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Abstract

Management of municipal and hospital wastes by means of incineration processes generates solid
residues, such as bottom and fly ashes and air pollution control residues with high content of heavy
metals, inorganic salts and other organic compounds. Characterisation of 24 ash samples, collected
from four municipal solid waste incinerators (MSWI) and six hospital medical waste incinerators
(HMWI) located in the Basque Country Region (Northern Spain), were carried out at the request
of Spanish Regulations and European Economic Community guidelines.

The ecotoxicity values, EC50, of the TCLP leachates show a high variability ranging from 12,967
to 1,000,000 mg l−1 in MSWI samples and from 2917 to 333,150 mg l−1 in HMWI samples. Results
from chemical characterisation of DIN 38414-S4 leachates show a high concentration of lead,
sulphate and chloride in MSWI samples and chromium in HMWI samples. © 2000 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Municipal solid waste incinerators (MSWI) and hospital medical waste incinerators
(HMWI) can be operated as integrated waste management systems. They offer a reduc-
tion in both the mass, about 70%, and volume, about 90%, of waste subjected to final
disposal, as well as the possibility of energy recovery [1]. For infectious hospital wastes,
another major objective of the incineration process is the destruction of infectious organisms
that may exist in the waste. Two additional objectives achievable through proper operation
of waste incinerators are minimising organic content in the solid residue and controlling
atmospheric emissions to acceptable levels [2].
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MSW typically includes cellulose materials, clothing, food, automobile tires, plastic,
glass, etc. Composition and quantities of MSW can vary due to factors like community,
area and population size, seasonal changes, local and regional economic differences, social
structure, collection systems, etc. [3]. HMW can include general refuse wastes, like paper,
flowers, food, plastic cups, as well as laboratory and pharmaceutical chemicals (alcohols,
disinfectants, etc.), and infectious wastes like contaminated sharps, human blood and blood
products, tissues and body parts, cultures, etc. [2].

MWS and HMS incineration facilities generate combustion residues such a bottom and
fly ashes and solid waste from air pollution control (APC). Bottom ashes are not included
in the List of Hazardous Wastes established by the Council of the European Union. The
List of Hazardous Wastes includes fly ash and solid waste from gas treatment (APC) from
incineration or pyrolisis of municipal and similar commercial, industrial and institutional
wastes encoded 19.01.03 and 19.01.07 wastes, respectively [4].

Fly ashes, particulate matter carried over from the furnace and removed from the flue gas,
can be themselves a major environmental problem. According to some authors [5] these
residues present potential toxicity issues because of, their heavy metal amount and salt
content, which can modify the leaching behaviour, and therefore, require proper manage-
ment. Due to the fact that the legal standards for the emission of contaminants are getting
more stringent, the air pollution control systems of the incinerators must be improved, re-
sulting in an increase of the amount of APC residues (combined materials collected in the
electrostatic precipitators or fabric filter devices) which should be regarded as hazardous
wastes as well [6]. Safe management of these residues is still a problem. Some alternatives,
like incorporating incineration residues in products ranging from roadbase and masonery
bricks to ceramic products, [7–9], have been developed but landfilling is still the manage-
ment option most widely used. Solidification/stabilisation of these wastes using cement or
waste pozzolans prior to deposition usually is necessary to produce appropriate materials
for landfill disposal [10,11].

Management options for these types of residues require extensive characterisation. Wastes
generated in MSWI and HMWI show the presence of heavy metals, like Cd, Cr, Pb, Zn, etc.,
soluble salts and some organic materials [1–4]. The Spanish Regulations on this subject
[12,13], define hazardous wastes as those containing materials shown in a list ‘C, code’ of
51 hazardous elements, compounds and families of compounds and showing one or more of
the 14 hazardous properties (H1 to H14). The ecotoxiciy (H14) is evaluated after application
of bioassays to the leachates.

