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A B S T R A C T   

Heavy metals escaping from industrial processes and industrial waste are a significant environmental hazard all 
around the globe. Since they cannot be destroyed, the only way to manage the pollution is to capture and contain 
the hazardous components. This study focuses on stabilization-solidification of a highly toxic industrial filter slag 
that contains a range of different heavy metals in extremely high quantities. The stabilization-solidification 
treatment was executed with a mayenite and gypsum based solid cementitious binder. The major components 
that were monitored during the study were selenium, lead and sulphate. Different ratios of gypsum addition were 
tested in order to observe the effect of total sulphate content in the system to the immobilization efficiency of 
anionic selenium and sulphate. During the experiments, all cationic heavy metals were immobilized efficiently, 
most of them achieving the immobilization efficiencies of more than 99.9%. By adjusting the sulphate content of 
the system, the immobilization efficiency of selenium was improved from 95.669% to 99.925% and the 
immobilization efficiency of sulphate raised from 96.069% to above 99.964%. Controversially, the immobili-
zation of lead was at its highest (99.999%) with high sulphate content and dropped to 98.162% as the sulphate 
rate decreased. The results show clearly that mayenite has good potential for stabilization-solidification 
applications.   

1. Introduction 

Heavy metal contamination of habitats is a major global problem, 
and one of the main sources for the pollutants is a range of poorly 
managed industrial wastes. Immobilization is often the only practical 
solution for properly managing these materials, since heavy metals 
cannot be destroyed chemically, and recovering the hazardous elements 
would be laborious and costly. Common methods for immobilization 
cover chemical incorporation, adsorption, ion exchange and the 
methods discussed in this study: solidification/stabilization (S/S) and 
encapsulation (Ji and Pei, 2019; Vu and Gowripalan, 2018). In practice, 
it is common for more than one method to coexist in the immobilized 
material. 

Solidification aims to enclose the contaminants inside a solid matrix 
with low permeability, while stabilization refers to the contaminant 
incorporating chemically into the binder (Wang et al., 2012). The S/S 
approach is often beneficial in practice since it is easily available, sim-
ple, low cost and compatible with a wide range of waste materials, 
contaminants, and environments (Derakhshan Nejad et al., 2018). The 

most common inorganic binder used for the S/S of heavy metal 
contaminated waste is Ordinary Portland cement (OPC) (Chen et al., 
2009). Since OPC production carries an enormous carbon footprint, 
there is a race to develop more sustainable alternatives to replace OPC in 
its various applications. Tested OPC-free methods for S/S include 
alkali-activated binders (Ji and Pei, 2019), inert ceramics prepared from 
hazardous materials (Karayannis et al., 2017) and calcium 
sulphoaluminate-belite (CSAB) cement (Kiventerä et al., 2019). 

One possible mineral for S/S is ettringite (Ca6Al2(-
SO4)3(OH)12*26H2O) as it has the ability to bind various ions into its 
molecular structure trough ion exchange (Chen et al., 2009). Ettringite 
appears as needle shaped crystals, formed by positively charged columns 
of Ca and Al oxides held together with electrostatic forces from sulphate 
ions (SO4

2− ) and water between the columns (Binglin Guo et al., 2017a). 
The Ca2+ and Al3+ can be replaced in the structure by cations with 
similar charges, such as Cr3+, Pb2+, Cu2+, and Zn2+ (Chen et al., 2009; 
Contessi et al., 2020). The SO4

2− anions between the columns can be 
replaced by anions with varying charges, the total charge being more 
important than stoichiometry defining the molar amount of occurring 
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ion exchange (Gougar et al., 1996). There is studies with promising 
results of the suitability of S/S methods for the immobilization of both 
anionic (Binglin Guo et al., 2017a; Kiventerä et al., 2019) and cationic 
(Niu et al., 2018, 2019) heavy metal ions. 

