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Abstract: This paper examines the properties of sewage sludge ashes (SSAs) from the incineration
of sewage sludge with added limestone for toxic gas treatment. It also evaluates the potential val-
orization of SSA in cement composites as supplementary cementitious materials (SCMs). The work
involves a thorough characterization of four SSAs, including physical, chemical, and mineralogical
properties. It also includes assessing the behavior of SSA in water solution through electrical conduc-
tivity measurements. The reactivity of ashes was evaluated using the R3 method and mechanical
properties. The results revealed that all SSAs present comparable mineralogical and chemical proper-
ties, with varying proportions. Major elements such as Ca, Si, Fe, P, and S are predominant in the
ashes, with traces of heavy metals. In an aqueous solution, a gradual formation of ettringite was
detected only for two SSA. The heavy metal leachability was negligible, confirming that SSA is a
non-hazardous waste. Finally, the reactivity and strength activity index assessments revealed a low
and slow reactivity of SSA compared to metakaolin or slag. The SSA that favored ettringite formation
in aqueous solution presented the lowest compressive strength at 28 days after incorporation in
mortar. Despite originating from different incineration sites, these ashes fall under the same category
of SCM reactivity.

Keywords: sewage sludge ash; isothermal calorimetry; R3 test; strength activity index; supplementary
cementitious materials

1. Introduction

The production of sewage sludge (SS) from wastewater treatment plants is an in-
evitable by-product of human existence. Sludge management includes mostly agricultural,
landfill, and sea disposals. Following the European Union’s prohibition on SS sea disposals
in 1998, incineration has been developed as an approach for sludge treatment, resulting
in a large volume of ash produced [1]. While land application still stands as an option
for SS disposal, there are concerns about the potential presence of hazardous elements
causing soil contamination. Incineration technology stands as an alternative method for
sludge management, providing numerous benefits including a reduction in SS volume by
90%, elimination of organic matter [2], and the added benefit of energy recovery. After
incineration, a powdery by-product is generated, commonly known as sewage sludge
ash (SSA).

Scientific investigations were applied to determine potential strategies for SSA man-
agement. Several studies have been carried out to evaluate its use in cement manufacturing.
Some studies considered the use of SSA as an alternative raw material in the kiln during
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the production of clinker [3,4]. Other studies investigated SSA usage as supplementary
cementitious materials (SCMs), partially replacing cement [5–7]. One common result ob-
served is the porous aspect and irregular morphology of SSA particles, which has led to a
higher water demand. As an outcome, a reduction in workability was observed, in addition
to an increased porosity of the cementitious composite after SSA incorporation [2,8–10].
Hence, the authors limited the substitution rate to no more than 15% to attain a compressive
strength comparable to the reference sample without SSA.

The mechanical properties of the composites with SSA incorporation highly depend
on the chemical and mineralogical composition of the ashes. Some ashes were classified as
non-reactive (inert) material, limiting their incorporation rate. The authors of [7,11] demon-
strated this through a thorough experimental program of testing SSA reactivity through
strength activity index (SAI) values and portlandite consumption in SSA/portlandite
mixture. Other SSAs, on the other hand, were found to have a hydraulic or a pozzolanic
activity, encouraging their use in higher replacement proportions [12]. Pozzolanic SCMs are
primarily composed of silicate and aluminate phases that can react with Ca(OH)2 provided
by the hydration reaction of cement [13]. The pozzolanic reaction produces calcium silicate
hydrates (C-S-H) or calcium aluminate silicate hydrates (C-A-S-H), in addition to the C-S-H
formed during the cement hydration [14]. The presence of additional C-S-H improves
the mechanical properties of the cementitious composite compared to the reference. Cyr
et al. [15] explained that SCMs containing SiO2 and Al2O3 in crystallized form have low
reactivity, and, therefore, low pozzolanic activity.

Before considering any application for SSA, it is important to study the environmental
behavior in terms of heavy metal content, emphasizing the soluble components rather
than the overall metal composition [3]. Świerczek et al. [10] confirm that one additional
advantage of incorporating SSA into construction materials is the safe immobilization of
harmful heavy metals detected in SSA, hence avoiding environmental risks.

The incineration technology of SS is an example of a cost-effective solution that aligns
with circular economy principles. In our study, SSA was collected following SS incineration.
Most incineration procedures commonly introduce calcium-based compounds (such as
lime or limestone) into the fluidized bed for toxic gas treatment [16]. One specificity of
the incineration process used in this work for SSA production is the direct injection of
limestone into the SS. Calcium-based additives to the dewatered SS showed good reactivity
and efficiency in decreasing sulfur release [17–19]. During carbonization, reactive CaO
bonds with sulfur (S) to form CaSO4 [20]. Additionally, in the presence of a high Ca
concentration and rich phosphorus (P) fuel mix, Ca-P compounds are observed to form
(Ca3(PO4)2) [21,22].

