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A B S T R A C T   

This paper investigates the effect of KOH and NaOH on C-S-H structure and solubility. Both KOH and NaOH have 
a similar effect, they increase pH values and silicon concentrations, and decrease calcium concentrations. At 
higher alkali hydroxide concentrations, more portlandite precipitates, while amorphous silica dissolves. This 
increases the Ca/SiC-S-H at low Ca/Sitarget but lowers the maximum Ca/SiC-S-H from 1.5 to 1.2 in 1 M KOH/NaOH. 
The amount of alkalis bound in C-S-H increases with increasing alkali hydroxide concentrations and is higher at 
low Ca/SiC-S-H. KOH/NaOH lead to a structural rearrangement in C-S-H, increasing the interlayer distance, 
number of layers stacked in c direction and shortening the silica chains. The mean chain lengths (MCL) estimated 
from FTIR and Raman spectroscopy agree well with the trends from 29Si NMR. Comparison with the indepen-
dently developed CASH+ thermodynamic model showed a good agreement between the observed and modelled 
changes, including the shortening of the MCL.   

1. Introduction 

Cement, with an annual consumption of 4 billion tons, is the most 
used construction material [1]. The main cement hydration product is 
calcium-silicate-hydrates (C-S-H), which makes the major contribution 
to the strength and other properties of hydrated Portland cement [2–4]. 
The structure and properties of C-S-H, as the most important component 
in hydrated cement, has been investigated in a large number of studies, 
see e.g. [5–10] and references cited therein. As shown in Fig. 1, C-S-H 
has a layered structure, with calcium oxide layers sandwiched between 
silicate chains in a “dreierketten” arrangement. Within the silicate 
chains, the two “pairing” silicate tetrahedra coordinate with Ca in the 
calcium layer, while the third silicate tetrahedron, the bridging Si site, 
links two pairs of silicate units. The silicate chain length is influenced by 
the Ca/Si ratio as demonstrated in several 29Si NMR studies [5,11–18] 
over the last decades. Bridging silicate tetrahedra are mainly present in 
C-S-H with low Ca/Si and largely absent at high Ca/Si. Between the 
layers of Ca–O sheets and silicate chains, an interlayer region is present, 

which contains water molecules, Ca2+, and possible alkali ions (Na+

and/or K+). 
The alkali concentration in cement-based materials varies strongly 

depending on the cement composition. In the pore solution of blended 
cements and low alkali cements, ≈ 0.1 M alkali concentrations can be 
observed, while in most Portland cements alkali concentrations are be-
tween 0.3 and 0.5 M, and up to 1 M and even above in alkali-activated 
cementitious materials [20,21]. The alkali hydroxide concentrations in 
the pore solution can affect the durability of concrete as the hydroxide 
concentration has a significant effect on the conductivity of the pore 
solution as well as on the development of the alkali silicate reaction 
(ASR) in concrete [22,23]. 

The alkali hydroxide concentration in solution determines the pH 
value and thus indirectly also the Ca and Si concentrations. A higher pH 
value will lower the dissolved Ca concentration and increase Si con-
centrations [24–27]. The alkali uptake in C-S-H is strongly influenced by 
the dissolved alkali concentration and Ca/Si of C-S-H. The alkali species 
are incorporated into the interlayer and on the surface via a charge 
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balance mechanism [24,26–29]. The silicate chains are negatively 
charged, depending on pH, which can be compensated by cations, i.e. 
Ca2+, H3O+ and Na+ or K+ [30]. The higher the pH value, the higher is 
the negative charge [28,31–33]. Bivalent cations such as calcium are 
strongly preferred compared to monovalent sodium or potassium due to 
stronger electrostatic interaction [28,33]. Thus less alkalis are taken up 
at higher Ca/Si, as the alkali ions compete with calcium ions to 
compensate the negative surface charge of C-S-H. The maximum Na/Si 
and K/Si reported in the literature are in the range of 0.3–0.7 at Ca/SiC-S- 

H < 1.0 [26,27,34,35]. Different approaches are reported in the litera-
ture to model thermodynamically the equilibrium between C-S-H and 
solution as discussed in detail in [5], although only few models are able 
to describe the incorporation of alkalis in C-S-H. High alkali concen-
trations result in a shorter mean silica chain length and larger interlayer 
distances [26,27]. In addition, the uptake of alkalis in the interlayer and 
the surface shifts the 29Si NMR resonances to less negative values 
[26,27,36]. 

However, the interplay between alkali hydroxides in solution, the 
structure of C-S-H and alkali binding by C-S-H is still not fully under-
stood, as most studies focus either on the study of aqueous concentra-
tions [37] or on the characterization of the solid phases [36]. Moreover, 
there are important discrepancies among the results reported, some 
research observed a preference of K compared to Na uptake in synthetic 
C-S-H [24,38–40], while some found a higher sorption of Na than K in 
hydrated Portland cement [41], and other studies showed no significant 
difference between Na and K uptake in synthetic C-S-H 
[26,27,34,37,42]. The discrepancies indicate either that a large exper-
imental error is associated with the alkali uptake measurements and/or 
different mechanisms are responsible for the alkali uptake in C-S-H 
depending on Ca/Si, equilibration time or the experimental procedure. 

FTIR and Raman have been applied on C-S-H measurement in several 
papers [43–46], but the bands assignments of C-S-H are contradictory 
because of the overlapping of spectral bands, resonance splitting and 

different factors distorting translational symmetry of real crystals (solid 
solutions involving different complex anions, alterations of different 
kinds of stacking of layer, local defects. etc.) [47]. Based on detailed 
comparison of NMR, FTIR and Raman spectra we aim to use FTIR and 
Raman as tools to quantify the silica species in C-A-S-H and the mean 
chain length. 

The present study also aims to explain the interplay between aqueous 
concentrations and C-S-H composition and the influence of KOH and 
NaOH, and more specifically to study the C-S-H structure by a range of 
spectroscopic methods and powder X-ray diffraction as well as by 
comparison to a newly developed thermodynamic model for C-S-H with 
alkali, the CASH+ model [48,49], which has been developed indepen-
dently. The results and comparisons presented are particularly pertinent 
for the further development of this and other thermodynamic models to 
predict of pH values and alkali concentration in hydrating Portland ce-
ments and blended cements. 

2. Methods 

2.1. Synthesis 

C-S-H was synthesized by mixing stoichiometric amounts of SiO2 
(Aerosil 200, Evonik), CaO (obtained by calcining CaCO3 (Merck Mil-
lipore) at 1000 ◦C for 12 h), and NaOH/KOH solutions with concen-
trations of 0, 0.1, 0.5 or 1 M at a water/solid ratio of 45. The targeted 
molar Ca/Si ratio were Ca/Sitarget = 0.6, 0.8, 1.0, 1.2, 1.4 and 1.6. The C- 
S-H samples were equilibrated for 3 months. The sample preparation, 
filtration and washing were following the procedure described in detail 
in L'Hôpital et al. [18]. The samples were freeze-dried for 7 days and 
then stored in N2 filled desiccators in the presence of saturated CaCl2 
solutions (RH ≈ 30%) and NaOH as CO2 trap [18]. 

2.2. Analytical methods 

2.2.1. Solution analysis 
The composition of the liquid phase was analysed by ion chroma-

tography (IC) as soon as possible after filtration in solutions diluted by 
factor 10, 100 and 1000 with MilliQ water to avoid any carbonation or/ 
and precipitation. The concentrations of Ca, K, Na, and Si were quan-
tified using a Dionex DP series ICS-3000 ionic chromatography system. 
Independent measurements of solutions with known compositions 
indicated a measurement error of ≤10%. 

The pH measurements were carried out with a Knick pH meter 
(pHMeter 766) equipped with a Knick SE100 electrode. The calibration 
pH electrode follows the method detailed in [50]: the electrode was 
calibrated against NaOH or KOH solutions of known concentrations to 
minimise alkali error. The pH were measured at laboratory temperature 
(23 to 24 ◦C) and corrected to 20 ◦C taking into account the effect of 
temperature on the pH measurement. 

2.3. Solid phase analysis 

Thermogravimetric analyses (TGA) were conducted on ground 
powder (~20–30 mg) under nitrogen atmosphere at a heating rate of 20 
◦C/min from 30 to 980 ◦C with a Mettler Toledo TGA/SDTA 8513 in-
strument. Mass losses between 30 ◦C and ~ 600 ◦C were assigned to 
dehydration and dehydroxylation of C-(N, K-)S-H and portlandite during 
heating. Portlandite was quantified based on the weight loss between 
~350 and ~ 600 ◦C using the tangential method [51]. Quantification of 
portlandite by TGA instead of XRD Rietveld analysis was preferred due 
to the possible presence of nano-crystalline portlandite at high alkali 
concentrations. 

