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Abstract. In this work the influence of alkaline activator on immobilization of lead and copper
in alkali-activated blast furnace slag was investigated. A total of five alkali activators were used;
sodium waterglass, potassium waterglass, sodium hydroxide, potassium hydroxide and sodium
carbonate. The leaching test according to CSN EN 124574 was used to evaluate the level
of immobilization of heavy metals, the leached solutions were analyzed by ICP-OES. For a better
understanding of immobilization process, the selected samples were characterized by analytical
methods (SEM, XPS). It was found that the degree of immobilization of Pb?* and Cu?" in AAS
was very high regardless of the type of alkaline activator used. The high degree
of immobilization is caused by formation of insoluble or poorly soluble lead and copper
compounds in an alkaline environment while the insoluble compounds have been confirmed by
SEM and XPS.

1. Introduction

Solidification/stabilization (S/S) is one of the most important techniques for treating wastes containing
heavy metal contaminants. The purpose of S/S technology is physically as well as chemically fix heavy
metals (or polluted waste) in the solid matrix to reduce their mobility and therefore minimize the threat
to the environment. This technology is widely used to dispose of low-level radioactive waste, hazardous
and mixed waste. Ordinary Portland cement (OPC) has been the most common solidification material
because of its availability and low cost. However, OPC binders are not very effective in stabilizing some
heavy metals [1-2].

The efficiency of the heavy metal immobilization is strongly related to the microstructure
of hardened paste and total porosity. Hardened alkali-activated slag (AAS) binders have less porosity
than OPC binder. Therefore, the mitigation of solution into the AAS binder is limited which results in
a lower leachability of toxic waste. Except for total porosity of binders, pH values of pastes play
an important role in the process of S/S and type of C-A-S-H gel forming in paste too. In a high alkaline
environment, most of the heavy metals precipitate into less soluble or insoluble compounds. Besides
low permeability and alkaline pore solution, AAS binders present other important properties including
high mechanical strength and high resistance to acid or chloride attack. Due to all these physical and
chemical advantages, alkali-activated slag binders are considered to be more effective for waste
immobilization than OPC [3-5].

The ability of alkali-activated slag to immobilize heavy metals or other hazardous materials in its
structure has been investigated in various studies [6—8]. The efficiency of heavy metal immobilization
in alkali-activated slag binders depends on many factors including nature and concentration of alkaline
activator used or type of immobilized material and its dosage. Heavy metals addition (Zn**, Pb*", Cd**
a Cr®") up to 2% of slag weight can be well stabilized in NaOH, Na,COs, and sodium silicate-activated
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slag binder [9]. Solidification/stabilization of Pb*" and Cu?* were mostly investigated in fly ash-based
geopolymers with high immobilization efficiency [10-13].

The aim of this work is to compare the ability of AAS binders activated by different types of alkaline
activators to immobilize Pb and Cu in their structure. In the present work, we have also tried to determine
if the heavy metals are stabilized by chemical converting into their less soluble or insoluble forms.

2. Experimental procedure
2.1. Materials

2.1.1. Ground granulated blast furnace slag. Ground granulated blast furnace slag (GGBFS) was
obtained from Kotou¢ Stramberk, Ltd. having a Blaine specific surface area of 400 m2kg™'. The GBFS
was mostly amorphous but it also contained crystalline phases such as dkermanite, calcite, merwinite,
and quartz (measured by X-ray powder diffraction). The chemical composition of GGBFS measured by
the X-ray fluorescence technique used for alkali activation is given in table 1.

Table 1. Chemical composition of ground granulated blast furnace slag.

GGBFS Kotou¢ Stramberk [wt. %]
CaO SiOz MgO A1203 SO3 TiOz KQO MnO Na20 Fe203
41.1 34.7 10.5 9.1 1.4 1.0 0.9 0.6 0.4 0.3

2.1.2. Alkaline activators. For this work five alkaline activators were used: Liquid sodium waterglass
(S-WGQG) - Silicate modulus M= 1.96; Liquid potassium waterglass (P-WG) — Silicate modulus
M; = 1.67; Sodium hydroxide (SH); Potassium hydroxide (PH) and Sodium carbonate (SC). Sodium
and potassium hydroxide were used as 50% solution. Sodium carbonate was dissolved in water and
cooled to ambient temperature before alkali activation. The Na,O/K,O dosage of the alkaline activator
was kept the same.

