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W N e

Abstract: Alkali-activated slag (AAS) is a promising cementing material for winter construction
due to its continuous hydration at sub-zero temperature. In order to obtain a higher mechanical
strength of AAS mortar in winter construction, the most efficient alkali activator should be selected.
Potassium silicate and sodium silicate as alkaline activators of AAS mortar possess a high strength
and hydration rate at ordinary temperature. Potassium silicate and sodium silicate as alkali activators
showed different properties because of different alkali cations, so the effect of alkali cation on the
performance of AAS mortar was studied at sub-zero temperature. The mechanical properties of
potassium-silicate-activated AAS (K-AAS) mortar and sodium-silicate-activated AAS (N-AAS) mortar
were thoroughly compared at the ambient temperatures of —10 °C, 0 °C, and 20 °C. The compressive
and flexural strength of K-AAS mortar was increased by 130.4% and 72.3% at the age of 1 day and
increased by 49% and 33.7% at the age of 28 days at the ambient temperature of —10 °C compared
with N-AAS mortar. In order to reveal the mechanism behind the influence of different alkali cations
on the mechanical properties of AAS mortar, the hydration heat, hydration products, and pore
structures of AAS were characterized. The hydration heat exhibited that the rate of heat release and
the cumulative heat release of K-AAS are higher than N-AAS, indicating the higher reaction degree of
K-AAS. DTG/TG and ATR-FTIR spectra showed that K-AAS generated more gel product C(-A)-S-H
compared with N-AAS at the same curing temperature. The MIP results exhibited that the porosity
of K-AAS was lower than N-AAS. Finally, the mechanism explanation of the effect of alkali cation on
the performance of AAS mortar was proposed. To sum up, potassium silicate should be selected as
an alkali activator of AAS in winter construction.

Keywords: alkali-activated slag; sub-zero temperature; potassium silicate; sodium silicate; mechanical
properties

1. Introduction

More than half of the regions in the world have to go through winter, and cold weather
construction aims to speed up the progress of the project against sub-zero temperature.
Cold weather construction is one of the toughest engineering practices because it is a
balancing act of preventing frost damage to concrete and ensuring the required strength
development. Ordinary Portland cement obviously cannot meet the winter construction
requirements because the hydration of ordinary Portland cement is severely suppressed
when the temperature drops to below 0 °C [1]. In addition, ordinary Portland cement has
a large risk of frost damage in a negative temperature environment because the volume
of water in concrete will expand 9% to break the microstructure of concrete when it turns
into ice [2]. Taking protections such as building a warm shed, covering thermal storage,
and insulation material are effective and safe methods to guarantee the normal hydration
and avoid frost damage [3-5]. However, these complex operations will greatly increase the

Separations 2022, 9, 450. https://doi.org/10.3390/separations9120450

https://www.mdpi.com/journal /separations


https://doi.org/10.3390/separations9120450
https://doi.org/10.3390/separations9120450
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/separations
https://www.mdpi.com
https://doi.org/10.3390/separations9120450
https://www.mdpi.com/journal/separations
https://www.mdpi.com/article/10.3390/separations9120450?type=check_update&version=1

Separations 2022, 9, 450

20f13

project cost. Therefore, a novel cementing material system with rapid strength development
and convenient construction operations at sub-zero temperature is eagerly needed.

Geopolymer is a potential binder used in winter construction because of the lower
freezing point of the alkali activator solution compared with water. AAS is one of the
geopolymers; its composition materials include ground-granulated blast furnace slag
(GGBS) and alkaline activator [6—8]. Using industrial waste GGBS to make AAS instead
of Portland cement can reduce CO, emissions, which is of great significance to environ-
mental protection [9,10]. Potassium silicate or sodium silicate as alkaline activators of AAS
possesses high strength by providing [SiO4]*~ form with more gel product of C-(A)-S-H
and accelerating the polymerization. Therefore, potassium silicate or sodium silicate as
alkaline activators are appropriate for AAS used for cold weather construction. In addition,
the freezing point of potassium silicate and sodium silicate solutions is significantly re-
duced to below 0 °C because of their abundant alkali components [11], providing favorable
conditions for the polymerization of AAS at sub-zero temperature.

