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leaching solutions. First, ASR sampleswere roasted at 600 °C to simulate a thermal treatment processing. Distilled
water, citric and sulphuric acid were preliminarily investigated, thus two further full factorial systems entailing
H2SO4–H2O2 and H2SO4–H2O2–Fe3+ were tested. The preliminary experimental results showed that
0.1 mol·L−1 H2SO4 solution extracted 100% of Cu, Fe and Zn, whereas citric acid leached 100% of Zn and Pb,
59% of Fe and 62% of Cu; whereas, H2SO4–H2O2 and H2SO4–H2O2–Fe

3+ (Fenton's) leaching media showed that
Cu, Fe and Zn can be extracted simultaneously and completely from the ASR ashes before final disposal.
© 2014 The Chemical Industry and Engineering Society of China, and Chemical Industry Press. All rights reserved.
1. Introduction

The European Union placed technologies for environment at the
core of sustainable development strategy; it fostered innovation in
order to shift from laboratory to industrial applications and market; it
encouraged to promote recycling technologies for the valorisation of
secondary raw materials and improved processes in eco-factories and
eco-products. In particular, recent EU Directives set specific targets for
the recovery and recycling of end of life vehicles (ELV), fostering the
development of new and more efficient recycling technologies as
well as opening a new field of scientific investigation and process
development.

In car shredding process, steel is recovered by magnetic separation,
whereas non-ferrous metals by eddy current. Some plastic fractions
are also reclaimed. Automobile shredder residue (ASR) is the residual
fraction made up of plastics, rubber and fabrics (globally 70%), metals
(20%), glass and other debris (10%). Currently, about 75% of the total
mass of ELV is recycled, while the remaining 25% of ASR, also called
“car fluff”, is landfilled [1]. The average composition of ASR resulted to
be 60% (bymass) plastics (PE, PVC, PP, PS, PU, PA, polychloroprene, elas-
tomers, epoxy resins), 10% textiles, leather and wood, 10% paint, dust
and rust, 15% minerals (glass and sand) and 5% metals [1]. The quanti-
ties of ASR is likely to increase in the coming years due to the growing
number of ELV and larger use of plastics in car production. Every year
.
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between 8 and 9 millions of vehicles in the European Union arrive to
their end of life [2]. Carwaste can have a very highmetal content, falling
into hazardous waste classification.

Depending on the presence and quantity of hazardous substances,
such as heavymetals, PCB and organic compounds, ASR can be classified
as “special waste” or as “hazardous waste” (Decisions 2000/532/EC,
2001/18/EC, 2001/119/EC and 2001/573/EC of Council). Another typical
characteristic of ASR is thehighheterogeneity and variable composition,
even in samples arising from the same source, but sampled at different
times. Guideline 2000/53/EC established that after January 2015 recov-
ery and recycling of all ELV will be increased to a minimum of 95% and
85%, respectively [3,4].

In order to remove heavy metals from ASR, two different methodo-
logical approaches were investigated in the scientific literature:

1. chemical treatments to remove metals from the original ASR (as
delivered from processing plant), followed by decontamination;

2. thermal treatment of ASR by combustion or fluidised bed gasifica-
tion, followed by a quantitative recovery of valuable metals from
the ashes by hydrolysis in different media.

Lanoir et al. [5], Morselli et al. [6] and Passarini et al. [7] carried out
several studies on characterization of ASR and determination of main
metals. In the work by Fiore et al. [8] ASR materials underwent an
extended characterization and somepost-shredding processes, consisting
of dimensional, magnetic, electrostatic and densimetric separation
phases, tested on laboratory scale, with the main purpose of the
enhancement of ASR recovery/recycling and the minimization of the
landfilled fraction. Granata et al. [4] investigated the Zn extraction by
ustry Press. All rights reserved.
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leaching the original ASR in a 0.4 mol·L−1 sulphuric acid solution at a
solid to liquid ratio (S/L) 1:5. The other valuable metals contained in the
ASR, mainly Fe, Al and Cu, required a stronger acid concentration to be
removed. Kurose et al. [9] extracted the metals from the original ASR
using a hydrochloric acid solution. By this procedure, they showed that
the concentration of heavy metals was effectively lowered after the
leaching process.

The second methodological approach, i.e. thermal treatment, is
justified by the fact that the low heating value (LHV) of the ASR
is about 18 MJ·kg−1; on the other end, the EC Directive 1999/31
does not allow landfilling of waste with calorific value exceeding
13 MJ·kg−1. It is well known that ASR pre-treatments before
gasification increase the LHV and, moreover, increase the recovery
of metals. The latter operation is needed both to reduce the release
of pollutants during gasification and to recover valuable metals [4].

