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Abstract

The paper presents a specific model used to assess and select the method of heavy metal leaching from waste materials. A
recommendation for the rational selection of the leaching method was made, taking into account the crucial parameters
affecting the leaching process derived from the authors’ research experience. The assessment models were supplemented
with characteristics relating to the cost and time required to perform the tests. An approach was developed that links the
weights of the assessment criteria with the degree of environmental risk from a particular heavy metal and waste type.
Using multiple-criteria decision analysis, four models were developed for the assessment and selection of a test method for
the leaching of heavy metals from waste. The difference is in the way the weights of the assessment criteria depend on the
potential threat of the waste to the environment. A key element of the proposed approach is assigning the weights of the
criterion to the toxicity of the heavy metal, the type of waste, and their management method. The results obtained prove
that the current practice of only employing the batch leaching test is inappropriate. The choice of method should be
justified in terms of environmental safety as well as time- and cost-effectiveness. The results of the paper show that the
proposed model can be used in practice and be a recommendation for choosing the method of leaching heavy metals from
waste and their further treatment, following the principles of sustainable waste management.

Keywords Environmental risk - Heavy metals - Leaching - Multi-criteria decision analysis (MCDA) - Criterion

1 Introduction

With the development of the economy, the volume of post-
manufacturing waste is increasing. This involves the search
for new ways to manage it. The priority in the activities of
companies is now to apply the principles of circular
economy. New technological solutions are constantly being
sought to improve environmental protection while
increasing the reuse of waste (Pawlita-Posmyk and Wzorek
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2017). Unfortunately, it is not possible to utilize all waste
economically. One reason for this is the degree of waste
contamination and the threat of causing environmental
pollution due to inadequate waste disposal. To improve
environmental protection against the uncontrolled impact
of waste, heavy metal leachability tests are performed.
These tests are performed by all enterprises generating
waste that may have a negative impact on the soil and
water. Such an obligation follows directly from legislation.
The discussion on selecting evaluation methods for heavy
metal pollution in sediments is being taken up by various
research communities (Boke and Ariman 2022; Shakil et.
al. 2022). Environmental decisions usually involve multi-
ple stakeholders with widely divergent goals. This is also
the case with the selection of the test method for heavy
metal leaching from waste. The development of a sus-
tainable concept of waste management needs multi-criteria
analysis to allow for the quality of the living environment
and the socio-economic aspects at the same time.
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In Poland, the document regulating how to perform
leachability testing is the procedure introduced based on
the standard EN 12457:2002, part 1-4 relating to the
leaching of contaminants from granular waste materials
and sludge. Meeting the relevant criteria for the leacha-
bility of contaminants is a prerequisite for allowing waste
to be deposited in a landfill of a given type: inert waste,
hazardous waste, and other than inert and hazardous waste.
The basic indicators, deciding about the possibility of
storing given waste types, are the permissible limits for the
leaching of contaminants, including heavy metals. These
indicators were introduced in the European Union by the
Council Decision 2003/33/EC of 19 December 2002
establishing criteria and procedures for the acceptance of
waste at landfills being the implementing document of the
Council Directive 1999/31/EC of 26 April 1999 on the
landfill of waste (European Commission 2003). The EU
Council left it up to the member states to decide on the
choice of the test method and thus the application of
appropriate leachability limit values. On this basis, criteria
for landfilling of waste in Poland were established only at
L/S =10 dm3/kg (the so-called Dbatch test) and
L/S = 2 dm’/kg (auxiliary test). However, the auxiliary test
is carried out in cases when the batch test cannot be per-
formed. In the case of monolithic waste of large dimen-
sions, the permissible leaching limits are determined
according to the batch test after fragmenting the waste. The
batch test is the least costly in economic terms. However,
the results obtained in this test are incomplete and insuf-
ficient, as they do not allow determining the actual rate of
heavy metal leaching, considering the influence of various
external conditions and factors on the level of the release of
contaminants. Based on the authors’ previous studies
(Bozym et al. 2021; Krol and Mizerna 2015; Mizerna et al.
2017; Mizerna and Krdl 2018), it was found that even a
small change in the conditions of the leaching process,
such as a change in the pH of the leachant or the contact
time of the material with the liquid, can cause the release of
heavy metals into the aqueous phase at different levels.
Therefore, efforts should be made to characterize the
leachability of contaminants using a variety of compre-
hensive methods, as has been advocated since the 1990s
(Hage and Mulder 2004). Previous studies (Bozym et al.
2021; Krdl and Mizerna 2015, 2016; Mizerna et al. 2017,
Mizerna and Krdl 2018) and scientific reports on various
materials, both construction and waste materials, show a
variety of trends in the release of individual heavy metals,
depending on changes in a given factor and the test method
used (Engelsen et al. 2017; Loncnar et al. 2022; Sun et al.
2019; van der Sloot et al. 2018). Consequently, there are
difficulties in unambiguous assessment of the leaching
behavior of heavy metals. This creates a need to develop a
tool for the rational selection of a method for testing the

@ Springer

leachability of heavy metals from waste materials depos-
ited in the environment.

Rationality in this case is understood as a combination,
to the highest degree, of the requirements of the commu-
nity, occupying the waste deposition areas (heaps, land-
fills), as well as the producers, who are obliged to dispose
of the residues of their business activity. It is in the interest
of the former to guarantee precise information about the
risks of the landfill or the impact of waste. The producer,
on the other hand, will aim at performing the cheapest tests.
The redefined approach used in the model proposed here is
a step toward eco-efficiency, which is described as eco-
nomic and environmental efficiency achieved at the same
time (Camarero et al. 2013). The objective of using dif-
ferent measurement methods as part of eco-efficiency
approach is to provide decision-makers with indicators of
the relationships between social, environmental, and eco-
nomic goals (Czyzewski et al. 2020).

