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a Department of Inorganic Chemistry, Faculty of Chemistry, Maria Curie-Skłodowska University, Maria Curie-Skłodowska Square 2, 20-031 Lublin, Poland
b Fertilizer Research Institute, 24-100 Puławy, Poland

Received 15 July 2005; received in revised form 3 January 2006; accepted 11 January 2006
Available online 15 February 2006

bstract

Platinum has been widely applied in catalytic industry and the recovery of noble metals from industrial wastes becomes an economic issue.
he laboratory studies of platinum(IV) microquantities removal from 1 M aluminium, copper, iron, nickel and zinc chloride solutions in 0.1 M
ydrochloric acid solutions on the anion exchanger Duolite S 37 of the functional secondary and tertiary amine groups were carried out. For this

nion exchanger the fraction extracted values (%E, Pt(IV)) as well as the sorption isotherms were determined depending on the kind of aqueous
hase and phase contact time. Moreover, the bed and weight distribution coefficients as well as working and total ion-exchange capacities were
alculated from the platinum(IV) breakthrough curves. Kinetic parameters were determined.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Catalysts of the platinum group metals have been widely used
n various chemical processes. The excellent chemisorption,
elective activity towards reactants and resistance to oxidation
t high temperatures make them very effective catalysts, e.g.
n ammonia oxidation, petroleum reforming, Fischer–Tropsch
ynthesis and pharmaceutical industry [1].

The high cost and increasing demand have prompted the
ecovery of platinum from low-grade ores and spent catalysts.
on exchange is a powerful tool for selective recovery of very
mall amounts of platinum ions from concentrated aluminium
on solutions. Noble metals exist in chloride solutions in the
nionic form; therefore, anion exchanging is a better method
han cation exchanging for separation of platinum(IV) traces

rom extremely large amounts of base metal ions (aluminium,
opper, nickel, iron and zinc).

∗ Corresponding author. Tel.: +48 815375511; fax: +48 815333348.
E-mail address: hubicki@hermes.umcs.lublin.pl (Z. Hubicki).
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Platinum(IV) sorption was investigated from non-noble metal
olutions on the Polyorgs chelating sorbent. Polyorgs are highly
elective for noble metal ions in the presence of non-noble
etals. Polyorgs are obtained by introduction of complex-

ng functional groups into linear polystyrene, macroporous
tyrene–divinylobenzene copolymers, poly(vinyl alcohol) and
olyacrylonitrile fibers, and other matrices. The high selectivity
f these sorbents for noble metal ions is mainly achieved by the
se of nitrogen and sulphur as donor atoms, but the sorbents not
ontaining sulphur atoms are the most selective in the presence
f Cu(II), Ni(II) and Co(II). The chelating sorbents contain-
ng nitrogen-heterocycle groups are highly selective for noble

etal ions. The most interesting are Polyorgs IV, V and VI. Pre-
oncentration is complete in the presence of copper(II) up to a
oncentration of at least 50 g/dm3, nickel(II) and cobalt(II) up to
00 g/dm3, and iron(III) up to 10–20 g/dm3. Polyorgs V has the
ighest selectivity, especially in the presence of iron(III). The
ase metals are only very slightly sorbed [copper(II), nickel(II)

nd cobalt(II) 0.02%, iron(III) 2%], so they have practically no
nfluence on the subsequent determination of noble metal ions.
ther base metal ions (Al, Ca, Mg, etc.) are not sorbed at all

rom highly acidic media [2].
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The ion exchanger Lewatit TP 214 of functional thiourea
roups was tested for recovery of platinum(IV) ions microquan-
ities from aluminium(III) chloride macroquantities. The ion
xchanger is characterised by well working capacity. The work-
ng capacity was 17.9 g/dm3. It was found that after sorption
ompletion, platinum can be desorbed by means of 5% thiourea
olution in 0.5 M HCl [3].