The proposal of a European Directive on landfill of wastes [14] classifies different types
of waste and classes of landfill depending on the types of waste to be disposed off. Land-
fills are classified in three different classes: for hazardous wastes, for inert wastes and, a
broad in-between category, for municipal, non-hazardous and other compatible wastes. An
acceptance criterion based on the characteristics of the solution obtained by the labora-
tory leaching test DIN-38414-S4 was proposed in the 1991 draft Landfill Directive E.C.
[15]. The suggested limits are shown in a table, which fixes the ranges by which wastes
will be characterised for the proposal of landfilling according to the composition of their
leachates.

Land disposal of solid wastes can lead to environmental impacts associated to the leaching
of pollutants to surface and ground water. Therefore, the leaching test play a major role to
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assess the possibility of use and treatment within regulatory limits. Different leaching tests
have been developed for different purposes [16,17]. The single bath extraction (equilibrium
test) is usually suggested by the regulations in order to classify wastes as hazardous or
non-hazardous based on the pollutant concentrations in the leachate and/or bioassays [18].
Both the European Community and Spanish Regulations have established an equilibrium
test for the characterisation of hazardous wastes in solubility terms after evaluation of the
chemical composition or biotoxicity of the liquid phase [13,14].

In the present study two methods, based on the leaching tests suggested by the Spanish
and European Community frameworks for waste characterisation have been carried out
on residues coming from different MSW and HMW incinerators and APC systems. The
aim of the study is to report characterisation parameters, which can be useful in the clas-
sification of such wastes with reference to the different frameworks. Taking into account
that the classification of a waste as hazardous or non-hazardous will determine the man-
agement options allowed for it, a great effort must be done to assure that harmonisation
among the different frameworks, especially those involving European Union countries, is
achieved.

2. Materials and methods

2.1. Residual ashes

Experimental work has been carried out, based on 12 residual ashes from MSWI and 12
residual ashes from HMWI, all of them located in the Basque Country Region (Northern
Spain). Residues are summarised in Table 1. Samples corresponding to MSWI wastes (codes
MI) include fly and bottom ashes collected from an incineration facility located in a highly
industrialised urban area (samples 3, 4, 9, 10), fly ashes from a facility located in a rural area
(samples 5, 6), fly ashes and APC residues from an incineration facility located in an urban
area in the coast, with an important fishery industry (samples 1, 2, 11, 12) and fly ashes
collected in an incinerator working with sludges generated in a wastewater treatment plant
(samples 7, 8). HMWI residues have been collected from four general hospitals located in
the most populated areas of the Basque Country Region (samples 1, 2, 5, 6, 9, 10, 11, 12)
and two hospitals dedicated to rehabilitation and repose (samples 3, 4, 7, 8).

2.2. Characterisation of residues

Characterisation of incineration residues has been carried out with respect to a regulatory
point of view. Two different methods of characterisation have been used:
1. Evaluation of the ecotoxicity, based on the EC50 parameter (TCLP leaching test) [13].
2. Determination of the chemical composition of leachates (Cd, total Cr, Cu, Ni, Pb, Zn,

SO4
2−, Cl−) in DIN 38414-S4 leaching test according to the Draft of the European

Economic Community Directive on the Landfill of Wastes [15], Table 2.
Complete description of the experimental method followed in this work is given in ref-

erence [19]. A summarised description of the methodology is given in Fig. 1.
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Table 1
MSWI and HMWI residues used in this work

Incineration activity Incineration residues

Description Code Description

MSWI MSW from seaside activities area incineration MI-1 Fly-ash (grey, particulate)
MSW from seaside activities area incineration MI-2 Fly-ash (grey, particulate)
MSW from industrial area incineration MI-3 Fly-ash (black, particulate)
MSW from industrial area incineration MI-4 Fly-ash (black, particulate)
MSW from rural area incineration MI-5 Bottom-ash (grey, particulate)
MSW from rural area incineration MI-6 Bottom-ash (grey, particulate)
Wastewater treatment sludge incineration MI-7 Fly-ash (brown, clear)
Wastewater treatment sludge incineration MI-8 Fly-ash (brown, clear)
MSW from industrial area incineration MI-9 Bottom-ash (black)
MSW from industrial area incineration MI-10 Bottom-ash (black)
MSW from seaside activities area incineration MI-11 APC residue (grey)
MSW from seaside activities area incineration MI-12 APC residue (grey)

