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The effect of fixed (0.8 M) Na' balanced by either OH™, SO%’, and CO%’ anions on f-dicalcium silicate (CyS)
reactivity is investigated. The exothermic reaction of varying water-to-solid ratios and chemical activation is
monitored. Subsequently, the hydration products are characterized via FTIR, TG/DTG, QXRD, and SEM analysis.
The findings showed that the carbonate ions expedited the reactivity up to 55% at 1-7 days due to the simul-
taneous precipitation of calcium silicate hydrate (C-S-H) and calcite. At 7-28 days, the lack of transportable

cations between the solid surface and solution impeded further hydration, as confirmed by in-situ pH and con-
ductivity measurements. The sulphate ions accelerated the reactivity only upon calcium sulphate dissolution at
high pH. The hydroxide ions decelerated the hydration due to the earlier precipitation of portlandite than C-S-H.
Overall, the -CyS reaction with water exhibited the highest hydration degree (~67%) after 28 days of hydration.

1. Introduction

Dicalcium silicate (C,S) is an important constituent of belite clinker
(40-60%), belite calcium sulfoaluminate cement (25-50%), basic Oxy-
gen furnace steel slag (30-50%), and ordinary Portland cement (OPC,
10-15%), where it exists in the form of p-C3S polymorph, stabilized at
room temperature due to presence of impurities [1-5]. Belite-rich
binders are more sustainable than OPC because less calcite is needed
to produce them as the enthalpy of formation for alite is higher than
belite (~1810 kJ/kg, ~1350 kJ/kg, respectively), by lowering the kiln
operating temperature (~1200-1350 °C) and the associated CO, emis-
sions [6]. However, the main drawback that restricts the application of
belite cement is the low reactivity of p-CyS leading to slow strength
development [7]. The material admixture especially NaOH, KOH, C-S-H
seeds, and commercial oxide nanoparticles, etc. is reported to accelerate
the hydration of belite cement where the excess cumulative heat release
is attributed to the p-CsS reactivity [2,6,8]. Thus, a systematic under-
standing of the p-CyS hydration via chemical activation is a prerequisite
for its technical application.

Several strategies have been reported to improve the CS hydration
by mechanical grinding, mineralizers, or dopants (NaF, SOs, B2O3, etc.)
and chemical activators such as alkali oxides, salts as well as calcium
silicate hydrate (C-S-H) seeds [9-12]. Chemical activation particularly
NaOH, KOH, NayCOs3, and K2CO3, etc. is acknowledged to accelerate the

* Corresponding author.
E-mail address: m.ahmed@tue.nl (M.J. Ahmed).

https://doi.org/10.1016/j.cemconres.2023.107302

C5S hydration due to the interaction of calcium silicate hydrate (C-S-H)
with soluble alkali oxides [7,13-16]. p-C3S reactivity in NaOH and KOH
hydration mediums is reported to increase both the hydration degree
alongside associated early strength development [13,17,18]. Especially,
a high concentration of 5 M KOH could significantly accelerate the p-CoS
reactivity, while it was demonstrated that low concentrations of NaOH
slow down the dissolution of p-CS [7,19]. The improved hydraulic
properties of -CaS in the KOH environment are attributed to the larger
ionic radius and electronegativity of potassium cation compared to so-
dium ion [18,20]. These differences in ionic properties would give
different interactions with the C-S-H formation and associated me-
chanical properties. Moreover, the addition of carbonate solutions was
reported to shorten the induction period alongside improved hydraulic
activity of C5S, especially at low NaHCOj3 concentrations which were
more effective than KOH [18]. Subsequently, a 0.28 M NaSO4-activated
C,S exhibited a better 28-day mechanical strength than Na,CO3 without
significant change in hydraulic activity [21-23]. The emphasis of these
studies lies more on the role of cation interaction (Na™, K*) with C-S-H,
especially the Ca/Si ratio, C-(Na/K)-S-H, and the degree of silicate chain
polymerization. But the presence of anions equally impacts the reaction
kinetics, particularly the C-S-H dissolution-precipitation reaction.

Very few studies have investigated the effect of the anions on tuning
the B-CaS reactivity [21]. Especially information about the B-C3S
dissolution-precipitation as well as its correlation with solution ionic

Received 13 April 2023; Received in revised form 19 July 2023; Accepted 6 August 2023

Available online 18 August 2023

0008-8846,/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:m.ahmed@tue.nl
www.sciencedirect.com/science/journal/00088846
https://www.elsevier.com/locate/cemconres
https://doi.org/10.1016/j.cemconres.2023.107302
https://doi.org/10.1016/j.cemconres.2023.107302
https://doi.org/10.1016/j.cemconres.2023.107302
http://creativecommons.org/licenses/by/4.0/

M.J. Ahmed et al.

strength and hydration degree over time is missing. In addition to that,
the non-systematic concentrations of the activators reported in the
literature make it difficult to compare the effect of cations and anions in
the hydration process [18,24-26]. If undersaturation is the leading
cause of the C,S dissolution, then the anions also play a vital role in
dictating the C-S-H precipitation alongside cations [27] as it has been
often ignored. Therefore, a systematic approach is desired to understand
the contribution of anions, pH, and ionic strength to comprehend the
hydration rate at ambient conditions. To the author's best knowledge,
there is no systematic study reported where the amount of activator is
adjusted to have fixed moles of sodium cations containing hydroxide,
carbonate, and sulphate anions for p-CS chemical activation.