Powder X-ray diffraction (XRD) data were collected using a PAN-
alytical X'Pert Pro MPD diffractometer equipped with rotating sample 
stage in a θ-2θ configuration applying Cu radiation (λ = 1.54 Å) at 40 mV 
voltage and 40 mA, with steps of 0.019◦ 2θ with a fixed divergence slit 

Fig. 1. Schematic structure of C-S-H. Grey circles: calcium ion; empty circles: 
cations in the interlayer, blue circles: water molecules in the interlayer; tetra-
hedra: SiO4

− , Qn: n indicates the numbers of Si tetrahedral neighbors, b: 
bridging position, p: pairing position. Adapted from [19]. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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size and an anti-scattering slit on the incident beam of 0.25◦ and 0.5◦ 2θ. 
The samples were scanned between 5◦ and 70◦ 2θ with an X'Celerator 
detector. Profile fittings are conducted to calculate the d-spacing and the 
full width at half maximum (FWHM) of the (002) reflection of C-S-H. 
The diffraction profiles were calculated with Pseudo-Voigt function 
using the software package Highscore Plus V 3.0e. The observed re-
flections could all be assigned based on the Powder Diffraction File for 
portlandite (PDF# 00-044-1481) and tobermorite MDO2 (11 Å struc-
ture) from Merlino et al. [52] for C-S-H. In the case of C-S-H with tar-
geted Ca/Si = 1.0 and synthesized in 1.0 M KOH, an additional impurity 
phase of K2CO3⋅1.5H2O (PDF# 00-011-0655) was present. 

The domain sizes, referred to as crystallite sizes, were calculated by 
fitting the C-S-H powder XRD patterns using Pawley refinements in 
Topas [53] with the starting unit cells of tobermorite 11 Å (a = 6.732(2) 
Å, b = 7.369(1) Å, c = 22.680(4) Å, γ = 123.18(1)◦, space group B11m) 
or 14 Å (a = 6.735(2) Å, b = 7.425(2) Å, c = 27.987(5) Å, γ = 123.25 
(1)◦, space group B11b) [52,54]. A standard sample of CaF2 was used to 
account for the instrumental peak broadening. The peak profile pa-
rameters, taken from the CaF2 refinement, were kept fixed for all the C- 
S-H samples. The additional anisotropic peak broadening arising from 
the sample as a consequence of different crystallite sizes was refined 
using the AnisoCS macro [55] where two peak broadening terms were 
refined: one along the a- and b-axes, and one along the c-direction. In the 
case of 1.0 M NaOH concentration, two tobermorite phases with 
different c lattice parameters and different domain size along the c-axis 
were refined to account for the double d002 reflection. All other unit cell 
parameters and the crystallite size along the ab-directions were kept 
identical between the two phases. 

Attenuated total reflectance (ATR) Fourier Transformation-Infrared 
(FTIR) spectra were collected by averaging 32 scans measured on a 
Bruker Tensor 27 FTIR spectrometer by transmittance between 340 and 
4000 cm− 1 at a resolution of 4 cm− 1 on ~3 mg of powder. The IR 
spectral data obtained were preprocessed using the software package 
OPUS (Bruker Optics GmbH, Ettlingen, Germany). Baseline correction 
and normalization to the intensity of the peak at around 950 cm− 1 were 
applied to every recorded spectrum. 

The Raman spectra were recorded using a Raman Bruker Senterra 
microscope equipped with a Peltier-cooled CCD detector and a 20 mW 
laser. The software Opus 6.5 was used to analyse the spectra. A lens with 
a magnification of 50× and a green laser with a wavelength of 532 nm 
were used. The integration time was 10 s and each spectrum was 
recorded two times at spectrum resolution of 3–5 cm− 1. The spectra 
were background corrected and normalized based on the intensity of the 
peak at around 670 cm− 1. 

The 29Si MAS NMR spectra were acquired on a Bruker-400 (9.39 T) 
spectrometer using a Bruker 1H - X 4 mm MAS probe and a spinning 
speed of νR = 10.0 kHz. The spectra used single-pulse excitation with a 
pulse length of 1.75 μs for an rf field strength of γB1/2π = 71 kHz, a 
recycle delay of 30 s, and 2048 scans. The 29Si chemical shifts are 
referenced to tetramethylsilane (TMS), using an external sample of 
belite, β-Ca2SiO3, at − 71.33 ppm as a secondary reference[56]. 

Deconvolutions were carried out with the dmfit software [57]. The 
peak shapes were constraint with Lorentzian/Gaussian ratio = 0.5, 
FWHM ≤3.0 ppm for all resonances, following the description in 
ref. [58]. The structure of the drieketten structure of the silica chains 
was respected by keeping two pairing tetrahedra (Qp

2) for one bridging 
tetrahedron, I(Qp

2)/I(Qb
2) = 2 (with I(Qp

2) = I(Qpa
2) + I(Qpb

2)). The Qpa
2 

resonance is located at ~ − 85 ppm and the Qpb
2 peak at ~ − 88 ppm, and 

Qpb
2 is only observed for C-S-H samples with Ca/Si < 1.0, which in-

dicates the chemical environment of Qpa
2 and Qpb

2 is different. The Qpa
2 

and Qpb
2 assignments are discussed in more detail in ref. [58]. The main 

chain length (MCL) were calculated using the equation: 

MCL =
2
(

Q1 + Q2
p + Q2

b

)

Q1 (1)  

2.4. C-S-H composition 

The effective Ca/Si in C-S-H (Ca/SiC-S-H) was obtained by mass- 
balance calculations, considering the initial amount of CaO and SiO2 
in the system, the amount of other solids present as well as the fraction of 
SiO2 and CaO in solution following the procedure outlined in [19]. The 
amount of bound water in C-S-H was determined by TGA based on the 
weight loss between 30 and ~ 600 ◦C minus water in portlandite. 

The amount of alkalis bound in the solid was determined following 
the direct method (i.e. complete re-dissolution of 20 mg of washed and 
dried C-S-H phase in 10 mL 100 mM HCl). The total amount in the solid 
was obtained from the measured Ca, Na and K concentrations in the HCl 
solution as detailed in [26]. The amount of alkali was also obtained 
indirectly from mass balance calculations using the total amount of al-
kalis present minus the fraction which remained in the equilibrium so-
lution; this indirect method gives comparable results to the direct 
method up to 0.1 M NaOH and KOH (see also [26]). At higher alkali 
concentrations, however, the indirect method fails as the deduction of 
high measured concentrations to obtain a small amount of absorbed 
alkali ions results in a too large errors to allow any meaningful 
conclusions. 

2.5. Thermodynamic modelling 

Thermodynamic modelling was carried out with the Gibbs free en-
ergy minimization program GEM-Selektor v3.7 [59]. GEMS is 
geochemical modelling code that computes equilibrium speciation of 
dissolved species and stable solid phases composition using Gibbs free 
energy minimization algorithms. The thermodynamic data for aqueous, 
solid, and gaseous phases were taken from the PSI-Nagra thermody-
namic database [60], while the solubility products for cement minerals 
were taken from the Cemdata18 database [61]. C-S-H and alkali uptake 
was modelled using the CASH+ thermodynamic model [48,49], that 
was parameterized against experimental data independent of this study. 
The formation of the CaSiO2(OH)2

0 was described using a formation 
constant of log K = 4.0 for the equation Ca2+ + SiO2(OH)2

2− ⟺ 
CaSiO2(OH)2

0 [48] instead of the log K of 4.6 from [60]. 

3. Results and discussion 

3.1. Effect of Ca/Si on liquid and solid phase composition 

The Ca/Si ratio affects greatly the composition of the equilibrium 
solutions in the absence of alkali hydroxides as shown in Fig. 2, where 
changes of Ca, Si and OH− concentrations are plotted as a function of the 
Ca/Si in C-S-H. The Ca/Si in C-S-H (Ca/SiC-S-H) varies between ≈
0.75–1.44 for Ca/Sitarget from 0.6 to 1.6, as at very low Ca/Sitarget 
amorphous silica precipitates in addition to C-S-H and at high Ca/Sitarget 
portlandite [5]. At low Ca/Sitarget, the Si and Ca concentrations are in the 
mM range; the silicon concentrations decrease down to 0.004 mM at 
high Ca/Sitarget, while Ca concentrations increase up to 21 mM in the 
presence of portlandite. The measured trends and concentrations agree 
well with other observations reported in the literature as summarized in 
e.g. the recent review of Walker et al. [6], and with the changes 
modelled by using the CASH+ thermodynamic model [48], although the 
model somewhat underestimates the Ca and overestimates the Si con-
centrations. At the lowest total Ca/Sitarget of 0.6, the thermodynamic 
model predicts in addition to low Ca/SiC-S-H C-S-H the presence of a 
small amount of amorphous SiO2 (16% of the total silica present in the 
sample). 

C-S-H is the main solid phase observed for every targeted Ca/Si. In 
addition to C-S-H, portlandite is precipitated at Ca/Sitarget = 1.6 (see 
Fig. 3 (a)), while amorphous SiO2 is observed at Ca/Sitarget = 0.6 
resulting in effective Ca/SiC-S-H of 0.75 to 1.44. All aqueous concentra-
tions, the effective C-S-H composition and the amount of minor phases 
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are reported in Tables A1–A3. A closer inspection of the XRD dif-
fractograms summarized in Fig. 3 (a) shows that for high Ca C-S-H the 
lowest-angle diffraction peak (d002), indicating the basal spacing of C-S- 
H, is more distinct and that the interlayer distances are getting smaller. 
The decrease in basal spacing could be related to the charge balancing 
effect of Ca2+ in the C-S-H interlayer, which may increase the attractive 
force between the negatively charged main layers [62]. The broad 
reflection at ~17◦ 2θ (d-spacing ~5 Å), which has been assigned to a 
d101 signal and indicates occupation of bridging Si-sites [63], is well 
visible at low Ca/SiC-S-H, where the bridging silica are present and absent 
at high Ca/SiC-S-H, where the bridging sites are empty, which has also 
been observed in XRD studies on C-S-H [63]. The tendency is in agree-
ment with 29Si NMR studies (e.g. [18], Fig. 3 (b)). 

