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� The formation of LDH causes a delay in the C3S reaction.
� The reaction degree of PC slightly rises increasing the replacement rate.
� Within 5% replacement, the FC does not negatively influence the binder properties.
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Worldwide, the incineration of household waste generates high amounts of Municipal Solid Waste
Incineration (MWSI) bottom ashes (BA). In some European countries, the Filter Cake (FC) is also collected
(below 0.25 mm) by the wet sieving treatment of coarse BA (4–32 mm). By using centrifugation, the pres-
ence of readily soluble contaminants in FC is decreased. In addition, for reducing the leaching of heavy
metals the use of FC in combination with cement represents a valuable option, due to cement immobi-
lization capacity and the FC appropriate particle size and chemical composition. However, to the best of
the authors’ knowledge, FC has not often investigated as binder replacement. Therefore, this paper
addresses the suitability of FC as substitution for CEM I 52.5 R, between 1 and 20% replacement, by mass.
Due to its porous structure, the FC lowers the bulk and particle density of the mixtures and increases the
water demand, and widens the particle size distribution. The XRD analysis evidences the formation of
layered double hydroxides (LDH) in the early stage of the reaction (1, 2, 7 days) incorporating contami-
nants as Cl. Kinetically, the hydration of C3S is delayed according to the FC replacement without affecting
the long-term flexural strength. Despite this, the presence of FC minimally contributes to the increase of
cement reaction degree. Tested accordingly to the EN 124-57, the 28 days mortars fulfill the Dutch leg-
islation for contaminants leaching as unshaped material, independently on the substitution rate.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction Deal” [5], which restricts the use of by products as MSWI bottom
An effective recycling method for municipal solid waste (MSW)
is becoming necessary in the European Union, where only in 2014,
2530 million tons of waste have been produced by households and
other economic activities [10]. The use of MSW as fuel for waste-
to-energy plants has grown by 24% between 2010 and 2014, a pref-
erential option compared to incineration without energy recovery.
However, despite the risk of air, water, and soil pollution, 47% of
the incinerated waste is still landfilled, in the form of incineration
bottom ash (BA) [10]. To reduce the landfilling, recycling of the
MSWI BA is supported in the Netherlands through the ‘‘Green
ash to specific applications, by 2020. Additionally, a new standard
is established named the Soil Quality Decree [31], which regulates
the leaching of contaminants into the environment of those appli-
cations and by-products. Innovative wet separation treatments
applied to the coarser BA fraction ensure low contamination and
a more straightforward application of the by-product [2]. However,
an additional waste stream is produced called MSWI filter cake
(FC), by accumulating the finest and most contaminated particles
removed from the bigger fractions. Due to the wet sieving and cen-
trifugation applied during its collection, chlorides and sulfates con-
centrations in FC are lower than in dry sieved BA fines, whereas the
presence of heavy metals is hardly reduced, restraining its applica-
bility. To limit the release of those contaminants into the environ-
ment, the application of BA in combination with cement (PC) has
been proposed [6,14,17,19]. The presence of cement favors the
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immobilization of ions in the cement matrix, limiting the leaching
of the contaminants into the environment [11,24].

Commonly, dry sieved BA fines (BA-S, Fig. 1) have a small parti-
cle size, wide availability and often present hydraulic or pozzolanic
phases affecting the cement hydration [28] and thus facilitating
their application as supplementary cementitious material (SCM).
However, despite the similar chemical and physical properties of
FC and BA-S [4], the wet separation of FC limits its reactivity, which
is mainly exhausted in contact with the washing water or during
weathering [4]. Due to the limited application of this wet sieving
treatment, not much knowledge is available about the behavior of
FC in combination with cement. Moreover, despite its low reactiv-
ity, FC can be used, as cement substitution within a rate of 5% wt.,
defined as Minor Additional Constituent (MAC) [9]. The fineness
of the FC and the presence of small amounts of calcium carbonate
have been reported by other studies as beneficial in the cement
hydration, providing the surface for nucleation and growth of reac-
tion products [21]. Despite this, the use of FC as SCM or as MAC has
so far not been evaluated in any study. Its influence on the physical
properties and reaction products of the cement as well as its impact
on the binder reaction degree are unclear.

