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ABSTRACT

This work investigates the chloride binding capacity combine of two sustainable pozzolanic
additions such as granulated blast furnace slag (G) and metakaolin (M) used in cement to
decrease its carbon footprint. They are also combined with two nanosilicas with different
specific surface area (O and A). Blends of alone M or G and with nanosilica are mixed in water
with Ca(OH), and chloride (C) to compare chloride binding capacity of both in presence or
not of nanosilica. Blends are analysed by XRD, FTIR, DTA-TG and chloride binding capacity
is determined too by potentriometric titration with AgNOs. The addition of chlorides to
both pozzolanic M and G indicates that M shows higher chloride binding capacity than
G although very similar Friedel’s salt formation, indicating a higher physisorbed chlorides
contain. Chlorides addition meaningfully replaces carbonates in carboaluminates phases
to form Friedel’s salt, being this exchange higher for samples with M than for G blends.
The combination of experimental techniques used in this study have shown that the effect
of nanosilica addition to samples with M and G show an opposite effect in Friedel’s salt

formation, increasing for samples with G and decreasing for samples that contain M.
© 2023 The Authors. Published by Elsevier Espana, S.L.U. on behalf of SECV. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

Influencia de la nanosilice en la capacidad de combinacién de cloruros
de la escoria de alto horno molida y metacaolin sostenibles

RESUMEN

Este trabajo investiga la capacidad de combinacién de cloruros de dos adiciones puzolénicas
sostenibles, como son la escoria granulada de alto horno (G) y el metacaolin (M), que se uti-
lizan en el cemento para reducir su huella de carbono. Estas se combinan con dos nanosilices
de diferente superficie especifica (O y A). Mezclas de M y G solas y con nanosilice se mez-
clan en agua con Ca(OH), (CH) y cloruro Cl- (C) para comparar la capacidad combinacién
del cloruro. Las mezclas se analizan mediante DRX, FTIR y ATD-TG, y la capacidad de unién
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de cloruro también se determina mediante tritacién potenciométrica con AgNOs. La adicién
de cloruros a las composiciones con M o G sin nanosilice indica que el M muestra una mayor
capacidad de combinacién de cloruros que la G, siendo la formacién de sal de Friedel muy

similar, lo cual indica un mayor contenido de cloruros fisisorbidos. La adicién de cloruros
reemplaza significativamente a los carbonatos de los carboaluminatos para formar la sal de
Friedel, siendo este intercambio mayor para las muestras con M que para las mezclas con
G. La combinacién de las técnicas experimentales utilizadas en este estudio ha demostrado

que el efecto de la adicién de nanosilice a las mezclas con M y G muestra un efecto opuesto
en la formacién de la sal de Friedel, aumentando para las muestras con G y disminuyendo
para las que contienen M.
© 2023 Los Autores. Publicado por Elsevier Espana, S.L.U. en nombre de SECV. Este es un
articulo Open Access bajo la licencia CC BY-NC-ND (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

Introduction

Up to the present Portland cement (PC) has been the most
widely used binder in civil engineering construction, owing
to its good price-performance ratio. However, The great cur-
rent environmental crisis has meant that the use of PC is
being increasingly questioned due to the high CO, emis-
sions generated throughout its Lifecycle (LC) [1]. The carbon
footprint is a key indicator to control the emissions of any
material produced and its reduction is a requirement for
the implementation of more sustainable materials. Besides
that, it is essential that the concepts of service life and
durability go hand in hand with the design of new steel
reinforced concrete structures, which could result in a sig-
nificant saving in the cost of maintenance and a positive
impact on their LC [2-4], thus contributing to sustainabil-
ity.

One of the most recurrent options in the PC industry to
reduce the Carbon Footprint is based on extending its Ser-
vice Life. This is achieved by improving mechanical properties
and durability against the attack of aggressive agents, thus
amortising the high cost of the construction, repair and main-
tenance work [3,4]. Resistance to corrosion stands out among
the main aspects studied [5,6] regarding the preservation of
physical and mechanical properties in PC, and so its ability
to protect steel against corrosion. It is also one of the most
worrying issues because of the considerable economic impact
that steel corrosion in reinforced concrete structures repre-
sents.

Corrosion of steel reinforcement leads to the loss of struc-
tural integrity and the serviceability of reinforced concrete
[7,8]. The penetration of chloride ions from de-icing salt
or seawater represents the most important contribution to
the degradation of reinforced concrete. These salts cause
depassivation of the steel reinforcement when the chloride
concentration exceeds a certain threshold level [5,9,10].

From the literature [5,10-13], the chloride ions
in the diffuse layer of the calcium silicate phase
(C—S—H) are chemically bound to the formation of

Friedel’s salt (3CaO-Al,03-CaCl,-10H,0) or Kuzel's salt
(3Ca0-Al,03-1/2CaCl;1/2CaS04-11H,0). Both salts usually
form the bound chloride in exposed concrete. As they are

chemically combined, they are not likely to corrode the
reinforcement. The remaining chloride ions may be present
in as free chloride in the pore solution, which could represent
the problem with corrosion.

The most commonly used method to evaluate the resis-
tance of concrete to chloride penetration is the diffusion
coefficient. This method is based on total chloride profiles (%
chloride per depth of penetration), which are directly related
to the pore structure [13,14].

Regarding this, previous studies state that Portland cement
hydration generates a physical constraint on the rate of
chloride ingress [5,15-19]. Another recent study [20] has exten-
sively demonstrated that chloride ions easily penetrate the
C—S—H diffusion layer. This suggests a great need to extend
the current knowledge on chloride binding mechanisms and
to evaluate their persistence in concrete as well as the
resistance of the concrete to penetration. The use of sup-
plementary cementitious materials (SMC) has emerged as a
possible solution to improve resistance to chloride penetration
thus improving durability while reducing the consumption
of portland cilinker, thus contributing to sustainability in
both ways. These include a wide range of materials such as
metakaolin (M), silica fume (SF), ground blast furnace slag (G),
fly ash (FA) and materials of pozzolanic and alumina-rich ori-
gin [12,17-19,21,22].