Nine of anion exchangers were investigated for selective
eparation of platinum, palladium and gold ions from large
mounts of base metal ion solutions. All of the resins tested:
owex 1X-8, Amberlite CG-400, Amberlite IRA-410, Diaion
A-30, Diaion WA-20, Amberlite IRA-35 and Dowex WGR-

, except the two resins: Amberlite CG-4B and Dowex A-1,
ere effectively applied for separation of noble metal ions from
ase metals. Amberlite IRA-35, a weakly basic acrylic anion-
xchange resin, was used throughout the study, because the noble
etal ions were sharply eluted from the resin with a minimum

mount of eluant (10 cm3 or less) [4].
The ion-exchange method was applied for the separation

f platinum, palladium and rhodium ions from the solution
hat is highly acidic and contains a considerable amount of
ead, aluminium, iron and cerium obtained by leaching of used
p honeycomb type automotive catalytic converters. The three
nion-exchange resins Amberlite IRA-68, Amberlite IRA-93
nd Amberlite IRA-400 were tested. Recovery and stripping of
latinum, palladium and rhodium were the best for Amberlite
RA-93 [5].

The anion exchanger Amberlite IRA 67 with tertiary
mine groups incorporated onto the skeleton consisting of
crylate–divinylobenzene copolymer was used for sorption of
latinum(IV) ions from chloride solutions. It was characterised
y a high capacity in the HCl concentration from 0.1 to 0.5 M.
owever, in the HCl concentration range 0.5–6 M, ion-exchange

apacities decrease rapidly [6].
The chelating ion-exchange resin containing thiosemicar-

azide as the functional group and based on macroreticu-
ar polystyrene–divinylobenzene (8%) was prepared. Maximal
apacities for precious metal ions are (mmol/g): Pd(II)—0.78
pH 0), Pt(IV)—0.71 (pH 0), Ru(III)—0.685 (1.5 M HCl)
nd Rh(III)—0.615 (2 M HCl). Base metal ions such as cop-
er(II), bismuth(III), mercury(II), iron(III), vanadium(V), alu-
inium(III) and uranium(VI) are not sorbed under the experi-
ental conditions. The resin does not sorb iridium(III) at pH 0,
hich makes its separation from the other platinum metal ions

asy [7].
Recovery of platinum from a selective linear paraffin dehy-

rogenation spent catalysts by using cyanide leaching and
dsorption cyanide complexes onto an anionic resin was inves-
igated by Shams et al. For this purpose a strong base anion
xchanger Amberjet 4200 was used. The resin, on which the
latinum complex was adsorbed, was dried and burned in an
xidizing atmosphere at 1073–1123 K. Recovery of platinum
rom catalysts in experiments was about 85% [17].
Platinum exists in many kinds of catalysts. The trifunctional
atalyst Pt-Zn-HY was used for hydroisomerisation of n-heptane
8]. The Fe-oxide promoted Pt/alumina catalyst is highly selec-
ive for oxidation of CO in H2 [9]. Platinum and nickel catalyse

o
w
a
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any kinds of chemical processes, for example: acetophenone
ydrogenation [10], n-butane reforming [11] and aromatic nitro
ompounds reduction [12]. Bimetallic platinum–copper was
sed in nitrate reduction [13]. Therefore, we chose the models
ith aluminium(III), copper(II), iron(III), nickel(II) and zinc(II)

hlorides as macroquantities.
The aim of the paper is to study possibility of selective

emoval of platinum(IV) ions from the hydrochloric acid con-
entration range 0.1–6 and 1 M aluminium(III), copper(II),
ron(III), nickel(II) and zinc(II) chloride solutions in 0.1 M HCl
n the anion exchanger Duolite S 37. Therefore, applicability of
he anion exchanger Duolite S 37 with functional secondary and
ertiary amine groups was studied. Sorption of Pt(IV) ions from
arious systems on the above mentioned anion exchangers was
arried out under dynamic and static conditions with different
hase contact time.

. Experimental

.1. Reagents

Duolite S 37 was produced by Dia-Prosim, France. The other
eagents used were chemically pure and produced by POCh,
oland.

