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ABSTRACT

Steel production in electric arc furnaces yielding formation of two waste materials, toxic
electric arc furnace dust (EAFD) and non-hazardous electric arc furnace slag (EAFS). EAFD
presents a potential hazard to the environment as it is characterized by the presence of
heavy metals. This study dealt with the synthesis and characterization of alkali activated
slag cement (AAS) based on EAFS with addition of 1-7% of Zn-rich EAFD dopant. Effects
of slag replacement with dust on the compressive strength, physico-chemical, mineralogi-
cal and morphological properties of AAS cement were evaluated. This replacement lead to
the development of porosity of AAS matrix, and retardation of slag alkali activation which
resulted in the weakening of the AAS structure and hence in compressive strength decrease
as pure AAS cement compressive strength was 21.04 MPa while AAS doped with 7% of EAFD
reached only 8.4 MPa. On the other hand, AAS doped with 5% of EAFD exhibited compres-
sive strength of 13.82 MPa, making it is still suitable for construction purposes... Scanning
electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDS), scan-
ning transmission electron microscope (STEM) in high angle annular dark field (HAADF)
mode, X-ray powder diffraction (XRPD) investigations and standard EN 12457-2 leaching
test provided information on the ability of AAS based on EAFS to fix Zn in AAS matrix.. The
concentration of Zn in leachate of AAS cement doped with 5% of EAFD was 9.20 mg/kg which
is below the limit prescribed for the granular waste acceptable at non-hazardous landfills

according the European Directive 2003/33/CE.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

It is well known that, in the process of steel production, via
electric arc furnaces, two by-products are formed and are gen-
erally accepted as waste materials, one being non-hazardous
- electric arc furnace slag (EAFS) and the other being the haz-
ardous electric arc furnace dust (EAFD). The former is mainly
consist of oxides of metals such as calcium, iron, silicon, alu-
minium and manganese, while the latter is mainly comprised
of iron and zinc oxides, but depending on the composition of
scrap charged into electric arc furnace, the presence of other
heavy metals, to a lesser extent, was also observed [1]. The
potential of these heavy metals to leach into the environment
contributes to EAFD being classified as hazardous waste. Steel
production in electric arc furnaces generates about 150—180 kg
of EAFS and 20kg of EAFD per tonne of steel produced [1,2].
Since the production of crude steel in the European Union
was 162 million of tonnes in 2016, around 32 % of which
was produced by electric arc furnace route [3], valorisation
of steel making by-products is of great importance from a
stand point of environmental protection. While about 85-90%
of steelmaking slag is utilized in various industrial applica-
tions, recycling of hazardous dust is still at a low level [4].The
primary interest for EAFD recycling is, naturally, the recovery
of valuable metals - iron and zinc. Generally, this can proceed
via pyro- and hydrometallurgical processes. Pyrometallurgi-
cal processes are based on the carbothermic reduction of
metal oxides presentin EAFD [5]. Although some of them have
found commercial applications, they generally suffer from the
problem of high energy consumption which is why hydromet-
allurgical treatments is a preferable method for metal recovery
from EAFD. These processes are mainly focused toward the
valorisation of Zn as it is a valuable metal with the highest
content in EAFD. Although they are more favourable from the
standpoint of energy consumption, dissolution of undesired
metal species, especially iron, requires additional methods
for solution purification [6]. Moreover, the efficiency of Zn
recovery by hydrometallurgical treatment is dependent on
the mineralogical form of Zn present in EAFD i.e. only Zn
present in the form of zincate (ZnO) phase can be easily dis-
solved in acid or alkaline solutions while Zn present in the
form of zinc ferrite (ZnFe,04) cannot be easily leached out in
the same manner. Other alternative routes of EAFD manage-
ment involve fixation of toxic heavy metals present in EAFD
by vitrification and stabilization/solidification process. Vitrifi-
cation decreases the release of toxic components from EAFD
by their immobilization into a glass network [7-9]. However,
high energy consumption is a limiting factor for commercial
applications of this process. An alternative is the low-cost
stabilization/solidification which enables chemical fixation or
physical encapsulation of toxic components from EAFD and/or
transformation of EAFD into a stable, less permeable material,
with low toxic component release.

