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Activated blends of Portland cement and fly ash with a high ash content (>70%) are a new alternative to
traditional OPCs. A number of papers have been published on C-S-H and N-A-S-H, the two gels that con-
stitute the main cementitious products generated by the alkaline activation of these cements, and the ele-
ments that may be taken up into their structure. Very little is known about the kinetics of these systems,
however, particularly during the early stages of the reaction. The present study used isothermal conduc-
tion calorimetry to explore hydration kinetics during the first 72 h in a cement containing 30% OPC and

KeyW.OTdS: 70% fly ash. Two activating solutions were used: a mix of NaOH + Na,SiOs; and a Na,COs solution. The
Hybrid cements . . .. . . . .
Calorimetry findings showed that hydration kinetics were substantially modified by the type of alkaline activator
Geopolymer used, particularly with respect to the secondary phases generated. In both cases the main reaction prod-
Model uct appeared to be a mix of C-A-S-H and (N,C)-A-S-H gels, whose proportions were clearly impacted by
Composite the type of activator used.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ultimate aim of research into the alkaline activation of alu-
minosilicates, a line of study that has been consolidated in recent
years, is to determine the viability of binders other than ordinary
Portland cement (OPC). The key differences between alkali-activated
systems, which are based on the reactivity of silico-aluminous
materials, and conventional Portland cement systems are the ab-
sence of lime in the mix and the high alkalinity required to trigger
the activation reactions [1,2]. The result is the formation of different
reaction products. The product of OPC hydration is a calcium silicate
hydrate (C-S-H gel) [3,4], whereas the main product generated dur-
ing the alkaline activation of silico-aluminous materials is an alka-
line aluminosilicate known as N-A-S-H gel [5,6].

The activation of Portland cement blends containing high pro-
portions of fly ash is a promising alternative for the construction
binder industry. The reaction products obtained, C-S-H and N-
A-S-H gels, and their compatibility, however, have yet to be ex-
plored in depth. The literature contains some initial indications
of the properties of the products formed. Yip et al. [7], for instance,
reported that two types of gels co-exist in alkali-activated metaka-
olin and slag blends: a C-S-H gel with Al in its composition and a
silicoaluminous gel containing some calcium. The presence of two
types of gels, C-S-H and N-A-S-H, was also observed by Palomo
et al. in the alkaline activation of two systems: blends of metakao-
lin and Ca(OH), on the one hand [8] and fly ash and Portland ce-
ment clinker on the other [9]. Co-precipitation of the two types
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of gels has been confirmed in such systems. They do not precipitate
as pure gels, however, but are affected by the presence of other ele-
ments: C-S-H gel takes up aluminium (C-A-S-H gel) [10] and cal-
cium partially replaces sodium in N-A-S-H gel ((N,C)-A-S-H gel)
[11]. The type and characteristics of the gel formed are clearly con-
ditioned by the working pH and the calcium concentration in the
system; a high calcium content and pH level favour C-A-S-H over
N-A-S-H gel formation [12]. Nonetheless, little is known about the
kinetics of the reactions taking place during the alkaline activation
of this type of hybrid systems, particularly in the early stages.

Isothermal conduction calorimetry, a technique that monitors
heat flow and cumulative heat over time in chemical (here hydra-
tion) reactions, is an effective method for studying cement system
hydration kinetics [13]. It was used in the present study to explore
hydration kinetics during the first 72 h in alkali-activated blends
containing 30% OPC and 70% fly ash.

2. Experimental
2.1. Materials

The prime materials used in this study were a commercial 52.5
NSR Portland cement and a type F fly ash (ASTM C618-03) [14])
supplied by a Spanish coal-fired steam plant. The chemical compo-
sition of these two materials is given in Table 1.

2.2. Methodology

Early hydration stage heat flow and cumulative heat were
determined at a constant 25°C on a THERMOMETRIC TAM Air
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Table 1
Chemical composition of the starting materials (wt.%).
Si0, Cao Al,03 Fe,03 MgO SO3 Nay0eq* Other Lol¢ LR.E
oprc? 20.26 62.79 6.33 2.30 0.18 2.82 0.75 - 2.56 0.73
FAP 54.32 3.11 25.22 7.01 1.69 0.01 2.47 3.46 2.09 0.66
¢ Portland cement.
" Fly ash.
€ Nay0eq Wt.% Na,0 +0.658 K,0 wt.%.
4 Loss on ignition.
e

Insoluble residue.

isothermal conduction calorimeter. The test samples (solids) were
weighed and uniformly distributed in vials. The water or activator
solutions were weighed in a syringe. Five-gram solid samples were
used, with a liquid:solid ratio of 0.35. The calibration baseline was
established by recording the heat flow for ground quartz mixed in
water with the same liquid:solid ratio.

The systems studied consisted of a 70/30 (wt) fly ash/cement
blend (M), hydrated with water or an alkali solution. The control
systems consisted of 100% water-hydrated or alkali-activated Port-
land cement pastes (OPC) or 100% fly ash (FA) alkaline activated at
ambient temperature (25 °C).

