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ARTICLE INFO ABSTRACT

Keywords: The construction sector is seeking sustainable alternatives to reduce CO, emissions, with cement replacement
Waste synthetic cotton fibres being a key strategy. Mineralised steel slag is a promising binder due to its reactive CaO and MgO content,
EAFS

enabling CO, sequestration via accelerated carbonation while maintaining mechanical performance. Incorpo-
rating textile waste cotton fibres offers complementary benefits, enhancing flexural strength and potentially
increasing CO, uptake through improved porosity and carbonation pathways. Given the global textile waste
surplus and low recycling rates, this approach supports circular economy goals. This study examines composites
combining carbonated steel slag with synthetic cotton fibres at three dosages, assessing carbonation uptake and
flexural strength under standard curing and wet-dry ageing cycles. Results indicate that fibres promote higher
CO; uptake by creating diffusion channels and improve mechanical behaviour, particularly at higher dosages.
Although durability cycles reduce toughness, they enhance environmental performance by facilitating greater

Accelerated carbonation
Fibre-reinforced binders
CO,, uptake

Slag-based binders
Wet-dry ageing cycles

carbonation.

1. Introduction

Cement is the primary binder in concrete and the major contributor
to CO, emissions in construction. To mitigate its environmental impact,
the sector is advancing by improving the sustainability of cement pro-
duction and developing alternative binders. The industry is optimising
processes, shifting to renewable energy and incorporating supplemen-
tary cementitious materials (SCMs) such as fly ash, silica fume, blast
furnace slag, metakaolin, and others derived from industrial or agri-
cultural waste. These materials not only act as fillers, but also exhibit
pozzolanic activity, enhancing thermal stability and mechanical per-
formance (Park and Lee, 2024) (Assi et al., 2018).

Efforts have also focused on developing cement-free binders through
alkali activation and carbonation. The properties of alkali-activated
binders are influenced by the composition of the raw material and the
type and concentration of the activating solution. Sodium and potassium
hydroxides, sometimes combined with water glass, are typical activa-
tors, and higher alkali concentrations generally yield stronger materials.
Despite promising mechanical performance, especially at high
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temperatures, geopolymers face scalability and cost challenges, partic-
ularly because of sodium hydroxide availability. These developments
suggest that geopolymers and other alternative binders could support
structural applications, especially in high-temperature environments,
offering a pathway to reduce the use of Portland cement.

Steel slag presents a viable path to reduce the dependence on Port-
land cement, addressing both carbon capture and sustainable con-
struction material development. Steel slag, a by-product of basic oxygen
furnace (BOF) and electric arc furnace (EAF) steelmaking, contains
reactive phases such as free CaO, MgO, and C,S, C3S that readily react
with CO, to form carbonates such as CaCOs and MgCOs. These
carbonation reactions are exothermic and thermodynamically favour-
able, mimicking natural weathering, but significantly accelerated under
controlled conditions (DiGiovanni et al., 2024) (Huang et al., 2024)
(Biava et al., 2024). Carbonated steel slag can sequester substantial
amounts of COy: studies estimate CO; uptake capacities of up to
130-330 g of CO-, per kg of slag depending on process parameters (Biava
et al., 2024), (Woodall et al., 2019). Carbonated steel slag is being
valorised in several applications: a) as a supplementary cementitious
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material (SCM), replacing a portion of Portland cement; b) as fine or
coarse aggregate in concrete; c) in novel binders such as carbonated
reactive magnesia cement (CRMC), incorporating additional waste
streams while maintaining compressive strengths up to 14.6 MPa after
24 h curing (Griinhauser Soares et al., 2022).

Another important source of waste materials, textile waste, has
become a critical environmental issue worldwide. Every year, approxi-
mately 92 million tonnes of textile waste are generated globally, a
number projected to increase to 134 million tonnes by 2030 if current
trends continue (Key et al., 2023) (Chen et al., 2021). For example, the
EU-27 generated approximately 6.95 million tons of textile waste in
2020 (16 kg per person), and the United States discarded ~11.3 million
tons in 2018 (~37 kg per person) (Chen et al., 2021). Clothing and
footwear constitute the largest waste category, about 75 % of EU textile
waste (5.2 Mt) in 2020 came from apparel, with the remainder from
household textiles (e.g. linens, carpets) and technical textiles (e.g. in-
dustrial fabrics, workwear). Unsold or unworn textiles add to the waste:
an estimated 4-9 % of textiles in Europe are destroyed before ever
reaching consumers, translating to 0.26-0.59 Mt wasted annually
(Agency, 2024). This linear model has made textiles a major environ-
mental burden, linked to 10 % of global carbon emissions and extensive
use of resources.

Current recycling rates for textiles are low. In general, only around
12-15 % of textile waste is recycled in any form and less than 1 % of the
used clothing is actually recycled into new garments. In the EU, for
example, only 22 % of post-consumer textiles are collected separately for
reuse or recycling, with the rest often landfilled or incinerated. The
United Kingdom manages to recycle about 30 % of used clothes (the
remainder going to disposal), while the United States recycles only
approx. 15 %. Some countries demonstrate better results, Germany re-
covers approx0.75 % of its textile waste for reuse/recycling, and Sweden
now collects over 95 % of discarded textiles, but these are exceptions
aided by efficient collection/sorting systems (Textile waste by numbers).
A key distinction lies between post-consumer waste textiles discarded by
end-users, and pre-consumer waste from manufacturing. Pre-consumer
wastes are relatively clean and homogeneous, and their fibre composi-
tion is known, which facilitates recycling at this stage. In contrast,
post-consumer textile waste is often mixed, contaminated, and harder to
recycle. As a result, the vast majority, roughly 80-85 % of used textiles
globally end up burned or dumped as waste (Chen et al., 2021).

Fibre type and material composition greatly influence recyclability.
Textiles made from a single fibre (e.g., 100 % cotton or 100 % polyester)
are much more amenable to recycling than blended fabrics. Natural fi-
bres (cotton, wool) can be mechanically downcycled into insulation,
rags, or shoddy, although fibre quality diminishes with each recycle.
Synthetic polymers (polyester, nylon) can be melted or chemically
recycled into new fibres, but only if collected and sorted pure. Currently,
only 8 % of textile fibres used worldwide are made from recycled inputs,
underscoring the need to improve circularity.

In this scenario, to address the environmental trade-offs and life
cycle impacts of using carbonated slag and textile waste fibres in con-
struction, the following research questions are posed: To what extent
does the incorporation of textile waste fibres improve the carbonation of
slag-based composites? And what is the synergistic potential of
combining carbonated steel slag with textile fibre waste to reinforce
brittle matrices?

The main objective of this work is to study influence of fibre dosage
on CO, uptake, and the mechanical behaviour of the composites. A
proven carbonation procedure was followed, so the waste textile fibre
dosage and the environmental cycles exposure. The flexural strength for
standard and wet-dry ageing conditions was determined; the study was
completed with MIP. A comprehensive study of carbon uptake was
performed by TGA and SEM-EDX analysis.
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2. Literature review

As is already known, by exposing slag-bearing materials to CO,
under various conditions, these calcium phases can be converted to
stable carbonates. There are three primary direct carbonation modes for
slag-derived systems: dry carbonation, where the gas reacts with dry or
minimally moist solids; thin-film carbonation, where CO5 is used to cure
a humid powder or compact, where only a thin water film coats the
particles and wet carbonation, where CO5 reacts with alkaline solids in
an aqueous medium (Ferrara et al., 2023). Each mode involves the same
fundamental chemical conversions of the Ca-bearing phases into CaCOs,
but through different mechanisms and process conditions.