Cement binder 1is widely wused for stabiliza-
tion/solidification of various kinds of toxic waste, including
EAFD [10-12]. The efficiency of the process has been evalu-
ated through the compressive strength and leaching tests of
stabilized/solidified product i.e. heavy metals release from
stabilized/solidified product in contact with various leaching

solutions and compliance with prescribed leachate limits.
It has been reported that EAFD addition to cement lead to
the decrease of strength of stabilized/solidified product in
comparison to the hardened neat cement paste [11,12]. Thus,
a proper amount of added EAFD is required to obtain a mono-
lith with satisfactory compressive strength that would enable
its manipulation and avoid or reduce the risk of fracture. In
general, it has been shown that the cement matrix can fix
heavy metals present in EAFD but stabilization/solidification
using cement as the sole binder is not sufficient to ensure
the release of some heavy metals below the prescribed legal
limit values and convert the EAFD into a non-hazardous form
[11]. Release of heavy metals from EAFD stabilized/solidified
in cement matrix can be reduced by the addition of certain
additives. Salihoglu and Pinarli [13] have reported that lime
addition to the mixture of cement and EAFD reduced Zn
and Pb leachability with an optimum composition of 30%
EAFD/35% lime/35% cement was proposed in order to met
the landfill criteria for non-hazardous waste. Moreover,
partial substitution of cement binder with ground granulated
blast furnace slag (GGBFS) positively affected heavy metals
retention into the stabilized/solidified product [14].

There has been significant progress in terms of stabiliza-
tion/solidification of EAFD using alternative binders instead of
cement. Laforest and Duchesne have reported that GGBFS is
more effective than ordinary Portland cement (OPC) in retain-
ing heavy metals from EAFD [14]. Pereira et al. [15] have shown
that objectives of EAFD solidification/stabilization by using fly
ash as a main binder were easily achieved in regards the com-
pressive strengths of solidified/stabilized product while the
Pb, Zn, Cr and Cd concentration limits were not exceeded in
leachates when the final pH of leachate was within a range of
values corresponding to the minimum solubility of the metals
in the leaching medium.

Stabilization/solidification of EAFD using geopolymeriza-
tion technology has also proposed. Pereira et al. [16] have
reported that fly ash based geopolymers have the potential to
fix Zn, Pb, Cd and Cr from EAFD and that mechanical properties
and heavy metals release from EAFD stabilized/solidified in fly
ash based geopolymers in general are more favourable than
those achieved by stabilization/solidification using cement
binder. Nikoli¢ et al. [17] pointed out that increase of EAFD
content in fly ash based geopolymers lead to the decrease of
compressive strength when compared to reference geopoly-
mer and that geopolymers with 10% addition of EAFD are
relatively stable in neutral and alkali environment, while in
the pH range of 2-5.5 solubility of Zn and Pb is a concern for
this type of materials [17]. According to Arnold et al. [18] fly ash
based geopolymers with 5% of EAFD did not exhibit a change
in compressive strength compared to the reference geopoly-
mer while additions of up to 20% of EAFD were classified as
non-hazardous materials with respect to leachability of heavy
metals.

On the other hand, EAFS is mainly utilized in civil engi-
neering: in asphalt mixtures [19] for road construction [20]
and concrete production [21-23]. However, these studies con-
sidered the application of EAFS without decreasing the initial
FeO content which is a limiting factor for the EAFS use as
supplementary cementitious materials. The FeO content in
EAFS can be reduced by a two-stage reduction process that
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Table 1 - Chemical composition of EAFS and content of
metals in EAFD.

EAFS® EAFDP
Component % Component %
Cao 45.9 Fe 21.7
FeO 23.5 Ca 2.30
SiO, 12.2 Si 6.47
Al, 05 7.2 Al 0.25
MgO 6.5 Ti 0.14
MnO 1.3 Zn 28.3
TiO, 1.06 Pb 3.15
Fe,03 0.9 Cr 0.52
Cr,0; 0.8 cd 0.11
CaO (free) 0.6 Cu 0.53

Ba 0.15
Mn 2.21
Mg 1.50
Mo 0.31
Na 0.44
Ni 0.12

@ Chemical composition of slag provided from the steelmaking
company.

b Non-normalized chemical composition of EAFD determined by
ICP-OES after microwave assisted digestion of the samples.
Results indicate the mean value obtained from three parallel sam-
ples (RSD of measurement less than +3%).

