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Abstract One-part geopolymers were synthesized from
two different silica materials (a silica-rich residue from
chlorosilane production and a commercial microsilica) and
sodium aluminate at three different Si0,/Al,O5 ratios and a
nominal water/solids ratio of 0.5. The degree of reaction of
the silica in the cured geopolymers (i.e. the fraction of
silica dissolved to form aluminosilicates and minor prod-
ucts) was determined using two different methods: chem-
ical attack with HCI to dissolve the reaction products and
evaluation of peak areas of *°Si MAS NMR spectra. It was
found that the degree of reaction of the silica decreases
with increasing the silica content of the starting mix, and
that it is almost constant after 1 day of curing and almost
independent from the kind of starting silica. From the
results of the NMR-based method, the mean SiO,/Al,O3
ratio of the reaction products (aluminosilicates and minor
products) can be estimated to be ca. 2.0, nearly indepen-
dent of the starting composition of the geopolymers. The
dissolution method is biased, but of sufficient precision to
be useful for following changes of the degree of reaction.
Major crystalline phases in the cured geopolymers are
zeolite A and/or hydrosodalite. Depending on the starting
composition, the relative amounts of these zeolites vary;
additionally, sodalite (only for the residue from
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chlorosilane production with >1 wt% Cl™), faujasite, and
zeolite EMT can appear in the geopolymers. The 2°Si and
Al MAS NMR results indicate mainly Si(4Al) and
Al(4Si) sites, in line with the presence of zeolite A,
hydrosodalite, sodalite, and geopolymeric gel of compar-
atively low SiO,/Al,05 ratio.

Introduction

Geopolymers are promising inorganic materials with a
wide range of possible applications including heat-resistant
coatings and adhesives [1-5] as well as repair mortars with
high acid-resistance [6] and concretes with lower associ-
ated CO, emissions than conventional Portland cement-
based concretes [7]. Because of this great potential,
geopolymers have been extensively studied, in particular in
terms of mechanical properties, microstructure, and ther-
mal properties; these studies focused on conventional
“two-part” geopolymer systems—i.e. geopolymers made
from solid aluminosilicates and highly alkaline liquids,
usually sodium silicate (waterglass) or sodium hydroxide
solutions (see, e.g. [8, 9]).

A new approach is the so-called “one-part” mixes [10]
which are produced by a different synthesis route. One-part
geopolymers contain the activator in solid form and
therefore only water has to be added to initiate hardening,
i.e. mixing is performed in the same way as for conven-
tional Portland cements. By applying this approach, it is
not necessary to store and handle highly alkaline water-
glass or sodium hydroxide solutions, which avoids prob-
lems with carbonation and ageing of these solutions as well
as problems with health and safety issues. This can provide
a higher social and economic acceptance of these new
binder materials [10, 11].
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Different ways to synthesize one-part geopolymers have
been described [10, 12-14], and microstructural, mechan-
ical and rheological studies are reported [10, 12-20].
However, compared to conventional geopolymers, much
less is known about their microstructure as well as the
processes during geopolymerization and the factors influ-
encing the latter. In a previous study [17], a one-part
geopolymer based on a by-product silica and sodium alu-
minate has been investigated. The degree of reaction of the
silica was measured to be about 50 %, proving that the
composition of the reaction products differed considerably
from the composition of the starting mix. In earlier studies
on similar systems [10, 15], the SiO,/Al,O3 and H,O/Na,O
ratios of the starting composition were varied and
microstructural differences of the hardened geopolymers
were observed, while the fraction of reacted silica was not
determined.

To obtain a more complete picture of the behaviour of
this class of materials, in the present contribution, one-part
geopolymers were made from two different silica materials
and sodium aluminate at three different SiO,/Al,O5 ratios.
The phase content of the cured geopolymers was investi-
gated by means of XRD, 298i and Al MAS NMR, and the
degree of reaction of the silica materials in the geopoly-
mers was measured using two different methods: chemical
attack with HCl to dissolve the reaction products and
evaluation of peak areas of °Si MAS NMR spectra, using
the fact that the intensity of each peak corresponds to the
abundance of the Si-sites in the different compounds. The
resulting degrees of reaction were compared and related to
the phase content of the geopolymers, thus giving new
insights into the behaviour of the silica and the composition
of the hardened geopolymers.

Materials and methods
Starting materials

Two different silicas and a sodium aluminate (nominally
NaAlO,) were used as starting materials for geopolymer
synthesis. The chemical composition of the materials is
shown in Table 1.

Silica MS is a commercial microsilica, consisting of
95 wt% SiO,; XRD indicated minor amounts of silicon
carbide (PDF # 01-072-1625) as the only crystalline phase
in the material (Fig. 1). The median of the particle size
distribution of silica MS was determined by laser granu-
lometry to be 0.20 pm.

