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A B S T R A C T

Aluminosilicate residues can be produced by acid leaching waste concrete. These are pozzolanic and have the 
potential to be used as a supplementary cementitious material (SCM). However, the workability of cement mixes 
is seriously compromised when aluminosilicate particles are used, due to their high surface area and excessive 
water absorption. This negatively influences the compaction and performance of mixes. In this work, alumino
silicates extracted from waste concrete have been heat-treated, and the effects of temperature on their specific 
surface area, pozzolanic reactivity, and consequently the workability and strength of mortars are reported. 
Thermal treatment at 900℃ for 1 hour reduces the specific surface area of aluminosilicate particles to values 
comparable to commercial SCMs such as coal fly ash (FA) and ground granulated blast furnace slag (GGBFS), 
while retaining significant pozzolanic activity. Mortars containing CEM I replaced by 20 wt% of optimally heat- 
treated aluminosilicate residue at a 0.56 w/b ratio show improved flow properties compared to untreated res
idues, and similar compressive strength to mortars containing the same amount of silica fume (SF) or GGBFS. The 
research shows that aluminosilicates extracted from cement paste can be heat treated to form a viable SCM, and 
this contributes to the future development of circular concrete.

1. Introduction

More than 2.5 billion tonnes of construction and demolition waste 
are produced globally each year, of which between 60 and 80 wt% is 
waste concrete [1,2]. Concrete recycling normally involves crushing and 
size sorting to produce relatively low-grade recycled concrete aggregate. 
This contains cement mortar adhered to primary aggregate, which in
creases the porosity and water absorption of the recycled aggregate, 
limiting use in new concrete [3,4]. In addition, current concrete recy
cling generates a fine powder waste that mainly consists of hydrated 
cement paste, sand, and unreacted cement particles. This is usually 
landfilled and represents a waste of a potentially valuable resource [5]. 
Upcycling waste concrete powder has become increasingly important 
and is an active research area [6]. Accelerated carbonation can effec
tively transform waste concrete into value-added products and sequester 
CO2.

Direct carbonation involves bubbling CO2 into a mixture of waste 
concrete powder and water. This produces CaCO3 and amorphous 
aluminosilicate gel [7–10]. The morphology of the precipitated CaCO3 is 
controlled by varying the temperature and incorporating chemical 

additives such as Mg2+ to improve the reactivity of the carbonated waste 
concrete powder [7,11]. The carbonated waste concrete powder is 
characterised by high pozzolanic reactivity and a high specific surface 
area of 41.9 m2/g [12]. Direct carbonation processes are simple and 
relatively low-cost, but the carbon capture potential depends on the 
extent of carbonation and the amount of material that can be carbonated 
in the waste concrete [13].

Indirect carbonation involves dissolving waste concrete powder in an 
acid or alkali solution and sequestering CO2 by reaction with the 
resulting solution. This produces an aluminosilicate gel from C-S-H and 
C-A-S-H phases, and precipitates CaCO3 [14–17]. The aluminosilicate 
gel consists of agglomerated nanosized particles and has pozzolanic 
reactivity [17,18]. Indirect carbonation is more complex than direct 
carbonation, but has the potential to achieve complete carbonation and 
sequester more CO2 because Ca2+ ions are released from the dissolution 
of C-S-H and C-A-S-H. Furthermore, the aluminosilicate gel and pure 
CaCO3 formed can be used in higher-value applications.

Developing novel supplementary cementitious materials (SCM) is 
important, because conventional SCMs such as coal fly ash (FA), ground 
granulated blast furnace slag (GGBFS) and silica fume (SF), have limited 
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global availability [19]. In 2022, 0.53 billion tonnes of GGBFS were 
produced, accounting for only 13 % of global cement production [20]. 
Similarly, the global supply of coal fly ash (FA) is between 0.6 and 0.9 
billion tonnes per year, and that of silica fume (SF) is only between 1 and 
2.5 million tonnes per year. Therefore, these conventional SCMs are 
valuable resources with limited potential for decarbonising the cement 
industry at high substitution levels.

Given the enormous amounts of waste concrete, extracting viable 
aluminosilicate SCMs with carbonation to form CaCO3 to make low- 
carbon construction materials, is an interesting option. The high spe
cific surface area of the aluminosilicate gel has been found to improve 
the early stage pozzolanic reactivity [8,21]. However, high specific 
surface area is associated with high water absorption, reducing the 
workability of concrete and making use as a viable SCM problematic. 
Waste concrete powder carbonated by a wet carbonation process at 25℃ 
using pure CO2 had a specific surface area of 56.54 m2/g. 20 % 
replacement of CEM I by the carbonated waste concrete powder caused 
~50 % decrease in the paste flow without vibration [21].

