Kang et al. Int J Concr Struct Mater (2024) 18:38
https://doi.org/10.1186/540069-024-00675-y

International Journal of Concrete
Structures and Materials

®

Hydration Characteristics s
of Slag-Ca(OH),-Al,O; Binder in a 60 °C Curing
Environment with Brine as Mixing Water

Choonghyun Kang', Taewan Kim? ®, Yong-Myung Park?” and Ki-Young Seo?

Abstract

Recently, research results on PC-based or alkali-activated slag cement (AASC) using seawater as mixing water have
been reported. Unlike seawater, reverse osmosis brine (brine) is waste discharged into the ocean from seawater desal-
ination plants. There is a need to develop new and effective methods of disposing or utilizing brine to reduce marine
pollution, protect marine ecosystems, and increase marine plant construction. However, research on cement or con-
crete using brine as a mixing water is very limited. Brine has almost the same composition as seawater, and the ion
concentration is 2—4 times higher. Therefore, it is believed that new methods of using brine can be investigated

and developed based on existing research and experimental results on seawater. The effects of brine and aluminum
oxide (AO) on activated slag with calcium hydroxide (CH) were investigated for hydration and mechanical properties.
5% and 10% of CH were used, and samples using fresh water (FC) were prepared at the same time for comparison
with brine. The slag sample without CH has a low initial (1 and 3d) strength of about 10 MPa for both FC and brine,
but increases rapidly from 7d. Incorporation of CH was effective in improving the mechanical performance of FC

and brine samples. In addition, the brine sample exhibited higher strength than the FC sample because it formed
fewer C3AH6 phases that cause volume instability than the FC sample and affected the hydration promotion of slag
particles. And more calcite phases were observed in the brine samples than in the FC samples. Through this study,
the possibility of using brine as a building material was confirmed. In addition, the effect of chloride ion adsorption
of slag mixed with AO and CH on the physical properties and mechanical performance of the hydration reaction
was confirmed.
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1 Introduction

There is severe shortage of drinking water due to climate
change and freshwater pollution. Thus, securing suf-
ficient quality drinking water for a growing population
is becoming an important issue. Recently, the construc-
tion of desalination plants, which is one of the methods
for solving this shortage, is increasing (Jones et al., 2019;
Panagopoulos et al.,, 2019). There are various desalina-
tion methods, but reverse osmosis is the most widely
used (Portillo et al., 2014; Qasim et al., 2019). Most of
the reverse osmosis brine (brine), generated after desali-
nation in a seawater desalination plant is discarded into
the ocean. The composition of brine is same as that of
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seawater, but it is higher in concentration. Chloride
ions are about 2-5 times higher in brine than in seawa-
ter. The brine also includes some other chemicals that
are used during certain processes in desalination plants.
The release of brine into the ocean destroys the nearby
marine ecosystem (Koch et al., 2007; Torchette, 2007).
Therefore, it is necessary to develop a new application
method for brine. In this study, we intend to examine the
use of brine for construction materials experimentally.

Blast furnace slag is a pozzolanic material that has
been used in cement/concrete for a long time (Ortega
et al., 2012; Shumuye et al., 2019; Yang et al., 2020a). So
far, among the various advantages of blast furnace slag,
there are reports on its ability to immobilize chloride
ions. Studies have been reported on blast furnace slag
cement exposed to an environment with chloride ions
or mixed with a chloride or seawater solution (Jin et al.,
2022; Li et al., 2020, 2021; Jin et al., 2021; Liu et al., 2021).
Recently, research results on the effect of seawater on
alkali-activated cement or geopolymer were also pub-
lished (Jun et al., 2020; Kang & Kim, 2020). These stud-
ies revealed that seawater or chloride solutions promote
hydration in the early-age stage of binders containing slag
(Kang & Kim 2020]; Jun et al., 2020; Liu et al., 2021). Con-
sequently, it was observed to form a high strength and
dense pore structure (Liu et al., 2021). This pore structure
improvement improves the mechanical performance of
slag-based high-volume slag cement and alkali-activated
slag cement (AASC).

Studies on the adsorption of chloride ions are divided
into two types: physical adsorption and chemical adsorp-
tion (Hussain & Al-Saadoum 1990; Chang, 2017). Chemi-
cal absorption consists of the formation of hydration
reactants such as Friedel’s salts. Physical adsorption
is known to be mainly achieved using calcium silicate
hydrate (CSH) gel (Zheng et al., 2021). Aluminum is
gaining attention as an important factor for the adsorp-
tion of such chloride ions. It has been reported that alu-
minum ions play a major role in forming Friedel’s salt, an
important binder in chemical adsorption (Saillio et al.,
2014; Yuan et al., 2009). So, cement/concrete exposed to
seawater or chloride environment is mixed with an alu-
minum-rich material such as are metakaolin, fly ash, and
nano-Al,O; particles (Chen et al,, 2020; Gbozee et al.,
2018; Liu et al., 2019; Wang et al, 2019a, 2019b; Yang
et al,, 2019). Materials containing such aluminum com-
ponents improve the adsorption effect of chloride ions by
forming Friedel’s salt through the hydration reaction of
cement/concrete. Other factors such as pH, carbonation,
admixture materials, curing temperature, and exposure
environment also affect the adsorption effect of chloride
ions (Chang, 2017; Chang et al., 2019; Galan & Glasser,
2015; Wang et al., 2020; Zheng et al., 2021). However,
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considering hydration reactants, the supply of aluminum
is the most crucial factor that could confirm the adsorp-
tion effect of chloride ions. In another study, calcium
ion was reported as an important factor in adsorption of
chloride ion (De Weerdt et al., 2015; Pruckner & Gjerv,
2004; Zhu et al., 2012).