Silica CR is an industrial by-product, produced in sev-
eral steps in wastewater treatment of chlorosilane produc-
tion [17]. It consists of 84 wt% SiO,; the main part is
amorphous SiO,, but XRD analyses indicated also low

amounts of quartz (PDF # 00-046-1045) as well as calcite
(PDF # 01-086-0174) (Fig. 1). The loss on ignition of the
CR silica was 5.08 wt%, of which 4.20 wt% were CO,,
due to the calcite content of the material. The median of the
particle size distribution of silica CR was determined by
laser granulometry to be 6.83 um; as is indicated by SEM
images of this silica material [17], the latter value repre-
sents the size of agglomerates consisting of primary par-
ticles with diameters of about 0.05-0.20 um.

The sodium aluminate used had a nearly ideal Na/Al
ratio of 0.98 mol/mol, and a loss on ignition of 1.73 wt%,
of which 0.18 wt% were CO,. In line with the latter values,
XRD analyses showed, besides dry sodium aluminate (PDF
# 00-033-1200), low amounts of sodium aluminate 5/4-
hydrate (PDF # 01-083-0315) as well as natrite (PDF #
01-077-2082) in the material (Fig. 1).

Geopolymer synthesis

One-part geopolymers were synthesized by first mixing the
solid precursors (silica MS or CR and sodium aluminate) in
amounts to yield the desired SiO,/Al,O3 ratios and sub-
sequently adding water at a nominal water/solids ratio of
0.50. The resulting compositions and molar ratios of the
pastes are shown in Table 2. In the following, the samples
are referred to according to the silica used, their approxi-
mate SiO,/Al,03 ratio and, if applicable, their curing time
(e.g. MS_2_3d for the paste made from silica MS with a
Si0,/Al,05 ratio of 1.86, cured for 3 days).

The pastes were mixed in a contact-free planetary cen-
trifugal mixer for 3 min at a rotation speed of 1750 rpm to
form homogenous binder pastes. Subsequently, the pastes
were cast into 20 mm x 20 mm x 20 mm cube moulds
and cured in the open moulds at 80 °C and >80 % r.H. in
an oven with climate conditioning for 1, 3, or 7 days.

XRD and NMR analyses

X-ray diffractograms were recorded on a Rigaku Ultima IV
diffractometer under the following conditions: Bragg—
Brentano geometry; Cu Ko radiation (4 = 1.5419 A);
divergence slit: 10 mm; scanning range: 3°-63° 20; sam-
pling interval: 0.02° 20; scan rate: 1.0° 20 min~' (silica
starting materials and insoluble residues: sampling interval:
0.01° 20; scan rate: 0.2° 20 min™ ).

*Si MAS NMR experiments were performed on a
Bruker DMX 400 spectrometer with a wide bore magnet
(9.4 T) using a 7-mm triple-resonance probe with a sample
spinning frequency of 6.5 kHz. The spectra were recorded
at room temperature with a 90° pulse of 7.7 us and at least
144 scans were accumulated. The recycle delay was 400 s
for the silica and the geopolymer with the lowest SiO/
Al,O5 ratio; a recycle delay of 1200 s was used for the
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Table 1 Chemical composition

Silica MS (wt%)

Silica CR (wt%) Sodium aluminate (wt%)

of the starting materials Component

SiO, 95.16
AL O3 0.17
Fe,05 0.04
TiO, <0.01
CaO 1.71
MgO 0.28
Na,O 0.19
K,O 0.65
SO; 0.25
Cl™

LOI 1.12

84.23 0.61
4.18 60.85
0.43 0.06
0.06 0.00
297 0.26
0.17 0.02
0.22 36.07
0.03 0.03
0.16 0.16
1.36
5.08 1.73

LOI loss on ignition

SA

ACY

SA
SA
sodium aluminate (SA)
SAJ
— S e
—eL silica CR
SiC silica MS
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
5 10 15 20 25 30 35 40 45 50
° 20 (CuKa)

Fig. 1 X-ray diffractograms of the starting materials (SAH sodium
aluminate 5/4-hydrate, SA sodium aluminate, N natrite, g quartz,
C calcite)

other geopolymers because of long relaxation times of Q*
species (see “Results” section). The 29Si MAS NMR shift

phase modulation sequence [21] was used for high-power
proton decoupling.

The results of the *°Si MAS NMR measurements of the
cured samples were compared to the spectrum of the silica
MS starting material. The signal intensities of the different
species in these spectra are directly related to the number
of the respective nuclei and therefore the spectra can be
used for the quantification of the silica reaction degree.
Spectra, accumulated with a sufficiently long recycle delay,
were fitted using the fitting tool of the “Dmfit” software
[22].