Prior to insertion in the calorimeter, the pastes were prepared
with deionised water (W) or one of two alkaline solutions: a
12.5-M mix of NaOH and sodium silicate (solution D1)
(pH=13.25, p~1.2) or a 2-M Na,CO; solution (solution D2)
(pH=11.6, p=1.1).

The pastes were mixed by hand for 3 min prior to insertion in
the calorimeter. While ideally the kinetic study should commence
as soon as the solid blends come into contact with the solutions,
satisfactory preparation of the sample prior to pouring it into the
calorimeter is essential and the loss of information during this
short initial period of time, inevitable. Since the first peak recorded
on the calorimetric curves (commonly associated with the dissolu-
tion of the material) is unreliable, it has been omitted from the
present discussion. All the samples were removed from the calo-
rimeter 120 h after mixing.

The fly ash/cement blends (M) activated with the alkaline solu-
tions (D1 and D2) were analysed with XRD and FTIR at different
ages, beginning a few minutes after initial mixing through 7 days.
Selected samples were also analysed with BSEM/EDX techniques.
The ages studied for each binder (MD1 and MD2) were chosen
on the grounds of the information provided by the calorimetric
curves. XRD and FTIR analyses were conducted on the control sam-
ples at ages likewise determined on the grounds of the calorimetric
profiles.

X-ray diffractograms of powdered samples were recorded on a
40-kV, 50-mA Phillips PW 1730 Cu Ka diffractometer. Specimens
were step-scanned at 2° min~!, with 2@ in the 2-60° range, a 1°
divergence slit, a 1° anti-scatter slit and a 0.1-mm receiving slit.
The FTIR spectra were obtained on an ATIMATT-SON FTIR-TM ser-
ies spectrophotometer from specimens prepared by mixing 1 mg of
sample with 300 mg of KBr. Spectral analysis was performed at a
resolution of 4 cm~! over the 4000-400 cm~! range. Finally, pol-
ished sections of selected samples were carbon-coated and studied
under a JEOL JSM scanning electron microscope fitted with a solid-
state BSE detector and a LINK-ISIS energy dispersive X-ray (EDX)
analyser.

3. Results

3.1. Calorimetric studies

The heat flow (in J/gh) profiles and cumulative heat (J/g) vs
time graphs for the pastes prepared with the three hydration liq-

uids (W, D1 and D2) are shown in Fig. 1, where three periods can
be identified: period I (prior to when the main peak was recorded),
period II (in which the main peak was recorded) and period III
(after the main peak was recorded). Table 2, in turn, lists the peak
heights and times in the second period, as well as the cumulative
heat after 120 h for all the pastes studied. The findings are de-
scribed below.

3.1.1. Water-hydrated systems (W)

The calorimetric curve for the OPCW paste followed a pattern
characteristic of the hydration curves for Portland cements [13]
(Fig. 1a). The period II peak, with a maximum at 5.70 h and a shape
likewise characteristic of Portland cement hydration [13], was
associated with the alite reaction and consequently with reaction
product (mainly C-S-H gel and portlandite) precipitation.

The water-hydrated 100% FA system (FAW) exhibited no heat
exchange (cumulative heat curve, Fig. 1b): i.e., when hydrated with
water at ambient temperature, the ash was apparently inert, with
no intrinsic hydraulic properties.

The system consisting of 70% FA + 30% OPC hydrated with water
(MW) generated heat flow and total heat curves very similar to the
Portland control (OPCW) curves (Fig. 1a and b), although certain
differences were observed. The peak in period Il was less intense
than the same peak in OPCW, and shifted to later hydration times
(8.94 h), while the cumulative heat value was around 3.3 times
lower (Fig. 1b and Table 2). Both the lower peak height and the les-
ser amount of cumulative heat can be explained by the dilution ef-
fect [15,16]: the amount of cement available was substantially
smaller in the MW than in the OPCW system (100% OPC), given
that in the conditions prevailing in the latter, the ash was inert
or scantly reactive.

3.1.2. Systems activated with solution D1(NaOH + Na,SiOs, pH 13.5)

The general shape of the heat flow profile for system OPCD1
(100% OPC) (Fig. 1c) differed considerably from the curve observed
for the water-hydrated system (OPCW) (Fig. 1a); the presence of
alkalis in the medium lowered the intensity of the peak (period
I) by nearly 85% (Fig. 1c and Table 2). These findings, which sup-
port earlier evidence of high alkali content-induced delays in nor-
mal Portland cement hydration [17-19], was in turn confirmed by
the cumulative heat curves (see Fig. 1d). OPCD1 released on the or-
der of twofold less cumulative heat than the same cement when
hydrated with water (OPCW) (Table 2).

