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Abstract

The chemical composition and pH of the pore solution extracted from six different ground granulated blast-furnace slag (GGBFS) pastes
were determined. The concentrations of Si, Ca, Al, and Mg are functions of the pH of the agueous phase, with high pH associated with the
higher concentrations of Si and Al and the lower concentrations of Ca and Mg. When GGBFS is mixed with an aqueous phase with pH
higher than 11.5, the reaction is activated or accelerated. The main hydration product was identified as C-S-H, and hydrotalcite, at later
stages of hydration, was observed in the pastes with an aqueous phase of a high pH. The effect of pore solution on the alkali activation of
GGBFSisdiscussed with reference to the hydration products.  © 1999 Elsevier Science Ltd. All rights reserved.
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Ground granulated blast-furnace slag (GGBFS) is a
glassy granular material formed when molten blastfurnace
slag is rapidly cooled, usualy by immersion in water, and
then ground to improve its reactivity. Blast-furnace slag has
been used as a pozzolanic admixture in Portland cement
paste [1-6]. The major components of blast-furnace dlag are
Si0,, Ca0, MgO, and Al,O5, which are common compo-
nents in commercial silicate glasses.

Various studies of cementitious materials suggest that
the pH of the solution plays an important role in the hydra-
tion process and in determining the nature of C-S-H. It was
reported that C-S-H does not form in a solution with a pH
below 9.5 [7]. Also the formation of C-S-H is dependent on
the silicate species in solution, which is affected by pH
[8,9]. High [Si] in the aqueous solution comes with low
[C4]. By investigating the solubility of colloidal silicain so-
[utions of electrolytes and in akaline solutions[10-12], it has
been shown that a high pH of the solution produces high [Si].

Theeffect of pH on the structure and composition of C-S-H,
however, is till controversial. Whereas Andersson et d. [13]
claim there is no obvious correlation between pH and the
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chemical compositions of the aqueous solution, others report
that the C/Sratio in the pore solution depends on the pH and
alkali content of the pore solution; a high C/S ratio is estab-
lished in solutions of high pH or high akali content [14-19].
Others have reported that C-S-H gels with low C/Sratios in
solutions of high pH or high alkali content [20-24] are asso-
ciated with solutions of high pH or high akali content.

Following the general model for the structure and compo-
sition of C-S-H gel described by Richardson and Groves [25]
and Kersten [26] has shown that C-S-H can be considered a
solid solution of tobermorite-like C-S-H (Ca,H,SIO; - 3H,0)
and CH. For this “solid solution-aqueous solution (SSAS)”
equilibrium model, the solubility products of the pure end-
members are assumed to compose the solid solution, and they
are determined by the following mass action laws:

Ca,H,Si0, BH,0 = {H,Si0, } > {CaOH"} * = K¢&
Ca(OH), = {CaOH"} {OH} = K¢y

The solubility products were calculated with activities of
the monovalent Ca species, CaOH™, as a common cation to
give values of pKqy = 4.0 and pKg = 7.8, using the ther-
modynamic database. When K is constant, the activity of
CaOH™*, {CaOH*}, must decrease when { OH™} increases,
resulting in a higher pH. Likewise, {H;SO,~} must in-
crease with decreasing { CaOH*} because of constant K,
which explains the low concentration of agueous silica
when the concentration of aqueous Ca species is high [13—
24]. When the agueous solution has a high silica concentra-
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tion, but low calcium, the C-S-H formed in the solution is
expected to have alow C/Sratio [27].

Thereisonly scanty information about the chemistry of the
pore solution in akali-activated GGBFS pastes, whereas the
pore solution chemistry of ordinary Portland cements (OPC)
hydration isfairly well documented. Although dag without an
activator does react with water, the rate of hydration is very
dow. Its hydraulic reactivity depends on chemical composi-
tion, glass phase content, particle size distribution, and surface
morphology [1-3]. Mehta[3] reported that a coating of alumi-
nosilicate forms on the surfaces of dag grains within a few
minutes of exposure to water, and these coatings were imper-
meable to water. Unless a chemica activator is present, fur-
ther hydration is inhibited. Portland cement, gypsum, and
many alkalies have been used as activators, and, generaly, the
rate of hydration is faster a high akali concentrations. The
surface of dag is amorphous, and its dissolving behavior is
very similar to that of silicate glasses. Goto et a. [28] found
that the solubility of synthetic silica-duminagel is strongly af-
fected by its composition and the pH of the solution. In this
paper, the chemical composition and pH of the pore solutions
extracted from six different GGBFS pastes are reported. The
effect of pore solution on the akali activation of GGBFS is
discussed with reference to the products formed.

