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Abstract The composition, structure and properties
of the reaction product resulting from the alkali
activation of metakaolin (MK) are directly impacted
by the specific surface and composition of the initial
kaolin and the type, concentration and relative amount
of alkali activator used. This study aimed to analyze
the effect of these parameters on the flexural strength,
degree of reaction, porosity and chemical and miner-
alogical composition of alkali-activated metakaolin
pastes. Two types of metakaolin with different specific
surfaces were activated under hydrothermal conditions
(85 °C, 2 h) using solutions consisting of waterglass
and Na(OH) as activators (Na concentrations = 6, 8,
10, 12, 15, 18, 20 M) and two metakaolin/solution
ratios. Regression analysis was used to quantify the
effect of the parameters tested (activator concentration
and MK/solution ratio) on flexural strength. Mathe-
matical models were likewise built to relate the degree
of reaction and amount of sodium fixed in the polymer
structure to the synthesis parameters. According to 2°Si
and ?’Al MAS NMR, XRD, FTIR, DTA/TG data and
chemical analysis, the material obtained by activating
two MKs with waterglass plus NaOH was an amor-
phous hydrated sodium aluminosilicate in which a Q*
Si (3Al) type three-dimensional structure predomi-
nated, i.e., a structure where three Al atoms are
connected to SiOy4 tetrahedra. The alkaline ions in the
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structure maintain the electrical balance. The general
formula obtained for this inorganic polymer was
Nazo3SIOzAlzo33H20

Introduction

The alkali activation of metakaolins yields strong and
durable cementitious materials that harden at temper-
atures of under 100 °C [1-3]. The composition, struc-
ture and properties of the reaction product obtained in
the alkali activation of metakaolin are directly
impacted by the specific surface and composition of
the initial kaolin and the type, concentration and
relative amount of alkali activator used [3-7].

The product of metakaolin activation with NaOH
solutions is an amorphous cementitious material [3, 6-
8]. It has been concluded from FTIR, ?’Al, ?°Si MAS
NMR and *Na MAS NMR [1-6] studies that its three-
dimensional structure is a network [Q*(Al)] consisting
in alternating SiO4 and AlO, tetrahedra linked by
shared O atoms. The alkali cations in the structure
balance the negative charge of the tetrahedrally
coordinated AI** ion. Its composition corresponds to
the general formula: 2SiO,-Al,03-Na,O-2H,0 [7].

In the present study, two types of metakaolin with
different specific surfaces were activated under
hydrothermal conditions (85 °C, 2 h) using solutions
consisting of waterglass and Na(OH) as activators
(Na concentrations 6, 8, 10, 12, 15, 18, 20 M) and
two metakaolin/solution ratios. The aim was to
analyze the effect of these parameters on the flexural
strength, degree of reaction, porosity and chemical
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and mineralogical composition of alkali-activated
metakaolin pastes.

Experimental

Two kaolins—from Guadalajara (K1) and Tudela
(K2), Spain—were heated at 750 °C for 24 h to obtain
their respective metakaolins. The chemical analysis of
these compounds is given in Table 1. K1 and K2
contain 12.4 and 7%wt, respectively, of quartz as the
secondary mineral [8]. The BET specific surface was
MK1 = 7.7 m%g and MK2 = 6.7 m?/g [4].

Specimens were made from mixes containing two
types of metakaolin (MK1 and MK2) and different
solutions of waterglass and NaOH, at variable MK/
liquid ratios. These 10 x 10 x 60 mm specimens were

Table 1 Chemical analysis of the two kaolins (%wt)

SIOZ A1203 F6203 MgO CaO LOI
Kaolin 1 49.8 36.3 0.6 0.2 0.0 12.6
Kaolin 2 47 36.0 0.5 0.0 0.8 11.7

LOI lost on ignition

cured in sealed boxes, for 2 h at 85 + 2 °C and 90%
RH. The activators were prepared by mixing solid
NaOH and waterglass to obtain six solutions with the
following Na concentrations: 6, 8, 10, 12, 15, 18 and
20 M. Since the rheological behaviour of MK1 and
MK?2 differs substantially (due primarily to fineness
differences), 50 or 60 ml of activating solution were
mixed with 70 g of compound to make the MKI
specimens, whereas 30 or 35 ml of activating solution
were used per 70 g of MK to make the MK2
specimens. The SiO,/NaO, molar ratio in the water-
glass used was 3.41; the density was 1.35 g/ml and the
total solids, 34.40%wt (Crosfield Limited Crystal C70).

