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Abstract

Sodium silicate powders with different SiO,/Na,O (silica modulus) were characterized by solubility rate, pH,
and chemical structure (by 2°Si MAS-NMR) and compared in the preparation of one-part (or dry-mix) alkali-
activated blast furnace slag mortar. The low SiO,/Na,0 indicated the beneficial presence of less-polymerized
silica (Q* and Q2) and thus faster dissolution. Consequently, using silicates with SiO,/Na,O 0f 0.9, 2.1, and 3.4
resulted 28 d compressive strengths of 103, 80, and 2 MPa, respectively, with increasing setting time and
decreasing heat release in isothermal calorimetry. Adjustment of activator SiO,/Na,O (from 2.1 or 3.4 to 0.9)
by adding NaOH powder resulted increased or decreased mechanical properties of mortar, respectively.
These properties were not, however, similar to obtained with sodium silicate having SiO,/Na;O of 0.9
originally. Depending on the case, the added NaOH can be consumed for dissolving sodium silicate activator,
slag, or the forming (C,N)-(A)-S-H gel.

Keywords: Blast furnace slag; Dry-mix mortar; Geopolymer; One-part alkali-activated material, Sodium
silicate; Silica modulus

1. Introduction

Alkali-activated materials (AAMs), including geopolymers, have gained acceptance as a potentially
environmentally-friendly alternative to Portland cement [1]. Examples of recent construction projects that
have utilized AAMs include the University of Queensland’s Global Change Institute (2013, Australia); the
Toowoomba Wellcamp Airport (2014, Australia); and Transnet’s City Deep Container Terminal (2015, South
Africa). Alkali-activated blast furnace slag (BFS), alone or in combination with other precursors, is one of the
most actively studied AAM binders. Conventional AAMs employ high-viscosity and frequently corrosive alkali-
activator solutions, which typically consist of concentrated aqueous alkali hydroxide and/or silicate [1].
However, to avoid the impracticalities and occupational hazards of handling these solutions, various one-
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part (i.e., dry-mix or “just add water”) AAMs have been increasingly studied [2]. One-part AAMs use a solid
powder alkali-activator, and the reactions are initiated by adding water. One of the earliest examples of one-
part AAMs was published in 1940 by Purdon [3]: BFS activated by solid sodium hydroxide. However, as one
potential drawback, the use of solid-state activators in comparison to similar solutions can result lower
strength in some cases [4]. Nevertheless, one-part AAMs containing BFS and class F fly ash have been
commercialized recently [5-7].

The selection of the solid activator is essential for the successful development of high-strength and durable
one-part AAM binders. The solid activators employed with BFS have included alkali silicates, hydroxides,
carbonates, calcium oxide, and calcium hydroxide either alone or in combination [2]. Also environmentally
friendly alternative activators based various industrial by-products such as rice husk ash [8], maize cob ash
[9,10], or waste glass [11] could be used. These industrial by-products have sufficiently high alkali and/or
silica content together with high pH, which enables their use as solid activators. In general, sodium silicates
result the most promising properties [12]. Although synthetic sodium silicates are relatively expensive and
have a large environmental footprint in comparison to other activators [13], they could still be used in
applications that require especially high strength. Furthermore, high-strength concrete requires thinner
structures to have performance similar to regular concrete, which reduces costs, structural self-weight, and
the duration of construction.

However, not all sodium silicate grades result in good performance. The main variables to consider are the
silica modulus (i.e., the ratio of Si0,/Na,0, Rm) and the amount of chemically-bound water. Ma et al. [14]
compared solid sodium silicate activators for BFS with different amounts of water (anhydrous, pentahydrate,
or nonahydrate), but with similar silica moduli (Rm = 1.06—1.07). They reported that anhydrous sodium silicate
had the highest compressive strength (= 80 MPa at 60 d) followed by nonahydrate (= 70 MPa at 60 d) and
pentahydrate (= 60 MPa at 60 d) [14]. In an earlier study, Nematollahi et al. [15] obtained similar results;
anhydrous sodium silicate (Rm = 0.93) performed better than pentahydrate or GD grade sodium silicate (Rm
= 1.00 and 2.06, respectively) as activators for BFS and class F fly ash. Highly hydrated solid sodium silicates
can contain up to 60 wt% of chemically bound water; thus, the amount of the activator in the AAM binder
must be increased accordingly [14].