.2. Characteristics of the anion exchanger

Duolite S 37 is the anion exchanger including secondary
nd tertiary amine groups on the phenyl-formaldehyde skele-
on. It has a macroporous structure, of the capacity 1.11 eq/dm3,
shipping weight 610 g/dm3 and a moisture retention capacity
f 47–51%. It is thermally stable up to 303 K.

.3. Methods and analysis

In order to determine the fraction extracted of platinum(IV)
ons depending on the phase contact time, anion exchanger
nd aqueous phase types, experiments were made in the con-
cal flasks of volume 100 cm3 dosed with a ground-in stopper.
wenty-five cubic centimeters proper aqueous phase and 0.25 g
nion exchanger were put into small flasks. The total amount
as shaken using the laboratory shaker type 385 S (produced

n Poland) for the period from 1 to 360 min at 293 K and then
he anion exchanger was filtered off to determine the content of
latinum ions in the raffinate.

The fraction extracted of Pt(IV) was calculated from:

E = QPt

Q′
Pt

(1)

here QPt is the mass of Pt extracted and Q′
Pt is the total mass

f Pt present at the start. Uncertainty of the fraction extracted
alues is U = 0.01.
The 0.6 cm diameter columns joined with the feeder by means
f the ground glass joint were used in the dynamic method. They
ere filled with the proper water swollen anion exchanger in the

mount of 5 cm3. Then proper solutions of the platinum(IV)
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secondary and tertiary amine groups is suitable for removal of
microquantities of platinum(IV) ions from hydrochloric acid
solutions. The working and total capacities of the investigated
72 Z. Hubicki, G. Wójcik / Journal of Ha

ons of the concentration 143.1 �g/cm3 were passed at the rate
.35 cm/min through the anion exchanger bed. The eluate was
ollected in the 10, 25, 50 and 100 cm3 fractions and their plat-
num content was determined.

The weight λPt(IV) and bed λ′
Pt(IV) distribution coefficients

ere calculated from the breakthrough curves of platinum(IV)

Pt(IV) = Ū − U0 − V

mj

(2)

here Ū is the effluent volume at C = C0/2 (cm3), U0 the dead
olume in the column (liquid volume in the column between the
ottom edge of the anion exchanger bed and the outlet) (cm3),
the void (inter-particle) anion exchanger bed volume (which

mounts to ca. 0.4 of the bed volume) (cm3) and mj is the dry
nion exchanger weight (g).

′
Pt(IV) = λPt(IV) · dz (3)

here dz is the anion exchanger bed density [16].
The working capacity of the ion exchanger means the

reakthrough capacity QB according to IUPAC. The value
/C0—3 × 10−3 is defined as breakthrough of bed by us. The

otal capacity was calculated by integration along the curve.
Uncertainty of complete experiment was calculated accord-

ng to PN-EN-ISO/IEC 17025. We express uncertainty by U for
= 2 and P = 95%.

The percentage content of Pt(IV) in the initial solution, raf-
nate and eluate was determined using the spectrophotometric
ethod. The solution under investigation containing not more

han 0.3 mg Pt was put into a 25 cm3 flask. Three cubic centime-
ers concentrated HCl and 5 cm3 SnCl2 solution (25% solution
n HCl (1 + 3)) were added and diluted with 0.01 M HCl to full
olume. After stirring, absorbance was measured using the spec-
rophotometer SPECORD M 42 produced by Carl Zeiss Jena,
ermany

. Results and discussion

Platinum from catalysts can be separated in hydrometallur-
ical processes. After catalyst dissolution in the chloride media
latinum forms chloride complexes (Table 1).

