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This study analyses how a Mg-Al-Hydrotalcite with carbonate in the interlayer influences the hydration of mortar
allowing the management of lead waste (solid or liquid) in a cement-based material. First, the compatibility of
hydrotalcite with the cementitious matrix was studied through heat of hydration, workability, consistency,
compressive strength and mineralogical phase formation. The changes produced by the incorporation of
hydrotalcite were not drastic and the compatibility with the cement was verified. Lead was added in oxide and
nitrate form to mortar with or without hydrotalcite and the same properties were evaluated, including a leaching
test. The incorporation of lead delayed the hydration, this effect being increased by the hydrotalcite, which
happened in the first instants of hydration. The addition of hydrotalcite counteracted the negative effect of lead
in compressive strength values. The interaction between the hydrotalcite and the lead waste was favoured by the
formation of plumbites under the pH conditions of cement hydration. Consequently, this interaction would seem
to be superficial. The lead leaching decreased to values included in the “Non-Hazardous” limit of the environ
mental classification, very close to “Inert”. All mortars were produced by two mixing procedures to establish
differences. When hydrotalcite was included, the compressive strength was higher in the second procedure and
lead leaching showed better behaviour in the first procedure. This research expands the possibilities of the
management of solid and liquid waste contaminated with lead by using a Mg-Al-Hydrotalcite in cement-based
matrices.

1. Introduction
Layered double hydroxides (LDH) are a group of clay minerals
formed by positively charged layers and anions in the interlayer. These
materials are also known as anionic clays, hydrotalcites or lamellar
double hydroxides (Theiss et al., 2016). Generally they comprise the
2 x+ n−
x−
3+
following structure:[M2+
1− xMx (OH) ] [Ax/n ∙ mH2O] , where M
stands for a metal, divalent (Mg2+, Mn2+, Zn2+, Ca2+, etc.); or trivalent
−
−
(Al3+, Fe3+, Cr3+, etc.) and A represents an anion (CO2−
3 , NO3 , Cl and
SO2−
)
(Forano
et
al.,
2006;
Wu
et
al.,
2018).
4
LDH have been widely investigated due to their variability in
chemical composition exchange capacity and different surface values.

Studies have focused on obtaining LDH through different synthesis
procedures such as coprecipitation (Cao et al., 2018; González et al.,
2015; Otero et al., 2012; Pérez et al., 2017; Pérez et al., 2007; Pérez
et al., 2012), ion exchange (Pérez et al., 2007; Pérez et al., 2012;
Rouahna et al., 2018) or calcination and rehydration process (Otero
et al., 2013; Pérez et al., 2017). In addition, these materials are used in
various applications such as adsorption of pesticides, medical antacids,
drug administrators, motor lubricants, catalysts, etc. (Li and Duan,
2006; Otero et al., 2013; Otero et al., 2012; Pérez et al., 2017; Theiss
et al., 2016; Wang and O’Hare, 2012).
Due to their versatility, low cost and compatibility with cementitious
materials (Hongo et al., 2017), LDH have begun to be used as active
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components in cement to modify some aspects of mortars (Yang et al.,
2015). In their fresh state, calcined Mg-Al-LDH have accelerated the
setting and hardening of cement pastes compared to the reference paste
(Ke et al., 2016). Regarding their mechanical behaviour, authors such as
Wu et al. (2018) stated that a 3% addition of calcined Mg-Al-LDH
improved the compressive strength at an early age (3 days) to around
40% compared to the paste without hydrotalcite content. This fact was
due to the incorporation of a LDH crystal seed (very small size) which
reduced the barrier energy of the precipitation of hydration products
accelerating the hydration of cement (Shao et al., 2001; Xu et al., 2009).
However, in the research carried out by Cao et al. (2018) compressive
strengths in cementitious slurries at early ages (1, 3 and 7 days) were
slightly reduced with the Ca-Al-LDH incorporation in percentages of
0.025% and 0.05% of the weight of the cement. Due to the crystal seed of
Ca-Al-LDH there was a strong effect on the reaction of C3A that inhibited
the C3S reaction generating a slow evolution of early strength. Yang
et al. (2015) recorded that compressive strength values at 28 days
decreased approximately 17% with a 10% incorporation of hydrotalcite
modified with p-aminobenzoate in the interlayer, probably due to
cement replacement of LDH. The durability aspects of cement pastes
such as chloride penetration or carbonation depth were also improved
with the incorporation of hydrotalcites (Shui et al., 2018; Yoon et al.,
2014).
Despite the multitude of practical applications, research on the
interaction between different LDH and cement-based materials, as well
as their influence on the properties of pastes/mortars/concretes, is still
relatively insufficient (Cao et al., 2018; Wu et al., 2018). Therefore, one
of the aims of this research was to focus on the interaction between LDH
and cementitious materials, using a non-calcined LDH of Mg and Al and
carbonate in the interlayer (named HT).
Another major hydrotalcite use has been as a heavy metal adsorbent,
capturing in the interlayer contaminants in soil and aqueous medium
(Gasser et al., 2016; Inacio et al., 2001; Otero et al., 2013; Otero et al.,
2012; Pérez et al., 2017; Villa et al., 1999). Lead is a heavy metal rec
ognised as highly hazardous for ecosystems and human health (Mol,
2011). In addition, its low degradability generates bioaccumulation in
living systems (Katsioti et al., 2008). Authors such as González et al.
(2014, 2015) achieved lead capture in an aqueous medium through
different LDH.
Solid industrial waste with lead content must be deposited safely in
landfill by pre-treating. Stabilisation/Solidification (S/S) techniques
using cement-based materials have traditionally been used for the pretreatment of solid waste with high heavy metal load (Pensaert et al.,
2008). Waste, such as cutlery (Belebchouche et al., 2015; Chaabane
et al., 2017), batteries (De Angelis et al., 2002), sewage sludge (Katsioti
et al., 2008)or electric arc furnace dust (Lozano-Lunar et al., 2019b) has
been satisfactorily managed through S/S. This technique allows the
generation of cementitious monoliths, with enough chemical and
physical integrity for landfill. The criteria to verify the effectiveness of
the S/S technique meet the needs of the mechanical strength registered
by the monoliths and the behaviour, in monolithic and/or granular
state, of metal liberation by leaching tests (Ledesma et al., 2017).
Sometimes the monoliths are not satisfactory due to low mechanical
strength. Ledesma et al. (2018) studied the S/S of two types of waste
with a high content of heavy metals using a ratio of 2:1 (mortar:waste).
These authors observed that the mortars produced with one type of
waste did not obtain mechanical strengths greater than 1 MPa, because
its high metal content and its natural pH values did not allow a common
cement hydration. It is known that heavy metals interfere in the hy
dration and microstructure of the cementitious pastes. In most of the
cement hydration studies with Zn, a delay in setting time was reported.
This fact is usually associated with the formation of a protective coat on
the cement grains which hinder hydration (Asavapisit et al., 2005;
Yousuf et al., 1995). Most authors agree that the most relevant phase in
this process was Calcium Zincate (CaZn2(OH)6⋅2H2O) formed during the
hydration of the cement (Chen et al., 2009; Fares et al., 2016; Gineys