The aforementioned studies have focused on the effect of chemically-bound water in solid sodium silicates
but the effect of the silica modulus is documented less systematically. Wang and Scrivener [4] recommended
using anhydrous solid sodium silicate with Ry < 1.2. Collins and Sanjayan [16] mixed two powdered sodium
silicates (Rm=1.0and 2.1) to obtain solid activators with silica moduli between 1.0—-1.8. Their results indicated
that early strength of pastes prepared of BFS and sodium silicate mixture decreased as the silica modulus
increased [16]. Similar results were reported by Ravikumar and Neithalath [17], who prepared mixtures of
solid sodium silicate (Rm = 1.95) with solid NaOH to obtain silica moduli between 0.62-1.55 and used this as
an alkali activator for BFS. The prepared mortars exhibited decreased early strength (at 3 and 7 d) but
increased strength at 28 d as the silica modulus increased in this range [17]. Summary of these and other
studies involving BFS as the precursor and sodium silicate powder as the activator are shown in Table 1 (a
more comprehensive review about one-part AAMs is available in [2]). As can be seen, the silica modulus of
sodium silicates has varied within 0.9-1.1. However, there are commercially available solid sodium silicates
with higher silica moduli but their suitability for one-part alkali-activated systems has not been documented.



Table 1. Summary of earlier studies involving BFS as precursor and solid sodium silicate as activator. Curing
was conducted at room temperature and relative humidity of 70-100% in every study.

Properties of Mix design Compressive
Solid activators sodium silicate . . strength [MPa] Ref.

Rm Water Activator  Fine Wate 74 )8 d

[%)] 2 aggregate®  r¢

Sodium silicate <12 0 n.r. n.r n.r. n.r. ;8_ (4]
Sodium silicate 1.1 <1.0 0.10 0 0.35 =62 =75 [14]
Sodium silicate 1.0 42.5 0.19 0 0.35 =45 =53 [14]
Sodium silicate 1.0 57.1 0.26 0 0.35 =55 =72 [14]
Sodium silicate 0.9 2.5 0.10 2.0 0.35 91.4 107.4 [18]
Sodium silicate, NaOH 2§§ . e nr 040 5-11 ;g [17]
Sodium silicate 0.9 4.8 0.38 3.0 0.5 47.1 51.3 [19]
Sodium silicate 09 4.8 n.r. 3.0 0.3 64.5 71.6 [20]
Sodium silicate 0.9 4.8 0.22 3.0 0.5 49.3 53.8 [21]
Sodium silicate, lime 1.0 43 n.r. 23¢ 0.5 =37 =45 [22]
Sodium silicate, lime 1.0 n.r. n.r. 3.0 0.5 =36 =42 [16]
Sodium silicate, lime n.r. n.r. n.r. 2.3¢ 0.5 =48 =58 [23]
Sodium silicate, lime n.r. n.r. n.r. 2.3¢ 0.5 =35-42F =40 [24]
Sodium silicate, lime n.r. n.r. n.r. 23¢ 0.5 =43 =51 [25]

2 weight ratio sodium silicate / BFS; ® = weight ratio aggregate / binder (binder = BFS + activator); ¢ = weight ratio
water/binder; ¢ = silica modulus adjusted with NaOH; © = also coarse aggregate (< 14 mm) was used, total aggregate
to binder = 5.4; f = depending on the aggregate type

In the present study, the research questions were 1) how do the solid sodium silicates with different Ry differ
in terms of their chemical structure and properties; 2) how does the Ry of solid sodium silicate affect the
chemical and mechanical properties of one-part alkali-activated BFS mortar; and 3) how does solid NaOH
mixed with solid sodium silicate affect the aforementioned properties. The hypothesis was, based on
literature (see Table 1), that a low Rm (= 1) of solid sodium silicate should result high strength. However,
studies with solid sodium silicates with Ry larger than approximately 1.6 (Table 1) have been sparingly
reported and thus represent a knowledge gap. Therefore, in this study, commercial sodium silicates (Rm =
0.9, 2.1, 3.4, and 3.5) were tested to understand the relationship between the solid sodium silicate chemical
properties, structure, and the resulting one-part alkali-activated BFS mortar properties. Furthermore, it was
tested whether it is possible to modify the Ry of solid sodium silicates (from 2.1 or 3.4 to 0.9) by adding solid
sodium hydroxide (NaOH) and this was compared with sodium silicate originally having Ry = 0.9. The cost
and CO,-equivalent emissions of silicate grades vary [14]; thus, it is important to understand their suitability
as solid activators in one-part AAMs to balance the performance and environmental impacts.

2. Materials and methods

2.1. Materials

The ground-granulated BFS (Finnsementti, Finland) used in this study had the dio, dso, and dgo values of 0.9,
10.8, and 51.7 um, respectively (see supplementary material for the full particle size distribution). Bulk and
true densities of BFS were 1.20 and 2.93 g/cm?, respectively, as reported by the supplier. Loss on ignition
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(LOI) of BFS was 0.46% (at 950°C). The chemical composition of BFS is shown in Table 2. This study used the
following solid sodium silicate activators: anhydrous sodium metasilicate (abbreviated as Rm0.9), Sikalon A
(Rm2.1), Sikalon N 601 (Rm3.4), and sodium trisilicate (Rm3.5). Their properties and manufacturer
information are shown in Table 3. NaOH powder (= 97% purity; Honeywell, Germany) was used to adjust the
silica moduli of Rm2.1 and Rm3.4 in the selected mixes. Standard sand (Normensand, Germany) was used for
the preparation of mortars. The sand had particle size ranging between 0.08-2 mm.

