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Abstract
New direction of research uses the alkali-activated slags as sorbents for removing metals cations from the solution. Slag materials mo-
dified by alkali-activation were prepared by interaction of blast furnace slag (BFS Basic) with water glass. The prepared alkali-activa-
ted slags were dried under different conditions to form new structure in slag. The slag dried at room temperature for 7 days (AA BFS)
and in a dryer at 105°C for 8 hours (AA BES 105) were prepared and characterized with the aim to study their sorption properties.
Characterization of the prepared slags by means of infrared spectrometry (with diffuse reflectance method) demonstrates that the
alkaline activation forms a new structure. The new structures are products of hydration processes and structural changes after contact
with water glass. Changes are significant in the comparison with original blast furnace slag. The influence of this new structure on
the sorption properties was studied for the copper Cu(II) and lead Pb(1) cations. The sorption experiments were performed by batch
method in the aqueous solutions without pH treatment for the concentration range 2-140 mmol/L. The maximum removal amounts
of Cu(1l) on the alkali-activated slags were almost three times higher and the maximum removal amounts of Pb(1) were at least
twice higher in comparison to the BFS Basic. Removal efficiency achieved almost 100% to initial concentration 20 mmol/L for Cu(II)
and Pb(1I). The removal efficiency for both cations decreases with increasing concentration of metals cations. The removal efficiency
is higher for both alkali-activated blast furnace slags in the comparison with BFS Basic. A mechanism of the metal cations removing
is influenced by self-alkalization and the removing is mainly due to precipitation and complexation of copper and lead cations on the

surface of slags. The alkaline activated slags can be possibly used for remediation of wastewater containing metals ions.
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Introduction

Slags as secondary products of metallurgical pro-
cesses are recycled for extraction of metals which they
contain and further they are applied in the construction
industry: aggregate, filler or admixture to the concrete
(Collins and Sanjayan, 1999; Das et al., 2007). Slag is
formed by mixing of alkaline and acid oxides. Their
ratio influences the structure and physical and chemi-
cal properties of slag. The structure of slags depends
on the type and process course of pig iron production
and on the cooling process. The slags utilized as ad-
mixtures to concretes are often modified by process
called alkali-activation. Treatment with alkali-activa-
tion is only possible with materials containing silicon
and aluminium (Li et al., 2010). Slags represent the
multicomponent materials with silicates and alumi-
nosilicates as major components enabling their alka-
li-activation. Concretes obtain higher resistance to the
reagents and pressure by utilization of alkali-activated
slags (Bakharev et al., 2001).

The alkali-activated materials represent high
strength binder under high alkaline conditions (pH val-
ue of 12—14.5). The addition of alkali-silicate solution
(e.g. waterglass, Na»SiOs or K»SiOs) to the slag can in-
crease the rate of strength development as well as large-

ly enhance the final strength by promoting hydrolysis
of the siliceous and aluminum species of the raw ma-
terials. Alkali-silicate solution also provides additional
silicate species, sodium or potassium ions required for
geopolymerization (Oh et al., 2010). Material structure
after alkali-activation depends on the slag composition
and alkali-activation properties (type of activator, con-
centration, pressure, contact time). Amorphous or crys-
talline phases — such as zeolites or zeolitic precursors
and hydrotalcites — may be formed as a result of activa-
tion (Bernal et al., 2014; Oh et al., 2010).

Slags have been already used for removal of metals
from aqueous solutions (Bldhova et al., 2015; Dimitro-
va, 1996; Dimitrova and Mehanjiev, 2000; Kim et al.,
2008; Xue et al., 2009) but sorption of heavy metals
on the alkali-activated slags is new research direction.
Utilization of slags in this way solves global problems
namely recycling of waste and removal of heavy metals
from the environment.

The aim of this work was to prepare alkali-activat-
ed materials with aim to test their adsorption capacity.
The alkali-activated blast-furnace slags were studied as
adsorbents of Cu(Il) and Pb(II). The higher adsorption
capacity was expected due to the structural changes of
the alkali-activated slags.