et al., 2010; Weeks et al., 2008).
Other metals such as Pb or Cr give rise to different effects depending
on their oxidation state. In this regard, Nestle (2004) observed a delay in
the hydration of the pastes with PbO and a lesser impact on pastes with
Pb(NO3)2 and Pb3O4 content. However, PbO2 had no relevant incidence.
The delay due to the incorporation of PbO was attributed to the partial
dissolution of PbO. This statement is in accordance with the PbO hy
drolysis giving rise to the formation of plumbites (PbO2−
2 ) (Weeks et al.,
2008).
Wang and Vipulanandan (2000) recorded an inhibition of cement
hydration when Cr6+ (K2CrO4) reacted with Ca2+, decreasing the for
mation of Portlandite (Ca(OH)2) (Jain and Garg, 2008). However, in the
study carried out by Lasheras-Zubiate et al. (2012) with Cr6+ (K2Cr2O7)
an acceleration of the hydration of cement pastes was recorded. Mean
while, Otomoso et al. (1995) analysed the influence of Cr4+ on trical
cium silicate, concluding that it had no effect on its hydration.
Regarding Cr3+, authors such as Fernández Olmo et al. (2001) and
Sinyoung et al. (2011) reported a delay in the setting of cement pastes as
a function of the percentage of Cr2O3 incorporated in the mix, relating it
to a delay in the hydration of tricalcium silicate and aluminates (Chen
et al., 2007).
Although S/S is especially suitable for pre-treating waste with heavy
metals, not all are immobilised correctly, such as lead. Navarro et al.
(2011) experienced problems in the lead S/S with cement-based mortars
due to the high mobility of this metal in alkaline medium reached during
the cementitious mortar hydration. Therefore, it is the high metal
release that prevents landfilling of waste treated with S/S (Navarro
et al., 2011).
A relatively unexplored way to manage waste with lead content is the
combination of LDH and cementitious matrices. This technique was
named as Double Barrier Technique (DBT) in a previous study carried
out by Lozano-Lunar et al. (2019a), where it was possible to control the
lead release by adding LDH with meso-2,3-dimercaptosuccinic acid
(DMSA) in the interlayer to cementitious mortars. These mortars
reduced the lead release by approximately 50% compared to mortar
without hydrotalcite content (from 20.29 mg/kg to 9.88 mg/kg). A
similar technique was used by the authors Lasheras-Zubiate et al. (2011)
who introduced chitosan into mortars doped with heavy metals (Cr, Pb y
Zn). They achieved up to a 99.6% reduction in lead release by intro
ducing chitosan into the cementitious matrices compared to the polymer
free mortar.
The effect of Mg-Al-Hydrotalcite in cementitious matrices on solid
and liquid lead waste management optimisation were analysed. First,
the compatibility between the hydrotalcite and the mortar was assessed
for their fresh and hardened state properties. The properties’ heat of
hydration, workability, consistency, compressive strength and miner
alogical phase formation were analysed. Secondly, lead was added in
oxide and nitrate form to mortar with hydrotalcite and the physicalmechanical properties were analysed. Leaching studies were included
too. The interaction between Mg-Al-Hydrotalcite and lead was possible
due to the formation of plumbites in the alkaline environment of cement
hydration. This research intends to expand the possibilities of manage
ment solid and liquid waste contaminated with lead by using hydro
talcite in cement-based matrices.
2. Materials and methods
2.1. Material characterisation
The mortars were produced with cement, siliceous filler, natural
sand, lead oxide, lead nitrate and hydrotalcite with carbonate in the
interlayer.
The cement CEMI/52.5 R (C), according to JOINS IN 80303–1 and
JOINS IN 197–1 (AENOR, 2019), was supplied by Votorantim Cimentos
S.A. The siliceous filler (SF) and the siliceous natural sand (NS) come
from Lorda and Roig S.A. and Áridos Álvarez (Córdoba), respectively.
2

A. Lozano-Lunar et al.

Applied Clay Science 212 (2021) 106218

The PbO, Pb(NO3)2 and the hydrotalcite with carbonate (HT) were
provided by Sigma-Aldrich.
The chemical composition of C was provided by the manufacturer.
The chemical composition of SF and NS was determined by X-ray energy
dispersion analysis (EDAX) connected to a Jeol JSM-6300 scanning
electron microscope using an acceleration potential of 20 KV and 15
mm. Table 1 shows the chemical composition of C, SF and NS. C shows,
as major oxides, the CaO and SiO2 and to a minor extent Al2O3. It can be
observed that SF and NS have siliceous composition. In NS there are
some minority oxides such as Al2O3, Fe2O3 and CaO. The hydrotalcite
was composed of Mg and Al in the layer, while CO2−
3 occupied the
interlayer. The hydrotalcite composition, according to the provider, was
as follows: Mg6Al2(CO3)(OH)16⋅4H2O.
The particle size distribution of C, SF and HT in volume percentage
was determined in a Mastersizer S analyser (Malvern Instruments) using
ethanol as dispersant. The particle size distribution of C, SF and HT is
represented in Fig. 1. C and SF exhibit a distribution with particle sizes
oscillating between 0.06 and 100 μm showing a small percentage of
particles around 0.3 μm being more relevant in C. The largest percentage
of particles in both materials was observed around 20 μm. This per
centage was higher in SF. HT showed a bimodal particle size distribution
with two maximums around 0.5 and 3 μm. The particle size distribution
of NS was calculated in accordance with UNE-EN 933–1:2012 (AENOR,
2019). Fig. 2 reflects the particle size distribution of NS, as well as a 2
mm maximum size, according to UNE-EN 933–2:1996 (AENOR, 2019).
The mineralogical composition of C, SF and NS and HT was studied
by X-ray diffraction (XRD). NS was crushed and sieved through a 0.125
mm sieve and an instrument Bruker D8 Discover A25 with Cu-Kα radi
ation was used. By scanning from 5◦ to 80◦ (2θ) at a speed of
0.02◦ 2θ⋅s− 1, the diffraction patterns of these materials were obtained.
The XRD patterns of C, SF, NS and HT are shown in Fig. 3. The tricalcium
silicate (Ca3SiO5; 42–0551) (JCPD, 1995) and dicalcium silicate
(Ca2SiO4; 24–0034) (JCPD, 1995) were the main phases in C and Gyp
sum (CaSO4⋅H2O; 33–0311) (JCPD, 1995) was also detected. The silica
oxide (SiO2; 33–1161) (JCPD, 1995) was the only phase registered in SF.
NS was mostly composed of silica oxide (SiO2; 33–1161) (JCPD, 1995)
and small amounts of calcium carbonate (CaCO3; 05–0586) (JCPD,
1995). HT showed an XRD pattern that corresponds to the hydrotalcite
of Mg and Al with carbonate in the interlayer (Mg6Al2(CO3)
(OH)16⋅4H2O; 14–0191) (JCPD, 1995).

