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ABSTRACT: K-based geopolymer binder was prepared by reacting metakaolin with alkaline solutions
having different potassium contents and by water curing at room temperature and 80 °C as well as steam
curing at 150 and 180 °C. The phase formation, microstructure and Al and Si nearest neighbor environ-
ments were studied using XRD, TEM and Al and *Si MAS NMR spectroscopy, respectively. The results
revealed that amorphous alumino-silicates were predominant in geopolymer prepared by curing up to 28 days
at room temperature or at 80 °C. The amorphous alumino-silicates persisted after hydrothermal treatment at
150 °C/48 hrs and even at 180 °C/30 hrs. However, the samples cured hydrothermally at 180 °C/48 hrs revealed
formation of crystalline potassium aluminum silicate and chabazite phases. The Al nearest neighbor environ-
ments was not significantly affected by increasing the K/Al ratio up to 1.55 or by the curing temperatures.
On the other hand, the geopolymer reaction appears to have increased when cured at 80 °C or steam cured at
150° and 180 °C and crystalline aluminosilicates resulted when the geopolymer sample was hydrothermally
treated at 180 °C/48 hrs.
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RESUMEN: Geopolimeros de metakaolin basados en potasio: papel de la relacion KIAl y del curado en agua o
con vapor a diferentes temperaturas. Se prepararon geopolimeros por reaccion de metacaolin con disoluciones
alcalinas con diferentes contenidos de potasio. Se realizdé un curado con agua a temperatura ambiente y a
80 °C, y con vapor de agua a 150 y 180 °C. La formacion de las diferentes fases asi como la microestructura
y entornos del Al y Si se estudiaron mediante DRX, TEM y espectroscopia de RMN MAS de Al y *Si. Los
aluminosilicatos amorfos fueron predominantes en aquellos geopolimeros sometidos a curado de hasta 28 dias
a temperatura ambiente o a 80 °C. Los aluminosilicatos amorfos persistieron tras el tratamiento hidrotermal
a 150 °C/48 horas e incluso a 180 °C/30 h. Sin embargo, las muestras curadas hidrotermalmente a 180 °C/48 h
revelaron la formacion de fases cristalinas de silicatos de aluminio y potasio, asi como de chabazita. Los entor-
nos de Al no resultaron afectados significativamente por el aumento de la relacion K/Al de hasta 1.55, ni por las
temperaturas de curado. Por otro lado, la reaccion de geopolimerizacion aumento6 cuando el curado se realizo a
80 °C o con curado a vapor a 150 y 180 °C.

PALABRAS CLAVE: Geopolimero basado en potasio; Curado con vapor; Distribucion de tamano de particulas;
Resonancia Magnética Nuclear (RMN)
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1. INTRODUCTION

Geopolymers are inorganic binders with good
resistance to high temperatures and acid degra-
dation, as well as good mechanical properties (1).
Therefore, they are an attractive alternative to
standard Portland cement, and their use allows
for the recycling of large amounts of industrial
waste. The mechanical properties of geopolymer
materials were shown to depend on (a) the alkali
cations (Na+ or K+) and (b) the Si/Al molar ratio
(2). The compressive strengths of potassium-based
geopolymers were found to be greater than those
of sodium based materials, when their Si/Al molar
ratios were between 1.4 and 1.9 (2). However, at
higher Si/Al ratios (~2.15) a decrease in mechani-
cal properties was observed due to the presence of
unreacted cations after polycondensation reactions
had occurred (2). The working properties of these
materials were also found to depend on the amount
of water added to the mixtures (3). Trapped water
in the geopolymer network generates porosity,
which results in diminished mechanical properties.
The term “geopolymer” is based on the amor-
phous nature of these materials and the coordina-
tion environments of silicon and aluminum. Their
three-dimensional structure is composed of SiO,
and MAIQO, tetrahedra, where M is a monovalent
cation, typically Na* or K*. The geopolymer net-
work is comparable to that of some zeolites but it
differs from zeolites in that the network in geopoly-
mers are randomly arranged, giving them an X-ray
amorphous character. The polymeric character of
these materials increases with the Si/Al ratio, as the
aluminum atoms cross-link with the chains of SiO,
tetrahedra. In general, their chemical composition
is of the form {M+ n (Si0O,) z, AIOZ} n, w H,O,
where z is the Si/Al molar ratio, 'M" is the monova-
lent cation and n is the polymerlzanon degree (1).
Thus, altering the Si/Al ratio in geopolymers allows
the synthesis of materials with different structures.
The geopolymerization mechanism is particularly
difficult to study on account of the slow reac-
tion kinetics and the amorphous character of the
products. However, most authors agree that the
mechanism involves dissolution, followed by gel
polycondensation (4, 5).

