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Urbanization and continuing population and industrial growth have led to the intensiﬁcation of management
issues related to residues of wastewater treatment. To reduce sludge storage and carbon dioxide emissions resulting from Portland cement production, the pozzolanic activity of sewage sludge ash (SSA) was studied as a
supplementary cementitious material (SCM). The SSAs that calcined in the temperature range of 600–900 °C
were characterized by XRD, XRF, and laser diﬀraction. The pozzolanic reaction was monitored by an electrical
conductivity measurement test, which demonstrated that the decrease in conductivity of an unsaturated pozzolan/calcium hydroxide suspension is correlated with the consumption of Ca(OH)2 during 1000 s. The results
indicated that the calcination of sewage sludge at 600 °C is the most adequate for use as a pozzolan as it obtained
a higher loss in conductivity (88.3%) and consumed less energy during the incineration process. A good correspondence was found between the mortar compressive strength test and the conductivity test, and both indicated that pozzolanicity decreases with temperature. Therefore, this method was found to be eﬀective and
hence can be used as a rapid and simple test for the pozzolanic activity evaluation of SSA.

1. Introduction

the empirical data compiled from a variety of sources by AQUASTAT
[5], 311.6 km3 of municipal wastewater is produced annually, of which
60% (187.4 km3 year−1) is treated. Despite the portion of sludge that is
used in wastewater treatment plants (WWTP), a huge quantity still
needs to be removed. Together, the European Union, the United States,
China, Japan, Canada, Brazil, Australia, and New Zealand produce
approximately 22,000 dry metric tons of sewage sludge [6,7]. Thus, the
treatment facility deals with complex and costly management of residues [8–10]. Although sludge processing represents 45–50% of the
total operating costs at the wastewater treatment plant, the planning
and execution of disposal have been continuously neglected in developing countries [10–12].
Controlled incineration is widely used as a disposal alternative for
sewage sludge due to the diﬃculties of maintaining landﬁlls and restrictions in agricultural use [9,13]. The reuse and recycling of sewage
sludge ash (SSA) in construction has great potential and several possibilities have been explored, namely, ceramic products, road pavements,
soil stabilization, lightweight aggregate, mineral addition, mortar, and
concrete [4,14–18]. Of these examples, concrete is preferable because it
stabilizes heavy metals and adds higher value. However, the origin of
wastewater, the type of treatment used, and the incineration system,

The construction industry is one of the major consumers of nonrenewable natural resources and energy. Additionally, construction
expansion increases carbon dioxide (CO2) emissions caused by cement
production, which impacts the environment by contributing to climate
change and the raising of the Earth's surface temperature. These
emissions are generated by the calcination reaction that produces
clinker, a major component of cement, and the combustion of fossil
fuels used to produce energy. Almost 750 kg of CO2 per ton of cementitious products are produced by these two factors in conjunction,
and they contribute to approximately 8% of global carbon dioxide
emissions [1,2]. To mitigate CO2 emissions, several strategies have been
studied, for example, the use of alternative fuels and the production of
cement with lower ratios of clinker. The last mentioned option is the
most viable short-term alternative, and can be achieved by increasing
the development of recycled and secondary materials as sustainable
construction materials [3,4].
Constant population growth, urbanization, and industrial and
technological development drastically increase the volume of generated
wastewater and, consequently, sewage sludge. Globally, according to
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may cause variations in SSA performance. Therefore, it is recommended
that the material be studied before use [13,17,19].
Because the hydration of cementitious materials becomes an even
more complex process in the presence of a varied range of mineral
additions available on the market, it was not feasible to create a model
capable of fully elucidating the pozzolanic activity. Several methods
have been proposed to evaluate the pozzolanic reactivity, usually based
on the principle of the interaction between calcium hydroxide and
pozzolans [20–23]. In these methods, physical and chemical properties
are considered, and qualitative and quantitative evaluations may also
be conducted.
Based on the studies conducted by Raask and Bhaskar [24], Lúxan
et al. [25] created a rapid and indirect method to determine the potential pozzolanicity of natural products. The principle of this method
was to decrease the conductivity induced through the consumption of
portlandite by a pozzolan in the water solution. The variation in electrical conductivity in a calcium hydroxide (CH) saturated solution was
measured over 120 s. However, due to the fact that Ca(OH)2 is slow to
dissolve and reach saturation, as well as the insuﬃcient test time for ﬂy
ash evaluation, Payá et al. [26] presented a methodology that uses a
calcium hydroxide unsaturated solution to determine the percentage
loss in conductivity (% LC) of low-lime ﬂy ash at 100, 1000, and
10000 s.
This study aims to characterize and monitor pozzolanic reactions of
sewage sludge ash that has the potential to be incorporated into cementitious composites. In this regard, the loss in conductivity using
Payá’s method has been veriﬁed using the average of ﬁve conductivity
curves. This approach enables the investigation of the method's repeatability and aims to minimize errors. Sewage sludge ash produced
with four calcination temperatures were evaluated and their properties
were compared with metakaolin, which is a high-performance pozzolan.