Of the 12 prisms made and cured for each compo-
sition, 11 were used to determine flexural strength and
one to find porosity with a Micromeritics 9320 V2.02
mercury porosimeter. Table 2 gives the composition of
the specimens.

The pastes obtained were characterized by differen-
tial thermal analysis and thermogravimetry (DTA/TG),
X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR) and nuclear magnetic resonance
(samples I, K, B, D) (*Si MAS NMR, 'H-*’Si CP MAS
NMR, *’Al MAS NMR and *Na MAS NMR).

Table 2 Dissolution volume and NaOH concentration in the solution by 70 g of metakolin. Porosity, flexural strength, soluble and
fixed Na and IR of the specimens (elaborated with pastes cured 2h at 85°C)

Label V Na Na,O/ H,0O/ SiO,/ Flexur. str. IR Porosity %Na ,0 soluble %Na ,0 fixed
(ml) (M) SiO, Na,O Al,O5 (MPa) (%wt)  (%vol) (DR)* (DR)*
MK2
A 30 6 0.11 15.57 2.88 0 77.05 26.0 3.67 3.02
B 30 8 0.15 12.03 2.88 11.8 + 0.2 52.97 34.4 1.71 6.93
C 30 10 0.18 9.87 2.88 13.0. £ 0.3 45.19 30.0 2.44 8.09
D 30 12 0.22 8.42 2.88 139 + 0.2 38.56 20.7 2.21 10.12
E 30 15 0.27 6.96 2.88 9502 29.42 17.2 2.93 11.98
F 30 18 0.32 5.98 2.88 89+03 27.57 25.6 447 12.87
G 30 20 0.36 5.49 2.88 8.57 + 0.2 23.56 271 5.56 13.32
A’ 35 6 0.12 15.57 2.98 0 7217 37.7 5.36 2.19
B’ 35 8 0.16 12.03 2.98 10.5 £ 0.2 48.05 371 2.34 7.41
(04 35 10 0.20 9.87 2.98 12.8 £ 0.1 39.97 29.4 2.40 9.42
L 35 12 0.24 8.42 2.98 129 £ 0.3 41.25 30.9 2.26 11.56
E’ 35 15 0.30 6.96 2.98 9.1+02 24.68 19.7 5.51 11.15
F 35 18 0.36 5.98 2.98 8.0+03 21.26 27.0 5.13 14.17
G 35 20 0.40 5.49 2.98 6302 21.77 31.2 6.76 14.21
MK1
H 50 6 0.16 12.57 3.44 1.6 £ 0.3 62.83 55.8 5.19 4.71
T 50 8 0.21 12.03 3.44 82 +0.2 32.25 449 1.88 10.80
J 50 10 0.26 9.87 3.44 7503 23.35 323 2.44 12.84
M 50 12 0.31 8.42 3.44 102 £ 0.3 17.36 24.9 2.85 14.88
(@) 50 15 0.39 6.96 3.44 7502 12.23 29.6 6.10 15.07
H 60 6 0.18 15.58 3.66 0 61.30 54.9 6.27 4.94
1 60 8 0.24 12.03 3.66 8.1 +0.1 23.81 51.8 2.61 11.69
J 60 10 0.29 9.88 3.66 8.0+03 15.60 43.6 2.86 14.32
K 60 12 0.35 8.42 3.66 8.8 0.2 14.12 39.8 5.48 14.40
N 60 15 0.44 6.96 3.66 57+02 10.34 314 9.41 14.19

Flexural strength, porosity and IR of the specimens (elaborated with pastes cured 2h at 85 °C). %Na,O soluble and fixed
# (DR) = percentage of sodium in terms of dry residue, where DR = (%MK + %Na,0 + %SiO,)
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The DTA/TG studies were conducted with a
Netzsch ATA 409 simultaneous thermal analyzer.
The heating rate was 4 °C/min, the sample mass was
200 mg and the maximum temperature 1,000 °C.

