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The use of biomass for energy production is becoming increasingly common. An energy source with good
prospects for the future is the gasification process of biomass waste. This process is characterized by the partial
oxidation of the raw material at high temperatures, which converts the raw material into a mixture of
combustible gases. However, one of the problems when using biomass is the ash produced in the gasification
process. This study investigates the effect of the incorporation of ash generated in the production of syngas from
biomass residues from the acorn industry on the physical, mechanical and thermal performance of electric arc
furnace slag (EAFS) based alkaline activated cements for industrial applications. Acorn gasification ash (AGA)
after a calcination process were used to replace EAFS at different substitution ratios: 0, 25, 50, 75 and 100 wt%.
The influence of the modulus of the activator (Ms = SiO/K,0 = 0.89; 1.38 and 1.84) was also studied. The
specimens were evaluated for density, porosity, flexural and compressive strength, thermal conductivity, X-ray
diffraction analysis, infrared spectroscopy, and microstructure development at 1, 7, 28 and 56 days of curing.
The results showed that the inclusion of up to 50 wt% AGA gives rise to cements with similar or higher
compressive strength than the control cement containing only EAFS. The optimum activator modulus depends on
the proportion of precursors used, increasing with increasing AGA content. Therefore, the activator ratio and
AGA content are factors that must be considered simultaneously to achieve the optimum compressive strength.
The main reaction product was C-(A)-S-H gel, and to a lesser extent K-(A)-S-H gel and C-K-(A)-S-H hybrid gel.
This work suggests the use of AGA improve alkali activated metallurgical slag binders, partially substituting the
conventional Portland cement as structural material.

1. Introduction gasification. The gasification involves the production of synthetic gas

from solid biomass and can be carried out in oxygen-deficient or low-

Numerous investigations are exploring innovative methods of
obtaining energy cleaner and more environmentally friendly sources of
energy. One of these strategies involves the utilization of biomass for the
production of fuels, electricity, and Hy gas, which has been recognized as
a valuable approach for generating energy from biomass [1]. There exist
various processes for converting biomass into fuel, such as biomechan-
ical conversion and thermochemical conversion. Among these, ther-
mochemical conversion is considered the most advantageous as it
obviates the need for complex pre-treatment [2]. Thermochemical
conversion encompasses processes such as torrefaction, pyrolysis and

oxygen environments, thereby reducing dioxin emissions [1]. This
process is characterized by the partial oxidation of the raw material at
high temperatures, typically ranging from 600 to 1000 °C, resulting in
the conversion of material into a mixture of combustible gases [3]. In
addition to coal, other feedstock such as biomass, petroleum or petro-
leum coke can also be employed to produce carbon monoxide and
hydrogen [4].

The Spanish cork oak forest represents an open forest dehesa
(agrosylvopastoral) involvedly shaped and sustained through human
intervention and livestock activities. Spanning approximately 3.2
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Fig. 1. Particle size distribution of raw materials.

million hectares, primarily dominated by Quercus ilex L. or Quercus
suber L. trees at a density of 20-50 trees per hectare, this distinctive
ecosystem is a vital component of the landscape. Particularly, approxi-
mately 40% of this expanse finds its home in the Andalusia region in
Southern Spain, with the province of Huelva alone encompassing
240,585 ha of this unique environment. While the term “dehesa” is
specific to Spain, analogous forests can be found in various corners of the
globe, including Portugal, North Africa, and California [5].

The significance of this fruit in the Iberian economy is of such
magnitude that it has prompted a proliferation of scholarly in-
vestigations within the literature. These studies aim to gain a deeper
understanding of the species, the surrounding biodiversity, and the
imperative for its preservation, as evidenced by the following references:
[6-9]. This fruit holds paramount significance within the Iberian food
industry value chain, not only due to its ability to produce gluten-free
flour for breadmaking [10] and yield oil with antioxidant properties
owing to its high polyphenol content [11], but also for its role in the
production of premium products in the Iberian pork sector. Iberian ham,
a veritable delicacy often served in thin slices to fully savour its texture
and flavour, stands as an emblem of Spanish cuisine and enjoys global
acclaim [12]. Furthermore, other studies delve into the acorn’s medic-
inal applications, such as its potential in oral health [13] and its use in
diabetes management [14]. This entire value chain generates substantial
quantities of by-products that can be valorised through biological or
thermochemical processes, such as thermal gasification.

The conversion of biomass via gasification into a combustible gas
enable the utilization of this product in boilers, engines, fuel cells and as
a raw material in the production of synthetic fuels or chemicals [15].
The gasification process generates two types of residues: chars and tars,
which are often stored and landfilled [16]. However, novel applications
have been developed for these waste products, including their use as
value-added components in soil amendments, carbon sequestration,
among others. [3].

