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ARTICLE INFO ABSTRACT
Afﬁf{e history: To reduce the CO, emissions from cement production, Portland cement (PC) is partially replaced by sup-
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tion of C—S—H with more silicon and aluminum than in PC, which affects the stability and durability of
such concrete. Therefore, it is crucial to determine the role of aluminum on C—S—H properties to predict
the formed hydrate phase assemblages and their effects on durability.

Aluminum sorption isotherms including very low Al concentrations have been determined for C—S—H

Ié?l;:"e c;lrtdS: with Ca/Si ratios from 0.6 to 1.4. Elemental measurements were performed with ICP-MS and ICP-OES. The
C—S—H presence of secondary phases was investigated by using thermogravimetric analysis and XRD.

Al uptake Higher dissolved concentrations of Al were observed at increased alkali hydroxide concentrations and
Alkali hydroxide thus higher pH values. High alkali hydroxide led to an increased Al(OH); formation, which reduced the Al
Ca/Si ratio uptake in C—S—H. This comparable behavior of Al and Si towards changes in pH values, points toward the
ICP-MS uptake of aluminum within the silica chain both at low and high Ca/Si ratios. A higher Al uptake in
ICP-OES C—S—H was observed at higher Ca/Si ratios, which indicates a stabilizing effect of calcium in the inter-
TGA layer on Al uptake.

XRD © 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Concrete is one of the world’s most affordable, reliable, durable
and readily available construction materials and is the second most
consumed material after water [1]. The worldwide demand for
cement production is increasing continuously and Portland cement
(PC) clinker production recently is exceeding 4 billion tons annu-
ally [2]. This massive scale of production results in ~8% of the glo-
bal CO, emissions due to its high kiln temperature and
decomposition of limestone (CaCOs;) in raw materials [1,3-5].
About 40% of CO, emissions of cement production come from the
combustion of fuels while approximately 60% result from the
transformation of limestone into calcium oxide (CaCO;3 —
Ca0 + CO,) [6]. Decomposition of limestone is an inevitable part
of the process of manufacturing PC clinker that results in the pro-
duction of approximately 0.5 tonne of CO, per tonne of clinker pro-
duced [6]. Reducing these CO, emissions is currently one of the
most important and urgent research topics within the cement
community [5,7]. To reduce the CO, footprint of PC, the clinker
content of cement has to be reduced [6]. Therefore, Portland
cement can be replaced partially with limestone or supplementary
cementitious materials (SCM) such as blast furnace slags, by-
products from steel production, fly ash from coal combustion, or
calcined clays [6,8,9]. The reaction of Portland cement with differ-
ent SCM, which have different chemical compositions leads to
changes in the amount and composition of the hydrates [8]. This
is relevant for the stability of construction materials as well as
for oil well cement, such as stabilized filter ashes [10,11]. The most
important hydrate formed during the reaction of Portland cement
is calcium silicate hydrate (C—S—H) [7,8]. In the presence of SCM,
C—S—H can have different compositions compared to the C—S—H
in Portland cements. The Ca/Si molar ratio of the C—S—H present
in Portland cement is in the range of 1.5-1.9 [12,13], however, in
SCM blends it is in the range of 0.6 - 1.9 [14-16]. The high amount
of silica in SCM such as fly ash or silica fume lowers the Ca/Si ratio
of C—S—H and modifies the structure of C—S—H phases. These low
Ca/Si C—S—H phases are able to take up more alkalis, but less chlo-
ride and sulfates [17,18].

If aluminum is present in the solution, C—S—H is able to incor-
porate aluminum [19,20] resulting in what is generally named as
C—A—S—H. The C—A—S—H structure consists of calcium oxide
polyhedra sheets flanked with “dreierketten” - tetrahedral (alu-
mino) silicate chains - on both sides and counter-ions (e.g., Ca®*
and OH™) and water in an interlayer on the other side [21-23]. At
Ca/Si in range of 0.6-0.8, long silicate tetrahedral chains occur, in
which repeating units of one bridging site is connected to two
paired silicate tetrahedral sites on either side. At Ca/Si ratios above
1.0, the silica tetrahedral chains are shorter and more vacancies in
the bridging sites of the silica chains occur [23-25].

The incorporation of Al as tetrahedral AlO, occurs into the
bridging sites of silica tetrahedral chains. The presence of five-
fold coordinated aluminum (AIY) and six-fold coordinated Al (AI'!)
in C—A—S—H have also been described [23,26-28]. Four-fold coor-
dinated Al" is the dominant environment in C—S—H at low Ca/Si
ratios; there aluminum substitutes silicon in bridging tetrahedra
of the dreierketten chain [29]. Al'Y has been reported to be in the
bridging sites either without charge balance or are charge balanced
by interlayer Ca®*, Na*, or H" [27]. At Ca/Si ratios above 1.0, a sec-
ond Al" species is present, which has been assigned to aluminum
in bridging position charge-balanced by calcium cations
[26,27,30,31]. Increasing the Ca/Si ratio decreases the fraction of
Al and AIV! species become dominant [26,31].