*’Al MAS NMR experiments were performed on a
Bruker AVANCE 600 spectrometer with a wide bore
magnet (14.1 T) using a 4-mm triple-resonance probe with
a sample spinning frequency of 12.5 kHz. Spectra were
recorded at room temperature with a selective (strong
quadrupole interaction) 90° pulse of 7.7 ps, which was
calibrated using the AlO, signal of yttrium aluminium
garnet (YAG), and were accumulated at least 256 times.
The ?’Al MAS NMR shift was referenced to YAG with
0.6 ppm for its AlO¢ peak. High-power proton decoupling

. .. . . . 29¢;
was referenced using kaolinite as secondary chemical shift ~ was applied analogously to the “Si MAS NMR
standard with —91.5 ppm for the upfield peak. Two-pulse ~ experiments.
Table 2 Oxide composition and resulting molar oxide ratios of the geopolymer pastes
Paste Na,O (Wt%) ALO; (Wt%) Si0, (Wt%) H,0 (Wt%) Na,0/AL0, Si0,/AL04 H,0/AL,05
(mol/mol) (mol/mol) (mol/mol)
CR_2 13.40 23.74 25.01 34.17 0.93 1.79 8.15
CR_3.5 9.85 18.12 33.37 34.10 0.89 3.13 10.65
CR_6 6.61 13.00 40.97 34.04 0.84 5.35 14.82
MS_2 14.17 23.86 26.20 34.25 0.98 1.86 8.12
MS_3.5 10.63 17.88 35.58 34.21 0.98 3.38 10.83
MS_6 8.03 13.47 42.49 34.17 0.98 5.35 14.36

@ Springer
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Determination of the degree of reaction of the silica
(dissolution method)

The procedure for the chemical determination of the degree
of reaction of the silica sources was adopted from Fer-
nandez-Jiménez et al. [23], who introduced it for the
determination of the degree of reaction of fly ash in con-
ventional fly ash-based geopolymers. During the proce-
dure, all geopolymerization products including zeolites are
almost completely dissolved, while the silicate starting
material (fly ash or silica) remains largely unaffected.

For the procedure, the hardened geopolymer specimens
were crushed and ground in a disc mill for 18 s. The
resulting powders were dried in a vacuum chamber at
p =40 mbar until a constant mass (defined as
Am < 0.2 wt% within 24 h) was reached. The powders
thus prepared completely passed a 63 pm-width-sieve.

Powder masses of (1.0000 £ 0.0005) g were stirred
with 250 ml HC1 (1:20) at ambient temperatures for 3 h
using a magnetic stirrer at a rotation speed of 750 rpm.
After 3 h the suspensions were filtered through ash-free
“red ribbon” filter paper. The insoluble residue together
with the filter paper was burned with a Bunsen burner using
platinum crucibles as sampling holders. The samples were
then put into a pre-heated oven at 1000 °C for at least 5 h.
After cooling down to ambient temperature in a desiccator,
the samples were weighed again; the percentage insoluble
residue was calculated from the latter value and the initial
sample weight. For each geopolymer, the procedure was
repeated on three samples and the results averaged. The
standard deviation of the percentage insoluble residue, IR,
thus determined was lower than 0.2 wt% in most cases and
never greater than 0.55 wt%.

The procedure was also applied to the both silica start-
ing materials (MS and CR) and a sample of zeolite A. The
silica materials differed in their dissolution behaviour
during the acid attack: while (2.6 & 0.2) wt% of MS were
dissolved during the procedure; (13.6 £ 0.3) wt% of CR
were dissolved. This is readily explained by the lower
amount of SiO, and the higher amount of impurities in CR
(Table 1). The zeolite A was virtually completely
(99.7 &£ 0.1 wt%) dissolved during the acid treatment,
indicating that also similarly composed amorphous
geopolymer gel would be almost completely dissolved.

From the measurements, the degree of reaction of the
silica (MS or CR) in the geopolymers was calculated as
follows: The insoluble residue of the dried geopolymer
sample is defined as

MR
IR=— 1
a3 (M
where IR is the insoluble residue of the dried powder, m is

the initial weight of the sample and mr is the sample

weight after acid treatment and ignition at 1000 °C. An
analogous definition applies to the silica starting materials.
The remaining silica after drying (but before acid treat-
ment) in the sample is then

1

RS=———
IRsilica

X IRgeopolymera (2)
where RS is the remaining silica, IR, is the insoluble
residue of the silica used (97.4 wt% for MS; 86.4 wt% for
CR) and IRgeopotymer s the insoluble residue of the dried
geopolymer sample under investigation.

From the mix-design of the pastes and the water content
of the vacuum dried powders (measured as LOI or calcu-
lated from the mass loss during hardening and drying), the
total amount of silica (reacted and unreacted) in the dried
powders can be calculated as

I — Waried
Csilica,dried = Csilica,paste X 7 (3)
1- Whpaste
where Cgjjica driea 15 the total amount of silica in the dried
powder, Csilicapaste 15 the amount of silica in the paste
(Table 1), wqrieq 1s the water content of the dried powder
and wy,ge 1s the water content of the paste (Table 1). Using
RS and cgjica ariea- the degree of reaction of the silica in the
geopolymer under investigation can then be calculated as
follows:

RS

)
Csilica,dried

aHCl) =1 — 4)
where «[HCI] is the degree of reaction of the silica, based
on the dissolution method.