Table 1
Chemical composition in oxide content (%) of dried sewage sludge (DSS), calcium hydroxide (CH), and metakaolin (MK) samples.
Sample

DSS

CH

Oxide
SiO2
Al2O3
Fe2O3
CaO
P2O5
MgO
K2O
Na2O
CuO
MnO
NiO
LOI

MK

Mass content (%)
39.02
16.02
9.68
6.62
5.42
2.21
1.67
0.80
0.12
0.06
0.06
18.33

0.49
0.32
0.09
72.47
0.24
0.58
0.05
–
–
–
–
25.76

50.27
42.80
3.61
0.08
0.37
0.22
0.22
0.02
–
–
–
2.40

Table 2
Particle size (D10, D50, D90, Dmean), Blaine ﬁneness, and density of dried sewage
sludge, calcium hydroxide, and metakaolin samples.
Sample
D10
D50
D90
Dmean
Density (g/cm³)
Blaine ﬁneness (m2/kg)

DSS

CH

MK

8.994
39.627
92.373
45.955
2.73
676.96

1.795
9.911
22.163
11.161
2.33
1187.55

2.463
16.050
52.714
22.147
2.56
2348.97

produce ﬁve mortars with a calcium hydroxide to sand ratio of 1:9.
2.2. Preparation and characterization of sewage sludge ash

2. Materials and methods
The calcination temperature was established on the basis of results
published in the literature [21,27,28] and ranged from 600 °C to 900 °C.
The studies evidenced that the minimum temperature for the disappearance of undesirable organic matter is 500 °C and the maximum
temperature for avoiding loss of pozzolanic properties is 900 °C. The
ash was designated according to the calcination temperature as
SSA600, SSA700, SSA800, and SSA900. Each sample was heated from
room temperature up to the designated temperatures (600, 700, 800,
and 900 °C) in an electrical muﬄe with a heating rate of 10 °C/min. The
temperature was maintained for 180 min and then cooled down to room
temperature.
The parameters selected to characterize the diﬀerent SSA samples
were their chemical and mineralogical compositions, speciﬁc gravity,
speciﬁc surface area, and particle size distribution. Finally, the pozzolanic activity was also evaluated for each sample.
The microstructure was assessed using: X-ray ﬂuorescence spectrometry (XRF) (Rigaku ZSX Primus II spectrometer) by semi-quantitative
analysis in a pressed pellet; the laser diﬀraction particle size
(Mastersizer 2000 with the dispersion unit Hydro 2000MU, Malvern
Instruments) with a measuring range from 0.02 to 2000 μm; X-ray
diﬀraction (XRD) (Rigaku D/max-2200 diﬀractometer) from 2 to 70° 2θ
with a 0.02° 2θ step size, a time per step of 1 s, and Cu Kα radiation
operating at 20 mA and 40 kV.