In recent years, some research has worked on the mechanical properties of AAS at
negative temperature. Zhang et al. [12] studied the strength development of AAS mortar
at —20~20 °C, and improved the strength by incorporating OPC. The results showed that
OPC could effectively promote the hydration and hardening of AAS mortar. Ju et al. [13]
used CaO to enhance the mechanical properties of AAS mortar at sub-zero temperature,
and revealed the strengthening mechanism. Xiao et al. [14] investigated the influence of
alkali equivalent, ambient temperature, Portland cement clinker, and fly ash on the strength
of AAS cement concrete at 0~20 °C, and found that clinker could improve the early strength
of AAS mortar, but it had a negative effect on the later strength. Wang [15] studied the
influence of water content and ambient temperature in alkaline activators on the strength
and setting time of AAS mortar, and pointed out that water content played a role in the
polymerization reaction by affecting the depolymerization and polycondensation reaction
rate. Ye et al. [11] investigated the strength development of alkali-activated tailings mortar
at negative temperature, and carried out a freeze-thaw cycle test at —13~17 °C. It was
found that the strength of AAS mortar could increase as long as the water was still in
liquid form.

The hydration rate of AAS could be sharply reduced as the temperature dropped; in
order to obtain higher mechanical strength of AAS mortar in winter construction, the most
efficient alkali activator should be selected at sub-zero temperature. Potassium silicate
and sodium silicate as alkaline activators of AAS mortar possess a high strength and hy-
dration rate at ordinary temperature. The main factors affecting the excitation efficiency
of potassium silicate and sodium silicate are the molarity of the hydroxides, modulus
(Ms =Si0O; /R,0), and type of alkali cation [16]. At present, there are still different con-
clusions about the influence of alkali cation type on the performance of alkali-activated
materials. Some researchers believed that K* is more advantageous than Na™ in the forma-
tion of geopolymer, due to the fact that geopolymer is more disordered and stronger when
K* participates in the polymerization process [17,18]. The other scholars hold different
views; they believed that Na* is more conducive to the formation of geopolymer. Na*
is more favorable for the dissolution of minerals compared to K*, and Na* has better
migration ability to generate polymerization products due to its smaller ionic radius [19,20].
However, the influence of K* and Na* on the properties of AAS mortar has not been
studied at sub-zero temperature. In order to obtain higher mechanical strength of AAS
mortar in winter construction, the most efficient alkali activator between potassium silicate
and sodium silicate needs to be investigated and selected, and the mechanism behind the
effect of potassium silicate and sodium silicate on the performance of AAS mortar at the
ambient temperatures should be presented to better guide the performance-optimizing
design of the AAS material system. This research is of great significance to promote the
application of AAS in winter construction.

In this study, the influences of potassium silicate and sodium silicate on the setting
time and mechanical properties of AAS mortar at the ambient temperatures of —10 °C,



Separations 2022, 9, 450

30f13

0 °C, and 20 °C were studied to select the alkali activator with stronger excitation ability at
sub-zero temperature. To reveal the mechanisms of activation ability difference between
potassium silicate and sodium silicate at different temperatures, polymerization products,
pore structures, and microstructure were characterized by applying thermogravimetic
analysis (TGA), attenuated total reflection fourier transform infrared spectroscopy (ATR-
FTIR), as well as mercury intrusion porosimetry (MIP) analyses.