1. Experimental procedure

The chemical composition of the GGBFS used in this
study was 37.98% SiO,, 7.93% Al,0; 39.11% CaO,
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11.45% MgO, 0.44% Fe,0;, 0.46% TiO,, 0.31% NaO,
0.36% K,O, and 0.62% MnO. The Blaine fineness was
5565 cm?/g. The pastes were mixed with de-ionized (DI)
water or an NaOH solution of concentrations 1M, 0.4M, and
0.1M using a Hobart mixer for 5 min at the speed setting of
1. The mass ratio of solution to slag (L/S) was 0.45 by
weight. The mixes were cast into plastic tubes and sealed
before placing the samplesin a 25°C water bath.

The extraction of pore fluids was described by Chris-
tensen [29] and Christensen et al. [30]. The filtration proce-
dures were performed in a glove box under a nitrogen atmo-
sphere. When the pastes were rigid, pore fluid was extracted
using a high-pressure steel die; details are given elsewhere
[31]. All the liquid samples were sealed to minimize any
carbonation or oxidation of samples and were stored in ani-
trogen-filled container. The pH of pore fluids was measured
using a digital pH meter, and the concentrations of Si, Al,
Ca, and Mg in a pore solution were measured using induc-
tively coupled plasma spectroscopy. X-ray diffraction
(XRD) was used to identify the phases present in hydration
products. To prepare samples for XRD, pastes were crushed
using a mortar and pestle and flushed with acetone, using a
porous ceramic filter and vacuum, to stop the hydration at
the desired ages. The powder samples were dried in a vac-
uum. The diffraction conditions were 40 kV, 15 mA, CuKa
radiation (A = 0.1542 nm), 0.05° 26 step size, and 3 s/step.

In addition to these samples, two samples with different
mass ratio of solution to slag also were prepared to produce
highly hydrated paste. After slag and DI water were mixed
with L/S = 3.0, the paste was placed in an air-tight plastic
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Fig. 1. Loss of ignition of GGBFS pastes mixed with DI water (L/S = 3.0) and continuously milled during the hydration.
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Fig. 2. X-ray diffraction of GGBFS pastes mixed with (A) DI water, (B) 0.1M, (C) 0.5M, and (D) 1.0M NaOH solutions. HT, hydrotalcite.
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bottle and continuously rolled on the mill for 35 days. An-
other paste with the same L/S was placed in an airtight plas-
tic bottle and ground continuously on the mill with about
50% volume fraction of stainless steel balls for the same 35
days. Paste samples were removed periodically, and their
solid and agueous phases were analyzed using the same pro-
cedure as for the paste with L/S = 0.45.

The nonevaporable water content, Wy, was calculated as
the mass difference between the paste dried at 105°C and the
same paste after it was ignited at 1005°C. The vaues were
corrected for the loss on ignition of the dag itself, which was
measured in a separate experiment. The experimental details
are given elsewhere [29]. To determine the degree of hydra-
tion, the amount of nonevaporable water in two roll-milled
GGBFS pastes are shown as a function of hydration time in
Fig. 1. The paste ground with steel balls showed little change
in Wy, after 14 days of grinding, and the paste without steel
balls showed little change in W, after 28 days. The paste ro-
tated without steel balls has Wy that is only 57% of the Wy, of
the paste ground with steel balls. The paste roll-milled with
stainless sted balls was considered to have reached maxi-
mum hydration, and a value of 0.162 g H,O/g paste was de-
termined at full hydration.