The application of an approach that simultaneously
takes into account environmental and economic criteria
requires MCDA. The key elements in solving this category
of problems are the selection of criteria and the proper
assignment of their weights. The authors discuss the
adopted set of criteria and explain the concept of making
the criterion weights dependent on the so-called “degree of
hazard”, which links the toxicity of the identified metal and
the type of waste (inert, hazardous, other than inert and
hazardous) together with the method of its management
(landfill, heap storage, non-agricultural land reclamation).
The research question is concerned with how to represent
the relevance of the criteria in the model, which will
determine the choice of the test method used to assess the
leachability of heavy metals.

The paper aims to develop a multi-criteria decision
model for selecting the test method for leaching heavy
metals from industrial waste, which would be rational in
terms of environmental conditions of waste disposal and
economic dimension.

2 Materials and methods

To achieve the purpose of the paper, it was proposed to use
one of the most popular methods for solving multi-criteria
decision-making (MCDM) issues, which is TOPSIS
(Technique for Order Preference by Similarity to an Ideal
Solution) (Hwang and Yoon 1981). TOPSIS takes into
account a set of weights for the desired criteria, so the
assessment depends on the weighting scheme that is given
by the decision-maker. Thus, it allows criteria of different
types to be related and allows the criterion weights to
depend on the conditions under which the method is to be
applied.
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The basis for verifying the model assumptions was the
authors’ own research on the leachability of heavy metals,
such as Zn, Pb, Cu, Ni, Cd, and Cr from metallurgical slags
and mineral-organic composite. The results were published
in (Bozym et al. 2021; Krdl and Mizerna 2015; Mizerna
et al. 2017; Mizerna and Krdl 2018).

2.1 Defining the problem and identifying
alternatives

In order to develop a model for selecting a method to test
the leaching of heavy metals from waste, the factors
affecting that were carefully analyzed. The main factors
affecting the leaching rate of heavy metals include the pH
of the surrounding environment, the liquid to solid ratio (L/
S), and the duration of the leaching process (the time the
material is in contact with the leachant, such as rainwater)
(Astrup et al. 2006; Saveyn et al. 2014; Sun et al. 2019; van
der Sloot and Kosson 2010). Therefore, based on a review
of the literature and authors’ previous research (Bozym
et al. 2021; Krdl and Mizerna 2015; Mizerna et al. 2017;
Mizerna and Krdl 2018) these parameters were identified
and considered decisive in selecting the test method for the
leaching of heavy metals from waste. They were intro-
duced into the model as stimulant criteria, whose higher
values mean greater benefits understood as the effective-
ness of the method in detecting heavy metal content in
aqueous extracts. Contacts with entrepreneurs proved that
the cost and time of the test implementation are the most
important factors for them when choosing a test method. In
the developed model, they are destimulant criteria, since
the higher their value, the worse such an option is from the
waste producer’s point of view.

The selection of methods for heavy metal leaching from
waste was carried out among eight alternatives. These are
represented by five different leaching tests used in Europe
and three authors’ modifications of the selected methods.
Table 1 characterizes the main parameters of the leacha-
bility test methods used by the authors so far to evaluate
heavy metal release from various waste materials.
Descriptions of the procedures are presented based on the
guidelines in the European standards (EN).

The batch test is used for the basic assessment of the
leaching behavior of heavy metals released from granu-
lated waste materials. The procedure was performed
according to the standard EN 12457-2:2002. In order to
determine the effect of pH changes on leachability, an own
modification of the method was additionally used to
decrease and increase the pH of the leaching liquid
(Table 1). The evaluation of heavy metal leaching under
percolation conditions was carried out using a column test

according to EN 14405:2017. The column test was chosen
because the waste may contain unstable substances that
decompose due to exposure to weather conditions, causing
the release of additional pollutants. This type of test sim-
ulates real conditions of contaminant leaching in the aer-
ation zone of landfills. The percolation method made it
possible to observe the effect of changing the liquid/solid
(L/S) ratio on the resulting concentrations of individual
elements. Another method used in the study on granular
materials is the pHg,, leaching test, which assesses the
effect of a wide range of pH on the release of heavy metals.
With this method, it is possible to observe the material’s
response to preset changes in pH and the acid or base
reactions that occur (buffer capacity) during a variety of
environmental scenarios (carbonization, infiltration, oxi-
dation) (Tiwari et al. 2015; van der Sloot and Kosson
2010). The analysis of the leaching process in fine-grained
waste materials under extreme conditions in an aerobic
environment, reflecting the conditions in a landfill for
example, after the decomposition of the material or in the
case of loss of acid neutralizing capacity, was possible
through the use of a maximum availability leaching test EA
NEN 7371:2004. A leaching test in a tank test was also
conducted for monolithic waste, based on the procedure in
EA NEN 7374:2004. The purpose of the test was to sim-
ulate the leaching of heavy metals from materials as a
function of time. Also in this case, a modification of the pH
of the leachant was used to observe changes in the leaching
level of heavy metals under the influence of a reduced
liquid reaction (pH 4).

Explanation of the values in Table 1:

The effect of pH: 1—test is carried out with neutral
reaction water with no change in pH; 2—there is a change
in the pH of the leachant (decrease to pH 4 or increase to
pH 12), which may result in a change in the rate of metal
leaching; 3—the test is carried out first with a neutral
reaction leachant, and then in the second stage, it is con-
ducted at a reduced pH; 8—the test is carried out with
neutral reaction water, the effect of pH solution on leach-
ability is observed 8 times; 15—the test is conducted with a
neutral reaction leachant and for seven environments with
reduced or increased pH (leachant pH ranging from 3 to
12); 16—the test is conducted at reduced pH of leachant,
with 8 leachates obtained for analysis.

