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Abstract

Alkali-activated binders (AABs) stand out as a sustainable alternative to ordinary Portland
cement (OPC) as they can be formulated using by-products or waste as raw materials. However,
the presence of hazardous compounds in residues can lead to an increase in AABs' toxicity due
to the highly alkaline media. Therefore, it is extremely important to evaluate their
environmental risks to validate their use as building materials. This study environmentally
assessed AABs prepared with two different fractions (0-30-mm and 8-30-mm) of weathered
bottom ash (AA-WBA) from WtE plants. The potential leachate toxicity of AA-WBA was
assessed using granular and monolithic leaching tests that simulated end-of-life and service life
scenarios, respectively. Furthermore, an acute toxicity test with crustacean Daphnia magna as
model organisms was conducted to determine the relationship between the leachate metal(loid)
concentrations and the ecotoxicity of AA-WBA. The results showed higher metal(loid)
concentrations in AA-WBA specimens prepared with the 0-30-mm fraction of WBA. The
service life scenario revealed multiple metal(loid)-release mechanisms. The 48-hour ECso value
(close to 10%; moderate toxicity) indicated that the use of the coarse fraction of WBA increased
the immobilisation of the metal(loid)s. Finally, the correlation between the concentrations of

some of the metal(loid)s and toxicity was demonstrated.

Keywords: Alkali-activated binder; Weathered bottom ash; Heavy metal immobilisation;

Ecotoxicity; Daphnia Magna.
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1. Introduction

Concerns about municipal solid waste (MSW) management are increasing every year due
to the huge amount of residue generated worldwide [1]. MSW incineration (MSWI) can
mitigate the MSW management issues and also provide some by-products that can be used to
develop new sustainable materials. Many EU countries see MSWI in waste-to-energy (WtE)
plants as an opportunity to recover energy. In 2016, there were 512 WtE plants in the EU with
an incineration capacity of 93 Mt [1]. Incineration reduces the mass (70%) and volume (90%)
of the MSW [2], which can be important in countries with a reduced landfill area. Furthermore,
around 20% of the incinerated MSW becomes a by-product known as incinerator bottom ash
(IBA). IBA is mainly composed of a mineral fraction (85%) and also contains ferrous metals
(10-12%) and non-ferrous metals (2-5%) [3]. It can be valorised as secondary aggregates after
metal recovery and weathering. The resulting material is known as weathered bottom ash
(WBA), which is mainly composed of heterogeneous mineral fractions [4]. However, some
legal, chemical, and technological barriers hamper the valorisation of WBA in many countries,
which leads to its landfilling [5,6]. For this reason, the scientific community is studying the
potential valorisation applications of WBA to increase its added value. One of these potential
applications is the use of WBA as a precursor material in the formulation of alkali-activated
binders (AABs) [7-9].

AABs are one of the sustainable alternatives to ordinary Portland cement (OPC), which
remains as the most widely used material in the building and civil engineering field. It is
important to highlight that the massive production of OPC is the cause of the release of around
5 - 8% of the anthropogenic worldwide emissions [10,11] and 2% of the global primary energy
consumption [12]. AABs cements are produced through an alkaline activation process that
involves the reaction between an aluminosilicate-rich powdered precursor and an alkaline
activator solution. Apart from WBA, other aluminosilicate-based by-products or wastes, such

as blast furnace slag (BFS), red mud (RM) or fly ash (FA) from thermal power plants, can be
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used as precursors in the formulation of AABs [13]. In this regard, the formulation of AABs
has a low carbon footprint and low energy consumption, and also preserves raw materials and
significantly reduces landfilling [14,15], demonstrating that these materials can be sustainable
alternatives to OPC [16]. However, some precursors can potentially increase the toxicity of the
resulting binders due to their complex and dangerous compositions, as well as the aggressive
conditions produced by the highly alkaline media of the alkaline activator solution. Moreover,
toxic elements such as trace metal(loid)s can be released into the environment [17].

Both silica-rich composition and substantial calcium and aluminium content [9,18] turn the
WABA into a potential precursor in alkali activation technology, as has been demonstrated in the
literature [19-22]. However, the environmental assessment to validate the commercial use of
alkali-activated WBA (AA-WBA) binders as a building material has been scarcely performed.
Only the potential release of metal(loid)s in deionised water according to granular leaching test
(EN 12457-2) has been studied by the authors in previous works [19,23]. Most of these heavy
metal(loid)s (Cr, Cu, Hg, Mo, Pb, and Zn) remain below the limit established by the EU
legislation for its acceptance at landfills as non-hazardous waste [24]. However, the
concentration of other metal(loid)s such as As and Sb exceeded this limit, leading to the
classification of AA-WBA binders as hazardous waste. Therefore, considering that heavy
metal(loid)s release is the main concern regarding the applications of WBA [25], it is necessary
to thoroughly study AA-WBA binders’ toxicity to determine their environmental impact.

In this sense, the EU Regulation 305/2011 established harmonised conditions for the
marketing of construction products. The “Basic requirements for construction works” are listed
in Annex I, where the environmental analysis of construction products is proposed by assessing
the hazardous substances’ release in aqueous systems and soils [26]. This environmental
analysis can be performed through assessment methods such as horizontal harmonised leaching

tests, which have been standardised by the European Committee for Standardisation (CEN).
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However, according to Bandow et al. (2018), although these leaching tests can be used to
determine the leaching potential of certain compounds, they, unfortunately, do not reproduce
real scenarios due to the complexity of some construction products and some experimental
limitations that affect the experimental conditions [27]. For this reason, the CEN/TC 351
published a technical report (CEN/TR 17105) to develop modular horizontal standardised
ecotoxicity tests for construction products [28]. These tests allow assessing any potential
environmental damage through bioassays. Concretely, when the composition of the leachates
or their interaction with the environment is unknown.

Environmental risk assessments of alkali-activated materials (AAMSs) are a relatively
unexplored area at the international level. The ecotoxicity of AABs formulated with by-
products and waste as precursors has been scarcely evaluated. The inclusion of this type of
bioassays in the research of AABs is extremely important to validate their use as building
materials, as well as to determine their hazardousness. Only some studies have evaluated the
ecotoxicity of mortars and concrete formulated with by-products and residues which partially
substitute the OPC [29-32]. These assays have confirmed the suitability of materials in which
OPC has been partially replaced with some industrial wastes. However, the highly alkaline
medium of the leachates has a lethal impact on most of the tested organisms, while lowering of
the pH lead to a reduction of the potential toxicity.