Cement using seawater or mixed water containing
chloride ions has limitations as it cannot be used with
steel. As a result, the scope of application is very limited
to the manufacture of bricks, blocks, panels, small struc-
tural members or concrete using fiber or FRP without
steel. Also, unlike seawater, research on cement or con-
crete using brine is more limited compared to seawater.
However, unlike seawater, brine is discharged from a
seawater desalination plant and has gone through a cer-
tain sedimentation and filtration process, so there are no
organic substances, impurities, or harmful substances.
This can dramatically reduce the cost and time required
for the pretreatment process required to use seawater
as mixing water. Therefore, compared to seawater that
requires pretreatment, brine can be used as blended
water immediately after being discharged from the sea-
water desalination plant. If brine is applied to construc-
tion materials as a new use, it is expected to contribute
to environmentally friendly concrete manufacturing as
well as preserving the marine environment. To do so, it
is necessary to find the optimal mixing and process for
manufacturing concrete products using brine as a mixing
water. And research and attempts on eco-friendly cement
made of this combination of brine and AASC are rare
compared to those using seawater.

This study considered the following three points to
apply to eco-friendly cement using 100% slag as a binder.
(i) A high temperature curing method of 60 °C was
applied to promote the hydration reaction of slag and
improve the problem of initial strength reduction. (ii)
Calcium hydroxide (Ca(OH),; CH) was substituted at 5%
and 10% to increase the effect of promoting hydration
of slag and immobilizing chloride ions. (iii) To increase
the effect of immobilizing chloride ions, 5% of aluminum
oxide (Al,O4 AO) was substituted. For comparison with
brine, samples using fresh water (FC) as the mixing water
were also prepared for the same AO and CH concentra-
tions. The three considered research and experiment
requirements are expected to contribute to the basic data
or expanded application required for the manufacture of
eco-friendly cement/concrete products using brine and
slag as binders in the future. It is believed that this can
be used to develop a process that can quickly and in large
quantities manufacture products of sufficient quality as
construction members by applying various admixtures
and by-products containing calcium and aluminum and
curing at high temperatures.
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Table 1 Chemical components properties in slag

Chemical components (%)

sio, ALO Fe,0 MgO Ca0 K,0 SO,
Slag 33.86 937 0.74 482 46.50 0.31 3.58
Table 2 Reverse osmosis brine composition (ppm)

Na* Ca2t K* Mg** S0, a-

Brine 1,618.2 5754 597.1 1,830.9 3,784.5 27,2361
Fresh water 5.1 19.3 24 35 N.D N.D

(N.D: Not Detected)

2 Materials and Experiments

2.1 Materials

Table 1 shows the chemical composition of the ground
granulated blast furnace slag (slag) used in the experi-
ment. The slag used in the experiment was supplied by
a steel mill by-product processing company (KRT Co.)
located in Pohang, Korea. The slag has a density of 2.89 g/
cm?, 4200 cm?/kg fineness, and 0.96% LOL The brine was
used as mix water, and fresh water (FC) was also mixed
for comparison. Brine was analyzed for composition by
inductively coupled plasma optical emission spectros-
copy and ion chromatography. Table 2 shows the results
of the brine analysis. Aluminum oxide (Al,O;) is a white
powder reagent with a purity of 99.0% from SAMCHUN
chemical (KOREA).

2.2 Experiments

The concentration of AO was determined to be 5% by
referring to the mechanical performance and the adsorp-
tion capacity of chloride ions from the reports of vari-
ous previous research results using AO or nano-Al,O,.
Most nano-Al,O; has a low substitution rate of 4.0% or
less based on the weight of the binder (Chen et al., 2020;
Liu et al,, 2019; Yang et al.,, 2019, 2020b). This is because
a large specific surface area according to the extremely
small particle size of nano-Al203 requires a large num-
ber of mixed-water, which affects the decrease in fluid-
ity. In the case of supplementary cementitious materials
(SCM) used as sources of AO ions, such as metakao-
line, they show high AO concentrations of more than
5%, but it is difficult to clearly know the concentrations
eluted from SCM (Li et al., 2023; Nazari & Riahi, 2011).
However, studies using 5% or more of AO powder have
been reported in some previous studies. As the concen-
tration of AO increased, the chloride ion adsorption
capacity increased and the mechanical performance also

Table 3 Experimental samples and their mix ratios (wt.%)

Slag AlLO, Ca(OH), Mix water
FCo 95 5 0 Fresh water
FC5 90 5 5 Fresh water
FC10 85 5 10 Fresh water
BCO 95 5 0 Brine
BC5 90 5 5 Brine
BC10 85 5 10 Brine

improved (Wang et al., 2019b). In addition, there was a
study on the adsorption and movement of chloride ions
using AO/nano-Al,O; in parallel with CaO or Ca(OH),
(Fan et al., 2023; Yang et al., 2022). Based on the results of
these previous studies, in this study, the concentrations
of Ca(OH), were selected as 5 and 10% (Yang et al., 2022).

