
C

A

f
w
i
c
m
r
m
d
m
W
©

K

0
d

Available online at www.sciencedirect.com

Coordination Chemistry Reviews 252 (2008) 1200–1212

Review

Charge transfer complexes of dithioxamides with dihalogens
as powerful reagents in the dissolution of noble metals

Angela Serpe, Flavia Artizzu, Maria Laura Mercuri, Luca Pilia, Paola Deplano ∗
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bstract

Commonly involved in the recovery/refining processes of noble metals (NMs), coordination chemistry is now required by new legislation to
ace requirements in the selection of ligands that must combine effectiveness with low environmental impact, in order to balance sustainability
ith economic development for conventional applications and for the recovery of NMs from secondary sources thus helping to convert Trash

n Resource. In this paper, we review the properties of dihalogen/cyclic-dithioxamide adducts as a case-study to show how suitable complexes
an provide innovation in the recovery processes of NMs from secondary sources and in the gold etching process in improving the reliability of
icroelectronic devices. These adducts, which do not show cytotoxicity, are capable of dissolving metal palladium and even gold in a one-step

eaction and under mild conditions. In particular, Me2dazdt·2I2 (Me2dazdt = N,N’-dimethyl-perhydrodiazepine-2,3-dithione) has proved to be the

ost effective in practical applications. It has been used in the palladium recovery from model spent three way catalysts (TWC). It selectively

issolved palladium, almost quantitatively, under mild conditions, even in a complex system such as an exhaust catalytic converter, a ceramic
aterial that has undergone severe thermal and chemical stresses. Quite satisfactory results have also been obtained in gold recovery from selected
EEE (waste from electrical and electronic equipments) scrap and from deprocessing procedures for the failure analysis of microelectronic devices.
2008 Elsevier B.V. All rights reserved.

ry; G
eywords: Halogens; Adducts; S-donors; Dithioxamides; Noble-metals recove
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. Background
.1. Introduction

Coordination chemistry is commonly involved in the recov-
ry/refining processes of noble metals (NMs), providing a wide

mailto:deplano@unica.it
dx.doi.org/10.1016/j.ccr.2008.01.024
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hoice of ligands that allow the formation of metal complexes,
hose physico-chemical properties and relative stability may
e properly tuned with the ligand and/or the metal. Currently,
ew legislation requires coordination chemistry to combine
ffectiveness with low environmental impact in its selection of
igands, in order to balance economic development with sus-
ainability. For this reason, research and development has been
earching for new safer reagents with the right strength and
electivity: (i) to replace the more aggressive and/or polluting
eagents used in conventional NMs dissolution methods; (ii) to
espond to the increasing demand of methods of NMs recovery
rom secondary sources so as to meet health, safety and waste
isposal concerns.

The environmental, economic and strategic interest in the
ecovery of NMs from secondary sources is even more signifi-
ant because of their extensive use in conventional and novel
echnologies (electronics, catalysts, including automotive, as
ell as the emerging area of fuel-cells etc.). In particular gold

s recovering its key role as a reserve asset and its demand for
ewellery is on the increase in emergent countries (China, India).
his leads to the following: (i) higher prices; (ii) unbalanced sup-
ly/demand ratio; (iii) depletion of limited natural sources; (iv)
conomical and political dependence on suppliers [1]. In order
o comply with economic and environmental requirements, in
ecent years most countries have promoted new strategies on
aste management. In particular, the European Union’s (EU)
eneral strategy on waste management [2] states that mem-
er states should take appropriate measures to encourage the
revention of waste production (precautionary principle) and
he recovery of waste by recycling, reuse or reclamation in the
xtraction of raw materials. Due to the recent large accumula-
ion of scrap materials, EU Directives on end-of-life vehicles [3]
nd waste from electrical and electronic equipments (WEEE)
4] have established the producer’s responsibility (responsibil-
ty principle) in the disposal of the scrap materials from their
roduction, meeting targets for recycling, reuse and recovery
ithout endangering human health and without using processes
r methods that could harm the environment, aimed at preventing
ather than treating pollution. NMs are traditionally dissolved
hrough oxidation processes that often involve energy inten-
ive and/or unattractive agents both for the environment and
or operators as in the case of the pyrometallurgical chlori-
ation that requires energy intensive and toxic reagents (Cl2,
OCl2, etc.) [5], while methods based on the use of selective
omplexing reagents require pre-treatment with strong oxidiz-
ng acids [6]. Aqua-regia dissolves gold via the formation of
he chloraurate ion, and cyanides in air or pure oxygen gas
re capable of converting gold into water-soluble aurocyanide
ons [7–9]. The cyanide process is very simple to apply and is
ommonly used in gold extraction, but presents environmental
azards due to the fact that cyanides are highly toxic, as experi-
nced in the year 2000 when a dam at a goldmine reprocessing
acility in Romania released wastewater contaminated with

yanide into the river Danube causing a major environmental
isaster.