Dry carbonation forms a strong surface layer useful for curing con-
crete products, but slow diffusion limits depth; requires long time or
high CO, to penetrate deeper. The typical CO5 uptake is limited by
surface reaction and varies from 5 to 15 wt%. Only the outer layer of the
surface of the particle carbonates, whereas the core remains unreacted.
Wet carbonation is the fastest and most complete carbonation (20-40 wt
% under optimal conditions), especially under pressure and heat; it can
completely sequester maximum COs, close to theoretical CO, capture,
and eliminate free CaO/MgO (Ferrara et al., 2023), (Bonfante et al.,
2024).

Thin-film carbonation has faster kinetics than dry carbonation and
more complete carbonation of particles. It is suitable for COy curing of
precast elements (semi-dry mixes). It maintains the shape of the product
and adds strength quickly, but must control moisture carefully: too wet
turns to slurry, too dry behaves like dry mode. Initially, if fresh slag
contains free CaO/Ca(OH),, carbonation is very rapid on the surface,
creating an immediate CaCOs layer. As time progresses, CO2 uptake
slows considerably because the porosity is progressively clogged by
carbonate precipitate. Moisture released by carbonation can raise local
humidity, but eventually the carbonate-lined pores impede further gas
diffusion, causing a self-limiting reaction.

In a thin-film, carbonation can follow two paths: a direct reaction at
the solid surface (like dry mode) and a slightly deeper hydra-
tion—carbonation because moisture penetrates pores. Hydration of free
Ca0/C3S occurs because the water in the film can hydrate CaO fully to
Ca(OH); and partially hydrate silicates to C-S-H: these hydrates then
immediately carbonate as CO5 dissolves in the same film. Essentially,
hydration and carbonation occur simultaneously or in rapid sequence in
thin-film conditions. Through a dissolution—precipitation mechanism,
calcium ions (Ca%™) can dissolve in the thin water layer—particularly in
highly alkaline environments, and subsequently react with carbonate
ions (CO%’) in solution to precipitate calcium carbonate (CaCOs), either
on the original particle surface or at a short distance away. This can lead
to carbonate crystals nucleating within the water film rather than
strictly on the solid surface. As a result, we may get finer CaCOs crys-
tallites distributed in the matrix. In particular, thin-film carbonation
often produces a mixture of CaCO3 polymorphs initially (due to slightly
higher supersaturation than at dry gas-solid interfaces). Transient
vaterite or aragonite may form at an early stage but typically recrys-
tallise to calcite as the system ages and dries, which is the stable form
detected in the final products. The overall reaction yield is still pre-
dominantly calcite. In summary, the chemical conversions in thin-film
carbonation mirror those of dry carbonation but proceed more
completely because of the improved reaction medium. All available
CaO, Ca(OH); will carbonate, and a larger fraction of Ca-silicates will
eventually convert because continuous moisture allows the continuous
hydration of their cores with concurrent carbonation.

Several authors provide models for the calculation of CO5 uptake,
theoretical CO, sequestration, and degree of carbonation, based on the
high reactivity of CO; for materials containing o-CaS, p-C2S, and free
MgO/CaO (Huntzinger et al., 2009). The analysis refers to calcium
carbonate as the main mineralisation product of the adopted steel slag;
however, it can be extended to other different carbonates, such as
magnesium-based.
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CO5, uptake is defined as the amount of CO, absorbed by a material
during carbonation. Common quantification methods include: mass gain
method (Huntzinger et al., 2009); thermogravimetric analysis (TGA)
(Ferrara et al., 2023); acid digestion (HCl-based release and quantifi-
cation) (Ferrara et al., 2023), (Fang et al., 2022). Theoretical CO4
sequestration represents the maximum possible CO, that can be
sequestered, based on the full reaction of reactive oxides. To estimate
theoretical CO5 sequestration, consideration must be given to the waste
composition and the extent to which the oxides are available for reac-
tion. The model is based on the percentages of mass of oxides and sub-
tracts carbonates and sulphates that are already present (Huntzinger
et al., 2009) (Ferrara et al., 2023) (Griinhauser Soares and
Castro-Gomes, 2022). A common formulation, adapted from Steinour’s
equation, is used in all studies. The degree of carbonation is defined as
the ratio of the actual CO, uptake to the theoretical potential; it quan-
tifies how much of the carbonation potential has been realised. It is
estimated by comparing the observed change in the dry mass of the
theoretical material with the calculated extent of carbonation based on
the composition of the pre-carbonated waste (Huntzinger et al., 2009).
Most of them share the techniques and assumptions. Data are obtained
by mass changes obtained by thermal gravimetric analysis and quanti-
tative X-ray diffraction of: a) carbonate decomposition was observed in
both pre- and post carbonated samples was observed in the temperature
region of 500-850 °C.

Waste textile fibres have demonstrated potential as reinforcement in
brittle matrices used in the construction sector. These fibres, derived
from both natural (e.g., cotton, wool, jute) and synthetic (e.g., polyester,
nylon, polypropylene) sources, enhance the ductility and toughness of
inherently brittle materials by bridging microcracks, impeding their
propagation, and distributing tensile stresses more uniformly across the
matrix. Small dosages of textile fibres, ranging from 0.07 % to 2 % by
volume, have been shown to significantly improve the compressive and
flexural strength of cementitious composites, with recycled poly-
propylene carpet fibres and denim-based cotton fibres increasing
compressive strength by up to 40 % and enhancing flexural strain ca-
pacity (Rahman et al., 2020). In cementitious composites, the incorpo-
ration of 30 % textile fibres increased the 28-day flexural strength by 22
% (Regazzi et al., 2016). Furthermore, the use of textile waste in the
form of nonwoven fabric significantly improved the composites’
toughness and post-cracking load-bearing capacity, with six layers of
textile reinforcement identified as the optimal configuration
(Sadrolodabaee et al., 2021a).

