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Abstract: Incorporation of heavy metal ions in cement hydrates is of great interest for the storage and
immobilization of toxic, hazardous, and radioactive wastes using cementitious matrix. Magnesium
silicate hydrate (M-S-H) is a low pH alternative cementitious binder to commonly used Portland
cement. Low pH cements have been considered as promising matrix for municipal and nuclear
waste immobilization in the last decades. It is however crucial to assure that the incorporation of
secondary ions is not detrimental for the formation of the hydration products. Herein, we investigate
the early stages of formation of M-S-H from electrolyte solutions in presence of a wide range of
metal cations (LiI, BaII, CsI, CrIII, FeIII, CoII, NiII, CuI, ZnII, PbII, AlIII). The final solid products
obtained after 24 h have been characterized via powder X-ray diffraction (PXRD), attenuated total
reflectance-Fourier transformed infrared spectroscopy (FTIR-ATR), elemental analysis via energy-
dispersive X-ray spectroscopy (EDX), scanning electron microscopy (SEM), and high-resolution
transmission electron microscopy (HR-TEM). In all the experiments, the main precipitated phase
after 24 h was confirmed to be M-S-H with a ratio (total metal/Si) close to one. The obtained M-S-H
products showed strong immobilization capacity for the secondary metal cations and can incorporate
up to 30% of the total metal content at the early stages of M-S-H formation without significantly
delaying the nucleation of the M-S-H. It has been observed that presence of Cr, Co, and Fe in the
solution is prolonging the growth period of M-S-H. This is related to a higher average secondary
metal/total metal ratio in the precipitated material. Secondary phases that co-precipitate in some
of the experiments (Fe, Pb, Ni, and Zn) were also effectively trapped within in the M-S-H matrix.
Barium was the only element in which the formation of a secondary carbonate phase isolated from
the M-S-H precipitates was detected.

Keywords: low pH cement; magnesium-silicate-hydrate (M-S-H); waste immobilization

1. Introduction

Immobilization of heavy metal ions in cement is of great potential for the long-time
storage of toxic, hazardous, and radioactive substances originating from industrial pro-
cesses and incineration of municipal waste [1]. The storage of waste always faces a po-
tential threat of pollutants release and contamination of the environment when deposited
in landfills without sufficient pre-treatment. Cementation is a well-established solidifica-
tion/stabilization (S/S) method used to immobilize of hazardous, toxic, and nuclear waste
in solid form [2–7]. A simple processing technique for treating liquid and solid waste helps
to minimize the potential migration of hazardous substances and reduces the volume of
the disposal units [8]. The availability and the relatively inexpensive nature of the raw
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materials are the key advantages of cement-based S/S methods [9]. The contaminants are
encapsulated during the hydration and the hardening of the cementitious materials. The
immobilization of metal ions using Portland cement (PC) as encapsulating agent includes
chemical and physical mechanisms [10–12]. The physical processes include the immobi-
lization of contaminants through sorption at the surface of the calcium silicate hydrate
(C-S-H), the main hydrated product of PC. This mechanism is playing a relevant role in
cements that present high surface areas (50–200 m2/g) and high number of unsaturated
sites [13,14]. On the other hand, chemical immobilization relies on the incorporation of
the ions into the cement matrix/crystal structure itself. This approach aims to change
the chemical configuration of the pollutant to achieve materials with lower solubility
and reduced hazardousness [15–17]. Reducing the potential for harmful environmental
impact of waste disposal through chemical fixation represents a sustainable approach.
Nevertheless, the distinction between purely chemical and purely physical encapsulation
is not straightforward, since heavy metals can interact with the cement paste in different
ways (e.g., adsorption, chemisorption, precipitation, ion-exchange, passivation, surface
complexation, inclusions, and chemical incorporation) [18].

To develop an appropriate technology for immobilization of toxic materials, parame-
ters like the resistance against an aggressive environment and the chemical compatibility
with the waste are essential [19]. As the properties of the wastes vary regarding their
composition, the requirements of the cement must be adapted to the specific chemical char-
acteristics. For instance, the highly alkaline porewater in commonly used Portland cement
causes high corrosion of metals leading to an undesired H2 generation [20]. Although
Portland cement (PC) is known to immobilize metal wastes as precipitated hydroxides,
the stability of those highly depends on the internal pH values and therefore, preventing
amphoteric substances from leaching is a severe issue for PC due to its high pH (>12) [3].
For instance, the optimal pH value where cement shows the highest retention of metals
from fly ash waste lays in between 9 and 11 [6], and therefore the alkaline character of the
pore solution during hydration of Portland cement could be unfavorable. Another impor-
tant issue regarding the use of Portland cement as encapsulating material is that metal
ions have been shown to retard the hydration process that yields calcium silicate hydrate
(C-S-H) [21]. Regarding the mechanical properties at macroscopic scale, the addition of
doping ions to PC has been suggested to alter the bonding strength of the silicate chains of
the formed C-S-H, leading to significant reduction of the compressive strength [22].

A potential encapsulating material that meets the pH requirement is magnesium
silicate hydrate (M-S-H). Its relatively low pH (~ 9 to 11) makes it a promising host material
as most heavy metals typically show the lowest solubility in the pH range between 9 and
12 [23]. M-S-H is a magnesium-based cementitious binder analogue to the main products of
PC hydration reactions (C-S-H). In the last years, it has caught the attention of researchers
as a potential environmentally friendly alternative to ordinary PC [24–28]. In addition to
its potential use as a low carbon cement, the suitability of M-S-H for the encapsulation of
amphoteric species of waste have also been in focus of various investigations [20,29–31].