The search for environmentally friendly processes, the devel-
pment of take-back legislation, the accumulation of WEEE

t
(
t
c
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ue to increased production together with a reduced lifetime of
oods, the search for NMs recovery from secondary sources,
ose challenging targets to coordination chemistry to provide
eagents for NMs dissolution that should meet the requirements
f both economic development and environment safeguard.

In this paper, we review the properties and applications
f a unique class of non-cytotoxic reagents, dihalogen/cyclic-
ithioxamide adducts: (i) for palladium recovery from model
pent three way catalysts (TWC); (ii) for gold recovery from

EEE; and (iii) for gold removal from electronic devices in the
ailure analysis.

.2. σ-Donor/dihalogen adducts

�-Donor/dihalogen adducts belong to the well-known class
f complexes formed by the interaction between a �-donor with
relatively high-lying HOMO and a dihalogen that works as an
cceptor through the relatively low-energy LUMO (�*). Among
he dihalogens, diiodine adducts are the most widely investi-
ated [10] giving rise to a large number of structurally and
pectroscopically characterized D·I2 adducts that has led to a
ystematic study of their nature and properties and their classi-
cation into three main types of complexes: D· · ·I–I (1); D–I–I
2); D–I+· · ·I– (3), (the notations · · · and – refer, respectively, to
ntermolecular and intramolecular distances), based on the type
f the interaction contained in these systems [11].

In particular, Raman spectroscopy has a highly diagnostic
alue in distinguishing the different types of adducts. We can
ummarize the spectral expectations for these compounds as
ollows: the �I–I vibration for type 1 adducts is observed in the
egion 140–180 cm−1 of the Raman spectrum. The frequency
s lower than that of I2 itself (180 cm−1 in the solid) due to the
–I elongation caused by the weak D· · ·I2 interaction. In types 2
dducts of, the D–I and I–I distances are comparable and Raman
pectra show two peaks ascribable to the antisymmetrical and
ymmetrical stretching of the extended D–I–I system. In type
adducts, where short D–I intra- and long I· · ·I distances are

ound, only one peak ascribable to the D–I vibration is observed
n the Raman [11].

These spectral differences indicate that the simplest MO
odel where the � lone pair of the donor (often the HOMO)

onates part of its electron density to the relatively low lying �*
evel, fits well the type 1 adducts (weaker donors), and explains
he interiodine elongation proportional to the donor–acceptor
nteraction as a consequence of the population of the I2 �*
rbital. Also, the electronic transition from the adduct-bonding
rbital (still primarily associated with the donor) to the adduct-
ntibonding orbital (primarily associated with I2 �*) gives rise
o a new band in the near ultraviolet region. The widely used
xpression charge transfer (CT) complexes for these adducts
eflects the CT character (from the donor to the acceptor) of this
and. Moreover, the destabilization of the I2 �* orbital shifts

he typical visible absorption of diiodine to a higher frequency
�* → �* transition). The study of spectrophotometric data of
hese systems is useful to calculate the equilibrium constants by
omputer analysis [12].
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soft-metals, as shown by the numerous examples of soft-metal
complexes with this kind of ligands, also applied to NMs leach-
ing [9,23,24]. In particular thiourea leaching in the presence of
cheme 1. Frontier MOs diagram of a D·I2 CT-complex. Reprinted with per-
ission from [15] Copyright 1999 American Chemical Society.

As the interatomic D–I and I–I distances vary in type 2 and 3
dducts, so does the overall MO picture. Accordingly, the sys-
em must be described by a model that changes dynamically with
imiting forms. Recently, Hoffman et al. [13] have illustrated the
lectronic effects for I3

− and for the anions of the type X–I–I−
X = halogen) by applying the concepts of perturbation theory to
hree-centre systems. Essentially the original three-centre/four-
lectron model for the bonding proposed by Pimentel and
undle is confirmed [14]. Thus one overall �-bonding and
ne non-bonding MO (mostly centred at the terminal posi-
ions) are populated, while only the extended antibonding MO
s empty. The perturbative effects of the heteroatoms on central
r terminal positions have been highlighted in Refs. [13,15].

similar approach has been applied to thione-diiodine sys-
ems, in particular to ptc·I2 and ttb·I2 (the diiodine adducts
f 1,3-dithiacyclohexane-2-thione and 4,5-ethylenedithio-1,3-
ithiole-2-thione, respectively), which are examples of type 1
T-complexes compared to R3P·I2 and R3N·I2, examples of

ype 2 and type 3 respectively, in order to describe appropri-
tely by a MO diagram the different nature of the bonding when
arying the donor atom.