Therefore, this study presents an accurate evaluation of the
potential application of FC as SCM and MAC in CEM I 52.5 R, using
replacements between 1% and 20% wt. The effects of FC on the early
stage of hydration (reaction kinetics and phase formation) are stud-
ied by isothermal calorimetry and X-ray Powder Diffraction (XRD).
The binder reaction degree and the mechanical performances are
measured until the age of 91 days, by thermogravimetric analysis
and according to EN 196-1, respectively. The leaching assessment
of the final products is also presented according to the Dutch Soil
Quality Decree [31], performing one batch leaching tests on the
granular material (EN 124-57) [13].
2. Methodology

2.1. Materials

Fig. 1 displays the production process of the filter cake (FC) used
in this study. Initially, the bottom ash below 32 mm was divided
Fig. 1. Production process
into a fine and a coarse stream, called FBA (below 4 mm) and
CBA (between 4 mm and 32 mm) respectively, by dry sieving.
Due to the adhesion of fine and highly contaminated particles to
the core of coarser particles, a wet separation treatment was
applied to the coarser BA fraction (4 mm–32 mm) for removing
those residues. From the collection of those fines (side product
on the washing treatment), the wet sludge was produced and fur-
ther processed by using a centrifuge to remove water and lower
the soluble contaminants, such as Cl� and SO4

2�. After treatment,
the obtained filter cake has a moisture content (MC) of around
50% that was reduced to 28% due to outdoor storage.

CEM I 52.5 R without the addition of the standard Minor Addi-
tional Constituent (MAC) was provided by ENCI (NL) and dry mixed
in the cement plant with the FC, in different replacement rates (1,
3, 5, 10, 15, 20% wt). Table 1 displays the binder mix proportion
used in this study. The high Blaine surface area of CEM I 52.5 R
compared to other types of cement makes it the most sensitive
to the modifications in PC hydration when additives are included,
and therefore it was the most suitable binder for evaluating the
FC influence on the PC hydration. The mortars were made by using
standard inert sand (98% SiO2, Norm Sand, ISO 679, EN 196-1),
according to the legislation EN 196-1. The samples in the form of
loose powder were named as FCn, where n indicates the replace-
ment rate applied (%wt.), mainly used for the determination of
the physical properties of the blended mixtures before hydration.
The mortar samples were called PC_m (reference without FC) or
FCn_m, where n is the replacement level (%), and m stands for
the hydration time (days).

2.2. Methods

Firstly, FC was dried at 60 �C for 72 h, to avoid the modification
of mineral phases. The PSD was measured by laser diffraction
(Mastersizer 2000, Malvern). The particle density of the dry pow-
der was tested using a Helium pycnometer (AccuPyc II 1340), while
the bulk density was measured using a conventional pycnometer.
The chemical composition of the by-product was determined by
X-ray Fluorescence spectrometry (PANalytical Epsilon 3 range,
standardless OMNIAN method), on pressed powder. The loss of
ignition was evaluated by heating the samples to 1100 �C for 4 h
of MSWI filter cake.



Table 2
Physical properties of the binder (PC) and FC used in this study.

Material FC PC

Bulk density g/cm3 0.84 1.1
Particle density g/cm3 2.55 3.08
BET surface area m2/g 34.63 1.5
Water demand % dw* 88.8 23.22
Total pore volume cm3/g 0.098 –
MCi % dw* 28 0.1
Metallic Al % dw* 0.1 –
TOC %dw* 5.9 –
CaCO3 % dw* 16.4 –

*based on the dry binder mass.

Table 1
Mix proportions and nomenclature applied in this study.

Loose powder sample Harden paste sample
(m = curing days)

% wt*. FC % wt*. PC

PC PC_m 0 100
FC1 FC1_m 1 99
FC3 FC3_m 3 97
FC5 FC5_m 5 95
FC10 FC10_m 10 90
FC15 FC15_m 15 85
FC20 FC20_m 20 80

*based on the total binder mass.
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and measuring the mass loss at a constant relative humidity (RH).
The specific surface area and total pore volume were measured
using nitrogen adsorption measurements (Micromeritics, Tristar
II 3020V1.03). The water demand of the powders was determined
by the Punkte test [38]. The evaluation of the metallic aluminum
content was done by treatment in an alkaline environment (NaOH
solution, 3 M) for 24 h [39]. Total organic content (TOC) was mea-
sured with the Behr CS30HT Coulometric carbon/sulphur analyser
at 550� C.