Table 2. The chemical composition of BFS as determined using X-ray fluorescence.

Oxide [wt%] Blast furnace slag (BFS)

Na20 0.51
MgO 10.24
Al203 9.58
SiO2 32.33
P20s 0.01
SOs3 4.00
K20 0.53
CaO 38.51
Fe20s3 1.23

Table 3. Properties of the sodium silicates as reported by the manufacturers.

Anhydrous sodium

Sodium trisilicate

Commercial name . Sikalon A Sikalon N 601
metasilicate

Manufacturer Alfa Aesar, Wollner GmbH, Woéllner GmbH, VWR Chemicals
Germany Germany Germany

Chemical formula SiO2 - Na20 2Si02 - Na20 - nH20  3Si02 - Na20O - nH20  3Si0O:2 - Na20 - nH20

Abbreviation used in the RMO.9 RM2.1 Rm3.4 RM3.5

text

Na20 [wt%)] 50.8 27.5 19.0 19.2

SiO2 [wt%] 46.7 56.0 61.0 63.9

Water [wt%] 2.5 16.5 20 16.9

Rwm, molar SiO2/Na20 09 2.1 3.4 3.5

2.2. Preparation of the alkali-activated BFS mortar

The mix design was based on an earlier study [18]. The binder consisted of 90 wt% BFS and 10 wt% of solid
sodium silicate. The mix design was (as a weight ratio): sand/binder/water =5.7/2.9/1.0. The standard mortar
mix design (sand/binder/water = 6:2:1) was not used as it resulted too high water content and consequently
bleeding of mortar (more information is provided in the supplementary material). It should be noted that the
employed water content does not include chemically-bound water from sodium silicates, which contributed
extra 1-5% water. However, decreasing water amount was not possible especially with Rm2.1 since the
mortar became too stiff and unworkable. Therefore, the added water amount was kept constant for all mixes.
The mortar was prepared by mixing dry solids for 3 min, adding water, and mixing for another 3 min. The
mixture was cast in a 40 x 40 x 160 mm prismatic mold coated with mold oil and compacted using a jolting
table (2 x 60 shocks, 1 shock/s). The mold was placed in a curing chamber (22°C and 100% relative humidity)
for approximately 24 h. Then, the specimens were demolded and returned to the curing chamber until tested.



With Rm2.1 and Rm3.4, NaOH powder was added to decrease their silica moduli from 2.1 and 3.4,
respectively, to 0.9. These mixes are abbreviated as Rm2.1 + NaOH and Rm3.4 + NaOH. The purpose of the
addition was to compare Rm0.9 with the modified silicates.

2.3.  Characterization methods

The chemical composition of BFS was determined using a 4 kV wavelength dispersive X-ray fluorescence (XRF)
spectrometer (PANalytical AxiosmAX). XRF analyses were performed from the fused samples: 1.5 g of the
sample was melted at 1150°C with 7.5 g of X-ray Flux Type 66:34 (66 wt% Li,B4O7 and 34 wt% LiBO,) to obtain
melt-fused tablets. The XRF data was interpreted using the Omnian software. Particle size distribution of BFS
was determined by Beckman Coulter LS 13320 laser diffraction particle size analyzer using an oven-dried
(105° for 24 h) sample. Loss on ignition (LOI) of BFS was determined by determining a mass decrease of a
constant weight sample (dried at 105 °C for 24 h) when heated to 950°C.

To understand the chemical structure of the selected solid activators, the 2Si nuclear magnetic resonance
(NMR) spectra of solid sodium silicates were obtained with a Bruker Avance-Ill 300 spectrometer operating
at 59.65 MHz for 2°Si. For the magic angle spinning (MAS) experiments, the samples were packed into 7 mm
zirconia rotors, then a rotation frequency of 7 kHz was applied and 8192 scans were accumulated with a
repetition rate of 3 s. The chemical shifts were referenced to tetramethylsilane (TMS) set to 0 ppm. The 2Si
MAS-NMR spectra were deconvoluted into Gaussian components representing Q"species (in the Q" notation,
n represents the number of bridging oxygen atoms surrounding the silicon atom). Two methods were used
to ensure the accuracy of the deconvolution. First, reasonable values for the chemical shift and the full width
at half maximum for each Q" species were selected according to what was reported in earlier literature [26-
29]. Second, the experimental ratios (obtained through spectral deconvolution) and theoretical ratios (based
on chemical composition) of the non-bridging oxygens to Sl were compared.

In order to further compare the properties of selected solid activators, solubility and pH of the solid activators
were evaluated by placing 1 g of solid sodium silicate in 1 L of deionized water. Samples (10 mL) for Si
determination were taken and pH was measured at 1, 30, 60, and 120 min. The samples were centrifuged
(6000 rpm for 5 min) to separate solids, and the supernatant was decanted; then, an inductively coupled
optical emission spectrometer (Thermo Electron IRIS Intrepid Il XDL Duo) was used to quantify Si
concentration. Deionized water without the addition of silicate was measured as a blank sample. The Si
analysis was conducted following the standard EN ISO 11885 [30].

