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Supporting Information
1 Fitting of the quasi-elastic neutron scattering data with a single-Lorentzian model

A single-Lorentzian model," ? as described by the equation below, has also been used to fit the
quasi-elastic neutron scattering (QENS) data:
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where the definitions of the parameters in the above equation are the same as the double-Lorentzian

model presented in the article. The fitting procedures are also the same as presented in the article

except that only three parameters (A, Bi and I'1) are allowed to vary in this case.

The quality of a typical fit using the single-Lorentzian model is compared with that of the double-
Lorentzian model in Figure S1a, where it is clearly seen that the double-Lorentzian model results
in a better fit to the QENS data. This is further supported by the weighted sum of squared residuals
(WSSR) in Figure S1b which shows that the average WSSR for the double-Lorentzian model is at

least 2-6 times smaller than that for the single-Lorentzian model for the six types of samples



studied. Figure S1b also shows that adding a third Lorentzian (i.e., triple-Lorentzian model as has
been used in some previous studies® %) does not lead to a further reduction in the average WSSR,
indicating that the quality of fit could not be further improved with the additional Lorentzian. Due
to these results and the fact that a previous QENS study on cementitious materials showed that the
double-Lorentzian model is more chemically feasible than the single-Lorentzian model,! we

decided to use the double-Lorentzian model to fit the QENS data in the article.
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Figure S1. (a) Comparison of the quality of typical fits for a QENS spectrum using single-

Lorentzian and double-Lorentzian models. (b) The average weighted sum of squared residuals



(WSSR) from the fitting of single-, double-, and triple-Lorentzian models. The experimental data
in (a) is the NaOH-activated slag sample at 1 hour.



2 Inelastic neutron scattering data: Water librational peak

As has been shown in the article, the librational peak of the inelastic neutron scattering (INS)
spectra was fitted using three Gaussians, which were then used to calculate the weighted librational
peak position (WLPP) parameter. The evolution of the WLPP with the progress of reaction for
both NaOH- and Na,SiOs-activated slag is illustrated in Figure S2a, while Figure S2b shows the
correlations between WLPP and two parameters derived from the analysis of the QENS data: (1)
free water index (FWI), and (2) weighted half-width at half-maximum (HWHM) of H/H>O. The
second parameter is determined from the Gaussian and two Lorentzians in the double-Lorentzian
model which represents bound, constrained and free water molecules, respectively, using the

following equation:
l_' _FG.AG +F1'AL1+F2'AL2
weighted — AG + ALl + ALZ

where I, I} and I, are the HWHM of the Gaussian and two Lorentzians, respectively. 4, is the
area under the Gaussian, while A;; and A, are the areas of the two Lorentzians. The [y¢igntea
from the QENS data is a reflection of the average mobility of H/H>O molecules, with a larger value
indicating higher mobility. On the other hand, as explained in the article, WLPP is a reflection of
the averaged rotational mobility of water molecules, with a higher WLPP associated with a lower
rotational mobility. As a result, an inverse correlation between WLPP and Iy ¢igpteq 18 s€en in

Figure S2b.

Figure S2a clearly shows that the Na>SiOs-activated slag exhibits consistently higher WLPP values
than the NaOH-activated slag, indicating that the water molecules in the former, on average, have
lower rotational mobility. This is in agreement with the I},z;gnteq data in Figure S2b from the
QENS analysis, where it is seen that the I\¢;gpeq 0f Water molecules is smaller (hence lower
mobility) in the Na>SiOs- than the NaOH-activated slag sample. This is attributed to the lower
FWI in the Na,SiOs-activated slag as shown in Figure S2b. In addition, the evolution of the WLPP
in Figure S2a suggests that the average rotational mobility of water molecules in the NaOH-
activated slag gradually decreases while the Na>SiOs-activated slag experiences a slight increase
first followed with a slight decrease with the progress of reaction. This initial increase in mobility

(decrease in WLPP) is attributed to the increase of FWI in this sample (Figure S9) arising from



reduction in Na+Si concentration in the solution via formation of a C-(N)-A-S-H-type gel as
already explained in the article. This decrease in WLPP due to an increase of FWI is even more
obvious for Na,SiOs-activated metakaolin sample (unpublished data) where the Na+Si were taken
out of the solution via formation of N-A-S-(H)-type gel. In fact, an inverse correlation is clearly

seen between FWI and WLPP as shown in Figure S2b.
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Figure S2. (a) Evolution of the weighted librational peak position (WLPP) for the NaOH- and
NaxSiOs-activated slags as a function of reaction time, and (b) correlations between WLPP and (1)
free water index (FWI) and (ii) the weighted HWHM of the Gaussian and two Lorentzians
(Tweightea) Obtained from fitting the QENS spectra with the double-Lorentzian model. The dashed

lines in (b) are provided to guide the eye.