2.1.3. Heavy metals. The heavy metal-containing compounds Pb(NO3); p.a. and Cu(NO3),.3H,O p.a.
have been used in sample preparation. The amounts of heavy metals (Pb**, Cu**) adding to the hydrating
samples were on level 1% of slag weight.

2.2. Tests and methods

2.2.1. Sample preparation. The pastes were prepared at the water to binder ratio equal to 0.38 (w/b was
kept the same for each activator used). The concentration of alkaline activator in the slag binder was 6%
of Na,O/K,0 of the slag content for each activator used. The alkaline activators were fully dissolved in
water and after that mixed with slag. The pastes were mixed in a standard laboratory mixer for 180 s,
cast into moulds (20 % 20 x 100 mm) and vibrated for 30 s to remove large air bubbles. All the samples
were matured in the moulds for the first 24 h at 20 C and 100% relative humidity. After that samples
were open-air cured at ambient conditions.

2.2.2. Mechanical properties testing. Specimens with dimensions 20 x 20 x 100 mm were used for
compressive strength determination using the Desttest 4310 Compact A (Beton System, Ltd.).
The compressive strength of the alkali-activated slag was measured after 1, 7, and 28 days on three
samples.

2.2.3. Leaching test. The leaching tests were performed using an adaptation of standard CSN EN
12457-4:2002. After 28 days of curing, specimens of dimensions 20 x 20 x 100 mm were placed into
the PET bottle with distilled water at a liquid/solid ratio 10:1 and rotated at 10 rpm for 24 h.
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The leachates were analysed on ICP-OES spectroscope (Inductively coupled plasma optical emission
spectrometry).

2.2.4. Characterization of materials, hydration products and microstructure analysis. The GGBFS was
characterized by XRD and XRF methods. XRD measurement was performed using a PANanalytical
Empyrean X-ray diffractometer. The tube voltage and current were 40 kV and 30 mA, respectively.
The tube anode was CuKo, (1.54 A). The sample was step-scanned from 5° to 90° 20 using vertical
high-resolution goniometer with a step size of 0.01313 26. Times per step were 96 s.

The chemical composition of GGBFS was determined with the Xenemtrics EX-6600 XRF
spectrometer. Measurement of GGBS powder was performed in vacuum using accelerated voltage
30 kV.

Hydration products and microstructure investigations of AAS with and without heavy metals
addition were carried out by SEM and XPS (X-ray photoelectron spectroscopy). These investigations
were performed on samples after 28 days of curing.

The SEM analysis was performed on ZEISS EVO LS 10 with the energy dispersive X-ray
spectroscopy (EDS) detector. Accelerated voltage was set to 15 kV and the working distance was
12 mm. All samples were sputtered by gold to obtain good surface conductivity.

The XPS analyses were conducted with Kratos Axis Ultra DLD spectrometer using a monochromatic
Al Ko (hv = 1486.7 ¢V) X-ray source operating at 150 W (10 mA, 15 kV). The high-resolution spectra
were measured with a step size of 0.1 eV and 20 eV pass energy. The instrument base pressure was
2 x 10® Pa.

3. Results and discussion

3.1. Compressive strength

As can be seen from data obtained (table 2) the type of the alkaline activator used strongly influenced
the compressive strength of AAS pastes. Without heavy metals addition the highest 28-day compressive
strengths were obtained from AAS samples activated by sodium and potassium waterglass. Effect
of cations (Na*,K") from silicate activators cannot be described because of different silicate modulus
of waterglass activators used. However, in sodium and potassium hydroxide activation with same
dosage, KOH-activated samples formed denser microstructure [14]. Sodium carbonate-activated slag
pastes required a prolonged setting time so they were kept in moulds for 3 days. The longer hardening
process is related to the slow development of the alkalinity required for initializing slag dissolution.
Although, after 28 days of curing, the sodium carbonate-activated samples gained relatively high
compressive strengths (56.9 MPa) [15].