Fig. 1. C and SF particle-size distribution.

Fig. 2. NS particle-size distribution.

amounts of lead were used (13 g for mortars with PbO and 19 g for
mortars with Pb(NO3)2), named MPb and MPbN. Lead was incorporated
as a replacement of SF in weight. Lead incorporation to the mortars was
added according to the mixing procedure, explained in the following
section.
To analyse the effect of HT in cementitious matrices on solid and
liquid lead waste management optimisation. Two mortars with 120 g of
HT, and PbO or Pb(NO3)2 were produced, named as M120Pb y
M120PbN. Fresh and hardened state properties were analysed. In
addition, lead mobility, in its two chemical forms, was analysed by
leaching tests in a monolithic state. M0 was also evaluated in order to
verify its inert classification.
The nomenclature and dosage of the mixes are shown in Table 2.

2.2. Experimental design
First of all, the effect of the HT addition on the fresh and hardened
properties of mortars was analysed. From the reference mortar (M0)
dosage HT was added in the following amounts: 15, 30, 60 and 120 g,
which represented the following percentages by weight compared to
cement: 1.25%, 2.5%, 5% and 10%. Mortars with HT addition were
named as M15, M30, M60 and M120. Fresh and hardened state prop
erties were evaluated. M120 was selected to analyse the effect of HT in
cementitious matrices with solid and liquid lead waste.
In order to study the effect of lead waste in cementitious matrices two

2.3. Mixing procedure
Two families of mortars were produced through two different mixing
procedures (MProc-A and MProc-B). Each family consisted of 9 mixes
(Table 2). Both families were produced with constant water/cement
ratio (w/c) of 0.70. The w/c ratio was experimentally established to
guarantee the correct handling of the mixes.
The mixing procedure A (MProc-A) consisted of adding, in a period
of 3 min, water, C, SF, lead salts in powdery solids, HT and NS, as
appropriate, at a speed of 140 ± 5 min− 1. After the incorporation of all
the constituents, the mixing was continued for 2 min at a higher speed
285 ± 10 min− 1 (Fig. 4a). The mixing procedure B (MProc-B) had been
designed to analyse the possible remediation of aqueous medium
contaminated with lead using them as mortar mixing water. First, an
interaction between lead and HT was carried out (Fujii et al., 1992;
Liang et al., 2013). To do so, the lead was dissolved in tap water and.
This solution was placed in a tumbler. Subsequently, HT was

Table 1
Chemical composition of cement (C), siliceous filler (SF) and natural sand (NS).
Oxides

C*

SF**

NS**

Fe2O3
CaO
SiO2
SO3
K2O
MgO
Al2O3
Loss of ignition (L.O.I.)

2.59
64.58
20.16
3.46
1.00
0.98
4.52
2.84

–
–
100
–
–
–
–
–

6.80
4.73
72.14
–
2.53
0.70
10.31
–

*
**

Data provided by manufacturer.
Composition determined with EDAX.
3

A. Lozano-Lunar et al.

Applied Clay Science 212 (2021) 106218

filter. Subsequently, dilutions of each point were prepared according to
the calibration line of the equipment used for the lead measurement. The
lead concentration was determined by atomic absorption spectropho
tometry using a Perkin Elmer AAnalyst 800 device.
The M0 was mixed by MProc-A since this mortar did not incorporate
HT or lead in its composition, the preparation of mixing water was not
necessary and could not be mixed using MProc-B.
10 cylindrical specimens (40 mm of diameter and 80 mm of height)
were manufactured from each of the dosages and they were stored in a
climatic chamber at a relative humidity of 95% ± 5% and a temperature
of 20 ◦ C ± 2 ◦ C for 28 days.
2.4. Fresh state properties of mortars
In fresh state, the mortar hydration degree was evaluated through
the heat of hydration. The hardening of the mortars is based on the
hydration reaction of the cement with water. This reaction produces
heat, which, when released in this reaction is proportional to the mortar
hydration degree and can be correlated with the setting time. For this
reason, a study of heat of hydration versus time was carried out on all
mortars (MProc-A and MProc-B) to analyse the influence of HT, PbO and
Pb(NO3)2 and their combined effect on the mortar setting. The evolution
curves of the heat of hydration of the mortars were determined using an
isothermal air conduction calorimeter TAM Air. In addition, the work
ability and consistency (flow table values) properties were measured in
accordance with the UNE-EN 1015–9:2000 (AENOR, 2019) and UNE-EN
1015–3:2000 (AENOR, 2019).
The workability time according to UNE-EN 1015–9:2000 (AENOR,
2019) is the period between the contact of water with the cement up to a
penetration strength value of 0.5 N/mm2. A maximum of five penetra
tions were carried out per mortar fresh sample by a penetrometer. The
penetration strength calculation was determined by interpolation of the
immediate upper and lower values to 0.5 N/mm2. The workability time
of the mortars corresponds to the average of 3 repetitions.
After the mixing procedure, mortar consistency (flow table values)
was evaluated according to UNE-EN 1015–3:2000 (AENOR, 2019). For
this, a flow cone mould placed on a flow table was filled with fresh
mortar. Then, the mould was removed, and 15 vertical shakes were
applied at constant speed. The final average diameter determined the
value of the consistency of the mortars.

