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Abstract

Alkali-activated binders (AABs) have garnered significant interest as prom-
ising materials for construction and repair purposes ever since their discovery.
They have proven to be environmentally advantageous, causing less pollution
compared to conventional cement. These compelling features have made AABs a
compelling choice in the realm of construction and repair, offering a sustainable
alternative with superior performance. This paper aims to investigate the effect of
activator concentration (Sodium hydroxide, NaOH) on AAB composed of elec-
tric arc furnace slag (EAFS) and class F fly ash (FA). The study involved a com-
prehensive analysis conducted over a 28-day curing period at room temperature,
utilizing techniques such as X-ray diffraction (XRD), Fourier-transform infrared
spectroscopy (FTIR), and thermogravimetric analysis (TG-DTA) to gain a thor-
ough understanding of the developed binders. The results of the study revealed
the formation of hydrated phases in the AAB samples. The detected hydrated
phases suggest that the activator concentration (NaOH) has a significant impact
on the hydration process of AABs.
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Introduction

AABs have emerged as a promising alternative to ordinary Portland cement
(OPC) due to their excellent mechanical and durability performance, as well as
remarkable thermal and fire resistance [1, 2]. These binders are formed by alka-
li activation of precursors rich in SiO, and ALO, and they offer a wide range
of precursor sources. Commonly used precursors for AABs include FA, ground
granulated blast furnace slag (GGBFS), metakaolin, and other aluminosilicates
[3, 4]. FA and GGBFS, which are industrial waste materials from coal power
plants and the steel industry, respectively, are particularly noteworthy as precur-
sors for AABs. FA is known for its pozzolanic properties and is classified as Class
C or Class F based on the CaO content [5]. On the other hand, GGBFES exhibits
latent hydraulic properties and can hydrate over an extended duration [6]. Both
precursors, rich in Siand Al content, contribute to the pozzolanic activity of AABs
[3]. The combination of GGBES and FA in AABs has been found to enhance the
matrix strength, leading to improved mechanical performance [1]. The addition
of GGBFS increases the formation of calcium aluminosilicate hydrate (C-A-
S-H) gels, while FA contributes to the formation of sodium/potassium-alumino-
silicate hydrate (N, K)-A-S-H gels, resulting in denser matrices [7, 8]. Moreover,
the proportion of slag as a calcium source affects the formation of C-S-H prod-
ucts with certain degrees of aluminum substitution, depending on the availability
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of this element in the FA and slag. The activation reactions of
slag and FA blended binders are complex, the specific type of
gel formed when both precursors are used depends on sever-
al factors such as the relative contents of precursors, solution
alkalinity, and type of activator [9]. Previous studies have in-
vestigated the effect of alkaline activator concentration on the
properties of AABs. For instance, Gijbels et al. investigated
the effect of NaOH content on alkali/sulfate-activated binders
comprising 90 wt.% GGBEFS and 10 wt.% phosphogypsum.
The molarity of the alkali activator significantly influenced
the phase assemblage, with lower molarities (0 M to 1 M)
favoring the presence of an amorphous C-S-H phase, while
higher molarities (2 M and above) promoted the development
of C-A-S-H [10]. Saha and Rajasekaran focused on FA-based
geopolymer paste incorporating GGBFS at various percent-
age levels and different concentrations of NaOH solution. The
highest compressive strength achieved was 78.2 MPa for the
paste mix with 16 M NaOH solution and 50% GGBFS, indi-
cating that higher dosages of GGBFS facilitated denser struc-
ture formation and contributed to increased strength [11]. Ng
et al. examined the influence of different NaOH concentra-
tions (6 - 14 M) on FA geopolymers paste and found that the
optimal NaOH concentration for forming dense geopolymer
samples was determined to be 8 M. Achieving a suitable bal-
ance of NaOH is crucial for the substitution of tetrahedral Si
with Al, ultimately leading to the highest level of compres-
sive strength [12]. Similarly, Wazien et al. investigated the
effects of different NaOH concentrations on the mechanical
and morphological properties of a FA-based geopolymer re-
pair material applied on OPC substrate. Optimal results were
achieved at a NaOH concentration of 12 M, with compressive
strength reaching 92.5 MPa and bond strength measuring 11
MPa at 60 days. The formation of denser material with fewer
pores along with the contribution of calcium cations from the
OPC substrate surface, were identified as key factors in en-
hancing the material’s strength [13]. From the above literature,
it is evident that the synthesis of AABs was highly affected by
the type of precursors and concentration of activators. In this
study, we focus on the use of EAFS and class ' FA as precur-
sor materials for the AABs, and we experimentally analyze
the influence of varying molarities of NaOH on the micro-
structure of the resulting AABs. The synthesized AABs were
subjected to 28 days of curing at room temperature, and mul-
tiple characterization techniques, including XRD, FTIR, and
TG-DTA, are employed to gain insight into the properties of
the AABs. The utilization of these precursors not only offers
environmental benefits by reducing CO, emissions but also
facilitates waste recovery.

