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ALKALINE ACTIVATION OF METAKAOLIN
An isothermal conduction calorimetry study
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Abstract

The alkaline activation of metakaolin leads to high mechanical performance inorganic
polymers.

A JAF conduction calorimetler was uscd to fellow the reaction of metakaolin with NaOH
solutions. The alkaline activation of metakaolin to yield a cementitious malcrial is an exother-
mic process involving three steps: an initial and very fast process of dissolution, which is
strongly exothermic, followed by an induction period in which the heat cxchange rate de-
creascs, and finally an exothermic step of reaction reactivaticn in which cementitious materi-
als precipitate and alter which the heat exchange rate decreases.

The calorimeltric curves lead to the following findings:

— The induction period is lengthened as the NaOH solution concentration and the liquid
percentage increase.

— The induction period is shortened as the temperature increases.

—The total heat increases as the liquid percentage and the NaOH concentration increasc.
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Introduction

When metakaolin (MK) is activated by alkali metal hydroxide solutions, a
polycondensation reaction occurs, leading to the formation of a cementitious
matcrial with high mechanical strength [1, 2. The starting aluminosilicate, the
different compositional parameters, the curing time and the temperature all di-
rectly influence the final properties of the inorganic polymer formed [3].

The synthesis of this binder can be compared to zeolite synthesis. The struc-
tures of these materials involve a three-dimensional framework formed by SiO,
and AlOq tetrahedra linked altenately by sharing all the oxygens, where the alkali
metal cations from the activator solution are present to balance the negative
charge of the four-coordinated Al [4]. However, in contrast with zeolites, the pro-
ducte obtained is almost amorphous [5].

The aims of the present work were
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1) To establish the steps through which the process of activation of MK by so-
dium hydroxide solutions occurs, and to determine the nature of the reactions
taking place in each step;

2) To study the modifications in the alkaline activation process in response to
variations in the synthesis parameters (temperature, alkali concentration and ac-
tivator volume).

Experimental

In the present study, a Spanish kaolin from ludela (C) was used. A complete
chemical and mineralogical characterization is given in a former work [6]. Ta-
ble 1 details the chemical analysis of the kaolin. It contains some quaitz as a sec-
ondary species and also small proportions of anatase and pyrophyllite.

Table 1 Chemical analysis of kaolin C

Si0, ALO, Fe0, MgO0 CaO Na0O TiO, KO LG.
4699 3600 054 000 082 068 115 168 1170

1.G. = ignition loss

The MK used as raw material for the polymer synthesis was prepared by ther-
mal treatment of kaolin C at 750°C during 24 h [7].

A JAF conduction calorimeter was used to follow the reaction MK with
NaOH solutions. Mixes prepared for this purpose are given in Table 2. Cal-
orimetric data were obtained isothermally at 35 and 45°C with variable solu-
tion/solid ratios and different NaOH solution concentraions, As the mixes were
prepared outside the calorimeter, the fast heat evolution peak reflecting the con-
tact of solution and MK could not be registered.

Table 2 Compositions tested for calorimetric studies

Composition [NaOHVM Sol./ml
T1220 12 3
T1230 12 4.5
T1250 12 7
T1520 15
T1530 15 4.5
T1550 15 7
T1820 13
T1830 18 45
T1850 18 7
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Samples removed from the calorimeter were treated with acetone-ethanol,
dried in vacuum to constant weight and treated with dilute hydrochloric acid and
then a 3% Na,CUs; solution. The polymer formed was soluble in these sohations
while the initial MK was insoluble. With this treatment, the MK remaining unre-
acted could be quantified and the insoluble residue (Insol. Res.) could be consid-
ered as a measure of the reaction degree. These samples were also analysed by
XRD and FTIR.