3 Estimating the average number of HO molecules solvating each ion in alkaline solutions

The average number of H,O molecules required to fully solvate a Na* ion is around 5.° For 1 liter
of NaOH solution, there are approximately 55.5 moles of H,O (1 liter NaOH solution contains
approximately 1 liter (or 1000g) H>O; 1000g/(18g/mol) = 55.5 moles), which is enough to fully
solvate the Na* ions in the 10 M NaOH solution (10x5=50 < 55.5). For Na;SiOs solutions, the
calculation is not as straightforward due to presence of silicate species and their complex speciation
in such solutions (the speciation also varies considerably depending on the silicate concentration
and Na>O/SiOz of the Na»SiO; solution).® 7 Hence, to simplify the calculation here, it is assumed
that all the silicate species in the Na>SiO; solutions are silicate monomers in the form of
Si02(OH)2?",} and each silicate monomer has a hydration number of 5 when fully solvated
(according to DFT calculation from our unpublished work). This means that to fully hydrate the
Na" ions and silicate species in the 2.8 M Na»SiO3 solution, the amount of HO molecules required
is about 42 M (2.8x2x5+2.8x5=42 < 55.5), suggesting that there is sufficient water to fully hydrate
the Na® ions and silicate species in this solution. However, this value becomes 61.5 M
(4.1x2x5+4.1x5=61.5 > 55.5) and 70.0 M (5.0x2x5+5.0x4=70.0 > 55.5) for the 4.1 and 5 M
NaxSi0s solutions, respectively, which means that the amount of water in these solutions is not
enough to fully hydrate the Na* ions and silicate species. Hence some water molecules may be
associated with multiple Na* ions and/or silicate species at the same time, leading to a further
reduction in their mobility. This will result in a transformation of constrained water index (CWI)
to bound water index (BWI) for the high concentration Na,SiO3 solutions (i.e., 4.1 and 5 M) as

seen in Figures 6a and 6b of the article.



4 Isothermal conduction calorimetry (ICC) data for a metakaolin-water mixture

To further illustrate that the initial peak (within ~10 mins after mixing) in the ICC heat flow curves
for the alkali-activated slags (see Figure 7 in the manuscript) is dominated by wetting of particle
surfaces, ICC heat flow data for a metakaolin-water mixture is provided in Figure S3. Similar to
the slag-water mixture, the metakaolin-water mixture also exhibits an intense initial heat flow peak
within ~10 mins after mixing. Since it is known that metakaolin dissolution in water is minimal,’
this initial heat flow peak seen in Figure S3 can only be attributed to the wetting of metakaolin
particle surfaces. Figure S3 also shows that the peak heat flow for the metakaolin-water mixture
(~34 mW/g) is higher than that of the slag-water mixture (~28 mW/g; Figure 7b), which could be

attributed to the larger specific surface area of metakaolin as compared with slag.'”
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Figure S3. Heat flow curve for a metakaolin-water mixture measured using ICC. This mixture (5

g in total) has a water/metakaolin ratio of 0.9.



5 BWI/CWI/FWI versus cumulative heat for NaOH-activated slag — Initial 2.5 hours

The linear correlations between the BWI/CWI/FWI and ICC cumulative heat are further illustrated

in Figure S4, which is a zoomed plot of the initial 2.5 hours of Figure 8b in the article.
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Figure S4. Correlations between ICC cumulative heat and bound water index (BWI)/constrained

water index (CWI)/free water index (FWI) for the NaOH-activated slag sample during the initial

2.5 hours.