2.3. Mineralogical analysis

The crystalline phases in the FC and the blended pastes were
identified by X-ray Powder Diffraction measurements (XRD), with
a D2 (Bruker) using a Co tube, fixed divergence slits (0.2 mm) and a
step size of 0.02. All the samples were ground using a pestle and
mortar, and sieved below 80 mm before testing, to ensure the
preservation of the mineral phases. For the blended mixtures,
hydration products at 1, 2, and 7 days were evaluated after stop-
ping hydration using 1-Propanol (Sigma-Aldrich, anhydrous,
99.7%) and subsequent oven drying at 60 �C for 24 h.

2.4. Reaction kinetics

The influence of FC on PC hydration was evaluated using
Isothermal Calorimetry (TAMAIR), for the first 3 days of reaction.
The samples were tested using a liquid to solid ratio (L/S) of 0.5.
For assessing the impact of FC, the normalisation of the released
heat was based on the mass of PC. Furthermore, all the cumulative
heat curves were recorded 20 min after the beginning of the reac-
tion to avoid any influence from the handling and stirring time and
ensuring the stabilisation of the calorimetry conditions.

2.5. PC hydration degree

The cement reaction degree of the mixtures was evaluated by
using thermogravimetric analysis (TGA) (Jupiter STA 449 F1, Net-
zsch), purged using synthetic air, by determining the mass loss
caused by the decomposition of the main hydration products and
carbonated phases [18,26,37]. All specimens were tested at a tem-
perature range of 40–1100 �C at a rate of 10 �C/min. The reaction
degree of the pastes was determined by chemically bonded water
and portlandite content. Seven main parameters were considered:
the total mass loss (wt, between 40 and 1100 �C), the mass loss of
physically and chemically bound water (wp and wc decomposing
between 40 and 105 �C and 105–1100 �C, respectively), the mass
loss of the carbonated phases (wC1, 600–900 �C) and the mass loss
of calcium hydroxide (wCH, between 420 and 490 �C [30]. More-
over, due to the presence of volatile substances but also carbonated
phases in FC (Table 2), their contribution was also quantified (Sec-
tion 3.6) (wVS, between 105 and 550 �C [7], and wC2, 600–900 �C,
respectively) and used for correction of the wt mass loss propor-
tionally to FC content in the sample. For every time step consid-
ered, the mass of the carbonated phases not belonging to the FC
was assumed as carbonated portlandite (CH), according to the
reaction [22]:

Ca OHð Þ2 þ CO2 ! CaCO3 þ H2O ð1Þ
Its corresponding CH mass (wCCH) was determined based on the

equation:

wCCH tð Þ ¼ ðwC1 tð Þ � ð%FC �wC2ÞÞ � 74:0927
100:0869

ð2Þ

and added to wCH to quantify the total CH of the system (wCHTOT):

wCHTOTðtÞ ¼ wCHðtÞ þwCCHðtÞ
%PC

ð3Þ

The mass of the carbonated phases and volatile substances in FC
(Table 2) is calculated based on their weight percentage in the
sample (%FC). The chemically bound water (wc) was therefore
determined according to the equation:

wcðtÞ ¼ wt tð Þ �wp tð Þ � ð%FC �wC2Þ � ð%FC �wVSÞ þwCCH tð Þ
%PC

ð4Þ

The wc at any hydration time (t) is normalized for the mass per-
centage of the PC (%PC) in the sample, as it was assumed that reac-
tion products were only formed by the PC hydration [26]. The
analysed pastes have water to binder ratio (w/b) of 0.5, and the
samples were tested after different curing times (t) (1, 7, 28,
91 days).
2.6. Mechanical performances

The mechanical performances of the mortars were tested
according to EN 196-1 (EN 196-1, 2005), on prisms of
160 � 40 � 40 mm for flexural strength and on cubic specimens
of 40 � 40 � 40 mm for compressive strength. The samples were
demoulded after 24 h and then cured in humidified air (97% RH).
Water curing was not carried out to avoid interferences with the
leaching test. The final impact of the replacement on the perfor-
mances of the mortars is determined by using the equation:

S ¼ f m � ðf pc � PC%Þ
ðf pc � PC%Þ � 100 ð5Þ

where, S (named strength coefficient) describes the influence of the
FC on the strength performances of the mixtures compared to the
reference sample [–], fm is the compressive strength measured in
the blended mixture (MPa), fpc is the compressive strength mea-
sured for the reference sample (MPa) and the %PC is the mass per-
centage used in the investigated sample [% wt.].
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Fig. 2. Particle size distribution of CEM I 52.5 R (PC) and MSWI Filter Cake (FC).

