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Abstract: The sustainability of resources is becoming a worldwide concern, including construction
and building materials, especially with the alarming increase rate in global population. Alternative
solutions to ordinary Portland cement (OPC) as a concrete binder are being studied, namely the
so-called alkali-activated cements (AAC). These are less harmful to the environment, as lower CO2

emissions are associated with their fabrication, and their mechanical properties can be similar to
those of the OPC. The aim of developing alkali-activated materials (AAM) is the maximization
of the incorporated recycled materials, which minimises the CO2 emissions and cost, while also
achieving acceptable properties for construction applications. Therefore, various efforts are being
made to produce sustainable construction materials based on different sources and raw materials.
Recently, significant attention has been raised from the by-products of the steelmaking industry,
mostly due to their widespread availability. In this paper, ladle slag (LS) resulting from steelmaking
operations was studied as the main precursor to produce AAC, combined with phosphating bath
sludge—or phosphate sludge (PS)—and aluminium anodising sludge (AS), two by-products of the
surface treatment of metals, in replacement rates of 10 and 20 wt.%. The precursors were activated by
two different alkaline solutions: a combination of commercial sodium hydroxide and sodium silicate
(COM), and a disposed solution from the cleaning of aluminium extrusion steel dies (CLE). This
study assesses the influence of these by-products from the steelmaking industry (PS, AS and CLE) on
the performance of the alkali-activated LS, and specifically on its fresh and hardened state properties,
including rheology, heat of hydration, compressive strength and microstructure and mineralogy
(X-ray diffraction, scanning electron microscopy coupled with energy dispersive spectroscopy and
Fourier transform infra-red. The results showed that the CLE had no negative impact on the strength
of the AAM incorporating PS or/and AS, while increasing the strength of the LS alone by 2×.
Additionally, regardless of the precursor combination, the use of a commercial activator (COM) led
to more fluid pastes, compared with the CLE.

Keywords: phosphate sludge; aluminium anodizing sludge; ladle slag; alkali activated materials; sus-
tainability

1. Introduction

Globally, there is an increasing concern regarding the sustainability of the planet’s nat-
ural resources. The United Nations have set 17 sustainability goals, including sustainable
industrialisation, to increase the use of the current resources to their maximum extent and
encompass newer and cleaner technologies by 2030 [1]. Research is thus being conducted to
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alleviate the strain on resources, including the discovery of new raw materials for concrete,
especially those based on wastes and residues.

Concrete is fabricated globally with ordinary Portland cement (OPC), due to the well-
known secular mechanical strength and durability it can provide. However, the production
of OPC is a highly intense process, which includes a calcination step with temperatures up
to 1500 ◦C, resulting in significant carbon dioxide (CO2) emissions and, consequently, a very
harmful environmental impact [2,3]. Partial replacements of OPC with industrial wastes
are common practice nowadays [4,5], using, for instance, ground granulated blast-furnace
slag [6], coal fly ash [7], ladle slag [8,9], ceramic waste [10], among others.

The production of OPC is expensive, both in economic and environmental terms.
The cost associated with the construction and operation of an industrial unit devoted to
the fabrication of cement could be considerably reduced if alkali activation technology is
preferred. Alkali activated cements (AAC), as the newest generation of green concrete,
are the latest result of a long list of studies targeting the development of alternatives to
OPC. Regardless of its many possible origins (and AAC can indeed be produced from
a wide range of raw materials, most of it are wastes), the majority of the AAC reported
in the literature showed excellent or, at least, above-average mechanical and durability
performances. In addition to minimising the consumption of OPC, this ‘green’ binder
also favours the consumption of industrial wastes, offering significant environmental
benefits [11,12].

Alkali-activated binders can be used as eco-friendly alternative materials, with compet-
itive mechanical and durability properties, in comparison to Portland cement [13]. While
developing alkali activated materials, the aim is usually the maximization of the waste con-
tent, while also generating cost effective and sustainable alternatives for the construction
industry. Several studies showed that the capacity to incorporate industrial by-products, at
such significant scales, introduces environmental advantages and cost-effective solutions
in the construction industry [14,15]. However, it is important to notice that both fresh
and hardened state properties of AAC are significantly complicated to assess and predict,
especially due to the different parameters controlling the several phases of the reaction, as
well as the outcome of the curing period.