Materials and Method
Materials

'The utilized materials in this study consist of EAFS ob-
tained from the SONASID-Jorf steel plant in Morocco and
FA sourced from the Safi thermal power plant. The solid mix-
ture was activated with NaOH. The chemical composition
analysis of the EAFS and FA was performed using X-ray flu-

orescence, and the results are presented in table 1.
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Table 1: Chemical composition of EAFS and FA (Wt.%).
Oxides EAFS FA
CaO 26.05 1.711
Fe,O, 23.33 5.582
SiO, 10.35 54.63
ALO, 5.95 28.07
MgO 468 0.985
S0, 0.27 0.3566
K0 0.05 2.338
TiO2 0.48 1.711
Na,0 - 0.3898
MnO 2.77 0.02178
PO 0.34 0.1672
BaO - 0.1642
SrO 0.086 0.09227
LOI 24.80 3.7811

Preparation of binders

Two binders were formulated for the study using EAFS
and FA. The EAFS and FA were ground to a particle size
of 40 um using the laboratory hammer mill and sieve shak-
er. Subsequently, the ground EAFS and FA were thoroughly
combined and subjected to co-grinding, which involved me-
chanical activation to enhance the reactivity of the precursors.
Following the co-grinding step, the resulting mixture was
mixed with two different concentrations of NaOH, namely
4 M and 8 M. The NaOH solutions were prepared by dis-
solving the appropriate amount of NaOH pellets in distilled
water under constant stirring until complete dissolution. The
resulting pastes, labeled as F30E70-N4 and F30E70-N8, were
placed in a mold. The cast specimens were then subjected to a
curing period of 28 days at room temperature. Table 2 presents
detailed information on the mass ratios and specific compo-
nents used in the F30E70-N4 and F30E70-N8 formulations.

Table 2: Mix proportion of the AABs F30E70N4 and F30E70N8 (Wt.%)

NaOH
. 0 9
Mix EAFS (Wt.%) | FA (Wt.%) (mol/L) LS
F30E70N4 70 30 4 0.4
F30E70NS 70 30 8 04

Results and Discussion

X-ray diffraction

The mineralogical composition of the raw EAFS and FA
samples is displayed in figure 1 and figure 2, respectively. The
XRD pattern of the EAFS shows mainly amorphous disper-
sion peaks, indicating the presence of a glass phase along with
some crystalline minerals. The identified mineral phases in
the EAFS include Larnite (Ca,SiO,), Wuestite (FeO), Fay-
alite (Fe,Si0O,), and Olivine (FeMgSiO,). On the other hand,
the XRD analysis of the FA sample reveals the presence of
crystalline minerals. The dominant crystalline minerals in the
FA sample are Mullite (3A1,0,, 25i0,), Quartz (5i0,), and
Woaestite (FeO).

NanoWorld Journal | Volume 9 Supplement 2, 2023

S7



Characterization of Alkali-activated Binder Synthesized from

Electric Arc Furnace Slag and Fly Ash Ouzoun et al.
. 1400 4 F30E70N4
*Ca,Si0, | * * S0,
*FeO 1200 - CaAl,Si,0,(0OH),*H20
*Fe,Si0, ] Ca,AlL[Si;0;,]0H
= | Femgsio, 1000 4 * Na,AlSi,0g(OH)
] 2 200 ] * Ca;SigOnH1
= = | * Ca,SiO,
g 2 600 4 * FeO/ Fe,0,
2 )
£ = J
400 1
200
04
T T T T T T T T T T T T T T
10 20 30 40 50 60 70 10 20 30 40 50 60 70
2Theta (°) 2Theta (°)
Figure 1: XRD spectra of EAFS: Larnite (Ca,SiO,), Wuestite (FeO), Figure 3: XRD spectra of the AAB F30E70N4 after 28 days of curing:
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Figure 2: XRD spectra of FA: Mullite (3A1,0,, 25i0,), Quartz (SiO,),
and Whuestite (FeO).