Table 3
Bulk chemical composition (XRF) of the materials applied in this study.

Oxides FC PC
% wt. % wt.

MgO 1.92 1.52
Al2O3 8.84 3.88
SiO2 15.32 15.82
P2O5 1.12 0.49
SO3 2.45 3.94
K2O 0.88 0.58
CaO 32.72 68.38
TiO2 1.90 0.28
MnO 0.47 0.09
Fe2O3 10.29 3.69
CuO 0.64 0.02
ZnO 1.16 0.12
Cl� 0.35 0.02
Other compounds 0.54 0.29
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2.7. Leaching assessment

The leaching behaviour of the granular MSWI FC and the final
mortars (crushed below 4 mm) were tested according to the EN
12457-2 (one-stage batch leaching test [13], under continuous
shaking at 250 rpm for 24 h with liquid to solid ratio (L/S) 10 (ES
SM-30, Edmund Buhler GmbH). After filtration, a part of the solu-
tions was acidified with 0.2% HNO3 and tested by ICP/OES for heavy
metal content, according to NEN-EN 6966 [23]. The remaining sus-
pensions were tested by ion chromatography (IC) (Thermo scien-
tific Dionex ICS-1100) for Cl� and SO4

2� anions. The limit for the
leaching of contaminants has been set by the Dutch Soil Quality
Decree, where a column test was applied instead of the one batch
leaching test. Comparability between the one batch leaching test
and the column test has been established by other studies
[12,29], due to the overestimation of contaminants concentration
of the one batch leaching test (using the same L/S ratio). The study
provides an estimation of the retention rate in the hydration prod-
ucts, calculating the theoretical leaching of the final product based
on the leaching of the raw FC and hydrated PC paste at 28 days. The
retention rate is determined using the equations:

R ¼ ðRt � ReÞ
Rt

ð6Þ

Rt ¼ r1 � LFCð Þ þ ðr2 � LPC28Þ ð7Þ
where, Re is the effective leaching measured in the one batch leach-
ing test, Rt is the theoretical leaching value calculated using Eq. (6),
LFC is the leaching of granular FC [mg/kg] (Table 5), LPC28 is the
leaching of 28 days reference mortars in granular shape [mg/kg]
(Table 5), rn is the rate of each material in the sample [%]. A positive
value for the retention rate indicates the beneficial effect of cement,
as the reaction products retain pollutant into the matrix (theoretical
value higher than the effective). Contrarly, a negative value corre-
sponds to a higher concentration of pollutant in solution than the
one expected (theoretical value lower than the effective), signifying
the possible dissolution of phases incorporating contaminants dur-
ing the hydration process.
LOI 21.4 0.99
3. Results and discussion

3.1. Materials characterization

In Table 2 a comparison of the physical properties of PC and FC
is provided. FC shows a lower bulk and particle density compared
to PC, in agreement with the high porous structure detected. The
nitrogen adsorption measurements display that FC has a pore vol-
ume 32 times and a surface area 23 times higher than PC. These
properties are mainly related to the presence of ultrafine ashes
located on the core of the FC particles, denominated as ‘‘fragile
zone” [40]. The poor consolidation of those ultrafine ashes on the
FC core results in a contribution of the porosity of the material.
The metallic Al is limited to 0.13% wt., a value which does not
result in expansion behaviour during the application in mortars.
FC shows a broader particle size distribution (Fig. 2) than cement
since its dmin and dmax range between 0.025 mm and 0.25 mm.

The FC has an estimated content of calcium oxide around 32%
wt. (from XRF, Table 3). However, most of the Ca2+ is not available
for the reaction because it is mainly present in the form of CaCO3