Annually, the transformation of steel in ladle furnaces generates very significant
volumes of by-products. At the same time, the physical–chemical process of anodization of
aluminium surface generates metallic hydroxide sludges. One of the proposed solutions to
minimise the landfilling of these by-products, and substitute it by a more environmentally
friendly alternative, while also minimising the cost and energy required for the fabrication
of Portland cement, is its application in the production of sustainable materials for the
construction industry [16–18], or in several other different types of applications, like
metallic elements immobilisation [19] or wastewater treatment [20,21]. In this paper,
several of these wastes—Ladle slag, aluminium anodizing sludge, a recycled solution
originally used to clean aluminium extrusion rods and phosphate sludge—were used to
develop AAC pastes.

The application of ladle slag (LS) in alkaline activation reactions is somehow prob-
lematic, due to its essentially crystalline nature. Nevertheless, some studies were recently
published that reported promising results. Adesanya et al. (2017) [22] studied the durability
of ladle slag activated with potassium hydroxide and sodium silicate (a rare combination of
the two elements), incorporating also different aggregate contents. After curing for 24 h at
60 ◦C, the compressive strength reached 50 to 75 MPa after 7 days, with subsequent strength
reduction at the 28-day curing mark, followed by a second strength increase, between 28
and 56 days. This fluctuation was explained by the authors, as a consequence of the “ . . .
conversion of metastable reaction product to a stable one”, a process similar to the hydra-
tion of calcium aluminate cement. The durability freeze-thaw tests indicated an improved
response as the aggregate content in the paste increased, with strength reductions, after the
freeze-thaw cycles, ranging from total failure (with no aggregate) to less than 1%, with a
sand-to-binder ratio of 1:6. Other authors obtained similar compressive strength values,
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using the same type of combined activator, and added fibrous reinforcement to mitigate
the brittle behaviour evidenced in several studies [23]. The fibres not only transformed
a ‘brittle’ behaviour into a ‘ductile’ behaviour, but they also help generate compressive
strengths in excess of 90 MPa, without the need for increased curing temperature, which
represents a significant performance improvement relatively to the 60 ◦C-cured study.
Another example of a promising result was obtained by Wang et al. (2016) [24], when
activating LS with a 10 M sodium hydroxide solution, with a constant SiO2/Na2O of 1.
The authors focused on mechanical and durability performance and concluded that an
increase in the alkali agent is beneficial for both the mechanical and durability response,
but detrimental for shrinkage, which was mitigated by curing under limewater.

The “World Aluminium” website reported a significant trend increase in the world-
wide production of alumina (both metallurgical and chemical grade), which increased from
147,000 tons in 2000 to 367,000 tons, in 2020 [25]. The corresponding “aluminium anodizing
sludge” (AS), generated during the anodization process, corresponds to approximately
47.5% [18], in weight, resulting in a variation between 70,000 tons (2000) and 174,000 tons
(2020). Ribeiro and Labrincha (2008) [26] estimated a total of 100,000 tons a year, in 2008,
in the EU space alone. Regardless of the large amount of AS produced worldwide, and
the various constrains associated with its landfilling, there is currently limited knowledge
regarding the application of these wastes in sustainable construction materials [27]. Never-
theless, significant efforts are being developed to look at new solutions for using AS in the
production of sustainable construction materials, preferably with a significant mitigation of
the calcination step. Mymrin et al. (2019) [27] combined three different industrial wastes to
form water-based binders, namely AS microparticles (65–90%), mortar wastes (0–15 wt.%),
and lime production wastes (5–20%). The resulting compressive strength reached 2.5 to
11 MPa, which is an acceptable strength interval for some types of construction bricks. The
authors also indicated that the use of AS microparticles can enhance the binding effect
of the lime production waste, because of its high alkalinity and reactivity [18]. Onutai
et al. (2015) [28] used aluminium hydroxide waste in the production of alkali activated fly
ash-based materials. It was found that the influence of the aluminium hydroxide waste on
mechanical strength depends on the sodium hydroxide concentration and curing regime.
As aluminium waste could be a source of alumina, it could affect the condensation reaction
to form Si-O and Al-O in alkali activated materials. The results indicated that a suitable
geopolymer was obtained with an aluminium waste content of 40%, which was then
activated by a 10 M NaOH solution, cured at 80 ◦C. Aluminium anodising sludge was
also used in geopolymers based on mine tailings, to improve the resulting mechanical
strength [29]. The AS enhanced the geopolymerisation degree and rate, due to a decrease
in the Si/Al ratio, which was only possible given the free Al that could be introduced in
the matrix, from the AS.

