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Highly concentrated solutions of AlCl36H2O and Al(NO3)39H2O
were investigated for Au and platinum group metals dissolution.
95% Pd was leached from spent automotive catalysts in 15 min at
80 8C, while Pt required longer times; Rh dissolution was o20%. Au
dissolution from wires required 24 h. Pd recovery was investigated
by reductive precipitation.

Strongly oxidizing conditions are required for the dissolution of
noble metals. Aqua regia, a mixture of concentrated nitric acid and
concentrated hydrochloric acid in a 1 : 3 volume ratio, is a wellknown lixiviant for gold, platinum and palladium, while rhodium
can be dissolved if it is in a finely divided form. Several recycling
processes to recover precious metals from electronic scrap and
spent catalysts make use of aqua regia.1–4 Although aqua regia is
still often used, both in research laboratories, in industry and by
jewelers, it is a potentially dangerous solvent mixture and there
are environmental concerns related to its use.5
Many researchers have been trying to find alternatives for
aqua regia as a solvent for noble metals, including platinumgroup metals (PGMs). For instance, ‘‘organic aqua regia (OAR)’’,
which is composed of thionyl chloride (SOCl2) and a polar
aprotic organic solvent such as pyridine, imidazole or N,Ndimethylformamide (DMF), has been proposed as a safer alternative for aqua regia.6–8 Its composition can be tuned to selectively
dissolve gold or palladium, but not platinum. However, SOCl2
cannot be considered as an environmentally friendly compound,
neither are the polar aprotic solvents. Many studies have been
devoted to the dissolution of gold in organic solvent mixtures.9–13
Recently, polyhalide ionic liquids have been found to be powerful
solvents for oxidative dissolution of noble metals.14,15 FeCl3–KCl
mixtures have been presented as ‘‘dry aqua regia’’.16 Angelidis and
Skouraki proposed the use of aluminum chloride solutions, with

low concentrations of nitric acid as an oxidant, instead of aqua regia,
for the recovery of platinum from spent automotive catalysts.17
The work reported here was inspired by a paper by Angell and
coworkers from 1973 in which it was remarked that concentrated
solutions of AlCl36H2O and Al(NO3)39H2O dissolve noble metals at
a much greater rate than can be achieved with boiling aqua regia.18
Although the authors wrote that this phenomenon would be
described in a follow-up paper, it has never been published.19
Concentrated solutions of salts of highly valent metal ions, having
an H2O : metal-ion ratio suﬃciently low to minimize outer-sphere
hydration, show a marked degree of acidity which can be exploited
for the dissolution of noble metals.20 Such highly concentrated salt
solutions have a limited amount of free water molecules and are
closely related to molten salt hydrates and deep-eutectic solvents
based on hydrated metal salts.21–23
In this communication, a very concentrated mixture of
hydrated AlCl3 and Al(NO3)3 (75–85 wt% hydrated salts and
15–25 wt% added water) was used as leaching agent. It was
tested on both metal wires and on a real matrix, comprising
spent automotive catalysts. The recovery of PGMs from the
loaded leachate was investigated by reductive precipitation with
ascorbic acid, which is an effective agent for PGMs recovery
from both chloride and nitrate media.24,25
Preliminary leaching tests were performed on palladium
wires by using the following conditions: salt/wire (S/W) ratio =
35 g/g, T = 80 1C, stirring speed = 350 rpm. Equal amounts of
hydrated AlCl3 and Al(NO3)3 were used in each experiment. The
extra water added to the system was 22 wt%; this value represented the percentage of the water added to the system (g) with
respect to the total mass of the system (g), as reported in eqn (1):
H2 O added ð%Þ ¼