The heat release during curing and hardening to assess ongoing chemical processes was determined with
isothermal calorimetry. The experiments were conducted with a TAM Air isothermal calorimeter and 20 mL
glass admix ampoules equipped with a stirrer (TA Instruments) at a temperature of 25 + 0.01°C. Solid sodium
silicate, BFS, and sand (0.338, 3.038, and 6.750 g, respectively) were loaded into the ampoule while water
(1.2 g) was loaded into two, 1 mL syringes. An ampoule filled 1.2 g of water as used as a reference. Samples
and reference were first given 4 h to equilibrate inside the calorimeter chamber; then water was added and
they were mixed for 3 min using the admix ampoule stirrer. The heat release rate values were normalized by
the mass of solid sodium silicate and BFS.

To gain information about the reaction products in studied one-part systems, X-ray diffraction (XRD) analysis
was performed using a Rigaku Smartlab diffractometer (9 kW Cu X-ray source) in the range of 10-60 °26 using
6 °26/min scan speed. XRD analysis were conducted on paste samples (i.e., without sand to exclude the
quartz signal) and at the age of 28 d. Before analysis, samples were pulverized using a Retsch R$200 mill.
Quantification of crystalline phases was performed using the Rietveld refinement method with 10 wt% of
rutile (= 99.9% purity; Aldrich) as internal standard.



Initial and final setting times were determined at 22°C with a Vicat apparatus (Vicatronic Matest) on paste
samples following the standard EN 196-3 [31]. Compressive strength was determined from mortar prisms
using a Zwick/Roell Z100 testing machine (maximum force 100 kN) or a Toni Technik 3000 kN testing machine
(when > 100 kN force was required). The compressive strength was evaluated from half-beams using a 2.4
kN/s loading rate, according to the standard EN 196-1 [32].

3. Results and discussion

3.12%Si NMR characterization of the sodium silicates

29Si MAS-NMR measurements were used to determine the chemical environments of the Si atoms in the solid
sodium silicates, as described by the Q" notation, where: n (0—4) is the number of shared corners of a SiO4
tetrahedron (i.e., the number of bridging and non-bridging oxygens are n and 4-n, respectively). This
information is essential in understanding the behavior of solid sodium silicates as activators in dry-mix alkali-
activated BFS mortars.

The increase in the silica modulus of solid sodium silicate is associated with the presence of more connected
Si centers: the proportion of Q! and Q? decreases, while Q3 and Q* increase (Fig. 1). This observed trend is
similar to aqueous alkali silicate solutions (used with conventional two-part alkali-activated materials): the
larger silica modulus indicates the presence of less depolymerized silica species [33,34]. It is noticeable that
there is no Q° present (i.e., silica monomers for which the chemical shift would occur in -60 to -80 ppm [35]).
As a comparison, the relative quantities of Si centers present in a concentrated sodium silicate solution ([Si]
=7 mol/L, Si/Na = 1.71, and pH = 11.56) followed the order Q3 (52%) > Q2 (26%) > Q* (15%) > Q! (6%) > Q° (<
1%) in one study and the predominant species was a Si;O1sHsNas neutral complex [36]. Based on the results
of current study, it appears that the proportion of Q* and Q2 are the important Si environments for the
reactivity and subsequent strength development in one-part alkali-activated BFS: when comparing Rm2.1
and Rm3.4 (Fig. 1), the proportion of Q' + Q? decreases from 35.5% to 22.9% with deleterious effects on
mechanical strength (see Fig. 7). Other implications of the 2°Si MAS-NMR results on the resulting mortar
properties are discussed in detail in the following sections.
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Fig. 1. Deconvoluted 2°Si MAS-NMR spectra of the studied solid sodium silicates and distribution of the Si
centers into Q'-Q*.