Therefore, the early—age mechanical properties were
improved in this experiment by setting the curing tem-
perature to 60 °C at 5% AO concentration. Table 3 shows
the composition ratio of the six samples evaluated and
the binder. “F” indicates the sample containing fresh
water as the mixed water, and “B” indicates the sample
containing brine. “C0” stands for without CH, and “C5”
and “C10” refer to a mixture of 5% and 10% CH, respec-
tively. All samples were prepared with the same 0.40
water-binder ratio.

The samples were mixed according to the mixing
method suggested in ASTM C305 (ASTM, 2020). The
mixed paste was placed in a 25X 25X 25 mm cubic mold,
vibrated for 10 s, and stored in a chamber with a temper-
ature of 2312 °C and relative humidity (RH) of 90 + 5%.
After one day, the mold was removed, and the sample
was stored in a chamber with the same temperature and
humidity (23 +2 °C, RH 90 + 5%).

The specimen’s compressive strength was measured
at 1, 3, 7, and 28 d, and the samples’ average value was
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calculated. The hydration reaction was observed by X-ray
diffraction (XRD; Malvern Panalytical, X’pert 3) and ther-
mal analysis by thermogravimetric (TG; TA Instruments,
TGA 55), differential thermal analysis (DTA; TG; TA
Instruments, TGA 55), and scanning electron microscopy
(SEM; Zeiss, SUPRA 40VP). For XRD, the compressive
strengths of the 1, 3, 7, and 28 d samples were measured.
The crushed pieces were hydrated with an isopropyl solu-
tion, and then vacuum dried to form a powder. Measure-
ment conditions for XRD analysis were Cu-K radiation
with A\=1.54443 A, 40 kV voltage, 0.017° (20) step size,
5-60° range. Thermal analyses were performed on the
1 and 28 d samples. The temperature ranged from 30 to
800 °C, increasing at a rate of 10 °C/min. Measurements
were performed on N, gas. SEM images of the 28 d samples
were obtained with a 15 keV acceleration voltage. Before
measurement, the samples were immersed in isopropyl
alcohol for 24 h, dried in a vacuum desiccator for 48 h, and
coated with platinum. Fourier transform infrared spectros-
copy (FT-IR; Thermo Fisher, Nicolet iS50) was performed
to confirm the effect of brine and CH on the hydration
products of the slag. FT-IR was measured in the spectral
wavenumber range of 400-4000 cm ™! using an IS50 instru-
ment from ThermoFisher Scientific Nicolet. Water absorp-
tion was measured according to ASTM C1403 (ASTM,
2022) for the 28 d samples. The dry density was calculated
using Eq. (1).

mgq

Pd = % (1)

where p, is the dry density, m, is the sample’s mass after

oven drying at 105+ 5 °C for 24 h, and V is the volume of
the sample.
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3 Results and Discussion

3.1 Compressive Strength

Fig. 1 shows the results of measuring the compressive
strength values depending on the type of mixing water
and the concentration of CH. The compressive strength
measurement results of specimens using fresh water as
the mixing water are shown in Fig. 1a. As the concen-
tration of CH increased from O to 10%, the compressive
strength values increased on all strength measurement
days. Therefore, the 10% CH test specimen showed the
highest strength value. The 0% CH specimen showed
similar compressive strength values at 1d and 3d and
showed a very slight increase, but increased rapidly at
7d. On the other hand, the 5% and 10% CH specimens
showed high strength values of 20 MPa or more from 1d
and gradually increased compressive strength values over
time. Therefore, it is judged that the mixing of CH con-
tributes to the improvement of mechanical performance
by accelerating the initial hydration reaction of the slag.

The strength measurement results of the specimens
using brine as the mixing water are shown in Fig. 1b.
Similar to the FC samples in Fig. la, the strength also
improved as the concentration of CH increased. In addi-
tion, the 0% CH test specimen showed a slight increase
in strength until 3d, but showed a rapid increase at 7d,
which is a similar tendency to the 0% CH specimen of
FC.

At 7d and 28d for both FC and brine specimens, the
difference in compressive strength values between 5
and 10% CH specimens was small. This is a decrease in
the strength change rate compared to the difference in
strength values at 1d and 3d. That is, it can be inferred
that CH has a great effect on the hydration response and
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Fig. 1 Compressive strengths by type of mix water, (a) fresh water, (b) brine
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mechanical performance in the early-age stages (1d and
3d) in both FC and brine specimens.

The results of comparing the compressive strength
values of the FC and brine specimens at each measure-
ment age are shown in Fig. 2. Fig. 2a, b show the strength
values of the FC and brine test specimens at 1d and 3d.
In the 0% CH test specimen, the brine showed a slightly
higher strength than the FC. However, 5 and 10% CH
showed higher values of FC specimens. The strength val-
ues at 7d and 28d show opposite trends to those at early-
age. In Fig. 2¢, d, the 0% CH specimens show a higher
value in FC than the brine specimens. Also, 5 and 10%
CH specimens showed higher compressive strength val-
ues for brine than for FC.