2.1. Materials
The sewage sludge used was generated by the Mangueira
Wastewater Treatment Plant and collected from the Upﬂow Anaerobic
Sludge Blanket (UASB) reactor in a liquid state. The wastewater was
mainly composed of domestic sewage and the reactor detention time
was 8 h for an average daily ﬂow of 31.11 L/s. Mangueira WWTP is
located in the West Zone of the city of Recife, the capital of Pernambuco
State, which is the ninth most populous city in Brazil, with approximately 1.7 million inhabitants. Before calcining, most of the water
contained in the sludge was removed using a 45 μm mesh sieve. The
retained material was sun-dried for 6 days and dried at 110 °C for 24 h.
Next, to guarantee homogeneous diﬀusion of heat during calcination,
the dried sewage sludge was ground for 20 min in a ball mill.
Besides sewage sludge, the materials used in the pozzolanic activity
evaluation tests were calcium hydroxide p. a. (≥ 95%) and metakaolin.
The chemical composition and the loss on ignition (LOI) of the anhydrous samples, measured by semiquantitative X-ray ﬂuorescence (XRF)
spectrometry, are presented in Table 1. The dried sewage sludge (DSS)
presented a high LOI when compared to metakaolin. This occurs due to
the considerable content of organic matter in DSS. Thus, the calcination
process may improve the properties of the material by eliminating this
undesirable matter. Table 2 presents the particle size distribution by
laser diﬀraction, the Blaine ﬁneness, and the density. The volume
particle size distribution is described by D-values (D10, D50, and D90),
which are the percentage of particles smaller than the calculated diameter based on the results from the sieving analysis. The Dmean refers to
the volume mean diameter (de Brouckere mean) and represents the
particle size of the bulk of the sample volume.
The ﬁne aggregates consist of quartz sand with a speciﬁc gravity of
2.64 g/cm³ and a ﬁneness modulus of 2.14. This material was used to

2.3. Evaluation of the pozzolanic reaction
The pozzolanic activity was measured by a compressive strength
test and an electrical conductivity test. In the ﬁrst method, the compressive strength was assessed on mortar cylinders (50 mm diameter x
100 mm height) composed of 1 part calcium hydroxide (104 g), 9 parts
sand mass (936 g), and a quantity of pozzolan equivalent to double that
of the volume of CH. The mass of pozzolan was obtained by the
2
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SSA pozzolanic reactivity. The next most abundant components were
Al2O3, Fe2O3, and CaO, coinciding with results observed in other chemical analyses [19,27,31–48]. The signiﬁcant levels of these oxides
may be derived from the use of alumina salt, ferric salt, and lime in the
domestic wastewater treatment process, respectively. The signiﬁcant
percentage of P2O5 may be resultant of its presence in dishwashing liquid compositions. Furthermore, it was observed that the variation of
the calcination temperature within the studied range did not have a
remarkable inﬂuence on the percentage of oxides. Loss on ignition was
within the range obtained by other authors (1.80–8.35%)
[27,31,33–37,39,41,42,45–47] and has been found to decrease with
increasing temperature.
Sewage sludge ash density varied from 2.58 to 2.63 g/cm³, which is
lower than the DSS, as listed in Table 4. Therefore, it was concluded
that these materials have a density comparable to natural sand and
metakaolin. It was observed that from 600 to 800 °C sewage sludge
calcination promoted a decrease in the speciﬁc gravity, but an increase
thereof at 900 °C. Presumably, this increase is related to a reduction in
pore space caused by the vitriﬁcation process [41,44,49,50]. The presented behavior does not correspond to the trend identiﬁed by Lynn
et al. [39] in which ash density increased with temperatures of up to
1000 °C. This may be due to diﬀerences in the equipment used for ash
production, i.e. an electrical muﬄe instead of an incinerator.
Similarly, the Blaine ﬁneness of the dried sewage sludge was reduced by calcination. Additionally, the rise of calcination temperature
caused a decrease in the speciﬁc surface, as presented in Table 4. A
higher ﬁneness found in other studies [32,39,43] is achieved by the
milling and/or sieving of the material, which contributes to the increase
of the speciﬁc surface. In this study SSA has not been subjected to any
process besides calcination, thus lower values of the speciﬁc surface are
expected.
Fig. 1a presents the discrete and Fig. 1b presents the cumulative
particle-size distribution, obtained by laser diﬀraction analysis. The Dvalues and mean diameters (Dmean) of materials are presented in
Table 4. The particle-size of SSA ranged between 0.4 and 160 μm, with
a Dmean of approximately 41.5 μm. Approximately 70% of particles
were in the volume range of 11–80 μm.
The results evidenced that the calcination of sewage sludge reduced
the particles size, as is indicated by the cumulative curves of ash samples (Fig. 1b). However, the mean diameter of ash samples increased
with increasing temperature and exceeded the DSS diameter from
800 °C (Table 4). The discrete and cumulative curves of SSA600 and
SSA700 are overlapped, indicating similar particle-size distributions.
The curves also denote that these ashes are ﬁner, followed by SSA800
and SSA900. This coincides with the Blaine ﬁneness results.
X-ray diﬀraction was performed to identify the mineralogical composition of the ash. Diﬀractograms can be observed in Fig. 2. The results
presented a heterogeneous composition consisting mainly of quartz
(SiO2), hematite (Fe2O3), albite (Na(AlSi3O8)), and microcline intermediate (KAlSi3O8). In addition, it was observed that calcite (CaCO3)
was only present in SSA600 as the thermal decomposition of this mineral starts at temperatures of approximately 700 °C. Thus, after calcination at higher temperatures, calcite decomposes into calcium oxide
(CaO). Other minor compounds are muscovite (KAl3Si3O10(OH)2) and
whitlockite (Ca2.86Mg0.14(PO4)2), which were identiﬁed at 900 °C.
Through the diﬀractograms, it was observed that the compounds
identiﬁed by the X-ray diﬀraction agree with those presented by the
chemical analysis. In addition, it has been noted that the ash samples
are composed of crystalline phases with well-deﬁned peaks. Part of silicon, which is the major element in the samples, is present in its
crystalline phase and is identiﬁed as quartz. Fontes [27] suggests that
the variation of quartz-peaks intensity with the calcination temperature
of SSA is an indication of a modiﬁcation in the crystalline structure by
increasing temperature. The same behavior was observed by Wang
[51]. The author states that, for one of the studied ash samples, quartz
remained in crystalline phases at higher sintering temperatures (900 °C,