The specific surface area of carbonated concrete fines can be reduced 
using a modified direct carbonation process. A semi-dry direct carbon
ation process for waste concrete powder has been developed [7]. In this, 
pure CO2 in saturated water vapour at elevated temperatures (45 – 55℃) 
was used. Compared to waste concrete powder carbonated in solution, 
the BET surface area of semi-dry carbonated waste concrete powder was 
reduced by 36 %. However, the resulting surface area remained high 
(~34 m2/g). In another study, monoethanolamine (MEA) was added 
during the direct carbonation of WCP to increase the repulsion of 
carbonated WCP particles and unlock the trapped water. Cement paste 
containing 30 % of WCP carbonated in 45 % MEA solution resulted in 
the same flowability as the reference consisting of 100 % CEM I [22]. 
However, this method resulted in low early-age strength and increased 
cost. To our knowledge, there has not been any reported research 
focusing on improving the workability of the aluminosilicate SCM 
extracted by indirect carbonation of waste concrete powder.

In our previous research, acetic acid has been used to leach waste 
concrete fine aggregates and cement paste powder, generating clean 
sand, an aluminosilicate residue (SR), and a calcium-rich solution that 
can be converted into calcium carbonate via reaction with CO2 [18,23]. 
The SR mainly consists of amorphous aluminosilicate gel with crystal
line impurities, such as quartz. The Frattini test showed that the SR had 
comparable pozzolanic reactivity to fly ash, indicating its potential as an 
SCM. However, the SR significantly reduced the workability of cement 
mortar. A superplasticiser dosage of 5 % was needed to achieve good 
workability, leading to additional costs [23]. Therefore, there is a need 
to process the SR to improve workability.

Sintering converts compacted ceramic powder samples into more 
dense structures, typically using temperatures above 1000℃. It has been 
used to densify silica and alumina-rich industrial wastes, such as fly ash 
to produce glass ceramics and lightweight aggregates. During sintering, 
particles fuse to form bonding between adjacent particles and close the 
pores, reducing the specific surface area [24–26]. Inspired by this phe
nomenon, this research uses heat treatment to reduce the specific sur
face area of SR, so as to improve the workability of SR-blended cement 
mortars. The effect of heat treatment temperature on the particle size 
distribution, specific surface area and pozzolanic reactivity of SR are 
reported. The impact of the treated SR on the hydration kinetics, 
workability and compressive strength of cement mortars are also re
ported. The temperature-induced microstructural changes are charac
terised, and the potential use of heat-treated SR extracted from waste 
concrete is discussed.

2. Experimental

2.1. Materials

Simulated waste concrete powder was produced from hydrated 

cement paste (HCP), by mixing tap water with CEM I 52.5 N (Breedon, 
UK) at a water/cement ratio of 0.4. The mix was cured for 24 hours in a 
sealed plastic bag. The hardened mix was then immersed in a saturated 
lime solution, where it was hydrated at 20℃ for 90 days. The HCP was 
then dried at 40℃ to a constant mass and ground using a mortar and 
pestle to pass through a 300 μm sieve. The chemical compositions of 
CEM I and HCP are shown in Table 1. Glacial acetic acid (VWR, UK) was 
diluted with deionised water to form a 1.6 mol/L acetic acid solution for 
leaching of cement paste. Thames River siliceous sand (< 4 mm), CEM I 
52.5 N (Breedon, UK), commercially available silica fume (SF, Elkem 
Norway), ground granulated blast-furnace slag (GGBFS, Heidelberg 
Materials Germany) and class-F fly ash (FA, Heidelberg Materials Ger
many) were used to prepare mortar samples (Section 2.5).

2.2. Production of SR

The production of SR follows the method described in our previous 
paper [23]. Briefly, 180 g of HCP is reacted with 2 L of 1.6 mol/L acetic 
acid for 1 hour at 60℃. The resulting slurry from acid leaching was 
centrifuged at 3000 rpm for 3 minutes, and vacuum filtered to collect the 
SR. After thoroughly rinsing with deionised water, the SR was dried at 
60℃ to a constant mass, and then ground into a powder (< 300 μm) 
using a mortar and pestle.

10 g of powdered SR samples were heated in a porcelain crucible to 
840, 870, 900, 950 and 1000℃ for 1 hour in a furnace (Carbolite Gero 
HTF 17/5). These temperatures were selected based on the TGA-DSC 
results, as discussed later (Section 3.1). The heat-treated SR samples 
were cooled to room temperature in the furnace, and were labelled 
SR840, SR870, SR900, SR950 and SR1000, respectively. After heating, 
SR840, SR870 and SR900 remained as powder, while SR950 and 
SR1000 formed hard particles, and they were ground to less than 300 μm 
using a mortar and pestle before subsequent experiments.