HMWI General hospital, gas combustion furnace HI-1 Bottom-ash (dark grey, unburned)
General hospital, gas combustion furnace HI-2 Bottom-ash (dark grey, unburned)
Long stay and repose hospital, fuel comb. furnace HI-3 Bottom ash (grey, unburned)
Long stay and repose hospital, fuel comb. furnace HI-4 Bottom-ash (grey, unburned)
General hospital, gas combustion furnace HI-5 Bottom-ash (brown-grey, unburned)
General hospital, gas combustion furnace HI-6 Bottom-ash (grey, unburned)
Long stay and repose hospital, fuel comb. furnace HI-7 Fly-ash (brown- grey)
Long stay and repose hospital, fuel comb. furnace HI-8 Fly-ash (grey)
General hospital, gas combustion furnace HI-9 Fly-ash (brown- grey)
General hospital, gas combustion furnace HI-10 Fly ash (brown- grey)
General hospital, gas combustion furnace HI-11 Fly-ash (brown)
General hospital, gas combustion furnace HI-12 Fly-ash (brown)

Table 2
Limit concentrations of chemical parameters in the DIN 38414-S4 leachates [15]

Code Parameter Hazardous waste
range

Inert waste Code Parameter Hazardous waste
range

Inert waste

1.01 pH value 4–13 4–13 1.11 Phenols 20–100 mg l−1 <10 mg l−1

1.02 TOC 40–200 mg l−1 <200 mg l−1 1.12 Fluoride 10–50 mg l−1 <5 mg l−1

1.03 Arsenic 0.2–1.0 mg l−1 <0.1 mg l−1 1.13 Ammonium 0.2–1.0 gN l−1 <50 mg l−1

1.14 Chloride 1.2–6.0 g l−1 <0.5 g l−1

1.04 Lead 0.4–2.0 mg l−1 The 1.15 Cyanideb 0.2–1.0 mg l−1 <0.1 mg l−1

1.05 Cadmium 0.1–0.5 mg l−1 total 1.16 Sulphatec 0.2–1.0 g l−1 <1.0 g l−1

1.06 Chromium 0.1–0.5 mg l−1 of 1.17 Nitrite 6–30 mg l−1 <3 mg l−1

1.07 Copper 2–10 mg l−1 these 1.18 AOXd 0.6–3-0 mg l−1 <0.3 mg l−1

1.08 nickel 0.4–2.0 mg l−1 metals: 1.19 Solventse 0.002–0.1 mg Cl l−1 <10mg Cl l−1

1.09 Mercury 0.02–0.1 mg l−1 <5 mg l−1 1.20 Pesticidese 1–5mgCl l−1 <0.5mg Cl l−1

1.10 Zinc 2–10 mg l−1 –a 1.21 Lipho. Sub 0.4–2–0 mg l−1 <1.0 mg l−1

a No single value above the minimum fixed for hazardous waste.
b Readily released.
c If possible<500 mg l−1.
d Adsorbed organically-bound halogens.
e Chlorinated.
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Fig. 1. Experimental procedure.

Ecotoxicity results are compared to the value EC50<3000 mg l−1 given by the Spanish
regulations for the ecotoxicity characterisation of industrial wastes (H14).

Chemical composition of leachates is compared to the values shown in Table 2. Wastes,
which pollutants concentration in the leachate is in range for hazardous wastes should be
treated before disposal. A waste, which does not show any pollutant concentration above
the maximum values fixed for inert wastes could be destined to inert waste landfill sites.

