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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 SiO2/Al2O3 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 products) was determined using two different methods: chemical attack with HCl to dissolve the reaction products and
evaluation of peak areas of 29Si 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 SiO2/Al2O3
ratio of the reaction products (aluminosilicates and minor
products) can be estimated to be ca. 2.0, nearly independent 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 29Si and
27
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 comparatively low SiO2/Al2O3 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 associated CO2 emissions than conventional Portland cementbased concretes [7]. Because of this great potential,
geopolymers have been extensively studied, in particular in
terms of mechanical properties, microstructure, and thermal 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 conventional Portland cements. By applying this approach, it is
not necessary to store and handle highly alkaline waterglass or sodium hydroxide solutions, which avoids problems 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, mechanical 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 influencing the latter. In a previous study [17], a one-part
geopolymer based on a by-product silica and sodium aluminate 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 SiO2/Al2O3 and H2O/Na2O
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 SiO2/Al2O3 ratios.
The phase content of the cured geopolymers was investigated by means of XRD, 29Si and 27Al MAS NMR, and the
degree of reaction of the silica materials in the geopolymers was measured using two different methods: chemical
attack with HCl to dissolve the reaction products and
evaluation of peak areas of 29Si 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.
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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 CO2,
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 lm; as is indicated by SEM
images of this silica material [17], the latter value represents the size of agglomerates consisting of primary particles with diameters of about 0.05–0.20 lm.
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 CO2. In line with the latter values,
XRD analyses showed, besides dry sodium aluminate (PDF
# 00-033-1200), low amounts of sodium aluminate 5/4hydrate (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 SiO2/Al2O3 ratios and subsequently 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 approximate SiO2/Al2O3 ratio and, if applicable, their curing time
(e.g. MS_2_3d for the paste made from silica MS with a
SiO2/Al2O3 ratio of 1.86, cured for 3 days).
The pastes were mixed in a contact-free planetary centrifugal mixer for 3 min at a rotation speed of 1750 rpm to
form homogenous binder pastes. Subsequently, the pastes
were cast into 20 mm 9 20 mm 9 20 mm cube moulds
and cured in the open moulds at 80 C and C80 % r.H. in
an oven with climate conditioning for 1, 3, or 7 days.

Materials and methods
XRD and NMR analyses
Starting materials
Two different silicas and a sodium aluminate (nominally
NaAlO2) 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% SiO2; 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 granulometry to be 0.20 lm.
Silica CR is an industrial by-product, produced in several steps in wastewater treatment of chlorosilane production [17]. It consists of 84 wt% SiO2; the main part is
amorphous SiO2, but XRD analyses indicated also low

X-ray diffractograms were recorded on a Rigaku Ultima IV
diffractometer under the following conditions: Bragg–
Brentano geometry; Cu Ka radiation (k = 1.5419 Å);
divergence slit: 10 mm; scanning range: 3–63 2h; sampling interval: 0.02 2h; scan rate: 1.0 2h min-1 (silica
starting materials and insoluble residues: sampling interval:
0.01 2h; scan rate: 0.2 2h min-1).
29
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 ls and at least
144 scans were accumulated. The recycle delay was 400 s
for the silica and the geopolymer with the lowest SiO2/
Al2O3 ratio; a recycle delay of 1200 s was used for the
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Table 1 Chemical composition
of the starting materials

Component

Silica MS (wt%)

Silica CR (wt%)

SiO2

95.16

84.23

0.61

Al2O3

0.17

4.18

60.85

Fe2O3

Sodium aluminate (wt%)

0.04

0.43

0.06

TiO2

\0.01

0.06

0.00

CaO

1.71

2.97

0.26

MgO

0.28

0.17

0.02

Na2O

0.19

0.22

36.07

K2O

0.65

0.03

0.03

SO3

0.25

0.16

0.16

Cl-

1.36

LOI

1.12

5.08

1.73

LOI loss on ignition

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

other geopolymers because of long relaxation times of Q4
species (see ‘‘Results’’ section). The 29Si MAS NMR shift
was referenced using kaolinite as secondary chemical shift
standard with -91.5 ppm for the upfield peak. Two-pulse

phase modulation sequence [21] was used for high-power
proton decoupling.
The results of the 29Si 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].
27
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 ls, which was
calibrated using the AlO4 signal of yttrium aluminium
garnet (YAG), and were accumulated at least 256 times.
The 27Al MAS NMR shift was referenced to YAG with
0.6 ppm for its AlO6 peak. High-power proton decoupling
was applied analogously to the 29Si MAS NMR
experiments.