On the other hand, waste from gasification process contains a sig-
nificant amount of unburned carbon and oxides such as SiO, and/or
Al,03, depending of biomass source [17]. Due to the presence of alu-
minosilicates, they are of interest for the synthesis of alkali activated
cement (AAC) or geopolymers. These materials are formed from alu-
minosilicates precursors through alkali silicate activation [18,19]. AAC
is considered a material that could potentially replace conventional
Portland cement. Ordinary Portland Cement (OPC) productions results
in significant greenhouse gas emissions and consumes a substantial
amount of energy [20,21]. Furthermore, OPC relies on raw materials of
natural origin [22]. In contrast, AAC is of great interest because it can
use materials of natural origin, industrial by-product, and other waste
materials [23]. To form this compound, a precursor and an activator are
necessary [24].

As materials of natural origin have been used clays [25-27], kaolin
(metakaolin after calcination process) [28-30] and natural zeolites [31].
In the case of waste have been employed different metallurgical slags:
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steel slags [32], depending on the process, ground blast furnace slag
(GBFS) can be obtained, a slag from the melting of iron into pig iron
[33]; or electric arc furnace slag (EAFS) produced after melting of scrap
in electric arc furnaces [34]; and other slags as carbonized high titanium
slag (CHTS) [35] or copper slag (CS) [36] among others. Other wastes
used to produce AAC were ash from coal combustion [30,37,38]
biomass ash from forestry or agricultural industry [34,39-41], sludge
[42,43], red mud [44-46], as well as other residues [47-49]. As for the
activator, the most used are solutions with alkali elements in the form of
hydroxide, silicate, carbonate, sulphate or a combination [50,51]. With
these commercial solutions a high pH is obtained [50], which is neces-
sary for the alkaline activation or geopolimerization process to take
place, breaking covalent bonds of the source material [52].

In recent years, new research has been appearing about the use of
waste from coal gasification. For instance, Xiao et al. [4] used coal
gasification fly ash (CGFA) to stabilize road aggregate bases. They
compared three aggregates stabilizers: ordinary Portland cement, hy-
drated lime and alkali activated CGFA. Yang et al. [53] used coal gasi-
fication slag (CGS) as a backfill cementitious material in coal mine
backfilling, obtaining early high strength, although over time, samples
suffered expansion and therefore the structure was weakened. Besides,
sodium silicate has been obtained by a mechano-chemical process from
coal gasification slag due to the high content of amorphous silica [16].
By other hand, CGS has been used as cementitious material to synthetize
cement clinker, as supplementary material to replace cement, to
manufacture bricks, thus other uses in the manufacture of construction
materials [54]. Other authors developed binders incorporating CGFA
into steel slag alkali activated samples [55,56]. High compressive
strength due to the amorphous content in this ash were obtained. Chen
et al. studied the viability of coal gasification fly ash based geopolymers
to immobilize effectively heavy metals [57]. These studies demonstrate
the feasibility of manufacturing of alkali activated materials by using
ashes from coal gasification. This raw material can be used as a pre-
cursor in the synthesis of alkali activated materials or geopolymers and
as an addition in the production of cement due to the amount of alu-
minosilicates present in coal gasification ashes [4]. As can be seen, most
studies use coal gasification ash. However, the waste used in this study is
ash from gasification process of acorn biomass. This ash have high
quantity of unburned carbon, making this raw material less reactive [4]
as well as, a content of aluminosilicates suitable for the synthesis of
AACs.

In this study, the use of different incorporations of acorn gasification
char (AGA) (0-100 wt%) as precursor in alkaline activation cements
based on electric arc furnace slag (EAFS) has been investigated. The
influence of the activator module Ms ratio (SiO2/K20), modifying the
percentages of KOH (8 M) and potassium silicate has also been studied to
optimize the technological properties of binders. The results of this study
demonstrate the feasibility of using gasification residues for the forma-
tion of alkali activated materials with great mechanical, physical and
thermal properties has been demonstrated.

2. Materials and methods
2.1. Raw materials

The raw materials used in this study consist of two industrial by-
product originating from distinct sources. The first was electric arc
furnace slag (EAFS), which is a by-product of the refining process in an
electric arc furnace. It was provided by Sidertrgica Balboa S.A., a
company located in Jerez de los Caballeros (Badajoz, Spain). The second
material was acorn gasification ash (AGA), derived from a gas extraction
process involving biomass, known as gasification, and was produced at
VALORIZA: Research Centre of Endogenous Resource Valorization, sited
in Portalegre (Portugal).

EAFS were initially delivered with a maximum size of 4 mm,
although they were crushed before in a jaw crusher. Conversely, while



M.A. Goémez-Casero et al.

Construction and Building Materials 407 (2023) 133533

Table 1
Chemical composition of raw materials.
SiO4 Al,O3 Fe,03 MgO CaO NayO K>O SO3 P,0s Cl LOI
EAFS 18.59 9.44 28.61 4.56 29.45 0.2 0.04 0.4 0.38 0.21 1.39
AGA 12.36 2.95 15.61 3.02 17.1 0.57 20.17 2.49 5.01 1.17 15.84
g - Gehlenite m - Magnetite W
mf - Magnesioferrite  a - Akermanite
1 - Larnite q - Quartz w o 1
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Fig. 2. Diffractograms of raw materials.
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Fig. 3. FTIR spectra of raw materials.