2. Materials and Methods
2.1. Raw Materials and Mixing Propottion

GGBS was purchased from Benxi Iron and Steel Co., Ltd.; the chemical composition of
GGBS is presented in Table 1 and the particle size distribution of GGBS is shown in Figure 1.
The fine aggregate is sand, and its fineness modulus is 2.74. Potassium silicate and sodium
silicate solution were provided by Guangzhou Suixin Chemical Industrial Company. The
modulus (Ms = Si0, /K;O) of potassium silicate is 2.72, and its water content is 51.3%. The
modulus (Ms = SiO,/NayO) of sodium silicate is 3.3, and its water content is 66%. KOH
(purity > 85%) and NaOH (purity > 96%) provided by Tianjin Dalu Chemical Reagent
Company were used to tune the modulus of potassium silicate and sodium silicate.

Table 1. Chemical composition of GGBS (wt%).

Chemical . .
Composition SiO, CaO Al,O3 Fe, O3 MgO SO; FeO TiO, Loss
Mass fraction 31.85 35.5 16.69 0.16 9.52 — 0.76 0.64 0.25
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Figure 1. Particle size distribution of GGBS.

Potassium silicate solution and KOH were completely dissolved in water to form the
alkaline activator solution of potassium silicate, and then cooled down to room temperature
for 1 day. The preparation method of the sodium silicate activator solution was the same as
potassium silicate. The moduli of both the potassium silicate activator solution and sodium
silicate activator solution were 1.5, and their alkali metal cation concentrations were 4 M /L.
In terms of the mix proportions of the AAS mortar, the water-to-GGBS ratio used for all the
mixtures in this study was 0.45. The mass ratio of GGBS to sand was 0.5.

2.2. Methods

Solid components (GGBS and sand) were mixed in cement mortar mixer for 4 min, and
then the solid components and the alkaline activator solution were re-mixed for 4 min to
form AAS mortar. Subsequently, the mixtures were cast into a 40 mm x 40 mm X 160 mm
plastic mold and placed into a curing box at temperatures of —10 °C, 0 °C, and 20 °C.
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During the curing process, the specimens were demolded after 24 h, and then wrapped
with plastic bags and put back in the curing box for the remaining curing ages. The AAS
with potassium silicate and sodium silicate as alkaline activators were named K-AAS and
N-AAS, respectively. The mix proportion the of K-AAS and N-AAS mortar are shown in
Table 2.

Table 2. Mix proportion of the AAS mortar (g).

Potassium Sodium Silicate

Samples GGBS KOH Silicate Solution NaOH Solution Fine Sand Water
K-AAS 600 31.92 157.28 0 0 1200 184.96
N-AAS 600 0 0 20.16 197.24 1200 135.46

According to the JGJ /T 70-2009 standard, the setting time was tested by a penetration
resistance meter [21]. The time when the penetration resistance reached 15 N was the
setting time. For compressive and flexural strength tests, the specimens were conducted
by a microcomputer automatic cement compressive and flexural testing machine after
curing for 1 day, 3 days, 7 days, 14 days, and 28 days, respectively. The hydration heat
flow was obtained by isothermal calorimetry (TAM Air) during the 72 h after mixing.
Thermogravimetic analysis (TGA) was tested by Netzsch STA 409 PC DSC-TGA equipment;
the heating temperature range was 20~1000 °C, and the heating speed was 10 °C/min. ATR-
FTIR analysis was tested by Thermo-NICOLET-iS10; the resolution and scanning range
were 4 cm~! and 400-3000 cm~!. To compare the test results of different groups, 40 wt%
potassium sulfocyanate of the sample was added as the internal standard substance [22].
Pore size distribution was accomplished by Auto Pore IV 9510 MIP, and the pressure range
was from 0 to 60,000 psi.