3.2 Sodium silicate solubility and pH

The pH of solid sodium silicate is an important parameter as it affects the initial dissolution of BFS [37]. In the
following experiments, pH of solid sodium silicate was monitored in a relatively dilute aqueous solution to
gain information about the behavior of different sodium silicates in comparison to each other. As solid
silicates are mixed with water, pH increases up to a specific value, and then it begins to decrease (Fig. 2). The
observed maximum pH decreases linearly as the silica modulus increases (see supplementary data). This is
expected because the silica modulus also describes alkalinity: solid alkali silicates with silica moduli of 2.1 and
3.4 are referred to as alkaline and neutral, respectively [38]. In alkali silicate solutions, the silica modulus >
1.45 is considered to be user-friendly because it is merely irritant, not corrosive, due to its lower pH [39]. The
decrease of pH shown in Fig. 2 is due to the depolymerization of the Si species, which is known to be
facilitated by hydroxyl ions [40]. The hydroxyl ion acts catalytically (i.e., it is regenerated after reaction) when
the pH is significantly lower than 11 [40], which was not the case in the experiments presented in Fig. 2.
Therefore, hydroxyl ions are consumed for depolymerization, which is the reason for the decrease in pH.
With Rm0.9, the pH of the solution remains approximately constant because the amount of highly connected
Si centers,Q3 and Q% is low. When NaOH is added to the solutions, the pH is 0.25-0.50 units higher, but the
trend is similar to that of the solutions without NaOH: the pH increases to a certain maximum and then it
decreases (Fig. 2C, D). Finally, it should be noted that the concentration of sodium silicate in the actual mortar
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systems is approximately 285.7 times higher compared to this pH experiment. Therefore, the pH in the actual
system can be estimated by assuming that the concentration of OH" is also approximately 285.7 times higher
(i.e., pH is 1.20-1.23 times higher). An example how this was calculated is provided in supplementary
materials. Consequently, the calculated initial pH in the real mortar systems would be 14.2 (Rm0.9), 13.8
(Rm2.1), 13.5 (Rm3.4), 13.4 (Rm3.5), 14.2 (Rm2.1 + NaOH), and 14.4 (Rm3.4 + NaOH). The pH observed with
the low silica modulus sodium silicates (Rm0.9 and Rm2.1) is approximately 0.5 units higher than with the
high silica modulus sodium silicates (Rm3.4 and Rm3.5). Moreover, it appears that pH of Rm0.9 and Rm2.1 +
NaOH or Rm3.4 + NaOH is approximately similar but these activators result completely different properties
in terms of strength and setting time of mortars. Therefore, pH of solid activator alone is not able to fully
account differences in fresh and hardened properties. Another difference between the experiments in
deionized water and in the real mortar system is that hydroxyl ions can be consumed also for other reactions
than depolymerizing sodium silicates in the latter (this is further discussed in the next sections) and
precipitation begins to occur in concentrated aqueous solutions.
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Fig. 2. pH of the sodium silicates (solid/liquid weight ratio = 0.001) in deionized water. The pH in the actual

mortar systems can be calcuted as 1.20-1.23 times higher.



The dissolution rate of the solid sodium silicates increases as the silica modulus decreases (Fig. 3) because a
low silica modulus indicates higher alkalinity and hydroxyl ions are required for dissolution (or
depolymerization) of solid silicates. Solid alkali silicates with SiO2/Na,O > 3.1 are known to dissolve slowly in
water at room temperature [38], as also indicated in the present study (Fig. 3B, 3C). The addition of NaOH
significantly increases the dissolution rate in the case of Rm3.4, which has a high proportion of Q3 Si
environments and some Q* Si environments. However, Rm2.1 dissolves rapidly already without added NaOH
due to a higher proportion of less-connected Si centers (Fig. 1). Therefore, the addition of NaOH only
marginally affects the dissolution rate. Finally, the water-to-binder weight ratio is clearly lower in the studied
mortar (0.35) than the water-to-solid weight ratio in the solubility experiments (1000); therefore, lower
solubility (than in Fig. 3) could be expected in the actual system. However, the solubility experiments were
used to assess the trend in relative solubilities of solid sodium silicates. The effect of sodium silicate silica
modulus for BFS solubility in dry-mix mortars could be a topic for future studies. It is noticeable, that even
though the solubility of Rm3.4 + NaOH reached almost 100%, similarly to Rm0.9, the Rm3.4 + NaOH does not
reach high strength. This indicates that significant amount of NaOH is consumed for other reactions as well
in actual mortar system. To adjust the silica modulus from 3.4 to 0.9, a higher dose of NaOH is required than
can could be calculated based just on the SiO,/Na,0 ratio of the activator.
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Fig. 3. Dissolution of sodium silicates (as a percentage of total Si) to deionized water (solid/liquid weight ratio
= 0.001) as a function of time.



3.3Isothermal calorimetry

The heat evolution curves of alkali-activated BFS can be classified in three groups: 1) only one peak; 2) initial
peak, induction period, and accelerated hydration; and 3) two initial peaks, induction period, and accelerated
hydration [41]. In the present study, the behavior followed group 1 or 2 (Fig. 4). The first peak (also referred
to as pre-induction period) corresponds to the wetting and dissolution of the precursors and the second peak
(also known as acceleration/deceleration) to the nucleation, growth and precipitation/condensation of the
(C,N)-A-S-H gel [42-45]. Between the peaks, a dormant period can occur during which the soluble alumina
and silica increase up to a specific threshold concentration required for gel formation [46].

The isothermal calorimetry results as normalized heat flow and cumulative heat flow are shown in Fig. 4 and
Fig. 5, respectively. The mortars with Rm0.9, Rm2.1, Rm3.4, Rm3.4 + NaOH, and Rm3.5 exhibit two peaks of
which the first appears at 3—5 min. This peak is likely a combination of dissolution of solid activator and
precursor. Rm2.1 + NaOH exhibits only one peak, which could be because the two peaks have merged
together. Therefore when NaOH is added to Rm2.1, it appears that dissolution and subsequent
polymerization-condensation occur rapidly and simultaneously.

