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a b s t r a c t

In this study, the use of desulphurization dust (DeS-dust) generated as a waste material during steel-
making process, as an alternative activator to commercial sodium hydroxide in ground granulated
blast furnace slag (GGBFS) alkali activation is proposed. The main objective was to decrease the envi-
ronmental footprint of alkali-activated materials through the reuse of industrial residues. Microsilica was
added to increase the amount of soluble silica and enhance the properties of the investigated binders.
The results indicate that binders from alternative activator performed better, achieving a 28 days
maximum strength of 33 MPa compared to 25 MPa for the sodium hydroxide activated slag. Microsilica
addition to the optimum mixes reduces the rate of efflorescence and increases the setting time. Also,
microstructural studies using scanning electron microscopy (SEM), x-ray diffraction (XRD) and ther-
mogravimetric analysis (TGA) show both samples having comparable gel formation and structure. Life
cycle impact assessment shows significant savings that can be made using alternative activators over
sodium hydroxide activated slag. Through the use of this waste material as alternative activator in alkali-
activated binders, an environmentally friendly, and cleaner production of alkali-activated binders can be
achieved having comparable or superior performance as the reference binder activated with commercial
sodium hydroxide.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Ordinary Portland cement (OPC) is the most used material in
modern buildings construction, with a global consumption rate of
20 Gt per year (Scrivener et al., 2018). This global success of OPC-
based construction materials is indubitably due to its ease of use.
The OPC and aggregates are mixed with water, forming a highly
functional and easily manipulable solid. On top of that, it is a low-
cost material, made from some of the most available elements on
earth (Pontikes and Snellings, 2014).

This technical and economic success for OPC did not come
without environmental consequences. The production of OPC is
indeed associated with severe environmental impacts, due to the
high amount of greenhouse gases (GHG) emissions, as a conse-
quence of (i) the calcination of limestone during clinker production,
ya).

r Ltd. This is an open access article
and (ii) the intensive energy production process (Maddalena et al.,
2018). Globally, OPC production contributes between 5 and 8% of
the total anthropogenic CO2 emissions (Turner and Collins, 2013;
van Deventer et al., 2010).

In response to the need for more sustainable alternative binders
to replace OPC, different methods have been extensively studied
and proposed, such as the partial substitution and blending of OPC
with supplementary cementitious materials (SCM). The most
common SCMs used today are fly ashes from coal burning, slags
from iron-making processes, rice husk ashes, and other pozzolanic
materials (Carvalho et al., 2017; Feng et al., 2004; Majhi and Nayak,
2020; Mallisa and Turuallo, 2017; Osborne, 1999). As an alternative
to substitution and blending, another well-explored technologies is
alkali activation, which aims to utilize alkaline industrial waste and
other by-products to produce low-carbon cement materials to
replace OPC (Adesanya et al., 2016; Bernal et al., 2014; Duxson et al.,
2007). The industrial waste streams include fly ash, metallurgic
slags and mine tailings. These streams are mixed with alkaline
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Table 1
Chemical composition in wt.% of GGBFS, DeS-dust and MS shown as oxides.

Oxides (%) CaO Al2O3 SiO2 MgO Fe2O3 Na2O K2O SO3 LOIa 950 �C

GGBFS 38.5 9.5 32.3 10.2 1.23 0.5 0.5 4.0 �1.3
DeS-dust 36.8 0.4 2.6 0.7 20.9 23.4 1.8 3.7 1.2
MS 0.78 0.23 94.2 0.35 0.84 0.18 0.56 0.13 2.3

a Loss on ignition.
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activators, such as sodium hydroxide (SH) and sodium silicate, to
form a hardened matrix with comparable or superior properties
than OPC. According to Duxson et al. (2007) and Habert et al. (2011),
alkali-activated materials (AAMs) can lower the GHG emission by
45e80% compared to OPC, depending on the waste precursor and
the alkaline activators employed in the process. Despite producing
a lower amount of GHG emission, Habert et al. (2011) also showed
that AAM’s production may have other environmental issues such
as human toxicity, freshwater and marine ecotoxicity that may
compromise the final sustainability of AAMs. These footprints are
derived mostly from the production of the alkaline activators.
Additionally, due to their high economic costs, the commercial al-
kali activators represent an important economic barrier in the
future development of AAMs.

Therefore, current research trends in AAMs development fo-
cuses on finding alternatives to commercially available alkaline
activators with a lower environmental impact and similar or su-
perior strength development. One promising and innovative
method is to use waste precursors having high contents of alkalis
that can be simply dissolved when water is added similar to one-
part AAMs synthesis. One-part AAM is the dry mixing of solid
aluminosilicates and solid alkali activators such as alkali hydrox-
ides, silicates, sulfates or carbonates. Water is added in a similar
mixing to OPC. While two-part AAM on the other hand is the
activation of solid calcio-aluminosilicates using aqueous solutions
of these alkali activators (Luukkonen et al., 2018a). This method-
ology (one-part) is widely suggested to achieve greater potential for
large scale AAM production than the convectional two-part AAMs
(Adesanya et al., 2018a; Luukkonen et al., 2018a).

