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a b s t r a c t

The evaluation of the hazardous nature of a waste is frequently based on total composition in many juris-
dictions, while for most cases the chemical form of the constituents and the release pathways that may
result in exposure of man and organisms under conditions of handling, transport, disposal or beneficial
use are the most important factors controlling potential environmental impact. Thus, leaching assess-
ment related to possible management scenarios rather than total content can provide a much more
eywords:
azardous waste
lassification
eaching tests
hemical speciation
odelling

robust basis for evaluating health risks and environmental risks for waterborne pathways. Standardized
characterisation leaching tests based on intrinsic characteristics of a material provide a new foundation
for needed decisions. Chemical speciation modelling using characterisation testing results provides a
means to identify mechanisms controlling constituent release, including mineral or sorptive phases, and
thus insights into the long-term release behaviour of the material and approaches to reducing potential
impacts.
. Introduction

A wide range of properties are relevant for the characterisation
f the hazardous nature of a waste, including flammability, reac-
ivity, carcinogenicity, and constituent leachability [1]. Multiple
xposure pathways require consideration including waterborne,
irborne contact and ingestion routes. In many cases, a central con-
ern is the possibility of harmful substances being released from the
aste, which may adversely affect natural resources and impact
uman health and ecology. In the Hazardous Waste Directive [1]
he relevance of the chemical form of substances is recognized.

ithout clear guidance on how to assess the chemical form of sub-
tance, alternative options have been developed, which assume the
otal content fully consists of a critical form [2,3]. In particular with
espect to large volume industrial waste streams, the approach to
eclare a waste Ecotoxic (H14) upon exceeding a total content limit

s overly conservative and counterproductive in finding environ-
entally acceptable solutions for beneficial use of (parts of) such
aterial streams.
This paper describes how a common set of characterisation
eaching tests can be used to solve some of the major waste classifi-
ation issues by appropriately including knowledge of the chemical
esponses to external influences (e.g. carbonation, oxidation, degra-

∗ Corresponding author. Tel.: +31 653318092; fax: +31 847298428.
E-mail address: hans@vanderslootconsultancy.nl (H.A. van der Sloot).
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dation, mixing with other waste) and constituent release over
various time frames. Evaluation of an industrial chemical sludge
from nickel processing, identified under the hazardous waste cata-
logue classification code 11 01 09 (galvanic sludge) is used here to
illustrate the approach. The selected characterisation leaching tests
have been developed and demonstrated to be applicable to a wide
range of wastes and environmental media, such as soil, sediments,
sludge, treated wood, compost, extractive industry wastes, elec-
tronics industry wastes, a wide range of construction products, and
many otherwise considered hazardous wastes. Since the criteria
for Hazard criterion H13 are not designated, the methods specified
here would be suitable tools to fill this gap in the assessment. As
will be discussed below, the tools also will allow conclusions on
other hazard criteria.

2. Experimental

2.1. Material

The material studied is an industrial sludge from electroplating
activities with an enrichment of Ni. It falls under the hazardous
waste catalogue classification code 11 01 09 (galvanic sludge).
2.2. Test methods

Total elemental composition of the material has been analyzed
using aqua regia digestion following EN 13657 [4]. As internal ref-

dx.doi.org/10.1016/j.jhazmat.2011.03.119
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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rences: NBS 1633A, NBS2704, and an internal soil standard STSoil
have been used.

The following characterisation leaching tests have been carried
ut on the samples:

CEN/TS14429 [5] pH Dependence Leaching Test (similar to
ISO/TS21268-4 [6]; EPA preliminary Method 1313 [7] and auto-
mated method TS14997 [8]) over 3 ≤ pH ≤ 12 with liquid to solid
ratio (L/S) of 10 L/kg, particle size (<0.5 mm) and 48 h contact time.
CEN/TS14405 [9] Percolation Test (similar to ISO/TS21268-3 [10];
EPA preliminary Method 1314 [11]) with L/S = 0.1–10 L/kg.