AGA had a maximum size of 40 mm. Therefore, both materials under-
went grinding in a ball mill and were sieved to achieve a particle size
below 100 pm. Additionally, AGA underwent calcination at 500 °C for 4
h to remove the organic matter present in the ash.

The particle size distribution of EAFS and AGA was determined using
laser diffraction analysis conducted with a Malvern Mastersizer 2000
laser diffractometer (Fig. 1). Both EAFS and AGA displayed a near-
uniform distribution, with uniformity values of 1.55 and 1.62, respec-
tively. However, there was a difference in specific surface area, with
EAFS measuring 2433 m?/kg and AGA measuring 1948 m2/kg. The
mean particle size (Dsg) was found to be similar: with EAFS at 13.1 pm,
and AGA at 12.0 pm. These values are considered suitable for the

synthesis of alkali activated materials [58].

The chemical composition, determined via XRF analysis using a PW-
2440 Philips Magix Pro, is presented in the Table 1. In the case of EAFS,
the predominant components were CaO (29.45 wt%) and Fe,O3 (28.61
wt%), accompanied by a significant quantity of SiO, (18.58 wt%) and
others components present in lesser proportions, such as Al,O3 (9.44 wt
%), MgO (4.56 wt%) and MnO (4.18 wt%). In contrast, AGA was char-
acterized by a prominent K;O content (20.17 wt%) along with sub-
stantial amounts of CaO (17.1 wt%), Fe203 (15.61 wt%) and SiO2
(12.36 wt%). Additionally, AGA contained other components in smaller
quantities, including MgO (3.02 wt%), AlyO3 (2.95 wt%) and SOs3 (2.49
wt%). It’s noteworthy that the SO3 content in AGA falls within the limit
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Spectrum 2

Fe
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Fig. 4. SEM-EDX images of raw materials at 1000x.

established by the European standard EN 15167-1, which specifies a
maximum of 2.5% for sulphates [59]. In contrast, the ASTM C618
standard sets a 5% limit for the use of supplementary cementitious
materials [60]. It is worth noting that the LOI (Loss on Ignition) value of
AGA was relatively high, at 15.84 wt%.

Raw materials were subjected to X-Ray Diffraction (XRD) analysis,

and the results are despicted in Fig. 2. The analysis was conducted using
a PANalytical Empyrean instrument equipped with a PIXcel-3D detector,
and peak identification was performed using HighScore software. In
addition, a semi-quantitative analysis was performed via HighScore
software, without considering the amorphous phases. In the case of
EAFS, the XRD analysis revealed the presence of crystalline phases such
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Table 2
Dosage of activators used and Ms ratio.
Solution code Water (g) KOH (g) Silicate (g) Ms
K1 52.36 27.64 80 0.89
K2 36.65 19.35 104 1.38
K3 26.18 13.82 120 1.84
Table 3
Dosage of mixtures.
Paste code Ash (g) Slag (8) Ms Si/Al Nay0/S03
Control-K1 0 400 0.89 2.04 0.65
Control-K2 1.38 2.16
Control-K3 1.84 2.23
25AGA-K1 100 300 0.89 2.30 0.41
25AGA-K2 1.38 2.43
25AGA-K3 1.84 2.52
50AGA-K1 200 200 0.89 2.69 0.34
50AGA-K2 1.38 2.86
50AGA-K3 1.84 2.97
75AGA-K1 300 100 0.89 3.35 0.31
75AGA-K2 1.38 3.58
75AGA-K3 1.84 3.74
100AGA-K1 400 0 0.89 4.75 0.30
100AGA-K2 1.38 5.11
100AGA-K3 1.84 5.34
Ms =0.89, K1
5 m1d =7d m28d m56d
S 30
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as gehlenite (CaAl(SiAl)O7, 25 %), larnite (CagSiO4, 37 %) and wuestite
(FeO, 25 %). These crystalline phases commonly observed in this type of
slag [36]. Additionally, traces of magnesioferrite (Mg(Fe3+)204, 7 %)
and magnetite (Fe3sOy4, 6 %) were also detected in EAFS. As for AGA, the
prominent crystalline phases identified were magnetite (27 %), fair-
childite (KoCa(COs3)2, 41 %) and sylvite (KCl, 12 %). These findings align
with previous studies using biomass ash [61,62]. In addition, lower
quantities of quartz (SiO2, 10 %) and akermanite (CaoMg[Si2O7]1, 10%)
were identified in AGA.

Attenuated Total Reflectance Fourier Transform Infrared Spectros-
copy (ATR-FTIR) was conducted on the raw materials using a Nicolet
iS10 Thermo Scientific instrument. The primary bands identified in raw
materials were observed centred at 1396, 858 and 503 cm ™" for EAFS,
and at 1433 and 1025 cm™! for AGA (Fig. 3). Bands centred between
1390 and 1440 cm ™! were assigned to the vibration modes of 0—C—O
bonds [63], confirming the presence of carbonates (CO32). The band
centred at 959 cm™! in the case of EAFS and 1025 cm ™! in AGA are
attributed to the vibration mode of Si—O—T bonds (T represents
tetrahedral Si or Al) [64], according to the chemical composition and
glass structure. For EAFS, the most intensive peak observed at 858 cm™!
is associated with the stretching vibration of Ca—O and Si—O bonds
[65], which is characteristic of the gehlenite [66], identified in XRD
analysis (Fig. 2). Additionally, a shoulder centred at 887 em ™! was
identified, attributed to the asymmetric stretching of AlO4 groups [64]
The stretching bands centred between 2850 and 2900 cm ™' in raw
materials are attributed to OH and H—O—H bonds [65].