Apart from the abovementioned samples, SR samples heated at 250, 
400, 600, 700 and 800℃ were also prepared for specific surface area and 
R3 cumulative heat measurements to study the effect of temperature on 
the surface area and pozzolanic reactivity of the SR.

2.3. Characterisation methods

Thermogravimetry analysis (TGA-DSC, Netzsch STA 449 F5) was 
conducted to determine the sintering temperature range and loss-on- 
ignition (LOI) using ~20 mg of powdered samples, heated under N2 
flow from 30 to 1050℃, at a heating rate of 10 ℃/min and an N2 flow 
rate of 50 mL/min. The LOI was calculated from the mass difference of 
the samples between 30℃ and 1050℃. The chemical composition of test 
materials was determined using X-ray fluorescence (XRF, Malvern 
Panalytical Zetium). The crystalline phases present were determined 
using X-ray diffraction (XRD, Malvern Panalytical Empyrean) with Cu 
Kα radiation. The scan was performed at a speed of 0.044 degrees per 
minute over a 2θ range of 5–70◦. To determine the phase composition, 
Rietveld refinement was performed, using 20 wt% corundum (Al2O3) as 
an internal standard, with analysis using HighScore Plus software. The 
amorphous content was calculated from Eq. (1). 

Cam% =
5
4

(

100 − 20 ×
100
Cco%

)

(1) 

where Cam% is the amorphous content of the sample, and Cco% is the 
corundum content determined by Rietveld refinement.

Fourier transform infrared adsorption spectroscopy (FTIR, Thermo
fisher Nicolet iS50) was performed on powder samples in the attenuated 
total reflection mode to analyse the chemical bonding in SR. The specific 
surface area of untreated and heat-treated SR was determined as an 
average of three measurements using N2 adsorption (Micromeritics 
3Flex 3500). The samples were degassed at 40℃ under vacuum for 
24 hours and the specific surface area was calculated from the adsorbed 
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gas volume in accordance with the Brunauer-Emmett-Teller (BET) the
ory. The particle size distribution of the untreated and heat-treated SR 
was measured using laser diffraction (Malvern Mastersizer 3000). Tap 
water was used as the dispersant because the material’s stability in 
water ensured reliable and reproducible measurements. The d10, d50 and 
d90 values were calculated as the average of five measurements. The 
particle morphology of SR was observed using scanning electron mi
croscopy (SEM, Zeiss Sigma 500VP FESEM) on carbon-coated samples in 
the secondary electron (SE) mode. The microstructure of 28-day mortar 
samples was examined using surface-polished sample blocks in the back 
scattered electron (BSE) mode. The C-S-H composition was determined 
by energy dispersive spectrometry (EDS) under an accelerating voltage 
of 15 kV.

2.4. Pozzolanic reactivity (R3) and heat of hydration

The R3 test was used to assess the pozzolanic reactivity of the SR 
samples. Test samples containing 10 g of the SR, 30 g Ca(OH)2, 5 g 
CaCO3 and 54 g of the solution containing 20 g/L K2SO4, and 4 g/L KOH 
were prepared [27]. Specifically, 15 g of the sample was tested using 
isothermal conduction calorimetry (TAM Air) at 40℃ for 7 days, with 
9.4 g of deionised water used as a reference for heat change. The 7-day 
cumulative heat of the test samples was normalised against the mass of 
SR and plotted against the heat treatment temperature.

Ten cement paste samples, consisting of a 100 % CEM I reference 
mix, three blended mixes with 20 % CEM I replaced by GGBFS, FA and 
SF and six blended mixes with 20 % CEM I replaced by untreated SR, 
SR840, SR870, SR900, SR950 and SR1000 were prepared, with a con
stant water-to-binder (w/b) mass ratio of 0.4. At this w/b ratio, the mix 
containing untreated SR is dry and stiff. Therefore, superplasticiser 
(MasterGlenium 315 C) was added at 5 % wt. of binder to achieve a 
workable paste and remove entrapped air voids that would otherwise 
influence measurements. The heat of hydration of paste samples was 
determined at 20◦C for 7 days using isothermal conduction calorimetry 
(TAM Air) in accordance with British standard [28]. The heat flow and 
cumulative heat were normalised using the mass of Portland cement in 
the paste.

