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Abstract

This study demonstrates production of stoichiometrically controlled alkali-aluminosilicate gels (‘geopolymers’) via alkali-
activation of high-purity synthetic amorphous aluminosilicate powders. This method provides for the first time a process by
which the chemistry of aluminosilicate-based cementitious materials may be accurately simulated by pure synthetic systems,
allowing elucidation of physicochemical phenomena controlling alkali-aluminosilicate gel formation which has until now been
impeded by the inability to isolate and control key variables. Phase evolution and nanostructural development of these mate-
rials are examined using advanced characterisation techniques, including solid state MAS NMR spectroscopy probing 2°Si, 27Al
and 23Na nuclei. Gel stoichiometry and the reaction kinetics which control phase evolution are shown to be strongly dependent
on the chemical composition of the reaction mix, while the main reaction product is a Na,0-Al,03-Si0>-H,0 type gel comprised
of aluminium and silicon tetrahedra linked via oxygen bridges, with sodium taking on a charge balancing function. The alkali-
aluminosilicate gels produced in this study constitute a chemically simplified model system which provides a novel research
tool for the study of phase evolution and microstructural development in these systems. Novel insight of physicochemical phe-
nomena governing geopolymer gel formation suggests intricate control over time-dependent geopolymer physical properties
can be attained through careful precursor mix design. Chemical composition of the main N-A-S-H type gel reaction product as
well as the reaction kinetics governing its formation are closely related to the Si/Al ratio of the precursor, with increased Al
content leading to an increased rate of reaction and decreased Si/Al ratio in the N-A-S-H type gel. This has significant implica-
tions for geopolymer mix design for industrial applications.

Introduction The compositions of commonly used aluminosilicate precur-
sors, such as fly ash (a by-product of coal combustion) and
ground granulated blast furnace slag (a by-product of iron-
making) vary significantly between sources, and sometimes
as a function of time from a single source, which compli-
cates the design and analysis of geopolymer formulations? 7.
Variations in precursor chemistry have also caused difficulty
in determining the role of each chemical species in phase
evolution and microstructural development during the set-
ting and hardening of geopolymer cement.

Despite the rapidly increasing number of studies investigat-
ing the chemistry of geopolymers, the literature is often
conflicting and experimental analysis can involve a large
number of unconstrained parameters & °. It is necessary to
develop a method to study these materials that permits
strict control of the stoichiometry, to investigate relation-
ships between precursor chemical composition and the
thermodynamics and reaction kinetics which govern phase
evolution, mechanical performance, dimensional stability
and long-term durability in geopolymer systems10. Only
through such a method can key variables dictating the final
physicochemical properties of geopolymer binders be iso-
lated and controlled to allow resolution of phenomena

Alkali-activated aluminosilicate cements, known as ‘geopol-
ymers’, offer opportunities for use as an alternative to Port-
land cement (PC) in many applications including concrete
production, with a reduction in associated CO; emissions by
over 80% achievable when compared to PC-based binders?
3, as well as in refractory, construction, radioactive waste
immobilisation, biomaterial, fibre composite and other
niche applications. Despite this, the use of geopolymers in
the construction industry is not yet widespread due in part
to the difficulty associated with achieving reproducible per-
formance and stoichiometry of the key binding phases
formed in these systems when waste or by-product materi-
als are used as their main precursors2. This is linked to the
current incomplete understanding of the fundamental fluid-
particle reactions occurring during the reaction of a concen-
trated alkaline solution with a reactive aluminosilicate pow-
der, which leads to the precipitation of the alkali aluminosil-
icate ‘geopolymer’ gel product and thus defines the for-
mation and performance of the resulting cementitious
binder.

Even under small variations in the chemical and physical
characteristics of the raw materials used, the physical prop-
erties of geopolymers can show significant differences? 4.



which are fundamental for geopolymer mix design in practi-
cal settings.

One approach to mitigate this problem has been through
synthesis of geopolymer precursor powders and binder
phases in the laboratory under controlled conditions. A lim-
ited number of studies detailing the synthesis and charac-
terisation of phases simulating those found in geopolymer
binders can be found in the literature!’-20. Most of these
studies described the reaction of nitrate solutions contain-
ing silicon and aluminium, via a sol-gel procedure, to form
alkali aluminosilicate or calcium-alkali-aluminosilicate gels.
These studies generally investigate the effect of alkali cati-
ons, alkaline earth cations or aluminium on CaO-SiO,-H,O
(C-S-H) type or Na,0-Al,05-Si0z-H,0 (N-A-S-H) type gels by
addition of these ions after formation of the gel (either by
direct addition of an ion source or by mixing two different
gels together). However, in geopolymer systems involving
the alkali-activation of an aluminosilicate precursor, all reac-
tive species are initially present and participate simultane-
ously in the reaction; it is well known that the rates at which
Si and Al are supplied as nutrients for a geopolymer gel-
forming reaction are fundamental in controlling the proper-
ties of the hardened binder?® 22, The addition of ions after
formation of the main reaction products restricts the ability
to control gel stoichiometry and homogeneity in these sys-
tems, as well as possibly modifying the structural role of the
cations if the degree of approach to thermodynamic equilib-
rium is restricted by transport or kinetic limitations. Fur-
thermore, the use of high amounts of water and the pres-
ence of nitrates lead to differences in alkalinity and ionic
strength, and can significantly affect the dissolution, reac-
tion mechanisms and phase formation.