Several alternatives have been studied using waste materials
containing soluble alkaline sources, which can allow a reduction of
up to 60% of the environmental impacts linked with the traditional
alkali activators production (Mellado et al., 2014; Passuello et al.,
2017). Previously, authors such as Luukkonen et al. (2018b), stud-
ied the effect of two silica sources (rice husk ash or micro silica) in
combination with sodium hydroxide on blast furnace slag (GGBFS)
reactivity. The study reported about 35 MPa compressive strength
for both silica sources at 28 days, which makes the produced AAM
suitable for some structural purposes. Other authors have investi-
gated the potential use of other wastematerials, such as maize cobs
and maize stalk ashes (Peys et al., 2016), sugar cane straw ash
(Moraes et al., 2018), industrial cleaning solution (Cristelo et al.,
2019; Fern�andez-Jim�enez et al., 2017), paper sludge (Adesanya
et al., 2018a), Bayer process liquor (van Riessen et al., 2013), and
glass waste (Puertas et al., 2015; Puertas and Torres-Carrasco, 2014;
Torres-Carrasco et al., 2014). In general, all these studies obtained
good properties for the hardened AAMs.

Another waste precursor that can be potentially used as an
alternative to alkaline activators is desulphurization dust (DeS-
dust). DeS-dust is a waste material produced during steel making
processes. It is generated in the form of fine powders rich in sodium
and calcium. Currently, DeS-dust is considered as waste and mostly
disposed in designated landfills, with high economic costs to steel-
making producers.

Hence, this paper aims to investigate the technical feasibility to
use DeS-dust as an alternative alkaline activator source in place of
commercial sodium hydroxide in alkali-activated GGBFS in a
pathway like one-part AAMs and its environmental sustainability.
Though GGBFS itself possesses hydraulic properties, increasing its
environment alkalinity can further increase the rate of reaction and
strength gain. Compared to other alkali activation methods, the
proposed technique does not require any pretreatment with com-
mercial alkaline activators, due to the intrinsic alkaline properties
of the DeS-dust. All the materials used can be potentially sourced
from the same iron and steel-making plant. First, the optimal
amount of DeS-dust is investigated, and then micro silica is added
to enhance the reactivity of the best mix determined by the
compressive strength results. As a reference for each mix, an
equivalent amount of Na2O from commercial sodium hydroxide
(SH) is used. Suitability assessment of the final blends is based on
strength test, efflorescence, and setting time. The reaction kinetics
is analyzed through isothermal calorimetry, and the hydration
products were determined using X-ray diffraction (XRD), Scanning
electron microscopy (SEM) and thermogravimetry analysis (TGA).
Also, the environmental impacts of the AAMs activated by DeS-dust
are investigated through a life cycle assessment (LCA), and further
compared with AAMs activated by sodium hydroxide.

2. Materials and methods

2.1. Materials

The GGBFS (d50 ¼ 10.8 mm) used in this investigation was ob-
tained from Finnsementti (Finland), while the DeS-dust
(d50 ¼ 4.5 mm) was collected from SSAB Europe Oy (Raahe,
Finland). Microsilica (MS) with tradename “Parmix-silika” was
obtained from Fescon Oy (Finland) as granulated particles and was
then further ground using Retschmortar grinder RM 200 for 10min
with a d50 of 23 mm. MS was used as additional silica source in the
binder. Their chemical compositions as analyzed through X-ray
fluorescence (XRF) is presented in Table 1. The DeS-Dust contains
23.4% of sodium oxide (Na2O) and has a pH of 13.3 which is suitable
for the alkali activation of GGBFS. Standard sand conforming with
EN 196-1 was used as aggregates in the mortars. Sodium hydroxide
pellets (>99% pure) used as alkali activator in the reference samples
was supplied by Sigma-Aldrich and deionized water was used as
added water. The particle size distribution of the materials was
analyzed through the laser diffraction technique (Beckman Coulter
13320) using the Fraunhofer model. Isopropanol was used as the
dispersion medium to avert the reaction of particles during the
measurement.

2.2. Sample preparation

In the first stage, the DeS-dust samples were prepared by
blending the dry precursors for 1 min using a shear mixer (IKA
Eurostar). Deionized water is then added and mixed further for
1 min. Sand is further added and mixed for another 6 min. The
reference samples using commercial SH were prepared by mixing
the required amount of SH with water and cooled down before use.
This alkaline solution is then added to GGBFS and mixed for 1 min
before sand was added and further mixed for 6 min. The water-to-
binder and aggregate-to-binder ratios were kept constant at 0.45
and 2 respectively. After mixing, the samples were compacted us-
ing a jolting table, and then cast in a sealed rectangular
20 � 20 � 80 mm molds. After that, the samples are cured at room
temperature (RT) and another batch at 60 �C, then demolded after 1
day and kept in a humidity chamber conditioned at 23 �C and
relative humidity of 97%. The samples were then tested at 3, 28 and
60 days. The mix composition for each sample is shown in Table 2.
The molar composition (Na2O), the ratios (H2O/Na2O, SiO2/Al2O3,
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Na2O/SiO2, and Na2O/Al2O3) for DeS-dust activated slag (i.e. DD15),
and the reference SH activated slag (i.e. SH2) in Tables 2 and 3 were
formulated to have similar values for comparisons.

In the second stage, the optimum content of DeS-dust in themix
composition (from Table 2) was determined based on the strength,
to be for sample DD15. This was then further modified by adding
various contents of MS to enhance the reactivity of the mix as
shown in Table 3. The mix also was done following the procedure in
the first stage.

