
Cement and Concrete Research 41 (2011) 107–112

Contents lists available at ScienceDirect

Cement and Concrete Research

j ourna l homepage: ht tp: / /ees.e lsev ie r.com/CEMCON/defau l t .asp
Bulk modulus of basic sodalite, Na8[AlSiO4]6(OH)2·2H2O, a possible zeolitic precursor
in coal-fly-ash-based geopolymers

Jae Eun Oh a, Juhyuk Moon a, Mauricio Mancio a, Simon M. Clark b,c, Paulo J.M. Monteiro a,⁎
a Department of Civil and Environmental Engineering, University of California, Berkeley, CA 94720, USA
b Advanced Light Source, Lawrence Berkeley National Laboratory, Berkeley, CA 20015, USA
c Department of Earth and Planetary Sciences, University of California, Berkeley, CA 94720, USA
⁎ Corresponding author.
E-mail address: monteiro@berkeley.edu (P.J.M. Mon

0008-8846/$ – see front matter © 2010 Elsevier Ltd. Al
doi:10.1016/j.cemconres.2010.09.012
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 March 2010
Accepted 24 September 2010

Keywords:
Geopolymer
Fly ash
Basic sodalite
Bulk modulus
High pressure
Synthetic basic sodalite, Na8[AlSiO4]6(OH)2·2H2O, cubic, P43n, (also known as hydroxysodalite hydrate) was
prepared by the alkaline activation of amorphous aluminosilicate glass, obtained from the phase separation of
Class F fly ash. The sample was subjected to a process similar to geopolymerization, using high concentrations
of a NaOH solution at 90 °C for 24 hours. Basic sodalite was chosen as a representative analogue of the zeolite
precursor existing in Na-based Class F fly ash geopolymers. To determine its bulk modulus, high-pressure
synchrotron X-ray powder diffraction was applied using a diamond anvil cell (DAC) up to a pressure of
4.5 GPa. A curve-fit with a truncated third-order Birch–Murnaghan equation of state with a fixed K'o=4 to
pressure-normalized volume data yielded the isothermal bulk modulus, Ko=43±4 GPa, indicating that basic
sodalite is more compressible than sodalite, possibly due to a difference in interactions between the
framework host and the guest molecules.
teiro).

l rights reserved.
© 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Engineering the recyclingof coalfly ash for use in cement and concrete
manufacturing has been studied extensively and continues to be an active
area of research [1–3]. Although its incorporation into cementitious
materials is on the rise, a large amount of fly ash is still disposed of into
landfills or deposited in the ocean. In 2004 in the United States, according
to the American Coal Ash Association (ACAA) [4], 70.8million tons of coal
fly ash was produced and 42.7 million tons of that coal fly ash was
disposed into the ground or ocean. In 2007 in Europe (EU 15), 41 million
tons of coal fly ashwas generated, with a reutilization rate of only 47% [5].
As the cost of disposing of fly ash continues to rise, strategies for the
recycling of fly ash is environmentally and economically critical. The
geopolymer science and zeolite synthesis fields that use fly ash as source
materials are two emerging areas for the recycling of coal fly ash [6,7].
Interestingly, the science of zeolite formation using fly ash has been
regarded as an analogue of fly-ash-based geopolymer synthesis in terms
of synthesis methodologies [8].

The reaction product of geopolymerization is, clearly, the zeolite
precursor [9]. The similarities in terms of their nanostructure between
zeolites and geopolymers synthesized from coal fly ash have been
discussed in earlier studies [10,11]. Provis et al. [12] suggested the
widespread existence of nanocrystalline-size zeoliteswithnomore than
four unit cells, which corresponded to approximately 8–10 nm as the
main phase, resulting in the broad ~28° peak of characteristic in the X-
ray diffraction pattern of geopolymer. Table 1 presents the most
frequently observed crystalline zeolitic phases in geopolymer studies.
Zeolites belonging to the “ABC-6 family” framework were often found
whenClass Ffly ashwas activated by a high concentration of aNaOH(or
a mixture with Na-silicate) solution (N5~8 M) [6], which is a strong
geopolymerization activator. These zeolites include hydroxysodalite,
herschelite (=Na-chabazite), nepheline, and hydroxycancrinite. Other
types of zeolites not belonging to the ABC-6 family (e.g., zeolite Na-P1,
analcime) were also observed in geopolymers; however, these zeolite
usually formed when a low concentration of NaOH solution (b 2~3 M)
was used [6]; this is a weak geopolymerization activator. This
observation seems to indicate that the geopolymer reaction product,
also called the zeolitic precursor, possess a similar structure as theABC-6
family of zeolitemineralswhen a high concentration of Na-based alkali-
activating solution is used [7]. This hypothesis is also supported by the
observation that the 29Si NMR spectrum of aged fly ash geopolymers is
identical to herschelite [13].