Scheme 1 reproduces the interaction among three FMOs
fragment molecular orbitals), which involves mainly the lone
air of the donor (left side) �D and both the filled and empty �
nd �* combinations of I2. The latter are made prevalently of
he iodine p axial orbitals with some s orbital contribution. The
erturbation of the donor (left side) induces substantial mixing
etween � and �* with major consequences to the nature of the
entral MO �2 in the adduct.

As shown in the box for �2, the central s orbital sums up

rom both I2 components, while the p orbital contribution is cut
ff though it disappears only in the case of I3

− (as imposed
y symmetry) or when �D is at an intermediate energy with

cheme 2. �2-MO for: (a) R3N·I2 or very weak type 1 adducts; (b) I3
− or

edium strength type 2 adducts; (c) R3P·I2 or type 3 adducts.
S
C

y Reviews 252 (2008) 1200–1212

espect to the � and �* FMOs of the acceptor, as in the case
f type 2 adducts (see Scheme 2b). In type 1 adducts, where a
ow-lying �-donor orbital occurs, a �2-MO of type a (Scheme 2)
an be found. Due to their simplicity as models and thanks to
he amount of available structural data, the adducts R3N·I2 and

3P·I2 define the two limiting situations a and c represented in
cheme 2. The strength of thionic sulfur donors, which may be
ffected by the vicinal groups, has been evaluated to be more
omparable to the amine than to the phosphine ligands in the
ases of ptc and ttb donors.

Structural data on a large number of triaryl, mixed ary-
alkyl or trialkyl phosphine diiodine adducts have shown that
four-coordinated tetrahedral structure R3P–I· · ·I with a high

nteriodine separation predominates [D(I–I) > 3.0 Å] [16], in
greement with the limiting situation c shown in Scheme 2.
n extensive investigation on tertiary phosphines (and arsines)-
ihalogen adducts has been performed by the McAuliffe group,
ho has disclosed their peculiar reactivity towards crude inac-

ivated metal powders to form metal complexes of metals in
igh oxidation states [17]. CT complexes, which play an impor-
ant role in many red–ox reactions [18], may be described as
intermediates” sufficiently stable to be isolated, and attempts to
orrelate structural changes with the dynamic of reacting chem-
cal species have been performed for a long time [19], but no
ystematic kinetic study addressed to find a general reaction
echanism for these reactions is available. It has been found

emarkably that R3D·I2 (R = Alkyl; D = As, P) are capable of
xidizing even a noble metal such as gold in a one-step reaction,
s summarized in Scheme 3 [20].

The innovative aspect of this reaction is related to the possibil-
ty of dissolving elemental metals through a one-step reaction
n relatively mild conditions by using reagents that combine
omplexing and oxidizing properties in the same molecule.
oreover the system seems easily tunable potentially, because

y changing the donor and/or the halogen, metals can be dis-
riminated and thus separated. However, these reactions seem
nsuitable for practical applications, since they require strictly
naerobic and anhydrous conditions [21], and also because these
eagents are toxic [22,25].

Sulfur-donor/dihalogen adducts seem particularly suitable to
rovide the proper soft-donor capable of coordinating noble
cheme 3. Oxidation reactions of Au-metal by R3D·I2 (R = Alkyl; D = As, P)
T-complexes.
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Scheme 4. Oxidation reactions of Au-metal by thiourea leaching.

2O2 or O3 or Fe3+ (Scheme 4) [9,25,26] in the gold dissolution
rocess has been widely investigated.

In addition since donors that bear two thionic donors in vic-
nal position are suitable to work as chelating ligands, they

ay favour further the dissolution of soft NMs stabilizing d8

etal ions such as Au(III), Pd(II) and Pt(II) in their preferred
quare–planar geometry thanks to the compatible softness of the
onor atoms and the metal centre, and the chelation properties
f the ligands.

