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The hydration of ground granulated blast furnace slag (GGBFS) at 25°C in controlled pH
environments was investigated during 28 days of hydration. GGBFS was activated by
NaOH, and it was found that the rate of reaction depends on the pH of the starting solution.
The main product was identified as C-S-H, and, in the pastes with high pH, hydrotalcite was
observed at later stages of hydration. The pH of the mixing solution should be higher than
pH 11.5 to effectively activate the hydration of GGBFS. As deduced from very low electrical
conductivity measurements, GGBFS pastes had very tortuous and disconnected pores. The
effect of the pH of the agqueous solution on the composition, microstructure and properties
of alkali-activated GGBFS pastes are also discussed. © 2000 Kluwer Academic Publishers

1. Introduction hydration products change with the activator and other
Although slag without an activator does react with wa-hydration conditions [14, 15]. Various studies of ce-
ter, the rate of hydration is very slow. Ground Granu-mentitious materials [18-30] suggest that the pH of the
lated Blast-Furnace Slag (GGBFS) is a glassy granusolution plays animportantrole in the hydration process
lar material formed when molten blast-furnace slag isand also in determining the nature of C-S-H formation.
rapidly cooled, usually by immersion in water, and thenlt has been reported that C-S-H doesn’t form in a so-
ground to improve its reactivity. The major componentslution with a pH below 9.5 [18]. Also the formation of
of blast-furnace slag are Sj0Ca0O, MgO, and AlO;,  C-S-H is dependent on the types of silicate species in
which are common components in commercial silicatesolution, which is also affected by pH[19, 20]. High [Si]
glasses. Its hydraulic reactivity depends on chemicain the aqueous solution comes with a low [Ca], and it
composition, glass phase content, particle size distribuaas been shown that a high pH of the solution produces
tion and surface morphology [1-3]. Blast-furnace slaghigh [Si] [31]. The effect of pH on the structure and
has been used as a pozzolanic admixture in Portlandomposition of C-S-H, however, is still controversial.
cement paste [1-6]. While Anderssoret al.[32] claimed there is no obvi-

Research on alkali activated slag (AAS) [6-17] hasous correlation of pH with the chemical compositions
provided basic information about the mechanism ofof the solids, others reported that the C/S ratio of C-S-H
alkali-activation. Mehta [3] reported that coatings of depends on the pH and alkali content of the pore solu-
aluminosilicate form on the surface of slag grains withintion; C-S-H with high C/S ratio forms in solutions of
a few minutes of exposure to water, and these coatingsigh pH or high alkali content [21-26]. However, oth-
were impermeable to water. Unless a chemical activatoers have reported that C-S-H with a low C/S ratio forms
is present, further hydration is inhibited. Portland ce-in solutions of high pH or high alkali content [27-30,
ment, gypsum and many alkalies have been used &3-35]. Unfortunately the lack of detailed knowledge
activators, and it has been observed that the rate afn AAS hydration limits its wider use. The effect of
hydration is faster at high alkali concentrations. Com-alkali solutions of different pH on the hydration of
pared to Portland cement-activated slag, alkali activate€6 GBFS is reported here.
slag (AAS) has some advantageous properties includ-
ing rapid development of high strength, good durability
and high resistance to chemical attack [7, 16, 17]. 2. Experimental