Ettringite is considered especially promising for incorporating haz-
ardous oxyanions, such as B(OH)4

- , AsO4
3− , SeO4

2− and CrO4
2− , since it 

forms and is stable in high pH conditions, where oxyanions are the most 
soluble (Cau Dit Coumes et al., 2017; Chrysochoou and Dermatas, 2006; 
Myneni et al., 1997; Zhang and Reardon, 2003). Simultaneously the 
binding of the oxyanions is not as strong as the binding of the cations, 
since the anionic compounds only attach to the ettringite structure via 
hydrogen bonds and can be re-substituted by SO4

2− in rich conditions 
(Bin Guo et al., 2017). SO4

2− needs to be present for a successful 
immobilization, but if the abundance is too high, it will dominate the 
reaction and the oxyanions can be effectively immobilized only after 
most of the SO4

2− has reacted (Binglin Guo et al., 2017b; Piekkari et al., 
2021). Different anions also have different probabilities for incorpora-
tion (Chrysochoou and Dermatas, 2006). For instance, SeO3

2− forms a 
stronger bond with ettringite than SeO4

2− due to fundamental differences 
in binding methods (Binglin Guo et al., 2017a). 

It is possible to develop S/S methods based on ettringite reaction, 
where industrial side streams are used as binders for immobilizing other 
industrial side streams, such as using slag to immobilize tailings (Gao 
et al., 2020), or fly ash (Zhou et al., 2017). One potential side stream for 
these applications is ladle slag which is rich in mayenite (Ca12Al14O33) 
(Nguyen et al., 2019). Mayenite reacts with gypsum and water forming 
ettringite (Equation 1). 

Ca12Al14O33 + 12CaSO4 • 2H2O+ 137H2O → 4(3CaO•Al2O3 • 3CaSO4

• 32H2O)+ 6Al(OH)3 + 24H2 

In this study, the approach to the topic of potential valorization of 
mayenite rich slag in heavy metal immobilization with a simplified 
system, where the heavy metal rich side stream is mixed into a binder 
composing of pure mayenite and gypsum (CaSO4 ⋅ 2H2O). The side 
stream that was immobilized was an industrial filter sludge (FS) with 
extremely high contents of heavy metals. Earlier the S/S of FS has been 
studied using ye’elimite (Ca4Al6(SO4)O12) based CSAB cement and 
varying contents of gypsum (Piekkari et al., 2020, 2021). It was found 
that SO4

2− from ye’elimite was interfering with the S/S of SO4
2− and Se 

from FS. In this study the same FS material was immobilized with a 
mayenite binder that has two major benefits over CSAB: mayenite does 
not contain SO4

2− , allowing a better control of the total SO4
2− content, 

and it has a more simplified phase composition, helping to conduct more 
detailed analysis of the final material. The performance of the mayenite 
and gypsum binder was tested with leaching tests, and the structure of 
the immobilized samples was observed with X-ray powder diffraction 
(XRD), thermogravimetric analysis (TGA) and field emission scanning 
electron microscopy-energy dispersive spectroscopy (FESEM-EDS). 

2. Materials 

2.1. Industrial filter residue 

The source of heavy metals in this study was an industrial filter 
sludge (FS) from the production of sulfuric acid on the fume gas washing 
process of a nickel and copper smelter. The chemical composition of FS 
was analyzed with X-ray fluorescence (XRF) analysis for pressed pellets 
(Omnian Panalytical AXIOS, Malvern Panalytical, Malvern, UK), and it 
showed extremely high concentration of several heavy metals (Table 1). 
FS was a dry, fine powder with 99.6% of particles being under 20 μm in 
size. The median particle size d50 was 1.17 μm. XRD was used to identify 
the main crystalline phases as anglesite (PbSO4), mercury selenide 
bromide (Hg3Se2Br2), and nickel iron oxide (Fe1.85Ni1.25O4). 

2.2. Mayenite 

The mayenite used in the study was prepared as follows. Reagent 
grade CaCO3 (VWR) and Al2O3 (Sigma-Aldrich) were measured into a 
mix where the CaO–Al2O3-ratio was 0.943. The mixture was heated in a 
Nabertherm GmbH (Lilienthal, Germany) chamber furnace in a rate of 
300 ◦C/h until 1350 ◦C and kept in that temperature for four (4) hours. 
The mixture was then left to cool down alongside with the oven. The 
cooled down material was ground thoroughly to ensure the homogenous 
distribution of the components, and the heating cycle was repeated. 

XRD analysis of the finished material showed 81.2% mayenite con-
tent and 18.8% content of calcium aluminum oxide (Ca3Al2O6), which is 
an intermediate product in the mayenite formation (Fig. 1.). 

2.3. Other components 

In addition to the FS and mayenite, reagent grade gypsum (CaSO4, 
VWR) and portlandite (Ca(OH)2, VWR/Merck) were used. 