(from TGA, Table 2, and Fig. 9) and amorphous phases. Preliminary
characterization of FC by EN 459-2 shows the absence of free lime
in the FC studied, most likely due to the wet separation technique
and weathering process. Compared to PC, FC shows a higher con-
tent of alumina (�8% wt.) and iron oxide (�10% wt.). The high
LOI confirms the high content of carbonates as well as the content
of volatile matter, remaining after incineration (TOC = 5.9, Table 2).
Analysing the XRD diffraction pattern in Fig. 3, FC is characterised
by different weathering products, such as calcite and gypsum. Cal-
cite is mainly formed due to the carbonation of lime during the
natural weathering, whereas gypsum is formed by the precipita-
tion of sulphates and calcium ions during water quenching treat-
ment [2,32]. The presence of AFt phases is often detected in the
BA fine fraction treated in a wet environment [2]. However, due
to its low stability, in this study the AFt decomposes during the
drying procedure (60 �C, 72 h), reorganizing as gypsum/anhydrite
and aluminum oxide. The presence of gypsum largely contributes
to the high leaching of sulphates, during the environmental impact
assessment. Alumina-containing phases are known to be present
either in minerals (e.g., gehlenite and feldspar, Fig. 3) or in the
amorphous phases of BA but also as aluminum hydroxides derived
from the hydrolysis of metallic Al [35] or ettringite decomposition.
Silica is detected in the form of quartz, but it is also present in the
incineration slag, identified as gehlenite (Ca2Al(AlSi)O7) and feld-
spar. Moreover, it is known from the literature that a certain
amount of silica is present as amorphous phase.



Fig. 3. XRD analysis of the FC. Q – Quartz, C – Calcite, G – Gypsum, g – Gehlenite (Ca2Al(AlSi)O7), I – Iron oxide (Fe2O3), F – Feldspar.
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3.2. Influence of the FC on the dry physical properties of the mixtures

After replacing cement with FC, the modification of the physical
properties of the dry mix are measured. Although the dmin is not
affected, the presence of FC leads to the coarsening of the PC dmax

value (Table 4), which was expected based on the PSD of the raw
materials (Fig. 2).

Due to its higher porosity and BET surface area (Table 2), the
substitution of FC results in a drop in bulk and particle density
by 11% and 8%, respectively for a maximum replacement of 20%
wt. (Fig. 4a) and b)). In the MAC range (1–5% wt.), the modification
of bulk density is relatively small (5% for 5% wt.). Here a minimal
difference in the water demand is also observed (�0.8% for 3%
wt. and +0.8% for 5% wt.), caused by the addition of coarser FC
(Fig. 2 and Table 4). On the contrary, the 20% wt. replacement leads
to a 10% higher water demand compared to the reference, caused
by the high porosity of the FC (Table 2).

3.3. Influence of FC in the early stages of hydration

The XRD analysis in the early stages of the reaction is performed
on hydrated pastes using plain PC with increasing FC replacement.
The results are displayed in Fig. 5 at different ages (1, 2 and 7 days).
Independently of the curing time, the reaction products of the ref-
erence are qualitatively similar to the ones including FC. Unreacted
phases, such as alite (A) and belite (B) are detectable. Typical for-
mations of ettringite and portlandite are also observed. However,
depending on the replacement rate, the formation of layer double
Table 4
Characteristic sizes (dmin, d10, d50, d90, dmax) of the mixtures tested in this study.

Mixture dmin d10

mm mm

PC 0.41 5.16
FC1 0.41 4.24
FC3 0.41 4.08
FC5 0.41 4.21
FC10 0.41 3.80
FC15 0.41 2.76
FC20 0.41 3.83
FC 0.41 3.1
hydroxides (LDH) is visible in early stages of hydration (Fig. 5a), b),
c)). Those minerals are identified as hydrocalumite (Ca8Al4(OH)24
(CO3)Cl2(H2O)1.6(H2O)8, d-spacing 3.35) and calciummonocarboa-
luminate phases (Ca4Al2O6(CO3)0.5(OH)11�.5H2O, d-spacing 8.11).
The formation of LDH incorporating Cl� in the presence of MSWI
BA has been reported before [33]. The formation of LDHs is known
to be part of the PC reaction during the first hours of hydration
[27]. According to Plank et al. [27], LDHs are precursors of sulphoa-
luminate phases such as AFt and AFm, and therefore their presence
is linked to the alumina, sulphates and calcium availability. For the
analysed system, the increasing content of the FC causes a higher
Al2O3/SO3 ratio (Fig. 6), due to the lower content of SO4

2� and to
the higher content of alumina of FC compared to PC (Table 3). In
FC aluminate phases available for reaction derive from the dissolu-
tion of aluminum hydroxides, gehlenite phases, feldspar, and
amorphous incineration phases all soluble in the hydration alka-
line environment [8,16]. As a result, the lower amount of SO4