This study aimed to assess the environmental potential of the AABs produced through the
alkaline activation of WBA (two different particle size fractions) and PAVAL® (PV), which is
an aluminium oxide by-product generated in the aluminium recycling process. The novelty
mainly lies in the application of bioassay in these novel cement-based materials to evaluate
their environmental risks. The main goal of this work was based on determining the relationship
between the AA-WBA binders’ leachates and their ecotoxicity, as well as the leachate

metal(loid)s depending on the precursors used. The environmental evaluation was carried out
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through different tests: (i) a compliance leaching test for granular materials (EN 12457-2) to
simulate the material end-of-life scenario, (ii) a horizontal dynamic surface leaching test for
monolithic materials (CEN/TS 16637-2) to simulate the material service life scenario, and (iii)
an acute toxicity test using Daphnia magna (D. magna) mobility inhibition test [33] to
determine the global toxicity of AA-WBA binders. In addition, the results were compared with
those for two reference materials: an alkali-activated metakaolin (AA-MK) binder and OPC
binder.
2. Materials and methods

2.1. Materials

The IBA was produced by a Waste-to-Energy (WtE) plant located in Tarragona (Spain),
which incinerates around 380 t-day* of MSW. After recovering ferrous and non-ferrous metals
in a treatment process and removing lightweight unburned materials, around 88 t-day™ of fresh
IBA is obtained at this WtE plant. The fresh IBA is then stockpiled outdoors for 2-3 months to
stabilise the metal(loid)s and WBA. The collected WBA (50 kg) was quartered to obtain a
representative sub-sample of 10 kg and, which was then dried on a stove at 105°C for 24 h. The
dried sample was sieved to determine the particle size distribution (PSD), as shown in Fig. S1
(Supplementary Material). Afterwards, a metal magnet (Nd; 0.485 T) was passed over the
sample to remove magnetic particles. Finally, the WBA was crushed and milled until obtaining
a powder with a particle size below 80 um. The formulation of the AA-WBA binders was
carried out by using two samples of WBA with different particle size fractions (see section
2.2.): (i) the 0-30-mm (WBAO/30) fraction, which is the total WBA fraction, and (ii) the 8-30-
mm (WBAB8/30) fraction, which is around 30 wt.% of total WBA. The chemical composition
was analysed by X-ray fluorescence (XRF) with a Panalytical Philips PW 2400 sequential X-
ray spectrophotometer (Table 1). X-ray diffraction (XRD) was conducted with a Bragg—

Brentano Siemens D-500 powder diffractometer equipment with CuKa radiation (Fig. S2).
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Both XRF and XRD results showed that both fractions contain silica and alumina-rich mineral
phases. The high SiO2 content is mainly due to the presence of primary and secondary glass,
whose weight percentage increased with the particle size fraction. The CaO and Al.O3 contents
originated mainly from the cementitious materials containing OPC, as well as fired ceramics
and metallic aluminium [18]. In previous studies, the most abundant trace elements (mainly
metal(loid)s) were more concentrated in the fine fractions [18,34]. Consequently, the content
of metal(loid)s in was greater in the WBAO0/30 than in the WBAB8/30 fraction, mainly those of
Cu, Zn and Pb (Table 1). Previous studies have reported the SiO2 and Al,O3 availability from
each WBA fractions regardless of their content [34].

The WBAB8/30 fraction had a substantial lack of aluminium (Table 1) due to the high amount
of non-ferrous metals recovered by an Eddy current device in the fractions above 6 mm [18]. It
is important to highlight the role of aluminium in alkaline activation since it affects the nature
of the reaction products and the strength development of AABs [35,36]. For this reason, an
aluminium oxide by-product named PAVAL® (PV) was used in the formulation of AA-WBA
binders as a source of aluminium [37]. This by-product is generated during the recovery of
metallic aluminium from the salt slags in the secondary aluminium refining process. PV was
provided by Befesa Company and collected from its aluminium recycling plant in Valladolid
(Spain). After homogenisation, the PV sample was dried overnight at 105°C to avoid possible
moisture variations in the sample received. The dry sample was then milled and sieved (< 80
pUm) to adapt PV powder for its use as a precursor in the AA-WBA formulations. The XRF
analysis of PV (Table 2) showed that it predominantly contained Al>Os. These results agreed
with the XRD pattern of PV (Fig. S3), revealing the presence of a greater number of aluminium
crystalline phases, with corundum (Al203) being the main mineral phase.

AA-MK binders were formulated using commercial metakaolin (MK) powder to compare

to AA-WBA binders. There is a wide range of references and several studies carried out
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formulating AABs using MK as a precursor [38-40]. The chemical composition of MK powder,
supplied by Bal-Co (lItaly), is shown in Table S1. Ordinary Portland cement (OPC) paste was
also used as reference material in the ecotoxicological study along with the AA-MK binders.
In this case, CEM 1 52.5 R supplied by Cementos Molins (Spain) was used (Table S1) as raw
material.

A mixture of sodium silicate (Na2SiO3) and sodium hydroxide (NaOH) was used as the
alkaline activator solution. The Na.SiOs solution with an SiO2/Na,O molar ratio of 3.22
(26.44% of SiO, and 8.21% of Na20; p = 1.37 g-cm) was supplied by Scharlab, S. L. NaOH
solutions (4 M (p = 1.16 g-cm™®), 6 M (p = 1.20 g-cm™), and 8 M (p = 1.24 g-cm™®)) were
prepared by dissolving NaOH pearls (Labbox Labware S.L.; purity > 98%) in deionised water.

2.2. OPC and alkali-activated binders (AABS) preparation

In earlier studies [19,23,41], the AA-WBA binders have been exhaustively characterised
from a physicochemical and mechanical point of view. One formulation of each study was
selected as optimal to formulate again for this environmental assessment. The OPC, AA-MK,
and AA-WBA (AA-WBAO0/30, AA-WBAS8/30, and AA-WBA/PV) binders were formulated
using the mix proportions shown in Table 3, which specifies the precursors (referred to solid,
S), water or alkaline activator solutions (referred to liquid, L) ratios, and the liquid/solid ratio
(L/S). The preparation of the pastes was started by mechanically stirring the Na;SiO3z and NaOH
solution in a plastic beaker (except for OPC). The precursors were then gradually added into
the alkaline activator solution for 2 minutes at 500 rpm to favour the dissolution of reactive
phases in the alkaline media. Afterwards, the mixture was mixed for 3 minutes at 750 rpm. The
pastes were poured into 40-mm cubic moulds and vibrated for 5 min. The moulds were then
sealed in plastic bags for 3 days in a climate chamber at 25°C + 1°C and relative humidity of

95% + 5%. Finally, the specimens were demoulded after 3 days and kept in a climate chamber
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under the same conditions until testing (28 days). Nine cubic shape specimens were prepared
for each formulation.