Some studies have been made of the curing of
geopolymer materials at different temperatures
to provide useful information about the reaction
mechanism as a function of curing temperature.
Among the different geopolymer materials, meta-
kolin- and fly ash- based geopolymers activated by
alkali were found to have an optimum curing tem-
perature in air of 60 °C (6, 7). However when these
geopolymer samples were cured at temperatures
>60 °C, the compressive strength decreased (7).
Based on the current knowledge of geopolymers,
the facile preparation procedure for a chemically

stable metakaolin geopolymer can be summarized
as follows: setting and curing of the reagents (a
solid aluminosilicate source and an alkali silicate
solution) occurs at room temperature in a mould
which provides a moisture level of about 40% (8).
However, curing at 50 °C was reported not to lead
to improved properties compared to room temper-
ature curing, but curing at 110 °C produced a really
stable matrix of a semicrystalline nature, which was
more zeolite-like (8). Although the effect of tem-
perature in controlling the reactions is understood
in metakaolin geopolymers to some extent, more
research is needed about the various factors that
control the geopolymer-forming reactions. For this
reason, the present study is focused on the effect of
the potassium content on metakaolin-geopolymer
samples when they are cured in water at room tem-
perature and at 80 °C. The effect of steam curing of
selected geopolymer samples was also determined.
The geopolymerization reaction of cured samples
was stopped at different times and the product
phases were characterized using XRD, TEM, *Si
and Al MAS NMR spectroscopy to prov1de a
deeper understanding of the reactions involved.

2. MATERIALS AND METHODS
2.1. Raw materials

The starting materials were commercial, highly reac-
tive metakaolin (HRM) supplied by Advanced Cement
Technology, Blaine WA, USA (Si0,=51.74 wt%,
Al,0;=42.79 wt%), potassium silicate powder (SiO,/
K,0=1.63) supplied by PQ Corporation Industrial
Chemicals Division, PA, USA and Potassium hydrox-
ide ACS grade (purity=86.27 %) supplied by Fisher
Scientific.

2.2. Sample preparation

The potassium hydroxide and potassium silicate
were dissolved in a predetermined amount of water
to produce a clear solution. The metakaolin powder
was then mixed with the prepared alkaline solution
at room temperature according to the sample com-
positions shown in Table 1. These compositions were
achieved by varying the KOH molarity to give K/Al
molar ratios of 0.9, 1.13, 1.35 and 1.55, keeping the
Si/Al molar ratio constant at about 1.69.

The resulting slurry was cast in stainless steel
reusable molds to set at room temperature. After
20 hrs from casting, the samples were then demolded
and subjected to water curing at temperatures of
25° (room temperature) and 80 °C for up to 28 days.
Depending on the XRD of one day curing at room
temperature, mix 3 (Table 1) was also subjected to
conventional hydrothermal curing (saturated steam
curing) for up to 48 hr at temperatures of 150 °C
and 180 °C. After each curing period, the hydration
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TABLE 1.

Mix compositions of metakaolin- K- based geopolymer samples in addition to curing conditions

Powder composition, wt. %

Additions, wt. %

K/AlL molar Si/Al molar

Curing conditions

Mixes Metakaolin Potassium silicate Water of workability KOH ratio ratio
Ml 15 0.9 ~
M2 22.5 1.13 B
Water cured )
1.69 at room Conventional
M3 65 35 45 30 1.35 ' temperature hydrothermal
and at 80 °C curing at 150°
and at 180 °C
M4 37.5 1.55 B

reaction was stopped by soaking the sample in an
organic solvent mixture of ethyl alcohol and ace-
tone (1:1) for two hours followed by washing with
diethyl ether and drying overnight at 80 °C (9).