Generally, alkali activators are a combination of sodium hydroxide and sodium silicate,
which are responsible for the economic and environmental drawbacks associated with
alkaline activation [30]. Thus, some efforts are being made to develop more sustainable
alternatives to these commercial reagents. Ogundiran et al. (2016) [31] used AS as an
activator in alkali activated fly ash-based binders, as a substitute of commercial silicate
solutions. It was observed that the use of AS produced the lowest mechanical strength
(35–75%) and longer setting time (30–40×), when compared with the pastes fabricated
with potassium silicate. Cristelo et al. (2019) [32] used the same recycled alkaline solution
proposed in the present paper to activate a combination of waste glass and AS. Results
showed that this solution, although presenting a lower pH than its initial condition, due to
the several cleaning cycles to which it was submitted, was perfectly capable of activating
the mentioned precursors, producing pastes with compressive strength values in excess of
8 MPa.

There are only a few studies focusing on the reuse of phosphate sludge (PS) in the
production of sustainable construction materials. Most of these studies are mainly targeting
the development of new treatment approaches for solidification/stabilization of stainless-
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steel PS, with some success. Gupta et al. (2019) [33] replaced 10% of OPC with PS, finding
that such replacement can increase the compressive strength, and that PS can be used in
common applications such as pavement tiles. Muliawan and Astutiningsih (2018) [34]
mixed PS with kaolin to fabricated ceramic bricks, obtaining compressive strengths in
excess of 20 MPa with a PS weight content 20%, sintered at 1200 ◦C. PS has also been used a
clinker additive [35]. Other applications in the construction industry include the inclusion
of PS as an aggregate [36], or as an additive to reduce porosity of clay blocks [37].

The present study assessed the combination of ladle slag with AS and PS, in order to
obtain suitable pastes, with the required mechanical performance, exclusively based on
by-products from the steelmaking industry. The impact of different combined contents of
AS and PS in alkali activated ladle slag cements was assessed, as well as the activation of
these combined precursors with a disposed solution, originally used in the steelmaking
industry to clean aluminium extrusion rods. The study considered both fresh and hard-
ened state, and determined the setting time, heat of hydration and compressive strength.
Moreover, microstructural and mineralogical characterisation (SEM/EDX, FTIR and XRD)
allowed a deep understating of the role of each waste in the final products. The aim was
the maximisation of the compressive strength, while also incorporating the maximum
waste content.

2. Experimental Plan
2.1. Materials

The ladle furnace slag (LS) was recovered from the steel company Megasa, located in
the north of Portugal, while the aluminium anodizing sludge (AS) and the iron phosphate
sludge (PS) were recovered from an aluminium anodizing company and from a carbon
steel wire plant, respectively.

Since both the AS and the PS are recovered in sludge form, incorporating significant
water contents—ranging from 50 to 80%, depending on the filtering and drying conditions
in the plant—the raw materials were immediately dried upon arrival to the laboratory,
followed by a thorough milling process, to increase their specific surface and, thus, improve
their reactivity. The PS was crumbled in a mortar mixer, and then crushed by hand using a
mortar and pestle until all particles achieved a diameter of 250 µm. The AS was milled in a
ball mill for 1 h, while the LS particles below 250 µm were submitted to the same ball mill
for 8 h. Homogenisation of the dry materials blends was achieved in a vibratory disc mill,
for 1 min, at 1200 rpm. Specific gravities of 3.06, 2.27 and 2.66 g/cm3 were obtained for the
LS, AS and PS, respectively, using a Le Chatelier volumenometer [38].

The particle size distribution of the three residues, obtained by laser diffraction on
a Coulter LS 130 (range between 0.05 mm and 880 mm), is shown in Figure 1. Note the
significantly high particle content under 32 µm, for all three materials—88.6% (LS), 75.0%
(AS) and 93.2% (PS). The efficiency of the milling process on the LS is very clear, since the
under 32 µm particle content of the original residue (Figure 1) was just 47.4%.

The composition of the raw materials, obtained by X-ray fluorescence (XRF), on a
BRUKER S8 TIGER X-ray spectrometer, is presented in Table 1. The LS shows significant
calcium oxide and silica contents, with an accumulated weight of 70%. The AS is basically
aluminium hydroxide (94%), with a small percentage of sulphur trioxide (3.0%) and sodium
oxide (2.4%). The PS is mostly phosphorous pentoxide and iron oxide (accumulated weight
of 79%), with traces of sodium (3.6%) and calcium (1.0%). The presence of all these oxides
resulted in considering the potential combination of these materials as precursors in alkaline
activation reactions.
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Table 1. Chemical composition of the LS, AS and PS (% wt.).