Thus, in order to accurately replicate the reaction conditions
present during alkali-activation of reactive cementitious
precursors, this study utilises high-purity synthetic alumino-
silicate amorphous precursor powders synthesised via an
organic steric entrapment solution-polymerisation route as
described in detail previously?3 24, to develop a novel class
of stoichiometrically controlled geopolymers. These geopol-
ymers are synthesised from pure precursors under the same
physical and chemical conditions which prevail during alkali-
activation of commonly used aluminosilicate geopolymer
precursors such as metakaolin and fly ash, and provide in-
sight into the role of precursor chemistry in the phase evo-
lution of geopolymer systems. Through rigorous analysis of
this model system, we resolve important relationships be-
tween precursor chemistry and the final structure of the
alkali aluminosilicate geopolymer gel which have significant
implications for geopolymer mix design.

Materials and Methods
Geopolymer binder synthesis

The aluminosilicate precursor powders used in this study
were synthesised via an organic steric entrapment solution-
polymerisation route?*, with the empirical compositions
2Si02-Al;03 and 4SiO5-Al;03 chosen to span the range of
bulk silicon and aluminium contents typically found in alu-
minosilicate pozzolans such as siliceous fly ash and me-

takaolin, with the first specifically representing the composi-
tion of metakaolin. The activating solution was prepared by
dissolution of sodium hydroxide powder (AnalaR 99 wt.%) in
sodium silicate solution (N grade, modulus (molar ratio
SiOy/Nay0) = 3.3, 37.5 wt.% total solids, PQ Australia) and
distilled water. The stoichiometry was designed to obtain an
activating solution modulus of SiO,/NayO = 1, a water/solids
ratio of 0.75 and a cation ratio of Na/Al = 1.18 in the reac-
tion mixture (see Table 1). The activating solution was mixed
with the aluminosilicate precursor powder to form a homo-
geneous paste, which was cast in sealed containers and
cured at ambient temperature for 7, 28 and 224 days.

Table 1. Molar ratios in the precursor powder and the reac-
tion mixture for each sample

Empirical Precursor Reaction
Sample .
Formula powder mixture
Si/Al Na/Al Si/Al Na/Al
A 2Si0,-Aly03 1.00 0.00 1.50 1.18
B 4Si0,-Al;03 2.00 0.00 2.50 1.18

Characterisation

For all characterisation techniques except environmental
scanning electron microscopy/energy dispersive X-ray spec-
troscopy (ESEM/EDX), the hardened pastes were ground by
hand using a mortar and pestle and immersed in acetone to
remove loosely bound water and halt the geopolymerisation
reaction. This method is thought not to induce any signifi-
cant changes in the geopolymer gel structure?>.
Thermogravimetric analysis was performed on powdered
samples of approximately 30 mg in an alumina crucible us-
ing a Perkin EImer Diamond instrument, at a heating rate of
10°C/min between 30°C and 1000°C, with a nitrogen purge
at 200 mL/min. To ensure consistent initial conditions, the
samples were held in the instrument at 30°C for 20 minutes
prior to the commencement of heating.

X-ray diffraction (XRD) measurements were performed us-
ing a Bruker D8 Advance instrument with Cu Ka radiation, a
nickel filter, a step size of 0.020°, a dwell time of 3 seconds
and a 26 range of 3 - 70°.

Environmental scanning electron microscopy (ESEM) was
conducted using an FElI Quanta instrument with a 15 kV ac-
celerating voltage and a working distance of 10 mm. Geo-
polymer samples were cut and polished using non aqueous
lubricants and immediately analysed in low vacuum mode
(0.5 mbar water pressure) using a backscatter detector. A
Link-Isis (Oxford Instruments) X-ray energy dispersive (EDX)
detector was used to determine chemical compositions.
Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectroscopy experiments were performed using a
Varian FTS 7000 spectrometer with a Specac MKIl Golden
Gate single reflectance ATR attachment with KRS-5 optics
and diamond ATR crystal, scanning 32 times at a resolution
of 4 cm,