The X-ray diffraction patterns of the powdered
samples were recorded on a Philips PW 1730 diffrac-
tometer using CuKa radiation. The tests were run in
a 20 range of 5-60° at a scanning rate of 2°/min, with a
divergence slit of 1°, an anti-scatter slit of 1° and a
receiving slit of 0.01 mm.

The FTIR spectra were recorded on an ATI Mattson
FTIR-TM series spectrometer. Specimens were pre-
pared by mixing 1 mg of the sample in 300 mg of KBr.
The spectral analysis was performed in the range
4,000-400 cm™, with a spectral resolution of 4 cmL.

Solid-state 2°Si, Al and Na NMR spectra were
obtained with a Bruker MLS-400 spectrophotometer
working at 79.49 and 104.26 MHz, respectively. 2°Si
and ?” Al MAS NMR spectra were obtained after 7/2
pulse excitations (4 ps) and 5s of recycling delays.
Spectra were recorded with MAS techniques, with
sample spinning rates of 4 and 12 kHz. The number of
scans was 800 and 200, respectively for 2°Si and *’Al
spectra. Baseline distortions were eliminated after
correction of dead time effects. 2°Si and *’Al chemical
shifts were reported with respect to tetramethylsilane
(TMS) and 1M AICI;-6H,O0 solutions, respectively.

The insoluble residue (IR) in dilute acid was deter-
mined for each paste using a procedure that dissolves the
reaction products without attacking the unreacted
metakaolin in the sample [3]. Loss on ignition at
1,000 °C and the soluble sodium in cured pastes were
determined with a methodology described elsewhere [3].

Since the degree of reaction in the activated pastes is
under 100%, they contain a mix of reaction product
(alkaline polymer) and reagents (MK and NaOH) in
their composition. Due to this, the composition of the
polymer obtained does not concur with the composi-
tion of the initial reagents. Consequently, samples M, F
and D were analyzed using the methodology described
in a previous paper [7] to determine the chemical
composition of the alkaline polymer. For this same
reason, total sodium, aluminium and silicon were
likewise determined for these samples, as well as for
the solid residues remaining after the samples were
attacked with dilute acid [7].

Results
The two kaolins and their respective metakaolins

were fully characterized (chemical and mineralogical
composition, thermal behaviour, specific surface,

@ Springer

particle size distribution, and so on) in previous
studies [4, 8]. MK1 and MK2 behaviour when
activated with different concentrations of NaOH
has also been reported elsewhere [3, 7]. Table 2
shows the composition of the metakaolin pastes
activated with different waterglass + NaOH solutions,
along with specimen flexural strength, porosity, the
insoluble residue in dilute HCl and %Na,O fixed
and soluble.

The XRD traces for the two metakaolins and sample
M are reproduced in Fig. 1. The only crystalline phase
in MK1 is quartz, while the diffractogram for MK2
shows low intensity reflections attributed to dehydr-
oxylated pyrophyllite and anatase [9, 10]. The diffrac-
tograms for all the MK1 pastes contain quartz crystal
reflections and a halo at 20 = 30°, indicative of an
essentially amorphous compound. The position of this
halo, at larger angles than in the patterns for the initial
MKI1, is characteristic of the alkaline polymers
obtained [5, 11]. The additional diffraction lines visible
in the XRD patterns for samples O and N at
26 = 5.88°, 9.84°, 11.40°, 15.18°, 19.74°, 23.16°, 28.98°,
30.72°, 40.72° are attributed to the crystallization of a
faujasite-type sodium aluminosilicate.