Platinum(IV) forms only one kind of complexes [PtCl6]2− in

he concentration range 0.1–6 M hydrochloric acid. According
o the Hard and Soft Acids and Bases theory, platinum(IV) in
hloride complexes [PtCl6]2− is a soft acid and interacts with
oft basic ion exchangers.

able 1
ifferent kinds of Pt complexes with respect to the hydrochloric acid concen-

rations [14]

cid concentration Complex forms

H > 13 [Pt(OH)6]2−
H 7–13 [Pt(OH)5Cl]2−

.01 M HCl [Pt(OH)Cl5]2−, [Pt(OH)2Cl4]2−

.05 M HCl 20% [Pt(OH)Cl5]2−; 80% [PtCl6]2−

–0.1 M HCl [PtCl6]2−

F
f
t
H

ig. 1. Breakthrough curves for platinum(IV) ions (143.1 mg/dm3) on Duolite
37 in: (+) 0.1 M HCl; (©) 0.5 M HCl; (�) 1 M HCl; (�) 3 M HCl; (♦) 6 M
Cl.

Ions of such metals as aluminium(III), copper(II), iron(III),
ickel(II) and zinc(II) form many kinds of complexes in 0.1 M
ydrochloric acid.

As follows from the presented results (Figs. 1 and 2 and
able 3), the anion exchanger Duolite S 37 of the functional
ig. 2. Influence of contact times on the removal of Pt(IV) ions (143.1 mg/dm3)
rom the aqueous solutions by means of Duolite S 37. Data points correspond
o the following HCl concentrations: (+) 0.1 M HCl; (©) 0.5 M HCl; (�) 1 M
Cl; (�) 3 M HCl; (♦) 6 M HCl.
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Fig. 4. Influence of contact times on the removal of Pt(IV) ions (143.1 mg/dm3)
from the aqueous solutions of 1 M MCl in 0.1 M HCl by means of Duolite S
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nion exchanger depend on hydrochloric acid concentration.
he anion exchanger Duolite S 37 is characterised by the highest
orking and total capacity in the HCl concentration 0.1 M. In the
Cl concentration range from 0.5 to 6 M the anion exchanger
ossesses lower working ion-exchange capacity.

The influence of hydrochloric acid concentration on the plat-
num(IV) ions sorption is shown in Fig. 1. Increasing hydrochlo-
ic acid concentration results in decreasing platinum(IV) ions
orption.

In the chloride models, low values of working and total
apacities as well as the fraction extracted can be explained
y competitive sorption of HCl2− ions compared with plat-
num(IV) chloride complexes on the anion exchanger Duolite

37. Similar reports can be found in literature. The report that
he distribution coefficients of metal complexes in concentrated
ydrochloric acid solutions are much smaller than those in the
orresponding chloride salt solutions has been tentatively inter-
reted by assuming that anion HCl2− is formed, and that, as the
nion of an acid stronger than HCl, this would exhibit a stronger
ffinity than the Cl− ion for ion-exchanger [16].

The effect of macroquantities of such metals as alu-
inium(III), copper(II), iron(III), nickel(II) and zinc(II) on sorp-

ion of platinum(IV) ions is shown in Fig. 3. As follows from
he presented results, all investigated macroquantities of metals
nfluence on the sorption of platinum(IV) ion microquantities.
he working and total capacities are the smallest in the pres-
nce of zinc(II) chloride macroquantities. The working and
otal capacities of platinum(IV) ion microquantities are greater

n the presence of copper(II), iron(III) and nickel(II) chloride

acroquantities than in the presence of aluminium(III) chloride
acroquantities.

ig. 3. Breakthrough curves for platinum(IV) ions (143.1 mg/dm3) on Duolite S
7 from the aqueous solutions of 1 M MClx in 0.1 M HCl. Data points correspond
o the following systems: (+) AlCl3; (©) CuCl2; (�) FeCl3; (�) NiCl2; (♦)
nCl2.
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7. Data points correspond to the following systems: (+) AlCl3; (©) CuCl2; (�)
eCl3; (�) NiCl2; (♦) ZnCl2.

The influence of contact times on the removal of Pt(IV) ions
rom the aqueous solution of 1 M AlCl3, CuCl2, FeCl3, NiCl2
nd ZnCl2 in 0.1 M HCl is shown in Fig. 4. In the systems with
iCl2, CuCl2, AlCl3 and FeCl3 the anion exchanger Duolite S
7 is characterised by higher values of the fraction extracted
bout 81–85% than in the system with ZnCl2.