Solid state 2°Si MAS NMR spectra were collected at 119.141
MHz on an Agilent (Varian) VNMRS-600 (14.1 T) spectrome-
ter using a 4 mm triple resonance bioMAS probe. The 2°Si
MAS NMR experiments for precursor powders and geopol-
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ymers cured for 7 days employed a pulse width of 4 us, a
pulse angle of 47°, a relaxation delay of 45 s and 1024 scans,
while 29Si MAS NMR experiments for geopolymers cured for
28 and 224 days employed a pulse width of 7 ps, a pulse
angle of 90° a relaxation delay of 120 s and 1024 scans.
Solid state Z7Al MAS NMR spectra were acquired at 156.261
MHz with a pulse width of 4 ps, a pulse angle of 90°, a relax-
ation delay of 2 s and 1024 scans. Solid state 22Na MAS NMR
spectra were acquired at 158.632 MHz with a pulse width of
5 ps, a pulse angle of 90° a relaxation delay of 3 s and 512
scans. When probing quadrupolar nuclei in samples with a
distribution of quadrupolar interactions, a single 90° pulse
cannot equally excite different nutation rates experienced
by each chemical environment and consequently may intro-
duce biased signal intensities. Small tip angles (<20°) are
commonly used to remove the nutation issues, however
large quadrupolar interactions may cause additional intensi-
ties from satellite transitions to be present in the signal, and
some of the central-transition intensity may be lost to the
first-order spinning sidebands. Consequently the 27Al and
23Na MAS NMR spectra presented here cannot be used con-
fidently for quantification, and are only interpreted qualita-
tively. All experiments were performed at 10.0 kHz spinning
speed and 25°C. 2°Si, Z7Al and 22Na chemical shifts were ref-
erenced to external samples of tetramethylsilane (TMS),
aluminium chloride hexahydrate as a 1.0 M aqueous solu-
tion or as a powder, each at 0 ppm, and NaCl powder at 7.2
ppm26. All data were processed using NMRPipe?’. Deconvo-
lution of the 2°Si MAS NMR spectra was performed by
Gaussian peak deconvolution: a single Gaussian peak is
used to represent each expected Q"(mAl) species within the
sample, and these peaks are used to develop a simulation of
the 29Si MAS NMR spectra that is fitted using a least squares
fitting method. The relative concentration of each silicon
environment can be determined from the intensity of the
corresponding peaks in the 29Si MAS NMR spectra. Peak
assighnments were made with reference to the literature.
The minimum possible number of peaks was used to enable
an accurate and meaningful interpretation of the spectra,
with the requirement that the intensities of adjacent peaks
vary smoothly, consistent with the thermodynamics of a
statistical distribution of Si and Al sites within a Q4 alumino-
silicate network?8 29,

Figure 1. Differential thermogravimetric curves for the pre-
cursor powder and geopolymer binder for samples A and B
as marked. Successive curves are offset by 0.04 units for
clarity.

Results and Discussion

Practical considerations and effect of physical/chemical charac-
teristics of precursors

The Dsg value for each of the two aluminosilicate precursors
has been reported previously as 10.60 um and 12.75 pm, for
A and B respectively?4, which is comparable to that of many
common fly ashes. The Brunauer-Emmet-Teller (BET) sur-
face areas of the aluminosilicate precursor powders are 142
+ 2 m2/g and 147 + 2 m2/g, respectively?*. This surface area

is an order of magnitude higher than those typically found
for fly ashes of low unburnt carbon content, which are on
the order of 0.1 - 10 m2/g30. 31,

Figure 2. X-ray diffraction data for the precursor powder and
geopolymer binder for a) sample A and b) sample B, cured for 7,
28 and 224 days.

During geopolymer synthesis the reaction mix hardened and
formed a solid binder within approximately 2 minutes of
initial mixing, indicating that the precursor powders are
highly reactive. A relatively high water/solids mass ratio
(w/s = 0.75) was also required to create a homogeneous
paste during alkali activation. Both the high reactivity and
high water requirement are consistent with the observation
of a high surface area (resulting from intraparticle porosity)
for each of the precursor powders.

Differential thermogravimetry

Differential thermogravimetric (DTG) data for the precursor
powders and geopolymer binders are presented in Figure 1,
and are broadly consistent with observations for geopoly-
mers synthesised from metakaolin or fly ash. The mass loss-
es from both the precursor powders and the geopolymers
take place predominantly below 300°C. The mass loss peaks
at 100 — 200°C in the DTG curves of the precursor powders
and geopolymers are consistent with the removal of ad-
sorbed water (present also in the precursor powders due to
their hygroscopic nature), and the water supplied by the
activating solution during geopolymer synthesis32 33,

A small mass loss peak is observed at 320°C in the DTG curve
of geopolymer A cured for 224 days, and is associated with
the loss of more tightly physically bound and zeolitic wa-
ter32, however this peak is absent at 7 or 28 days. This sug-
gests that rearrangement and structural ordering of the
water-containing phases (e.g. zeolites) in this sample will
continue as the reaction progresses. The DTG curve of the
geopolymer B cured for 224 days also exhibits a mass loss
peak at approximately 320°C. A small mass loss peak at ap-
proximately 270°C is also observed in the DTG curves for
sample B cured for 7 and 28 days which is also likely to be
due to the release of water from a transient phase which is
formed at early age in this sample; this peak is also con-
sistent with the temperature range in which more tightly
physically bound and/or zeolitic water would be released
from aluminosilicate materials32.