Total digestion and leaching test extracts were analyzed using
nduced coupled plasma atomic emission spectrometry (ICP-AES)
or Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Li, Mg, Mn, Mo, Na, Ni, P,
b, S, Sb, Se, Si, Sn, Sr, Ti, V and Zn. Total inorganic carbon (TIC),
issolved inorganic carbon (DIC), total organic carbon (TOC) and
issolved organic carbon (DOC) were determined using a Shimatzu
arbon analyzer.

.3. Chemical speciation modelling

Chemical speciation of the solid phases within the waste sam-
le and leaching test extracts was simulated based on test results
sing the ORCHESTRA modelling framework [12] embedded in
eachXSTM [13,14]. Aqueous speciation reactions and selected min-
ral precipitates were taken from the MINTEQA2 database. Ion
dsorption onto organic matter was calculated with the NICA-
onnan model [15], using the generic adsorption reactions as
ublished by Milne et al. [16]. Adsorption of ions onto iron and
luminium oxides was modelled according to the generalized two
ayer model of Dzombak and Morel [17]. The input to the model
onsists of available metal content for leaching, selected possible
olubility controlling minerals, active Fe-and Al-oxide sites (Fe-
nd Al-oxides were summed and used as input for hydrous ferrous
xides (HFO) as described in [18]), particulate organic matter, and
description of the DOC concentration as a function of pH (polyno-
ial curve fitting procedure). Since the DOC analysis of the extracts

oes not represent the reactive part of the dissolved organic matter,
fixed fraction of the total DOC was used in modelling. The quantifi-
ation of sorptive phases for modelling is now being standardized in
SO/TC190 [19]. As a starting point for the model calculations, the

aximum value as obtained in the pH dependence leaching test
between pH 3 and 13) was used as the available elemental con-
ent for leaching, thus excluding elemental content that is strongly
equestered in, for example, alumina silicate phases. The mineral
hases that were allowed to precipitate were selected after calcu-

ation of their respective saturation indices (SI) in the original pH
ependence leaching test eluates and evaluating their suitability
ased on the prediction of all substances. The speciation of all major,
inor and trace elements is calculated in one problem definition,
hich limits the degrees of freedom in selecting parameter settings

onsiderable, as improvement of the model description for one ele-
ent may deteriorate the outcome for other elements. Carbonate
as estimated based on the TIC.

. Results

.1. Comparison of total elemental composition and leachability

Table 1 provides the total elemental composition of the Ni

ludge. The material largely consists of calcium phosphate and cal-
ium sulphate. The Ni content exceeds the 5000 mg/kg limit stated
n the hazard criteria of the Hazardous waste Directive (1991),

hich renders the material potentially hazardous.
rdous Materials 207–208 (2012) 36–43 37

Fig. 1 compares the leaching behaviour of Ni and Mo to the total
content present in the Ni sludge. Mo has been selected to show the
release behaviour of an oxyanion. Release behaviour of additional
elements can be found in the Supplementary information. It is clear
that a single step procedure, like the EN12457 series [20–22] and
TCLP [23], are insufficient to address the wide range of possible
exposure conditions of waste. Up to several orders of magnitude
difference between leached content and total content exist as a
function of pH, with leached content (release) approaching total
content at pH 3. Over the pH domain relevant to field conditions, as
indicated by the vertical sides of the box between pH 6.5 and 8.5, at
least a difference of one order of magnitude exists between release
and total content for both Ni and Mo. This pH domain is assumed on
the basis of the neutral pH of the sludge (1.5 pH unit on either side
of pH 7) and because there is no indication why in an environmen-
tal setting the material would become either acidic or alkaline. The
cumulative leached quantity of Ni from the percolation test results
(indicated as an open circle in Fig. 1) compares well with the release
measured using the pH dependence test at the corresponding pH.
From combined evaluation of the release as a function of pH from
the pH dependence test, the cumulative release as a function of L/S
from the percolation test and the concentration as a function of L/S
from the percolation test, it can be concluded that Ni leaching is
largely controlled by solubility limitations (i.e., saturated solution).
Initially, pH in the percolation test eluate is low and the eluate con-
centration of Ni decreases as eluate pH increases (see also the inset
graph of pH vs. L/S at the lower right of Fig. 1).