The NMR spectra in Fig. 3 (b) show resonances between − 75 to − 90 
ppm, which are simulated using four resonances with chemical shifts 
(δiso) of ~− 79 ppm (chain-end sites, Q1), − 82 ppm (bridging sites Qb

2), 
− 85 ppm and − 87 ppm (paired sites,Qpa

2, and Qpb
2) with the restriction 

that the intensities fulfill the condition, [I(Qpa
2) + I(Qpb

2)]/I(Qb
2) = 2 

imposed by the dreierketten model, as discussed in detail by Yang et al. 
[58]. In C-S-H with low Ca/SiC-S-H, mainly Q2 sites are present indicating 
the predominance of connected silicate chains and a small number of Q1 

groups from the end of the silica chain. The Q1 intensity increases with 
Ca/Si such that at Ca/SiC-S-H = 1.30 and 1.44 mainly dimers (Q1 species) 
are observed, in agreement with the previous observations 
[11–14,16,18,27]. The decrease of Q2 and increase of Q1 species leads to 
a decrease of the mean chain length from 76 ± 15 at Ca/SiC-S-H = 0.75 to 
2.5 ± 0.1 at high Ca/SiC-S-H (see Table 1). The MCL values at low Ca/Si 
are somewhat larger than those derived earlier for similar samples, 
which varied from 20 to 37 [12,16–18]. This may reflect differences in 
equilibration time during synthesis and the fact that the precision in 
MCL is very sensitive to small intensity variations at low values for the 
Q1 intensities (see Eq. (1)). 

Fig. 3 (c and d) show the FTIR and Raman spectra of C-S-H. Since the 
Si–O bonds are the strongest bonds in the structure with a covalent 
character, different types of Si–O can be recognized in the infrared 

spectra; the position of transmittance bands is affected slightly by the 
ions in the second coordination sphere [64]. From 400 cm− 1 to 800 
cm− 1, the spectra have contributions from bending vibrations of the O- 
Si-O groups in the dreierketten chains and from water librations, while 
the bands in the region 800–1200 cm− 1 are due to stretching vibration of 
Si–O [47,65]. 

In FTIR the bending vibrations at wavenumbers from 500 to 800 
cm− 1 can be considered as a “fingerprint region” sensitive to the 
composition and the topological features of the tetrahedral frameworks 
[47]. The bands observed are consistent with the FTIR spectra of C-S-H 
at different Ca/Si reported e.g. in Yu et al. [46]. The bands from 400 to 
550 cm− 1 are assigned to deformations of Si tetrahedra [46,65]; the 
intensity of the shoulder at 480 cm− 1 increases clearly with Ca/SiC-S-H, 
which indicates there is also a Q1 signal hidden under it. The band at 
670 cm− 1 has been related to Si-O-Si (O-Si-O) bending [46,65] and 
water librations [65] and shows little variation upon an increase of Ca/ 
SiC-S-H. The signal at 810 cm− 1 is related to Si–O stretching of Q1 

tetrahedra [46]. The strong increase of its intensity at high Ca/SiC-S-H 
agrees well with the increase of the Q1 signal reported from Si-NMR 
studies [17,19] and Fig. 3 (b). At 960 cm− 1 the main peak is observed 
and is associated with Si–O stretching modes [65]. An increase of the 
Ca/SiC-S-H leads to a shift to lower wavenumber (940 cm− 1), indicating 
progressive depolymerisation of the silicate chains. A shoulder on the 
low-frequency side of the Q1 signal marked as * is also detected in C-S-H 
with Ca/SiC-S-H from 1.16 to 1.44, while no literature was found to give 
interpretation of this signal. The main peak of the FTIR spectra located 
between 940 and 960 cm− 1 has often been assigned in the literature to 
Q2 vibrations [44,46,66,67], however, its predominance for all Ca/SiC-S- 

H and the observed shift indicate rather that the band observed is 
composed of several overlying vibrations including a Q2 signal at ≈ 960 
cm− 1 [68], which results in the observed shift to higher wavenumbers 
for low Ca/SiC-S-H. A shoulder on the low-frequency side of the main 
peak located at ≈ 930 cm− 1 detected in C-S-H with Ca/SiC-S-H from 0.67 
to 0.98 is interpreted as Qb

2 due to Si–O stretching modes within OH- 
SiCa configurations in the bridging tetrahedron [65]. A shoulder on 
the high-frequency side located at ≈1050 cm− 1 is also detected arising at 
increased Ca/SiC-S-H and interpreted as Si–O stretching including Si–O 
stretching in Qb

2 [65]. 
The Raman spectra in Fig. 3 (d) also provide vibrational information; 

the strongest vibrational modes active in Raman are those that related to 
the greatest polarizability; symmetric vibrational modes are most 
Raman active. From 150 cm− 1 to 400 cm− 1, the spectra have contri-
butions from Ca2+ motions in the region <250 cm− 1 [69] and the lattice 
vibrations of Ca–O at 316–333 cm− 1 [70]. The intensity of the Ca–O 
band increases with increasing Ca/SiC-S-H and shifts from 316 cm− 1 at 
Ca/SiC-S-H = 0.75 to 333 cm− 1 at Ca/SiC-S-H = 1.44. A small shoulder 
350 cm− 1 appears at Ca/SiC-S-H = 1.44, which is assigned to portlandite 
[70,71]. A major band at 445 cm− 1 is assigned to internal deformation of 
the Si-tetrahedra [69] or to O-Si-O bending [70]; its intensity increases 
with Ca/Si. The main Si-O-Si symmetrical bending peak at ~675–680 
cm− 1 broadens with increasing Ca/SiC-S-H, which agrees with the study 
of Garbev et al. [70]. The peak has been assigned to Q2 symmetrical 
bending [69,70], however, as this peak is dominant both at high and low 
Ca/SiC-S-H, further vibrations not related to Q2 species contribute to this 
signal. The Si–O silicate symmetrical stretching (SS) band at ~870–900 
cm− 1 is assigned to SS Q1; its intensity increases strongly with Ca/Si and 
thus the fraction of Q1 species present. The band at 950–1010 cm− 1 has 
been assigned to SS Q2 [14,69,70,72], however, as its intensity does not 
decrease at higher Ca/SiC-S-H, a number of other vibrations seem to 
contribute. The peaks located at 1080 cm− 1 are attributed to the C–O SS 
vibrations [69–71,73] and are identified in every spectrum as Raman is 
very sensitive to even small CO2 contaminations. 

The mean silicate chain length (MCL) calculated from FTIR and 
Raman as well as thermodynamic CASH+ models are compared with 
values from 29Si NMR as illustrated in Fig. 4. The CASH+ model shows 
the same trends but a somewhat weaker increase of MCL at low Ca/Si, 

Fig. 2. Concentrations of Ca, Si and OH− in solutions equilibrated with C-S-H 
samples as a function of the Ca/Si ratios in C-S-H. Yellow triangles: OH− , red 
squares: Ca and blue circles: Si. Solid lines: simulated using the thermodynamic 
CASH+ model [48,49]. The estimated absolute errors of Ca/SiC-S-H are smaller 
than ±0.05 units in the Ca/Si ratios. The estimated relative uncertainty of the 
IC measurements is ±10%, which is smaller than the size of the symbols. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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which is related to higher MCL observed in the present study. The MCL 
of FTIR and Raman are calculated based on the peak area ratio of the Q1 

signal at ~810 and the main peak at ~960 cm− 1 from FTIR, and Q1 

signal at ~880 and the main peak at 670 cm− 1 from Raman. The MCL 
calculated from FTIR, Raman, and NMR decreases as the Ca/SiC-S-H in-
creases, confirming agreement among the different spectroscopic 
methods. For C-S-H with every Ca/SiC-S-H, FTIR overestimates the MCL 
because the IR spectrum in the main peak region contains very 
complicated series of overlapping bands. Raman shows better agree-
ment with the NMR quantification because the peaks are more separated 
but for C-S-H with Ca/SiC-S-H = 0.75, the signal to noise ratio is lower 
than the others, which makes the quantification error larger. For C-S-H 
with Ca/SiC-S-H > 1.0, dimers dominate in C-S-H so the MCL is around 
2.5. The difference of MCL from FTIR, Raman and NMR is smaller when 
Ca/SiC-S–H is above 1.15, but the calculation of Q1 species shows a much 
greater difference as shown in Fig. A1, while this is not well visible in 
Fig. 4. 

3.2. Effect of NaOH/KOH on the aqueous phase 

In the absence of KOH or NaOH, the measured aqueous Ca concen-
trations and pH values increase with rising Ca/Sisolid, while the Si con-
centrations decrease as shown in Fig. 2. Fig. 5 illustrates that the 
presence of NaOH or KOH leads to higher pH values and silica con-
centrations, but lower Ca concentrations; no significant difference was 
observed between NaOH and KOH. The measured concentrations are 
consistent with existing solubility measurements in the CaO-Al2O3 

Na2O/K2O-SiO2-H2O systems between 20 and 25 ◦C 
[16,19,26,27,74–76], which all show comparable trends in dissolved Si, 
Ca and pH values with respect to the bulk alkali content and Ca/Si ratio. 