Compressive and flexural strengths for the mortar samples were
tested at 3, 28 and 60 days, using a Zwick testing instrument with a
maximum loading of 100 kN. The force speed was 2.4 kN/s and
0.05 kN/s for compressive and flexural strengths respectively. To
determine the efflorescence, the mortars were half-immersed in
water and visually analyzed after 1 and 7 days. The reaction kinetics
was measured using an isothermal calorimeter (TAM air instru-
ment) at 23 �C. The heat of hydration was normalized using the
weight of solid materials in each paste samples.

Paste samples were used for characterization analyses. The hy-
dration of the finely ground paste samples was stopped at 3 and 28
days through the solvent exchange technique, using acetone as
described in previous literatures (Adesanya et al., 2018b; Chavda
et al., 2015). Thermogravimetric analysis (TGA) was done using
Precisa Gravimetrics AG “prepASH automatic drying and ashing
system”. The samples weighted between 3 and 5 g, were heated
from 30 to 1100 �C at 10 �C/min in an inert nitrogen atmosphere.
The quantification of the paste mineralogy was determined
through XRD, performed using Rigaku SmartLab 9 kW X-ray
diffraction equipment. The analysis employed Cu Ka radiation
(Ka1¼1.78892 Å; Ka2¼1.79278 Å; Ka1/Ka2¼ 0.5), at a scan rate of
3�/min in the range 5e70� (2q), and 0.02�/step. Phase identification
was done using “X’pert HighScore Plus” (PANalytical software).

A TAM Air calorimetry instrument was used at 23 �C, to study
the heat evolution in the first 80 h of reaction of the paste, ac-
cording to the mix proportion in Tables 2 and 3 The samples were
mixed ex-situ, hence the heat generated in the first 45 min of each
mix was not used. Scanning electron microscopy (SEM) using
backscattered electrons (BSE) and energy dispersive X-ray (EDS)
was done for the paste samples using a Zeiss Ultra Plus (Germany),
with an accelerating voltage of 15 kV. Before scanning, the samples
were impregnated with epoxy resin under vacuum, and then pol-
ished using diamond pastes.
3. Results and discussion

3.1. Effect on strength development

The optimum content of DeS-dust, based on the strength at 3
days and 28 days, was determined at a ratio of 15% of DeS-dust and
Table 2
Mix composition in wt.% of each sample (first stage).

Sample name
Fraction of binders in wt.% Na2O

DeS-dust GGBFS SH MS

DD10 10 90 e e 0.09
DD15 15 85 e e 0.13
DD20 20 80 e e 0.16
DD25 25 75 e e 0.20
DD30 30 70 e e 0.24
SH1 e 98 2 e 0.09
SH2 e 97 3 e 0.13
SH3 e 96 4 e 0.16
SH4 e 95 5 e 0.20
SH5 e 94 6 e 0.24

a Na2O molar composition in each mix.
85% of GGBFS, cured at RT as (see Table 4). As already demonstrated
by Gebregziabiher et al. (2015), curing alkali-activated binders at
elevated temperature increases reaction degree, especially at an
early age. However, curing at elevated temperature had no signif-
icant effect on the strength of the samples, as the RT-cured samples
exhibited higher strengths at 3 and 28 days. Hence, elevated tem-
perature curing is not beneficial to the degree of reaction of the
binders analyzed here.

Subsequently, sample DD15 and its reference SHmix (SH2) were
further used with the addition of micro silica, that it is added to
increase the alkalinity and RTcondition used (Table 3). The addition
of silica in the mix composition shows a slight improvement in the
compressive strength, as reported in Fig. 1. MS2-DD15, with a 5%
addition of MS, showed the highest strength at 33 MPa after 60
days, compared to neat (no MS) DD15 which shows a compressive
strength of 32 MPa. The slight influence of the MS addition on the
strength properties may be due to the lower dissolution rate of MS.
This lower dissolution is an effect of the MS particle size
(d50 ¼ 23 mm), the unreacted MS subsequently acting as a filler in
the binder. At 60 days, MS1-DD15 showed no increment in strength
but had similar strength (within the error bar) of the strength at 28
days.

On the other hand, the addition of MS to the commercial SH
activated GGBFS showed no significant influence on the compres-
sive strength, regardless of the curing age analyzed (Fig. 1b). The
strength recorded for these samples is comparable with results
from previous studies, such as Luukkonen et al. (2018b), which
used a comparable mix composition.

Overall, GGBFS mortars activated by DeS-dust exhibited supe-
rior compressive strength than the refernce commercial SH acti-
vated GGBFS mortars. This can be partially attributed to the
additional dissolution of other elements (i.e. Ca and Fe) in the DeS-
dust contributing to the hardened properties of the DD15 activated
mortars. To support this hypothesis, the beneficial role of iron (Fe)
in alkali-activated materials synthesis have been already docu-
mented in previous studies (Adesanya et al., 2020; Lemougna et al.,
2013; Onisei et al., 2018; Simon et al., 2018). Overall, the Ca and Fe
content in the DeS-dust containing mortars are higher than in SH
mortars and could have influenced the higher strength, since the
sodium oxide composition of these mixes were kept constant.
3.2. Reaction kinetics and setting time