H2 O added
AlCl3  6H2 O þ AlðNO3 Þ3 9H2 O þ H2 O added
 100
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(1)
Already after 3 min, the wire started to dissolve. After 1 h, the
whole leachate turned reddish (Fig. S1a, ESI†). Full dissolution
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was obtained after 4.5 h (Fig. S1f, ESI†). The same conditions
(T = 80 1C, S/W = 35 g/g, 22 wt% water added, stirring speed =
350 rpm) were applied for the dissolution of gold wire (Fig. S2, ESI†).
In this case, full dissolution was observed only after 24 h. This could
be explained with the higher thickness of the gold wire (1 mm)
compared to the palladium wire (0.5 mm). Extra tests were performed on platinum and rhodium wires. It was found that Pt was
fully dissolved after a couple of days whereas the Rh wire could not
be dissolved.
The eﬀectiveness of the leaching system was also tested on
a real matrix comprising spent automotive catalysts with the
following PGMs content: [Pd] = 2867 ppm, [Pt] = 1533 ppm,
[Rh] = 835 ppm. In Fig. 1, the leaching eﬃciency is reported as a
function of the salt-to-catalyst (S/C) ratio. 35 g/g was found to be
the optimal ratio at the tested experimental conditions (T =
80 1C, t = 1 h, water added = 26 wt%, stirring speed = 350 rpm)
in terms of leaching eﬃciency, since it gave the highest yield for
palladium dissolution. These conditions were then applied in
the next series of leaching experiments, where the influence of
the contact time was investigated (Fig. 2). It was found that full
dissolution of all PGMs (Pd, Pt, Rh) could not be achieved
easily, but a selectivity for palladium was observed by using
short contact times (lower than 30 min). The highest platinum
dissolution (about 64%) was obtained at t = 4 h; a further
increase of the contact time did not bring additional platinum
or rhodium in solution.
Another set of experiments was performed to investigate the
influence of the water content (Table 1). R is here defined,
according to Sare et al., as shown in eqn (2).18
R¼

moles of water
moles of salt

(2)

The moles of water refer to the water already present in the
salts plus the water added. It was found that 90–95% palladium
dissolution could be achieved in the tested experimental conditions. A decrease of the water content has an effect mostly on
platinum leaching, which decreased from 64 to 51%; this result
can be explained by the improved mass transfer properties of
the system when using a higher water content. Tests with water

Fig. 1 Leaching as a function of the salt-to-catalyst (S/C) ratio (T = 80 1C,
t = 1 h, water added = 26 wt%, stirring speed = 350 rpm).
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Fig. 2 Leaching as a function of time (salt-to-catalyst ratio = 35 g/g, T =
80 1C, water added = 26 wt%, stirring speed = 350 rpm).

Table 1 Leaching tests as a function of the water content (T = 80 1C, saltto-catalyst ratio = 35 g/g, t = 4 h, stirring speed = 350 rpm)

Leaching eﬃciency (%)
Water added, wt%

R (Nwater/Nsalt)

Pd

Pt

Rh

14
17
20
22
26

9.7
10.4
11.4
11.8
13.0

94
96
91
97
94

51
54
48
51
64

12
14
20
13
18

content higher than 26 wt% were not performed to avoid strong
dilution of the system without having a significant increase in
palladium leaching.
The leaching mechanism can be explained with the oxidation of metals by HNO3; the oxidized ions then react with
chloride ions resulting in hexachloroplatinate(IV) (PtCl62) ions,
as shown in eqn (3) and (4):
+
4+
Pt(s) + 4NO
3(aq) + 8H - Pt(aq) + 4NO2(g) + 4H2O(aq)

+
2
Pt4+
(aq) + 6Cl(aq) + 8H - PtCl6(aq)

(3)
(4)