In the 0% CH test specimen, brine contributes to the
improvement of the mechanical performance of the slag
at early—age 1d and 3d, but the effect decreases after 7d.
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However, the FC specimens show higher mechanical per-
formance than the brine specimens after 7d. 5 and 10%
CH showed more effective mechanical performance of
FC specimens at early—age (1d and 3d), but brine showed
a higher strength improvement effect at late—age (7d and
28d).

Therefore, in the results of mixtures mixed with CH,
brine has a limited effect on improving the mechanical
performance of slag in the early-age stage within 3d, but
the improvement effect is clearly shown over time after
7d.

Previous studies using seawater reported that it pro-
moted the hydration of slag and the effect of improving
the early-age strength (Jun et al., 2021; Ren et al.,, 2021;
Wang et al, 2020; Zhang et al, 2021). However, the
early—age strength enhancement effect of brine was not
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Fig. 2 Strengths of fresh water and brine samples by age, (@) 1d, (b) 3d, (c) 7 d,and (d) 28 d



Kang et al. Int J Concr Struct Mater (2024) 18:38

shown in the slag—Al,0;—Ca(OH), mixed binder under
high temperature curing conditions of 60 °C.

Table 4 summarizes the calculated strength change
rates for the 5 and 10% CH specimens based on the
compressive strength value of the 0% CH specimen. In
Table 4, specimens substituted with 5 and 10% CH using
fresh water as the mixing water show a high increase in
compressive strength of 200-400% for 1d and 3d. How-
ever, brine specimens showed a relatively low strength
improvement in the range of 190-280%. The strength
increase rate at 7d and 28d was higher in brine specimens
than in fresh water (FC specimens). In other words, the
strength increase rate in early-age up to 3d was higher for
FC specimens, but it was higher in brine specimens from
7d to late-age. This is believed to be because various ions
contained in brine affect the formation and phase change
of hydration reactants.

3.2 Hydration Products

Fig. 3 shows each sample’s XRD analysis results of the
hydration reactants at 1, 7, and 28d. Commonly observed
hydration reactants in FC and brine are CSH(I), CSH,
calcite, C3AH6, C2ASHS, C4AH13, monocarboalumi-
nate, and hydrotalcite. Friedel’s salt was also observed in
the brine specimens.

In Fig. 3, the brine specimens (BC) show a relatively
lower C2ASHS8 peak intensity than the fresh water speci-
mens (FC). This difference can be explained in two ways.
For one, the conversion of C2ASH8 to Friedel’s salt
could explain the weak peak intensity (Ke et al., 2017).
In fact, high peak intensity of Fridel’s salt was detected
in the BC specimens. Another cause may be the conver-
sion of C2ASH8 to C4AH13 (Morsy, 2005). This is con-
firmed by observing that the C4AH14 peak intensity of
the BC specimens is higher than that of the FC. C3AH6
and monocarboaluminate peaks detected in FC were not
detected in BC. As expected, it was observed that the
intensity of the portlandite peak increased as the con-
centration of CH increased in the FC and BC specimens.
CSH gel showed that the peak intensity increased as the
concentration of CH increased. Through this change in
peak intensity, it was determined that the increase in
the concentration of CH has the effect of promoting the

Table 4 Rate of change in strength at each age for 0% CH

Age (day) Rate of change in strength (%)

FC5 FC10 BC5 BC10
1 2388 4108 190.6 256.5
3 302.1 407.3 192.0 2759
7 119.0 127.7 142.1 146.2
28 1071 1120 124.5 1284
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formation of hydration products of slag. It was confirmed
that BC and CH cause changes in the hydration reactants
of the slag compared to FC.

Fig. 4 is an enlarged view of a portion of the XRD graph
shown in Fig. 3. The Fig. 4a—c shows peaks of hydration
reactants detected in the range of 9-12°. In BC, Friedel’s
slat peak around 11.2° appears clearly, and 5 and 10%
CH show stronger peak intensity than 0% CH. In FC, the
peak of hydrotalcite around 11.6° was observed. How-
ever, peaks on hydrotalcite were not detected in the BC
specimens.

Fig. 4d—f show the peak intensities of portlandite and
C3AH6 phases in the 16-19° range. As expected, no
portlandite peak was detected at 0% CH, and as the con-
centration of CH increased, the intensity of the portland-
ite peak around 8.1° in FC and BC increased. In the case
of the FC specimens, a C3AH6 phase peak was observed
around 17.3°, and the intensity of the peak increased as
the concentration of CH increased. However, the C3AH6
peak of the BC specimens was very weak.