Table 2 Oxide composition and resulting molar oxide ratios of the geopolymer pastes
Paste

Na2O (wt%)

Al2O3 (wt%)

SiO2 (wt%)

H2O (wt%)

Na2O/Al2O3
(mol/mol)

SiO2/Al2O3
(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

14.17
10.63

23.86
17.88

26.20
35.58

34.25
34.21

0.98
0.98

1.86
3.38

8.12
10.83

8.03

13.47

42.49

34.17

0.98

5.35

14.36

MS_2
MS_3.5
MS_6
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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 Fernández-Jiménez et al. [23], who introduced it for the
determination of the degree of reaction of fly ash in conventional fly ash-based geopolymers. During the procedure, 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
Dm \ 0.2 wt% within 24 h) was reached. The powders
thus prepared completely passed a 63 lm-width-sieve.
Powder masses of (1.0000 ± 0.0005) g were stirred
with 250 ml HCl (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 starting 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 SiO2 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
IR ¼

mIR
;
m

ð1Þ

where IR is the insoluble residue of the dried powder, m is
the initial weight of the sample and mIR 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 treatment) in the sample is then
RS ¼

1
IRsilica

 IRgeopolymer ;

ð2Þ

where RS is the remaining silica, IRsilica is the insoluble
residue of the silica used (97.4 wt% for MS; 86.4 wt% for
CR) and IRgeopolymer is 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 calculated from the mass loss during hardening and drying), the
total amount of silica (reacted and unreacted) in the dried
powders can be calculated as
csilica;dried ¼ csilica;paste 

1  wdried
;
1  wpaste

ð3Þ

where csilica,dried is the total amount of silica in the dried
powder, csilica,paste is the amount of silica in the paste
(Table 1), wdried is the water content of the dried powder
and wpaste is the water content of the paste (Table 1). Using
RS and csilica,dried, the degree of reaction of the silica in the
geopolymer under investigation can then be calculated as
follows:
a½HCl ¼ 1 

RS
csilica;dried

;

ð4Þ

where a[HCl] 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 compounds 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, Na6(AlSiO4)64H2O (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 SiO2/Al2O3 ratio. The latter authors determined the
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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 dominant crystalline phase for all starting SiO2/Al2O3 ratios. All
CR-based specimens also incorporated small amounts of
calcite (PDF # 01-083-1762) and quartz (PDF # 00-0461045) as remainders from the silica feedstock. At low silica
content (CR_2), sodalite (sensu stricto, i.e. containing Clin the cavities of the aluminosilicate framework; PDF #
01-072-0029) occurred; chloride for its formation is supplied by the CR silica (cf. 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-hydrothermal 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 broadened and shifted to higher 2h, reaching up to ca. 25–35
2h (Figs. 2 and 3; cf. also Fig. 6), which indicates the
formation of amorphous geopolymeric gel, possibly containing nanometer-sized crystalline zeolites [26].
Degree of reaction (dissolution method)
Fig. 2 X-ray diffractograms of the geopolymers cured for 1 day
(A zeolite A, HS hydrosodalite, C calcite, q quartz, EMT zeolite EMT,
F faujasite, S sodalite)

MS_3.5_7d

MS_3.5_3d

MS_3.5_1d

5

10

15

20

25

30

35

40

45

50

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 samples to be ca. 21 nm; also in the present study, the broad
reflections of this zeolite indicate either a small crystallite
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For both, the MS-based and the CR-based geopolymers, the
degree of reaction of the silica, a[HCl], 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 2h values in the diffractograms (Fig. 2).
Insoluble residues, obtained after the dissolution procedure (HCl ? 1000 C), were investigated by XRD to
analyse the processes during the procedure. For the lowsilica 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 2h 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 2h; scan rate: 0.2 2h min-1). The only
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MS_2

MS_3.5

MS_6

CR_2

CR_3.5

CR_6

Silica reaction degree

100%

CR_6_1d + HCl + 1000 °C
CR_6_1d
silica CR

80%

60%

40%

20%

0%

5
0

1

2

3

4

5

6

7

10

15

20

25

30

35

40

45

50

8

Curing time (days)