The investigated anion exchanger is characterised by small
alues of the fraction extracted in the system with 1 M ZnCl2,
he fraction extracted value is about 45% for the contact time
60 min.

The sorption of platinum ions onto the anion exchanger was
tudied in terms of the pseudo-first and second order mecha-
isms as well as an intraparticle diffusion mechanism [15].

The pseudo-second order mechanism of sorption is charac-
erised by high values of r2 (coefficient of correlation) and small
tandard deviation (S.D.), and describes well sorption of plat-
num(IV) ions in all investigated systems.

The pseudo-second mechanism of sorption is shown in the
quation:

dqt

dt
= k2(q2 − qt)

2 (4)

here q2 is the amount of platinum(IV) ions sorbed at equilib-
ium (mg/g), qt the amount of platinum(IV) ions sorbed at time t
mg/g) and k2 is the equilibrium rate constant of pseudo-second
rder chemical sorption (g/(mg min)). The initial sorption rate
s h (mg/(g min)).

The kinetic parameters are shown in Table 2. The kinetic

arameters of the investigated anion exchanger depend on
ydrochloric acid concentration. Increasing hydrochloric acid
oncentration results in decreasing values of kinetic parameters.
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Table 2
Kinetic parameters of the investigated systems for the anion exchanger Duolite S 37 determined based on the results obtained by the static method

Anion exchanger Systems Parameters

r2 S.D. k2 q2 h

Duolite S 37 0.1 M HCl 0.99998 0.03497 0.099461 14.34926 20.47921
0.5 M HCl 0.99992 0.07413 0.037177 14.19245 7.488393
1 M HCl 0.9997 0.15383 0.017906 13.71742 3.369272
3 M HCl 0.99944 0.24594 0.012503 11.79941 1.740674
6 M HCl 0.997601 0.60469 0.009349 9.989012 0.932871
1 M AlCl3–0.1 M HCl 0.995645 0.66292 0.005206 12.30466 0.788184
1 M CuCl2–0.1 M HCl 0.9989 0.34119 0.008437 11.9976 1.214491
1 M FeCl3–0.1 M HCl 0.998361 0.40451 0.007319 12.37777 1.12134
1 M NiCl2–0.1 M HCl 0.997362 0.51098 0.012243 12.38697 1.878569
1 M ZnCl2–0.1 M HCl 0.969457 3.30408 0.004807 6.61901 0.210581

k2 (g/(mg min)), q2 (mg/g) and h (mg/(g min)).

Table 3
Values of working and total ion-exchange capacities, weight and bed distribution coefficients of the investigated anion exchanger for Pt(IV) ions determined by the
dynamic method

Anion exchanger Model Working capacity
[g Pt(IV)/dm3 ± U]

Total capacity
[g Pt(IV)/dm3 ± U]

Weight distribution
coefficienta ± U

Bed distribution
coefficient ± U

Duolite S 37 0.1 M HCl 53.15 ± 1.96 64.65 ± 2.39 1890.4 ± 96.0 445.2 ± 16.5
0.5 M HCl 24.27 ± 0.89 38.49 ± 1.42 1117.6 ± 56.7 263.2 ± 9.7
1 M HCl 10.90 ± 0.40 25.44 ± 0.94 752.4 ± 38.2 177.2 ± 6.5
3 M HCl 6.64 ± 0.24 10.21 ± 0.37 293.8 ± 14.9 69.2 ± 2.5
6 M HCl 3.09 ± 0.11 7.24 ± 0.26 213.1 ± 10.8 50.2 ± 1.8
1 M AlCl3–0.1 M HCl 7.16 ± 0.26 13.79 ± 0.51 404.2 ± 20.5 95.2 ± 3.5
1 M CuCl2–0.1 M HCl 14.83 ± 0.54 19.03 ± 0.70 569.0 ± 28.9 134.0 ± 4.9
1 M FeCl3–0.1 M HCl 10.59 ± 0.39 15.47 ± 0.57 463.6 ± 23.5 109.2 ± 4.0
1 M NiCl –0.1 M HCl 14.94 ± 0.55 21.43 ± 0.79 612.3 ± 31.1 144.2 ± 5.3
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1 M ZnCl2–0.1 M HCl –

a Bed density: Duolite S 37—0.2355 ± 0.008 g/cm3.