In Fig. 3, the C4AH13 peak intensity of the BC speci-
mens was greater than that of the FC. The C2ASHS8 peak
intensity of the BC specimens in Fig. 3 was low, suggest-
ing the possibility that it could be a conversion from
C2ASHS8 to C4AH13 (Morsy, 2005). One of the reasons
for the low intensity of the C4AH13 peak in the FC speci-
mens is that the metastable phase C4AH13 is converted
to the stable phase C3AH6 (Son et al., 2018; Duran et al,,
2016; Ukrinczyk et al., 2007; Janotka, 2001). As a result,
the peak intensity of the C4AH13 phase is stronger and
the C3AH6 peak is detected with a weak intensity com-
pared to the FC specimen in BC. Looking at these phase
detection results, brine interferes with the conversion
of C4AH13 to C3AHS6, and as a result, the intensity of
the C4AH13 peak was strong and the peak intensity of
C3AHS6 was weak in the BC specimens.

Fig. 4g—i shows the 28-30.5° range for comparison
of CSH gel. The peak intensity in the range of 28-30.5°
increased with the curing time. This means that the
generation of hydration reactants increased due to the
hydration reaction of the slag over time. Through com-
parison of BC and FC specimens, the difference in inten-
sity of CSH gel peaks is small or similar.

The reaction process of the hydration reactant can be
expressed as follows. Equations (2) and (3) are C;AH,
(Jambunathan et al., 2013; Janotka, 2001), Eq. (4) is
C,ASH; (Kang & Kim, 2023), Eq. (5) is calcite (Palin
et al, 2016), Egs. (6) and (7) are monocarboalumi-
nate (C,ACH;;) (Chang et al., 2022), and Egs. (8) and
(9) are CSH (C;S,H;) (Janotka, 2001), Eq. (10) repre-
sents hydrotalcite (MACH,) (Suescum-Morales et al.,
2021), and Egs. (11) and (12) represent Friedel’s salt
(C4ACLH, ) (Shietal,, 2015) (cement chemist notation:
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Fig. 3 Hydration reactants at curing ages, (a) 1d, (b) 7d, (c) 28d. 1: Friedel’s salt, 2: portlandite, 3: CSH gel, 4: calcite, 5: C3AH6, 6: C2ASHS, 7: C4AH13,

8: CSH(l), 9: monocarboaluminate, 10: hydrotalcite

H=H,0, C=CO,).
C4AH;3 — 2C3AHg + 9H (2) C+ CH - CC+ H
2C3A + 21H — CyAHg + C34AH; 3 — 2C3AHg + 9H C3A + CC+ 11H — C4ACH;
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Fig. 4 Partial magnification in XRD analysis (in Fig. 3), (@) 9-12° range, 0% CH, (b) 9-12° range, 5% CH, (c) 9-12° range, 10% CH, (d) 16-19° range, 0%
CH, (e) 16-19°range, 5% CH, (f) 16-19° range, 10% CH, (g) 28-30.5° range, 0% CH, (h) 28-30.5° range, 5% CH, (i) 28-30.5° range, 10% CH

Ci2A7 + 9Ca*" + CC+ 11H — C4ACHy;;  (7) C3A + CaCly + 10H — C4AClyHjg (11)
2CyS + 4H — C3SoH3 + CH (8) 3CH + CaCl, + A +7H — 3C4ACI,Hjg (12)
Peak intensity difference analysis of the hydration

2C35 + 6H — C35:Hs + 3CH ©) phase through XRD analysis shows the change in the rel-
ative hydration phase of the BC and FC specimens. How-

MgA + 12H +C — MeACH4 + 4H (10)  ever, through Figs. 3 and 4, only the types and phases of
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hydration reactants by BC and FC can be known. In the
next section, Sect. 3.3, we will examine the specific phase
change through thermal analysis.

3.3 Thermal Analysis

Fig. 5 shows the results of thermal analysis (TG/DTA).
Weight loss in the 30—100 °C range is due to evaporation
of free water. And in the temperature range of 50-200 °C,
CSH (50-200 °C) (Ben Haha et al., 2011), CSH(I) (90—
110 °C) (Jambunathan et al., 2013), C4AH13(125 °C)
(Zhu et al., 2012), CAH10 (85105 °C) (Son et al., 2018),
C2ASHS8 (175-185 °C) (Ghadikolaee et al., 2021) and
monocarboaluminate (90-150 °C) (Jambunathan et al.,
2013) show weight loss according to decomposition.
Weight loss due to decomposition of AH3 was observed
in the temperature range of 230-300 °C (Montes et al.,
2018). C3AH6 was observed in the range of 240-370 °C
(Antonovi¢ et al, 2013), and weight loss due to the
decomposition of Friedel's salt was observed in the
range of 230-370 °C (Wang et al., 2019¢; Zhang et al.,
2019). Weight loss due to decomposition of portlandite
was measured in the temperature range of 400-500 °C
(Matds et al.,, 2015). The weight loss in the wide range of
550-800 °C is due to the decomposition of calcite (Shi
et al.,, 2017a, 2017b; Villain et al., 2007).