The effect of aluminum on the structure of C—S—H and their
impact on hydration is still not completely understood. The com-
parison of the few available datasets where the uptake of aluminum

by C—S—H has been measured experimentally [13,20,31-33]
showed a strong dependency of the Al uptake in C—S—H on the
aqueous Al concentrations. In addition, at high concentrations of
Al the precipitation of katoite (3Ca0.Al,05-6H,0) and strdtlingite
(2Ca0.Al05.Si0,-8H,0) occurs [32,34] which limits the Al concen-
tration in solution and thus the Al uptake by C—S—H. The data avail-
able, however, revealed also a dependency of aluminum uptake on
the reaction time and/or synthesis method used [13,17,31-33].

In most available studies, the concentrations have been mea-
sured by ion chromatography with a relatively high limit of detec-
tion of 0.004 mM Al, which is only slightly below the aluminum
concentrations of 0.01 to 0.05 mM, where strdtlingite and micro-
crystalline aluminum hydroxide start to precipitate [32]. Thus,
very little is known on the effect of aluminum concentrations on
the different binding sites in the C—S—H structure, and on how
the different aluminum binding sites influence each other [17].
For the further development of thermodynamic models for C—S—H
containing aluminum, a more comprehensive knowledge about the
sorption at varying aluminum concentrations is needed.

The main aim of this study is to investigate the effect of differ-
ent aluminum concentrations, different pH values and sodium
hydroxide (NaOH) concentrations on the aluminum uptake in the
C—S—H. The experiments were performed by synthesizing the
C—S—H samples containing different Al/Si ratios, Ca/Si ratios and
alkali hydroxide contents. The samples were filtrated after
3 months equilibration. Inductively coupled plasma mass spec-
trometry (ICP-MS) and inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) were used to determine very low
dissolved aluminum concentrations. The detection limit for Al in
ICP-OES and ICP-MS was 4x10~ mM.

Furthermore, the effect of Ca/Si ratio on the Al uptake in C—S—H
was studied. The solid samples were analyzed with thermogravi-
metric analysis (TGA) and X-ray diffraction (XRD) to check for
the presence of secondary phases in the solid phase. Moreover,
the measured concentrations were compared with the calculated
solubility of C—S—H using the Gibbs free energy minimization pro-
gram GEM-Selektor [35,36].

2. Materials and methods

All synthesis were done following a one-step protocol in which
a total 3.8 g of calcium oxide (Ca0), silica fume (SiO;) and calcium
aluminate (CA: Ca0O-Al;03) were added into 171 mL of Milli-Q
water or NaOH solutions (liquid/solid = 45) to obtain C—A—S—H
with different compositions. CaO with 96% purity was obtained
by burning calcium carbonate (CaCOs;, Merck, pro analysis) at
1000 °C for 12 h. SiO, was provided by Aerosil 200, Evonik. CA
was synthesized from CaCOs; and Al,O3 (Sigma Aldrich). The mix-
ture was heated at 800 °C for 1 h, at 1000 °C for 4 h and at
1400 °C for 8 h. Then it is cooled down a with a rate of 600 °C/h.
The proportions of CaO, SiO, and CA were varied to obtain
C—A—S—H with different Ca/Si and Al/Si ratios as indicated in
Table 1. 0.5 M NaOH corresponds to the pH value generally
observed in the pore solution of cement [37,38]. In addition, NaOH
concentrations of 0, 0.1 and 1 M were selected to cover the differ-
ent range of pH values relevant for hydrated cements and in order
to investigate the effect of pH values on Al uptake in C—S—H [13].
CASH samples were prepared at Ca/Si molar ratios between 0.6 and
1.4 and Al/Si molar ratios were varied from 0 to 0.1 with 4 different
NaOH concentrations of 0, 0.1, 0.5 and 1 M. All experimental
details on samples are compiled in appendix A.

All samples were synthesized in a nitrogen filled glovebox to
minimize carbonation and were stored in 200 mL PE-HD contain-
ers placed on a horizontal shaker moving at 100 rpm and equili-
brated at 20 °C. After 3 months, the solid and liquid phases were
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Table 1
Ca/Si, Al/Si molar ratios and alkali concentrations used to prepare C—A—S—H at 20 °C.

cafsi Al/si

0
0.001
0.003
0.6,0.8,1.0,1.2 and 1.4 0.01
0.03
0.05
0.1

NaOH (mol/L)

0,0.1,0.5 and 1

separated by vacuum filtration using nylon filters (pore size:
0.45 pm) and analyzed.

2.1. Solution phase analysis

The elemental concentrations of Na, Ca, Si and Al in the filtrates
were determined with ICP-MS and ICP-OES. The different liquid
samples were first acidified to 1% HNOs (using Suprapur HNOs,
Merck). Then, they were diluted using 1% HNO3 to have Na concen-
trations below 230 mg/L and 1500 mg/L for the ICP-MS and ICP-
OES analysis, respectively. Using this dilution the maximum Si
and Ca concentrations were below 1 mg/L in ICP-MS. Multi-
standard solutions and blank solution (1% HNOs3), containing Al,
Ca and Si, were prepared in the range from 0 to 200 pg/L and from
0 to 10 mg/L for ICP-MS and ICP-OES, respectively. The measure-
ments were carried out on ICP-MS (7700x, Agilent) and/or ICP-
OES (Spectro Arcos). The operating parameters used are listed in
appendix C. For ICP-MS analysis “°Sc was used to monitor the
plasma stability during the analysis. More details about ICP-MS
and ICP-OES measurements can be found in appendix C.