Samples were analysed by Scanning Electron Microscope - Energy
Dispersive X-Ray spectroscopy (SEM-EDX) using a JEOL SM 840 model.

Ms = 1.38, K2
m1d =7d =28d m56d
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Fig. 5. Compressive strength as function of AGA content and curing time of pastes, with different Ms ratio: a) 0.89, b) 1.38 and c) 1.84.
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Fig. 6. 3-D plot showing the effect of Ms ratio and AGA content at 56 days of curing in compressive strength.
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Fig. 7. FTIR spectra for samples with Ms = 1.38 at 28 days of curing as a function of AGA content.

It is evident that both raw materials exhibit similar granulometry
(Fig. 4). As demonstrated in the preceding section, both materials have a
relatively small mean size, which is suitable for use in the synthesis of
alkali-activated materials after grinding and sieving. The materials
consist of angular-shaped particles, although in the case of AGA, these
are less well-defined.

In EAFS, the presence of gehlenite, larnite and iron oxides (spectrum
1, 2 and 3) was observed, primarily compounds that are found in the

materials, along with traces of magnesioferrite (spectrum 4), in agree-
ment with the XRD analysis. On the other hand, spectrums of AGA
showed high quantity of Ca, Si and K, elements present in fairchildite,
quartz and/or akermanite (spectrums 5 and 6). Additionally, spectrum 7
and 8 confirmed the present of KCl (sylvite) and magnetite, respectively.
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Fig. 8. FTIR spectra for 25AGA-K2 as a function of curing time.

2.2. Samples preparation

Potassium hydroxide (KOH) and potassium silicate (K2SiO3) were
used as alkaline activators. Three potassium hydroxide to potassium
silicate ratios were used to obtain different Ms ratio (SiO3/K50). The Ms
ratio is an important parameter in the manufacture of alkaline activated
cements, since it affects the development of properties of the final ma-
terial. Dosage of activator are shown in the Table 2. KOH pellets were
delivered by GlobalChem with a purity of 85 %. Potassium silicate
commercial solution was supplied by Roth company (7.5-8.7% K30,
19.5-21.8% SiO, and 69.5-73.0% H,0). Liquid/binder ratio (1/b) was
stablished in preliminary test as 0.4, and it was kept for all specimens
synthetized.

The use of chars from the gasification process to enhance the prop-
erties of alkali activated cements was investigated by producing pastes
with different substitutions of slag for acorn gasification ash in different
proportions. In addition, control pastes consisting solely of slag were
also prepared. The mixture dosage are detailed in Table 3. Each speci-
mens was designated with the format xAGA-Ky, where “x” represented
the percentage of AGA and “Ky” denoted the activator code. For
instance, 25AGA-K2 referred to a specimen containing 25 wt% of AGA as
a substitute for slag and using the K2 activator, with a Ms ratio of 1.38.

Pastes were manufactured in a planetary mixer. Precursors were
mixed for duration of 90 s in order to homogeneously mix raw materials.
Following this initial mixing phase, the activator solution was intro-
duced into the mixture and further mixed for an additional 90 s. Sub-
sequently, a scraper was employed to ensure the complete incorporation
of materials adhering to the mixer walls, and an additional mixing
period of 30 s was applied. The resulting materials synthetized were
then transferred into moulds, which included prismatic silicone moulds
measuring 15x15x10 mm and cylindrical plastic moulds with a diameter
of 55 mm. Moulds with pastes were vibrated using a table shaker for 60 s
to eliminate air voids. Following this, moulds were stored within the
laboratory environment until the specified testing day (1, 7, 28 and 56
days of curing).

2.3. Tests developed

The prepared pastes underwent compressive strength testing in
accordance with the UNE-EN 1015-11:2000/A1:2007 standard [67]
using Tecnotest KD300/CE testing machine with a load capacity of 300
kN. For each specified testing day, four samples were subjected to

testing. Physical properties were determined for four samples following
the standard UNE-EN 1015-10 [68]. Thermal conductivity at 28 days of
curing was determined for two cylindrical specimens in accordance with
UNE-EN 12664:2002 [69]. This was accomplished using a FOX 50 TA
instruments heat flow meter, with duplicate measurements taken.
Powdered samples were subjected to characterization using Atten-
uated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-
FTIR) within the range of 4000 to 400 cm™!. This analysis was per-
formed using a Nicolet iS10 Thermo Scientific instrument. The identi-
fication of crystalline phases formed in the specimens were carried out
through XRD analysis, and crushed surfaces of the samples after
compressive strength test were further analysed using Scanning Electron
Microscope (SEM) test conducted with a JEOL SM 840 model.