For this purpose, pure p-CoS was synthesized at 1200 °C via the
Pechini method. The synthesis method and calcination condition are
chosen to attain lime-free CyS. To study the effect of anions on p-CyS
activation, the molarity of sodium ion is fixed to 0.8 M to have com-
parable Na™ concentration in all samples. The effect of dissolution de-
gree on the B-CyS reactivity is investigated to promote the forward
direction dissolution reaction at ambient conditions by using the water
to the solid (w/s) ratios between 0.5 and 1.6. Moreover, the order of
hydration product formation and degree of hydration (DOH) is corre-
lated with the anionic effect via the bonding system, thermal, mineral-
ogical, and microstructural analysis over 28 days of hydration. Finally,
the heat release is correlated with the concentration of hydroxyl ions
alongside the ionic strength of the hydrating media at an early stage
(1-5 days) via in-situ pH and conductivity measurements to understand
the B-CoS dissolution-precipitation reaction events.

2. Materials and methods

Ca(NO3)2-4H0 (Sigma-Aldrich, CAS: 13477-34-4), colloidal SiO2
(40 wt%, LUDOX® AS-40, Sigma-Aldrich, CAS: 7631-86-9), TEOS/Si
(OCyHs)4 (Sigma-Aldrich, CAS: 78-10-4), Citric acid monohydrate
(VWR, CAS: 5949-29-1), ethylene glycol (VWR, CAS: 107-21-1), 65%
HNO;3; (Sigma-Aldrich, CAS:7697-37-2), ethanol (Sigma-Aldrich,
CAS:64-17-5) were used as received. The reagents were added in the
stoichiometric ratios 2:1 Ca/Si corresponding to the synthesis of CyS.
C,S has been synthesized via the Pechini method by calcining interme-
diate charred gel at 1200 °C. A detailed synthesis method can be studied
elsewhere [28].

Alkali salts NaOH (Merck, CAS: 1310-73-2), NayCOj3 (Sigma-Aldrich
CAS: 497-19-8), and NaySO4 (Merck, CAS: 7757-82-6) were dissolved in
deionized water (DI). The resulting solutions are directly used as hy-
dration media in this study. Moreover, the CaCO3 from Sigma-Aldrich
(CAS: 471-43-1, >99.0%) is used to study the filler effect.

2.1. Hydration studies

A fixed molar concentration of sodium cations such as 0.8 M NaOH,
0.4 M NayCOs, and 0.4 M NaySOy is used as alkali activators for -CaS.
Isothermal calorimetric measurements were conducted in TAM AIR
isothermal calorimetric device at 20 + 0.5 °C for 14 days. Pre-
determined amounts of the C,S were added to the vials. After acclima-
tization of the materials and hydration media to room temperature, the
sample was mixed ex situ. After the designated time, the hydration was
stopped by solvent exchange method (immersing in isopropanol fol-
lowed by diethyl ether washing) and samples are labeled as shown in

Table 1
Sample labeling of the hydration mediums at 20 + 0.5 °C and 60% relative
humidity.

Hydration CaS + C2S +0.8M C2S +0.4M C2S +0.4M
mediums water NaOH Na,CO3 Na,ySOy4
solution solution solution

Sample label Reference 0.8 M NaOH 0.4 M Na,CO3 0.4 M Na,ySO4

pH 7.2 13.2 11.3 6.9
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Table 1.

In-situ pH and conductivity measurements of the hydrating samples
were executed in a climate-controlled room, which is kept at 20 + 0.5 °C
with 60% humidity. After acclimatization of the solutions the conduc-
tivity probe, the Greisinger-GMH 3431, and the Voltcraft -PE-03 pH
probe were calibrated. The hydration media was stirred by hand upon
insertion of probes and data logging with a 7.5-minute interval was
started. To prevent water evaporation the beaker was sealed with par-
afilm and tape. The pH and conductivity measurements were performed
with a 1.6 w/s ratio. As the excess water increased the volume, it
ensured the probes were in full contact with the system. The starting pH
values of the alkali activators are presented in Table 1.

2.2. Characterization techniques

X-ray powder diffractograms were acquired using a Bruker D2
diffractometer with an X-ray Co radiation X-ray source. The instrument
has a fixed divergence slit with an opening of 0.5° and 0.04 rad Soller
slits. Reflections were measured between 5° and 90° 2 Theta (0) with a
step size of 0.02°. The cured (7, 14, and 28 days old) samples were
subjected to hydration stoppage via solvent exchange (Isopropanol,
Diethyl ether) method. All samples for qualitative and quantitative
analysis were prepared via back-loading. The mineral phases were
identified with X'Pert Highscore Plus 2.2 employing the ICDD PDF-2
database. For QXRD (quantitative X-ray diffraction), 10 wt% silicon
was added to the hydrated samples. The samples were homogeneously
mixed utilizing a McCrone micronizing mill. Quantification was done
with TOPAS 4.2 software from Bruker. All crystal structures for quan-
tification were obtained from the ICSD database. The error values given
in the results are calculated by TOPAS 4.2. The quantitative X-ray
diffraction (QXRD) analysis of synthesized C2S has been shown in
Table 2. CyS synthesized by the Pechini method contains a high amount
of B-CaS (~83 wt%) with no free lime alongside ~8 wt% y-CyS (Table 2,
see Fig. S1 (a) for Rietveld plot) and a low amorphous content (~9 wt%).