2.3. Environmental assessment methods

Figure 1 shows a diagram flow where the methodology that has been carried out for the
environmental assessment of AABs is specified schematically. It can be observed both
process conditions and testing methods, as well as the main goal for each test.

2.3.1. Granular leaching test (EN 12457-2)

Leaching tests of the powdered raw materials (OPC, MK, WBAO0/30, WBAS8/30, and PV)
and AABs were carried out according to a standardised leaching test for granular materials (EN
12457-2). The analysis of the leaching concentration of powdered raw materials was conducted
using deionised water to determine their initial hazardousness. The leaching behaviour of AABs
was evaluated by testing its crushed fragments to represent its end-of-life scenario after a
potential demolition. It was performed in duplicate using two different extraction solutions: (i)
deionised water, according to the standard procedure EN 12457-2, and (ii) freshwater prepared
with different salts concentrations (Table 4), which is standardised in the OECD TG 202 [33].
The deionised water leachates were used as an indicator to estimate the mobility of heavy
metal(loid)s, allows classifying the examined materials. The freshwater leachates were later
used for the ecotoxicity bioassay. The leaching test consisted of applying continuous rotating
agitation (10 min) to the crushed specimen (particle size < 4 mm) that was in contact with the
extraction solution at an L/S ratio of 10 L-kg™* for 24 h at room temperature. The resulting
leachates were filtered with a 0.45-um nitrocellulose membrane. Two replicas per raw material
and AABs formulation were conducted. One aliquot per replica was extracted for further
analysis by ICP-MS (Inductively coupled plasma mass spectrometry) technique with a
PerkinElmer ELAN device, evaluating As, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sh, Se, V, and Zn

concentrations.
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2.3.2. Monolithic tank leaching test (CEN/TS 16637-2)

The semi-dynamic leaching test CEN/TS 16637-2 using monolithic specimens was used to
simulate the service life scenario of AABs. Following the standard test procedure, a cured
specimen (28 days) with a defined geometry (40-mm cubic) was immersed in deionised water
at room temperature. In this scenario, only the interaction of the surface of the monolith with
the solvent leads to the leaching. The water volume to surface area (L/A) ratio was 80 + 10
L-m? (= 850 mL). The top, bottom, and lateral surfaces of the tested specimen were
covered/submerged by at least 20 mm. Leaching solutions were exchanged with deionised
water at predetermined cumulative time intervals of 0.25, 1, 2.25, 4, 9, 16, 36, and 64 days to
quantify the long-term diffusive leaching from the binder materials. The eluate was sampled
and changed, with the pH and conductivity determined for each interval. Two replicas per
formulation were conducted. Both filtration procedure and the trace elements analysed in the
eluates were the same of the granular leaching test. The concentrations of metals and metalloids

were determined for each interval, and the cumulative release was calculated following the Egs.

(1) and (2).
= 1)
R,=Y% rforn=1to8 (2)
where

ci is the concentration of the substance in eluate i, in pug-L™; ri is the area release of the
substance in fraction i, in mg-m2; Ry is the cumulative area release of the substance for period
n including fraction i=1to n, in mg-m2; A is the area of the specimen, in m?, and V is the volume
of the leachate, in L.

The leaching mechanisms were also investigated to determine the leaching behaviour of
metal(loid)s, following the procedures, calculations, and requirements described in the CEN/TS

16637-2 standard. In addition, the cumulative metal(loid)s release (mg-m?) in AABs was
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compared with leaching limits by the Dutch tank leaching test (NEN 7345). This regulation
classifies the building materials in two categories: (i) materials without any environmental
restriction, which are those that do not exceed the U limit (ii) materials with restriction use,
which are those that exceed the Uz limit. Although materials whose any cumulative metal(loid)
release is comprised Uz and U2 limits do not have any environmental restriction, at the end of
their life cycle should remove the pollutant that exceeds the threshold (dismantling) [42].

Finally, it is important to highlight that the feasibility of this horizontal harmonised test was
validated by different European laboratories [43]. However, it is also required more realistic
scenarios to determine environmental risks. For this reason, apart from leachate metal(loid)s
evaluation, a bioassay test was performed to determine a global parameter of toxicity which
validates the use of AABs as construction material.

2.4. D. magna acute toxicity test

The D. magna mobility inhibition bioassay (ISO 6341) is used to evaluate the ecotoxicity
of binder materials formulated with (or containing) secondary resources in freshwater aquatic
ecosystems [29-32]. This test has been chosen because it allows assessing the global toxicity
of the formulated AABs through the eluates obtained in the granular leaching test. Besides, it
is important to highlight that D. magna is highly sensitive to a wide range of chemicals and is
relatively easy to culture and maintain in the laboratory.

Seven different dilutions were prepared with each of the binders’ eluates (EN 12457-2 using
standard freshwater) prior to the toxicity test. The test solutions obtained were the following
(volume of eluate:volume of standard freshwater): 0:1 (0%, the negative control group), 1:16
(6.25%), 1:8 (12.5%), 1:4 (25%), 1:2 (50%), 3:4 (75%), and 1:0 (100%). The negative control
group was used to ensure the acceptability of the ecotoxicity test (> 90% survival and normal
mobility). Eluates obtained from the EN 12457-2 leaching test represented the worst-case

scenario, involving a small particle size and dynamic leaching conditions that favoured leaching
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and increased the potential release of metal(loid)s from the binders. Consequently, this can
result in higher leaching and ecotoxicity compared to normal service conditions.

The OECD TG 202 “Daphnia sp. Acute Immobilisation Test” standard [33] was followed
to assess putative aquatic toxicity and obtain the ECso value (the concentration that is estimated
to immobilise 50% of the daphnids within a stated exposure period). This acute toxicity test
assesses the inhibition of the mobility of D. magna after 24 and 48 hours of exposure to the
eluate being tested. A total of 600 D. magna neonates (< 24 hours in age) were kept at 20 £ 2°C
and under a light/dark cycle of 16/8 hours prior to the assay. Three hours after spirulina feeding,
groups of 5 neonates were randomly exposed to 10 mL of each test solution for 48 hours under
darkness. Immobilisation measurements (when daphnids were not able to swim within 15
seconds) were recorded at 24 and 48 hours and compared with the values obtained in the
negative control group. For each test solution, four replicates were tested. The results were
analysed to calculate the ECsp of each test item at 24 and 48 hours. Temperature (20 + 2°C),
light/dark cycles (16/8 hours), pH (6.9-7.5) and the oxygen concentration (8.3-8.8 mg-L™) were
controlled, while any adverse events and/or abnormal daphnid behaviour were monitored
during the experimental period.

