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ARTICLE INFO ABSTRACT

Keywords: This study explores the properties of supplementary cementitious materials (SCMs) obtained from
Secondary SCMS ) the under-calcining thermal reactivation of construction and demolition waste fines (CDW) and of
Thzrmaldreacnvanon pure hydrated cement pastes (HCPs) derived from different commercial cements (CEM I, CEM II,
Hydrated cement CEM 111, and CEM 1V, classified according to EN 197-1). Samples were thermally treated at 350 °C

Clinker minerals . . . o . .
(low-energy activation) and 600 °C (high-reactivity optimization) to increase pozzolanic and/or

hydraulic behavior without inducing CO: release from calcination. Phase transformations were
analyzed by X-ray Powder Diffraction with Rietveld refinement, thermal behavior by TGA/DTA,
and morphological evolution by SEM, while reactivity and hydration kinetics were assessed using
isothermal calorimetry. Results indicate pronounced differences in thermal response among the
HCPs and CDW, governed by their specific phase assemblages and initial SCM content (limestone,
slag, and pozzolans). At the selected under-calcining high-reactivity temperature (600 °C), y-C2S
formation is favored. Thermal reactivation of slag-rich cement (CEM III) yielded the most reactive
circular SCM, combining both high hydraulic (260 J/g - EN 196-11) and pozzolanic (329 J/g -
ASTM C1897-20) performances with reduced carbon impacts.

1. Introduction

Driven by the need to reduce its environmental impact, the cement industry is actively seeking Supplementary Cementitious
Materials (SCMs) that can partially replace clinker in Portland cement manufacture (M. C. G. [1]). Their incorporation in blended
cement not only cuts down the CO: footprint of the material but often provides enhanced durability and strength at later ages [2]. In
recent years, the dominant SCMs have been industrial by-products such as fly ash, ground granulated blast furnace slag (GGBFS), and
silica fume (M. [3]). These materials result from high-emission industries like coal and steel, which might be limited in the future if
net-zero emission pathways are followed [4]. Therefore, alternative SCMs are increasingly sought to prevent future shortages, reduce

* Corresponding author.
E-mail address: bscndr@unife.it (A. Bisciotti).

https://doi.org/10.1016/j.cscm.2026.e05978
Received 17 November 2025; Received in revised form 24 February 2026; Accepted 13 March 2026

Available online 14 March 2026
2214-5095/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).



A. Bisciotti et al. Case Studies in Construction Materials 24 (2026) e05978

transportation distances, and minimize the exploitation of additional mineral deposits [5,6]. To meet the sustainable development
goals, the building sector shall also include the efficient recycling of construction and demolition waste (CDW) in a circular economy
[7]. The estimated production of such waste in Europe is 800 Mt/year, accounting for over 50% of total solid waste generated [8]. Most
of this waste is currently recycled for subbase and base in road construction, whereas the use in concrete or blended cements is still
limited [9]. Previous studies have investigated the use of CDW in the production of recycled aggregates and filler with SCM potential
demonstrating promising results [10-12].

When directly produced from crushed concrete the CDW is typically composed of inert natural aggregates (NAs) and of hydrated
cement paste (HCP) adhering to the surface. The amount of HCP may vary considerably according to crushing methods, grain size,
ageing, type and initial strength grade of the cement embedded [13,14]. In general, the amount of HCP increases with the decrease of
CDW grain size, which is known to have detrimental effects in recycled aggregates [15]. Excluding the use as raw materials in the
cement kiln, other potential applications are carbon capture and storage (CCS) or the production of SCMs [16-18]. When tested as
SCMs, the CDW fine fractions originally display a low reactivity, therefore necessitating further processing either mechanical,
chemical, thermal, or combined [19]. The main concept involves isolating the HCP from waste concrete, grinding it into a fine powder,
and then heating it at high temperatures to restore its reactivity (D. [20]). Nevertheless, CDW is typically enriched in calcite, resulting
either from the inert NAs fraction or from the HCP, which limits thermal processing above decarboxylation temperature [21,22].

Similarly to clinker cement production, when powdered HCP is heated, dicalcium silicate (CS) is the first to form through solid-
state reactions below 1300 °C, above this temperature also tricalcium silicate phase (C3S) might form [23]. However, unlike clinker
raw meals, where the § polymorph of C5S is the first to form, in HCP it mainly results in the formation of (alpha) a-C2S [24,25]. More
specifically, the alpha prime-high (af;-C,S) orthorhombic polymorph has been previously identified [26]. The (beta) B-CS is only
formed at temperatures above 800 °C due to polymorphic transformation of a-CyS to p-CaS [26]. The a-CoS is a more reactive poly-
morph than the B-C,S [27] and is apparently produced after the process of dehydration and depolymerization of the calcium silicate
hydrates (C-S-H) at around 600°C where also portlandite dihydroxylation occurs [28]. The (gamma) y-CaS polymorph, characterized
by zero hydraulic activity, is not commonly reported in thermal reactivated HCPs, and seems to form between 500 and 700°C [29].
Lastly in the range of 750-1000°C, in the presence of calcite, lime is formed, and CO is again emitted [30]. The tricalcium aluminate
(C3A) and ferrite (C4AF) can form above 850°C but is usually a later product, assuming that enough Al,Og is present [31].

The process previously described involves the thermal reactivation of Ordinary Portland Cement (OPC, classified as CEM I ac-
cording to EN 197-1), which might serve as reference HCP. However, blended cement such as CEM II, CEM III, and CEM IV (as defined
by EN 197-1) are increasingly being adopted in construction and are therefore found as HCPs in CDW. Most of the available literature
focuses on the thermal reactivation of CDW fines produced from CEM I, while how these different HCPs behave remains largely
unexplored, and which type has the greatest potential for thermal reactivation in terms of their hydraulic and pozzolanic properties,
key characteristics of each SCM [32]. These fine additives are not inert fillers; rather, they actively participate in the hydration re-
actions, and potentially also in the thermal reactivation process, although through different mechanisms. The presence of GGBFS and
pozzolans (in CEM III and IV, respectively) contributes additional aluminum and silicon, which might modify the composition of C-S-H
products into calcium aluminate hydrate (C-A-H) and calcium(alumina)silicate hydrate C-(A-)-S-H gel [33,34]. In contrast, limestone
additions in CEM II could influence the Ca/Si and Al/Si ratios of the resulting hydration products, that might alter the chemical
composition, structure, and morphology of the C-S-H gels (J. [35]).