Furthermore, some of these are industrial wastes that
would otherwise be discarded, ending the life cycle of
the production process. Actually, SMCs have proven to
be functional materials, favouring the reduction of the
carbon footprint in some cases and increasing durabil-
ity against aggressive agents [2,3,7,8,23]. Previous studies
[10,12,20,24] show a positive effect associated with microstruc-
tural densification of the Portland cement matrix by the
use of micro- and nano-materials. It has been observed
that alumina-rich (2Si0,-Al,03) SMCs cooperate in chloride
binding through Friedel’s Salt formation. However, very few
studies focus on chloride adsorption in the diffuse layer
of the C—S—H phase, although such physical binding is
described in detail in several studies for synthetic C—S—H
phases [25-29] hydrated Ca3SiOs (C3S) [30], Portland cement
[31], and Silica fume-lime mixtures [32-34]. This is probably
attributable to the fact that, given the marked heterogene-
ity of the C—S—H phase in composition and structure, it
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is much more complicated to identify physical Cl~ bonds,
which prevents the establishment of a reliable approach to
assess the contribution of alumina-rich SMCs in particular
to total chloride bonding that includes chloride adsorp-
tion.

Metakaolin (M) is the product of the heat treatment of
kaolin clay between 600 and 800°C. It has a high content of
amorphous silica and alumina [35,36]. Dinkar et al. [37] eval-
uated the optimum replacement rate of Portland cement by
metakaolin, observing a decrease in fluid permeability, which
minimised the absorption of aggressive agents such as chlo-
rides and atmospheric CO,, with an addition of 10% M by
weight [38,39]. Ground blast furnace slag (G) is a non-metallic
residue from the steel industry derived from the indirect
reduction of iron at temperatures above 1500 °C. This residue
is granulated by a blast cooling process or by rapid immersion
in water. The addition of granulated slag grindings as a binder
in a cementitious paste leads to a decrease in the chloride
diffusion coefficient through the reinforced concrete, mak-
ing it more difficult for Cl~ to reach the steel of the structure
and increasingits corrosion resistance [22,40-43]. Substitution
ratios are usually high, in the range of 30-70%, significantly
reducing the use of Portland clinker.

Nanosilica usually has a high level of pozzolanic reac-
tivity and very fast kinetics. It densifies mortars at the
microstructural level as C—S—H can do, which may improve
mechanical properties and especially durability [33,34]. It
alters the rheology of cement-base materials by increasing
the C—S—H content and easily modifies the hydrated cal-
cium silicate chains compared to Portland cement or other
SMCs [24,44]. It strongly influences the fixation of free chlo-
rides but very little the formation of Friedel’s salt [20,21].
Studies carried out with ternary mixtures of Portland cement
with M and nanosilica (10% and 3% respectively) as Andrade
da Silica et al. [45] showed an increase in compressive
strength in the order of 30% and an overall improvement in
chloride ion penetration resistance. Moreover, Garcia et al.
[23,46] evaluated the capacity of pozzolanic additions with
NS in aqueous phase excluding Portland cement, show-
ing that M favours the chemical binding capacity of the
chloride ion through the formation of Friedel’s salt. The
clear tendency of such mixtures to form C—A—S—H was
also demonstrated [13,36,44,47-51]. Also, the use of nano
additions has been shown to be effective in improving
the mechanical properties of Portland cement base materi-
als.

The aim of the present work is to compare the performance
of different SMCs in the aqueous phase with respect to their
chloride binding capacity. Specifically, M, nanosilicas and G.
Two classes of nanosilicas with different specific surface area,
combined separately with M and G, have been evaluated. The
absence of Portland cement will allow to observe the inter-
action of these materials and evaluate their ability to form
chloride bonds without interference. Therefore, the possible
synergistic, additive or antagonistic effect of these materials
will be determined. The data obtained should provide clear
and detailed information on the viability of each SMC as a
component in the design of more sustainable cement-base
materials, resistant to environmental aggressions with lower
consumption of portland clinker and a longer service life.

Table 1 - Physical characteristics of materials.

Material Particle size, Surface specific
nm area, m?/g
Metamax (M) ~1300 12.56
Ground blast furnace slag (G)  ~6160 1.77
Nanosilica 0X50 (O) ~40 50+15
Nanosilica A200 (A) ~12 200 £25

Materials and methods
Materials

The metakaolin (M) used is of the brand METAMAX. It exhibits
high pozzolanic reactivity and was produced from high purity
kaolin clay through a 750°C calcination process. The gran-
ulated blast furnace slag (G) is a residue obtained in the
indirect reduction of iron in a blast furnace close to 1500°C
to obtain steel. The G used in this study comes from a
steel work in Northern Spain. On the other hand, two pyro-
genic hydrophilic nanosilicas with different specific surface,
AEROSIL 50 (OX50) and 200 (A200) from Evonik Industries, were
selected for this study. Additionally, calcium hydroxide (CH)
with a purity >95.0 wt.% from SCHARLAB and sodium chloride
from LABQUEM with a purity > 99.9 wt.% were used. According
to nomenclature used in abstract and introduction, in the fol-
lowing text and figures of the manuscript metakaolin will be
abbreviated as M, ground blast furnace slag as G, nanosilica
OX-50 and A200 as O and A respectively. Blends contain-
ing chloride are indicated with a letter C. The measurement
of the specific surface area (BET) was carried out using the
nitrogen adsorption technique at 77 K with the Quantachrome
Monosorb Surface Area Analyser MS-13. Values are shown in
Table 1 as well as the mean particle size.

A wavelength dispersive X-ray fluorescence spectrometer
(MAGI X -PANALYTICAL) was used to determine the chemical
composition of metakaolin and pulverised blast furnace slag.
Table 2 shows the chemical composition of these materials
and the NS data provided by the manufacturer.