Textile waste fibres can also enhance the thermal and acoustic
insulation performance of brittle matrices, especially in non-structural
and sustainable construction applications. Their low thermal conduc-
tivity, typically ranging between 0.030 and 0.050 W/mK depending on
the type and density, enables them to disrupt heat flow within the
composite. For instance, incorporating jute fibres at 20 wt% yielded a
thermal conductivity as low as 0.068 W/mK, while basalt fibres ach-
ieved 0.08 W/mK at the same content (Assi et al., 2018). The combi-
nation of 60 % nylon/spandex textile fragments mixed with 40 %
polyurethane fragments achieved a thermal conductivity of 0.0953
W/mK (Dissanayake et al., 2018). Similarly, wool fibres at 46 % by
weight reduced thermal conductivity by up to 92 % compared to
reference mixes (Wijesinghe et al., 2024) (Dellagi et al., 2024). The
porous and fibrous nature of textile waste improves sound absorption,
especially in the mid to high frequency range (Wijesinghe et al., 2024).
Rafdabaee et al. indicate that the insulation performance is influenced
by fibre morphology, fabric structure, and fibre-matrix interaction.
Short, crimped, or hollow fibres improve air entrapment. Adequate
dispersion and interface adhesion are essential for consistent perfor-
mance; nonwoven fabrics contribute to homogeneity and better fibre
distribution (Sadrolodabaee et al., 2021b). Natural fibres such as cotton
and wool, due to their hollow or crimped microstructure and hygro-
scopic nature, trap air and moisture, contributing to reduced thermal
transmittance and dampened sound propagation. When integrated into
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matrices such as gypsum, lime, or cement, these fibres introduce
porosity and microvoids that scatter and absorb sound waves and retard
thermal conduction (Echeverria et al., 2019).

Few studies have explored the feasibility of using fibres to enhance
the targeted transport of CO5 within a matrix. Zhuge et al. conducted a
comprehensive investigation of natural fibres embedded in cement
pastes subjected to enforced carbonation, none of them being textile
waste fibres (Zhuge et al., 2024). In their study, seven different types of
fibres were incorporated into a cement-based matrix and exposed to
accelerated carbonation. The cross-sectional profiles were analysed to
assess CO; diffusion behaviour. The results indicated that all types of
natural fibre contributed to the increase in CO5 uptake. This enhance-
ment is attributed to the internal porosity of the fibres, their spatial
arrangement within the yarns, and the interconnected pore networks
that they form. Porous natural fibre yarns introduced additional diffu-
sion pathways, as evidenced by the continuous increase in carbonated
area fraction and CO, uptake along the yarns compared to the bulk
matrix. These findings suggest that the interconnected pore structures
created by the yarns facilitate effective CO; transport throughout the
system.

3. Materials and methodology
3.1. Component materials

Rounded particles of Electric-Arc-Furnace Slag (EAFS) were pro-
vided by the national steel industry in Maia and Aldeia de Paio Pires,
Seixal, Portugal. Waste textile fibres were provided by Alcorcertex, S.L.
(Spain). According to the initial information provided by the supplier,
the fibres consisted of a polyester-cotton blend.

3.1.1. Mineral particle size

The mineral material was ground in a Vibratory Disc Mill RS 300
(Retsch) for 20 min with reverse function activated, resulting in
powdered slag particles (S). The particle size distribution after grinding
(AG) was determined by laser diffraction using a Bettersizer 2600
(Bettersize Instruments), producing a slag with D10 of 1.159 pm, D50 of
48.29 pm, and D90 of 178.2 pm. Fig. 1 presents the particle size distri-
bution of the processed fraction.

3.1.2. Mineral oxide composition

The estimated oxide composition of the EAFS was estimated through
X-Ray Fluorescence (XRF) analysis, carried out using a Fluorescence
Spectrometer, Bruker S2Ranger with Dispersive Energy Detector. The
EQUA-OXIDES measurement protocol was employed, using a palladium
(Pd) X-ray tube. Prior to testing, the material was ground to a fine
powder to ensure consistent results. These results are shown in Table 1.

The Loss on ignition (LOI) was obtained by simultaneous
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Fig. 1. Particle size distribution for the EAFS.
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Table 1

Oxide composition (% wt.) and physical properties.

Chemical Properties EAFS

CaO 31.20

Fe,03 30.80

SiOy 17.90

Al,03 11.00

MgO 3.85

Cry03 2.63

MnO 0.93

TiO, 0.69

SO; 0.37

Loss on ignition (%) 0.72

True density (g/cm®) 2.78

Table 2
Composition of the specimens.

CODE S/SD SC1/SC1D SC2/SC2D SC3/SC3D
w/s initial (wt.) 0.35 0.35 0.35 0.35
w/s final (wt.) 0.04 0.05 0.05 0.05
Initial EAFS (gr) 622.70 616.50 610.30 604.00
Initial water (gr) 217.94 215.77 213.60 211.40
Initial dried fibre (gr) 0.00 4.29 8.57 12.86

Thermogravimetric and Derivative Thermogravimetry analysis (TGA-
DTG) using a TA Instrument SDT Q-50 apparatus and true density was
determined using a gas displacement pycnometer on a Micromeritics
AccuPyc 1330 pycnometer.

3.1.3. Waste textile fibres

The synthetic cotton fibres used in this study were sourced from
undyed post-industrial textile waste. Fabric offcuts underwent a shred-
ding process to recover fibres composed of a cotton-polyester blend.
Fig. 2 presents the appearance of the synthetic cotton fibre fluff, together
with the TGA-DTG analysis and a microscopic image.

The TGA-DTG analysis not only quantifies the mass losses but also
enables the identification of the nature of the textile waste fibres
incorporated into the composites. According to the TGA-DTG results
(Fig. 2b), the first weight-loss stage (22-120 °C) is attributed to the
evaporation of moisture from the fibres. The second stage, observed
between 300 °C and 420 °C, corresponds to the thermal degradation of
the textile fibres, resulting in a total weight loss of approximately 75.5
%. The degradation of cotton cellulose occurs between 320 °C and
380 °C, whereas polyester fibres begin to decompose around 380 °C and
continue up to 450 °C (Wang et al., 2023), (Xia et al., 2025). The single,
sharp peak centred at approximately 390 °C suggests an overlap of both
degradation processes, with a predominant contribution from the
cellulosic (cotton) fraction and a secondary contribution from polyester
at the tail of the peak. This behaviour confirms that the textile fibres
consists mainly of synthetic cotton blends containing both cellulose and
polyester components. The overall loss on ignition (LOI) was 91.52 %.
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Fluorescence microscopy was employed to determine the diameter of
the fibres from 12 to 25 pm and lengths ranging from 11 to 44 mm
(Fig. 2¢). The true density, determined by AccuPyc 1330 Pycnometer of
the fibre was measured as 1.91 g/cm® and fibres exhibited a hygro-
scopicity was found to be 41.48 %. Mechanical parameters were not
experimentally obtained in the present study but derived from the
literature to support the interpretation of the material behaviour under
comparable conditions. Previous studies (Lakshmaiya et al., 2025),
(Badara et al., 2025) have reported that recycled cotton and polyester
fibres generally exhibit an elongation at break of 8-10 % and a tensile
strength ranging from 250 to 430 MPa.

3.2. Specimens preparation

A total of eight series of specimens were cast to carry out the
experimental programme. Three specimens were prepared for each se-
ries. The manufacturing procedure described in the reference study
(Griinhauser Soares et al., 2024) was adapted to enable the incorpora-
tion of waste textile fibres. To ensure traceability in the final water
content, a control series was casted following the original procedure.

Due to fibre hygroscopic nature, an initial water-to-slag ratio of 35 %
by weight was used to ensure homogeneous mixing and full fibre satu-
ration. The excess water was then removed by mechanical compression,
resulting in a final water-to-slag ratio that varied according to fibre
incorporation, from approximately 0.04 by weight for the reference mix
to 0.05 for the fibre-reinforced composites. The amount of water
expelled during compression, together with the mass and volume of each
specimen recorded after demoulding, were essential for accurately
determining the effective water-to-slag ratio of each mix (see Table 2).