2�

prompts to the formation of LDHs, more than additional AFt or
AFm phases. The presence of those reaction products is known to
be beneficial for the intercalation of inorganic anions, such as chlo-
rides. This fact is also confirmed in this study, where some of the
LDH characterized by XRD are incorporating Cl� (hydrocalumite),
and their presence is increasing in parallel with FC content. During
the cement hydration, the presence of calcium monocarboalumi-
nate is also reported by Kakali et al. [15], indicating the preferential
formation of this phase compared to monosulfate in the presence
of calcite. In this system, an increasing CaCO3 amount is present
due to the FC itself, as shown in Fig. 3 and Table 2 and, as for
d50 d90 dmax

mm mm mm

12.35 27.79 63.00
11.97 26.19 63.00
12.24 24.68 39.81
13.00 29.03 63.00
11.93 24.38 39.81
9.98 24.41 39.81
11.21 26.75 63.00
23.4 78.5 261.50
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Table 5
Environmental impact of the mortars including 5 and 20%wt. FC in CEM I 52.5 R. FC indicates the leaching of the FC as a loose powder, while PC_28 is the reference leaching value
for cement mortars at 28 days. Values in bold overcome the legislation limit.

Elements Leaching assessment values Retention rate*

SQD Unshaped material FC PC_28 FC5_28 FC20_28 FC5_28 FC20_28
mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. mg/kg d.s. % %

pH – 11.3 11.7 11.8 11.5
Antimony (Sb) 0.32 2.4 <0.10 <0.1 <0.1 53.5 82.14
Arsenic (As) 0.90 <0.3 <0.30 <0.3 <0.3 – –
Barium (Ba) 22.00 0.4 13.80 14.7 14.1 �12.0 �26.8
Cadmium (Cd) 0.04 <0.02 <0.02 <0.02 <0.02 – –
Chromium (Cr) 0.63 0.2 <0.02 0.2 0.3 �589.0 �435.7
Cobalt (Co) 0.54 <0.02 <0.03 0.02 0.03 32.2 �7.1
Copper (Cu) 0.90 1.3 0.2 0.13 0.28 49.0 33.3
Lead (Pb) 2.30 0.1 0.1 <0.1 <0.1 – –
Molybdenum (Mo) 1.00 0.7 0.12 0.06 0.1 59.7 57.6
Nickel (Ni) 0.44 0.07 0.06 <0.05 <0.05 17.3 19.3
Selenium (Se) 0.15 <0.2 <0.2 <0.2 <0.2 – –
Tin (Sn) 0.40 <0.1 <0.1 <0.1 <0.1 – –
Vanadium (V) 1.80 <0.1 <0.1 <0.1 <0.1 – –
Zinc (Zn) 4.50 0.4 0.05 0.08 <0.05 �18.5 58.3
Chloride (Cl) 616 2966 35.80 45.25 63.92 75.1 89.7
Sulphate (SO4

2�) 1730 21,179 56.30 52.34 70.13 95.3 98.3

*The positive value indicates the rate of incorporation of the contaminants in the hydrated cement while a negative value corresponds to the more significant release of those
ions in solution compared to what expected.
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literature, it results in the formation of monocarboaluminates
rather than monosulfate phases.

3.4. Influence of the reaction kinetics

The reaction kinetic has been evaluated by isothermal calorime-
try. Analyzing the normalized heat curves (Fig. 7a)), a shift in the
C3S hydration peak is observed, increasing with the replacement
level. Within 5% replacement (FC5) the induction period is post-
poned by 30 min, while the delay reaches more than 2 h for higher
substitution (FC20). Other studies have observed the same behav-
ior in the presence of BA fines [26,34].

On the other hand, the intensity of the C3S hydration peak is
stable at �5.00E-03 W/gcement independently of the replacement.
This trend indicates that the main C3S reaction is not affected by
the presence of FC [3]. The presence of an extended dormant period
is often related to the content of sulfates and aluminates [36]. As
shown in Fig. 6 the alumina content of the blended mixtures
increases with the replacement level, as well as the CaCO3 amount,
favoring the formation of LDH together with AFt phases (Fig. 5a))
[33]. Therefore, it appears that the combination of aluminates
and carbonates released by the FC reaction has prolonged the
induction period of PC, by the formation of LDH.