The general shape of the heat flow curve for system FAD1 (100%
FA) (Fig. 1¢) was similar to the profile for the water-hydrated fly
ash (FAW) (Fig. 1a). No calorimetric peak that could be associated
with the precipitation of reaction product was observed at any
time during the trial, however. Although the presence of alkalis in-
duced some degree of ash dissolution, this process is very slow at
ambient temperature, and too little N-A-S-H gel precipitated to be
detected. Precipitation of this kind of gel usually calls for higher
temperatures [5,6]. At ambient temperature, the ash neither set
nor hardened in a technologically viable time frame.

The calorimetric curve for the main object of this study, the fly
ash/cement blend activated with solution D1 (MD1), showed a
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Fig. 1. Heat flow and cumulative heat of OPC, FA and M systems hydrated with (a) and (b) W (water); (c) and (d) D1 (NaOH + Na,SiOs); (e) and (f) D2 (Na,CO3).
Table 2

Summary of calorimetric characteristics of the systems studied.

Sample Activator Period Total heat After 120 h (J/g)
Period la Period II
Peak eight (J/g h) Time (h) Peak height (J/g h) Time (h)
OPC w - - 12.73 5.70 226.99
D1 - - 1.97 21.79 131.55
D2 - - 16.20 5.70 153.24
FA D1 - - - - -
D2 - - - - 9.47
M w - - 3.66 8.94 85.12
D1 - - 16.55 1.26 63.42
D2 8.23 1.26 293 6.41 96.41
8.82 1.84

very narrow signal with a peak intensity of 16.55]/gh at 1.36 h
(period II) (Table 2). This signal would suggest that the presence
of alkalis induced synergies between the ash and the cement, as
discussed in a later section of this paper.

Another significant characteristic of the materials activated
with solution D1 was revealed by the cumulative heat curves
(Fig. 1d). While during the early hours of the reaction, more cumu-
lative heat was released by MD1 than by OPCD1, at later ages (over
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20 h) the latter continued to release heat, whereas the process had
obviously concluded in the MD1 blend.

3.1.3. Systems activated with solution D2 (Na,COs, pH 11.6)

When the OPC was activated with solution D2 (with a lower pH
than D1), the features of its calorimetric curve (Fig. 1e) and the
curve for water-hydrated cement, OPCW (Fig. 1a), were fairly com-
parable. The OPCD2 curve had a peak in period II at practically the
same time (5.70 h) as observed for OPCW, although less cumula-
tive heat was released.

The calorimetric curve for FAD2 (Fig. 1e) was practically the
same as obtained with activator D1 (Fig. 1c): no peak was detected
that could be associated with any reaction, while the cumulative
heat profile indicated no heat exchange whatsoever.

The heat flow curve (Fig. 1e) for MD2 was very different from
the curves obtained for the water-(MW) and solution D1-hydrated
(MD1) systems (Fig. 1c). In this case, a signal with two peaks at
1.26 and 1.84 h appeared in a period denominated Ia. The presence
of this double peak would obviously have to be associated with the
system activator (Na,COs5 solution). The period II peak (t=6.41 h),
normally associated with the precipitation of reaction products,
was slightly retarded and lower in height than on the OPCD2 pro-
file, possibly denoting a delay in activation/hydration.

The cumulative heat curves revealed other pertinent findings
(Fig. 1f). Reference system OPCD2 and the water-hydrated system
(OPCW) exhibited behaviour similar, although cumulative heat
was on the order of 1.5 times lower in the former. Here also, the
high alkalinity of the medium was observed to retard cement
hydration. In contrast, cumulative heat followed a different pattern
in MD2 than observed in MW (Fig. 1b): the early hours were char-
acterised by steeper exponential growth, denoting rapid heat re-
lease during the precipitation of the first reaction products. After
24 h, however, both curves (MW and MD2) were nearly flat, an
indication of scant heat release.

3.2. Mineralogical study at short reaction times

XRD and FTIR analyses were conducted on pastes MD1 and MD2
and the control samples (alkali-activated 100% OPC and water-hy-
drated fly ash/cement blend (M)) to ascertain the nature of the
reaction products formed. Water-hydrated OPCW and FAW were
not analysed because sufficient information on their mineralogy
is available in the literature [3,20-23]. The systems consisting of
alkali-activated 100% FA (FAD1 and FAD2) prepared at 25 °C were
not characterised either, for under these conditions the ash neither
set nor hardened within the established reaction times; i.e., barely
any reaction took place [24].

The ages at which the pastes were studied were determined on
the grounds of their respective calorimetric profiles: the points at
which the analyses were conducted are labelled in Fig. 1a (Aw
and B,, (in system MW)), Fig. 1c (Ap; and Bp; (in system MD1);

Table 3
Characterisation times.

ap; and bp; (in system OPCD1)) and Fig. 1d (Ap,, Bpz, Cp and
Dp; (in system MD2); ap, and bp; (in system OPCD2)). The 7-day
samples were likewise analysed. Table 3 summarises the “mineral-
ogical moments” selected on the grounds of the calorimetric
curves for the pastes. (A “mineralogical moment” reflects the min-
eralogy of a substance at a given time, constituting a snapshot of
the mineral composition of the material studied.)