The release as a function of pH for Mo is completely opposite
to that of Ni. Release of Mo is at a minimum around pH 4–5, while
maximum release is observed at pH >8. The cumulative leached
quantity of Mo from the percolation test results closely agrees with
the release measured using the pH dependence test at the corre-
sponding pH (again as indicated by an open circle in Fig. 1). From the
release behaviour observed from the percolation test results, it can
be concluded that Mo leaching is controlled by solubility limitations
at the material’s own pH.

The comparison of leaching test results with EU Landfill Direc-
tive [24] criteria for hazardous versus non-hazardous classification
indicates an exceeding of the limit value for Ni based on both release
over the relevant pH domain from the pH dependence test and
cumulative release measured using the percolation test. Mo results
are close to but do not exceed the respective limit values. To be
able to reduce or mitigate the expected release, it is important to
understand the chemical phases that control the solubility of each
constituent.

The combined use of the results from the pH dependence
test and percolation test can provide additional insights into the
expected behaviour of a material under a variety of possible dis-
posal or use scenarios that are relevant to the H criteria. Fig. 2
illustrates which pH domain needs to be considered when eval-
uating possible exposure risks for cases of inhalation/ingestion,
exposure of the material to an acidic environment (e.g. co-disposal
with acidic waste), exposure to natural pH conditions or situations
where the material becomes alkaline either by exposure to alka-
line conditions (e.g. co-disposal with alkaline waste) or stabilisation
with alkaline binders. In addition, from the percolation test, the ini-
tial leachate concentration in a disposal scenario (i.e., pore water
concentrations) can be inferred based on eluate concentrations at
low L/S (L/S 0.1–0.2 L/kg).

From the above discussion, it is clear that hazardous determi-
nations based on total content can result in hazard estimates that
are many orders of magnitude greater than will likely be realised

and do not provide insights into management conditions that will
reduce potential adverse impacts. The proposed characterisation
based on leaching using the pH dependence test and percolation
test will provide an improved understanding of release behaviour
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Table 1
The total elemental composition the Ni-sludge (all in mg/kg dry matter).

Element Ni-sludge
1

Ni-sludge
2

Element Ni-sludge
1

Ni-sludge
2

Element Ni-sludge
1

Ni-sludge
2

Al 1639 1430 Fe 10,589 10,596 S 33,308 32,362
As <4 <4 K 324 303 Sb 0.87 1.45
B 34.6 33.48 Mg 4405 3954 Se 1.2 1.8
Ba 6.6 6.3 Mn 917 912 Si 3202 3154
Ca 301,630 295,765 Mo 0.10 0.01 Sn 1.77 0.15
Cd 0.54 0.75 Na 4025 3901 Sr 151 149
Co 124 126 Ni 6124 6076 Ti 87 86
Cr 1592 1591 P 131,153 125,626 V 6.5 6.3
Cu 1174 1150 Pb 29.8 27.8 Zn 135 136
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Table 2
Chemical speciation fingerprint for Ni-sludge.

Prediction case Nickel sludge + kol2 DOC/DHA data
Speciation session Nickel sludge + kol2 pH [DOC] (kg/L)
Material Nickel sludge dry A (P,1,2) 1.00 4.000E−04

3.60 3.730E−04
Solved fraction DOC 0.2 4.46 3.310E−04
Sum of pH and pe 15.0 5.61 3.070E−04
L/S (L/kg) 10.0 7.20 3.000E−04
Clay (kg/kg) 0.010 8.09 2.930E−04
HFO (kg/kg) 0.001 8.99 3.080E−04
SHA (kg/kg) 0.002 10.86 3.230E−04
Percolation material Nickel sludge dry A (C,1,1) 12.03 3.450E−04
Avg L/S first perc. fractions (L/kg) 0.1517 14.00 4.000E−04