As far as the cumulative heat is concerned, an increment in the
released heat is recorded in the blended pastes caused by the pres-
ence of FC. This phenomenon can be connected to the delay in the
C3S reaction visible in Fig. 7a). The available alumina uses the cal-
cium in solution for the LDH formation, accelerating Ca2+ rate of
diffusion [20]. Due to the extended dormant period, the higher
concentration of dissolved species (Ca, Si and Al) in solution results
in a higher reaction degree of PC after 3 days of reaction.

3.5. Mechanical performances

Fig. 8a) displays the spread flow of the mixtures according to
the replacement levels. Due to the high surface area and pore vol-
ume of the FC, the water demand of the blendedmixtures increases
(Fig. 4b)). The presence of 1–5% FC causes a similar reduction in the
slump (�7%), while a further increase in the substitution reduces
the slump by 28%, compared to the reference.



Fig. 5. XRD analysis of the mixtures including FC a) after 1-day b) 2 days and c) 7 days of reaction. A – Alite, B – Belite, E – Ettringite, P – Portlandite, LDH-layered double
hydroxide.
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Fig. 8b) and c) represent the flexural and compressive strength
as a function of the FC replacement level. The early flexural
strength (1 and 7 days) is inversely proportional to the
replacement, due to the contribution of the delay of the C3S reac-
tion. However, in later stages it stabilized at �4.0 MPa at 28 days
and 6.5 MPa at 91 days, showing lower dependence on the



Fig. 6. Alumina, C3A and sulphate content of the samples, as a function of the replacement level. Replacement level 0% indicates the plain reference PC.
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Fig. 7. a) Normalized heat of the first 30 h and b) Cumulative heat of the PC-FC mixtures including different replacement levels of FC, for a hydration period of three days.
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presence of FC. The compressive strength decreases with the
increase of the replacement level independently of the age. The
main aspects affecting the behavior of the pastes are the porosity
of the FC, and the reduction of the content of phases contributing
to the strength development, such as C3S and C2S. Within a
replacement of 5% wt. the compressive strength decreases by 9%
compared to the reference sample, while for the higher replace-
ment level (FC20) it drops up to 16%. Fig. 8d) shows the perfor-
mances of the blended mixtures compared to the reference
sample, by the strength coefficient S. The main contribution of FC
(positive value of S) is observed at 7 days and at 91 days, where
except for FC1, all the other mixtures improve the performances
of the paste compared to cement. Increased compressive strength
recorded at 7 days is in agreement with the higher reaction degree
measured with calorimetry already at 3 days. As for the cumulative
heat, the strength coefficient is improving according to the higher
FC replacement, underlining a correlation between the FC content,
the reaction degree and the strength of the blended mixtures. On
the other hand, the higher performances at 91 days are due to
the minimal pozzolanic activity of FC, developing at longer curing
time. Low performances at 1 day are reflecting the delay in the C3S
reaction shown in Section 3.4 and Fig. 7a), limiting the formation of
strength contributing reaction products.
3.6. Hydration degree evaluation

Analyzing the plain FC sample (Fig. 9), a total mass loss of �27%
wt. is recorded within 1100 �C. Between 105 and 550 �C, the
decomposition of volatile substances is measured [7]
(wVS = 10.97% wt.). Moreover, the mass loss between 600� and
900 �C (wC2 = 7.3% wt.) corresponds to the thermal decomposition
of carbonated phases, most of which is detected as calcium carbon-
ate (Fig. 5). These mass losses are deducted from the chemically
bonded water (wb) calculation of the blended pastes proportionally
to the FC content because they would be counted as reaction prod-
ucts otherwise, while they are not contributing to the hydration
degree of the paste.