Almost all of the recycling methods carry out a thermal treatment
because of ASR's heating value; some of these processes use pyrolysis
[10–12] whereas others perform gasification [13–15]. After thermal
treatments, metals are concentrated in the bottom and fly ashes for
their different boiling points. H.Y. Lee [16] characterised themetal com-
position in the different fractions of bottom and fly ashes arising from a
traditional combustion plant. They found a remarkable high Cu concen-
tration in the bottom ashes, coming from the remaining copper wires in
the ASR, while most of the Pb was vaporised and concentrated in the
bag filters. Leaching of the different fractions was carried out by the
toxicity characteristic leaching procedure (TCLP). The final purpose of
this study was to evaluate the possibility of recycling the ASR ashes
into construction or lightweight aggregate materials. As regards lead,
it was found that it is more concentrated in the finer fractions than in
the coarser ones [17]. Cossu and Lai [18] tested a washing treatment
with water to study the release of hazardous compounds before
landfilling. Results showed that around 60% of dissolved organic carbon
(DOC), chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN),
metal chlorides, sulphates and fluorides were removed; moreover,
grain size did not affect such removal efficiency. Yoshida et al. [19]
investigated the direct Cu recycling, while Shibayama et al. [20] were
able to recover Zn and Cu from fly ash by distillation, precipitation and
cementation. Nieminen et al. [21] studied an air-blown fluidised-bed
gasification as a potential technology for a more efficient utilisation of
ASR in energy production as well as to improve the metal recovery
yield. The studywas focused on the assessment of the technical feasibil-
ity of air-blown fluidised-bed gasification for thermal treatment of ASR
with the development of a fluidised-bed gasifier and a gas cleaning
section.

Mancini et al. [22] characterised the ASR thermal residue coming
from a full scale plant: on the basis of the analytical results, the slag
and bottom ash from the combustion process were classified as non-
hazardous wastes. Rossetti et al. [23] studied the recycling of ASR as
granules suitable to be used as aggregates in cement or asphalt
mixtures; granules were obtained by granulating the non-metallic
fraction of ASR. Pèra et al. [24] investigated two processes for recycling
a 700 °C calcined ASR by transformation into aggregates after chemical
treatment. Ciacci et al. [25] performed a life cycle assessment (LCA) of
five different processes for the treatment of ASR. De Stefanis et al. [26]
made a survey on ASR management in Italy and a resume of the
European legislations on the topic. Different ways of treatment and
disposal were examined and a comparison among seven industrial
technologies was made. The review written by Srogi [27] compared
the thermo-chemical processes and was mainly focused on pyrolysis
and gasification treatments. Other studies concerned kinetics models
of ASR pyrolysis and gasification [28–30]. Evaluation of leachability of
ASR ashes, in accordance with EA NEN 7371, showed that the amount
of metals released over a long period of time could be much higher
than the value estimated with the EN or TCLP methods [20]. In the
study of Hyks and Astrup [31] different results achieved in metal
leaching were associated with difference in ageing; in particular,
leaching of metals, i.e. Sb and Cr, from aged bottom ashes was generally
lower than from fresh ashes.

Most of the aforementioned processes do not provide recovery of
the metallic fraction after thermal treatment by further leaching of the
bottom ashes. It is important to recover metals from ashes, also from
those produced by other thermal treatments like incineration ofmunic-
ipal solid waste (MSW) [32,33]: this leads to avoid any leaks of heavy
metals in the ground and groundwater table when ashes are landfilled.
However, when using temperatures higher than 1000 °C, sintering of
the bottom ashes may take place, reducing the yield of extraction of
the metals. High temperature processes can be performed to obtain a
vitrification so that ashes can be landfilled as inert or reused as second-
ary raw material. However, during vitrification, a consistent fraction of
the volatile metals is vaporised [34,35]. An economic assessment of
ASR treatment was carried out by Ruffino et al. [36]: according to their
physico-mechanical process that includes size, density, magnetic and
electrostatic separations, the treatment cost was estimated in the
range 20–25 euro per tonne of ASR. Nevertheless, considering the mar-
ket price of iron and non-ferrous metals scraps, the proposed process is
economically sustainable.