Polynomial coefficients for DOC

C0 −4.361E+00 C3 1.280E−04
C1 −2.925E−02 C4 0.000E+00
C2 1.391E−04 C5 0.000E+00

Reactant concentrations

Reactant mg/kg Reactant mg/kg

Al 1500 Mg 3788
Ba 2.4 Mn 136
Ca 76,831 Mo 22
Cd 0.011 Na 3374
Cr 10.2 Ni 3886
Cu 63 Pb 12
Fe 821 PO4-3 as P 58,862
H2CO3 5695 Sb 0.49
As 0.13 Se 0.21
B 11.5 SO4-2 as S 76,510
Si 1444 Sr 43.7
K 246 V 0.04
Li 2.2 Zn 1.15

Selected minerals

3CaO Al2O3[Ca[OH]2]0 5 [CaCO3]0 5 11 5H2O[s] CSH ECN OCP
3CaO Al2O3 CaSO4 12H2O[s] Cu[OH]2[s] PbMoO4[c]
Fe[OH]3[am] Brushite[2] Diaspore Portlandite
Ba[SCr]O4[96%SO4] Ca2Cu[PO4]2 Dolomite Rhodochrosite
BaCaSO4[50%Ba] Ca2Pb[PO4]2 FCO3Apatite Sepiolite[c]

e
O4[c]
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haracterisation to be carried out over and over, but rather that
haracterisation of similar wastes or initial characterisation of a
aste type can serve as a benchmark for a group of materials [33].
similar characterisation of other waste types will help understand

he hazardous nature of wastes better and provide an alternative
o classification by definition or origin (hazardous waste list).

.2. Chemical speciation aspects

The Hazardous Waste Directive (1991) recognizes the impor-
ance of the chemical form of substances. However, means to assess
he chemical form of elements are limited particularly in com-
lex mixtures of substances and at concentration levels that are
ften too low for instrumental techniques. This has led to the
efault approach to declare the chemical form of a substance based
n total composition and subsequently treat a material as haz-
rdous for lack of better knowledge. This is an undesirable result
ecause more stringent management conditions are required for
any materials than would be needed based on more thorough

nderstanding. The pH dependence leaching test in combination
ith geochemical modelling provides a means to provide useful
nsights in the chemical behaviour of materials, enabling more
nformed conclusions about the short and long term behaviour
f materials as well as consequences of different exposure condi-
ions.
Gypsum
Ni[OH]2[s] Strengite

3.2.1. Chemical speciation fingerprint
The results of chemical speciation modelling based on leaching

test results is reported in terms of a chemical speciation finger-
print (CSF) that defines the relevant mineral phases and quantities,
sorptive sites and other relevant speciation parameters based on
the assumption of aqueous-solid equilibrium partitioning. Further
results include the simulated leaching behaviour and phases con-
trolling observed eluate concentrations for the leaching test results
and estimates of expected leaching behaviour under different man-
agement scenarios. Table 2 provides the resulting CSF for the Ni
sludge evaluated in this paper.

Fig. 3 provides the model description (simulation results) for
20 elements based on the CSF. At least in the relevant pH range
(6.5–8.5) at L/S of 10 L/kg the CSF simulation (red dashed line) for
Al, Ba, Ca, Si, sulphate, Cu, Mn, Ni, V, P, carbonate, and Mg reason-
ably represent the measured leaching behaviour (red dots), well
within the uncertainty associated both with the testing results
and with the thermodynamic parameters. The description of Cd
also is reasonable considering the very low concentrations. For Cr
and Mo, the experimental data reaches a minimum concentration
around pH 5. The prediction at low L/S shows a pattern consis-

tent with the release behaviour at L/S = 10. This could point at an
identification of the proper release controlling phases, but incorrect
thermodynamic constants for these phases. For Pb, the measured
concentration is greater than the CSF simulation; this could be due
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Fig. 3. Model description for Ni sludge based on CSF derived from pH dependence test data. Dots – pH dependence test data at L/S=10; triangles – column test data ranging
from L/S 0.1–10; broken line – model for L/S = 10; dotted line – model for L/S = 0.2.
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Table 3
Ni association with specified mineral and sorptive phases at specified pH.