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

Fig. 6 X-ray diffractograms of the silica CR, the CR-based geopolymer with SiO2/Al2O3 & 6 cured for 1 day and the insoluble residue
(HCl ? 1000 C) of the same geopolymer

q

q

M

M

CR_3.5_1d + HCl + 1000 °C

CR_6_1d + HCl + 1000 °C

MS_3.5_1d + HCl + 1000 °C

c

MS_6_1d + HCl + 1000 °C

c

5

10

15

20

25

30

35

40

45

50

Fig. 5 X-ray
diffractograms
of
the
insoluble
residues
(HCl ? 1000 C) of the geopolymers with SiO2/Al2O3 & 3.5 and
SiO2/Al2O3 & 6, cured for 1 day (M mullite, q quartz, c cristobalite)

detectable crystalline phases were cristobalite (PDF #
01-076-0941) for MS-based geopolymer residues, and
cristobalite as well as synthetic quartz (PDF # 00-0461045) 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 Al2O3 remaining in
the system after dissolution in HCl (see discussion below)
and the subsequent high-temperature treatment at 1000 C.
NMR results
29

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

Fig. 7 29Si MAS NMR spectra of the silica MS, the MS-based
geopolymers cured for 1 day and the insoluble residue
(HCl ? 1000 C) of the MS-based geopolymer with a starting ratio
SiO2/Al2O3 & 6 cured for 1 day

exhibited a broad main resonance around -110 ppm
originating from Q4 units (fully condensed SiO4 tetrahedra)
and a shoulder downfield, which indicates a small amount
(6 %) of Q3 units (SiO4 unit linked to three SiO4 tetrahedra
and a non-bridging oxygen atom) [27].
In the spectra of the hardened geopolymers three main
resonances appear: Q3 at around -98 ppm and Q4 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. SiO4 tetrahedra linked to
four AlO4, which are structural units of zeolites [27, 28] as
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well as of geopolymers with comparatively low SiO2/
Al2O3 ratio [15, 24, 29]. Smaller amounts of Si(3Al) units
(SiO4 tetrahedra having bridging oxygens to three AlO4
and one SiO4 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 hydrosodalite. This assignment is in agreement with results by
Engelhardt et al. [30], who reported 29Si MAS NMR
chemical shifts for hydrosodalites of different water contents 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 Q3 and Q4 resonances, but only signals from the reaction products (i.e.
between -80 and -92 ppm) can be observed, i.e. all SiO2
had reacted in this geopolymer. The reaction degrees of the
silica, a[NMR], in the other geopolymers were calculated
from fitted peak areas using an additional resonance (referred 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 SiO4 species in the geopolymeric gel. Due to
long longitudinal relaxation times T1 of the hydrosodalite

and of the Q4 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 (a[NMR] & 100 %) and the
silica MS (a[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 Q3 sites is considerably increased and the amount of Q4
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 Q3 species. These were
assigned fully [31] or in large part [32] to the silica; in the
latter study, it was shown by 1H–29Si 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 Q3 species took place
also during dissolution of microsilica in 1 M NaOH solution, but no unequivocal assignment was given.
27
Al MAS NMR spectra of the hardened MS-based
samples are shown in Fig. 10. In accord with the identification of Si(4Al) units in the 29Si MAS NMR spectra, all
27
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. AlO4 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

Fig. 8 Fit (grey line) of the measured 29Si MAS NMR spectrum (full
black line) of sample MS_3.5_1d, recycle delay 1200 s. Dashed lines
represent the fitted resonances

Fig. 9 29Si MAS NMR signal intensities of the various species of
sample MS_3.5_1d for different recycle delays. Hydrosodalite,
resonance ‘‘5’’ and Q4 exhibit the longest relaxation times T1
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Table 3 Intensities of Q3 and
Q4 peak areas and resulting
degrees of reaction of the silica
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Geopolymer

Curing time (d)

Recycle delay (s)

MS_2

1

400

MS_3.5

1

1200

Q3 (%)

Q4 (%)

a[NMR] (%)

17.1 ± 0.3

27.1 ± 0.5

55.8 ± 1.4

*100

MS_3.5

7

1200

16.8 ± 0.3

26.8 ± 0.5

56.4 ± 1.4

MS_6

1

1200

13.9 ± 0.3

51.1 ± 1.0

35.0 ± 1.7

400

6.0 ± 0.2

94.0 ± 1.9

*0

Silica MS

Fig. 10 27Al 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 SiO2/Al2O3 ratio of ca. 3.5 or 6 (MS_3.5 and
MS_6) than in the sample with SiO2/Al2O3 & 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 presumably 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 distinguishable 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 HCl and 29Si
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 HCl treatment (cf. Refs.
[36, 37]). While 29Si 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, 27Al MAS NMR spectra of samples
MS_3.5_1d and MS_6_1d after dissolution in HCl 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 (cf. 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 (2Al2O3SiO2; 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 a[HCl] are
too low. This explanation, however, cannot fully account
for the observed differences between the methods: allowing for 1–2 at.% of aluminium in the samples after the
dissolution procedure results in reaction degrees, a[HCl],
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 SiO2/Al2O3 & 2 (low-silica),
but considerably lower in the medium- and high-silica
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Geopolymer