The DTG curves of both geopolymer formulations at all cur-
ing ages are relatively featureless at higher temperatures,
with the gradual weight loss observed up to approximately
700°C attributed to dehydroxylation of the small number of
bound silanol groups present32.34,35,

X-ray Diffraction

X-ray diffraction data collected for the precursor powders
and geopolymer binders are presented in Figure 2. The X-ray
diffractograms for both precursor powders display a broad
featureless hump at about 20 — 25° 20 typical of amorphous
aluminosilicate glasses, while the X-ray diffractograms for
the geopolymer binders in both samples exhibit a hump at
approximately 29° 26 consistent with the formation of an N-
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A-S-H type geopolymer gel3¢ 37, The broad geopolymer
hump in the X-ray diffractogram of sample A is approxi-
mately twice the intensity of that in sample B, indicating
that the alkali-activation reaction has occurred to a greater
extent in sample A. After 224 days of curing small amounts
of the crystalline phases paragonite (NaAlx(SizAl)O10(OH)2)
(PDF # 12-0165), albite (NaAlSizOg) (PDF # 10-0393) and so-
dium carbonate (Na,CO3) (PDF# 25-0815) are observed to
have formed in sample A, while small amounts of parago-
nite are also observed in sample B. The moderately broad
reflection which appears at approximately 23° 20 in the XRD
data for sample B cured for 224 days shows similarity with
that of numerous zeolites, particularly within the Nickel-
Strunz 09.GA group (natrolite, edingtonite, thomsonite, and
related phases). This is likely to be due to a slight increase in
ordering in the zeolite-like geopolymer gel phase during
extended curing38, consistent with the mass loss peak at-
tributed to zeolitic water in the DTG curve for sample B as
discussed above.

Figure 3. Infrared spectra (reported as transmittance) of the
precursor powder and geopolymer binder for a) sample A
and b) sample B, cured for 7, 28 and 224 days. Re-scaled
plots highlighting the 1000-800 cm region for the c)
2Si0,-Al;03 and d) 4Si0;-Al,05 formulations are provided for
clarity.

Fourier transform infrared spectroscopy

FTIR spectra collected for each precursor powder and each
geopolymer are presented in Figure 3. The spectra of both
precursor powders exhibit bands at 1760 cm™ which are
attributed to H-O-H bending modes and indicate the pres-
ence of adsorbed water (a consequence of the hygroscopic
nature of the precursor powders). The broad band centred
at ~1080 cm is assigned to the asymmetric stretching vi-
brations of Si-O-T bonds (T = tetrahedral Si or Al) in highly
polymerised silicates and aluminosilicates. This band in the
spectrum of the 4SiO,-Al,03 precursor is approximately
twice the intensity of the corresponding feature in the
2Si0,-Al,03 precursor, consistent with the designed chemis-
try of the powders. The Al(VI) present in the mullite-like
structures which have previously been identified in the pre-
cursors using Z7Al MAS NMR24 exhibit a shoulder at 1200 cm-
139 and a band at 560 cm™1 40 as seen in Figure 3. The weak
band observed at 800 cm™ in Figure 3 is assigned to sym-
metric stretching of Si-O-Si bonds3?, and the band at 720 cm-
1is assigned to pseudo-lattice vibrations of small aluminosil-
icate rings* 42 and vibrations of internal Si-O-Al oxygen
bridges*2. The small band observed at 1470 cm! is common-
ly assigned to asymmetric stretching of O-C-O bonds in car-
bonates*3, which may result from the presence of very small
amounts of residual organics remaining from the powder
synthesis?4,