2.5. Statistical analysis

Percentage of immobilization by treatment group and material was analysed by using the
EPA probit analysis program version 1.5, which allowed the calculation of ECsg values as well
as the 95% confidence limits of the slope, intercept of the probit-concentration curve and any
EC value from 1 to 99%.

Spearman's rank correlation was used to determine significant relationships (a0 = 0.05)
between the presence of trace elements in the eluate and changes in the mobility response of D.
magna. Statistical analysis was performed with SPSS Statistics 24 for Mac.

3. Results and Discussion

12
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3.1. Granular leaching test (EN 12457-2)
3.1.1. Raw materials hazardousness

The initial hazardousness of powdered raw materials was determined using the EN 12457-
2 procedure. Table 5 summarises the metal(loid) leaching concentrations and the limits
established by EU for the acceptance of waste at landfills [24]. Some differences can be found
in the release of metal(loid)s between the two fractions of the WBA assessed (WBAO0/30 and
WBAGB8/30 fractions). The metal(loid) leaching concentration was higher in the WBAO0/30
fraction in agreement with previous studies [44-46]. This fraction contains a large amount of
particles size below 4 mm (Fig. S1), in which mainly the metal(loid)s and soluble salts are
accumulated [18,45]. These metal(loid)s could be released during WBAO/30 fraction milling
and re-dissolved at this pH (11.33). Concerning the pH of WBA samples, it can be observed a
substantial decrease in the WBA8/30 compared to the WBAO/30 fraction. This is due to the
initial content of portlandite is much higher in the fine fractions, and their pH is controlled by
the ettringite formed during the weathering process of IBA. By contrast, as the initial content
of lime is lower in the coarse fractions, it is quickly carbonated, lowering the pH controlled by
the calcite [46]. Both samples were below the threshold established by the landfill legislation
to classify wastes as non-hazardous materials. Moreover, it is remarkable that the
concentrations of most of the elements were found below the limits for inert materials. Only
the leaching concentration of Cu, Mo, Sb, and Se in the WBAO0/30 fraction, and the leaching
concentration of Sb in the WBAB8/30 fraction, exceeded the limits for inert materials.

Leachates from PV had Sb concentration that was above the established non-hazardous
limit. The presence of antimony is due to its use in some aluminium-bearing alloys, which may
contain up to 4 to 6 wt.% of Sb [47]. This metalloid is probably removed during the refining

secondary aluminium process and concentrated into the saline slags. The leaching
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concentrations of the remaining metal(loid)s were below the threshold of inert waste or non-
hazardous waste.

Among the reference materials OPC and MK, only the concentrations of Ba, Cr, and Mo in
the leachates from OPC stood out. Barium is added to raw meal in carbonate or sulphate form
before the clinkerisation process in OPC manufacturing [48]. Chromium is primarily
incorporated in the silicate phases during the clinker burning process [49]. Its stabilisation in
OPC has been extensively studied [50-52]. Finally, molybdenum is incorporated into the
procurement and milling processes of the clinker [49].

On the basis of the results obtained in the raw materials, it is proposed how the highly
alkaline medium of the activator can affect the leaching conditions of AA-WBA binders. The
different and complex composition of the precursors could lead to potential increases in
ecotoxicity due to the release of some toxic elements that would otherwise be stabilised. In this
regard, we investigated whether the synthesis of AA-WBA binders increased the leaching of
the metal(loid)s or if the formation of a cementitious matrix encapsulated these elements,
thereby preventing their leaching.

3.1.2. AA-WBA binders (End-of-life scenario)

Table 6 shows the concentrations of the metal(loid)s and the pH of the leachates from AA-
WBA binders determined with the EN 12457-2 standard procedure. The leachate results of OPC
and AA-MK specimens were used as references. This test was conducted in the AA-WBA
binders to simulate the leaching behaviour at the end of life, after a potential demolition. The
metal(loid) concentrations of the leachates from the AA-WBA binders (deionised water) were
below the limits set for classification as non-hazardous wastes, except for those of As (for AA-
WBAO0/30) and Sb (for all AA-WBA binders). These two metalloids showed a considerable
increase in their concentration in the leachates as a result of the strong alkaline reaction of the

activators. The rest of the metal(loid)s only showed a slight increase in concentration due to the
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alkaline reaction and the pH of the aqueous leaching solution. As and Sb originated mainly
from the high content of glass cullet in the MSW [18]. Their oxides are used as clarifying or
(de)colouring agents in glass manufacturing [53]. Moreover, Sh20s is used as a pigment in dyes
and paints as well as in the textile industry [54]. Several studies link the release of both As and
Sb to calcium-bearing minerals [55-58] and Fe, Al, Mn-(hydr)oxides [59], which are
neoformed during the natural weathering process of IBA. When the pH increases in the WBA
as a result of the addition of a strongly alkaline solution (i.e., pH > 12.5), calcium precipitates
as portlandite and the metalloids are released into the solution. In addition, the neoformed
secondary glass during the combustion of MSW can encapsulate metal(loid)s in its structure,
preventing their release [18]. This amorphous structure, however, can dissolve in a strongly
alkaline medium, releasing some of these metals.

As expected, most of the metal(loid)s showed a higher concentration in the leachates
obtained from the AA-WBAO/30 binder due to the high content of fine fractions in the
WBADO/30 fraction (Fig. S1) [45]. The leachates from the AA-WBA/PV specimens had the
lowest concentrations of metal(loid)s among those that had been formulated with only WBA
(WBAO0/30 and WBAB8/30 fractions). This fact is probably due to the use of PV as a precursor,
which increased the formation of N-A-S-H and C-A-S-H gels and the number of cementitious
phases [60]. Thus, the increase in the encapsulating effect of the binder decreased the release
of metals into the leaching solutions [61].

The concentration of metal(loid)s in the leachates obtained from the two reference binders
(OPC and AA-MK) was generally lower than those from the AA-WBA binders. On one hand,
the leachates from OPC had substantial concentrations of Ba, Cr, and Mo, coming from the raw
materials and/or the clinker milling process [48,49,52], as mentioned previously. On the other
hand, the leachates from the AA-MK specimens showed high concentrations of As, which was

above the limits established for the classification as non-hazardous waste (> 2 mg/kg™). The
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high leaching concentration of As is probably due to the desorption of arsenate from the natural
kaolinite [62].