In the hydrochloric acid concentration 0.1 M HCl kinetic
arameters possess the highest values.

The influence of macroquantities of such metals as alu-
inium(III), copper(II), iron(III), nickel(II) and zinc(II) on the

inetic parameters of sorption of platinum(IV) ions is shown
n Table 2. As follows from the presented results, all investi-
ated macroquantities of metals influence on kinetic parameters
f sorption of platinum(IV) ion microquantities. The kinetic
arameter values are the smallest in the presence of zinc(II) chlo-
ide macroquantities. The values of kinetic parameters k2 and h
re greater in the presence of copper(II), iron(III) and nickel(II)
hloride macroquantities than in the presence of aluminium(III)
hloride macroquantities.

On the basis of the breakthrough curves, working and total
apacities, bed and weight distribution coefficients were calcu-
ated for all investigated systems. The results are presented in
able 3.

As follows from Table 3, bed and weight distribution coeffi-
ients depend on hydrochloric acid concentration.

Increasing hydrochloric acid concentration results in decreas-
ng values of bed and weight distribution coefficients. In the

ydrochloric acid concentration 0.1 M the bed and weight dis-
ribution coefficients are characterised by the highest values.

The percentage content of macrocomponent complex form
n the 1 M MClx–0.1 M HCl systems was calculated under the

a
i
p
t

3.75 ± 0.13 107.0 ± 5.4 25.2 ± 0.9

nvestigated conditions using the program MEDUSA. Alu-
inium ions exist as Al3+—100%. Copper forms Cu2+ = 60%,
uCl+ = 27%, CuCl2 = 13%. Iron—FeCl3 = 6%, FeCl2+ =
4%, FeCl2+ = 37%, Fe3+ = 23%. Nickel—NiCl2 = 38%,
iCl+ = 15%, Ni2+ = 47%. Zinc exists in the chloride solutions

n the anionic and cationic forms: Zn2+ = 54%, ZnCl+ = 14%,
nCl2 = 8%, ZnCl3− = 7%, ZnCl42− = 17%. The anionic
ind of zinc complexes ZnCl3− = 7%, ZnCl42− = 17%
auses the smallest recovery of platinum(IV) ions in the Pt
icrocomponent–ZnCl2 macrocomponent system.
The influence of macrocomponents on the recovery of plat-

num(IV) ions from chloride solutions can be shown in the series
s follows:

uCl2 ≈ FeCl3 ≈ NiCl2 < AlCl3 < ZnCl2

tatic investigations confirm the conclusions obtained on the
asis of dynamic methods.

. Conclusion

The anion exchanger Duolite S 37 studied in this work can be

pplied in platinum recovery technologies, e.g. in the process-
ng of used up catalytic converters of various kinds and in the
rocessing of anode sludges derived from nickel or copper elec-
rolysis. The choice of anion exchanger suitable for the process
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ondition is necessary to obtain maximal sorption capacity and
mall amount of reagents.

As follows from the investigations, the weakly basic anion
xchanger Duolite S 37 is not suitable for selective removal
f platinum(IV) ions from the system with zinc(II) chloride.
his is caused by competitive sorption of [ZnCl4]2− ion macro-
uantities in relation to [PtCl6]2− ion microquantities on the
eakly basic anion exchanger used. Removal of platinum ions

rom the systems with aluminium(III), copper(II), iron(III) and
ickel(II) chlorides can be obtained using the anion exchanger
uolite S 37.
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