Paste design and suspension preparation

The M/A-O weight ratio of 4:1 [23,52] was established for the
design of the pastes for a total of 12 combinations under the
prior assumption that only 50% of the mixtures would include
sodium chloride (NaCl), as shown in Table 3, where the abbre-
viated notation for each sample is also collected. In order to
keep the Al/Siratio in M and A/O constant, the weight of G was
estimated for all additions to match the same in accordance
with their chemical composition (Table 2). To ensure compa-
rability and reproducibility of the results obtained, it is vital
to keep this ratio under control since Al,03 is involved in the
formation of chemically combined chlorides [11,47,49].
Portland cement is not considered in the design in order
to avoid its contribution to the generation of C—S—H and
C—A—S—H gels by its hydration such as the formation of
Friedel’s salt by combination of chlorides. To simulate the
marine environment, the molar concentration of Cl~ was set
at 0.5M [10,21,31,46], similar to that of seawater. The molar
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Table 2 - Chemical analysis of materials.

Chemical analysis CaO Fe,05 K,O MgO Na,0 Si0, TiO, Al,O3 P,0s MnO ZnO SO3 LOI
Metakaolin (M) 0.41 0.12 0.16 52.4 1.83 449 0.08 0.1

Ground blast furnace slag (G) 42.7 0.34 0.43 7.8 0.47 34.1 0.58 10.5 0.04 0.14 0.6 2 0.34
Nanosilica (O) 99.8 0.01
Nanosilica (A) 99.8 0.01

Table 3 - Composition of mixtures prepared.

Mixture dosage Mixtures acronyms/ (0] A M G CH © Distilled water
dosage (g)
Metakaolin M - - 5 - 1.6 - 250
Ground blast furnace slag G - - - 21.38 1.6 - 250
Metakaolin + C1~ MC - - 5 - 1.6 7.3125 250
Ground blast furnace slag+Cl~ GC - - - 21.38 1.6 7.3125 250
Metakaolin + nanosilica OX50 MO 1.25° - 5 - 1.6 - 250
Ground blast furnace slag+nanosilica OX50 GO 1.25 - - 21.38 1.6 - 250
Metakaolin + nanosilica OX50 + Cl~ MOC 1.25 - 5 - 1.6 7.3125 250
Ground blast furnace slag+nanosilica A200 + Cl~ GAC 125 - - 21.38 1.6 7.3125 250
Metakaolin + nanosilica A200 MA - 1.25 5 - 1.6 - 250
Ground blast furnace slag+nanosilica A200 GA - 1.25 - 21.38 1.6 - 250
Metakaolin + nanosilica A200 + Cl~ MAC - 1.25 5 - 1.6 7.3125 250
Ground blast furnace slag+nanosilica A200 + Cl~ GAC - 1.25 - 21.38 1.6 7.3125 250

solubility of Ca(OH); in water at 25°C is 1.6 g/l, guaranteeing
that aqueous suspensions prepared are supersaturated.

The suspension preparation process was as follows; weigh-
ing of the dry powdered materials and distilled water, followed
by a 7-day period of constant stirring to ensure calcium fixa-
tion [25,28,30], filtering process for the six Cl~ free samples,
addition of NaCl to the remaining solutions and constant stir-
ring for 21 days to ensure maximum Cl~ combination, finally
the six samples with Cl~ were also filtered. The paste result-
ing from the filtering process was treated at 100°C for 24 h in
a drying oven, obtaining as a result a dry powder sample of
each mixture.

Characterization of the mixtures

The resulting powder of each mixture was chemically charac-
terised by DTA-TG, FTIR, XDR and, additionally, in the case of
samples with Cl—, the content of free and total chlorides was
quantified by potentiometric titration with AgNOs3. Differen-
tial thermal analysis and thermogravimetry (DTA-TG) of the
powders was carried out under a temperature range between
25 and 1100°C, with a heating rate of 10°C/min in N, atmo-
sphere and alumina crucibles. A TGA-LABSYS evo provided by
SETARAM Instrumentation was used.

The chemical composition analysis was carried out by X-
ray diffraction (XRD) using a Bruker D8 Advance diffractometer
using monochromatic Cu Ka radiation with a wavelength
1=1541A. A high-speed detector (Lynxeye) between Bragg
angles 5-60° ¢ and a step size of 0.02° 0 were used.

The identification of the crystalline phases was per-
formed by comparison with the Joint Committee on Powder
Diffraction Standards (JCPDS) guidelines. FTIR analysis of the
samples prepared by the KBr Pellet Method was performed
with a Perkin Elmer Spectrum 100 Spectrophotometer, with a
wavenumber range between 400 and 4000 cm 1.

The determination of the chloride content was carried
out in two phases: Phase 1 to determine the free chlorides
and Phase 2 to determine the total chlorides. The materials
used for Phase 1 were: 150ml beakers, a magnetic stirrer, a
100 ml volumetric flask, glass funnel with 1410 filter paper and
reagents were used in the first phase. First of all, 1.0010 + g was
added to each beaker with 10 ml of distilled water and stirred
constantly for 3min. This was left to filter for a while in the vol-
umetric flask, 2ml concentrated HNO3 (nitric acid) was added
and distilled water was added up to the volumetric mark. The
contents are poured into the previously cleaned beakers and
a pH check is made with 0.5 ml sodium acetate NaCyH30, and
20ml acetic acid C;H40, and finally the free Cl~ content is
titrated using a Metrohm measuring instrument. This incor-
porates 0.025M AgNOs at a constant rate and the free Cl~ is
determined.

The materials used for Phase 2 were: 250 ml beakers, glass
clocks, stirrers and magnetic heating plates were used for the
second phase. The procedure followed in this phase began
adding 1.0010 + g to each beaker with 100 ml of distilled water.
This mixture was stirred constantly and left to boil for 3 min.
Then, total Cl~ is titrated using 0.050 M AgNOs. Once the % of
free and total chlorides present in the samples is known, the
% of combined Cl~, which includes physically and chemically
bound Cl~, can be estimated by difference. The first ones are
those found directly in gels and the second ones are found
after Friedel’s salt formation.