Thus, to improve understanding of this process with a case study, the most common commercially available cement products have
been collected, transformed into HCP, thermally reactivated and then tested for their potential as SCMs, both as pozzolanic and hy-
draulic materials. As a reference of the real-world impact of the HCP content, a concrete derived CDW sample obtained from a
recycling plant, was subjected to the same processes. Most previous studies identified the temperature range between 600 and 800°C as
the most effective [21]; however, only a few have explored low-temperature and short-duration treatments aimed at reducing energy
demand and CO: emissions ([36,37]; D. [20]). Therefore, two under-calcining temperatures were chosen: T1 at 350 °C and T2 at
600 °C. The T1 focused on activating the SCMs pozzolanic potential from dehydration and amorphization with minimal energy
consumption and CO: emissions, whilst the latter, T2, aimed at maximizing the binding and hydraulic properties from CyS crystal-
lization, while still avoiding calcite dissociation and high energy consumption [21,28]. The decarboxylation becomes significant
already at 500-600°C if a sufficient low partial pressure of CO; is maintained or if the calcite is mixed with quartz or clays that can
react with the calcium oxide [38].

To monitor the evolution of HCPs from ambient temperature through T1 (350°C) and T2 (600°C), the samples were analyzed using
X-ray Powder Diffraction (XRPD) combined with Rietveld refinement. Quantitative phase analysis (QPA) was performed on the
crystalline fraction, and by incorporating an internal standard (corundum) the amorphous content was also quantified. In addition to
capturing snapshots at specific temperatures, thermal transformations and phase changes across the entire heating range (0-900 °C)
were investigated using thermogravimetric analysis (TGA) and differential thermal analysis (DTA). The sample's microstructure
morphology is then captured through scanning electron microscopy (SEM). The reactivity of the samples, before and after thermal
treatment, was assessed from multiple perspectives, with particular focus on reaction kinetics and energy release determined by
isothermal calorimetry using two complementary methods. The first approach, by Isothermal Conduction Calorimetry (ICC) EN
196-11, examines hydration behavior over time by recording the heat flow generated from the dissolution of SCM minerals in water
[39,40]. The second approach follows the more recent ASTM C1897-20 (R? test), which evaluates the chemical reactivity of SCMs,
both pozzolanic and hydraulic, in simulated cement pore solution pastes ([41]; X. [42]). Eventually, this case study offers an in-depth
analysis whether different types of blended cements and CDW can be effectively repurposed as SCMs at the end of their life cycle,
supporting the transition toward sustainable, and performance-oriented materials.
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2. Materials
2.1. Hydrated Cement Pastes

HCPs were prepared in the laboratory using a water-to-cement ratio of 0.5, following the standard 3-minute mixing procedure
specified in EN 196-3. The fresh pastes were cast into molds (60 x 40 x 40 mm?®) for 24 h. After demolding, the specimens were
maintained under laboratory conditions (20 + 2 °C with a relative humidity not lower than 50%) for a total of 27 days. At 28 days of
hydration, the HCP samples were crushed below 2 cm using a jaw crusher, then ground with a disc mill for 4 min (Fig. 1). The final
products (< 90 pm) were collected by sieving. The samples obtained are listed in Table 1.

Thermal treatment was performed in a muffle furnace, with heating from room temperature (T amb.) at 10 °C/min to the target
temperatures of 350 °C (T1) and 600 °C (T2), each held for 2 h. Most previous studies adopted an annealing time of 2-3h [21],
sufficient to achieve complete dehydration at temperatures between 500 — 800°C. After treatment, the powders were left to cool to
room temperature inside the furnace. Each HCP sample was therefore divided and labeled into T1 and T2 samples based on the thermal
treatment conducted. The chemical composition of the samples is provided in Table 2.

2.2. Construction waste fines

The starting CDW contains more than 90% of structural concrete (> 40 MPa, 28 days compressional strength) obtained from the
demolition of an industrial pavement. Sample materials were collected from the stock in accordance with standard EN 932-1.
Following the sampling procedure, the CDW is homogenized and reduced in the laboratory using a quartering method (EN 932-2).
Fines CDW, enriched in HCP, have been obtained by intensive shredding through ball-milling to achieve an extra-fines fraction. A
fraction with a finesse below 90 pm was again collected (Fig. 1). The same thermal processing has been conducted on this material and
labeled as CDW (25°C), CDW-T1 (350°C) and CDW-T2 (600°C). The chemical composition of the samples determined by wavelength-
dispersive X-ray fluorescence spectrometry (XRF) on pressed powder pellets using an ARL Advant-XP+ spectrometer, is provided in
Table 2.

A schematic representation of the sample preparation is provided in Fig. 2.

3. Methods
3.1. X-ray Powder Diffraction

X-ray Powder Diffraction (XRPD) analyses were performed using a Bruker D8 Advance Da Vinci diffractometer equipped with a
standard Cu X-ray tube (A = 1.5406 ;\) and a Ti filter for Ka radiation. Measurements were collected at room temperature over the 20
range of 3-90°, employing a Bruker cylindrical specimen holder in PMMA for powder samples. The instrument operated with variable
slits ensuring a fixed sample illumination of 15 mm. Data were acquired in 0.02° steps using a Position Sensitive Detector (PSD). Phase
identification was accomplished using the DIFFRACT.EVA suite, utilizing the Powder Diffraction File (PDF-2) database maintained by
the International Centre for Diffraction Data (ICDD) along with the Inorganic Crystal Structure Database (ICSD). Accurate quantitative
phase analysis (QPA) was conducted through the Rietveld profile fitting method applied to the X-ray diffraction patterns, employing
the Bruker TOPAS 5.0 software. The QPA results from Rietveld calculations are obtained by convolution-based profile fitting, which
combines instrument-related contributions (e.g., beam shape) and sample-related contributions (e.g., crystallite size and microstrain)
to generate realistic diffraction profiles. Additional constraints are applied to unit cell dimensions and peak shape parameters to ensure
refinement stability [43]. In addition to crystalline phases, the amorphous content was quantified using 15% corundum (Al=0Os) as an
internal standard. This approach allows the indirect estimation of the approximate content of amorphous and semi-amorphous phases,
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Fig. 1. Grain size distribution of the samples after 4 min of disc milling.
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Table 1