3. Results and discusion
3.1. Mechanical properties

Compressive strength is the most important property in structural
materials. The behaviour of different proportions of replacement of
EAFS by AGA were studied. Results are shown in Fig. 5 for each Ms ratio
studied as a function of slag replacement and curing time. Control
pastes, using only EAFS obtained maximum compressive strength of
24.8 MPa at 56 days of curing.

The highest strength was attained when employing 25 wt% of AGA
as precursor. The maximum value obtained was near to 30 MPa in
compressive strength at 56 days of curing. However, when 50 wt% of
replacement was used, the resistance fell at 25.2 MPa at 56 days. Similar
value was obtained with 75 wt% of ashes in the compound. These values
are similar to those obtained by He et al. [70] at 28 days of curing. They
achieved compressive strength between 27 and 35 MPa at 28 days of
curing by 10 and 20 wt% CGS replacement in cement pastes.
Compressive strength value decreased using 100 wt% of ashes, with the
best value of 16.9 MPa at 56 days. The increase in compressive strength
with the increase of slag percentage is due to C-(A)-S-H gel formation,
which together with K-(A)-S-H gel form a denser matrix, thus increasing
mechanical strength [71]. Focused on error bars, it can be observed that
the strength deviation is smaller when the ash content is higher and
using the optimal activator. In the case of control paste or 25AGA-K2 at
56 days of curing, deviations are near to 5%, while using more quantity
of ashes, deviation values decrease up to 3%. Which could indicate that
ashes help to stabilize the deviations of the results. This trend is also
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Fig. 9. FTIR spectra at 28 days of curing as a function of Ms ratio in the activator: a) 25AGA and.

observed in other works using gasification waste as raw material [70].
Using a not optimal activator deviations increase above to 10%, prob-
ably due to the instability of the gel formed.

All binders exhibited an increase in their compressive strength values
as a function of curing time, owing to densification during the synthe-
tization process [72]. The compressive strength increased with lower
velocity in samples with ashes, obtaining similar results than control
pastes or higher with the incorporation of 25 or 50 wt% of AGA [56].
The significant SO3 content had an impact on the mixtures with AGA at
early ages, reducing the compressive strength, although this effect was
not appreciated at older ages [60,73]. In addition, SO3 content of AGA
favoured the alkali activation of slags [74]. For this reason, samples with
25 wt% of AGA achieved higher results than control pastes. A Na;0/SO3
ratio less than 0.5 (see Table 3) helped to obtain better properties [75].
Another parameter that affected to strength developed and gel forma-
tion were the high content of LOI and Cl [76]. LOI content produces a
decrease on mechanical properties and slower hydration kinetics
[77,78], while Cl had a negatively influence on matrix development
[79]. Therefore, higher compressive strengths are obtained in samples
containing 25 wt% of AGA, possibly due to an adequate SO3 content and

and lower LOI and ClI content. In addition, high amount of LOI and Cl
drop the durability of steel and other fibres used in reinforced com-
posites [76].

The influence of Ms ratio on compressive strength was also studied
(Fig. 6). The optimal range of compressive strength values for the
different compositions varied between 1.38 and 1.84 (activator K2 and
K3, respectively). High activator ratio has a positive effect in the solu-
tion of calcium from waste used (EAFS and AGA) leading to the for-
mation of a greater amount of C-(A)-S-H gel [80]. Additionally, the
dissolution process of Si and Al present in raw materials contributed to
the formation of geopolymeric gel K-(A)-S-H. In addition high Ms ratio
provide a greater amount of extra silicate to form a gel structure, and
EAFS have higher demand of potassium silicate than AGA for activation
at room temperature. Optimal compressive strength values for Ms ratio
of 1.84 were obtained for control samples and samples incorporating up
to 50 wt% of AGA. Therefore, the Ms ratio and EAFS/AGA proportion
have a synergistic influence to obtain optimum compressive strength.
Low Ms ratio (Ms = 0.89, K1) can have negative effect on compressive
strength, due to a weak dissolution of reacting species.

In control specimens and AACs with 25 wt% and 50 wt% of AGA, K3
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proved to be the optimal activator, yielding the best mechanical prop-
erties across all samples. Samples with 75 wt% of AGA and 100 wt% of
AGA developed higher strength (25.5 and 16.9 MPa, respectively at 56
days of curing) using K2 as optimal activator. Samples with high AGA
content have a high Si/Al ratio, which together with a high silicate ratio
due to an increase in the Ms ratio up to 1.84, produced an increase in
paste viscosity. The matrix developed was less homogenous, with more
content of unreacted particles and more porous, obtaining less me-
chanical strength results [23]. This trend was not observed in specimens
with greater EAFS content, which increased the compressive strength
with the increase of Ms ratio, according to Rafeet et al. [71].