The intensity of the first peak (up to 73 mW/g with Rm0.9) is much lower compared to some studies in which
BFS has been activated by solutions of NaOH and/or sodium silicate at 25 °C [47,48]. On the other hand, Zuo
et al. [49] reported a slightly lower intensity of the first peak than in the present study when BFS was activated
NaOH solution [49]. When NaOH is added (Rm2.1 + NaOH and Rm3.4 + NaOH) the initial heat release
increases but stays lower than with Rm0.9. Nevertheless, these results indicate that the temperature
increase in one-part dry mixtures of BFS and solid sodium silicate should be relatively moderate. This is
supported also by existing studies as mortar activated by Rm0.9 (mass of mortar sample was 280 g) caused
increase of approximately 10°C in semiadiabatic calorimetry in an earlier study by authors [18]. In a study by
Collins and Sanjayan [50], concrete column with dimensions of 800 x 800 x 1200 mm? was prepared using
BFS, sodium silicate powder, and hydrated lime as the binder. The maximum temperature difference in the
center of the column to the surface was 10.5°C, which was approximately half of a similar column prepared
of Portland cement-based concrete [50].

There is a clear difference in the appearance of the second peak between mortars prepared of different
silicates. The timescale of the appearance of the second peak follows the order: Rm0.9 (= 700 min) > Rm2.1
(= 200 min) > Rm3.4 + NaOH (= 200 min) > Rm3.4 (= 50 min) > Rm3.5 (= 30 min). Interestingly, when NaOH is
added to Rm2.1, the second peak disappears but with Rm3.4, the addition of NaOH delays the appearance
of the second peak. Thus, it appears that the prolonged appearance of the second peak is beneficial for
strength development (see Fig. 7). When these results are compared to the setting times (see Fig. 6), there
is no clear correlation: initial and final setting can occur during the first peak, induction period, or second
peak (see Fig. 6). However, interestingly, the heat maximum of the second peak is not greatly different
between mortars prepared of different silicate grades and it follows the following trend: Rm0.9 (= 1.9 mW/g)
= Rm3.5 + NaOH (= 1.1 mW/g) > Rm3.4 (= 1.3 mW/g) > Rm2.1 (= 0.5 mW/g).

Heat release could cause shrinkage in the studied system and thus the shrinkage of the mortar activated with
RmO.9 (i.e., the highest heat release and presumably the highest shrinkage) was inspected (data shown in
supplementary material). It was noticed that no shrinkage occurred when the specimen was kept at relative
humidity of approximately 100%. At relative humidities of 60 and 23%, shrinkage stabilized at 30 d as
approximately 3 and 4 mm/m, respectively.
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Fig. 4. Isothermal calorimetry curves of the mortars prepared using different sodium silicates. Results have
been normalized by the mass of binder (i.e., BFS and solid sodium silicate).

The cumulative heat curves (Fig. 5) reveal also clear differences between samples. Rm0.9 produces the
largest amount of heat (5-50-times that of the other silicates), the slope of heat cumulation changes at
approximately 1 h. Rm0.9 continues to release heat for at least 20 h, while the other silicates reach their
maximum much earlier. Rm2.1 exhibits a maximum in the cumulative heat at 8-9 h and after that, the value
decreases. This indicates that some endothermic reactions take place, which could be related to the slow
dissolution of solid sodium silicates (an endothermic reaction [51]). This observed decrease in the cumulated
heat was confirmed to occur also in a repeated measurement. In the case of Rm2.1 + NaOH, the cumulative
heat increases more rapidly and to a higher value than without NaOH. With Rm3.4, there is again a maximum
and decrease in the cumulated heat, while with Rm3.4 + NaOH, there is a steep increase in the cumulative
heat, which is followed by a plateau until 2 h. Then, the cumulative heat increases slowly (between
approximately 2—12 h) to its maximum.
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Fig. 5. Cumulative heat of the mortars prepared with different sodium silicates. Results have been normalized
using binder (BFS, sodium silicate, and NaOH) mass.