Materials composition of hydrated cement pastes (HCPs) used in this study.
Samples CEM Type (EN 197-1) Clinker content (wt%) SCMs content (Wt%) SCMs type w/c Class of strength
HCP I CEM I 95-100 - - 0.5 52.5R
HCP I CEM II/A-LL 80-94 6-20 Limestone 0.5 42.5N
HCP III CEM III/B 20-34 66-80 GGBFS 0.5 425N
HCP IV CEM IV/A -P 65-89 11-35 Natural Pozzolans 0.5 425N

Table 2

XRF (wt%) chemical composition of the samples under investigation.
Samples SiOy Al,O03 CaO Fe,03 MgO P,05 TiOy MnO Na,O K,0 LOI
CDW 10.05 1.84 50.17 1.26 0.65 0.06 0.09 0.07 0.15 0.38 35.27
HCP I 17.59 2.73 45.49 2.07 0.95 0.08 0.14 0.10 0.59 1.17 29.09
HCP I 15.30 3.61 55.60 2.70 1.22 0.06 0.13 0.13 0.29 0.52 20.42
HCP III 25.55 4.37 37.59 1.21 3.56 0.08 0.22 0.07 0.47 0.40 26.47
HCP IV 25.68 5.00 34.24 2.28 1.08 0.10 0.20 0.06 1.04 2.04 28.27
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Fig. 2. Schematic representation of the sample’s preparation.

such as C-S-H, C-A-H, and C-S(-A)-H, whose broad humps typically overlap with the background and underlie the bases of more
crystalline peaks. All peaks, with their specific intensity and crystal sizes derived from the full-width half maximum (FWHM), are
modeled together with a background polynomial function refined using 15 coefficients. Preferred orientation effects are addressed by
applying texture models such as March-Dollase and spherical harmonics for clay minerals. The quality of each refinement was eval-
uated using the residual weighted profile (Rwp) value and by visual inspection of the difference between observed and calculated
profiles on the same scale. The achieved Rwp values, all below the target threshold of 10.0, are reported in Supplementary Table I. The
results reflect single observations per condition, precluding statistical analysis of variability. Quantitative comparisons should
therefore be interpreted cautiously.

3.2. Thermogravimetric analysis

Thermogravimetric and Differential Thermal Analyses (TGA-DTA) were performed using a Netzsch-Geratebau GmbH STA 409 PC
Luxx Simultaneous Thermal Analyzer (Netzsch, Germany). Approximately 30 mg of each powdered sample was analyzed, together
with corundum (Al20s) used as a reference in the same amount. Measurements were carried out in the temperature range 20-900 °C at
a heating rate of 10 K/min, under an oxygen atmosphere. The results were processed and interpreted using the Netzsch Proteus
software.

3.3. Reactivity

The isothermal calorimetry has been conducted following the ASTM C1897-20 standard: Standard Test Methods for Measuring the
Reactivity of SCMs by Isothermal Calorimetry and Bound Water Measure. The measurements were conducted using a TAM Air 8
calorimeter (TA Instruments). The ASTM C1897-20 test, is a calorimetry test that simulates cementitious pore solution by mixing SCMs
with calcium hydroxide (CH), calcium carbonate (CaCOg), potassium sulfate (K2SO4), and potassium hydroxide (KOH), and curing the
paste at 40 °C for 3 and 7 days. The method does not distinguish between hydraulic and pozzolanic reactivity but rather provides an
overall reactivity measure. One measurement per sample was carried out. The cumulative heat of hydration was calculated using the
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Eq. (1):

HSCM =

S S
(mp + 0,101)
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@

Where H represents the cumulative heat release measured at 3 and 7 days, mp is the mass of the paste (15 g in this case), and 0.101 is
the mass fraction of each sample within the paste.
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3.4. Heat of hydration

Isothermal calorimetry can be used as both a qualitative and quantitative method to study the kinetics of cement hydration. The
reactivity of cement samples was assessed following the EN 196-11 standard: Methods of testing cement — Part 11: Heat of hydration -
Isothermal Conduction Calorimetry method. To this aim, 10 g of the binder (sample) and 10 g of distilled water were placed into
separate, airtight, containers, while 6.05 g of distilled water was placed in glass ampoules to serve as the reference material. Sample
preparation was carried out in accordance with EN 196-11. Following preparation, 10 g of the cement paste (w/c =1) was transferred
into glass ampoules, which were simultaneously inserted into the calorimeter together with reference ampoules containing distilled
water. Single measurement was carried out per sample. The measurements were conducted using a TAM Air 8 calorimeter (TA In-
struments). For this purpose, the investigated samples were analyzed together with a reference 52.5 N OPC (Fig. 14), with the standard
method EN 196-11, previously described. The cumulative heat of hydration was calculated using the Eq. (2):

HNOR = H 2
m

Where H represents the cumulative heat release measured at 3 and 7 days and m the mass of the binder (5 g in this case).

3.5. Scanning electron microscopy

The HCP and CDW samples were characterized for powder morphology, composition, and internal phase distribution using
Scanning Electron Microscopy (SEM) coupled with Energy Dispersive Spectroscopy detector (EDS). Sample preparation for
morphological and compositional analysis involved depositing the ground powders onto stubs covered with an adhesive layer. For the
internal composition and phase distribution characterization, cross-sections of the powders were prepared. Each powder was cold-
mounted in a mold using an epoxy resin (Struers Epofix). Once the resin cured, the resulting samples were polished using abrasive
papers and diamond suspensions down to a 1pm. The analyses were conducted using a ZEISS EVO MA 15 electron microscope
equipped with a LaB6 source (Carl Zeiss AG, Oberkochen, Germany) and an EDS detector, type X-Max 50 N (Oxford Instruments
Abingdon, Oxfordshire, UK). SEM analyses were performed using an electron accelerating voltage (EHT) of 20 kV in low vacuum
mode, at a SEM chamber pressure of 70 Pa, to avoid charging artifacts. More than 500 K counts were collected for each EDS spectrum
and element distribution maps were acquired with more than 30 M Cts. The collected spectra were processed with Oxford Instruments
Aztec 3.3 software.