Phases at pH 7.4 pH 6.5 pH 5.5

Solid humic acid 0.3% 0.4% 53%
Hydrated iron oxide phase 0.5% 0.9% 16%
Ni(OH)2 64%
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Ni3(PO4)2 35% 98%
Clay 31%

o the selection of a specific Pb-phosphate as a possible precipitat-
ng mineral. For Na, increasing concentration at pH >7 is a result
f sodium hydroxide additions as part of the experimental test
ethod.
Fig. 3 also provides percolation column test results (blue trian-

les) with 0.1 ≤ L/S ≤ 10 L/kg and CSF simulation at L/S of 0.2 L/kg
blue dotted line). For several elements (i.e., Al, Ca, Si, Mn, Ni, car-
onate) the CSF simulation at L/S of 0.2 and 10 L/kg coincide at the
H between 7 and 8, and the experimental data from both the pH
ependence test and the column test also agree well with the CSF
imulations, indicating a aqueous concentrations controlled by sat-
ration in equilibrium with a likely correctly identified mineral
hase. Initially greater concentrations of Cu and Pb from column
est results than predicted by equilibrium CSF simulation at L/S of
.2 L/kg followed by decreasing concentrations suggest the pres-
nce of a small mobile fraction, which at present has not been
dentified. Complexation with DOC could be a candidate mecha-
ism for this observation. However, the description at L/S of 10 L/kg
oes not show it as pronounced. Column test results for K, Li and
a indicate typical elution of a fully solubilised species but a lower
oncentration than the CSF simulations at L/S of 0.2 L/kg because
f the extent of preferential flow (e.g., dual porosity) in the col-
mn. The column elution behaviour of Sb and Cr appear to be

ndicative of washout of the species, perhaps controlled by adsorp-
ion/desorption phenomena. As indicated in the paper by Dijkstra
t al. [26], mass transfer and elution effects need to be coupled
ith local equilibrium modelling to more fully capture the elution
henomena observed from column tests, but presentation of such
esults for the nickel sludge is beyond the scope of this paper.

Fig. 4 presents the partitioning of nickel between solid phases,
dsorption to iron oxide, binding to particulate organic matter
POM, solid phase) and binding to DOC (complexation in the aque-
us phase). Complexation with DOC in solution is most prevalent at
H between 8 and 12. The association of Ni in the solid phase is very
H dependent with multiple phenomena rather than a single phase
esponsible for the observed solid liquid partitioning. In Table 3 this
s illustrated for 3 pH conditions. Sharp changes in mineral associa-
ion may occur as a function of pH (note situation at pH 6.1 and pH
.4). Between pH 6 and 7, precipitation as Ni3(PO4)2 is the predom-

nant Ni speciation while Ni(OH)2 predominates at pH >7.5. Since
hosphate is such a dominant phase in the sludge, it is likely that
i is incorporated in a solid solution of phosphates rather than pre-
ipitation as a pure nickel phosphate phase. Since the solubility of a
olid solution is generally less than a pure nickel phosphate, the dis-
repancy at around pH 6 between measurement and prediction can
ell be explained by such a mechanism. To the extent analytically
ossible, confirmation of the predicted phases using direct analyti-
al measurements would be beneficial. The information gained and
he associated complexity of elemental distribution amongst sev-
ral solid phases and adsorbed states goes well beyond the phase
ssociation that can be inferred from sequential chemical extrac-
ion [34], which identifies single phases for a given extraction step
nd may be very misleading [35].
Understanding the distribution of an element between different
olid and aqueous speciation also provides insights into possible
xposure and uptake. Based on the work of Postma et al. [36], where
rdous Materials 207–208 (2012) 36–43 41

leaching was put into context with ecotoxicity testing, signifi-
cant changes can occur in the solution composition and speciation
obtained by leaching because of dilution and addition of nutrients
during preparation for ecotoxicity testing. The role of complexa-
tion with DOC is very important because many organisms are not
impacted when hazardous constituents are DOC-bound. The effect
of reduced toxicity because of DOC complexation was apparent for
Cu leached from treated wood and PAHs (polyaromatic hydrocar-
bons) leached from a gas works contaminated soil.