3.2.1. Water-hydrated systems

Fig. 2a and b respectively show the diffraction patterns and FTIR
spectra for the water-hydrated blend (70% FA + 30% OPC). The 45-h
diffractograms exhibited a significant decline in the anhydrous ce-
ment phases (alite and belite). New peaks were observed and asso-
ciated with portlandite and ettringite (typical secondary products
in OPC hydration) [3]. In contrast, the crystalline quartz and mull-
ite phases present in the ash [21,25] remained unaltered. These
findings were compatible with the existence of blended cement
hydration as described in the literature [26].

Since C-S-H gel, the main Portland cement hydration product,
is amorphous to X-rays [3], FTIR was used to detect its presence
or otherwise. The greatest changes in the FTIR spectra for the blend
were observed from 45h onward. In addition to the bands at
1100 cm ™! and 1050 cm ™, respectively associated with the sym-
metrical stretching vibrations generated by the Si-O-Si bonds in
quartz [27] and anhydrous fly ash [21,28], a shoulder was observed
at 998 cm~'. As this frequency was too high to be attributed to a
typical C-S-H gel (normally detected at around 970 cm™!)
[22,23,29,30], the band may have been generated by a silicon-rich
gel whose origin was not elucidated in this study. In the 7-day
spectra, this shoulder shifted to 973 cm~!, a frequency characteris-
tic of C-S-H gel vibration.

3.2.2. Systems alkali-activated with D1

Fig. 3a and b shows the diffraction patterns and FTIR spectra for
the 100% cement system (OPC) activated with solution D1
(NaOH + Na,SiO3) (OPCD1). The diffraction lines for alite and belite,
the phases found in anhydrous cement, remained fairly intense
even after 7 days of activation. This finding may be indicative of
a delay in the hydration reactions in this highly alkaline system
compared to normal OPC hydration [18,19]. No ettringite was de-
tected. Signals associated with portlandite and calcite precipitation
were observed at 3.9 h; while initially low, their intensity rose with
activation time (59 h and 7 days).

A comparison of the FTIR spectra for the activated and anhy-
drous samples (Fig. 3b) clearly revealed that activation had taken
place after 59 h, when the band located at 930 cm™! associated
with alite (v,s Si-O-Si stretching vibrations in C,S [29,30]) shifted
to 984 cm~!. Its 7-day position at 970 cm~! was attributed to the
asymmetric stretching vibrations generated by the v,s Si-O-Si
bonds in C-S-H gel. The band located at 984 cm~! may be associ-
ated with the formation of silicon-richer and consequently more

Sample Calorimetric period Analysis point Mineralogical moment Sample Calorimetric period Analysis point Mineralogical moment

MD1 11 Apq 34 min OPCD1 11 ap1 3.9h
Bp:? 24h bp1 59 h

111 Cp1 7 days 11 Cp1 7 days
MD2 la Ap> 53 min OPCD2 1l ap1 20h
Bp2 1.37h bp1 24h

Cp2 332h 11 Cp1 7 days

1 Dpy? 24h MW 1l Aw 274 h
11 Epz 7 days Bw? 45 h

11 Cw 7 days

¢ Samples selected to be analysed by BSEM/EDX.
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of MW at the mineralogical moments
listed in Table 3 (Legend: A: 3CaO-SiO,; B: 2Ca0-SiO,; C4AF, ferrite phase; p:
portlandite; c, calcite (CaCO3); G, gaylussite (Na;Ca(CO3),-5H,0); q, quartz (SiO,);
m, mullite (3Al,03-25i0,); e: ettringite (3Ca0-Al,05. 3CaS04-3H,0).

polymerised gels induced by the soluble silica added with the acti-
vator [31].

The shoulder at 990 cm™' appearing after 3.9 h was associated
with anhydrous belite (v,s Si-O-Si). The presence of portlandite
was confirmed by the presence of a band at around 3640 cm™!
attributed to O-H group asymmetric stretching vibrations [22,23].

The findings for system MD1 (see Fig. 4) were revealing. The 34-
min XRD pattern for MD1 (Fig. 4a) differed from the diffractogram
for the anhydrous material: in addition to the signals for the inert
ash phases (quartz and mullite), it exhibited a series of diffraction
lines associated with calcite precipitation. The intensity of the lines
generated by the cement anhydrous phases (C3S and C4AF) de-
clined only slightly until the 7th day, when a substantial difference
was observed. This latter finding confirmed that the presence of
alkalis retarded cement hydration. In addition, a halo normally
attributed to the precipitation of an amorphous product appeared
at 25-40 26. No portlandite was detected either in the early age or
the 7-day material.