Q
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Fig. 1 XRD patterns of MK1, MK2 and Composition M
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The diffractograms for the MK2 pastes, with a halo
at 20 =30°, are likewise indicative of amorphous
materials; reflections of the quartz, pyrophyllite and
anatase from the unreacted metakaolin are also visible;
tiny faujasite reflections can be seen on the patterns for
pastes E and E’, and samples F, G, F and G’, in turn,
contain sodalite reflections. Hence, slight zeolite crys-
tallization is observed in the samples of the two
metakaolin pastes activated with alkaline solutions in
which the Na concentration is 15 M or higher. This
finding concurs with results reported by Rahier et al.
[12], who obtained sodium aluminosilicates that were
not wholly amorphous in sodium silicate-activated
metakaolin samples having a SiO,/Na,O molar ratio
of under 0.8.

Figure 2 shows the FTIR spectra for MK1, MK2 and
some of the pastes obtained. The MKI1 spectrum
contains wide bands at 460, 1,090 and 1,150 cm™,
indicative of the Si—-O vibrations in the SiO4 molecule.
These signals are observed at frequencies higher than
assigned to these compounds in the literature [13]. The
band appearing at 800 cm™' corresponds to the Al-O
vibration in the tetrahedrally coordinated AlO4 mol-
ecule [8, 11].

The spectra for the activated MK1 pastes (Fig. 2)
show a band at 445 cm™ and a very wide band at
584 cm™'; the band at approximately 700 cm™ is
characteristic of the amorphous polymer formed [11].
Other findings include the disappearance of the band
at 800 cm™, attributed to the condensed AlO, in the
metakaolin, and the shift in the Si—-O-Al vibration
band from approximately 1,090 to 987 cm™ [11, 13, 14].
When 15-M activator is used, a group of bands
corresponding to the zeolite that crystallizes at this
concentration is observed to develop at around 619-
662 cm™' [11].

The FTIR spectrum for MK2 contains absorption
bands corresponding to Si—O vibrations (486, 1,048,
1,085 and 1,136 cm™) due to metakaolin and anhy-
drous pyrophyllite [11, 15] and to Al-O (at 802 cm™)
vibrations due to metakaolin. In addition, a sharp
intense signal attributed to dehyroxylated pyrophillite
is visible at around 566 cm™', assigned to Si-O-Al
stretching vibrations [15]. The spectra for the MK2
activated pastes contain bands in the 420-490 cm™
range that correspond to the dehydroxylated pyrophyl-
lite present in the initial metakaolin. The intense band
at 486 cm™' is more intense in the MK2 spectrum than

b)
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Fig. 2 (a) FTIR spectra for MK1 and sample M, (b) FTIR spectra of MK2 and F, L and D samples
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Table 3 Chemical shift in the main signals on the ?’Al, °Si, *Na
MAS NMR and ['H]-*’Si CP MAS NMR spectra for the samples
studied

MK Sample %Al § Si o 'H®Si o Na o
(ppm) (ppm) (ppm) (ppm)
MK2  59.5
38.7 -107.8
2.6 -101.4
MK2 B -106.7
572 -101.3 -87.1 -9.9
2.6 -90.1
MK2 D -101.2
57.7 -89.8 -87.1 9.4
2.6 -86.6
MK1 553
29.7 -108.0
2.5
MK1 I 57.4 -90.8 9.4
MK1 K 57.4 -88.4 -86.5 9.0

in their activated pastes spectra [11]. The band at
566 cm™! attributed to the pyrophyllite in the initial
metakaolin is still visible, although less intense. A new
band characteristic of the reaction product formed can
be seen developing at 700 cm™ [11]. The bands at
around 800 cm™' on the spectra for the initial metaka-
olin corresponding to Al(IV)-O vibrations are also
observed to disappear, while the Si—O vibration band
at 1,050-1,136 cm™ shifts to lower frequencies
(1,000 cm™) [13, 14]. The infrared spectrum for these
compositions shows no substantial variation when the
amount of liquid is increased. At higher Na concen-
trations, the band at approximately 1,000 cm™" shifts to
lower frequencies (990 cm™). This shift is greater than
observed by Barbosa et al. [S] and confirms the results

Fig. 3 (a) °Si MAS NMR of
MK?2 (dash) and sample D
recorded in single pulse
(solid) and CP (dot) mode.
(b) °Si MAS NMR of MK1
(dash) and sample K recorded
in single pulse (solid) and CP
(dot) mode

a)

.
1=}
@

published by other authors [13], who reported an
increase in the shift in the said band with decreasing
Si0,/Na,0 ratios in the activating solution.