The optimum Ms values obtained for the activation of these pre-
cursors differ from those reported in other studies using Na3SiOy and
NaOH. Soutsos et al. [81] used a solution of sodium silicate and NaOH to
activate slag blends with 13 different fly ashes, obtaining different op-
timum Ms values ranging from 1.00 to 1.25. In this range, Zhang et al.
[82] obtained the optimal value, specifically Ms = 1.2, for mortars
manufactured from metakaolin and fly ash as precursors, and NaOH and
Na3SiO» solution as activator, with Ms varying between 1.1 and 1.6. The
same Ms value was determined in another studio using fluid catalytic
cracking catalyst residue as precursor and a solution of sodium hy-
droxide and sodium silicate as activator, using Ms ratios between 0.7
and 2.33 [83].

3.2. Functional groups analysis: FTIR-ATR

Functional groups analysis via FTIR-ATR of pastes synthetized are
shown in the Fig. 7. In this analysis, bands centred between 900 and

1200 cm ! are attributed to Si—O—T bonds (T = Si or Al) stretching
vibrations [84]. This band is centred at around 970 em~ ! in control
paste. The replacement of EAFS by AGA produced a displacement of this
band to higher frequencies (around 985 cm ! using ash solely) [71,85]
This main peak is associate to amorphous gel in alkali activated mate-
rials (M—A—S—H gels, M = Ca or K) [86,87]. Low frequencies in this
band are attributed to C-(A)-S-H gel (range 950-990 cm’l) [88]. At
1100 cm ™! appear a shoulder, which is more pronounced when more
slag is used. This shoulder is attributed to alkaline gel (K-A-S-H gel) [89].

Absorption band observed in AACs, regardless of the amount of AGA
added, with Ms ratio of 1.34 and 1.89, are centred at 793 cm™! and are
associated with symmetric stretching of Si—O—Si bonds [90], present in
C-A-S-H gel. However, when Ms ratio decrease up to 0.89, this band
disappear and it appear a new band around 899 cm™! assigned to Si-OH
bending vibrations [91], due to reduction of extra silica in the activator
and the increase of alkalinity caused by decrease of Ms ratio.

The presence of OH groups were confirmed with bands centred
around 3000 and 1610 cm™?, related with the reaction products (hy-
drated phases) [65,92]. The band centred at 1610 em~! is and not
present in raw materials. These bands intensify with curing time [64]. In
addition, the hump centred between 2500 and 3500 cm™! is more
pronounced the higher ash content. Besides it was observed that the
hardening times are shortened, affecting to strength developed. On the
other hand, the band centred at 1433 cm™! is associated with the
presence of carbonates (CO3 2 groups), O—C—O0 bonds [64,72].

Fig. 8 illustrates the FTIR spectra of 25AGA-K2 as a function of curing
time. The intensity of bands centred at 3000 and 1610 cm™! increased
with curing time, as a consequence of alkaline activated process and the
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increase of hydration products with time. [92]. Although at 1 day of
curing present a high intensity, due to fresh state of paste. The band
centred at 970-990 cm ! also increased with curing time, indicating the
formation of C-(A)-S-H gel [93].

In Fig. 9, FTIR spectres of 25AGA and 75AGA at 28 days of curing,
varying the Ms ratio employed are presented. In the specimens, elevated
absorptions bands assigned to Si—O—Si bonds (970 ecm™ ') were
observed for optimal values of Ms ratio, K3 and K2, respectively, ac-
cording to other authors. Hui-Teng et al. [65] used ladle furnace slag
(LFS) and fly ash (FA) with different percentages and Ms ratio, and they
found an optimal value for Ms = 1.5. Upper and lower Ms resulted in a
lower intensity of the absorption band corresponding to Si—O—Si
bonds. Furthermore, the centre of this band moves to higher wave-
number values with increasing Ms, as also found by other authors.
[93,94]. This could explain the formation of a greater amount of gel
when the optimal Ms is used in the activator. The hump between 2500
and 3500 cm ™}, it was also observed that it is more pronounced when
higher Ms ratio was used in the activator.

10

3.3. Physical properties

Fig. 10 displays physical properties as bulk density, apparent
porosity and water absorption as a function of EAFS replacement by
AGA, with different Ms ratio. Bulk density decrease with AGA addition
independently of Ms used, possibly due to different between real den-
sities of raw materials: 3576 kg/m> and 2316 kg/m?, for EAFS and AGA,
respectively. Control-K3 paste has a bulk density of 2335 kg/m° at 56
days. The total replacement of slag with ash, specimens with 100 wt% of
AGA produced a significant reduction of the bulk density, decreasing up
to 1369 kg/m>. Similar trend was achieved with other activator. The
presence of carbonates and sulphates in ashes caused a flash setting of
pastes [60] which affected the densification, decreasing their bulk
density and mechanical strength, as well as producing an increase in the
porosity. In addition, results suffered greater deviations when an acti-
vator with high Ms ratio and high content of ash were used. Deviations
using K1 or K2 obtained errors less to 0.5% for all physical properties.
While samples activated by K3 activator reached deviation up to 3% in
apparent porosity and water absorption, and near to 1% in bulk density.