4. Results and discussion
4.1. X-ray Powder Diffraction and Rietveld QPA

4.1.1. Mineralogical composition and transformation of HCPs

The XRPD patterns measured, the Rietveld profiles calculated, together with the QPA values obtained are provided in Figure [ and
Table I of Supplementary Materials. For the HCPs samples the crystalline phases mainly represent the traditional clinker minerals such
as C3S, CoS, C3A and C4AF, which remained as unreacted products after the hydraulic reaction ends [23]. Nevertheless, within the
low-crystalline to amorphous spectrum are also identified and quantified the hydration products such as ettringite (AFt), portlandite
(CH) and the hydrated calcium aluminates (AFm) based on the hydrocalumite-like structure [44]. When it comes to the C-S-H, C-A-H,
and C-S(-A)-H, these hydraulic products are not directly measured, but only through the amorphous total content a general estimation
is conducted [33,45]. At T amb. (25°C), the HCPs are mainly composed of an amorphous fraction, ranging from 48% to 77%, which in
the case of HCP I shall mainly represent the C-S-H content. HCP III exhibits an even higher amorphous content due to the intrinsic
glassy nature of the GGBFS addition [46]. In contrast, HCP II and IV present lower amorphous fractions, consistent with the pre-
dominance of crystalline minerals of limestone and natural pozzolans [47].When heating to T1 (350°C) (Fig. 3a), the amorphous
content in HCP I shows only a slight reduction (~1%), whereas all blended HCPs record an increase of about 5-6%. Beyond un-
certainties in the measurements, this increase is likely attributable to the transformation of crystalline domains into X-ray—amorphous
phases following the loss of structural water and the consequent collapse into a more disordered structure [48]. Among these, AFt and
AFm phases (including monosulfate and carboaluminate forms) are present in small amounts at T amb. (0.5-3.5%) but completely
disappear by 350 °C. For the C-S-H structure and its variants, which are inherently poorly crystalline, previous studies indicate that
around 100 °C water molecules dissociate in order to preserve the hydroxyl population [49]. At approximately 350 °C, dehydrox-
ylation of C-S-H is known to induce more significant structural variability and disorder, including interlayer collapse, merging of
calcium layers, and changes in silicate morphology, a process that might explain the 5-6% wt. increase reported in the amorphous
content at T1 ([50]; Y. [51]). The CH, follows a different trend (Fig. 3b). Its content increases by a few percentage points in all the
samples from T amb. to T1, then sharply decreases at T2 but without fully disappearing. The literature reports portlandite dehy-
droxylation between 450 and 500 °C [52]. The persistence of CH peaks at T2 has been previously explained by partial and rapid
rehydration of free lime (CaO) during cooling and storage [53]. However, it could alternatively be explained by incomplete dehy-
droxylation of portlandite (e.g., due to insufficient temperature, residence time, or local kinetic constraints) or by phase protection
effects, where CH domains are shielded by surrounding C-S-H or densified microstructures, delaying or preventing full decomposition
[29,54].



A. Bisciotti et al. Case Studies in Construction Materials 24 (2026) e05978

Following T2 (600 °C), the amorphous content sharply declines in all HCPs as a result of complete C-S-H dehydration and the
crystallization of new clinker phases, a process known to initiate at this temperature [55]. In HCP I the drop is ~30% whereas in the
other blended HCPs the reduction is less pronounced, between 3% and 16%, beyond uncertainty estimation. Considering the variation
of the amorphous content between T2 and T amb. and comparing it with the wt% of total C,S formed, it suggests that the reduction of
the first is associated with the formation of the latter.

Regarding CzS polymorph crystallization, the a-form is absent at both T amb. and T1, confirming that this phase does not persist
under ambient conditions after hydration occurred. At T2, however, crystallization of «'y-C2S (ICSD: 82997, Fig. 4) begins, reaching
values above 5% in all samples (Fig. 3¢). The highest content is observed in HCP IV (9.5%), followed by HCP I (7.9%), while HCP II and
III show similar values (both ~6%); however, these relatively small differences between samples are particularly sensitive to mea-
surement uncertainties. The structure of o'H-C2S is known to be stabilized by sodium oxide (Na50), potassium oxide (K20), boron
(using sodium tetraborate decahydrate - NagB407-10 H30), or oxidizing Sulphur atmosphere (S0+>") at 1350-1400°C [56-58]. The
stabilization is known to result from ionic substitutions for calcium and silicon constituents [59]. Therefore, the higher content of the
o'y polymorph in HCP IV and HCP I might not be random. Indeed, these two have the highest content of alkali (Na;O + K20) among the
HCPs (Table 2) with 3.08% and 1.76% respectively.

The B-CzS polymorph is already present at T amb. and T1 (Fig. 3d), indicating its persistence after hydration due to its low reactivity
compared to the a-form. At T2, p-C2S increases in all the samples, with the highest content in HCP I (6.67%), followed by HCP II
(5.99%), HCP IV (4.69%), and HCP III (3.70%). The B-CzS is deemed as a distorted o structure formed during cooling stage at
680-630°C [61,62]. However, based on the present research this temperature range might be lower in the case of HCPs thermal
activation [63,64].

The nonhydraulic y-C2S polymorph is also found within the samples at T2, whereas at T amb. and T1 this inert phase is completely
absent (Fig. 3e). This is the dominant C,S phase at 550 °C, which is close to the T2 value, and crystallizes during equilibrium cooling
from the conversion of the a phase [29]. Indeed, at T2 it is detected in HCP I (11.94%) and HCP II (4.69%), while remaining negligible
in HCP IIT and IV; however, in these latter samples its characteristic peaks may be obscured by the high amorphous background (Fig. 6).
Rapid cooling or chemical impurity substituents hinder the transformation of a-C5S to y- C2S [61]. Since the first was kept identical for
all the samples, the latter condition should have prevail.