The metal(loid) concentrations in the leaching test conducted using standard freshwater
presented substantial differences to that obtained using deionised water (Table 6). These
differences can be mainly attributed to the decreasing in binders’ pH due to the standard
composition of the freshwater (Table 4), as well as the difference in the solubility of
metal(loid)s depending on the pH of the medium [58]. This decrease in pH led to a decrease in
the concentrations of the trace elements with high oxidation states that can form oxyanions (As,
Cr, Mo, Sb, and Se) and an increase in the concentrations of divalent pH-dependent metals (Ni,
Cu, and Zn). As a result of the decrease in some metal(loid)s concentration, the leachates of
AA-WBA binders formulated with WBA8/30 (AA-WBAS8/30 and AA-WBA/PV) were below
the limits for its classification as inert waste, excepting for Sh, which exceeded the threshold
established for non-hazardous waste (> 0.7 mg-kg™).

3.2. Monolithic leaching test (Service life scenario)

The generic horizontal dynamic surface leaching test (DSLT) was conducted mainly to
determine the surface-dependent release of metal(loid)s from monolithic specimens of AABS,
as well as to identify the mechanisms controlling the leaching processes. It was also performed
to simulate the service life scenario of AABs and compare their leachability. The DSLT of the
AA-MK was also included as a reference. Table S2 (Supplementary material) shows the
concentrations of the metal(loid)s and the pH of the leachates from AA-MK and AA-WBA
binders, using the CEN/TS 16637-2 test procedure. Overall, the results from the CEN/TS
16637-2 leaching test agreed to those from the EN 12457-2 leaching test. The metal(loid)s with
the highest leaching concentrations in the granular test also showed the highest surface-

dependent release in the leaching test using monolithic samples.
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Figures 2 to 4 show the cumulative release of metal(loid)s from the AA-MK and AA-WBA
binders. Figure 2 groups the elements (As, Se, and V) that had a larger cumulative release from
the AA-MK leachate compared to those from AA-WBA specimens. These metal(loid)s
probably come from natural kaolinitic soils [62—-65]. Moreover, Se and V can also be released
in soils via anthropogenic activities such as fuel combustion [66-68], which is necessary for
the thermal dehydroxylation process of kaolinite. Although our results for Se were similar to
those of other studies [69], the cumulative release of As and V was much higher, probably due
to the initial content of these metals(loid)s in MK.

Figure 3 shows the cumulative release of the metal(loid)s (Cu, Mo, Ni, Sb, and Zn) that
presented a higher leaching concentration for the AA-WBAO0/30 specimen compared to the AA-
WBA formulated with WBA8/30 (AA-WBABS8/30 and AA-WBA/PV). As expected, the use of
WBAO/30 fraction led to a greater release since their finer fractions have a higher content of
metal(loid)s and soluble salts [45]. It should be noted that the difference in the cumulative
release of these metals at 64 days (Rs) was much lower when the WBA®S8/30 fraction was used.
In the specific cases of Cu and Zn, these differences were 4 and 5 times lower, respectively. In
all the cases, the metal(loid) leaching concentrations were similar or slightly lower for the AA-
WBA/PV specimen compared to the AA-WBABS8/30 specimen. Additionally, Figure 3 depicts
the cumulative release of the metals (Ba, Cr, and Pb) that had higher leaching concentrations
for AA-WBAB8/30 than for AA-WBAO/30. This is probably due to the glassy and ceramic nature
of the WBAB8/30 fraction, which contains a large amount of fired ceramics coming from small
domestic works, as well as primary and secondary glass coming from beverage containers [18].
Barium carbonate and lead oxide are widely used as additives in ceramic glazes [70-72], while
trivalent chromium is extensively used as a green colouring agent in glass manufacturing [73].
In addition, the WBAB8/30 fraction also contains construction wastes such as OPC-cement based

materials that can be generated in the household sector and municipal cleaning services. As
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mentioned above, OPC has a high content of barium and chromium [49] that show long-term
release [58,69].

The release of metal(loid)s from cementitious materials that are in contact with water can
be controlled and affected by various physical and chemical retention mechanisms [58]. In this
regard, the leaching mechanisms were determined using the data analysis procedure introduced
in CEN/TS 16637-2 (see Fig. S4 in Supplementary Material). Table 7 summarises the release
mechanisms identified for each metal(loid) with the DSLT using AA-MK binder as the
reference. Some of the metals that leached from the AA-MK specimen showed a low
concentration or surface wash-off followed by a low concentration (Ba, Cd, Mo, Ni, and Sb).
These same metals had shown low leaching in the EN 12457-2 batch test. A surface release
mechanism controlled by dissolution was identified for the rest of the metals (As, Cr, Cu, Pb,
Se, and V), except for Zn, which showed diffusive control. By contrast, for the AA-WBAO0/30
specimen, the surface release of all the metal(loid)s under consideration was controlled by a
dissolution mechanism, except for As and Cd, which showed a low concentration and an
unidentified mechanism, respectively. In the AA-WBA8/30 and AA-WBA/PV specimens, the
dissolution-controlled release was also the main mechanism for surface release (i.e., As, Cu,
Mo, Ni, Sh, and V). The release mechanism determined for Ba, Pb, and Zn was a surface wash-
off preceding a diffusion-controlled or unidentified mechanism (see Table 7). Once again, a
concentration below the detection limits was determined for Cd in both samples. However,
earlier studies determining the surface release mechanisms of metal(loid)s from cementitious
matrix materials have reported no clear differences between diffusion-controlled and
dissolution-controlled mechanisms [58,69,74].

Figure 5 shows the cumulative surface release (Rn) of some of the metal(loid)s from AA-
WBA binders vs. leaching time plotted on a log-log scale. According to van der Sloot et al.

[58], the slope for leaching times controlled by a diffusive surface release mechanism should
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be 0.5. As can be seen in Figure 5, the leaching from some of the AA-WBA specimens showed
a different trend in the first aliquots compared to the last ones, with a significant change in the
slope. Likewise, the slope of the line of best fit was close to 0.5, indicating a diffusion-
controlled leaching process. This trend was more noticeable for the AA-WBA binders
formulated with the WBA®8/30 fraction (AA-WBAB8/30 and AA-WBA/PV), corroborating a
decrease in open porosity and an increase in the tortuosity of the binder matrix.

The cumulative metal(loid)s release (expressed in mg-m-2) was compared to the limits set
in NEN 7345 standard (Table 8), aiming to determine the feasibility of AABs from an
environmental point of view. Although most metal(loid)s release are below U; threshold, the
results revealed that AA-WBA binders should be used with environmental restrictions. This is
due to Sb exceeded the U> limit. In the case of AA-MK, the results evidenced the possibility of
using this binder without any environmental restriction. However, according to NEN 7345,
some metal(loid)s (As, Se, and V) should be removed at the end of its life cycle. It is important
to highlight that the most problematics metal(loid)s release (in granular and monolithic test) are
those that can form oxyanions (As, Sb, and V) as reported elsewhere [75]. In this sense, it was
demonstrated that longer curing periods increase the immobilisation efficiency of these
metal(loid)s [76]. Finally, the authors want to emphasise that in this study they have been tested
AABsS instead of alkali-activated mortars or concretes. Thereby, the preparation of AABs with
sand and/or gravel could lead to a dilution of raw materials and consequently decrease in
leachate metal(loid)s concentration.