2. Results and discussion
2.1. X-ray diffraction

The accelerated hydration of GGBFS by NaOH was ob-
served using XRD (Fig. 2). The broad and diffuse peak
around 26 = 30° is the result of the short range order of the
Ca0-Si0,-Al,05-MgO glass structure from unreacted GG-
BFS. The peak identified at about 26 = 29.5° is from the
(110) reflection of poorly crystalline C-S-H, which is the
main hydration product in al the samples. It should be
noted that calcium hydroxide (CH) was not present in any
GGBFS pastes, even with a very high water to lag ratio. In
the pastes activated with 0.4M and 1M NaOH (Figs. 2C and
2D), additional peaks at 260 = 11.6, 23.0, 34.9, and 39.5
were observed after 3 days of hydration. These correlate
with the (003), (006), (012), and (015) reflections of hydro-
talcite as given by Gastuche et a. [32]. Hydrotalcite, which
is a natura mineral MggAl,CO3(OH)44-4H,0, has been re-
ported in pastes of Portland cement/slag blends [33-36].
The hydrotalcite phase also was observed in blast-furnace
dlag activated by 5M NaOH using differential thermal anal-
ysis and x-ray microanalysis [37], and in GGBFS pastes ac-
tivated by 5M KOH solution using XRD [33].
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Fig. 3. X-ray diffraction of GGBFS pastes mixed with DI water (L/S = 3.0) and continuously milled during the hydration (A) without any grinding media and

(B) with stainless steel balls as grinding media.
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Theroll-milled GGBFS pastes with high water to slag ra-
tio (L/S = 3.0) provided an answer to the question as to
whether or not hydrotalcite forms only in GGBFS pastes
with high alkalis. Because both roll-milled pastes with high
water to dag ratio (L/S = 3.0) contained C-S-H and hydro-
talcite as well (Fig. 3), hydrotalcite can form in the pastes
mixed only with DI water. Hydrotalcite is apparently a
phase that forms when a high degree of hydration is reached
in GGBFS pastes, and this should be taken into account
when the long-term performance of GGBFS pastesis of in-
terest. Because the paste ground with steel balls showed
faster hydration than the paste that was simply rotated with-
out any grinding media, grinding seems to be another way
to activate the hydration of slag using mechanical force.

2.2. Pore solution analysis

The pH of the pore fluid from the pastes mixed with
NaOH solution was constant (Fig. 4), whereas that of the
pastes mixed with DI water increased from 10.3 to 12 dur-
ing 56 days of hydration with L/S = 0.45. With L/S > 3.0,
the pH of the solution was dlightly higher, and otherwise it
established a similar trend. The concentration of alkali ions
in the aqueous phase of each paste apparently controls the
pH of the aqueous phase. The concentration of Naionsin
the paste mixed with NaOH solutions was constant through
56 days of hydration. However, in the pastes mixed with DI
water, it increased from 6.9 to 49.3 mmol when L/S =
0.45, and it increased from 2.84 to 16.5 mmol when L/S =
3.0. The addition of NaOH sets up a buffer in the pore flu-
ids, but the pH of the pastes mixed with DI water is con-

trolled by the dissolution of Ca and akali ions from the
solid.