3. Results and Discussion
3.1. Setting Time

Figure 2 shows the setting time of K-AAS mortar and N-AAS mortar cured at —10 °C,
—5°C,0°C, 5 °C, and 20 °C, respectively. As can be seen from Figure 2, the setting time of
K-AAS mortar is shortened from 65 min to 30 min with the decreasing temperature from
—10 °C to 20 °C, whereas the setting time of N-AAS mortar is shortened from 98 min to
38 min with the decreasing temperature from —10 °C to 20 °C.
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Figure 2. Setting time of K-AAS mortar and N-AAS mortar at different temperatures.
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The setting time of K-AAS mortar is shorter than that of N-AAS mortar at —10 °C,
—5°C, 0°C, 5 °C, and 20 °C, respectively. The conclusion is consistent with the result
reported by the literature [23], and the gap of setting time between K-AAS and N-AAS
decreases as the temperature increases. When the curing temperature is —10 °C, the setting
time of K-AAS is 65 min, whereas that of N-AAS is 98 min, and the gap of setting time is
33 min. The setting times of K-AAS and N-AAS are, respectively, 52 min and 65 min, and
the gap of setting time is 13 min at 0 °C. At the temperature of 20 °C, the gap of the setting
time between K-AAS and N-AAS is significantly diminished. To be specific, the setting
time of K-AAS is 30 min, whereas that of N-AAS is 38 min, and the gap of setting time is
only 8 min at 20 °C.

3.2. Mechanical Properties

Figure 3 shows the compressive and flexural strength development of K-AAS mortar
and N-AAS mortar at —10 °C, 0 °C, and 20 °C. Figure 3 shows that the compressive and
flexural strengths of K-AAS mortar are higher than that of N-AAS mortar in all curing
ages within 28 days at —10 °C, 0 °C, and 20 °C. Figure 3e and f show that the compressive
strengths of K-AAS mortar at 1 day, 7 days, and 28 days are 21%, 11.1%, and 20.7%
higher than those of N-AAS at a temperature of 20 °C, respectively. Additionally, the
flexural strengths of K-AAS mortar are, respectively, increased by 31.8%, 15.6%, and 21.6%
compared with N-AAS at the same curing age. Figure 3a,b show that at a temperature
of —10 °C, the 1-day compressive and flexural strengths of K-AAS mortar are 130.4%
and 72.3% higher than those of N-AAS, the 7-day compressive and flexural strengths of
K-AAS mortar are increased by 75.6% and 51.6%, and the 28-day compressive and flexural
strengths of K-AAS mortar are, respectively, increased by 49% and 33.7% compared with
N-AAS mortar.

Therefore, the strength of K-AAS mortar is significantly higher than that of N-AAS
mortar at the early stage, and it also shows an advantage for increased strength at the
later stage. Moreover, it can be found that the 1-day compressive and flexural strengths
of K-AAS mortar are 130.4% and 72.3% higher than those of N-AAS at a temperature of
—10 °C, and the corresponding increase of compressive and flexural strengths are 21% and
31.8% at 20 °C, respectively. Therefore, K-AAS mortar shows a more excellent increase of
early-stage strength compared with N-AAS mortar at sub-zero temperature, indicating that
K-AAS mortar has a greater application potential in cold weather construction.

3.3. Hydration Heat

The hydration heat flows of K-AAS and N-AAS are shown in Figure 4a. There are two
peaks appearing for each sample during the early-age hydration process. Both the wetting
and dissolving process of GGBS particles by alkaline activator solution and the reaction
of Ca?* with the [SiO4]*~ are the reason for forming the first peak. The alkali activated
reaction is the reason for forming the second peak [24,25]. Specifically, GGBS is gradually
dissolved in alkali activator solution and releases Ca2*, AI3*, and [SiO4]*~, which leads to
the formation of C(-A)-5-H gel.

The first peak of K-AAS emerged within 2 h, whereas for N-AAS, the first peak was
delayed 28 min and the range of the peak became wider. This indicates that the wetting and
dissolving process of potassium silicate on GGBS particles is more intense at the earliest
stage of reaction, and the early polymerization reaction is faster.