To measure the hydroxide concentration, pH measurements
were made at room temperature with a Knick pH meter (pH-
Meter 766) equipped with a Knick SE100 electrode. To minimize
the alkali error, the pH electrode was calibrated against NaOH solu-
tions of known concentrations.

2.2. Solid phase analysis

After filtrating the samples inside the glove box, the solids were
washed first with a 50%-50% (volumetric) water-ethanol solution
to avoid the precipitation of alkali during drying, and then with
pure ethanol in order to remove the free water. The samples were
freeze-dried during one week and then stored until analysis in
nitrogen filled desiccators in the presence of saturated CaCl,-2H,0
solution following the procedure developed by [33]. The presence
or not of secondary phases in solid samples was investigated by
using TGA and XRD.

TGA data were acquired with a TGA/SDTA851e Mettler Toledo
device using approximately 30 mg of sample. The weight loss of
the samples was recorded from 30 °C up to 980 °C with a heating
rate of 20 °C/min under N, atmosphere. The weight losses were
assigned according to the reference measurements compiled in,
where the same device was used. The amount of Al(OH)s, katoite,
portlandite and CaCO3; were quantified based on the measured
weight loss between 200-300, 300-350, 350-450 and 600-900,
respectively using the tangential method and the theoretical
weight loss of solids [39].

PANalycatical X'Pert Pro MDF diffractometer equipped with an
X'Celerator detector was used to record the X-ray powder diffrac-
tion patterns. Diffraction patterns were collected in increments of
5° from 70° 260 at a conventional step size of 0.017° 20 and a step
measurement time of 460 s. The presence of different phases were
determined with X'Pert HighScore Plus. The quantification of the
amounts of the phases was carried out with calcium fluoride as
external standard.

The solid phase composition in C—S—H was calculated by mass
balance taking into account the initial quantities, the amount of Al,
Ca, Si and Na in secondary phases if present and the fraction of Al,
Ca, Si and Na in solution; the measurements and quantifications
are also detailed in the appendix D.

The zeta potential was measured with an acoustophoresis elec-
troacoustic method using a Zeta Probe from Colloid dynamics
which is based on the frequency-dependent electroacoustic effect.
The zeta potential is calculated from the frequency-dependent
mobility using the O’Brien Equation. The calibration was made
with potassium tungstosilicates, KSiW. To have the C—S—H parti-
cles in a homogeneous suspension, magnetic stirrer was used at
450 rpm during 10 min. A first measurement of zeta potential
was made on unfiltered C—A—S—H samples. Then, a second mea-
surement was carried out on the filtrated solutions to determine
any interferences due to ions present in the solution which are
considered as background and thus deducted from the initial mea-
surement. The zeta potential is measured close to the interface
between the stern layer and the diffusive layer giving the effective
charge of the particle in suspension.

2.3. Thermodynamic modeling

Thermodynamic modelling was carried out using the Gibbs free
energy minimization program GEM-Selektor [35,36]. The PSI-Nagra
thermodynamic database [40]| was used for thermodynamic data
for aqueous species and portlandite and amorphous SiO,. The sol-
ubility of microcrystalline Al(OH)s, strdtlingite, C—S—H and katoite
was taken from the Cemdata18'. The concentrations in the C—S—H
system were modelled using the CSHQ thermodynamic solid solu-
tion model [36].

The activity coefficients of the aqueous species y; were com-
puted with the built-in extended Debye-Hiickel equation with
common ion-size parameter a; = 3.31 A for NaOH solutions and
common third parameter b, according to

—A,7Z?
ARV + byl
1+ ByaiVI

where z; denotes the charge of species i, I the effective molal ionic
strength, by is a semi-empirical parameter (~0.098 for NaOH elec-
trolyte at 25 °C), and A, and B, are P,T-dependent coefficients. This
activity correction is applicable up to ~1 M ionic strength [41].

The measured elemental concentrations of Al, Ca, Si and Na
were used to calculate the saturation index (SI) of different solids
according to SI = log IAP/Ks,. The ion activity product (IAP) is calcu-
lated based on the measured concentrations in solution and K,
represents the theoretical solubility product of the solid. A satura-
tion index above zero indicates that the solution is oversaturated
with respect to this solid phase and that this phase could possibly
precipitate. A negative value indicates undersaturation. The SI cal-
culation was used to verify the solid phase composition found
experimentally.