The existence of natural magnesium silicate hydrates formed through dissolution
and reprecipitation processes of ultramafic rocks suggests the sufficient durability needed
for long-term encapsulation [32,33]. M-S-H is also formed upon perturbation of low-pH
cement in contact with clayey environment [34]. Regarding incorporation of contaminants,
natural magnesium silicate minerals such as sepiolite have demonstrated their ability
to entrap heavy metal ions and hazardous organic compounds [35,36]. In addition, U,
Al, Sr, 133Cs, and Mg from Magnox sludge have been effectively absorbed by synthetic
magnesium silicate [20,37–41]. Although there are studies on the characterization of M-S-H
cement formed in the presence and absence of several inorganic additives, to the best of
our knowledge no detailed description of the early stages of M-S-H crystallization from
solution in the presence of metals has been attempted.

The scope of this study is to investigate the crystallization of M-S-H from electrolytic
solutions in presence of different metal ions. Based on titration experiments, a first under-
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standing of the early M-S-H formation, especially on retarding and accelerating effects of
secondary metal ions on the crystallization of the cement is presented here. The precipitates
obtained after the experiments were characterized by powder X-ray diffraction (PXRD),
attenuated total reflectance-Fourier transformed infrared spectroscopy (FTIR-ATR), elemen-
tal analysis via energy-dispersive X-ray spectroscopy (EDX), scanning electron microscopy
(SEM), and high-resolution transmission electron microscopy (HR-TEM) and compared
with the pure M-S-H reference (with a Mg/Si ratio of approximately one). Understanding
how different metal ions affect the early crystallization (24 h) of M-S-H from solution and
obtaining insights into the incorporation mechanism is crucial to further validate the use of
M-S-H as encapsulating material depending on the specific composition of the waste.

2. Materials and Methods
2.1. Materials

Magnesium chloride anhydrous (Sigma Aldrich, Steinheim, Germany (9003-04-7)),
sodium metasilicate nonahydrate (Sigma Aldrich, Steinheim, Germany (13517-24-3)) were
used as received. For the experiments carried out in the presence of secondary metal cations
the following reactants have been used as received: lithium chloride (VWR Chemicals,
Leuven, Belgium (7447-41-8)), cobalt(II) chloride hexahydrate (Sigma-Aldrich, Steinheim,
Germany (7791-13-1)), iron(III) chloride hexahydrate (Carl Roth, Karlsruhe, Germany
(10025-77-1)), lead(II) chloride (Carl Roth, Karlsruhe, Germany (7758-95-4)), chromium(III)
chloride hexahydrate (Carl Roth, Karlsruhe, Germany (10050-12-5)), aluminum chloride
hexahydrate (Fluka, Sigma-Aldrich, Steinheim, Germany (7784-13-6)), zinc chloride (Sigma-
Aldrich, Steinheim, Germany (7646-85-7)), barium chloride dihydrate (Riedel-de Haen,
Seelze, Germany (10326-27-9)), caesium chloride (Merck, Darmstadt, Germany (7647-17-
8), copper chloride dihydrate (Merck, Darmstadt, Germany (10125-13-0), nickel chloride
hexahydrate (Sigma-Aldrich, Steinheim, Germany (7791-20-0).

2.2. Precipitation Experiments

Crystallization/precipitation experiments were performed using a computer-controlled
titration setup supplied by Metrohm (Filderstadt, Germany) with corresponding software
(TiAmo® 2.3). The setup consists of two Titrando (Titrando 905, Metrohm No. 2.905.0020)
connected to two Dosino devices (Dosino 800, Metrohm No. 2.800.0010) with two 2 mL
burettes dosing units (807, Metrohm No. 6.3032.120). For in-situ monitoring of the reaction
progress, the setup was equipped with a pH electrode (Metrohm No. 6.0233.100), a con-
ductivity probe (Metrohm No. 6.0915.130, with Conductivity Module 856) and a turbidity
sensor (Metrohm Optrode No. 6.1115.000).

In a typical crystallization/precipitation experiment, two electrolyte solution (burette
1 = MgCl2 and burette 2 = Na2SiO3) with a concentration of 50 mM, were added simultane-
ously to 50 mL of double deionized water (Milli-Q, resistivity >18.2 MΩ cm) at a dosing rate
of 50 µL/min. In the experiments involving the secondary metal cations, a new solution
of 10 mM of the corresponding metal salt and 50 mM of MgCl2 was prepared and stored
in burette 1 while the sodium metasilicate solution in burette 2 was not modified. Like
in the metal-free experiments, both burettes added the solutions simultaneously during
the experiments to the reaction vessel containing 50 mL of double deionized water. The
experiments were conducted for a minimum time of 24 h. The solution was stirred at
750 rpm to guarantee homogeneous distribution. To prevent carbonation the Teflon vessel
was sealed and purged with Argon continuously during the duration of the experiments.
The collected precipitates were centrifuged after experiments and washed twice with dou-
ble deionized water (Milli-Q, resistivity >18.2 MΩ cm). The product was cured at 50 ◦C
under/at room/standard atmosphere for 48 h and stored in sealed vials inside a desiccator
with silica gel at room temperature. For ex-situ analysis the powder samples were prepared
as explained below for each technique.
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2.3. Ex Situ Analytical Methods

Thermogravimetric analyses (TGA) were carried out on ground powder samples
(approx 20 mg). TGA Netzsch STA 449 F3 Jupiter thermo-gravimetric analyzer (NETZSCH-
Gerätebau GmbH, Selb, Germany) was employed in a temperature range from 30 to 1000 ◦C
with a heating rate of 10◦/min. Characterization of the crystallinity of the precipitates
was performed using a D8 Discover (Bruker AXS GmbH, Karlsruhe, Germany) X-ray
diffractometer equipped with Cu Kα radiation (λ = 1.5405 Å) at 2θ range between 0 and
75◦ and a scanning rate of 0.016◦ 2θ s−1. Fourier transformed infrared spectroscopy—
attenuated total reflectance (FTIR-ATR) was recorded using an Agilent Cary 630 FTIR
(Agilent Technologies, Waldbronn, Germany) spectrometer equipped with diamond crystal
ATR sampling accessories. Spectra were recorded from 650 to 4000 cm−1. Eight scans were
performed for each spectrum with a spectral resolution of 1 cm−1.

