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ABSTRACT: The temperature at which the alkaline activation process takes place is a significant factor in the
evolution of the mechanical properties of coal ash cementitious base material. In this work, the influence of
temperature (8 a 38 °C) and curing time (3 and 28 days) on the mechanical properties of the alkaline synthesis
of two coal ashes was evaluated through the study of the mineralogical evolution of the cementitious phases
by XRD and FTIR. We found that the type of zeolite, a synthesis product, depends on the study factors. For
values above 28 °C and at least 7 days, alkalinely activated cements with compressive strength above 20 MPa
were achieved. Other parameters, such as SiO,/Al,O; ratio, percentage of unburned coal and particle-size distri-
bution, should be taken into account in the variation of mechanical performance.
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RESUMEN: Evaluacion de cementos obtenidos por activacion alcalina de ceniza de carbén con NaOH curados
a bajas temperaturas. La temperatura a la cual se desarrolla el proceso de activacion alcalina es un factor sig-
nificativo en la evolucion de las propiedades mecanicas de material cementante base ceniza de carbon. En este
trabajo se evalud, a través del estudio de la evolucion mineraldgica de las fases cementantes por DRX y FTIR, la
influencia de la temperatura (8 a 38 °C) y tiempo (3 y 28 dias) de curado sobre las propiedades mecanicas de la
sintesis alcalina de dos cenizas de carbon. Se encontro que el tipo de zeolita, producto de la sintesis, depende de
los factores de estudio. Para valores superiores a 28 °C y minimo 7 dias, se lograron cementos activados alcali-
namente con resistencias superiores a 20 MPa. Otros parametros, como la relacion SiO,/Al,O;, el porcentaje
de carbon inquemado y la distribucion del tamafio de particula, se deben de tener en cuenta en la variacion del
desempeno mecanico.
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1. INTRODUCTION

Alkaline activation of precursors rich in SiO,
and Al,O;, like coal ash, is currently one of the most
relevant research topics in conglomerate materials
(1-5). Seen from a technical standpoint, the lit-
erature accounts for these materials great benefits
in their mechanical properties and durability with
respect to conventional cementitious materials, such
as Ordinary Portland Cement (OPC) (6). From the
environmental point of view, great benefits are also
obtained by reusing industrial by-products and by
being produced at temperatures around 60 °C (6),
temperature, which is very low for Alkali-Activated
Cements (AAC) when compared to the approxi-
mately 1500 °C, which is required to produce the
OPC. However, the demand for these curing tem-
peratures means that alkali-activated cements are
difficult to handle on site (7), which have been rec-
ommended primarily for precast fabrication. Curing
at room temperature is very important in terms of
practical application since all energy savings in
building materials represent not only a lower carbon
footprint, but also a lower cost.

It is clear that the temperature is linked to a
substantial increase in the kinetics of any reaction.
Therefore, it is expected that with increasing tem-
perature, the development of the cementing phases
during alkaline activation will be faster. It has been
suggested that the increase in temperature in the
process of alkaline activation is very effective in the
early stages of the reaction, “hours,” because it guar-
antees a thermal impulse for its development (6).

Some researchers assert that curing between 4 and
48 hours is one of the decisive synthesis conditions
in the alkali-activated of coal ash, finding that the
best development of mechanical properties occur at
temperatures that oscillate around 60 °C (8) and that
when the system is cured at higher temperatures the
samples lose moisture, thus increasing the number
of fissures and cracks (9) and hence decreasing their
compressive strength. In line with Davidovits (10)
polycondensation, which is the process in which the
gels that provide mechanical strength are formed,
takes place at temperatures below 120 °C with a rec-
ommended value close to 60 °C. Likewise, he states
that said process requires curing times, which vary
according to the temperature and way of heating.
An increase in temperature reduces curing times to
achieve higher resistances.