3. Methods 

3.1. Sample preparation 

Seven immobilized samples (M1-M7) and one reference sample 
without the FS were prepared with compositions detailed in Table 2. The 
sample series was designed in such a manner that the total amount of 

Table 1 
The composition of FS. Other components contain a wide range of 
different trace elements. The values are given as elemental wt%.  

Component Component content (wt%) 

Pb 24.6 
Hg 21.7 
O 21.3 
Se 9.00 
S 6.84 
Br 6.11 
Ni 3.45 
Fe 3.25 
Sn 1.01 
Other components 2.74  

Fig. 1. The XRD spectrum for the prepared mayenite, with phase identification.  
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SO4
2− in the reacting system was gradually reduced by changing the 

amount of gypsum (Fig. 2). The goal was to allow SO4
2− and Se com-

pounds from FS to substitute the SO4
2− from gypsum in the hydration 

reaction. 
In sample M1 FS was immobilized with a stoichiometric mixture of 

mayenite and gypsum dictated by Equation 1. The total SO4
2− amount in 

the rest of the samples was then reduced by replacing gypsum with 
portlandite in increasing ratios. The ratios were defined based on the 
combined SO4

2− and Se contents in FS, ranging from 25% to over-
compensated 125%. The total amount of FS was maintainedconstant and 
the water to solid (W/S) ratio was kept at the constant value of 0.8 in all 
samples. 

The samples were mixed initially by hand before and after adding the 
water in order to ensure the even distribution of the particles. The actual 
mixing was executed with a Thinky ARE-250 planetary mixer (Tokyo, 
Japan) with 2000 rpm for 180 s. After casting the samples hardened at 
different rates. Samples MR, M1 and M2 hardened fast, while samples 
M3-M7 appeared more liquid and took a longer time to set. M3 was the 
last sample to harden. 

Before the analyses, the hydration reaction was stopped by crushing 
the samples roughly below 10 mm size and submerging them in iso-
propanol for four days. After the submersion the samples were dried in 
an exicator. 

3.2. Analysis methods 

The leaching of the immobilized samples was analyzed with a one 
stage leaching test after 28 days curing time. The samples were crushed 
and sieved below 2 mm size and leached in water (L/S 10) for 24 h. The 
samples were shaken throughout the leaching with an end-over-end 
tumbler (Retsch, Haan, Germany) with 10 rpm rotation speed. The 
test followed the Finnish Standards Association’s European Standard 
SFS-EN 12457–2 with reduced volume. 

3.2.1. XRD 
The main crystalline components within the sample were identified 

with an XRD analysis after 28 days of curing. The used equipment was a 
SmartLab XRD analyzer (Rigaku, Tokyo, Japan) with a Cu_K-beta filter, 
using Co X-ray source with 40 kV voltage and 135 mA current. A scan 
speed of 4◦/min was used with a step width of 0.02◦ and a scan range of 
5–130◦. The abundancies of the identified crystalline phases were 
calculated using Rietveld refinement with an internal standard of 10% 
rutile (TiO2) for defining amorphous content. The identification and 
Rietveld refinement were executed with Rigaku PDXL 2 software and 
ICDD database/PDF-4+ 2020 RDB database. The same method was used 
for all XRD analysis in the study. 

3.2.2. FESEM-EDS 
Cross section FESEM-EDS was applied for visual imaging of the 

structure of the immobilized samples. Specifically, samples MR, M1, M4 
and M6 were chosen for the imaging in order to get coverage for 
different sections of the sample series. ZEISS Sigma (samples MR and 
M1) and ZEISS Ultra Plus (samples M4 and M6) (Oberkochen, Germany) 
FESEM-EDS devices were used. The samples were prepared for the im-
aging by casting them in epoxy under vacuum and polishing the surface. 

3.2.3. TGA 
TGA was executed in nitrogen (N2) atmosphere with STA409 

simultaneous thermal analyzer (Netzsch-Gerätebau GmbH, Selb, Ger-
many). The size of the analyzed samples was 100 mg. The used heating 
sequence was raising the temperature from 50 ◦C to 1005 ◦C at the rate 
of 5 ◦C/min. 

4. Results 

4.1. pH of samples 

Reducing the total amount of SO4
2− showed as a rise of pH of the 

samples, gradually approaching the pH of the reference sample (Fig. 3). 
This was expected due to the adding of the basic portlandite having a 
very straightforward correspondence to the pH. As a result of the pH 
rise, the value evolved closer to the optimum pH of ettringite formation 
(pH 12) (Chrysochoou and Dermatas, 2006) as SO4

2− was reduced. 