6  Analysis of the FTIR data for NaOH-activated slag

Detailed analysis of the FTIR spectra for NaOH-activated slag from ~2 to ~12 hours of the
activation reaction has been performed by fitting the main v,; Si—O—T bands at 700-1100 cm™!
with multiple Gaussians and an unreacted slag component, as illustrated in Figure S5. As already
discussed in the article, the four Gaussians centered at ~985, ~930, ~895 and ~805 ¢cm™', can be
assigned to asymmetric Si—O stretching in the C-(N)-A-S-H gel associated with different
neighboring environments. The contribution from the unreacted slag is determined by scaling the
vas Si—O—T band of the neat slag such that the spectrum at ~840-860 cm™' overlap with that of the
NaOH-activated slag, as highlighted by the red dashed circle in Figure S5. This is because from
Figure 8c in the article we can clearly see that the shoulders at ~840-860 cm™! in the FTIR spectra

of the NaOH-activated slag are due to unreacted slag.
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Figure S5. Deconvolution of the FTIR spectrum for NaOH-activated slag at ~12 hours between
700 and 1100 cm™! using multiple Gaussians and the FTIR spectrum of neat slag. The red dashed
circle highlights the shoulder at ~840-860 cm™! on the spectrum for NaOH-activated slag which is

attributed to unreacted slag in the sample.

Based on the deconvolution of the FTIR spectrum (Figure S5), we have estimated the relative

amount of each band in the sample, 7;, using the equation below:
A;



where 4; is the area of the i Gaussian and 4; is the area under the unreacted slag in Figure S5. By
plotting »; of the NaOH-activated slag at different reaction times (from 2 to 12 hours) against the
corresponding BWI and FWI obtained from QENS analysis (QENS data are shown in Figure 8b
of the article) it is seen that 7;, especially the main band at 930 cm™, is directly proportional to the
BWI (Figure S6) while an inverse correlation with FWI is evident. Given that all the four Si—O
stretching bands are attributed to C-(N)-A-S-H gel, as explained in the manuscript, the correlations
in Figure S6 clearly demonstrate that precipitation of C-(N)-A-S-H gel is the main factor
responsible for the linear conversion of FWI to BWI after ~2.5 hours as seen in Figure 8b of the

article.
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Figure S6. Correlations between the relative amount of Si-O stretching 7; at ~985, ~930, ~895 and
~805 cm ™! and (a) bound water index (BWI) and (b) free water index (FWI) derived from QENS

analysis. The dashed lines are provided to guide the eye.



7 Surface area and hydrotalcite formation during the initial hour of reaction in the NaOH-

activated slag and their potential impacts on BWI

It has been widely reported that an increase of surface area during leaching/dissolution of minerals
occurs due to the development of etch pits and incongruent dissolution (including those in cements,
e.g., tricalcium silicate).!!"!* The likelihood of forming and growing etch pits in glassy materials
during dissolution (e.g., slag) is low due to the lack of structural order, while incongruent
dissolution is possible but dependent on a number of factors. For instance, it has been reported that
leaching of slag at a constant pH of 7.5 leads to formation of a porous silica-rich surface layer on
the partially-dissolved slag particles (due to Ca leaching), which results in an almost fourfold
increase in BET specific surface area (from 1.13 to 5.42 m?/g).'"* However, this dissolution
condition is different from that in a highly concentrated alkaline solution (i.e., NaOH), where the
solubility of silica and alumina is significantly higher than at neutral pH.? Hence, it is difficult to
discern if the surface area increases or decreases during the initial hour of reaction, and therefore

it is impossible at present to evaluate the impact of changes in surface area on BWI.

The rapid formation of the hydrotalcite-like phase in NaOH-activated slag has been reported in an
in situ XRD study'> and thermodynamic modeling'¢. One difference between these two studies is
that the XRD study showed that the formation of hydrotalcite-like phase during the initial stage of
reaction (before the main ICC reaction peak) is even more pronounced than the formation of the
main binder gel (i.e., C-(N)-A-S-H). This pronounced behavior is likely valid for the NaOH-
activated slag studied here, due to the high concentration of Mg in the raw slag (14.3 wt. % MgO).
In fact, FTIR data in Figure S7 show the emergence of a C—O stretching band at ~1400 cm™! in
the NaOH-activated slag immediately after mixing (at ~20 min), which can tentatively be assigned
to the hydrotalcite-like phase. To roughly estimate the contribution from hydrotalcite-like phase
formation to the increase of BWI during the initial hour as seen in Figure 8b (as compared with
the contribution from slag silicate dissolution), we take the slag leaching data in a SM NaOH
solution (similar concentration to what is used here)!'”, which showed that the leached Si/Al ratio
after 1 hour is about 7:1. Since the dominate silicate species in a SM NaOH (pH > 14) is