The mixtures were prepared in a laboratory mixer pan. The fresh
paste was poured onto a 40 cm diameter paper filter, and excess water
was manually removed until a workable consistency was achieved. The
mixture was then cast into 10 x 40 x 160 mm moulds and subjected to
10 MPa of pressure using a HOLZMANN WP30PLUS hydraulic press for
5 min, as can be seen in Fig. 3a and b. Afterward, the specimens were
demoulded. Due to the manufacturing process, small dimensional vari-
ations were noticed and registered to be considered in the properties’
determination.

The samples underwent an accelerated carbonation curing process at
60 °C and 0.8 bar CO, pressure for 24 h (Fig. 3c). Then they were placed
in a conventional oven at 60 °C for an additional 24 h to complete the
hardening. All specimens were also measured and weighted, after
carbonation, and after drying.

Four out of the eight series of specimens were subjected to durability
test, with the aim of studying the effects of these processes on the
specimens. The durability test consisted of applying, after curing in a
CO4 chamber, 25 wet-dry cycles according to EN 12467:2013+A2. Each
wet-dry cycle consisted of drying for 6 h at a temperature of 60 °C and
60 % RH followed by 18 h of immersion in water at 20 °C.

The notation is as follow “S” refers to slag, “C” to synthetic cotton
fibre, the number to the dosage percentage, and “D” to de samples
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Fig. 2. Synthetic cotton waste fibres: (a) Synthetic cotton fluff; (b) TGA and DTG curves of the synthetic cotton fibres; (c) Microscopic image of SC at 10X.
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b)‘

Fig. 3. Preparation of the samples: (a) mixing preparation; (b) compression process and removal of excess water; (c) carbonation chamber.

subjected to wet-dry cycles.

After being tested for flexural strength, samples were taken from the
centre of the specimens to conduct the Thermogravimetric and Deriva-
tive Thermogravimetry analysis (TGA-DTG), Mercury Intrusion Poros-
imetry (MIP), X-Ray Diffraction (XRD) and Scanning Electron
Microscopy (SEM) test.

3.3. Experimental programme

TGA and derivative thermogravimetric analysis (DTG) were per-
formed with a SDT Q-50 TA instrument model, heating the material
from ambient temperature (20 + 2 °C) to 1000 °C at a rate of 20 °C/min
under nitrogen flow. Before testing, approximately 5 mg of sample un-
derwent a 24 h drying process at 60 °C. Furthermore, the loss of ignition
(LOI) was determined by TGA analysis using the same SDT Q-50 (TA
Instrument). The TGA analysis was also used to estimate the amount of
CO5 uptake (UCOy) in weight percent.

The porosity of the specimens was assessed using MIP with a
Micromeritics AutoPore IV 9500 porosimeter, capable of reaching a
maximum pressure of approximately 34,000 psia and a minimum
pressure of 0.5 psia. A surface tension of 480 mN/m was applied, and the
contact angles for intrusion and extrusion were set at 130° and 104°,
respectively, as described in (Ma, 2014). Prior to testing, the specimen
samples were stored in a glass desiccator with silica gel for 24 h to
remove moisture and ensure accurate results. The microstructure of the
samples was observed using a ZEISS AURIGA scanning electron micro-
scope (SEM).

XRD was determined with a Bruker D8 ADVANCE diffractometer
model. The diffraction diagrams of disoriented powder to characterise
the mineralogy of the total sample were obtained in an angular interval

a) b)

from 2 to 65°, a step size of 0.02°, and a time per step of 1 s. Semi-
quantitative analysis was performed following the method of (Chung,
1975) and using Bruker EVA software.

Flexural strength testing was determined by three-point bending
tests on unnotched beam specimens to quantify the fibre reinforcement’s
contribution, before and after cracking, as can be seen in Fig. 4. A Shi-
madzu model AGS-X 10 kN universal testing machine, equipped with a
10 kN capacity load cell according to EN 12467:2013+A2 (UNE-EN
12467, 2018), was used. The test was managed using a closed-loop
system, with a loading rate of 1 mm/min. The maximum flexural
strength of the composite material (also known as Modulus of Rupture,
MOR) was determined using Eq. (1),

3PpaxL
2bh?

MOR = (@D)]
where Pmax represents the maximum load recorded, in N, L is the span
length (100 mm), and b and h are the width and thickness of the cross-
section, in mm, respectively. The Limit of Proportionality (LOP) was
defined as the point at which the load-deflection curve stops behaving
linearly. For brittle materials, this value is similar to the MOR; however,
for composites with fibres, the LOP is lower than the MOR, depending on
the amount of fibre.

The toughness Index (Ig), defined as the area beneath the force-
displacement curve comprised from O to a post-failure load of 0,4
MOR, was established as the parameter to characterise the type of fail-
ure. A value > 1,00 represents a ductile failure, while a value < 1,00
represents a fragile failure.

The flexural stiffness (K) was determined from the load-deflection
response within the elastic deformation range using Eq. (2), where A P
and A f represent the increments in load, in N, and mid-span deflection,

<)

Fig. 4. Flexural tests setup: (a) Fabricated specimens; (b) Specimens three-point bending test; (c) Cross-section of FRM specimens.
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in mm, between two points within the linear regime. The remaining
parameters are as previously defined in Eq. (1) (Sadrolodabaee et al.,
2021b).

AP.L3

K= 2arom

@

4. Experimental results
4.1. Carbonation results

The quantification of CO, uptake in carbonated composites was
assessed via TGA, considering the mass loss associated with CO; release.
Previous studies on steel slag carbonation report a release of CO5 in the
range of 500-850 °C, which corresponds to the thermal decomposition
of calcium carbonate (CaCOg), which is the main phase responsible for
carbon capture in alkali-activated slag binders (Bonfante et al., 2024),
(Liu et al., 2020), (Mo et al., 2016).

To calculate the amount of CO, absorbed during the carbonation
process, the methodology proposed by (Griinhauser Soares et al., 2022),
(Bonfante et al., 2024), (Hu et al., 2022) was adopted. The total amount
of CO4 uptake during accelerated carbonation is commonly identified as
the difference between the content of CO, before and after the carbon-
ation referred to the initial mass of the so-treated material, the CO,
uptake was estimated to follow Eq. (3) (Ferrara et al., 2023),
(Huntzinger et al., 2009), (He et al., 2018).

M; — M, — M;

CO2 yprake (%) = — 3
c

Where: M1 is the residual mass before the decomposition of the car-
bonates; M2 is the residual mass after the decomposition of the car-
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bonates; M3 is the mass of the initial CO5 content in the non-carbonated
material; and Mc is the mass of the material’s binder (Griinhauser Soares
and Castro-Gomes, 2022).

Fibres are inert to CO,, so the mass loss was normalised by 100 %
EAFS, adjusting the presence of fibres, ensuring that the CO5 absorption
reflects only the carbonatable fraction of the mixture. The CO, uptake is
often compared to the theoretical carbonation potential (TCO3, wt%);
this parameter represents the maximum potential for CO, fixation
assuming complete conversion of CaO into CaCOs. TCO; is obtained
through Eq. (4) (Huntzinger et al., 2009) and calculated from the weight
% of the EAFS oxide content resulting from the XRF analysis.