Inzynieria Mineralna — STYCZEN - CZERWIEC <2017> JANUARY - JUNE — Journal of the Polish Mineral Engineering Society 59



0,50
. ¥z
0,45 glr 3
_‘—J‘,'.'\ll
[Ar
0,40 P [ 1
= ) L1
035 g . r ) al | B
1] A 2 - .
:.'r | < ] I g 'r w |
x 030 \1 NEATAY \
3 ) o AA BFS 105 AJ g\ A\NEY
@ 025 F4
= ] 8
% - |'5 o :n o '1:;
£ 020 z . ::] £g |
§ ( 3 : Y T‘ .
0.15 - \ .J/ [ B :,I N I'f frv
- | R AN
ST T AABFS AN U N AT T
; - L A | \ ﬁ“ Ul
0,10 [ 1
| 1 |
{ | 2 [
| M i1
0,05 . I h*@ i
| il
- BFS Basic L . | W 1l l.
[ o —— - -y s - S e ] ]}
3000 2000 1000

Wavenumbers (cm-1)

Fig. 1. Infrared spectra of BFS Basic and its alkali-activated modifications

Rys. 1 Spektrum w podczerwieni BSF Basic i jego aktywacja alkaliczna

Materials and methods

Blast furnace slag (BFS Basic) provided by Arce-
lorMittal Ostrava a.s. was used for experiments. Wa-
ter glass (Na2SiOs) was used for the alkali-activation
(KITTFORT s.r.o. Prague Czech Rep.). The content
of Si0O2 and Naz0 in the water glass was necessary to
determine. The content of SiO2 was determined grav-
imetrically and the Na® content was determined by
atomic absorption spectrometry. The alkali-activation
was carried out with solution of water glass and so-
dium hydroxide (Lach-Ner, s.r.o. Czech Rep.). NaOH
was added so that molar ratio SiO2/Naz0 in the solution
was equal to 1. The contact time of solution and slag
was 7 days, then the suspension was filtered and the
solid fraction was dried. Drying was carried out in two
ways: at room temperature for 7 days (AA BFS) and in
a dryer at 105°C for 8 hours (AA BFS 105).

All used chemicals — Cu(NOs)2:3H20 and Pb(NOs):
(Lach-Ner, s.r.o. Czech Rep.) for preparation of met-
als cations solutions — were of analytical grade. The
standards of metals cations for atomic absorption spec-
trometry (Cu, Zn — Sigma-Aldrich) were used for AAS
analysis of the metals.

The characterization of all studied slags was per-
formed by IR spectroscopy. Infrared spectra were re-
corded on spectrometer FTIR Nicolet 6700 (Thermo
Scientific, USA) equipped with the DTGS/KBr de-
tector in the middle IR range. The diffuse reflectance
method (DRIFT) was used. The spectra were measured
in the spectral range 4000—400 cm™' (128 scans, 4 cm’!

resolution, apodization Happ-Genzel). Baseline correc-
tion was carried out.

The sorption experiments were performed by batch
technique. The optimal conditions for the sorption
experiments were investigated on the BFS Basic (the
contact time, the best ratio adsorbent dose : volume of
solution) for both metals cations Cu(II) and Pb(II). The
experiments for comparison of the sorption properties
of materials were performed under the found optimal
conditions.

The influence of adsorbent dose was studied for
finding the best ratio (ratio solid : liquid). The best ratio
was used for the further sorption experiments. The ratios
1:25, 1:50, 1:100 and 1:200 were investigated. The in-
fluence of the adsorbent dose was studied for the contact
time 24 hours. The contact time for these experiments
was selected on the basis of the previous experiments
(Blahova et al., 2015). Then the influence of the contact
time on the removal of the metals cations was studied
with the best ratio 1:25 and for the contact times 6, 12,
16 and 24 hours. The optimal conditions for the further
sorption experiments were: the ratio solid : liquid 1:25,
the cations concentrations in the range 2 —140 mmol/L, a
24 hours contact time and the ambient temperature. The
metal concentrations in the supernatants after the sorp-
tion were determined by means of atomic absorption
spectrometry (AA 240FS Varian, USA).

Results and discussion
Characterization of alkali — activated slags

60

Inzynieria Mineralna — STYCZEN - CZERWIEC <2017> JANUARY - JUNE — Journal of the Polish Mineral Engineering Society



Tab. 1 Removal amounts and efficiency of metals removal with respect to type of slag and initial concentration

Tab. 1 Stopien redukcji metali dla roznych zuzli i réznych zawartosci poczatkowych

Slag BFS Basic AA BFS AA BFS 105

Concentration [mmol/I] | a [mmol/g] | E [%] | a [mmol/g] E [%] a [mmol/g] E [%]
2 0.04 97.6 0.04 934 0.04 81.6