Given this, this study focuses on characterizing the ashes produced by the fluidized
bed calcination technique, following the addition of limestone. The data reported in this
work offer a comprehensive characterization of four SSA samples, each originating from a
different wastewater treatment plant, all employing the same incineration procedure. The
paper discusses the ash’s physical properties, chemical composition, and mineralogical
composition. In addition, SSA behavior in an aqueous solution was determined through
the electrical conductivity method. While few studies have investigated the electrical
conductivity of SCMs in alkaline or aqueous solutions [23–25], the scope of the investigation
has been limited. Our work extends this analysis by measuring the loss in electrical
conductivity for 8 days, coupled with multiple sampling over time to assess the behavior
of the four ashes in an aqueous solution. Finally, SSA reactivity was examined through
chemical and mechanical approaches.

2. Materials and Methods
2.1. Raw Materials

The cement used is an ordinary Portland cement (OPC) CEM I 52.5R CE CP2 NF, with
a minimum clinker content of 95%, provided by VICAT. Additionally, four SSAs were
used. For this study, four incineration sites were considered. They were located in the



Constr. Mater. 2024, 4 613

Rhône-Alpes area in France and operated by FMI Process. Sewage sludge (SS), directly
received from the wastewater treatment plant, undergoes a drying phase before starting
with the incineration process. The incineration technology used on dewatered sludge
was the fluidized bed furnace at 850 ◦C. While incineration primarily evaporates water,
organic matter converts into CO, CO2, NOx, and SOx at 850 ◦C [26]. To comply with French
pollution-control standards, an appropriate amount of limestone (CaCO3) was added to
the dewatered SS for effective smoke treatment. After incineration, the produced ashes
were collected and stored. The four collected ashes will be named A1, A2, A3, and A4,
noting that the SS for A1 production was collected from the biggest site, leading to a higher
volume produced per year. The physical properties and oxide composition of the raw
materials are summarized in Table 1.

Table 1. Physical properties and oxide composition of OPC and raw SSA.

OPC A1 A2 A3 A4

Oxide Content (wt%)
CaO 62.4 30.8 36.0 47.8 41.8
SiO2 19.2 20.0 22.0 17.9 16.7
Al2O3 4.9 6.4 7.7 3.3 2.5
Fe2O3 3.7 15.4 9.1 4.9 8.9
MgO 2.1 1.5 1.5 1.9 1.8
SO3 3.8 5.3 5.6 4.7 4.8
K2O 1.0 1.3 1.6 1.6 1.4
Na2O 0.2 0.4 0.4 0.4 0.3
P2O5 0.1 10.3 10.6 10.6 12.7
TiO2 0.3 0.6 0.6 0.5 0.4
MnO 0.1 0.1 0.1 0.2 0.04
Cl 0.1 0.1 0.1 - 0.2
LOI * 1.6 7.6 4.6 5.8 9.2

Physical properties
d10 (µm) 1.4 1.9 3.4 3.4 2.1
d50 (µm) 10.5 23.5 28.1 22.9 19.9
d90 (µm) 31.0 109.3 109.6 115.4 92.5
Density (g/cm3) 3.2 3.0 2.9 2.8 2.7
Specific surface area BET (m2/g) 1.8 7.8 7.3 5.8 4.6
Moisture content (%) - 0.4 0.2 0.2 0.20

* LOI: Loss of ignition determined through thermogravimetric analysis at 950 ◦C.

2.2. SSA Characterization

Particle size distribution was measured using laser diffraction in a dry state using
Mastersizer 3000 (Malvern Panalytical) under a pressure of 4 bars and with a vibration rate
of 20%. A Helium (He) pycnometer (AccuPyc 1330, Micromeritics) was used to measure
real density. In addition, the specific surface area (BET method) was evaluated using ASAP
2020 (Micromeritics). Before analysis, approximately 1 g was degassed for at least 24 h at
100 ◦C to remove moisture and surface contamination. Following the degassing step, the
analysis was performed using the basis of nitrogen gas (N2) adsorption at −196.2 ◦C and a
relative pressure range (p/p◦) from 0.05 to 0.3.

The chemical composition of the ashes was analyzed using X-ray fluorescence (XRF)
spectrometry for the determination of the elemental composition expressed as oxide, induc-
tively coupled plasma–mass spectrometry (ICP-MS, Agilent) via the acid attack method
(HNO3 and HCl), and thermogravimetric analysis (TGA) (TG92, Setaram) from 30 to 900 ◦C
with a heating rate of 10 ◦C/min under He gas flow. Moisture content was measured by
determining the mass loss at 105 ◦C observed with TGA.

The mineralogical content of the four ashes was identified using X-ray diffractometry
(XRD) using a Bruker D8-A25 diffractometer equipped with a copper anticathode that
emits a wavelength of 1.5406A. The ground powder (less than 100 µm) was backloaded
and prepared for analysis. The samples were measured between a 5 and 90◦ 2θ angle range,
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with an increment of 0.02◦/s. The mineralogical phases detected were quantified using
the Rietveld Refinement, as implemented in TOPAS software (Version 6). The amorphous
phase quantification was carried out with the external method using pure corundum as the
external standard.

