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Abstract. There are many test methods to assess the level of the release of heavy metals into the environment
from mineral waste materials. Leaching methods can be different depending on the leaching time periods, leaching
dynamics, sample preparation method or the pH of the elution medium. In Poland, little attention is paid
to the research on the relationship between the leaching of particular heavy metals from mineral wastes and changes
in environmental conditions, including the pH of the environment. Tests being carried out abroad have started to pay
great attention to the pH-dependent impact of the environment and the liquid being in contact with the material
on the degree of leaching contaminants from wastes. The solubility of all metals depends on the value of the pH.
Authors of the paper will try to prove that Polish methods of waste characterization is incomplete and inconsistent
with opinions prevailing in the global literature. The procedure described in the Polish standards are insufficient
to determine the actual level of leaching of heavy metals having regard to the impact of multiple external conditions
on the level of leaching of heavy metals. Paper will present a directions of development of research methods
in the assessment of leaching of heavy metals from mineral waste.

1 Introduction

Improper management of industrial wastes can impact all
components of the environment. Mineral wastes
from mining, power and metallurgy industry
are characterized by varying properties and the level
of contamination caused by heavy metals, depending
on the source and technology being used. The knowledge
of the content and chemical properties of wastes
determines the way in which they are managed. The most
desirable direction is the recycling by entering the waste
for the second time into technological cycle
or for its re-use by other industrial sectors. However, not
all waste can be utilized in such a way or such action can
be economically unviable. Therefore, wastes are being
subjected to temporal deposition in heap or in landfills,
although it is an ultimate and least preferred direction
in the waste management [1].

Wastes placed in the natural environment are exposed
to a variety of physical, biological and chemical factors
having an impact on the level of the release of heavy
metals. Climatic conditions occurring in a landfills
or in a heaps, especially the amount of precipitation have
a significant impact on the volume of water, which
is infiltrating through the mass of waste being deposited
in landfills. Water is an agent facilitating implementation
of a wvariety of chemical processes. It aids
in the dissolution and leaching of contaminants
from wastes, which in turn can lead to contamination
of soil and water environment. The main factors, which
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influence the process of leaching of heavy metals
are: fragmentation and shape of the waste, the ambient
temperature, the ratio of liquid to solid (L/S ratio), redox
potential and contact time with rainwater [2, 3].
One of'the key parameters governing the leaching process
is also the pH level of the environment in which
the waste is located [4]. Significant decrease in the pH
of the eluent can lead to the situation that the leaching
process can be accompanied by solubilisation of wastes,
which can widely promote changes in the levels
of the release of heavy metals from great amounts
of wastes.

Research of heavy metals leaching under the impact
of environmental factors is possible by using various
leaching tests. Performing leaching tests by taking
into account the impact of atmospheric conditions
or simulation of such conditions in the laboratory is one
of the objectives for a comprehensive and correct
assessment of the level of leaching heavy metals from
various materials having contact with the natural
environment [5]. Worldwide there are applied different
leaching test methods. These methods can be divided
according to the leaching time periods, leaching
dynamics, sample preparation method or the pH
of the elution medium. Subject of this paper was
undertaken due to the fact that in the legislation being
in force in Poland, the explicit standard regarding waste
characterization concerning the leaching of heavy metals
is PN-EN 12457:2006 [6]. However, the procedure
described in the standard is insufficient to determine
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the actual level of leaching of heavy metals having
regard to the impact of multiple external conditions
on the release of heavy metals.

2 The current state of knowledge

In the last two decades, research on the assessment
of leaching behaviour of particular heavy metals from
various types of materials (including construction mineral
materials, granular materials and wastes)
were undertaken. H. A. van der Sloot [5, 7-9] has
contributed to expand the knowledge about factors
and processes determining the leaching of heavy metals
mainly from mineral construction materials in different
exposure conditions. Due to the fact that wastes, similar
as mineral materials, after being places in the natural
environment are exposed to contact with its various
components (soils, surface water, air), these factors
can also affect the leaching of contaminants from such
kind of materials.