Table 3 shows the chemical shifts corresponding to
the most intense bands on the 2’Al, 2Si MAS NMR,
2Si MAS NMR, ['H]-*’Si CP MAS NMR and *Na
MAS NMR spectra for some of the pastes.

The *°Si NMR spectrum for MK2, shown in Fig. 3a,
has a very wide and asymmetric band with two intense
signals at —107.8 ppm (Q* (0Al)) and at —101.4 ppm
(Q* (1A1)), respectively attributed to the tetrahedral Si
in the metakaolin and the pyrophyllite present in the
sample [16, 17]. A wide signal appears at -91.0 ppm in
the sample activated with an 8 M solution (Sample B);
although less intense than in the initial spectrum, the
signals for the 53% unreacted MK2 in the sample are
also visible. The width of the sample is indicative of the
existence of different environments for Si [5, 6, 16].

As expected, the unreacted MK2 bands disappear
from the 'H-*’Si CP MAS NMR spectrum for the
activated sample; the signal appearing here at
-87.1 ppm is narrower than the analogous bands
observed in the spectra discussed above. When the
activator concentration is increased (Sample D), the
spectra are similar to those described above, although
the signals attributed to unreacted MK (38%) are less
intense in the spectrum recorded in single pulse mode.

The initial spectrum for MK1, reproduced in Fig. 3b,
also has a very wide and asymmetric band peaking at
~108 ppm (Q* (0Al)) [16, 17], whose intensity declines
substantially when the samples are activated with 8 and
12 M solutions (IR = 23.8 and 14.1%wt, respectively).
This gives rise to a wide signal that peaks at —90.8 ppm
for Sample I and -88.4 ppm for Sample K, where a

b)

-88.4

@ Springer

-110 -120 -130 -60 -70 -80 -90 -100 -110 -120 -130

ppm



J Mater Sci (2007) 42:2934-2943 2939
Fig. 4 Left, ”’ Al MAS NMR ~ <
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smaller peak attributable to the quartz in the metaka-
olin is also visible at —107 ppm (Si Q* (0Al)).

Again as expected, the unreacted MK1 bands
disappear from the '"H-*’Si CP MAS NMR spectrum
for Sample K, which presents a signal at —-86.5 ppm.

The #’ Al NMR spectra (Fig. 4) for both MK contain
signals indicative of the presence of octahedral, pen-
tahedral and tetrahedral Al [17]. When the samples are
activated, bands appear on the spectrum at between 57
and 58 ppm, revealing the existence of tetrahedral Al
surrounded by four Si. Samples B and D also contain a
small signal attributed to the octahedral Al present in
the unreacted MK. The chemical shift in the **Na is
similar in all these samples, denoting the same degree
of cation solvation in all cases.

In both types of MK specimens, strength increased
with the Na concentration in the activating solutions,
peaking at 12 M and declining thereafter. The flexural
strength values, in turn, declined with rising doses of
activator in the mix. No strength was recorded at any
time throughout the duration of the test for the MK2
samples made with the lowest Na concentration.

The flexural strength values for the MK2 paste
specimens varied with the Na concentration in keeping
with Eq.1 obtained by polynomial regression fit
(Statgraphics), while the variation in MK2 specimen
mechanical strength in terms of the volume and
concentration—up to 12 M—of the Na in activator is
described by expression (2) obtained by multiple
regression analysis (Statgraphics):

R(Mpa) = —36.11 + 11.12X5 — 0.799X3

1
+0.0175X3 R? =0.9520 @

R(Mpa) = 12.27 4 0.55Xa — 0.16Xg R* = 0.7907
2)

40 30 20 10 O -10 80 70 60 50 40 30 20 10 0O -10
ppm ppm

Where X, is the Na molar concentration in the
activator (mol/l) and Xg is the volume of activating
solution (ml).