2.3. SSA Behavior in Aqueous Solution

The electrical conductivity of ashes suspension was monitored using a conductimeter,
with a water–solid (w/s) weight ratio of 10, over a period of 8 days, until reaching a steady
electrical conductivity. This was performed by combining SSA powder with demineralized
water in a thermostatic reactor set at 25 ◦C with constant stirring, which was then sealed
with a rubber stopper to avoid carbonation. After obtaining the electrical conductivity
curve, SSAs were investigated for their leaching behavior, following a modified European
standard, namely, EN 12457-1. The conductivity experiment was repeated, and samples
were collected at predetermined time intervals t, selected based on conductivity variations
over time. The samples collected underwent a filtration process using a vacuum technique
to separate the solid from the liquid. The resulting filtered solid residue, obtained at each
time t, was dried at 40 ◦C for 24 h and then analyzed using XRD. Additionally, the resulting
filtered solution or filtrate (9 mL) was diluted with 9 mL of HCl before being analyzed
using ICP.

2.4. Reactivity

2.4.1. R3 (Rapid, Reproducible, Relevant) Test

The R3 test technique uses a simplified model system that evaluates the pozzolanic
activity of SCM individually, avoiding any overlap with the cement hydration reaction. The
paste preparation and testing procedure were carried out following RILEM TC 267-TRM.
The components used are as followed: mSCM = 11.11 g, mCa(OH)2 = 33.33 g, mCaCO3 = 5.56 g,
mKOH = 0.24 g, mK2SO4 = 1.2 g, mwater = 60 g. The solution and the pre-homogenized
powders were stored at 40 ◦C for 24 h [27]. The paste was prepared by mixing the powder
with the solution for 60 s. After mixing, a mass of approximately 9 g was placed in a plastic
cell and was introduced into the channel of an isothermal TAM-Air calorimeter regulated at
40 ◦C. The calorimeter records the heat released during the testing period. After testing, the
heat flow and cumulative heat flow were calculated for up to 7 days and were normalized
with respect to SSA mass.

After 7 days, the samples were removed, ground to less than 100 µm, and the ongoing
hydration reaction was stopped, using the solvent (isopropanol) exchange method [28].
This technique replaces water in pores with isopropanol to block any hydration reaction.
The ground particles were rinsed with isopropanol solution twice and then immersed
with diethyl ether. The samples were then vacuumed and dried in the oven at 40 ◦C for
24 h. Consequently, the dried samples were analyzed using TGA for bounded water (at
350 ◦C) and portlandite content (between 350 ◦C and 450 ◦C). Portlandite consumption
was calculated following Equation (1). A correction was made to account for the initial
portlandite content in raw ashes.

%Ca(OH)2 consumed = (%Ca(OH)2 initial + %Ca(OH)2 SSA)− %Ca(OH)2 remaining (1)

where

Ca(OH)2 initial: Total mass of portlandite introduced for R3 test
Ca(OH)2 SSA: Total content of portlandite and calcium oxide in raw SSA determined initially
by XRD
Ca(OH)2 remaining: Total content of portlandite after 7 days of R3 test determined by TGA

2.4.2. Strength Activity Index (SAI)

The mechanical properties of the SSA-blended cement mortars were examined. Mor-
tars were manufactured according to French Standard NF EN 450-1, with SSA replacing
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25 wt% of OPC. The masses of mortar components are as follows: mcement+SSA = 450 g,
msand = 1350 g, with a water-to-binder ratio of 0.5. After mixing, the samples were placed in
4 × 4 × 16 cm3 molds, de-molded after 24 h, and stored in a chamber at 20 ◦C and humidity
higher than 95%, until the testing period. The compressive strength was evaluated at 1, 2,
7, and 28 days. SAI was calculated using Equation (2).

SAI(%) =
Rci

Rcreference
× 100 (2)

where

Rci: Compressive strength of the SSA-modified mortar at time t
Rcreference: Compressive strength of the reference mortar without SSA at time t

3. Results
3.1. Properties of SSA

The physical, chemical, and mineralogical properties of SSA were evaluated, providing
a better understanding of SSA behavior and environmental impact.

3.1.1. Physical Properties

In general, the physical properties of the ashes are highly influenced by the incineration
process, the post-incineration treatment, and the storage conditions. Table 1 presents the
studied physical properties of the cement (OPC) and the four ashes (A1, A2, A3, and A4).
The particle size distribution of OPC and SSA is measured and represented by d10, d50,
and d90 in Table 1. The results indicate variations between the cement and the ashes. The
particle size distribution of the ashes extends between 0.1 µm and 200–500 µm with a d50
ranging between 20 µm and 28 µm, greater than that of OPC with a value of 10.5 µm. OPC
has the lowest d10, indicating finer particles. While the d90 for OPC is 31 µm, the d90 for SSA
ranges from 92.5 µm (A4) to 115.4 µm (A3). This indicates that all SSA hold larger particles
than the cement. It also indicates that A3 has the biggest proportion of large particles
compared to other SSA. The density values of the four SSAs and the cement, ranging from
2.7 to 3 g/cm3 and 3.2 g/cm3, respectively, showed a slightly lower density than that of
cement. As for the specific surface area of SSA, the values ranged from 4.6 m2/g for A4 to
7.8 m2/g for A1. These values are significantly higher than that of OPC (1.8 m2/g). This
was confirmed by Cyr et al. [15]. These findings suggest a porous nature for SSA particles,
which may lead to an additional demand for water [29]. The ashes present a negligible
moisture content of less than 0.35%, attributed to the high incineration temperature of
850 ◦C.