Curing time (d)

a[NMR] (%)

a[HCl] (%)

D abs. (%)

MS_2

1

*100

96.7 ± 0.3

*3.3

MS_3.5

1

55.8 ± 1.4

45.2 ± 3.8

10.6

MS_3.5

7

56.4 ± 1.4

44.3 ± 3.9

12.1

MS_6

1

35.0 ± 1.7

21.5 ± 5.2

13.5

geopolymers (Fig. 4; Table 4). In contrast to the paste
SiO2/Al2O3 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 determined by NMR (Table 4), the composition of the silica
materials (Table 1) and the starting composition of the
geopolymers (Table 2), the mean SiO2/Al2O3 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 aluminate in the reaction products. The SiO2/Al2O3 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 determination 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 CRbased geopolymers the SiO2/Al2O3 ratio of the reaction
products is close to 2. Thus, it appears that under the
employed synthesis conditions the silica material is dissolved only to an extent that the reaction products achieve
a SiO2/Al2O3 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 SiO2/Al2O3 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 SiO2/Al2O3 ratio of the
reaction products was closer to 2.
The estimated SiO2/Al2O3 of the reaction products in the
present study is in line with zeolite A, hydrosodalite and
sodalite (all have SiO2/Al2O3 = 2.0) as the main crystalline 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 SiO2/Al2O3
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 SiO2/Al2O3
ratio; the highest strength was obtained at SiO2/Al2O3 = 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
SiO2/Al2O3 ratio can be attributed, at least partly, to the
remaining silica particles, which may act as micro-aggregates, 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 SiO2/Al2O3 ratio and (non-basic) hydrosodalite at
low starting SiO2/Al2O3 ratio. It should also be noted that
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Compressive strength (MPa)

Table 4 Comparison of silica
reaction degrees as determined
by 29Si MAS NMR and by the
dissolution method
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Fig. 11 Compressive strength of MS-based one-part geopolymers
(water/solids ratio = 0.60) cured for 7 days, depending on starting
SiO2/Al2O3 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 hightemperature 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)3 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 octahedral aluminium in these samples can be assigned to that
phase. This assignment would also be in line with previous
27
Al{1H} and 27Al{29Si} 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
SiO2/Al2O3 ratio, higher SiO2/Al2O3 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
HCl) and by evaluation of 29Si MAS NMR peak areas.
Judging from the NMR analyses, the results of the dissolution 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 dissolution 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 SiO2/Al2O3 ratio. In the geopolymers with a SiO2/
Al2O3 ratio of *2 the silica reacted virtually completely.
For higher starting SiO2/Al2O3 ratios (higher starting silica
contents) the degree of reaction of the silica was considerably lower. The NMR-based results disclosed that in
these geopolymers the silica dissolved only to an extent
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that the composition of the reaction products was close to
SiO2/Al2O3 = 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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G, Alonso MM, Aranda MAG (2006) Quantitative determination
of phases in the alkaline activation of fly ash. Part II: degree of
reaction. Fuel 85:1960–1969
24. Zhang B, MacKenzie KJD, Brown IWM (2009) Crystalline phase
formation in metakaolinite geopolymers activated with NaOH
and sodium silicate. J Mater Sci 44:4668–4676. doi:10.1007/
s10853-009-3715-1
25. Weitkamp J, Schumacher R, Weiß U (1992) Hydrothermalsynthese und Charakterisierung von Zeolith EMT. Chem Ing Tech
64:1109–1112

123

J Mater Sci (2015) 50:6768–6778
26. Provis JL, Lukey GC, van Deventer JSJ (2005) Do geopolymers
actually contain nanocrystalline zeolites? A reexamination of
existing results. Chem Mater 17:3075–3085
27. Engelhardt G, Michel D (1987) High-resolution solid-state NMR
of silicates and zeolites. Wiley, Chichester
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