Generally speaking, specimen porosity sank with
increasing Na concentration in the activating solutions,
reaching the nadir at 12-15 M, after which values
sloped upward. Porosity values rose, however, with
increasing volume of liquid in the mix.

The findings on insoluble residue are given in
Table 1. The values of this parameter declined as the
Na concentration in the activating solution and the
solution volume grew. Using multiple regression anal-
ysis (Statgraphics), the following expressions were
found to relate the amount of insoluble residue to Na
concentration and volume of liquid:

MKI1 : LR(wt%) = 103.39 — 0.457 X — 4.994X 5
R =0.6561

MK2 : LR(wt%) = 105.13 — 0.719X5 — 3.2654 X s
R =0.8174

4)

Table 2 gives the concentrations of soluble and fixed
Na,O in the pastes, referred to the dry residue
(%MK + %Na0O + %SiO,) measured in the pastes.
Figure 5 shows the sodium fixed in the reaction
product versus the initial dose of sodium in the two
types of metakaolin. The amount of fixed Na,O
increases with the amount of initial Na,O up to about
18%wt, but flattens thereafter, remaining more or less
constant irrespective of the type of MK.

Two endothermal signals, at 180 and 330 °C, are
observed in the DTA/TG for all the samples; and in
the MK2 samples an additional endothermal signal,
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Fig. 5 %wt of fixed Na,O
versus percentage of Na,O in
reactive

%Na,0 Fixed (DR*)

B M2
Y MK1

N

XX

R

s

resessesssassa

9l

Q

attributed to the loss of different types of water, is
visible at around 460-500 °C. All the curves also
showed a signal at 800 °C attributed to the crystalliza-
tion of anhydrous sodium aluminosilicate from the
hydrated compound formed at lower temperatures.
The DTA/TG data for Samples M, D, E and F are
given in Table 4.

The Na, Si and Al content in activated pastes D, F
and M and in the solid residue remaining after these
same pastes were attacked with dilute acid [7], as well
as the soluble Na and loss on ignition in activated
pastes D, F and M, were measured to determine the
composition of the polymer formed during MK1 and
MK?2 alkali activation. The results of the analyses of
the Si, Al and Na content in some of the activated MK
pastes and their solid residues after attack with dilute
acid are given in Table 5.

The composition of the alkaline polymer formed after
alkali activation of metakaolin was determined on the
grounds of these analyses, the Na,O soluble values in
samples and the DTA data applying the methodology
described in [7]. Table 6 gives the chemical composition
of these alkaline polymers and their molar ratios.

I e e
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

%Na,O initial (DR)*

|

Table 5 Si, Al and Na content in pastes and the solid residua in
IR test (%wt)

T
7

Label Na,O SiO, ALO; LI  Soluble Na,O
Paste D 10.6 46.6 28.1 10.72 1.98
F 152 427 261 12.40 3.92
M 142 445 237 14.77 2.43
Solid residue D 0.16 57.42 33.81
inIRtest F 021 53.78 32.11
M 0.24 60.42 27.95
Discussion

The composition, structure, microstructure and prop-
erties of the polymers formed in the alkali activation of
metakaolin depend on the concentration, volume and
type of activator used, as well as the characteristics of
the metakaolin itself (composition, fineness and so on)
[3, 5, 12, 18-20].