The aim of thiswork is to study the recovery of themost concentrated
and valuable metals contained in ASR. All published studies concentrated
their efforts in recovery of energy fromASR, leaving out themetal content
of such material. This study has investigated the extraction of Fe, Cu, Zn
and Pb from non-vitrified ASR ashes to recover them from the pregnant
solution. Moreover, the extraction of metals fromASR after energy recov-
ery is very useful before final disposal of decontaminated ASR ashes.

2. Materials and Methods

After the quartering procedure, two different samples of 10 kg each
were considered in the present study, selected in two different Italian
ELV dismantling plants. They were indicated as FLUFF FIORI (FF) and
GREEN FLUFF (GF) and the main difference consisted in the fact that
FF was more homogeneous with a finer grain size. Fig. 1 shows FF and
GF, respectively, as received from the processing plants.

Particle size distribution was carried out on the FF sample only. In
performing this test, 1 kg of FFwas placed in an electric vibrating screen
(Set.El, Erimaki) equipped with 5.6, 4.0, 2.8, 1.7, 1.0 and 0.5 mm
standard sieves. Fig. 2 shows the grain size distribution of the FF sample,
where the largest fraction, about 50% of the total, is included in the
range 1.0–2.8 mm. Different tests, carried out on the GF sample did
not provide comparable results and therefore were not considered in
the present study.

2.1. Characterization of ASR

The samples were dried at 105 °C for 2 h to constantmass in an oven
(Mod.780, Galli) and successively calcined at 600 °C for 12 h in a muffle
furnace (Humboldt, H-30204F). The mass loss before and after the
thermal treatments was measured by an analytical balance (PE600,
Mettler). The residues after drying at 105 °C were 98.7% and 96.3% of
the original mass, while after the thermal treatment at 600 °C they
resulted to be 46.3% and 40.1% for FF and GF, respectively. After drying
at 105 °C and grinding, the FF showed a density of 1.80 g·cm−3, while
the density of GF sample was 1.63 g·cm−3.

In order to obtain a fine granulometry, the original FF sample was
milled at liquid nitrogen temperature by a Fritsch Pulverisette Mod.
06 102/2045 in a stainless steel jar. Due to the high degree of non-
homogeneity, theGF samplewas notmilled. After the cryogenicmilling,
the FF sample showed a high degree of homogeneity and a particle size
below 80 μm.

The average bulk density was evaluated by a helium intrusion
Micromeritics mod. AccuPyc 1330 pycnometer. The FF sample after
grinding was also characterized by a thermogravimetric analysis (TGA)



Fig. 1. Original ASR “FIORI” (FF) on the left and original ASR light fraction “GREEN FLUFF” (GFL) on the right.
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Fig. 2. Grain size classification of dried and milled FF sample.
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Fig. 3. TGA and DTA of the dried FF sample.
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and a differential thermal analysis (DTA) performed in air by a Netzsch-
STA 409 apparatuswith a heating rate of 10 °C·min−1 from50 to 1000 °C.

2.2. X-ray diffraction and fluorescence

After the preliminary characterization, subsequent analyses were
carried out on FF only, due to the high degree of non-homogeneity
observed in the GF samples. The X-ray diffraction analysis (XRD) was
carried out by a Philips PW 1830 diffractometer in order to establish
the crystalline phases present in the original sample and in the same
sample roasted at 600 °C. The X-ray fluorescence analysis (XRF) was
performed using a Spectro Xepos diffractometer on the dried and the
cryogenically milled original sample as well as on the calcined one.
The analysis was repeated on several samples and the average values
for the most abundant metals in the samples were considered.

2.3. Leaching tests

The leaching tests were carried out in different solutions aimed at
obtaining the highest yield of metal extraction. Preliminary tests were
performed by distilled water, sulphuric acid and citric acid solutions as
leaching media; other tests were carried out by Fenton's process and
H2SO4/H2O2 mixture. Leaching tests were performed in 250 ml closed
flasks submerged in a thermostatically controlled water bath equipped
with a mechanical stirrer (Dubnoff, ISCO). For each test, the solution
mixture was freshly prepared by dissolving the required amount of
sample in 100 ml solution, according to the experimental plan. During
each test, 1 ml of leach liquor was withdrawn at different times to mea-
sure the concentration of Cu, Fe, Zn and Pb by AAS. Each sample was
diluted 1:10 by a solution of nitric acid to avoid precipitation of metals
and stored for analysis. At the end of every test, when the reaction
was stopped, pH was measured by a digital pH-metre (Mettler Toledo
MP220). The leaching solutions at different times were analysed by a
Varian AA 240 FS Fast Sequential Absorption Spectrometer, whereas
the extraction yields of Cu, Fe, Zn and Pb were calculated as follows:

EY ¼ C � V=1000 � pð Þ
X=100

� �
� 100% ð1Þ

where EY is the extraction yield, %; C is the concentration of metal in
solution, mg·L−1; V is the final volume of solution, ml; p is the mass of
solid sample, g;X is themass concentrationofmetal, % [37]. Concentration
of the main metals contained in each sample (X) was determined by
leaching in aqua regia (HCl:HNO3 = 3:1) and HF (1 g of catalyst in
20 ml of mixture) using a microwave digestion bomb (Mod.4781, Parr
Instruments); metal concentration was measured by AAS.

3. Results and Discussion

3.1. Physico-chemical characterization of samples

The TGA and DTA curves in air of the dried FF sample are shown in
Fig. 3. In the TGA, the mass loss starts after 250 °C with a maximum
mass loss at around 320 °C. This behaviour is due to combustion of
organic materials such as rubber, plastics and leather. From 400 °C to
750 °C the sample shows a 20% mass loss at constant rate for the
combustion of fire resistant materials containing flame retardants. The
total mass loss of the FF sample resulted to be about 47%, in line with
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the value obtained by12 h calcination at 600 °C (46.3%). This value is not
so far from 62% which was obtained by Lanoir et al. [5] even though the
latter was carried out at 650 °C and after different physico-mechanical
stages. The DTA trace shows the maximum exothermic effect at 320 °C
indicating that most of the ASR materials have a low ignition
temperature.

3.1.1. XRF and XRD analyses
The FF sample was analysed by XRF and XRD in order to determine

the chemical and structural compositions of metals (mainly Cu, Zn, Fe
and Pb) contained in the ASR. Table 1 reports the results of the XRF of
FF carried out on the original 105 °C dried sample and on five samples
calcined at 600 °C. Notwithstanding a certain degree of non homogene-
ity of the FF sample, the results show a good consistency between the
values obtained. In particular, the average concentration (mass fraction)
of metals in the calcined samples resulted to be Fe (7.80 ± 1.00)%, Cu
(9.50 ± 1.30)%, Zn (1.63 ± 0.12)%, and Pb (0.26 ± 0.02)%. Standard
deviation values were quite low considering the typology of waste
studied in the present work.
Table 1
Composition (%,by mass) of FF by XRF analysis after drying (105 °C, 24 h) and roasting
(600 °C, 2 h)

Element 105 °C 600 °C①

Magnesium b0.50 2.60
Aluminium 0.54 1.76
Silicon 4.43 7.89
Phosphorus b0.05 0.10
Sulphur 0.30 1.50
Chlorine 0.78 10.40
Potassium 0.16 0.30
Calcium 3.47 11.99
Titanium 0.74 0.78
Iron 4.10 7.76
Copper 4.08 9.44
Zinc 0.78 1.63
Tin 0.016 0.07
Antimony 0.022 0.08
Barium 0.529 2.02
Lead 0.126 0.26

① Mean values of five tests.
The aforementioned values correspond to the concentrations in
“original” and calcined ASR found by other authors [2–4,10,11,14,16,
22]. The XRD spectrum of the original FF shows a large amorphous
halo and some main peaks corresponding to CaSiO3–ZnCl2–AlCl3 and
Al8Fe2Si. After thermal treatment at 600 °C for 24 h, the amorphous
halo is consistently reduced and the most probable phases are CuO–
CaSO4–Ca3Fe1.5Al5(SiO4)2.75(OH)–Mg1.55Fe1.6O4–Ca1.97Al3.8Si8.2O24(CO)1.83
and BaO2. The results are shown in Figs. 4 and 5.

3.2. Preliminary leaching tests

The preliminary leaching tests were carried out with the aim of
evaluating the more appropriate leaching medium and experimental
conditions.