3.1.2. Chemical Properties

The chemical composition of the ashes, obtained using XRF in the form of oxide, is
detailed in Table 1. The ashes mainly contain calcium (Ca), silica (Si), phosphorus (P),
iron (Fe), and aluminum (Al). The content of Si and Al in the form of oxide ranges from a
minimum of 17% and 2.5% for A4 and a maximum of 22% and 7.7% for A2, respectively.
This may contribute to the pozzolanic reaction of the ashes and consequently enhance their
reactivity if available in the amorphous phase [30].

The collected ICP results for the four SSAs, presented in Table 2, confirm the pre-
dominance of Ca as a main element. Additionally, the content for P, Fe, S, and Al was
consistent with the elemental composition determined using XRF analysis. Unlike in XRF,
the Si element was not detected since sample preparation was performed using the acid
attack method, as it has poor efficiency for Si elements. The ICP findings align with XRF
data, revealing Ca as the main element, raised Fe levels, particularly in A1, and a notable
P content.
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Table 2. Chemical composition of raw SSAs using ICP (in mg/kg dry mass).

Concentration
(mg/kg Dry Mass) A1 A2 A3 A4

Major Elements

Ca 200,080 178,440 273,160 265,390
Fe 120,070 68,710 33,580 61,330
P 45,620 41,780 43,350 52,800
Al 32,840 49,670 15,560 8960
S 24,140 29,080 21,600 23,460
K 13,170 15,400 15,290 11,600

Na 2860 4930 270 2640

Minor Elements

Mn 1762 1171 1026 239
Zn 1178 992 1189 1262
Cu 509 473 920 902
Cr 227 159 68 80
Se 134 234 209 134
Pb 133 98 31 92
Ni nd nd 45 745
Mo 19 18 12 12
Co nd nd 9 7
As 7 5 12 7
Cd 2 3 1 2
Ba 0.6 0.7 0.3 0.6

Furthermore, the ICP data show trace amounts of heavy metals, with Mn, Zn, Cu, Cr,
Se, and Pb being the most predominant. After SS incineration, a significant reduction in
volume is observed, leading to a higher concentration of heavy metals in SSA [10]. Based
on the results in Table 2, variations in heavy metal concentration were observed among the
four different SSAs.

The thermal analysis carried out on the four SSAs is presented in Figure 1a. The
results allow the identification of three main peaks: one dehydration peak between 50 and
105 ◦C, and two thermal decomposition peaks assigned to portlandite (Ca(OH)2) between
350 and 450 ◦C and to calcite (CaCO3) between 515 and 750 ◦C. The quantification results
in Figure 1b show Ca(OH)2 content of 1% for A2, 3.3% for A1 and A3, and a significantly
higher value of 7.1% for A4. Additionally, CaCO3 content is about 10% in all SSA, except for
A4, which shows a higher value of 16.5%. It is worth noting that a common step for the four
incineration processes is the addition of limestone into SS to reduce toxic gas emissions,
which is the main reason for the high CaCO3 content. The increase in CaCO3 content for
A4 may be attributed to an excess of limestone added during this specific incineration
batch. In addition, inadequate storage conditions may cause the material to be exposed to
air (humidity and CO2) and result in the hydration and carbonation of CaO in the ashes,
leading to additional Ca(OH)2 and CaCO3, respectively.

3.1.3. Mineralogical Composition

The XRD qualitative analysis is illustrated in Figure 2 and reveals that the studied
ashes are multiphasic materials. After incineration, the ashes have no organic matter
but some crystallized minerals [30]. The quantitative analysis of the crystallized phases
is presented in Table 3. Based on the results obtained, all four SSAs have common ma-
jor crystallized mineral phases such as whitlockite (Ca9Mg0.7Fe0.5(PO4)6(PO3OH)), illite
(K0.6(H3O)0.4Al1.3Mg0.3Fe0.1Si3.5O10(OH)2·(H2O)), calcite (CaCO3), quartz (SiO2), biotite
(KMg2.5Fe0.5AlSi3O10(OH)1.75F0.25), and albite (NaAlSi3O8), as well as soluble phases such
as lime (CaO), anhydrite (CaSO4), and portlandite (Ca(OH)2). Ca is mainly present in
whitlockite, lime, anhydrite, and calcite, which explains its dominance in XRF and ICP.
The presence of anhydrite, a source of sulfate, is consistent with the presence of sulfur
in oxide form (see Table 1). During incineration, the limestone transforms into calcium
oxide (CaO) through calcination, which, in turn, reacts with sulfur gases (SO2) to form
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calcium sulfate or anhydrite [31]. Phosphorus is known to disturb the hydration reaction
of cement by delaying its setting time [32]. However, according to XRD results in Figure 2,
P is found to be in whitlockite, which is known to be a weakly soluble phase in an alkaline
solution. The crystallized silicon oxides (quartz and cristobalite) available in SSA could
be a sand residue from the fluidized bed or natural sources (such as minerals found on
the Earth’s surface) [33]. The presence of Fe2O3 is responsible for the reddish color of the
ashes, particularly observed for A1, which presents the highest percentage (7%). Haustein
et al. [5] observed the same distinctive dark red coloration with a 12% Fe2O3 content in
their ashes.
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Table 3. Mineralogical content of raw SSA in wt%.