following equation:

mpoz = 2⋅

δpoz
δCH

⋅104

(1)

where mpoz, δpoz, δCH are respectively the mass of the pozzolan, the
density of the pozzolan, and the density of the calcium hydroxide. The
equivalent mass ensures that the quantity of any pozzolanic material
tested would be suited to consume the indicated mass of calcium hydroxide. The water-binder ratio (w/b) should be enough to reach a
constant ﬂow of (225 ± 5) mm. After one day of curing at room
temperature, the samples were kept in molds in a drying oven at 55 °C
for 6 days, as is stated in the Brazilian standard [29]. The thermal cure
is used to reach a higher consumption of CH and to increase the mechanical behavior of the pastes. After 7 days, the samples were removed
from the oven 1 h before the mechanical test and rested at room temperature. Then they were unmolded and the compressive strengths
were measured as the average of three specimens using a manual hydraulic testing machine Solotest 100/20 TON. A sample passed this test
if it achieved a minimum of 6 MPa of compressive strength [30].
For the second method, the loss in conductivity of a pozzolan added
to an unsaturated calcium hydroxide solution (pozzolan/calcium hydroxide ratio of 1:0.04) at 100 and 1000 s was evaluated, based on the
method of Payá et al. [26]. A Digimed DM-32 v.2.0 conductivity meter
and a Digimed stainless steel conductivity cell model DMC-001 XTX
were utilized for the measurements. The data was acquired and stored
by a Raspberry Pi 3 connected to the conductivity meter. The test used a
glass beaker, a rubber stopper to prevent carbonation of the solution,
and a magnetic stirrer that allowed for the adjustment of the base plate
temperature and stirring rate. To analyze the method's repeatability,
each sample was tested 5 times and the average data for each second
was used to create the average conductivity curve used in the comparative study.
Initially, a volume of deionized water that was enough to conduct
all repetitions (1050 L) was heated up to (60 ± 1) °C and, after
reaching this temperature, CH was added (840 mg). The selection of
this temperature was derived from the initial exothermic temperature
of Portland cement hydration, and the solution concentration was indicated by Payá et al. [26]. The vessel was sealed, and the solution was
stirred at 700 rpm for 1 h. The initial conductivity ranged from
5.55 mS/cm to 5.93 mS/cm. Then, the solution was transferred to a
beaker (200 mL) which was sealed with a rubber stopper plugged
tightly, the conductivity cell and thermometer were attached, and the
pozzolan (4 g) was added to the calcium hydroxide-water suspension.
The conductivity of this solution was measured every second for 1000 s.
Some tested pozzolans presented a signiﬁcant contribution to electrical
conductivity when added to deionized water due to the presence of
water-soluble components. The conductivity obtained in pozzolan
aqueous suspensions (Cpoz)t was subtracted from the pozzolan/CH
suspension (Cpozch)t to determine the absolute loss in conductivity
(Cpoza)t. Finally, the relative loss in conductivity for a given time (%
LC)t was determined by the ratio between the initial conductivity (C0)
subtracted by (Cpoza)t, and the initial conductivity, as indicated in
Equation (2).