In the presence of KOH and NaOH, the dissolved Si and Ca concen-
trations show similar trends as in their absences: a rise of Ca and a 
decline of Si concentrations with increasing Ca/Si (Fig. 5). This suggests 
that C-(N, K-)S-H solubility does not vary greatly as a function of the 
alkali cation (Na or K) present, but that the concentrations are just 
shifted to higher pH values, due to the common ion effect with C-S-H 
between pH, Ca and Si. The measured pH values, alkali (data in 
Table A1), Ca and Si concentrations can be well reproduced by ther-
modynamic modelling using the recent CASH+ solid solution model 
[48,49]. In agreement with the experimental data, no significant dif-
ferences are observed in the modelled results, independent of whether 
NaOH or KOH are used. 

The thermodynamic model predicts higher pH values in the presence 
of alkali hydroxides and increased Si concentrations due to the prefer-
ence of Si to form negatively charged complexes such as SiO(OH)3

− and 
SiO2(OH)2

2− at higher pH values. This tendency of silicon to remain in 
solution at high pH values leads to a complete dissolution of SiO2 at 0.5 
M NaOH and above and to a decrease of the calculated Ca/SiC-S-H from 
0.75 (no alkali) to ~0.7 at 0.1, 0.5, and 1 M NaOH, due to the limited 
availability of SiO2 in the experimental system studied. 

In the presence of portlandite, the opposite effect can be observed: a 
decrease of Ca/Si in C-S-H at higher NaOH concentrations. Higher pH 
values and thus higher OH- concentrations decrease the Ca concentra-
tions in equilibrium with portlandite which lowers Ca-uptake in C-S-H. 

Fig. 3. (a) XRD diffractograms of the C-S-H samples synthesized in water and C-S-H schema for C-S-H with low Ca and high Ca. (b) 29Si NMR spectra, (c) FTIR and (d) 
Raman spectra of C-S-H with Ca/SiC-S-H from 0.75 to 1.44, after an equilibration time of 3 months. C: C-(K-)S-H; P: portlandite. 
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Fig. 3. (continued). 

Table 1 
Secondary phase quantification and mean silica chain length (MCL) of C-S-H 
samples without alkali.  

Ca/ 
Sitarget 

Ca/SiC-S-H SiO2 amorphous (wt 
%)a 

Portlandite (wt 
%)b 

MCLa 

0.6 0.75 ±
0.05 

10 ± 2 0 76 ± 15 

0.8 0.88 ±
0.03 

4.0 ± 1.0 0 27 ± 7 

1.0 0.98 ±
0.01 

0 0 9.1 ± 1.3 

1.2 1.16 ±
0.01 

0 0 3.5 ± 0.2 

1.4 1.30 ±
0.01 

0 0 2.55 ±
0.10 

1.6 1.44 ±
0.02 

0 0.9 ± 0.1 2.56 ±
0.10  

a Amorphous SiO2 and MCL quantified from 29Si NMR. 
b Portlandite quantified by TGA. Fig. 4. Silicate main chain length determined by FTIR, Raman, 29Si NMR, and 

thermodynamic CASH+ model. 
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In the presence of portlandite, Ca concentrations decrease from 21 mM 
to 5 mM (0.1 NaOH), 0.8 (0.5 M NaOH) and 0.3 mM Ca in 1 M NaOH 
leading to a decrease of the maximum calculated Ca/SiC-S-H from 1.44 at 
0 and 0.1 M NaOH to 1.35 at 0.5 M NaOH and to 1.07 at 1 M NaOH as 
detailed also in Table A2. 

3.3. Effect of NaOH/KOH on C-S-H 

3.3.1. Alkali uptake in C-S-H 
The alkali uptake by C-S-H measured using the direct and indirect 

methods is plotted in Fig. 6. Determination using the indirect mass 
balance approach does not give meaningful results at 0.5 M alkali hy-
droxide and above due to large increase of the absolute error in the 
amount taken up at higher alkali concentrations as discussed in detail in 
[26]. At 0.1 M NaOH or KOH, no systematic difference was observed 
between the direct and indirect method. 

The amount of Na and K incorporated in the C-(N,K-)S-H is higher at 
low Ca/SiC-S-H than at high Ca/SiC-S-H ratio. For C-(N,K-)S-H at 0.1 M 

alkali hydroxide, bound alkalis decreases from alkali/Si ≈ 0.20 ± 0.05 
for Ca/SiC-S-H = 0.7 to alkali/Si <0.05 for Ca/SiC-S-H = 1.35 to 1.5. For C- 
(N,K-)S-H with 0.5 M alkali hydroxide, bound alkalis also decline from 
alkali/Si ≈ 0.6 ± 0.1 in C-(N,K-)S-H with low Ca/SiC-S-H to around 0.3 ±
0.1 at C-(N,K-)S-H with high Ca/SiC-S-H. This trend and the measured 
alkali/Si ratios are consistent with those reported in earlier studies of 
alkali uptake in laboratory synthesized C-(N,K-)S-H at room temperature 
[24,26,34,37,77]. No significant difference between K and Na uptake 
was observed in agreement with the data reported by Hong and Glasser 
and L'Hôpital et al. [26,77]. The experimental data is satisfactorily 
reproduced by the model at alkali concentrations of 0.1 M and 0.5 M and 
for Ca/SiC-S-H ratios larger than 0.9. At alkali concentrations of 0.5 and 
low Ca/Si ratios, the model underestimates the experimental data 
(Fig. 6). Compared to the experimental data that shows a monotonous 
decrease of alkali uptake with increasing Ca/Si ratio, the CASH+ model 
predicts a maximum uptake around Ca/SiC-S-H = 0. 77 (0.1 M alkali), 
which could be a model artifact. At these conditions the model simulates 
that the alkalis enter the C-S-H interlayer and have little competition 
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Fig. 5. pH values, Si and Ca concentrations in the solutions of the C-(N,K-)S-H samples as a function of Ca/Si ratios in C-(N,K-)S-H. The estimated absolute errors are 
≤±0.05 units in the Ca/Si ratios and ± 0.2 in pH. The estimated relative uncertainty of the IC measurements is ±10%. Grey symbols: synthetic C-S-H data from 
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NaOH solution; empty symbol: C-(N,K-)S-H with KOH solution. Lines: simulated using the thermodynamic CASH+ model [48,49]. 
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from Ca. The uptake is further enhanced in the model by the presence of 
less Si bridging tetrahedra compared to conditions at lower Ca/Si (i.e., 
0.73) and higher MCL values. Above the Ca/Si = 0.77 ratio, the decrease 
in alkali uptake is due to the increasing competition with Ca for the C-S- 
H interlayer. At high alkali concentration, e.g., 0.5 M and low Ca/Si 
ratio, the increase in pH results in that the model predicts that Si 
bridging tetrahedra are replaced by vacancies (silica becomes more 
soluble with increasing pH). In fact, this leads to a higher model 
calculated Ca/Si ratio in C-S-H (around 0.77) for conditions with the 
lowest target Ca/Si. The model is not compared to the experimental data 
carried out at 1 M alkali hydroxide due to the very large uncertainty for 
the experimental data at such a high concentration. 

3.3.2. Water content in C-S-H 
Fig. 7 shows the effect of KOH concentration on TGA of C-(K-)S-H 

with Ca/Sitarget of 1.2. The presence of alkali hydroxide increases 
moderately the amount of water present. The weight losses observed by 
TGA for the alkali free sample can be subdivided into a main weight loss 
at around 120 ◦C, which continues to reduce up to 600 ◦C associated 
with interlayer and surface water of C-S-H and a weaker weight loss in 
the range 600–980 ◦C, which has been assigned to the destabilization of 
C-S-H to wollastonite (CaSiO3) and rankinite (Ca3Si2O7) [78,79] as well 
as to the presence of carbonates. The TGA data confirm that in all cases 
C-S-H is the main solid precipitated. In 0.5 and 1 M KOH solution, in 
addition some portlandite is observed, in agreement with other obser-
vations on synthetic C-S-H in the presence of KOH or NaOH [19,25,26]. 
At 1 M KOH concentration, the TGA data indicate an additional weight 
loss at around 380 ◦C, in agreement with the observations reported for 
C-N/K-A-S-H in [27], which has been double checked with the XRD 
Rietveld quantification and is tentatively assigned to finely dispersed 
portlandite. 