Results
XRD of the cured geopolymers

Figure 2 shows the diffractograms of the geopolymers
cured for 1 day. Diffractograms for the other curing times
were very similar. As shown in Fig. 3 for the example of
MS_3.5, the only difference was a very slight increase of
the intensities of the reflections of the crystalline com-
pounds in general; a somewhat more pronounced increase
of the amount of sodalite (see below) with time was
observed in the CR_2 samples.

In the MS-based geopolymers, the major crystalline
phases after curing were hydrated zeolite A (PDF #
00-039-0222) and a hydrosodalite of intermediate water
content, Nag(AlSiO4)¢-4H,O (PDF # 00-042-0216). This
hydrosodalite was also identified by Hajimohammadi et al.
[13] and Zhang et al. [24] in geopolymers (one-part and
metakaolin-based, respectively) of comparatively low
starting Si0,/Al,05 ratio. The latter authors determined the

@ Springer
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MS_3.5_1d

HS Hs
MS_2_1d

L

CR 6_1d

CR_3.5_1d

[

EMT/F

S CR_2_1d
[TTT T I T[T T[T I [T T T T[T T T[T T T [TTTT[TT7TT]
5 10 15 20 25 30 35 40 45 50

° 20 (Cu Ka)

Fig. 2 X-ray diffractograms of the geopolymers cured for 1 day
(A zeolite A, HS hydrosodalite, C calcite, g quartz, EMT zeolite EMT,
F faujasite, S sodalite)

J MS_3.5_7d

MS_3.5_3d

MS_3.5_1d

J

[TTT T[T T T T[T I T T[T T T T[T T T T [T T T T[T T T T [TTTT[TTTT]|
5 10 15 20 25 30 35 40 45 50

° 20 (CuKa)

Fig. 3 X-ray diffractograms of the MS_3.5 geopolymers cured for
different curing times (1 day, 3 and 7 days)

average size of the hydrosodalite crystallites in their sam-
ples to be ca. 21 nm; also in the present study, the broad
reflections of this zeolite indicate either a small crystallite

@ Springer

size or a considerable degree of disorder. The relative
amount of hydrosodalite versus the amount of zeolite A
increased with decreasing silica content in the starting mix.

In the CR-based geopolymers, zeolite A was the domi-
nant crystalline phase for all starting Si0,/Al,05 ratios. All
CR-based specimens also incorporated small amounts of
calcite (PDF # 01-083-1762) and quartz (PDF # 00-046-
1045) as remainders from the silica feedstock. At low silica
content (CR_2), sodalite (sensu stricto, i.e. containing Cl™
in the cavities of the aluminosilicate framework; PDF #
01-072-0029) occurred; chloride for its formation is sup-
plied by the CR silica (¢f- Table 1). In addition, these
specimens contained small amounts of faujasite (PDF #
00-038-0239) and zeolite EMT (PDF # 00-046-0566). The
structure of zeolite EMT is related to that of faujasite and
these zeolites tend to form intergrowths under non-hy-
drothermal conditions [25], which makes the presence of
both zeolites plausible.

Compared to the diffractograms of the silica starting
materials (Fig. 1), the maximum of the “amorphous” hump
in the diffractograms of the cured geopolymers is broad-
ened and shifted to higher 26, reaching up to ca. 25°-35°
20 (Figs. 2 and 3; cf. also Fig. 6), which indicates the
formation of amorphous geopolymeric gel, possibly con-
taining nanometer-sized crystalline zeolites [26].

Degree of reaction (dissolution method)

For both, the MS-based and the CR-based geopolymers, the
degree of reaction of the silica, «[HCI], increased with
decreasing silica content in the starting mix but generally
did not change significantly with curing time (Fig. 4;
Table 4). The low-silica samples (MS_2 and CR_2)
exhibited nearly 100 % reacted silica. Medium-silica
(MS_3.5 and CR_3.5) and high-silica (MS_6 and CR_6)
samples exhibited considerably lower reaction degrees of
~45 and ~20 %, respectively.

The differences in reaction degree are also reflected in
the XRD results: the more unreacted silica remained in the
geopolymer samples the less pronounced is the shift to
higher 20 values in the diffractograms (Fig. 2).