Influence of L/S ratio: 1—test materials are subjected to
leaching at a constant L/S ratio < 10 dm’/kg throughout
the procedure; there is no change in the value of the L/S
ratio; 2—the effect of the L/S ratio on the leachability of
metals in the long-term leaching process in the environ-
ment is analyzed (L/S > 10 dm>/kg); 7—the effect of the
L/S ratio (L/S < 10 dm>/kg) on the resulting heavy metal
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Table 1 Characterization and parameterization of methods for heavy metal leaching from waste materials

Method Criterion name

Cost of test* (Euro) Effect of pH Effect of L/S ratio Leaching time [days]
Batch test (EN 12457-2, 2002) 44 1 1 1
Description of the method: Type of material: granulated leachant: deionized water (pH of 7)L/S: 10 dm3/kg
Column test (EN 14405, 2017) 281 1 7 18/35/53

Description of the method:

Type of material: granulated leachant: deionized water (pH of 7) L/S: 0.1; 0.2; 0.5;

1;2;5; 10 dm3/kg

PHgae leaching test (EN 14997, 2015) 445

Description of the method:

15 1 8

Type of material: granulated leachant: deionized water with HNO3/NaOH

(constant pH of 8, values in the range of 3 = 12) L/S: 10 dm>/kg

Maximum availability leaching test (EA NEN 7371, 2004) 119
Description of the method:

3 2 0.25

Type of material: granulated leachant: stage 1: deionized water (constant pH of 7),

stage 2: deionized water with HNO; (constant pH of 4) L/S: 50 dm3/kg

Tank test (EA NEN 7374, 2004) 261
Description of the method:
Modified: Batch test (pH 4) 51
Description of the method:

8 8 64

Type of material: monolithic leachant: deionized water (pH of 7) L/S: undefined

2 1 1

Type of material: granulated leachant: deionized water with HNO; (pH reduction

to 4) L/S: 10 dm®/kg

Modified: Batch test (pH 12) 51
Description of the method:

2 1 1

Type of material: granulated leachant: deionized water with NaOH (pH increase to

12) L/S: 10 dm’/kg

Modified: Tank test (pH 4) 267

Description of the method:

16 8 64

Type of material: monolithic leachant: deionized water with HNO; (pH reduction

to 4) L/S: undefined

*Average test prices in Poland in 2023

concentrations is analyzed seven times; 8—the effect of the
L/S ratio (L/S < 10 dm’/kg) on the resulting heavy metal
concentrations is analyzed eight times.

It was recognized that cost is an important parameter for
entrepreneurs, who are obliged to properly manage the
post-production waste, and thus classify it in terms of the
potential hazard it may pose to the environment. When
estimating the cost of performing a given leachability test
of a single sample and analysis for a single element, the
following component costs were taken into account: the
cost associated with preparing the sample for testing,
conducting preliminary tests, preparing leachates for
analysis, the cost of reagents and materials, water,
wastewater, and the cost of laboratory equipment use. It
was also based on the market price for performing the
analysis of one element in one sample prepared by batch
test.

The duration of the leaching process represents the
period the materials were subjected to leaching, expressed
in the number of days. For the column test, the duration
varies depending on the physical and chemical properties
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of the test materials. Therefore, in the following analysis,
one of three values was adopted depending on the type of
waste (see Sect. 2.3).

2.2 Construction of a decision-making matrix
in accordance with TOPSIS

TOPSIS is used in many decision problems, like in man-
agement (Shamsuzzoha et al. 2021; Wielki et al. 2019) or
environmental issues (Li et al. 2021) because it is one of
the most effective methods for ranking alternatives
(Satabun et al. 2020). The basic concept of TOPSIS
method is that the selected alternative should have the
shortest distance from the ideal solution and the farthest
distance from the negative-ideal solution in a geometrical
sense (Triantaphyllou 2000). TOPSIS takes into account a
set of weights for the desired criteria so the assessment
depends on the weighting scheme that is given by the
decision-maker.

The TOPSIS method in the developed model evaluates
the following decision matrix which refers to 8 alternatives
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(in columns) which are evaluated in terms of 4 criteria (in
rows), where 1; denotes the performance measure of the j-
th method of the leaching of heavy metals from waste in
terms of the i-th criterion. For example, r5 5 is the value of
L/S for the tank test method.

ni1 n2 n3 "4 ns e g org
n1 N2 1n3 N4 N5 e 17 1Ny
r31 132 133 134 I35 136 137 I3
a1 T4 ¥43 Ta4 T45 Ta6 Ta7 Tag

2.3 Determining the significance of criteria
and normalization of values

Generally, multi-criteria decision problems of this sort call
for evaluating alternatives with respect to each criterion
involved, the criteria being weighted by a vector that
expresses the relative importance among them (Wang et al.
2009). The essence of the developed model is that it should
be universal, i.e., it should be possible to indicate the
recommended method of performing leachability tests for
each heavy metal and waste management method. When
considering the willingness to compromise between envi-
ronmental and economic criteria, it depends on risk factors.
The higher the risk of serious environmental contamina-
tion, the higher the importance of criteria related to the
effectiveness of testing the rate of heavy metal leaching,
and the lower the importance of the criteria related to the
cost and time of conducting the test. This dependence was
taken into account by introducing a parameter in the multi-
criteria evaluation model called the degree of risk, which
links three elements: the method of waste management (1),
the type of waste (2), and the toxicity of the metal (3).
Waste materials from various industries differ in their
physical and chemical composition and consequently differ
in their content and mobility of toxic elements. Therefore,
due to the authors’ research experience in the leachability
of heavy metals from waste such as inert and hazardous
metallurgical slags, stabilized hazardous waste in mineral
matrices, as well as mineral-organic composites (Bozym
et al. 2021; Krol and Mizerna 2015; Mizerna et al. 2017;