TCO, (%) = 0.785(Ca0 — 0.56 x CaCOs — 0.7 x SO3) + 1.091 x MgO
+0.71 x Na,O + 0.468 (K;0 — 0.632 x KCI)

(4

The degree of carbonation can be calculated as the ratio between CO,
uptake and TCO; of the material, according to Eq. (5) (Shi et al., 2012).
_ (:()2 upmuke(qﬁ)

DCO, (%) = N NR (5)

4.1.1. TGA-DTG

The results of the TGA and DTG analyses are presented in Fig. 5. The
reference steel slag (EAFS) showed negligible weight loss within both
intervals, confirming its low initial carbonation state and the absence of
fibres. The postcarbonation fibre-free slag sample (S) presented an in-
termediate profile, while the presence of fibres appeared to enhance CO,
uptake, as deduced from the increased mass loss between 500 °C and
850 °C in the fibre-reinforced composites. These observations confirm
that both the fibre content and the carbonation curing process signifi-
cantly influence the thermal decomposition behaviour of the studied
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Fig. 5. TGA and DTG curves of carbonated slag-based composites with and without durability cycles: (a) TGA of unexposed specimens (S, SC1, SC2, and SC3); (b)
DTG of unexposed specimens; (c) TGA of specimens after wet-dry durability cycles (SD, SC1D, SC2D, and SC3D); (d) DTG of specimens after wet-dry dura-

bility cycles.
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composites.

Two principal mass loss events were identified in composites con-
taining synthetic cotton fibres, corresponding to distinct thermal
decomposition processes.

The first mass loss occurred within the temperature range of
approximately 300-460 °C. This peak was more pronounced in samples
with a higher fibre content (SC1, SC2, SC3), as reflected in both the TGA
and DTG curves. This behaviour is attributed to the thermal degradation
of textile fibres, primarily composed of cotton and polyester. The DTG
peak within this interval was sharper and more intense for the sample
containing 3 % fibre (SC3), confirming the influence of fibre dosage on
this thermal event.

The second major mass loss event was recorded between 500 °C and
850 °C. This step is associated with the decomposition of carbonates,
specifically calcium carbonate (CaCOs), formed during the carbonation
curing process. This interpretation aligns with the findings reported by
(Bonfante et al., 2024) and (Capelo-Avilés et al., 2024), who employed
the same temperature interval to quantify CO, uptake in steel slag-based
carbonated binders. The DTG curves exhibited sharp peaks centred
around 700-750 °C, characteristic of CaCO3 decarbonation (Mo et al.,
2016).

Beyond quantifying CO, uptake, thermal decomposition profiles
provide information on the nature of the calcium carbonate phases
formed. According to (Hu et al., 2022) and (Capelo-Avilés et al., 2024),
amorphous calcium carbonate (ACC) tends to decompose at slightly
lower temperatures (typically between 500 °C and 650 °C), whereas
crystalline phases such as calcite and vaterite display decomposition
peaks at higher temperatures, generally between 650 °C and 850 °C. In
the present study, the DTG curves exhibit broad decomposition peaks
spanning this entire range, suggesting the coexistence of both amor-
phous and crystalline carbonate forms. This observation is consistent
with the carbonation mechanisms reported for alkali-activated slag
systems, where initial carbonation may promote the formation of ACC,
which subsequently transforms into more stable crystalline polymorphs
with time (Bonfante et al., 2024), (Ashraf and Olek, 2018).

The TGA and DTG results for the mixtures subjected to wet-dry
ageing cycles did not show significant changes, maintaining the same
trend as that of the reference specimens not exposed to such cycles.

4.2. Porosimetry results

4.2.1. Results of the normal cured specimens

The porosity and pore structure analysis presented in Tables 3 and 4
reveal the influence of synthetic cotton fibre incorporation on the
physical properties of carbonated EAFS-based composites. As can be
observed in Table 3 for samples with incorporation, the microstructure
is substantially modified, resulting in an increase in total porosity,
average pore diameter, and critical diameter. There is a significant

Table 3
Porosimetry results for samples.
Mixture Label S SC2 SC3
Porosity (%) 21.82 26.52 28.95
Bulk Density at 14.50 psia (g/mL) 2.63 2.57 2.35
Apparent (skeletal) Density (g/mL) 3.33 3.35 3.06
Average Pore Diameter (pm) 0.06 0.12 0.13
Critical diameter (pm) 0.35 0.68 1.05
Pores typology Mesopores (0.002-0.05 pm) 15.70 8.20 7.90
Macropores (0.05 pm-10 pm) 78.90 74.20 64.80
Air voids/cracks (> 10 pm) 5.30 17.60 27.30

Bulk density exhibits an inverse relationship, with incorporations of 2 % and 3 %
resulting in reductions of 2.3 % and 11 %, respectively, as the higher fibre
volume fraction introduces supplementary air voids and larger pore structures.
The most significant changes are in the values of average pore diameter and
critical diameter, with increases of 100 % and 94 % for 2 % fibre and 117 % and
200 % for 3 % fibre.
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Table 4
Porosimetry results for durability samples.
Mixture Label SD SC2D SC3D
Porosity (%) 20.40 28.62 35.71
Bulk Density at 14.50 psia (g/mL) 2.74 2.53 2.28
Apparent (skeletal) Density (g/mL) 3.40 3.41 3.22
Average Pore Diameter (ym) 0.08 0.12 0.16
Critical diameter (pm) 0.55 1.33 2.08
Pores typology Mesopores (0.002-0.05 pm) 11.70 8.00 6.50
Macropores (0.05 pm-10 pm) 83.10 77.10 66.00
Air voids/cracks (> 10 pm) 5.20 14.90 27.50

increase in porosity of 22 % and 33 % with the incorporation of 2 % and
3 % fibre. In addition, with the incorporation of fibres, the content of
mesopores and macropores decreases, and the content of larger pores
increases.

In terms of pore size distribution, a notable decrease in mesopores
(0.002-0.05 pm) and macropores (0.05-10 pm) was observed as the
fibre content increased. In contrast, the proportion of larger air voids/
cracks (>10 pm) increased significantly. Furthermore, with the incor-
poration of fibres, the content of mesopores and macropores decreases
and the air voids/cracks fraction (>10 pm) increased markedly from 5.3
% in S to 27.3 % in SC3, which may affect mechanical performance and
CO, uptake capacity.

4.2.2. Results after being exposed to durability

Following wet-dry ageing cycles, these trends were accentuated, as
can be observed in Table 4, leading to an increase in total porosity by 40
% with 2 % fibres and 75 % with 3 % fibres, much larger with the higher
amount of fibres, SC3D. The increase in porosity is consistent with ob-
servations from studies such as (Zhuge et al., 2024) in which the addi-
tion of textile fibres was associated with an increase in interconnectivity
in cementitious pastes. However, the pore size distribution is quite
similar to that of natural specimens. Reductions in bulk density, along
with increases in mean pore diameter and critical diameter, follow
patterns similar to those observed in non-exposure to environmental
cycles specimens.