Results and discussion
XRD diffraction

The diffraction patterns of the samples are shown in Fig. 1.
As it is observed in the diffractograms recorded for the G and
M, there is an amorphous halo between 20 and 35° 20, as a
result of the amorphization process to obtain M according
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to the thermal treatment of kaolin between 700 and 800°C
and the formation of G cooling from the very high tempera-
ture (1600°C) used in a blast furnace in obtaining steel. For M
samples the halo amorphous is higher in samples with the
addition of nanosilica.

Certainly, a characteristic signal shape can be observed for
each addition. These signals are wider for G, showing an inten-
sity similar to that of a relatively amorphous structure. This
is in contrast to M where a signal shape more similar to a
crystalline phase is observed in the MC.

The G samples show signal overlap between 11.2 and 11.5°
20, and therefore the identification of products in this band

becomes complicated. This zone may correspond to several
hydration products, such as Friedel’s salt formation or simi-
lar. In samples G, GO and GA this bands could be associated
with the formation of C4ACC-OH carbo-aluminates [53,54].
However, the presence of 7.8% MgO in the chemical com-
position of G would promote the formation of Hydrocalcite
Mge—Aly(OH)16—(C0O3)—4H,0 [55-57]. The shape of the signal
could be distinguished for each addition, for example for G
the signals are wider showing an intensity similar to a more
amorphous than crystalline structure than the opposite case
for M in the MC a signal more common to a crystalline phase
is observed.
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Stranglinite mineral, 6.5° 26, can be identified in samples
with M as well as a constant formation of Friedel’s saltat 11.20°
26 [11,13,47], which can be observed along the dashed grey line
pattern, with the exception of sample MAC where both the
modification of hydration products and formation of Friedel’s
salt are associated to the presence of nanosilica A. This is most
likely due to nanosilica A preventing or limiting the access of
Mto Cl~, avoiding the formation of Friedel’s salt [46] and also to
calcium avoiding the evolution of the formation of hydration
products.

The presence of halite (NaCl) is observed at 31.9 and 45.5° 26
due to the incorporation of this salt in the aqueous solutions
[31].

Regarding the presence of C—S—H and C—A—S—H gels as
hydration products, two peaks are identified at 29.3 and 32.6°
26 which presumably correspond to the incorporation of Al in
these gels. It is however not possible to quantify them, due
to the presence of overlapping calcite in these signal bands
[58]. Kapeluszna indeed locates the C—S—H gel in that area [59]
although presenting very intense and sharp peaks which differ
from those of Fig. 1. Additionally, Kapeluszna [59] describes the
hexagonal AFm phases Cy;AHg and CyAHg, resulting from the
dehydration of C;AHg in synthetic gels with an Al/Si ratio of
0.125 and 0.2.

The author locates these phases at 10.2, 20.6 and 36.0° 26
but they could not be identified in this particular study, as can
be seen in Fig. 1. The reason is attributed to the type of Silica
and Aluminium contained in the M and G, which have been
combined with each type of nanosilica. The Al/Si molar ratios
established in this study, ranging from 0.30 to 0.97, is very
high compared to that described by Kapeluszna, which uses
Na,Si30Oy as the silica source and Al(NO3); as the aluminium
source.

The addition of nanosilica, especially A, promotes the gen-
eration of structures with a stronger crystalline character, as
can be seen in 29.5 and 11.2° 26.

For samples with metakaolin, the addition of chlorides
favours the samples carbonation.

Samples with slag both with and without chlorides have
a much greater tendency to carbonate than sample with
metakaolin.

Finally, from the obtained results, it can be concluded that
the addition of Cl~ encourages the formation of aluminosili-
cates in both types of mixes, with a stronger tendency in the
case of samples with slag. However, there is a problem present
that prevents asserting the reason for the calcite signal fitting
to the C—S—H and C—A—S—H signal.

FTIR analysis

The FTIR characterisation results of the twelve pastes were
obtained. The vibration bands appearing in the FTIR spectra
are the same for the gels from aluminate hydration and the
gels from Silicate hydration [59]. There is concurrence with
characteristic signals of C—S—H, C—A—S—H and CAH gels in
the results for M pastes and concurrence also with charac-
teristic signals for silico-aluminate and silicate hydrated G
pastes previously described in the literature [59,60]. Accord-
ing to these previous works, certain vibrational and binding
modes are assigned for C—S—H, C—A—S—H, CAH and Cl~ com-

binations. The high and low frequency infrared results can be
seen in Fig. 2.

Around the bands 965 and 962 cm ™! a signal is found which
can be associated to the primary C—S—H gel generated by the
Si—O stretching vibration. For M samples, the FTIR spectrum
varies and shows an intense and broad band with a signal at
1070 cm~1. This signal indicates the substitution of SiO4 tetra-
hedra by tetrahedral Al (AlO4) in the chains of the Dreikeiten
Structure polymerising the 1D to 2D and 3D structure by bridg-
ing [61] Qgp Or Q3.

The signals appearing at around 495-1070 cm™1, typical of
Si—0O—Si asymmetric stretching vibrations, may be attributed
to polymerised silica.

For samples with metakaolin, the splitting peak located
at 530 and 585 cm~! corresponds to the stretching vibrations
of Al-OH bonds of Al(OH)s octahedra corresponding to some
unreacted metakaolin while the peak located at 788 cm~! cor-
responds to its bending vibration, which are attributed to
the Friedel’s salt. Primary C—S—H gel band appears around
970cm~! due to Si—O stretching vibration and, in addition,
a shift takes places from 970 to 1050-1150cm~! indicating
the substitution of Si by Al, forming C—A—S—H gel with AlO4
tetrahedra joined to SiO4 tetrahedra. The incorporation of alu-
minium to C—S—H gel to form C—(A)—S—H gel occurs mainly
in tetrahedrally coordinated Al (IV) in bridging tetrahedra Qo
and sometimes in bridging tetrahedra Qs [61]. The presence of
the peaks at 530 cm~! corresponds to the Al—O—Al vibrations,
that can corresponds to AlO4, AlOs and AlOg units, accord-
ing to literature [59,62]. However at 1070 cm~" appears a wide
and strong peak, corresponding to the asymmetric stretching
vibration of Si—O—Si of polymerised silica.