The weight loss due to the decomposition of C4AH13
observed at 125 °C was greater for RC specimens than
for TC. As mentioned in the XRD analysis, this shows
a result consistent with the fact that the C4AH13 peak
intensity of the BC specimens was greater than that of
the FC. In addition, the temperature range of 230—-300 °C
is the weight loss due to the decomposition of AH3, and
the FC specimens showed a greater reduction rate than
BC. Amorphous AH3 was not detected in the XRD anal-
ysis results. The weight loss of AH3 showed a greater

100 ] T T T T T T T
95 X I 0.04
90 e
=002
85 [$)
S
80 -csHicAs() 0 3
x monocarboaluminate e e <<
= 75 o = S
iy CASHy ol K=
(2] L (9}
g 70 0.02 =
651 DTA g
F-0.04 ©
eoq W L& | | % e TCO (@]
S [ % RN S N I -0.06
50 > Friedel's salt
U portlandite ——RC10
45 T CAlte T T T T T T T -0.08
100 200 300 400 500 600 700 800

Temperature (°C)
(a)
Fig. 5 Thermal analysis, (a) 1d, (b) 28d
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weight loss rate as the concentration of CH increased.
As a result, the weight loss rate of the BC specimens was
smaller than that of FC because AH3 reacted with CH to
form a hydration product containing aluminum such as
Freidel’s salt or monocarboaluminate. In the temperature
range of 230-370 °C, the weight loss due to the decom-
position of the three phases of AH3, C3AH6 and Friedel’s
salt was measured simultaneously. As expected, the port-
landite in the temperature range of 400—500 °C increased
as the concentration of CH increased in both BC and FC
specimens. Compared to the 0% CH specimen (black
dash line and brown solid line), the weight reduction
effect of portlandite can be clearly confirmed.

Table 5 shows the weight loss rate for each temperature
region representing the hydration reactant.

In Table 5, the weight loss in the temperature range of
30-200 °C was 28 d greater than 1 d at all CH concentra-
tions. This means that the generation of hydration reac-
tants increased with time. Except for 0% CH at 1d, the
weight loss rate at each CH concentration and age was
greater in BC specimens. This means that brine promotes
hydration of slag more than fresh water.

The weight loss in the range of 230-400 °C overlaps
with the weight loss effect due to the decomposition of
AH3, C3AH6 and Friedel’s salt. At 1 d of 0% CH, the
decrease rate was FC of 10.22%, which was greater than
BC’s 9.62%. However, in the remaining CH concentra-
tions and ages, the weight loss rate of the BC speci-
men was greater than that of the FC. This means that
the formation of the main hydration reactant phase
increased more in BC than in FC.

In the temperature range of 400-500 °C, FC, a fresh
water test, showed a greater weight loss than BC at all
CH concentrations and ages. It is believed that the rel-
atively increased consumption of portlandite in BC is

100 T T T T T T T T
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Table 5 Mass loss percentages from TG analysis
Mix water CH (wt.%) Age (day) Temperature range ('C)
30-200" 30-400? 400-500% 550-800% Total weight
loss (30-850)
Fresh water 0% 1 6.99 10.22 0.83 0.70 12.21
28 9.08 13.34 1.04 1.36 16.38
5% 1 7.1 11.37 1.25 1.02 14.20
28 8.68 13.96 1.64 1.28 17.52
10% 1 745 1348 1.53 1.04 16.74
28 8.36 14.79 2.1 1.73 19.40
Brine 0% 1 6.61 9.62 0.79 161 12.60
28 9.20 13.65 0.88 203 17.07
5% 1 8.60 13.06 127 1.96 16.92
28 8.99 14.30 1.64 230 18.97
10% 1 842 14.25 142 1.93 1843
28 9.47 15.46 2.02 238 20.72

130-200: free water, CSH, CSH(I), C4AH13, CAH10, C2ASHS, monocarboaluminate, 230-400: 30-200 phases + AH3, Friedel’s salt, C3AH6, 2400-500: portlandite,

4550-800: calcite

because it is consumed in the formation of hydration
reactants with ions supplied from brine such as Frie-
del’s salt.

At 550-800 °C, the weight loss due to the decomposi-
tion of calcite was shown, and the BC test specimens
showed a larger value than the FC. The reason why
the calcite phase of the BC specimens was more than
that of the FC was as follows. The increase in calcite in
the brine sample may be due to decomposition by car-
bonation of Friedel’s salt by reacting with atmospheric
carbon dioxide (Anstice et al., 2005; Ke et al., 2017).
C3AHS®6 has higher carbonation resistance than Friedel’s
salt (Plank et al., 2016). Therefore, the calcite phase
is relatively low in the FC specimen, which is rich in
C3AHS6 phase and free of Friedel’s salt.

The total weight loss rate in the entire temperature
range of 30—850 °C was higher in BC specimens than in
FC at all CH concentrations and ages. In view of these
results, it is judged that brine promotes the hydration
of slag, and CH has a synergistic effect of improving the
hydration reaction of brine.

Fig. 6 shows portlandite content and chemically
bound water (CBW) calculated from the thermal analy-
sis data in Fig. 5. Each value was calculated by Eq. (13)
(Shi et al., 2017a, 2017b) and Eq. (14) (Sun et al., 2022).

mh—_—Chxm
C
M,

(13)

Here, m,y, is the mass of fraction (wt%) of portlandite
in the sample, My, is the molar mass of portlandite, and

M,, is the molar mass of water (H,O). And m refers to the

weight loss (tangential method) value in the temperature

range of 400-500 °C in the thermal analysis data in Fig. 5.
50 — M5

cw =2 0 % 100(%) (14)

M550
where ms0 and ms509, MA, and MB represent the remain-
ing weights of the sample when the temperature reaches
50 and 550 °C, respectively.