According to Chithiraputhiran and N. Neithalath
(11), alkali-activated of fly ash of NaOH 8 M requires
activation temperatures above 35 °C in order to reach
sufficient heat to overcome the energy barrier of acti-
vation so that they are able to form the reaction prod-
ucts. Showing, in this way that it is possible to activate
these raw materials at temperatures below 60 °C.

Therefore, although alkaline cement systems can
be asserted to be thermodynamically viable at room

temperature (7, 11-13), it is necessary to broaden
the understanding of both the activation process
and the behavior of the products obtained as well,
in order to find methodologies, which allow further
reduction of the activation temperatures.

As for other precursors, like metakaolin,
researchers, such as Rovnanik (14) have evaluated
their activation at temperatures ranging from 10 °C
to 80 °C. He accounts that in the activation of this
system in 4 hours and at temperatures of 40 °C,
cementing phases with mechanical characteristics
of the order of 60 MPa are formed, and on the
contrary, these characteristics were delayed until
approximately 4 days when the mixture was treated
at a temperature of 10 °C. Temperatures higher than
40 °C presented an increase in the volume and pores
size, as well.

Albeit some developments have demonstrated the
feasibility of alkaline activation using metakaolin
precursors at low temperatures, it is necessary to
go deeper into the subject concerning coal ash
activation at low temperature, since they have a
different chemical composition and structure.
Metakaolin is commonly considered as one of the
best precursors for the production of alkali activated
materials because of the high reactivity and the
controlled chemical composition. Coal ashes, on
the contrary, present a non-controlled composition
and a lower reactivity. The Fly ash also constitutes
a greater volume and a lower cost in obtaining this
type of building materials.

That is why in this research, both the mechanical
behavior and the mineralogical development
of two alkali-activated coal ashes with NaOH
at temperatures between 8 °C and 38 °C were
evaluated. These temperatures are regular at room
temperature, in many parts around the world.

2. MATERIALS AND METHODS
2.1. Materials

Two ashes from coal combustion were used. One
comes from the thermoelectric process of the tex-
tile industry (CT) and the other one comes from
the heating of boilers in the paper industry (CP).
The chemical composition, determined by X-Ray
Fluorescence (XRF) on Phillips PW 2400 equip-
ment, is shown in Table 1.

The silica/alumina molar ratio is 1.47 and 1.43
for CT and CP ash, respectively. CT features higher
contents of silica, alumina, and iron oxides and
smaller loss on ignition than the CP ash. The LOI
are mainly associated with the unburned coal con-
tained in the samples.

The particles size distribution (PSD) of ashes
(Figure 1) was measured in Master Sizer 3000
equipment. A Dg, of 28 um for CT and 45 um for
CP is presented. A bimodal distribution in CT with
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TABLE 1. Chemical composition of coal ashes (% wt)

Sample Sio, ALO, Fe,0, Ca0 MgO Na,O SO, LOI*
CT 46.20 31.40 4.75 4.46 1.82 3.63 0.68 3.90
cp 40.50 28.30 2.24 5.97 1.52 591 0.60 10.77

*Loss on Ignition from 110°C to 1000°C

Cumulative Passing (

Volume (%)

Particle Size (um)

FIGURE 1. Particles size distribution for coal ashes.

modes in 5 um and 40 um can also be observed. The
PSD for CP is much more open with concentrations
in 7 um, 30 wm, and 50 um. Hence, showing CT as
the finest ash.

The mineralogical content of the ashes was
determined by X-Ray Diffraction (XRD) on a
PANalytical X'Pert MPD PRO equipment, with
CuK,; (A=1.54059 A) source, the X-Ray tube was
worked at 45 kV and 40 mA. Data were collected
from 5° to 70° for 2 hours. For the quantification
phase, 75% coal ash mass and 25% in mass of inter-
nal pattern of Al,O; (99.99% purity, Sigma-Adrich,
St. Louis, MO, USA) were used. The quantification
of the phases was carried out by the Rietveld method
using a GSAS Software, as well as the pseudo-Voigt
type peak-shape fit function, with asymmetry cor-
rection. The parameters used for the refinement
were Background coefficients, unit cell parameters,
zero change error, peak shape parameters and phase
fraction. As it is shown in Table 2, the two ashes have
similar mineralogies composed of mullite, quartz,
hematite, and mainly amorphous phases. CT fea-
tures a higher percentage of amorphous phases.