In worldwide research have started to pay great
attention to the pH — dependent impact
of the environment and the liquid being in contact with
the material on the level of leaching contaminants from
wastes [3, 4, 8, 9-13, 14-16]. The solubility of all metals
depends on the value of the pH [17]. The common view
being described in the literature is that cations of (Ni, Cu,
Zn, Cd, Pb, Al, Fe) are characterized by the highest rate
of the release in an acidic environment and anions
of (Cr, Mo, As, Se, Sb) in the basic environment (Fig. 1).
However, the tendencies of changes in the leaching
of heavy metals as a function of the pH can vary
depending on the type and level of contamination

of the test material and its physico-chemical
characteristics.
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Figure 1. The pH — dependent leaching of anions and cations of
heavy metals [8].

In the literature [9, 11, 13]the results of leaching zinc,
lead, nickel and also copper [12] as a function of the pH
are presented in the form of conventional ,U” or ,,V”’ —
shaped curves, being obtained in the pH dependence tests

[18, 19]. With these methods consisting on constant
adding for 48 hours an acid or alkali in order to maintain
the desired pH value, there are observed trends
in the behaviour of leaching contaminants depending
on changes in the pH of the environment in which
the waste is placed. Leaching tests of heavy metals from
various waste materials conducted by van der Sloot [9]
and Vitkova [13] show that the highest concentrations
of zinc, nickel and lead are being obtained
in an extremely acidic environment and the lowest ones
at pH ranging from 7 to 10, depending on the test
material. In the basic medium, another increase
in concentrations of the above mentioned heavy metals
is being observed. For cooper, the leaching curve does
not always adopts the shape of ,JU” letter. In the research
by van der Sloot [9] there are observed downward as well
as upward trends in the level of leaching of this element
as the eluent’s pH increases. This is caused by various
capacities to neutralize acid or alkali by the test material.
Tests performed by van der Sloot [9] also indicate
the leaching tends of chromium, the concentrations
of which are the highest in a strongly alkaline
environment.

In Poland, little attention is paid to the research
on the relationship between the leaching of particular
heavy metals from mineral wastes and changes
in environmental conditions. Therefore, the problem
of the impact of environmental factors
on the leachability of heavy metals from wastes was
undertaken by the authors of the paper. Authors have
a results of preliminary research on the release of heavy
metals from industrial wastes [20-22], which indicate
the need for drawing attention in the leaching process
on factors such as: particle size of the waste and the pH
of the eluent (elution medium). Kroél [23-25] has also
carried out the research on the impact of temperature
change and acting of chemically aggressive fluids
on the level of the release of heavy metals from mineral
composites containing solidified hazardous wastes.
The research unambiguously indicates the meaning
of changing conditions of conducting the process
on the level of heavy metal release, and thus the fact
of how important is the carrying out the leaching tests
using various methods.

3 Tests for leaching of heavy metals
from mineral wastes

The need to develop complex methods for waste
characterization and assessment of the release of heavy
metals was observed in the 90s of the twentieth century
[15]. Leaching tests have proven to be an indispensable
tools to evaluate the behaviour of release of hazardous
substances to the environment from different types
of materials under natural conditions and under
the impact of external factors. The European Committee
for Standardization (CEN) has been a pioneer
in the creation of a unified draft of the new leaching tests
partly based on the already used procedures. The Dutch
Standards Institute (NEN) has also contributed
to development of leaching methods. Research of heavy
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metals leaching from mineral wastes using several
different tests allows us to characterize the waste
in a broader range and evaluate the behaviour
of the heavy metals release in different environmental
conditions.

