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ABSTRACT

Crystalline zeolitic materials, such as hydroxycancrinite, hydroxysodalite, herschelite and nepheline, are
often synthesized from geopolymerization using fly-ash and solutions of NaOH at high temperatures.
Comprised mainly of 6-membered aluminosilicate rings that act as basic building units, their crystal
structures may provide insight into the reaction products formed in NaOH-activated fly ash-based geo-
polymers. Recent research indicates that the hydroxycancrinite and hydroxysodalite may play an impor-
tant role as possible analogues of zeolitic precursor in geopolymers. Herein is reported a high pressure
synchrotron study of the behavior of hydroxycancrinite exposed to pressures up to 6.1 GPa in order to
obtain its bulk modulus. A refined equation of state for hydroxycancrinite yielded a bulk modulus of
K, =46+ 5 GPa (assuming K| =4.0) for a broad range of applied pressure. When low pressure values
are excluded from the fit and only the range of 2.5 and 6.1 GPa is considered, the bulk modulus of
hydroxycancrinite was found to be K, = 46.9 + 0.9 GPa (K, = 4.0 + 0.4, calculated). Comparison with the
literature shows that all zeolitic materials possessing single 6-membered rings (i.e., hydroxycancrinite,

Bulk modulus

sodalite and nepheline) have similar bulk moduli.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Recent research on geopolymers has demonstrated that these
materials may be used as an alternative binding material to Port-
land cement. Their potential as the new building block for ‘green
concrete’ has resulted in increased interest in this topic [1]. The al-
kali-activation of glassy alumino-silicate materials produces mate-
rials, known as geopolymers, that have strong binding properties
[2]. Current research on geopolymers has focused on using indus-
trial waste materials (e.g., coal fly ash) as source materials as the
recycling of these materials has substantial economic and environ-
mental benefits (see Table 1).

Although many studies have concluded that geopolymers can
be viewed as an analogue of zeolite [1,3], comparatively little is
known about their atomistic structure because geopolymers are
basically amorphous. Having said that, the geopolymeric reaction
often forms zeolitic phases in their matrices (see Table 1). Given
the difficulty due to the amorphous structure of geopolymers,
valuable information on the structural identity of geopolymers
can be obtained by comparing geopolymers with those zeolitic

* Corresponding author.
E-mail address: monteiro@berkeley.edu (P.J.M. Monteiro).

0958-9465/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2011.05.002

phases. Note that while geopolymers are basically amorphous,
they also form crystalline phases.

Table 1 lists the most frequently observed crystalline phases
common to geopolymers [e.g., hydroxysodalite, herschelite
(=Na—chabazite), and hydroxycancrinite], which belong to the
same zeolite framework type known as the ‘ABC-6 family’, when
fly ash was activated by NaOH (or a mixture with Na—silicate) solu-
tion [15]. Based on this observation, the geopolymer reaction prod-
uct, also called the zeolitic precursor, was hypothesized to possess a
similar structure as the ABC-6 family of zeolite minerals when a
high concentration of Na-based alkali-activating solution is used
[14]. This proposition is also supported by the fact that 2°Si NMR
spectrum of aged fly ash geopolymers is identical to herschelite
[16].

Similarly, those zeolitic phases have been also observed in zeo-
lite synthesis studies. The science of zeolite synthesis through the
use of coal fly ash has been regarded as an analogue of fly ash-
based geopolymer synthesis [17]: both possess similar methodolo-
gies of synthesis in terms of the type of alkali-activator, and the
concentration of the activator and source materials. Even though
zeolite synthesis requires a more dilute system and higher temper-
atures (between 150 and 200 °C), the reaction mechanisms in both
cases are similar. Earlier zeolite synthesis studies used high con-
centrations (>5 M) of NaOH solution (or with a mixture of sodium
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Table 1
Crystalline zeolite phases of geopolymers as found in the literature.

Reference Crystalline phases

Material and solution

Palomo et al. [1]
Krivenko and Kovalchuk [4]
Criado et al. [5]

Hydroxysodalite
Hydroxysodalite, analcime

Bakharev [6] Hydroxysodalite, chabazite, zeolite Na—P1
Bakharev [7] Hydroxysodalite, trace of chabazite, zeolite Na—P1, zeolite A
Fernandez-Jimenez et al. [8] Hydroxysodalite, herschelite-type mineral
Bakharev [9] Hydroxysodalite, nepheline, zeolite Na—P1

Criado et al. [10]
Dombrowski et al. [11]
Fernandez-Jimenez et al. [12]
Alvarez-Ayuso et al. [13]