3 0.08 98.6 0.07 95.0 0.07 88.8

6 0.15 90.3 0.15 97.5 0.14 94.8

8 0.18 87.3 0.19 97.9 0.18 94.2

9 0.17 68.1 0.22 98.5 0.22 97.2

11 0.17 56.7 0.26 98.3 0.26 96.8

Cu(ID) 15 0.18 47.7 0.36 98.5 0.35 98.7
20 0.20 43.7 0.48 99.5 0.51 99.9

40 0.23 22.8 0.58 59.7 0.75 73.0

60 0.27 18.1 0.73 514 0.88 58.6

100 0.34 14.4 1.04 43.7 1.05 42.9

120 0.38 13.1 1.19 40.6 1.26 40.6

140 0.46 13.7 1.35 39.7 1.42 39.5

2 0.05 99.2 0.04 88.7 0.03 88.0

3 0.07 99.7 0.07 94.2 0.07 93.1

6 0.15 91.2 0.16 99.5 0.13 96.9

8 0.20 69.2 0.21 99.6 0.15 97.1

9 0.23 60.4 0.23 99.5 0.17 98.2

11 0.27 48.4 0.28 99.9 0.22 99.1

Pb(II) 15 0.37 28.2 0.37 99.9 0.31 99.7
20 0.49 23.2 0.48 99.9 0.44 99.4

40 0.18 17.7 0.71 68.3 0.59 60.0

60 0.22 13.5 0.76 48.4 0.85 51.1

100 0.34 13.2 0.85 33.2 0.80 324

120 0.37 11.7 0.97 30.6 1.15 36.0

140 0.45 12.1 1.03 27.3 1.23 35.5

The infrared spectra of BFS Basic and alkali-acti-
vated slags are shown on the Fig. 1. BFS Basic contains
mainly silicates, which is confirmed by several bands
in the range 1100-700 cm™'. These bands belong to Si-
0O, Si-O-Si and Si-O-Al stretch vibrations in the vari-
ous minerals. The weak band belonging to carbonates
(around 1450 cm™) and very weak bands of adsorbed
water (around 3400 cm™ and 1650 cm™) can be seen in
the spectrum of the BFS Basic.

The spectrum of alkali-activated slag dried at labo-
ratory temperature (AA BFS) shows several significant
changes in the comparison with BFS Basic. Bands of
silicates broaden and are shifted to the higher wave-
numbers. New bands appear at 1177 and 1139 cm™.
These changes indicate probably the hydration process
of activated slag which takes place during slow drying

of material. Formation of the hydration products is con-
firmed by band of OH stretch vibrations at 3114 cm™.
Another type of newly formed structural OH vibrations
is indicated by band at 3599 cm'. AA BFS contains
slightly higher amount of adsorbed water compared to
BFS Basic. Adsorbed water is proved by bands around
3400 and 1680 cm’'. Deformation band of free wa-
ter (1680 cm™) is shifted to the higher wavenumbers,
which can be caused by interactions of water molecules
with material surface. Very intensive band of carbon-
ates (1462 cm™) is present in the spectrum of AA BFS.
Carbonates form probably during hydration process by
the incorporation of carbon dioxide from the air. This
process is called carbonation.

The spectrum of AA BFS dried at 105°C indicates
high impact of higher drying temperature. The spec-
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Fig. 2 Precipitation of Cu(II) (20 mmol/L, dark precipitate) on the surface of alkali activated slag (AA BFS, light grey)

Rys. 2 Osadzanie Cu(II) (20 mmol/L, ciemny osad) na powierzchni aktywowanego zuzla (AA BFS, jasno szary)

trum is similar to the spectrum of BFS Basic, only slight
changes (especially in the intensities) are present in the
silicates bands. Bands of newly formed hydration prod-
ucts (1180 and 1139 cm™) can be seen in the spectrum.
Intensity of these bands is lower than in the spectrum
of AA BFS, which is probably caused by interruption of
hydration process during drying at higher temperature.
Lower amount of hydration products is confirmed by
weak bands in the area of OH stretch vibrations. Also
water content in the AA BFS 105 is significantly low-
er than in the AA BFS. The band of carbonates (1429
cm') is intensive but the maximum is shifted to the
lower wavenumbers compared to AA BFS, which indi-
cates formation of different carbonate minerals.

Sorption of copper and lead cations

Table 1 presents the experimental data of the remov-
al amounts [mmol/g] and the metals removal efficiency
depending on the concentration of metals cations at the
ambient conditions. The phase ratio was 1:25 and the
contact time 24 hours.

The alkali-activation of slag has a positive effect on
the ability to remove the metals cations from the solu-
tion. The removal efficiency of the AA BFS slag is al-
most 100% up to the metals concentration 20 mmol/L.
The original BFS Basic has the same efficiency up to
concentration 6 mmol/L. The similar results like for the
AA BFS were found in the case of the Cu(Il) sorption
on the AA BFS 105. The results also show that the al-
kali activation increases the removal amounts almost
threefold for Cu (II) and at least twice for Pb (II) in
the comparison with the original BFS Basic for some
of the studied concentrations. Of course, the efficiency
of the metals removal is decreasing with the increased
concentration of the metals cations.