4.2. Leaching 

The full results for absolute and relative leaching, including the re-
sults for untreated FS, are detailed in the Appendix, Tables A1 and A2, 
respectively. 

4.2.1. Anionic components 
The leaching of SO4

2− and Se decreased drastically as more gypsum 
was replaced (Fig. 4). The relative immobilization increased for Se from 
95.669% to 99.925%, and for SO4

2− from 96.069% to above 99.964%. 
The observed reduce of leaching rates was the expected outcome for 
reducing the total SO4

2− content. The results clearly imply that without 
the SO4

2− reduction, the hydrated material is oversaturated with anions 

Table 2 
The mixing compositions of the immobilized samples. The compensated SO4

2− percentage represents the reduction of gypsum based on the SO4
2− and Se content of FS. 

The amounts of the components are listed as wt%.  

Sample Compensated SO4
2− (%) Mayenite (wt-%) Gypsum (wt-%) Portlandite (wt-%) FS (wt-%) Water (wt-%) Total (wt-%) W/S 

MR – 24.97 30.58 0.00 0.00 44.44 100 0.8 
M1 0 22.67 27.76 0.00 5.13 44.44 100 0.8 
M2 25 22.79 27.02 0.59 5.16 44.44 100 0.8 
M3 50 22.87 26.29 1.20 5.19 44.44 100 0.8 
M4 75 23.06 25.48 1.81 5.21 44.44 100 0.8 
M5 100 23.17 24.75 2.42 5.22 44.44 100 0.8 
M6 110 23.20 24.46 2.64 5.24 44.44 100 0.8 
M7 125 23.22 24.05 3.02 5.27 44.44 100 0.8  

Fig. 2. The relative amounts of the dry components for the samples.  

K. Piekkari et al.                                                                                                                                                                                                                                



Journal of Cleaner Production 387 (2023) 135873

4

allowing the surplus SO4
2− to leach out when introduced to water. 

The hydrated samples with high gypsum contents leached out higher 
levels of SO4

2− and especially Se, than the untreated FS. This can be 
partially explained with the higher pH of the immobilized samples 
compared to untreated FS, since both components have tremendously 
higher leaching in high pH environments (Piekkari et al., 2020). 

The minor anionic components As and Cr were efficiently immobi-
lized in all hydrated samples with Cr reaching relative immobilization 
above 99.907% and As exceeding 99.982% (Table A2). For untreated FS 
the total leaching of As was on an alarmingly high level (Table A1), so 
the successful immobilization of the component was a major 
achievement. 

4.2.2. Cationic heavy metals 
Fe, Ni, Zn, Cu and Sn were efficiently immobilized in all hardened 

samples, mostly reaching relative immobilization over 99.9%, Ni 
reaching 99.999% for all immobilized samples (Table A2). The 
improvement compared to untreated FS was truly significant in both 
total leaching and relative immobilization for Ni, Zn and Cu. The 
improvement with Fe and Sn leaching is unknown, because their 
leaching rates were not measured in the initial tests for untreated FS. 

One component that didn’t follow the general trend was Pb, which 
showed increasing leaching as more gypsum was replaced (Fig. 5). At 
the moment we do not know the cause of this behavior for certain. Some 
of our theorizing over the matter is detailed in section 5. The specific 
increase of leaching rate at 50% is likely connected to the fact that 
sample M3 behaved differently during curing, as was described in sec-
tion 3.1., and therefore the end result of the hydration reaction might 
differ from the other samples. With the high Pb content of FS, the 
relative immobilization of Pb remained above 98% in all samples, and 
reached a maximum value of 99.999% in sample M1. 

4.3. XRD 

XRD analysis shows an abundance of ettringite in all samples (Figs. 6 
and 7). Leftover gypsum and mayenite were also observed in all samples, 
with M7 having the highest gypsum content. The higher amount of 
gypsum suggests that the ettringite forming reaction was beginning to 
diminish as a result of the SO4

2− reduction. On the other hand, the 
ettringite content remained within the range of 64–74% across most 
samples with no obvious trend despite the reduction of gypsum. The 
highest ettringite content was measured in sample M4. 