Element LS AS PS

Na2O 0.13 2.4 3.6
SiO2 18.79 0.3 -

Al2O3 7.39 - -
Al(OH)3 - 94.1 -

MgO 5.41 - -
K2O 0.03 - -
CaO 49.48 - 1.0
TiO2 0.40 - -

Fe2O3 10.07 - 35.2
ZnO 1.25 - 12.9
MnO 1.43 - -
BaO 0.10 - -
P2O5 - - 43.7
SO3 3.42 3.0 -

P2O5 0.07 - -
Cl 0.05 - 2.4

Cr2O3 0.68 - -
CuO 0.03 - -

F 1.20 - -

Some chemical elements are essential to have polymerisation reactions in alkali-
activated reactions, namely aluminium, silicon, calcium and sodium. Based on the chemical
compositions presented in Table 1, the LS is mainly rich in calcium species, while the AS is
rich in aluminium, sulphur and sodium. Finally, the PS shows high contents of iron and
phosphor. The AS and PS were added to the LS, as co-precursors, to compensate for its low
content of Al and Si species. Therefore, different mass ratios of AS and PS were tested, as a
partial replacement of the LS.

In terms of mineralogy (Figure 2), the LS presented calcium aluminosilicate and
calcium sulphate as the main phases. The AS diffractogram revealed gibbsite as the only
crystalline phase, while the PS main phase was phosphosiderite.
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[Ca6O4Si]; g = gibbsite [Al(OH)3]; gr = grossular [Ca3Al2(SiO4)3]; ph = phosphosiderite [Fe3PO4 +
2(H2O)].

Two different activators were used in this study: a ‘commercial’ solution (COM),
combining sodium hydroxide (SH) and sodium silicate (SS), with an SH/SS weight ratio of
2; and a NaOH-based solution originally used, by the Portuguese aluminium processing
industry, to clean the aluminium extrusion dies. The latter will be hereafter referred as
‘cleaning’ solution (CLE) [32]. The sodium hydroxide pellets, with a specific gravity of
2.13 and 99 wt.% purity, were dissolved in distilled water to attain a 5 M solution. The
sodium silicate solution, with a specific weight of 1.464 g/cm3 at 20 ◦C, was prepared with
a SiO2/Na2O wt. ratio of 2.0 (i.e., a molar oxide ratio of 2.063) and a Na2O concentration of
13.0%. The CLE solution presented a density of 1.25 g/cm3, with Na and Al contents of
172 g/L and 25 g/L, respectively. An acid-base titration, with 1 N HCl, revealed a sodium
concentration slightly above 7 M on the CLE, for an average pH of 13.9.

2.2. Preparation and Mechanical Testing

The design of the experimental study was based on the pastes presented in Table 2. A
total of eight formulations were defined, of which four were activated with the ‘commercial’
solution (COM), and the remaining four were activated with the ‘cleaning’ solution (CLE).
The activator content of each paste was previously defined, based on trial and error to
determine the minimum liquid phase required for proper homogenisation. Due to the
different chemical and physical composition of each raw material, which resulted in
different liquid requirements, it was not possible to adopt the same liquid content for each
of the four pastes. Moreover, since the concentration of the two activators was also slightly
different, the COM and CLE contents for the pastes with PS was not the same.
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Table 2. Composition of the pastes studied.

Paste ID Precursors (Solids) Activator/Solids
(A/S)LS AS PS

(wt.%) (wt.%) (wt.%) (wt. Ratio)

L-COM 100 0 0 0.40
LA-COM 90 10 0 0.50
LP-COM 90 0 10 0.75

LAP-COM 80 10 10 0.55

L-CLE 100 0 0 0.40
LA-CLE 90 10 0 0.50
LP-CLE 90 0 10 0.85

LAP-CLE 80 10 10 0.85

The homogenisation of the pastes was performed with a benchtop drill press, coupled
with a mixer blade. After mixing for 3 min, the pastes were immediately submitted to
mini-slump tests or casted in prismatic moulds with 1 × 1 × 6 cm (Figure 3a), and left to
cure, at 25 ◦C and 99% R.H. The removal from the moulds occurred 6 days after fabrication,
while the uniaxial compressive strength testing (UCS) was performed after 7 and 28 days.

Mini-slump cone tests were performed to monitor the change in workability of the
fresh pastes over time, following the contents of the ASTM C143. A conical mould is filled
with paste and lifted quickly, allowing the paste to flow onto the table surface. The diameter
of the spread paste is then measured along two perpendicular axes. It was noted that the
pastes prepared with the COM activator showed a faster setting rate than those prepared
with CLE. Furthermore, the incorporation of AS caused some delay of the setting time.