Table 2 Factors affecting the value of the hazard degree parameter

Mizerna and Krdl 2018), the model for the rational choice
of the leaching method focused on three different types of
waste (ways of classification) (Regulation 2015) and three
selected viable scenarios of their management (Table 2).
Six heavy metals were analyzed: copper (Cu), zinc (Zn),
lead (Pb), cadmium (Cd), nickel (Ni), and chromium (Cr).
Heavy metals are characterized by varying toxicity,
understood as the metal’s harmfulness to human and ani-
mal health and life, as well as harm to plant growth and
development. In the literature (Monged et al. 2020;
Radomirovic et al. 2020; Orupdld et al. 2022) the following
toxicity coefficient values are given for individual metals:
Zn: 1; Cr: 2; Ni, Pb, Cu: 5; Cd: 30, with 1 being the least
toxic and 30 being the most toxic. These values were
adopted in the analysis, while the association of waste type
and waste management is represented by the product of the
values in the interval [0,1]. In the computational experi-
ment carried out, the values of the elements that make up
the degrees of hazard were adopted as shown in Table 2.

The value (wy) of 0.4 for inert waste indicates that such
waste does not pose a major threat to the surrounding
environment and human health and life. The value (wy) of
0.75 for other than inert and hazardous waste was adopted
because these types of waste have higher levels of con-
taminant leaching than inert waste, hence their impact on
the environment may be significant. The highest value for
the type of waste, equal to 1.0, was assigned to hazardous
waste. This waste has a high content of mobile forms of
toxic elements. It is problematic for industrial reuse and
potentially the greatest threat to the environment.

The assigning of the value w, = 0.4 to the landfilling of
hazardous waste results from the fact that landfilling is
carried out in a properly prepared, secured, and monitored
landfill. Therefore, this method of waste disposal should
not potentially pose a threat to the environment. However,
it should be kept in mind that, in the event of uncontrolled
point emissions, pollution may occur. The value w, = 0.75
was assumed for heap storage, as this method of manage-
ment may involve the blowing away of material particles
over long distances. The leaching of waste components into
the soil and water environment may also occur. The

Factor Toxicity of heavy metal (t,,) Type of waste (wy) Waste management method (w,)
(Monged et al. 2020;
Radomirovié et al. 2020)

Adopted Zn—1; Cr—2; Pb—5; Ni—5; inert waste (I)—0.4; other than inert depositing at a hazardous waste landfill (L)—0.4
values and Cu—S5; Cd—30 and hazardous waste (0)—0.75; temporary storage on a heap before further use (S)—
their hazardous waste (H)—1 0.75 use in the reclamation of land for non-
measures agricultural purposes (R)—1
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method of management for reclamation purposes was
assigned the highest value w, = 1.0, since waste going into
the soil is most exposed to a number of soil factors and
processes that can contribute to the mobility of heavy
metals.

The introduction of a parameter such as the degree of
hazard into the multi-criteria evaluation model reflects a
pragmatic point of view, in which the higher the degree of
hazard, the lower the acceptance of ecological risk. Then,
the criteria determining the effectiveness of the method
(environmentally-wise) become more important, while the
importance of economic criteria decreases. For the waste
producer, a high degree of hazard also justifies incurring
higher expenses for tests that give a picture of the level of
metal leaching from waste. In contrast, with a low degree
of hazard, the producer’s acceptance of incurring economic
expenditures decreases. In other words, entrepreneurs can
accept higher testing costs if the degree of hazard is high.

The values of the hazard degree parameter were made
conditional on the parameters in Table 2 according to

Eq. (1).

d(m,vv) = (Wk * We)l_’m/max(rm) (1)

where:d, w) —the degree of hazard of a given metal with a
specific method of waste management,w,—type of
waste,w.—waste management,t,,—metal toxicity.

The maximum value of the hazard degree parameter will
be 1, while the minimum value in the conducted research
according to the data in Table 2 is 0.17. For example, for
non-hazardous waste that can be used for land reclamation,
the hazard degree is 0.79.

dpy ko) = (0.75 % 1) 730= 07583 ~ 0.79 (2)

The weights of the criteria depend on the degree of
hazard parameter described by correlation 3.

w; = { 0.5 d(m,w)7 fOr stimulants

0.5 x (1 — d(mvw)), for destimulants’ (3)

where:w;—weight of i-th criterion.

For example, for dpp xmo) the pH and L/S criteria will
assume the weight of 0.395 (%), and the cost and time
criteria will take the weight of 0.105 (#)

The values describing the different alternatives for
conducting the tests are of different types, so they must be
normalized in order to perform the calculations.

In general, data normalization and data standardization
mean mapping the data values to a common scale, usually
within the unity interval [0, 1]. Among many normalization
techniques (Vafaei et al. 2018) vector normalization was
chosen, which is symmetric and computationally efficient
(Jahan & Edwards 2015), where normalization takes the
following form:
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nj = Y | where j is stimulant (benefit criterion),

(4)

— ——2— where j is destimulant (cost criterion),

er‘n:l rizj
(5)

where:n;; is the normalized value of rj;,r;; is the rating of

alternative j with respect to the criterion i.
2.4 Calculation in the proposed model

This paper proposes a multi-criteria decision model for the
selection of suitable alternatives among methods for the
leaching of heavy metal from waste. In the previous sec-
tions, the criteria and alternatives for the computational
experiment were defined. To illustrate the application of
the model, its implementation is presented in the problem
of selecting a method for testing six metals against three
different methods of waste management. The calculations
were carried out in a specially prepared application in MS
Excel, in which the user makes a selection from a list of the
following input data: the name of the metal, the type of
waste and the waste management method (as given in
Table 3). The focus was on calculations for selected waste
management scenarios consistent with the methods of
recovery and disposal indicated in the Act on Waste of 14
December 2012 (Act 2022). Example calculations will be
presented for lead Pb with toxicity factor t,, =5 in haz-
ardous waste (H) stored in a hazardous waste landfill (L).
Table 3 shows the input data for the calculations and the
calculated criterion weights according to Eq. 3.