The monoclinic M3 form described by De La Torre et al. [65] is adopted as crystalline information file structure (CIF). Any CsS
detected in the samples at the different temperatures is attributed to residual anhydrous constituents of the original cement paste
remaining after hydration (1-3%), as seen in HCP I. Higher CsS values in HCP II (Fig. 3f) suggest reduced hydration efficiency, possibly
due to fine clays or porous limestone particles hindering reaction despite identical w/c ratios. At T1 and T2, variations in CsS content
mainly reflect dehydration bias: water loss and recrystallization sharpen diffraction peaks. This effect is also observed for anhydrous
CsA and C.AF (Table I in Supplementary Materials).

Fig. 5 presents the Rietveld-calculated profiles in HCP samples after T2, with the measured pattern shown in red at the top and the
individual contributions of the various CzS polymorphs stacked underneath. The main crystalline peaks are identified and labeled on
top of the figure. HCP I shows the sharpest XRPD peaks, consistent with its lowest amorphous fraction (42.76%) and highest cumu-
lative C2S content (26.57%), indicating extensive crystallization. The calculated profiles for a-, p-, and y-C2S closely match the
measured reflections. HCP II exhibits a comparable pattern but with slightly higher amorphous content and lower C:S, reflected in
broader background signals and weaker peak intensities. In contrast, the blended HCP III and IV display a markedly different pattern,
dominated by a higher amorphous contribution with a peak near 28° (26) from vitreous silico-aluminates (GGBFS or natural pozzolan).
Nevertheless, C2S polymorph peaks remain mostly traceable, and the calculated profiles accommodate peak broadening. Although
such conditions can affect accuracy in the absence of an internal standard, reliable quantification is ensured here by the addition of
corundum.

4.1.2. Mineralogical composition and transformation of COW

The complete XRPD-QPA results for the CDW samples are reported in Table I of the Supplementary Materials. Based on the QPA
data, adopting the method described by [15], the amount of leftover cement paste (LCP, also referred to as HCP) is estimated. This
approach provides a measure of the LCP and the NAs content from the weight percentages (wt%) of specific mineral groups obtained
from the QPA. More in detail, the NAs fraction is determined from common rock-forming minerals such as calcite, quartz, feldspars,
and micas. The LCP fraction, on the other hand, is quantified from the anhydrous clinker phases (CsS, C2S, CsA, C4AF), hydration

@Ca a,H - CaZSiO4 (P nma)
@0
9Si

Fig. 4. Crystal structure of o/i-C2S (ICSD: 82997) structure data from [60].
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products (CH, AFt and AFm phases, C-S-H), and carbonated cement, calculated from calcite polymorphs and by using a bi-modal
crystallite distribution (Fig. 6a). The LCP content was found to be approximately 27% in the analyzed CDW sample (Fig. 6b), cor-
responding to an average of 73% embedded NAs. These values are consistent with most findings reported in the literature [66-69]. In
this perspective the CDW, after the comminution conduct, and based on its composition, can be eventually associated to a hypothetical
HCP II sample where the clinker content is low to 25% and with a 75% SCM content from limestone (Table 1).

Based on the QPA results (Fig. 7, and Supplementary Table I), at T amb., the CDW contains 19.87% amorphous phase, which can
largely be attributed to the C-S-H component. The main C,S polymorphs identified are o (0.5%) and p (1.2%), while CH and C3S are
both below 1%. Other hydration products, such as AFt and AFm, are cumulatively less than 1%. The dominant constituent of the CDW
mineralogy is calcite (55.8%), mainly due to the use of calcium carbonate aggregates in the parent concrete. However, by applying a
bimodal crystallite size model for calcite, as described by Bisciotti et al. [69], it was possible to directly estimate the carbonated LCP
fraction, which is approximately 10%.

After thermal reactivation at T1, the amorphous content increased, consistent with observations for all HCPs studied. Since AFt and
AFm are negligible, this variation can be mainly attributed to changes within the C-S-H structure. It is proposed that at T1, dehy-
droxylation of C-S-H leads to significant structural modifications, including collapse and disordering of interlayer and semi-crystalline
domains, as previously observed in other studies ( [50]; Q. [64]; Q. [70]). No notable variations are observed for C,S or other active
mineral phases. At T2, the CDW mineralogy evolved into a more reactive state. The a- and p-C2S fractions increased to 3.6% and 3.0%,
respectively, with an additional 0.4% of y-C2S reported. This process coincided with a reduction in the amorphous content to 19.25%,
likely due to crystallization originating from the collapsed C-S-H structure. Interestingly, the calcite content remained stable at 58.8%,
with only a slight decrease in the carbonated fraction (5.1%). Comparing the total calcite content at T amb. (65.6%) and T2 (64.0%)
confirms that no significant decarbonation occurred.

4.2. Thermogravimetric analyses

The TGA-DTA analyses provide valuable insights into the evolution of the studied samples over the range of 0-900 °C under a
controlled atmosphere. The TGA results reflect moisture content, oxidation, decomposition, and thermal stability of the materials
during heating. Whereas DTA highlights endothermic and exothermic processes, such as melting, crystallization, or phase transitions.
TGA-DTA data measurements were quantified across four key temperature intervals: 50-100 °C, 160-350 °C, 470-650 °C, and
690-900 °C. The full dataset is available in Supplementary Table II.

4.2.1. TGA analyses

The initial weight loss (50-100 °C) corresponds primarily to the evaporation of free and physically bound water, including moisture
in the capillary pores and surface water adsorbed, especially for HCPs. The mass loss here is minimal for the CDW sample (—0.67%),
indicating limited free or physically bound water. In contrast, the HCP samples show higher values, ranging from —6.84% to —8.46%,
except for HCP II, which exhibits a lower loss (—3.15%).

In the next range, the 160-350 °C interval (Fig. 8), closing the T1 threshold, the mass loss is yet associated with water evaporation,
in this range previously associated with chemically bonded water [71]. This process corresponds to the decomposition of hydration
products, such as AFt and AFm, which are confirmed to disappear at T1 from the XRPD. The CDW again shows the lowest mass loss
(—1.73%), while HCPs display higher values. HCP III records the greatest loss (—14.19%), followed by HCP IV (—13.03%) and HCP I
(—12.83%) and HCP II (—8.94%). The discrepancy from the XRPD data for the AFt and AFm (0-3.5%) to the TGA data (8.94-14.19%)
can be explained from XRPD data by the variation on the amorphous content (5-6%) associated with the C-S-H structure dehy-
droxylation and collapse ( [50]; Y. [51]).