TABLE 2. Relation of phases in coal ash

Yo Yo Yo % Amorphous %
Sample Mullite Quartz Hematite phase Others
CT 17.49 9.01 1.59 72.25 0.00
(0) 13.77 11.22 1.02 70.91 3.08

2.2. Experimental procedure

Each of the ashes was activated with a NaOH
solution with a concentration of 8 M, prepared
from flakes at 98% purity, maintaining a constant
liquid/solid (I/s) of 0.28.

Ash-based cement pastes were prepared in
consonance with ASTM C 305 standard. For
the mechanical tests, cylindrical molds of Poly-
Vinyl Chloride (PVC) 1 inch in diameter and the
aspect ratio 1:2 were used. The specimens were
emptied in three layers; each layer compacted
75 times on the compacting table in accordance
with UNE EN 231 standard. Once the paste was
emptied into the molds, it was placed in vacuum-
sealed polypropylene bags and, subsequently,
dipped into water, at temperatures of 8 °C, 18 °C,
28 °C, and 38 °C for curing. The specimens were
extracted and evaluated at ages 1, 3, 7, 14, and
28 days.

Cured pastes at different temperatures and ages
were analyzed mineralogically by X-Ray Diffraction
(XRD) in a PANalytical X Pert MPD PRO between
5° to 60° with step size of 0.02 ° and counting time
of 56 seconds. A CuK,, (A=1.54059 A) source was
used.

The functional groups were evaluated by means
of a Fourier Transform Infrared Spectroscopy
(FTIR), on a SHIMADZU FTIS-8400S spectrom-
eter, in transmission mode and using KBr pellets.
Infrared absorption spectra were measured from
400 cm ™' to 4000 cm ™' with 64 numbers of scans and
4 cm™' of resolution.

The heat flow during alkaline activation was
evaluated by means of isothermal conduction
microcalorimetry. A TAM Air micro-calorimeter
from TA instruments of isothermal principle was
used with air thermostat at 18 °C, 28 °C and 38 °C.
The samples were filled into glass ampoules and
were sat inside the kit for 40 minutes to achieve
thermal stability. Then, the liquid portion of the
samples was injected using an admix device, which
was mixed for two minutes. Reading up to 800
hours for 18 °C, 350 hours for 28 °C and 80 hours
for 38 °C was carried out.

The chemical composition was obtained by means
of XRF on a Phillips PW 2400 X-ray fluorescence
spectrometer. The test was carried out on pressed
powder ash.
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3. RESULTS
3.1. Identification by XRD

Figure 2 and Figure 3 show the diffractograms
for the coal ashes evaluated along with their cor-
responding mineralogical evolution over time after
being activated at different temperatures. Phases
with amorphous characteristics, crystalline phases
coming from ashes, such as quartz (PDF 00-001-
0649), mullite (PDF 00-001-0613), and hematite
(PDF 00-024-0072), as well as phases of zeolitic
nature, which were developed during activation pro-
cess, such as sodalite, which were identified in them.

The type of zeolite that crystallizes depends
on both the time and temperature of the curing.
Hydrated sodalite (S), also known as hydroxysodalite

0 (a)

8°C
18 °C|
28 °C,

e e e e e I B E I e e e B e s
12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
Position 26

FIGURE 2. Diffractograms of the CP ash (a) 3 days and
(b) 28 days of curing. 0: Quartz, y: Mullite, €: Hematite,
S: Sodalite, P: Zeolite Phi, X: Zeolite X.