logy; =

3. Results and discussion
3.1. The effect of pH on the Al uptake in C—S—H

Fig. 1 compares the measured aluminum in solution with the
molar Al/Si in C—S—H obtained from mass balance calculations.
Fig. 1 shows that the aluminum uptake in C—S—H increases with
the dissolved aluminum concentrations at a Ca/Si ratio of a) 0.6,
b) 0.8, ¢) 1.0, d) 1.2 and e) 1.4. A similar relation between alu-
minum uptake in C—S—H and dissolved aluminum in the solution
has also been reported by [34] albeit at much higher aluminum
concentrations (0.5 mmol/L to 3.5 mmol/L for Ca/Si = 0.95) and
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Fig. 1. The effect of the pH values on Al uptake in C—S—H after 3 months equilibration for Ca/Si ratios of a) 0.6; b) 0.8; ¢) 1.0; d) 1.2 and e) 1.4 in the absence of NaOH and in

the presence of 0.1, 0.5 and 1 M NaOH.

by [32] at similar concentrations (0.021 mmol/L to 0.37 mmol/L for
Ca/Si = 1.0). This clear relation between aluminum concentrations
and Al/Si ratio in C—S—H indicates either a surface sorption of alu-
minum on the C—S—H [20] or the uptake in the C—S—H structure,
which might be described by a solid solution model [42,43]. More
information about the initial bulk position of each point can be
found in appendix A.

The presence of alkali hydroxide increases the pH value, which
is a key parameter in the system. The pH increases from 10.5 to
12.0 for the alkali free C—S—H up to 13.6 in the systems containing

sodium hydroxide. Increasing the pH values lead to higher dis-
solved Al concentrations avoiding the precipitation of secondary
phases such as aluminum hydroxide. Fig. 2 illustrates the strong
dependence of dissolved aluminum concentrations in equilibrium
with solid Al(OH)s. 100 times higher dissolved Al concentrations
can be reached at pH 13.5 than at pH 11.5 before aluminum
hydroxide precipitation occurs.

The sorption isotherms in Fig. 1 show that in fact the presence of
alkali hydroxide leads to much higher dissolved Al concentrations
as the addition of NaOH increases the pH values and destabilizes
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Fig. 2. The effect of pH on the calculated Al speciation in equilibrium with
microcrystalline Al(OH)s.

stratlingite and aluminum hydroxide. At all Ca/Si ratios investi-
gated (0.6, 0.8, 1.0, 1.2 and 1.4, see Fig. 1) this effect of the pH value
on the dissolved Al concentration is clearly visible. The presence of
NaOH leads to a decrease in the amount of secondary phases such
as Al(OH); and katoite as discussed in section 3.4.

However, at the same aluminum concentrations, less aluminum
uptake in C—S—H is observed in the presence of alkali hydroxide.
This suppression of aluminum uptake is stronger at higher pH val-
ues. This could be related to i) the increase of the fraction of the
thermodynamically stable aqueous aluminum hydroxide complex
(AI(OH)3 (aq)) in solution and/or ii) the increase of the negative sur-
face charge of C—S—H due to the pH increase, i.e. the interaction of
the negatively charged complex (Al(OH); (aq)) in solution with the
negatively charged surface will lower the tendency for aluminum
incorporation. The speciation of aqueous aluminum depends on
the pH values as shown in Fig. 2; negatively charged [AlI(OH)3]
dominates the speciation at pH > 7 [44]. The fraction of the Al
(OH); species increases with the pH values, which lowers the ten-
dency of Al to be sorbed by C—S—H. Lower aluminum uptake in
C—S—H at high NaOH concentrations could also be related to the
decrease of the occurrence of filled bridging position with increas-
ing pH. Si Nuclear magnetic resonance (NMR) measurements have
shown shorter silica chain length at high pH values [17].

S. Barzgar et al./Journal of Colloid and Interface Science 572 (2020) 246-256

Zeta potential measurements are shown in Fig. 3. The zeta
potential measures the charge of a particle not directly at the sur-
face but in some distance; such that ions near the surface and even
some in the diffuse layer, contribute to the measured charge
[44,45]. The zeta potential measurements of C—S—H show a nega-
tive charge for low Ca/Si C—S—H and thus at low calcium concen-
trations. At higher calcium concentrations, the measured zeta
potential increases from negative values to positive values, as the
calcium accumulates near the surface of C—S—H as discussed in
detail in [20]. As the increase of calcium concentrations at higher
Ca/Si in the C—S—H is also accompanied by an increase of pH value,
this charge reversal can also be observed as a function of pH as
shown by the circles in Fig. 3, which represents measured zeta
potentials on C—S—H with Ca/Si = 0.66 to 1.51, in the absence of
any alkali hydroxide [20].

However, an increase of the pH value at constant Ca/Si has the
opposite effect. It lowers the measured zeta potential to more neg-
ative values as illustrated by the squares in Fig. 3, where the mea-
sured zeta potential decreases from —0.5 for Ca/Si = 1.0 and no
alkali to —18.4 in the presence of 0.15 M KOH as reported by
[32]. This effect is also visible in the difference between the zeta
potential values measured in the absence of alkali (blue circles)
and those in the presence of 0.1 M NaOH (red triangles); for Ca/
Si 1.0, the measured zeta potential decreases from 1 in the absence
of NaOH to —14 mV. This is related to an increased deprotonation
of the silanol sites at higher pH values, in agreement with the
trends predicted by molecular modelling [46].