4.3. Flexural strength results

The flexural performance results summarised in Table 5 and Fig. 6
reveal a differentiated response depending on the fibre dosage and
exposure to wet-dry ageing cycles. For the unexposed specimens, the
incorporation of synthetic cotton fibres at low dosages (1-2 % by vol-
ume) did not significantly enhance the flexural strength, as evidenced by
MOR and LOP values that were similar to the reference sample (S).
However, the I increased notably, rising from 0.75 kJ mm? for S to 2.07
kJ mm? for SC2, indicating an enhanced energy absorption capacity
despite the matrix-dominated failure mode, and this is corroborated by
the proximity between the MOR and LOP values in this case.

At a fibre dosage of 3 % (SC3), both the flexural strength and fracture
energy improved substantially. The MOR increased to 6.09 N/mm?
approximately 11 % higher than the reference, and the Ig reached 2.50

Table 5

Results of flexural strength of specimens with and without durability.
Mixture MOR (N/ LOP (N/ I (kJ- mm?%) K Flexural stiffness
Label mm?) mm?) (GPa)
S 5.50 +£1.27 5.50 +£1.27 0.75 £ 0.16 3.43 £1.05
SC1 5.19 £ 0.17 5.19 £0.17 1.75 + 0.07 3.09 £0.23
SC2 5.13 + 0.67 5.01 +£0.76 2.07 £ 0.26 2.68 £ 0.77
SC3 6.09 = 0.35 5.14 £ 0.24 2.50 +£0.14 3.12 £+ 0.46
SD 4.76 £ 1.07 4.76 £1.07 0.94 +£0.12 1.23 + 0.52
SC1D 4.31 £0.17 4.31 £0.17 1.39 £ 0.34 1.77 £ 0.68
SC2D 4.24 +£0.19 4.24 +£0.19 1.38 +£0.34 1.50 + 0.78
SC3D 3.15+0.15 3.01 +0.09 0.94 +£0.14 0.73 £0.17
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Fig. 6. Average values of MOR, LOP and K with standard error of carbonated slag-based composites with and without durability cycles: (a) unexposed specimens (S,
SC1, SC2, and SC3); (b) specimens after wet-dry durability cycles (SD, SC1D, SC2D, and SC3D).

kJ mm?, representing an overall improvement of more than 230 %.
Furthermore, a more evident separation between LOP (5.14 N/mm?)
and MOR suggests that the fibres contributed to load bearing beyond
matrix cracking. This behaviour aligns with (Sadrolodabaee et al.,
2021b), where increased fibre volumes translated similarly into
post-crack load transfer capacity and higher I values.

After exposure to wet-dry ageing cycles, a general reduction in
mechanical performance was observed. For example, SC3D showed a
reduction of approximately 48 % in MOR compared to SC3. The refer-
ence specimen (SD) exhibited an I of 0.94 kJ mm?, whereas SC1D and
SC2D maintained higher values (1.39 and 1.38 kJ mm?, respectively),
demonstrating partial retention of the reinforcement effect. In contrast,
SC3D showed a marked decrease in Ig to 0.94 kJ mm?, similar to the
unreinforced specimen suggesting fibre deterioration and a loss of
interfacial efficiency at high fibre dosages under cyclic exposure. The
MOR and LOP results for the aged specimens further support this
observation, indicating a reduced contribution of fibres to the post-
cracking response after wet-dry ageing cycles.

As presented in Table 5, the non-reinforced matrices (S and SD)
exhibited noticeably higher standard deviations in both MOR and LOP
compared to the fibre-reinforced specimens. This behaviour is attributed
to the manufacturing challenges related to the very low green strength of
the without fibres material; small microcracks were often unavoidable
due to the fragile state of the specimens. The incorporation of even a
small amount of fibres, although not necessarily resulting in higher
strength values, significantly improved workability, green stability, and
the overall consistency of the specimens. The fibres promoted a more
homogeneous stress distribution across the specimens, reducing sensi-
tivity to localised microstructural defects.

4.4. SEM results

Scanning Electron Microscopy (SEM) was employed to analyse the
fracture surfaces of selected specimens after flexural testing, in order to
assess the morphology of the matrix and slag-based binder. SEM mi-
crographs at 50 x and 300 x magnification for four representative
samples are displayed in Fig. 7, specimens without fibres, S and SD, and
Fig. 8, SC2 and SC2D, specimens with 2 % of synthetic cotton fibres.

Matrix S exhibited a relatively compact and homogeneous micro-
structure, with minimal visible defects or porosity. At this magnification
(300 x ), the microstructure showed a rough surface texture and fine

reaction products, which are characteristic of a well-carbonated matrix.
After exposure to wet-dry ageing conditions, specimen SD apparently
does not show any visible signs of degradation; as shown in Fig. 7a and
b, both S and SD presented comparable morphologies, which aligns with
the porosity and flexural strength results where both the MOR and LOP
values remained practically unchanged. However, microcracks are
appreciated in sample SD, which aligns with the reduced stiffness.

Fig. 7c and d provides the results of Scanning Electron Microscopy -
Energy Dispersive X-ray Spectroscopy (SEM-EDX) at higher magnifica-
tion (3000 x ). The elemental composition of sample SD was identified,
revealing the presence of 27 wt% iron, 14 wt% calcium, 12 wt% carbon,
6 wt% manganese, and a significant proportion of oxygen. The signifi-
cant iron content suggests that part of the FeO remained unreacted with
CO,, as iron oxides are far less reactive towards carbonation than cal-
cium phases, which preferentially form stable CaCOs3.

The inclusion of fibres (SC2) introduced significant morphological
heterogeneity on the fracture surface. At 50X, embedded fibres and fibre
pull-out channels are clearly visible, suggesting effective load transfer
and interaction with the matrix. The SEM images in 300X show textile
fibres partially covered with carbonation products, as seen in Fig. 8
indicating good chemical bonding and possible nucleation of CaCO3 on
the fibre surface, which improve the fibre-matrix interface. This
morphology supports the observed mechanical enhancement in flexural
toughness and CO; uptake.

However, in the SC2D sample, after exposure to wet-dry aging con-
ditions, significant microstructural degradation was observed. The ma-
trix exhibited increased fragmentation and loss of structural cohesion,
accompanied by increased porosity. The fibres appeared fractured,
cracked, or partially detached from the matrix, and displayed noticeably
shorter lengths (Fig. 8c and d) compared to those in the SC2 sample,
confirming fibre degradation. The fibre-matrix interfacial zone showed
clear signs of adhesion loss. These microstructural changes explain the
decline in flexural strength and toughness observed after wet-dry ageing
cycles and further confirm the detrimental effects of prolonged exposure
to water and heat on both fibre integrity and matrix cohesion.

Overall, SEM observations confirm that the addition of fibres en-
hances matrix performance and carbonation efficiency in the short term,
but also highlight the need to evaluate long-term stability, particularly
under durability scenarios where fibre degradation and interfacial
deterioration become critical factors.
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Fig. 7. SEM micrographs of the fracture surface: (a) S at 300X; (b) SD at 300X; (c) Mapping of specimen SD at 3000X; (d) SEM-EDX of specimen SD.