Fig. 3. XRD patterns of cement (C), siliceous filler (SF), natural sand (NS) and
hydrotalcite (HT).

incorporated into the solution for 48 h. Then this mix was used as mixing
water for the mortars and the mixing procedure continued equal to
MProc-A. The mixing procedure B is shown in Fig. 4b.
The interaction between lead and HT was studied with an isotherm.
This experiment was carried out under environmental conditions. A
total of 11 interaction points was experimented on with a constant HT
amount equal to 3.57 g and a volume of 25 mL added. The desired lead
concentrations in the solution corresponded to the following percent
ages: 0%, 1%, 3%, 7%, 9%, 11%, 13%, 15%, 20%, 25% and 30%
compared to HT weight. The interaction experiment was carried out
using Pb(NO3)2, since the PbO is a product with low solubility in water
and its incorporation was related to the S/S of solid waste with lead
content. The mix of HT, Pb(NO3)2 and water was homogenised by
magnetic stirring for 4 h, guaranteeing contact of HT with lead. Then the
solid and liquid phase was separated by centrifugation at 8000 rpm for
15 min in polyethylene tubes. An eluate was filtered using a 0.45 μm

2.5. Hardened state properties of mortars
The hardened state properties studied in the mortars were
compressive strength and leaching behaviour, according to XP
X31–212:2011 (AENOR, 2019) and XP X31–211:2012 (AENOR, 2019).
The English Environmental Agency (EEA) (EEA, 2010) establishes a
minimum compressive strength (1 MPa) of mortars to be considered as
monoliths to be able to handle transport, deposit and reduce riskiness.
The compressive strength results of 3 specimens of mortars were
compared with the EEA acceptance requirement.

Table 2
Nomenclature, dosage, water/cement ratio and water/solid ratio.
Mortars

C (g)

NS (g)

SF (g)

HT (g)

Pb* (g)

Total mass (g)

%W+

w/c

w/s

M0
M15
M30
M60
M120
MPb
MPbN
M120Pb
M120PbN

1200
1200
1200
1200
1200
1200
1200
1200
1200

603
603
603
603
603
603
603
603
603

1200
1200
1200
1200
1200
1187
1181
1187
1181

–
15
30
60
120
–
–
120
120

–
–
–
–
–
13
19
13
19

3003
3018
3033
3063
3123
3003
3003
3123
3123

28.00
27.80
27.70
27.40
26.90
28.00
28.00
26.90
26.90

0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70
0.70

0.282
0.278
0.277
0.274
0.267
0.282
0.282
0.267
0.267

*
+

This element will be added as PbO and Pb (NO3)2 to the mixes and denoted as symbol Pb and PbN, respectively.
Percentage of water in total mix mass.
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proposed that the results obtained through the monolithic leaching test
be compared with the limits established in the EU Council Decision
(2003). In this study, the limits used corresponded to the lead element
(Table 3).
3. Results and discussion
3.1. Lead adsorption isotherm
First, the interaction between lead and HT was addressed, due to its
possible influence on the setting of cementitious matrices that incor
porate hydrotalcite. The lead adsorption isotherm in HT is shown in
Fig. 5, where Ce (mg/L) is the equilibrium concentration of metal ion in
the solution and Cs (mg/kg) is the amount of ion adsorbed (lead) per
weight unit of adsorbent (HT) after equilibrium. The Freundlich
isotherm model was used to fit the experimental data of the adsorption
isotherm. The dotted line in Fig. 5 represented the model of the
Freundlich equation, which can be represented in logarithmic form by
the eq. (1):
log Cs = log kF +

1
log Ce
nf

(1)

where kF and nf are factors representing the capacity and affinity
adsorption.
It was observed that Cs increased with the rise in Ce, indicating that
as the medium concentration increased the lead adsorbed amount by HT
rose, reaching values close to 80 mg/kg. The Freundlich model fitting
represents adsorption results on heterogeneous surfaces (Tan et al.,
2007), meaning the total surface does not show an identical adsorption
and, therefore, the lead ions compete and interact with each other. The
adsorbent surface was not very heterogeneous because the value of 1/nf
did not get closer to zero (Haghseresht and Lu, 1998); in this study it was
0.72. The adsorption is favourable because nf > 1. The larger the nf value
is, the more favourable the adsorption is. In this study nf was 1.39. From
the R2 values shown in Fig. 5, the experimental data correctly fit the
Freundlich isotherm model.
3.2. Fresh state properties of mortars
Fig. 4. a) Mixing procedure, A (MProc-A), b) Mixing procedure B (MProc-B).

3.2.1. Heat of hydration
Fig. 6 shows the heat flow released and normalised by sample mass
(W/g) as a function of time (min) during the hydration of the mortars. In
Fig. 6a and b it was observed that the highest heat flow for M0 was
around 380 min. The heat flow of the mortars with HT was similar in
time, with all the mortars registering the induction period between 380
and 480 min in MProc-A (Fig. 6a) and between 380 min and 400 min in
MProc-B (Fig. 6b). It was noted that the HT presence slightly delayed the
mortar hydration, the greater their content in the mixes, as indicated in
the displacement towards longer times of the corresponding heat release
peak with the Alite hydration (C3S) (Xie and Biernacki, 2011). The heat
release peak corresponding to dissolution of C3A with formation of
Ettringite was also slightly modified by the incorporation of HT. The
incorporation of HT led to a shoulder in the heat flow, between 600 min
and 800 min in the MProc-A (Fig. 6a) and between 450 min and 900 min
in the MProc-B (Fig. 6b), indicating the formation of secondary Ettrin
gite (Bullard et al., 2011; Scrivener et al., 2015). This effect did not
appear in M0. Regarding the heat flow released, the changes were not
dramatic, reaching values of around 0.0015 W/g and 0.0018 W/g for
mortars with the HT addition in both mixing procedures. The differences