To understand the impact of specific surface area (SSA) on the hy-
dration kinetics, the nitrogen adsorption (Tristar II 3020 V1.03 series
micrometer) at 77 K was measured using BET (Brunauer-Emmett-Teller)
methods (Table 2).

TG (thermogravimetry) analysis was performed on the hydrated
sample (hydration stopped via solvent exchange method [29]) via a
Jupiter STA 449 F1 (Netzsch) with heating of 15 °C/min under an Ny
environment up to 1000 °C.

The IR spectra were measured with a Fourier Transform-Infrared
spectrometer (FT-IR) from Perkin Elmer Frontier FTIR. The spectrom-
eter was equipped with a diffuse reflectance device GladiATR. Forty
scans are acquired with optical retardation of 0.25 cm and a resolution
of 4 cm™! from 400 to 4000 cm ™.

Scanning Electron Microscopy (SEM) was performed for micro-
structure analysis using a Phenom Pro-X. The sample was prepared by
spreading the hydrated powder sample (hydration stopped via solvent
exchange method) on conductive carbon adhesive tapes followed by
coating with gold with Qourum 150TS plus sputter coater. Micrographs
were recorded using a backscattered electron detector (BSE) at 15 kV
with a spot of four.

Table 2
QXRD of the C,S synthesized at 1200 °C via the Pechini method with error
values and specific surface area (SSA).

Mineral B-CoS v-CoS Quartz Wollastonite 2- XRD-

phases M amorphous

Amount (wt 82.7 + 8.0 + 09 + 0.1 +0.07 8.4 +1.2
%) 0.2 0.1 0.1

BET-SSA 0.85

(m?/g)
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3. Results and discussion
3.1. Hydration behaviour in varying water-to-solid (w/s) ratio

The 14 days hydration behaviour of p-C,S with water and 0.8 mol of
Na™ activators was monitored via isothermal calorimetry as shown in
Fig. 1 (a, b). The heat flow is normalized by the mass of the sample. Two
different w/s ratios (1.6 and 0.5) were investigated to understand the
effect of dissolution degree on p-CyS reactivity. The results for a w/s
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ratio of 1.6 indicated that the reference sample exhibited no significant
exothermic heat of hydration. However, around ~96 h, a clear increase
in the heat flow indicated C-S-H precipitation [30]. A heat flow pattern
just like the reference was observed for 0.8 M NaOH as well as 0.4 M
NaySO4 samples. The addition of the same moles of sodium activator did
not alter the exothermic heat of CyS hydration till ~96 h except for the
0.4 M NapCOs sample. The exothermic heat pattern has conspicuous
features of dissolution as well as an induction period followed by an
acceleration and deceleration period featured in the 0.4 M NayCOs

—— (w/s 1.6) Reference
- - - (w/s 0.5) Reference
—— (w/s 1.6) 0.8M NaOH
- - - (w/s 0.5) 0.8M NaOH
— (w/s 1.6) 0.4M Na,CO,
- - - (w/s 0.5) 0.4M Na,CO,

—— (wls 1.6) 0.4M Na,SO,

Normalized heatflow (mW/g)

72 96 120 14 168 192 216 240 264 288 32 336
Time (h)
0.2 1
0.0. T T _|_v-|-'---|-_'_| T T T T T T 1 1
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (h)
(a)
65 -
~62 Jig
—— (wl/s 1.6) Reference
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— — (w/s 1.6) 0.8M NaOH
o a2y | -(w/s 0.5) 0.8M NaOH
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§ 35 .7 __~36Jg |- - -(wi/s0.5)0.4M Na,CO,
s . ~35Jlg | (wis 1.6) 0.4M Na,SO,
E: P ’ _~26Jlg
< N . 2>~24Jlg
S 20 P ==
g -_'/,___,__-~18Jlg
3 = b //' Py
g 7’ I Z, z
(6] ! >
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Fig. 1. Exothermic heat curve of C,S, hydrated in water-to-solid (w/s) ratio of 1.6 and 0.5 a) normalized heat flow b) cumulative heat of hydration.
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sample. After 48 h, no further exothermic heat of hydration was
observed in the sodium carbonate sample till 14 days. Decreasing the w/
s ratio from 1.6 to 0.5 resulted in shortening the induction period from
~22to 10 h in the 0.4 M NayCOs samples indicating that a low disso-
lution degree is observed to reach equilibrium till 14 days. Moreover,
the 0.5 w/s ratio decreases the overall C,S exothermic heat flow in the
reference sample without a significant change in the 0.8 M NaOH sample
(Fig. 1 (a)).