The generated heat flow (J/h$g) and the total heat released (J/g)
from the binders, normalized to the solid content weight, are
shown in Fig. 2. The evaluation of the heat flow profiles shows
similarities to the one of OPC, though the chemical activity is
significantly different (Gebregziabiher et al., 2015; Qu et al., 2016;
Sun and Vollpracht, 2018). Hence, similar descriptions can be used
a Molar ratios

H2O/Na2O SiO2/Al2O3 Na2O/SiO2 Na2O/Al2O3

55.30 5.74 0.09 0.53
39.30 5.75 0.13 0.80
30.40 5.76 0.18 1.01
24.90 5.78 0.24 1.40
21.00 5.79 0.30 1.80
53.30 5.72 0.08 0.51
39.30 5.72 0.12 0.70
30.50 5.72 0.16 0.92
24.90 5.72 0.20 1.13
21.00 5.72 0.24 1.40



Table 3
Mix composition in wt.% of each sample modified based on DD15 composition (second stage).

Sample name Fraction of binders in wt.% Na2Oa Molar ratios

DeS-dust GGBFS SH MS H2O/Na2O SiO2/Al2O3 Na2O/SiO2 Na2O/Al2O3

MS1-DD15 15 82 e 3 0.13 39.40 6.36 0.13 0.82
MS2-DD15 15 80 e 5 0.13 39.50 6.79 0.12 0.84
MS3-DD15 15 77 e 8 0.13 39.50 7.36 0.11 0.86
MS1-SH2 e 94 3 3 0.13 39.10 6.25 0.12 0.72
MS2-SH2 e 92 3 5 0.13 39.10 6.62 0.12 0.74
MS3-SH2 e 90 3 8 0.13 39.20 7.11 0.11 0.76

a Na2O molar composition in each mix.

Table 4
Compressive strengths of mortars in the preliminary investigations.

Sample name
Room temp. (23 �C) Cured at 60 �C

3 days (MPa) 28 days (MPa) 3 days (MPa) 28 days (MPa)

DD10 15 ± 0.4 28 ± 3.0 14 ± 0.2 17 ± 0.7
DD15 17 ± 0.5 29 ± 0.7 13 ± 0.4 18 ± 0.7
DD20 15 ± 0.7 25 ± 2.0 14 ± 0.3 17 ± 1.9
DD25 14 ± 0.9 24 ± 1.2 16 ± 1.2 21 ± 3.1
DD30 14 ± 0.3 21 ± 1.4 14 ± 0.7 17 ± 1.0
SH1 14 ± 0.5 28 ± 2.3 13 ± 0.5 16 ± 0.7
SH2 13 ± 0.5 25 ± 1.4 12 ± 0.6 13 ± 1.2
SH3 14 ± 0.5 25 ± 2.0 13 ± 1.1 17 ± 0.4
SH4 12 ± 0.9 22 ± 1.3 12 ± 0.5 14 ± 1.2
SH5 15 ± 0.9 22 ± 1.3 13 ± 0.5 16 ± 0.9

Fig. 1. Effect of microsilica addition on the compressive strength of GGBFS activated
with (a) desulphurization dust and (b) commercial SH at 3, 28 and 60 days of curing.
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to label the reaction stages. It should be noted that the heat flow
data for the first 45 min was not used due to the waiting period for
equilibration of the calorimeter after samples are inserted.

The first peak seen during the first 2 h reaction is attributed to
the heat released from wetting and dissolution, occurring when
water is added to the binder. This initial exothermic peak is sig-
nificant with paste activated using DeS-dust, and may define the
material degree of dissolution over SH. The second intense peaks
after the very short induction period correlates with the
acceleration-deceleration period associated with precipitation of
reaction products in the paste (Nguyen et al., 2019; Shi and Day,
1995). The condensation and formation of reaction products are
exothermic and contributed to this intense peak. The magnitude of
these peaks is significantly modified by the addition of micro silica
(3e8%) when compared with DD15 and SH2.

Increasing the silica content with MS slightly broadens the heat
released peaks, and increases the cumulative heat released.
Furthermore, no noteworthy peaks were observed after the second
peak, as the heat of reaction decelerates slowly. After 80 h reaction,
DeS-dust activated slag samples recorded a higher cumulative heat
release at approximately 230 J/g, and 180 J/g for SH-activated slag
samples.

Also, the initial setting time of the binders was determined. The
initial setting time is an important parameter because it controls
the mixing, handling, transportation and casting of the matrix. Mix
proportions similar to the one of the mortar samples were used,
except for the use of aggregates. The test results (Fig. 3) showed
that DD15 has themost rapid initial setting time, losing its plasticity
at 60 min. SH2 initial setting time was recorded to be 170 min.
DD15 setting performance is comparable with the setting of other
one-part alkali-activated materials, because of the heat generated
from the fast dissolution of alkali hydroxides in the binder
(Luukkonen et al., 2018a; Suwan and Fan, 2017). This is finally
consistent with the higher heat flow of DD15 than SH2 observed in
Fig. 2.

Recommended initial setting time should be between 45 and
75 min, depending on the strength class (EN 197-1, 2011),.
However, the initial setting time was further prolonged with the
addition of MS into the mix. Furthermore, the addition of 3e8% MS
in the alternatively activated slag significantly increased the initial
setting time. This may be attributed to the dilution effect of MS in
addition to the mix. The increased initial setting time due to MS
addition in GGBFS is also reported in Luukkonen et al. (2018b).