(%LC )t =

C0 − (Cpoza)t
C0

⋅100

(2)

3. Results
3.1. Sewage sludge ash characterization
Table 3 presents the oxide content in the sewage sludge ash by X-ray
ﬂuorescence analysis. Both metakaolin and the sewage ash samples are
mainly composed of SiO2. Silicon amorphous is the main component
responsible for the pozzolanicity in SCM, and it is highly indicative of
3
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Table 3
Chemical composition in oxide content (%) of sewage sludge ash calcined at 600 °C (SSA600), 700 °C (SSA700), 800 °C (SSA800) and 900 °C (SSA900) samples.
Sample

SSA600

SSA700

SSA800

Other SSAa

SSA900
Mean

Oxide
SiO2
Al2O3
Fe2O3
CaO
P2O5
MgO
K2O
Na2O
CuO
MnO
NiO
LOI
a

Min

Max

Deviation (δ)

16.60
5.10
4.70
1.90
1.67
0.82
0.60
0.20
0.06
0.03
0.01
1.80

56.10
28.65
20.00
31.30
17.75
3.93
2.80
3.50
1.09
0.44
0.72
8.35

10.29
5.69
4.16
8.98
5.03
0.88
0.62
0.73
0.32
0.12
0.25
2.00

Mass content (%)
43.64
16.85
11.78
7.88
6.62
2.63
1.96
1.52
0.14
0.07
0.06
6.87

44.99
17.20
11.91
8.03
7.07
2.25
2.06
–
0.14
0.07
0.06
6.23

46.83
18.92
10.25
7.15
6.24
2.61
1.94
1.06
0.11
0.06
0.05
4.77

49.02
16.34
11.21
8.37
6.86
2.30
2.27
1.31
0.12
0.08
0.06
2.06

31.95
14.05
9.25
9.00
8.01
2.00
1.36
0.63
0.12
0.08
0.03
4.72

[27,31,33–37,39,41,42,45–47].

Table 4
Particle size (D10, D50, D90, Dmean), Blaine ﬁneness, and density of sewage sludge ash calcined at 600 °C, 700 °C, 800 °C, and 900 °C samples.
Sample

D10
D50
D90
Dmean
Density (g/cm³)
Blaine ﬁneness (m2/kg)
b
c

SSA600

4.488
26.889
78.424
34.839
2.63
644.40

SSA700

4.570
26.854
79.571
35.172
2.60
562.20

SSA800

SSA900

5.017
33.627
106.602
47.728
2.58
406.93

7.976
35.691
100.264
48.384
2.63
340.89

Other SSA
Mean

Min

Max

Deviation (δ)

–
–
–
–
2.58b
658.42c

–
–
–
–
2.06b
247.00c

–
–
–
–
3.20b
1589.00c

–
–
–
–
0.25
537.93

[19,27,34–36,40–45].
[34–36,41,43].

3.3. Electrical conductivity

1000 °C, and 1100 °C) and gradually increased in intensity. Thus, higher
calcination temperatures have a greater tendency to crystallize the
amorphous silica and, consequently, reduce the material amorphousness and pozzolanicity. Hematite appears in ashes calcined at 800 °C
and 900 °C, resulting from the oxidation of iron.