The mechanical and rheological properties of slagrhe chemical composition of the GGBFS was 37.98%
pastes depend on the alkali activators used [8-125i0,, 7.93% AbO3z, 39.11% CaO, 11.45% MgO,
Gotoet al.[13] found the solubility of synthetic silica- 0.44% FgOs, 0.46% TiQ, 0.31% NaO, 0.36% KO,
alumina gel is strongly affected by its composition andand 0.62% MnO. The Blaine fineness was 5565/gm
the pH of the solution. The main hydration product of It was mixed with DI water and NaOH solutions of
GGBFS is calcium silicate hydrate (C-S-H) with a low 1M and 0.1M concentrations using a Hobart mixer for
Ca/Si ratio regardless of the activator used [6, 7, 109 min at speed setting 1. The mass ratio of solution
14, 15], but the morphology and composition of theto slag was 0.45 by weight. The mixes were cast into
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plastic tubes and sealed before placing the samples itlecreases with the concentration of NaOH. These ther-
a 25°C water bath. mal characteristics can be used to predict the setting
The heat of hydration of the fresh pastes af@5 time and heat release of activated GGBFS paste.
was measured using isothermal calorimetry, and the
electrical conductances of the pastes and the pore fluids .
were measured using impedance spectroscopy (IS). The2- Porosity _
measurement of the electrical properties and the extrad®S measured by the amount of methanol-accessible
tion of pore fluids have been described by ChristenseROreS: #meon 0f GGBFS pastes changed with time
[36] and Christenseat al.[37]. All the samples were @S Shown in Fig. 2. The concentration of NaOH in
sealed to minimize any carbonation or oxidation of sam{h€ mixing solution is inversely related tveon. It
ples. Allfiltration procedures were performed in a glove Should be noted that GGBFS pastes have significantly
box under a nitrogen atmosphere, and samples werarger volumes of porosity in comparison to OPC pastes
stored in a nitrogen-filled container. After the pastes36; 37] when one assumes that only capillary pores are
became rigid, pore fluid was extracted using a higm’lethanol-accessmle. The volume of pores before reac-
pressure steel die at the required ages; details are givéion is 55.7% of the total volume of the paste, calculated
elsewhere [38]. In another study [39] X-rays were usedromthe density of GGBFS (2.79 g/ém'_l'he measured
to identify crystal phases. amount of pores after 3 dqys of hydratlon was about f[he
At specified times, samples of 2-3 mm thicknessS@me for every paste. It is poss_lble that some porthn
were sliced from cylinders of hardened cement past®@f g€l water was exchanged with methanol, in addi-
for solvent exchange experiments. The samples werkon to capillary water, since methanol is very small.
wiped with a wet lint-free tissue to remove eXcessTherefo_re the values in Fig. 2 s_hould be considered
surface moisture to measure the saturated surface d@f relative measures between different pastes, not the
(SSD) weight, and then immersed in methanol. Sam@Psolute amount of capillary pores. ,
ples were periodically removed and weighed to obtain 1"e GGBFS paste mixed with 0.1M NaOH solution
weight loss which correlates with the replacement of1@d values for volume of porosity very close to those of
solvent and pore solution. When a constant weight wa®! water mixed samples, while the samples activated by
reached, large porosity(ieor), defined as the amount 0.5 ar_1d 1.0M NaOH solutlc_)n were S|_m|Iar. The differ-
of methanol-accessible pores, was calculated using tHfe"Ce iMPmeor results from either the different degree of

following equation: hydration or the formation of different microstructural
features in GGBFS pastes of various concentration of
Veap OMeoH (Wo — W) NaOH. As discussed later, hydrotalcite was observed in

OMeOH = = . (1)  higher pH pastes along with C-S-H. A more sophisti-
Viotal  Pwater— pmeort (Wssp— W) cated study is required to determine its effect on various

. properties of GGBFS pastes.
wherepveon andpwaterare the density of methanol and

water respectivelWy is the weight of samples mea-
sured in methanol before the capillary pore solution is3 5 Impedance spectroscopy (IS)