3.4 Effect of silica modulus of sodium silicate on the fresh and hardened properties

The initial and final setting times increased as the silica modulus of the solid sodium silicate increased (Fig.
6). This is likely due to the faster reaction kinetics of the depolymerized silica species, which are present in
silicates with a low silica modulus. Indeed, a negative correlation between final setting time and the amount
of Q! and Q? exists, whereas with Q* and Q* the correlation is positive (see supplementary materials).
Furthermore, the trend of Si dissolution rate (see Fig. 3) reflects the setting time results as it indicates how
quickly saturation is reached. The addition of NaOH causes the setting time to increase in the case of Rm2.1
and to remain almost unchanged with Rm3.4. Possible explanation for this is that Rm2.1 already contains
depolymerized silica; thus, the added NaOH reacts with the aluminosilicate network (i.e., the (C,N)-A-S-H gel)
that is forming. Similar kind of phenomenon (i.e., partial depolymerization of aluminosilicate species during
induction period) has been proposed to occur in the zeolite synthesis before the actual zeolite precipitation
[52]. This depolymerization slows down the setting. In the case of Rm3.4, NaOH might be consumed for the
depolymerization of the sodium silicate; therefore, it has little effect on final setting time. For construction
purposes, the initial setting time should be at least 45 min [53]; only Rm3.5 + NaOH and Rm2.1 + NaOH can
fulfil this requirement. However, in a previous work by the authors [18] it was found that that the setting
time can be increased by decreasing the amount of solid sodium silicate while still ensuring sufficiently high
compressive strength. Another alternative is to use retarding agents, such as nano-sized ZnO [54], sodium
phosphate [55], phosphoric acid [56], lignosulfonate [57], or citric acid [58]. However, their suitability for
one-part alkali-activated systems has not been documented. As a comparison to two-part alkali-activated
BFS systems, Suraneni et al. [59] reported approximately similar initial and final setting times (30 and 40 min,
respectively) as in the present study when using sodium hydroxide and silicate solutions as activators and
penetration resistance as the test methods. As another example, Fernandez-Jiménez and Puertas [37]
obtained 90-165 and 100-230 min initial and final setting times using again mixtures of NaOH and sodium
silicate. In general, one-part mixtures tend to send faster than two-part mixtures [2].
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Fig. 6. Initial and final setting times of the mortars prepared with different sodium silicates.

The low silica modulus of the solid sodium silicate activator is associated with the high compressive strength
development of mortar (Fig. 7). However, as the silica modulus increases from 2.1 to 3.4, there is a drastic
decrease in the resulting strength. The same trend is also seen in two-part alkali-activated systems, as it is
well known that the low silica modulus of the activator solution (i.e., the presence of less-connected Si
centers) is related to the development of higher strength [60]. The optimum alkali-activator silica modulus
for two-part blast furnace slag mortars systems has been reported to be 0.75-1.5 [4,61,62], which is in
agreement with the results obtained with solid activators in the present study. However, it has been reported
that using solid sodium silicate activator in comparison to a solution would result lower compressive strength
[4]. Nevertheless, a systematic comparison of different solid and solution-form sodium silicate activators at
different silica moduli is lacking and could represent an important subject for future studies. As mentioned
in the section 2.2, the mortars prepared of Rm2.1, Rm3.4, and Rm3.5 contain 3.8, 4.7, and 3.9% more water
than the mortar prepared of Rm0.9 due to the chemically bound water in sodium silicates. However, this
extra water is not able to explain the large difference observed in compressive strength or in setting time.
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Fig. 7. Compressive strength (7 d and 28 d) resulting from sodium silicates with different silica moduli and
sodium silicates with an NaOH-adjusted silica modulus.
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In the case of Rm2.1, the addition of solid NaOH resulted in lower strength than with the unmodified
activator; in contrast, in the case of Rm3.4, it resulted in higher strength. A similar observation has been
made earlier in the literature when solid NaOH was mixed with sodium silicate powder with a low silica
modulus (Si02/Na;O = 0.9): increasing sodium hydroxide amount decreased compressive strength [63]. A
possible explanation for this outcome is that sodium silicate with a low silica modulus, such as Rm2.1, is
initially more depolymerized; therefore, added NaOH is consumed on depolymerizing the formed (C,N)-A-S-
H gel [52]. However, with Rm3.4, the added NaOH is beneficial because it is consumed for depolymerizing
the sodium silicate (which has a large amount of Q3 and Q* Si environments) , thus providing more silicate
species to the aqueous phase that can form (C,N)-A-S-H gel. This explanation is supported also by the setting
time results (Fig. 6). Thus is can be hypothesized that when water is added to the mixture of the solid sodium
silicate and blast furnace slag, NaOH can react in three possible ways: 1) it can depolymerize sodium silicate,
2) it can depolymerize the aluminosilicate precursor (BFS in this case), or 3) it can depolymerize the already
formed aluminosilicate gel.

NaOH was mixed with Rm2.1 and Rm3.4 to modify the silica modulus so that it would be similar to that of
Rm0.9. However, the results demonstrate that this modification does not lead to similar results between the
modified silicates and Rm0.9. Ravikumar and Neithalath [17] used a solid activator with silica moduli of 0.62—
1.55 for BFS by mixing NaOH and Na silicate. We showed in the present study that this kind of mixture is not
comparable to solid sodium silicate with a similar modulus: for example Rm0.9 and Rm3.4 + NaOH in the
present study both have a silica modulus of 0.9 but they result completely different fresh and hardened state
properties in mortar. Based on these results, sodium silicate depolymerization appears to be the preferred
reaction over depolymerization of the BFS or C-(N)-A-S-H gel. In contrast, in alkali-silicate solutions, it is
possible to modify the silica modulus by adding alkali hydroxide [60], and this is a common practice. However,
Essaidi et al. [64] compared alkali activators (all had Ry = 0.7) prepared by two methods: either adding NaOH
pellets to a sodium silicate solution or mixing solid sodium silicate with water and adding NaOH pellets. They
noticed that the activator solution prepared with solid silicate contained more polymerized silica than the
one prepared with the silicate solution [64]. These findings further emphasize the different behavior of one
and two-part systems.