The tests were carried out on the original and 600 °C treated FF
samples in 0.1 mol·L−1 sulphuric acid (solution A), distilled water
(solution B), 0.1 mol·L−1 citric acid (solution C), at 25 °C in 100 ml of
leaching solution, with a solid to liquid (S/L) ratio of 1:10. For the sake
of comparison, the leaching tests on the 600 °C GF samplewere also car-
ried out in the same experimental conditions. The original GF samples
were not considered because of its non-homogeneity both in composi-
tion and morphology. Tables 2 and 3 show the results of the leaching
tests expressed as concentration and extraction yield of Cu, Fe, Pb and
Zn, respectively.
These extractions are in agreement with those obtained by
Granata et al. [4] by using a 0.4 mol·L−1 H2SO4 solution: Zn 95%, Fe
5.8%, Cu 5.3 and Pb around 7% after 10 h of reaction. The 24 h leaching
in distilled water shows that only a very little amount of Zn and Pb
were leached out on both the FF 600 and GF 600 samples. The
leaching effect of the citric acid solution is mild on Cu and Fe and rel-
atively strong on Zn and Pb on both 600 °C FF and GF samples. The
leaching effect of 0.1 mol·L−1 sulphuric acid is stronger on all ele-
ments with the exception of Pb due to the low solubility of PbSO4.
From these preliminary tests it can be inferred that sulphuric acid is
the most effective leaching medium; citric acid can be considered a
promising medium due to the good yields and the low environmental
impact.

3.3. Full factorial design with H2SO4–H2O2

After the preliminary tests, the H2SO4–H2O2 leaching procedure
was tested on the FF600 sample. The addition of H2O2 is justified by
its oxidising capability which improves, in synergy with sulphuric
acid, the dissolution of the metal components in the ASR. The exper-
imental tests were carried out according to a full 23 factorial design
where factors (low and high level in parentheses) were: H2SO4 con-
centration (0.5 mol·L−1; 1 mol·L−1), H2O2 [0%; 5% (by volume)],
and temperature (30 °C; 70 °C). Pulp density was kept constant at
10% (bymass). Samples were withdrawn after 1 h to check the disso-
lution rate. After 2 h each final sample was filtered, diluted and
stored for AAS analysis. Tests were numbered in conformity with
the Yates' algorithm. Three central point experiments were carried
out to have a good evaluation of the experimental error and to test
the adequacy of the models. The experimental results of the full fac-
torial design at different leaching times are shown in Table 4, where
the results are expressed in terms of concentration of metals and
their extraction yields. Pb data was not reported because all extrac-
tion yields were lower than 1%.

From the analysis of the data it is possible to highlight that:

• the yield of extraction of Fe and Zn is good in sulphuric acid and is a
direct function of his concentration. On the other hand, the increase
of H2O2 concentration has a negative effect on the yield of dissolution
of those elements;

• the yield of dissolution of Cu is relatively low in the investigated
leaching conditions; the increasing concentration of H2O2 has a positive
effect on the dissolution of that metal;

• the increase of reaction time from 1 to 2 h has no significant effect on
extraction yields.

The concentration data in Table 4 regarding Cu, Zn and Fe after 2 h
were analysed by applying the Yates' algorithm in order to establish
the influence of the investigated factors on the behaviour of the sys-
tem, i.e. which process parameter generates a positive variation of
the system. The ANOVA results, not reported here, shows that none
of the factors has, in the investigated range, a positive influence on
the extraction yield of Cu, Zn and Fe. In conclusion, the ANOVA ap-
proach highlighted that the investigated factors in the considered
ranges have a low effect on the extraction of the valuable elements
contained in the ASR. Nevertheless, from the data of Table 4 it is pos-
sible to note that the temperature lowers the extraction yield of cop-
per only: this effect is probably due to the degradation of H2O2 into
water and oxygen at higher temperature [38]. Accordingly, less
H2O2 is available to oxidize metallic copper that was previously not
oxidized by the thermal treatment.

3.4. Preliminary leaching tests with Fenton's reagent

On the basis of the preliminary results, Fe3+ ions were added to the
H2SO4/H2O2 leaching system. The experimental conditions were: S/L
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Table 2
Results of the preliminary leaching tests after a reaction time of 24 h at 25 °C (FF = Fluff Fiori; FF600 = Fluff Fiori roasted at 600 °C; GFL600 = Green Fluff light fraction roasted at 600 °C;
GFH600 = Green Fluff heavy fraction roasted at 600 °C)

Element [Cu]/mg·L−1 [Zn]/mg·L−1

sample FF FF600 GFL600 GFH600 FF FF600 GFL600 GFH600

H2SO4 0.1 mol·L−1 114.0 109.0 1033.0 541.5 114.1 201.1 301.0 525.0
H2O 0.2 b0.1 b0.1 b0.1 0.1 0.6 0.1 0.2
Citric acid 0.1 mol·L−1 45.7 202.0 585.1 167.2 46.2 111.1 294.4 416.2