In Fig. 6a, at all CH contents, brine specimens showed
lower portlandite content fraction than FC spceimens at
1d and 28d. This is because brine promoted the hydra-
tion reaction of slag and increased the production of
hydration product (Jun et al., 2021; Kang & Kim, 2020).
Additionally, compared to FC, additional portlandite
was consumed in the formation of Friedel’s salt due to
the mixing of brine, and a relatively smaller portlandite
content fraction than FC was observed. This accelera-
tion of the formation of hydration reactants resulted in
improved mechanical performance of specimens using
brine rather than FC. Fig. 6b shows the strength charac-
teristics for the content of chemically bound water. At 0%
CH, brine specimens show lower chemically bound water
values than FC. A relatively higher chemically bound
water content means the formation of more hydration
reactants (Sun et al., 2022). Therefore, this means that the
FC test specimen had more hydration reaction products
than brine, and as mentioned previously in Fig. 2a, the
strength was higher than that of brine when FC was 1d
and 28d. However, at 5 and 10% CH, the brine specimens
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showed a higher chemically bound water content than
FC. This means that the brine test specimens showed
higher compressive strength than FC at both 1d and 28d.
As a result, specimens using brine as a mixing water pro-
mote the hydration reaction of the slag, forming more
hydration products, which leads to an improvement in
compressive strength.

3.4 FT-IR

Fig. 7 shows the FT-IR analysis results. The weak peaks
observed at 426, 524 and 786 cm™! are attributed to the
AlQg octahedra, confirming the presence of the Frie-
del’s salt phase (Shao et al., 2013). In the FT-IR of the
BC specimens, peak deflection and change are clearly
observed, but the FC specimens do not appear, and the
difference in the hydration reactants of the two speci-
mens is clearly distinguished.

Assigned to the Si—O stretch at 959 cm™ (range 900—
1000 cm™!) (Shao et al., 2013; Ylmén & Jablid 2013),
we see the presence of a CSH phase. At 1d, a larger and
clearer peak near 959 cm™! of the brine specimens can
be identified, which is believed to increase the formation
of CSH, a hydration reactant, by promoting the hydra-
tion reaction of the slag. However, at 28d, similar peak
changes were observed in BC and FC specimens. This
means that the hydration reaction of slag proceeds grad-
ually over time, and as a result, brine has a greater effect
on the hydration reaction of slag in the early—age of 1d.

In addition, in the peaks of 450 and 669 cm ™, absorp-
tion bands due to the vibration of the Si—O bond and the
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Al-O vibration of the AlO group were observed, indicat-
ing that the CASH phase was formed (Song et al., 2021).
It is observed in both BC and FC specimens, which is
thought to be due to the mixing of Al,O,. The 669 cm™
peak indicates the formation of a monocarboalumi-
nate phase (Horgnies et al.,, 2013) or the presence of a
C4AH13 phase (Horgnies et al., 2013).

Peaks at 450 and 1050 cm™' were observed due to
the absorption bands of Si—O and Al-O related to the
presence of the C2ASH8 phase (Horgnies et al., 2013).
It is observed at 1d and 28d in FC specimens and BC
specimens.

Peaks observed at 716, 852, 875, 1425 and 1473 cm™!
confirm the presence of calcite phases (Ylmén & Jablid
2013; Choudhary et al., 2015; Trezza & Lavat, 2001; Liu
et al., 2022) due to the asymmetric stretching of CO,>".
The 1363 cm™ peak is due to the stretching vibration of
CO,?~ and means the formation of monocarboalumi-
nate phase (Horgnies et al., 2013). In the XRD analysis in
Fig. 3, the FC specimens showed a clearer monocarboalu-
minate peak than the BC specimens. This is confirmed by
the fact that the gradual curvature change of the absorp-
tion band observed at 1363 cm™! is better observed in FC
specimens.

The 1600-1700 cm™! range (including the 1650 cm™
peak) and the 3100-3400 cm™! region confirm the pres-
ence of water molecules due to the symmetric and asym-
metric stretching vibrations of O—H (Lemougna et al.,
2017; Trezza, 2007).

The peak observed at 3643 cm™! is due to the stretch-
ing vibration of O-H, indicating the formation of the CH
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Fig. 7 FT-IRanalysis, (a) 1d, 400-200 cm ™" range, (b) 1d, 2800-4000 cm~' range, (c) 28d, 400-200 cm~" range, (d) 28d, 2800-4000 cm™' range (FC

fresh water, BC brine, CH: (Ca(OH),)
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phase (Horgnies et al., 2013; Ylmén et al,, 2009). The size 3.5 Microstructures

of the 3643 cm™! peak was clearly sharp and increased  Fig. 8 shows each sample’s SEM images at 28d. The FC
with increasing CH concentration in both FC and BC  samples (Fig. 8a—c) and brine samples (Fig. 8d, e) show
specimens. Therefore, the 10% CH specimens confirm a dense hydration reactant matrix. The energy dispersive
the presence of the sharpest peak. X-ray spectrometer (EDS) analysis was performed on the