2.3. Sample characterization

The crystalline reaction products were identified
by XRD, using a powdered sample. Powder XRD
was carried out using PANalytical Empyrean XRD
equipment with Cu Ko radiation. The morphology
and particle size of powdered samples was determined
by transmission electron microscopy (TEM) (Model
2010, JEOL, Tokyo, Japan) operating at 200 Kv. For
TEM observation, the powdered samples were well
dispersed in water using ultrasonic treatment and
deposition on copper TEM grids. Since geopoly-
mers are typically X-ray amorphous, solid-state *’Si
and *’Al MAS NMR spectroscopy was carried out
at 11.7 T to study the x-ray amorphous phases in the
reacting system. The spectra were acquired using a
Bruker Avance III 500 spectrometer operating at
a *’Al frequency of 130.24 MHz and a *Si fre-
quency of 99.29 MHz. The *’Al solid-state spectra
were acquired using a 4 mm Doty MAS probe with a
silicon nitride rotor spun at 10-12 kHz, a 1 pus pulse
and a 1 s recycle time, the spectra referenced with
respect to Al(H,0);*. The *’Si spectra were acquired
with a 5 mm Doty MAS probe and a zirconia rotor
spun at ~6 kHz. The excitation pulse for Si was
7 us with a recycle time of 30 s and the spectra were
referenced with respect to tetramethylsilane (TMS).

3. RESULTS AND DISCUSSION
3.1. X-ray diffraction (XRD)

The prepared geopolymer samples were moni-
tored by XRD at periods of 1, 7 and 28 days after
curing in water at 25 and 80 °C. The XRD patterns
of all samples cured at 25 and 80 °C up to 28 days
showed only amorphous phases as shown in Figure 1
for samples aged at 25° for one day and Fig. 2 for
samples aged at 25 and 80 °C for 28 days. The XRD
results show that these curing conditions produce only
amorphous phases even in samples cured at 80 °C as

evidenced by the amorphous background hump at
around 28° 26 (Figures 1 and 2). The only crystalline
phase present (quartz) detected was originally present
in the starting metakaolin (Figure 1). The decreas-
ing of intensity of quartz peaks with increasing the
potassium content (M 1:M4) as shown in Fig. 1 could
be explained the increasing of gelation process of
geopolymer reaction. These samples were also fired
at 1000 °C for 2 hr and their XRD traces (Figure 3)

One day age geopolymer samples cured at room
temperature
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FiGure 1. XRD traces of the geopolymers of different
compositions cured for one day at room temperature
compared with metakaolin as starting materials.
Key:Q: Quartz — I: Illite — An: Anatase.

Materiales de Construccion 66 (322), April-June 2016, e081. ISSN-L: 0465-2746. doi: http://dx.doi.org/10.3989/mc.2016.03115


http://dx.doi.org/10.3989/mc.2016.03115

4« A. Tawfik et al.

28 days agosamples water cured 28 days agosamples water cured
at room temporature at 80 °C

Q A Q

/ M4 A

S G A
/WL\A‘A
M4

S Q M4

‘ Qa M
M2 L/\-J/l\_‘_\_‘__

M1 M1

Relative Intensity [A.U]
)
{
{
\\

4 14 24 34 44 54 4 14 24 34 44 54
Degrees two theta Degrees two theta
FiGure 2. XRD traces of the geopolymers of different
compositions cured in water for 28 days at 25 °C and
80 °C. Key: Q=quartz, A=amorphous phase.
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FIGURE 3. XRD traces of the geopolymers of different

compositions after firing for 2 hr. at 1000 °C. Key: K=kalsilite,

KAISiO,, L=leucite, K(AlSi,04), Q=Quartz.

showed the formation of the crystalline potassium
aluminosilicate phases leucite, KAISi,O, (PDF no.
1-76-8733) and kalsilite, KAISiO, (PDF no. 50-0436).
These results are consistent with previously-reported
studies (10, 11). A minor amount of unreacted quartz
was also detected in sample no. 1.