2.5. Mortar production, flow properties and strength testing

Mortar samples were prepared using 100 % CEM I (reference) and 
binders containing 80 % CEM I and 20 % untreated and heat-treated SR. 
These were compared to mortars containing the same CEM I replace
ment using FA, SF or GGBFS. CEM I replacement of 20 % is feasible, as 
shown by the results of previous work [23]. Siliceous sand (< 4 mm) was 
used as fine aggregate, and the sand-to-binder mass ratio was 3.0. The 
water-to-binder ratio was set to 0.56 to achieve a workable reference 
without using superplasticizer. The workability of fresh mortar was 
assessed using a flow table. Cube samples were cast into 
20 × 20 × 20 mm steel moulds and vibrated for 2 minutes. For mortars 

containing SF or untreated SR, extended vibration of 4 minutes was 
applied to compensate for the low workability. Test cubes were 
demoulded after 24 hours and cured in a saturated lime solution at 20 ±
1 ℃ for 3, 7, 28 and 60 days. The compressive strength of mortar cubes 
was determined using six replicates at each curing age on a universal 
testing machine (Instron 5980 Universal Testing System).

3. Results

3.1. Physical properties, chemical compositions and pozzolanic reactivity 
of SR

TGA-DSC data of the untreated SR is shown in Fig. 1. The major mass 
loss occurs before 200℃. The DSC data shows that an endothermic peak 
exists at 130℃, which is due to heat absorption from the removal of 
physically adsorbed water. This agrees with previous research on 
amorphous silica gel which showed that multi-layer adsorbed water is 
eliminated to form a monolayer that is then completely removed when 
the temperature reaches ~200℃ [29]. Above 200℃, silanol condensa
tion occurs when the vicinal silanol, geminal silanol and isolated silanol 
are condensed and evaporated with increasing temperature [29]. These 
are not directly observed from the DSC data, because it is masked by 
other exothermic processes such as the combustion of the adsorbed ac
etate and densification of the SR, as shown in the exothermic hump and 
continuous mass loss between 200 and 800℃ [30,31]. A broad 
exothermic peak is observed in the DSC curve at 870℃, indicating sin
tering. This is attributed to the release of surface energy due to a 
reduction in surface area [32]. Therefore, heat treatment temperatures 
are selected to span this exothermic peak (800–1000℃), as described in 
Section 2.2.

Table 1 compares the chemical composition of untreated and heat- 
treated SR to commercially available SCMs and hydrated cement paste 

Table 1 
Chemical composition expressed as oxide % and LOI of CEM I and the test materials.

Sample Percentage (%)

SiO2 Al2O3 CaO Fe2O3 MgO TiO2 K2O SO3 LOI

CEM I 52.5 N 18.47 5.47 63.62 2.75 0.99 0.28 0.72 3.71 3.24
HCP 13.52 4.10 48.04 2.22 0.85 － 0.34 2.76 27.36
SR untreated 51.50 13.56 5.19 3.71 0.49 0.65 0.46 0.16 23.38
SR840 65.28 17.29 6.98 5.12 0.68 0.81 0.70 0.47 0.31
SR870 66.16 17.43 6.93 5.28 0.64 0.78 0.75 0.40 0.28
SR900 67.05 17.56 6.93 5.08 0.65 0.82 0.71 0.40 0.24
SR950 67.72 17.82 6.53 4.64 0.65 0.84 0.58 0.31 0.15
SR1000 67.84 17.86 6.54 4.67 0.66 0.85 0.58 0.31 0.07
SF 93.27 0.42 0.28 0.21 0.47 － 1.58 0.41 2.32
GGBFS 33.72 11.43 40.63 0.56 5.88 1.31 0.68 1.72 3.05
FA 51.29 25.74 4.79 6.51 1.51 1.45 1.41 0.44 2.27

Fig. 1. TGA and DSC curves of the untreated silica-rich residue.
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(HCP). Acetic acid treatment of HCP leaches Ca2+, producing a solid 
residue that contains mainly silica and alumina. Untreated and heat- 
treated SR have similar chemical composition to class-F fly ash, 
although with generally higher SiO2/Al2O3 ratio. Heating increases the 
percentages of the main oxides in the aluminosilicate residue but re
duces the loss-on-ignition (LOI) due to removal of physically absorbed 
water by evaporation, and chemically bound water by silanol 
condensation.

The XRD data of untreated and heat-treated SR are shown in Fig. 2. 
Untreated SR is predominantly amorphous with some quartz, which is 
present in the cement paste and is resistant to acid dissolution. Similar 
XRD data was obtained for heat-treated SR at temperatures up to 900℃. 
At higher temperatures a transition from amorphous to crystalline 
phases occurs. At 950℃, the diffraction peaks of cristobalite (SiO2) and 
anorthite (Ca(Al2Si2O8)) appear. At 1000℃, the intensity of these peaks 
increases, and hematite (Fe2O3) is detected. QXRD shows that untreated 
SR, SR840, SR870, SR900, SR950 and SR1000 have amorphous contents 
of 98.6, 98.8, 98.7, 98.1, 80.7 and 47.6 %, respectively. This indicates 
that the crystallisation of amorphous aluminosilicate gel in SR com
mences above 900℃ and this increases with increasing temperature. In 
comparison, the amorphous contents of SF, GGBFS and FA are 99.1 %, 
94.3 % and 65.2 % respectively. All the SR treated below 950℃ have 
similar amorphous content to SF and GGBFS and are more amorphous 
than FA.