As mentioned above, both the C-S-H gel, the main Portland ce-
ment hydration product, and N-A-S-H gel, the main product of fly
ash alkaline activation, are X-ray amorphous [2,3,6]. Their possible
presence in the pastes was therefore studied with FTIR (Fig. 4b).
The main band located at 1050 cm™! in the 34-min spectrum for
the anhydrous material and associated with the v,s generated by
the T-O (T:Si or Al) bonds in the fly ash [19] shifted to significantly
lower frequencies (1010 cm™!) in the spectra for the pastes. This
shift in the main ash band may have been associated with the dis-

(a) \ 100 %OPC D1 (NaOH + Na,SiO,) |

A
)
-]
T
s
L2
i
<
]
A
e}
V
VS
1 <
e
O
iKe]
60
5 -
7d ‘ =)
3643 977 ' 8
Y | ®©
59h 984 E ;
3638 5 -
! Lo
3.9h ; 'S
9 930 \
: VE
——-—-\/ : -
Anh. 1 [}
¥ o
931 o

ya
3600 3200 1600 1200 800 400
Wavenumber (cm)

Fig. 3. (a) XRD patterns and (b) FTIR spectra of OPCD1 at the mineralogical
moments listed in Table 3 (Legend: A: 3Ca0-SiO,. B: 2Ca0-SiO,; g: Gypsum
(CaS04-2H,0); h: CaS04-1/2H,0; C4AF, ferrite phase; p: portlandite Ca(OH)y; c,
calcite (CaCOs); q, quartz (SiO,); m, mullite (3Al,05 2Si05).

solution of its vitreous component. Moreover, in the 24-h spectra,
this band was observed to shift to even shorter wavelengths that
lie within the vibration range for N-A-S-H-like gels [23,28].

On the 7-day FTIR spectrum, the main band for the activated
blend was centred on v,;963 cm™!, i.e., Si-O-Si vibration fre-
quency values characteristic of C-S-H/C-A-S-H gel [22,23].

3.2.3. Systems alkali-activated with D2

Activating OPC with solution D2 (Na,COs3) (OPCD2) (see Fig. 5a)
led to findings very similar to the results observed for system D1
(system OPCD1) (Fig. 3a). Here also, the XRD pattern for the acti-
vated samples exhibited a series of lines associated with portlan-
dite and calcium carbonate. The intensity of the lines attributed
to this latter phase was greater than observed in the preceding sys-
tem (OPCD1). This was to be expected in light of the presence in
this sample of CO%™ ions, which formed part of the activator. The
height of the lines attributed to the anhydrous phases declined
more steeply than in system D1. No signals associated with ettring-
ite were detected here, either.

The most prominent difference between the FTIR spectra for
this and the anhydrous sample was observed after 7 days, when
the band at 930 cm™! (C5S) [29,30] shifted to 970 cm™! (C-S-H
gel) [22,23]. Nonetheless, the shoulder at 990 cm™! associated with
C,S [30] was not detected at this hydration time. The band at
3640 cm~![22,23] confirmed the presence of portlandite (Ca(OH),)
here also.
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Fig. 4. (a) XRD patterns and (b) FTIR spectra of the MD1 (70% FA +30% OPC)
activated with solution D1 at the mineralogical moments listed in Table 3 (Legend:
q, quartz (Si0,); ¢, calcite (CaCOs); m, mullite (3Al,03-2Si0,); A, 3Ca0-Si0,; C4AF,
ferrite phase).

When activated with solution D2 (Na,CO3), blended system M
generated XRD patterns that differed substantially from the dif-
fractograms for the same system when hydrated with solution
D1 (MD1). In addition to the diffraction lines associated with cal-
cite, the early age (52.8-min) diffractograms (Fig. 6a) contained a
series of signals associated with a sodium-calcium carbonate
known as gaylussite, whose presence was reported in earlier stud-
ies on Na,COs-activated Portland cement systems [18,19]. Not
unexpectedly, the diffraction lines associated with this phase dis-
appeared in the 7-day pattern, for when gaylussite dissolves it nor-
mally forms calcite [32]. The diffractograms also exhibited a small
halo at 20-40 20, associated with the precipitation of an amor-
phous reaction product.

The lines associated with anhydrous cement phases (mainly
C3S) failed to show any significant changes until the 7th day, when
their height declined substantially to levels considerably lower
than observed for the 7-day lines for system D1. This confirmed
that while the hydration reactions induced by D2 proceeded slowly
at first, this activator hydrated the cement phases more effectively
than D1 due to its lower alkalinity. Moreover, the 7-day patterns
contained diffraction lines attributed to hemi- and monocarboalu-
minates (AF,, phases) not detected in system MD1. Such species
normally precipitate jointly with C-A-S-H gel [10,33,34].