Methods of heavy metals leaching can be divided
according to:
* leaching time periods:
- long-term — test examples: tank test [26], column test
[27]
- short-term — test examples: batch test [6], maximum
availability leaching test [28];
* leaching dynamics:
- static — the quantity of the sample solution is specified
and joined by a fixed period of time [16]; product of this
connection is the leached substance (eluate);
test examples: tank test [25], pH dependence tests [18,
19], batch test [6]
- dynamic — the substance resulting in leaching
constantly flows through the sample; test example:
column test [27];
* sample preparation method — the sample can
be: monolithic, cut off from a monolith and fragmented,
the monolithic samples mean integrated samples.
In the tank test [26], monolithic samples are used that
are placed for a specified period of time in containers
with liquid (demineralized water). While, in the batch test
[6] a fragmented sample with grain size of less than 4
mm or 10 mm and with a mass of 100 g is being poured
with an appropriate amount of water (the ratio
of the liquid phase to the solid phase is L/S=10 or 2)
and agitated for 24 hours. The eluent is here in contact
with a large surface area of the particulate waste material.
Column tests in which the material is fragmented
to a grain size of <4 mm is packed in a column
are utilizing the percolation process for leaching heavy

metals from waste materials [27];

e the pH of the elution medium - neutral, acidic
or alkaline. In the tank test [26] is used a liquid
(demineralized water) having a neutral pH, which covers
the monolithic sample. While, in the procedure pH
dependence tests [18, 19], the test sample is subjected
to the impact of the liquid having various pH levels
(the pH from 4 to 12).

When selecting the research methods for assessment
the level of leaching, the form in which the test material
is deposited is a very important issue. This relates
to various processes being accompanied by the heavy
metal release from the waste materials. For waste
in monolithic forms this phenomenon is an effect
of diffusion or dissolution processes imposed
by the leaching from the surface [26]. Conditions
for performing the research should consider various
factors that influence the behaviour of particular heavy
metals. The ongoing structural changes caused
by external factors (temperature changes, changes
in the pH, water contact) can lead to an increase in level
of heavy metals being released from materials into
the natural environment [5]. The processes as oxidation,
carbonation and other corrosive effects of aggressive
media entail the need of understanding the impact
of particular factors on the phenomenon of leaching
heavy metals, considering the entire “life cycle”
of the test material. Therefore, the research study
on the impact of various factors on the release of heavy
metals from wastes will be performed by using a number
of leaching tests or their modifications. The different
methods of heavy metals leaching from various waste
materials are presented in Table 1.

The pH dependence tests are used in order to assess
the impact of a wide range of pH on the leaching process
of heavy metals release. Tests consist in maintaining

Table 1. Comparison of leaching tests.

Dry mass
. Test Type of Sample or volume pH of . Procedure | Mixing/
Leaching test was te . . the L/S ratio . .
category . particle size of the duration shaking
material eluent
sample
Part 1 175+5¢g 2 dmi/kg 24 h
Batch Part 2 all waste <dmm NM+5¢g 10 dm?/kg 24 h
test[6] | Part3 static test (rgra;tlelflllzll?) 175+ 5¢ 5+75 311?1131;11(: 6h+ 18h yes
Part 4 <10 mm NV+5¢g 10 dm’/kg 24 h
all waste
pH dependence . . 15, 30 or 60 target 5
tests [18,19] static test (‘;a;;?glrs) <1'mm g+ 10% 4:12 | 10dmkg 48 h yes
Maximum all waste tareet
availability static test materials <0.125 mm l6+t2¢g 7argde 4 50 dmi/kg 6h yes
leaching test [28] (granular) an
all waste one sample
. materials dimension not » not
Tank test [26] static test (moulded or | of at least 40 applicable 575 applicable 64 days 1o
monolithic) mm
Dynamic all waste one sample
ynamie dynamic materials dimension not » not
monolithic . 5+7,5 . 36 days no
. test (moulded or | of at least 40 applicable applicable
leaching test [29] monolithic) m
g . all waste “dor <10 0,6 or 24 30
Column test [27] yi?;tmc materials (r);m dm? after ap p7r0X. 10 dm’/kg ap pé;)Xé no
(granular) compaction Y
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constant pH level of the eluent for a predetermined period
of time (with the target for 48 hours), and thereby,
to assess the release of inorganic components from
the waste in an extremely acidic and basic conditions.
The test involves reaching the equilibrium condition
between the test material and the eluent. This condition
is reached when pre-determined (computed) amount
of acid or base (standard EN 14429:2015 [19]) is being
added to the water, in order to achieve and maintain
the desired pH value at constant level or the value
is continuously monitored and controlled by adding
automatically an acid or a base (standard EN 14997:2015
[18]). The standards apply to all types of waste materials
(with the grain size of < 1 mm). The test will cover eight
selected values of pH ranging from4 to 12 (the range can
be expanded if necessary). The pH values are being
measured after 4, 44 hours and after 48 hours from
the time of pouring the sample with eluent. The capacity
of waste to neutralize acid (ANC) or base (BNC) can
be determined in the discussed tests. This property
is obtained based on the amount of acid or base being
added to achieve the final predetermined pH level
[18,19].