12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60
Position 26
FiGUre 3. Diffractograms of CT ash (a) 3 days and

(b) 28 days of curing. 0: Quartz, y: Mullite, e: Hematite,
S: Sodalite, X: Zeolite X.

type NayAl;Si;0,,0H (PDF 00-011-0401), was
detected in the alkaline synthesis of both coal ashes
from 3 days to 28 days when the systems were acti-
vated at 38 °C. In this type of zeolite, the Si/Al is
close to the unity indicating an Al rich system.

Sodalite is also detected in alkaline synthesis at
temperatures below 38 °C, but at different times.
7 days for 28 °C and 28 days for 8 °C. The crystals
of sodalite feature slender peaks at a higher temper-
ature, indicating that the crystallinity of this phase
rises with increasing temperature.

In Table 3 and Table 4 the zeolite phases existent
in the activated ash at 3 days and 28 days at all tem-
peratures are described qualitatively.

A greater activity in the formation of crystals for
the CP ash is observed. This can be associated with
the greater quantity of alkalis and oxides of calcium
present in the starting ash, which can act as nucle-
ation points (15) facilitating the formation of the
zeolitic phases. It is noteworthy that in most of
the temperatures at 3 and 28 days the formation of
the crystalline structures has already been achieved,
which indicates that it is the same for intermediate
ages. Now, for both ashes, the appearance of zeolite
X is progressive with the curing time, but at low tem-
perature conditions, in all cases below 18 °C.

In the X-ray diffractograms, a halo in the 26
position between 20° and 40° corresponding to
the amorphous phase was observed in both coal
ashes. The variation in the position of the point
of maximum intensity of the halo at different
temperatures and ages of study is shown in Figure 4.

It can be seen that the CP ash, in all evaluated
conditions, always features a greater value of 26
with respect to the CT ash. This can be explained
by the higher content of calcium oxide present in
CP that contributes to modifying the structure of
the vitreous siliceous phases, which displaces the
halo to higher values, in consonance with what
is reported by S. Diamond (16), who found in his
research that the maximum angular position of this
vitreous halo increased linearly with the calcium
content in their samples. It can also be seen that
as the temperature increases the halo is displaced
towards values greater than 20, which is a charac-
teristic of the formation of the gels product of the
alkaline activation (13). At 8 °C the displacement
of the angle shows a high variability according to
the age of curing, variability that decreases to a
higher temperature, hence showing the high inci-
dence of temperature on the development of alkali
aluminosilicate gels. At 38 °C all systems, regard-
less of the synthesis time, converge to the same
value of 26, which represents a minimum tempera-
ture necessary to form alkali-activated cements in
less than 72 hours for these systems (alumina-silicic
precursor and NaOH).

Taking the 20 position of higher intensity in
the halos of both unactivated ashes, as a reference
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TABLE 3. Qualitative phase identification on activated CT ash
8°C 18 °C 28 °C 38°C
CT Hydroxy-sodalite 3 days absent very poor present present
(PDF 00-011-0401) 28 days very poor very poor present present
zeolite X 3 days absent absent absent absent
(PDF 00-038-0237) 28 days very poor poor absent absent
TABLE 4. Qualitative phase identification on activated CP ash
8°C 18 °C 28 °C 38°C
CP Hydroxy-sodalite 3 days absent very poor present present
28 days very poor very poor present present
zeolite Phi 3 days absent absent absent absent
(PDF 00-038-0261) 28 days absent absent absent present
zeolite X 3 days absent absent absent absent
(PDF 00-038-0237) 28 days very poor present very poor very poor
31
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FIGURE 4. Relation between temperature, curing time, and FIGURE 5. FTIR spectra of both coal ashes

maximum value of the amorphous phase halo of the XRD

(CP = 27.9° and CT = 24.84°), it can be noticed
that the change is 17% for CT and 9.5% for CP for a
temperature of 38 °C. A major displacement would
represent a higher chemical activity in the system. In
other words, there is a micro-structural restructur-
ing, which identifies a higher reactivity in CT. This
could also be explained by the fact that the halo
product of the alkaline synthesis of CT at tempera-
tures of 8 °C and 28 days has shifted in position by
16%, which is not far from the characteristics of the
amorphous component of the synthesis of the same
ash at 38 °C. This same phenomenon occurs in CP,
but with only 7% intensity.