No lines associated with Ca(OH), were observed at any age,
although this phase was detected in the 7-day FTIR spectra
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Fig. 5. (a) XRD patterns and (b) FTIR spectra of OPCD2 at the mineralogical
moments listed in Table 3 (Legend: A: 3CaO-SiO,, B: 2Ca0-SiOy; g: Gypsum
(CazS04-2H,0); h: CaS04-1/2H,0; C4AF, ferrite phase; p: portlandite Ca(OH),; c,
calcite (CaCOs); q, quartz (SiO,); m, mullite (3Al,032Si05,).

(Fig. 6b), an indication that it probably adopted the form of nano-
crystalline or poorly crystallised portlandite [10]. The possibility of
sample interaction with the atmospheric CO, and concomitant car-
bonation cannot be ruled out, however, for the pastes were ex-
posed to the laboratory air.

The FTIR (Fig. 6b) spectra recorded for MD2 were similar to the
findings for MD1. The main band on the 53-min spectrum ap-
peared at a lower frequency (1027 cm™') than observed for the
anhydrous material. Moreover, this shift intensified with reaction
time up to 3.23h, when the peak was centred at around
1010 cm™!, a vibration frequency characteristic of N-A-S-H type
gels [28].

On the 7-day spectrum, the band shifted to a vibration fre-
quency of 967 cm~!, more characteristic of C-S-H/C-A-S-H type
gels [3,10]. Moreover, a small shoulder at around 3670 cm™! was
attributed to the asymmetrical stretching vibrations generated by
the H O H bonds in portlandite [3,10].

4. Discussion

Conduction calorimetry, a technique for studying the kinetics of
chemical reactions, has always played an important role in the
interpretation of mechanisms that govern Portland cement hydra-
tion. Furthermore, since this technique has contributed to a fuller
understanding of the effects of supplementary cementitious mate-
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rials (SCMs) on hydration [13,14,35-41], it was deemed to be able
to likewise contribute significantly to the study of hybrid cements.
The alkaline hydration of the materials described in this paper are
analysed in depth below.

4.1. Water-hydrated systems

The processes involved in OPC hydration have been more fre-
quently explored [3]: the anhydrous clinker phases hydrate at var-
ious rates, forming C-S-H, portlandite, ettringite and AFm as the
main hydrates. Blending SCMs such as FA with OPC leads to a more
complex system, however, in which OPC hydration and SCM reac-
tions occur simultaneously, with each affecting the reactivity of the
other. Many examples of the effect of replacement of Portland ce-
ment with fly ash on both the products formed and on reaction
kinetics can be found in the literature [37,38,40-47]. As a general
rule, the use of silicon-rich SCMs induces (i) a decline in portlan-
dite content and (ii) a decline in the Ca/Si ratio of C-S-H gel. Their
use also leads to a greater uptake of aluminium in C-S-H gels.
While the replacement rates applied in most of the studies cited
above were not as high as in the present research (70% FA), the
reaction products identified when the present blend (70%
FA +30% OPC) was hydrated with water concurred with previous
findings, as described in an earlier section of this paper.

Briefly, Portland cement hydration kinetics are indisputably af-
fected by the presence of large proportions of fly ash. The results
for the MW samples revealed that hydration was retarded and con-
siderably less heat was released than in the OPCW material (see
Fig. 1b). These observations concur with the findings reported by
Snelson et al. [36] for Portland-metakaolin-fly ash blends. These
authors observed that during the early hours (from 1 to 18) of
hydration, the ash induced a significant reduction in hydration
due to the combined effects of scant pozzolanic activity and dilu-
tion. The ash-portlandite-water system reacted very slowly given
the low solubility of the vitreous aluminosilicates in the moder-
ately alkaline medium generated by Portland cement hydration
[36]. Since the ash acted as a scantly reactive component in the
early stages of cement hydration, the amount of water associated
with its “hypothetical” hydration remained available to hydrate
the cement. According to the literature, heat flow in the early
stages of cement hydration is highly sensitive to the water/cement
ratio and rises significantly with the ratio up to a certain value [36].
In the Snelson et al. study, inasmuch as the pozzolanic reaction
attributable to the ash was negligible in the following 100 h, its
only effect was to dilute the cement [40]. The cumulative heat va-
lue was observed to be inversely proportional to the ash content.

4.2. Systems alkali-activated with D1 and D2

When the materials studied here were mixed with alkaline
solutions D1 and D2, and particularly with the former (which
had a higher pH and alkali content), hydration differed from the
patterns observed in normal water-based hydration in OPC, at least
as far as reaction kinetics are concerned. The literature is divided
over the effect of alkalis on cement hydration [17-19,48-54].
While some papers show that the addition of moderate concentra-
tions of NaOH accelerates the reaction, especially in the early
stages [49,51,53], others report that alkalis induce some accelera-
tion in early age hydration but subsequently retard the reaction
[50,52]. When high concentrations of alkalis are used, however,
the process is clearly retarded [17-19,48], affecting not only reac-
tion kinetics but also the amount of hydration product formed. The
primary difference, then, lies in the alkaline concentration, as
clearly shown here by the findings for the 100% OPC pastes pre-
pared with the two activators. While the use of D1 (pH = 13.25)
clearly retarded the reaction (see Fig. 1a and Table 2), when D2
(pH =11.6) was applied, no material difference was observed be-
tween the resulting precipitation peak and the peak for water-hy-
drated paste (OPCW), in terms of either the time when the
maximum was reached (stage II) or the shape of the profile.