Table 4 shows the values normalized according to
Egs. 4 and 5 with the weighting values determined
according to Eq. 6.

Vij = Hij Wi (6)

where:v; ;—weighted value of n; ;, wi—weight of criterion i.

In addition, Table 4 introduces positive ideal solution
(PIS) and negative ideal solution (NIS) values, which are
defined in terms of the weighted normalized values
according to Egs. 7 and 8.

vi% = {max(vi;) },i=1,...,4 (7)

L

v = {min(v;)},i=1,...,4 (8)

L

The positive ideal solution (PIS) is defined as the sum of
all the best values that can be achieved for each attribute,
while the negative-ideal solution (NIS) consists of all the
worst values achieved for each attribute.
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Table 3 Input data for indicating the rational method of leaching lead (Pb) from hazardous waste (H) stored in a landfill (L)

Criterion  Unit Weights Batch  Column  pHgy, Maximum Tank Modified tests
test test leaching availability leaching  test
test test Batch test Batch test  Tank test
(pH 4) (pH 12) (pH 4)
Cost of Euro 0.27 44 281 445 119 261 51 51 267
test
Effect of  dimensionless 0.23 1 1 15 3 8 2 2 16
pH value*
Effect of  dimensionless 0.23 1 7 1 2 8 1 1 8
L/S value*
Leaching number of 0.27 1 35 1 0.25 64 1 1 64
time days

*Dimensionless value indicating the variety of influence of pH in the leaching method

Table 4 Weighted normalized decision matrix and positive and negative ideal solutions for Pb metal from hazardous waste stored in a landfill

Criterion  Batch  Column  pHgy, Maximum availability Tank  Modified tests PIS NIS
test test leaching test  leaching test test
Batch test Batch test Tank test
(pH 4) (pH 12) (pH 4)
Cost of 0.25 0.15 0.09 0.22 0.16 0.25 0.25 0.16 0.25 0.09
test
Effect of  0.01 0.01 0.15 0.03 0.08 0.02 0.02 0.16 0.16 0.01
pH
Effect of  0.02 0.12 0.02 0.03 0.14 0.02 0.02 0.14 0.14 0.02
L/S
Leaching  0.26 0.17 0.26 0.27 0.09 0.26 0.26 0.09 0.27 0.09
time

The next step is to calculate the distance (DF'®) mea-
sures for each solution. The distance of each solution from
the positive ideal alternative PIS is:

Similarly, the distance (DNIS) of each solution from the

negative ideal alternative (NIS) is:

(10)

The last step of the model is to calculate the similarity of
each alternative to the worst alternative according to the
Eq. 11 i.e. relative closeness coefficients.

DNIS
J

R=Fr—
(DJ(’IS i Djz_ws)

¢ , 0<R;<1 (11)

Table 5 presents the separation of each alternative from
the positive ideal solution D]P IS the separation of each
alternative from the negative ideal solution D]MS and the
relative closeness for each alternative with respect to the
positive ideal solution R;.

A set of alternatives now can be ranked by the
descending order of relative closeness coefficients given in
Table 5. In the analyzed case, the authors should recom-
mend the maximum availability content test for studying
the leachability of heavy metals from hazardous waste
stored in a landfill.

3 Results and discussion

This Section presents the study results of four models for
selecting the method for the leaching of heavy metals from
waste. They show the values of Rj (the relative closeness of
each alternative with respect to the positive ideal solution),
the highest of which indicates a recommendation for the
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Table 5 The separation measures of each solution from the positive ideal solution and the negative ideal solution and the relative closeness to the
positive ideal solution for Pb in hazardous waste deposited at hazardous waste landfill

Parameter Batch Column  pHstat leaching Maximum availability Tank Modified test
symbol test test test leaching test test
Batch test Batch test (pH Tank test
(pH 4) 12) (pH 4)
Dj’,’IS 0.19 0.20 0.20 0.17 0.21 0.18 0.18 0.20
DJN’S 0.24 0.15 0.22 0.22 0.16 0.24 0.24 0.20
R; 0.56 0.42 0.52 0.57 0.43 0.56 0.56 0.51

Table 6 Summary of differences between the studied models of selecting the method for the leaching of heavy metals from waste

Model  Model description Used equations
name
Model  The value of the weights depends on the degree of hazard posed by Equations 1 and 3 (see Sect. 2.3)
1 each type of waste and the toxicity of heavy metals
Model  The value of the weights depends on the parameter of the degree of
2 hazard, with the “effect of pH” criterion taking a weight of twice
“ LIRS d(m.w)
the value of the “effect of L/S” criterion 2 % T , for the effect of pH
= i . .
Wi ( (3‘ ) , for the effect of L/S
0.5 (l — d(m?w)), for cost and time
where: d(, w)y—the degree of hazard of a given metal with a
specific method of waste management, w,—weight of criterion
i
Model The weights for the given criteria are preset based on the The following weights were introduced for the criteria: 0.3—cost
3 experience of the researchers and do not depend on the parameter  of test, 0.3—influence of pH, 0.2—influence of L/S, 0.2—
of the degree of hazard leaching time
Model It does not include heavy metal toxicity criteria in the selection of = dy,,) = Wi * w,
4 weights, and the degree of hazard is determined according to

modified Eq. 1 (see Sect. 2.3)

where: d¢m w—the degree of hazard with a certain method of
waste management, fin wy—the type of waste, w.—waste
management

use of a particular method of heavy metal leaching from
waste in the situation indicated in the description of rows
(type of metal and method of waste management). The
differences between the studied models are summarized in
Table 6.