includes an Al-dross reduction reaction followed by direct car-
bon reduction yielding the final FeO content in modified EAFS
below 5 wt%, compatible with cement clinker applications [24].
Moreover, the content of FeO present in EAFS in the form of
magnetite can be reduced by silica addition with the aim of
precipitating FeO and leaving a low-basicity matrix that can
be readily cooled into an amorphous phase, favorable for uti-
lization in the cement industry [25]. The usage of this slag
for the synthesis of alkali activated slag (AAS) cements is also
addressed [26]. Alkali activated slag cement or green cements;
produced by means of chemical reaction of solid raw material
with alkaline activator (solution of MOH or M;SiO3 were M is
Na or K ion), displayed different properties depending on the
raw material selection [27]. The first step in the production
of AAS cements is simultaneous hydrolysis and dissolution
of slag in a highly alkaline solution which is accompanied by
the destruction of Ca—O, Mg-O, Al-O-Si and Si-O-Si bonds
from the slag. The result is formation of monomeric Si(OH)4
and [Al(OH)4]~ species which further react with the OH™ ions
from alkali solution and to produce complexes [(HO)4-xSiOx] *
and [AlO(OH)3]?". The second step is polycondesation of these
species and reaction with Ca?* ions yielding reaction product
of slag alkali activation — amorphous calcium aluminate sili-
cate hydrate (C-A-S-H) gel [28-30]. The last step is hardening
of C-A-S-H gel by curing at ambient or elevated temperatures.

The purpose of these study was to investigate the use
of alkali activated cement based on EAFS as an agent for
a stabilization/solidification of EAFD. Alkali activated slag

8 10
Energy (KeV)

Energy (KeV)

Fig. 1 - Scanning electron micrographs along with corresponding EDS spectra taken from area marked with red cross of (a)

EAFS and (b) EAFD samples.
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Table 2 - Physical properties of EAFS and EAFD
(Standard deviation is given in parenthesis).

Parameter EAFS EAFD

0.000182
12.88 (9.1%)
9.67 (+1.2%)

0.007121
18.03 (+12.9%)
14.68 (0.8 %)

Pore volume, (cm?/g)
Average pore diameter, (nm)*
Average particle size, (um)**

cements based on EAFS doped with Zn-rich EAFD were syn-
thesized. The effect of EAFD addition on the mechanical,
physico-chemical, mineralogical and morphological proper-
ties of alkali activated slag cement was discussed with an
emphasis on the immobilization of Zn in the alkali activated
slag matrix.

2. Experimental

2.1. Materials

Steel Mill Niks$i¢ in Montenegro provided EAFS and EAFD
used in this investigation and their chemical compositions
are given in Table 1. Since EAFS was produced in the form of
big pieces, for the purpose of alkali activation process, it was
ground down to a fine powder while EAFD powder was used
as produced. The microstructures of EAFS and EAFD accompa-
nied with elemental distribution within samples are given in
Fig. 1 and their physical properties are given in Table 2 and
Fig. 2. Ground EAFS particles are characterized by irregular
shape, as shown in Fig. 1(a), with pore volume of 0.000182
cm3/g and average pore width of 12.88nm (Table2). On the
other hand, EAFD particles are agglomerates of sphere like par-
ticles as noted in Fig. 1(b) with pore volume and average pore
width of 0.007121 cm?/g and 18.03 nm, respectively (Table 2).
Both, EAFS and EAFD show a narrow particle size distribution
(span = 2.038 for EAFS and span=2.031 for EAFD) with average
particle size of 9.67 (+1.2%) pm for EAFS and 14.68 (+0.8%) nm
for EAFD, while 90% of particles are smaller than 23.61 pm and
35.54 pm, for EAFS and EAFD, respectively (Fig. 2).

2.2.  Synthesis

The sample of alkali activated slag (AAS) cement was prepared
by mixing EAFS with alkali activator in a mass ratio of 4:1,

which was in this case Na;SiOs solution, prepared by mix-
ing 10M of NaOH and commercial water glass (Na;O=8.5%,
Si0, =28.5%, density of 1.4kg/m?) in a mass ratio of 1.5:1 for
10min. A paste prepared in such a way was cast into a cylin-
drical plastic mould (50 x 100 mm), sealed with a lid to prevent
the loss of evaporating water and cured in the oven for 48h
at 65°C. Subsequently, the specimens were removed from
moulds and left to stay an additional 28 days at ambient tem-
perature. The samples of alkali activated slag cement doped
with EAFD were prepared by replacing 1, 3, 5 and 7 % of the
total amount of slag with EAFD and denoted as S/D-1, S/D-3,
S/D-5 and S/D-7, respectively. The choice of slag replacement
with EAFD (1-7 %) was based on preliminary tests. For this pur-
pose, EAFD was initially mixed with NaOH solution for 10 min
in order to allow leaching of Zn and other heavy metals from
EAFD and subsequently the Na,SiO3 solution was added with
continual mixing for 5min. Finally, EAFS was added and the
obtained paste was mixed for an additional 10 min followed
by same curing regime as for the AAS sample.