Fig. 3 shows FTIR results of untreated and heat-treated SR. The 
absorbance peak at around 800 cm− 1 is associated with the symmetric 
stretching of Si-O-Si [33]. The intense peak around 1000 cm− 1 denotes 
the asymmetric stretching vibration of Si-O-Si, and this slightly shifts to 
the right as the temperature increases because of changes in the silica 
structure. The Si-OH silanol bond is characterised by a peak at 
1640 cm− 1 [34,35]. The wide hump at ~3400 cm− 1 is formed from 
hydrogen bonded silanol structures (Si-O-H) [36]. As the heat treatment 
temperature increases, the peaks associated with absorbed water and 
silanol at 3400 and 1640 cm− 1 disappear, corresponding to the evapo
ration and the condensation of silanol structures. A peak at 470 cm− 1 

emerges at 950℃ and becomes distinct at 1000℃, which is character
istic of cristobalite [37]. At 1000℃, a new peak appears at 916 cm− 1, 
which is characteristic for anorthite [38], and this is consistent with the 
XRD results.

SEM images showing morphological changes of heat-treated SR are 
presented in Fig. 4a-f. Fig. 4a indicates that untreated SR contains ag
glomerates of loosely packed nanosized primary particles. This results in 
a rough surface, and the space between the nanosized primary particles 
forms interconnected porosity accessible to N2. When heated at 840℃ 
(Fig. 4b), the rough surface texture remains but the primary particles 
appear larger compared to untreated SR, with dense surfaces starting to 
form. The sintering is further promoted at 870℃ (Fig. 4c), where more 

voids between primary particles are closed and smoother surfaces 
formed. At 900℃ (Fig. 4d), sintered bodies with smoother surfaces have 
replaced the porous particles. At 950℃ (Fig. 4e), small-sized 0.1 – 0.3 
μm crystals are seen on particle surfaces, indicating the sintering process 
is complete and crystallisation occurs. At 1000℃ (Fig. 4f), the crystals 
become larger due to increased crystallisation of cristobalite, anorthite 
and hematite.

The effect of heat treatment temperature on the particle size distri
bution of SR samples, FA, GGBFS and SF is shown in Table 2. The d10 and 
d50 of SR increase with temperature because small particles melt and 
form larger agglomerates during sintering. The d90 of SR slightly de
creases from 840 to 900℃, indicating that there is some breakdown of 
larger particles during sintering. The particle size of SR samples is 
greater than FA, GGBFS and SF.

The effect of temperature on the pozzolanic reactivity (R3) and 
specific surface area of SR is shown in Fig. 5. In Fig. 5a, untreated SR 
releases 250 J/g during 7 days of pozzolanic reaction. After heat treat
ment up to 700℃, the amount of heat released at 7 days increased by a 
factor of 2. This is due to the removal of physically adsorbed and 
chemically bound water, which increases the concentration of the 
reactive silica and alumina as shown in Table 1. The specific surface area 
of untreated SR (154.95 m2/g) is around 120 times as that of FA 
(1.26 m2/g) and GGBFS (1.42 m2/g) and about 7 times that of SF 
(22.80 m2/g). Given that untreated SR has a larger particle size, this 
indicates that untreated SR is highly porous. The specific surface area of 
SR is reduced by around 50 % at 700℃. This is caused by silanol 
condensation which forms ‘necks’ through Si-O-Si bonding between the 
nanosized grains and closes the pores as suggested by literature [39].

With increasing temperature from 700℃ to 900℃, the specific sur
face area greatly decreases. Above 840℃ it falls within the range of FA, 
GGBFS and SF as shown in Fig. 5b. This is because sintering occurs in 
this temperature range, which closes voids and produces larger particles 
with lower surface energy and surface area. On the other hand, this 
reduces the dissolution rate and provides fewer nucleation sites for the 
growth of cement hydration products, resulting in reduced pozzolanic 
reactivity of SR from 467 to 307 J/g.

Above 900℃, the reduction in surface area is much slower and 
almost plateaus, while the pozzolanic reactivity of SR is drastically 
reduced. This suggests that the sintering of aluminosilicate gel in the SR 
is complete at around 900℃, and further reductions in pozzolanic 
reactivity are caused by crystallisation which shields the amorphous 
silica [40]. A material is highly pozzolanic, moderately pozzolanic and 
inert when the 7-day R3 cumulative heat release is > 200, 100 – 200 and 
< 100 J/g, respectively [41]. SR870 and SR900 have a surface area of 
6.5 and 2.1 m2/g, and 7-day heat release of 403 and 307 J/g, respec
tively. This indicates that a heat treatment temperature between 870 Fig. 2. XRD data of raw and heat-treated silica-rich residue. Q: Quartz; C: 

Cristobalite; At: Anorthite; H: Hematite.