The 14 days cumulative heat flow exhibited an increase of 45 and
78%, respectively, upon increasing the 0.5 to 1.6 w/s ratio in the
reference as well as the 0.4 M NayCO3 sample. But the overall cumula-
tive heat of hydration is practically the same for sodium hydroxide
activator in all w/s ratios (Fig. 1 (b)). These observations indicated that
the CyS dissolution is dependent on the w/s ratio to achieve the solu-
bility equilibrium. The increase in cumulative heat of hydration
(~42-62 J/g, ~18-36 J/g) and induction period (~10-22 h) upon
increasing the w/s (from 0.5 to 1.6) ratio in reference and 0.4 M NayCO3
sample, respectively, emphasizes the strong dependence of the CyS
dissolution rate on the local ion concentration of OH™ and CO2~ at the
CoS-grain surface interface [31,32]. Contrary to the previous study
[21,33], the 0.4 M NayCO3 sample does not exhibit a higher exothermic
heat of hydration than the reference sample. The variations in the results
can be attributed to the significant difference (AEactivation = ~20-22 kJ/
mol) in activation energy with varying p-CyS surface area [34]. Conse-
quently, the activation energy impacts the hydration process in the rate-
controlling step.

At low w/s ratio, the distance from the equilibrium is not high
enough and the solution reaches the solubility equilibrium during
dissolution [30]. But in the presence of a hydroxide-rich medium such as
the 0.8 M NaOH sample, the change in w/s ratio does not impact the
cumulative hydration heat (~26 J/g) indicating a very slow dissolution
of CyS. The relatively higher hydroxide concentration close to the sur-
face restricts further silicate dissolution due to strong deprotonation at
high pH [35]. The dissolution of C2S will move in the forward direction
only upon precipitation of calcium hydroxide such as:

Ca2Si04 nyarowyiated suface S2Ca*" + HySiO4 +4OH™ 1)
H,Si04+ OH SH;3S8i0, +H,0 2
H;S8i0; + OH™ SH,Si0;” + H,0 3)

The calorimetric studies indicated that the 1.6 w/s enhances the
dissolution degree of C,S. For this reason, it was adopted for the
remaining experiments. Among 0.8 M Na* activators in a 1.6 w/s ratio,
0.4 M NayCOg exhibited higher reactivity within 24 h while showing
41% lower cumulative hydration heat than reference after 14 days of
hydration. Moreover, the 0.4 M NaySO4 sample exhibited the same
overall cumulative hydration heat (~36 J/g) as the 0.4 M NayCOs3
sample at a w/s ratio of 1.6 but showed a steady increase in the heat of
hydration after the first 24 h which was not the case for the carbonate
sample. As the standard enthalpy of formation (AH®) suggests a more
favorable reaction for calcium sulphate (CaSOg, AH® = —1434 kJ/mol)
precipitation than calcium carbonate (CaCOs, AH® = —1208 kJ/mol)
formation [36]. However, the precipitation of the hydration products
seems to be controlled by some other factors such as CyS dissolution-
precipitation equilibrium, ionic strength, and pH of the hydration me-
dium [37]. These observations require further insights as provided in the
next sections.

3.2. Characterization and order of hydration product formation

As mentioned above, the exothermic heat signals are very low in
intensity and different anions particularly SO%‘, CO%‘, OH™ etc. can
precipitate as calcium sulphate, calcium carbonate, and calcium hy-
droxide respectively. To understand the events of exothermic hydration
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reactions, FTIR analysis has been performed on the hydrated sample
after 7, 14, and 28 days (see peak assignment Fig. S2 (a, b, ¢)) as shown
in Table 3.

All samples exhibited similar band positions mostly originating from
the B-CoS vibrations. They have narrow band splitting in the range of
800-1200 cm ! corresponding to the Si—O bonds asymmetric and
symmetric stretching vibrations of Si—O bands, a band around ~496,
535 cm ™! associated to Si—O—Si bending vibrations, and ~450-455
cm ™! vibration pointing deformation of SiO, tetrahedra. The interaction
with air cannot be avoided in the sample, thereby, the bands around
1400-1500 cm ™}, and 1640-1650 cm ™! are assigned to an asymmetric
stretch of CO3~ and H—O—H bending vibrations of molecular HyO
respectively. The broad band centered around ~3300 cm™! is due to
stretching vibrations of hydroxyl groups in HyO with varying degrees of
hydrogen bond strengths [38-40].

After 7 days of curing, the distinct band of C-S-H Q! (~815 cm™) is
only observed in the 0.4 M NayCO3 with a distinct carbonate band
(~713 em™ 1) indicating the precipitation of calcium carbonate as a by-
product. But mid-IR bands centered ~3300 cm™! exhibited the strongly
ordered hydrogen bonds observed in all the hydrated samples [41].
These bands suggest the presence of C-S-H in all samples, but no distinct
band for C-S-H can be assigned. After 14 days of curing, the distinct C-S-
H Q? (~940-950 cm™!) bands alongside Q!-type hydration products
appear in all the hydrated samples. The relative intensity of the Q2
(~940-950 cm™ 1) type bands increased in all the hydrated samples
upon 28 days of curing which confirms the polymerization of the silicate
chain (Fig. S2 (c)) [16]. Furthermore, the distinct bands ~636, ~616
cm™! and centered around 1100 cm™! indicate the precipitation of
gypsum in the 0.4 M NaySO4 sample [42].