3.3. D. magna acute toxicity test

The standard mobility test with the freshwater crustacean D. magna is considered the most
sensitive when analysing the ecotoxicity of building materials [29]. In this study, all binders
(OPC paste, AA-MK, and AA-WBA binders) were assessed at concentrations ranging from

6.25 to 100% of the eluates (EN 12457-2 using standard freshwater). The immobilisation of D.
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magna individuals was recorded at 24 and 48 hours. The validity criteria were met since no
control daphnids were immobilised after 48 hours of exposure and the daphnids from the
negative control group did not show any abnormal behaviour or adverse events. The influence
of the leachate pH was minimised by using standard freshwater that contained pH-buffering
chemicals [77]. The number of D. magna individuals immobilised after 24 and 48 hours of
exposure is summarised in Tables S3 to S5 and Figure S5. The addition of the leachates from
all the specimens tested induced a sequential (at 24 and 48 h) and concentration-dependent
immobilisation of the daphnids. The percentages of immobilised D. magna individuals in each
eluate after 24 and 48 hours of exposure are plotted in Figure 5. The percentage of immobilised
daphnids was used to determine the ECso by probit analysis, which is summarised in Table 8.
Due to the distribution results, there was no option to estimate the 95% confidence limits by
probit analysis for three of the binders (AA-MK, AA-WBAO0/30 and AA-WBA/PV at 24 hours
and AA-WBAO0/30 at 48 hours), which were extrapolated. Lower ECso values indicate greater
toxicity because the material is toxic even at low concentrations (high dilutions). Accordingly,
the toxicity of the AA-WBAO0/30 sample was higher than that of the rest of the binders studied,
which showed similar toxicity (AA-MK = AA-WBAB8/30 = AA-WBA/PV). The toxicity of the
formulated AABs was significantly higher than that determined for OPC. The ECso of OPC
obtained in this study was lower than that reported previously [78], probably due to the greater
release of Mo and Ba as a consequence of a more acidic pH. It should also be noted that the
toxicity of the binders formulated with WBA®8/30 fraction (AA-WBAB8/30 and AA-WBA/PV)
was similar to that of the AA-MK binder. Furthermore, the ECso results demonstrated that the
addition of PV as a precursor had practically no effect on toxicity (AA-WBA/PV).
Comparison with the results from the EN 12457-2 leaching test (Table 6) indicated good
correspondence between toxicity and the concentrations of trace elements in the eluates (see

Fig. S6 in Supplementary Material). Spearman’s correlation was used to link the concentration
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of trace elements in the eluates with the immobilisation response of D. magna (Table 10). This
identified significant correlations (p < 0.05) between the presence of Cu and Sb in the eluates
and the immobilisation of D. magna (i.e., ECso values). A previous study showed that Cu and
Sb concentrations in elutriates from sewage sludge have a strong impact on the mobility of
Daphnia [79]. Although As, Pb, and Zn concentrations in the leachates correlated with acute
toxicity in Daphnia, these correlations were not statically significant (p = 0.188, p = 0.054 and
p = 0.104 for As, Pb, and Zn, respectively). The toxicity of metals on D. magna has been
reported previously by several studies [80-82]. However, other factors rather than just the
released metals mentioned (e.g., chlorides, sulphates, sodium, etc.) may affect the biological
responses of the crustacean [29].

Comparing the 48-h ECso values for the AABs obtained in this study (Table 9) with those
reported by other studies using ecotoxicity tests with D. magna for WBA (ECsg 0.5-17.0) [83],
it can be concluded that the decrease in particle size (< 80 pum) and the alkaline activation did
not significantly affect the toxicity of the binder materials. Nevertheless, taking into account
the ecotoxicity limit values established in the French proposal of the Criterion and Evaluation
Methods of Waste Ecotoxicity (CEMWE) document [84], the alkali-activated binders
formulated with WBA (and MK) showed evidence of acute toxicity (48-h ECso < 10%). Since
the ECso values for AA-WBAB8/30 (8.5%) and AA-WBA/PV (7.8%) were less than 10% but
considerably greater than 1%, it can be said that they showed moderate-low acute ecotoxicity.
By contrast, the ECso for AA-WBAO0/30 was closer to 1%, indicating moderate-high
ecotoxicity.

4. Conclusions
The results obtained in this study provide a clear picture of the environmental and

ecotoxicological potential of AA-WBA binders. The synergistic combination of the leaching
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tests (EN 12457-2 and CEN/TS 16637-2) and the acute toxicity test could become an interesting
tool to determine the environmental and ecotoxicological risks of the binder materials.
Granular leaching test (EN 12457-2) was used to assess the initial hazardousness of
powdered raw materials, as well as to simulate the leaching behaviour of AABs binders after
their end-of-life. This test demonstrated the different hazardousness of raw materials, which
could be classified as inert (OPC and MK), non-hazardous (WBA/0/30 and WBA®8/30), and
hazardous (PV) waste according to the EU landfill legislation. Moreover, the metal(loid)s
concentrations in the leachates from AA-WBA binders revealed severe activation of As and Sb,
both for deionised water and freshwater. These two metalloids are commonly used as additives
during the manufacturing of container glass and were affected by alkaline activation, showing
higher concentrations than in the raw materials leachates. It is also important to highlight the
substantial decrease in some metal(loid)s concentration (As and Sb) when freshwater was used
as a leaching solution. This is due to the standardised composition of freshwater led to the
decreasing in pH of AA-WBA binders, which in turn contributed to a decrease in the
concentrations of the trace elements with high oxidation states that can form oxyanions.
Monolithic leaching test (CEN/TS 16637-2) was used to simulate the leaching behaviour of
AABs during their service life. The surface-dependent release mechanism in some metal(loid)s
was unpredictable, except for those that showed low concentrations or a depletion mechanism.
A mixed release mechanism, diffusion-dissolution, probably controlled the surface release of
most of the metal(loid)s. In the AA-WBA binders, given that the pH was very similar in all the
aliquots, the differences in the release mechanism determined for the same metal(loid) could be
attributed to the use of different size fractions or the use of PV (i.e., Ba, Pb, and Zn). In this
case, higher SiO2 and Al>Os availability led to a greater formation of reaction products, which