Additionally, the mineralogical phase formation was analysed in the
mortars by XRD. After 28 days, a portion from each mortar was dried at
60 ◦ C during 24 h. Then it was crushed and sieved through a 0.125 mm
sieve.
In order to study lead mobility, the leaching behaviour of mortars
(M0, MPb, MPbN, M120Pb and M120PbN) in monolithic state was
evaluated according to XP X31–211: 2012 (AENOR, 2019). This stan
dard provides knowledge of element mobility during the first contact of
the material with the leaching liquid (Cyr et al., 2007; Cyr et al., 2012;
Ledesma et al., 2017; Ledesma et al., 2018; Quina et al., 2014). Mortars
were fully immersed into a polypropylene tank with deionised water as a
reagent using a liquid/solid ratio (L/S) of 10 L/kg ± 0.2 L/kg. The
samples remained immersed in reagent for 24 h at a temperature of 20
◦
C ± 5 ◦ C and were moved through a magnetic agitator at 120 rpm ± 20
rpm. After the test time, an eluate was filtered with a 0.45 μm filter and
analysed with a Perkin Elmer ELAN DRC-e mass spectrometry (ICP-MS).
This procedure was repeated 2 times for each mortar.
The EU Council Decision (2003) on waste acceptance in landfills
establishes the “Inert”, “Non-hazardous” and “Hazardous” limits for
granular materials according to the levels of heavy metal release in
leachates. If leachate concentrations exceed the “Non-Hazardous” limit,
for only one element, the materials are considered “Hazardous”. Legis
lation on the limits of monolithic materials is still non-existent (Castro
and García, 2010). In the absence of monolithic limits, the EEA (2010)

Table 3
Legal limits of EU Council Decision 2003/33/EC (2003) (L/S = 10 L/Kg) for Pb.
Pb (mg/kg dry matter)
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Inert

Non-Hazardous

Hazardous

0.50
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current study the amount of hydrotalcite used was between 0.5 and
3.84% regarding the total mass of cement paste. They observed an
evolution in the heat of hydration very similar to the control mortar with
the same induction period. In the research carried out by Cao et al.
(2018) it was observed that the cement slurries with 0.025% Ca-Al-LDH
had a negligible effect on the hydration rate. However, when the Ca-AlLDH dosage was 0.10%, the main hydration peak shifted to earlier times,
slightly increasing the amount of heat released. The carbonatecontaining hydrotalcite hindered the formation of nucleation points
for the precipitation of hydration products by decreasing the amount of
reactive particles in the cement matrix (Moon et al., 2017; Thongsa
nitgarn et al., 2014), which would explain the light delay in releasing
heat of hydration.
Fig. 6c and d show a shift in time of heat release compared to M0,
when lead was incorporated, in any of its forms, and combined with HT,
corresponding to the maximum hydration of C3S. This displacement
indicated a delay in the mortar hydration. For MProc-A, the induction
period shifted from 380 min (M0) to approximately 1170 min for MPb
and MPbN (Fig. 6c). In MProc-B (Fig. 6d) the values reached approxi
mately 550 min in MPb and 1400 in MPbN. The delay in the mortars
with lead content was in accordance with the research of other authors
(Nestle, 2004; Weeks et al., 2008).
When HT was added to the mortars with lead content, the time
displacement of the heat flow was higher, reaching 1770 min and 1600
min for M120Pb and M120PbN, in MProc-A (Fig. 6c) and 1400 min and
1450 min for M120Pb and M120PbN, in MProc-B (Fig. 6d). In all the
cases in which lead was incorporated into the mortars, there was a
prolongation of the induction period and a clear deceleration of the C3S
hydration process. Lead hydroxides are expected to precipitate in the
alkaline environment of cement hydration (Thomas et al., 1981). Since
lead ions are amphoteric, hydroxide precipitates would re-dissolve in
the presence of excess hydroxide ions to form plumbite species (PbO2−
2 )
that clear delaying the setting period (Lasheras-Zubiate et al., 2012;
Cocke, 1990; Weeks et al., 2008). Additionally, it is important to high
light that for the samples with lead and without hydrotalcite, the mixing
procedure considerably affected the induction period (Duran et al.,
2016).

Fig. 5. Adsorption isotherm and Freundlich model fitting for interaction be
tween lead and hydrotalcite. Symbols denote experimental results and solid line
represent the linear model of Freundlich equation.

in heat released found by the authors Wu et al. (2018) were also mini
mal. These authors added hydrotalcite with carbonate calcined in per
centages of 1, 2 and 3% regarding the total mass of cement paste. In the

Fig. 6. Heat flow values: a) and c) MProc-A; b) and d) MProc-B.
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Fig. 7 represents the surface interaction between HT and plumbite
formed in the alkaline environment of cement hydration.
Fig. 8 shows the cumulative heat flow values of the mortars. In
Fig. 8a and b it was observed that the evolution of the cumulative heat
flow was very similar in all the mortars with HT, reaching values be
tween 100 J/g and 110 J/g, M120 being the lowest cumulative heat flow
value. The cumulative heat flow value during mortar hydration was in
accordance with their experienced heat flow (Fig. 6a and b. Fig. 8c and
d showed the delay undergone by the mortars MPb, MPbN, M120Pb and
M120PbN (Fig. 6c and d), especially when HT was added. However, the
cumulative heat flow of all the mortars was very similar to M0, regis
tering values between 100 J/g and 112 J/g after 4000 min. The different
mixing procedure, in terms of total heat released, did not register sig
nificant changes. The delay effect was mostly related to a kinetical effect
at early hydration times and after 4000 min all mortars reached similar
values to M0. The mixing procedure influenced the form of the curve in
cumulative heat flow (Fig. 8c and d depending on lead waste used (solid
or liquid). However, when HT is incorporated it does not affect the form
of the curve in terms of cumulative heat flow. HT incorporation homo
genised these results.