The spectra of the geopolymer products exhibit stronger
water bands at 1650 cml, indicative of the presence of free
and chemically bound water, while the small band at 1380
cm® indicates the presence of a small amount of sodium
carbonate** as identified by XRD in some of the samples. A
very intense sharp band is observed at approximately 960

cm and is assigned to asymmetric stretching of T-O-T
bonds*>. The shift of this band from 1080 cm-1in the precur-
sor powder to approximately 960 cm in the geopolymer
binder indicates that alkali-activation has generated a
framework consisting of SiO, and AlO, tetrahedra, con-
sistent with the formation of an N-A-S-H gel. When extra
sodium ions are associated with the polymerised tetrahe-
dral aluminosilicate framework beyond the quantity re-
quired to balance the negative charges of AlO, tetrahedra,
the number of non-bridging oxygens in the structure in-
creases and the band due to asymmetric stretching of Si-O-T
bonds appears at a lower wavenumber than in a fully pol-
ymerised aluminosilicate framework*>. At each stage of cur-
ing for both samples this band is observed at wavenumbers
similar to those previously observed for Si-O-T bonds in al-
kali-activated fly ash2l 46 47 although the position of this
band in Figure 3 at the lower end of that wavenumber range
indicates a high fraction of Al-O-Si linkages compared to Si-
0O-Si in the N-A-S-H gel reaction products of both samples*’:
48 This band shifts position to higher wavenumbers at later
stages of curing (Figure 3c and d), suggesting that increased
curing time facilitates structural rearrangement of the reac-
tion products and greater formation of Si-O-Si linkages in
the N-A-S-H gel, indicating preferential dissolution of Al
from the precursor during early stages of reaction, with de-
layed dissolution of Si occurring as curing time is increased.
The shoulder at approximately 870 cm is assigned to the
asymmetric stretching of Al-O-Si bonds linking AlO4 and SiO4
groups?? 50, while the presence of a shoulder at approxi-
mately 1080 cm™ on the main sharp peak in these spectra
indicates that the geopolymer binders contain some unre-
acted precursor material.

The difference FTIR spectra of each geopolymer binder, ob-
tained by subtraction of the spectra of the respective pre-
cursor powders from those of the hardened products at
each age, are presented in Figure 4. By subtracting the spec-
tra of the unreacted powders from those of the binders, the
remaining spectral features can be attributed solely to the
binder product. The two geopolymer formulations show
bands at very similar wavenumbers and exhibiting very simi-
lar intensities, indicating the formation of a reaction product
that exhibits little change in its bonding environments as a
function of curing age.

Figure 3. Infrared spectra (transmittance) of the geopolymer
binders cured for a) 7 days, b) 28 days and c) 224 days with
infrared spectra of corresponding precursor powders sub-
tracted.

A number of bands not readily observable in the spectra of
the precursor powders or geopolymer binders are resolved
in the subtracted spectra, Figure 4. The band at 1150 cm is
assigned to Si-O-Si bridge vibrations®!, while 5-membered
single rings and 6-membered double rings comprised of TO,4
tetrahedral units will contribute to the bands at 580 cm?
and 500 cm™ 42, The shift of these bands to higher wave-
numbers at later age suggests that the Si/Al ratio of these
aluminosilicate rings has increased?!. 47,51, These FTIR results
suggest that the N-A-S-H gel formed by alkali-activation of
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each precursor powder displays a comparable local chemical
structure, despite the differing initial compositions. The
molecular structure of the gel shows only minor changes
after the first 7-28 days, even as longer-range crystalline
ordering is continuing gradually to develop as identified by
XRD and DTG.

Environmental scanning electron microscopy/energy dispersive
X-ray spectroscopy

BSE images of the hardened specimens (Figure 5) show a
dense and homogeneous geopolymer binder (dark grey),
with partially reacted aluminosilicate precursor powder par-
ticles (light grey) embedded within the matrix, in a distribu-
tion that is characteristic of geopolymer systems>2. The geo-
polymer binder of sample B appears to have more embed-
ded residual particles than sample A, consistent with the
XRD data presented in Figure 2, and suggesting a greater
extent of reaction for the system with a lower Si/Al ratio.
Elemental maps of both geopolymer binders show two dis-
tinct phase regions in each, one higher in Si content and one
higher in Al content, at both 7 and 28 days of age.
Incongruent dissolution of the precursor particles is indicat-
ed by the presence of a thin shell of higher Si content (Si/Al
= 3.5) surrounding the residual precursor grains (Figure 6),
which is most likely due to preferential dissolution of alu-
minium over silicon during the early stages of reaction be-
fore stoichiometric release of aluminium and silicon com-
mences®3. Preferential dissolution of Al from aluminosilicate
glasses and minerals via Al-proton exchange reactions has
been previously observed and results in the formation of an
aluminium deficient layer on the surface of the aluminosili-
cate material®3-%6, Si atoms previously bonded to Al via
Si(IV)-O-Al(IV) linkages are subsequently exposed and disso-
lution of liberated Si occurs. The thermodynamic basis of
this mechanism lies in the fact that Al-O bonds are not as
strong as Si-O bonds, and are therefore more easily
broken>.

Figure 4. ESEM backscattered electron images and EDX ele-
mental maps of the geopolymer binder cured for 28 days for
samples A and B as marked.