Bulk density increased with curing time for all specimens, due to the
densification process [34], see Fig. 11. In the case of Control-K3, values
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varied from 2308 to 2335 kg/m®, between 7 and 56 days of curing.
Taking into account any activator, values fluctuated from 2279 to 2335
kg/m°. The best specimen, in terms of mechanical strength, 25AGA
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samples obtained a range value between 1807 and 2138 kg/m>. The
greatest differences between samples were obtained for 50AGA, with
values from 1570 to 1976 kg/m>. Trend that was also observed for
75AGA, with bulk density between 1495 and 1730 kg/m°. The lowest
bulk densities were determined for 100AGA, between 1210 and 1418
kg/m®. Although all samples increased bulk density values from 7 to 56
days of curing, there are some specimens in which a decrease is observed
at 28 days with increasing values at 56 days of curing.

Regarding to the influence of the activator module, Ms (Fig. 12) it is
observed that for the control samples or low ash samples (25 wt% AGA),
the bulk density increased with increasing Ms ratio. The higher Ms ratio
in the activator, the higher silica content, resulting in higher densifica-
tion and lower porosity observed, as well as an increase of compressive
strength [23,71]. This behaviour was not observed in samples with more
ash content, where optimal activator to develop a dense matrix was K2.
This is due to excess silica in the K3 activator (Ms = 1.84) which inhibits
alkaline reactions, producing a less dense matrix and decreasing
compressive strength [21]. However, the differences in bulk density
using only slag or only ash were greater using K1 as activator. This
difference decreased, increasing Ms ratio. As the case of compressive
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Table 4
Semi-quantitative analysis performed for samples as a function of AGA content and using K3 activator at 28 days of curing.
Calcite-CSH gel Iron oxides Larnite Gehlenite Fairchildite Sylvite Quartz
Control 48 16 37 <1 <1 - -
25AGA 48 14 33 <1 <1 2 3
50AGA 46 14 31 <1 <1 5 5
75AGA 44 9 28 <1 <1 10 8
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Table 5
Semi-quantitative analysis performed for 25AGA-K3 samples as a function of curing days.
Calcite-CSH gel Iron oxides Larnite Gehlenite Fairchildite Sylvite Quartz
1d 42 14 34 <1 <1 2 8
7d 36 14 37 <1 <1 2 10
28d 48 14 33 <1 <1 2 3
56d 40 11 38 <1 <1 2 10

strength, an optimal value of Ms was found for the control and 25AGA
samples, and a different one for the rest of the samples with higher ash
content. The range of optimal values of Ms was between 1.38 and 1.84.

Water absorption affects the durability of samples, [20], so it is
another important property to evaluate. Water absorption increase with
increasing of amount of ash in the alkali activated materials [58],
reaching its lowest value when only slags were used (8.96% at 56 days of
curing of control pastes). The curing time also affect to water absorption,
decreasing values when curing time is increased. The decrease in water
absorption with curing time could be due to the pore structure
improvement leading to an improvement in compressive strength [20].
This behaviour of physical properties was found consistent with results
in mechanical strength. Water absorption and apparent porosity follow
the same trend, opposite to bulk density. An increase of apparent
porosity was observed when water absorption increased (Fig. 13) [95].

3.4. Thermal properties

Thermal conductivity results are shown in the Fig. 14. This property
is influenced by parameters as humidity, temperature, or density [96].
Specimens with higher ash content resulted in lower thermal conduc-
tivity developed and higher thermal insulation capacity [34]. In addi-
tion, differences are also observed depending on the activator used.
When the optimal activator is used, the value of thermal conductivity
goes up. This behaviour is according with results obtained in physical
and mechanical properties.
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3.5. Structural analysis

Diffractograms of XRD obtained from pastes at 28 days of curing
(Fig. 15) show calcite (CaCO3), C-(A)-S-H and iron oxides as main
crystalline phases. The presence of C-(A)-S-H gel and K-(A)-S-H gel were
confirmed with the hump between 25°-35° [86,89,971, coexisting both
in all compositions. The peak centred at 29° is associated to C-(A)-S-H
gel identification [70,97]. The intensity of this peak decrease when the
amount of ash increase [70]. The crystalline phase of calcite was iden-
tified (see Table 4). This pattern is overlapped with C-(A)-S-H gel, as a
result of carbonation of samples during curing process [98].

In all samples, promoting the conversion of K-(A)-S-H gel into C-(A)-
S-H gel. The reason is the presence of a higher quantity of Ca in both
waste, which together to high pH (>12) promotes the conversion or
degradation of K-(A)-S-H gel in favour of the C-(A)-S-H gel [50,99].
Other authors also observed that a higher Ca content favoured the for-
mation of C-(A)-S-H together with K-(A)-S-H [65], or the formation of
hybrid gel: K-C-(A)-S-H. The significant content of SO3 in ashes hindered
the precipitation of ettringite, which appears as traces in control pastes,
affecting to the hydration and formation of C-(A)-S-H gel [100]. This is
another reason of the increase of compressive strength in samples with
25 wt% ash addition.