Oh et al. [14]

Sodalite, nepheline

Hydroxycancrinite, hydrotalcite

Hydroxysodalite, Na—chabazite (=herschelite), sodium bicarbonate

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

Hydroxysodalite, Na—chabazite (=herschelite), analcime
Sodalite, chabazite, faujasite, zeolite Na—P1, zeolite 4A (=zeolite A)

Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH

Fly ash F, NaOH, KOH, Na—silicate
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH, Ca(OH)2
Fly ash F, NaOH, Na—silicate
Fly ash F, NaOH

Fly ash F, NaOH

silicate) for the alkaline activation of coal fly ash as a source mate-
rial, frequently resulting in specific types of zeolitic materials, such
as nepheline, herschelite (=Na-chabazite), hydroxysodalite, and
hydroxycancrinite. These belong to the ABC-6 family of zeolite
framework except for nepheline, which also consists of 6-mem-
bered rings without stacking manner of the ABC-6 family frame-
work. Lower concentrations (0.5-3 M) of NaOH solution result
primarily in zeolite Na—P1 and analcime [18-22]. Note that the
lower concentration of NaOH solution within a range of up to
12 M usually results in the lower strength of geopolymer matrix
[23], implying less formation of geopolymeric gel in the matrix. Gi-
ven the similarity between geopolymerization and zeolite synthe-
sis in terms of NaOH concentration, zeolite Na—P1 and analcime
could be less related to geopolymeric gel than nepheline, herschel-
ite, hydroxysodalite, and hydroxycancrinite.

The basic building unit forming the ABC-6 family zeolites is a 6-
membered ring, consisting of Al- and Si-tetrahedra (see Fig. 1).
Among the entire 176 zeolite framework types [15], only 19 mem-
bers of zeolite framework types can be described as belonging to
the ABC-6 family. What differentiates these specific zeolites is
the stacking sequence of the 6-membered rings. If the position of
one 6-membered ring on a certain layer is called ‘A’, and the two
possible positions of the ring on the next above layer are called
‘B’ and ‘C’, respectively, all the stacking sequences of the basic lay-
ers constituting the ABC-6 group of minerals can be described by
‘AB’, ‘ABC’, or ‘AABB’, and so on. For example, hydroxycancrinite
has the ‘ABAB’ arrangement, while chabazite follows the ‘AABBCC’
arrangement [24]. Previous geopolymer researchers have noted the
large presence of hydroxysodalite as a crystalline phase in the case
of high concentration of NaOH solution (>5 M) [5-7,9]. Recent re-
search by Oh et al. [14] has shown strong evidence of a hydroxy-
cancrinite phase also forming in the geopolymer matrix made

Fig. 1. Two (single layer) 6-membered rings; the dark gray indicates Al-tetrahedra,
and light gray implies Si-tetrahedra. This figure is a part of a hydroxycancrinite.

from similar synthesizing conditions, suggestion the need for more
study on hydroxycancrinite. Given that the stacking sequence of
periodic building unit of hydroxycancrinite (=ABAB. .. sequence)
is the closest to that of hydroxysodalite (=ABCABC... sequence),
and that both minerals also have the simplest sequence combina-
tions among the ABC-6 family zeolites resulting in similar X-ray
diffraction (XRD) patterns [15], it is not surprising that earlier re-
search might have mistaken some signals of hydroxycancrinite
for that of hydroxysodalite.

First reported by Khomyakov et al. in 1992, hydroxycancrinite is
a naturally occurring zeolite, with an isomorphic crystal structure
similar to a synthetic ‘basic cancrinite’ [25]. Hydroxycancrinite
{Nag[AlISiO4]s(OH)2-2H,0} belongs to the cancrinite framework in
ABC-6 family, possessing a hexagonal crystal system with lattice
parameters a =12.740(3), c=5.182(2) A, and space group of P3.
The schematic view of crystal structure of hydroxycancrinite is
shown in Fig. 2.

Given the marked similarities between geopolymerization and
zeolite synthesis, the zeolitic precursor must share some structural
similarities with the ABC-6 family of zeolite minerals. Therefore,
hydroxysodalite and hydroxycancrinite—having the simplest

Fig. 2. Schematic crystal structure of hydroxycancrinite. (a) Projection of structure
seen along [00 1] and (b) projection seen along [0 1 0] showing (AB) arrays of 6-
membered rings. The dark gray indicates Al-tetrahedra, while light gray shows Si-
tetrahedra, and sodium atoms are shown as spheres.
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atomic arrangement (AB) among zeolites belonging to the ABC-6
family framework type—emerge as strong candidates to represent
the crystal structure of a zeolitic precursor of a geopolymer; the le-
vel of similarity is as comparable as tobermorite and jennite are to
C—S—H in the cement science.