Based on the above, since dithioxamides bear two vic-
nal thioamide groups, they have been selected as suitable
identate S,S-donors to prepare CT-adducts with dihalo-
ens/interhalogens to be checked as dissolution reagents towards
Ms.

. Oxidation reagents based on dithioxamide/dihalogen
omplexes

Scheme 5 shows the different classes of dithioxamide ligands
hat have been selected to use as donors to react with dihalogens
n preparing the donor–acceptor adducts.

The reaction of these ligands with halogen/interhalogen gives
he products listed in Scheme 6.
In Table 1 the reagents based on the dto/dihalogen precursors
hat have proved to be effective in NMs dissolution, are reported.

Among these reagents, R2dto and R2dazdt ligands with I2
nd/or IBr produce the expected 1:2 CT-complexes [27,12c,28],

r

c
S

Scheme 6. Synthesis of oxidation reagents
Scheme 5. Dithioxamide ligands.

hile in the cases of R2pipdt ligands, hexa-atomic cyclic-
ithioxamides, unexpected results show: (i) that the addition of
he IBr solution produces unidentified decomposition products;
nd (ii) that the reactions with I2 did not produce the 1:2 adduct
ut a triiodide salt of the protonated form of the donor [29,30].
urther experimental and theoretical studies are required to elu-
idate these aspects. In any case also this reagent possesses
seful coordinating-oxidation properties in dissolving NMs. The
roton source as well as the different reactivity of R2pipdt have
ot been investigated yet.

The main features of the reagents are summarized in Table 2.
The UV–vis as well as Raman spectra of [R2pipdtH]I3 are

ominated by the typical features of the triiodide anion.
Thanks to the evaluation of cytotoxic activity at the MNTD50

maximal non-toxic dose that reduced cell multiplication less
han 50% in DMSO) of these reagents and of their precursors,
t was possible to determine that these compounds do not show
ytotoxicity [30]. This feature adds value to these reagents as

egards practical applications.

Based on the above described features, the ability of these
ompounds to dissolve NMs has been tested as described in
ection 3.

based on dto/dihalogen precursors.
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Table 1
dto/dihalogen complexes tested as NMs dissolution reagents

Compound Halogen Substituents Acronym

I2 R = R’ = Me; [bis(N, N-dimethyl)-dithioxamide]-bis(diiodine)] Me4dto·2I2
R = R’ = Et; [bis(N,N-diethyl)-dithioxamide]-bis(diiodine)] Et4dto·2I2

NRR’ = Mo; bis(morpholinothicarbonyl)-bis(diiodine)] Mo2dto·2I2

I2 R = Me, N,N’-dimethyl-perhydrodiazepine-2-3-dithione-bis(diiodine) Me2dazdt·2I2

IBr R = Me, N,N’-dimethyl-perhydrodiazepine-2-3-dithione-bis(bromideiodine) Me2dazdt·2IBr
I2 R = Me; triiodide salt of the protonated N,N’-dimethyl-piperazine-2,3-dithione [Me2pipdtH]I3

Table 2
Summary of selected structural and spectroscopic data of the adducts

Compound X-ray data Electronic spectroscopy Raman spectroscopy Ref.

d(S· · ·I1) (Å) d(I1· · ·X2) (Å) CT-band (nm) �* → �* dihalogen band (nm) Log K1 (15 ◦C) v(I–I) (cm−1) intensity

I2 – 2.715(1) – 515a – 180 vs [11]
Mo2dto·2I2 2.851(6) 2.770(3) 310b ∼430b,c 2.227(9) 170 s [11]
Me2dazdt·2I2 2.786(2) 2.818(2) 332b 420b 2.04(2) 150 ms [31a]
IBr – 2.521(4) – 479d – 216 vs [28b]
Me2dazdt·2IBr 2.673(2) 2.6702(14) 257b 320b n. a.e 172 vs [28b]

vs, very strong; s, strong; ms, medium strong.
a THF.
b CHCl3.
c Shoulder.

nts sh
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•
kinetics and the fastest process is achieved with Me2dazdt·2I2
(Fig. 1).