The influence of 1% Pb** addition on the compressive strength of alkali-activated slag is not very
significant. In waterglass-activated samples the measured 1-, 7- and 28-day compressive strengths were
very comparable to the reference samples. Samples with Pb*" addition activated by sodium or potassium
hydroxide exhibited strength loss up to 30% after 28 days of curing. The addition of 1% Cu** influenced
the compressive strength more significantly regardless of alkaline activator used. Sodium carbonate-
activated samples were most affected by Cu?" addition and the 28-day compressive strengths reached
only half the strength compared to the reference samples.

The nature of alkaline activator plays an important role in compressive strength development.
The highest compressive strengths were obtained by sodium and potassium waterglass and the lowest
compressive strength were measured on the samples activated by sodium or potassium hydroxide.
Similar results were found in other studies [9, 16].
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Table 2. Compressive strength of AAS samples with different alkali activator used.

Compressive strength [MPa]

Sample 1 day 7 days 28 days
Na-WG 19.4 69.2 102.1
Na-WG (1% Pb) 18.6 68.0 94.9
Na-WG (1% Cu) 11.2 39.6 775
NH 10.4 22.0 37.4
NH (1% Pb) 4.6 16.3 24.6
NH (1% Cu) 4.3 9.3 22.6
K-WG 20.6* 50.6 76.5
K-WG (1% Pb) 20.1* 44.9 78.1
K-WG (1% Cu) 10.5* 17.0 59.4
KH 10.2 30.2 44.3
KH (1% Pb) 5.2 19.1 36.3
KH (1% Cu) 4.4 12.7 315
NC - 51.1 56.9
NC (1% Pb) - 13.1 45.8
NC (1% Cu) - 10.1 28.4

*samples measured after 3 days of curing

3.2. Leaching tests

Leaching tests were performed based on the CSN EN 12457-4:2002. Three specimens from each sample
were subjected to a leaching test in distilled water for 24 hours. Results from heavy metal leaching are
given in table 3 and table 4. The results showed that the immobilization efficiency of both heavy metals
(Cu and Pb) is very high. The highest Pb release occurred in sodium waterglass-activated samples which
could be a result of microcracks observed in these samples. The leaching rate of Pb*" corresponds
to the findings obtained by Deja et al who reported that amounts of Pb?* ions leached from waterglass-
activated mortars are higher than from Na>COs-activated mortars [9].

Samples with Cu?* addition also showed a low concentration of heavy metal in leachates. From
the data obtained the best copper and lead stabilization is achieved by potassium waterglass-activated
slag binder. It should be noted that concentrations of both heavy metals in all samples are low and all
types of alkaline activators provide safe heavy metals immobilization. High immobilization efficiency
of Pb?" and Cu?" in alkali-activated GGBFS was presented in the work of Giergiczny et al [12].

Table 3. Concentration of Pb?" in leachate.

sample Na-WG (1%Pb) NH(%Pb) K-WG(1%Pb) KH(1%Pb) _ NC(l%Pb)

2+
C[EEE /1]) 3.07041.146 087040345 041340039  2.797+0.050  1.240=0.388

Table 4. Concentration of Cu?" in leachate.

sample Na-WG (1% Cu) NH1%Cu K-WG(1%Cu KH{%Cu NC (1 % Cu)

2+
C[(g;/l]) 0.950 +0.138 0.930+0.043  0.443 +0.072 0.980 +£0.024 0.470 £0.076

3.3. Microstructure of pastes

The microstructure of hardened alkali-activated pastes with heavy metals addition was investigated by
SEM analysis. All the AAS samples (regardless of alkaline activator used) had a very dense structure
with C-(A)-S-H gel as the main component. The significant differences between the samples doped with
heavy metals and reference samples were not observed. The samples with sodium waterglass activation
showed higher amounts of microcracks than any other samples (figure 1). Heavy metal compounds (lead
and copper) were rather cumulated in some regions than dispersed through the structure.
The precipitated lead compound can be seen in figure2 and hollow compound containing copper is
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shown in figure 3. From EDS analysis taken in areas with high heavy metal concentration (table 5, table
6) can be seen that lead and copper are primary cumulated with oxygen.