The TGA data were used to quantify the H2O content in C-(N,K-)S-H 
based on the mass loss between 30 ◦C and 600 ◦C, after correction for the 
presence of portlandite. The H2O/Si ratio has been measured on C-(N/K- 
)-S-H samples equilibrated for more than 2 weeks at ~30% RH, where 
mainly interlayer water plus a layer of surface water is present, but no 
gel water [80]. In the absence of alkalis, C-S-H products typically 
contain 1.2 to 1.5 H2O per Si (Fig. 8), which agrees well with other 
observations of the H2O content of C-S-H at ambient temperatures 
[5,15,26,27]. The H2O/Si increases with the Ca/Si ratio, while it re-
mains rather constant if expressed as H2O per gram of C-S-H and de-
creases if expressed as H2O/Ca as discussed in L'Hôpital et al. [18]. The 
presence of 0.1 M alkali hydroxide had little effect on the measured 
H2O/Si, while higher alkali concentrations increased the amount of 
bound water, indicating that the Na+ and K+ present in the interlayer or 
surfaces of C-S-H are associated with additional water [5,15,26,27]. No 
significant difference could be observed between Na and K. 

3.3.3. Basal spacing and crystallite size 
In parallel to the water content, also the basal spacing of the dried C- 

S-H increases with the KOH concentration. The XRD data in Fig. 9 
indicate decrease of the (002) reflection [24,52] from 8.9 to 6.9◦ 2θ in 
the presence of KOH corresponding to an increase from 9.9 Å to 12.8 Å 
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of the basal spacing. Such an increase of basal spacing has been reported 
previously [26] for samples where a comparable drying method has 
been used. In contrast, a decrease of basal spacing in the presence of 
NaOH has been observed [24] for only shortly (overnight) dried sam-
ples, which could indicate a faster drying at high NaOH concentrations. 
The presence of KOH also leads to a decrease of the intensity of the (101) 
reflection at ≈ 5 Å (16◦2θ). The absence of the (101) reflection at 0.5 and 
1 M KOH suggests a decreased occupancy of the Si bridging sites at 
higher alkali concentrations and thus the presence of more Si dimers, as 
further confirmed by 29Si NMR, FTIR, and Raman data and in good 
agreement with the decrease of the amount of Q2 species observed by 
29Si NMR for the sample with Ca/Si = 1.0 synthesized in the presence of 
NaOH [19,27,36]. 

The positions of the (002) reflections in Fig. 9 correspond to average 
basal spacings of 9.6 to 15.4 Å for the C-(N, K-)S-H products as 

summarized in Fig. 10. The variations in the basal spacing are related to 
drying and the amount of alkali and calcium in the interlayer, with lower 
interlayer distances at high Ca/Si and an increase at higher alkali con-
tents. The variation in basal spacing could also be due to the presence of 
different C-(N,K-)S-H products, i.e. poorly-ordered structural analogues 
of orthorhombic 14 Å tobermorite (PDF# 00-029-0331), 11 Å tober-
morite (PDF# 04-017-1028), 9 Å tobermorite (PDF# 04-012-1761), a 
mixture of these minerals [15] or monoclinic clinotobermorite (PDF# 
01-088-1328) [15]. It needs to be emphasized that some samples syn-
thesized in 1 M alkali hydroxide contain two separate basal peaks, which 
indicates the interstratification of C-S-H layers [63] and/or the presence 
of different analogues. The profile fitting and the crystallite size 
refinement for these samples give larger uncertainties. 

For alkali-free and low-alkali C-S-H materials, basal space decreases 
with increasing Ca/Si. The reason of this reduction of interlayer distance 
could be the charge balance or the attraction effect of the Ca2+ in the 
interlayer [5,18,81]. XRD indicates that the presence of KOH and NaOH 
increases the mean basal spacing of the C-(N,K-)-S-H as shown in Fig. 10 
and in fact, density function theory (DFT) calculations indicate a 
decrease of attractive forces between the layers upon replacement of 
Ca2+ in the interlayer of C-S-H by Na+ [36]. 

Although at Ca/Si ratios ≥1.0, only a small amount of alkali uptake 
occurs, the small quantity of KOH or NaOH affects strongly the basal 
spacing of C-(N, K-)S-H, which underlines that this increase is mainly 
caused by the removal of Ca2+ at high alkali hydroxide and thus low 
calcium concentrations. 

Bach et al. [24] and L'Hôpital et al. [26] reported the decrease of the 
mean basal spacing in the presence of increasing amounts of NaOH, 
while the opposite was observed in Fig. 11 (a). The main reason for this 
inconsistency is that [24] and [26] focused on alkali hydroxide con-
centrations lower than 0.1 M, where we also observe a slight decrease. 
However, from 0.1 to 1 M KOH or NaOH concentration, the basal 
spacing increased from ≈ 10 to ≈ 13 Å, as shown in Fig. 11 (a). At equal 
concentrations, K and Na have a similar effect of changing the mean 
basal spacing. This is consistent with L'Hôpital et al. [26], but in contrast 
to the study of Bach et al. [24], who observed a stronger decrease of the 
mean basal spacing in the presence of NaOH than of KOH. The reasons 
for these contradictory observations are unclear, although they might be 

Fig. 9. XRD diffractograms of C-(K-)S-H with target Ca/Si = 1.2 after an 
equilibration time of 3 months at different KOH concentrations. C: C-(K-)S-H, P: 
portlandite. 
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related to different washing and drying procedures of the solids, and the 
shorter equilibration times used in [24]. 

The crystallite size was estimated from the X-ray diffraction data 
using a Pawley fit from the unit cells of tobermorite 11 Å [52] and 
tobermorite 14 Å (for 1.1 M KOH) [54]. An anisotropic crystallite size 
refinement with two domain lengths (one for the a- and b-directions, and 

one for the c-axis direction) is conducted. The fits are given in Fig. A5. 
The refinement results, presented in Table 2, show that the C-S-H has a 
much larger crystallite size along the ab-axes than along the c-axis, 
which verifies the poorly ordered nature of C-S-H along the c-axis, in 
agreement with earlier studies [8,82]. A crystallite size in the c direction 
of lc ≈ 15 Å to 32 Å is observed, denoting 1.5 to 3 layers of C-S-H stacking 
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Table 2 
Unit cell parameters and domain sizes along the a-, and b-axes (la) and the c-axis (lc) obtained from the Pawley fits in Fig. A5 for the different alkali concentrations of C- 
(N,K-)S-H powder patterns with Ca/Sitarget = 1.0. For the 1.0 M NaOH concentration, two tobermorite unit-cells were used, which differ only in the c-axis length and 
domain size.  

Alkali concentration a b c γ V la lc  

(M) (Å) (Å) (Å) (◦) (Å3) (nm) (nm)  

0 6.405(2) 7.667(3) 24.10(3) 122.76(4) 995.2(13) 15(3) 2.10(10) 
KOH 0.1 6.454(5) 7.799(13) 22.282(17) 123.72(7) 933(2) 10.5(12) 2.01(5)  

0.6 6.441(2) 7.760(6) 23.546(18) 123.41(5) 982.4(13) 9.9(5) 1.81(4)  
1.1 6.464(5) 7.642(6) 26.071(16) 123.18(7) 1077.8(16) 9.0(14) 3.14(9) 

NaOH 0.1 6.404(5) 7.871(9) 21.417(14) 123.52(8) 900.0(16) 8.5(6) 1.57(3)  
0.5 6.417(2) 7.817(5) 21.838(13) 123.45(3) 914.0(9) 13.5(8) 1.67(2)  
1.0 6.442(4) 7.589(7) 23.958(19) 124.27(8) 967.8(16) 11(3) 2.32(6)  
1.0 6.442(4) 7.589(7) 21.01(3) 124.27(8) 848.7(17) 11(3) 2.87(12)  
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in the c-axis. In C-S-H with NaOH 1 M, a shoulder is observed at ~10.7 Å, 
other than the major basal peak at ~12.3 Å, indicating two major nano- 
crystalline structures in this sample that share similar structures in ab- 
plane but have different basal spacings. 

The relative intensity and width of the (002) reflections are highly 
sensitive to the crystallite size along the c-axis (lc). A correlation between 
increasing alkali hydroxide concentration and larger crystallite size in 
the c-direction with smaller crystallite size in the ab-plane can be 
observed for C-S-H with KOH. The trend of smaller crystallite size in ab- 
direction for C-S-H with NaOH is less clear, which may be due to the 
larger uncertainty from the mixture of tobermorite analogues present. 
The crystallite size in the c-direction and basal spacing follow the same 
trend along the higher amount alkali hydroxide. 

As discussed in previous studies [26,27,36,49], higher alkali hy-
droxide concentration shortens the silicate chains of C-S-H. So the 
increased crystallite size can be assumed to stem from an increase along 
the c- axis. Pair distribution function (PDF) calculations of synthetic C-S- 
H indicated a crystallite size of ≈ 4 nm and no significant variations with 
the NaOH concentrations up to 5 M [36], but the C-S-H are pre-assumed 
as identical along a-, b- and c- axes. 