On the other hand, in order to associate the different calorimetric signals ap-
pearing in the curves, a series of thermal suppressions of the samples were car-
ried out. Two of the compositions tested in the calorimetric study were chosen
for thermal suppression. For this purpose. 10 g of MK plus NaOH solution were
placed ina sealed plastic bag and maintained at a constant temperature of 35°C in
a water-bath during the times determined by the calorimetric peaks. The times at
which the samples were thermally snppressed are shown in Table 3.

Table 3 Compositions and times for thermal suppression

Composition T1230 T1530
Time/h 9 13 40 17 26 40

The templating times correspond to the time before the appearance of the re-
action peak, the time of the peak maximum and the time immediately after the re-
action peak. Samples removed from the water-bath were treated with cold water,
filtered, washed and dried in vacuum to constant weight. The solid was then
treated with dilute hydrochloric acid according to the methodology described
above for the Insol. Rev. measurement. The samples were finally analyscd by

XRD and FTIR.

Results

Results obtained in a calorimetric studies are detailed in Table 4. The results
of measurements of Insol. Res. in acid medium at the end of the calorimetric test
are also given in Table 4.

Figures 1-3 depict maximum rate vs. time curves for MK at the three NaOH
concentrations and the three liquid percentages tested.

The results permit the following findings:

- The rate evolution curves reveal the appearance of a first dissolution peak
that 1s not always registered, mainly at the highest temperature (45°C). After this,
a period of scarce heat interchange or an induction period can be observed. A sec-
ond rcaction peak appears, with a shoulder immediately after the reaction peak,
which is seen more clearly at 35°C (because the reaction rate is lower). This
could indicate that two overlapping processes are taking place.

J. Thermal Anal, 32, 1908
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Table 4 Results of calorimetric tests and Insol. Res. in HCI(1:10)+5%Na,CO,

Insol. Res./ Total heat/ Rate/ Time/h

Sample Yowl. kIl kg ! w l(.,t:,f1 (max. ratc}
35°C 15°C 35°C 45°C 35°C 45°C 35°C 45°C

T1220 5134 4997 90.2 2304 4.87 16.0 10.5 3.6
T1230 3796 30.62 3284 3657 4.33 16.5 130 34
T1250 1848 20.39 400.8 4347 4.51 16.9 126 3.8
T1520 43 41.81 462.5 3143 3.85 15.1 26 5.8
TI330 2342 2393 4329 4418 4.31 14.8 26.1 7.9
TIS50 1713 18.45 619.0 4426 5.65 15.1 345 8.4
T1820 41.43 34.67 3956 3740 315 13.0 91.0 94
TI830 2276 20.80 4759 418.0 2.96 94 110 32.8
T1850 1537 1595 562.5 471.2 3,50 8.2 63 45

— The induction period is lengthened as the NaOH solution concentration in-
creases and shortened with the rise of temperature.

—The induction period becomes longer as the liquid percentage increases (ex-
cept for compositions with 12 M NaOH, which there is little variation).

- Total heat increases as the liquid percentage and the NaOH concentration
increase.

— In many cases, the total heat registered at 35°C is higher than that at 45°C.
This could be explained by considering the higher reaction rate at 45°C. Then,
when the calorimetric curve recording is started, the reaction has progressed
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Fig. 1 Rate of heat evolution vs. time for samples with [NaOH}=12 M. A, T1220/45°C;
B, T1230/453°C; C, T1250/43°C; D, T1220/35°C; B, T1230/33°C; F, T1250/33°C
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more at 45 than at 35°C, involving a lack of calorimetric data during the first few
of minutes of reaction.