rise to a delay in setting time. However, this last mixing procedure af
fects, to a lesser extent, the workability time compared to M0, increasing
up to 166 min for the M120 mortar. Despite the greater amount of
material in the mixes with addition of HT, the small delay in the
workability time was probably fostered by the formation of a protective
hydrotalcite coat over the cement grains, hindering the contact between
mixing water and the cement (Cao et al., 2018). The changes in the
workability time of mortars with HT content, especially in the second
procedure, were not significant compared to the reference mortar; the
use of HT in cementitious materials was assumed to be compatible.
There was a large increase in the workability time of mortars with
lead content in any of its forms. Using MProc-A the workability values
increased from 114 min for M0 up to 376 min and 342 min for MPb and
MPbN. The values for mortars in MProc-B also increased up to 255 min
and 240 min for MPb and MPbN. This is in accordance with a slight
delay in the heat flow of hydration as the hydrotalcite content increased
(Fig. 6 c and d). An increase in workability time was also observed by
Lasheras-Zubiate et al. (2012) when the Pb(NO3)2 was incorporated to
mortars produced with CEMII-32.5 N cement and a load of 1% by weight
heavy metal/cement, in the current paper was 0.98%. Since the solu
bility of these compounds is very low, these authors reported that a
small amount of them (approximately 0.15% by weight of the lead mix)
could produce significant effects in the delay of cement hydration. This
fact was in accordance with the results in the current research because
the weight of lead was between 0.27 and 0.39%. In the second procedure
the effect was less pronounced.
The workability time was significantly modified with the addition of
HT. The simultaneous effect hydrotalcite and lead increased the delay
much more markedly than the one due to the sum of the effects sepa
rately. The MPb and MPbN mortars increased workability time from
376 min and 342 min up to 1530 min and 1495 min in the MProc-A and
from 255 min and 240 min up to 1509 min and 1765 min in the MProcB. The combined effect of the partial dissolution of lead (plumbites
formation) (Lasheras-Zubiate et al., 2012) and the partial coating of
cement particles with HT (Cao et al., 2018) seemed to be more intense
than the effects separately. This behaviour was in accordance with the
results recorded in the heat flow of hydration (Fig. 6 c and d).
When HT was added, very similar behaviour was experienced in both
mixing procedures. Therefore, the delay in workability time was mainly
linked to the mix composition and the interference between their con
stituents and not to the mixing procedure used. Using HT, the work
ability results were homogenised regarding the heat flow and
cumulative heat flow (Figs. 6 and 8) regardless of the mixing procedure.
In the absence of HT there was no direct correlation between workability
and heat flow results using the different mixing procedures.

3.2.2. Workability
The workability results (min) of mortars with MProc-A and MProc-B
are shown in Fig. 9. Workability results correspond to the average of 3
measurements. The mortars exhibited greater workability as HT content
increased, reaching a maximum value of 216 min for the M120 mortar
with MProc-A. A similar behaviour was observed in the mortars mixed
with MProc-B. This is in accordance with a slight delay in the heat flow
of hydration as the hydrotalcite content increased (Fig. 6 a and b) giving

3.2.3. Flow table values
Fig. 10 shows the flow table results in mm of the mortars in MProc-A
and MProc-B. These values correspond to the consistency of the mortar
as a result of the average of 2 measurements perpendicular to each other
on the mortar cake after the test. A decrease in the flow table values of
the mortars was observed when the HT content was higher in the mixes.
Since HT was added to the mixes, there was a greater amount of solid in
the mixes for the same quantity of available water (Table 2). Although
the w/c ratio remained constant, the availability of water in the mix
decreased with HT as an addition (water/solid ratio decreased in
Table 2).
Authors such as Yang et al. (2015) also detected a decrease in the
flow table values of the mortars when they studied the replacement of
cement by two hydrotalcites modified with p-aminobenzoate and so
dium nitrite. In this research, the decrease in flow table values was very
similar in MProc-A and MProc-B. The flow table ranged from 206 mm for
M0 to 165 and 160 mm for M120 in MProc-A and MProc-B. The standard
UNE EN-1015-3:2000 (AENOR, 2019) does not specify any lower or
upper limit value of optimum flow table of fresh mortar, therefore the
flow table value will be established according to the mortar use in each

Fig. 7. Surface interaction between hydrotalcite and plumbite.
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Fig. 8. Cumulative heat flow values: a) and c) MProc-A; b) and d) MProc-B.

Fig. 10. Flow table values: a) Mortars with HT (MProc-A and MProc-B); b)
Mortars with lead and with lead and HT (MProc-A and MProc-B).
Fig. 9. Workability: a) Mortars with HT (MProc-A and MProc-B; b) Mortars
with lead and with lead and HT (MProc-A and MProc-B).

case. Despite the decrease in flow table values compared to M0, the
results for both mixing procedures were validated since the mixing and
subsequent handling of the mortars were considered as adequate.
8
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Consequently, the mixing procedure did not influence the flow table
values registered by mortars with hydrotalcite content in the fresh state,
since this property is linked to the w/c ratio. Senff et al. (2009) pointed
out that the w/c ratio was the most relevant variable in the study of flow
table of the mixes produced.
MPb in both mixing procedures (206 mm and 204 mm in MProc-A
and MProc-B) and MPbN in MProc-A (206 mm), showed flow table
values very close to M0, since the mass in the mixes was the same (3003
g, Table 2). The same behaviour was shown by M120Pb (161 mm and
159 mm in MProc-A and MProc-B) and M120PbN (168 mm in MProc-A
and MProc-B), which had the same mass as M120 (3123 g, Table 2),
showing flow table values in the range of M120 (Fig. 10b).
Different behaviour was found in MPbN (MProc-B). This mortar
contained the same total mass as M0 (3003 g, Table 2) and recorded a
value of 206 mm in MProc-A. However, the MProc-B increased the flow
table values to 220 mm, which meant an increase of 6.7%, and the
quantity of Pb(NO3)2 was 1.6% in weight compared to cement. LasherasZubiate et al. (2012; 2011) also experienced an increase in the flow table
values of 3% when they incorporated 1%, by weight compared to
cement, of Pb(NO3)2 dissolved in the mixing water of mortars. It can be
concluded that the presence of lead does not practically affect the flow
table values, nor the mixing procedure, except in the case of the MPbN
sample already mentioned.
3.3. Hardened state properties of mortars
3.3.1. Compressive strength
The results of compressive strength when HT is incorporated into the
mortars at 28 days are shown in Fig. 11a. The M0 showed a compressive
strength value of 34.64 MPa. A decrease tendency of compressive
strength was observed with the HT incorporation in the mortars with
values of 34.92 MPa, 32.15 MPa, 30.41 MPa and 29.90 MPa for M15,
M30, M60 and M120 in MProc-A, and values of 30.37 MPa, 30.77 MPa,
29.29 MPa and 28.86 MPa for M15, M30, M60 and M120 in MProc-B.
The maximum decrease was 16.69%. As for the results of mortar
compressive strength after 28 days, the influence of the mixing pro
cedure was negligible.
The compressive strength loss had also been observed by authors
such as Yang et al. (2015) and Cao et al. (2018). In the research carried
out by Yang et al. (2015) compressive strength decreased by 17.20%
compared to the control mortar at 28 days due to the replacement of
10% of the cement by a hydrotalcite modified with p-aminobenzoate. In
the study by Cao et al. (2018) the decrease in compressive strength at 28
days was 18.95% in cementitious slurries with 0.4% Ca-Al-LDH
replacement of cement weight. These authors attributed compressive
strength loss to the formation of a protective coat on the cement particles
that decreased and delayed the hydration reaction rate of the cement.
The slightly larger decrease in the second mixing procedure could be
attributed to the greater and better HT dispersion over the particles by
increasing their dispersion in the mixing water prior to mixing this with
the dry components.
The compressive strength loss recorded by other authors had a
similar magnitude to that of this research, this maximum decrease being
approximately 17.20% (Yang et al., 2015) and 18.95% (Cao et al.,
2018). The compressive strength results of the mortars with the HT
addition were in accordance with the heat flow values (Fig. 6) and cu
mulative heat flow values (Fig. 8) of the mortars during their hydration.
The influence in compressive strength of the presence of lead or
simultaneously lead plus HT was observed. With the objective to analyse
the maximum effect the mix with higher amount of HT was selected. The
MProc-A mixing procedure (Fig. 11b) affected the compressive strength
values to a greater extent, decreasing them from 34.64 MPa for M0 to
26.77 MPa and 27.31 MPa for MPb and MPbN. The compressive
strengths of MPb and MPbN in the MProc-B were equal to 30.40 MPa
and 33.19 MPa, indicating that the mixing method used was important.
Navarro-Blasco et al. (2013) observed a compressive strength detriment