3. Results and discussion

Table 3 shows the results of TCLP leachate pH and ecotoxicity, expressed as EC50,
obtained from the bioluminescence bioassay. Ecotoxiciy results allow the classification of
wastes according to the limit value of EC50≤3000 mg l−1 given by the Spanish Regulations
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Table 3
Results of TCLP leachate ecotoxicity for the residues included in this work

Waste codea Leachate pH EC50 (mg l−1) Waste codea Leachate pH EC50 (mg l−1)

MI-1 9.64 1000000 HI-1 5.45 19532
MI-2 11.51 1000000 HI-2 5.59 29697
MI-3 9.53 1000000 HI-3 6.32 24441
MI-4 5.34 36300 HI-4 5.77 14580
MI-5 10.80 665370 HI-5 6.74 47300
MI-6 11.27 197320 HI-6 6.51 333150
MI-7 11.28 134986 HI-7 5.71 30010
MI-8 10.58 89210 HI-8 5.68 19038
MI-9 5.56 12967 HI-9 5.96 2917
MI-10 5.54 19207 HI-10 6.19 13841
MI-11 9.10 946081 HI-11 4.76 7978
MI-12 11.87 72250 HI-12 5.04 18294

a See Table 1.

for the ecotoxiciy characterisation of wastes (H14). According to previous studies [18,19],
in order to obtain a broader and more realistic classification, three ecotoxiciy levels have
been defined:
1. Hazardous wastes, with EC50 values lower than 3000 mg l−1.
2. Wastes with moderate hazard, with EC50 values ranging from 3000 to 30,000 mg l−1.
3. Non-hazardous wastes, with EC50 values higher than 30,000 mg l−1.

According to this classification 4% (1 sample) of the incineration residues should be
classified as hazardous, 50% (12 samples) can be considered as non-hazardous wastes and
46% (11 samples) could be classified as wastes with moderate hazard, this distribution is
shown in Fig. 2. Two facts should be noticed:
1. The ecotoxiciy behaviour of the incineration residues is dependent on the origin of the

wastes treated in the incineration processes, as it can be observed in Fig. 3. Residues
generated in municipal facilities show EC50 values higher than 30,000 mg l−1, excep-
tion made of samples MI-6 and MI-12, obtaining the following distribution: 83.3%

Fig. 2. Distribution of wastes according to the TCLP leachate EC50 parameter.
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Fig. 3. Ecotoxicity, EC50 levels of the TCLP leachates from incineration activities.

non-hazardous wastes and 16.6% wastes with moderate hazard. Residues generated in
hospital facilities show a different distribution as 33.3% of this wastes could be classified
as non-hazardous wastes, 58.3% should be classified as wastes with moderate hazard
and 8.3% should be considered as hazardous wastes.

2. The acidity (pH=2.9 or 4.9) of the extractant used in the TCLP leaching procedure, E.P.A.
[20] leads to an experimental leachate pH in the range between 5.5–11.8 considering
residues generated in municipal incineration facilities while those leachates coming from
hospital incineration facilities wastes keep in a pH range of 4.7–6.7. Some influence of
the leachate pH in the ecotoxiciy results of bioassays has been reported by several authors
[21]. In this work experimental values of EC50 and TCLP leachate pH do not show a
clear relationship, as can be observed in Fig. 4.
Table 4 shows the results of pH, metal and anion concentrations of leachates coming

from the DIN 38414-S4 leaching procedure.

Fig. 4. TCLP leachate pH vs. EC50.
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Table 4
Results of DIN-38414-S4 leaching of MSWI and HMWI ash residues used in this work

Waste pH Chemical leachate composition (mg l−1)