Fig. 3. FTIR-ATR spectra of raw and heat-treated silica-rich residue.
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and 900℃ generates highly pozzolanic materials, with specific surface 
area lower than directly carbonated waste concrete powder and com
parable to commonly used SCMs [8,21].

3.2. Heat of hydration of paste samples

Fig. 6 shows the heat flow and cumulative heat of hydration from 
isothermal conduction calorimetry of cement pastes over 7 days. The 

main peak at ~8 h in Fig. 6a indicates C3S hydration, with a shoulder 
that relates to sulphate depletion and C3A reaction. According to liter
ature, the aluminosilicate gel does not impact the hydration of silicates 
but accelerate the C3A hydration and sulfate depletion because of its 
high surface area and amorphous nature [12]. However, in this research 
the main peak for the paste containing untreated SR is delayed by 
~24 hours. This is due to the retarding effect of the significantly large 
amount of superplasticiser, forming complexation with Ca2+ and 
inhibiting ion diffusion [42]. Compared to P-Ref, the shoulder corre
sponding to sulphate depletion occurs earlier for all blended pastes with 
heat-treated SR, because of the higher content of aluminosilicate gel. In 
Fig. 6b, all blended pastes with heat-treated SR show a higher C3S hy
dration peak and cumulative heat than the 100 % CEM I reference paste, 
indicating the pozzolanic reactivity and filler effect of SR. P-840, P-870 
and P-900 have higher 7-day cumulative heat of hydration than P-950 
and P-1000. Compared to common SCMs, these are lower than P-GGBFS 
but comparable to P-SF and higher than P-FA. This is consistent with the 
differences in pozzolanic reactivity of the heat-treated SR and common 
SCMs (Fig. 5a). It has been reported that the hydration heat at 72 h of 
cement paste containing 20 % of directly carbonated waste concrete 
powder is 322 J/g CEM I [21]. In comparison, the 72-h hydration heat of 
P-840, P-870 and P-900 are around 295 J/g CEM I. Given the lower 
water/cement content used in this research (0.4 versus 0.5 in the re
ported work), the pozzolanic reactivity of optimally heat-treated SR is 

Fig. 4. SEM-SE images of raw and heat-treated silica-rich residue samples. a) SR untreated, b) SR840, c) SR870, d) SR900, e) SR950, f) SR1000.

Table 2 
Particle size (d10, d50 and d90) values of raw and heat-treated silica-rich residue 
and commercial SCMs.

Sample Particle size (µm)

d10 d50 d90

SR untreated 6.7 ± 0.0 40.6 ± 0.3 130.6 ± 2.2
SR840 7.5 ± 0.0 61.6 ± 0.4 180.4 ± 1.6
SR870 8.9 ± 0.1 64.7 ± 1.4 180.0 ± 3.1
SR900 10.1 ± 0.2 65.6 ± 2.0 172.0 ± 3.0
SR950 14.5 ± 0.4 93.9 ± 1.5 230.6 ± 3.4
SR1000 21.7 ± 0.1 124.8 ± 0.8 297.2 ± 1.6
FA 3.2 ± 0.1 23.4 ± 0.2 99.0 ± 2.6
GGBFS 1.7 ± 0.0 10.1 ± 0.2 27.2 ± 0.6
SF 0.03 ± 0.0 0.14 ± 0.0 64.0 ± 0.3
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comparable to that of carbonated waste concrete powder.

3.3. Flow and compressive strength of mortar

The flow table results are presented in Fig. 7. It is observed that the 
mortar containing untreated SR has the lowest workability of all the test 
mortars. This results in poorly compacted samples that have substantial 
surface voids even after extended vibration. In comparison, the flow of 
mortars containing heat-treated SR increased by 11.5 %, 16.2 %, 
26.3 %, 37.0 % and 38.4 % for samples heated to 840, 870, 900, 950 and 
1000℃ compared to the untreated SR. Furthermore, mortars containing 
heat-treated SR show improved flow properties compared to silica fume. 
The improved workability helps samples to achieve good compaction 
without requiring superplasticizer.