Fig. 10a) displays the non-evaporable water trends for the dif-
ferent pastes, normalized for the PC mass percentage of the sam-
ple. Compared to PC, in the early stages of reaction (1 day) the
trend of chemically bonded water looks constant. For longer curing
times, the presence of FC minimally affects the reaction degree of
PC: the amount of chemically bound water in the samples is
slightly rising with increasing FC substitution, indicating that a
small amount of additional reaction products is formed in the pres-
ence of FC. Observing Fig. 10b), the presence of FC causes a reduc-
tion in the total CH mass with respect to its content, starting in the
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early stages of hydration. The amount of CH of the reference is, in
fact, higher than in the other samples already at 1-day hydration.
As shown in Section 3.3 (Fig. 5), part of the calcium ions of the sys-
tem are used for the production of additional reaction products,
e.g., double layer hydroxides, during the same period. Therefore,
the lower content of CH in the blended systems is suspected to
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Fig. 9. TG analysis of plain filter cake, for the estimation of the organic mass loss
between 105 and 550 �C.
be related to the lower availability of calcium ions, used for the
LDH formation in early stages more than for the gel formation in
later stages of hydration. This lower availability of Ca2+ affects
the CH content for the whole hydration time (Fig. 10b). In agree-
ment with this, the 91 days the compressive and flexural strength
is not improved compared to the reference (Fig. 9b)) indicating a
minimal pozzolan contribution typically to the later stages of
hydration [25]. It appears that the low content of pozzolanic
phases available for reaction (SiO2 is mainly in the form of quartz,
Fig. 5) does not lead to the formation of additional reaction prod-
ucts, e.g., C-S-H gel, and therefore is not contributing to the
strength development. Additional factors such as the introduction
of a more porous material, but also the lower cement phases’ con-
tent caused by the substitution, might be equally responsible for
the differences observed.
3.7. Leaching assessment

The environmental impact is addressed by comparing the lea-
chates concentrations to the limits imposed by the SQD (Table 5).
The pure FC exceeds the limits for Cl� and SO4

2 (5 and 12 times
more than the permissible level, respectively) while it minimally
overcomes the concentration limit for Cu. High concentrations of
Sb are also measured exceeding by 6.5 times the legislation
threshold.
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Once the FC is placed in the cement paste, the leaching of those
contaminants is highly reduced, either because of the dilution
effect caused by the binder substitution and also due to the immo-
bilization of part of those contaminants in the cement reaction
products. Observing the retention rate in Table 5, and as shown
in Fig. 5, the formation of hydrocalumite contributes to the immo-
bilization of chlorides, for a total reduction in the Cl leaching by
56%, compared to the theoretical one. The decrease of sulfate
leaching by 93% is also observed, due to their immobilization
within reaction products such as ettringite (AFt) and monosulfates
(AFm) [5]. Heavy metals like Cu and Sb also ranges within the 50%
retention compared to the theoretical leaching. Overall, even for
the highest FC replacement level (20% wt.) paste, the strict SQD
legislation has been respected for all the contaminants [31].

4. Conclusions

This study evaluates the application of MSWI filter cake (FC) as
supplementary cementitious material (SCM) and Minor Additional
Constituent (MAC) for CEM I 52.5 R (PC). The following conclusions
can be drawn:

� The use of FC within the allowed MAC substitution rate (5% wt.)
does not modify the physical and mechanical properties of the
mixtures. The differences measured are within 5% of the refer-
ence, which is well within the experimental error. Therefore
the FC can be a suitable candidate for the application as MAC
in cement production.

� With increasing FC content, physical properties are affected: the
water demand increases by 11% while the particle and the bulk
density are lowered for a maximum of 8% and 10% for FC20,
respectively.

� In the blended systems, the higher availability of alumina pro-
vided by FC causes the formation of double layer hydroxides
in the early stages of hydration. The reaction products formed
include phases such as hydrocalumite and monocarboalumi-
nates, which contribute to the retention of contaminants, incor-
porating chlorides.

� Kinetically, the presence of FC causes a prolonged induction
period and a consequent delay in the C3S reaction, proportional
to the FC content. This behavior is mainly related to the produc-
tion of LDH phases in the early stages of hydration. The maxi-
mum delay is achieved for FC20 with 2 h, while for smaller
replacement such as FC5 only a 30 min retardation is observed.
� The flexural strength is stable at 28 and 91 days independently
of the replacement level. On the other hand, the highest
replacement level (FC20) reduces the compressive strength by
20% and 16%, at 28 and 91 days respectively.

� The blended pastes show a higher amount of non-evaporable
water, indicating a slightly higher degree of reaction in the PC
paste. At early stages of hydration, the CH content is lower for
all pastes including FC suggesting the use of calcium ions for
LDH formation instead of CH production. For the same reason,
the higher amount of non-evaporable water does not lead to
higher mechanical performance.

� The leaching of contaminants according to the one batch leach-
ing test complies with the soil quality decree (SQD) indepen-
dently of the replacement rate, due to the high
immobilization capacity of PC also in reaction products as
LDH. A complete column test is recommended, to also compare
the results coming from the same methodology.
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