2.3. Characterization

Particle size of EAFS and EAFD was determined using a laser
particle size analyser (Mastersizer 2000, Malvern Instruments
Ltd., United Kingdom). For this purpose, EAFD and powdered
EAFS were mixed with distilled water in an ultrasonic bath for
5min.

Unconfined compressive strength testing of hardened AAS
and S/D samples was done in triplicate at a strain rate of
1 mm/min using the mechanical press CMT 4000, China. Prior
to testing, the surfaces of the sample were polished flat and
parallel.

Porosity of samples was evaluated using N, adsorp-
tion/desorption isotherms, measured using the ASAP 2020
instrument. To ensure the removal of moisture, degassing
of both samples was performed at 100°C for 24h. Pore size
distribution, pore volumes and average pore diameter were
determined with the Barret-Joyner-Halenda (BJH) method [31].

Thermogravimetric and differential thermal analysis
(TGA/DTA) measurements were performed using the TA-SDT
2060 instrument. Finely ground 20mg of the sample was
placed in a platinum crucible and heated to 1150°C at a con-
stant heating rate of 15°C/min.

(a)
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Fig. 2 - Particle size distribution of (a) EAFS and (b) EAFD based on particle number and cumulative percentage frequency.
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Fig. 3 - (a) Compressive strength of control AAS and S/D samples and (b) Compressive strength versus pore volume of AAS

and S/D samples.

Table 3 - Porosity of control AAS and S/D samples.

Sample AAS S/D-1 S/D-3 S/D-5 S/D-7
Cumulative pore volume (cm?/g) 0.019701 0.023762 0.026007 0.028529 0.033051
Phase composition of source materials and the samples of 3 R ] 4 di -
alkali activated slag cement (with and without EAFD addition) : esults and discussion
was performed by X-ray powder diffraction (XRPD) technique. . .
3.1. Compressive strength and porosity

The data was collected on a Rigaku RINT-TTRIII diffractometer,
with Cu-Ka radiation of A = 1.5406 A at room temperature in the
20 range of 10-70° with a scanning step of 0.02° and scan speed
of 55 per step.

Fourier transform infrared (FT—IR) spectra were recorded
on a Thermo Scientific™ Nicolet™ iS™10 FT—IR Spectrome-
ter equipped with attenuated total reflectance (ATR) accessory.
The ATR/FT—IR measurements were done at room tem-
perature in the 400-4000cm™—! wavelength interval, with a
resolution of 4cm™1.

Microstructural investigations were carried out using the
FEI Helios NanoLab 660 SEM/FIB dual beam system, equipped
with the EDAX energy dispersive X-ray spectrometer (EDS) and
FEI TITAN Themis? 300 scanning transmission electron micro-
scope (STEM) in high angle annular dark field (HAADF) mode,
equipped with the Super-X energy dispersive X-ray spectrom-
eter (EDS) with Bruker Esprit software.

The impact of the EAFS, EAFD, AAS and S/D samples on
the environment is assessed using the Compliance Leaching
Standard Test EN 12457-2 proposed in the European Direc-
tive on the Landfill of Waste, 2003/33/CE [32]. This test is used
to determine whether the waste complies with specific refer-
ence values collected in 2003/33/CE Directive. Council Decision
2003/33/EC established limit values for the acceptance of gran-
ular wastes atlandfills forinert, non-hazardous or a hazardous
waste. For the purpose of EN 12457-2 test the powdered solid
was mixed with deionized water in a solid to liquid ratio of
1:10. After 24 h the suspension was filtrated and metal content
in eluate was determined using inductively coupled plasma
optical emission spectrometry (ICP-OES) and compared with
the limits established by the European Directive 2003/33/CE
[32].