Fig. 8 presents the compressive strength data of mortars containing 
untreated and heat-treated SR, compared to those containing 100 % 
CEM I (M-Ref) and 20 % CEM I replaced with FA, GGBFS or SF. The 
strength of mortars containing untreated SR is less than 10 MPa and 
increases marginally after 7 days, due to poor workability and inade
quate compaction. Mortars with heat-treated SR up to 900℃ show an 
increase in compressive strength at all ages with increasing temperature, 
due to improvements in workability and pozzolanic reactivity. Mortars 
with heat-treated SR (up to 900℃) have higher strengths than M-FA, 
and comparable strengths to M-Ref, M-GGBFS and M-SF. The later age 
strength gain is related to (i) the pozzolanic reaction of SR and (ii) the 
continuous consumption of Ca(OH)2 by the C-(A)-S-H phase with low 

Ca/Si ratio formed from the pozzolanic reaction of SR at early ages to 
form C-(A)-S-H with high Ca/Si ratio [7]. Increasing heat treatment 
temperature above 900℃ causes a reduction in pozzolanic reactivity 
and this outweighs the benefits of improved workability, as shown in the 
reduced 28-day and 60-day strength of M-950 and M-1000. This is due 
to the increased content of inert cristobalite, anorthite and hematite 
phases, as shown in the XRD data (Fig. 2).

In general, SR900 gives good workability, higher early-age strength 
and similar long-term strength compared to SR treated at other tem
peratures. Therefore, 900℃ is considered the optimal temperature for 
improving the performance of aluminosilicate residue extracted from 
waste concrete powder.

3.4. Microstructure of mortars containing SR

Fig. 9a-f shows the SEM-BSE images of M-Ref, M-FA, M-SF, M- 
GGBFS, M-900 and M-1000. The microstructure of mortars consists of 
anhydrous clinker, hydration products, SCM particles and pores, which 
are clearly identified in the images. C-S-H phase and portlandite nu
cleates on the surface of the partially hydrated clinker particles and the 
SCMs. M-900 forms dense microstructure similar to M-SF and M-GGBFS 
and less porous than M-FA. In M-FA and M-900, needle-shaped AFm 
crystals can be observed on the rim of the SCM grains (Fig. S1). SR900 
generates more needle-shaped crystals than FA. This is due to its 
stronger pozzolanic reactivity generated from the amorphous alumino
silicate gel.

The composition of C-S-H phase of M-900 is compared to M-Ref, M- 
1000 which represents the mortar with inert filler and M-GGBFS which 
represents the mortar with a highly reactive SCM in Fig. 10 using SEM- 
EDS analysis. The EDS sampling points are marked in Fig. S2. The Si/Ca 
ratio of C-S-H phase increases from 0.49 ± 0.07 in M-GGBFS, 0.53 
± 0.06 in M-1000 and 0.54 ± 0.06 in M-Ref to 0.58 ± 0.07 in M-900. 
The Al/Ca ratio increased from 0.06 ± 0.02 in M-Ref to 0.09 ± 0.03 in 
M-1000 and M-GGBFS and further to 0.10 ± 0.03 in M-900, respec
tively. This is due to the pozzolanic reaction of the amorphous alumi
nosilicate gel in the composite cement which gives higher Si/Ca and Al/ 
Ca ratios compared to neat CEM I and composite cements with inert 
filler and slag [43].

4. Discussion

This research has shown that heat treatment can reduce the surface 
area of the aluminosilicate residue extracted from cement paste. Opti
mum heat treatment at 900ºC preserves the glassy aluminosilicate 
structure and maintains high pozzolanic reactivity. This is a lower 
temperature than what is used in traditional sintering processes, which 
are typically above 1000℃, because the aluminosilicate residue con
tains small amounts of CaO and MgO which act as a flux to lower the 
sintering temperature [44]. This temperature is also much lower than 
the temperature required to make cement clinker (1450℃) and could be 
achieved using biomass or other green, low carbon energy such as re
sidual heat [45].

At the optimal temperature, the specific surface area of SR was 
reduced by 99 % compared to untreated SR, and the specific surface area 
was 2.09 m2/g, which is just slightly higher than that for blast furnace 
slag and fly ash. Furthermore, the cumulative heat release of SR900 after 
7 days in the R3 test was increased by 22.8 % compared to the untreated 
SR, while the loss in pozzolanic reactivity compared to SR700 (34.3 %) 
is acceptable. In comparison to the directly carbonated waste concrete 
powder, SR900 has 96.3 % lower surface area and improves the work
ability by 40 % at 20 % clinker replacement [21]. Direct comparison of 
the mechanical performance of heat-treated SR and directly carbonated 
waste concrete powder is difficult because of the different particle size of 
fine aggregate and mixing ratio used in preparing mortar samples. 
Alternatively, comparisons can be made by examining the compressive 
strength gain versus the inert reference. The 20-mm cube mortar 