Electron microscopy characterization of the final precipitates after experiments was
done by scanning electron microscope (SEM) and transmission electron microscope (TEM).
SEM imaging was performed using a Zeiss Gemini SEM 500 electron microscope (Carl
Zeiss GmbH, Oberkochen, Germany) operated at 2 kV without prior coating of the material.
A comparable amount of precipitate for each experiment was deposited on a carbon tape
for SEM imaging and elemental analysis.

Semi-quantitative energy-dispersive X-ray diffraction (EDX) analysis were carried
out using Zeiss Gemini SEM 500 electron microscope (Carl Zeiss GmbH, Oberkochen,
Germany). Analysis was performed at 20 keV accelerating voltage. In these analyses, the
spectra are compared with data collected from standards of the manufacturer of the EDX
system and stored within the system software. For each sample, EDX- spectra was collected
in 50 different points. Acquisition time was 30 s for each point.

High resolution TEM analysis were performed using a FEI Titan (FEI Europe B.V.,
Eindhoven, Netherlands) operated at 300 kV. M-S-H powders were dispersed in ethanol
and carbon coated TEM grids were dipped into the solution and dried in air (60 s) prior to
plasma cleaning (10 s). Selected area electron diffraction patterns (SAED) were taken using
a 10 µm−1 aperture collecting data on a circular area of 0.2 µm in diameter. Elemental
mapping was performed using scanning transmission electron microscopy (STEM) mode
with a Super X EDX detector (FEI), composed of four windowless SSD detectors. The
scanned areas were also imaged using a high angle annular dark field detector (HAADF).

Inductively coupled plasma optical emission analysis, Agilent Varian, 700 ES (Agilent
Technologies, Waldbronn, Germany) was carried out in partially dissolved M-S-H samples
to quantify the ratio Mg/metal for the different experiments, and 2.5 mg of the sample was
dissolved in 10 mL of 1 M HCl and stored for 2 weeks to ensure complete dissolution of
the metal components.

3. Results
3.1. Precipitation Experiments

In the conducted experiments, the nucleation and precipitation of M-S-H from su-
persaturated solution was triggered by the simultaneous addition of magnesium chloride
solution with a secondary metal cation and silicate bearing solutions into Milli-Q water.
Scoping calculations with Phreeqc [42] suggest that the presence of the considered concen-
tration of secondary metal cations should not have a large effect on the solubility conditions.
The slight changes in the supersaturation of a magnesium silicate hydrated phase (sepi-
olite) used as a model M-S-H phase can be neglected based on Phreeqc thermodynamic
calculations (results not shown). The SIsepiolite was calculated to be about ~8 at 1000 s (prior
nucleation) for all the simulated experiments in the presence of the secondary metal cations
and in the reference experiments.

The onset and advance of the crystallization were monitored by pH and transmittance
measurements (Optrode). The pH and transmittance data for the reference experiments are
plotted versus the magnesium and silicate concentration in solution in Figure 1a. The plots
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represent the averaged values of pH and transmittance measurements from at least two
independent experiments.

In the pre-nucleation stage, the pH increased from pH 6 (Milli-Q water) to around
10.7 due to the addition of Na2SiO3 solution. Upon reaching a critical concentration of
Mg2+ and silicate species in the media, the nucleation of M-S-H occurred (referred as
“nucleation onset” in Figure 1). This was clearly marked by the maximum value of the pH
(Figure 1a, blue line) and the decrease in the transmittance of the solution (Figure 1a, dark
grey line). The signal of the transmittance curve was at the maximum at the beginning
of the experiments, indicating a clear solution without the presence of particles. Upon
nucleation, the fall of the transmittance curve was caused by the increase of the turbidity of
the solution/dispersion in which the light can no longer be fully registered by the Optrode
due to the scattering by the newly formed M-S-H particles.

After the (quasi-linear) decrease in the transmittance of the solution, the curve ap-
proached a constant level by the end of the experiments. The period between the first drop
of the transmittance and the reach of the plateau level is referred as “growth period” in
this study. The decrease in the transmittance is explained by both increase in the number
M-S-H particles and the increase in size of the nuclei. Therefore, this growth period must
be considered only as a label for referring to the above-described part of the transmittance
curve since it is not possible to distinguish between the nucleation and growth processes
with the experimental techniques employed in this study.
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Figure 1. (a) Curve for transmission measurement (dark gray) and pH for a control experiment with marked nucleation
onset (dashed line on the left) and the end of the so-called growth period (dashed line on the right); (b) Nucleation onset and
growth period relative to reference experiment determined by transmittance measurements in presence of additive ions.