The mechanical performance was assessed on an IBERTEST AUTOTEST 200/10 SW
servo-hydraulic testing machine. Uniaxial compressive strength (UCS) tests were carried
out under monotonic displacement control, at a rate of 0.07 kN/s. Each specimen was
initially submitted to a flexural strength test, and the resulting halves were then submitted
to compressive strength tests, as proposed by the ASTM D1633-17. Prior to testing, all
specimens were measured and weighted. The UCS values presented in this work represent
the arithmetic average of five tested specimens.
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After the UCS tests, samples from each paste were ground, using a mortar and
pestle, and frozen with an acetone/ethanol solution, to detain the chemical reactions.
These samples were later submitted to X-ray diffraction (XRD) and observed by scanning
electron microscopy (SEM), coupled with energy dispersive X-ray spectroscopy (EDX).
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The mineralogical analyses were carried out on a BRUKER D8 ADVANCE diffractometer,
under CuKα radiation (40 kV and 30 mA), covering a 5–60◦ 2θ range with a nominal step
size of 0.011973◦ and 0.5 s/step. A Hitachi S-4800 scanning electron microscope (20 kV),
working in low vacuum mode (1.3 mbar) and fitted with an Oxford LINK-ISIS X-ray energy
dispersive analyser (EDX), was used to perform the microstructural analyses.

Calorimetry tests were also performed, allowing the monitoring of the heat released
throughout the reactions, using a TAM Air isothermal calorimeter, at a constant temperature
of 25 ◦C. The samples were prepared according to the previously defined formulations
presented in Table 2. The procedure to carry out the homogenisation of the samples was
the same adopted to the preparation of the prismatic specimens (mixing time of 3 min
using a benchtop drill press). The small containers used in the tests were sealed and placed
in the calorimeter after being filled with the respective pastes.

3. Results and Discussion
3.1. Workability

The results of the mini-slump tests are shown in Figure 4. It is observed that the
activator type has significant impact of the spread diameter (with differences of more than
50%). Regarding the pastes L-COM and LA-COM, the spread values practically doubled,
when compared to the L-CLE and LA-CLE counterparts, although the alkali activator/solid
ratios are the similar or very close, in the case of pastes L, LA and LP.

Sustainability 2021, 13, 9938 8 of 18 
 

After the UCS tests, samples from each paste were ground, using a mortar and pestle, 

and frozen with an acetone/ethanol solution, to detain the chemical reactions. These 

samples were later submitted to X-ray diffraction (XRD) and observed by scanning 

electron microscopy (SEM), coupled with energy dispersive X-ray spectroscopy (EDX). 

The mineralogical analyses were carried out on a BRUKER D8 ADVANCE diffractometer, 

under CuKα radiation (40 kV and 30 mA), covering a 5–60° 2range with a nominal step 

size of 0.011973° and 0.5 s/step. A Hitachi S-4800 scanning electron microscope (20 kV), 

working in low vacuum mode (1.3 mbar) and fitted with an Oxford LINK-ISIS X-ray 

energy dispersive analyser (EDX), was used to perform the microstructural analyses. 

Calorimetry tests were also performed, allowing the monitoring of the heat released 

throughout the reactions, using a TAM Air isothermal calorimeter, at a constant 

temperature of 25 °C. The samples were prepared according to the previously defined 

formulations presented in Table 2. The procedure to carry out the homogenisation of the 

samples was the same adopted to the preparation of the prismatic specimens (mixing time 

of 3 min using a benchtop drill press). The small containers used in the tests were sealed 

and placed in the calorimeter after being filled with the respective pastes. 

3. Results and Discussion 

3.1. Workability 

The results of the mini-slump tests are shown in Figure 4. It is observed that the 

activator type has significant impact of the spread diameter (with differences of more than 

50%). Regarding the pastes L-COM and LA-COM, the spread values practically doubled, 

when compared to the L-CLE and LA-CLE counterparts, although the alkali 

activator/solid ratios are the similar or very close, in the case of pastes L, LA and LP. 

 

Figure 4. Mini-slump tests’ results. 

When COM was used as the activating solution, it is observed that the paste made 

exclusively from slag (L-COM), with a A/S = 0.40, requires a considerably lower liquid 

phase to achieve a spreading value equal to that obtained for the paste LP-COM (A/S = 

0.75), to which phosphate sludge was added. On the other hand, when comparing the 

pastes L-CLE (A/S = 0.40) and LP-CLE (A/S = 0.85), with CLE as the activating solution, 

different A/S ratios lead to similar spreading values. 