— Insol. Res. decreases as both the NaOH concentration and the liquid per-
centage (% Na,O increases) increase.
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Fig. 2 Rate of heat evolution vs. time for samples with [NaOH]=15 M. A, T1520/45°C:
B, TI1530/45°C, C, T1550/45°C; I, T1520/35°C: E, T1530/35°C; F, T1550/35°C

A
B
- ¢
- ‘% o
f\ - E
— F
r - T T T T T T —1
0 50 100 150 200

Time (hours)

Fig. 3 Rate of heat evolution vs. time for samples with [NaOH]=18 M. A, T1820/45°C:
B, Ti830/45°C; C, T1850/45°C; D, T1820/35°C; E, T1830/35°C; F, T1850/35°C

The XRD and FTIR analyses of these samples lead to the following results:

On XRD of these compositions, a broad halo at about 20=26°, together with
some diffraction lines of a sodalite type zeolite Naw( A1S10)s(OH)a-Ha0) are ab-
served; the lines corresponding to the zeolite become more intense as the Hquid
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percentage increases, but this affect is not seen when the NaOH concentration in-
creases.

In the IR spectra of alkaline-activated MK, as the aggressivity of the treat-
ment increases (higher concentratlon or liquid percentage), a progrmmve shift of
the MK Si—O band at 1090 cm ™ towards lower frequcnue% (=990 cm™) is ob-
served with a progressive decrese of the 800 cm- PAL- O band until its disappear-
ance and the formation of anew band at about 720 cm- !, characteistic of the poly-
mer formed. can be observed. In these spectra, the bands corresponding to dehy-
droxylated pyrophyllite and the zeolites identified by XRD remain. The stronger
the treatment, the weaker the original MK bands are.

Insol. Res. measurements on the thermally suppressed samples are shown in
Table 5

Table 5 Tnsol. Res. of thermally suppressed samples at diffcrent times (35°C)

Composition T1230 T1530
Time/h 9 13 40 17 26 40
Insol. Res. 90.42 87.84 49.82 B0.4 71.31 49.82

The XRD and FTIR analyses of these samples furnish the following results:

— Diffractograms of the sample thermally suppressed at the end of the induc-
tion period carrespond to an amorphous product and the smaple is in a plastic
state. No shift in the Si—O band at about 1050 ¢cm ™', nor any evolution in the Al-O
band at about 800 cm™’ for the original MK, can be seen.

— When the samples are thermally suppressed at the time of the maximum rate
of evolution of heat, their diffractograms are very similar to that found at the end
of the induction Perlod A small shift in the Si-O band from about 1050 cm™ to-
wards 1QlS em', and a decrease in the intensity of the Al-O band at about
800 cm™, are observed.

— Samples thermally suppressed immediately after the shoulder (which ap-
pears after the reaction peak) the amorphous halo, but the peaks corresponding to
a zeolite of sodalite type (Nag(Al1Si04)¢(OH)>-H>0). The FTIR spectra confirm
these results.

Discussion

The alkaline activation of MK up to the production of cementitious material
is an exothermic process. The calorimetric curve corresponding to this process
displays an initial and very fast strong exothermic peak that can not always be re-
corded, mainly at the highest temperature of study (45°C). The first step is fol-
lowed by an induction period in which the heat exchange rate decreases. After the
induction period, a strong asymmetric exothermic peak appears (first an intense
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signal, followed by a shoulder), which corresponds to the sum of two overlap-
ping signals reflecting the (wo processes laking place. The two signals are ob-
served more clearly at the lower reaction temperature (35°C) because of the
fower reaction rate.

According to the results in Table 3, when the activation reaction 1s stopped af
the end of the induction period, samples T1230 and T1530 present an Insol. Res.
of 90% (which indicates a very low reaction degree). By XRD analysis, the for-
mation ot crystalline species 1s not observed. At the same time, in the FTIR spec-
tra, the shift in the MK Si~O vibration band at 1090 cm™ towards lower frequen-
cies is not observed, and the MK Al-O vibration band in the 800 cm™' region re-
mains,

When the activation reaction is stopped at the times of maximum rate of inter-
change, the reaction has progressed more, but the presence of crystalline species
is not observed. In samples activated during 40 h, i.e. immediately after the reac-
tion peak, a strong increase in reaction degree (lower Insol. Res. values) is ob-
served with the simultancous appearance of low-intensity zeolite reflections in
the XRD patterns. Thus, it seems that the second exothermic peak may be asso-
ciated with polymer formation, whereas the shoulder overlapping, with this peak
conld eorrespond to zeolite erystallization,