Stabilization/solidification of EAFD into slag based alkali acti-
vated slag cement lead to the change of mechanical properties
of AAS. Unconfined compressive strength of S/D products is
greatly dependent on the percentage of slag replaced with
dust (Fig. 3(a)) and it is evident that this replacement lead to
the deterioration of mechanical properties of AAS. The con-
trol AAS sample exhibited compressive strength of 21.04 MPa
while the addition dust ( 1-7% ) lead to continual strength
decreasei.e. S/D samples with 1-5% of EAFD exhibited strength
above 10 MPa which is suitable for both, landfill and construc-
tion applications where values above 0.35MPa and 10MPa,
respectively, are required [33,34] while the S/D sample with
7% of EAFD reached a compressive strength of 8.4 MPa, which
makes it suitable for landfill purpose only.

The decrease strength of AAS cement with an increase of
dust content is ascribed to the decrease of cumulative pore
volume (Table 3). Moreover, the mechanical properties of AAS
cements are dependent on the properties of reaction product
of slag alkali activation (C-A-S-H gel) [35]. However, the plot of
compressive strength versus pore volume (Fig.3(b)) is almost
linear with the regression of R? =0.9835 which indicates that
in this case porosity preferably influences the strength of
AAS cement containing the EAFD. Decrease of compressive
strength of AAS cement with EAFD addition is attributed to
the change of porosity in the structure. The curves of pore size
distribution of both samples, pristine EAFS and EAFD indicate
a bimodal pore size distribution with significant difference in
pore volume (Fig.4(a)). The two peaks that reflect the two dif-
ferent pore systems were observed in both samples, smaller
around 18.5 nm and 28 nm for EAFS and EAFD, respectively and
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and EAFD (a) and (b) AAS and S/D samples.

larger around 33.0nm 51.2 nm for EAFS and EAFD, respectively.
Since EAFD and EAFS used in this study had cumulative pore
volumes of 0.007121 and 0.000182 cm?/g, respectively (Table 2),
i.e. EAFD had an one order higher cumulative pore volume,
replacement of slag by EAFD lead to the continual increase the
porosity of final S/D products (Table 3). Pore size distribution
of control AAS and S/D samples are given in Fig.4(b). The pore
size distribution of AAS sample is characterized by two peaks
which note that the width of the majority of pores to be around
3.5and 11.0 nm. After 1% and 3% addition of dust, the differen-
tial curves of pore size distribution indicate bimodal pore size
distributions. The narrow region that reflects the smaller pore
systems (with maximum around 3.7 nm) was still present in
both, S/D-1 and S/D-3 samples. However, the broad regions
with the maximum at around 23.5nm were also observed
which indicates that EAFD addition leads to the development
of larger pore sizes. Moreover, the S/D-3 sample displayed a
higher pore volume in comparison to S/D-1 sample. The broad-
ening of the peak with a maximum at around 23.5nm and
increase in pore volume were observed with the addition of
5% of EAFD while 7% addition of EAFD further increased the
pore volume and split the single pore system into the bimodal
with pore sizes mostly around 13.2 and 26.4nm. Since the
sample of alkali activated slag cement with 5% of EAFD exhib-
ited mechanical properties required in potential construction
applications, further investigations were focused on the con-
trol AAS and S/D-5samples.
3.2.  X-ray powder diffraction (XRPD)
The results of XRPD analysis are shown in Fig. 5. The main
crystal phases identified in EAFS sample were larnite, Ca;SiO4
(COD ID 96-901-2790), wiistite, FeO (COD ID 96-101-1199),
gehlenite, CayAl(AlSiO7) (COD ID 96-100-0049), and montcel-
lite, CaMgSiO4 (COD ID96-900-1081), while spinel, MgAl,04
(COD ID 96-900-2745) and calcite, CaCO3 (COD ID 96-901-6180)
phases were also present in smaller quantities. Crystal phases
of EAFD were elucidated to be franklinite, ZnFe,04 (COD ID 96
-901-2442), zincite, ZnO (COD ID 96-901-1663) and magnetite,
Fe304 (COD ID 96-900-6922).

The percentage of crystalline, i.e. the amorphous phase in
the samples were estimated as relationship between total area
of the crystalline fraction and the sum of areas of crystalline

g 5
E mS c Gn'-mF v%‘ﬂ (] G WA L
> ¥
B EAFD
s wz M z ok
E ¥ hil b Z F sz
" w EAFS
T w oL
m c Ue o s
10 20 30 40 o 50 60 70
26(7)

Fig. 5 - Diffractograms of EAFS, EAFD, AAS and S/D-5
products.

and amorphous fractions, calculated using JADE software. The
obtained results showed crystallinity of 58.8% for AAS and
55.6 % for S/D-5sample. Accordingly, the content of amor-
phous phase in AAS and S/D-5sample was 41.2 % and 44.4
%, respectively.