3.1 Results of evaluating the methods
for the leaching of heavy metals from waste
according to Model 1

Correlating the weights of the criteria with the degree of
risk, different recommendations of methods for the leach-
ing of heavy metals from waste were obtained, as shown in
Table 7. Cells with maximum values of the R; parameter,
indicating a recommendation for a particular method, are
bold.

@ Springer

Model 1 shows the recommendation for the maximum
availability leaching test although similar results were also
obtained for the modified pH 12 batch test. In several cases,
R; values equal to zero were obtained for the batch test.
Such a situation occurred for Cd in 3 scenarios, as the
highest hazard level of 1.00 was obtained here. According
to the model assumptions, “cost of test” and “leaching
time” are not relevant in such cases and the weights of
these criteria take the value of 0. Then the method that has
the lowest possible values for the criteria “effect of pH”
and “effect of L/S” becomes the negative ideal solution
(NIS). The tank test and the modified tank test for all O/R
scenarios were not included in the calculations. In such a
leaching procedure, monolithic/integrated waste in the
form of a lump/chunk is required for testing. Hence, the
tank test is not recommended by the authors for testing the
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Table 7 The value of R; in Model 1
Chosen scenario: element/waste  Batch  Column  pHgg, Maximum availability Tank Modified test
type/management test test leaching leaching test test

test Batch test  Batch test Tank test

(pH 4) (pH 12) (pH 4)

Cd/H/L 0.00 0.41 0.53 0.14 0.64  0.05 0.05 1.00
Cd//S 0.00 0.41 0.53 0.14 0.64  0.05 0.05 1.00
Cd/O/R 0.00 0.47 0.53 0.15 n.a 0.05 0.05 n.a
Pb/H/L 0.55 0.42 0.50 0.57 043 056 0.56 0.51
Pb/1/S 0.28 0.43 0.50 0.66 0.37  0.66 0.66 0.42
Pb/O/R 0.20 0.46 0.52 0.25 n.a 0.21 0.21 n.a
Ni/H/L 0.55 0.42 0.50 0.57 043  0.56 0.56 0.51
Ni/I/S 0.65 0.43 0.50 0.66 0.37  0.66 0.66 0.42
Ni/O/R 0.20 0.46 0.52 0.25 n.a 0.21 0.21 n.a
Cu/H/L 0.55 0.42 0.50 0.57 043 056 0.56 0.51
Cu/l/S 0.65 0.43 0.50 0.66 0.37  0.66 0.66 0.42
Cu/O/R 0.20 0.46 0.52 0.25 n.a 0.21 0.21 n.a
Cr/H/L 0.60 0.42 0.50 0.61 040  0.60 0.60 0.47
Cr/l/S 0.69 0.43 0.49 0.70 0.35  0.70 0.70 0.39
Cr/O/R 0.23 0.46 0.52 0.27 n.a 0.23 0.23 n.a
Zn/H/L 0.61 0.42 0.50 0.62 0.39  0.62 0.62 0.46
Zn/l/S 0.71 0.43 0.49 0.71 0.34  0.71 0.71 0.38
Zn/O/R 0.23 0.46 0.52 0.28 n.a 0.24 0.24 n.a

H, hazardous waste; /, inert waste; O, other than inert and hazardous waste; L, storage in a hazardous waste landfill; S, temporary storage in a
heap; R, use in land reclamation for non-agricultural purposes; n.a., not applicable due to not including the tank test for all O/R scenarios in

calculations

leachability of heavy metals from waste used for recla-
mation. If monolithic waste was used, land reclamation
would be difficult and inappropriate, and any fragmentation
of such waste would be uneconomic. Therefore, such a
scenario applies only to fragmented waste.

Heavy metals react strongly to changes in the pH of the
environment, so the purpose of creating such a model was
to show changes in the choice of the leaching method when
the pH factor has a greater influence on leaching.

3.2 Results of evaluating the methods
for the leaching of heavy metals from waste
according to Model 2

In Model 2, whose results are shown in Table 8, the pHgy
leaching test achieved the highest R; value for all elements in
the O/R scenario and for Cd, Pb, Ni and Cu for the H/L sce-
nario. In most other cases, the recommended method is the
batch test with the modification of the leachant to pH 4 or 12.

The recommendations of Model 2 are very similar to
Model 1. The main difference is that in Model 2 the pH,,
test is recommended not only for the scenario in which the
waste is used for reclamation purposes I but also for final

landfilling (L). For the other scenarios, in addition to the
maximum availability test, modified batch tests pH 4 and
pH 12 are indicated with the same values of R;. In both
Model 1 and Model 2, the modified tank test was recom-
mended twice for the metal with the highest toxicity.

3.3 Results of evaluating the methods
for the leaching of heavy metals from waste
according to Model 3

Model 3 (Table 9) shows that when the criterion weights
are independent of the degree of hazard posed by the given
elements and the waste type and its management, consid-
erable differences in the R; results in comparison to the
previous two models can be seen.