3.2. Identification by FTIR

The IR spectrum of both ashes is presented in
Figure 5. Zone 1 represents the asymmetric tension

band T-O, which can be (Si-O, Al-O) among 1400—
800 cm™'. Zone 2 comprised between 400-800 cm ™'
corresponds to the outer vibration bands of the dif-
ferent zeolite-type cyclic structures, which exist in
the silicates, and which are formed by the connec-
tion of AlO, and SiO, tetrahedra through oxygen
bridge atoms (17). This area will be of interest for
the subsequent analysis of the reaction products of
the synthesis of each ash.

In zone 1, CP ash compared to CT, has a slight
displacement in the band towards lower values,
which may indicate the presence of components
with asymmetric T-O-T bonds, which allow a bet-
ter alkaline synthesis. On the other hand, the high
intensity in absorbance in zone 1 for CT ash com-
pared to CP can be associated with a greater number
of components with symmetrical and asymmetric
T-O-T bonds.
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Figure 6 shows, for both coal ashes, the displace-
ment of the asymmetric tension band of the T-O-T
bonds, which can be Si-O-Si or Si-O-Al, in the wave
number range between 1100 cm™' and 970 cm ™', with
respect to both the temperature and curing time.

Between the two ashes and their activating prod-
ucts at different temperatures, a reduction in wave-
length is observed, which has been explained by some
researchers as a variation in the chemical structure,

as well as in the vitreous structure (7). In the latter
case, corresponding to a lower degree of reticulation
of the amorphous phase, that is to say, increased
amorphicity. Among the activated materials, it can

be seen that as the temperature increases, this band
moves to lower values with respect to the unacti-
vated ash.

The coal ash in contact with the activator
dissolves its vitreous compound and immediately
afterward, it precipitates a reaction product, sodium
aluminosilicate gel, with a Si/Al close to the unity
(18-23). As the system is enriched in Al, the band
shifts to lower values (7).

The phenomenon is associated with the breakage
of the Al-O bonds since in these they break more
easily than the Si-O bonds. Hence, in this first stage
of formation, the first gels are rich in Al.
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FIGURE 6. Displacement of the band between 1100 cm ™' and 970 em ™" of the FTIR
depending on temperature and time for study ashes
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After the system evolves presenting a displace-
ment of the IR spectrum in the asymmetric tension
band at values higher than 998 cm™'. This is phe-
nomenon is due to the fact that the system becomes
enriched in Si (19). Accordingly, the properties at
early ages are governed by gels rich in Al and at final
ages, they are governed by gels rich in Si.

As in X-ray diffraction, the formation of the gel
is strongly affected at temperatures below 28 °C. In
both ashes, the systems tend to converge to similar
values in the tension bands associated with the for-
mation of the (T-O-T) gel, indicating that the char-
acteristics of the gel can be very similar, although
the formation process is strongly dependent on
both temperature and time. This can be observed in
the change of both the 2 Theta (Figure 4) as in the
wave number (Figure 6) for each isotherm. Where
the abscissa for progressive temporal events is very
variable at low synthesis temperatures. Nevertheless,
in periods of prolonged times, the values are usu-
ally adjusted to those obtained at temperatures
of 38 °C.

In the spectral range of Figure 7, the appearance
of some bands is observed when the coal ash is acti-
vated at different temperatures. In zone 2, the vibra-
tion bands, which are called secondary structural
units (SBU) (24), provide information on the envi-
ronment of the tetrahedrons in two-dimensional or
three-dimensional structures (Links of tetrahedra
TO,, T: Si, Al), as well as the type of ring (Single or
double). The increase in the number of units of the
ring displaces the band of vibrations towards lower
frequencies: 720 -700 cm ™" for rings of three units,
650 cm™' for 4 units, 620-600 cm™' for 6 units.