• The dissolution process of calibrated gold wires using
Me2dazdt·2I2 and Me2dazdt·2IBr THF- solutions (Fig. 2),1
d CH2Cl2.
e The solutions were not suitable for the evaluation of the equilibrium consta

. Reactivity towards NMs

The capability, effectiveness and selectivity of the reagents
n NMs dissolution have been preliminarily checked on pure
amples of Au, Pd and Pt in the form of powder, foil or
ire.
The reactions of Me2dazdt·2I2 [28a,31], Me2dazdt·2IBr

28b] and [Me2pipdtH]I3 [29] with metals and the experimental
onditions are brought together in Scheme 7. These complexes
re insoluble in water but they show satisfactory solubility in
rganic solvents such as MEK (methyl ethyl ketone), CH3CN.
he solubility of metal complexes, obtained by reaction with the

eagent selected for the applications (Me2dazdt·I2) falls in the
ange 1.0 × 10−3 to 1.0 × 10−4 mol L−1 for the solvents cited
bove. The obtained metal complexes, which are stable both in
olution and in the solid state, have been fully characterised,

nd the X-ray crystal structure for each compound has been
olved.

The reactivity of diiodine adducts with some acyclic dithiox-
mides R2dto·2I2 (see Table 1) has also been checked. While

f
p

owing time dependance.

he products have yet not been characterised, R2dto·2I2 can dis-
olve gold and palladium, quantitatively, and in a short time
nder the same mild conditions used for Me2dazdt·2I2 and
e2dazdt·2IBr [32]. R2dto·2I2 is not active towards platinum.

nstead [Me2pipdtH]I3 [29] can even dissolve metal platinum.
Kinetic experiments performed by means of spectrophoto-

etric measurements following the formation of the complexes
sing adducts based on cyclic-dto and crude metals have shown
he following:

The dissolution of the palladium powder follows a first order
1 [Me2pipdtH]I3 was not used since it does not show the desired selectivity
or the applications described in section 4, because it can dissolve both gold and
latinum.
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S ) The

c
p
p

4

4

F
a

cheme 7. Reactivity of cyclic-dithioxamide/halogen complexes with NMs. (*

showed that the I2-adduct works faster for gold etching com-
pared to the IBr-adduct, and also compared to the I−/I2 (H2O)
solution which is currently used as a reagent for example in
microelectronic applications.
In conclusion, on the basis of the experimental results on
rude metals, Me2dazdt·2I2 seems to be most suitable towards
alladium and gold and has been selected to be checked for
ractical applications.

c
i
e
n

ig. 1. Kinetic studies on Pd-dissolution using Me2dazdt·2I2 (a, ©), Me2dazdt·2IBr
nd 453 nm, for the three reagents respectively, and plotted as ln(�At) vs. t.
reaction does not occur even in refluxing CH3CN; (**) methyl ethyl ketone.

. Applications

.1. Pd-recovery from spent catalytic converters

Notably, Pd-only technology has been introduced in catalytic

onverters in the last years. Due to their limited lifetime, a signif-
cant amount of these converters should be discharged soon. It is
stimated that the car industry alone, which puts about 40 million
ew cars on the market every year, represents an annual resource

(a, �) and [Me2pipdtH]I3 (b) The absorbances have been recorded at 292, 405
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ig. 2. Dissolution process of calibrated Au wires (l = 2 cm, ∅ = 0.25 mm) using
e2dazdt·2I2 (THF, �), Me2dazdt·2IBr (THF, �) and I−/I2 (H2O, �).

f $1 billion of Pd recovery. Currently significant but still low
∼20%) NMs recycling from spent car converters [1] is done
y non-selective unattractive methods involving pyrometallur-
ical chlorination [5] or dissolution with strong oxidizing acids
6] in the crucial metal-dissolution step. Based on the promising
esults obtained with crude metal palladium, the effectiveness of

e2dazdt·2I2 has been checked on model three-way catalysts
TWC), in order to evaluate its potential in Pd recovery from
pent car converters. The model samples have been prepared
aking into account the chemical composition of the commer-
ial wash-coats in use since the 1980s. Samples containing
d in the 0.5–3.0 wt% range (typical loading in commercial
ash-coats), supported both on Al2O3 and CeO2–ZrO2/Al2O3

33] have been used: Al2O3 represents the typical support used
n the 80’s and in early 90’s, CeO2–ZrO2/Al2O3 is the most
dvanced support in current technologies [34]. In order to simu-
ate the deactivation of the TWC, an accelerated ageing protocol
1050 ◦C/200 h) has been used. The subsequent characterization
ndicates that the nature of the aged model catalysts mimics real
ystems [35]. By stirring a MEK (methyl ethyl ketone) solu-
ion of the reagent with the model aged catalysts at the boiling
emperature of the solvent (80 ◦C) for a week, an almost quan-
itative extraction yield was obtained in mild conditions and
sing a friendly reagent and solvent. Moreover, Me2dazdt·2I2 is
nactive towards metallic Pt and Rh, which are also present in
everal car catalysts. For this reason, unlike in current method-
logies, the present Pd recovery method shows an intrinsic
electivity. Therefore, despite the fact that the whole recov-
ry process takes long times, it still offers the advantage of
voiding a laborious multi-step procedure for metal dissolution,
omplexation and separation, since it is based on a one-step
xidizing/complexing reaction. These peculiar results are par-
icularly remarkable when one takes into account: (i) the low
d-content of the samples; (ii) the Pd-metal dispersion on the
ash-coat where the metal strongly interacts with CeO2–ZrO2;