The differences between the R; values have decreased.
The highest recommendation values for the H/L and 1/S
scenarios were obtained by the modified tank test (with the
leachant pH of 4), and the lowest, for all the scenarios,
were obtained by the column test, although it should be
noted that the difference between them is about 40%. For
other than inert and hazardous waste used for reclamation
(O/R), the pH,, leaching test would be recommended.
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Table 8 The value of R; in Model 2

Chosen scenario: element/waste  Batch  Column  pHg, Maximum availability Tank  Modified test
type/management test test leaching leaching test test

test Batch test ~ Batch test Tank test

(pH 4) (pH 12) (pH 4)

Cd/H/L 0.00 0.26 0.69 0.13 0.54  0.06 0.06 1.00
Cd/i/S 0.00 0.26 0.69 0.13 0.54  0.06 0.06 1.00
Cd/O/R 0.00 0.31 0.69 0.15 n.a 0.06 0.06 n.a
Pb/H/L 0.53 0.34 0.57 0.54 0.39 054 0.54 0.53
Pb/1/S 0.28 0.38 0.53 0.64 0.35  0.64 0.64 0.45
Pb/O/R 0.19 0.30 0.68 0.24 n.a 0.20 0.20 n.a
Ni/H/L 0.53 0.34 0.57 0.54 039 054 0.54 0.53
Ni/l/S 0.63 0.38 0.53 0.64 0.35  0.64 0.64 0.45
Ni/O/R 0.19 0.30 0.68 0.24 n.a 0.20 0.20 n.a
Cu/H/L 0.53 0.34 0.57 0.54 0.39 054 0.54 0.53
Cu/l/S 0.63 0.38 0.53 0.64 0.35  0.64 0.64 0.45
Cu/O/R 0.19 0.30 0.68 0.24 n.a 0.20 0.20 n.a
Cr/H/L 0.57 0.36 0.55 0.58 0.37  0.58 0.58 0.50
Cr/l/S 0.67 0.39 0.52 0.68 0.33  0.68 0.68 0.41
Cr/O/R 0.21 0.30 0.67 0.26 n.a 0.22 0.22 n.a
Zn/H/L 0.58 0.36 0.55 0.59 0.37  0.59 0.59 0.48
Zn/l/S 0.68 0.39 0.52 0.69 0.32  0.69 0.69 0.40
Zn/O/R 0.22 0.30 0.67 0.26 n.a 0.23 0.23 n.a

Bold values indicate the best leaching test in each row

H, hazardous waste; /, inert waste; O, other than inert and hazardous waste; L, storage in a hazardous waste landfill; S, temporary storage in a
heap, R, use in land reclamation for non-agricultural purposes; n.a., not applicable due to not including the tank test for all O/R scenarios in

calculations

The results of Model 3 show that it does not seem right
to use a model in which the weights of the criteria do not
depend on the degree of hazard posed by the elements and
the various types of waste.

3.4 Results of evaluating the methods
for the leaching of heavy metals from waste
according to Model 4

In the last of the models considered, it was decided to make
the criterion weights dependent on the degree of hazard,
tying it exclusively to the method of waste management
and not to metal toxicity. The results of the evaluation of
metal leaching methods in this model are presented in
Table 10.

Guided by the values of the relative closeness (R;), in
Model 4, the use of the batch test for I/S scenarios, the
maximum availability test for H/L scenarios and the pHg,
for O/R scenarios can be recommended. By not considering
the toxicity of the metal in Model 4, the environmental
aspects of the choice of leaching method cease to matter,
and only the cost- and time-consuming nature of the
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methods become relevant. The authors of the article
believe that adopting such a model is not acceptable from
the point of view of protecting the soil and water
environment.

To summarize the previous considerations, the batch test
is relatively easy to perform, low in labor and requiring the
least expense. However, it does not provide an opportunity
to observe the leaching process under the influence of
changes in various factors, such as pH and L/S ratio. On the
other hand, by using only a slight modification involving
passing acidic or alkaline liquid through waste samples, the
method still requires little investment in economic terms
and already offers the possibility of changing the processes
involved in the leaching of heavy metals. With the maxi-
mum availability leaching test, we can observe the influ-
ence of a wide range of factors on the level of heavy metal
leaching. However, the method is labor-intensive in the
case of a non-automated test stand. The advantage, on the
other hand, is that the test is short and relatively inexpen-
sive. It also provides an opportunity to determine the
maximum available leaching concentrations from a given
type of waste. It is worth noting that the column test was
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Table 9 The value of R; in Model 3
Chosen scenario: element/waste  Batch  Column  pHg, Maximum availability Tank  Modified test
type/management test test leaching leaching test test

test Batch test ~ Batch test Tank test

(pH 4) (pH 12) (pH 4)

Cd/H/L 0.50 0.33 0.50 0.51 046  0.51 0.51 0.59
Cd/i/S 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Cd/O/R 0.47 0.34 0.50 0.49 n.a 0.48 0.48 n.a
Pb/H/L 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Pb/1/S 0.22 0.36 0.50 0.51 045 052 0.52 0.58
Pb/O/R 0.47 0.34 0.50 0.49 n.a 0.48 0.48 n.a
Ni/H/L 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Ni/l/S 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Ni/O/R 0.47 0.34 0.50 0.49 n.a 0.48 0.48 n.a
Cu/H/L 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Cu/l/S 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Cu/O/R 0.47 0.34 0.50 0.49 n.a 0.48 0.48 n.a
Cr/H/L 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Cr/l/S 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Cr/O/R 0.47 0.34 0.50 0.49 n.a 0.48 0.48 n.a
Zn/H/L 0.51 0.36 0.50 0.51 045 052 0.52 0.58
Zn/l/S 0.51 0.36 0.50 0.51 045 052 0.52 0.58

Bold values indicate the best leaching test in each row

H, hazardous waste; /, inert waste; O, other than inert and hazardous waste; L, storage in a hazardous waste landfill; S, temporary storage in a
heap; R, use in land reclamation for non-agricultural purposes; n.a., not applicable due to not including the tank test for all O/R scenarios in

calculations

not chosen in any of the models presented in the article. In
addition to being time-consuming, this test is also labor-
intensive. It only provides an opportunity to observe
changes in heavy metal concentrations over a wide L/S
range and allows the comparison of results with other
methods for the same L/S ratio. The pHg.,, leaching test
requires predetermining the concentration and volume of
the acid or base to be added in order to obtain a specific pH
of the liquid in which the waste is leached. It is also a time-
consuming test. In contrast, it provides opportunities to
assess the leachability over a wide range of pH and to
identify potential processes that control leaching.