Grangeon et al. [63] suggested that a shift of the basal reflection in 
XRD towards low angles and an increase in its FWHM could indicate 
fewer stacking layers in the c direction. In this study, the basal reflection 
shifts towards lower angles while the domain size increases (i.e. FWHM 
decreases) as a function of alkali concentration in C-(Na,K-)S-H, as 
shown in Fig. 11 (b). The FWHM might include several analogues of 
tobermorite, giving the larger values for the 0.5 M concentration. The 
lower angle shifting of basal reflection and decreasing FWHM indicate:  

i) an expansion of the interlayer distance, probably related to the 
replacement of Ca2+ by alkali ions in the interlayer [5,26,36,83], 
which either lowers the attractive forces between the separate layers 
[36] or brings more water molecules into the interlayer [83]. The 
latter hypothesis can be explained as more water is associated with 
two Na+ and K+ cations than with one Ca2+ cation. The Na+ or K+

attracts the water molecule along the direction that is parallel to the 
silicate chain in C-(N,K-)S-H. The force resulting from this attraction 
decreases the lateral area (i.e., along the ab direction), while 

simultaneously increasing the length along the c-direction (i.e., 
expanding the interlayer). 

ii) an increase in the crystallite size along c-axis. One possible inter-
pretation of these phenomena is that alkali hydroxide lowers the 
degree of silicate polymerization in C-S-H and as a result the C-S-H 
grows rather in c-direction (rather than in the ab-direction) resulting 
in higher number of layers stacked along the c-axis. 

3.3.4. Composition of C-(N,K-)S-H 
The chemical compositions of the C-(N,K-)S-H products formed at 

different Ca/Sitarget ratios was calculated by mass balance calculation 
considering the amount of Ca and Si in the aqueous phase and secondary 
phases present, only the amount of NaOH and KOH was obtained from 
direct measurements as detailed above. The variations in the composi-
tion of C-S-H are summarized in Fig. 12. The C-(N,K-)S-H products 
formed in water and 0.1 M NaOH and KOH have Ca/Si ratios between 
0.78 and 1.44. In general, the Ca/SiC-S-H ratios are similar to the Ca/ 
Sitarget, due to the relatively low levels of secondary phases formed in 
these specimen. The samples synthesized with Ca/Sitarget = 1.6 con-
tained portlandite, which lowered the Ca/SiC-S-H to slightly below 1.5. 
The presence of 1 M alkali hydroxide solutions lowered the maximum 
Ca/SiC-S-H of C-(N,K-)S-H to 1.2, as more portlandite is formed at higher 
pH values (Fig. 9), indicating a strong effect of pH on C-S-H composition 
under equilibrium conditions. The lowest Ca/SiC-S-H is also affected by 
the presence of alkali hydroxide; the higher pH values increase the Si 
concentrations, which led to the dissolution of amorphous silica at 0.1 M 
alkali hydroxide and above, as well as to more Si in solution. The pref-
erence of Si to be in solution instead of solid phase results in an decrease 
of the observed minimum Ca/SiC-S-H from 0.75 at alkali free C-S-H to 
~0.7 at C-S-H with alkali hydroxide. 

3.4. Effect of pH on silica sites in C-S-H 

The 29Si MAS NMR spectra of the C-S-H samples with Ca/Si = 1.2 and 
cured in different KOH concentrations are shown in Fig. 13. Three res-
onances at approx. -79 ppm (Q1), − 83 ppm (Qb

2) and − 85 ppm (Qpa
2) 

are identified for the alkali-free sample, as discussed above. 
The presence of KOH shifts the Q1 and Q2 peaks to lower frequency as 
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Fig. 12. Chemical compositions (units in molar fraction) of the C-(N, K-) S–H products of different target Ca/Si and with different NaOH or KOH concentration 
projected in ternary diagram. 
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a result of the replacement of Ca2+ by K+ in the interlayer, which 
contribute to a weaker shielding of the Si atoms as compared to Ca2+

[36]. The observed shifts are consistent with earlier observations for C- 
S-H gels exposed to NaOH and KOH [19,27,36,84] and with the shifts to 
lower wavenumbers observed in both Raman and FTIR signals at around 
1000 cm− 1 as discussed below. 

With increasing KOH or NaOH concentrations, the intensity of the Q1 

signal increases indicating a shortening of the MCL, as also observed in 
previous studies [27,36]. For the C-S-H samples with Ca/Sitarget of 1.0 
and below, the changes in mean chain length are much more distinct 
than at 1.2, while at Ca/Sitarget > 1.2, the mean chain length and silica 
connectivity is not strongly affected at higher KOH concentrations 
[5,36,58] since silicate dimers dominate at high Ca/Si. 

In addition, small amounts (< 3%) of Q0 peaks (− 70 ppm) were 
observed for the C-S-H samples synthesized in 1 M NaOH at Ca/Sitarget 
values of 0.6 to 1.6 and in 1 M KOH at Ca/Sitarget 0.8 (see Fig. A4). The 
Q0 peaks are assigned to hydrated monomeric silicate species in the solid 
following the assignment of Garg et al. [36]. For C-S-H synthesized in 1 
M alkali hydroxide, these Q0 units are possibly charge-balanced by the 
high levels of alkalis. It should be noted that from a thermodynamic 
stability point of view, an excess of depolymerized Q0 silicate units are 

-60 -65 -70 -75 -80 -85 -90 -95 -100

KOH 1.0M

KOH 0.5M

KOH 0.1M

Chemical shift (ppm)

Alkali free

Q1

Q2
b

Q2
p

Fig. 13. 29Si NMR spectra of C-(N,K-)S-H a) with Ca/Sitarget = 1.2 after an 
equilibration time of 3 months at different KOH concentrations. 
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preferable dissolved [36]. 
Fig. 14 shows the effect of KOH on the FTIR and Raman spectra of C- 

(K-)S-H with Ca/Sitarget = 1.2. The main FTIR peak at 960 cm− 1 is shifted 
to lower wavenumbers (redshift) confirming the depolymerisation of the 
silica chains [46]. This peak splits into two peaks at higher KOH con-
centrations indicating a lowering of the symmetry resulting from the 
transformation of structural sites into groups of non-equivalents sites 
[47]. The peak splitting has also been observed to a limited extent at 
higher Ca/Sitarget and much more distinct at low Ca/Sitarget (see Fig. A3). 
This lower symmetry indicated peak split could be due to the substitu-
tion of Ca2+ by K+ in the interlayer, i.e. by the changes in the second 
coordination sphere. The shift to lower wavenumber indicates a struc-
tural rearrangement of C-S-H in the presence of KOH, for example a 
change in Si–O bond distances and/or the Si-O-Si angles [64]. In the 
Raman spectra a similar shift of the main peak related to Si-O-Si sym-
metric bending from 671.5 to 673 cm− 1 occurs, which indicates the 
value of the angle < Si-O-Si > decreases in the presence of KOH [70]. 
Also the appearance of small peak at ~1120 cm− 1 Raman spectra in-
dicates increasing bond deformation of Si-O-Si linkages [61]. 

The Q1 signal is located at ~815 cm− 1 in FTIR and ~ 882 cm− 1 in 
Raman. The intensity of the Q1 signal in FTIR increases indicating the 
presence of more Q1 silica and thus a shortening of the silica chain 
length, in agreement with the observations by Si-NMR. Also in Raman, 
the intensity of the SS Q1 increases from alkali free to 0.5 M KOH 
indicating a shorter MCL. The SS Q1 peak at 1 M KOH, however, does not 
follow the expected trend. During sample preparation and measurement 
a slight carbonation of the surface occurred, which led to a C-S-H 
decalcification and silica polymerization and diminishment of the SS Q1 

intensity [60] at the surface of the samples, although the bulk C-S-H 
show very little weight loss from 600 to 900 ◦C in Fig. 7. The carbonation 
is in particularly well visible in the Raman peaks at 1080 cm− 1, which 
are attributed to the C–O SS vibration of carbonation [69–71,73] and 
strongly affect the intensity of the Si–O SS of C-S-H at ~1020 cm− 1. The 
carbonate peak at ~1077 cm− 1 increasingly dominates the spectra of C- 
S-H with KOH, which is attributed to the symmetric stretching mode of 
vaterite [60]. The fast carbonation of the samples surface at high pH 
values and high Ca/SiC-S-H makes the interpretation of the Raman signals 
very challenging. 

The addition of KOH increases the intensity of the FTIR band at 670 
cm− 1, which has been related to Si-O-Si (O-Si-O) bending [46,65] and 
water liberations [65]. This increase has been observed at all Ca/Si ra-
tios (see Fig. A3) and could thus be related to the presence of additional 
water. The FTIR spectral range 2500-4000 cm− 1 in Fig. A2 shows that 
the intensity of the water signal is significantly higher at 1 M KOH than 
for the other samples indicating the presence of more loosely bound 
water in agreement with the TGA results. 

In addition, in FTIR the peak at 450 cm− 1 and a peak at 490 cm− 1 are 
increasing, which has been assigned to internal deformation of the Si- 
tetrahedra [69] or O-Si-O bending [70] and symmetric bending vibra-
tions of SiO4 [69–71]. As discussed in Fig. 3(c) the peak at 780 cm− 1 is 
also observed and disappears at higher alkali concentrations. In Raman, 
the addition of KOH did not change the peak intensity Ca–O lattice 
vibrations at 325 cm− 1 did not change except for 1 M KOH, which could 
be related to the formation of more portlandite. 

The XRD, NMR, FTIR and Raman data all indicate the formation of 
shorter silica chains in the presence of more KOH and NaOH, which 
agrees with the decrease of MCL predicted based on thermodynamic 
modelling using the CASH+ model in Fig. 15. In agreement with the 
experiments (the MCL calculated from NMR and secondary phases are 

presented in Table A3), the presence of alkali hydroxide decreases the 
MCL in C-S-H due to the removal of Si from the bridging sites at higher 
pH values, due to the increasing tendency of negatively charged Si 
species (SiH3O4

− and SiH2O4
− 2) to be solution at higher pH values. In 

addition, higher pH values increase the deprotonation of ≡SiO− surface 
groups in C-S-H [25,26,28,31,32,76], which increases the negative 
surface and interlayer charge of C-S-H and thus lowers the tendency of 
silicon to bind on bridging sites. 