iii) the strong sintering of the catalyst; and (iv) the presence of
dO crystallites.

For comparison, Pd recovery with an I−/I2 mixture, the

ell-known “tincture of iodine”, previously proposed to dis-

olve NMs (Ag, Au, Pd) [36], provided a significantly lower
xtraction yield (11%). Also, Me2dazdt·2I2 represents a signifi-
ant improvement over other dihalogen or interhalogen adducts

a
w
a
h
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arlier proposed by the McAuliffe group [20], which are unsuit-
ble for practical applications, and also over other methods [6],
hich are based on selective complexing reagents that require

ime-consuming pre-treatment procedures with strong oxidizing
cids.

Pd-metal can easily be recovered from the complex through
onventional thermal treatment (Pd, T < 600 ◦C for a few min-
tes).

.2. Gold dissolution and recovery from WEEE

Gold is extensively used in electronics due to its good con-
uctivity, ductility and resistance to corrosion. It is present in
ifferent amounts in every electronic board, smart and SIM
ards, printer cartridges, etc., and often combined with a larger
mount of copper, especially as a thin layer coating electrical
onnector for exposed connections. Increased production com-
ined with a reduction in the average life-time of these goods
as led to the accumulation of e-waste. It has been estimated that
0 kg/person of WEEE is produced yearly in Europe, and that
he average content of gold in PC scraps is approximately 16 g
u/ton, four to eight times higher than the content of an Italian
old mine (in the 2–4 g Au/ton range). While the content of gold
epends on the e-waste and is generally small, the scarcity of
atural sources combined with an increase in its use and the need
or recycling has led to considerable interest in safe industrial
rocesses.

Preliminary experiments have been made to characterize
elected typologies of electronic scrap materials of increasing
omplexity: ink-jet printer cartridges, SIM cards and a milled
ample of different kinds of WEEE. In the latter case conven-
ional pre-treatment procedures have been set-up to eliminate

etallic and/or non-metallic interferences (glass, plastics, alu-
inium and magnetic metals) and to allow NMs to be exposed to

he action of the reagents. In the ink-jet printer cartridges, gold is
ontained as an outer metallization of a three-layer Au–Cu–Au
ystem supported by a plastic strip that ensures an electric con-
act with the printer. The content of gold is relatively low, but
aking into account the large number of exhausted cartridges
lready collected for recycling purposes and considering that
he strip is easily removed from scrap, the recovery of gold, and
f copper, becomes advisable. The best conditions to recover
oth metals are summarized in Table 3. Accordingly, the strip
s milled, washed with acetone and water. The copper is selec-
ively removed through a dissolution reaction with ammonia in
he presence of H2O2 and (NH4)2SO4, forming the deep blue
etraamminecopper(II) complex, which is collected through fil-
ration and treated with zinc to be reduced to copper metal. The
olid collected from filtration is treated with a Me2dazdt·2I2
cetone solution to give a brown solution of the gold com-
lex. The solution is treated with magnesium, which reduces
he gold complex to the desired gold-metal and gives rise to a
artial decomposition (∼40%) of the ligand. The remaining lig-

nd (60%) is recovered from the solution to be reused. The final
astes are submitted to conventional special-waste treatment,

fter solvent recovery. Both copper and gold are recovered in
igh yields. The morphology of these recovered metals, obtained
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Table 3
Summary of the experimental results in NMs recovery from WEEE [32]

WEEE Metals Preliminary Metal dissolution

HCl dil, �, Ar NH3/(NH4)2SO4/H2O2

(yield, %)
Me2dazdt·2I2 (yield, %)

Cu (125 mg), Au (5 mg) (1) Selection of the strip with metals; (2)
milling; (3) washing by acetone and water.