The influence of the different metal ions regarding the nucleation onset and the growth
period can be evaluated by comparing the evolution of the transmittance and pH between
the different experimental runs. Both values presented in Figure 1b are calculated relative
to the control run (tmetal/tcontrol). In any case, it is worth mentioning that the indication of
nucleation was slightly earlier detected for transmittance measurement comparing with
the pH electrode. Regarding the nucleation onset (Figure 1b, light blue column) no trend
in relation with the valency of the ions was visible as most of the titrations in presence
of secondary metal cations show a delayed onset of the nucleation of ca. 1.5 relative to
the control runs where no metals were present. Only Cr and Al involving experiments
displayed equal or premature onset compared to the pure system. However, comparing
the growth period of M-S-H (Figure 1b, dark blue column), the effects were distinct for the
different metals. While ions of alkali metal type (Li, and Cs) showed no significant effect,
prolongation of the growth period is evident for higher valence ions, with exception of Ba
and Pb. The most outstanding effect with a twofold or longer prolongation has been found
for the experiments in the presence of Fe, Co, and Cr. Interestingly, the prolongation of
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the growth period found in presence of Fe, Co, and Cr cations did not result in a delay of
nucleation for all of them. For the case of the experiments with Cr, the nucleation event
was even accelerated compared to the reference runs. The presence of Al also caused an
extension of the growth period of M-S-H while the onset of nucleation was not affected.

3.2. Ex Situ Characterization
3.2.1. FTIR

From FTIR spectra (Figure 2a and full spectra presented in Figure S1) the formation
of M-S-H in all samples could be demonstrated. The spectra exhibited a broad band
around 3600 cm−1 and a sharper but lower in intensity band at 1650 cm−1 associated
with H20 vibrations. A detailed view of the characteristic area for silicate vibrations from
1200–800 cm−1 is presented in Figure 2a. These different bands are a result of varying
interconnection degree of the silica tetrahedra (from Q0 where there are no bridging oxygen
atoms per tetrahedron to Q4 where the four oxygens are shared). The main band from 1100
to 950 cm−1 is related to the Si-O stretching vibrations of Q3 [27,28]. The fact that mainly
Q3 silicate sites have been observed in M-S-H confirms the layered silica structure like that
found in clay minerals. The band located around 950–870 cm−1 corresponds to the Q2

Si-O antisymmetric stretching vibration [25,43,44]. It is worth noting that the formation of
brucite (Mg(OH)2) with a characteristic band at 3698 cm−1 was neither detected by FT-IR
or XRD although the pH values were measured above 10.5.
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The FTIR spectra of M-S-H obtained in presence of secondary metal cations were
comparable to the FTIR of the M-S-H obtained in the control experiment (Figure 2a)
indicating the formation of M-S-H in all the cases. Only the Fe, Cr, and Zn containing
precipitates show a stronger overlap between the Q2 and Q3 bands than other samples
because of a shift of the Q2 band to higher wavenumber. In the meantime, a shoulder in the
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Q4 region (>1190 cm−1) appeared and the broad band at 615 cm−1 was less pronounced in
spectra obtained for the precipitates containing Cr and Al. In the case of product obtained
in the presence of Ba, weak bands in the range 1400–1500 cm−1 and 960 and 690 cm−1

pointed to impurities originating from carbonate groups.

3.2.2. PXRD

All the collected PXR diffractograms normalized to the reflection at 59.9◦ 2Θ are
presented in Figure 2b. The diffractogram measured for control experiment (i.e., secondary
metal-free scenario) displays the reflex peaks at characteristic regions, (20–26.7, 35, and
59.9) characteristic for M-S-H [25,27]. The broadness of the peaks and low signal intensity
indicated the nano-crystalline nature of M-S-H precipitates in most samples [45]. In general,
the low signal made it difficult to precisely identify all reflections below 25◦ 2Θ in most of
the samples.

Secondary phases co-precipitated in the some of the samples. In contrast to the control,
the pattern of the Ba and Pb containing samples showed defined additional reflections
indicating the presence of other crystalline phases apart from M-S-H. In the case of the Ba
sample, the presence of sharp peaks confirmed that barium carbonate [46] precipitated
along with the M-S-H. For the Pb containing sample, this was also the case and traces of
hydrated lead carbonate hydrocerrusite [47] appeared based on the XRD analysis. The
co-precipitation of carbonated phases evidenced that the continuous purging with Argon
used during the experiments did not completely suppress the diffusion of CO2 at the pH
range of our experiments. In the case of the Fe samples, some rather undefined peaks
merged from the typical pattern of M-S-H at 34.5, 35.25, and 39.35◦ 2Θ. However, due to
the low signal to noise ratio, identification of the co-precipitated Fe-phase was not possible
from XRD. The position of the reflection peak suggests the presence of iron oxide phase(s)
which was confirmed by SAED analysis by TEM on the obtained material (see below).

3.2.3. Thermogravimetric Analysis (TGA)

The TGA and the derivative of the weight loss are presented in Figure 3a,b respectively,
for the control sample together with the precipitates obtained in presence of secondary
metal cation. TGA of the control sample presented the corresponding multi-step mass loss
reported for synthetic M-S-H [27,28,48]. The first mass loss from 40 to 300 ◦C was associated
with the physically bound interlayer water and is strongly related to the drying methods
of M-S-H [28]. The weight loss in this region indicated a percentage of physically bound
water for the control M-S-H samples of ca. 16–17%. The second loss of mass from 300 to
790 ◦C was due to the evaporation of structurally bound water in the M-S-H in the form of
hydroxyl groups (Mg-OH, Si-OH). In this region, control experiments exhibited a loss of ca.
10–11 wt.%. Regarding the precipitates obtained in the presence of secondary metal cations,
(excepted for the Pb, Cr, and Al containing samples), the content of physically bound water
(30–300 ◦C) ranged from ca. 17 wt.% to 21 wt.% following the same water loss shape than
the control sample (metal-free). For those precipitates the second weight loss related to the
hydroxylation was also similar (both in % and in shape) to the control sample, indicating
that no clear proofs of extra specific hydroxide phases by TGA. The Ba containing samples
showed an additional last step over 790 ◦C, probably associated with the decomposition of
co-precipitated Ba carbonate phases.
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The Pb-containing samples contained only ca. half of the physically bound water and
half of the chemically bound water compared to M-S-H samples, while an additional small
last step over 800 ◦C was found.