From the conductivity curves in Fig. 3, it is observed that there was
a decrease in electrical conductivity after the material insertion. This
behavior is attributed to the CH ﬁxation and consequent formation of
insoluble products, which is an indication of pozzolanic potential. In
the study of repeatability, data collected from ﬁve measurements were
analyzed individually for each second, and some changes in electrical
conductivity measurements for a given test was veriﬁed. The coeﬃcient
of variation (CV) was less than 3.5% for pozzolan/CH suspension and
13.5% in pozzolan aqueous solutions. The higher dispersion obtained
by the last system was caused by the lower electrical conductivity
achieved by the pozzolans in the water when compared to the calcium
hydroxide solution. Because of this, the minor diﬀerence in conductivity that was reached in each measurement highly aﬀects the CV.
Nonetheless, the variation is considered acceptable, conﬁrming the
repeatability of this method. Table 6 presents the conductivity immediately before the material insertion (C0), the absolute loss in conductivity after 100 s (Cpoza)100 and 1000 s (Cpoza)1000, the variation
between initial and ﬁnal conductivity (Δ100 and Δ1000), and the relative
loss in conductivity, (%LC)100 and (%LC)1000.
The relative loss in the conductivity curves for each material is
shown in Fig. 4, which allows us to observe and compare the calcium
hydroxide ﬁxation by the samples. Regarding the sewage sludge ashes,
the same tendency that was observed in the compressive strength test,
where reactivity decreased as the calcination temperature increased,
was veriﬁed. This indicates that the methodology may be applied successfully to compare the pozzolanic reaction of SSA. However, metakaolin diverged from the previous result, presenting only a relative loss
in conductivity, which was only greater than SSA900. This may have
been a result of the calcium hydroxide/pozzolan ratio used. Due to the

3.2. Mortar compressive strength
Table 5 presents the mix proportions of mortars, as well as the
water/binder ratios, the average ﬂow diameter and the average compressive strength at day 7, obtained from specimens containing sewage
sludge ash and metakaolin.
The results show that the compressive strength was reduced with
increasing calcination temperatures. Only SSA600 and SSA700 could be
classiﬁed as pozzolans, since their compressive strengths of 7.54 and
7.53 MPa, respectively, exceed the minimum of 6 MPa required by the
Brazilian Standards [30]. The calcination temperature with a higher
pozzolanic reaction (600 °C) was lower than expected, as other studies
indicated that the ashes that calcined at 700 and 800 °C have higher
pozzolanic activity [28,47,52]. This behavior may be a result of the
lower content of amorphous silica found in SSA800 and SSA900 samples when compared to SSA600 and SSA700, as indicated by the diffractograms (Fig. 2) and the higher ﬁneness of SSA600 and SSA700. As
reported and consistent in the literature, metakaolin can be considered
a pozzolan of high performance (18.28 MPa). This was conﬁrmed by the
results obtained from our test. In this method, it is noteworthy that the
compressive strength obtained is mostly due to the pozzolanic eﬀect of
the material, since the strength is obtained through hydrated products
resulting from the reaction between the calcium hydroxide and pozzolan. Thus, it was noted that some degree of pozzolanic reaction was
present in all sewage sludge ash samples studied.
4
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signiﬁcant pozzolanicity, the metakaolin promoted a high consumption
of CH in the ﬁrst seconds of the test and distorted the results for the
proposed method. Payá et al. [26] state that for highly reactive ﬂy
ashes, calcium hydroxide is consumed rapidly, and consequently, there
would be no signiﬁcant loss in conductivity over the remaining time.
Therefore, a study of the inﬂuence of calcium hydroxide/metakaolin
ratio would be necessary to determine the optimum amount of this
pozzolan.
To identify the behavior of electrical conductivity over time, especially in the ﬁrst seconds of the test, the conductivity curves are presented in a logarithmic scale in Fig. 5. Although Payá et al. [26] established 100, 1000, and 10000 s as periods of time at which the loss in
conductivity should be veriﬁed in this study, the pattern exhibited by
the curves of the sewage sludge ash was used to analyze the rate of
consumption of calcium hydroxide. Three sections were observed: from
0 to 20 s, 20–200 s, and 200–1000 s. Thus, to determine the approximate reaction rate (RS), the slope of each section of the conductivity
curves was identiﬁed from linear regression and are listed in Table 7.
The rate of CH consumption was higher in the ﬁrst section (from 0
to 20 s) than the following sections. Villar-Cocina et al. [23] have similarly veriﬁed a considerable loss in conductivity in early stages.
During 20–200 s, the reaction was signiﬁcantly reduced (2.6–5% of
original speed). In section 3, the reaction remained practically the same
as in section 2, decreasing slightly for SSA600 and SSA900, and increasing for SSA700 and SSA800. Although the main reactions occurred
instantly after the pozzolan insertion, the remaining time contributed to
deﬁning the real pozzolanic potential of a material.
3.4. Comparison of obtained results and compressive strength test
The results of the compressive strength of the mortars at day 7 was
related to the calcination temperature of the sewage sludge ash samples, as is presented in Fig. 6. The obtained graph shows that the
compressive strength and calcination temperature tends to be a linear
phenomenon. Thus, a higher temperature for ash calcination results in a
mortar with a lower compressive resistance. Consequently, the increase