exchangedft is the average constant weight after pore, jyye yance spectroscopy was used to obtain an accurate
solution has been exchanged aNgsp is th? satgrgted value of the electrical conductivity of the paste and the
surface dry weight. Methanol was used since ityielded, ;0.5 phase,andoo, respectively, which are shown
an apparently conventional weight loss profile whllein Fig. 3a and b. The normalized conductivityoy, is
that of isopropanol was anomalous [40, 41]. shown in Fig. 3c. The conductivities of the pastes were
constant at early stages, and then decreased as hydra-
tion proceeded. The conductivities of the pore solu-
3. Results and discussion tions were also affected by the pH of the initial mixing
3.1. Calorimetry solution. The higher alkali concentration produced
The heat evolution of GGBFS pastes mixed with 0.1Mhigher conductivities of pore fluids. During the 56 days
and 1M NaOH solutions are compared with that ofof hydration, the conductivities of the pore fluids re-
GGBFS mixed with DI water in Fig. 1a. GGBFS pastesmained constant in the pastes mixed with NaOH solu-
mixed with NaOH solution show an earlier and highertions and changed only slightly at the later stages of
heat evolution peak than the paste mixed with DI waterhydration. However, the pastes mixed with DI water
The difference in peak height for the paste mixed withhad pore fluids with continuously increasing conduc-
0.1M NaOH solution and the paste with DI water is tivities. The alkali activator seems to control the con-
about 10% of the difference in height between the pastductivity of pore fluids at the early stage of hydration.
mixed with 1M NaOH solution and the paste with DI The electrical conductivities of aqueous phases could
water. Thus the peak height appears to be directly probe correlated with the concentration of Na ions in the
portional to the NaOH concentration. The heat evolu-aqueous phase of each paste. The concentration of Na
tion is defined using 2 parametedsy/dtmax, Whichis  ionsinthe agueous phase was constant through 56 days
the maximum height of the heat evolution curve, andof hydration in the pastes mixed with NaOH solutions,
tmax. the time at whichdg/dtnax occurs. Both values but it increased from 6.9 to 49.3 mmol in the paste
depend on the concentration of NaOH as seen in Fig. 1imixed with DI water.
When normalized by the values for DI water GGBFS The electrical properties can be used to study the evo-
paste,dq/dtmax linearly increases anthax inversely  Iving pore structure [36, 37]. Various microstructural
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Figure 1 Heat of hydration of GGBFS pastes at°Z5 (a) the heat evolution measured by isothermal calorimeter andigftmax andtmax as a
function of the concentration of NaOH.

factors are incorporated into the relationship [42]: are shown as a function of hydration time in Fig. 4a
& = oodeaph ) and as a functior_1 of _po_ros_ity i_n Fig. 4b. The de_c_rease
e of B with hydration is indicative of both the filling
whereo is the overall conductivity of pastey is the  of pores and the decreasing connectivity of the pore
conductivity of the aqueous phasggp is the volume  structure. Theg values for GGBFS pastes are more
fraction of capillary porosity, ang is a connectivity than an order of magnitude smaller than they are in
(inverse tortuosity) factor. Since bot#c.op and g conventional cements [36, 37], and it is apparent that
decrease with hydration time;/op, the normalized GGBFS pastes have a very disconnected pore structure.
conductivity of paste also decreases. It should be noted that the volume of the pore depends
The pore structure factord, is calculated using on the methods by which it is measured. For example,
Equation 2 and the values of porosity from Fig. 2. Thesanethanol exchange appears to include some gel pores
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Figure 2 The volume fraction of poregiveon, for GGBFS pastes measured by solvent exchange using methanol.
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Figure 3 The electrical conductivity of (a) bullg, and (b) pore solutionyg, and (c) normalized conductivity;/og, of GGBFS pastes measured
using impedance spectroscopy.

as well as capillary pores. It is very important to havemagnitude smaller than that of the pastes mixed with DI

accurate values for capillary pores as they contributevater.

to electrical conduction if exact values gfare to be

determined. However, compared to OPC, white port-

land cement (WPC), andsS pastes [37], values of 3.4. Environmental secondary electron

o /oo for GGBFS paste are one or two orders magni- microscopy (ESEM)

tude smaller, and values for GGBFS pastes activated byhe microstructure of each sample was observed using
NaOH are even less. At 28 days, thgog of GGBFS ESEM at 7 days of hydration and compared to one

pastes mixed with NaOH solutions is about one order ohinother as shown in Fig. 5. GGBFS pastes showed
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Figure 4 Pore structructure factos, as a function of hydration time and (b) porosityeon, for GGBFS pastes.

¢OH

very smooth, homogeneous and interconnected-soli&i and Ca have been computed as a function of pH.
in all samples. Pores between grains look very tortu-This relationship between pH and ionic concentration
ous, and some of them appear isolated from otherswvas explained using the equilibrium solubility product,
The similarity of microstructure in GGBFS pastes re-which depends on the Gibbs free energy of dissolution.
gardless of the concentration of NaOH is because C-S-or example, the solubility of Si in agueous solution is
H is the main hydration product in every sample, andcontrolled by the standard free energyG°, and the
the relatively small amount of hydrotalcite (as detectedhermodynamic equilibrium constari, of different

by X-rays [39]) isn’t easily distinguished from C-S-H. silicate ions as given in Table I. The reactions described
Higher concentrations of NaOH, however, gave higheiin Table | are also shown as broken lines in Fig. 6a and
degrees of reaction and more filled pores, hence, a less Assuming the activity of SiQquarz)is 1, the activ-

porous microstructure. ity of H»SiOz in aqueous solutiony,sio,) becomes
constant, and the activity of HSiOon, o(nsio,), is de-
3.5. Pore solution analysis termined by pH and,sio,). Using the standard free