The product of metakaolin activation with NaOH
solutions is an amorphous cementitious material [3, 6
8] with good mechanical properties [3]. It has been
concluded from FTIR, ?’Al, 2°Si MAS NMR and **Na

Table 4 Temperature of transformations in DTA curves (°C) and associated TG (%wt)

Label 1st DTA peak T TG loss 2nd DTA peak T TG loss

3rd DTA peak T TG loss Exo DTAT TG (%wt)

(°C) (%wt) (°C) (%wt) (°C) (%wt) (°C) Total lost
M 180 9.8 330 0.4 - - 800 14.8
D 180 7.1 340 1 460 1.8 980 11.3
E 190 8.5 340 0.6 500 0.8 840 13.3
F 150 6.2 340 12 490 1.7 820 13
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Table 6 Oxide composition and molar ratios of the polymers in samples D, F and M (%wt)

Label % 8102 % A1203 % NaZO % H20 SlOz/Ale3 A1203/NaZO SlOz/Nazo SIOZ/Hzo
F 27.87 17.24 11.22 7.4 2.74 0.93 2.56 1.1

D 24.45 15.06 8.55 8.1 2.76 1.07 2.95 0.90

M 34.01 18.84 11.72 10.2 3.06 0.97 2.99 1.00

MAS NMR [7] studies that its three-dimensional
structure is a network [Q*(Al)] consisting in alternating
SiO4 and AlOy tetrahedra linked by shared O atoms [7,
12]. The alkali cations in the structure balance the
negative charge of the tetrahedrally coordinated AI**
ion. The general formula for the reaction product is
25i0,-Al,05-Na,O- 2H,0 [7].

When the activator is a NaOH and waterglass mix,
the material formed is amorphous and cementitious,
but its structure and composition are different from the
product formed when NaOH is used alone [12].

Many authors have related the molar composition
(Si02/A1203, Na203/A1203, A1203/H20) of metakao-
lin and alkaline solutions mixes to the structure of the
polymer obtained, its properties and so on [5, 18-21],
but without conducting a chemical analysis of the
polymer or determining the degree of reaction or
amount of excess alkali. Both the degree of reaction
reached in the different pastes and the composition of
some of the polymers obtained were found in the
present study.

The insoluble residue provides a good measure of
the degree of reaction in the samples, for it corre-
sponds to the unreacted MK [3, 7]. It is not a direct
measure of the polymer formed, however, for it also
contains the zeolite appearing in some of the samples,
although given the small amounts of mineral involved,
the error is of minor significance.

The IR values for the samples made with the two
types of MK show that the degree of reaction increases
with the volume and concentration of Na,O in the
activating solution: according to the regression coeffi-
cients in Egs. 3 and 4, the degree of reaction is more
sensitive to increases in concentration—rising more
sharply—than to increases in volume.

Moreover, the degree of reaction in MK1 is greater
than in MK2 samples, due, certainly, to the higher
specific surface of the former and the larger volume of
activator used. As a result, at any given concentration,
the amount of NaOH per gram of metakaolin is much
higher in MK1 than MK?2 mixes. That higher degree
of reaction does not, however, lead to the development
of greater mechanical strength, since larger volumes of
activating solution induce greater porosity.

The IR (or degree of reaction) varies linearly with
the percentage of Na,O fixed, expressed as a percent-
age of dry residue. As the degree of formation of the
polymer rises (and IR declines), more sodium is fixed
as illustrated in Fig. 6 and Eq. 5 obtained by multiple
regression analysis (Statgraphics).

IR = 85.59 — 4.7878% Na, O fixed R> = 0.9890 (5)

The values of IR in the MK1 and MK2 samples
activated with a sodium silicate + NaOH solution are
greater than in analogous samples activated with
NaOH alone [3]. In the former in other words, the
degree of reaction is smaller and the amount of
unreacted metakaolinin greater. This is because the
silica in the sodium silicate reacts sooner than the silica
in the metakaolin, leaving a larger proportion of
unreacted compound (compared to activation with
NaOH). Finally, the flexural strength values obtained
for NaOH + waterglass-activated MK specimens cured
for 2 h at 85°C were greater than obtained for
analogous specimens made with metakaolin activated
with NaOH alone [3], despite the lower degree of
reaction in the former [3].
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Fig. 6 Variation of paste IR versus Na fixed in the polymer
formed
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Moreover, pastes D, F and M were analyzed with
the aforementioned methodology [7] and the compo-
sition of the polymers formed was obtained (Table 6].
The Si/Al ratio was approximately 1.4-1.5, the Al/Na
ratio in turn is close to 1, indicating both that the
cation is incorporated into the polymer structure,
offsetting the entire charge of the Al. The approxi-
mate general formula for the polymer formed when
metakaolin is activated with sodium silicate + NaOH
is: N32038102A12033H20