For Al containing samples this step became broader and slightly shifted to higher
temperatures (shift about ~50 ◦C). At the same time, the second weight loss attributed
to the dehydroxylation seemed to occur at lower temperature. This could be due to the
presence of amorphous Al(OH)3 [49,50] and/or hydrotalcite [49].

Finally, the Cr containing samples showed a second weight loss centred at 175 ◦C
in addition of the physically water loss, probably related to the presence of amorphous
Cr(OH)3 and/or double layered hydroxide similarly to the precipitates obtained in the
presence of Al.

3.2.4. SEM

The precipitates obtained in the experiments were also analyzed by SEM to evaluate
possible morphological changes of the M-S-H particles when the secondary metal cations
were present during the crystallization. The typical M-S-H product with globular mor-
phology was obtained in most of the samples (Figure 4). Round particles with an elevated
size dispersion stick together to form larger agglomerates that were present in all the
precipitates [25,51]. For most samples, no difference in the structure and morphology of the
obtained material could be observed via SEM as they are all akin to the M-S-H formed in
the absence of secondary metal cations. The most distinct changes in the precipitates were
the presence of secondary crystals in Ba containing samples where larger micron-sized
crystals of barium carbonate (identified by XRD) were found together with M-S-H globules
(Figure 4d). In the case of the precipitates obtained in the presence of Al, the formation
of interconnected micrometre-sized lamellar structures that resemble desert-rose particles
was promoted, alongside M-S-H globules (Figure 4f).
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3.2.5. TEM

Due to the nanometre size of the individual M-S-H globules, TEM was used to further
investigate the precipitates regarding size, shape, and surface features. Agreeing with the
SEM analysis, the TEM micrographs (Figure 5a) depicts pure M-S-H as agglomerates of
poorly crystalline (Figure 5a, inset) spherical particles. A closer look (Figure 5b) reveals
that the surface of globular particles is formed by a large amount of interconnected foil-like
structures, which yield to a rough and porous surface. Similar foils or lamellar structures
have been observed in the synthesis of hollow M-S-H spheres from silica globules [26,52,53].
EDX elemental mapping confirmed that Mg and Si are homogeneously distributed over
the particles (Figure 5c(i–iv)).

In general, the morphology of the most M-S-H precipitates obtained in the presence
of different secondary metal cations are comparable to the reference samples (Figure 5),
however subtle differences were observed. The globular M-S-H precipitates obtained with
Fe (Figure 5d–f), Pb (Figure 5g–i), and Cr (results not shown) do not possess a rough
foil-like structure but rather irregular cloud-like morphologies. In the case of Cu, Co, and
Zn containing samples, both foil-like and cloud-like morphologies were found (Figure S2).
The M-S-H precipitates formed in the presence of Cs, Li, Ni, and Ba are analogous to the
control M-S-H material. For samples obtained in the presence of Cs, the foil-like structure
is more developed (Figure 5j–l) than in the rest of the samples and in control runs, despite
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the homogeneous distribution of the Cs in the material and the low amount incorporated
(Figure 5l(iii)). Unlike SEM analysis which uncovered the presence of “desert-rose-like”
structures, no significant changes were found for samples containing Al observed under
TEM (Figure S2). The SAED also reveals an amorphous structure with a homogeneous
distribution of Al throughout the material (Figure S2).
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In the case of the Fe containing samples, the EDX analysis showed that even if Fe was
detected everywhere in the precipitates, there were some elliptical areas (ca. 20–30 nm
in length) in which Fe was enriched and significantly lower amounts of Mg and Si were
detected (red ellipse in Figure 5a,f (iii)). In addition, the SAED of Fe bearing precipitates on
those areas where higher amount of Fe was detected possess additional distinct reflexes
evidencing crystalline solids within the M-S-H matrix (Figure 5d, inset). Analysis of
the SAED (d-spacings of ca. 1.45 Å and 2.6 Å) together with XRD and EDX mapping
suggest the presence of an iron oxide phase(s) within M-S-H precipitated material [50]. It
is worth mentioning, that no iron oxide particles were found outside the M-S-H matrix.
Interestingly, HAADF images of Pb and Fe samples both display the existence of ca. 2–5 nm
sized particles with higher electron contrast, embedded in the amorphous M-S-H matrix
(Figure 5e,h (black spots)). These nanocrystals were uniformly distributed in both samples.
Unlike the Fe-containing samples, EDX-elemental analysis show that Pb was distributed
homogeneously within the matrix of the Pb-bearing samples (Figure 5h,i) and SAED reveals
its amorphous nature (Figure 5g, inset).

3.2.6. Compositional Analysis of the Precipitates

Energy dispersive X-ray (EDX) elemental analysis was carried out in the M-S-H pre-
cipitates and inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis
was performed on the dissolved M-S-H precipitates to estimate their compositions. It must
be pointed out that to obtain reliable quantitative analysis of samples with SEM-EDX, an
accurate calibration is necessary. Furthermore, the sample should be homogeneous within
the interaction volume, perfectly flat (polished), and normal to the incident beam as well as
stable under the electron beam, which is not the case in our measurements. Nevertheless,
semi quantitative elemental data for M-S-H can be obtained from EDX analysis too. Fifty
representative points were measured within locations identified visually as M-S-H precipi-
tates. A homogenous distribution of the fifty points all over the sample was pursued by
the operator. EDX analysis has been widely used in the cement community to estimate the
composition of hydrated products, due to the advantage of being coupled to SEM imaging,
which allows the selection of specific areas of the sample for analysis [24,40,54].