The 3641 cm~! signal is associated with the vibration of the
OH groups of Ca(OH), present in the C—S—H gel as observed
in the literature [59,62,63], however, due to the presence of
Al, this structure tends to transform into C—A—S—H and so it
should be scarcely present. This behaviour is most commonly
observed in experiments with Ca/Si< 1 ratios [58,59], however
some authors point out the possibility of weak observation of
the 3646 cm~! signal with >1.7 ratios.

As observed in previous works [47,59,60] bands 422 and
525 cm~? correspond to the 0—Al—0 and Al—O—Al (AlQO4, AlOs,
AlOg) bending vibrations and are associated respectively with
the C,AHg (2Ca0-Al,03-6H;,0) and the dehydration product
CAHg (2Ca0-Al,03-6H;0). Both signals can be found in sam-
ples M and G. Kapeluszna [59] states that this band signal is, in
any case, not particularly visible or very weak, as is the case in
the MO, MA, MOC, MAC and almost all G samples except for GC.
The signal observed at 530, 564-600 cm™~! can be attributed to
two bands or splitting peaks associated to the stretching vibra-
tions of the AI-OH bonds of the Al(OH)¢ octahedra related to
unreacted Al from M and G.

Another point to note is that the signal located between
788 and 800 cm ™1, attributed to Friedel’s salt (3CaAlCaClH) as
a crystal structure and chemical combination of Cl~. For sam-
ples with M, the addition of nanosilica decrease the presence
of Friedel’s salt and for G only in the sample without nanosilica
is clearly identify Friedel’s salt. Therefore by FTIR analysis FS
can only be confirmed in the MC, MOC and GC samples. This
can be due to that samples with G, which results in a more
intense silicate or silico-aluminate formation activity in the
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Fig. 2 - Low and high frequency FTIR analysis of the different mixtures prepared for 7 days and 21 days.

presence of Cl-, also forming Hydrotalcite, hydration prod-
uct in G blends with high capacity to binding chloride ions.
As an atypical situation, in the specific case of MOC samples,
the addition of nano-silica seems not to be an impediment
for Friedel’s salt formation, although the signal intensity is
clearly lower. The FTIR analysis then confirms the previous
XRD observations by asserting that there are overlaps around
11.2 and 11.6° 26.

When observing in detail in Fig. 2b, two signals within
1420-1450cm~! and 876-880 cm™! are distinguished, belong-
ing to vy of the C—O bond of the CO32-b carbonate. These are
non-stable areas of Al-0 bonds [53,64] associated with the car-
bonation of the gels in a natural way, which are enhanced in
the presence of Cl™, as in the case of MC, MOC, MAC and all

G, except for the GOC samples where the feature is observed
with less intensity.

Another issue to note is the presence of water at 1645 cm—1.
Kapeluszna [59] determines that its presence corresponds to
the O—H bending vibration whereas the 3500 cm~? signal cor-
responds to the O—H stretching vibration. These signals are
somewhat diffuse and indicate weakly crystalline or amor-
phous phases which may confirm the presence of some
hydrated aluminosilicates.

Finally, it should be noted that the M combinations are
more likely than the G combinations to polymerise the Si
present in the solution. As a direct consequence, the probabil-
ity of forming C—A—S—H gels with M due to the incorporation
of AlOy4 in its structure is higher. However, it should be noted
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that this gel formation potential may vary depending on the
morphology and structure of the Al present in the M.

These statements are in agreement with the work of
Kapeluszna et al. [59] and can be verified by the data in Fig. 2.
This shows that the origin and type of materials can give rise
to hydration products, CI~ combination and modifications of
these after incorporation into the PC.

Thermal analysis (DTA-TG)

The TG test shows the mass loss in time and tempera-
ture in a decreasing trend. Therefore, in order to determine
these changes, the thermos-gravimetric derivative DTG is per-
formed, allowing a better resolution on the TG-plot. The DTG
results are quantitatively analysed by studying three typical
endothermic contribution zones corresponding to hydration
reactions.

For the first zone, the dehydration of C—S—H or C—(A)—S—H
gels such as hydrated calcium silicates and hydrated calcium
alumino-silicates is analysed according to the Al content and
is set at the interval from 105 to 250°C. The second zone, is
between 250 and 400 °C corresponding mass loss for Friedel’s
salt water [21] according to others authors [5,13] describe
thermal signals where the formation of synthesised Friedel’s
salt appears and can be overlapped with other hydration
products delimited by the 230-400°C zone as an extended
range [13]. In this thermal range takes place the dehydrox-
ilation of the main sheets in Friedel salt. Peak between 400
and 550°C corresponding to the dehydration of portlandite
[65]. The last zone, at higher temperatures than 550°C, cor-
responds to the carbonation of the gel and portlandite such
the possible presence of another carbonates as raw materi-
als, and is located between 550 and 1100°C [65]. According
to literature, carbonated portlandite corresponds to 41 wt.%
of total carbonates. In this respect it should be noted that
potential Friedel’s salt dehydration coincides in the first zone
with typical signals at 110°C, 180 °C and approximately 330°C
with overlapping signals from other types of hydration prod-
ucts such as carbo-aluminates [53]. This weight loss is due
to the removal of water molecules in the interlayer space
and this process results in a product with reduced crys-
tallinity 3Ca(OH),—2AI(OH)3-CaCl, [13,47]. Although there are
discrepancies about the dehydration of Friedel’s salt being in
the dehydration zone of the gel, clear or split signals have
been observed in this experiment between 250 and 400°C
[13,65-69]. Therefore in samples with M and G the quantifi-
cation at lowest temperature range (105-250°C) is performed
to observe the changes in gel formation in the presence
of NS and chlorides for each addition, since at tempera-
ture around 135°C takes place water removal in Friedel’s
salt. Fig. 3 shows the DTG of the G samples combined with
the nanosilica and chlorides and furthermore compares six
graphs with and without chlorides plus Ca(OH), separated in
pairs.