Measurements of the zeta potential in 0.1 M NaOH of C—S—H
with Ca/Si ratio from 0.6 to 1.6 (red triangles) confirmed the effect
of pH values on the measured zeta potential, all data were signifi-
cantly lower than in the absence of NaOH indicating a more nega-
tive C—S—H surface at higher pH values. Even at higher pH values
an increase of the Ca/Si ratio of C—S—H increased the zeta potential
from —27 to —3 mV (from full triangles to empty ones) as the cal-
cium concentrations increase with the Ca/Si in the C—S—H, as dis-
cussed in the next section. Thus, also in the presence of 0.1 M
NaOH increasing the Ca/Si ratio decreases the negative charge near
the C—S—H particles which leads to an increase in measured zeta
potentials. The measured zeta potential is in addition influenced
by the concentration of Na* cations, which can also be present near
the surface of C—S—H. As Ca?* and Na" cations compete to compen-
sate the negative charge [13], at high NaOH concentration Na* can
replace some of the Ca?" near the C—S—H surface thus lowering the
measured zeta potential. At higher alkali hydroxide concentrations

A This study_0.1 M NaOH_Ca/Si=0.6
A This study_0.1 M NaOH_Ca/Si=0.8

A This study_0.1 M NaOH_Ca/Si=1.0

This study_0.1 M NaOH_Ca/Si=1.2
A This study_0.1 M NaOH_Ca/Si=1.4

W L'Hopital_KOH_Ca/Si=1.0
@ Haas&Nonat_no alkali_Ca/Si=0.6

® Haas&Nonat_no alkali_Ca/Si=0.8
® Haas&Nonat_no alkali_Ca/Si=1.0

Haas&Nonat_no alkali_Ca/Si=1.2
O Haas&Nonat_no alkali_Ca/Si=1.4

30
20 @
E 10
S mA
s | VY WP L
g - iw
A A
-20 A A -
A A
A
-30 T T A‘ )
9.5 10.5 115 12.5
pH

Fig. 3. Zeta potential measurements for C—S—H samples in the absence of alkali hydroxide (circles; [20]), the effect of 0 to 0.15 M KOH (squares; [32]), and in the presence of

0.1 M NaOH (triangles; this study).
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(0.5 and 1 M NaOH), however, the zeta potential measurements are
strongly affected by the increase in ionic strength which moves the
distance where the zeta potential is measured, such that the exper-
imental values show a very high scatter and a reliable measure-
ment is not possible (data not shown). The different shading of
the triangles and circles correspond to the different Ca/Si ratios;
for each Ca/Si at 0.1 M NaOH several measurements were available
corresponding to the different Al/Si ratios from 0 to 0.2. The differ-
ent experiments are also the reason for the slight difference in the
pH values for Ca/Si = 0.6 from 11.9 to 12.2.

The zeta potential measurements illustrate that higher pH val-
ues at constant Ca/Si result in a more negatively charged C—S—H
surface due to the deprotonation of the silanol sites. Together,
the more negative surface charge and the increasing predominance
of aqueous Al(OH); complexes suppresses Al uptake by C—S—H at
high pH values as discussed above and as visible in the data shown
in Fig. 1.

3.2. The effect of pH on the aqueous phase composition

Fig. 4 shows the effect of sodium hydroxide on the aqueous
phase composition at 5 different Ca/Si ratios of a) 0.6, b) 0.8, c)
1.0, d) 1.2 and e) 1.4. In a first approximation, the measured dis-
solved Ca and Si concentrations in Fig. 4 are compared to thermo-
dynamic predictions using the CSHQ solid solution model for
C—S—H [36,47]. The CSHQ model was used as it is able to model
the entire Ca/Si range investigated instead of the CNASH model
developed by [42,43] as the CNASH model concentrates on low
Ca/Si.

The alkali free C—S—H are the data points at pH 10, 10.5, 11.9,
12 and 12.2 for Ca/Si ratio of 0.6, 0.8, 1.0, 1.2 and 1.4, respectively.
A comparison of the alkali free C—S—H in Fig. 4a-e illustrates that
the Ca concentrations increase with increasing Ca/Si and the Si
concentrations decrease; both these trends as well as the mea-
sured concentrations agree well with other solubility measure-
ments of C—S—H published in literature as summarized in [13,48].

As it is shown in Fig. 4, higher pH values increase the concentra-
tions of silica and aluminum in solution, while the calcium concen-
tration decreases. The same trends have been observed for C—S—H
and C—A—S—H systems in the presence of different quantities of
sodium and potassium hydroxide [17,32,49,50].

Increasing the pH values leads to a decrease in Ca concentra-
tions in the solution; this decreasing trend in calcium concentra-
tions agrees well with the modeling predictions although the
model overestimates somewhat the measured Ca concentrations
at low Ca/Si ratios and underestimates them at Ca/Si = 1.2. At Ca/
Si = 1.4, the calcium concentrations above pH of 12.5 are deter-
mined by the solubility of portlandite as shown in Fig. 4e.

In contrast to the calcium, the silica concentration increase with
the pH values (Fig. 4). At low Ca/Si ratios this behavior is domi-
nated by the increase of the amorphous silica solubility with pH.
At intermediate Ca/Si ratios, the increase of dissolved Si is related
to the decrease of the dissolved Ca concentration and the common
ion effect with respect to C—S—H.