In the 470-650 °C range (Fig. 8), by the T2 threshold, the dehydroxylation of portlandite mainly occurs. The HCP I undergoes the
largest mass loss (—6.39%), followed by HCP II (—5.05%). HCP III and IV show more modest losses (—3.99% and —4.27%, respec-
tively), while CDW again exhibits the lowest change (—1.65%). The data follows again the XRPD values for CH (Table I, Supple-
mentary), where HCP I has ~10%, HCP II ~7%, HCP III ~3%, HCP IV ~4%. The remaining difference between the TGA and XRPD
values shall be attributed to the complete C-S-H decomposition, described in the literature with decreasing interlayer distance, full
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Fig. 7. Bar chart of the QPA results for selected clinker minerals in CDW samples.
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Fig. 8. TGA analyses plot for the HCPs and CDW samples in the range 0-900°C.

structural disordering, and lastly with the complete dissociation of the C-S-H gel [72,73].

Finally, in the high-temperature interval (Fig. 8), beyond T2 (690-900 °C), the decarboxylation of carbonates is observed,
including calcite, aragonite, and dolomite if present [38]. The reaction involves CO2-releasing transformations, and therefore this
temperature range shall be avoided. In agreement with the carbonates content from XRPD (Table I, Supplementary), the CDW displays
the most significant mass loss (—31.48%), due to its high carbonate content. HCP II follows with a substantial loss of —6.86%, again
associated with its SCM limestone filler. The remaining HCPs show only minor decarbonation losses, ranging from —1.28% to —2.20%.

4.2.2. DTA analyses
DTA primarily identifies thermal events occurring in the range 0-900°C. The peak area in DTA curves is roughly proportional to the

enthalpy change, although the relationship depends on many factors (packing, heating rate, thermal contact with the reference,
furnace design).

The first observable reaction is related to the evaporation of the physically bonded water around 100°C, observed in all the samples
studied, although with different magnitudes. The reaction is stronger for HCP I and III, followed by HCP II and IV whereas is negligible
for the CDW (Fig. 10). The second peak represents the dehydroxylation of portlandite (CH) in the range of 450°C to 500°C (Fig. 10).
The loss shall also correspond, as indicated by previous studies, to the conversion of CH into calcium oxide (CaO) and water [52,53].

The intensity of the transformation agrees with the TGA data, with the HCP I followed by HCP II, III and IV, as also supported by the
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Fig. 9. DTA analyses plot for the HCPs and CDW samples in the range 0-900°C.

10



A. Bisciotti et al. Case Studies in Construction Materials 24 (2026) e05978

XRPD analyses (Table I, Supplementary). The crystallization of the C3S polymorphs, confirmed by the XRPD data (Figs. 3 and 5),
should occur somewhere within the 400-600°C range. Nevertheless, the transition which should be characterized by an exothermic
reaction is not observable by the DTA. Neither previous study that employed DSC could observe it [53]. The third endothermic peak
appears between 700 °C - 800 °C (Fig. 9), especially for HCP I and CDW, and is associated with the decarboxylation of carbonates. The
intensities observed match with the quantitative data from TGA and the XRPD.

4.3. Scanning Electron Microscopy

The SEM analyses highlight morphological and compositional features of the HCPs and of CDW samples at the T amb., T1 and T2
intervals at various magnification scales using either secondary (SE) or backscattered (BSE) electrons.

At T amb., both the HCP and CDW samples consist of a mixture of fine powder and micrograins, with sizes ranging from 10 to
400 pm. In the reference HCP I sample, the grains display predominantly rectangular or angular morphologies, characteristic of
shredding and comminution processes (Fig. 10a). These grains are mainly composed of a porous matrix, accompanied by fine por-
tlandite crystals and residual clinker minerals such as CsS present on the surface (Fig. 10b).

The CDW have a finer powder content, with limited micrograins, due to the comminution of concrete blocks, where embedded sand
is mostly liberated. The bigger grains in this case largely derive again from NAs, appearing primarily as spherical clasts (Fig. 10c). The
leftover cement grains identified are very few compared to the HCP sample (Fig. 10d), their distribution is limited and a reduced
presence of CH crystals and residual clinker minerals on their surfaces is found, probably due to carbonation occurring during
environmental ageing.

The HCPs and CDW samples have been also embedded in epoxy resin and polished to conduct superficial chemical mapping
through BSE. The compositions of HCP [ and HCP III at T amb. are displayed in color coding based on their main chemical constituents
(Figs. 11a and 11b). The HCPs are composed of a compact calcium-silicate matrix, primarily made of C-S-H, C-(A)-S-H, and of other
hydration products. Other than hydrated compounds the presence of residual anhydrous clinker minerals can be distinguished within
the matrix, based on crystal morphologies and chemical point analyses. The C3S grains (around 20 ym and with Ca/Si ratio close to 3)
are typically rectangular in shape, whereas the C,S are more spherical, have a Ca/Si ratio close to 2, are often assembled in nests, and
present a smaller crystal size (around 5 um). In the case of HCP III, the presence of GGBFS powder can be also seen as tiny Fe, Mg dots
scattered in the matrix (Fig. 11b). The aluminates minerals (mainly C3A and C4AF) are not visible.

After thermal activation at T2, the morphology and crystal assemblage of the HCP samples undergo significant changes (Figs. 11c,
11d). The calcium-silicate matrix (C-S-H, C—(A)-S-H) is markedly reduced, while abundant CS crystal nests develop, separated by an
aluminate glassy layer (e.g., CsA) that forms a distinct rim. The morphology of the C:S crystals differs between HCP I T2 and HCP III T2:
in the former, they appear more regular and spherical, whereas in the latter they are elongated. This variation likely reflects the
occurrence of different polymorphs, as confirmed by XRPD analysis (Figs. 3 and 5). Specifically, y-C2S predominates in HCP I, while a-
and f-C2S are characteristic of HCP III.