The geopolymers prepared from mix no. 3 were
monitored by XRD after periods of conventional
hydrothermal curing for 6, 12, 24, 30 and 48 hr at
150 °C and 180 °C. The diffractograms (Figs. 4
and 5) show the typical amorphous hump in the
XRD patterns at around 28 26° even after curing
at 150 °C for up to 48 hr (Figure 4), as is also the
case for the samples cured at 180 °C for up to 30 hr
(Figure 5). However, the XRD trace of sample
cured for 48 hr at 180 °C (Figure 4) contained the
peaks of crystalline potassium aluminum silicate,
K1 s(Al}; 5812 5064)(H,0)15 5, (PDF# 01-074-2934),
and chabazite K, K, 4(Al; sSi5,05)(H,0), .3 (PDF#
01-085-0976), as well as quartz and minor amounts
of anatase, the latter two being originally present in
the metakaolin (Figure 1).

3.2. Transmission electron microscopy (TEM)
Selected samples were characterized by using

TEM to investigate the morphology of the geopoly-
mers. Figure 6 illustrated the TEM micrograph of

Conventional hydrothermal
curing at 150 °C
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FIGURE 4. XRD traces of geopolymer samples
cured hydrothermally at 150 °C for up to 48 hr.
Key: Q=quartz, A =amorphous phase.
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FIGURE 6. TEM micrographs of geopolymer samples
cured at room temperature for 28 d with
composition of a) M1, b) M3, ¢) M4.

mixes 1, 3 and 4 water cured at room temperature for
28 d and Figure 7 shows the TEM results of Mix 3
cured at room temperature and at 80 °C for 7 days
as well as when cured at 80 °C for 28 days. All the
samples cured at room temperature show a gel-like
phase (globular) even after curing in water at 80 °C
as shown in Figures 6 and 7. The degree of reaction

(@)

FIGURE 7. TEM micrographs of geopolymer samples prepared
from mix M3, cured at room temperature and 80 °C showing
particle-like shapes: (a) cured for 7 d at room temperature,
(b) cured for 7 d at 80 °C, (c) cured for 28 d at 80 °C.

(b)

100 nm

FIGURE 8. TEM micrographs of the geopolymer sample
prepared from Mix 3 steam cured at 150 °C for periods
of (a) 6 hrs, (b) 12 hrs, (c) 24 hrs and (d) 30 hrs.

in the geopolymer appears to have increased in mix 3
when cured at 80 °C for 28 days compared with those
cured at 80 °C for 7 days, evidenced by the appear-
ance of particle-like shapes instead of the gel-like
structures (Figure 7a—c).

The TEM micrographs of the samples cured by
the conventional hydrothermal procedure for differ-
ent periods at 150 °C show that increasing the cur-
ing time from 6 to 30 hr changes the morphology,
increasing the appearance of amorphous particles
with well-defined shapes as shown in Figure 8a—d.
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FIGURE 9. TEM micrographs of the geopolymer sample
prepared from Mix 3 (a) hydrothermally cured at 150 °C
for 48 hr, (b) hydrothermally cured at 180 °C for 48 hr.

Powder XRD of these samples (Figure 4) shows
them all to retain the amorphous geopolymer char-
acteristics, apart from the quartz originally present.
On other hand, XRD of the sample steam cured
for 48 hr at 180 °C (Figure 5) indicates the forma-
tion of crystalline phases but the TEM micrographs
(Figure 9b) show somewhat similar morphology
to that of the X-ray amorphous sample cured at
150 °C for 30 hr (Figure 8d). The similarity in the
morphology of these samples suggested that an
NMR investigation of the Si and Al atomic environ-
ments might yield further information about this
apparently anomalous curing behavior.