The concentrations of Si, Al, Ca, and Mg in pore solution
of each paste as a function of hydration time is shown in
Fig. 5. For better understanding, the concentrations also are
plotted against the pH of the fluid in Fig. 6. The concentra-
tion of Si and Al increased with the pH, whereas those of Ca
and Mg decreased. Thisrelationship between the pH and the
ionic concentration of these species can be explained using
the equilibrium solubility product, which depends on the
Gibbs free energy of dissolution. For example, the solubility
of Si in the agueous solution is controlled by the standard
free energy, AG®, and the thermodynamic equilibrium con-
stant, K, of different silicate ions as given in Table 1. The
reactions described in Table 1 also are shown in Fig. 7. As-
suming the activity of SO, quary iS 1, the activity of H,SIO,
in agueous solution, a0, becomes a constant, and the ac-
tivity of HSIO;™ ion, ayso,), IS determined by pH and
Qn,sioy- Using the standard free energy, AG® = —RTInK,
nsios-) Pecomes equivaent with agy,g0, a pH 10 and lin-
early increases with the pH. Thus, even vitreous silica be-
comes unstable at pH 10 when HSIO;™ is thermodynami-
cally favored over H,SiO;. When the same calculation is
repeated for Ca, the activity of Ca2™, a2+, decreases with
the pH, whereas the activity of Ca(OH),, acxor),), IS acon-
stant. The decrease in the concentration of Cain highly al-
kaline solution is because Ca(OH), is the thermodynami-
cally favored species rather than Ca?* ion when pH is
higher than 11.5. This thermodynamic prediction has been
verified for akaline-lime-silicate glasses [38,39].
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Fig. 4. The pH of pore fluids of GGBFS pastes as a function of hydration time.
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However, all these calculations used the standard ther-
modynamic datataken at 25°C for crystaline phases. GGBFS
is not a crystalline material and, therefore, has a different
standard free energy of formation from pure silica or quartz.
The Gibbs free energy of formation for an amorphous phase
is usualy higher than that for a crystaline phase, and this
difference affects both solid and aqueous phases. Although
this changes the absol ute magnitude of the activities, it does
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not change the trend with respect to pH. Asseenin Figs. 6A
and 6B, the agueous concentrations of Si and Cain pore flu-
ids show the same trend as do their activities. In our study,
the concentration of Si started to increase around pH =
11.5, whereas the values from thermodynamic calculation
show pH = 10. The decrease in the solubility of Cawith pH
can be explained similarly by considering the reactions in-
volving Caions, asshownin Table 1. At pH > 11.5, the Ca
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Fig. 5. Concentration of major components of GGBFS in pore fluids as a function of hydration time (A) S, (B) Al, (C) Ca, and (D) Mg.
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ion concentration drops, because the solid phase is thermo-
dynamically favored; that is, the low concentration of Cain
this region is due to the lower equilibrium solubility of Ca2*
in a highly alkaline solution. The pH-dependent solubility
of Si seems to be the most important factor explaining the
akali activation of GGBFS thermodynamically.

The relationship between pH and the solubility of Al and
Mg asoisseenin Figs. 6B and 6D. The concentration of Al
in the pastes mixed with 0.4M and 0.1M NaOH varies

165

greatly. The concentration of Mg was very low in al sam-
ples except the early age of GGBFS mixed with DI water.
Thus, the amount of Al and Mg incorporated into the C-S-H
should depend on the pH of solution. X-ray microanalysis
by Wang and Scrivener [37] showed the ratios of Mg/Ca
and Al/Cain C-S-H were different in slag activated with ei-
ther NaOH or Na,SiO; (they showed very high concentra-
tionsof Si in porefluids) after 1 day of hydration, but thera-
tios were not different for slag hydrated for 1 year.
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Fig. 5. (continued).
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Fig. 6. Concentration of major components of GGBFS in pore fluids as a function of pH in pore fluids (A) Si, (B) A1, (C) Ca, and (D) Mg.

In Fig. 6A, the data suggest the existence of two separate
lines above pH 11.5. Considering the age of the pastes and
the results from XRD, the line with a higher Si concentra-
tion is associated with the fresh pastes before or during the
very early stage of C-S-H formation. The data on the line
with alower Si concentration are from the later stage of hy-
dration. When C-S-H forms in the paste, the thermody-
namic equilibrium described in Table 1 must be changed to

include the new solid, C-S-H, which is in contact with the
agueous phase; the solubility of Si should be determined by
C-S-H, pH, and the solubility of Cain pore fluid.

In Fig. 8, the Si concentration is plotted against the Ca
concentration and superimposed on the water-rich region of
the CaO-SiO,-H,0 phase diagram of two types of C-S-H
[40]. The solubility of C-S-H formed in NaOH solutions re-
sideson curve S, but C-S-H formed in DI water is on curve
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Fig. 6. (continued).