Through FTIR analysis, the exothermic reaction observed via calo-
rimetry can be interpreted. At the early stage (0-72h), the 0.4 M NayCO3
sample exhibited Q!-type hydration products alongside calcium car-
bonate. After 3 to 14 days, no exothermic heat event is observed but
silicate polymerization occurs, and the Q>type hydration product is
confirmed. In reference, to 0.8 M NaOH and 0.4 M NaySO4 samples, the

Table 3
General assignments of bands in FTIR fingerprint region.

Band position Assigned to Signal evolution concerning sample curing age

(em™ b (days)
Reference 0.8 M 0.4 M 0.4 M
NaOH  NayCO;  NaySO,
~3643 v OH [Ca 14, 28 14, 28 14, 28 14, 28
(OH)2]
~3360-3315, v OH (H,0) 7,14, 28 7,14,  7,14,28 7,14,28
2970 28
~1640-1650 5 OH (H,0) 7,14, 28 7,14,  7,14,28 7,14,28
28
~1415-1490 v3CO(CO%)  7,14,28 7,14,  7,14,28 7,14,28
28
~1380-1390, 5 C—H 14, 28 14, 28 14, 28 14, 28
~1305-1340 (aliphatic
structure)
~1125-1165 v Si—0 14, 28 14, 28 14, 28 14, 28
~1100-1110 v3 S0 (S037) - - - 7,14,28
~992 v3Si—O—Si 7,14, 28 7,14,  7,14,28 7,14,28
(B-C25) 28
~940-950 v Si—0 (C-S- 14, 28 14, 28 14, 28 14, 28
H) Q@
~897, 885,863, v3Si—O—Si  7,14,28 7,14, 7,14,28 7,14,28
844 (y/B-C28) 28
~815 v Si—0 (C-S- 14, 28 14,28  7,14,28 14, 28
H) Q'
~713 14 CO (CO3%) - - 7,14, 28 -
~636, 616 14 S0 (S037) - - - 7,14,28
~537, 495, 436 vy Si—O—Si 7,14, 28 7,14, 7,14,28 7,14,28
(y/B-CaS) 28
~450-455 5 Si—O0 (Si0,4 14, 28 14,28  7,14,28 14, 28
Td)
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hydration reaction proceeds over time by C-S-H precipitation as well as
polymerization as a slow and continuous process as endorsed by calo-
rimetric data. The type of hydration products is further confirmed by the
DTG (see Fig. S3 for percentage mass loss). The mass loss events between
50 and 220 °C are attributed to dehydration of C-S-H (also gypsum in
case of 0.4 M NapSO4 (Table 3)), 430-510 °C corresponds to dehydration
of calcium hydroxide alongside decarbonation of calcium carbonate at
550-800 °C (Fig. 2 (a, b, ¢)) [43]. All samples hydrated at 7 days
exhibited the formation of C-S-H with the highest amount of bound
water in 0.4 M NayCO3 sample which confirms the calorimetric results.
Upon curing for 14 and 28 days, the C-S-H content was increasing,
showing the samples were continuously hydrating except for 0.4 M
NayCOs. The reference sample exhibited the highest mass loss associated
with C-S-H after 28 days of curing (Fig. 2 (c)).

To understand a correlation between portlandite formation and C-S-
H gel-bound water, the Ca(OH), as well as CaCO3 wt% amount in the
hydrated sample is calculated using the tangential method as expressed
in Eq. (4) [29,44]. Moreover, the differences in total bound water were
calculated by converting the sample wt% into portlandite and calcite
anhydrous mass by Eq. (5). As the sample has undergone carbonation,
the carbonate is recalculated to the equivalent amount of portlandite
using Eq. (6) under the assumption that the calcite in all samples orig-
inates from the carbonation of portlandite. Factor 1.35 refers to the
molar mass ratio of CaCO3 (100.09 g/mol) and Ca(OH); (74.09 g/mol).

0.0 w/s=1.6 (7 days hydrated sample)
-0.5+
\ "
& C-S-H + Gypsum Portlandite N/
=-1.0+ Calcite
£
X
©-1.5+ C-S-H Reference
o —— 0.8M NaOH
—— 0.4M Na,CO,
2.04 —— 0.4M Na,SO, |
254

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

(a)
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Minerar
Mueasured = Weight loss (TGA) x (€©))
Mvola!ile
Mimeasured
Manhydrous = (5)
1 — evaporable water
_ 1.35 x Mhneasured calcite + Mmeasured Portlandte 6
manhydroux Portlandite equiv. — ( )

1 — Muneasured catcite + 1.35 X Mupeasured catcire

weight loss (TGA) = Portlandite (T = ~450-540 °C), Calcite (T =
~550-800 °Q),

Mnineral = (Portlandite = 74 g/mol), (Calcite = 100 g/mol)

Myolatile = (Water = 18 g/mol), (Calcite = 44 g/mol)

evaporable water (wt%) = TGA weight loss (100 — (residual mass +
portlandite + calcite))