During the first and second steps, the material is in a plastic state; after the
third step, the material hardens by precipitation of cementitious material to-
gether with some zeolite. The material obtained after alkaline MK activation is
mainly an amorphous sodium aluminosilicate, which can be characterized by
FTIR, via its bands at 990 and 720 cm™' [1]. Its XRD pattern displays an intense
halo at around 20=26°, charactcristic of siliceous amorphous walerials. To-
gether with this halo lengthening, small zeolite peaks can be seen.

The mechanism governing the induction period, and the kinetics in each pro-
cess slep, are unknown, but the lengthening of this period when the water/solid
ratio is increased, suggests that a critical concentration (oversaturation) of ionic
species must be reached before cementitious material precipitation occurs. On
the other hand, the concentration of ionic species necessary for precipitation
would be higher when a medium ionic force increases. This would justify the in-
crease in the induction period when the Na concentration of the activator solution
is increased. Later studies must be carried out on this.

Insol. Res. could be a good way to measure the reaction degree attained, if this
is understood as the MK amount that remains unreacted. However, this parame
ter is not a direct measurement of the polymer formed, because it also contains
the amount of zeolites formed. The induced error when Insol. Res. is regarded as
the reaction degree of polymer formation is very swall in those samples in which
the lower liquid proportion is used (and even for the intermediate proportion), no
matter what the NaOH concentration, because they contain only traces of zeo-
lites.

S Thermal Anal., 52, 1998
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The reaction degree depends on the activator solution concentration and on
the liquid/solid ratio. Accordingly, if Insol Res. is taken as the reaction degree
and represented vs. % Na;O, a non-linear dependence will be observed, obeying
the following equations:

y=124.75-12.006x+0.3319x” (T=45°C) with R*=0.937 (1)
v=132.89-12.939x+0.3560x” (T=35°C) with R*=0.950 (2)

where y 1s the insoluble and x is the percentage of Na,O.

Insol. Res. decreases as the Na>O concentration in solution increases. Hence
the reaction degree increases as the NaOH concentration or liquid amount in-
creases.

The kinetics of the process of MK activation cannot be determined from the
total heat data obtained by this procedure. As it clearly has been seen from the In-
sol. Res. values, the reaction degree does not depend on the temperature of the
process, and consequently the total heat is also independent of temperature. As
the total heat data obtained differs from one temperature to another, the loss of
data in the first stages of the reaction at the highest temperature is confirmed. An-
other calorimetric technique should be used to determine the values of toral heat,
and the kinetics of the process will be determined.

Conclusions

1} MK activation is an exothermic process. The calorimetric curve of this
process shows a dissolution peak followed by an induction period. After this in-
duction period, a strong asymmetric peak appears, which corresponds to the sum
of two overlapping signals showing the two processes taking place.

2) The strong asymmetric peak has been associated with amorphous inor-
ganic polymer formation, responsible for the mechanical strength of the mate-
rial, whereas the shoulder overlapping with this peak corresponds fo a zeolite
crystallization process.

3) The lengthening of the induction period when the water/solid ratio is in-
creased suggests that a critical concentration of ionic species must be reached be-
fore cementitious material precipitation occurs. The concentration of ionic spe-
cies necessary for precipitation would be higher when the medium ionic force in-
creased. This would justify the increase in the induction period when the Na con-
centration of the activator solution is increased.

4) Insol. Res. could be a good way to measure the reaction degree, which de-
pends on the activator solution concentration and the liquid/solid ratio. Thus, in
representations vs. the Na,O concentration, a non-linear dependence can be ob-
served, Isol. Res. decreases as the %Na;O in solution increases, according to
Egs [1] and [2] for cach study temperaturc.
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