Table 5. EDS analysis of the area with high Pb concentration from figure 2.

Element (0] Na Mg Al Si Ca Pb
Atom. % 41.21 3.29 0.37 0.33 7.35 1.13 15.73

Table 6. EDS analysis of the hollow particle containing copper from figure 3.

Element (o) Na Si Cl Ca Cu
Atom. % 61.89 9.54 0.72 5.31 1.22 20.34

SEM ™ EHT =20.00 kv Signal A= CZ BSD IProbe= 12nA
EVOLS 10 L WD = 12.0 mm Image Pixel Size = 290.8 nm Width = 297.8 ym

1024 * 768 Mag= 100 KX Chamber = 3.75¢ 003 Pa High

e
.

£ W & . A .
EHT = ¥5.00 kv Signat A~ (2 8SO
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Figure 2. Sodium carbonate AAS binder doped with Pb*",
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Figure 3. Sodium hydroxide AAS binder doped with Cu?*.

3.4. XPS analysis

The XPS spectra of Pb of sample Na-WG (1% Pb) is showed in figure 4. The binding energies of Pb
415, and Pb 4fsp are 138.6 eV and 143.3 eV. These values are typical for Pb(OH),. The highly soluble
primary phase Pb(NOs), dissolves during sample preparation and Pb?* ions in an alkaline solution
precipitate into an insoluble hydroxide.

Pb 4, ,
Pb 4, , Pb(OH),
Pb(OH),
=
5,
>
2
()
=
150 148 146 144 142 140 138 136 134 132 130

binding energy [eV]
Figure 4. XPS spectra of Pb in sample activated by sodium waterglass.

In XPS spectra (figure 5) of a sample containing copper and activated by 50% solution of sodium
hydroxide (1% Cu) are shown two different chemical states. The first, Cu 2ps;, component with binding
energy 935.35 eV with strong shake-up satellites belongs to Cu(OH),. Shake-up satellites occur when
an outgoing electron interacts with a valence electron and excites it (shakes it up) to a higher energy
level. As a consequence, the energy core electron is reduced and a satellite structure appears a few eV
below (KE scale) the core level position. The second peak, Cu 2ps» with binding energy 933.50 eV,
represents the bond between Cu and O. That can be interpreted as the formation of copper oxide or
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the formation of the bond with the matrix. Both copper compounds (CuO and Cu(OH),) are insoluble
in distilled water [17, 18].

Cu 2p3/2

Cu(OH), 4 CY2P3;

CuO

Cu 2p1/2

shake-up satellites
shake-up satellites

intensity [a.u]

965 960 955 950 945 940 935 930
binding energy [eV]

Figure 5. XPS spectra of Cu in sample activated by sodium hydroxide.

4. Conclusion

The influence of alkaline activator type on heavy metals (Pb and Cu) immobilization was investigated.
Five alkaline activators were used: sodium waterglass, potassium waterglass, sodium hydroxide,
potassium hydroxide and sodium carbonate. From the results obtained by leaching tests (CSN EN
12457-4:2002) can be seen that the immobilization efficiency of heavy metals (Pb*" and Cu*") is very
high for all types of alkaline activator used. Slightly higher concentrations of heavy metals in leachates
were observed when the samples were activated by sodium waterglass. It was probably caused by
presence of microcracks which allowed leaching out heavy metals from samples. From SEM observation
can be seen that both heavy metals — lead and copper, were rather cumulated in some areas than disperse
through the whole structure. Finally, XPS analysis confirmed that Pb and Cu formed insoluble salts in
alkali-activated slag binders.
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