The relative composition of Mg, Si, and secondary metal (50 measurement points per
sample) is depicted in Figure S3 for each sample. Most of the samples show consistent
values with no significant variation of Mg, Si, and secondary metal relative content among
the 50 points. However, in the case of precipitate obtained in the presence of Ba, Zn, Co,
and Ni, considerably higher variation in the relative metal content (up to 80% for Ba) were
measured (and consequently lower Mg and Si) resulting in two distinct trends in the EDX
measurements (Figure S4). In Figure 6a, the average total metal (Mg + secondary metal) to
Si ratio obtained from the EDX measurements are presented. Two different sets of values
are depicted: the average of the 50 measured points (first column Figure 6a) and the so
called “corrected” average values (second column Figure 6a) in which the highest 10 values
have been neglected as we consider that they correspond to the secondary non-M-S-H
phases (Figure S4b), and thus they do not represent the incorporation of the metals within
the M-S-H. In the special case of precipitates obtained with Ba (Figure S5), the formation
of two distinct phases is astonishingly clear and the highest 20 points were neglected to
obtain reliable estimate for the Ba content in the M-S-H (Ba* in Figure 6a,b).

The compensation/exchange of Mg with the complementary metals results in an over-
all metal ion content quasi equal to the content precipitated in the control experiments. The
average Mg/Si ratio in the reference samples was close to one. In general, all the obtained
average values were close to one for most of the samples; however, when considering all
50 values, the total metal/Si ratio is higher for Ba, Zn, Co, and Ni probably due to the
presence of secondary phases that are distributed over the sample. Correction neglecting
the highest 10 values, further confirm that the presence of the complementary metals does
not significantly influence the total metal/Si ratio. As can be seen from the ternary plot,
constructed using the EDX “corrected” values (Figure 6b), the compositions of the M-S-H
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precipitates do not vary significantly regarding the Si content (ca. 50%) and only changes
in the Mg/secondary metal ratio are observed. Regarding the monovalent elements tested
(Cs, and Li), it should be noted that Li was not possible to measure with EDX and Cs seems
to not be incorporated.
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The ICP measurements show that the elements Al, Fe, and Co were the most incorpo-
rated secondary metal in the precipitated samples (Figure S6, first column). Regarding the
ratio of secondary metal/total metal, most of the samples (Cu, Cr, Co, Fe, and Pb) exhibit
a good agreement between both independent techniques (Figure S6). For the case of the
monovalent elements, Cs concentration was under the detection limit for this element via
ICP-OES (1 ppm = 7.5 µM) supporting with EDX analysis that no or little Cs was present
in the solid phases. Li was analyzed by graphite furnace atomic absorption spectroscopy
(GFAAS) since it was not possible to measure with ICP-OES. The obtained value was
strikingly low at 4.14 ppb (0.6 µM) and therefore likely not incorporated in the solids. For
Ba, Zn, Ni, and Al bearing samples, there are some significant deviations between EDX
average data (considering the 50 measurement points, Figure S6, second column) and
ICP-OES data (Figure S6, first column).

In the case of the precipitates formed with Ni, Zn, and Ba, the relative average
secondary metal/total metal ratios obtained from EDX considering 50 points (Figure S6,
second column) are considerably higher than the ones obtained by ICP-OES Figure S6,
first column). However, the comparison of the values measured with ICP-OES with
the corrected values (Figure S6, third column) for Ni and Zn depicts a better agreement
regarding the secondary metal/total metal ratio in the samples. In the Al-bearing samples,
the opposite occurs, and the ICP-OES values of Al/(Al+Mg) were significantly higher
compared to the ratio obtained from EDX data. Surprisingly, in this sample, the presence
of a co-precipitated phase was not evident from EDX analysis. It is worth noting that the
two techniques give us complementary data and they both have analytical advantages and
drawbacks. EDX is a spatially resolved measurement technique and thus, we attempted
to focus on the M-S-H precipitates at 50 different locations seeking for a homogenous
distribution within the sample. However, as was mentioned at the beginning of this section,
there are some significant drawbacks, and it must be considered as a semi quantitative
technique for the system studied. In contrast, the ICP-OES measurements give us an
accurate concentration of all elements in the precipitates that have been dissolved in the
1 M HCl solution. The values obtained by ICP-OES provide a precise estimation of the
total concentration of elements in solid precipitates without being able to distinguish the
contribution of metals incorporated in M-S-H and the metals that might have precipitated
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in other phases. A summary of the secondary metal/total metal ratio obtained by ICP-OES
and EDX is reported in Table S1.

4. Discussion

The early stages of M-S-H crystallization in the presence of secondary metal cations
were investigated by stepwise addition of magnesium (and secondary metal cations) and
silicate to double distilled water. The nucleation of M-S-H occurs when a pH ca. 10.5–11 is
reached. Within this pH increase, most oxy-hydroxyl-heavy metal carbonates overcome
their solubility product and therefore may precipitate together with M-S-H. At the onset of
nucleation, the pH value reaches its maximum and then decreases slowly approaching to a
quasi-constant value (Figure 1a). The decrease in pH would agree with the consumption of
the silicate species—and the incorporation of OH− into the M-S-H structure. Speciation
modelling with Phreeqc suggests that most of the secondary metal cations exist as metal
hydroxides species in the prenucleation stage due to the increased alkalinity of the media
(Figure S7). Cs, Li, and Ba are the only elements predominantly present as free ions in
solution prior to M-S-H nucleation according to the thermodynamic modelling. The rest
of the secondary metal ions mostly exist as metal hydroxide species or metal oxyanions.
Interestingly, the secondary metals cations that does not form complexes were incorporated
in the M-S-H to a lesser extent (almost negligible), based on our compositional analysis.
This suggests that the incorporation of metal hydroxides or metalloid oxy-anions species
into M-S-H is preferred over the incorporation of free metal cations tested in this study.