Several studies investigated the elastic property (e.g., elastic
modulus or bulk modulus) of geopolymers using nanoindentation
[26,27] or macroscale compressive tests [28-32]; unfortunately,
the obtained values had a large variance. Currently, only limited
nanoindentation results for geopolymer are available. Némecek
et al. [26] measured the elastic modulus of coal fly ash-based geo-
polymer as E = 17.7 GPa, and Skvara et al. [27] reported a value of
E=36.1+5.1 GPa, which was measured for a mixed phase of
C—S—H from activated slag and fly ash-based geopolymer. Even
while acknowledging that these two values cannot be directly
compared because the sample materials conditions were different
(i.e., geopolymer vs. geopolymer with C—S—H), the difference was
still large. This difference may be interpreted as a consequence of
nano-size of impurities intermixed with geopolymer gel, evi-
denced by the considerable amount of nano-pores below 1 nm
size [26,33] or unreacted fly ash particles present in hardened
geopolymer [26]. Bell et al. [33] reported that geopolymers made
from natural metakaolin contained ~40% of porosity (volume%),
with an average pore radius of ~3.4nm. When they used a
synthetic alumino-silicate metakaolin, the average pore size of
geopolymers was reduced to ~0.8 nm with a ~40% porosity. Be-
cause the characteristic length of the nanoindentation area is in
the order of ~107°~10~7 m, those nano-pores may be included
in the indented area and could affect the measured elastic mod-
ulus values. Furthermore, the accuracy of the nanoindentation re-
sults highly depends on the size of homogeneous geopolymer
phase in the geopolymer samples. If the size of homogenous geo-
polymer phase is much smaller than the area of nanoindentation,
the result could be distorted by the neighboring unreacted fly ash
particles [34]. Obviously, a novel experimental technique is nec-
essary for accurate measurement of the intrinsic property of elas-
ticity of geopolymers.

The current study employed high pressure X-ray diffraction
with the aim of investigating the bulk modulus. Hydroxycancrinite
was chosen to represent the zeolitic precursor of geopolymer
among the ABC-6 family. The obtained bulk modulus may be used
in mechanical simulation studies as an important material prop-
erty for geopolymer studies. Another strong candidate of zeolitic
precursor is hydroxysodalite, which will be examined in subse-
quent research. Not only was this the first experimental measure-
ment of a bulk modulus of hydroxycancrinite itself, it was also the
first of a geopolymer-related material.

2. Experimental

The high pressure powder X-ray diffraction experiment was
carried out at beamline 12.2.2 of the Advanced Light Source [35],
using a synchrotron monochromatic X-ray beam with
2 =0.495929 A (=25 keV energy). The National Bureau of Standards
LaBg powder diffraction standard was used to calibrate the work-
ing distance between sample and detector. Diffraction patterns
were recorded by a MAR345 image plate (3450 x 3450 pixels),
with an exposure time of 300 s at room temperature and analyzed
using the FIT2D [36], XFIT [37] software programs.

First, the sample was finely ground, mixed with an enough
amount of pressure-transmitting liquid medium (4:1 Methanol/
Ethanol solution) filling up a small sample chamber, and then
placed into the chamber in a steel gasket in the diamond anvil cell
(DAC) (see Fig. 3). The 4:1 Methanol/Ethanol solution has been
most widely used as a liquid medium to generate a hydrostatic
pressure condition in high pressure experiments and it has a nom-
inal hydrostatic pressure limit of 10 GPa [38]. The sample chamber
size was 180-um diameter with 75-pum thickness. The pressure in-
side the sample chamber was determined using the ruby (Al,O03
doped with Cr3* (0.05%)) fluorescence calibration method [39].
The pressure was increased up to 6.1 GPa in a hydrostatic condi-
tion. After the sample underwent interpretation of XRD patterns,
the crystal used for this study—from Lovozero Massif, Kola Penin-
sula, Russia—turned out to be a mixture of hydroxycancrinite and
natrolite.

3. Results and discussion

The two-dimensional high pressure powder X-ray diffraction
patterns measured in the present study were integrated to one-
dimensional diffraction profiles (see Fig. 4). The hydroxycancrinite
are labeled with solid stars (%).

Presented in Table 2 with corresponding plots in Fig. 5, the evo-
lution of lattice parameters and volumes for the hydroxycancrinite
under high pressure were calculated using the unit cell refinement
software Celref [40].