The framework of ABC-6 family zeolites, known as a “six-membered
ring”, consists of Al- and Si-tetrahedra. Only nineteenmembers of zeolite
framework types are categorized as ABC-6 family among the known 176
zeolite framework types. Themain difference between zeolites belonging
to the ABC-6 family is only in the stacking sequence of the six-membered
rings [14]. Of the zeolitic materials belonging to the ABC-6 family
framework type, hydroxysodalite and hydroxycancrinite were suggested
as the best candidates to represent the structure of a zeolitic precursor [7]
and to play a similar function as the role that 14 Å tobermorite and jennite
play in C–S–H in cement science.

http://dx.doi.org/10.1016/j.cemconres.2010.09.012
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Table 1
Crystalline zeolite phases of geopolymers in the literature.

Reference Crystalline phases Material and
activator

Palomo et al. (1999) [9] Hydroxysodalite Class F fly ash,
NaOH, Na-silicate

Krivenko and Kovalchuk
(2002) [15]

Hydroxysodalite,
analcime

Class F fly ash,
NaOH, Na-silicate

Criado et al. (2005) [16] Hydroxysodalite,
Na-chabazite (=herschelite),
sodium bicarbonate

Class F fly ash,
NaOH, Na-silicate

Bakharev (2005) [17] Hydroxysodalite, chabazite,
zeolite Na-P1

Class F fly ash,
NaOH, Na-silicate

Bakharev (2005) [18] Hydroxysodalite,
trace of chabazite,
zeolite Na-P1, zeolite A

Class F fly ash,
NaOH, Na-silicate

Fernandez-Jimenez et al.
(2005) [19]

Hydroxysodalite,
herschelite-type mineral

Class F fly ash,
NaOH

Bakharev (2006) [20] Hydroxysodalite,
nepheline, zeolite Na-P1

Class F fly ash,
NaOH, KOH,
Na-silicate

Criado et al.
(2007) [21]

Sodalite, Na-chabazite,
zeolite P(Na), zeolite Y
(=faujasite variant)

Class F fly ash,
NaOH, Na-silicate

Dombrowski et al.
(2007) [22]

Sodalite, nepheline Class F fly ash,
NaOH, Ca(OH)2

Fernandez-Jimenez et al.
(2007) [23]

Hydroxysodalite,
Na-chabazite (=herschelite),
analcime

Class F fly ash,
NaOH, Na-silicate

Alvarez-Ayuso et al.
(2008) [24]

Sodalite, chabazite,
faujasite, zeolite Na-P1,
zeolite 4A (=zeolite A)

Class F fly ash,
NaOH

J. Oh et al. (2010) [7] Hydroxycancrinite,
hydrotalcite

Class F fly ash,
NaOH
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Wide presence of hydroxysodalite has been often reported by
geopolymer researchers from the geopolymer matrices synthesized
using Class F coal fly ashes with high NaOH concentrated solution (see
Table 1); however, it is highly probable that what their studies were
actually seeingwasbasic sodalite [25], given that hydroxysodalitemust be
obtained through thermal drying treatment (e.g., 3 hours at ~873 Kunder
vacuum or N2 atmosphere condition [26,27]). Care should be taken in
distinguishingbetweenhydroxysodalite andbasic sodalite.Althoughboth
of them are structurally very similar and belong to the same structural
zeolitic material group—called the “hydrosodalite” group—they are
slightly different in chemical composition.

The aluminosilicate minerals of the hydrosodalite group are
expressed in a general chemical formula: Na6+x[AlSiO4]6(OH)x·nH2O
(x=0,2 and n=0 to 2) [25]. Here, the sodalite β-cage frame is
indicated by [AlSiO4]66−, which forms the sodalite framework. Other
non-framework components, such as cation Na+, anion OH−, and
H2O, are contained in the β-cages of the structure. The sodalite
Fig. 1. Sodalite framework structure (SOD), of which hydroxysodalite and the basic sodalite be
framework structure is shown in Fig. 1. Earlier hydrothermal zeolite
studies synthesized different compositions of hydrosodalite group
minerals, which were divided into two groups: (1) the “basic”
hydrosodalite, Na8[AlSiO4]6(OH)2·2H2O, also known as “basic soda-
lite” [28] or “hydroxysodalite hydrate” [29] and (2) the “non-basic”
hydrosodalite, Na6[AlSiO4]6·8H2O, also called “hydrosodalite” [25].
Interestingly, all mineral members belonging to the hydrosodalite
group have the same cubic symmetry, with a space group of P4̅3n. The
hydroxysodalite, Na8[AlSiO4]6(OH)2 (case of x=2 and n=0), is the
dehydrated form of basic sodalite [27].