The comparison between C-S-H gel water and the formation of
equivalent anhydrous portlandite amount helped to understand the
formation of hydration products as shown in Fig. 3 (a, b). In the refer-
ence sample, a clear increase in the C-S-H bound water and portlandite is
observed over time. In the 0.8 M NaOH sample, a higher amount of
calcium hydroxide (~1.1-4.0 wt%, 7-14 days hydrated sample) was
observed as compared to the reference (~0.3-2.1 wt%, 7-14 days hy-
drated sample) sample while significantly lower (~61%) C-S-H bound
water indicates the lower reactivity of CoS contrary to previous study
[13]. These results indicate the earlier precipitation of portlandite in 0.8
M NaOH sample compared to the reference would lead to the slow
dissolution of CyS. A serious decrease in the dissolution of CsS is

0.0 w/s=1.6 (14 days hydrated sample)
-0.5 4 ~ -
Calcite
c
E 1.0 “c-sH+ Gypsum \
2 Portlandite
o
B 1.5
v
C-S-H
2.0 Reference
—— 0.8M NaOH
—— 0.4M Na,CO,
-2.5 1 —— 0.4M Na,SO,

T T T T T T T
100 200 300 400 500 600 700 800
Temperature (°C)

(®)

0.0+

S
(8]
1

E 1.04 | Calcite

S

3 Portlandite

<

O -1.54

l—

(=]
2.0+ o3 Rerence

(C-S-H + Gypsum) ——0.8M NaOH
——0.4M Na,CO,

2.5 ——0.4M Na,SO,

\J
C-S-H

Ww/s=1.6 (28 days hydrated sample)

R

T T T
100 200 300

T T T T
400 500 600 700 800

Temperature (°C)

(c)

Fig. 2. Differential thermal gravimetric (DTG) analysis of chemically activated C,S at curing age of a) 7 b) 14 and c) 28 days with 1.6 w/s ratio.
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Fig. 3. Calculation of chemically bound water over time of chemically activated C,S a) equivalent anhydrous portlandite (wt%) via Eq. (6). b) calcium silicate
hydrate (C-S-H) gel water (wt%) or evaporable water (Eq. (5)). *It is not possible to differentiate between weight loss event of gypsum and C-S-H in 0.4 M Na,SO4
sample (Fig. 2). Because the C-S-H volatiles coincides with the gypsum water of crystallization.

reported in the presence of a high initial concentration of portlandite
[45]. However, if a very high supersaturation with respect to portlandite
could be maintained, the portlandite and C-S-H nucleation can happen
without the need for high dissolution [46]. That is usually observed at
high concentrations of NaOH/KOH activated C5S reaction [13] but low
concentration delays the hydration as observed in 0.8 M NaOH sample.
Furthermore, the hydroxyl ions-rich solution promotes the precipitation
of calcium hydroxide leading to a possible decrease in the Ca/Si ratio
due to less calcium available for incorporation in C-S-H as the solubility
of calcium hydroxide decreases at high pH.

In the 0.4 M NayCO3 sample, the amount of equiv. calcium hydroxide
and C-S-H bound water remain constant once they are precipitated.
After 14 days, a slightly lower mass loss for the gel water can be
attributed to the enriching of C-S-H with Q*type silicate chains
(Table 3). In the 0.4 M NaySO4 sample, the calculation of C-S-H volatiles
was difficult because the gel water weight loss overlaps with the bound
water of gypsum (~100-200 °C). So, the C-S-H gel amount is high
because it also contains gypsum water for crystallization.

C,S hydration reaction products are confirmed via QXRD as shown in

Fig. 4 (see Fig. S2 (b, ¢, d) for new hydration product peak assignment of
the hydrated sample) and normalize to the portlandite (mmeasured) Mass
from TG analysis. The presence of 3-C,S hydration by-products such as
portlandite, calcite, and gypsum are observed for 28 days. In the 0.4 M
NaySO4 sample, gypsum is observed only in 7 days hydrated sample
while at a later stage (14 and 28 days), only portlandite is visible. The pH
of the 0.4 M NaySO4 sample was found to be in the range of 12.5-13.0
measured at random moments between 5 and 12 days. The dissolution of
gypsum increases at pH 12-13 [47] explaining why, no gypsum crystal is
observed at later stages (14 and 28 days cured samples).

The degree of hydration (DOH) is calculated by using: As the hy-
drated B-CS mass partially consists of bound water and is corrected
from the TGA mass loss.

_ mXRDycasty — mXRDpeost. (1 — evaporable water)
mXRD/;(;zsto

DOH (%) t, @)

At 7 days of hydration, the DOH was 60% higher for 0.4 M NayCO3
than the reference sample. So, only the carbonate accelerates the
hydrationat an early age. In the 0.4 M NaySO4 sample, the highest DOH

. Reference 0.8MNaOH  0.4M Na,CO, 0.4M Na,SO,
100 -
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Fig. 4. Quantitative X-ray diffraction (QXRD) of chemically activated p-C5S at curing ages of 7, 14, and 28 days with a 1.6 w/s ratio.
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(~223%) increase was observed at curing age between 14 and 28 days.
The increase in hydration can be attributed to the dissolution of calcium
sulphate at high pH (12-13) and promotes C-S-H precipitation leading to
an increase in CyS dissolution [47]. As NaOH is described as an alkali
activator but the present result argues that hydration in 0.8 M NaOH
lowers the B-CoS reactivity at every age [25]. Overall, the reference
sample exhibited a continuous increase and reaches 67% until 28 days as
shown in Fig. 5. At 28 days of hydration, the addition of various anions
lowered the degree of hydration. For 0.8 M NaOH, 0.4 M Na;CO3 and
0.4 M NaySO4 samples, a decrease of ~54%, ~54%, and ~30%,
respectively, in hydration degree was measured.