The second peak of K-AAS emerged within 2~8 h, and the second peak of N-AAS
appeared within 5~10 h. Moreover, the exothermic peak of K-AAS emerged earlier com-
pared with N-AAS, but the peak intensity of N-AAS is higher. This indicates that the main
reaction of K-AAS starts earlier than N-AAS, but K-AAS consumes a large amount of CaZ*
and [SiO4]*~ in the early stage to form polymerization products, leading to weakening of
the main reaction.
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Figure 3. Compressive and flexural strengths of AAS mortar at different curing temperatures: (a) and
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Figure 4. Hydration heat of K-AAS and N-AAS. (a) Heat flow curves and (b) cumulative heat release
curves.

Figure 4b shows the cumulative hydration heat release of K-AAS and N-AAS; it can
be noticed that the amount of cumulative hydration heat release of K-AAS is higher than
that of N-AAS, indicating that K-AAS has a higher reaction degree compared with N-AAS.

3.4. Thermal Analysis

The DTG/TG results of K-AAS and N-AAS after curing for 7 days at —10 °C and
20 °C are shown in Figure 5. DTG/TG is a more accurate method to determine hydration
product content.

The weight loss in each temperature range is considered to be the relative amount of
the various hydration products [26-28]. In this study, 50~250 °C, 300~400 °C, 400~450 °C,
500~600 °C, and 600~800 °C represent the characteristic temperature ranges of C(-A)-S-
H gel, Ht, Ca(OH),, low-crystal CaCO;, and phase-containing CO32~, respectively. By
analyzing the relationship between the weight loss of sample and the temperature, Figure 5a
shows that the weight loss rate of K-AAS from 50 °C to 250 °C is more on the DTG curve.
The weight loss is mainly due to the removal of binding water from the gel of C(-A)-S-H. In
other words, the amount of C(-A)-S-H in the AAS sample is indicated by the weight loss.

According to the TG test results shown in Figure 5b, the difference of weight loss rates
between the two samples is 1.08% when the curing temperature is 20 °C, whereas the dif-
ference of weight loss rates between the two samples is 1.48% when the curing temperature
dropped to —10 °C. This difference gradually increased with the decreasing temperature.

The results show that temperature has a remarkable effect on the hydration process of
AAS, and affects the generation of gel product C(-A)-S-H. As the temperature decreases,
the excitation effect of potassium silicate is more remarkable than sodium silicate. This
indicates that K* is more beneficial to mechanical strength than Na*.

™ C(-A)-S-H 84|

(b)

100} —— N-AAS(-10°C)
—— K-AAS(-10°C)
—— N-AAS(20°C)
96} — K-AAS(20°C)

92 - k
\ T

1.08%

—— NS-AAS(-10°C) ] g
——— KS-AAS(-10°C ) \
—— NS-AAS(20°C)

Weight loss(%)

—— KS-AAS(20°C )

200 200 600 300 0 200 400 600 800

Temperature(°C) Temperature(°C)

Figure 5. DTG/TG of AAS cured for 7d at temperatures of —10 °C and 20°C. (a) DTG, (b) TG.
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3.5. ATR-FTIR Spectrum

Figure 6 shows the results of ATR-FTIR spectra of AAS cured for 7 days at —10 °C
and 20 °C. The absorption peak at 1650 cm ™! is due to the bending vibration of the O-H
bond of water; it shows that AAS samples contain moisture [29]. The absorption peak of
990 cm ! originates from the stretching vibration of long-chain Si-O within C(-A)-S-H gel.
The characteristic peak of the internal standard substance is located at 2100 cm 1.

Figure 6 shows that the adsorption peak of the polymerization products of K-AAS
and N-AAS is located at the same wave number, whereas their intensity is significantly
different. As for AAS cured at 20 °C, the adsorption peak at around 990 cm ™! is relatively
intensive compared with AAS cured at —10 °C, indicating a higher generation amount
of polymerization products C(-A)-S-H of AAS cured at 20 °C. As the curing temperature
drops to below 0 °C, the intensity of the characteristic peak of the polymerization products
decreases obviously. This is mainly due to the fact that the rate of polymerization is
significantly suppressed by lower temperature.