4. Relevance of proposed characterisation for
hazardousness properties

The pH dependence leaching test and the percolation test can
provide the basis for evaluating the hazardous nature of materials
in connection with different H criteria (Waste Management Act,
1996):

• The irritant or corrosive nature of a waste (H4, H8) can be eval-
uated based on the pH obtained without acid or base addition as
part of the pH dependence test. If the resultant pH is <2 or >11
the criteria apply.

• The test provides a more detailed assessment of risk in case
the total content exceeds limiting concentrations as specified in
H4/H8 (total concentrations of 1, 5, 10 and 20% based on the risk
phases or combined risk phases) and in H5/H6 (total concentra-
tions of 0.1, 3 and 25% based on the risk phases or combined risk
phases), as the total content of a substance is rarely completely
leachable and it would have to be leachable (transferred to the
water phase) to exert it hazard potential.

• The criteria for inhalation or ingestion risk (H5/H6) can be eval-
uated based on the amount of a constituent released at low pH
(e.g., pH <2) as part of the pH dependence test.

• The criteria for gas formation (e.g., H3, category highly flammable
substances that in contact with water or damp air produce H2 gas
– R15) can be based on gas evolution at either high (alkaline) or
low (acidic) pH as part of the pH dependence test. At high pH, gas
formed can be either NH3, or H2, when metallic parts are present
in the waste. At low pH, formation of HCN, HF, H2S may occur.
However, the most common gas evolved at low pH is CO2, which
is liberated from calcite and other carbonate bearing minerals at
pH <4. Therefore potential formation of HCN, HF and H2S is best
assessed through the direct analysis of CN−, F− and S2−.

• The potential for formation of unacceptable concentrations in
leachates after disposal (H13) can be evaluated using the pH
dependence test and the first fraction of the percolation test.
The pH dependence test provides the possible changes in con-
stituent leaching in response to changes in pH (i.e., from other
co-disposed wastes). The first fraction of the percolation test pro-
vides the maximum concentration of highly soluble species that
can be anticipated for the initial leachate produced under land-
fill conditions (very low L/S condition). Leaching tests are carried
out at L/S = 10 L/kg or greater fail to provide adequate indications
of initial leachate concentrations when a substance is in a highly
soluble form (for example, see Cu, Pb and V in Fig. 3).

• Additional insights into ecotoxicity testing responses (H14) can
be provided by the pH dependence in combination with chemical
speciation modelling. This approach may help avoid misinterpre-
tation based on changes induced by the test conditions which are
insufficiently understood.

4.1. Proposed testing approach
The following general characterisation testing is proposed to
achieve a better understanding of the hazards and environmental
risks associated with management of mixed materials:
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pH dependence leaching test (TS14429 or equivalent) including
(i) acid and base neutralisation capacity, (ii) determination of the
pH, electrical conductivity (EC), and redox (Eh) without acid or
base addition (own pH), (iii) identification of gas formation at
high or low pH, and (iv) measurement of DOC;
percolation test (TS14405 or equivalent), first fraction only, for
porewater simulation, including (i) determination of the pH, EC
and Eh, and (ii) measurement of DOC; and,
modelling of chemical speciation based on pH dependence test
data.

As part of the above characterisation, redox measurement pro-
ides an indicator for reducing (sulphidic) or oxidising conditions,
OC provides and indicator for mobilization of contaminants and
egradability, and EC provides an indicator of total soluble salts
i.e., ionic strength).