The X-ray diffractograms of AABs, F30E70N4 and
F30E70NS, after 28 days of curing are presented in figure
3 and figure 4, respectively. The analysis of the XRD spectra
reveals the presence of silica dioxide (SiO,) due to the unre-
acted FA. The presence of CaO in EAFS could have react-
ed with water leading to the formation of Clinotobermorite
phase (Ca,Si O, H, ) as seen near 29.2° (20), it is one of the
main products of alkali-activated slag as also reported in the
previous study [14]. Other hydration products have been ob-
served including Lawstonite CaAl Si,O.(OH),.H,O, Zoisite
Ca,AL(Si,0,,)OH, and Ussingite (Na,AlSi,O,OH). These
phases are a result of the reaction between the raw materi-
als and the aqueous alkaline solution. The activated silica and
aluminum in EAFS/FA can also be activated by Ca(OH), to
form C-A-S-H gel. Ca(OH), can be produced by the reaction
of CaO with water. This explains the chemical bond breaking
and recombination of Al-O and Si-O, followed by their com-
bination with Ca?* to produce a new product: C-A-S-H gel
(Equations 1 - 3). Peaks corresponding to these phases become
more prominent as the molarity of NaOH activator increases
from 4 mol/L to 8 mol/L. In alkali activated materials synthe-
sis, the concentration of NaOH in the aqueous phase impacts
both the dissolution process and the bonding of solid parti-

H,0), Zoisite (Ca,AL(Si,0,,JOH), Ussingite (Na,AlSi,O,OH), Larnite
(Ca,Si0,), Wustite (FeO), and Magnetite (Fe,O,).
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Figure 4: XRD spectra of the AAB F30E70NS after 28 days of curing:
(CaALSi,0,(OH),.H,0), (Na,Al1Si,O,0H),

Lawstonite ,51,0, Ussingite

Larnite (Ca,SiO,), Wustite (FeO), and Magnetite (Fe,O,).

cles in the final structure [15]. The use of high concentration
of NaOH results in enhanced dissolution of the initial solid
materials, promoting geopolymerization reactions. As it has
been indicated in previous works [16, 17], the alkali-activated
FA process evolves through different stages by the dissolution
of Si* and AP’ from coal FA firstly (the high concentration
of OH ions in the system is responsible of the breakdown of
the Si-O-5i, Si-O-Al and Al-O-Al bonds forming part of the
vitreous phase of the ash and therefore of the formation of
Si-OH and Al-OH groups). Followed by a condensation step
giving place to the precipitation of silicate and aluminate ions
where the aluminosilicate gel (N-A-S-H) precipitates. The
same conclusion was reached in the case of our study, con-
cerning the structural transformations of FA during alkaline
activation. It is obvious from the XRD diagrams of the alka-
li-activated F30E70N4 and F30E70NS8 samples, that as the
NaOH concentration in the aqueous phase of the alkali-acti-
vated system increases a new crystalline phase is formed. This
phase is ascribed to Ussingite (Na,AlSi,O,OH). That aligns
with the finding of Gao et al. [18], they conducted research on
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the effect of NaOH concentration on the SiO,* leaching. The
findings of this study revealed that with high NaOH concen-
tration, the excess alkali reacts with reactive Al,O, to generate
NaAlO,. This compound subsequently interacts with Na,O.
nSi0O,, leading to the formation of an insoluble gel composed
of sodium aluminosilicate, as illustrated in equation 4 and 5.
Based on the study conducted by Sun et al. [19], during al-
kaline activation of slag, a layer of Ca(OH), precipitates may
form around the surface of the slag particles as a result of the
reaction between the Ca®* in the slag particles and the OH
in the solution. In the same context, Marjanovi¢ et al. [20]
studied the influence of alkali activation conditions on the
compressive strengths and the microstructure of alkali-acti-
vated FA-blast furnace slag blends. They found that when the
concentration of OH" ions is low, the layer of Ca(OH), is not
thick enough to impede the diffusion of dissolved Ca* out
of the slag particles. Conversely, when the OH concentration
is high, a significant amount of Ca(OH), forms around the
surface of slag particles, making the diffusion of dissolved Ca?**
more challenging. Consequently, there is a reduced availabil-
ity of Ca* for reacting with dissolved Si** and Al** to form a
C-A-S-H gel. In our case, portlandite formation is not detect-
ed in the XRD results, which indicates that the concentration
we used acts as a catalyst and enhance the dissolution of Si*
and AP** from FA and slag precursors. There are also more op-
portunities for incorporation of Na* onto the sites usually be
filled by Ca* in C-A-S-H gels derived from (very Ca-rich)
EAFS which is in concordance with study of Marjanovié¢ et
al. [20] and Samantasinghar and Singh [21]. A few peaks of
Larnite (Ca,Si0O,), a mineral in the slag, remain. Additionally,
the presence of wustite (FeO) and magnetite (Fe,O,) peaks
suggests that these phases have not significantly participated
in the activation reaction. These XRD results provide valuable
insights into the mineralogical transformations and hydration
products in the prepared binders, highlighting the effect of

activator concentration on the formation of different phases.