As shown in Figure 6, the characteristic peak intensity of the Si-O bond at 990 cm ™! for
K-AAS is higher than that of N-AAS at 20 °C and —10 °C. When the curing temperature is
20 °C, the characteristic peak intensity of N-AAS is 0.1078, whereas that of K-AAS is 0.1152,
and the peak intensity of K-AAS is 6.9% higher than that of N-AAS. As for the K-AAS and
N-AAS samples cured at —10 °C, the characteristic peak intensity of N-AAS is 0.0347, while
that of K-AAS is 0.0753; the characteristic peak intensity of K-AAS is 117% higher than that
of N-AAS. The intensity difference of the characteristic peak of polymerization products
between K-AAS and N-AAS indicates that K-AAS has formed more C(-A)-S-H gel.

——— K-AAS(20°C) —— N-AAS(20°C)
——— K-AAS(-10°C) —— N-AAS(-10°C)

2100:Internal s@sdard substance

990: C-(A)-S-H
P /

Absorbance (a.u.)

3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Figure 6. Effects of alkaline activator on the ART-FTIR spectra of samples at temperature of 20 °C
and —10 °C.

3.6. Pore Structure

Figure 7 shows the total porosity and pore size distribution of K-AAS and N-AAS
cured for 7 days at —10 °C and 20 °C. As for K-AAS and N-AAS cured at —10 °C, the
percentage of the harmful pores with a pore size more than 100 nm is 10.88% and 13.35%,
respectively. By contrast, for K-AAS and N-AAS cured at 20 °C, the percentages of the
pores with a pore size more than 100 nm are only 6.07% and 6.9%, respectively.

Figure 7 shows that the total porosities of K-AAS and N-AAS are 15.97% and 16.39%
at 20 °C, respectively, and those of K-AAS and N-AAS are 28.64% and 31.72% at —10 °C,
respectively. It can be seen that the total porosity of K-AAS is lower than that of N-AAS
at —10 °C and 20 °C. At the curing temperature of —10 °C, the total porosity of K-AAS is
3.08% lower than that of N-AAS. The total porosity of K-AAS is 0.42% lower than that of
N-AAS at 20 °C. The deteriorated pore structure of K-AAS and N-AAS cured at —10 °Cis
due to the fact that the low curing temperature leads to the lower polymerization and loose
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structure of AAS. Potassium silicate activator has stronger excitation ability, and it has
stronger polymerization ability, so more polymerization products of C(-A)-S-H are formed.
The total porosity difference between K-AAS and N-AAS under a curing temperature of
—10 °C is larger than that under a curing temperature of 20 °C. This indicates that K* is
more beneficial to the pore structure of AAS at sub-zero temperature.

50
450 <20nm
- 20~50nm
40 - 9 :5 50~100nm
350 < i Y > 100nm
S 30t “
>
g 25} 2 Z
g b <
S0t M' z
15+
10
5 | @ §
0
-10°C -10°C 20°C 20°C

Figure 7. The pore size distribution of K-AAS and N-AAS samples cured for 7 days at temperatures
of —10 °C and 20 °C.

3.7. Mechanisms

There are lots of alkali metal ions of R* (K* or Na*), and OH™~, SiO32~, Si(OH),4
appeared in the solution when R,SiO3; was dissolved in water [30]. The reaction formulas
are as follows:

R,0-nSiO,+(2n+1)H,O — 2ROH+nSi(OH),4 1)
ROH — R + OH™ 2)
R,Si05 — 2R* + SiO5%~ (3)

Ions will be hydrated with strongly polar water molecules in a solution of R,SiO3,
and each ion is surrounded by a certain number of water molecules to be the hydrated ion.
Water molecules as ligands bind to other particles by means of coordination bonds, and
the number of water molecules is also determined by the coordination bonds. Therefore,
the formation process of the hydrated cation is as follows: the water molecule contains
positive and negative dipoles because it is the polar molecule, so the water molecule is
adsorbed onto the cation to form a hydrated cation by coordination bonds, and its chemical
molecular formulas are H30", [R(H,O), | [31].