The measured Al concentrations increase with the amount of Al
present in the system as visible in Fig. 4a-e, where the different
symbols represent samples with different Al/Si ratios from 0.001
to 0.05. The formation of SiO(OH)3, SiO5(OH)3~ and AIOH); com-
plexes at higher pH values increases the silicon and aluminum con-
centrations as illustrated for aluminum in Fig. 2. This simultaneous
increase of Si, Al and hydroxide concentrations with pH lowers the
calcium concentrations due to the common ion effect with C—S—H,
katoite and/or portlandite. Increasing the pH values increased the
Al concentrations in the aqueous solution at all Ca/Si ratios simi-
larly to the Si concentrations, which could indicate a comparable
uptake mechanism for Si and Al in C—S—H both at high and low

Ca/Si. In fact, an uptake of Al'Y in the silica chain as observed at

low Ca/Si, can be expected to result in similar trends of Si and Al
concentrations upon variation of pH values and Ca/Si ratios. These
results tentatively indicate that also six-fold coordinated Al"!, the
dominant Al species at high Ca/Si, could be associated with the sil-
ica chain [13,26,31], in agreement with recent findings from
molecular modeling and with the observed increase of the silica
chain length in the presence of Al [17].

3.3. The effect of Ca/Si ratio on the Al uptake in C—S—H

The Ca/Si ratio in C—S—H affects not only the aluminum concen-
trations but also the amount of Al taken up in C—S—H. Fig. 5 shows
the effect of Ca/Si ratios on Al uptake in C—S—H for different sys-
tems; a) in the absence of sodium hydroxide, b) in the presence of
0.1 M NaOH and c) in the presence of 1 M NaOH. Fig. 5a shows that
in the absence of any alkali hydroxide, the maximum aluminum
concentrations in solution are < 0.03 mmol/L, limited by the precip-
itation of Al(OH); and katoite, which restrains the maximum molar
Al/Si to ~ 0.1. Fig. 5a also indicates that at higher Ca/Si ratios more
Al is taken up in C—S—H for the samples without alkali hydroxide,
in particular at very low aluminum concentrations. For a given Al
concentration, the Al uptake in C—S—H is increasing when we move
from Ca/Si = 0.8 to Ca/Si = 1.4. In contrast, the uptake is similar at Al
concentrations above 0.01 mM. In addition, a different uptake
regime is observed at high and at low Ca/Si ratios. The slope of
the line between dissolved Al and Al in C—S—H is much steeper
for samples at Ca/Si ratio of 0.8 compared to those at Ca/Si of 1.0
and above. A comparable difference between the Al uptake by
low Ca/Si and high Ca/Si C—S—H is also observed in 0.1 M NaOH
(Fig. 5b). At low aluminum concentrations (< 0.01 mM) increasing
Ca/Si ratio leads to an increase of the Al uptake in C—S—H. This
might be related to the presence of different Al environments at
low Ca/Si ratios and high Ca/Si ratios. 2’Al MAS (NMR) have indi-
cated that four-fold coordinated Al" is the dominant environment
in low Ca/Si C—S—H, while at higher Ca/Si ratios six-fold coordi-
nated AI'! is dominant [13,17,26,27,30,31]. The position of six-
fold coordinated AIY!, which is also known as TAH (third aluminate
hydrate), is discussed controversially in literature; it has been sug-
gested to be present either on the surface or in the bridging site
[25]. However, how these different Al environments in C—S—H
affect the Al uptake is presently not well investigated. Possibly
the presence of more calcium in the interlayer at higher Ca/Si ratios
and the resulting apparent positive charge on the C—S—H surface
could ease the uptake of AI(OH)z. Such a stabilizing effect of Ca on
Al uptake would be consistent with a recent X-ray adsorption near
edge structure (XANES) study, where an ordering of the Ca in the
interlayer was observed in the presence of Al [23]. However, in
addition also kinetic restraints could be important, and the equili-
bration time could be different at low Ca/Si and high Ca/Si.

Fig. 5¢ shows the effect of the Ca/Si ratio on Al uptake in C—S—H
for samples with 1 M NaOH. Increasing the Ca/Si ratios leads to a
decrease in Al concentration in solution and an increase in Al
uptake in C—S—H as also observed for the samples without NaOH.
At an Al concentration of 0.01 mmol/L, an Al/Si of 0.003 is observed
for low Ca/Si C—S—H, which increases to Al/Si = 0.05 at Ca/Si = 1.2.
However, little difference is observed between the Ca/Si ratio of 0.6
and 0.8 and between Ca/Si ratios of 1.2 and 1.4 for samples with
1 M NaOH. Moreover, the uptake of Al in the samples at Ca/Si ratio
of 0.6 (for 0.1 M and 1 M NaOH) do not show the same trend com-
pared to the case of Ca/Si ratio of 0.8. The reason for this behavior
cannot be explained. Both at 0.5 M NaOH (data not shown) and at
1 M NaOH the slope has a comparable steepness independent of
the Ca/Si ratio in contrast to the observation at lower pH values.
The reasons for this different behavior are presently unknown
but points towards different binding sites for Al in C—S—H. Further
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Fig. 4. The effect of pH on aqueous phase composition at Ca/Si ratio of a) 0.6; b) 0.8; ) 1.0; d) 1.2 and e) 1.4. (Points represent experimental data and lines are the calculated

values using the CSHQ model [36]).

detailed studies of Al-binding in C—S—H by spectroscopic methods
at different Al concentrations and pH values are needed, which is
presently carried out in parallel projects [23].