Fig. 2. Calorimetry curves showing heat released and cumulative heat released for (a)
DD15-alternative activated slag and (b) SH2-activated slag after 80 h of reaction.

Fig. 3. Initial setting times of alkali-activated GGBFS using alternative activator (DD)
and commercial activator (SH). The initial setting time is dependent on the content of
MS.

Fig. 4. XRD patterns for hardened GGBFS activated with (a) DeS-dust and (b) SH
analyzed at 28 days. (p ¼ portlandite/Ca(OH)2, h ¼ hydrotalcite/Mg6Al2CO3(OH)16,
q ¼ quartz/SiO2, c ¼ CaCO3 or CeSeH like phase, m ¼ magnetite/Fe3O4, l ¼ lime/CaO
and t ¼ trolite/FeS).
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3.3. Characterization of reaction products using XRD, TGA, and SEM

The XRD for both GGBFS and MS exhibits predominant amor-
phous content, whereas DeS-dust contained somemajor crystalline
contents, such as portlandite (Ca(OH)2), lime (CaO), troilite (FeS),
magnetite (Fe2O4) and some traces of quartz (SiO2) as seen in Fig. 4.
Furthermore, the XRD of the activated GGBFS using both DeS-dust
and SH exhibited the same patterns, having similar reaction prod-
ucts, such as hydrotalcite (Mg6Al2CO3(OH)16.4H2O) and CeSeH
like-phase diffraction pattern. These reaction product peaks are
consistent and correlated to previous studies on GGBFS alkali
activation (Adesanya et al., 2018a; Ben Haha et al., 2012; Luukkonen
et al., 2018b). The CeSeH like-phase overlaps with another iden-
tified peak of calcite (CaCO3), which may have been present as a
result of carbonation during sample curing or XRD preparation.

The TGA/DTG of the samples shown in Fig. 5 further confirms
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the reaction product of the activated GGBFS. The first weight loss at
60e230 �C indicates the dehydration and presence of CeSeH-like
solid (C-A-S-H and/or C-(N)-A-S-H) in the paste (Abdel Gawwad
et al., 2016; Ben Haha et al., 2012; Rashad et al., 2012). Compared
with SH2-activated GGBFS, this peak was clearer for DeS-dust
activated GGBFS, and it may suggest dehydration of a higher
amount of the reaction product formed in the paste, due to higher
Ca content in the system. The shoulder around 230 �C and the peaks
at 400 �C is consistent with theweight loss of hydrotalcite-like solid
phases (M. Ben Haha et al., 2011; Collier, 2016). The peaks between
the temperature range of 520e750 �C are explained by the decar-
bonation of calcite in the paste identified in the XRD of these
samples. The decarbonation peak for DD15 was more intense than
the peaks of the other sample containing MS. This can be attributed
to the decrease in CaO content when MS is added and the amount
of carbonatable constituent is decreased. The effect of increased
silica addition in the degree of carbonation in the cement paste is
also in previous studies (Papadakis, 2000; Zhang and Li, 2013).

The BSE-SEM images in Fig. 6 reveals themicrostructure of DD15
andMS2-DD15 after 28 days. The presence of partially reacted slags
(light gray particles) and reaction products (dark gray), distin-
guished by different gray levels, associated with variation in
average atomic density (Humad et al., 2019). Furthermore, it is also
possible to observe some partially dissolved whitish particles on
the DD15 samples (Fig. 6a), which is attributed to the ferrite phases
in the DeS-dust. The partially reacted slag particles is seen sur-
rounded by rims. These rims are characteristically CeSeH gel ac-
cording to EDX spectra (data not shown). Similar observations have
been reported in (M. M Ben Haha et al., 2011).

Some microcracks in the binders are also present, which may
have formed during the specimens cutting and polishing.
Compared with DD15, the effect of MS addition on the micro-
structure of MS2-DD15 shows a denser structure of the product gel
areas. The SiO2eCaOeAl2O3 ternary diagram in Fig. 6c and (d)
shows the plot of EDX spectrum points of the BSE-SEM images,
reported in Fig. 6a and (b) (excluding unreacted precursors). For the
EDX calculation, the atomic ratios were normalized to the content
of Al2O3, SiO2 and CaO, neglecting other oxides. The data plots show
the variation in the gel’s oxides composition. The black circled areas
indicate the probable region of a C-A-S-H and N-A-S-H type gel (or
a C-(N)-A-S-H type gel), the dotted blue circle corresponds to C-A-
S-H type gel formation region, and the red dashed circle corre-
sponds to an N-A-S-H type gel (Garcia-Lodeiro et al., 2011; Humad
et al., 2019; Ismail et al., 2014). Fig. 6c shows clustered and scattered
regions of points corresponding to a C-A-S-H and C-(N)-A-S-H type
Fig. 5. TGA/DTG curves of the powdered GGBFS activated p
gels formation in the binder (Garcia-Lodeiro et al., 2011). The Ca/Si
ratio in this region is between 0.78 and 3.78 and Al/Si ratio between
0.0 and 0.80. In Fig, 6 d, the Ca/Si ratio of the points in the plot
ranges between 0.45 and 2.52 and Al/Si ratio between 0.08 and
0.42. The differences related to these ratios can be explained by the
influence of MS addition into the paste. The addition of this silica
source contributes to the reaction products.
3.4. Effects of silica addition on efflorescence of mortars