Insoluble residues, obtained after the dissolution pro-
cedure (HCI + 1000 °C), were investigated by XRD to
analyse the processes during the procedure. For the low-
silica samples not enough sample mass could be obtained
(a«[HCl] =~ 100 %). All investigated samples exhibited
similar diffractograms after the dissolution procedure
(Fig. 5). In particular, the maximum of the amorphous
hump shifted back to a lower 20 value, in line with the
maximum of the hump in the diffractograms of the silica
sources; Fig. 6 shows the example of CR_6_1d (cured
geopolymer measured at the same conditions, i.e. sampling
interval: 0.01° 20; scan rate: 0.2° 20 min_l). The only
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eMS 2 eMS_3.5 mMS_6
OCR 2 OCR_3.5 OCR._6
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Fig. 4 Degree of reaction of the silica in the cured geopolymers,
determined by the dissolution method. Error bars represent the
estimated uncertainties, expressed as one standard deviation in each
direction

q q

\WV\ML‘_‘CRj.SJd +HCI + 1000 °C
w/\\~‘ CR_6_1d + HCI + 1000 °C

MS_3.5_1d + HCI + 1000 °C
(3

MS_6_1d + HCI + 1000 °C
C

[TTT T T T[T I T T[T T T T[T I T T[T T[T T T T [TTTT[TTTT]
5 10 15 20 25 30 35 40 45 50
° 26 (CuKa)

Fig. 5 X-ray diffractograms of the insoluble residues
(HCI + 1000 °C) of the geopolymers with SiO,/Al,0; =~ 3.5 and
Si0,/Al,05 = 6, cured for 1 day (M mullite, g quartz, ¢ cristobalite)

detectable crystalline phases were cristobalite (PDF #
01-076-0941) for MS-based geopolymer residues, and
cristobalite as well as synthetic quartz (PDF # 00-046-
1045) and low amounts of mullite (PDF # 01-073-1389) in
the CR-based samples. Apparently, the quartz is a residue
from the silica CR (cf. Figs. 1, 2). The presence of mullite
can be explained by low amounts of Al,O; remaining in
the system after dissolution in HCI (see discussion below)
and the subsequent high-temperature treatment at 1000 °C.

NMR results

*°Si MAS NMR measurements were performed on the MS
silica and the MS-based geopolymers (Fig. 7). The silica

CR_6_1d + HCI + 1000 °C
- --CR._6_1d
silica CR

o
[
e LN

AT
Yol YN g,

I LU I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I TTTT I
5 10 15 20 25 30 35 40 45 50
° 20 (CuKo)

Fig. 6 X-ray diffractograms of the silica CR, the CR-based geopoly-

mer with Si0,/Al,05; ~ 6 cured for 1 day and the insoluble residue
(HCI + 1000 °C) of the same geopolymer

MS_2_1d

MS_3.5_1d

MS_6_1d

MS_6_1d + HCI + 1000°C

silica MS

-70 -80 -90 -100 -110 -120 -130 -140
5(2Si) (ppm)

Fig. 7 °Si MAS NMR spectra of the silica MS, the MS-based
geopolymers cured for 1day and the insoluble residue
(HCI + 1000 °C) of the MS-based geopolymer with a starting ratio
Si0,/Al,05 =~ 6 cured for 1 day

exhibited a broad main resonance around —110 ppm
originating from Q* units (fully condensed SiO, tetrahedra)
and a shoulder downfield, which indicates a small amount
(6 %) of Q° units (SiO, unit linked to three SiO, tetrahedra
and a non-bridging oxygen atom) [27].

In the spectra of the hardened geopolymers three main
resonances appear: Q° at around —98 ppm and Q* at
around —110 ppm from the silica, and overlapping signals
at chemical shifts from ca. —80 to —92 ppm. The latter
originate from Si(4Al) units, i.e. SiO,4 tetrahedra linked to
four AlO,4, which are structural units of zeolites [27, 28] as
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well as of geopolymers with comparatively low SiO,/
Al,Oj5 ratio [15, 24, 29]. Smaller amounts of Si(3Al) units
(SiO4 tetrahedra having bridging oxygens to three AlOy4
and one SiO, unit), possibly present in the amorphous
geopolymeric gel, may also contribute to the signals from
—80 to —92 ppm. The main resonance of zeolite A at
—89.2 ppm [28] can be distinguished as peak on top these
overlapping signals for samples MS_6 and MS_3.5, and as
a shoulder for sample MS_2. At —87.0 ppm a shoulder is
present for MS_6 and MS_3.5, while this signal occurs as
main peak for MS_2. The relative heights of the peaks/
shoulders at —89.2 and —87.0 ppm parallel the differing
amounts of zeolite A and hydrosodalite in the geopolymers
of different composition as observed by XRD (Fig. 2), thus
the signal at —87.0 ppm can be assigned to the hydroso-
dalite. This assignment is in agreement with results by
Engelhardt et al. [30], who reported *°Si MAS NMR
chemical shifts for hydrosodalites of different water con-
tents and for hydrated hydroxysodalite. According to their
results, hydrosodalite of intermediate water content, as
found in the geopolymers under study, exhibits a signal at
—86.5 ppm, while the higher and lower water state would
cause signals at ca. —82.5 and —90.5 ppm, respectively.
In the spectrum of sample MS_2 no Q> and Q* reso-
nances, but only signals from the reaction products (i.e.
between —80 and —92 ppm) can be observed, i.e. all SiO,
had reacted in this geopolymer. The reaction degrees of the
silica, «[NMR], in the other geopolymers were calculated
from fitted peak areas using an additional resonance (re-
ferred to as peak “5”), centred at ca. —85 ppm; Fig. 8
shows the example of MS_3.5_1d. Peak 5 may originate
from more highly hydrated hydrosodalite-like species (cf.
the chemical shifts given above) and/or less complete
polymerized SiO,4 species in the geopolymeric gel. Due to
long longitudinal relaxation times 7' of the hydrosodalite