Comparing the diffractograms of the 25CGA specimen at different
curing times (Fig. 16 and Table 5), it is verified that the intensities of
peaks change with time. Thus, the increase in the intensity of the peaks
attributed to the C-(A)-S-H gel with curing time indicates the increased
formation of this phase. The increment of the amount of gel causes an
improvement in mechanical and physical properties, as it shown in
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previous sections.

SEM images at 28 days of curing with different content of AGA
(Fig. 17) show that AACs with higher content of EAFS present a structure
more dense, with less porous. Moreover, it was identified that the
crystallinity increased with the increase in slags, which is attributed to
greater gel formation [71]. The porosity of samples, are small porous,
not resulting in any case large porous. However, when the slag content is
low, the porosity is very high in accordance with apparent porosity and
water absorption data, which affects to mechanical properties. This
trend was observed in other studies, although with smaller amounts of
replacement material [70].

EDS spectra show the coexistence of identified gels in previous sec-
tions: C-(A)-S-H gel, K-(A)-S-H gel and K-C-(A)-S-H hybrid gel. The
formation of C-(A)-S-H gel is identified with the appearance of intense
peaks of Si, Al and Ca (spectrum 1); while for the K-(A)-S-H gel, it is
related to intense points of Si, Al and K (spectrum 2). In addition, there
are areas with slightly intense peaks of Ca or K, which together with one
of the previous gels, they show the possible formation of K-C-(A)-S-H
hybrid gel (spectrum 3) [34,61]. In the other hand, it was observed the
decrease of density with adding AGA, worsening compressive strength
and showing less glassy texture, indicative of decreased gel formation
[71].

Micrographs of control sample and 25AGA pastes with different Ms
ratio in the activator at 28 days of curing are shown in Fig. 18. It can be
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seen that using an activator with low Ms, greater porosity is formed. By
increasing the Ms ratio, pores are filled, reducing porosity and
increasing the bulk density. For this reason, there is an increase in
compressive strength when Ms is increased. Besides, the detail image of
control paste using K1 and at 28 days of curing (Fig. 18-a2) confirm the
appearance of ettringite as expansion product of alkali activated cement
[74,75]. Comparing 25AGA-K1 and 25AGA-K3, it is also observed that
using a low Ms (higher KOH content), fluorescences appear as a conse-
quence of excess of potassium hydroxide (Fig. 18-c2 and Fig. 18-d2)
[101].

4. Conclussion

An investigation using electric arc furnace slags (EAFS) as raw ma-
terial, with different percentage of replacement by char from acorn
gasification process (AGA) and three different activators modulus (Ms =
0.89 (K1), Ms = 1.38 (K2) and Ms = 1.84 (K3)) has been developed. The
following conclusions can be drawn:

e Compressive strength exhibited a marked improvement, particularly
up to the incorporation of 50 wt% AGA, exceeding control pastes
(100 wt% EAFS). The composition with greater mechanical strength
was 25AGA using K3 as activator, achieving a compressive strength
of 30 MPa at 56 days of curing.
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Fig. 18. SEM images of pastes with different Ms in the activator: a) Control-K1 at 1000x secondary image and 3000x back-scattered electro image; b) Control-K3 at
1000x secondary image and 3000x back-scattered electro image; ¢) 25AGA-K1 at 1000x and 2000x; d) 25AGA-K3 at 1000x and 2000x.
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e The addition of up to 50 wt% AGA results in alkali activated cements
with higher mechanical strength, due to the higher formation of C-
(A)-S-H gel, K-(A)-S-H gel and C-K-(A)-S-H hybrid gel in both control
samples and samples containing up to 50 wt% of AGA. Incorporation
of up to 50 wt% of AGA favoured the alkali activation of EAFS slags.
Increasing the AGA content above 50 wt%, weakened the matrix
strength due to the paste viscosity and lower dissolution of reactive
species. Thus the matrix formed was less homogeneous, and more
unreacted particles and greater porosity appeared, culminating in
diminished mechanical strength.

Compressive strength data underscored that the optimal activator
ratio increases with higher AGA content. Notably, lower Ms values
(less thanl) led to the formation of alkali activated cements char-
acterized by reduced compressive strength. Hence, it is imperative to
consider both activator ratio and AGA content simultaneously to
achieve the desired compressive strength.

The microstructural analysis revealed the presence of C-(A)-S-H, K-
(A)-S-H and C-K-(A)-S-H gel in all compositions. Predominantly, C-
(A)-S-H gel with a chain structure was identified as the primary re-
action product in all samples. Structures highly polymerized, such as
K-(A)-S-H or C-K-(A)-S-H hybrid gel, were observed to a lesser extent.

In light of the findings, it can be concluded that biomass char derived
from the gasification process could be used as a precursor material in the
manufacture of alkaline-activated materials, when combined with
conventionally used materials like EAFS, to enhance their properties.
This approach contributes to the reduction of solid waste disposal in
landfills, thereby aiding in the mitigation of greenhouse gas emissions
and energy consumption compared to conventional Portland cement
production. Nonetheless, a thorough examination of the impact of
chlorine content on steel bars in reinforced concrete structures is war-
ranted. Such an approach would enable the generation of high-value
products with considerable benefits.
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