Codea
Cd Cr Cu Ni Pb Zn 6 (metals) SO42− Cl−

MI-1 12.8 0.09 0.22 0.61 0.23 3.93 2.84 7.92 579 2325
MI-2 11.4 0.05 b.r.b b.r. 0.18 2.60 0.60 3.43 555 2240
MI-3 12.0 b.r. b.r. 0.91 b.r.. 1.38 0.23 2.52 b.r. 220
MI-4 11.4 b.r. b.r. 0.18 0.27 0.93 0.36 1.56 b.r. 210
MI-5 12.9 0.07 0.41 0.20 0.21 1.38 0.85 3.12 b.r. 2875
MI-6 12.7 0.05 1.10 0.18 0.21 1.12 0.44 3.10 b.r. 2930
MI-7 12.7 0.05 b.r. b.r. 0.11 0.50 0.22 0.88 b.r. 30.0
MI-8 11.0 b.r. b.r. b.r. 0.06 0.15 0.04 0.25 b.r. 21.0
MI-9 7.70 <0.05 b.r. 0.07 0.08 0.05 0.28 0.51 273 25.0
MI-10 7.87 <0.05 b.r. b.r. b.r. 0.06 0.28 0.18 290 20.0
MI-11 12.3 0.07 0.08 b.r. 0.05 0.57 b.r. 0.77 b.r. 450
MI-12 12.6 0.05 0.05 b.r. 0.11 0.58 0.07 0.86 b.r. 505
HI-1 11.7 0.05 2.65 b.r. 0.17 0.25 0.05 3.17 n.d.c n.d.
HI-2 11.7 0.05 0.70 b.r. 0.18 0.25 0.05 1.23 n.d. n.d.
HI-3 5.80 0.06 0.75 0.19 0.17 0,10 0.06 1.33 n.d. n.d.
HI-4 5.50 b.r. 0.87 b.r. 0.17 0.15 <0.05 1.23 n.d. n.d.
HI-5 11.5 0.06 2.21 0.04 0.27 0.18 0.06 2.82 n.d. n.d.
HI-6 11.2 0.11 2.41 0.34 0.24 0.17 0.07 3.34 n.d. n.d.
HI-7 9.90 0.11 0.09 b.r. 0.29 0.30 0.07 0.86 n.d. n.d.
HI-8 10.1 0.10 0.14 b.r. 0.33 0.23 0.07 0.87 n.d. n.d.
HI-9 10.8 0.08 9.75 b.r. 0.22 0.22 0.07 10.34 n.d. n.d.
HI-10 10.6 0.11 4.48 b.r. 0.24 0.23 0.06 5.12 n.d. n.d.
HI-11 8.71 0.09 <0.05 b.r. 0.33 0.26 0.07 0.79 n.d. n.d.
HI-12 8.70 0.16 0.05 0.05 0.30 0.43 0.07 1.06 n.d. n.d.

Standard valuesd 4–13 0.1–0.5 0.1–0.5 2–10 0.4–2 0.4–2 2–10 5 200–1000 1200–6000

a See Table 1.
b b.r.: below range of analytical technique.
c n.d.: not determined.
d Standards for the landfill of wastes [15].

The information given in Table 4 has been compared to the limit concentrations of chem-
ical parameters proposed by the EEC Landfill Directive [15], shown in Table 2, in order to
classify the residues.

According to this criteria 8.3% of MWSI residues could be classified as inert, 66.6%
are classified as hazardous, with chemical parameters concentration between the hazardous
waste range, and 25% of this residues are classified as hazardous, with chemical parameters
concentration above the hazardous waste range. This distribution is shown in Fig. 5a.

In the same way, 8.3% of HMWS residues could be classified as inert, and 25% are clas-
sified as hazardous with chemical parameters concentration between the hazardous waste
range but upto 66.6% of HMWS residues are classified as hazardous, with chemical param-
eters concentration above the hazardous waste range. This distribution is shown in Fig. 5b.

Different wastes coming from the same type of incineration process are classified in a
homogeneous way as hazardous wastes due to the chemical composition of leachates, as
it can be seen in Table 5. Pb (samples MI-1 and MI-2) and Cr (sample MI-6) are present
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Fig. 5. Wastes distribution according to the proposed EC landfill directive: (a) municipal waste incinerators; (b)
hospital medical waste incinerators.

Table 5
Chemical parameters responsible for the residues characterisation as hazardous wastes