The chemical mapping of the CDW sample at T amb. (Fig. 12a) was carried out on a ~400 um grain of finely crushed concrete
(highlighted in red). Residual cement appears as a lighter bluish halo surrounding numerous small clasts (ranging from 50 pm down to
just a few pm), of fine sand and micro aggregates. Most of these clasts are calcium carbonate fragments, while others display a sili-
ceous-sodic—ferrous composition, likely corresponding to feldspars. Quartz grains are represented by the clasts with high silicon
content (green fragments in Fig. 12a).

Comparing the HCP samples at T amb. with the CDW sample at T amb. (Fig. 12a) it can be seen how the cement matrix of the latter
is more porous and looser than the first one. After the thermal activation at T2 most of the dense leftover cement matrix is not visible
anymore, the NAs are liberated and the content of fine powder increases (Fig. 12b). At the same time, the thermal reactivation of fine
grains still occurred, and the same pattern observed in HCPs for the formation of CyS nests in spherical grains is observed (Fig. 12c).
The morphology of the newly formed agglomerate resembles that of clinker nodules (Fig. 12d), although a clinkerization process did
not occur.

Fig. 10. Scanning Electron Secondary Electron images of HCP and CDW samples.
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Fig. 12. Scanning Electron Backscattered Electron images of CDW at T amb. and T2.

4.3.1. Reactivity as SCM

The results obtained show the impact on the reactivity of the samples from the thermal activation going from T amb. to T1 and T2,
both after 3 and 7 days (Fig. 13). The effectiveness of thermal activation is evidenced from the results by the increasing trend for
cumulative heat (J/g) observed for all the HCPs and CDW, when heating from T amb. to T1, and subsequently to T2 (Fig. 13).

In the first step (T amb.-T1), a marked rise is recorded after 3 days, with HCP I, displaying the highest cumulative reactivity in-
crease of + 184%, followed by HCP IV (4+141%) and then by the other HCPs samples, while CDW registers a more modest + 46%. A
similar pattern is observed after 7 days (Fig. 13). In the second heating step (T1 — T2) the impact on the reactivity from the last heating
step is more modest. The highest transition is reported here for HCP IV (+60%) followed by HCP I (+31.3%) and then by the other
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Fig. 13. Cumulative heat (J/g) released by the samples as determined by ASTM C1897-20 method.

samples. In this case, the T2 thermal activation step is considerably more effective for CDW with an increase of + 51%. When it comes
to the absolute values the scenario differs. The HCPs samples with the highest reactivity as SCMs, both after T1 and T2, and after 3 and
7 days are the opposite of those reporting the highest cumulative heat increase. These are HCP II and HCP III, with the latter surpassing
the first after T1, both at 3 and 7 days. The values measured, respectively 236.3 J/g and 267.4 J/g are five times higher than that for
CDW. At T2 the same samples reach 276.7 and 328.9 J/g, where the reference (REF OPC CEM 1 52. 5 N) is fixed at 460.7 J/g. At T2, all
the HCPs converge within the range of 250-350 J/g, whereas CDW remains consistently lower, around 50 J/g.
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Fig. 14. Diagrams of heat flow over time (hours) for heat of hydration.
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4.3.2. Heat of Hydration

Since thermal reactions and the formation of active clinker minerals were mainly observed from XRPD in the T2 samples (Fig. 14),
only these are analyzed and described in detail here, while a general discussion of the T1 and T amb. samples is provided in the next
section (4.5.1).

The numerical first derivative of heat flow is calculated as:

s() = %? ©)

Where Q is the heat flow and t is the time (h).

The beginning of the induction period (I;) was defined as the earliest time after the initial exotherm when the slope of the heat-flow
curve decreased below a small threshold and remained stable for a short persistence interval. The slope threshold (s;) was set at 5% of
the maximum value of s(t) during the first exotherm, and the induction period was considered to start when s(t) exceeded this
threshold. The maximum heat-flow peak (Py;), corresponding to the acceleration stage, was then identified as the highest recorded heat
flow (mW/g).

Between [; and Py, the maximum slope was determined, and a second threshold (S¢) was defined as 5% of this value. The end of the
induction period was assigned to the time when s(t) fell below Sg. The mean heat flow during the induction period (I) was also
calculated together with its 5% threshold, and the onset of the acceleration stage was defined as the time when s(t) exceeded this
threshold. The acceleration stage ends at Py;, and the mean heat release during this stage was denoted as P . The 5% threshold was
selected as a conservative criterion, ensuring that only the most distinct occurrences of the hydration stages are identified.

A qualitative comparison highlights that the first clear difference between the reference OPC and the HCPs lies in the heat
generated during the initial exotherm, which reflects the presence of CH. These results are consistent with the XRPD quantitative
analysis of CH (Fig. 3). A second difference concerns the time required to reach Py;, which is similar for OPC, HCP I, and HCP II (around
14 h), but significantly longer for HCP III, HCP IV, and CDW (Fig. 14).

When considering the quantitative data, a more detailed interpretation can be provided. The induction period, or dormant stage, is
governed by a series of physico-chemical mechanisms that temporarily reduce dissolution and precipitation rates. The primary factor
regulating this process is the saturation of the pore solution with Ca®*, OH-, and SO4>~ ions. The induction period concludes once stable
nuclei of C-S-H and portlandite begin to form and grow rapidly, thereby initiating the acceleration stage. As shown in Fig. 14 and
Table 4, this transition occurs much earlier in OPC (0.47 h), while it is noticeably prolonged in all HCPs. The incorporation of SCMs
further extends the induction period, ranging from 1.26 to 5.41 h, with the maximum value recorded for CDW (5.47 h). The mean heat
release (), although comparable, is consistently higher in HCPs than in the reference OPC, whereas it remains very modest in CDW.
This behavior can be attributed to the residual presence of CH in the HCP samples (Fig. 4), which promotes solution saturation and
consequently delays the nucleation and growth of C-S-H and portlandite.

The acceleration stage corresponds to the dissolution of CsS and CaS crystals and represents the main kinetic phase of cement
hydration. In the reference OPC, this stage lasts 11.26 h, with an average heat release of 2.18 mW/g (Table 4). The behavior of the
HCPs, however, differs significantly. HCP I and HCP IV do not exhibit any detectable acceleration stage based on the calculations
(based on the conservative 5% threshold), while CDW, although assigned one, shows only a very weak response. A distinct condition is
observed in HCP II and HCP III, where the acceleration stage extends for 7.70 and 13.40 h, respectively, with corresponding average
heat releases of 1.22 and 1.34 mW/g (Table 4).