The full characterisation should include measurement of ele-
ents or species of concern based on potential hazards or risks

nd also major constituents because the major constituents to a
arge extent control the release of minor and trace constituents.
urrent multi-element analysis methods like ICP-OES (Induced
oupled plasma–optical emission spectrometry) allow measure-
ent of almost any element at relevant concentration levels, thus

llowing identification of the crucial substances for a given waste
nd subsequently through modelling identifying the likely chemi-
al forms controlling release.

The type of proposed characterisation seems demanding, but
n fact it is a form of initial characterisation, which characterises
he release behaviour of the hazardous waste type. Other wastes
rom a similar origin or type will show very similar characteristic
ehaviour. In fact, even across different waste types behaviour of

ndividual elements often is rather similar even though the release
evels may differ. This is precisely the point that has caused the
reatest confusion in the waste field. Why does the same waste

t one time leach more or less than at another time? A simplified
pproach consists of the selection of a relevant pH condition for the
aterial and presenting that test result in combination with earlier

haracterisation data of the material type. This lends much more
left figure: dots – pH dependence test data at L/S = 10 L/kg; triangles – column test
CSF model for L/S = 0.2 L/kg.

intrinsic value to the single step measurement, as it allows much
more extended conclusions to be drawn. Only in case of substan-
tial deviation from the reference data, further testing in this tiered
approach would be required [33].

4.2. Waste mixtures

Co-disposed wastes may show interactions that are undesir-
able from a stability point of view. For example, some wastes with
metallic elements may lead to H2 gas formation when exposed to
alkaline waste. When hazardous wastes are thrown together hap-
hazardly in a waste deposit, the chance of creating such a situation
is very likely and has caused spontaneous fires. A very simple test
applied on municipal solid waste incinerator fly ash can be defined
to assess this potential (H2 generation test). In other cases ben-
eficial effects may occur, as substances through interaction with
other wastes may be precipitated or adsorbed to reactive sur-
faces. Through chemical speciation modelling the resulting effect
of mixing of wastes can be assessed, when the chemical speciation
fingerprints for the constituting materials are available. First steps
of this type of modelling have been realised with predominantly
inorganic waste [37].

4.3. Database

The material database contained in the LeachXSTM

database/expert system already contains a considerable num-
ber of wastes containing entries in the Hazardous waste list
(2000). The proposed characterisation of wastes would be most
efficient, if the resulting characterisation data were publicly avail-
able (although with source identities protected) for comparison.
The recently developed LeachXS Lite version [38] may provide
the required functionality. Both the characterisation data and the

simplified testing results can be imported in the system. This has
the advantage that characterisation data for a given waste are also
assessable to jurisdictions where elaborate testing for technical
and economic reasons cannot get the highest priority.
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. Conclusions

As illustrated here for Ni sludge, substantially more informa-
ion on the chemical properties and associated risks in relation
o its hazards classifications based on the H categories and risk
hases can be obtained from the testing protocols being adopted
s standardized testing procedures in CEN, ISO and US EPA. Similar
xtended characterisation and modelling data as for the Ni sludge
re available for several hazardous and non-hazardous wastes
isted in the European Waste Catalogue. It is recommended to
ake advantage of developments in other fields (soil, construc-
ion) to improve the classification of waste by making optimal
se of these new test methods and the associated geochemical
odelling capabilities. This may not only be applied to find actual

elease controlling phases, but also to eliminate perceived mineral
hases identified as critical in the Hazardous waste Directive by
he mismatch they provide in geochemical modelling. By applying

ethods that are now being adopted in different fields, the switch
rom one field to another does not require that entirely new test-
ng will be needed because the same test results for a waste can be
sed to decide on hazard classification, suitability for acceptance
t landfills and suitability for beneficial use, which also links into
riteria for End of Waste [39]. The current approach for testing End
f Waste on the basis of a single step test is clearly inadequate to
elease a former waste to uncontrolled use in any type of product.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.jhazmat.2011.03.119.
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