Analysis of pore solutions has been reported in refenergyAG® = —RTIn K, ausio, becomes equivalent
39. Also, based on equilibrium constants, activities oftoa,sio,) at pH 10 and then linearly increases with pH.
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Figure 5 ESEM micrographs of GGBFS pastes mixed with (a) DI water, (b) 0.1M, (c) 0.5M and (d) 1.0M NaOH solutions at 7 days of hydration.

Thus even vitreous silica becomes unstable at pH 1hot change the trend with respect to pH. As reported in
When the same calculation is repeated for Ca, the corsong and Jennings [39], the agueous concentrations of
centration of Ca in aqueous solution is dominated bySi and Ca in pore fluids show the same trend as thermo-
Ca(OH) levels below pH 11.5, and by €aabove pH  dynamic activity. In our study, the concentration of Si
11.5. The low concentration of Cain highly alkaline so- started to increase around pHL1.5, while the values
lution is due to the low solubility of Ca(OHRbove pH  from thermodynamic calculations show pHLO as the
11.5. This thermodynamic prediction has been verifiedactivity of silicate ions in the aqueous phase increases.
for alkaline-lime-silicate glasses [34, 35]. The decrease in the solubility of Ca with pH can be
However, all the calculations above use the stanexplained similarly considering the reactions involving
dard thermodynamic data taken at°Z5 for crys- Caions as shown in Table |. At pH115, the Caion
talline phases. GGBFS is not a crystalline material, anadoncentration in the aqueous solution drops since the
therefore has a different standard free energy of formasolid phase is thermodynamically favored; that is, the
tion from pure silica or quartz. The Gibbs free energylow concentration of Cain this regionis due to the lower
of formation for an amorphous phase is usually higherequilibrium aqueous solubility of Ca(OK)n highly
than that for a crystalline phase, and this differencealkaline solution. The pH-dependent solubility of Si
affects both solid and aqueous phases. Although thiseems to be the most important factor explaining the
changes the absolute magnitude of the activities, it doealkali-activation of GGBFS thermodynamically. With

TABLE | Standard free energy and thermodynamic equilibrium constants of different ions in aqueous solutid® @525

Reaction AG? (kcal/mol) logK?

SiOz (quartz)+ H20 =H2Si03 (ag) 7.1 —5.20= loga (H2SiOg)
H2Si03 (aq)= HSIO; g+ H' 13.6 ~152= loge (HSIO;) — pH
H2Si03 (agq)= SI0% () + 2H* 30.0 —27.2=loga (SiC8) — 2 pH
CaO+ H,O= Ca(OH) (ag) -6.28 46= loga (Ca(OHY)
Ca(OH} (ag)+ 2H" = Céfag) + 2H20 -313 276= loga (Ca*) + 2 pH

An K = —AG®/RT =2.303 logK
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Figure 6 The concentration of (a) Si and (b) Ca as a function of pH of pore fluids. (The activities of ions in aqueous phase calculated in ref 39 are
also plotted in the same scale as dotted lines.)

a solution pH below 11.5, it is hard to solubilize silica solubility of Si should be determined by C-S-H, pH and
in spite of the presence of a chemical activator in thethe solubility of Ca in pore fluid.
agueous phase. In Fig. 7, the Si concentration is plotted against the
In Fig. 6a, the data suggest the existence of two sepca concentration and superimposed on the water rich
arate lines above pH 11.5. Considering the age of theegion of the CaO-Si@H,0 phase diagram [43, 44]
pastes and the results from calorimetry, IS, and XRDgcontaining the solubility of two types of C-S-H. In this
the line with a higher Si concentration might be asso-study, the equilibrium state of C-S-H in the GGBFS
ciated with the fresh pastes before or during the verypastes apparently depends on pH. The reaction mech-
early stage of C-S-H formation. The data on the lineanism may be the same, but the solubility of Ca and
with a lower Si concentration are from a later stageSi changes with pH and leads to the formation of dif-
of hydration. After C-S-H forms in the paste, the ther-ferent hydration products. The C-S-H formed in NaOH
modynamic equilibrium described in Table | must besolutions causes the solubility of Ca and Si to reside on
changed to include the new solid phase, C-S-H, and th€urve S, but C-S-H formed in DI water is in equilibrium
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Figure 7 Concentration of Si and Ca on the water-rich region of the CaQ-5igD phase diagram. The arrow heads indicate the direction of time.