The presence of undissolved species: larnite, gehlenite,
wuestite, montcellite and calcite, as residues from undis-
solved slag, was observed in the AAS sample. Additionally, the
presence of franklinite, originating from unreacted EAFD was
observed in the S/D-5 sample. From a standpoint of fixation of
toxic component from EAFD into the S/D matrix, it is impor-
tant to notice the absence of zincate in the S/D sample which
indicates its dissolution during the alkali activation and its
participation in the amorphous phase
3.3.  Fourier transform infrared (FTIR) spectroscopy
The FTIR spectra of source materials (EAFS, EAFD), control
AAS and S/D-5samples are given in Fig. 6. The most impor-
tant bands in the FTIR spectrum of EAFS were observed at
495 cm~! ascribed to O-T-O bending modes of TO4 tetrahedra
(T =tetrahedral Si or Al) [36] and in the 750 ~1200 cm~? region,
ascribed to stretching vibrations of AI—O—Si and Si—O—T
bonds [37-39]. The band at 1473cm™! is attributed to vibra-
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Fig. 6 — FTIR spectra of EAFS, EAFD, AAS and S/D-5
products.

tional modes of COs? ion. The spectrum of EAFD exhibits
a band at 520cm~! ascribed to Zn—O bonds [40] and bands
between 930 and 1100 cm™! can be assigned to Si—O vibrations
[41]. Moreover, bands at 1193cm~! and 1404cm~! ascribed
to SO42 and carbonate ion (CO3?") vibrations, respectively,
were observed. Spectrum of control AAS sample exhibits a
band at 965 cm™! associated with stretching Si-O vibrations in
the SiO4 tetrahedra that comprise the calcium aluminate sili-
cate hydrate (C-A-S-H) gel [42]. Moreover, the peak ascribed to

O—T—0 bending modes of TO4 tetrahedra at 495cm~! shows
a decrease in intensity and a shift to a higher wavelength
(500cm~1), in comparison with the spectra of EAFS, which is
related to the slag dissolution and formation of C-A-S-H gel
during the alkali activation process. The replacement of slag
with EAFD in the alkali activation process results in shift of
the band, ascribed to the C-A-S-H gel, to higher wavelengths
(976 cm~1) indicating Zn incorporation into C-A-S-H phase
[43]. Moreover, compared to EAFD spectrum, the decrease in
intensity of bands related to Zn-O bond was observed. These
changes are related to the ZnO dissolution in alkali environ-
ment during the alkali activation process and Zn incorporation
in the reaction product of slag alkali activation [43]. More-
over, both, AAS and S/D-5samples displayed bands at 1650
cm~1, attributed to the vibrations of OH groups from water
molecules. The presence of vibrations assigned to CO3?" were
observed in both, AAS (at 1412 cm~! and 1478 cm~?) and S/D-5
(at 1392cm~1! and 1473 cm™Y).

3.4. Scanning electron microscopy and scanning
transmission electron microscopy in tandem with energy
dispersive X-ray spectroscopy

Morphology of control AAS and S/D-5samples was examined
using scanning electron microscopy (SEM) as well as scan-
ning transmission electron microscopy (STEM) in high angle
annular dark field (HAADF) mode, both in tandem with energy
dispersive X-ray spectroscopy (EDS), the results of which are
given in Figs. 7 and 8. Microstructure of control AAS sample
(Fig. 7a) is characterised by the presence of a dense well-

Energy (KeVv

Fig. 7 - (a) SEM micrograph of AAS with EDS point spectrum taken from area noted by red cross in SEM image and (b)
HAADF STEM micrograph of AAS with EDS maps noting elemental distribution within sample.
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Fig. 8 - (a) SEM micrograph of S/D-5 and EDS spectrum taken from area “A” noted in SEM; (b) High magnification SEM of
area “B” noted by white dashed rectangle in SEM in (a) and EDS spectrum taken from same area (c) HAADF STEM
micrograph of S/D-5 with EDS maps noting elemental distribution within sample.

developed structure of C-A-S-H gel. EDS spectrum taken from
C-A-S-H gel region (noted by red cross in Fig. 7 (a)) reveals high
content of Ca and Si and much lower Al content which is typ-
ical for C-A-S-H phase [44]. Images obtained by STEM/HAADF
along with appropriate EDS maps indicate the homogenous
nature of C-A-S-H gel since the Ca, Si and Al distribution is
overlapping (Fig. 7b). Moreover, EDS maps also indicated the
presence of unreacted slag particles in the structure, bounded
in the reaction product of slag alkali activation, as the Fe and
Mn distribution is overlappingi.e. Fe and Mn are concentrated
in the same areas within the sample (Fig. 7b).