Despite large advances in the understanding of geopolymers in
general, little is known about themechanical properties of geopolymer at
an atomic level. The current study determined the bulk modulus—one of
the fundamental mechanical properties of materials—of basic sodalite
using high-pressure synchrotron X-ray diffraction.

2. Experimental procedure

The sourcematerial for the tested samplewas an aluminosilicate glass
thatwas separated from a Class Ffly ash by using the density difference of
the constituents. The original Class F fly ash was mixed into a mixture
solution containing deionized water and 30 ml/l calgon [5% sodium
hexametaphosphate, (NaPO3)6, used as a deflocculant], in a 2-liter beaker,
with a solid-to-liquid ratio of 100 g/l. After settling for 20 minutes, the
solution with suspended particles was siphoned out and centrifuged for
20 minutes at 20,000 rpm. After centrifugation, water was removed and
the remainingmaterial, consistingof the separatedamorphousphase,was
dried in an oven at 105 °C. The chemical composition of the aluminosil-
icate glass before alkaline activation is given in Table 2. Then, 10 g of solid
aluminosilicate glass powder was mixed with 10ml of 10 M NaOH
solution. The solutionmixturewas heated at 90 °C for 24 hours in awater
bath, which was used in our previous geopolymer study [7]. After being
subjected to heat for 24 hours, the sample was examined by synchrotron
X-ray diffraction to identify the basic sodalite phase.

Phase identification of the synthesized phases and high-pressure
powder X-ray diffraction were carried out at beamline 12.2.2 of the
Advanced Light Source [30] using a synchrotron monochromatic X-ray
beam with λ=0.6199 Å (=20 keV energy). The National Bureau of
Standards LaB6 Powder Diffraction Standard was used to calibrate the
working distance between the samples and the detector. Diffraction
patternswere collected at room temperature using aMAR345 imageplate
(3450×3450 pixels), with an exposure time of 600 seconds and analyzed
with the FIT2D [31], XFIT [32], and Celref [33] software programs.

The alkali-activated sample was finely ground and mixed with a
pressure medium liquid (4:1 volume ratio of a methanol/ethanol
solution) and housed in a sample chamber drilled in a steel gasket in a
diamond anvil cell (DAC). The chamber was 180 μm in diameter, with a
long to. The dark tetrahedra indicate Al-tetrahedra and the light ones show Si-tetrahedra.



Table 2
Chemical composition (weight%) of the raw material before alkaline activation;
aluminosilicate glass separated from Class F coal fly ash.

Chemical composition (wt.%)

SiO2 45.10
Al2O3 21.36
Fe2O3 4.81
K2O 1.47
TiO2 1.02
CaO 8.74
Na2O 5.19
SO3 5.19
MgO 3.49
MnO 0.09
LOI 3.54
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Fig. 3. Integrated powder X-ray diffraction patterns of synthetic basic sodalite as a
function of pressure, where the pattern with a label of “RawMatr.” was taken from the
aluminosilicate glass phase of Class F fly ash at ambient conditions. The labels imply as
follows: ●=basic sodalite and ◇=diamond.
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75-μm thickness. The pressure inside the chamber was measured using
the ruby [Al2O3dopedwithCr3+(0.05%)]fluorescencecalibrationmethod
[34] and was increased up to 4.5 GPa in a hydrostatic condition.

The high-pressure X-ray diffraction technique using a diamond anvil
cell uses crystallographic information to obtain the bulk modulus of
materials. This technique is especially suitable here because it excludes all
undesirable effects of impurities, such as unreacted mineral components
offlyashes,whichmightbepresent in the samples. Thebulkmoduluswas
calculated from the unit cell volume contraction under high pressure.