The morphology of the hydration product in the presence of varying
anions has been presented in Fig. 6. The reference sample exhibited a
densely interconnected structure in the early stage (7 days) which
changes into well distributed wider needle-like structure in the later
stage of curing (Fig. 6 (a, b)) [46]. In the case of carbonate anion-rich
hydration medium, the C-S-H structure exhibited the crumbled foil
structure alongside rhombohedral agglomerated calcite crystal (Fig. 6
(c, d)). For the 0.8 M NaOH sample, a fibrous morphology of the C-S-H
was observed alongside the hexagonal crystal of portlandite (Fig. 6 (e)).
A dense aggregated network with possible gypsum crystal was observed
in the sulphate-activated sample (Fig. 6 (f)). The varying morphology of
C-S-H is dependent on the Ca/Si ratio and type of activator [18,26,48].

By comparing all the anion's behaviour in CyS activation, it is
observed that the 0.4 M NayCO3 sample exhibited high hydration ac-
tivity at an early stage (7 days) and undergoes an apparent dormant
period that lasts for at least 28 days. On the contrary, a slow and
continuous p-C,S hydration process is observed in the reference sample
which attains a high reaction degree at a later stage (14-28 days). In the
presence of sulphate anions, pH seems to play an important role in the
dissolution-precipitation of gypsum, calcite, and portlandite respec-
tively. Moreover, the hydroxyl-rich medium caused the early precipi-
tation of portlandite which significantly decreases the p-CoS hydration
reaction over time. To understand the different B-C3S hydration
behaviour in water and sodium carbonate at an early stage, in-situ pH
and conductivity are measured during hydration. The conductivity of
the solution is a measure of ions concentration and mobility in a solution
at a given temperature. As the concentration of hydroxyl ions and the
ionic strength of hydration mediums play an important role in the CyS
reactivity.

100
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o
Z 60 |~ -*—0.4M NapyCO5
o
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Fig. 5. Degree of hydration (DOH) of chemically activated B-C,S calculated via
QXRD and TGA over 28 days.
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3.3. In-situ pH and conductivity measurement

The evolution of hydroxyl ion concentration and ionic conductivity
was measured for the reference and 0.4 M NaCO3 samples during the
first 5 days as shown in Fig. 7. It is worth mentioning here that the same
temperature condition such as 20 + 2 °C as well as a 1.6 water to solid
ratio was chosen to have comparable results with calorimetric data. In
the reference sample, a continuous increase in pH and conductivity is
observed till ~60 h indicating the continuous dissolution of CyS. After
60 h, the pH attains a plateau, but the conductivity still increases which
can be attributed to the high activity event of precipitation of the hy-
dration product (Fig. 7 (a)). In the case of the 0.4 M NayCO3 sample, a
clear increase in the hydroxyl ion concentration and conductivity was
observed around ~15 h which can be dominantly attributed to the p-CaS
dissolution. After ~15 h an acceleration period of precipitation-
dissolution last for a further ~6 h followed by a clear decrease in the
ionic concentration in the solution. However, the concentration of hy-
droxyl ions remains high (pH = 13.1), and ionic mobility around ~40 h
attains its plateau indicating the solution attaining the equilibrium
(Fig. 7 (b)). So, the proposed chemical reaction can be written as follow:

CarSi04 (o) +2H,0 < 2Ca*" + 40H™ + H,SiO, @®)

Ca(OH); (4 + COY ) —CaCOs5 () +20H ©)

A basic dissolution medium does not enhance the dissolution of
dicalcium silicate. A high pH (~13) leads to a negative surface charge
that further limits the solubility (Egs. (2), (3)). The high negative surface
charge attracts the Ca%* or Na* ions strongly. Moreover, the precipita-
tion of CaCOs increases at high pH. The simultaneous precipitation of C-
S-H and calcium carbonate deprives the solution of transportable cations
between the solid surface and the solution leading to a longer dynamic
equilibrium state for 0.4 M NayCOs from 2 to 28 days at high pH
(~13.0). The term dynamic equilibrium rather than steady-state equi-
librium is used because no net change in the hydration degree till 28
days was observed. Moreover, the simultaneous precipitation of calcium
carbonate leads to fewer calcium ions available to get incorporated in C-
S-H.

If the lack of transportable cations in the 0.4 M Na;COg3 sample is the
leading cause for the longer equilibrium at high pH, then any solid
surface site that has a high affinity for the Ca*" would speed up the
dissolution-precipitation reaction. To test the hypothesis, the 3 wt%
CaCOj is provided as a nucleation site for the Ca%* ions.