For most of the evaluated conditions of time and
temperature, although not for 8 °C at ages less than
3 days, the presence of bands at 720 cm  is observed
for the two ashes that account for new products of
characteristic synthesis of Al-O, bonds associated
with hydroxisodalite structures rich in aluminum.
This is in accordance with the mineralogical analy-
sis by XRD. Increases in bandwidth from 560 to 573
cm  are associated with faujasite (25). This occurs
with greater frequency in samples cured at 18 °C.

3.3. Microcalorimetric Evaluation

The calorimetric response points out two peaks,
as shown, by way of example, in Figure 8 for the CP
ash at 28 °C. The first peak is mainly by the energy
released in the dissolution of the vitreous phase of
the ash upon contact with the activating agent. And
the second peak, by the growth and precipitation of
gels and mineralogical phases of the reaction prod-
ucts, which begin to be reorganized locally in net-
works of greater length. Between these two peaks,
there is a significant reduction in the heat flow that
gives rise to a dormant period. The area under the
curve of the microcalorimetric signal represents the

total energy released over time due to both the phys-
ical and chemical processes, which are carried out
during the alkaline activation (gray line Figure 8),
indicating the kinetic behavior, as well as the degree
of reaction that the ashes exhibit.

Figure 9 shows the temperatures 18 °C, 28 °C,
and 38 °C and the accumulated energy for both CT
and CP ashes. It is worth noticing that regardless of
the synthesis temperature the released energy prod-
uct of the activation can be equivalent in different
temporal periods. Thus, indicating that the alkaline
synthesis of CT at 38 °C takes approximately 3 days
to release 225 J/g, at 28 °C, it takes 13.7 days, and at
18°C, it takes 25 days to release the same amount of
energy. In the case of the alkaline synthesis of CP,
it releases 125 J/g in 3 days at 38 °C, in 12.5 days at
28 °C, and in 18.75 days at 18 °C.

The difference in microcalorimetric response of
both ashes is due, among other causes, to the parti-
cle size, chemical composition, amount of unburned
coal, and percentage of amorphous phase, charac-
teristics, which are described above. Regardless of
the temperature, the energy released from the acti-
vation of the CT ash is greater than that of the CP
ash. And if the temperature increases, the amount
of energy released does too, which indicates that
the reactivity of CT is greater than the reactiv-
ity of the CP. The time for the release of energy
decreases substantially as the temperature increases.
For instance, to release 100 J/g the CT ash requires
170 hours at 18 °C, whereas at 38 °C, it only requires
7.5 hours. This is a phenomenon, which is linked to
the increase of the ionic mobility of the system with
temperatures, as it has been stated by researches like
Bing-hui et al. (26), where by means of electrochem-
ical impedance at temperatures between 20 °C and
80 °C, they evaluated the reaction rates, polymer-
ization, and precipitation processes of the reaction
products; finding a direct relation between electrical
conductivity associated with these phenomena, as
well as the increase of the temperature.

3.4. Mechanical analysis

For each temperature, compressive strength of
paste specimens was evaluated at ages of 1, 3, 7, 14
and 28 days. The loading rate was 300 N/s in compli-
ance with ASTM C349 standards. Figure 10 shows
the results.

It is clear that the mechanical response of the CT
ash is greater in all cases than the CP ash, which
can be explained by their chemical, particle size
and crystallographic differences (content of amor-
phous phases). The incidence of temperature and
curing time on obtaining the mechanical strength is
observed. The two ashes, at the lowest temperature,
do not show resistance before 7 days. When they are
taken to 38 °C for 3 days, they have already reached
more than 30% of the highest resistance obtained.
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FIGURE 7.

temperatures and curing ages

FTIR spectra in zone 2 for both ashes and their activation products at different
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4. DISCUSSION

According to the results obtained in this research,
it is possible to state that it is feasible to activate
coal ash at a room temperature, reaching compres-
sive strengths above 20 MPa. But as much or more
important than the temperature, in times of syn-
thesis less than 28 days, are the characteristics of
the starting ash, since better physical and chemical
conditions of the ash guarantees a greater available
energy to be released during the alkaline activation
and accordingly, a better performance of the cement
is obtained (27)(28).