Fig. 11. Compressive strength at 28 days: a) Mortars with HT (MProc-A and
MProc-B); b) Mortars with lead and with lead and HT (MProc-A and MProc-B).

of around 75% in mortars doped with 1% Pb(NO3)2 weight/calcium
aluminate cement (CAC). Although these matrices are more suitable for
the amphoteric metal encapsulation due to their having low pH, in this
study these matrices did not favour the compressive strength values. In
the current study the decrease was 21.16% in the first mixing procedure
and 4.19% in the second procedure. A compressive strength loss around
65.00% was also detected by Gollmann et al. (2010) when they replaced
ordinary Portland cement (OPC) with 10% PbO2 by weight. In the cur
rent paper the loss was 22.72% for the first procedure and for the second
around 12.24% was observed.
When the hydrotalcite was incorporated into the mortars in MProcA, the compressive strength values were beneficial compared to mor
tars without hydrotalcite. That is, MPb and MPbN increased their
compressive strength value from 26.77 MPa and 27.31 MPa to 30.34
MPa and 32.54 MPa for M120Pb and M120PbN. The greater amount of
material in the matrix with the HT addition could counteract the effect
exerted by the lead in the compressive strength loss. In MProc-B all
compressive strength values increased with the HT incorporation into
the mortars, since there was a greater and better dispersion of the
adsorbent and the metal, and the combined effect was less, having a
lower consequence on this property. In short, when HT is used, the effect
of the mixing procedure was negligible on the compressive strength of
the mortars. All the compressive strength results experienced in the
mortars when HT was used and in MProc-B were in accordance with the
cumulative heat of release; that is, the heat gain trend was very similar
after 4000 min (100–110 J/g), and therefore the performance of
compressive strength over time obtained very close values (30.40 MPa –
34.64 MPa) for all these mortars.
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3.3.2. Mineralogical phases study
Figs. 12-15 show the mineralogical phases formed in the mortars
after 28 days. In all mortars characteristic phases of cement hydration
and of the aggregates were registered, such as Portlandite (Ca(OH)2;
04–0733), Quartz (SiO2; 33–1161), Calcite (CaCO3; 05–0586), Ettringite
(Ca6Al2(SO4)3(OH)12⋅26H2O; 41–1451), dicalcium silicate (C2S;
24–0034), tricalcium silicate (C3S; 42–0551) Gypsum (CaSO4⋅2H2O;
33–0311) and hydrotalcite (Mg6Al2(CO3)(OH)16⋅4H2O; 14–0191) were
also observed in some mortars (JCPD, 1995). Additionally, Orthoclase
(K(AlSi3O8; 86–0438) was detected in MPb using MProc-B mixing pro
cedure (Fig. 15). No noticeable differences were observed in the crys
tallinity of the different phases during setting when HT and lead were
part of the composition.
In the MPb and MPbN mixed by MProc-B (Fig. 15) reflections located
between 27.3◦ and 28.3◦ (2θ) were detected. These phases were not
registered in the reference mortar (M0). Lead Oxide (PbO; 35–1482)
attributable to the reflection recorded in MPb and Lead Nitrate

Hydroxide (Pb(NO3)OH/Pb(NO3)2⋅Pb(OH)2; 22–0388) (JCPD, 1995)
corresponding to the peak recorded in MPbN were detected. The greater
and better dispersion of the metal in MProc-B allowed a medium more
favourable to the lead compound formation. Due to the lead low load
compared to the rest of the mortar components and the mainly siliceous
composition of the samples, the lead phase identification by XRD was
masked by the most crystalline and majority phases. It should be noted
that the phases Lead Oxide (PbO; 35–1482) and Lead Nitrate Hydroxide
(Pb(NO3)OH/Pb(NO3)2⋅Pb(OH)2; 22–0388) were not detected in
M120Pb and M120PbN, probably due to the lead adsorption on the HT
surface not being registerable by XRD.
3.3.3. Leaching behaviour of mortars in monolithic state
Table 4 shows the lead release results in the mortars according to XP
X31–211: 2012 (AFNOR, 2019), as well as the parameters of pH, tem
perature and conductivity, measured during the test. Included next to
the lead leaching value is the environmental classification according to

Fig. 12. XRD patterns of MProc-A mortars with HT.
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Fig. 13. XRD patterns of MProc-B mortars with HT.

the limits established in the EU Council Decision (2003).
M0 obtained an “Inert” environmental classification. The rest of the
mortars kept the lead release below the limit of 10.00 mg/kg dry matter;
therefore, they complied with the “Non-Hazardous” code.
Regarding the different mixing procedures, all mortars registered a
lower lead leaching in the MProc-A. MPb achieved a lead release equal
to 0.71 mg/kg in the MProc-A, while this was 1.52 mg/kg in the MProcB. The lead release in the MPbN was 0.85 mg/kg and 1.10 mg/kg in
MProc-A and MProc-B.
Mortars with HT content also recorded less lead leaching mixed by
MProc-A, with values of 0.52 mg/kg for M120Pb and 0.73 mg/kg for
M120PbN, compared to 0.72 mg/kg and 0.86 mg/kg recorded in MProcB. This phenomenon was related to the fact that the lead content was
previously kept in the mixing water increasing the dissolution of lead
and therefore its release potential was higher in MProc-B. In summary,
the incorporation of HT homogenised the lead leaching results.