Glukhovsky and Krivenko explained the reaction mechanism behind alkaline activated
calcium-rich silicon materials, and the chemical reaction equations are as follows [32,33]:

=5i-O-Si + OH~ < =Si-OH + =Si-O- (4)
=Si-O + R « =Si-O-R (5)

=Si-O-R + OH~ « =Si-O-R-OH (6)
=Si-O-R + OH™ + Ca%* ¢+ =Si-O-Ca-OH + R 7)

The Si-O-Si of silicon oxide will be fractured in an alkaline environment. As the
hydroxyl groups on the surface of silicon atoms are absorbed, the complex intermediate
complexes are formed, but such intermediate complexes are not stable and will be broken
into Si(OH)4 and =Si-O- under high-alkaline conditions. The fracture mode of Al-O-Si
and Al-O-Al bonds are basically similar to Si-O-5i, and [AI(OH)4] ", [AI(OH)5]*>~, and
[AI(OH)¢]®~ are finally formed. The product of =Si-O- quickly binds with the metal cation
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because it is a negative-charged complex. It can be seen from the above reaction formula
that the metal cation plays a catalytic role in the early stage of the hardening reaction, and
Ca?* in the GGBS is bound to a silica-branched chain by ion exchange, and the alkali metal
cation R* will be adsorbed into the structure at the late stage of the reaction [34,35].

The electrostatic attraction of the alkali metal cation R* to water molecules will increase
as the charge density increases, and the ionic charge density increases as the ionic radius
decreases. Table 3 shows that the surface charge density of K* is less than that of Na*,
and the electrostatic attraction of K* to water molecules is lower than Na*, which is not as
effective as Na* in binding water molecules; it can directly interact with polar groups of
others group chains in the system [36,37] (the principle is shown in Figure 8).

Table 3. The properties of K* and Na*.

Properties Na* K*

Ionic radius, (nm) [38] 9.5 13.3
Surface charge densit, (mC/ cm?) [39] 0.141 0.072
Hydprated ionic radius, (nm) [38] 35.8 33.1
Hydration energy, (kJ/mol) [40] —365 —-271

@12 @0 @@= @si

Figure 8. The schematic diagram of the polymerization of AAS incorporated with K* and Na*.

The ionic radius of K* (13.3 nm) is bigger than that of Na™ (9.5 nm), but the hydrated
ionic radius of K* (33.1 nm) is smaller than that of Na* (35.8 nm), as shown in Table 3.
This indicates that the polymerization abilities of K* and Na™* are different. The dipole
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moment of the water molecule increases as the temperature of the solution drops, and the
affinity between water molecules and ions in the solution is enhanced. This leads to an
increased combining ratio between alkali metal cation R* and water molecules. As a result,
the number of water molecules adsorbed on R* will increase; that is, the thickness of the
water film will increase [41].

In summary, the water film thickness of K* is smaller than that of Na*; thus, K* needs
less heat to remove the water molecules. Therefore, the equivalent amount of heat can make
more hydrated K* take off the water film and participate in the polymerization reaction,
generating more polymerization products to improve the mechanical strength of AAS.

3.8. Economic Evaluation

Table 4 shows the cost estimations of K-AAS mortar and N-AAS mortar, which were
calculated from the mix proportion of the AAS mortar presented in Table 2. The unit price
of all raw materials follows the current market price. It can be seen from Table 4 that
the unit price of potassium silicate solution and KOH is relatively high compared with
sodium silicate and NaOH. According to the calculation, the unit price of K-AAS mortar is
1.52 CNY/kg, which is slightly higher than 1.4 CNY/kg of N-AAS mortar.