Si0, + OH +H,0 — [H,Si0,] (1)
AIO, +OH +H,0 — [H,Al0,]” @)
[H,Si0,] + [H,Al0,]" +Ca® — C-A-S-H (3)
2NaOH +nSiO — Na,0.nSiO, + 3H,0 4)

Na,0.nSi0, + 2NaAlO, + 2H,0 — Na,0.A1,0,.n8i0,.H,0+2NaOH  (5)
FTIR ATR spectroscopy

For the FTIR analysis, the results obtained from the two
samples, F30E70N4 and F30E70NS, are identical in terms of
their chemical bonds. However, to streamline the interpreta-
tion process, only results from sample F30E70N4 are included
in this analysis. The FTIR spectra of F30E70N4 sample after
28 days of curing is presented in figure 5. The broad bands
located between 2800 and 3700 cm™ and between 1650 -
1694cm™ are characteristics of stretching and deformation vi-
bration of O-H and H-O-H of water molecules, which indi-
cates the presence of hydrated phases as detected on the XRD
spectra [22-24]. The bands, at ~995 cm™ and 1067 cm™ cor-
respond to Si-O-Na, Si-O-Si, and Al-O-Si. Thus, the NaOH

solution would have separated silica and alumina from FA and
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Figure 5: FTIR spectra of AAB F30E70N4 after 28 days of curing.

EAFS, after which Na ions would have reacted and organized
with silica and alumina precursors, confirm that multiple gel
reaction products are present in alkali-activated sample [25].
Also, it is well known that the (Si-O) vibration in the IR spec-
tra of C-A-S-H and N-A-S-H gels is at 950 - 1100 cm™ [26-
28]. Additionally, the adsorption band at about 705 cm™ is
attributed to Si-O-Si and Si-O-Al bending modes indicating
the main geopolymer structure generated after the reaction
between the silicon aluminates and the highly alkali solution
and can be found in either C-A-S-H or C-S-H phases. Wus-
tite showed absorption peaks near 873cm™ and 650 cm™ [29,
30]. Peak at 848 cm™ corresponds to the dicalcium silicate
phase, remain [31]. The bands in the range of 1400 - 1500
cm™ correspond to O-C-O stretching (carbonates).

Thermal behavior

Thermogram of thermal analysis of AAB (F30E70N4)
determined by TG-DTA is shown in figure 6. The measure-
ments are conducted under ambient atmosphere up to a tem-
perature of 900 °C. The TG-DTA curves of the binder ex-
hibit four distinct stages. As observed in the graph, the initial
weight loss, which occurs between room temperature and 114
°C, can be attributed to the evaporation of adsorbed water
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Figure 6: TG-DTA diagram of the AAB F30E70N4 from room

temperature to 900 °C.
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within the pores of binding gels, which are either (N-A-S-H)
type gels or C-(A)-S-H gels [32]. Subsequently, a progres-
sive decomposition of the hydrated gel (C-S-H) takes place,
commencing at around 200 °C, along with the evaporation of
chemically bonded water within the gel structure [33]. This
phenomenon is supported by the presence of an endothermic
peak within this temperature range [34]. The water associated
is completely removed at 300 °C [1]. The third phase of weight
loss, in the range of 300 — 600 °C is attributed to the dehydra-
tion of calcium-based reaction products (C-A-S-H, C-(N)-
A-S-H) with some Na ions in their structure [35]. Moreover,
there is decomposition peak within the range of 300 - 500 °C,
which could be related to the dehydroxylation of lawstonite
and ussingite. The last loss of weight after 600 °C corresponds
to the decomposition of calcite (CaCO,) into CO, and CaO
[36]. The presence of carbonation products was also identified

in FTIR analysis.

Conclusion

In this study, we investigated the alkaline activation of a
combination of FA and EAFS using NaOH solution. Our
findings indicate that a concentration of 8 M of NaOH pro-
motes the formation of hydrated phases, such as Lawstonite
(CaALSi,0,(0OH),.H,O), Clinotobermorite (Ca,5i,0,,H, ),
and Ussingite (Na,A1Si,0,OH). The presence of these hydrat-
ed phases plays a substantial role in enhancing the strength
and durability of construction materials. The obtained results
demonstrate significant potential for utilizing these industri-
al wastes in the synthesis of AABs. That can be used in the
production of ecological concrete, cement-based composites,
and other construction products, offering a viable alternative
to traditional Portland cement-based materials. This not only
reduces industrial waste but also promotes a circular economy
within the construction sector. Moving forward, it is recom-
mended to conduct further research focusing on the mechan-
ical properties and long-term durability of these AABs. Ex-
ploring their resistance to chemical attack and durability in
challenging environmental conditions will facilitate a deeper
understanding of their performance in real-world applications.
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