By observing the mechanical response of the
alkali-activated ashes (Figure 10), the influence of
the ash type is clear, which is determined by parame-
ters, such as the reactive silica and alumina contents,
amorphous phase content, particle-size distribu-
tion, and unburned coal amounts (LOI). In other
words, the reaction speed depends clearly on their
physical and chemical characteristics (20)(27)(29),
without ruling out the importance of temperature.
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FIGURE 9. Microcalorimetry of accumulated energy at 18 °C,
28 °C, and 38 °C for CT, and CP ashes

In all the above parameters, the CT ash features the
best conditions. It was evidenced that a high con-
tent of silica and alumina affects the crystallization
rate and formation of zeolites, and encourages the
formation of silicon-rich alkali aluminosilicate type
gels (19) as it was the case in CT. A higher presence
of amorphous phase in the raw materials increases
the mechanical performance of the cements manu-
factured with them. This is because it guarantees the
availability of dissolved species for the formation of
monomers and subsequent growth of the polymer
network (19, 21, 22). The unburned coal contents
(LOI) in the ash are particles, which are not part
of the activation process, that is to say, unreacted
particles, which increase porosity (19, 26, 27) and
this largely explains the poor performance of the
cement obtained with CP ash. The particle size not
only affects the properties in the fluid state of the
cement, but it also affects the ash reactivity (19)
(29) by increasing the area of wetting between the
ash and the activator, which results in an increase
in kinetics reaction and increased resistance (27, 29)
(30). The presence of metals (calcium and sodium)
in the ash affects its degree of reaction (31, 32).
Their inclusion in the amorphous network modifies
their minimal energy state by decreasing dissolution
and accelerating the diffusion and nucleation mech-
anisms (31, 33, 34).

5. CONCLUSIONS

From the results found in the study of the acti-
vation of coal ash with sodium hydroxide, at tem-
peratures from 8 °C up to 38 °C, the most relevant
conclusions are the following:

That regardless of temperature, the early stages
of the activation process are governed by the physi-
cal and chemical characteristics of coal ash used,
such as: SiO,/Al,O; molar ratio, amorphous phase
percentage, unburned coal content and particle-
size distribution, which significantly affect the
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performance of the alkaline activation process. For
these reasons, the pastes made with CT ash showed
better mechanical results than those made with CP,
in the curing times analyzed.

It is possible to achieve the synthesis of alkali-
activated cement from coal ash at temperatures of
8 °C, although with very poor compressive strength
results in the evaluation period of time, due to the
slow development of chemical reactions.

For the ashes studied, especially for CT, alkali
activation is feasible from 28 °C because very accept-
able compressive strength results (above 20 MPa)
are obtained. This is because the speed at which the
heat transfer is carried out must be such so that the
highest degree of reaction of the ash is guaranteed
in the shortest time possible and this was achieved
satisfactorily in this study around 28 °C

From microcalorimetric tests, it can be con-
cluded that regardless of the synthesis tempera-
ture, the released energy, product of the activation,
can be equivalent in different temporal periods.
Furthermore, that regardless of the temperature, the
energy released from the activation of the CT ash is
greater than that of CP ash thanks to its physical-
chemical characteristics.

The alkali-activated coal ash T at 18 °C did not
show formation of zeolites until the age of 28 days,
which allows to affirm that the zeolites require a
higher temperature for their appearance at early
ages.

Through the XRD and FTIR techniques, it was
possible to determine that the different gels show
similar characteristics, although with a slight ten-
dency to present crystals as a result of the alkaline
synthesis with more complex systems for tempera-
tures below 18 °C, this is attributed to the systems
reacting 10 to 20 times slower to generate 100 J/g
when compared to temperatures of 38 °C. However,
for the conditions evaluated, it is suggested that
the effect of the temperature on the simple systems
(NaOH + precursor) is of a temporary nature.
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