There was only one significant drop in ettringite content for sample 
M3, which also had the highest amount of unreacted mayenite. How-
ever, the mayenite content of M3 was not high enough to explain the low 
ettringite content with low reaction rate alone, so some other unknown 
phase has likely formed instead of ettringite. The deviant composition 
correlates with the observation of M3 not being hardened properly 

Fig. 3. The pH of effluent samples compared to SO4
2− compensation rate.  

Fig. 4. The total leaching of a) SO4
2− and b) Se, and c) relative immobilization of SO4

2− and Se. The absolute leaching and relative immobilization of both components 
in untreated filter sludge (FS) is represented by horizontal dash lines. 
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during curing. The unknown components in Fig. 7 represent both the 
unidentified crystalline components and the amorphous phases that 
can’t be identified with XRD. 

The reference codes for the identified crystalline phases were the 
following: ettringite – 04-011-5267; mayenite – 04-015-6170; gypsum – 
04-008-9805; rutile – 04-003-0648. The rwp-values for the Rietveld 
analysis of the different samples were: MR – 6.64; M1 – 6.94; M2 – 6.16; 

M3 – 7.32; M4 – 6.26; M5 – 6.55; M6 – 6.82; M7 – 6.11. 

4.4. TGA 

The TGA graphs for the samples (Fig. 8) supported the presence of 
ettringite and suggested the presence of monosulphate and/or Al (OH)3. 
Al(OH)3 is a side product of the ettringite formation reaction (Equation 
1), and monosulphate is a common side product in ettringite production. 
An unrecognized phase appeared in the immobilized samples around 
380 ◦C. The phase could be ettringite, since it has a peak at 368 ◦C 
(Guimarães et al., 2016), but the absence of the peak in the reference 
sample questions this interpretation. Gypsum was visible for sample M7, 
which aligns with the XRD results. Otherwise, the results seemed alike, 
with no major changes occurring between the different samples. 

4.5. FESEM-EDS 

FESEM imaging of samples MR, M1, M4 and M6 showed a matrix of 
several hydration products (Figs. 9 and 10). Point measurements with 
EDS (Table 3) revealed the composition of the matrix as a mixture of 
ettringite and other, unknown Ca–Al-phases, with the compositions 
from single data points differing from the expected values for ettringite 
(approximately 19 w-% Ca, 4.3 w-% Al, 7.7 w-% S, 64 w-% O, 4.2 w-% 
H, or with H removed as in the EDS data: 20 w-% Ca, 4.5 w-% Al, 8.1 w- 
% S and 67 w-% O). FS appeared in the samples as distinctive clusters 
among the material. Within the FS, iron-nickel-oxide was observed as 
separate, spherical particles, with the molar composition where Fe:Ni:O 

Fig. 5. The a) total leaching and b) relative immobilization of Pb. The absolute leaching and relative immobilization of Pb in untreated FS is represented by 
horizontal dash lines. 

Fig. 6. The XRD spectra for samples MR and M1-M7, with phase identification. 
Rutile (TiO2) was used as an internal standard. r = rutile, e = ettringite and m 
= mayenite. 

Fig. 7. The quantitative phase composition of the samples according to Riet-
veld analysis. The quantitative values are listed in the image as w-%. 
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≈ 3:1:6. 
Based on a visual inspection of the FESEM images, the ettringite 

structure seems to be partially replaced with a denser and more 
amorphous appearing phase in samples M4 and M6 compared to sample 
M1. The EDS measurement revealed the phase to be a calcium aluminum 

Fig. 8. TGA graphs of all samples. The peaks are marked as follows: a – ettringite, b – gypsum, c – monosulphate/Al(OH)3, d – ettringite/unknown phase.  

Fig. 9. FESEM-BSE image of the reference sample with the main components of 
the binder matrix identified: 1 – ettringite, 2 – unreacted mayenite, 3 – Al(OH)3. 

Fig. 10. FESEM-BSE image of one of the immobilized samples, M6, with phase 
identification: 1 – FS clusters of different sizes, 2 – iron-nickel-oxide within FS, 
3 – ettringite, 4 – other calcium-aluminum-phase. 
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oxide phase with a varying composition. Some recurring molar com-
positions were for example Ca:Al:O ≈ 1:1:2, and Ca:Al:O ≈ 3:2:5. 