3.4. Solid phase analysis

Thermogravimetric analysis was used to investigate whether
the secondary phases are formed in the presence of additional alu-
minum. Fig. 6 shows the TGA results for samples at Ca/Si ratio of
1.4 with no alkali at different Al/Si ratios. At the highest Al/Si ratio

(Al/Si = 0.1), the presence of a low amount of aluminum hydroxide
(AI(OH)3) is observed. It is also obvious from Fig. 6 that an increase
in the initial Al/Si ratios increases the quantities of secondary
phases such as aluminum hydroxide (from 0% AI(OH); at Al/
Si = 0.03 and 0.05 to 0.58% Al(OH); at Al/Si = 0.1). The amount of
secondary phases quantified by TGA was used to assess the
amount of Ca, Si and Al in C—S—H using mass balance calculations.
In many cases at higher Al/Si ratios, the Al/Si ratios in C—S—H are
smaller than the total Al/Si ratios in solid due to the presence of
katoite and aluminum hydroxide. However, at lower Al/Si ratios,
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no other phases are observed, such that the Al/Si ratio in C—S—H is

the same as the total ratio in solid. More details regarding

the val-

ues of secondary phases in solid as well as the Al/Si ratios in

C—S—H can be found in Appendix A. The hump around 430 °C
could not be assigned to a solid and was thus tentatively assigned

to thermal decomposition of C—N—A—S—H [51].



254

120

S. Barzgar et al./Journal of Colloid and Interface Science 572 (2020) 246-256

Weight loss (%)

0.15

g

[ .
< Ca/Si=0.6
@

a

- Ca/si=0.8
£

© oo Ca/Si=1.0
3

L - - cafsic12
s

©

2 i=
< Ca/Si=1.4
o

30 230 430

Temperature (°C)

830

630

Fig. 7. The TGA results for samples at Al/Si ratio of 0.03 with 1 M NaOH and different Ca/Si ratios.

Fig. 7 illustrates the effect of Ca/Si on the phases present for
samples with Al/Si ratio = 0.03 and 1 M NaOH. At higher Ca/Si
ratios the presence of high amount of portlandite is observed (note
that amorphous silica, which might be present at low Ca/Si and the
absence of NaOH, cannot be detected by TGA [33]). Due to the high
pH in 1 M NaOH solutions, portlandite is observed at Ca/Si = 1.2
(0.22 wt% portlandite) and at Ca/Si = 1.4 (1.85 wt%). In the absence
of NaOH, no portlandite is observed at Ca/Si = 1.2 and 1.4 in agree-
ment with earlier observations [17,48]. The formation of port-
landite at high NaOH concentrations and at higher Ca/Si also
explains the decrease in the dissolved calcium concentrations at
increasing pH values shown in Fig. 4.

From the measured aqueous concentrations, saturation indexes
(SI) were calculated as an independent method to verify the pres-
ence of secondary phases in the solid samples. The SI values for dif-
ferent secondary phases such as portlandite, amorphous silica,
microcrystalline aluminum hydroxide, strdtlingite and katoite are
compiled in appendix D. All the solutions were near saturation
with respect to C—S—H (the calculated SI values were generally
in the range of + 0.5). In the absence of NaOH the solution were
also saturated with respect to amorphous SiO, at low Ca/Si (Ca/
Si = 0.6) but in all cases significantly undersaturated with respect
to portlandite, in agreement with the TGA data. The presence of
NaOH led to undersaturation with respect to amorphous SiO,
(even at Ca/Si = 0.6) and stabilized portlandite at Ca/Si = 1.2 and
1.4, again in agreements with the TGA data. At higher Ca/Si ratios
the presence of portlandite is observed. At Ca/Si ratios of 0.6 and
0.8,, the presence of additional very broad TGA signals in the range
of 250 to 450 °C are observed, which was tentatively assigned to
thermal decomposition of C—N—A—S—H [51] and the presence of
a minor amount of portlandite. The addition of aluminum, led in
the absence of NaOH near to saturation with respect to microcrys-
talline AI(OH); at higher Al concentration at Ca/Si = 0.8 in agree-
ment with the TGA data, but the solution remained
undersaturated at Ca/Si = 1.4, although TGA indicated the presence
of a minor amount of Al(OH);. All solutions were undersatured
with respect to katoite and strdtlingite, although katoite has been
observed in some of the samples. A similar observation (presence
of katoite although the solutions were clearly understaturated)
has been made by [32] and has been related to a kinetically very

slow dissolution of katoite which has formed early in the
experiments.