3. Result and discussion

Fig. 2 shows the synchrotron X-ray powder diffraction pattern for
the sample. The major synthesized crystalline phases were identified
as C–S–H(I) (JCPDS card # 01-0010) and basic sodalite (JCPDS card #
11-0401; see Fig. 2). The amorphous hump appearing around the d-
spacing of 2~4.5 Å indicates geopolymer formation [7,16,21]. The
quantification of the reaction products by X-ray diffraction Rietveld
refinement is difficult because currently there is no complete atomic
structure information for the geopolymer (=amorphous hump) and
C–S–H(I) (i.e., no CIF file exists); however, the approximate weight%
of the reaction products can be estimated when the C–S–H(I)
structure is assumed to be similar to that of the 14-Å tobermorite
and the refinement is limited only to crystalline phases. The
refinement result indicates that the basic sodalite phase takes up
approximately ~70%; C–S–H(I), ~24%; hydrotalcite, ~4%; and
quartz, ~1% in all crystalline phases (the results were obtained
from the software MAUD [35]). Since the geopolymer formed in the
current study is considered to have similar atomic structure to basic
sodalite (e.g., in the form of nano-crystalline basic sodalite
d-spacing (Å)
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Fig. 2. X-ray diffractogram of powder sample made of activated aluminosilicate glass by
alkaline activation for 24 hours at 90 °C.●: basic sodalite,□: C–S–H (I) and☆: hydrotalcite.
according to Provis et al. [12]), the weight% of the basic sodalite
may be more than 70% in the sample.

As expected, all d-spacings of the observed diffraction peaks of
basic sodalite appeared slightly larger than the hydroxysodalite found
in the literature (JCPDS card #11-0401), indicating that the unit cell
dimension of the basic sodalite is slightly expanded compared to
hydroxysodalite due to extra water molecules [36].

Fig. 3 illustrates the profiles of one-dimensional integrated powder
X-ray diffraction patterns under high pressure, which shows no
separation or merging of diffracted peaks of the basic sodalite,
demonstrating that the high pressure application did not change the
symmetry of the basic sodalite. Changes in lattice parameter and unit
cell volume of the basic sodalite under high pressure were calculated
using the Celref software (unit cell refinement software; see Table 3)
and the normalized values are depicted in Fig. 4. No discontinuity in
the P–(V/Vo) plot was observed in the measured pressure range.

The pressure-normalized volume data below 4.5 GPa was fitted by a
third-order Birch–Murnaghan equation of state (B–MEoS) [37–39]. In the
curve-fitting, the third-order Birch–Murnaghan equation of state is
reorganized into the simpler linear form: F(f)=Ko−1.5Ko(4−Ko´)f
by defining the normalized pressure parameter F=P/{1.5[(V/Vo)−7/3−
(V/Vo)−5/3]} and the Eulerian strain parameter f=0.5[(V/Vo)−2/3−1]. In
the plot of F versus f, the y-intercept and the slope of the weighted least-
squares fit gave the bulk modulus Ko and its derivative Ko´ [37]. In this
study, aweighted linear least-squaresfitwitherrorswas applied to the f–F
plot to reduce any erroneous effects from measurement errors [40]. The
bulk modulus of the basic sodalite was calculated as Ko=43±4 GPa, as
Table 3
Unit cell lattice parameters and volume for the basic sodalite under hydrostatic
pressure. The basic sodalite consists of a cubic system with a space group of P4 ̅3n.

Pressure (GPa) Unit Cell Volume (Å3) Lattice Parameters a(Å)

0.0±0.0 707±3 8.91±0.012
0.2±0.1 705±3 8.90±0.012
0.5±0.1 703±3 8.89±0.015
0.9±0.2 694±4 8.85±0.015
1.7±0.2 684±3 8.81±0.011
2.4±0.2 674±4 8.77±0.018
3.2±0.3 661±2 8.71±0.011
3.9±0.3 655±2 8.683±0.009
4.5±0.4 648±2 8.655±0.008

image of Fig.�2
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basic sodalite under pressure.
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shown in Fig. 5. Note: K´o was assumed to be 4 because the B–M EoS
curve-fitting produced an unrealistic value of 0.1. A value close to 4 is
standard in natural minerals and zeolites [41,42].

As illustrated in Fig. 6, earlier studies reported the bulk moduli of
sodalite, Na8[AlSiO4]6Cl2, as possessing the same framework struc-
ture [43,44] as the basic sodalite. Hazen and Sharp [43] reported the
bulk modulus of sodalite as Ko=52±8 GPa (K´o=4, fixed) using a
truncated Birch–Murnaghan equation of state (i.e., K ´o was fixed as 4
in the curve-fitting); this value is relatively larger than that obtained
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Fig. 5. (a) Plot of normalized pressure F versus Eulerian f. (b) Pressure-normalized
volume data of the basic sodalite and its curve-fitting with third-order Birch–
Murnaghan equation of state (solid line).
in the current study. Werner et al. [44] performed a single crystal
sodalite high-pressure measurement of up to 7.4 GPa and claimed a
possible phase transition or change of compression behavior based on
their observation of the slope change of the P–V curve appearing at
near 3 GPa, although there was no observed symmetry change of
structure; any evidence of a phase transition or change in compressive
behavior, however, was not observed in the current P-normalized V
data. The authors calculated two separate bulk moduli for the single
crystal sodalite in two different pressure ranges: Ko=49±6 GPa for
Pb3 GPa and Ko=93±7 GPa for PN3 GPa (K´o was not provided in
the paper). By applying a single Birch–Murnaghan equation fitting for
the entire pressure range, they also calculated the bulk modulus of
Ko=37±3 GPa with K´o=15±2. This value for K´o is too high to be
realistic [41,42].