The rate of efflorescence in the mortar is dependent on the
amount of MS added to the mortar mix. Fig. 7 shows the degree of
efflorescence after 7 days. The whitish crystals began appearing
after 3 days of analysis. Efflorescence in AAMs is derived through
the reaction of available OH� and soluble alkali metals (i.e. Naþ) in
the specimen with atmospheric CO2 to form whitish alkali car-
bonates which are deposited on the specimen, the formation is
outlined below (Zhang et al., 2014):

CO2 ðgÞ þ 2OH� ðaqÞ/ CO2�
3 ðaqÞ þ H2O (1)

2Naþ ðaqÞ þ CO2�
3 ðaqÞ þ nH2O/ Na2CO3,nH2O ðsÞ (2)

The whitish crystals were collected and analyzed through XRD:
alkali carbonates (trona and thermonatrite) were mainly identified
as the mineral phase (see Fig. 8). It is recognized that efflorescence
in AAMs is dependent on the microstructure pores acting as a
leaching conduit, where the ions are leached out to the surface of
the mortar (Zhang et al., 2014, 2014, 2013). The effect of MS addi-
tion on the reduction of efflorescence can be deducted partially as
the physical compaction and the filling of open pores by unreacted
MS in the specimen, stopping the leaching channels. Increasing MS
content in the binder may have resulted in more unreacted MS
which are available to fill open pores. This assumption and effect of
MS on the specimen are in agreement with experimental obser-
vationwith some previous studies (Wang et al., 2018; Zhang and Li,
2013) and the results of carbonation from TGA/DTG.
3.5. Life cycle assessment

Together with sound technical characteristics, a sustainable
environmental profile is another fundamental prerequisite for the
successful development of new technologies on an industrial scale.
Therefore, in this last chapter, the environmental profile of DeS-
aste with (a) DeS-dust and (b) SH analyzed at 28 days.



Fig. 6. BSE-SEM images showing the microstructure of the binder after alkali activation (a) DD15 (b) MS2-DD15 and the equivalent ternary diagram plots of the reaction products
oxides (c) DD15 and (d) MS2-DD15.

Fig. 7. Efflorescence of mortar samples of 28 days-aged alkali-activated GGBFS half
immersed in water for 7 days.

Fig. 8. XRD pattern of the efflorescence residues on the mortar (n ¼ thermonatrite
[Na2(CO3)(H2O)] and t ¼ trona [HNa3(CO3)2(H2O)2]).
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dust based mortar is evaluated and compared with the environ-
mental profile of (i) AAMs mortar activated with sodium hydroxide
and (ii) traditional OPC mortar. Life cycle assessment (LCA) is used
as a methodology to calculate the environmental impacts due to
the production of the compared materials. The general LCA-
framework is described by the ISO 14040:2006 (ISO 14040, 2006,
p. 14040), and it consists of four phases: defining the goal and the
system boundaries, creating a life-cycle inventory, assessing the
impacts, and interpreting and analyzing the results.

In the following subsections, the LCA study, comparing DeS-
dust, sodium hydroxide AAMs and OPC mortars, is performed
following the four phases indicated by the ISO 14040.

3.5.1. Goal and functional unit of the environmental analysis
The goal of the LCA presented in this chapter is to compare the

environmental performances of DeS-dust based mortar with so-
dium hydroxide AAMs mortar and traditional OPC mortar.

The first step of LCA is the definition of the functional unit (FU)
and the system boundaries of the analysis. The FU provides a
reference to which all quantities must be referred, and it expresses
the product’s ability to perform a pre-defined function. When
comparing the LCA of products with different characteristics, the FU
must ensure a fair comparison.
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Mortars are used as an intermediate product in the production
of construction blocks. As discussed by previous LCA studies
comparing different binders, a comparison based simply on mass
(1 kg of alkali-activated mortars vs 1 kg of OPC mortar) is not
correct, since the different amount of each mortar is required to
produce construction blocks with similar characteristics (Di Maria
et al., 2018; Habert et al., 2011). To ensure a fair comparison be-
tween the different mortars, the selected FU of the LCA refers to the
capacity of the mortar to resist against an axial compressive force
per unit surface. This capacity is commonly known as compressive
strength and it is expressed in MPa (N/mm2). More specifically, all
calculations in the LCA refers to the amount for each mortar able to
provide a compressive strength of z30 MPa.

3.5.2. Inventory analysis and system boundaries
The inventory analysis calculates all the mass and energy inputs

and outputs, concerning the FU. The studied system does not
include every stage of the materials life cycle, but it only focuses on
the production phase. In LCA, this is defined as the “cradle to gate”
approach. This approach is justified when the analyzed product is
used as an intermediate product for other applications, such as
mortars used for further production of concrete. Although incom-
plete, this approach can already provide useful information for
further construction of complete life cycles for the end-product.
The cradle to gate approach implicitly hypothesizes that the use
phase and end-of-life phase of the materials are similar: when cast
in the structure, the impacts for the rest of the life cycle (mainte-
nance and disposal) for AAMs geopolymers and OPC-based con-
cretes are analogous, since they can all be considered as inert
material. This hypothesis strongly depends on the durability.
Although the durability of OPC concrete has been extensively
investigated in the past decades, studies on the durability of AAMs
geopolymer concrete are less abundant. Up to now, previous in-
vestigations on the durability of concrete structures showed a
similar comportment for AAMs geopolymers and OPC concretes
(Habert et al., 2011), which justify the cradle to gate approach of the
presented LCA.