Replacement of slag by EAFD in the order of 5% resulted in
a more porous and heterogeneous structure (Fig. 8(a)), consist-
ing of a product of alkali slag activation reaction i.e. C-A-S-H
gel (area A) containing trapped unreacted EAFD particles (area
B). According to EDS spectrum taken from area A, fixation of
Zn in S/D-5 product occurs via chemical immobilization since
the presence of Zn was detected in the EDS spectrum of C-A-
S-H gel (Fig.8(a)). This is also confirmed by HAADF STEM/EDS
analysis (Fig. 8(c)) where EDS maps clearly show that Ca, Si,
Al and Zn are distributed in the same areas which indicates
that Zn is chemically incorporated in reaction product of slag
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alkali activation. Moreover, Cr and Pb seem to be concentrated
in the same areas, which could indicate that all heavy metals
in EAFD follow the same immobilization mechanism although
their low content did not allow for a more in depth discussion.

To promote the chemical immobilization and incorporation
of Zn in the reaction product of slag alkali activation (C-A-SH
gel) EAFD was initially mixed with NaOH solution to allow Zn
dissolution from EAFD and to react with species present in the
reaction medium of alkali activated system. Incorporation of
Zn in C-A-S-H gel may follow the next pathway [45]: dissolu-
tion of Zn in NaOH results in a formation of zincate [Zn(OH)4]?~
(Eq. 1) which further reacts with calcium ions provided by the
slag dissolution in alkali activator yielding calcium zincate
phase Ca(Zn(OH)s), - 2H,0 (Eq. 2)

ZYIO(S) + ZOH(TM) + HZO(I) — 7Zn (OH)i(aq) (1)
2Zno (OH)ﬁ(;q) + Ca({;q) +2H,0) — Ca(Zn(OH),), - 2H20(s)
+20H,, 2

In a reaction medium of alkali activated solution, reac-
tion between calcium ions and aluminium and silica species
also occurs yielding C-A-S-H gel. The calcium ions are con-
sumed preferentially into the calcium zincate phase aslongas
there is zinc available. Formation of C-A-S-H gel occurs when
the whole of dissolved zinc is consumed in calcium zincate
phase. When the C-A-S-H phase begins to form, calcium zin-
cate phase dissolves in C-A-S-H phase since C-A-S-H gel is
thermodynamically more stable than calcium zincate phase
[45].

Since XRPD analysis did not show the presence of ZnO
in stabilized/solidified sample (S/D-5sample), it can be con-
cluded that all of ZnO present in EAFD was dissolved under
the conditions that we set in this experiment and that Zn orig-
inated from ZnO is incorporated in C-A-S-H gel as shown by
SEM/EDS analysis (Fig. 8 (a)).

Another mechanism of Zn incorporation in C-A-S-H gel
is also proposed. It is based on the reaction of dissolved Zn
with silica species present in the reaction medium of alkali
activated systems leading to the formation of insoluble zinc
silicate phase (Eq. 3) [46]. Reaction product of slag alkali activa-
tion in the presence of Zn is probably a mixture of zinc silicate
gelatin and amorphous C-A-S-H gel [43].

— . X—
Zn (OH)yoq + [H — OSiOx(OH); ] )
. 2)—
— [(OH);Zn0Si0x(0H);_,|“"" (ag) + H20 3)

Concerning area B, EDS spectrum (Fig. 8(b)), in addition to
C-A-S-H gel, reveals a high content of Fe and the presence
of Zn and other heavy metals, typical for an EAFD composi-
tion. This evidence indicates that stabilization/solidification
of EAFD occurs via physical encapsulation as well as chem-
ical immobilization of Zn in stabilized/solidified (Fig. 8(b))
remained in undissolved EAFD which is in the form of frankli-
nite as shown by XRPD analysis.

100 2.0
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1 =)
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Fig. 9 — TG (black lines) / DTA (red lines) analyses of AAS
and S/D-5 samples given as mass loss and heat flow,
respectively, as a function of temperature.