In the specific case of the G samples, a very significant
amount of hydration products can be observed in the gel
zone at a temperature around 221°C associated with AFm or
carbo-aluminates [54]. Temperatures of 406 °C and 450-550°C,
which can be associated with a Ca(OH),-like structure, are also
interesting, although it could be merely its leaching during

the agitation process. The presence of nanosilica produces
a narrowing of the carbonation zone compared to sample
G. A significant formation of high-temperature carbonates
(850-1100°C) is also observed, which are directly associated
with the incorporated Cl—.

By incorporating Cl-, which is represented by a red line
for each pair of graphs (Fig. 3), the hydration of the G is sig-
nificantly modified, which apparently leads to an increase in
C—S—H or CAH formation between 140 and 150 °C. Contrary to
the XRD and FTIR data, the thermal analysis shows a possible
formation of Friedel’s salt around 340-350°C.

Table 4 shows the percentage of loss for each G combi-
nation and this information agrees with what is observed in
Fig. 3. There is a clear tendency to form more gels or hydration
products in the 105-250°C zone when nanosilica is incorpo-
rated and a same trend in the rate of carbonate formation. CI~
addition decreases considerably C—S—H and C—(A)—S—H gels
for samples with G with and without nanosilica. C—S—H and
C—(A)—S—H gels contain increases regardless of the addition
or not of chlorides. In the 250-400°C temperature range it is
not take account the weight losses in samples in absence of
chloride since Friedel salt it is not possible to form it. Nanosil-
ica addition to G increases the chemical binding capacity of
chlorides of the blends since significantly increases its for-
mation for both nanosilicas. Moreover, according to much
higher weight loss between 550 and 1100 °C associated to car-
bonates, it is really remarkable that added chlorides displace
carbonates in carboaluminates phases to form Friedel’s salt
(3Ca0-Al,03-CaCl,-10H) and calcium carbonate. This carbon-
ates are release as CO, at higher temperature according to
Figs. 3 and 4. This exchange is higher for samples with M than
for G ones and supposes an increase in the weight loss associ-
ated to carbonates between 2-6 and 5-9 times more for G and
M respectively according to Tables 4 and 5. According to liter-
ature [67-69], samples carbonation destabilises Friedel’s salt
and according to this study the chloride addition displace car-
bonates in carboaluminates to form Friedel’s salt. Therefore
can be stablished to exist a reversible equilibrium conditioned
between the formation of Friedel’s salt that chemically com-
bines chlorides or destabilization of this phase by carbonation
depending on the exposure to chlorides or carbonation in the
environment.

According to Table 5, samples containing M presented a
very different behaviour. In this case the experimental results
showed that the hydration of the silicoaluminates were more
noticeable with respect to the samples with G. In the same
way that blends with G and nanosilica, the nanosilica addition
to samples with M decreases the gel C—S—H and C—(A)—S—H
gels and in a very drastic way in the sample without nanosil-
ica, with a decrease of 50 wt.%. Unlike the samples with blast
furnace slag in which the addition of nanosilica increases
the gel formation it is important emphasise that in blends
with metakaolin when nanosilica is added the C—S—H and
C—(A)—S—H gels decreases. It is very important to note that the
comparison of the total gel content formed in blends with M
and G cannot be carried out because the amount of metakaolin
and slag used in the preparation of the different samples has
been determined so that the content of alumina, involved in
the formation of Friedel’s salt is the same being this point the
main objective of this research work. For example silica con-
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Table 4 — Weight loss of samples with G in different temperature ranges associated with the three zones for chloride-free

and chloride-containing mixtures.

T¢ (°C) range/associated weight loss G% loss GO% loss GA% loss GC% loss GOC% loss GAC% loss
105-250/(C—S—H, C—(A)—S—H) gels water 5.79 7.49 7.06 4.01 6.68 6.90
250-400/water in Friedel’s salt = - - 3.00 4.24 4.18
400-550/dehydration of portlandite 2.18 2.47 2.49 2.47 2.73 2.88
550-1100/carbonates 3.17 1.93 1.63 7.46 8.99 10.22
(550-1100) x 0.41/carbonated portlandite 1.30 0.79 0.67 3.06 3.68 4.19

Table 5 - Weight loss of samples with M in different temperature ranges associated with the three zones for chloride-free

and chloride-containing mixtures.

T¢ °C range/associated weight loss M %loss MO %loss MA %loss MC %loss MOC %loss MAC %loss
105-250/(C—S—H, C—(A)—S—H) gels water 9.03 6.14 5.50 4.64 421 3.85
250-400/water in Friedel’s salt = - - 3.07 2.04 1.12
400-550/dehydration of Portlandite 0.87 0.67 1.79 2.08 3.17 1.69
550-1100 (carbonates) 0.68 0.56 0.86 5.20 5.36 4.69
(550-1100) x 0.41 (carbonated portlandite) 0.28 0.23 0.35 2.13 2.20 1.92

tain in samples with G is approximately 2.7 times higher than
in blends with M.

In relation to the effect of nanosilica in the carbonation
process of M and G, carbonation process is different according
to observed in the graphs. Weight loss associated to carbon-
ates release as CO, for samples with metakaolin takes place
around 750-950°C and between 850 and 1100°C for samples
with G according to Figs. 3 and 4. The addition of chlorides
favour that blends release carbonates displaced or substituted
by chlorides to form Friedel salts in samples with and without
nanosilica. The signal at approximately 170°C could indicate
the formation of Strantlingite [70] as was clearly observed as
individual band in samples without nanosilica (M, G) or with
nanosilica OX (GO) or overlapped in samples MO, MA and GA.