The system boundaries of the analysis and all inventory data
used are summarized in Fig. 9. The DD15 and its reference SH mix
(SH2) have been selected for the analysis, since DD15 is the mix
showing the most promising characteristics in terms of strength
without the use of MS. Samples with MS are not analyzed as MS
used here is optional.

The difference between DD15 and SH2 lays on the amount of
GGBFS and mix sand use, and on the substitution of NaOH (in SH2)
with DeS-dust in DD15.

From Fig. 9, GGBFS and DeS-dust are two residues produced
from an industrial process (iron and steel-making production), that
are not included in the system boundaries of the analysis. There-
fore, the question is then how to allocate the environmental im-
pacts of the steel making process between the iron and steel (main
products) and the GGBFS and DeS-dust (residues). The allocation
issue for the use of industrial residues to produce new material is
an ongoing discussion in LCA, see for instance Schrijvers et al.
(2016). The ISO 14041, which defines the standards for goal and
scope and inventory analysis in LCA, the allocation should be
applied onlywhen awaste can be considered as a by-product, while
no allocation is advised if the waste is considered as an unintended
residue.

Early LCA studies on the use of GGBFS and fly ashes as supple-
mentary cementitious materials, solved the allocation issue by not
attributing any environmental impact to these industrial residues
(Van den Heede and De Belie, 2010). Other studies (Chen et al.,
2010; Habert, 2013), proposed alternative allocation methods for
GGBFS based on physical and economic empirical coefficients. For
the LCA presented in this current study, a deep discussion of
whether an allocation coefficient should be applied to GGBFS and
DeS-dust goes beyond the scope of the study. Therefore, this paper
follows the recommendation put forth in the ISO 14040, and no
impacts are allocated to GGBFS and DeS-dust.

Consequently, the differences between DD15 and SH2 are rep-
resented by the sodium hydroxide (0.07 kg) used for SH2 produc-
tion, and by the extra amount of sand (0.04 kg) that is used for
DD15, compared to SH2 production. Ecoinvent 3.5 is used as a
database to model the physical flows (materials and energy) used
to produce the sodium hydroxide and the mixed sand.

The traditional OPC mortar mix for the required compressive
strength of z30 MPa and a liquid-cement ratio of 0.5 can be
approximated using the BRMCA mic design method (Newman and
Choo, 2003). The considered OPCmortar has a designmix of 0.28 kg
of cement CEM I, 0.49 kg of sand, and 0.14 kg of water, for a total
weight of 0.91 kg. Although today the use of CEM II or CEM III is
becoming dominant, and CEM I is no longer the most used cement
type, the selection of CEM I as traditional OPC mortar in the LCA
study allows avoiding allocation issues, that go beyond the scope of
the paper. As already discussed above, and well explained also by
Van den Heede and De Belie (Van den Heede and De Belie, 2012),
allocation assumes particular relevance in the case of CEM II and
CEM III, and further research should be done on proper method-
ologies to consider the environmental impacts to be attributed to
fly ashes and BFS. The limitation of the LCA results when selecting
CEM I rather than CEM II or CEM III will be further analyzed in the
result discussion section.

3.5.3. Life cycle impact assessment
The life cycle impact assessment (LCIA) translates the physical

flows identified during the inventory into environmental impact
categories. In practice, the purpose of the LCIA is to calculate the
contribution of materials and energy flows (identified during the
LCI) to specific indicators with a clear environmental meaning, such
as climate change or water and resources depletion (the environ-
mental impact categories) (Bjørn et al., 2018). The selection of
which impact categories are to be included in the study depends on
the LCIA calculation method adopted. Several LCIA calculation
methods have been published in the last decades, and any further
explanation on the differences between LCIA calculation methods
goes beyond the scope of this chapter. A detailed description of the
science behind the LCIA phase can be found in recently published
literature (Rosenbaum et al., 2018).

For the present study, the Recipe methodology is selected as the
LCIA calculation method, as Recipe is one of the most commonly
used methods by LCA practitioners when studying waste recycling
processes (Belboom et al., 2013).

3.5.4. LCA results discussion
The results of the environmental analysis for the comparison of

DD15 vs SH2 are shown in Fig. 10 and reported in Table A in the
annex.

As already discussed above, the difference between DD15 and
SH2 is represented by the use of sodium hydroxide (0.07 kg) in SH2
production, and an extra amount of mix sand (0.04 kg) required
during the production of DD15. Therefore, for all environmental
categories considered, the production of SH2 has a much higher
impact than the production of DD15, since the significant difference
between the environmental impact of sodium hydroxide produc-
tion vs additional sand extraction.

In Fig. 10, the result of DD15 for each category is normalized to
the total result for SH2, meaning that the result for SH2 is assumed
to be 100%, and the value for DD15 is calculated as in percentage.
The normalization allows us to represent all environmental



Fig. 9. Schematic description showing the system boundaries of the analysis.