– Cu (∼100%), 1 ha Au (∼100%), 6 ha

Ni (4 mg), Cu (40 mg), Au (0.4 mg) (1) Milling; (2) Washing by acetone and water. Ni, 10 ha Cu (∼100%), 30′a Au (75–100%), 4 ha

Nib (50 mg), Sn (1.0 g), Pb (0.70 g),
Zn (0.20 g), Al, Cr, Mn, Fe, Co,Cd
(0.14 g), Cu (7.9 g), Ag (6 mg), Au
(1 mg)

– Pb, Sn, Zn, Ni, Fe,
24 ha

Cu (95%), Ag, 2 ha,
Solution A

Au (96%), 8 ha, Solution B

Solution A: Cu(s) recovery by reduction with Zn(s) or, alternatively, CuO(s) precipitation by slow evaporation of NH3. Solution B: Au(s) recovery by reduction with Mg(s).
a The dissolution time can be reduced increasing the temperature and/or using a milled sample with smaller grain size.
b On 10 g of milled sample.
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ig. 3. (a) SEM micrographs of Cu(s) obtained by reduction with Zn(s) (particl
n the range 0.5–10 �m) the microanalysis shows the presence of respectively Z

ith Scanning Electron Microscopy (SEM) is shown in Fig. 3(a)
Cu) and (b) (Au).

SIM-cards show a more complex multi-layer Au–Cu–Ni–Au
ystem, thus an additional step with HCl under argon to dissolve
he nickel is required. The content of gold is very low and its
ecovery may be significant only in the presence of integrated
ecycling processes which treat a large amount of e-scrap. The
ontent of NMs, as well as the composition of a milled sample
f different kinds of WEEE in Table 3 must be taken as largely
pproximate, since it strongly depends on the nature of the milled
-waste. A satisfactory gold recovery is obtained through a three-
tep treatment similar to the one applied to SIM-cards, but in

his case the step with HCl will dissolve other non-noble met-
ls besides nickel, while the step with ammonia will dissolve
ilver together with copper. Details on the experimental proce-
ures are available in the patent recently deposited by Sardegna

o

c
A

ig. 4. Si/SiO2/Ti/Au thin layers before (a) and after 5′ of etch by Me2dazdt·2
= 5.0 × 10−3 mol L−1.
rage radius: ∼500 nm) (b) Au(s) obtained by reduction with Mg(s) (particles ∅
Mg impurity which can easily be removed for washing with HCl.

icerche (research centre of the Sardinian regional government)
32]. The obtained lab-scale results have stimulated the interest
f the recycling industries, which are creating a business cluster
ith the aim of transferring the proposed method to an industrial

cale.

.3. Gold removal from microdevices for failure analysis

Failure analysis studies are performed on an end-of-life
icroelectronic device with the view of finding defects that

ould be the cause of its degradation. The failures can be due to
urface or internal defects that are responsible for the life time

f the device [37].

In this context, Au removal is a crucial step in the depro-
essing procedures performed for microdevice failure analysis.
s a matter of fact, Au is widely used in the packages, where

I2 (b) and Me2dazdt·2IBr (c) THF solutions, and I−/I2 water solution (d)
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Table 4
Summary of the experimental results obtained on real end-of-life microelectronic devices

GaAs-based laser diodesa GaN-based LEDs Al–Silicon ICs

Microdevice

Before Etching

Experimental conditions Me2dazdt·2I2 4.3 × 10−3 M, acetone, r.t., 3′.[39] Me2dazdt·2I2 5.0 × 10−3 M, Acetone, r. t., 10′.[30] Me2dazdt·2I2 8.6 × 10−3 M, THF, r. t., 11′.[41]

After etching

These compounds have shown to be effective in mild conditions also as powerful etching reagents for microelectronic device failure analysis. In particular Me2dazdt·2I2 has proved to be the most useful reagent to
replace the current I−/I2 chemical etch.

a Reprinted with permission from [39] Copyright 1999 Elsevier Science Ltd.
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t is in intimate contact with active regions as an upper met-
llization of a complex multilayer system, typically Ti/Pt/Au
n GaAs-based devices, (Ti and/or Pt)/Au in GaN-based LEDs
Light Emitting Diodes), or simply in massive bonding (pads
nd wires) on Al-metallized Silicon ICs (integrated circuits).
u thus plays the role of a first huge barrier to the examina-

ion of devices, i.e. after life tests, or during the setting up of
ew processing steps; both uniform layers and Au wires hide
he view of inspection instruments (mainly SEM or EBIC [38]
Electron Beam Induced Current – techniques) and prevent the

xamination of bulk phenomena that are very useful as a diag-
ostic tool for failure analysis. In particular, EBIC resolution is
reatly affected by the presence of thick Au metallization over
he areas to be investigated [39]. The high electron absorption
f gold, indeed, not only reduces the total amount of primary
lectrons that reach the semiconductor (because of absorption)
nd requires high electron energy, but it introduces large scatter-
ng in the residual beam. Au removal should then be advisable,
rovided no damage is caused to the device, and defects are
reserved for failure analysis. In the case of Al–Silicon ICs,
ailure analysis is performed for the optimization of probing
nd bonding parameters during packaging development and
ssembly.