3.5.  Thermogravimetry/Differential thermal analysis
(TG/DTA)

TG analysis is often used in order to estimate the extent of
hydration e.g. the mass loss up to 600 °C is a measure of hydra-
tion degree [47]. Higher mass loss indicates a higher amount
of hydration product (C-A-S-H) in alkali activated slag cement
[48]. TG/DTA curves of AAS and S/D samples are given in
Fig. 9. TG curves of both, AAS and S/D-5 samples showed mass
loss up to 600°C, attributed to the evaporation of physically
adsorbed water from C-A-S-H gel up to 160°C and thermal
dehydration of this phase in the range of 160-600 °C [47,49].
The endothermic peaks in DTA curves of both samples around
100 °Cimply the presence of C-A-S-H gel [50]. The mass loss on
the TG curve of AAS sample up to 600°C was ~4.7 % while the
mass loss of S/D-5sample was observed to be ~3.6% indicat-
ing the retardation effect of EAFD addition on the formation
of reaction product of slag alkali activation. Zinc retards the
formation of reaction product of slag alkali activation by form-
ing metastable calcium zincate phase in the initial stage of
alkali activation and depleting the Ca ions that are needed for
nucleation and growth of the C-A-S-H gel [45]. In such a way,
formation of C-A-S-H phase is delayed until all of the dissolved
Zn is consumed for formation of calcium zincate phase [45].

3.6.  Leaching behaviour of S/D product

The amount of detected metals leached out from EAFS, EAFD,
AAS and S/D-5 samples by application of EN 12457-2 leaching
test and criteria for the waste acceptance in landfills estab-
lished by the European Directive 2003/33/CE [32] are given in
Fig. 10. All samples generate alkaline leachates upon the com-
pletion of leaching tests. The pH values of leachates collected
after the leaching of source materials were 10.95 for EAFS and
9.75 for EAFD sample while AAS and S/D samples generated
highly alkaline leachates with similar pH values of 12.54 and
12.34, respectively.

The results have shown that the release of metals (Ba, Cr,
Cu, Mo and Zn) from EAFS sample was below the criteria for
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Fig. 10 - The results of EN 12457-2 leaching tests and maximal limits for granular waste acceptable at landfills (Inert,
Non-hazardous and Hazardous); (Criteria established by the European Directive 2003/33/CE [32]).

waste acceptance in non-hazardous landfill. The amount of
metals released from AAS sample also resulted in the classifi-
cation of AAS sample as non-hazardous. However, the release
of Zn from EAFD exceeded these limits. Obtained concentra-
tion of Zn in EAFD leachate was 62.18 mg/kg which excides
the limits established for non-hazardous waste (4—50 mg/kg)
i.e. EAFD is not allowed to be disposed of on landfills as
non-hazardous waste but as hazardous waste. However, the
sample of AAS cement containing 5% of EAFD was able to
reduce the concentration of Zn (9.20 mg/kg) below the limit

for non-hazardous waste which can be ascribed to the partial
incorporation of metal into the reaction product of slag alkali
activation (C-A-S-H gel) as showed by SEM/EDS analysis.

4, Conclusions

This research has been conducted in order to investigate effect
of slag replacement with EAFD on the mechanical, physico-
chemical, morphological and microstructural properties of
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alkali activated slag cement. An environmental assessment of
these materials has been made using the EN 12457-2 leaching
test. Based on the results obtained, the following conclusion
can be drawn:

o Slag replacement with EAFD lead to the deterioration of
mechanical properties of alkali activated slag. Higher con-
tent of EAFD in S/D causes a more porous structure and
loss of strength of S/D product in comparison to control
AAS sample. Slag replacement with EAFD in the order of 5%
enables potential use of S/D product in construction appli-
cations while the S/D product with higher amounts of EAFD
met the criteria for landfill purposes.

o Slag replacement of EAFD has a retardation effect on the
formation of C-A-S-H phase reaction.

o Fixation of EAFD into the AAS matrix occurred by chemical
and physical immobilization. Chemical fixation of Zn into
the reaction product of slag alkali activation (C-A-S-H phase)
was confirmed by FTIR, SEM and HAADF STEM, the latter
two coupled with EDS investigations.

o The leaching of Zn from S/D product is inferior in compari-
son to pristine EAFD and the S/D sample doped with 5% of
EAFD met the criteria for granular waste disposal at landfills
for non-hazardous waste according the EN 12457-2 test.
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