3.5Phase composition

Diffractograms of pastes at 28 d age are shown in Fig. 8. The Rietveld analysis (with 10 wt% of rutile as internal
standard) revealed that the pastes were over 99 wt% amorphous with the exception of Rm0.9, which
contained approximately 2 wt% hydrotalcite. Hydrotalcite-like phases (general formula
M,2*M,2*(OH)axs3y-nz( A™); - mH,0, where M, M**, and A™ are commonly Mg?, AI**, and COs?, respectively,
in the BFS systems and x/y between 2-3 [65-67]) are formed when the MgO content of the precursor BFS is
higher than 5 wt% [68]. The hydrotalcite-like phases have a Mg/Al molar ratio between 2-3 [67], which is
typically observed after a prolonged curing (in one study after 90 d [69]). The availability of Mg and Al are in
part controlled by the pH, which is the highest with sodium silicate Rm0.9 (see Fig. 2). Thus this could explain
the formation of hydrotalcite in this sample. However, the hydrotalcites formed with sodium silicate
activators have been reported to be of low structural ordering [66,70,71], which could be also the case in the
present study. The peak in the amorphous halo (between approximately 30-40 °26) indicates that the
amount of the weakly ordered (C,N)-A-S-H gel decreases (i.e., peak intensity decreases) as the silica modulus
increases. However, when sodium hydroxide is added, there is a clearly visible peak although the mechanical
strength of the mortars was low. It appears that the peak in the amorphous halo follows the trend observed
with pH: the strongest peak is observed with Rm0.9, Rm2.1 + NaOH, and Rm3.4 + NaOH, which had the
highest pH. Zuo et al. [72] studied the pore solutions of blast furnace slag activated with different alkali
activators. They observed that amount of OH decreased as a function of time and the concentration of Al
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and Si in pore solution increased as the concentration of OH" increased [72]. Therefore, the estimated initial
pH of mortars (see section 3.2) reflect the availability of Si and Al required for oversaturation and subsequent
(C,N)-A-S-H formation. Moreover, Zuo et al. [72] also reported that NaOH as an alkali activator induced more
ordered calcium aluminosilicate hydrate structure leading to a stronger (C,N)-A-S-H peak. A larger dose of
NaOH (i.e., higher pH) increased the (C,N)-A-S-H peak intensity as well [72], which is in agreement with the
present finding.
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Fig. 8. Diffractograms of pastes prepared with different sodium silicates at 28 d age. HT = hydrotalcite
(MgsAl,CO3(0OH)16-4H,0), R* = rutile, internal standard (TiO3), A* = anatase, internal standard (TiO3).

4. Conclusions

The type of solid sodium silicate affects significantly for the fresh and hardened properties of one-part alkali-
activated blast furnace slag mortar. The present study focused on the silica modulus (SiO,/Na;O ratio) as one
of the most important properties when selecting the solid sodium silicate activator. The following main
conclusions can be made based on the results:

1. Alow silica modulus of solid sodium silicate indicates the presence of less polymerized silica, higher
pH, and faster dissolution. The results indicate that the Q! and Q? are the essential Si environments
in solid sodium silicate resulting high strength development since they are less polymerized and
readily available for reactions.

2. When the silica modulus of solid sodium silicate decreases, the strength of the obtained one-part
alkali-activated slag increases at both 7 and 28 d, which is in agreement with earlier literature.
Together with that trend, setting time decreases and the heat released during setting and hardening
increases. The amount of weakly ordered (C,N)-A-S-H gel is higher and traces of hydrotalcite-like
phases are present when using a low silica modulus activator. A boundary silica modulus that defines
whether the solid sodium silicate can be used in practice as a one-part alkali-activated slag mortar
activator was found between 2.1 and 3.4 (the lower, the better).
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3. When solid NaOH is mixed with solid sodium silicate to adjust the silica modulus (i.e., decrease it by
adding Na,0), the obtained outcome in terms of mortar properties depend on the silica modulus of
the sodium silicate. NaOH together with a low silica modulus sodium silicate results decreased fresh
and hardened state properties compared to a situation without NaOH. It was hypothesized that
NaOH is partially consumed for degrading the formed (C,N)-(A)-S-H gel. However, NaOH together
with a high silica modulus sodium silicates improves the fresh and hardened state properties in
contrast to a situation without NaOH. This is a result of NaOH depolymerizing sodium silicate Q3 and
Q* silicon environments.

Finally, it should be also noted that the standard mortar mix design (according to EN 196) might not result
optimum fresh and hardened state properties when preparing one-part alkali-activated slag mortars. In the
present study, a lower water content than suggested by the standard was found to be the optimum.
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