The reason of these differences in spreading diameters come from mainly these two 

reasons: (1) Differences in size and geometric shapes of particles: Geometrical binder’s 

shapes effect mainly on alkali demand, and angularity and surface roughness [39]. 

Moreover, angularity and surface roughness affect the interaction of particles, and this 

increases the internal friction. In general, regardless of alkali activator type, it seems that 

Figure 4. Mini-slump tests’ results.

When COM was used as the activating solution, it is observed that the paste made ex-
clusively from slag (L-COM), with a A/S = 0.40, requires a considerably lower liquid phase
to achieve a spreading value equal to that obtained for the paste LP-COM (A/S = 0.75), to
which phosphate sludge was added. On the other hand, when comparing the pastes L-CLE
(A/S = 0.40) and LP-CLE (A/S = 0.85), with CLE as the activating solution, different A/S
ratios lead to similar spreading values.

The reason of these differences in spreading diameters come from mainly these two
reasons: (1) Differences in size and geometric shapes of particles: Geometrical binder’s
shapes effect mainly on alkali demand, and angularity and surface roughness [39]. More-
over, angularity and surface roughness affect the interaction of particles, and this increases
the internal friction. In general, regardless of alkali activator type, it seems that replacing LS
with PS and AS enhanced the workability; (2) the properties of alkali activators: the molar
ratio of SiO2/Na2O and the Na2O concentration of the activator are mainly responsible
for fluidity in AAMs [40]. These two parameters affect the pH value and accelerates the
dissolution of reactive silicates and aluminates, which it increases the viscosity and reduces
the flowability. The sodium silicate solution is itself a solution of very high viscosity and
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an increase in its amount reduces the flow. Comparing CLE and COM indicates that alkali
solution effected on dissolution of reactive silicates and aluminates.

In general, these results show that the nature of the precursors and the activators plays
a decisive role with regard to the fluidity of the pastes that were analysed, and the consid-
erable increase in the liquid phase does not necessarily lead to higher spreading values.

3.2. Heat of Hydration
3.2.1. Pastes Fabricated with COM

Figure 5 shows the accumulated heat and rate of heat release during the activation
of AAMs with COM. The calorimetric responses show the existence of three peaks for
pastes L-COM, LA-COM and LP-COM. The initial peak of great intensity attributed to mix
L-COM, and another two peaks in compared to the first peak have considerably lower
intensity and broader, which appears a few hours later. The presence of aluminium sludge
and phosphate sludge in pastes LA-COM and LP-COM leads to a delay in the second
reaction peak, which results in longer induction periods. On the other hand, the LAP-COM
has a unique peak system with regard to the calorimetric response, which may be related to
the presence of both additives of AS and PS. Considering the magnitude of the initial peaks
of all pastes, it can be stated that the initial reactions are very fast (although the intensity of
the peaks is different from paste to paste).
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Regarding the accumulated heat curves (Figure 5b), it is observed that the degree
of “hydration” in the long term, considering the analysed period, seems to be higher for
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L-COM, LP-COM and LAP-COM, in comparison with the LA-COM. The fact that the
LAP-COM presents a greater heat accumulated over time may be related to the higher A/S
ratio (0.75).

The L-COM, LA-COM and LP-COM pastes presented accumulated heat curves with
three distinct phases. The initial growth rate may be related to the dissolution of the slag
particles, which is followed by a relatively “flat” phase, which concerns the induction
period. The growth rate that appears after the induction period may be due to a phase of
accelerated reactions (and formation of reaction products). The accumulated heat of the
studied pastes, after 36 h, is in the range 65–80 J/g.

3.2.2. Pastes Fabricated with CLE

Figure 6 shows the heat flow and the accumulated heat during the activation with
CLE. Pastes LA-CLE, LP-CLE and LAP-CLE exhibit a calorimetric response with a single
peak system, unlike the L-CLE (consisting exclusively of slag), which maintains a two-peak
system. As with the L-CLE, the second acceleration peak in the L-CLE paste appears after
3 h, although the intensity of this peak is significantly lower in this case. As can be seen, the
use of this activator influences the kinetics of the reactions, especially for pastes that include
co-binders, which exhibit only an initial peak of acceleration. This type of calorimetric
response, in which only a single peak of great intensity is observed, suggests that it is at
this stage that the main precipitations of the reaction products are generated. Similar to
what was observed previously, for the CLE-activated pastes, the magnitude of the initial
peaks of the COM-activated pastes suggests that the initial reactions are very fast (again,
significant differences are found between the peak intensities).