Si02(OH),?",? the silicate dissolution and hydrotalcite formation can be simplified as follows:

(1) Silicate dissolution: Si0, + 2 OH™ — Si0,(0H),*~



(2) Formation of hydrotalcite: 6Mg0O + Al,0; + CO, + 12 H,0 - MggAl,CO3(0OH )¢ -
4H,0

Reaction (1) generate 2 moles of bound-H atoms per mole of SiO2(OH),?>~ formed, whereas
reaction (2) generate 12 moles of bound-H atoms per mole of Al consumed, assuming most of the
leached Al ends up in hydrotalcite and the amount remaining in the solution is relatively small (as
shown to be case in NaOH-activated slag!®). These simple calculations suggest that the
contribution to BWI from slag silicate dissolution (2 moles/mole x7 = 14) and hydrotalcite
formation (12 moles/mole x1 = 12) are comparable (7:6) during the initial hour. The actual ratio
for the current sample could be very different because of (1) the differences in dissolution
condition, slag chemistry and particle size distribution between the leaching tests in ref. !” and the
NaOH-activated slag studied here, which could influence the ratio of the overall dissolved Si/Al
during the initial hour, (2) simplification of the reactions, and (3) several assumptions made (e.g.,
all the dissolved Al end up in hydrotalcite). Nevertheless, it is reasonable to suggest that the
formation of the hydrotalcite-like phase could have a large contribution to the BWI increase in the

NaOH-activated slag during the initial hour as seen in Figure 8 of the article.
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Figure S7. Stacked plot of the FTIR spectra for NaOH-activated slag during the initial two hours

between 1200 and 1800 cm™!. Data for the neat NaOH solution are also provided for comparison.



8 Determination of the enthalpy of generating bound H-atoms

In the case of NaOH-activated slag, the total amount of H-atoms (in mole) per gram of paste ny is
calculated:

Wy ater y 1 mole 2 = 40 g y 2 mole
Wyater ¥ Weiag + Wia,so 18 g (40+100+7)g 18g

ny = = 0.03 mole/g

where Wy, qter, Wiiag and Wy, o are the weight of water, slag and Na,O contained in the alkali-

activated slag sample, respectively.

The enthalpy of generating 1 mole of bound H-atoms (Hpwr) can be calculated as:

AI_Icumulative heat __ 1

H = — - —
Bwi ny - ABWI 0.03 mole/g - Slope of BWI vs. Cumulative heat curve

where AH . muitative neat @d ABWI are the difference in cumulative heat and BWI between two

selected reaction times, respectively.

A negative sign is given in the above equation because the reaction is exothermic. The slopes of
the BWI vs cumulative heat curve in Figure 8b of the article are ~19.7/(kJ/g) for the initial hour
and ~1.6/(kJ/g) after ~2.5 hours. Substituting the slopes into the above equation gives a Hzws of ~
—1.7 and ~-20.8 kJ/mol, respectively. The enthalpy of generating bound H-atoms for the Na,SiO3-
activated slag sample has also been calculated following the same procedures, and the results are

summarized in Table 2 of the article.

Furthermore, we have also estimated the enthalpy of generating bound H-atoms for different
dissolution and precipitation reactions based on thermodynamic data,'® where the enthalpy of each

reaction Hr is determined based on the enthalpy of formation of each constituents, as illustrated

HR = Z HF_ Z HF

Products Reactants

below:

where HF is the enthalpy of formation of each constituent.