The maximum availability leaching test allows
researchers to assess the leaching behaviour
of contaminants by using liquid with the pH level of 7
and 4. Based on the results, the capability to neutralize
acid by wastes at a given pH can be also determined.
The test is applied to determine leaching of inorganic
components, which can be leached from fine-grained
waste materials exposed to extreme weather conditions
or being after the dissolution of the material or in the case
of loss of the capacity for neutralization of acids.
The availability test is a two-step analysis performed
from the moment of reaching by the eluate the pH
at the level of 7 in the first stage and at the level of 4
during the second stage. At least 95% of dry weight
of the sample should be of particles with the size smaller
than 125 pm. The aqueous extract is obtained from 16g
of such fragmented material. The material is mixed with
water for a total of 6 hours by using a stirrer in the ratio
of L/S = 50 dm?/kg. By using the pH-meter, the pH level
of the eluate should be measured after one and ten
minutes from the moment of agitation. This is used
for classification of the test material (in terms of acid
or alkaline reagent). Based on this classification,
the concentration of nitric acid being added to lower the
pH of the eluate is being determined. Extracts obtained
during the two stages were mixed together and analysed
according to the content of selected impurities [28].

Assessment of processes accompanying the leaching
of heavy metals from waste materials and the impact
of time during which the liquid is in contact with
the sample on the leachability will be carried out
in the tank test or dynamic monolithic leaching test
(DMLT). Procedure of both tests is similar. The
difference is due to the duration of the tests. DMLT lasts
36 days and tank test lasts 64 days. Waste in a monolithic
form (minimum size of one sample dimension =40 mm)
is subjected to leaching in a closed tank. The sample
with known surface area and volume is poured with
distilled, so the volume of the liquid will be 2+5 times

greater than the volume of the sample (in the tank test)
or 8 times greater than the surface of the sample
(in DMLT). The distance of all surface areas
of the sample from walls of the tank should be at least 2-
centimeter long. Eluates are collected in the 8 test
periods. After each collection of the eluate, the liquid
is being exchanged in its entirety and then a sample
is fixed inside again. Subsequently, after the eluates
filtration, the pH level is measured and the concentration
of heavy metals is determined for each eluate fraction
(8 fractions). For each of the analysed heavy metal,
following can be determined during the research tests:
the leachability in the eluate fraction, the total leaching
per unit surface area and emerging leaching processes
(diffusion, elution from surface area, depletion,
dissolution, delayed diffusion or dissolution) [26, 29].

By performing column tests it is possible to assess
the leaching of heavy metals in certain percolation
conditions that are dynamic conditions. Wastes can
contain unstable substances, which are decomposed
under the influence of weather conditions, and this causes
the release of additional pollution loads. Therefore,
dynamic tests simulate real conditions of the leaching
of contaminants in the landfill aeration zone. Column test
also allows researchers to perform the observations
on how the change of the liquid to solid (L/S) ratio
influences the obtained concentrations of particular
components. The test material is being packed
in a column of a suitable size. On the applied size
of the column (with diameter of 5 cm or 10 cm) decides
the waste particle size. The column packed with waste
is being weighed and then the material is saturated.
The saturated material is left for three days to stabilize
the system. Then, the distilled water is provided
to the column, which flow upwards the column with
a determined flow rate until reach the eluate with
predetermined liquid to solid ratio (L/S = 0.1; 0.2; 0.5;
1.0; 2.0; 5.0; 10.0 dm3/kg). In this manner, seven eluates
are derived, which are after filtration subject
to the analysis on the content of heavy metals [27].