According to the NMR data given in Table 2 and
Figs. 3 and 4, the main band on the *’Si MAS NMR
spectrum is located at around —90 ppm (from —88.4 to —
90.8 ppm); the width of this signal, which is indicative
of the existence of different environments for the Si, is
due to the overlapping of the band corresponding to
the alkaline polymer formed with the band attributed
to the unreacted metakaolin in the samples. According
to a paper by Duxson et al. [19], the range of
frequencies at which the Si Q*Q2Al) and Q*(3Al)
components are found in alkaline polymers is from —95
to -91 ppm and -88 to —85 ppm, respectively; and for
samples with a nominal Si/Al value of 1.5, the fraction
of Q*(3Al) silicon is the highest. Rahier et al. [12], in
turn, found that as the SiO,/Na,O ratio in the
activating solution declines, the average amount of
Al bound to Si rises. A steady increase in the Al
chemical shift is also observed for increasing degree of
Al substitution together with a shift of Si-O asymmet-
ric stretching band to lower frequencies in the FTIR
spectrum.

Both the position of the band at around 57-58 ppm
on the ?’Al MAS NMR spectra and the position of the
Si-O antisymmetric stretching band in the FTIR
spectra at around 1,000 cm™' are compatible with
values for Al substitution for Si of about 3 [12].
Moreover, the "H*Si CP MAS NMR signals position
at about —-87 ppm (Figs. 3, 4) originated by SiOH
groups, reveals the existence of Si Q* (3Al) in samples.
The high concentration of Na and the consequently
low SiO,/Na,O ratio in the activating solution and the
Si/Al ratio measured in the polymers support the
hypothesis that the hydrated sodium aluminosilicates
formed have a three-dimensional structure in which Q*
Si (3Al) component predominate.

When a 6-M activator used, the flexural strength
values reached by the end of the test time were either
undetectable (MK?2) or very low (MK1).

As noted in the section on results, flexural strength
values rise with declining activator volume and grow-
ing Na concentration. The coefficients in Eq. 2 describ-
ing the mechanical performance of MK2 specimens
show that mechanical strength is affected more by

@ Springer

increases in activator concentration than by changes in
volume (for variations in the range of values used in
this study). Raising the activating solution volume has
a dual effect: on the one hand, it is beneficial,
prompting a rise in structural Si and Na, while on the
other larger volumes of liquid increase porosity, which
has an adverse effect on strength.

Moreover, sample flexural strength peaks at an
activator concentration of 12 M, turning downward at
higher concentrations. This decline in mechanical
strength may be due to zeolite crystallization at high
concentrations of activator; the presence of this min-
eral was detected by XRD analysis in all the samples
activated with 15-, 18- and 20-M solutions.

Although all the specimens were highly porous, no
clear correlation could be found between activator
concentration or volume and porosity, or between
porosity and mechanical strength.

Conclusions

1. The reaction product of metakaolin activation
with sodium silicate + NaOH solutions is an
amorphous hydrated sodium aluminosilicate in
which a Q* Si (3Al) type three-dimensional
structure predominated. The alkaline ions in the
structure maintain the electrical balance. The
general formula obtained for this inorganic poly-
mer was Na,0-3Si0,-Al,05-3H,0.

2. The alkali activation of metakaolin with sodium
silicate + NaOH solutions produces materials with
higher mechanical strength than activation with
NaOH alone.

3. The synthesis variables studied (activator concen-

tration and volume) and the specific surface of the
initial metakaolin determine the strength of the
final product.
Flexural strength values rise with declining activa-
tor volume and higher concentrations of Na.
Strength values are affected by increases in activa-
tor concentration more than by larger volume.

4. The existence of excess sodium (due to increases in
activator concentration) leads to sodalite or fauj-
asite crystallization, which has an adverse effect on
strength development.
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