——MS_3.5_1d
3 4 —— sum of line fits
Q Q - - =single line fits

T T T 1
-70 -80 -90 -100 -110 -120 -130 -140
3(**Si) (ppm)

Fig. 8 Fit (grey line) of the measured 2°Si MAS NMR spectrum (fill
black line) of sample MS_3.5_1d, recycle delay 1200 s. Dashed lines
represent the fitted resonances
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and of the Q* resonances (Fig. 9), the spectra of samples
MS_3.5 and MS_6 were acquired with a recycle delay of
1200 s. A repetition time of 400 s was sufficient for the
fully reacted sample MS_2 («[NMR] ~ 100 %) and the
silica MS («[NMR] ~ 0 %), because no detailed reaction
degree was calculated. The results are shown in Table 3.

Table 3 also shows that in the cured samples with
remaining silica (MS_3.5 and MS_6) the relative amount
of Q7 sites is considerably increased and the amount of Q*
sites decreased, compared to the starting silica. These
changes are most likely related to the alteration of the silica
surface during dissolution. This interpretation is in line
with previous studies [31, 32] in which it was observed that
dissolution of microsilica in alkaline (Ca-dominated)
media led to the formation of Q’ species. These were
assigned fully [31] or in large part [32] to the silica; in the
latter study, it was shown by "H-*’Si CP MAS NMR that
these species can be assigned to a hydrated layer on the
surface of the microsilica. Another study [33] found that
formation of a significant amount of Q? species took place
also during dissolution of microsilica in 1 M NaOH solu-
tion, but no unequivocal assignment was given.

2’Al MAS NMR spectra of the hardened MS-based
samples are shown in Fig. 10. In accord with the identifi-
cation of Si(4Al) units in the 2Si MAS NMR spectra, all
2’Al MAS NMR spectra exhibit a large signal with its
maximum at ca. 58-59 ppm (59.1 ppm for MS_2_1d,
58.4 ppm for MS_3.5_1d and MS_6_1d) that originates
from Al(4Si) units, i.e. AlO, tetrahedra linked to four SiO4
tetrahedra [34, 35]. Again, this observation agrees with the
occurrence of zeolite A, hydrosodalite and geopolymeric
gel in the samples.

In addition to the signal at 58-59 ppm, a small, broad
signal centred at around 8 ppm occurred, which is related
to aluminium in octahedral coordination. The relative

A A

Zeolite A (T, =34 £3s)
Hydrosodalite (T, = 174 + 26 s)
Q*(T,=99+27s)
Q*(T,=469s)
5(T,=119+255)

.
< °

¢ o ® 4 »

Amplitude

T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Recycle delay (s)

Fig. 9 *°Si MAS NMR signal intensities of the various species of
sample MS_3.5_1d for different recycle delays. Hydrosodalite,
resonance “5” and Q* exhibit the longest relaxation times T}
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Table 3 Intensities of Q* and . o 3 4

Q4 peak areas and resulting Geopolymer Curing time (d) Recycle delay (s) Q (%) Q" (%) «[NMR] (%)

degrees of reaction of the silica MS 2 1 400 ~100
MS_3.5 1 1200 17.1 £ 0.3 27.1 £ 05 558+ 14
MS_3.5 7 1200 16.8 £ 0.3 26.8 £ 0.5 564 £ 14
MS_6 1 1200 139 £03 51.1 £1.0 350 £ 1.7
Silica MS 400 6.0 £0.2 940+ 19 ~0

T T T T T T T L

r —
100 9 8 70 60 5 40 30 20 10 0 -10
3("Al) (ppm)

Fig. 10 >’Al MAS NMR spectra of the MS-based geopolymers cured
for 1 day. The inset shows the signals from aluminium in octahedral
coordination

amount of this octahedral aluminium in the cured
geopolymers was significantly higher in the samples with a
starting SiO,/Al,05 ratio of ca. 3.5 or 6 (MS_3.5 and
MS_6) than in the sample with SiO,/Al,0O3 ~ 2, as shown
by the corresponding peak areas (Fig. 10, inset). The nature
of the octahedral aluminium giving rise to these signals is
discussed below.

The low-silica sample (MS_2) exhibited another small
broad signal around 15 ppm (Fig. 10, inset), which pre-
sumably is related to remaining sodium aluminate or
impurities of the sodium aluminate [15]. Very low amounts
of remaining sodium aluminate in that sample can be
tentatively identified as very weak peaks in the XRD
results too (which, due to their low intensity, are not dis-
tinguishable in Figs. 2 and 3).