5. Discussion
5.1. Influence of the amount of fibre on CO, uptake

The influence of synthetic cotton fibre content on CO2 uptake and
carbonation degree (DCO>) of EAFS-based composites is summarised in
Table 6. The TCO; in EAFS was approximately 30.70 %, consistent with
the values reported in the literature for similar compositions of slag from
electric arc furnaces (Bonfante et al., 2024), (Capelo-Avilés et al., 2024).
CO, uptake values ranged from 3.23 % to 4.65 % depending on fibre
dosage and the curing conditions.

Fig. 9 shows that increasing the fibre content from 1 % (SC1) to 3 %
(SC3) progressively improves CO uptake, from 3.37 % to 3.97 % in the
initial condition and up to 4.65 % after wet-dry ageing cycles. A similar
trend is observed for the degree of carbonation (DCO3), which increased
from 10.52 % for the reference S mixture to 12.93 % for SC3 and further
to 15.15 % for SC3D after exposure to environmental cycles. These re-
sults indicate that fibre inclusion not only acts as a passive filler but
actively promotes carbonation processes. According to (Zhuge et al.,
2024) the porous structure of natural fibres, such as cotton, generates
additional pathways within the matrix, increasing the surface area
exposed to carbonation reactions and favouring greater penetration of
CO..

This behaviour may be attributed to the dual role of fibres; initially,
fibres contribute to increased porosity and formation of the capillary
network, facilitating CO, diffusion during curing. Over time, as
confirmed in wet-dry ageing samples, fibre degradation is most likely
through hydrolysis (Regazzi et al., 2016) leading to additional pore
formation and thus increased access to CO5. This two-stage carbonation
enhancement, first through fibre-induced porosity and later through

fibre degradation, is supported by TGA and porosity results, which show
higher mass loss and increased air voids in samples with greater fibre
content. The notable increments in the degree of carbonation after
ageing conditions may be related to the formation of further hydration
products, as can be seen in Section 4.4.

In general, these findings confirm that the presence of textile fibres in
EAFS-based composites significantly enhances the potential for COy
sequestration, both immediately after cure and following exposure to
environmental ageing conditions.

5.2. Influence of the fibre dosage on the porosity

The influence of synthetic cotton fibres on the pore structure of
carbonated steel slag composites was analysed in detail based on mer-
cury intrusion porosimetry (MIP) results (Fig. 10, Tables 3 and 4). In
terms of pore size distribution, a notable decrease in mesopores
(0.002-0.05 pm) and macropores (0.05-10 pm) was observed as fibre
content increased. Mesopores reduced from 15.7 % in S to 8.2 % in SC2
and 7.9 % in SC3. Similarly, macropores decreased from 78.9 % in S to
74.2 % (SC2) and 64.8 % (SC3). On the contrary, the proportion of larger
air voids/cracks (>10 pm) increased significantly, from 5.3 % in S to
17.6 % in SC2 and 27.3 % in SC3. This indicates that the fibres, while
initially occupying space within the matrix without degrading,
contribute to an increase in larger voids due to their spatial arrangement
and interaction with the binder.

Following wet-dry cycles, these trends were accentuated. The SC2D
and SC3D samples showed further increases in porosity and critical pore
diameter, suggesting degradation or loss of the structural role. This is
consistent with the hypothesis that fibres partially degrade under
environmental stress, leaving voids that were initially filled.
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Fig. 8. SEM micrographs of the fracture surface: (a) specimen SC2 at 50X; (b) specimen SC2 at 300X; (c) specimen SC2D at 50X; (d) specimen SC2D at 300X.

Specifically, porosity increased from 20.40 % (SD) to 28.62 % (SC2D)
and 35.71 % (SC3D), with the proportion of air void/crack rising to 14.9
% and 27.5 %, respectively as shown in Fig. 10. This behaviour may also
be influenced by weakening of the fibre-matrix interface and microcrack
development during carbonation curing and exposure to environmental
cycles.

In conclusion, fibre incorporation modifies the pore structure by
decreasing mesopore and macropore fractions while increasing larger
air voids, a phenomenon that increases after exposure to ageing condi-
tions, highlighting the dual effect of fibres as both reinforcement and
pore structure modifier.

5.3. Influence of the amount of fibre on flexural mechanical performance

Fig. 11 illustrates a representative sample of the flexural mechanical
behaviour of the carbonated slag-based composites. The initial slope
corresponds to the elastic modulus of the material. With the incorpo-
ration of fibres, the composite still has the possibility to increase the
strength until MOR is reached even with some microcracks in the matrix.
After peak, major cracking occurs, and either there is a steep drop
related to a brittle failure or a gradual decline related to ductile
behaviour and energy dissipation through crack bridging or toughening
mechanisms. Specimens undergoing durability cycles still present

16%

B CO2 uptake ]
oDCO2

14% +

12%

10% o
8%

6%

4%

2% A

0% - —
S SD SC1 SCiD SC2 SC2Db SC3 SC3D

Fig. 9. CO; uptake and carbonation degree of mixture designs.

ductile behaviour, but slightly reduced tail length.

The results show a clear dependency on fibre content, affecting both
pre-peak strength and post-peak ductility. At low fibre content (1 % by
volume, SC1), the flexural strength parameters (MOR and LOP) did not
show a significant improvement compared to the reference sample (S).
As it was explained in Section 4.3, the incorporation of textile fibres
markedly reduced the standard error of the mechanical results,

Table 6

Estimated CO, uptake, DCO, of mixture designs.
Mixture label S SC1 Sc2 SC3 SD SC1D SC2D SC3D
COauptake (%) 3.23 3.37 3.40 3.97 2.26 3.34 4.14 4.65
DCO; (%) 10.52 10.98 11.07 12.93 7.36 10.88 13.49 15.15
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Fig. 11. Flexural mechanical behaviour of carbonated EAFS composites: (a) unexposed specimens (S, SC1, SC2, SC3); (b) specimens after wet-dry durability cycles

(SD, SC1D, SC2D, SC3D).

achieving a reduction of approximately 80 % with fibres addition. Fibre-
reinforced specimens exhibited a more consistent flexural response, with
deviations in MOR and LOP decreasing by up to 87 % when comparing S
with SC1, and by around 86 % when comparing SD with SC3D. This
behaviour suggests that fibre-free specimens are more susceptible to
microstructural defects such as pores and microcracks in the manufac-
ture process.

Increasing the fibre content to 2 % and 3 % (SC2 and SC3) led to
marked improvements in both pre-peak strength and post-peak behav-
iour. For SC3, the load-deflection curve demonstrates an extended post-
peak tail, indicative of increased toughness and effective fibre-matrix
interaction. The separation between LOP and MOR becomes more
distinct at higher fibre dosages, signifying that fibres contribute not only
to bridging cracks post-cracking but also to sustaining additional loads
beyond the matrix fracture limit.