Regarding the accumulated heat (Figure 6b), a similar trend to the LA-CLE paste is
observed, which is the one that exhibits a lower degree of “hydration” in the long run.
The L-CLE presents a curve of accumulated heat in which three distinct phases can be
identified: increasing initial rhythm regarding the dissolution of the slag particles and a
later increasing rhythm in which there is a phase acceleration of reactions (between the
initial dissolution phase and the second acceleration rhythm the induction period appears).

The accumulated heat of the CLE-activated pastes, after 36 h, is in the range 60–80 J/g,
which is very close to the range verified for the pastes activated with COM (65–80 J/g).
This circumstance suggests that the degree of reaction of the pastes studied in the analysed
period, regardless of the activator used, is similar.

3.3. Uniaxial Compressive Strength

Figure 7 shows the compressive strength after 7- and 28-days curing. The maximum
UCS was registered by the L-COM paste (approximately 22 MPa), after 28 d. This paste
reached 50% of its final strength after 7 days, suggesting an early fast reaction rate. This
trend (i.e., early strength gain) was observed for all pastes prepared with the COM ac-
tivator, although it should be noted that the values shown by the LAP-COM paste are
negligible when compared with the reference paste (L-COM), in which only LS was used.
However, it should be noted that even lower strength AAMs can be used for non-structural
applications [41].

Pastes activated with CLE showed a different behaviour from those fabricated with
the commercial activator. Regardless of the fact that the COM activator produced the
paste with the highest UCS (L-COM), it is significant that the substitution of the slag by
AS and/or PS was less detrimental in the CLE system. Moreover, the LA-CLE reached a
28-day UCS even higher than the reference L-CLE, suggesting that the incorporation of the
AS was effective, in terms of mechanical behaviour.
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Depending on the precursor combination, the 7 and 28 days UCS can be higher in the
COM or CLE systems, depending on the precursor used. On the other hand, replacing
the slag with either AS or PS required an increase in activator, which led to an increase in
porosity and, subsequently, a decreased in strength. After 28 days, the maximum UCS in
this study (obtained with the L-COM), was approximately 11 MPa higher than the most
performing CLE-based paste (LA-CLE). However, replacing the slag by PS (instead of AS),
although detrimental in both systems, was, nevertheless, more effective in the CLE than in
the COM system.

Based on the compressive strength data, it is clear that different activators produced
significant differences between the reference pastes (L-COM and L-CLE), of more than
6×, after 7 days, and 2.5× after 28 days. Using different alkali activators affects the
OH−1 concentration and, thus, the dissolution rate of the Si, Al and Ca species and the
ion-exchange required for new chemical reactions to occur. Therefore, it is expected
that it affects more intensely the formation process of the C-A-S-H and C-(A)-S-H type
gels [42]. The comparison between the compressive strength obtained during this study
with data previously reported by Mymrin et al. (2018), which obtained UCS values
between 2.5 and 11 MPa when combining AS with construction and demolition waste
and residues from the production of lime, indicates that the materials now developed are
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very competitive in terms of mechanical behaviour, with a high potential for different,
non-structural applications.
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3.4. Microstructure and Mineralogy
3.4.1. SEM-EDX

The SEM micrographs presented in Figure 8 reveal the general morphology of the
pastes prepared with L, LA or LP, activated by COM or CLE, after 28 days curing. The
combination with EDX analysis allowed to identify the main phases in the pastes, result-
ing from the combination of different precursors and alkali activators. The images are
complemented with the gel composition of each paste (Table 3), characterised by the most
influential atomic molar ratios obtained from the EDX average values of a minimum of
15 points.

Table 3. Atomic molar ratios of the gel phase of different pastes obtained from EDS analysis.