Fig. 5. (a) Variation in BET specific surface area and 7-day cumulative heat 
from R3 test of the silica-rich residue against temperature. The 7-day R3 heat of 
SF, FA and GGBFS are marked as horizontal dashed lines. (b) Comparison of the 
specific surface area of SR treated from 840℃ to 1000℃ and commonly used 
SCMs. The BET specific surface area of SF, FA and GGBFS are 22.80 ± 0.74, 
1.26 ± 0.54 and 1.42 ± 0.30 m2/g, respectively and marked as horizontal solid 
lines. Error bars show the standard deviation of the results.
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samples, using 20 % of CEM I replaced by directly carbonated waste 
concrete powder, and sand less than 0.4 μm, mixed at a sand: binder: 
water ratio of 1:1:0.55 have a ~16 % higher 28-day compressive 
strength (50 MPa) than reference with limestone filler (43 MPa) [7]. The 
28-day compressive strength of M-900 (43.5 MPa) is 34 % higher than 
that of M-1000 (32.4 MPa), which is regarded as an inert reference. The 
results show that heat treatment of SR extracted from cement paste can 
improve the workability and strength of mortars, making it a viable 
candidate as an alternative SCM. Also, the indirect carbonation process 
can produce purer CaCO3 for use in other value-added applications.

Crystallization of SR occurs above 900℃, as it transforms into cris
tobalite, anorthite and hematite. The crystallization process re
distributes network modifier ions (Al3+, Fe3+ and Ca2+), and this 
reduces pozzolanic reactivity. Non-reactive crystalline phases reduce 

the surface area [40]. Additionally, the degree of polymerization of the 
remaining reactive amorphous aluminosilicate is increased due to the 
loss of network modifier ions, resulting in a reduction in pozzolanic 
reactivity [46]. It is therefore important to keep the heat treatment 
temperature below 950℃ to avoid these effects.

Construction and demolition waste and particularly end-of-life con
crete needs to be properly valorised. Crushed concrete fines are a 
problematic waste but this work shows that this should be regarded as a 
valuable resource. Extracting SR using indirect carbonation of crushed 
concrete fines can form new SCMs, and this is an essential step towards 
achieving circular concrete. Based on this research, it was found that 
1 kg of hydrated cement powder produces ~0.2 kg of heat-treated SR. 
Waste concrete powder constitutes ~30 % of the total waste concrete 
[5]. Based on the current global production of waste concrete of ~2 

Fig. 6. Isothermal conduction calorimetry curves showing (a) heat flow and (b) cumulative heat of hydration of cement pastes (P-) containing 100 % CEM I (P-Ref) 
and 20 % replacement with SRs and other SCMs (GGBFS, FA, SF).
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billion tonnes per annum, 120 million tonnes of heat-treated SR could be 
produced, and this is expected to increase as ageing concrete infra
structure reaches end-of-life and is demolished. Therefore, aluminosili
cates from waste concrete can be an important supplement to existing 
SCMs and contribute to higher clinker replacement levels. Further 
research will focus on the performance of heat-treated SR at higher 
clinker replacement ratios and the detailed evaluation of energy con
sumption and embedded carbon emissions of this material.

5. Conclusions

The viability of the aluminosilicate residue produced by acid leach
ing of cement paste to form supplementary cementitious materials can 
be improved by thermal treatment. The optimum heat treatment 

temperature is ~900℃. At this temperature, the heat-treated alumino
silicate residue has a comparable specific surface area and pozzolanic 
reactivity to commercially available SCMs. Higher temperatures result 
in crystallisation of cristobalite, anorthite and hematite, reducing 
pozzolanic reactivity, while lower temperatures result in insufficient 
reduction in surface area. Mortars with 20 % cement replacement of 
optimally heat-treated aluminosilicate residue have good workability 
and higher compressive strengths than mortars containing fly ash, and 
this is comparable to mortars containing SF and GGBFS. The results 
indicate that acid treatment of waste concrete combined with indirect 
carbonation of the leachate and thermal treatment of the aluminosilicate 
residue, when combined with associated recovery of clean sand and 
aggregate, represents a potential way to achieve low-carbon circular 
concrete.

Fig. 7. Flow values of the test mortars at 0.56 w/b ratio. M-ref contains 100 % CEM I 52.5 N. Other mortar samples contain 20 % CEM I replaced with SR or 
conventional SCM. Error bars show the standard deviation of the results.

Fig. 8. Compressive strength of test mortars at 3, 7, 28 and 60 days. Error bars show the standard deviation of the results.
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Fig. 9. SEM-BSE images of 28-day mortars. (a) M-Ref; (b) M-FA; (c) M-SF; (d) M-GGBFS; (e) M-900; (f) M-1000.

Fig. 10. 2D scatter plot of EDS analysis of C-S-H composition on 28-day mortar 
samples. The sampling points related to C-S-H are marked with a dashed ellipse.
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