A commonly used method to identify microcracks under
wire-bonded pad is using an etch to remove the ball bond,

hus allowing visual access to the layers under the pad. Under
he best conditions, etches will provide access to the entire
ad area for all the pads on a device in a short time (min-
tes to hours). However, many etches do not work well on
evices with very strong intermetallic formations, or on devices
ged by time and/or temperature. In addition, shrinking geome-
ries and changing material sets need etches that are not as
ggressive towards Al and underlying materials. Thus, it is
esirable to develop an etch that can remove a ball bond
rom an Al pad while retaining the impression of the probe
ark for site-directed FIB (Focused Ion Beam) inspection for
icrocracks.
Also in this case cyclic dithioxamide/dihalogen CT com-

lexes have been shown to be the right solution to these
echnological problems.

Selection of Me2dazdt·2I2 as the more effective reagent
as been confirmed by comparing the gold selective dissolu-
ion capability of Me2dazdt·2I2 and Me2dazdt·2IBr on Si/SiO2/
i/Au thin layers (thickness 300 �m/0.5 �m/15 nm/200 nm)
28b]. The test specimen was prepared to mimic those used in
icroelectronics for photonic devices such as laser diodes.
Fig. 4 shows the optical micrographs of the thin layers before

nd after etching using Me2dazdt·2I2 and Me2dazdt·2IBr and,
or comparison, the conventional I−/I2 aqueous mixture.

The overall effect is a fast (only 4 min to remove a 200 nm
hick gold layer for the diiodine-adduct), effective, selective (the
i layer was completely preserved) and homogeneous gold dis-
olution, and in agreement with the previously reported results

n Au wires (see Section 3) it shows that the adducts work bet-
er than the I−/I2 aqueous solution and the diiodine adduct is
he most powerful. Further experiments on analogous samples
arried out with tuned experimental conditions (solvent, tem-

0
d
b
S

y Reviews 252 (2008) 1200–1212

erature) showed that while THF is the most effective solvent in
erms of time, acetone and MEK give a more homogeneous gold
emoval. Experiments on similar thin films using thiols such as
-pyridinethiol in EtOH solution recently reported by Repo et
l. [40], obtain gold dissolution in a time range of 1 h to several
onths.
Table 4 summarizes the results obtained using Me2dazdt·2I2

n real end-of-life microelectronic devices.

. Conclusions

Dithioxamide/dihalogen compounds have been shown to
e an important class of powerful oxidation reagents towards
rude NMs. In particular these reagents possess appealing fea-
ures, such as effectiveness combined with low environmental
mpact, for use in practical applications to replace energy inten-
ive and environmentally unattractive methods or less effective
eagents.

Among these Me2dazdt·2I2 has proved to be the most effec-
ive to dissolve NMs: (i) in palladium recovery from model spent
WC; (ii) in gold recovery from WEEE.

Methods based on this reagent have been optimized for the
ifferent cases. The reagent can dissolve metal palladium selec-
ively and under mild conditions even when contained in a
omplex system such as a car catalyst, a ceramic material that
as undergone severe thermal and chemical stress.

Satisfactorily results have been described for gold dissolu-
ion, the most noble metal, in applications in the field of gold
ecovery from WEEE.

In both cases, the methods allow a mild one-step metal
xidizing-complexing reaction. By combining effectiveness
ith low environmental impact, the proposed methods seem to

omply with the requirements on waste management, besides
aking the recovery of palladium and gold from the secondary

ources cited above appealing.
Moreover, this reagent has shown optimal properties as an

tching reagent for gold removal from electronic devices in
he failure analysis of microelectronic-devices. As a matter of
act this reagent is more effective than the conventionally used
tching reagents, is easy to handle, works under mild condi-
ions without protection from the air and/or moisture, and does
ot produce toxic fumes. All very desirable features, especially
hen the reagent is employed by non-specialists in chemistry

s may happen in this application.
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