Alkali-activated binder M (the main target of this study), which
had a high ash content (70% FA + 30% OPC), behaved very differ-
ently from the water hydrated blend (MW) and the water-hy-
drated and alkali-activated control systems (Fig. 1). The 24-h
activated MD1 and MD2 materials were characterised with
BSEM/EDX to analyse the main reaction products and confirm
the findings observed with other techniques (Fig. 7a and b, respec-
tively). The analysis of blend MD1 revealed that it contained large
amounts of unreacted ash and anhydrous cement particles (C3S),
along with two cementitious gels with different compositions: a
C-S-H-like gel containing aluminium and small amounts of so-
dium (point 1, gel (N)-C-A-S-H) and a gel with a high silicon
and aluminium content and smaller amounts of calcium and so-
dium, which the authors believe may be a N-A-S-H gel containing
a certain amount of calcium ((N,C)-A-S-H [point 2]) [11,26]. The
analysis of Na,COs-activated paste MD2 further confirmed the
presence of both types of gels, but in this case the majority product
was a C-A-S-H-like gel with small amounts of sodium (point 3,
(N)-C-A-S-H). The proportion of the silica- and alumina-rich gel,
which here also contained some calcium (point 4, (N,C)-A-S-H)),
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was much smaller. In other words, the nature of the alkaline acti-
vator played an important role not only in hydration kinetics, but
also in the proportion of reaction product precipitating.

On the grounds of the XRD, FTIR and BSEM/EDX characterisa-
tion of MD1 and MD?2 at the “mineralogical moments” defined ear-
lier, a model can be put forward to interpret the possible reactions
taking place and the formation of reaction products in the early
stages of hydration, depending on the activator used. A flow dia-
gram for the model is shown in Fig. 8.

The presence of alkalis reduced cement dissolution slightly but
expedited fly ash dissolution, which was further favoured by the
heat released during the dissolution of the anhydrous phases of
the cement. For that reason both the reaction in the alkali-
activated systems containing 100% ash (FAD1 and FAD2) and ash
reactivity in the presence of cement without alkalis (system MW)
were practically nil. In other words, both alkalis and an initial
source of heat (OPC hydration reactions) are required to expedite
the initial reaction of the fly ash. This hypothesis is supported by
the FTIR findings. The spectrum for the anhydrous blend contained
a band associated with the asymmetric bending vibrations
generated by the T-O bond at 1050 cm™'. This signal shifted to
clearly lower frequencies on the spectra for the hydrated material
(1010 cm™! for 34-min MD1 and 1027 cm~! for 52.8-min MD2,
Figs. 4b and 6b).

The decline in the intensity of the diffraction lines associated
with the anhydrous phases of the cement (Figs. 4a and 6a) also
confirmed the initial dissolution of the cement and ash. After per-
iod I, binder M hydration clearly differed with the alkaline activa-
tor used (Fig. 8), because both the initial conditions and the
chemical species deriving from the activator varied.

In material MD1 (in which the activator was a mix of NaOH + -
sodium silicate, pH = 13.25), a narrow intense peak appeared at
1.26 h, with a maximum at 16.55]J/g h (period II). This peak was
associated with the precipitation of cementitious gels, although
the possible formation of secondary reaction products such as

carbonates cannot be ruled out. In fact, the high alkalinity of the
medium would favour carbonation (the experiments, as noted
above, were conducted under laboratory conditions and not in a
controlled atmosphere able to prevent exposure to CO,), for in-
stance, and the presence of calcium carbonate was clearly detected
in the 32-min and 24-h XRD and FTIR analyses. No portlandite was
detected by either technique. Calcite formation would reduce the
availability of Ca%* ions in the medium [55-57].

Conceptually, cement blend activation takes place as follows.
When the solution comes into contact with the blend, the medium
begins to be saturated with the calcium and silicon ion species
dissolving out of the cement, the silicon and aluminium ion species
present in the ash, and the sodium, hydroxyl and silicon ion species
in the activator. The rate at which these ionic species aere solubi-
lised affects the precipitation kinetics of the phases involved.
Although due to their weaker bond strengths [58], the Ca from
calcium silicates and the Al from fly ash are more soluble than
the equivalent Si from these sources, the total amount of Si avail-
able is much greater overall. Consequently, the conditions favour
the precipitation of a mix of gels, whose proportions depend on
calcium and aluminium availability in the local environment. In
other words, rather than pure gels, the hydration products consist
of either an aluminium-containing (C-A-S-H-like) C-S-H gel that
precipitates around the cement particles or a calcium-bearing
((N,C)-A-S-H-like) N-A-S-H gel that precipitates around the
fly ash particles [44]. In the present study, gel formation was
more likely to consist of only small quantities of product than
result from massive precipitation, for after 24 h much of the
material remained unreacted. BSEM/EDX analysis supported this
hypothesis (see Fig. 7a). Here, in addition to the large amount of
unreacted ash and the substantial number of C3S particles initially
present in the cement, the findings clearly showed that two gels
co-precipitated: a C-A-S-H-like gel with small amounts of sodium
((N,C)-A-S-H) and a N-A-S-H gel in which the sodium was
partially replaced by calcium (N,C)-A-S-H).