Discussion
Degree of reaction of the silica

Deviations exist between the results of the two applied
methods for the measurement of the degree of reaction of
the silica in the geopolymers (dissolution in HCI and *°Si
MAS NMR, respectively). In all cases, the reaction degree
as determined by NMR spectra curve fitting is larger than

the results based on the dissolution method, the deviations
increasing with decreasing reaction degree (Table 4).

A possible reason for the observed deviations between
the results of the two methods is incomplete dissolution of
the reaction products during the HCI treatment (cf. Refs.
[36, 371). While **Si MAS NMR measures only silicon
atoms in the samples, the results of the dissolution method
are based on the accuracy of the measurements of the
insoluble residue, and the assumption that the insoluble
residue contains only remaining silica but no reaction
products. However, 2’Al MAS NMR spectra of samples
MS_3.5_1d and MS_6_1d after dissolution in HCI and
heating to 1000 °C (not shown) reveal that a significant
amount of aluminium (1-2 at.%), i.e. considerably more
than in the starting MS silica (c¢f. Table 1), remained in the
samples. Although no aluminium-bearing phases could be
detected in the XRD traces of these samples (Figs. 5, 6),
the corresponding CR-based geopolymers were shown by
XRD to contain some mullite (2Al,03-SiO,; PDF #
01-073-1389) after the dissolution treatment and ignition
(Fig. 5). These observations indicate that the chemical
attack with HCl on the reaction products was not complete,
and hence, the calculated silica reaction degrees «[HCI] are
too low. This explanation, however, cannot fully account
for the observed differences between the methods: allow-
ing for 1-2 at.% of aluminium in the samples after the
dissolution procedure results in reaction degrees, «[HCI],
that are only 1-3 % (abs.) higher than the values shown in
Table 4.

Despite the bias of the dissolution method, its results can
serve to identify the changes of the degree of reaction of
the silica, e.g. with curing time and/or temperature. In the
present context, it is important to note that under the
employed curing conditions, the dissolution of the silica
did not proceed significantly after a curing time of 1 day
(Fig. 4). In line with this, only very minor changes of the
diffractograms of the geopolymers could be observed after
this curing time.

Composition of the reaction products
The degree of reaction of the silica was nearly 100 % in the

geopolymers with starting SiO,/Al,O; ~ 2 (low-silica),
but considerably lower in the medium- and high-silica
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Table 4 Comparison of silica

reaction degrees as determined Geopolymer Curing time (d) «[NMR] (%) a[HCI] (%) A abs. (%)

by *’Si MAS NMR and by the g o 1 ~100 96.7 + 0.3 ~33

dissolution method ~ )
MS_3.5 1 558+ 1.4 452 £+ 3.8 10.6
MS_3.5 7 564 £ 14 443 £ 39 12.1
MS_6 1 350+ 1.7 215 +£52 13.5

geopolymers (Fig. 4; Table 4). In contrast to the paste
Si0,/Al,05 ratio, the source of the silica starting material
was of minor importance for its degree of reaction in the
geopolymer systems under investigation.

From the degrees of reaction of the silica MS as deter-
mined by NMR (Table 4), the composition of the silica
materials (Table 1) and the starting composition of the
geopolymers (Table 2), the mean SiO,/Al,Oj3 ratio of the
reaction products can be estimated. For the calculations it
is assumed that the sodium aluminate has been dissolved
completely, which is close to the actual behaviour, as XRD
and NMR indicated only minor amounts of sodium alu-
minate in the reaction products. The SiO,/Al,O5 ratios of
the reaction products thus obtained are slightly below
2 mol/mol (i.e. ~1.9 mol/mol) for all starting MS
contents.

It can be assumed that the error made in the determi-
nation of the degree of reaction of the silica CR by the
chemical method is similar to the error for the MS-based
samples. From this assumption and the almost identical
reaction degrees (Fig. 4), it follows that also for all CR-
based geopolymers the SiO,/Al,05 ratio of the reaction
products is close to 2. Thus, it appears that under the
employed synthesis conditions the silica material is dis-
solved only to an extent that the reaction products achieve
a SiO,/Al,05 ratio of ~2 mol/mol; afterwards dissolution
of the silica ceases.

This observation warrants a reevaluation of the results of
the aforementioned previous investigation on a one-part
geopolymer [17]. In this latter study, the reaction degree of
the silica was determined with the dissolution method to be
ca. 50 %, which resulted in a calculated SiO,/Al,O5 ratio
of the reaction products of ca. 1.8. Since the present study
showed that dissolution method is biased (underestimates
the degree of reaction), it is likely that the actual degree of
reaction of the silica in the previous study was higher and
thus also in these geopolymers the SiO,/Al,O5 ratio of the
reaction products was closer to 2.

The estimated SiO,/Al,0j3 of the reaction products in the
present study is in line with zeolite A, hydrosodalite and
sodalite (all have SiO,/Al,03 = 2.0) as the main crys-
talline reaction products in the geopolymers. However,
depending on the starting silica material used and the
composition of the paste, the relative abundance of these
zeolites varied (Fig. 2). In addition, CR_2 contained small
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amounts of faujasite and zeolite EMT, whose SiO,/Al,03
ratios are 4.8 and 6.6, respectively.