with the aqueous phase on Curve M. The C-S-H that iOPC paste, the lower the Ca/Si ratio of C-S-H. Also,
formed in the paste and mixed with 0.1M NaOH showsthe C-S-H of low Ca/Si has a foil-like morphology
solubility of Ca and Si very close to Curve M after 28 compared to the fiber-like C-S-H of a high Ca/Si ratio.
and 56 days of hydration. Considering the pH of theRichardsonet al. [45] also pointed out that GGBFS
pastes mixed with DI water and the paste with 0.1Mpastes showed a foil-like morphology whether they
NaOH after 14 days of hydration, it may suggest thewere mixed with 5M KOH or just water. C-S-H with
pH of pore fluids is a very important variable in con- different Ca/Si ratios show different morphologies,
trolling the ionic solubilities and the equilibrium state hence, the microstructure of hydrated slag pastes and
of C-S-H. Compared to the Ca/Si ratio of the C-S-Hother properties, like permeability and mechanical
that was determined by thermodynamic analysis [44]strength, are expected to change. The relationship be-
the Ca/Si ratio was lower than 1 in the GGBFS pastesween the morphology of C-S-H and the macroscopic
mixed with 1M NaOH solution (pH 13.5) and about 1 properties of pastes needs more investigation.
in the paste mixed with 0.1M NaOH solution (pH 12.5)
at 28 days. Since the solubility of Si increases with pH
while that of Ca decreases, pastes with a higher pH poré. Summary and Conclusions
solution must have C-S-H with a lower Ca/Siratio.  Taken together, the results reported in this paper may
It has been suggested that a high pH solutiorsuggest that C-S-H with a solubility on Line S, Fig. 7,
activates the hydration of slag by solubilizing the has a microstructure different from that with solubility
water-impermeable layer on the surface of slagon Line M. The reaction rate is faster and the struc-
particles [3, 7]. This study suggests that the pH of theture factor,3, is lower for C-S-H that forms in contact
mixing solution may also affect the nature of C-S-H with aqueous phase on Line S than for C-S-H in contact
and its Ca/Si ratio by controlling the solubility of each with aqueous phase on Line M. According to Fig. 4, the
component. As seen in Fig. 7, the low concentration 000.1M NaOH sample starts on Line M and transfers to
Ca and high concentration of Si are thermodynamicallyLine S, suggesting that this trend is true even for one
favored at a higher pH, and it allows the formation of sample. Somehow the C-S-H is allowed to form in the
hydration products of low Ca/Si ratio. The microstruc- entrances to pores if the agueous phase is on line S,
ture of GGBFS pastes may vary according to the pHand this may be the result of greater diffusion distances
of the pore solution and the Ca/Si ratio of the C-S-H.before reaction at lower Ca concentrations. The addi-
Several studies [4, 5, 15] have shown that increasingion of NaOH as an activator buffers the pH of pore
slag content in OPC pastes reduces the Ca/Si ratio dfuids. The rate of hydration depends on the pH of the
C-S-H and progressively changes the morphology obolutions: the higher the concentration of NaOH, the
the hydration products. The more slag that exists irfaster the hydration of GGBFS. A linear relationship
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was found betweenlq/dtnax and NaOH concentra- 19
tion, and an inverse relationship was found betwiggn

and the NaOH concentration. NaOH-activated GGBFS
pastes have more capillary porosity compared to con-

ventional cement pastes. The concentration of NaOH in;

the initial mixing solution significantly affected the for-

mation of the main hydration product, C-S-H. Very low 22.

values of paste conductivity were observed in GGBFS
pastes. Lows /og results from the very low connectivity

and high tortuosity of the pore structure. Regardless 0$4,

the concentration of NaOH, GGBFS pastes show very

similar microstructure. Less porosity in samples with25.
higher pH is attributed to a higher degree of hydration 2%

27.
28.
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