4. Conclusions 

The effect of Ca/Si and the influence of KOH and NaOH on the 
structure and solubility of C-S-H has been studied. An increase of Ca/ 
Sitarget led to lower Si concentrations, to higher Ca concentrations and 
higher pH values in the surrounding solutions. In parallel to the solution 
composition, the composition and structure of the C-S-H varied from Ca/ 
SiC-S-H = 0.75 in the presence of amorphous SiO2 to Ca/SiC-S-H = 1.44 in 
the presence of portlandite, while the chain length of the silica chains 
decreased from >70 to mainly dimers at Ca/SiC-S-H = 1.3 and above. The 
MCLs quantified from the FTIR and Raman spectra agrees well with the 
results from 29Si NMR, indicating that a reliable qualitative analysis is 
also possible based on FTIR and Raman. However, the Raman results 
were very sensitive to any surface carbonation occurring during the 
measurement, which would make them unsuitable for quantification. 
The disappearance of the bridging silica tetrahedra could also be 
observed by the disappearance of the XRD d101 peak. A shift of the main 
Si–O stretching signal in FTIR to lower wavenumbers confirmed the 
depolymerisation of the silicate chains. XRD indicates a decrease of the 
interlayer distances at higher Ca/SiC-S-H ratios, where more Ca2+ is in the 
interlayer, which increases the cohesion between the negatively charged 
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main layers. 
The presence of KOH and NaOH had a similar effect on both the 

aqueous phase and solid phase. The addition of KOH or NaOH increased 
the pH values and the Si concentrations and lowered the Ca concen-
trations in solution. The precipitation of additional portlandite at high 
pH values as well as the increased Si concentrations due to the prefer-
ence of Si to form negatively charged complexes lead to a decreases of 
Ca/SiC-S-H from 1.44 in the absence of NaOH to Ca/SiC-S-H ≈ 1.1 in the 
presence of 1 M NaOH or KOH. The uptake of alkali in C-S-H was higher 
at low Ca/Si as well as at higher pH values, as both the lower Ca- 
concentration and increased deprotonation of the silanol group ≡SiO−

surface at higher pH contribute to an increased alkali binding by C-S-H 
in agreement with the prediction of the thermodynamic model. Higher 
concentration of alkali hydroxide also prevented the polymerization of 
C-(N,K-)S-H silicate as indicated by NMR, FTIR and Raman spectroscopy 
and increased the crystallite size along the c-axis from ≈16 Å in 0.1 M 
KOH to 31 Å in 1.1 M KOH after 3 months of curing at 20 ◦C degree. 

This study for the first time combined a series of spectroscopy 
methods including NMR, FTIR and Raman to study the effect of alkali 
hydroxide on the structure of C-S-H. With the help of the Si NMR data, 
we assigned clearly the vibration bands of C-S-H in FTIR and Raman. 
The data showed that it is possible to use FTIR and Raman as heuristic 
tools to quantify the MCL, and it showed good qualitative agreements 
with the MCL from NMR. In addition, we observed the C-S-H composi-
tion change as a function of alkali hydroxide concentration, where the 
upper limit decreases of the Ca/SiC-S-H from ~1.44 (no alkali) to 1.1 (1M 
KOH/NaOH), and the lower limit from 0.75(no alkali) to ~0.7 in the 
presence of alkali hydroxide. The comparison with the independently 
developed CASH+ thermodynamic model showed that the model 
reproduced the observed changes, including the shortening of the MCL 
in the presence of NaOH and KOH. This study adds important data to 
improve the thermodynamic modelling and the insights into the 

composition and structure relationship of C-(N,K-)S-H, which are ex-
pected to contribute our understanding on the effect of alkali hydroxides 
on C-S-H. 
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Appendix A  

Table A1 
Aqueous dissolved concentrations and pH results for the C-(N, K-)S-H samples.  

Synthesis solution [Si] [Ca] [K] [Na] [OH-] pHa 

(mM) (mM) (mM) (mM) (mM) 

Ca/Si* = 0.6 
Water 3.84 1.23 0 0 0.19 9.9 
0.1 M NaOH 29.2 0.01 0 46.2 16.6 12.2 
0.1 M KOH 26.5 b.d.l 50.1 0 23.0 12.3 
0.5 M NaOH 33.5 b.d.l 0 440 418 13.5 
0.5 M KOH 30.3 0.02 462 0 404 13.5 
1 M NaOH 43.1 0.01 0 944 868 13.9 
1 M KOH 37.5 0.01 1082 0 871 13.8  

Ca/Si* = 0.8 
Water 1.60 0.91 0 0 0.65 10.5 
0.1 M NaOH 1.20 0.04 0 61.0 97.1 12.9 
0.1 M KOH 1.13 0.03 67.5 0 59.0 12.7 
0.5 M NaOH 2.59 0.01 0 437 418 13.5 
0.5 M KOH 1.88 0.05 467 0 388 13.5 
1 M NaOH 6.63 0.02 0 937 839 13.8 
1 M KOH 3.87 0.04 1074 0 937 13.8  

Ca/Si* = 1.0 
Water 0.07 3.50 0 0 9.2 11.7 
0.1 M NaOH 0.15 0.40 0 78.7 101 13.0 
0.1 M KOH 0.14 0.44 85.9 0 75.4 12.8 
0.5 M NaOH 0.36 0.15 0 472 406 13.5 

(continued on next page) 
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Table A1 (continued ) 

Synthesis solution [Si] [Ca] [K] [Na] [OH-] pHa 

(mM) (mM) (mM) (mM) (mM) 

0.5 M KOH 0.55 0.15 501 0 457 13.5 
1 M NaOH 0.47 0.22 0 978 839 13.8 
1 M KOH 0.71 0.32 1081 0 937 13.8  

Ca/Si* = 1.2 
Water 0.01 7.11 0 0 16.9 12.0 
0.1 M NaOH b.d.l 1.39 0 94.0 97.1 12.9 
0.1 M KOH 0.03 1.34 101 0 88.8 12.9 
0.5 M NaOH b.d.l 0.85 0 495 422 13.5 
0.5 M KOH 0.10 0.77 515 0 476 13.5 
1 M NaOH 0.18 0.47 0 968 899 13.9 
1 M KOH 0.51 0.54 1108 0 937 13.8  

Ca/Si* = 1.4 
Water 0.01 16.0 0 0 51.4 12.4 
0.1 M NaOH b.d.l 4.45 0 93.3 97.1 12.9 
0.1 M KOH 0.01 4.17 102 0 92.5 12.9 
0.5 M NaOH b.d.l 0.98 0 486 455 13.6 
0.5 M KOH 0.09 0.88 516 0 496 13.6 
1 M NaOH 0.13 0.56 0 980 839 13.8 
1 M KOH 0.45 0.61 1104 0 972 13.8  

Ca/Si* = 1.6 
Water b.d.l 21.3 0 0 55.2 12.5 
0.1 M NaOH b.d.l 5.09 0 94.1 122 13.0 
0.1 M KOH 0.01 4.72 1123 0 129 13.0 
0.5 M NaOH b.d.l 1.11 0 498 472 13.6 
0.5 M KOH 0.09 0.94 514 0 476 13.5 
1 M NaOH 0.11 0.61 0 990 868 13.9 
1 M KOH 0.43 0.63 1102 0 972 13.8  
a pH measured at ~24 ◦C.  

Table A2 
Chemical compositions of the C-(N,K-)S-H products, determined from IC, TGA, XRD and pH measurements, The estimated absolute errors are less than ±0.05 units in 
the Ca/Si ratios, ±0.2 units in the H2O/Si ratios, and ±0.05 units for the 0.1 M alkali samples in the (Na/ K)/Si ratios of the C-(N,K-)S-H products. Ca/Si* = target Ca/ 
Si.  