Wastes containing chemical parameters
above the hazardous range

Wastes containing chemical
parameters in hazardous range

Sample
codea

Parameters above
hazardous range

Parameters in the
hazardous range

Sample
codea

Parameters in the
hazardous range

MI-1 Pb Cr, Zn, SO4
2−, Cl− MI-3 Pb

MI-2 Pb SO4
2−, Cl− MI-4 Pb

MI-6 Cr Pb, Cl− MI-5 Cr, Pb, Cl−
HI-1 Cr – MI-7 Pb
HI-2 Cr – MI-9 SO4

2−
HI-3 Cr – MI-10 SO4

2−
HI-4 Cr – MI-11 Pb
HI-5 Cr – MI-12 Pb
HI-6 Cr Cd HI-7 Cd
HI-9 Cr – HI-8 Cd, Cr
HI-10 Cr Cd HI-12 Cd, Pb

a See Table 1.
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Fig. 6. Relationship between EC50/3000 and pollutants ratio values: (a) municipal waste incinerators; (b) hospital
medical waste incinerators.
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in concentrations higher than the hazardous range (indicated in Table 2). Pb, Cr, Cl−,
and SO4

2− are pollutants found in MSWI leachates in the hazardous range, Zn can be
found but not in levels high enough to classify MSWI wastes as hazardous (except sample
MI-1).

HMWI wastes are associated to high Cr concentrations, Cd (samples HI-6, HI-7, HI-8
and HI-10) and Pb (sample HI-12) can also be found. Cu and Ni do not contribute to the
hazardous classification of the wastes considered in this work.

The relationship between EC50 and the values of chemical leachate parameters for each
incineration activity is shown in Fig. 6. This Figure shows the ratio of the DIN 38414-S4
leachate parameter concentration to the limit concentration, given in Table 2, versus the ratio
of the TCLP EC50 value to the limit value of 3000 mg l−1. Four areas can be distinguished
in this Figure depending on the relationship between the chemical parameter ratio and
ecotoxiciy ratio.

Fig. 6a shows that 11 MWSI samples present some chemical parameter ratio greater
than one (indicating hazardous behaviour) but an ecotoxicy ratio greater than one (indi-
cating non-hazardous behaviour) as well. This fact indicates that MWSI residues can not
be classified homogeneously following the ecotoxicity and chemical concentration crite-
ria. Sample MI-8 has been classified homogeneously as non-hazardous using both criteria.
Organic pollutants may be responsible of the experimental differences.

Fig. 6b shows that the ecotoxicity shown by HMWI wastes can not be related to the
chemical parameters concentration which have been evaluated. Sample HI-11 is classified
homogeneously as non-hazardous using both criteria.

The experimental results indicate that the bioluminescence bioassay using Photobac-
terium Phosphoreum (Microtox®) does not correlate well with the concentration of pollu-
tants, which have been found in this work in the leachates of incinerator residues.

Some previous papers have indicated that different bioassays are not equally sensitive
to different types of pollutants [22,23]. It can be concluded that the use of just one bioas-
say and, even worse, the use of a definitive EC50 value for classifying a waste as ecotoxic
or non-ecotoxic may ignore categorical degrees of toxicity [24]. Bioassays may be recom-
mended as screening methods, but donot allow a proper control of pollutants in the leachates
of wastes.

4. Conclusions

Ash residues from MSW (12 samples) and HMW (12 samples) incineration facilities lo-
cated in the Basque Country (Northern Spain) have been characterised using Spanish Regu-
lations and European Economic Community guidelines. The application of DIN-38414-S4
and TCLP leaching tests to incinerator residues show different results in the characterisa-
tion of such wastes as hazardous or non-hazardous depending on the regulatory parameter
associated to the leaching test.

The chemical characterisation of the DIN-S4 leachate of the waste proposed by the
European Economic Community for waste disposal cannot be easily related to the TCLP
leachate ecotoxicity established by the Spanish Regulation in the characterisation procedure
of hazardous wastes.
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The chemical characterisation of pollutants in leachates allows a classification of residues
in an homogeneous way and allows to identify lead, sulphate and chloride as the most
important pollutants in MSWI wastes while chromium is the most significant pollutant
found in HMWI wastes.

The EC50 value for classifying incineration wastes is not sufficient to determine the
potential behaviour of the pollutants in the wastes and it should be related to the chemical
composition of leachates as a more important parameter to be controlled after disposal.

Discrepancies in the classification of wastes due to the application of different leaching
test and characterisation methods could lead to different management options. Limits should
be established in relation to the leaching test, and some statistical evaluation of samples
should be taken into account in the application of regulations.
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