When comparing the EDS point measurements from different sam-
ples, a major difference in the location of Pb was observed (Table 3). Pb 
was detected within the binder phase in samples M4 and M6, but not 
M1. Simultaneously the Pb content of the FS clusters was measured to be 
higher in sample M1 than M4 and M6. The observation implies that in 
sample M1 Pb never leaves the clusters, while in samples M4 and M6 it 
leached into the matrix. This behavior correlates with the higher 
leaching rate of Pb from M4 and M6 compared to M1. 

EDS did not observe Se in significant quantities within the binder 
phase. Out of the analyzed points in the binder phase only one showed a 
measurable content of Se. Analysis of the FS shows that the Se content of 
the clusters was high in all samples compared to its content in untreated 
FS. The observation implies that Se mostly remained within the clusters 
during the hydration, and the Se content in the matrix was too low to be 
detected by EDS. 

5. Discussion and conclusions 

We had a hypothesis that excess SO4
2− present in the samples satu-

rated the hydrating system and consequentially prevented SO4
2− and Se 

from immobilizing. Our objective to enhance SO4
2− and Se immobiliza-

tion by reducing the total amount of SO4
2− in the reacting system was a 

success. The relative immobilization of SO4
2− and Se increased as gypsum 

concentration in samples was gradually decreased. XRD did not show 
any general decline in the ettringite contents of the samples despite the 
gypsum reduction, even though the FESEM imaging revealed visual 
changes in the sample structure. These results imply that the leached 
SO4

2− and Se oxyanions did substitute SO4
2− from gypsum inside the 

binder matrix. On the other hand, EDS only observed Se within the FS 
clusters, implying that it was mostly immobilized through 
encapsulation. 

Based on the FESEM images it is safe to assume that the main method 
of heavy metal immobilization was encapsulation, such as in previous 
studies with FS, where ettringite was formed using CSAB binder. The 
fact that FS remains as these clusters implies that the dissolution of FS 
during the hydration process is weak. This might occur because of an 
unsuitable chemical environment for the dissolution of the components 
of FS. For the aimed performance of the immobilization, the specific 
method of S/S is not essential. The method does not aim for producing a 
material that can be utilized in any way, and the leaching resistance is 
the most important physical attribute of the product. 

The relative immobilization values for untreated FS show that the 
large majority of the hazardous components are not in a soluble state to 
begin with. Therefore, the immobilization efforts are targeted at the 
small soluble sections. EDS analysis shows that the highest Se concen-
trations occur within the FS clusters (Table 3), representing the insoluble 
majority. As stated in section 4.2.1., the alkaline conditions within the 
immobilized samples increase the leaching of SO4

2− and Se compared to 
the untreated, acidic FS, rising the leaching rates to be at their highest in 
sample M1. Based on the leaching results of M1 it can be estimated that 
at least 4.4% of Se and 3.9% of SO4

2− was in a soluble state. 
The irregular leaching of Pb is likely a result of the rising pH and 

longer reaction times for samples M3-M7. Earlier study has shown that 
Pb has a tendency to leach out of FS significantly more easily in high pH 
(Piekkari et al., 2020), therefore adding more portlandite into the sys-
tem is likely to increase the rate of Pb escaping from the solid clusters 
during the hydration process. As the reaction time was also longer 
(section 3.1.), Pb had more time to leach into the matrix. The presence of 
Pb in the matrix of samples M4 and M6 can be seen in Table 3. This 
theory is also supported by the high leaching rate of Pb in sample M3, 
which was the slowest one of the samples to set into solid. Pb is known to 
be able to replace Ca in ettringite (Contessi et al., 2020), but in this case 
the leaching results (section 4.2.2) imply it does not happen in large 
scale. Instead, the increasing leaching rate suggests that Pb is only 
loosely bound to the binder matrix, allowing it to leach out in water 
easily. It can also be concluded that the specific set of mixing ratios used 
in this study was not optimal for Pb immobilization. Increasing the re-
action rate in these samples by, for instance, reducing the amount of 
water during hydration would likely have improved the efficiency of the 
Pb immobilization. 