Mineralogical Phases (wt%) A1 A2 A3 A4

Whitlockite 11 10 15 19
Calcite 9 8 10 17
Illite 9 10 2 6
Hematite 7 5 4 4
Anhydrite 7 5 7 6
Lime 6 10 20 6
Quartz 5 9 5 6
Biotite 5 4 1 -
Portlandite 4 1 4 7
Dolomite 2 2 5 5
Albite 3 2 1 1
Other 5 7 6 3
Amorphous 28 28 20 18

According to Donatello et al. [3], who provided an overview of incinerated SSA, com-
mon crystalline phases such as quartz, whitlockite, and hematite are frequently identified.
CaCO3 and Ca(OH)2 values were consistent with the TGA results. Juenger et al. [29] inves-
tigated new sources of reactive SCM and stated that high content in the amorphous phase
favorizes the material’s reactivity. The quantified amorphous phase of SSA, according to
Table 3, ranged from 18% for A4 to 28% for A1 and A2. This statement helps to classify the
studied SSA as a potential SCM source. The amorphous phase is the active component of
a pozzolanic SCM. Moreover, amorphous Si and Al serve as an indicator of the reactivity
potential of the ashes [30].

Using the data collected from XRF, ICP, and XRD, we employed an analytical ap-
proach to determine the mass percentage of each chemical element present in SSA using
Equation (3). This method was applied to XRD data. The XRF data, originally expressed
in oxide form as shown in Table 1, are recalculated into elemental percentages. After
calculation, a comparative analysis was performed using the percentages of each element
obtained from each characterization method. If the results from ICP and XRF were higher
than those of XRD, then it indicates that the calculated element is by default present as
an amorphous phase in the ashes. The findings suggest that the amorphous phase mostly
consists of Ca as a major element, with Fe, Si, and P present as minor elements. This
observation was consistent among the four examined SSAs. This implies that Si and Al
are mainly present in crystallized rather than amorphous form. As a result, the pozzolanic
activity of the studied SSA is expected to be low [14].

Wi = ∑
j

[(
Wj

Mj

)
·Mi

]
(3)

where

Wi: Weight percentage of each chemical element i to be determined in wt%
Wj: Weight percentage of each phase j determined by XRD in wt%
Mj: Molar mass of phase j in g/mol
Mi: Molar mass of element i in g/mol

3.2. Electrical Conductivity in Water Solution

The electrical conductivity curves in Figure 3 show a similar global tendency for
the four SSAs after contact with water. The rapid increase in electrical conductivity is
governed by the rise in ion concentration in the solution from the dissolution of soluble
species [34]. The increase in electrical conductivity for the ashes in Figure 3 reached a value
of 13.3 mS/cm for A2 and A3 and 12.3 mS/cm for A1 and A4, after 1 min of immersion.
This increase is followed by a drop in electrical conductivity, indicating a precipitation
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phenomenon. After 2 h, A1 and A2 exhibited a faster decrease of 2.5 mS/cm over the 8 days.
This suggests that A1 and A2 may experience an accelerated precipitation compared to the
other two SSA, which showed a slower decrease in conductivity of 1.5 mS/cm. Based on
the XRD quantification results in Table 3, A2 and A3 present the highest content of water-
soluble phases (mainly CaO and CaSO4) and are expected to show the highest electrical
conductivity upon contact with water. The test results show a notable similarity in the
behavior of the four ashes. The maximum dissolution happens immediately after contact
with water, and no further dissolution or significant precipitation occurs after 50 h (almost
2 days). As shown in Figure 3, the high increase in conductivity is spotted along with
an immediate increase in pH after contact with water. A pH level higher than 12 was
attained for the four SSAs and remained constant during the testing. The high pH level
indicates a highly alkaline medium. This suggests that the results obtained from this test
would most likely be comparable if a Ca(OH)2 solution was used instead of deionized
water. Based on these observations, it is reasonable to expect the ashes to behave similarly
after incorporation into cementitious composites. This is supported by the fact that the
pH in the bulk solution rises during cement hydration, with Ca(OH)2 being one of the
primary formed hydrates [35,36]. Additionally, the presence of SSA in cement composites
may increase the Ca(OH)2 formed, which modifies the microstructure of the composite,
affecting its durability properties.
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De Azevedo Basto et al. [24], linked the electrical conductivity variation to the poz-
zolanic activity of SCM. They concluded that the constant conductivity over time indicates
the absence of a pozzolanic reaction. Additionally, Delair et al. [25] stated that the decrease
in conductivity is influenced by the pozzolanic activity of the tested material. Paya et al. [23]
clarified that the early-stage reactions are primarily governed by the dissolution phenom-
ena. They added that the reactive amorphous content remains unreacted initially but tends
to undergo a slow reaction over the long-term stages. According to the findings in Figure 3,
the conductivity of the SSA–water mixture is slowly decreasing over 8 days, suggesting
a potential for low pozzolanic activity. In line with the analysis of Delair et al. [25], A1
and A2 are classified as having a pozzolanic reactivity moderately higher than that of A3
and A4.
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3.3. Sampling over Time