Fig. 1. (a) Discrete and (b) cumulative particle-size distribution of dry sewage
sludge and sewage sludge ash es calcined at 600 °C, 700 °C, 800 °C, and 900 °C.

Fig. 2. X-ray diﬀraction traces of sewage sludge ashes calcined at 600 °C, 700 °C, 800 °C, and 900 °C.
5
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Table 5
Mix proportions and compressive strength of sewage sludge ash calcined at 600 °C, 700 °C, 800 °C, 900 °C, and metakaolin mortar.
Specimens

Weight (g)

SSA600
SSA700
SSA800
SSA900
MK

SSA

CH

Sand

Water

234.68
232.00
230.22
234.68
232.45

104.00
104.00
104.00
104.00
104.00

936.00
936.00
936.00
936.00
936.00

226.92
221.76
217.24
220.14
319.63

w/b

Average ﬂow diameter (mm)

Compressive Strength (MPa)

0.67
0.66
0.65
0.65
0.95

222.5
217.5
227.5
229.5
222.5

7.54
7.53
5.64
3.71
18.28

Fig. 3. Conductivity curves for sewage sludge ash calcined at 600 °C, 700 °C, 800 °C and 900 °C, and metakaolin in the 0–1000 s period.

compressive strength and the relative loss in conductivity. Thus, the
tendency of this relationship is that the greater the relative loss of
conductivity, the greater the compressive strength that is obtained by
the mortars. Although the electrical conductivity test only evaluated
SSA chemically, while the compressive strength test assessed both the
chemical and physical contributions of the ash, the methods obtained
similar results. This suggests that the proposed method is adequate to
verify the performance of the sewage sludge ash.

Table 6
Electrical conductivity, variation of conductivity (Δt) and relative loss in conductivity (% LC) t for sewage sludge ash calcined at 600 °C, 700 °C, 800 °C and
900 °C, and metakaolin.
Sample

Conductivity (mS/cm)
C0

SSA600
SSA700
SSA800
SSA900
MK

5.783
5.771
5.826
5.737
5.705

(Cpoza)