The delay in the onset of nucleation relative to the reference run (marked by the pH
and transmittance drop) was comparable (ca. 1.5) for most of the elements. Contrary, in the
system with Cr, the nucleation event was accelerated compared to the reference runs. Thus,
it can be envisaged that no strong retardation effects in the early formation of the hydration
products is expected when using M-S-H to immobilize the metal cations investigated here.
Concerning the growth period (when transmittance reached a constant plateau level), its
prolongation was not always linked to a delay in the nucleation. This highlights that the
early stages of M-S-H crystallization could be affected uniquely by different metal cations
regarding nucleation and early growth stages. The distinct outcome for the nucleation
onset and the prolongation of the growth period can be strongly dependent on the chemical
speciation of metal cations incorporated in the M-S-H, the mechanism of incorporation, and
the formation of secondary phases. The retardation in the growth period (Cr, Co, and Fe) is
related to a higher secondary metal/total metal average ratio in the precipitated material
measured by EDX (Figure S6). This could be caused by a mechanism of immobilization
where the formation of nanometre sized secondary metal hydroxide phases which are
trapped in the M-S-H matrix, plays a more decisive role than in the other tested secondary
metals. Previous studies attribute the retardation effect in M-S-H formation in the presence
of Sr2+ to the precipitation of Sr(OH)2 [40,55]. The competition for hydroxyl ions to form
secondary metal hydroxide phases could extend the growth period of M-S-H.

The presence of additives is not only impacting the kinetics of crystal growth but
also the composition and structural motifs of the final cement hydrated product. The
main precipitated phase formed in all the experiment is a poorly crystalline M-S-H, which
displays the typical globular morphologies observed in previous studies [24,51,56]. Except
for the precipitates obtained with Li and Cs, which do not seem to be incorporated into
the M-S-H (on the time scale of our experiments), the other metal cations studied are
immobilized in the precipitated solids. Formation of secondary phases was confirmed
with XRD, SEM, and TEM for the system with Ba, Pb, and Fe and suggested for the
systems with Ni and Zn based on EDX-analysis. The formation of barium carbonate
was observed in the system with Ba, where large BaCO3 crystals were found along with
M-S-H samples. This observation suggests co-precipitation of BaCO3 and M-S-H phases
composing a mechanical mixture in the precipitate. However, in the system with Fe, the
nanometric iron oxide precipitates were trapped within the M-S-H matrix. The minute size
of Fe hydroxides (tens of nm, Figure 5) most likely allows an easy incorporation of this
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phase into the growing M-S-H particles. This behavior suggests an incorporation of FeIII

via an absorption mechanism. The hydrocerrusite phase detected by XRD could neither be
identified by SEM nor TEM, suggesting that it was also homogenously incorporated into
the M-S-H matrix and distributed over the sample at nanoscale and thus no differences
were apparent in the EDX mapping analysis. The formation of the carbonated phases in
the experiments with Ba and Pb is not fully understood but could also be explained by
CO2 contamination during centrifugation, washing, and/or drying procedure. The co-
precipitation of witherite together with M-S-H highly affects the average values obtained
with EDX analysis as depicted in Figure 6. The presence of two distinct phases is obvious
from the EDX analysis (Figure S5): a barium-rich phase (most likely witherite) and a
phase where the barium was negligible (M-S-H). In comparison with ICP-OES data, the
50 points average Ba/(Ba+Mg) ratio obtained by EDX-analysis is considerably higher,
which can be attributed to the arbitrary selection of measurement locations by the operator.
This in turn may have resulted in the analysis of witherite particles buried within M-S-
H precipitates or mixed with them in more than 40% of the measurements (Figure S6).
However, when calculated the Ba/(Ba+Mg) ratio by neglecting the first 20 points measured
by EDX (Figure S6, third column *), the discrepancy between the average ratio calculated
with ICP and EDX data is highly reduced, indicating that witherite was not the most
abundant phase in the precipitates. The EDX analysis for Pb and Fe samples suggests
that those secondary phases were present in a minor amount and their distribution within
the M-S-H matrix was more homogeneous. In the system with Ni and Zn, neither XRD
nor TEM evidence the formation of secondary phases which hints again to their minor
presence in the sample. The arbitrary selection of locations for the EDX-analysis might have
uncovered the existence of those resulting in the higher average values measured by EDX
(Figure S6, second column) compared to ICP-OES (Figure S6, first column). The corrected
ratio of (secondary metal/total metal) agrees well with the ICP-OES data supporting the
minor presence of the Ba, Pb, Fe, Ni, and Zn secondary phases.