3.3. Solid-state MAS NMR spectroscopy
3.3.1.7°Si MAS NMR

In geopolymers derived from metakaolin, the
Si and Al atoms are in tetrahedral coordination as
in the case of zeolites, with which they have struc-
tural similarities, containing a Q' structure with
four bridging oxygens (12). The broad major reso-
nance in all the present samples cured under differ-
ent conditions (Figs. 10, 11) located at about —89 to
—95 ppm is typical of the Q*(3Al) structure occur-
ring in geopolymers (12). The broadness of this reso-
nance arises from an envelope of slightly different
sites and is typical of a non-crystalline structure.
Some of the samples cured in water at room tem-
perature (Figure 10) show an additional shoulder at
about —105 ppm, especially in samples synthesized
with the two lowest potassium contents (mixes M1
and M2) (Flgure 10). These shoulders are in the
region of the Q* (4Si) environment (13), and sug-
gest a less-complete reaction of the silica in these
lower-alkali samples. The same resonance, associ-
ated with the crystalline quartz impurity in the orig-
inal metakaolin, is more clearly visible at —108 to
—114 ppm in the sample M3 cured in steam at 150 °C

50 0 -50 -100 -150 —-200

ppm from tetramethyl silance

FIGURE 10. ¥Si MAS NMR of geopolymers cured in
water at room temperature. The small peaks at about
—25and —160 ppm are spinning side bands.

for 48 hr (Figure 11), as a result of the narrower
envelope shape of the major resonance at —90 ppm.
This narrower envelope also reveals the presence of
another component at =99 ppm in this spectrum,
in the spectral region of Si—OH groups (13), con-
sistent with the curing of this sample in steam. The
resonances of crystalline silica and Si—OH groups
are completely absent from the same sample more
fully reacted at 180 °C for 48 hr (Figure 11), sug-
gesting that the formation of the crystalline alumi-
nosilicate phases under these reaction conditions has
consumed the additional silica originally present.

3.32. 741 MAS NMR

The *Al NMR spectra, of all the samples with
composition of (M1:M4) water cured at room tem-
perature for 28 as well as the samples steam cured
(with composition of M3) for different periods at
150° and 180 °C, contain only one major resonance
located at ~57 ppm corresponding to Al in a tetra-
hedral env1ronment with an AlQ,4(4Si) structure as
shown in a *’Al NMR representative graph for all
samples of Figure 12 (13). The position of this reso-
nance is typical of well-formed geopolymers (12), and
the absence of resonances related to 6-fold and 5-fold
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150C-12 hrs

—108 y50c_48hrs
114

180C-48 hrs

50 0 -50 -100 -150 -200

ppm from tetramethyl silance

FIGURE 11.  ”Si MAS NMR spectra of geopolymer sample
M3 steam-cured at 150 °Cand 180 °C. The small peaks at
about —25 and —160 ppm are spinning side bands.

170 120 70 20 -30 -80 -130
ppm from [Al(H,0),]**

FIGURE 12. Representative “’Al MAS NMR spectrum of
geopolymers cured at room temperature, 80 °C, steam-cured
at 150 °C and 180 °C. The small peaks at about
130 and —15 ppm are spinning side bands.

coordinated Al at about 0 and 30 ppm respectively
(13) also confirms the complete consumption of a
reactive part in metakaolin starting material in the
geopolymer-forming reaction. The Al coordination
is unaffected by the K/Al ratio changed in composi-
tion from M1 to M4 of the geopolymer mixes or the
geopolymer curing temperatures of 150° and 180 °C.

4. CONCLUSIONS

Geopolymers derived from metakaolin and alka-
line K solutions cured at room temperature or 80 °C,
or steam-cured at 150 °C for 48 hr and at 180 °C

for 30 hr remain X-ray amorphous. Their atomic
environments are shown by Al and *Si MAS NMR
spectroscopy to be solely tetrahedral, consistent with
completely-reacted geopolymers. When calcined at
1000 °C in air these geopolymers are shown by XRD
to form the expected potassium aluminosilicate
phases leucite, KAISi,O4 and kalisilite, KAISiO,.

Steam-curing these geopolymers at 180 °C for
48 hr under hydrothermal conditions is shown by
XRD to produce crystalline potassium aluminum
silicate and chabazite. A corresponding change in
the crystalline morphology is not observable by
TEM, but the *’Al and *Si MAS NMR spectra are
narrower, consistent with a more crystalline struc-
ture, and the ’Si spectrum indicates the formation
of the crystalline aluminosilicates is accompanied
by the consumption of some of the quartz impurity
present in the original metakaolin.
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