M. The solubility of Si and Cain the pastes with L/S = 3.0
stayed very close to curve M during 1 day of milling with
steel balls, then moved toward curve S. It took more than 7
days for the paste without steel balls to move away from
curve M to curve S. The equilibrium state of C-S-H in the
GGBFS pastes appears to be dependent on pH. Considering
the pH at each data point, the solubility of Si and Ca stays
very close to curve S with pH > 12 and close to curve M

with pH < 12. The solubility of Si and Ca changes with the
pH, and it may lead to the formation of C-S-H of a different
nature. The paste mixed with 0.1M NaOH shows the solu-
bility of Caand Si is closeto curve Suntil 14 days of hydra-
tion, but the solubilities got very close to curve M after 28
and 56 days of hydration asthe pH of the solution decreases
below pH 12. Considering the pH of the pastes mixed with
DI water and the paste with 0.1M NaOH after 14 days of hy-
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Table1
Standard free energy and thermodynamic equilibrium constants of
different ions in agueous solution at 25°C [39]

Reaction AG® (kcal/mal) log K*
SiOZ(quanz) + HZO = 7.1 =520 = |Og
H,SiOsz a(H,S0,)
H2Si0g0 = 136 —152 = log
HSO;" i + H” a(HSI0; ") —pH
H25f03(a5) = 300 *27.2' = [og
SO (o + 2H" A(SI0#7)—2pH
Ca0 + H,0 = ~6.28 46 = log
Ca(OH); (ag) a(Ca(OH),)
Ca(OH), () + 2H* = -313 27.6 = log
Cat* o + 2H,0 a(Cat*) + 2pH

* InK = —AG°/RT = 2.303 log K.

dration, the pH of pore fluids appears to be a very important
variable in controlling the ionic solubilities and the equilib-
rium between the agueous phase and the surface solid phase.
McCurdy and Stein [17] reported that, during suspension
hydration of C;S, an equilibrium is established at pH 11.5
between one of the C-S-H gels and the solution, and they
suggested that the hydration of C;Sisretarded under the cir-
cumstance of pH 11.5. It is very evident through this study
that GGBFS in a solution with a pH below 11.5 has a solu-
bility closeto curve M in Fig. 8. Without activation aid, fur-
ther hydration is hard to achieve. It has been suggested that
a high pH solution activates the hydration of slag by solubi-
lizing the water-impermeable layer on the surface of the
slag particles [3]. This study also suggests the pH of the
mixing solution may affect the thermodynamic nature of
C-S-H by controlling the solubility of each component. Sev-
eral studies[4,5,33] showed that increasing the slag content
in OPC pastes reduces the C/S ratio and progressively
changes the morphology of the C-S-H. The more dlag in the
OPC paste, the lower the C/Sratio of C-S-H, and the C-S-H
of alow C/S has afoil-like morphology compared to the fi-
berlike C-S-H of a high C/S ratio. Richardson et al. [41]
also pointed out that GGBFS pastes showed a foil-like mor-
phology whether mixed with 5SM KOH or just water. There-
lationship between the morphology of C-S-H and the mac-
roscopic properties of pastes needs more investigation.

3. Conclusion

The solubilities of Si, Ca, Al, and Mg are strong func-
tions of the pH. High pH increases the concentration of Si
and Al, but reduces that of Ca and Mg in the pore fluids.
This pH-dependent behavior was well explained using ther-
modynamic functions such as standard free energy and
equilibrium constants of each species.

The pH-dependent solubilities also explain why the pH
of the mixing solution must be higher than pH 11.5 to effec-
tively activate the hydration of GGBFS. At apH lower than
11.5, the equilibrium solubility of silicaislow, and GGBFS
simply does not dissolve.

The pH of the mixing solution is expected to have a sig-
nificant effect on the nature of C-S-H by affecting the
chemistry of the pore solutions. A high pH in the pore fluids
may help the formation of C-S-H of alow C/Sratio and/or a
different physical distribution because of the solubility of
silica. Hydrotalcite seems to be a phase that should form
when a high degree of hydration is reached in GGBFS
pastes, whereas the C-S-H of arelatively low C/S ratio may
be the main hydration product of alkali-activated GGBFS.
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