The bulk modulus value was obtained by curve-fitting of the
pressure-normalized volume data using a third-order Birch-Mur-
naghan equation of state (B-M EoS), which is expressed as:

P=2 K[ Vot - v ] [14 5 0, - 4y (Vv F 1)

2 4

where V is volume of unit cell under increased pressure, V, the ini-
tial volume of unit cell at ambient pressure, P the pressure applied

load —p>

incident X-ray

load =P

sample chamber

diamond

diffracted X-ray

4——Iload

metal gasket

Fig. 3. Schematic view of high pressure X-ray diffraction using a diamond anvil cell.
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Fig. 4. Observed one-dimensional X-ray diffraction patterns of hydroxycancrinite (label %) under increasing pressure.

Table 2
Unit cell lattice parameters for hydroxycancrinite under pressure.
P (GPa) V (A3) Lattice parameters
a(A) c(A)
0.0£0.0 727.48 £0.02 12.73 £0.02 5.18 £0.01
04+0.2 725.81£0.03 12.73 £0.02 5.18 +0.01
1.9+0.2 703.38 £0.04 12.61 £0.02 5.10+0.02
25+03 691.42 £ 0.05 12.56 £ 0.02 5.06 +0.02
3.8+03 675.67 £0.04 12.47 £0.02 5.02 +0.02
4604 667.58 £ 0.06 12.43 £0.03 4.99 £0.02
52+04 661.76 £ 0.09 12.41 £0.05 4.97 £0.04
56+04 657.99 £ 0.08 12.39 £ 0.07 495 +0.05
6.1+£0.5 652.6 £ 0.1 12.36 £0.09 493 £0.07
7.0
6.0 1 % % + %
5.0 % %
o . b
g 40 . IO
<
a 3.0
Dalao o A O
2.0 Acleo é ; c;|
1.0 *Vvo
[ Y
0.0 T T . T -
0.880 0.905 0.930 0.955 0.980 1.005
a/a, or c/c, or V/V,

Fig. 5. Changes in the normalized lattice parameters and volume of hydroxycancr-
inite under pressure (@, and ¢, are the initial lattice parameters of a and ¢ at
ambient pressure).

to material, K, the bulk modulus at zero pressure, and K, the pres-
sure derivative of bulk modulus at zero pressure [41-43].

By setting the normalized pressure, F=P/{1.5[(V/V,) ">~
(V/V,)™"]}, and the Eulerian strain, f = 0.5 - ((V/V,)™>* — 1), the
third order Birch Murnaghan equation of state is reformed into
the linear form: F(f) = K, — 1.5K,(4 — K)f].

(a) 250
® Hyroxycancrinite
200+ —B-M (Ko'=4.00)
= 18 0<P<6.1GPa
Q.
S 4004 K,=4615 GPa
w {K,'=4.0,assumed)
50 4 L IR c—o—ou—o
0 T T . :
0.000 0.010 0.020 0.030 0.040
Eulerian f
(b) 70
65 | ® Hyroxycancrinite
60 - — B-M (Ko'=calculated)
55 -
- 4
3 50 l N
O 451 | I T D]
W 40
2.5<P<6.1GPa
.~ K,=46.9+0.9 GPa
301 (K,'=4.010.4, calculated)
25 T T T T T
0.010 0.015 0.020 0.025 0.030 0.035 0.040

Eulerian f

Fig. 6. Plot of Eulerian strain, f=0.5-[(V/V,)~%? — 1], vs. the normalized pressure,
F=P/{1.5[(V|V,)~71* = (V|V,)~>3]} for hydroxycancrinite: (a) f-F plot for the entire
pressure range 0<P<6.1GPa; and (b) f-F plot for the pressure range
2 <P<6.1 GPa. For (b), the calculated unit cell volume V, is obtained by g-G plot
[43].

In the plot of F vs. f, the y-intercept and the slope of the
weighted least-squares fit gives the bulk modulus K, and its pres-
sure derivative K| at zero pressure [41]. As is usual, the K| was as-
sumed to be 4. Low-range pressure studies [44] and zeolite studies
[45] make this assumption because the pressure derivative K, val-
ues for many materials appear near 4. A weighted linear least-
squares fits with errors [46] was applied to give less weights to
the data with large error bars in calculation.
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K,=46+5 GPa
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(b) 8.0
7.0
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Fig. 7. Pressure-normalized volume data of hydroxycancrinite and its curve-fitting
with third order Birch-Murnaghan equation of state: (a) curve-fitting including all
pressure range by fixing K|, = 4.0 and (b) curve-fitting excluding data points below
2 GPa, resulting in more accurate value.