For example, the dissolution of amorphous SiO in mild alkaline solution (pH = 10-12) where the

dissolved silicate species is dominated by SiO(OH);~ '° can be written as:



Si0, + H,0 + OH™ = SiO(OH)5
The enthalpy of above reaction can be calculated as: Hr =— 1430.9 kJ/mol — (— 903 — 285.9 — 230)
kJ/mol = —12 kJ/mol, where the formation energy of each constituents are obtained from ref. '3,
This value is close to what was reported in the literature for dissolution of amorphous SiO; in mild
alkaline solutions (~ —12.8 kJ/mol).?° Since each mole of SiO(OH);~ formed generates 3 moles of
bound H-atoms, the enthalpy of generating bound H-atom via the above reaction is approximately
4 kJ/mol. Similarly, the enthalpy of generating bound H-atom for different reactions are calculated

based on ref. '® and summarized in Table S1 below.

Table S1. Enthalpy of reaction and enthalpy per mole of bound H-atoms generated for different
reactions. Note that the reactions in the AAS samples are highly complex and the ones listed below
are some of the simplified possible reaction pathways. TSC* is one common type of C-S-H gel
structure which has the same chemical composition as T5C but slightly modified thermodynamic
properties,'® and T5C is an ordered pentameric tobermorite-like end member where the interlayer

Ca®" occupancy is full.?!

Bound H- Enthalpy of Enthalpy per mole of
Reactions atoms per mole | reaction Hr | bound H-atoms generated
of reaction (kJ/mole) Hgwr (kJ/mole)

SiO;+H,O+0OH 2 SiO(OH)s 3 -12.0 —4.0
SiO>+2H>0 2 Si(OH)4 4 -15.0 -3.8
SiO+20H 2 SiO>(OH) - 2 -21.9 ~11.0
AlO3 + 3HO+20H 2 2 AI(OH)4 8 -1.1 —0.183
CaO + H:0 2 Ca®* + 2 OH 0 -82.2 N/A
MgO + H,O 2 Mg’ + 2 OH 0 -38.4 N/A
1.25Ca’* + 1.25 SiO2(OH)»*~ + 1.25H,0 )5 126 50
2 1.25Ca0+1.255i0:°2.5H,0 (T5C*) ' ' '
1.25Ca0 + 1.25 SiO>(OH)~ + 2.5H,0
2 1.25Ca0+1.258i0:°2.5H>0 (T5C*) + 2.5 -923 -36.9
2.50H
1.25Ca0 + 1.25Si0; + 2.5H,0 -
1.25Ca0+1.258i022.5H:0 (T5C*) > 1428 —286
6MgO + A;03 + CO, + 12H:0 2
MgsA1:CO3(OH) 154H:0 24 118.2 4.9
4Ca0O + Al,03+0.5CO; + 11.5H,0 2>

23 -566.2 —24.6
CasAlx(OH)12/OH(CO3)0.5]*5H>0




9 BJH pore size distribution from N; sorption

Figure S8 shows the pore size distribution and cumulative pore volume for the NaOH- and
NaxSiOs-activated slag samples at 6 and 12 hours. The pore size distribution is determined based
on the BJH adsorption branch of the N; sorption analysis as briefly outlined in Section 3.2.4 of the
article. The results (Figure S8a) clearly reveal that the pores developed in the NaOH-activated slag
are predominately capillary pores (d > 10 nm) and a large proportion of the pores are outside the
range of the N> measurements (i.e., capillary pores with a diameter greater than ~50 nm). In
contrast, for the Na,SiOs-activated slag sample, pores of much smaller size (d < ~10 nm) have
already developed by 6 hours, with approximately 9% volume of pores measured using N> sorption
smaller than ~5 nm (Figure S8b), which can be considered as gel pores arising from C-(N)-A-S-
H-type gel. After 12 hours, the pore size further decreases significantly, with over 50% volume of
pores accessible using N> sorption smaller than ~5 nm. Furthermore, the cumulative pore volume
in the Na,SiOs-activated slag (~0.14 cm?/g) is seen to be almost twice of that in the NaOH-
activated slag (~0.08 cm?/g), likely due to the presence of a significant portion of large pores (>

50 nm) in the latter that were not accessible using N> sorption experiments.
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Figure S8. (a) Incremental and (b) cumulative pore size distribution of the NaOH- and Na»SiO:s-
activated slag at 6 and 12 hours obtained using the BJH adsorption branch from N» sorption

analysis.



10 Evolution of CWI and FWI as a function of time for the Na,SiOs-activated slag
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Figure S9. Evolution of constrained water index (CWI) and free water index (FWI) with the

progress of reaction for Na,SiOsz-activated slag.
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