The HT incorporation to the mortars reduced the leaching of the
monolithic samples mixed by MProc-A. M120Pb and M120PbN
decreased the lead release from 0.71 mg/kg and 0.85 mg/kg to 0.52 mg/
kg and 0.73 mg/kg. This reduction represented approximately 27% and
14%, respectively. The HT addition in mortars improved the metal
immobilisation improving waste management with lead content in solid
state from a leaching behaviour point of view. The lead release was also
reduced by the incorporation of HT in MProc-B. In MPb the release from
1.52 mg/kg to 0.72 mg/kg (M120Pb) was reduced, assuming a reduction
rate of approximately 53%. For Pb(NO3)2 leaching decreased from 1.10
mg/kg for MPbN to 0.86 mg/kg for M120PbN, representing a reduction
percentage of 22%. The HT addition in mortars improved the metal
immobilisation improving waste management with lead content in
aqueous state from a leaching behaviour point of view.
These commented results confirming the efficacy of HT applied in
this study are partly due to the surface interaction between lead and HT
11
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Fig. 14. XRD patterns of MProc-A mortars with lead and with lead and HT.

already commented (Fig. 7).
In short, when the cementitious matrices include a Mg–Al hydro
talcite the lead leaching in both mixing procedures decreases to values
include in “Non-Hazardous” code (<10.00 mg/kg dry matter) very close
to “Inert” code (<0.50 mg/kg dry matter).

behaviour in consistency and workability time properties in stabilisation
mortars of phosphate coating sludge. As the sludge/cement ratio
increased, the consistency decreased while the workability time
increased as a result of the heavy metals in the sludge.
The small changes in the hydration of the mortars with hydrotalcite
content had a slight effect on the compressive strengths, decreasing
them with the increase in the hydrotalcite content. However, the
maximum compressive strength loss represented 16.69%, all mortars
registered strengths above 28 MPa, confirming compatibility between
the hydrotalcite and the mortar. This compatibility was also demon
strated in the formation of the same mineral phases (XRD) in all mortars
with hydrotalcite content. In short, the changes in mortars when
hydrotalcite was added were not dramatic, therefore, the compatibility
between the hydrotalcite and the cementitious matrices was verified.
The lead incorporation delayed the induction period of the mortars.
This delay increased to a greater extent with the incorporation of
hydrotalcite; however, the cumulative heat flow released was very close
for all mortars, so the delay effect happened in the early hydration times.
When hydrotalcite was part of the mortars, the results of heat flow and

4. Short discussion
The hydrotalcite presence slightly delayed the mortar hydration. The
induction period was slightly delayed with the hydrotalcite increase in
mortars, indicated by the displacement towards longer times of heat
peak related to the Alite (C3S), probably due to the greater presence of
non-reactive particles. However, in terms of total heat release, the re
sults were very similar. This delay was in accordance with the recorded
data of workability time, where the increase could be related to the
formation of a hydrotalcite protective coat on cement particles. The
lower water availability in the mixes caused a slight decrease in the flow
table values because of the addition of hydrotalcite.
Authors such as Navarro-Blasco et al. (2015) reported a similar
12
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Fig. 15. XRD patterns of MProc-B mortars with lead and with lead and HT.

cumulative heat flow were related to the workability behaviour expe
rienced regardless of the mixing procedure. The addition of the hydro
talcite homogenised the results. Additionally, the flow table behaviour
was linked to the material amount in the mix. By maintaining a constant
water/cement ratio in the investigation, mortars with the same total
mass recorded very similar flow table results.
The compressive strengths of the mortars were maintained above 26
MPa. The compressive strength was increased with the hydrotalcite
incorporation to the mortars with lead in both mixing procedures. The

compressive strength of all mortars with hydrotalcite and in the mixing
procedure B, agreed with the similar heat gain trend. In all mortars the
characteristic phases (XRD) of cement hydration were registered. In
mortars without hydrotalcite in mixing procedure B there appeared
minority phases related to lead. These lead phases were not detected in
homonymous mortars with hydrotalcite.
The hydrotalcite incorporation to the mortars reduced the lead
leaching of the monolithic samples in both mixing procedures, partly
due to the surface interaction between the hydrotalcite and lead (Fig. 7).
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The properties most strongly affected by the mixing procedure used
were compressive strength and leaching. The incorporation of Mg-AlHydrotalcite into lead mortars showed the effect of the mixing proced
ure was negligible. When Mg-Al-Hydrotalcite was not incorporated, the
results were different.
In short, this research provides potential sustainable solutions to lead
waste management, expanding the type of treated waste by adding a
hydrotalcite with low interference with the cementitious matrix.

Table 4
Release levels of Pb according to XP X31–211 (AFNOR, 2019) after 28 days.
A

Parameters in studied samples

M0
pH
Conductivity
Temperature
Pb leaching
MPb
pH
Conductivity
Temperature
Pb leaching
M120Pb
pH
Conductivity
Temperature
Pb leaching
MPbN
pH
Conductivity
Temperature
Pb leaching
M120PbN
pH
Conductivity
Temperature
Pb leaching

MProc-A

MProc-B

11.56
1070
21.10
0.00I

–
–
–
–

11.82
933.50
21.60
0.71NH

11.53
850.00
26.90
1.52 NH

11.82
835.25
21.93
0.52 NH

11.54
798.00
27.65
0.72 NH

11.68
1024.00
25.15
0.85 NH

11.57
846.00
29.00
1.10 NH

11.77
784.00
21.35
0.73 NH

11.57
784.50
27.30
0.86 NH
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