70 % Fly Ash +30 % Portland Cement
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D1: NaOH +
Na,Si0, {pH 13. 5)

Z4

Main Products Secondary Products
co,

CASH+ [_LFlm

(NCI-A-8-H | (_Caco, { CalOr),

Period

¢

Rate of Heat Evolution

ot

—F—3 e
Minutes Hours Days
Hydration time

A
D2: Na,CO,
{pH 11.6)
Secondary  Main Producls Secondary
Procuicts Products

Gaylusitte

,
C-A-SH* +
I

Ll
]
[}
1
]

Rate of Heat Evolution

Minutes Hours
Hydration time
* Majority reaction produc

Fig. 8. Activation models for blends MD1 and MD2.



1. Garcia-Lodeiro et al. / Cement & Concrete Composites 39 (2013) 82-92 91

This rapidly precipitating mix of gels (a result of the high initial
alkalinity in the medium) would cloak the unreacted ash and cement
particles, hindering their dissolution. Consequently, both gels would
subsequently precipitate via diffusion [59,60] and no peaks would
be observed on the calorimetric curve after the period II signal.

Due to the use of Na,COs3 as an alkaline activator in MD2, this
system differed in a number of ways from MD1: not only was
the initial pH lower (pH = 11.3), but the solution contained CO32".
The two calorimetric peaks recorded at 1.26 and 1.48 h in period
Ia were associated with carbonate precipitation (a finding reported
in a previous paper [61]). Finally, the heat flow curve revealed the
existence of a third peak in period II, which would reflect the pre-
cipitation of the main reaction products.

XRD analyses that two types of carbonates formed: calcium car-
bonate and a sodium-calcium carbonate, gaylussite (period Ia).
The latter appeared in the early stages of the reaction but soon
decomposed in the aqueous phase of the mix (as Fig. 3a shows,
gaylussite disappeared after 7 days).

The precipitation of the mix of cementitious gels (period II) con-
firmed by FTIR and BSEM/EDX (Figs. 6b and 7b) took place later
than in MD1 (see Fig. 1c and e). The early precipitation of so-
dium-calcium carbonate would induce an initial decline in alkalin-
ity that would result in a lower concentration of solubilised
species, in particular the silicon and aluminium ionic species dis-
solving out of the ash. This would explain the delay in the precip-
itation of the cementitious gels. This decline in pH values could in
turn lead to quicker hydration of the anhydrous cement phases and
consequently slower ash dissolution, as suggested by the BSEM/
EDX analysis. This technique showed that here the majority gel ap-
peared to be a C-A-S-H-like product, while the proportion of
(N,C)-A-S-H present was much smaller.

Gaylussite solubilisation in the medium would also lead to a
rise in the dissolved sodium, calcium and carbonate ion content.
The phases containing carbonate in their composition, such as
AF.,, would be stabilised by the higher content of that ion [46].
The presence of hemi- and monocarboaluminates was detected
on the 7-day XRD patterns. In addition, the FTIR findings confirmed
Ca(OH), formation (Fig. 3b).

By way of summary, the type of alkaline activator impacts reac-
tion kinetics, the formation of secondary reaction products (carbon-
ates, AF,, phases, etc.) and the proportion of the main hydration
products ((N,C)-A-S-H/C-A-S-H) present. By controlling these
parameters, binders could be tailored to meet specific needs.

5. Conclusions

The conclusions drawn in connection with the systems exam-
ined are set out below.

o Alkaline activators must be present to stimulate hybrid cement
hydration. Overly high pH values are not needed, however. In
fact, the pH of solution D2 (11.6) was considerably lower than
the value for D1 (13.25). The thermodynamically stable major-
ity product appears to be a mix of cementitious gels that forms
irrespective of the activator used, although product proportions
vary considerably with the activator. The use of Na,CO3; as an
alkaline activator favours precipitation of C-A-S-H-like over
(N,C)-A-S-H-like gel.

Initial reaction kinetics differ substantially depending on the
alkaline activator used. When the alkaline activator is Na,COs,
the precipitation of the main reaction products is retarded.
The type of anion present in the activator has a significant effect
on the nature of the secondary products formed. With Na,CO3
the formation of secondary phases such as gaylussite and AF,,
type species is favoured.
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