The B-M EoS curve-fitting for the entire pressure range resulted
in a bulk modulus for hydroxycancrinite as K, = 46 + 5 GPa [note:
K was assumed to be 4.0 because the B-M EoS curve-fitting pro-
duced somewhat low value of 2, as shown in Figs. 6a and 7a].
The measured pressure-volume data showed a peculiar deviation
from the refined B-M EoS curve between 0 and 1.9 GPa. Therefore,
a further B-M EoS curve-fitting was applied to only the volume
data over 2.5 GPa by employing a calculated unit cell volume of
ambient pressure (V,) obtained from g-G plot [43]. This allows
for obtaining the bulk modulus by only using measured high pres-
sure data without ambient pressure-volume data (i.e., V,). The
newly refined bulk modulus (with volume data measured between
2.5 and 6.1 GPa) is K, =46.9 + 0.9 GPa, with a calculated value of
K, =4.0+ 0.4 [see Figs. 6b and 7b].

Note that bulk moduli of other zeolitic materials that form in fly
ash Class F based geopolymers (see Table 1) and unreacted raw
material phases from the literature (see Table 3) can be used for
mechanical simulation studies for geopolymers. Zeolitic materials
consisting of only single 6-membered rings (see Fig. 1), which in-
clude hydroxycancrinite, sodalite and nepheline, have similar bulk
modulus values within comparable range (46-52 GPa) [49]. All
these materials have Si/Al = 1; whereas chabazite (with only dou-
ble 6-membered rings) has Si/Al = 2; its bulk modulus is higher
than others. Given that these zeolitic materials formed frequently
in similar geopolymerization conditions (i.e., high NaOH concen-
tration), this may explain why Duxon et al. [32] observed that
Young’s modulus of metakaolin-based geopolymer increased pro-
portionally to Si/Al ratio, and the highest value appeared at —Si/
Al=2.

4. Conclusions

Hydroxycancrinite (Si/Al = 1) was studied as an analogue of po-
tential geopolymer forming materials using high pressure synchro-
tron X-ray diffraction. The bulk modulus of hydroxycancrinite was
calculated as K, =46 +5GPa (assuming K| =4.0) for the entire
measured pressure-volume data. Because the experimental pres-
sure-volume data showed some deviation from the obtained B-
M EoS curve below 2.5 GPa, a further bulk modulus was calculated
using only the pressure range between 2.5 and 6.1 GPa and it was
found to be K,=46.9 +0.9 GPa with a fine calculated value of
K, =4.0 £ 0.4. Both bulk modulus values agree generally with re-
sults for other zeolitic materials—sodalite and nepheline (Si/
Al = 1)—consisting of only single 6-membered rings. These zeolitic
materials made of single 6-membered rings show less bulk modu-
lus values than that of chabazite (Si/Al = 2) with double 6-mem-
bered rings. This trend may explain why the higher Si/Al
produced the higher Young’s modulus of hardened geopolymer
paste up to Si/Al = 2.
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Table 3
Bulk modulus values of crystalline phases found in fly ash-based geopolymer from the literature.
Group Phase Al/Si K, (GPa) or E(GPa) K, Reference
Zeolite with 6-membered rings (ABC-6 family) Hydroxy-cancrinite 1.0 K,=46+5 (0<P<6.1GPa) 4 (fixed) *
K,=46.9+0.9 (2.5<P<6.1 GPa) 4.0+04
Sodalite 1.0 K,=52+8 4 (fixed) [47]
Chabazite 2.0 K,=62+1 4 (fixed) [48]
Zeolitic Material with 6-membered rings Nepheline 1.0 K,=47.32+0.26 2.77+024  [49]
Non-ABC-6 family zeolites Na—P1 1.0 K,=63.8+0.2 4 (fixed) [50]
Analcime 2.0 K,=56%3 4 (fixed) [51]
Faujasite 24 K,=363%1.2 4 (fixed) [52]
A (=4A) 1.0 K,=22.1+03 4 (fixed) [53]
Unreacted fly ash phases Quartz (o) - K,=37.120.2 6+1 [54]
Mullite - K,=169.1-173.6 - [55]
Fly ash (solid) - E =98 (for 5-10 pm size) - 126 (for 150-250 um size) - [56]

Fly ash (hollow) -

E=13-17 (for all particle sizes)

Note: sodalite and nepheline comprises only 6-rings as same as hydroxycancrinite; whereas chabazite (or herschelite) is made up of double 6-rings; the value for analcime

was measured below 1 GPa; faujasite was measured below 2 GPa; * = current study.
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