The batch test is relatively quick and often used
procedure. The scheme of batch test procedure was
presented in Figure 2. Test should be carried out
according to the part 1 of standard [6]: PN-EN 12457-
1:2006 (single batch test at L/S = 2 dm?3/kg), part 2: PN-
EN 12457-2:2006 (single batch test at L/S=10 dm3/kg),
part 3: PN-EN 12457-3:2006 (two stage batch test at L/S
= 2 and 8 dm’/kg) or part 4: PN-EN 12457-4:2006
(single batch test at L/S=10 dm?/kg). Particulate material
with relevant grain size of <4 mm or < 10 mm is subject
of agitation with water for 24 hours. Shaker’s rotations
should be set on in such a way to prevent deposition
of solid particulates. After the shaking process ends,
the containers should be left for about 15 minutes, so the
process of sedimentation of solid particles take place.
Subsequently, the eluate is being filtered through
membrane filter and analysed. In the legislation being
in force in Poland, the explicit standard regarding waste
characterization concerning the leaching of heavy metals
is PN-EN 12457:2006 [6]. The requirement for the waste
to be deposited in a designated type of a landfill
(inert, hazardous or non-hazardous) is fulfilling relevant
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criteria on the leaching of contaminants. However,
the batch test doesn’t include the conditions and their
changes  occurring  during waste  deposition
in the environment (heaps, landfills). On the basis of own
preliminary tests [22] in accordance with the
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Figure 2. Scheme of batch test according to PN-EN
12457:2006 [6].

abovementioned standard, it was noted that if a little
change decreasing or increasing the pH level of the eluent
influences the release of varying amounts of heavy
metals. Therefore, a change in the pH environment,
for example as a result of acting rainwaters or leaching
the waste in the deposited mass, can cause an increase
in the level of the release of contaminants from wastes.
This is important when classifying the waste or when
determining the capacity of its deposition in landfills
of a given type. In Poland, wastes are classified based
on leachability criteria set out in the Regulation
of the Ministry of Economy of 16 July 2015
on the acceptance of waste for landfill [30].
Due to various impacts affecting the waste being
deposited in a landfill for inert wastes, the limit values
for the leaching of heavy metals determined for such type
of landfills can be exceeded. Then, it can turn out that
the waste should be deposited in hazardous waste
landfills.

4 Conclusions

Development of different research methods
in assessment of heavy metals leaching from mineral
waste was an important step towards the development
of waste studies. Research of release of heavy metals
from waste by several leaching methods allow us
to assess the leaching behaviour in different waste
exposure conditions. It is also possible the proper
determination and prediction of heavy metals leaching
taking into account the impact of many factors
and processes (the pH of environment, amount
of rainwater, landfilling duration). Complex testing
methods of leaching of heavy metals from mineral waste
make it possible to assess the short- and long-term effects
of leaching. Authors in the paper sought to indicate
the relevant methods and tests allowing a comprehensive
assessment of mineral industrial wastes in terms
of the release of heavy metals. Both the structure, type
and method of potential waste management decide
on the method to assessment the process of leaching
of contaminants. Using a various tests can assess how
the waste is hazardous and which risks
to the environment. This allows us to choose

the appropriate direction of development of waste.
It therefore seems that the adopted in Poland leaching
methods and thereby the aggregation of the research
results connected with databases on waste categorization
into particular groups (neutral, hazardous) provides
incomplete image on the state of risk, which is posed by
waste deposited in the environment in terms
of the release of heavy metals.
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