From a more general perspective, in view of these results
it can be said that the addition of nanosilica has shown a
negative influence in the M blends compared to the G blends
with regard to the ability to generate C—S—H and C—(A)—S—H
gels such as the chlorides addition negatively affects to gel
formation, being more significant for blends with M than for
G ones and more for reference samples without nanosilica
added. Apparently, the incorporation of Al into the C—A—S—H
gel could lead to an increase of bound water in the gel [59],
however it has been observed throughout this experimental
study that this water is a consequence of the effect of the
nanosilica in the case of samples with G not so in M ones.
It has also been observed that G shows a higher tendency to
form CAH hydration products or carbonates [40,49]. A quan-
tification of the mass fraction of the Friedel’s salt (mFS (wt.%))
canbe calculated by Eq. (1) [13,68,69] in order to estimate which
addition has the highest Friedel’s salt formation capacity and
thereafter compare the results by DTG and other techniques.

mFS (wt.%) = ( MFS

S o) x MH,0 (1)

where MFS is the molecular weight of Friedel’s salt
(561.3g/mol), MH,0 is the molecular weight of water
(18.02 g/mol) and mH,0 is the TGA mass loss for Friedel’s
salt water at the peak in the range (250-400°C) [13,21] in
the DTG curve. The values calculated by Eq. (1) are shown

in Table 6 for weight losses associated to Friedel’s salt in the
range 250-400 °C for samples exposed to chlorides, according
to Figs. 3 and 4.

Al,03 contain is related to FS formation and to carry out
the comparison between the capacity of formation of M and
G such as the influence of nanosilica addition in the chemi-
cally bound of C1~ all the blends have the same Al,03 contain.
Table 6 shows that the formation of Friedel’s salt (FS) have the
same tendency that C—S—H and C—(A)—S—H gels formation,
where the addition of nanosilica to metakaolin decrease the
FS formation being this behaviour opposite for blends with
G, in which nanosilica addition favour FS formation. Point to
the similar FS formation capacity between M and G reference
samples. To combine chemically chlorides by FS formation is
slightly better use lower surface nanosilica O.

From the results obtained by the techniques previously
described such XRD and FTIR, very few Friedel’s salt or none
was observed in the GC, GOC and GAC samples, hence this
water loss could be associated to another type of combina-
tion, such as physisorption in the interlayers of the C—S—H
gel [26,28,64] although DTA-TG analysis has allowed quan-
tify FS formation according to literature. Hydrocalcite could
be included in this loss since the range of loss lies between
300 and 400°C [55,56]. In XRD the typical Hydrocalcite peaks
could be observed for samples with G, so this could be a logical
explanation for this case.

Chlorides contain determined by potentiometric titration
with AgNO3

Numerous previous works show the presence of combined
chlorides at different depths from the exposed surface of vir-
tually any type of concrete. In this work the free interaction
of combinations of M and G with nanosilica was promoted to
observe the reaction of this additions in a Ca(OH); saturated
medium and incorporating Cl~ in a controlled environment.
In this experimental study the volume of total, free and com-
bined chlorides generated with each pozzolanic addition and
blends have been measured. As a novel contribution, in this
work the combined chlorides are quantified, distinguishing
those chemically combined as Friedel’s salt from those phys-
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Table 6 - Quantification by DTA-TG analysis of Friedel’s salt (FS) formed in a temperature range between 250 and 400°C

and chlorides chemically combined contained in FS.

M-C M-0-C M-A-Cl G-Cl G-O-C G-A-C
wt% loss (water in Friedel’s salt) 3.114 1.836 1.117 2.862 4.156 3.999
Moles FS 0.02839 0.01698 0.010335 0.026477 0.038445 0.03699
wt.% Cl~ chemically combined in FS 2.04192 1.2043 0.73279 1.87726 2.72576 2.62268

Table 7 - Total, free and combined chlorides in the mixtures prepared with M and G alone and with both nanosilica after

21 days in agitation.

Sample Total Cl~ (wt.%) Free Cl~ (wt.%) % of free Cl Combined Cl wt.% (FS and % of combined CI  Rate combined
physisorbed in gel C—S—H Cl/free Cl
and C—(A)—S—H) =total
Cl-free Cl

MC 5.76 2.18 37.85 3.58 62.15 1.64

MOC 5.44 2.47 45.40 2.97 54.60 1.20

MAC 6.28 3.32 52.87 2.96 47.13 0.89

GC 3.90 1.47 37.69 2.43 62.31 1.65

GOC 5.41 2.73 50.46 2.68 49.54 0.98

GAC 6.00 3.17 49.35 3.00 50.65 1.03

ically combined, physisorbed in the C—S—H or C—(A)—S—H
gel, since there are very few previous works that have stud-
ied so. This experimental results could be of great interest
to assess which addition and combination would present a
greater potential for the generation of free chlorides that
can induce corrosion of concrete reinforcement. Furthermore,
these results can also provide valuable information about the
combining capacity and its stability against environmental
phenomena such as carbonation, of the additions studied.

Table 7 shows the results for total, free and combined chlo-
rides obtained by potentiometric titration with AgNOs. The
presence of combined chlorides should not pose a risk for cor-
rosion in reinforced concrete, since they are not free to react.
Among the combined chlorides can be distinguished between
those physisorbed in gels and those chemically bound, par-
ticularly as Friedel’s salt, the latter being more stable. The
MAC and GAC samples have the highest percentage of total
Cl~ while the GC shows the lowest amount of total Cl~ in per-
centage. Free Cl~ values showed a very similar trend to the
total C1~ values. When homogenising the results in percentage
amounts with respect to the mass of total Cl-, it is observed
that the percentage of free chloride is practically the same
for MC and GC samples. Combined chlorides in Friedel’s salt
and physisorbed in C—S—H and C—(A)—S—H show the same
tendency that the results obtained in the DTA-TG analysis.
For blends with M, chloride binding capacity decrease with
the addition of nanosilica and for samples with G the com-
bined chlorides is greater for samples with nanosilica than
for one without it. It is important point to that both samples
without nanosilica (M and G) show the highest % of com-
bined chlorides and the highest rate combined chlorides vs
free chlorides. Free chlorides, the type that can cause a corro-
sion problem, are identical in wt.% for both M and G blends
and increase slightly up to 50 wt.%, when nanosilica is added
in both additions.