100

3.317
3.450
4.310
5.059
3.582

Δ100

(Cpoza)1000

Δ1000

2.47
2.32
1.52
0.68
2.12

0.676
0.883
2.380
4.894
3.166

5.11
4.89
3.45
0.84
2.54

(%LC)100

(%LC)1000

42.65
40.21
26.03
11.82
37.22

88.30
84.69
59.14
14.69
44.51

4. Conclusions
The results of this study enable us to observe the inﬂuence of calcination temperature on the chemical, physical, and mineralogical
characteristics of the ash obtained from a sewage sludge sample and to
evaluate the possibility of using it as a supplementary cementitious
material. Based on the literature, four calcination temperatures were
deﬁned to produce sewage sludge ash (SSA). In addition, metakaolin, a
well-known mineral admixture, was used as a reference material.
The proposed method for pozzolanic reactivity evaluation by electrical conductivity presented an almost linear relationship with the test
for determining pozzolanic activity by compressive strength. According
to the results from both methods, SSA600 and SSA700 presented the
highest pozzolanicity, followed by SSA800 and SSA900. This shows that
the relative loss in conductivity is consistent with the consumption of
CH and is suﬃciently sensitive to compare and classify the pozzolanic
reactivity of SSAs.
Through the electrical conductivity curves of the sewage sludge
ashes, three sections were deﬁned based on the reaction rate of CH
consumption. The sections were characterized ﬁrst by a period of rapid
loss in conductivity (0–20 s), followed by a signiﬁcant decrease in the
reaction rate (20–200 s), and ﬁnally an increase or decrease in speed.

in temperature promotes a reduction in the pozzolanic reactivity of
SSA. According to the results from X-ray diﬀraction and laser granulometry, this behavior occurred due to a decrease in pozzolanicity
caused by the increase of crystalline phases of silica and the mean
diameter of particles. The same variation of silica's crystallinity as
function of temperature was noticed in others supplementary cementitious materials [53–55], wherein higher temperatures conduct to
convert amorphous silica to crystalline forms.
Fig. 7 shows the compressive strength at day 7 as a function of
Blaine ﬁneness. These parameters are directly proportional and also
have a linear tendency. This demonstrates the importance of particle
size distribution and speciﬁc surface area in SSA performance once
these parameters directly aﬀect the reaction between the calcium hydroxide and the pozzolan, as is indicated by Swamy [56], Pan [32], and
Massaza [20]. The correlation had an opposite behavior to that presented in Fig. 6. This was due to the decrease in ﬁneness caused by an
increase in calcination temperature.
In Fig. 8, a signiﬁcant correlation is observed between mortar
6
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Fig. 4. Relative loss in conductivity for sewage sludge ashes calcined at 600, 700, 800, and 900 °C, and metakaolin.

Fig. 5. Conductivity curves for sewage sludge ash calcined at 600 °C, 700 °C, 800 °C, 900 °C in log scale.
Table 7
Reaction rate for sewage sludge ash calcined at 600 °C, 700 °C, 800 °C, 900 °C at
0–20 s (R1), 20–200 s (R2), and 200–1000 s (R3) periods.
Sample

SSA600
SSA700
SSA800
SSA900

Reaction rate (μS/cm/s)
R1

R2

R3

90.7
92.3
61.2
27.4

4.5
3.0
1.6
0.7

3.2
3.2
2.7
0.2

Both SSA600 and SSA700, which had a higher speciﬁc surface area
and a lower mean diameter, presented the highest losses in electrical
conductivity and reached the minimum compressive strength required
to be classiﬁed as a pozzolan. Moreover, these ash samples also had
similar particle size distribution curves, indicating the substantial inﬂuence of ﬁneness for the development of pozzolanic activity, as conﬁrmed by the correlation presented in Fig. 7. The mineralogical analysis
of SSAs indicated that the increase in the calcination temperature of ash
may cause crystallization of amorphous silica in SSA, which is

Fig. 6. Correlation between compressive strength at 7 days and temperature of
calcination.
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[5]

[6]

[7]

[8]

[9]
[10]

[11]

Fig. 7. Correlation between compressive strength at 7 days and Blaine ﬁneness.
[12]
[13]

[14]

[15]
[16]
[17]

[18]

[19]

[20]

Fig. 8. Correlation between compressive strength at 7 days and relative loss in
conductivity at 1000s.

[21]

correlated to the reduction of pozzolanic activity.
The calcination of sewage sludge at 600 °C was adequate to achieve
a pozzolanic material for use in Portland cement mortar and concrete,
promoting the recycling of a complex residue and contributing to the
reduction of the amount of cement used in construction. Furthermore,
the monitoring of pozzolanic reactivity by electrical conductivity is a
quicker and simpler method for studying the reactivity of sewage sludge
ash.
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