This evidence is consistent with the cumulative heat release of the hydration process (XH), measured at 3 and 7 days. As shown in
Table 4, the HCPs that exhibited little or no acceleration stage, namely HCP I and HCP 1V, also recorded the lowest *H values. When
compared with the reference OPC (404.10 J/g at 7 days), it is noteworthy that HCP III achieved the highest XH among the blended
systems (260.40 J/g at 7 days), followed by HCP II and HCP IV, with 211.32 and 209.30 J/g at 7 days, respectively. The full dataset is
provided in Table IV of Supplementary.

5. The influence of mineralogy on thermal reactivation of CDW

The starting composition of the HCPs and of the CDW depends strongly on the original type of cement used (as classified by EN
197-1), SCM type and presence, and ageing occurred (carbonation). In the case of CDW the type of NAs (natural aggregates) and
quantity embedded, also plays a crucial role. After thermal reactivation, based on these conditions a different final product is obtained,
with variable hydraulic and pozzolanic (SCM) reactivity.

e At T amb. (25 °C): The materials are mainly composed of an amorphous phase, the majority of which is C-S-H, C-A-H, or C-(A-)S-H.
In a standard HCP I, this fraction accounts for about 70% of the total, increasing to 80% in HCP III (due to GGBFS presence) and
decreasing to 60% in HCP II (with limestone). Residual anhydrous clinker minerals are negligible at this stage in terms of hydraulic
or SCM reactivity. However, for HCP II and HCP III, the embedded limestone and GGBFS already provide significant SCM reactivity
(150 and 125 J/g, respectively).

e At T1 (350 °C): The amorphous content increases substantially, mainly due to the decomposition of hydrated phases and the
collapse of semi-crystalline C-S-H interlayers into amorphous SiOz and Alz0s. Residual anhydrous clinker minerals remain negli-
gible from a hydraulic perspective, but the SCM reactivity increases in all systems, owing to amorphization, in the range between
+ 50% and + 200%, compared to T amb.
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Table 4
Cumulative heat release (XH) at 3 and 7 days, mean heat during induction (I) and mean heat during acceleration (P").
Sample 1 (mW/g P~ (mW/g) ZHat 3dd (J/® ZHat7dd (J/®
OPC REF 0.6 2.2 324.6 404.1
HCPIT2 0.9 - 157.4 199.7
HCP II T2 1.0 1.2 167.1 211.3
HCP III T2 0.8 1.3 221.5 260.4
HCP IV T2 0.4 - 132.5 209.3
CDW T2 0.1 0.1 35.0 48.0

e At T2 (600 °C): The amorphous fraction sharply decreases across all samples due to crystallization of C,S polymorphs (o, B, and v).
In HCP [, y-C:S is the predominant phase, while in the blended systems (HCP II, III, and IV), its formation is restricted or entirely
suppressed, likely due to impurities from the supplementary materials (GGBFS, limestone, and pozzolans) causing ionic substi-
tution that blocks the phase-transition. Instead, «'H-CoS (6-10%) is predominant, with B-C5S also present (4-7%). Hydraulic
reactivity correlates with the combined o'H and B content, except in HCP III, where its high amorphous fraction appears to hinder
effective QPA of CyS polymorphs. Empirical data (Table 4) show HCP III to be the most effective hydraulic binder at this stage,
achieving a hydration heat of 221 J/g, comparable to standard OPC CEM I 52.5 N (323 J/g). Additionally, at this under-calcining
temperature, no decomposition of CaCOs into CO: is observed.

e For CDW, the key parameter of interest is the proportion of HCP or LCP. In the analyzed samples from a recycling facility, this

fraction represents approximately 27% of the total, originally produced with CEM I152.5 N (EN 197-1), corresponding to HCP I. In a

hypothetical scenario where the LCP fraction reaches nearly 100%, the material would exhibit behavior comparable to HCP I.

However, due to the calcite enrichment typically observed in CDW, its composition more closely resembles that of HCP II, which

contains limestone and has demonstrated enhanced reactivity compared to HCP 1. Therefore, if CDW is ground to a filler-sized

fraction prior to thermal reactivation, the ideal scenario with 100% LCP could achieve performance similar to HCP II, which
has shown better SCM reactivity compared to HCP I. The most promising case, however, is represented by CDW originating from

GGBFS-blended cement (HCP III), which exhibits the highest reactivation potential after recycling. With 100% LCP, its perfor-

mance approaches that of standard OPC 52.5 N after T2 (600 °C), without inducing CaCOs decomposition into COx.

Finally, we confirm that at the T2 under-calcining temperature adopted (600 °C), the formation of C,S-y is favored. Although this

polymorph is less reactive than the other C,S phases, previous literature reported its potential in CO2 mineralization and carbon

uptake [74,75].

6. Conclusions

Thermal activation efficiency of hydrated cement pastes (HCPs) and construction and demolition waste (CDW) is strongly governed
by the original cement composition, including cement type, SCM incorporation, and aggregate content:

1. Thermal treatment at 350 °C primarily promotes amorphization, which enhances the reactivity of SCM-rich systems and favors
pozzolanic activity.

2. At 600 °C, the hydraulic behavior is mainly controlled by the crystallization of CzS polymorphs, indicating a shift from amorphous-
driven to phase-controlled reactivity.

3. GGBFS-blended cement (HCP III) exhibited the highest reactivation potential among the investigated systems, achieving me-
chanical performance comparable to CEM I 52.5 N without inducing CaCOs decomposition.

4. For CDW-derived materials, reactivity is closely linked to the relative content of HCP/LCP, with GGBFS-based waste again
emerging as the most promising precursor.

5. The dominance of y-C2S at 600 °C, despite its intrinsically low hydraulic activity, highlights the potential of coupling thermal
reactivation with enforced carbonation to enhance pozzolanic behavior while simultaneously enabling CO2 mineralization.

Based on these results, further studies are required to investigate the properties of CDW treated at 600 °C and subjected to enforced
carbonation of the formed y-CzS. The pozzolanic behavior of the resulting material may lead to the development of a highly reactive,
carbon-negative supplementary cementitious material (SCM).
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