Element [Fe]/mg·L−1 [Pb]/mg·L−1

sample FF FF600 GFL600 GFH600 FF FF600 GFL600 GFH600

H2SO4 0.1 mol·L−1 201 2.43 71.8 67.5 4.1 0.0 2.0 1.9
H2O 1.04 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1 b0.1
Citric acid 0.1 mol·L−1 157 1.43 56.2 66.3 1.2 120.9 36.9
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Fig. 4. XRD spectrum of the original FF sample.
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ratio 10%, H2SO4 2 mol·L−1, H2O2 10% (by volume), temperature 80 °C,
Fe3+ concentration 0, 10, 20 g·L−1. Fig. 6 shows the concentration of
the metals as a function of time and Fe3+ concentration for the FF600
sample.
It can be noted that, compared to the previous results with H2SO4

and H2SO4/H2O2, the addition of ferric ions improves copper extraction,
while it has a slight effect on dissolution of the othermetals. From those
results it can be inferred that themaximumextraction yields are already



Table 3
Extraction yields (%) of the most important metals after a reaction time of 24 h at 25 °C; (FF = Fluff Fiori; FF600 = Fluff Fiori roasted at 600 °C; GFL600 = Green Fluff light fraction
roasted at 600 °C; GFH600 = Green Fluff heavy fraction roasted at 600 °C)

Element EY (Cu)/% EY (Zn)/%

sample FF FF600 GFL600 GFH600 FF FF600 GFL600 GFH600

H2SO4 0.1 mol·L−1 12.11 11.50 100 57.28 70.08 100 100 100
H2O 0.02 0 0 0 0.10 0.30 0.04 0.03
Citric acid 0.1 mol·L−1 4.83 21.34 61.94 17.65 27.93 54.94 97.61 79.27

Element EY (Fe)/% EY (Pb)/%

sample FF FF600 GFL600 GFH600 FF FF600 GFL600 GFH600

H2SO4 0.1 mol·L−1 25.96 100 9.26 8.70 14.01 0.00 1.57 5.15
H2O 0.13 0 0 0 0.04 0.04 0.01 0.03
Citric acid 0.1 mol·L−1 20.24 58.72 7.19 8.51 75.34 4.54 100 100

EY: extraction yield.

Table 4
Results of leaching tests of 600 °C FF sample by H2SO4–H2O2

Test [H2SO4]
/mol·L−1

[H2O2]/% (by
volume)

T/°C Cu Fe Zn

1 h 2 h 1 h 2 h 1 h 2 h

Conc./g·L−1 EY/% Conc./g·L−1 EY/% Conc./g·L−1 EY/% Conc./g·L−1 EY/% Conc./g·L−1 EY/% Conc./g·L−1 EY/%

(1) 0.50 0 30 0.5860 5.10 0.7580 6.59 6.79 31.29 6.21 30.63 1.3083 52.73 1.2135 47.00
a 1.00 0 30 0.1300 1.13 1.6980 14.77 9.23 46.55 11.17 50.36 1.3065 52.66 1.3653 52.88
b 0.50 5 30 2.4180 21.03 2.8560 24.83 3.14 15.81 5.06 22.80 0.4779 19.26 0.4830 20.71
ab 1.00 5 30 5.6160 48.83 5.8860 51.18 4.27 21.53 6.44 29.03 1.3026 52.50 1.3836 53.59
c 0.50 0 70 0.7200 6.26 0.8640 7.51 10.31 51.99 10.33 52.19 1.2429 50.10 1.1127 43.09
ac 1.00 0 70 0.0312 0.27 0.0300 0.26 14.67 73.98 15.29 74.97 2.2556 90.91 1.9768 76.56
bc 0.50 5 70 0.8500 7.39 0.9540 8.30 11.12 56.08 13.46 60.71 0.8355 33.68 0.8520 34.00
abc 1.00 5 70 0.9020 7.84 1.1560 10.05 19.83 97.35 22.17 100.00 1.5345 61.85 1.6140 62.81
0 0.75 2.5 50 1.1110 9.66 1.1900 10.35 16.28 81.27 18.23 88.02 2.2230 89.60 2.2030 85.32
0 0.75 2.5 50 0.6930 6.03 0.8430 7.33 18.18 88.75 19.68 91.65 2.4810 99.13 2.5820 100.00
0 0.75 2.5 50 0.9460 8.23 0.8760 7.62 16.65 81.96 17.40 84.07 1.7190 69.29 1.7040 67.05