Once the combined chlorides are obtained from the poten-
tiometric titration, the comparison quantification of chlorides
in the Friedel’s salt obtained by ATD-TG and titration is carried
out.

As is well known, given the free chloride values, the
percentage of combined Cl~ can be estimated by the differ-
ence between total and free chlorides. The result obtained
would apparently indicate that both pozzolanic additions
without nanosilica have similar capacity of FS formation.
The comparison between combined chlorides determined by
potentiometric titration and FS quantified by DTA-TG indi-
cates that both analysis techniques are in agreement. The
trend between combined chlorides determined by titration
and Cl~ bounds in FS, quantified by DTA-TG analysis are
in agreement when nanosilica is added, being this tendency
opposite, increasing for samples with G and decreasing for
M blends. However, when these results were confronted with
techniques of semiquantitative analysis such XRD and FTIR,
the chemical combinations similar to Friedel’s salt have only
been verified in the case of MC sample. Combined chlorides in
FS for samples with M clearly tend to decrease when nanosil-
ica is incorporated: 57 wt.% of the Cl~ corresponds to Friedel’s
salt in the MC sample, 40% in the MOC and 24 wt.% in the
MAC. The level of Cl~ physisorption is high for the M but the
presence of Friedel’s salt is evidence of the chloride’s ability
to form a stable structure, retaining chlorides, improving the
resistance to Cl~ penetration in concrete. Unlike the samples
with M, blends with G increases combined chlorides in FS and
this increase is maintained even for samples that contain NS:
77 wt.% of the Cl~ corresponds to Friedel’s salt in the GC sam-
ple, 100% in the GOC and 87 wt.% in the GAC. Compared to
M blends, in samples with G the level of C1~ physisorption is
low showing that G has a very high capacity to form Friedel’s
salt, a stable crystalline structure that bound Cl~ in a struc-
ture, retaining them, improving the resistance to penetration
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Table 8 - Quantification of combined chlorides, chemically combined in FS and physisorbed in C—S—H and C—(A)—S—H

gels for mixtures with M and G according to Cl~ combined determined by potentiometric titration and Cl~ in Friedel’s salt

quantified by DTA-TG analysis.

Wt.% combined Cl~

Wt.% CI~ in Friedel’s salt (% of combined CI)

Wt.% physisorbed Cl~ (% of combined CI~)

MC 3.58 2.04 (56.98)
MOC 2.97 1.20 (40.40)
MAG 2.96 0.73 (24.66)
GC 243 1.87 (76.95)
GOC 2.68 2.72 (100)

GAC 3.00 2.62 (87.33)

1.54 (43.01)
1.77 (59.60)
2.23 (75.34)
0.56 (23.05)
—0.04
0.38 (12.64)

in concrete. All these effects translate into improvements in
performance and durability that could be promising for these
combinations.

As canbe seenin Table 8, NS plays an antagonistic role with
M as the O and A additions reduce Friedel’s salt formation by 17
and 32% respectively and a synergistic effect in chemical C1~
combination in blends with G and nanosilica with increases
of 23 and 12% for the addition of O and A respectively.

Conclusions

This research was carried out with a future goal of decreas-
ing the rate of Portland cement production and generating a
positive environmental impact by promoting the use of SMCs
to improve the lifetime of structures exposed to aggressive
agents such as chlorides. The chloride binding capacity of
mixtures with sustainable additions such as M and G was
assessed according to their origin. Blends were designed with
different amounts of M and G but with a constant Al,O3 con-
tain, involved in the chemical Cl~ combination by formation
of Friedel’s salt to which two types of nanosilica with differ-
ent specific surface areas in an aqueous phase saturated in
calcium hydroxide. The following conclusions can be drawn:

- The DTA-TG analysis is a very useful tool for quantify
hydration products such as C—S—H and C—(A)—S—H gels,
portlandite and results as an essential, simple and avail-
able technique, complementary to XRD semiquantitative
analysis, to determine the chemical combination capacity
of chlorides by quantifying the formation of Friedel’s salt
(3Ca0 Al,05-CaCl,-10H;0).

- Nanosilica addition to samples with M and G regardless of
the specific surface decreases gels C—S—H and C—(A)—S—H
formation, more noticeably for samples with M.

- According to total chlorides determined by potentiometric
titration and chemically combined chlorides contained in
the Friedel’s salt by DTA-TG analysis it is possible to esti-
mate physisorbed chlorides in C—S—H and C—(A)—S—H gels
by the difference between both amounts.

- M compared to G has shown higher physisorbed chlo-
rides combination capacity in gels although the capacity of
Friedel’s salt formation (chemical binding) is very high for
both pozzolanic SCMs.

- Nanosilica addition to M, regardless nanosilica specific sur-
face, decreases Friedel’s salt formation capacity, being this
trend opposite to what happens when chlorides are added
to blends with G and nanosilica.

- Chlorides addition meaningfully replaces carbonates in
carboaluminates phases to form Friedel’s salt, being this
exchange higher for samples with M than for G blends.

This result is very valuable for the design of Portland
cement base materials, the high chloride binding capacity of
M and G sustainable pozzolanic additions in agreement to the
high Friedel’s salt formation capacity related with a high dura-
bility behaviour against a very important aggressive agents
such is chloride. In contrast, nanosilica limit the ability of M to
combine chlorides, which is associated with the high specific
surface area of NS and the different Al,03 structure although
itis demonstrated that this pozzolanic nanoaddition improve
the pore refinement or densification of the microstructure.
M is actually a very important SCM material used to design
sustainable cement based materials decreasing the clinker
contain such as LC3? (limestone calcined clay cement) and
therefore reducing CO, emissions.
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