In the system with Al, XRD data are identical to the one collected in the reference M-S-
H experiment. This agrees with recent studies that proved the incorporation of Al in both
silica and magnesium oxide layers in M-S-H structure without inducing changes detectable
in the XRD pattern [54]. FTIR analysis also indicate that the structure of the obtained
M-S-H precipitates is weakly affected by the incorporation of Al. The slight shoulder in the
Q4 region indicated that some of the silicate tetrahedra could be connected to each other
than to a metal ion (presence of amorphous silica) compared with the reference M-S-H
precipitates. The substitution of Al for Mg measured by EDX is ca. 10% which is lower
comparing with the other metals (except Cs and Li). However, compositional analysis
(EDX/ICP) of this sample shows rather high uncertainty regarding the ratio Al/(Al+Mg)
in the precipitated material. This high discrepancy between both techniques is difficult
to explain, considering the coherent values obtained by EDX analysis (Figure S3). It is
worth noting that EDX data for Al content are less reliable due to the lower sensitivity
of this method to light elements. However, the presence of a co-precipitated phase as a
hydrotalcite-like phase, not identified by SEM/EDX due to arbitrary selection of locations,
in which the amount of Al and Mg would be considerably higher than in the M-S-H
precipitates is the most acceptable reason for these differences. The precipitation of the
semi-amorphous hydrotalcite was recently observed in addition of M-A-S-H phases [57].

Our experiments demonstrated that there are different mechanisms involved in the
incorporation of the secondary metals in M-S-H. These mechanisms are controlled by
properties of ion association (i.e., aqueous speciation and surface complexation) and the
solubility of the secondary phases. This study shows that the mechanism behind the
phenomena of absorption and coprecipitation controls the inclusion of the secondary metal
cation into the M-S-H matrix. The combination of these effects explains the element specific
incorporation mechanism characteristic to each ion considered in this study. However, a
common tendency to delay the nucleation onset of M-S-H has been observed in presence
of secondary metal cations. Recent studies which investigated the solid stabilization of
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Pb using magnesium oxychloride cement and magnesium phosphate cement proposed
that in general, metals are immobilized as precipitated amorphous metal hydroxides in
those Mg-based cementitious materials [31]. In the obtained precipitates, amorphous
metal hydroxides could certainly be present in the form of nanoparticles distributed
homogeneously through the M-S-H matrix. In this case, the resolution of the applied
experimental techniques (EDX-TEM) would not allow detecting these particles in the M-
S-H matrix. It can be speculated that the nanoparticles (ca. 2–5 nm) with higher electron
contrast present in the precipitates formed from Pb and Fe bearing solutions could be metal
hydroxide phases of both ions trapped in the M-S-H matrix. However, the resolution of the
applied analysis cannot evidence the difference in their composition. Another possibility
is the incorporation of the metal cations within the semicrystalline structure of M-S-H.
Assuming a sepiolite-like M-S-H, the metals are expected to be preferentially incorporated
in the so-called exchangeable sites (i.e., surface of particles and interlayer) replacing the
Mg ions. However, as has been shown for Al, they also can be incorporated in both SiO2
and MgO layers [54]. Based on our results, it seems that the mechanism of incorporation
could vary significantly for the different metals. The fact that the overall (Mg + metal)/Si
corrected ratio (Figure 6, second column) is not far from the Mg/Si ratio in the reference M-
S-H for most of the samples could be interpreted as isomorphic substitution of cations for
Mg. Nevertheless, this mechanism is postulated under the assumption that no secondary
phases are embedded in the M-S-H matrix. Mechanistic understanding of the incorporation
mechanism for each element would require detailed analysis of the cation exchange capacity
(CEC) and structural characterization such as solid state nuclear magnetic resonance (SS-
NMR) and/or pair distribution function analysis (PDF). In this context, the reversibility
studies would be pivotal for elucidating the mechanism of immobilization and thus, are in
the focus of ongoing studies.

5. Conclusions

The influence of secondary metal ions on the early stages of M-S-H crystallization
was evaluated in titration experiments. The simple experimental setup provides well
reproducible data, and thus can be recommended for future studies as a “fingerprinting
technique” to study the effects of additives such as metal cations on the formation of M-S-H
in reliable manner. Obtained results showed the large capacity of M-S-H based cements for
the immobilization of metal cations at the early hydration stages. The retardation effect
regarding the formation of magnesium silicate hydrated products was not significant in
the presence of secondary metal cations. However, the growth period of the precipitates
was extended considerably for Fe, Co, and Cr. This opens a wide range of options for
efficient control of early M-S-H crystallization by selecting the specific additives, which
can be active at different stages of the early formation of M-S-H. In addition, it could be
shown that most elements were incorporated into the M-S-H structure without inducing
significant changes in the morphology of the precipitates. Even in presence of secondary
phases co-precipitated (Fe, Pb, Zn, and Ni), those phases were immobilized in the M-S-H
matrix. Ba was the only cation in presence of which the formation of a secondary carbonate
phase isolated from the M-S-H precipitates was detected.

Systematic screening of the effect of metals in the early crystallization of M-S-H
showed that the immobilization at these stages can already be significant for some of the
tested metals. Unravelling the specific mechanism of incorporation into the M-S-H matrix
remains a challenge that would require the information provided in this manuscript as
well as a deep investigation on the M-S-H structure, and it will be the object of our future
research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11072968/s1. Figure S1: FT-IR spectra of precipitates samples from 500–4000 cm–1,
Figure S2: TEM images of precipitated crystals, Figure S3: Elemental composition of metals in M-S-H
measured via EDX, Figure S4: Relative metals content in M-S-H measured via EDX ordered from
higher to lower, Figure S5: Relative elements content of Ba contain ing M-S-H ordered from highest
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to lowest Ba content, Figure S6: Comparison of total metal to (Mg + metal ratio measured via ICP
OES and EDX), Figure S7: Relative % of metal species calculated with Phreeqc, Table S1: Comparison
of the average ratio of secondary metal to total metal (Mg + secondary metal) measured via ICP-OES
and EDX.
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