Fig. 10. Comparison of DD15 impacts as a % of SH2 environmental impacts.
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categories in the same graph, as each midpoint category is
measured with a different unit (see Table A in annex).

For almost all categories, the impact for DD15 is always below
1% of the impact for SH2, meaning a reduction of more than 99%.
The only category where the impact of DD15 is above 1% is the
freshwater consumption, with only 2.3%. Previous LCA studies on
alkali-activated materials have shown how the sodium hydroxide
production represents the highest contribution to the total envi-
ronmental impact of the alkali activation technology (Di Maria
et al., 2018; Salman et al., 2016). Therefore, the result of the LCA
presented in this study show that the use of DeS-dust represents an
interesting opportunity to significantly reduce the environmental
impacts of alkali-activated material.

The LCA results for the DD15 and SH2 is further compared with
the LCA results of traditional OPC mortar presenting the same
compressive strength. Fig. 11 presents a graphical representation of
the differences in the environmental impacts for DD15, SH2, OPC
mortars production. Setting at the value 1 the impacts for OPC
mortar in each of the impact categories, the blue columns represent
the relative impact of SH2, while the orange columns represent the
relative impacts of DD15 (the absolute values for OPC mortar are
reported in Table A in the annex).
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When compared to OPC mortar, SH2 presents a significant
reduction in some of the environmental categories, indicated in
Fig. 10 by the columns with a value lower than. The highest re-
ductions are reported for the categories metal depletion (�73%)
and climate change, both including and excluding biogenic carbon
(�63%). However, for other categories, the environmental impact of
SH2 is higher than the one of OPC mortar, represented in Fig. 11 by
the dash lines with a value higher than 1. On the other hand, the
impact reduction for the DeS-dust activated DD15 is z 99% for all
considered categories. The values for DD15 which are unseen in the
graph are also shown in tabular form in Annex B. These results are
easily understandable when considering that from the production
of sodium hydroxide derives almost all the totality of environ-
mental impacts of alkali-activated binders, as already demon-
strated by previous literature (Di Maria et al., 2018).

The presented LCA results show the clear advantage of replacing
sodium hydroxide with DeS-dust, when comparing the environ-
mental impacts of DeS-dust active materials versus sodium hy-
droxide activatedmaterial and traditional OPCmortar. On the other
hand, the presented results are affected by the assumption that no
impact is allocated to GGBFS and DeS-dust used in the AAMs, since
they are considered today as waste streams. With the further
development of the alkali activation technology, the demand for
these waste streams (as well as other metallurgic slags) is expected
to rise, and, therefore, further research on allocation procedure will
be needed. An equivalent allocation issue is also affecting the
choice of CEM I as the traditional OPCmortar to be compared in the
LCA, since a comparison of DD15 and SH2 with CEM II/III based OPC
mortar would appear more appropriate. However, the use of fly
ashes and BFS in CEM II and CEM III would have led to further
allocation issues. Therefore, LCA results comparing alkali activated
materials (DD15 and SH2) with traditional OPC mortar must be
analyzed always keeping in mind the current limitations of LCA
models in properly allocate environmental impacts for industrial
residues.
4. Conclusion

In this study, the use of desulphurization dust generated from
steel-making processes as an alternative activator in alkali-
activated binder was investigated for the first time. The sodium-
Fig. 11. Comparison of SH2, DD15 environmental impacts related
rich residue is evaluated as an alternative alkaline activator in
place of sodium hydroxide in blast furnace slag ternary mix;
microsilica was added to increase the soluble silica content of the
mix. The AAM binders produced using just desulphurization dust
and BFS exhibited a high strength of 29 Megapascal (MPa) after 28
days compared to 25 MPa for the NaOH reference binder. The
addition of microsilica enhanced the strength gain to 33 MPa for
the alternative activated BFS mortar suitable for EN 196-1 specifi-
cations, increased the initial setting time and reduced the occur-
rence of efflorescence in the mortar. Analyzed reaction products of
the binders also showed similar chemistry in these different mix-
tures: SEM-EDX showed reaction products as calcium aluminate
silicate hydrate (C-A-S-H), sodium aluminate silicate hydrate (N-A-
S-H) gel type and a hybrid mix of these products (C-(N)-A-S-H).
Hydrotalcite was also detected as one of the reaction products
through XRD.

Overall, the LCA analysis showed significant environmental
impacts that can be avoided (including landfilling) using desul-
phurization dust as an alternative activator in alkali-activated
binders. More specifically, the LCA results show the clear environ-
mental benefits when replacing sodium hydroxide with DeS-dust
in the production of alkali-activated materials. The use of sodium
hydroxide represents the main environmental hotspot of the alkali
activation technology, and one of the main barriers in the devel-
opment of the success of alkali-activated materials. Therefore, the
presented LCA result is an important indication for further research,
and it can help alkali activation to take another step towards in-
dustrial and public acceptance.

All the materials used in the synthesis except microsilica can be
source from iron and steel-making plants. Also, it is proposed that
desulphurization dust can be used as supplementary material with
commercial blast furnace slag to induce its hydraulicity faster. To
achieve a higher strength, it is suggested to decrease the particle
size of microsilica below 10 mm. The alkali activated slag designed
in this study can be used in structural applications, interlocking
blocks and in structural repairs.
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