Synthesis solution C-(N,K-)S-H chemical formula Ca/SiC-S-H Na/Sic K/Sic H2O/Si 

Ca/Si* = 0.6 
Water (CaO)0.78SiO2(H2O)1.2

a 0.78a - - 1.21 
0.1 M NaOH (CaO)0.71(Na2O)0.13SiO2(H2O)1.0 0.71 0.21 - 1.04 
0.1 M KOH (CaO)0.71(K2O)0.14SiO2(H2O)1.1 0.71 - 0.27 1.13 
0.5 M NaOH (CaO)0.70(Na2O)0.65SiO2(H2O)1.4 0.70 0.65c - 1.38 
0.5 M KOH (CaO)0.69(K2O)0.48SiO2(H2O)1.3 0.69 - 0.48 1.35 
1.0 M NaOH (CaO)0.73(Na2O)0.76SiO2(H2O)1.9 0.73 0.76 - 1.86 
1.0 M KOH (CaO)0.73(K2O)0.49SiO2(H2O)1.3 0.73 - 0.49 1.30  

Ca/Si* = 0.8 
Water (CaO)0.88SiO2(H2O)1.3 0.88 - - 1.32 
0.1 M NaOH (CaO)0.81(Na2O)0.17SiO2(H2O)1.1 0.81 0.17 - 1.10 
0.1 M KOH (CaO)0.83(K2O)0.20SiO2(H2O)1.2 0.83 - 0.20 1.24 
0.5 M NaOH (CaO)0.81(Na2O)0.56SiO2(H2O)1.7 0.81 0.56 - 1.66 
0.5 M KOH (CaO)0.81(K2O)0.46SiO2(H2O)1.6 0.81 - 0.46 1.55 
1.0 M NaOH (CaO)0.83(Na2O)0.67SiO2(H2O)1.9 0.83 0.67 - 1.90 
1.0 M KOH (CaO)0.81(K2O)0.73SiO2(H2O)1.8 0.81 - 0.73 1.75  

Ca/Si* = 1.0 
Water (CaO)0.98SiO2(H2O)1.5 0.98 - - 1.48 
0.1 M NaOH (CaO)1.00(Na2O)0.10SiO2(H2O)1.1 1.00 0.10 - 1.14 
0.1 M KOH (CaO)1.00(K2O)0.13SiO2(H2O)1.5 1.00 - 0.13 1.47 
0.5 M NaOH (CaO)1.00(Na2O)0.43SiO2(H2O)1.5 1.00 0.43 - 1.46 
0.5 M KOH (CaO)1.00(K2O)0.31SiO2(H2O)1.6 1.00 - 0.31 1.61 
1.0 M NaOH (CaO)0.90(Na2O)1.12SiO2(H2O)2.1 0.90b 1.12 - 2.10 
1.0 M KOH (CaO)1.00(K2O)0.73SiO2(H2O)2.4 0.97 - 0.73 2.38  

(continued on next page) 
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Table A2 (continued ) 

Synthesis solution C-(N,K-)S-H chemical formula Ca/SiC-S-H Na/Sic K/Sic H2O/Si 

Ca/Si* = 1.2 
Water (CaO)1.16SiO2(H2O)1.4 1.16 - - 1.37 
0.1 M NaOH (CaO)1.19(Na2O)0.06SiO2(H2O)1.3 1.19 0.06 - 1.28 
0.1 M KOH (CaO)1.19(K2O)0.06SiO2(H2O)1.4 1.19 - 0.06 1.38 
0.5 M NaOH (CaO)1.19(Na2O)0.34SiO2(H2O)1.5 1.19b 0.34 - 1.51 
0.5 M KOH (CaO)1.16(K2O)0.24SiO2(H2O)1.6 1.16b - 0.24 1.62 
1.0 M NaOH (CaO)1.01(Na2O)1.02SiO2(H2O)2.5 1.01b 1.02 - 2.49 
1.0 M KOH (CaO)1.16(K2O)0.44SiO2(H2O)1.8 1.16b - 0.44 1.82  

Ca/Si* = 1.4 
Water (CaO)1.30SiO2(H2O)1.5 1.30 - - 1.47 
0.1 M NaOH (CaO)1.34(Na2O)0.04SiO2(H2O)1.5 1.34b 0.04 - 1.46 
0.1 M KOH (CaO)1.36SiO2(H2O)1.6 1.36b - - 1.61 
0.5 M NaOH (CaO)1.25(Na2O)0.32SiO2(H2O)1.5 1.25b 0.32 - 1.53 
0.5 M KOH (CaO)1.21(K2O)0.32SiO2(H2O)2.0 1.21b - 0.32 1.96 
1.0 M NaOH (CaO)1.02(Na2O)0.85SiO2(H2O)2.3 1.02b 0.85 – 2.29 
1.0 M KOH (CaO)1.16(K2O)0.60SiO2(H2O)2.2 1.16b – 0.60 2.24  

Ca/Si* = 1.6 
Water (CaO)1.44SiO2(H2O)1.6 1.44b – – 1.60 
0.1 M NaOH (CaO)1.44(Na2O)0.03SiO2(H2O)1.6 1.44b 0.03 – 1.56 
0.1 M KOH (CaO)1.48SiO2(H2O)1.7 1.48b – – 1.73 
0.5 M NaOH (CaO)1.35(Na2O)0.31SiO2(H2O)1.6 1.35b 0.31 – 1.59 
0.5 M KOH (CaO)1.22(K2O)0.36SiO2(H2O)2.4 1.22b – 0.36 2.40 
1.0 M NaOH (CaO)1.07(Na2O)0.54SiO2(H2O)2.2 1.07b 0.54 – 2.19 
1.0 M KOH (CaO)1.17(K2O)0.47SiO2(H2O)2.4 1.17b – 0.47 2.37 

- = not applicable: as no Na or K was added during synthesis (<0.6 mM Na is present as an impurity in the 0.1 M KOH synthesis solution). 
a Lowered due to the presence of SiO2 as indicated by NMR and saturation indices with respect to SiO2. 
b Portlandite present in addition to C-S-H. 
c Alkali/Si ratios based on direct methods [26] are associated with an error of ±0.2 units for the 0.5 M alkali samples and ± 0.7 for the 1 M alkali samples.    

Table A3 
Secondary phase quantification and mean silica chain length (MCL) of C-S-H samples without and with alkali hydroxide.  

Synthesis solution Ca/SiC-S-H SiO2 amorphous (wt%) Portlandite (wt%) K2CO3⋅1.5H2O 
(wt%) 

MCL 

Ca/Si* = 0.6 
Water 0.75a 10.1   76.1 
0.1 M NaOH 0.71 2.22   11.9 
0.1 M KOH 0.71 4.84   15.3 
0.5 M NaOH 0.70    5.41 
0.5 M KOH 0.69 0.42   33.0 
1 M NaOH 0.73     
1 M KOH 0.73 1.28     

Ca/Si* = 0.8 
Water 0.88 4.05   26.5 
0.1 M NaOH 0.81 1.27   5.50 
0.1 M KOH 0.83 0.53   6.99 
0.5 M NaOH 0.81    3.82 
0.5 M KOH 0.81    7.44 
1 M NaOH 0.83     
1 M KOH 0.81      

Ca/Si* = 1.0 
Water 0.98    9.12 
0.1 M NaOH 1.00    3.06 
0.1 M KOH 1.00    5.11 
0.5 M NaOH 1.00    2.46 
0.5 M KOH 1.00    3.01 
1 M NaOH 0.90b  4.69   
1 M KOH 0.97  0.85 4.65   

Ca/Si* = 1.2 
Water 1.16    3.48 

(continued on next page) 
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Table A3 (continued ) 

Synthesis solution Ca/SiC-S-H SiO2 amorphous (wt%) Portlandite (wt%) K2CO3⋅1.5H2O 
(wt%) 

MCL 

0.1 M NaOH 1.19    2.20 
0.1 M KOH 1.19    2.56 
0.5 M NaOH 1.19b  0.44  2.24 
0.5 M KOH 1.16b  1.42  3.01 
1 M NaOH 1.01b  7.83   
1 M KOH 1.16b  2.05    

Ca/Si* = 1.4 
Water 1.30    2.55 
0.1 M NaOH 1.34b  1.27  2.22 
0.1 M KOH 1.36b  0.75  2.56 
0.5 M NaOH 1.25b  6.09  2.31 
0.5 M KOH 1.21b  7.21  2.80 
1 M NaOH 1.02b  14.9   
1 M KOH 1.16b  9.70    

Ca/Si* = 1.6 
Water 1.44b    2.56 
0.1 M NaOH 1.44b  5.27  2.30 
0.1 M KOH 1.48b  3.72  2.47 
0.5 M NaOH 1.35b  9.87  2.26 
0.5 M KOH 1.22b  12.8  2.64 
1 M NaOH 1.07b  20.3   
1 M KOH 1.17b  15.8   

* Amorphous SiO2 and MCL quantified from 29Si NMR. Portlandite quantified by TGA.   
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Fig. A1. Silicate main chain length and Q1 species determined by FTIR, Raman and 29Si NMR and thermodynamic CASH+ model. Filled symbols: silicate main chain 
length, empty symbols: Q1 species.  
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Fig. A4. NMR spectra of C-(N,K-)S-H synthesized in different NaOH and concentrations after an equilibration time of 3 months. The dashed line located at ~ − 70 
ppm indicates the Q0 signal.  
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Fig. A5. Pawley fits of the tobermorite 11 Å and 14 Å (for 1.0 M KOH) model to the C-(N,K-)S-H powder patterns with Ca/Sitarget = 1.0. Experimental data are shown 
as black points, red line as the fit, grey line the data-fit curve, and the blue hkl tick marks for tobermorite reflections. In the case of 1.1 M KOH, an additional impurity 
phase of K2CO3⋅1.5H2O (PDF# 00-011-0655) was present, which was Rietveld refined with the pink hkl tick marks indicating the reflections. For the 1.0 M NaOH 
synthesis condition, two reflections are visible for the first diffraction peak, therefore two tobermorite 11 Å models were used to fit the data (shown by the blue and 
red hkl tick marks). These have different c-axis and crystallite size along the c-direction parameters, but all other parameters are kept equal between the two phases. 
In addition, the portlandite impurity phase was present and was Rietveld refined with the green hkl tick marks indicating the reflection positions. 
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