Paste ID Atomic Molar Ratios

Al2O3/SiO2 Al2O3/Na2O CaO/SiO2 Na2O/CaO MgO/Al2O3

L-COM 0.28 1.08 4.43 0.16 0.67
LA-COM 0.63 4.25 3.47 0.19 0.18
LP-COM 0.32 0.98 5.75 0.18 0.49

L-CLE 0.21 1.67 4.79 0.07 0.48
LA-CLE 0.40 1.79 2.85 0.19 0.26
LP-CLE 0.21 0.42 2.67 0.31 0.50

Differences in the Al2O3/SiO2 and CaO/SiO2 molar ratios are mostly related with the
precipitation, type of ion bonding and degree of condensation of the aluminosilicate struc-
ture in the gels. According to the morphology overview, using different alkali activators
significantly changed the gel formation of the reference pastes. C-(A)-S-H and (C,N)-A-S-H
were predominantly found in the L-COM system, while C-A-S-H gel was the main reaction
product generated in the L-CLE. Differences in the gel formation (both in terms of quality
and quantity) impacted the porosity of the matrix, which can help justify the differences
registered in the mechanical strength.
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Regardless of the type of activator, and as expected, replacing the LA slag with AS
increased the content of Na2O and Al2O3, and decrease the content of SiO2, relatively
to the reference pastes (L-COM or L-CLE). The high aluminium oxide content of the AS,
especially, showed a significant influence on the composition of the gel. As confirmed by
the data presented in Table 3, the molar ratios Al2O3/SiO2, Al2O3/Na2O, and Na2O/CaO
increased due to the replacing of the LS with the AS. These ion exchanges influenced the
formation of the respective gels, with (C,N)-A-S-H predominantly forming in the pastes
with 10% AS (Figure 8). It was possible to observe the formation of some microcracks
within the matrixes developed from the CLE activator, especially those including AS or PS.

Regarding the CLE systems, the partial substitution of LS by PS produced a relevant
change in the morphology of the material, with an apparent reduction in porosity (which
was probably responsible for the strength increase showed by this paste). This effect is
possibly related with the increase in Fe2O3 and P2O5 content in the pastes, when the LS
was replaced with the PS, which decreased the heat of hydration and, consequently, the
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mechanical strength [43], relatively to the reference (L-COM and L-CLE) and even, in the
case of the cleaning solution systems, to the AS-based paste (LA-CLE).

3.4.2. XRD

A comparative XRD analysis was implemented to understand the impacts of using
different types of alkali activators and different contents of AS and PS on the crystallized
phases. The resulting x-ray diffractograms of the pastes are shown in Figure 9. The XRD
showed that the newly formed crystalline phases of the pastes included gypsum, iron
phosphate, calcium aluminate and thomsonite. The broad diffraction features of the major
peaks mainly occurred at around 28◦–34◦ 2θ, around the trace of calcium silicate and calcite.
Calcite is present in all the pastes, because of the slag [44], resulting from the carbonation
of any remaining pore solution. Variations in the diffraction intensity of the calcite is
due to the full removal of this pore solution (and the ions dissolved in it) by the solvent
exchange. The diffraction peak belonging to both calcite and calcium silicate is identified
at 29.5◦ 2θ, an angle which is usually assigned to calcium silicate hydrate gel, but it could
not be well-defined due to its semi-crystalline nature [45]. In this study, the intensity or
position of the diffraction peaks did not change significantly between the pastes containing
PS or/and LS. The only difference between the PS and LS pastes is the presence of the
zeolite-like thomsonite and the poorly crystalline C-A-S-H gel. The formation of these gels
greatly affected the mechanical strength. These mineralogical results suggest that either
the use of PS or/and AS or different alkali activators does not significantly change the
crystallography of the pastes.
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4. Conclusions

This study aimed to investigate the feasibility of using two different wastes recovered
from metallurgical industry in alkali activated ladle slag binders. In addition, two different
activators were used to activate these alternative materials. This paper was carried out
in multi-stages, including the clarification of different parameter impacts effects on the
kinetic chemical reactions using calorimetric behaviour, flowability, mechanical strength
and microscopic and mineralogical studies. According to the obtained results, the following
remarks can be highlighted:

Regardless of the content of PS or AS, the COM-based pastes obtained higher fluidity
than CLE (≥ 40%).

1. A similar accumulated heat was obtained for the pastes activated by CLE (60–80 J/g)
and COM (65–80 J/g). This suggests that their degree of reaction is close.

2. The maximum compressive strength was recorded with the L-COM (25 MPa). The
replacement of the LS with AS and PS generally reduced the UCS in the pastes
activated with COM, with the PS producing higher strength reductions than the AS.
With curing time, there was a shift in the most performing pastes, with the maximum
strength activated by the CLE-based formulations (5× higher than the COM pastes).

3. Using different alkali activators significantly changed the type of gel obtained with
the reference pastes, resulting in a difference of approximately 16 MPa between the
L-COM and L-CLE pastes.

4. Replacing LS with AS or PS in the CLE systems resulted in microcracks in the matrix.
5. The mineralogical results showed that the use of PS or/and AS, or the different alkali

activators did not significantly change the crystallography of the pastes.
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