Fig. 8 shows the XRD pattern for samples at Al/Si ratio of 0.03
with 1 M NaOH at different Ca/Si ratios. At higher Ca/Si ratios,
the presence of significant amount of portlandite is observed; in
agreement with our observation in Fig. 7. However, at low Ca/Si
ratios a small amount of portlandite is also visible. Also, TGA
results in Fig. 7 indicate the presence of very low amount of port-
landite at Ca/Si ratio of 0.6. As it is mentioned before, this can be
due to non-equilibrium condition of system.

Fig. 9 shows the TGA results for samples at Ca/Si ratio of 0.8 and
Al/Si ratio of 0.03 with different NaOH concentrations. For the sam-
ple without NaOH, the presence of a low amount of Al(OH); and
katoite was observed. However, at higher NaOH concentrations
(0.1,0.5 and 1 M) no secondary phases were present, in agreement
with Fig. 1 which illustrates that the presence of NaOH increases
the pH values and destabilizes aluminum hydroxide. At higher
alkali hydroxide concentrations, more Al is present in solution
due to the preferred formation of Al(OH); complex which leads
to the less secondary phases and less Al in C—S—H.
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Ca/Si=0.8

a/Si=0.6

r T 1

5 15 25
Angle (26) CuKa

35

Fig. 8. The XRD patterns for samples at Al/Si ratio of 0.03 with 1 M NaOH and
different Ca/Si ratios.



S. Barzgar et al. /Journal of Colloid and Interface Science 572 (2020) 246-256 255

0.01

©
= 0.03

J
s

a i
8 no alkali
£ Al(OH), K -==-0.1M NaOH
& -0.07

] ~ - =0.5M NaOH
E =1 M NaOH
=

]

S on

s

]

(=]

-0.15 - . - - - )
30 80 130 180 230 280 330 380

Temperature (°C)

Fig. 9. The TGA results for samples at Al/Si ratio of 0.03 and Ca/Si ratio of 0.8 with
different NaOH concentrations.

4. Conclusion

The effect of pH, Ca/Si ratio and aluminum concentration on the
aluminum uptake by C—S—H was investigated experimentally. The
aluminum uptake in C—S—H increases with the aluminum concen-
trations in solution. In the absence of alkali hydroxide, however,
the maximum aluminum concentrations in solution are limited
to approximately < 0.03 mmol/L by the precipitation of Al(OH)3
and katoite, which limits the maximum molar Al/Si to ~ 0.1. The
use of ICP-OES and ICP-MS measurements in this paper enables
us to record the Al uptake in C—S—H systems at very low Al con-
centrations, which allowed for the first time to assess the effect
of pH and Ca/Si. The results of previous studies were limited by
the small experimental range between the detection limit in the
range of 0.004 mmol/L and the precipitation of secondary phases
at Al concentrations of 0.03 mmol/L and above [17,23,32-34,51].

The presence of sodium hydroxide increases the pH values,
which prevents aluminum hydroxide formation, and thus leads
to much higher dissolved Al concentration of up to 2 mmol/L.
The increase of the Al uptake in C—S—H, however, is limited as high
pH values suppress Al uptake in C—S—H. Zeta potential measure-
ments (Fig. 3) and molecular modelling [46] indicate that at higher
pH values the C—S—H surface is more negatively charged due to
increased deprotonation of the silanol sites, which suppresses Al
uptake, as the main hydroxide complex of aluminum above pH
of 7, Al(OH)g, is also negatively charged. In addition, the fraction
of the AI(OH); aqueous complex increases also with the pH values
(Fig. 2), which further lowers the tendency of Al to be sorbed by
C—S—H.

The aluminum uptake in C—S—H is also influenced by the Ca/Si
ratios. Increasing the Ca/Si ratios increase the Al uptake in C—S—H,
while the dissolved Al concentrations decrease such that at con-
stant Al concentration in the solution more Al is taken up in
C—S—H at higher Ca/Si ratios. This could be related to a stabiliza-
tion of aluminum in the C—S—H interlayer in the presence of cal-
cium in agreement with a recent XANES study, where the
presence of Al had an ordering effect on Ca in the interlayer [23].

Increasing the pH values and/or decreasing the Ca/Si in C—S—H
increased not only the Al concentrations but in parallel also the Si
concentrations in solution. This similar behavior of Al and Si
towards changes in pH points toward the uptake of aluminum
within the silica chain both at high and low Ca/Si. This agrees well
with solid state Si NMR results which indicate that at low Ca/Si
C—S—H AI"v is present in the bridging sites of the silica chain.
The results tentatively indicate that also six-fold coordinated Al",
the dominant Al species at high Ca/Si, could be present within
the silica chain.

For the further development of thermodynamic models for
C—S—H containing Al, a comprehensive knowledge about the sorp-
tion at varying Al concentrations is needed. The gained fundamen-
tal knowledge on the effect of pH and Ca/Si on Al uptake in C—S—H
phases and on Al substitution mechanisms can be transferred to
calcium silicate hydrates beyond the field of cement chemistry.
The consideration of Al-substituted C—S—H phases in thermody-
namic modelling will have a significant impact on the reliability
of calculating the composition and phase assemblages of Portland
cements blended with supplementary cementitious materials and
in understanding the different factors affecting their durability.
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