EY: extraction yield.
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Fig. 6. Concentration of Cu, Fe, Zn, Pb at different reaction times and Fe3+ amount. [Fe3+] =0 g·L−1 [Fe3+] = 10 g·L−1 [Fe3+]=20 g·L−1.
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achieved after 1 h. The behaviour of lead extraction is rather differ-
ent to the other three: as a matter of fact, in the first phase lead is
leached with its own kinetics but after 1 h PbSO4 starts precipita-
tion because of the great amount of SO4

2− ions contained in the
solution.
3.5. Full factorial design with H2SO4–H2O2–Fe
3+

On the basis of the preliminary tests, leaching of the FF 600 sample
was carried out by the combined effect of sulphuric acid–hydrogen per-
oxide–ferric ions. A 24 full factorial design with replicated central point
test was chosen for conducting the leaching process where factors
were A, sulphuric acid concentration, B, hydrogen peroxide concentra-
tion, C, ferric ion concentration, D, temperature. Pulp density was kept
constant for all tests and equal to 10% (by mass). Experimental condi-
tions for each treatment are given in Table 5. Even in this experimental
plan, testswere numbered in conformitywith the Yates' algorithm. Four
replicated central point tests were carried out to have a good evaluation
of the experimental error. Moreover, further eight axial tests (17–24, see
Table 5) were also carried out to better understand the shape of the
response surface.

Table 5 also lists the extraction yields of Cu and Zn at different
reaction times. In this series of tests, Fe concentrationwas notmeasured
because of the addition of the Fenton's reagent (Fe3+ ions).

By examining the data shown in Table 5, it seems that the extraction
of Cu ends after 30 min in most of the tests, whereas the kinetics of Zn
extraction is slower, since the higher extraction yield is achieved after
1.5 h.

The highest yield of Cu was 83%, obtained in test 15, i.e. with
1 mol·L−1 of H2SO4, 9% (by volume). H2O2, 15 g·L−1 of Fe3+ at 70 °C; in
the same test the Zn yield resulted to be nearly 87%. As far as Zn extrac-
tion is concerned, the maximum yield for this element was achieved in
several tests, i.e. ab, ac, acd and abcd. According to the nomenclature of
the Yates' algorithm, it can be noted that in the four aforementioned
Table 5
Experimental conditions of the full factorial design (pulp density 10%) and extraction yields of

Test Treatment A B C D

[H2SO4]/mol·L−1 [H2O2]/% [Fe3+]/g·L−1 T/°C

1 (1) 1 3 5 40
2 a 1.5 3 5 40
3 b 1 9 5 40
4 ab 1.5 9 5 40
5 c 1 3 15 40
6 ac 1.5 3 15 40
7 bc 1 9 15 40
8 abc 1.5 9 15 40
9 d 1 3 5 70
10 ad 1.5 3 5 70
11 bd 1 9 5 70
12 abd 1.5 9 5 70
13 cd 1 3 15 70
14 acd 1.5 3 15 70
15 bcd 1 9 15 70
16 abcd 1.5 9 15 70
17 – 0.75 6 10 55
18 – 1.75 6 10 55
19 – 1.25 0 10 55
20 – 1.25 12 10 55
21 – 1.25 6 0 55
22 – 1.25 6 20 55
23 – 1.25 6 10 25
24 – 1.25 6 10 85
25 0 1.25 6 10 55
26 0 1.25 6 10 55
27 0 1.25 6 10 55
28 0 1.25 6 10 55
tests those factors whose letters are missing are at the lower levels.
From the data reported it can be inferred that the optimal experimental
conditions to obtain the highest simultaneous extraction yield of Cu and
Zn are H2SO4 1 mol·L−1, H2O2 9% (by volume), Fe3+ 5 g·L−1, tempera-
ture 70 °C and 1.5 h as reaction time. Nevertheless, the effect of temper-
ature on Cu extraction is negligible compared to that obtained in the
H2SO4–H2O2 full factorial design.
3.5.1. ANOVA
The experimental results expressed as extraction yield of Zn and

Cu at 1.5 h obtained in the Fenton's full factorial design were
analyzed by ANOVA. Their significance was determined by F-test
method at 97% confidence level [39]. Only the main effects and
interactions affecting Cu and Zn extractions are shown in Fig. 7.
Effects with a statistical significance lower than 97% were not
reported.