Consequently formation of Al-O-Si linkages is preferential
over Si-O-Si linkages38 57, It follows that increased Al content
will lead to an increased rate of dissolution of aluminosili-
cate materials. This has been observed experimentally>4 58,
and provides a likely explanation for the larger extent of
reaction observed at early age (cured 7 days) for the binder
for sample A compared with sample B. Consistent with this
observation, cation ratios for the geopolymer binder A
cured for 7 days, as observed by ESEM-EDX (Figure 7a), ex-
hibit a range of values clustered around two distinct regions.
These regions are attributed to a reaction product phase
with 2 < Si/Al £ 4.5 and 1.5 < Na/Al < 2, and another which
exhibits cation ratios much more similar to the bulk compo-
sition of the reaction mix (Si/Al = 1.5 and Na/Al = 1.2). No
regions of the binder are observed to exhibit compositions
equal to that of the precursor powder (Si/Al = 1 and free
from Na), indicating that all precursor powder particles have

been chemically altered during alkali-activation, although
their morphology remains intact. During the early stages of
reaction, the Al-O linkages present in the interior of precur-
sor particles are likely to be at least partially shielded from
interactions with the activating solution due to the tortuous
route the activating solution must take to reach the particle
interior, even where the particles are highly porous. The
extent to which this occurs will increase with increasing pre-
cursor particle diameter, and consequently the Si/Al ratios
of the partially leached precursor particles vary, as seen
Figure 7a. Soluble aluminium reduces the solubility of silica
in water as aqueous Al species adsorb onto the surface of

solid silica particles and hinder the dissolution processs* 59
61

Figure 5. ESEM backscattered electron (BSE) images and
EDX spectra of each region identified in the micrograph of
the geopolymer binder cured for 7 days for sample A.

Figure 7. Summary of atomic ratios Na/Al versus Si/Al (be-
tween 66 and 85 measurements per sample) for reacted
and unreacted regions of the a) sample A and b) sample B
geopolymer binders cured for 7, 28 and 224 days, as
marked, determined by ESEM — EDX analysis. Approximate
regions defined for N-A-S-H determined from®2 (outlined in
green) and®3 (outlined in blue). Approximate region of N-A-
S-H chemistry outlined in red determined in the study pre-
sented here.

Cation ratios for the 28-day cured geopolymer A exhibit a
tighter cluster of values similar to that of the reaction mix
(Si/Al = 1.5 and Na/Al = 1.2), as well as another region of
values where 2 < Si/Al <4 and 1.2 < Na/Al < 1.5 and a more
even distribution than at earlier age. Cation ratios for the
224-day cured geopolymer A are tightly clustered around
the bulk composition at Si/Al = 1.5 and Na/Al = 1.2, with
only two of the measured points exhibiting slightly higher Si
content, and three higher Na content. Regions with anoma-
lously high Na content appear to exhibit a high degree of
porosity, suggesting that the high Na content in these re-
gions is deposited by desiccation of a pore solution rich in
NaOH®4. BSE images for geopolymer A cured for 28 and 224
days show that as the reaction proceeds, the Si-rich (partial-
ly dealuminated) precursor powder particles continue to
react and that after 224 days, with the exception of the
aforementioned Na-rich deposits, a predominantly homo-
geneous binder has formed, meaning that the chemical
composition of the binder moves toward that of the reac-
tion mix.

Cation ratios for 7-day cured geopolymer B (Figure 7b) dis-
play a broad range of values within the region 0.25 < Si/Al <
4, 0.25 < Na/Al £ 1.75 and 2 < Si/Na < 5. However, after 28
days these values cluster around two distinct regions; one
with 0.25 < Si/Al £ 0.75 and 0.25 < Na/Al < 0.50, and the
other with 2.5 < Si/Al £ 5 and 0.75 < Na/Al < 1.75. These
regions are attributed to a mixture of the partially dealumi-
nated residual precursor powder particles with an N-A-S-H
gel of variable Si/Al ratio, similar to that formed in sample A,
and an Al-rich region, respectively. This Al-rich region is like-
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ly to be an intimate intermixture of the residual undissolved
mullite-type glass from the precursor particles?4, along with
some contribution from N-A-S-H gel, as the formation of any
new discrete high-alumina phases is unlikely in these sys-
tems which do not contain calcium or magnesium. The N-A-
S-H gel formed in sample B exhibits a higher Si content than
that of sample A, and as such less Na cations will be re-
quired to charge balance the AlO, tetrahedra. This is con-
sistent with the lower Na content of the N-A-S-H gel in geo-
polymer B.

