossible to separate the investigated noble metals — neither during sorption, nor during elution.
However, the simultaneous desorption of Pd and Pt by hydrochloric acid thiourea solution does not
reduce the practical significance of the present work, as the separation of noble metals from thiourea
complexes can be achieved by electrolysis — the widespread procedure for the plant conditions. That is
why we recommend anion exchangers Purolite A 111 and Purogold™ A 193 for technological schemes

for the recovery of palladium and platinum from various in HCI concentration solutions.

Acknowledgements

The authors are grateful to the Moscow office of the Purolite Int. Ltd. and personally to
M.A. Mikhaylenko for the samples of anion exchangers kindly provided for investigation.



Olga N. Kononova, Evgeniya V. Duba... Sorption Recovery of Palladium (II) and Platinum (IV) from Hydrochloric...

References

1. 3onoros IO.A., Bapman I'M., isanoB B.M. Ananutuueckass XuMusi METAJIJIOB IJIATUHOBOM
rpynnsl. M.: Dautopuan Ipecc, 2003. 592 c. [Zolotov Y.A., Varshal G.M., Ivanov V.M. Analytical
chemistry of platinum group metals. Moscow: Editorial URSS, 2003. 592 p. (In Russ.)]

2. Kopuees C.M. MexayHaponHblii 0030p pbIHKA LIBETHBIX METaJUIOB. [[eéemuvie Memannvi
2016. T. 6 , C. 4 — 6. [Korneev S.I. International review of the nonferrous metals market. Tsvetnye
Metally 2016. Vol. 6, P. 4 — 6. (In Russ.)]

3. Crasckuii A.Il. MuHepanbHO€E ChIPbE OT HEIp 3€MIHU A0 pblHKA. biaroponHsie MeTanasl
U anmasbl. 30JI0TO, cepedpo, IIIaTHHOBBIE MeTailulbl W aimasbl. M.: Hayunsiit Mup, 2011. 400
c. [Stavskiy A.P. Mineral raw materials: from bowels of the earth to market. Noble metals and
diamonds. Gold, silver, platinum group metals and diamonds. Moscow: Nauchny Mir, 2011. 400 p.
(In Russ.)]

4. Kononova O.N., Patrushev V.V., Kononov Y.S. Recovery of noble metals from refractory
sulfide black-shale ores. Hydrometallurgy 2014NVol. 144-145, P. 156 — 162.

5. Yin C.., Nikoloski A.N., Wang M.W. Microfluidic solvent extraction of platinum and
palladium from a chloride leach solution using Alanine 336. Mineral Engineering 2013Nol. 45,
P.18 —21.

6. Nikoloski A.N., Ang K.L. Review on the application ion exchange resins for the recovery
of platinum-group metals from hydrochloric acid solutions. Mineral Processing and Extractive
Metallurgy Review 2014. Vol. 35, P. 369 — 389.

7. Tlamant A.A., Jlesuyk O.M., Bpeikun K.A. CopOunoHHOE H3BJICYCHHE HOHOB ILJIATHHBI
U3 MPOMBIIUICHHBIX KHCIBIX PAacTBOPOB, COACPXKALIMX BBICOKHE COICp)KaHMS keles3a. [lgemmvle
Memanner 2012. T. 5, C. 42 — 46. [Palant A.A., Levchyuk O.M., Brykin K.A. Sorption recovery of
platinum ions from industrial acidic solutions containing high quantities of iron. Tsvetnye Metally
2012. Vol. 5, P. 42 — 46. (In Russ.)]

8. Angelidis T.N., Skouraki E. Preliminary studies of platinum dissolution from a spent industrial
catalyst. Applied Catalalysis A: general 1996. Vol. 142, P. 387 — 392.

9. UYepnsimosa O.B., Ipo6ot [I.B., Yepusimos B.M. HoBble 31eKTpoXUMHYECKHE TIPOLECCH B
TexHonoruu naanusi. Poccutickuii xumuueckutl scypran 2006. T. 50 (4), C. 13 — 18. [Chernyshova
O.V., Drobot D.V., Chernyshov V.I. Novel electrochemical processes in palladium technology. Russian
Chemical. Journal 2006. Vol. L (4), P. 13 — 18. (In Russ.)]

10. Tatarnikov A.V., Sokolovskaya 1.V., Shneerson Y.M., Lapin A.Y., Goncharov P.M. Treatment
of platinum flotation products. Platinum Metals Review 2004. Vol.48, P. 125 — 132.