unhyd

/

hydratiopsréa

partially h

10 pm

(b)

hydration

unhyc

~77—7—} unhydr:
‘ pattially

partially hydrated slag

10 pm

N reactant

\
:
}
/‘1
|
|
|

10 pm

Fig. 8 SEM images, (a) FCO, (b) FC5, (c) FC10, (d) BCO, (e) BC5, and (f) BC10
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hydration reactants formed around the unhydrated slag
particles in Fig. 8. The EDS analysis was conducted on
15 points random hydration reactants, and the average
value was calculated. The measured values are shown in
Fig. 9. In the FC and brine samples, as CH increased, the
amount of Ca/Si increased while that of Al/Si decreased.
The brine samples had higher Ca/Si and lower Al/Si than
FC. This is assumed to be due to the promotion of slag
hydration of brine and the supply of calcium ions by CH.
Research results indicating that seawater promotes the
hydration reaction of slag support this fact (Jun et al,
2020; Kang & Kim, 2020). The increase of CSH gel in Ca/
Si, a representative hydration reaction of slag, improves
the physical adsorption capacity of chloride ions
(Plusquellec & Nonat, 2016; Yang et al., 2019; Zhou et al,,
2016). It is one of the critical factors that affect the chlo-
ride ion adsorption capacity of the brine samples. There-
fore, it can be expected that adding CH could improve
the ability of the CSH gel to adsorb chloride ions when
brine is used as mix water.

3.6 Water-Absorption and Density

Fig. 10 shows the water—absorption rate and dry density
measurements of the 28 d specimens. The water—absorp-
tion rate in 10% CH specimens was lowest of the FC and
BC samples. Next, for the 5% CH specimens; the high-
est absorption was for 0% CH specimens. Dry density
also showed a similar tendency for water absorption. It
implies that the density values decreased in the order of
10% CH>5% CH>0% CH specimens in FC and brine.
The 10% CH samples showed the lowest absorption rate
and the highest density regardless of the FC or BC mix
water.
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Low absorption and high density mean that the inter-
nal matrix of the specimen is dense, and consequently,
the mechanical performance is improved. As mentioned
in the compressive strength results in Fig. 1, 10% CH
showed the highest strength value.

The mixture of CH and brine promotes the formation
of hydration reactants and densifies the matrix, which
is believed to exert a synergistic effect on improving
mechanical performance. This can be clearly confirmed
by the fact that, compared to the 0% CH test specimen,
the mixture of CH showed a higher density, lower water
absorption and higher compressive strength (see Fig. 1)
under the condition that the same brine was used as the
mixing water.

4 Conclusion

The effects of brine (BC) and clacium hydroxide
(Ca(OH),: CH) on the hydration process of slag were
investigated. In addition, the characteristics and effects
were compared with fresh water (FC) specimens. A sum-
mary of the experimental and analytical results is as
follows.

1. Specimens without CH (only with aliminum
oxide(AO)) have very low compressive strength in
the initial 1d and 3d stages. Compared to CH, AO
had a very low activation effect of slag. However, the
use of CH enhances the early strength by accelerating
the activation reaction of slag. A mixture with only
AO and no CH showed a sharp increase in strength
at 7 days. This means that a long time is required
for AO to show an effect on the hydration reaction
of slag. BC specimens showed improved mechanical
performance over FC at all ages and mixes. There-
fore, it was shown that the slag-AO-CH combination
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can secure sufficient mechanical performance as a
construction material.

2. FC samples formed more C3AH6 phase than brine.
As the metastable phases, CAH10 and C4AH13, are
converted to the stable phase C3AH6, the mechani-
cal properties are reduced due to volume instability.
Consequently, the compressive strength of FC sam-
ples was reduced when compared to brine. The brine
samples produced more calcite phase than FC. CH
and brine affect the mechanical properties by chang-
ing the type and phase of the hydration reactants.

3. The hydration reaction product of slag activated with
CH and AO exhibited a dense structure. According
to the results of the EDS analysis of hydration reac-
tants, an increase in the amount of CH increased Ca/
Si and decreased Al/Si. It is considered that brine
promotes slag hydration and improves the dissolu-
tion of the active ingredient. The brine sample had
higher Ca/Si values than the FC, which means that
the chloride ion adsorption capacity of the samples
using brine as the mix water was improved.

4. According to the density and absorption rate meas-
urement results, in the 10% CH sample, the increase
in absorption rate and decrease in density is due to
cracking caused by excessive expansion at high tem-
perature (60 °C) curing. These results explain why the
10% CH samples showed lower compressive strength
than 5% CH. When using AO as an activator and
brine as mix water, improving the mechanical prop-
erties is advantageous if CH does not exceed 10%.

This study confirms the feasibility of using brine as
a building material. As confirmed in the experimental
results, the effect of the combined mixture of slag-brine-
Ca(OH), on the properties of the hydration reaction and
mechanical performance was confirmed. The results of
this study are expected to further expand the possibility
of using brine for manufacturing construction materials.
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