A mechanism of the metals cations removing on
slag is supposed to consist of several different process-
es — precipitation of hydroxides (Kim et al. 20008),
by formation of hydrated oxides or hydroxo-complex-
es and carbonato-complexes (Dimitrova, 1996), and
by ion exchange (Dimitrova and Mehanjiev, 2000).
The prepared alkali-activated slag exhibited very sim-
ilar self-alkalization ability as original slag. The pH
value increases to 11-12 after sorption when the low
concentrations of metals cations are present in the
solution. This fact suggests also precipitation of met-
al hydroxides on the surface of alkali-activated slag,
which can be illustrated by precipitate on Fig. 2. On
the other hand, the pH value is invariable (around 7)
during sorption if solutions with higher concentrations
of metals cations were added to the slags. The solu-
tions with higher metals concentration act as buffer.
The precipitation is supposed to represent the predom-
inant mechanism of the cations removal in the case of
the alkali-activated slags.

Conclusion

The sorption of the metals cations was carried out
on the blast furnace slag and its alkali-activated equiv-
alents. The characterization was performed by IR-spec-
troscopy with DRIFT technique. The alkali-activation
leads to formation of new minerals in the materials.
Bands of hydration products and carbonates were ob-
served in the spectra of the alkali-activated slags. Dry-
ing temperature has significant impact on the structure
of modified material. The higher drying temperature
(105°C) leads to the interruption of hydration process
(lower contents of hydration products compared to the
material dried at laboratory temperature were detect-
ed by IR-spectroscopy) and to the different distribu-
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tion of carbonate minerals. The results of the sorption
studies confirm that the alkali-activation increases the
removal amounts and efficiency of the removal of met-
als cations compared to the original slag (BFS Basic).
The removal amount and efficiency is threefold high-
er for Cu(Il) and at least twice higher for Pb(II) than
on the BFS Basic at high concentrations levels (above

40 mmol/l). The efficiencies at the low concentrations
levels (up to 9 mmol/l) are comparable for all studied
materials.
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Aktywacja alkaliczna zuzla wielkopiecowego w celu poprawy wlasciwosci sorpcyjnych metali ciezkich
Nowy kierunek badan obejmuje wykorzystanie aktywowanych alkalicznie zuzli jako sorbentow do usuwania kationdw metali
z roztworéw. Zuzle modyfikowane alkalicznie przygotowano w reakcji Zuzla wielkopiecowego (BFS Basic) ze szklem wodnym. Pr-
zygotowane zuzle aktywowane alkalicznie wysuszono w réznych warunkach, tworzgc nowg strukture w zuzlu. Zuzel wysuszono
w temperaturze pokojowej przez 7 dni (AA BFS) i suszarce w temperaturze 105°C przez 8 godzin (AA BES 105), w celu zbadania ich
wlasciwosci sorpcyjnych. Charakterystyka przygotowanych zuzli za pomocg spektrometrii w podczerwieni (metodg rozproszonego
odbicia) wykazuje, ze aktywacja alkaliczna tworzy nowq strukture. Nowe struktury sq produktami proceséw hydratacji i zmiana-
mi strukturalnymi po kontakcie ze szktem wodnym. Zmiany sq znaczgce w poréwnaniu z zuzlem wielkopiecowym. Wplyw nowej
struktury na wlasciwosci sorpcyjne zbadano dla kationdw miedzi Cu (II) i otowiu Pb (II). Eksperymenty sorpcyjne przeprowadzono
metodg wsadowg w wodnych roztworach bez obrébki pH w zakresie stezenia 2-140 mmol/l. Maksymalna redukcja Cu (II) w zZuzlach
aktywowanych alkaliami byla prawie trzy razy wyzsza, a maksymalny stopien redukcji Pb (1) byt co najmniej dwa razy wyzszy
w poréwnaniu do BFS Basic. Wydajnos¢ redukcji osiggnela prawie 100% w stosunku do poczgtkowego stezenia 20 mmol/l dla Cu (I1I)
i Pb (1I). Skutecznos¢ redukcji kationéw maleje wraz ze wzrostem stezenia kationow. Skutecznos¢ redukcji jest wigksza w przypadku
zuzli wielkopiecowych w poréwnaniu z BFS Basic. Mechanizm usuwania kationow metali wplywa na samoalkalizacje, a redukcja
jest gléwnie spowodowana wytrgcaniem sig kationdw miedzi i olowiu na powierzchni zuzla. Zuzle alkaliczne mogg by¢ uzywane do

oczyszczania sciekow zawierajgcych jony metali.

Stowa kluczowe: sorpcja, zuzel, kationy metali, Zuzel aktywowany alkalicznie
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