The observed differences in the amount of remaining
(non-reacted) silica and in the phase assemblage of the
cured geopolymers affect their properties. A previous
investigation [19] showed that the compressive strength of
MS-based one-part geopolymers (water/solids ratio 0.60)
increased consistently with increasing starting SiO,/Al,O3
ratio; the highest strength was obtained at SiO,/Al,03 = 6
(Fig. 11). The strength results for the MS-based pastes
studied here (i.e. with a nominal water/solids ratio of 0.50)
exhibited an analogous trend, but larger scatter (probably
because of the less good workability, caused by the lower
water content). This increase of strength with increasing
Si0,/Al,05 ratio can be attributed, at least partly, to the
remaining silica particles, which may act as micro-aggre-
gates, and/or differences in porosity and pore sizes of the
cured geopolymers. As pointed out by Oh et al. [38], also
the relative amounts of different kinds of zeolites (and/or
the similarity of the geopolymeric gel to these zeolites) can
significantly impact on the mechanical properties of the
cured geopolymers. However, the latter authors reported
only on the bulk modulus of hydroxysodalite (basic
hydrosodalite), while the major crystalline phases in the
present MS-based geopolymers were zeolite A at high
starting SiO,/Al,O;3 ratio and (non-basic) hydrosodalite at
low starting SiO,/Al,05 ratio. It should also be noted that

30

25 4 _1_
2] 1

Zmﬁmﬂ |

Starting SiO,/Al,0; (mol/mol)

Compressive strength (MPa)

Fig. 11 Compressive strength of MS-based one-part geopolymers
(water/solids ratio = 0.60) cured for 7 days, depending on starting
Si0,/Al,05 ratio. Error bars represent one standard deviation in each
direction. Data from Ref. [19]
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the occurrence of differing amounts of hydrosodalite in
these geopolymers is of importance in the context of high-
temperature applications, as the volume of this zeolite
increases significantly on dehydration [39].

In the medium- and high-silica geopolymers a minor but
significant fraction of the aluminium in the products was
found to be in octahedral coordination, leading to a broad
resonance centred at ca. 8 ppm (Fig. 10, inset). This
octahedral aluminium is possibly contained in amorphous
or semi-crystalline Al(OH); as proposed by Brew and
MacKenzie [15]. These authors found indications of a
poorly ordered gibbsite-like phase in the XRD traces of
geopolymers made from silica fume and sodium aluminate
solution, and suggested that the minor amounts of octa-
hedral aluminium in these samples can be assigned to that
phase. This assignment would also be in line with previous
2"AI{"H} and ?’A1{**Si} REDOR NMR measurements on
CR-based one-part geopolymers [18], which indicate that
the octahedral aluminium in the products (resonance at
5-10 ppm) has protons, but no or little silicon in spatial
proximity.

Conclusions

One-part geopolymers, synthesized from silica and sodium
aluminate, yield zeolite A and hydrosodalite as major
crystalline reaction products, as well as geopolymeric gel.
The relative amounts of the zeolites depend on the initial
Si0,/Al,05 ratio, higher SiO,/Al,O3 ratios generally
leading to a higher fraction of zeolite A.

The degree of reaction of the silica in the geopolymers
can be estimated using a chemical method (dissolution in
HCI) and by evaluation of *Si MAS NMR peak areas.
Judging from the NMR analyses, the results of the disso-
lution method are biased, in particular at low reaction
degrees. However, both methods clearly disclosed the same
trends for changes of the degree of reaction depending on
geopolymer formulation and curing time, making the dis-
solution method at least useful to follow these trends.

Both methods showed that in all formulations, the
degree of reaction of the silica did not change significantly
after 1 day of curing, indicating that longer curing times
are of no use for these materials. The kind of silica (MS or
CR) had no significant influence on the degree of reaction,
while the degree of reaction was strongly dependent on
paste SiO,/Al,Oj; ratio. In the geopolymers with a SiO,/
Al,O5 ratio of ~2 the silica reacted virtually completely.
For higher starting SiO,/Al,05 ratios (higher starting silica
contents) the degree of reaction of the silica was consid-
erably lower. The NMR-based results disclosed that in
these geopolymers the silica dissolved only to an extent

that the composition of the reaction products was close to
Si0,/Al,05 = 2 too.

Differences in the mechanical properties of the
geopolymers were related to the observed differences in the
amount of remaining (non-reacted) silica and the phase
assemblage. In addition, the occurrence in the reaction
products of differing amounts of hydrosodalite, with its
unusual behaviour of volume increase on dehydration, is
considered to be of importance for high-temperature
applications. Further studies will analyse the influence of
these variations on the mechanical, chemical and thermal
properties of the investigated one-part geopolymers in
more detail.
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