decreased open porosity and increased the tortuosity of the cementitious matrix.
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The present study demonstrated the suitability of the D. magna acute toxicity test for the
ecotoxicological assessment of AA-WBA binders. To the authors' knowledge, there are no
previous studies that have included an ecotoxicological analysis in the environmental
assessment of AABSs. In this study, only the eluates obtained from the EN 12457-2 leaching test
(with freshwater) were selected for the ecotoxicological assessment. These eluates represented
the worst-case scenario, involving a small particle size and leaching conditions that favoured
leaching and increased the potential release of metal(loid)s from the binder materials.
Consequently, this can result in much higher leaching and ecotoxicity compared to normal
service conditions. The specimens formulated with WBA®8/30 fraction showed less toxicity,
presenting similar toxicity as AA-MK binder. The AA-WBAS8/30 and AA-WBA/PV
formulations showed moderate-low acute ecotoxicity, according to the ecotoxicity limit values
established in the French proposal of the CEMWE document, with ECsg values close to 10%.
Hence, the potential ecotoxicity of materials studied could be ordered as follows: AA-
WBAO0/30 > AA-MK ~ AA-WBAS8/30 ~ AA-WBA/PV >> OPC.

Therefore, the environmental and ecotoxicological behaviour of the AA-WBA binders
formulated from the WBAB8/30 fractions was significantly better than those formulated with the
WBAO/30 fraction due to the higher content of metal(loid)s in the fine fractions. The increase
in the availability of reactive aluminium by using PV as a precursor that partial substituted
WBA (8-30 mm) also slightly decreased the mobility of the metal(loid)s, probably due to the
greater formation of cementitious phases.
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Table 1. Major, minor, and trace elements composition of WBA depending on the particle size

fraction (wt. %).

Major and minor elements

Trace elements

WBAO0/30  WBAS8/30 WBAO0/30  WBAS/30
SiO: 45.44 52.08 Cu 0.13 0.04
CaOo 17.55 20.72 Zn 0.51 0.12
AlOs3 10.38 6.35 Br <0.01 <0.01
Na.O 5.04 3.38 Rb <0.01 0.01
K20 1.54 2.09 Sr 0.07 0.05
Fe203 6.08 412 Y <0.01 <0.01
MgO 2.66 2.43 Zr 0.03 0.10
TiO2 0.65 0.65 Nb <0.01 <0.01
CI 1.42 0.54 Sn 0.02 0.01
SOs3 2.57 1.07 Sb 0.01 0.01
Mn 0.03 0.02 Ba 0.07 0.04
Lol 5.78 6.10 Pb 0.11 0.04

LOI*: Loss on ignition at 1100 °C

L]


https://www.editorialmanager.com/hazmat/download.aspx?id=3726551&guid=5dd271d3-166c-48ea-aa2c-b4538524ae68&scheme=1
https://www.editorialmanager.com/hazmat/download.aspx?id=3726551&guid=5dd271d3-166c-48ea-aa2c-b4538524ae68&scheme=1

Table 2. Major, minor, and trace elements composition of PAVAL® (wt. %).

Major and minor elements

Si0; CaO AlRO: NaO K:O FexO3 POs MgO TiO2 MnO LOI

821 199 61.24 2.70 0.63 1.57 0.06 6.21 0.80 0.18 15.71
Trace elements

Ba Cr Cu Mn Ni Pb Sr \Y/ Zn Zr

0.16 0.05 0.29 0.16 0.02 0.02 0.02 0.01 0.12 0.01

*LOI: Loss on ignition at 1100 °C



Table 3. OPC paste and alkali-activated binders (AABS) mix proportion.

S m
. NaOH  NaSios L/S
Binder I0PC MK WBA WBA8/30 PV (Wt. %) (Wt. %) (WTZ(%) ratio
AM 6M 8M :
OPCpaste 100 - : : : - - : 100 05
AA-MK - 100 - i : . - 68 66 i 13
AA-WBAO0/30 - - 100 i : .20 - 80 i 1.0
AA-WBAB/30 - - i 100 : .20 - 80 i 0.8
AA-WBAPY - - : 98 2 20 - - 80 i 0.6

lwt. % respect to the total solid
2wt. % respect to the total liquid



Table 4. Reagent grade chemicals used to prepare 1 L of standard freshwater stock solution

(OECD, 2004).

Formula Amount (g)
Calcium chloride CaCl, -2 H,0 11.76
Magnesium sulphate MgSO; -7 H,0O 4.93
Sodium bicarbonate NaHCO3; 2.59
Potassium chloride KCI 0.23

* Distilled water with conductivity < 10 puS-cm was used



Table 5. Leaching concentration values (mg-kg?) of powdered raw materials according to EN

12457-2.
Sample As Ba Cd Cr Cu Hg Mo Ni Pb Sh Se Zn pH
OPC <001 480 <001 323 009 <00l 879 029 003 <001 02 022 1288
MK 001 0.84 <001 <0.01 002 <001 001 053 <001 <001 02 018 7.89
WBAO0/30 0.04 037 <001 045 333 <001 126 003 <003 035 021 044 1133
WBAS/30 0.02 025 <001 017 069 <001 033 011 001 027 <0.10 012 954
PV 010 006 <001 001 0.15 <001 290 <020 001 138 <010 0.10 10.03
1
Inertwaste o o0 004 05 2 00l 05 04 05 006 01 4
(mg-kg)
1Hazardous
waste 25 300 5 70 100 2 30 40 50 5 7 200
(mg-kg)

Yimit for acceptance at landfills. EU landfill legislation [24]



Table 6. Leaching concentration values (mg-kg?) of OPC paste and AABs according to EN 12457-2.