As regards Cu extraction, the most significant factors and interac-
tions are B, C, AD, ABCD. Factor B, i.e. hydrogen peroxide concentra-
tion, has a positive effect on Cu extraction, so that increasing its
concentration from 3% to 9% (by volume). the extraction yield is
greater. Fe3+ concentration has a positive effect as well, whereas in-
teractions AD has a negative effect; this means that increasing si-
multaneously sulphuric acid concentration from 1 to 1.5 mol·L−1

and temperature from 40 to 70 °C the extraction yield of Cu de-
creases. Interaction of highest order ABCD, on the contrary, influ-
ences positively the yield of Cu. As regards Zn, hydrogen peroxide
concentration has a positive leaching effect, as well as ACD. Increas-
ing H2SO4, H2O2 and Fe3+ concentrations, the Zn extraction is
reduced.

ANOVA of Cu and Zn extraction yields at 1.5 h was used to derive
simple empirical equations to predict Cu and Zn extraction yields in a
wide range of operating conditions included in the experimental ranges
given in Table 5. Nevertheless, the second order model does not fit
adequately the experimental data of Cu and Zn.
Cu and Zn at 0.5, 1.0, 1.5 h

pH Cu yield/% Zn yield/%

1.5 h 0.5 h 1 h 1.5 h 0.5 h 1 h 1.5 h

1.74 7.60 5.43 5.13 78.11 87.06 82.09
1.66 5.70 4.78 4.27 60.45 70.90 74.00
1.72 10.07 6.73 5.83 84.95 88.06 89.68
1.53 48.96 52.17 56.26 100 100 100
1.70 18.37 5.23 5.23 71.02 80.72 93.78
1.53 41.65 32.87 36.09 100 100 100
1.64 64.00 64.70 65.30 48.88 54.60 100
1.51 35.43 40.87 47.61 51.12 75.50 69.78
1.47 13.08 9.57 9.91 66.17 76.24 85.32
1.41 13.17 15.15 21.82 66.79 90.80 86.69
1.58 21.18 23.77 20.10 61.07 82.34 87.19
1.46 14.32 14.52 15.22 70.40 81.97 88.68
1.55 44.78 58.43 62.35 40.05 57.34 66.04
1.44 8.35 6.93 7.67 91.92 96.74 100
1.60 64.91 78.04 83.43 58.46 83.58 86.82
1.42 54.61 62.91 67.96 100 100 100
1.47 47.00 48.61 47.22 35.88 46.83 63.31
1.31 14.43 6.31 6.09 100 100 100
1.40 34.78 36.09 18.78 46.58 69.09 80.91
1.36 28.00 9.13 12.43 83.71 105.16 77.74
1.26 24.78 15.57 12.57 54.60 72.76 84.14
1.29 51.17 51.26 48.43 37.94 53.36 65.11
1.57 34.78 30.26 29.78 59.08 76.87 77.55
1.41 28.52 26.30 34.22 83.02 82.52 81.22
1.36 45.61 55.78 52.48 46.46 67.72 78.92
1.38 34.17 32.26 38.00 40.55 64.99 71.27
1.39 39.48 33.74 34.61 30.41 44.96 66.54
1.16 77.39 40.43 44.00 40.34 53.78 69.37
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4. Conclusions

In this study several leaching media were tested in order to extract
valuable metals, in particular Cu, Zn, Fe and Pb, from ashes resulting
from energy recovery of ASR.

The following conclusions can be drawn:

• ASR samples used in the present study showed a great variability of
composition and dimension, making very difficult to standardise the
characteristic even for samples arising from the same treatment plant;
therefore, in order to obtain a reliable compositional value, several sam-
ples at different times were analysed;

• leaching tests carried out by using three different media: they showed
that distilled water has not a significant effect on both original and
600 °C calcined ASR; citric acid quantitatively leached Zn and Pb,
but Cu and Fe extraction was very low; after ASR calcination at 600 °C,
0.1 mol·L−1 H2SO4 solution can extract 100% of Cu, Fe and Zn;

• H2SO4–H2O2 leaching medium showed a quantitative extraction of Fe
and Zn but 50% Cu as maximum extraction only;

• Cu and Zn can be completely extracted in H2SO4–H2O2–Fe3+ leaching
solution, although by different reaction times. The best experimental
conditions for Cu were H2SO4 1 mol·L−1, H2O2 9% (by volume), Fe3+

15 g·L−1, at 70 °C and 1.5 h reaction time. In the same conditions, Zn
is completely leached in 30 min.

The present experimental work represents a preliminary study for the
recovery of metals from ASR. Afterwards, an economical and effective
process has to be tested to recover metals from leach liquor. Moreover,
a feasibility study should be carried out considering the overall recovery
process and the concentration of the metals in the ASR ashes.
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