The thin shell of higher Si content surrounding the precursor
powder particles in geopolymer A is absent from the BSE
images of geopolymer B. It is possible that the higher Si con-
tent of the 4Si0O;-Al,05; precursor powder in this mix has
resulted in closer-to-congruent dissolution of Al and Si, and
this will be discussed in detail below during analysis of the
29Si MAS NMR results.

Solid state MAS NMR spectroscopy
27A] MAS NMR spectroscopy

The 27Al MAS NMR spectra of the precursor powders and
geopolymer binders for both sample formulations are pre-
sented in Figure 8. The precursor powders consist of poorly
ordered Al(IV) environments as well as Al(V) and Al(VI) mul-
lite-like environments24.

In both samples the Al(V) and Al(VI) environments are large-
ly consumed upon alkali-activation, producing Al(IV) (indi-
cated by the peak at centred at & ~ 59 ppm), consistent with
previous observations for alkali-activation of reactive alumi-
nosilicates3. Some Al(VI) remains in sample B, in agreement
with the assignment of the very Al-rich regions identified in
the EDX data to residual mullite-like glass. The resonance
attributed to AI(IV) is approximately 2 ppm downfield of
that of the precursor powder, within the region of g* envi-
ronments which have been observed in metakaolin-based®>
66 and fly ash-based geopolymer binders?® 67, The presence
of exclusively Al(IV) in the gel is expected due to the pres-
ence of excess charge balancing Na cations®8. The breadth of
the resonance assigned to Al(1V) (along with the amorphous
nature of these binders as identified by XRD) suggests that
the AI(IV) within the geopolymers A and B exists within a
disordered aluminosilicate structure.

The peak assigned to Al(IV) remains essentially unchanged
in the spectra of the geopolymer binders at different curing
ages, indicating that the nanostructural changes involving Al
sites occur predominantly within the first 7 days of curing.
However, this does not preclude structural rearrangement
in which Al remains in a similar coordination state and bond-
ing environment. A small peak at approximately 8 ppm is
evident in the spectra of geopolymer A cured for 224 days
and geopolymer B cured for 7, 28 and 224 days. This peak is
assigned to the Al(VI) within the paragonite identified in the
XRD data for these more mature binders 6°.

295§ MAS NMR spectroscopy

The 29Si MAS NMR spectra of the precursor powders and
geopolymer binders, with associated deconvolutions, are
presented in Figure 9. Both precursor powders consist pre-

dominantly of a highly polymerised Si-rich phase in which Si
exists as Q*(0Al) environments, as well as a phase containing
mullite-like structures where Si exists in lower coordination
states?4. The dependence of chemical shift on Al substitu-
tion within Q*mAl) environments has been widely report-
ed’972, and is commonly used for identification of Si envi-
ronments within 2°Si MAS NMR spectra. This, however, im-
plicitly assumes solely of Si(IV) — O — AI(IV) linkages exist
within these phases. Lower coordination Si species (Q%,
Q%(mAl) or Q3(mAl)) are not commonly observed in alumi-
nosilicate glasses with no alkalis or alkali earths, and conse-
quently these environments are not expected in the precur-
sor for samples A and B. The apparently lower coordination
Si species contributing to the 29Si MAS NMR spectra of these
samples are instead likely those which participate in Si(IV) —
O - Al(V,VI) bonding. This significantly alters the observed
chemical shift of the Q*(mAl) environments compared to the
situation when all Al is tetrahedral’! and consequently each
peak within the -85 ppm to -105 ppm cannot be straight-
forwardly assigned to a single Si environment.

Alkali activation of both samples A and B results in the for-
mation of four new Si environments indicated by the peaks
at -84.5 ppm, -88 ppm, -95 ppm and -101.5 ppm and at-
tributed to Q#(4Al), Q*(3Al), Q*(2Al) and Q*(1Al), respective-
ly. This is indicative of the formation of a highly polymer-
ised, highly Al substituted Si environment characteristic of
formation of an N-A-S-H gell2. 28 70, 73 peaks attributed to
the residual precursor powder are marked in grey in Figure
924, The higher intensity of these peaks in the 2°Si MAS NMR
spectra of geopolymer B compared to geopolymer A at
equivalent ages indicates a lower extent of reaction during
alkali-activation of the 4SiO,-Al,03 precursor powder, con-
sistent with the ESEM BSE images, XRD and Z7Al MAS NMR
analysis for these samples.