As our second target, we wanted to observe the suitability of an 
mayenite binder for the S/S immobilization of a highly hazardous in-
dustrial residue. Using mayenite for heavy metal immobilization implies 
at possibilities for using binders based on those side streams for haz-
ardous waste management applications. In this regard the results were 
promising, showing clearly that mayenite has a lot of potential as a 
precursor for S/S applications with a suitable mix design. FS is an 
extreme example of a material for S/S immobilization, and most real-life 
applications of the method would handle materials with lower heavy 
metal contents and fewer hazardous components. Therefore, optimizing 
the process for the contaminants in question would likely be easier than 
with FS. 
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Table 3 
Summarized elemental compositions of main observed phases according to EDS 
point analysis as w-%. Due to variation between data points, the measurement 
results are listed as average values and min-max ranges in the following formula: 
average (min-max).  

Element FS cluster 
(M1) (5 meas. 
points) (w-%) 

FS cluster (M4, 
M6) (7 meas. 
points) (w-%) 

Clean binder 
phase (20 
meas. points) 
(w-%) 

Binder 
containing 
heavy metals 
(M4, M6) (24 
meas. points) 
(w-%) 

Ca  4.19 (0–7.53) a 31.33 
(24.65–38.34) 

31.35 
(21.97–52.37) 

Al   8.04 
(6.01–11.66) 

8.55 
(5.49–11.36) 

S 4.93 
(0.88–7.73) 

7.49 (0–15.92) 
b 

12.17 
(10.03–14.16) 

11.58 
(8.53–16.14) 

O 9.60 
(6.81–12.63) 

9.07 
(4.56–14.57) 

48.46 
(40.02–59.31) 

42.16 
(25.51–51.98) 

Pb 18.78 
(8.47–40.96) 

9.76 (0–13.39) 
c  

4.82 
(1.57–15.99) 

Hg 43.78 
(30.28–49.74) 

56.26 
(41.98–66.06)  

5.64 (0–10.96) 
c 

Se 13.58 
(10.49–15.19) 

15.46 
(11.65–17.88)  

2.37 (0–2.37) c 

Br 9.33 
(8.24–11.05) 

8.45 
(5.43–10.77)   

Sn  6.11 
(1.45–31.98)   

As  0.44 (0–0.44) c   

Ni  12.74 
(0–24.01) c   

Fe    0.73 (0–0.73) c  

a Appears in most cases. 
b Appears occasionally. 
c Appears rarely. 
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Appendix  

Table A.1 
Absolute leaching of components (mg/kg) from hardenend immobilized samples after 28 d curing.    

FS M1 M2 M3 M4 M5 M6 M7 

Anionic SO4 4293.23 6500 480 74 68 <50 <50 <50 
Se 23.56 200 80 12 9.7 4.7 3.5 3.3 
As 224.65 0.04 0.015 <0.01 <0.01 <0.01 <0.01 <0.01 
Cr 0.56 0.021 0.022 <0.01 <0.01 <0.01 <0.01 <0.01 

Cationic Pb 51.52 0.075 16 140 36 76 87 220 
Hg 0.45 0.084 1.5 0.67 0.64 0.019 0.014 0.012 
Fe – <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Ni 449.29 <0.01 <0.01 0.021 <0.01 <0.01 <0.01 <0.01 
Zn 18.37 0.066 0.069 0.059 <0.04 0.064 0.44 0.18 
Cu 148.77 0.016 0.017 0.021 0.016 0.015 0.015 0.016 
Sn – <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01   

Table A.2 
Relative immobilization of components (w-%) from hardened immobilized samples after 28 d curing.    

FS M1 M2 M3 M4 M5 M6 M7 

Anionic SO4 97.905 96.069 99.702 99.949 99.952 >99.964 >99.963 >99.963 
Se 99.974 95.669 98.278 99.720 99.776 99.892 99.920 99.925 
As 80.634 99.933 99.975 >99.982 >99.982 >99.982 >99.982 >99.982 
Cr 99.746 99.814 99.806 >99.905 >99.906 >99.906 >99.906 >99.907 

Cationic Pb 99.979 99.999 99.874 98.807 99.696 99.359 99.270 98.162 
Hg 99.9998 99.999 99.987 99.994 99.994 99.9998 99.9999 99.9999 
Fe – >99.970 >99.970 >99.968 >99.968 >99.968 >99.968 >99.968 
Ni 98.698 99.999 99.999 99.999 99.999 99.999 99.999 99.999 
Zn 96.534 99.757 99.748 99.767 >99.843 99.750 98.287 99.302 
Cu 90.817 99.981 99.980 99.973 99.979 99.981 99.981 99.980 
Sn – 99.998 99.998 99.998 99.998 99.998 99.998 99.998  
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