The current study reexamined the P–V data of Werner et al. by fixing
K´o=4 (see Fig. 6), yielding a new value Ko=56±7 GPa for the whole
pressure range. Although the P–V curve trend of the basic sodalite in the
current study resembles that of the previous study, the bulk modulus for
the basic sodalite appears to be less than that of sodalite; This condition
may be due to different bonding energies (or bonding angles), to the
framework, of guest ions (i.e., Cl− for sodalite versus OH- and H2O for the
basic sodalite) that are contained in the sodalite cage (i.e., different host–
guest interaction). In general, the sodalite framework structure can be
modified by a variety of host–guest interactions between the alumino-
silicate framework and non-framework guest molecules, such as cations
(Li+, Na+, and K+), anions (Cl− and OH−), or neutral molecules (e.g.,
H2O), resulting in unit cell volume change [45]. The bond lengths of Al–O
and Si–O of the sodalite framework structure should be constant,
irrespective of the guest ions [46], and quite rigid so that the volume
change of the unit cell is mainly governed by the tilting of AlO4 or SiO4

tetrahedra of the framework [45]; therefore, the larger the unit cell of
sodalite, themore flexible the structure, resulting in a tendency to change
geometrically under pressure (i.e., become more compressible). The unit
cell volumeof sodaliteused in the current study (~707 Å3)was larger than
that of sodalite (~699.7 Å3 [43]), a possible explanation for the higher
compressibility of the basic sodalite. In addition, the disordered
characteristic of guestmolecules can also cause the higher compressibility
of the basic sodalite. Wiebcke et al. [25] reported that the OH− ions and
H2O molecules residing in the sodalite cage of basic sodalite do not exist
individually, but appear in a single formationofO2H3

−, due to a very strong
hydrogen bond between O and H, where the central H and O atoms
possess dynamically disordered orientation, which might cause the basic
sodalite to be less stable against the compression. They also found that
there is no hydrogen bonding of the end OH-− of O2H3

− to the oxygen of
the framework (i.e., there is no strong connection between the guest and
the framework), which may support the first explanation of the
geometrical flexibility of the basic sodalite framework structure.

The bulk modulus of helvite, Mn8[BeSiO4]6 S2, which has also the
sodalite framework with the same space group, is calculated in the
current study using the high-pressure measurement data shown in
study of Kudoh et al. [47] because they did not provide any calculation
of bulk modulus. As seen in Fig. 6, the helvite, Ko=110±5 GPa
(K´o=4, fixed), appears much less compressible than the other
sodalite framework materials, implying that the elemental composi-
tion of the framework structure is a more dominant factor than the
topology of zeolite in determining the compression behavior of
sodalite group zeolites, whichwouldmake the framework structure of
helvite more rigid.

4. Conclusion

The current study chose the basic sodalite as a possible candidate
representing the nanostructure of the zeolitic precursor of a Class F fly-
ash-based geopolymer formed in high concentrations of a NaOH solution.
A high-pressure synchrotron X-ray diffraction study computed a bulk
modulus of the basic sodalite asKo=43±4 GPa (assumingKo´ =4.0). No
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phase transition or peculiar compression behavior of the basic sodalite
was observed up to 4.5 GPa. A comparison between the earlier high
pressure studies and this study on sodalite framework zeolites (e.g.,
sodalite and helvite) indicates the following results: (1) the basic sodalite
structure seems more flexible to external pressure than sodalite; this
condition could be the result of two mechanisms: (a) the larger unit cell
volume allows more flexible tilting of AlO4 or SiO4 tetrahedra or (b) the
disordered characteristic of theguestmolecules (i.e., O2H3

−) in the sodalite
cage (the second mechanism implies that the bulk modulus of
geopolymers may be modified by incorporating various guest ions by
ion-exchange using different alkaline activators) and (2) the chemical
composition of the framework structure is a more determining factor for
the compressibility of sodalite framework zeolites than the topology of
zeolite itself.
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