3.4. Effect of CaCOs as a nucleation site for Ca®" ions

The exothermic heat of the reaction of various samples with 3 wt%
added CaCOs has been presented in Fig. 8. In the 0.4 M NayCOg sample,
the presence of solid calcium carbonate shortens the induction period
from ~15 to 3 h. Consequently, the time for the heat of hydration peak
maxima reduces from ~22 to 11 h and the system early reaches into
dynamic equilibrium state (Fig. 8 (a)). But overall, the addition of cal-
cium carbonate did not lead to any change in the cumulative heat release
(~36 J/g) (Fig. 8 (b)). These findings indicate that the lack of trans-
portable cations between a solid surface and solution leads to a dormant
period from 2 to 28 days making -C,S dissolution highly discontinuous
as compared to a reference, 0.4 M NaySO4 and 0.8 M NaOH samples. In
the case of the reference and 0.8 M NaOH sample, the provision of
calcium carbonate as an inert material seriously slows the hydration
reaction compared to the reaction without added calcite (Fig. 1). The
presence of CaCO3 does not have this effect in the Na;CO3 sample.

Overall, the C,S reactivity in the presence of anions such as co%,
SO7~ and OH™ etc. can be broadly divided into three different cases: C2S
dissolution-precipitation reaction (case I), simultaneous precipitation of
C-S-H and carbonates (case II): An early precipitation of reaction
byproducts such as portlandite, gypsum, etc. (case III).
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Fig. 8. Exothermic heat curve of chemically activated p-C,S in the presence of 3 wt% CaCO3 a) normalized heat flow b) cumulative heat of hydration.

Case I: The standard C,S reaction in the reference sample exhibited a
dissolution equilibrium followed by precipitation of C-S-H. The
important point to mention here is that the C-S-H precipitates earlier
than the portlandite. That is why, the least amount of equivalent
anhydrous portlandite (~0.3 wt%) is observed after 7 days of hy-
dration. Moreover, the changes in the w/s ratio markedly shift the
dissolution equilibrium which emphasizes the importance of local
ion concentration at the CyS-grain surface interface that predomi-
nantly plays an important role in C3S reactivity [31,45].

Case II: In the case of 0.4 M NayCOs, simultaneous precipitation of C-
S-H and calcite leaves the solution enriched with hydroxyl ions. Due
to the high hydroxyl ion concentration in the solution, the silicate
surface got deprotonated and become negatively charged. The
negatively charged surface not only restricts the C,S dissolution but
also hinders the diffusion of cations between the solid surface and the
solution in this case.

Case III: In the case of 0.8 M NaOH, early precipitation of portlandite
(Equiv. anhydrous portlandite (~1.1 wt%) 366 times more than the
reference (0.3 wt%) sample) seriously delays the C-S-H precipitation.
The same is observed for the 0.4 M NaySO4 sample at an early stage
(7 days). But the calcium sulphate (gypsum) is more soluble at high
pH than portlandite. So, the dissolution over time saturates the so-
lution to promote C-S-H precipitation. Therefore, the highest DOH
(~223%) increase was observed in the 0.4 M NaySO4 sample be-
tween the age of 14 and 28 days.

4. Conclusion

The effect of fixed moles of (0.8 M) Na™ cations balanced by either
OH™, SO or CO3™ anions on B-CyS hydration was investigated at
ambient temperature. The important findings are as follows.

B-CoS reactivity is highly dependent on the water-to-solid ratio. The
increase in w/s ratio from 0.5 to 1.6 significantly increases C,S disso-
lution leading to a 47 and 100% increase in cumulative hydration heat
(14 days) respectively, in reference as well as 0.4 M NayCOs. But in 0.8
M NaOH, the change in w/s ratio did not alter the cumulative hydration
degree indicating the slowing of C5S dissolution.

-C2S hydration reaction proceeds over time by dissolution equilib-
rium, C-S-H/portlandite precipitation, and silicate chain polymerization
as a slow and continuous process. The B-CyS reactivity exhibited a
continuous increase in hydration degree (DOH) and reaches the highest
67% at 28 days hydrated reference sample.

At 7 days, the carbonate-activated -CaS exhibited a 55% higher
DOH than the reference. But at later ages (7-28 days), no further hy-
dration activity was observed except for the polymerization of silicate
chains (enrichment with Q? (C-S-H) type units). The apparent dormant

period is attributed to the simultaneous precipitation of C-S-H and cal-
cium carbonate depriving the solution of transportable cations between
the solid surface and hydration medium at high pH (~13.1). The idea is
further confirmed by the addition of 3 wt% calcium carbonate as
nucleation site that further reduced the induction period from ~22 to
11 h without changing the overall cumulative heat of hydration.

The $-CyS hydration of sulphate-rich ions is more dependent on the
pH. At first, gypsum was found to be the only hydration product
alongside C-S-H at 7 days. As the CuS dissolution increases so does the
pH of the hydration medium, the gypsum started to dissolve and por-
tlandite precipitates at later stages. At curing age between 14 and 28
days, the highest DOH (~223%) was observed which is attributed to the
calcium sulphate dissolution, and the promotion of C-S-H precipitation.

0.8 M NaOH activated p-CaS exhibited no significant increase in
hydration degree at any stage compared to the reference sample leading
to the lowest DOH (~31%) after 28 days. This behaviour is attributed to
the early precipitation of portlandite and the high pH of the solution
leading to the slow dissolution of p-C5S.
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