To better understand the mineralogical and the chemical evolution of the four ashes
after contact with water, and to analyze the heavy metals leached over time, samples were
collected at different time intervals, for each SSA. This was carried out according to a
modified European standard, namely, EN 12457-1. As illustrated in Figure 3, the electrical
conductivity of the four solutions was split into three stages. Stage I, up to 0.1 h (6 min),
reflects the immediate reactions upon immersion. Stage II, between 0.1 h and 2 h, where a
rapid drop in electrical conductivity occurs for the four ashes similarly. Stage III, extending
up to 200 h (8 days), where a slight divergence was observed for A1 and A2 on one side and
A3 and A4 on the other side. The samples were collected according to the curve variations
and are as follows: one sample from stage I (I1), two samples from stage II (II1 and II2),
and one sample from stage III (III1).

3.3.1. Mineralogical Analysis of Filtered Solid

Figure 4 (on the left side) presents the XRD signals of filtered solid samples at stages
I1, II1, II2, and III1.

One common behavior detected for all samples is the immediate dissolution and
hydration of CaO within a few minutes upon immersion, highlighted by the disappearance
of the main peak at 2θ = 37.5◦ and the appearance in the pic at 2θ = 18◦ assigned to
Ca(OH)2. A3, having the highest content in CaO (20%) presents the highest peak intensity
of portlandite or Ca(OH)2 (Figure 4c), confirming the instant transformation of CaO into
Ca(OH)2. Lime is known to be extremely reactive and has a high dissolution rate in
water, resulting in a quick pH increase (and sometimes temperature increase), as shown in
Figure 3. The constant stirring also helps increase its dissolving rate. No other crystallized
phase disappeared besides CaO at I1, implying that the increase in electrical conductivity
in Stage I is mainly governed by CaO dissolution. CaSO4 peak at 2θ = 25.2◦ shows a
proportional decrease in intensity with time until total disappearance in III1. This was
commonly observed for the four ashes and is linked to the dissolution rate of this compound
in these experimental conditions. Besides the precipitation of Ca(OH)2 with an intense
peak at 2θ = 18◦, ettringite (Ca6Al2(SO4)3(OH)12·26H2O) was detected only in Figure 4c,d.
Even though the same w/s ratio was used for all four solutions, only A3 and A4 showed
ettringite formation, with a small peak observed in Stage II, and a more defined peak
for III1. Elements released into the solution are controlled by SSA chemical composition;
therefore, the formation of secondary phases is mainly driven by different stoichiometric
ratios of elements in the solution [37]. It is also highly probable that secondary phases
might have been formed as poorly crystallized or amorphous phases and were not detected
using XRD analysis. The slight increase in CaCO3 peak intensity (Figure 4a) could be due
to the carbonation of the collected samples after exposure to air and humidity.

3.3.2. Chemical Analysis of Filtrate

The filtrate analysis is illustrated in Figure 4 (on the right side), showing the concentra-
tion evolution of the major elements leached, in parallel to the electrical conductivity curve.
Heavy metals are detailed separately in a table and compared to the European standard lim-
its [38]. According to the graphs in Figure 4, similar tendencies in concentration evolution
are observed across all four ashes. Ca and S are the common abundant elements in all the
collected samples, with a concentration higher than 0.1 mol/L over time. Ca concentration
decreases slightly from Stage I to Stage II, followed by a more pronounced decrease in Stage
III, particularly for A1 and A2. On the other hand, S concentration increases from Stage I to
Stage II, followed by a decrease in Stage III, commonly observed for the four ashes. The
increase in Ca ion concentration in Stage I is due to the total dissolution of CaO, as detailed
in Section 3.3.1, and the drop in Stage II and Stage III is partially a consequence of Ca(OH)2
precipitation for all ashes. The increase in S ion concentration spotted in both Stages I and
II is attributed to the gradual dissolution of CaSO4, as discussed in the previous section.
In the case of A3 and A4, the drop of both Ca and S ion concentrations in Stage III results
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from ettringite precipitation. The reduction in Ca ions in Stage III may also be linked to
the formation of amorphous C-S-H or C-A-S-H, which are weakly crystallized products
from the pozzolanic reaction [39]. We expect a slightly higher precipitation of hydrates in
the case A1 and A2. This is confirmed by the significant reduction in Ca concentration for
A1 and A2 in Stage III, which is linked to a greater formation of hydrates. This correlation
aligns with the electrical conductivity analogy in 3.2 and supports the conclusion regarding
the slightly improved pozzolanic activity of A1 and A2.
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Minor elements, such as K and Na, showed a slight rise in concentration over time,
reaching around 0.1 mol/L in Stage III for A3 and A4 in the case of K and below 0.05 mol/L
for Na. These elements are found in mineral crystalline phases (illite, biotite, and albite) and
the amorphous phase in negligible quantities. Fe and P elements exhibit low concentrations.
No significant variations in concentrations were detected, indicating their limited presence
in the solution. This confirms the low solubility of mineral phases containing these elements
in basic media, such as whitlockite, hematite, and talc.