Using deionised water

As Ba Cd Cr Cu Hg Mo Ni Pb Sh Se \Y Zn pH
OPC 0.00 446 <0.01 0.87 0.07 <0.01 119 0.20 0.03 0.01 0.01 0.01 0.18 12.72
AA-MK 3.57 0.04 <001 054 0.17 <0.01 0.06 0.02 0.08 0.02 0.07 26.75 0.19 10.72
AA-WBAO0/30 3.56 0.05 <001 0381 3.15 0.01 1.45 0.15 0.30 3.48 0.21 2.68 168 11.29
AA-WBAS8/30 1.25 023 <0.01 0.61 0.78 <0.01 0.18 0.04 0.44 1.74 0.05 0.26 049 1164
AA-WBA/PV 0.83 0.15 0.01 0.37 046 <0.01 0.12 0.03 0.17 1.17 0.06 0.35 0.33 11.19
Using freshwater (OECD. 2004)
As Ba Cd Cr Cu Hg Mo Ni Pb Sh Se \Y Zn pH
OPC 000 527 <001 129 012 <001 209 021 002 0.02 004 001 037 713
AA-MK 146 006 <001 022 024 <001 014 002 002 003 011 725 016 6.98
AA-WBAO0/30 2.39 0.07 0.01 0.52 3.60 <001 123 0.18 0.24 1.69 0.15 2.56 2.07 7.24
AA-WBAS8/30 0.34 0.14 <001 0.24 122 <0.01 0.08 0.05 0.11 0.98 0.07 0.15 0.69 7.14
AA-WBA/PV 0.38 0.31 <0.01 0.15 0.74 <0.01 0.08 0.05 0.09 0.72 0.05 0.21 0.44 7.12
Inert waste (mg-kg1) 0.5 20 0.04 0.5 2 0.01 0.5 0.4 0.5 0.06 0.1 4 0.5
Hazardous waste 25 300 5 70 100 2 30 40 50 5 7 200 25

(mg-kg)

Yimit for acceptance at landfills. EU landfill legislation [24]



Table 7. Identification of metal(loid)s surface release mechanisms according to CEN/TS 16637-2 standard.

release As Ba Cd Cr Cu Mo
mechanisms | p2 p3 P4 P5 | P2 P3 P4 P5|P2 P3 P4 P5|P2 P3 P4 P5| P2 P3 P4 P5 | P2 P3 P4 P5

M1 X X X X X X X X X X X X X X X X X X X X

M2 X X X X X X X - - - - X X X X X X X X X X X

M3 X X X X - X X - - - - X X X X X X X X - X X X
M3.1 - - - - - - - - - - - - - - - - - - - - - - -
M3.2 - - - - - - x - - - - - - - - - - - - - - - - -
M3.3 - - - - - - x - - - - - - - - - - - - - - - - -

M4 x - - x| - - - - x .

M5 - - - - - - - - - - - - - - - - - - - - -
M5.1 - - - - - - - - - - - - - - - - - - - - - -
M5.2 - - - - - - - - - - - - - - - - - - - - - - -

release Ni Pb Sb Se \V Zn
mechanisms | p2 p3 P4 P5 | P2 P3 P4 P5|P2 P3 P4 P5|P2 P3 P4 P5|P2 P3 P4 P5|P2 P3 P4 PS5

M1 X X X X X X X X X X X X X X X X X X X X X X

M2 - X X X X X X X - X X X X X X X X X X X X X X X

M3 - X X X X X - X X X X X X X X X X X X
M3.1 - - - - - - - - - - - - x - - - - - - -
M3.2 T 2 e . -l - - -l - x -
M3.3 - - - - - - ox x| - - - - - - x - - - - -l - x -

M4 - - - - - - - x

M5 - - - - - - - - - - - - - - - - - - - - - - -

M5.1 - - - - - - - - - - - - - - - - - - - - - - -
M5.2 - - - - - - - - - - - - - - - - - - - - - - - -

M1: Overall low concentration

M2: Surface wash-off followed by low concentration
M3: Diffusion controlled release of a substance
M3.1: Surface wash-off preceding diffusion-controlled release

M3.2: Diffusion-controlled release followed by depletion
M3.3: Surface wash-off preceding diffusion-controlled release followed by depletion
M4: Dissolution controlled release of a substance
M5: Unidentified mechanism

M5.1: Surface wash-off of a substance preceding the unidentified release

M5.2: Unidentified mechanism followed by depletion

P2: AA-MK

P3: AA-WBAO0/30
P4: AA-WBAB/30
P5: AA-WBA/PV



Table 8. Cumulative release (mg-m2) of AABs after 8 extractions (64d) following CEN/TS 16637-2.

Sample As Ba Cd Cr Cu Hg Mo Ni Pb Sh Se \% Zn
AA-MK 53.8 0.6 0.1 2.9 4.1 <0.1 1.7 0.4 0.4 0.8 3.4 450 4.5
AA-WBAO/30 25.3 1.3 6.8 106  75.6 0.2 10.8 3.6 132 558 2.2 272 115.9
AA-WBABS/30 331 135 1.6 199 194 0.1 4.1 1.9 20.1  56.3 1.8 8.7 27.5
AA-WBA/PV 30.1 7.2 1.3 16.8 199 0.1 3.9 15 153 549 2.6 205 279
1U; limit 40 600 1 150 50 0.4 15 100 50 35 1.5 250 200
U, limit 300 4500 7.5 950 350 3 95 800 350 25 9.5 1500 1500

1Leaching limits set by the Netherlands tank leaching test (NEN 7345)



Table 9. ECso values and 95% confidence limits by probit analysis in the Daphnia magna
immobilisation test.

24 hours 48 hours
ECso0 (%) 95% LCL 95% UCL ECso (%) 95% LCL 95% UCL
OPC 29.7 24.1 36.7 24.1 19.4 29.9
AA-MK 125 - - 8.8 6.3 11.1
AA-WBAO0/30 6.0 - - 5.0 - -
AA-WBAS8/30 10.8 8.9 13.0 8.5 7.0 10.2
AA-WBA/PV 13.2 - - 7.8 5.3 9.9

ECso for P2, P3 and P5 at 24 h and P4 at 48 h were extrapolated.
LCL: lower confidence limit to the ECs.
UCL.: upper confidence limit to the ECso.



Table 10. Spearman’s correlation coefficient for metal content in leachates obtained according to
EN 12457-2 (using freshwater) and ECso values calculated from Daphnia magna immobilisation
test.

As Ba Cd Cu Mo Ni Pb Sb Se V Zn

ECso -07 03 03 -09* 0359 0.051 -0.072 -09* -06 -04 -0.8

2 Significant correlations at p < 0.05 are marked with one asterisk. ® Chromium is not included in the analysis
because their values determined in the leachates were below detection limit.



Figure Caption

Fig. 1. Scheme of the methodology and goals of the study.

Fig. 2. Cumulative area release of As, Se, and V from AABs specimens according to CEN/TS

16637-2 standard.

Fig. 3. Cumulative area release of Cd, Cu, Mo, Ni, Sb, and Zn from AABs specimens according

to CEN/TS 16637-2 standard.

Fig. 4. Cumulative area release of Ba, Cr, and Pb from AABs specimens according to CEN/TS

16637-2 standard.

Fig. 5. Log-log plot of cumulative area release (Rn) of some metal(loid)s leached from AABs

specimens formulated using WBA as the precursor.

Fig. 6. Immobilization rate of Daphnia magna according to the concentration of the leachate

resulting from the EN-12457-2 standard.
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