The tank test is an easy test to perform but the whole
process is long. Moreover, this test can only be performed
for monolithic/integrated waste. On the other hand, it
provides opportunities to estimate leaching mechanisms.
Based on the presented limitations and advantages of the
analyzed leachability tests, it can be seen that the model
that should be used for the choice of the rational leaching
method is Model 1, in which the weights of stimulants and
destimulants depend on the degree of hazard, taking into
account the toxicity of the element as well as the waste
management method.

4 Conclusion

When considering the issue of selecting an appropriate
method for the leaching of heavy metals from waste, the
relationship between the waste producer and the environ-
ment in which the waste will be deposited comes to the
forefront. In order to rationally recommend an adequate
test method, for example, for legislation or regulations, it is
necessary to evaluate them from both perspectives. Making
such an assumption in this article, the authors proposed
using an approach based on multi-criteria evaluation. The
developed evaluation models are based on TOPSIS, which
allows capturing differences in method evaluation by
relating it to the distance between the potentially best and
worst solution. The results show that in terms of environ-
mental and economic aspects it is not appropriate to rec-
ommend only the batch test according to EN 12457:2002,
as is currently the case in Poland. Four different models
were proposed based on the evaluation criteria indicated in
the literature as the most relevant for environmental and
economic reasons. The difference between the models lies
in the way the weights for these criteria are selected.
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Table 10 The value of R; in Model 4

Chosen scenario: element/waste  Batch  Column  pHg,, Maximum availability Tank  Modified test
type/management test test leaching leaching test test

test Batch test ~ Batch test Tank test

(pH 4) (pH 12) (pH 4)

Cd/H/L 0.61 0.35 0.49 0.62 040  0.62 0.62 0.47
Cd//S 0.72 0.43 0.49 0.72 0.34  0.72 0.72 0.37
Cd/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a
Pb/H/L 0.61 0.35 0.49 0.62 040  0.62 0.62 0.47
Pb/1/S 0.72 043 0.49 0.72 034 072 0.72 0.37
Pb/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a
Ni/H/L 0.61 0.35 0.49 0.62 040 0.62 0.62 0.47
Ni/l/S 0.72 0.43 0.49 0.72 0.34  0.72 0.72 0.37
Ni/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a
Cu/H/L 0.61 0.35 0.49 0.62 040  0.62 0.62 0.47
Cu/1/S 0.72 0.43 0.49 0.72 034  0.72 0.72 0.37
Cu/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a
Cr/H/L 0.61 0.35 0.49 0.62 040 0.62 0.62 0.47
Cr/l/S 0.72 0.43 0.49 0.72 0.34  0.72 0.72 0.37
Cr/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a
Zn/H/L 0.61 0.35 0.49 0.62 040  0.62 0.62 0.47
Zn/l/S 0.72 0.43 0.49 0.72 0.34  0.72 0.72 0.37
Zn/O/R 0.24 0.46 0.52 0.28 n.a 0.25 0.25 n.a

Bold values indicate the best leaching test in each row

H, hazardous waste; /, inert waste; O, other than inert and hazardous waste; L, storage in a hazardous waste landfill; S, temporary storage in a
heap; R, use in land reclamation for non-agricultural purposes; n.a., not applicable due to not including the tank test for all O/R scenarios in

calculations

The research presented in the article on models for the
multi-criteria evaluation of methods for the leaching of
heavy metals from waste shows that even with a low
degree of hazard, as is the case with zinc or nickel in waste
stored on a heap, it is worth using at least a modified batch
test (changing the pH of the leachant) to influence the
degree of metal leaching from the waste. Introducing the
parameter of the degree of hazard, the results of the eval-
uation of test methods for a given type of waste and metal
differ significantly from each other, contrary to the case
when the weights are fixed. By making the weights of the
criteria dependent on the parameter of hazard degree, the
clearest recommendations were obtained. The differences
in cost and time between the available methods lose their
importance with increasing environmental risk. This is
already indicated by a preliminary qualitative analysis of
the problem of selecting a method for the leaching of heavy
metals from waste. Heavy metal toxicity coefficients are
widely used in the literature, so the authors advocate taking
this parameter into account for describing the degree of
hazard. This is in line with the direction of Eco-efficiency
and should not raise objections from waste producers.
Doubts could arise, however, if twice as much weight
should be given to the pH criterion as to L/S. For this
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reason, the authors recommend Model 1, in which envi-
ronmental and economic criteria are given weight
depending on the degree of hazard taking into account
toxicity, while the environmental and cost criteria are given
equal weight. To evaluate the leachability of heavy metals
from waste materials, in Model 1 the authors recommend
using the maximum availability leaching test or the pHgy,
leaching test, depending on the degree of hazard the waste
poses to the environment and the way it is managed.
Evaluating the leachability of heavy metals using these two
methods makes it possible to take into account changes in
environmental factors affecting the level of contaminant
release. This is important in order to correctly classify the
waste in terms of the hazard it may pose to the environment
(inert, hazardous, or other than inert and hazardous waste),
and then select an appropriate waste management method.
The new approach presented by the authors, which goes
beyond the use of only legally sanctioned leaching meth-
ods, allows a broader analysis of the issue of heavy metals’
impact on the environment.
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