11. Nikoloski A.N., Ang K.L., Li D. Recovery of platinum and rhodium from acidic chloride
leach solution using ion exchange resins. Hydrometallurgy 2015. Vol. 152, P. 20 — 32.

12. Miroshnichenko A.A., Sorption recovery of platinum metals from compound solutions.
Procedia Engineering 2016. Vol. 152, P. 8§ — 12.

13. Hubicki Z., Wawrzkiewicz M., Wolowicz A. Application of ion exchange methods in recovery
of Pd (II) ions — a review. Chemistry Analytics 2008. Vol. 53, P. 759 — 784.

14. Raju B, Kumar J.R., Lee J.Y., Kantam M.L. Separation of platinum and rhodium from chloride
solutions containing aluminum, magnesium and iron using solvent extraction and precipitation
methods. Journal of Hazardous Materials 2012. Vol. 227-228, P. 142 — 147.



Olga N. Kononova, Evgeniya V. Duba... Sorption Recovery of Palladium (II) and Platinum (IV) from Hydrochloric...

15. Beamish F.E. The analytical chemistry of the noble metals. Oxford, London, Edinburgh, New
York, Toronto, Paris: Pergamon Press, 1966. 702 p.

16. Cotton F.A.,Wilkinson C. Advanced inorganic chemistry. A comprehensive text. New York:
Wiley and Sons, 1969. 410 p.

17. Wolowicz A., Hubicki Z. Sorption behavior of Dowex PSR-2 and Dowex PSR-3 resins of
different structures for metal (II) removal. Solvent Extraction and Ion Exchange 2016. Vol. 34 (4), P.
375 -397.

18. Canmamze K.M.. KombuioBa-Bamosa B.[l. KommiekcooOpasyromue HoHUTHL M.: Xummus,
1980. 356 c. [Saldadze K.M., Kopylova-Valova V.D. Complex-forming ion exchangers. Moscow:
Khimiya, 1980, 356 p. (In Russ.)]

19. Marhol M. Ion exchangers in analytical chemistry. Their properties and use in inorganic
chemistry. Prague: Academia, 1982, 585 p.

20. Tunzoypr C.M.. Esepckas H.A., IlpokodneBa N.B., denoposa H.B., llnenckas B.U.,
Benwsckuit H.K. AHanuTHueckas XuMus IUTaTHHOBBIX MeTaiutoB. M.: Hayka, 1972. 615 c. [Ginzburg
S.I., Ezerskaya N.A., Prokofieva LV., Feodorova N.V., Shlenskaya V.I., Belskiy N.K.. Analytical
chemistry of platinum group metals. Moscow: Nauka, 1972. 615 p. (In Russ.)]

21. Umland F., Janssen A., Thierig D., Wiinsch G. Theorie und praktische Anwendung von
Komplexbildnern. Frankfurt/Main: Akademische Verlagsgesellschaft, 1971.535 p.

22. Helfferich F. Ion exchange. New York: McGraw Hill, 1962. 520 p.

23. KokotoB O.A., [Taceunuk B.A. PaBHOBecue n kMHETHKa HOHHOTO oOMeHa. JI.: Xumust, 1979.
374 c. [Kokotov Y.A., Pasechnik V.A.. Equilibrium and kinetics of ion exchange. Leningrad: Khimiya,
1979. 374 p. (In Russ.)]

24. Pollard, J.H. A handbook of numerical and statistical techniques. Cambridge: Cambridge
University Press, 1977. 342 p.

25. Harris D.C. Quantitative chemical analysis. New York: W.H. Freeman, 2007. 898 p.

26. CunuubiH H.M., BycnaeBa T.M. XyuMusl KOMILUIEKCHBIX FaJIOT€HUIOB MIJIATUHOBBIX METAJLIIOB.
M.: PocBy3nayka, 1992. 79 c. [Sinitsyn N.M., Buslaeva T.M. Chemistry of complex halides of platinum
group metals. Moscow: Rosvuznauka, 1992. 79 p. (In Russ.)]

27. Reichenberg D. Ion exchange. A series of advances. J.A. Marinsky, Ed. Buffalo, New York:
Mc Graw Hill, 1966. 104 p.

28. Griessbach R. Austauschadsorption in Theorie und Praxis. Berlin: Akademie-Verlag, 1957,
268 p.

29. Boapaman I'M.. 3enukman A.H. Teopus ruapomeTanmyprudeckux MporeccoB. M.:
Wnrepner-Unxunupusr, 2003. 458 c. [Voldman G.M., Zelikman A.N. Theory of hydrometallurgical
processes. Moscow: Internet-Engineering, 2003. 458 p. (In Russ.)]