Although the unit price of K-AAS mortar is 8.4% higher than that of N-AAS mortar, K-
AAS mortar shows higher mechanical properties at sub-zero temperature. The compressive
strengths of K-AAS mortar at 1 day and 28 days are 64% and 27% higher than those of
N-AAS mortar at an ambient temperature of 0 °C, respectively. Moreover, the compressive
strengths of K-AAS mortar are, respectively, increased by 49% and 34% compared with N-
AAS mortar at 1 day and 28 days at an ambient temperature of —10 °C. It can be noticed that
the percentage increase in the unit price of K-AAS mortar is much less than the percentage
increase in its compressive strength, and this indicates that the K-AAS mortar has a good
cost performance. Because of the higher compressive strength of K-AAS mortar, it can be
applied to winter construction with a higher requirement for strength. Therefore, K-AAS
mortar has wider application prospects compared with N-AAS mortar.

Table 4. The cost estimation of K-AAS and N-AAS.

Raw Materials Unit Price (CNY/kg) Usage Cost (CNY/kg)
K-AAS mortar N-AAS mortar
Potassium silicate solution 15 1.52 14

Sodium silicate solution 12
KOH 18
NaOH 14
GGBS 0.5

Fine sand 0.05

Water 0.004

4. Conclusions and Future Prospects

The effect of potassium silicate and sodium silicate as alkali activators on the perfor-
mance of AAS was investigated. The conclusions are as follows:

(1) The setting time of K-AAS is shorter than that of N-AAS at sub-zero temperature. The
early compressive and flexural strengths (1 day) of K-AAS mortar are 130.4% and
72.3% higher than those of N-AAS, the 7-day compressive and flexural strengths of K-
AAS mortar increased by 75.6% and 51.6%, and the 28-day compressive and flexural
strengths of K-AAS mortar, respectively, increased by 49% and 33.7% compared
with N-AAS mortar at a temperature of —10 °C. Therefore, K-AAS mortar shows
a more excellent increase of strength compared with N-AAS mortar at sub-zero
temperature, indicating that K-AAS mortar has a greater application potential in
weather construction.

(2) The hydration heat flow and cumulative hydration heat release of K-AAS is higher
than that of N-AAS, indicating that K-AAS has a higher reaction degree compared
with N-AAS. DTG/TG and ATR-FTIR spectra show that K-AAS generate more gel



Separations 2022, 9, 450 12 of 13

product C(-A)-S-H compared with N-AAS at same curing temperature, and as the
temperature decreases, the gap is more remarkable. The results show that K* is more
beneficial to mechanical strength than Na*.

(3) The microstructure of K-AAS is denser than N-AAS at the same curing temperature
because potassium silicate activator has stronger excitation ability and more products
of C(-A)-S-H are formed. As the temperature decreases, the excitation effect of
potassium silicate is more remarkable than sodium silicate. K* is more beneficial to
the refinement of pore structure of AAS at sub-zero temperature.

(4) The existence form of K* and Na* is hydrated ions in the system, which is surrounded
by a layer of water film, and the water film of Na* is much thicker than that of
K*. In order to participate in the reaction, K* and Na* must take off the water film
by absorbing energy. Under the same energy applied, a greater quantity of K* can
take off the water film, and more alkali metal cations can participate in the reaction.
This accelerates the polymerization reaction to enhance strength by generating more
polymerization products.

The sub-zero temperature environment of this experiment was created by the constant
temperature freezer in the laboratory; it is obviously different from the natural cold envi-
ronments in winter, where the ambient temperature has large fluctuations during the day.
Therefore, in order to promote the practical application of AAS mortar in winter construc-
tion, the influences of potassium silicate and sodium silicate on the mechanical properties
and microstructure of AAS mortar in fluctuating sub-zero temperature environments need
to be further studied in the future.
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