As for the concentration of heavy metals presented in Table 4, the results are quite
different for the four ashes, reflecting the variability in concentration within the raw sewage
sludge. All the data revealed a leachability concentration lower than the limits imposed by
the French regulations [40], implying that the studied SSA is classified as non-hazardous
waste. Zn presents a concentration higher than the inert limit value except for A2, having
initially a lower concentration with respect to other ashes. The Pb and Ba concentrations
in A3 and A2, respectively, are higher than the inert limit. According to Chang et al. [41],
heavy metals may be absorbed into the structure of cement hydration products. Then, SSA
incorporation in cement composites reduces the heavy metal leaching problem.

Table 4. The concentration of leached heavy metals at point III1.

Leached Elements

Concentration
(mg/kg Dry Mass)

Limit *
(mg/kg Dry Mass)

A1 A2 A3 A4 Inert Non-Hazardous

Cr 1.0 0.1 3.5 0.0 0.5 10
Ni 0.0 0.0 0.0 0.0 0.4 10
Cu 0.2 0.0 0.5 0.9 2 50
Zn 27.5 3.4 4.6 10.3 4 50
Mo 2.3 0.6 2.5 2.1 0.5 10
Cd 0.0 0.0 0.0 0.0 0.04 1
Pb 0.3 0.2 0.6 0.0 0.5 10
As 0.0 0.0 0.0 0.0 0.5 2
Ba 8.9 74.4 15.3 0.1 20 100
Se 0.0 0.0 0.1 0.0 0.1 0.5

* Limit: Refers to the concentration of leached element used to categorize the type of waste, as specified in the
French regulations [40].

3.4. Reactivity of SSA

While projecting the use of SSA as SCM in cementitious composites, the study of the
reactivity is important. This step helps determine the presence of a pozzolanic activity,
which generates additional hydrates and improves the mechanical properties of the final
composite. One technique to assess reactivity involves monitoring the heat released during
the first 7 days of hydration, at 40 ◦C, using isothermal calorimetry [42]. In addition, Ali
et al. [43] adopted the use of bounded water and portlandite consumption values as a rapid
technique to predict the long-term reactivity of SCM.

3.4.1. Reactivity Assessed Using the R3 Method

The heat release of the four mixtures was recorded and presented in Figure 5a. During
the first hour, all four ashes showed an increase in the heat release, indicating the dissolution
phenomena in the solution. This corresponds to Stages I and II of Figure 3, governed
primarily by the dissolution of CaO and CaSO4 content in SSA. Afterwards, a brutal
decrease in the heat signal is noticed and a minor peak for A1 and A2 was detected at
around 5 and 12 h, respectively. The signal was then observed to be low and stable over the
testing period. The cumulative heat flow shows a gradual increase over time, indicating
that the ongoing reaction is slow. The calculated cumulative heat at 7 days gives a value of
180 J/g and 162 J/g SSA for A2 and A1, and a lower value of 107 J/g and 80 J/g SSA for A3
and A4, respectively.
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Figure 5b summarizes the bounded water content and the consumed portlandite
percentage at 7 days. The bounded water percentage was determined using TGA, up to
350 ◦C. Avet et al. [42] stated that bounded water is a direct indicator of the material’s
reactivity as it corresponds to the decomposition of the main hydrates. A2, with the highest
bounded water content of 4.7%, presents a slightly higher reactivity than A4, which has the
lowest value of 3.1%. This observation aligns with the cumulative heat results previously
presented. A1 and A2 present a Ca(OH)2 consumption of 19.4 g/g SSA and 18 g/g SSA,
respectively. A3 and A4, on the other hand, exhibit a reduced Ca(OH)2 consumption,
measuring 13 g/g SSA and 12 g/g SSA each. TGA results are consistent with the heat
release analysis, where cumulative heat flow is higher with A1 and A2 than with A3 and A4.
Ramanathan et al. [44] concluded that fly ash, pumice, glass, and metakaolin are pozzolanic
and slag is hydraulic and highly reactive SCM classified according to the heat released in
the function of Ca(OH)2 consumption. Following their classification, the SSA of our study
exhibits latent hydraulic and less reactive properties. We conclude that the studied ashes
present an overall low reactivity, yet A1 and A2 are more reactive than A3 and A4, which is
consistent with previous findings.
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3.4.2. Reactivity Assessed Using Mechanical Properties