Leaching requires an oxidising agent such as HNO3. Its
reduction potential is high enough to allow the oxidation
reaction to take place.26 The leaching mechanism is mainly
based on the dissolution of Pt and the formation of chloro
complexes that are quite stable at pH o 1, while at higher pH
the complexes may hydrolyse forming hydroxy complexes.27
From these tests, it is evident that leaching of palladium was
the easiest one, while leaching of platinum and rhodium was
more diﬃcult. This result might be explained with the higher
electrochemical potential of Pd and with the higher stability of
chloropalladate(II) complexes at low pH. A possible approach for
PGMs recovery from the catalyst might include a first leaching
step at t = 15 min in order to obtain quantitative dissolution of
palladium. The residue, rich in platinum and rhodium, could be
further treated through a second leaching step by employing
longer contact times (4 h) to dissolve about 65% platinum.
A multi-stage leaching process, where fresh solvent is used each
time, would help to improve the dissolution of Pt and Rh.
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Table 2 Leachate composition (T = 80 1C, t = 15 min, salt-to-catalyst
ratio = 35 g/g, 26 wt% water added, stirring speed = 350 rpm)

Metal

Concentration, ppm

Al
Ce
Fe
Zn
Pd
Pt
Rh

63 259
66
30
40
55
3
1

A leaching step on a larger scale (1 g of catalyst powder) was
finally performed using the following conditions: salt-to-catalyst
ratio = 35 g/g, water added = 26 wt%, t = 15 min, stirring speed =
350 rpm, in order to get a leachate enriched in palladium for
further recovery. This leachate was also analysed for other elements, such as aluminium, cerium, iron and zinc (Table 2). As
expected, the leachate was strongly contaminated by aluminium. It
is therefore crucial to identify a proper treatment process to recover
the PGMs in a selective way, minimizing Al contamination.
The recovery of palladium was investigated by reductive
precipitation with ascorbic acid. First, precipitation tests were
performed on a leachate obtained from the dissolution of
palladium wire. Equal volumes of the leachate and a solution
of ascorbic acid 1 mol L1 in water were contacted. Samples were
shaken for 5 min and afterwards allowed to settle. At first, no
changes to the solution were observed, but after three days, a
metallic precipitate was found on the bottom of the vial (Fig. S3,
ESI†). In order to determine its composition, the precipitate was
washed with water, dried (T = 105 1C, t = 2 h) and re-dissolved in
65% HNO3 for ICP analysis. As expected from the reductive
potentials of palladium and aluminium, only palladium was
precipitated from the leachate, while aluminium remained in
solution. Standard reduction potentials (E1/V) are 1.662 for Al/
Al3+ and +0.951 for Pd/Pd2+.28 The amount of precipitated palladium was about 25%, so further investigation is required to fully
optimize this step, for example by testing higher temperature
values. The palladium precipitation reaction can be express as:
Pd2+ + H2A 2 Pd(s) + A + 2H+

(5)

where H2A and A are representing ascorbic acid and dehydroascorbic acid, respectively.
The precipitation tests were also performed on the leachate
originating from the dissolution of the catalysts. After the leaching, the solid residue (salt and catalyst not dissolved) was separated from the leachate by centrifugation. The leachate was put in
contact with an equal volume of an ascorbic acid solution in
water. Three diﬀerent concentrations were tested (0.1 mol L1,
0.5 mol L1 and 1 mol L1). Once more, no precipitation of
aluminium was observed and palladium precipitation was 25%
for all the tested solutions. Both platinum and rhodium quantitatively precipitated; however, considering that the leaching of Pd
at the optimised conditions showed a good selectivity for Pd
(see Table 2), the purity of the obtained precipitate is relatively high
(77% purity; calculated value based on Al, Pd, Pt and Rh analysis).
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In conclusion, highly concentrated solutions comprising
mixtures of hydrated aluminium nitrate and chloride salts were
tested for the dissolution of PGMs. The leaching system was tested
both on metal wires and on real material (spent automotive
catalysts). Quantitative dissolution of palladium from the catalysts
powder was achieved in a short time (15 min); about 64% platinum
can be dissolved when the contact time is increased up to 4 h.
Further investigation is required in order to optimize PGMs recovery
via reductive precipitation with ascorbic acid.
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