In terms of durability, exposure to environmental cycles (SD series)
showed a general reduction in mechanical performance across all
composites. This reduction is more relevant after the peak. However,
composites with higher fibre dosages (SC2D and SC3D) retained greater
residual strength and ductility compared to their low-fibre and fibre-free
counterparts. Although fibre degradation likely occurred during dura-
bility exposure, the remaining fibres and the modified pore structure
induced by their presence appeared to mitigate overall mechanical
degradation.

5.4. Influence of fibres dosage on the mineralogical phases

The X-ray diffraction (XRD) patterns (Fig. 12) corroborate the TGA
observations and provide further insight into the phase composition and
degree of carbonation of the studied samples. Uncarbonated slag (EAFS)
exhibits characteristic crystalline phases, including merwinite (CazMg
(Si04)2), gehlenite (CapAl,SiOy), larnite (CasSiO4), magnetite (FesO4)
and wuestite (FeO), as indicated by peaks 1, 4, 5, 6, and 7, respectively.
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These phases are consistent with the mineralogical profile of steel slags
as reported by (Humbert et al., 2019), (Jiang et al., 2018), (Humbert and
Castro-Gomes, 2019).

After carbonation curing, the samples S, SC2, and SC3 show the
appearance and increase in intensity of the peaks associated with calcite
(CaCO3) (peak 3), indicating effective CO, uptake (Fig. 12b and d). In
particular in the SC3 sample, the calcite peaks are markedly more pro-
nounced, aligning with the greater mass loss observed in the TGA
analysis between 500 and 850 °C. This suggests a higher degree of
carbonation, corroborating the trend identified in the COy uptake
quantification.

Additionally, the persistence of quartz (SiO2) (peak 2) in all samples
suggests that it remains unreacted during carbonation. This behaviour
has been reported similarly by (Hu et al., 2022), (Ashraf and Olek, 2018)
who observed that quartz phases in alkali-activated and carbonated
slag-based composites maintain structural integrity, contributing to the
physical matrix without undergoing carbonation-related changes.

It should be noted that in the carbonated samples, the peak broad-
ening and reduced intensity of some crystalline phases (larnite and
gehlenite) may also indicate partial amorphization or transformation
into calcium carbonate phases. This observation is consistent with the
findings of (Bonfante et al., 2024), (Capelo-Avilés et al., 2024) who
associated similar changes in the XRD pattern with the coexistence of
amorphous and crystalline calcium carbonate phases in carbonated steel
slag systems. The authors highlight that such structural modifications
reflect the dynamic nature of carbonation reactions, leading to phase
transformation and possible reorganisation of the mineral matrix.

Alternating wet and dry conditions significantly affect carbonation
behaviour. While not explicitly detailed in the previous references, it is
known from carbonation research that cyclic exposure can deepen
carbonation penetration. In a dry period, CO gas can diffuse farther into
the material; upon subsequent rewetting, that CO5 dissolves and reacts
with available Ca in the interior. This cyclical mechanism can gradually
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Fig. 12. XRD pattern: (a)(c) samples without durability cycles; (b)(d) samples of specimens exposed to durability cycles. Legend: 1 Merwinite (CazMg(SiO4)5); 2
Quartz (SiO,); 3 Calcite (CaCos); 4 Gehlenite (CasAl;SiO); 5 Larnite (CaySiO4); 6 Magnetite (Fez04); 7 Wuestite (FeO).

carbonate phases like gehlenite that lie deeper in the matrix, beyond the
reach of a continuously wet carbonation front. Additionally, drying out
the material mobilises moisture from the pores (drawing it outward),
then rewetting introduces fresh water that can carry CO3 to previously
uncarbonated zones. Essentially, cycles can overcome some self-
arousing effects of carbonation. For instance, in steady-state curing,
once a layer of calcite forms and pore moisture is consumed, carbonation
slows or stops. But if a dry spell empties those pores and then new
moisture with CO5 comes in, a further reaction can occur behind the
initial front. However, cyclic carbonation may also induce microcracks
or dimensional changes due to repeating formation and drying of crys-
tals (Chang et al., 2018), (Zhao et al., 2025).

6. Conclusions

This study investigated the impact of the incorporation of synthetic
cotton fibres on CO5 uptake and mechanical performance of steel slag-
based composites subjected to accelerated carbonation. The main find-
ings are as follows:

TGA identified two primary decomposition events: fibre degradation
that occurs between 300 and 460 °C, and calcium carbonate decompo-
sition between 500 and 850 °C. CO; uptake increased with fibre content,
ranging from 2.26 % to 4.65 %, and from 7.36 % to 15.15 % in differ-
ential CO5 uptake (DCO>) for composites with 3 % fibre content under
wet-dry cycling. This improvement is attributed to increased internal
porosity and improved CO-, diffusion pathways facilitated by the fibres.
These results were supported by differential thermogravimetry (DTG)
and X-ray diffraction (XRD), which showed increased calcite formation
and a reduction in gehlenite and larnite signals, indicating phase
transformation and partial amorphization due to carbonation. Mercury
intrusion porosimetry (MIP) further confirmed these trends, revealing
an initial reduction in the number of mesopores and macropores, as a
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result of the space-filling effect of the fibres, and an increment of larger
air voids.

The addition of textile fibres also influenced the mechanical behav-
iour of the composites. While 1 % fibre content did not significantly
enhance flexural strength, it improved the workability of fresh mixtures
and green strength. Composites with 2 % and 3 % fibre content exhibited
improved fracture resistance, increased flexural toughness, as indicated
by higher values of I and K, and clear separation between the LOP and
MOR, suggesting effective fibre bridging and post-cracking load-bearing
capacity. For example, composites with 3 % fibre dosage result in a
notable increase in MOR, 6,09 N/m2 and improved post-cracking
behaviour.

Cyclic wet—dry exposure was found to enhance carbonation. During
dry periods, the CO2 gas penetrates deeper into the material and, upon
rewetting, it dissolves and reacts with the calcium available in the
interior. This process mobilises pore moisture during drying and in-
troduces fresh water during rewetting, allowing CO; to be transported to
previously uncarbonated zones, enhancing the degree of carbonation to
15.15 %. In contrast to steady-state curing, where calcite formation and
moisture depletion can halt carbonation, cyclic conditions allow
carbonation to progress beyond the initial reaction front.

Mechanically, cyclic carbonation has a dual effect. Although it pro-
motes the formation of additional carbonation products, it may also
induce microcracking and dimensional changes as a result of repeated
crystal formation and drying, altering prepeak behaviour and reducing
MOR in composites with a high synthetic cotton fibre content.
Furthermore, fibre degradation during wet-thermal ageing introduced
new voids and altered pore connectivity, as evidenced by increased
porosity and larger pore diameters. This degradation significantly
affected post-peak behaviour, decreasing the flexural toughness pro-
vided by the fibres, especially at higher dosages.

In summary, incorporation of synthetic cotton textile waste fibres
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into carbonated slag composites improves both CO, capture and me-
chanical performance under controlled conditions. However, long-term
exposure to wet-dry cycles underscores the need to optimise fibre con-
tent to balance performance gains with resistance to matrix and fibre
degradation. Despite reduction in mechanical properties after exposure
to wet-dry cycles, fibre reinforced composites retained some ductility
and energy absorption capacity, suggesting potential for non-structural
or semi-structural applications where environmental exposure is a
concern.
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