SAI is an indirect method to evaluate the pozzolanic activity of SCMs using compres-
sive strength (Rc). Figure 6 displays the calculated SAI of the three ashes (A1, A2, and A3)
at 1, 2, 7, and 28 days. In this experiment, A4 was not tested due to limited resources. At all
ages, SAI is lower than 100%. This is attributed to a reduced compressive for all specimens
with SSA replacing 25% OPC.
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Mortars with A1 and A2 show a comparable trend of Rc increase over time, reaching
86% and 82%, respectively, at 28 days. Compared to that, mortar samples with A3 show
an increase in SAI to 78% at 7 days then drops to 74% at 28 days. In fact, the measured
compressive strength of mortar samples containing A3 remained constant between 7 and
28 days, unlike the reference specimen that increased. This has caused a decrease in SAI
value at 28 days. All samples with an SSA present SAI values below 100%, confirming that
the ashes have a low reactivity [5]. A 75% SAI belongs to 25% of OPC substitution by an
inert material [45]. According to the Standard, the SAI value greater than 75% at 28 days
proves that the ashes incorporated provide either a physical or chemical improvement
in the cement matrix, which is the case for A1 and A2. Substituting 25 wt% of OPC by
another material reduces the cement content in the mortar, resulting in less formation of
C-S-H hydrate. Since C-S-H is responsible for improving the mechanical properties of
cement composites, a lower C-S-H formation leads to a decrease in compressive strength.
This leads to a lower SAI for SSA-blended mortars, as shown in Figure 6. Additionally,
the porous nature of added SSA causes it to absorb a proportion of the mixing water for
mortar preparation. As a result, the mortar holding SSA becomes firmer and less flowable.
This leads to difficulties in the concrete casting on-site, developing a higher chance of pore
creation within the specimen after hardening and, consequently, reducing the mechanical
properties. This is commonly observed in previous studies [7,46,47]. Gupta et al. [48] also
pointed out that the lack of reactive amorphous mineral phase is one of the reasons behind
the negative impact of SCM on compressive strength. The slightly higher SAI for A1 and
A2 may be linked to the slow pozzolanic activity. This results in the formation of additional
C-S-H from A1 and A2 and improves the mechanical properties of the blended cement
mortars. This finding aligns with previously discussed results.

As for A3, ettringite formation in aqueous solution was detected in 3.3.1. This behavior
is expected to be similar after incorporation in cement composites, where additional ettrin-



Constr. Mater. 2024, 4 625

gite formation may be observed. If that was the case, the additional ettringite formation
was observed to negatively affect the mechanical properties of the mortars with A3. Linking
electrical conductivity to reactivity tests proves that the ettringite formation in A3, detected
using XRD at around 13 min after contact with water, and the high content in calcium
oxide (≈48%), did not improve the mechanical properties of A3-blended cement mortars.
However, further investigations should be considered regarding the ionic concentration in
the bulk solution as it primarily affects the kinetics of the hydration reaction [49] and the
mechanical properties.

The compressive strength results determined at 7 days were plotted in the function of
the heat released at 7 days (Figure 5a) for A1, A2, and A3 individually, as shown in Figure 7.
A strong correlation exists, with a calculated R2 value of 0.93. This confirms the correlation
between the heat released during the reactions of the R3 test and the mechanical behavior
of SCM-blended cement mortars, as previously explored by Li et al. [27].
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4. Conclusions

In this work, four SSAs were characterized, resulting from SS incineration with added
limestone for toxic gas treatment. The addition of limestone to the incineration procedure
influenced the chemical properties of SSA as it increased the Ca content in the ashes.

After studying the behavior of the four ashes in an aqueous solution for up to 8 days,
the key findings are the following:

- A significant Ca(OH)2 formation was observed after contact with water, due to the
lime content in SSA, leading to a highly alkaline medium.

- A formation of ettringite only for A3 and A4 in aqueous solution.
- A decrease in electrical conductivity indicates slightly higher reactivity for A1 and A2.
- The heavy metal’s leachability showed low concentrations, and the waste is therefore

considered non-hazardous.
- In terms of reactivity assessment, the key findings are as follows:
- The four SSAs showed a low reactivity compared to other common SCMs such as slag

and metakaolin.
- The SAI results of A1 and A2 presented a value higher than 75%, which confirms

their reactivity.
- A strong correlation was confirmed between the heat release and the compressive

strength of SSA blended cement mortars at 7 days.

Based on our findings, the application of SSA in cement composites showed promising
mechanical properties, indicating that the tested ash can partially replace Portland cement
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SCM. Further investigations are to be considered regarding the impact of SSA on cement
mortar properties, as well as exploring activation mechanisms to improve SSA reactivity.
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