The quantification of the component peaks for the two geo-
polymer mixes at each age is summarised in Figure 10. A
significant relative increase in the peaks attributed to
Q*(1Al) and Q*(2Al) (-101.5 and -95 ppm, respectively), with
a corresponding decrease in the peak attributed to Q*(4Al)
(-84.5 ppm), is observed in the spectra of geopolymer A at
28 days compared to 7 days. This suggests that some degree
of structural rearrangement and greater crosslinking within
the N-A-S-H gel via formation of Si-O-Si linkages occurs with
increased curing time, but this is predominantly complete
by 28 days, consistent with the TGA and XRD data for this
sample. For the main N-A-S-H gel reaction product in sample
A, preferential dissolution of Al from the precursor powder,
and more rapid cross-linking of Al-containing species, occurs
during the first 7 days of alkali-activation. This results in the
formation of an N-A-S-H gel with high amount of AI-O-Si
linkages, after which dissolution of Si becomes dominant
and structural rearrangement of the N-A-S-H gel occurs
through crosslinking via condensation reactions between Si-
OH groups to create Si-O-Si linkages, resulting in an appar-
ent increase in the Si/Al ratio of the gel. This is consistent
with the observations for this sample by FTIR and SEM-EDX
as discussed above.



Figure 6. 27Al MAS NMR spectra of the precursor powder
and geopolymer binder a) sample A and b) sample B. Data
for precursor powders reproduced from?4. Spinning side
bands are indicated by *.

Figure 9. 29Si MAS NMR spectra of: a) sample A geopolymer
cured 224 days, b) sample B geopolymer cured 224 days, c)
sample A geopolymer cured 28 days, d) sample B geopoly-
mer cured 28 days, e) sample A geopolymer cured 7 days,
f) sample B geopolymer cured 7 days, g) sample A precur-
sor, and h) sample B precursor. In each case the fit is the
sum of the deconvoluted peaks. In a) — d) deconvoluted
peaks attributed to the unreacted precursor are shown in
grey. Peak label subscripts indicate environments existing
within the precursor powder (p) and reaction product (r).
Data for precursor powders reproduced from24.

Figure 10. Normalised intensity of peaks attributed to new
Q*(mAl) silicon environments formed upon alkali-activation
of the a) 2SiO,-Al,03 geopolymer binder and b) 4SiO5-Al;03
geopolymer binder.

As the reaction for geopolymer B progresses the Si/Al ratio
of the N-A-S-H gel reaction product decreases slightly be-
tween 7 and 28 days (visible in Fig 10 as a relative decrease
in Q*(3Al), Q*(2Al) and Q*(1Al) and a relative increase in
Q*(4Al)) and then increases significantly after 224 days. The
greater Si content of the precursor powder for this sample
has provided excess Si (in the form of both Q"(mAl) and
Q*(0Al)) during the initial stages of reaction and conse-
quently a slower rate of dissolution is observed. By the same
mechanism discussed above, preferential dissolution of Al
from the precursor powder occurs past 7 days of curing,
resulting in the formation of greater amounts of Q*(4Al)
(and hence a decrease in the Si/Al ratio). Exhaustion of the
available Al content in the precursor powder then allows
dissolution of Si to become dominant at later ages.

23Na MAS NMR spectroscopy

The 22Na MAS NMR spectra of the geopolymer binders are
presented in Figure 11. The 22Na MAS NMR spectra for both
samples exhibit a single broad resonance at approximately -
4 ppm which is attributed to sodium associated with alumin-
ium-centred tetrahedra in a charge balancing capacity with-
in the alkali aluminosilicate gel framework®3. This resonance
is observed in the spectra of both samples at all curing ages,
indicating that there is no observable variation in the envi-
ronment in which Na in these geopolymer binder exists.
Previous studies have reported a narrow resonance at ap-
proximately O ppm within the 22Na MAS NMR spectra of
low-Si alkali-activated metakaolin geopolymers at early age,
which was attributed to aqueous sodium cations which pro-
vide a charge balancing function for AI(OH)s in the pore
solution of these binders®>. The absence of any significant
amount of free pore solution alkalis remaining in the sam-
ples studied here after 7 days of curing is likely to be due to
the high reactivity of the precursor powders and drying of
the samples prior to analysis.

Figure 7. 22Na MAS NMR spectra of the geopolymer binder
for sample A (black line) and sample B (grey line) cured for
7, 28 and 224 days as marked

Perspectives

The N-A-S-H type gel reaction products in each geopolymer
are chemically similar to those produced through alkali-
activation of metakaolin’® or fly ash®2 63 at SiO, and Al,O3
contents similar to those of the high-purity synthetic amor-
phous aluminosilicate powders used here, however local
cation coordination environments within these gels show
significant differences, providing insight into the role of pre-
cursor chemistry in the phase evolution of alkali-
aluminosilicate gels in geopolymer systems. The absence of
K*, MgZ* and Fe3* from the systems studied here suggests
that these network modifying cations are likely to control
local coordination environments of network forming cations
Al3* and Si* and subsequent development of the micro-
structure and physical properties of aluminosilicate geopol-
ymers.

The dependence of dissolution rates of Al and Si species on
the precursor Al/Si ratio suggests careful design of geopol-
ymer precursor chemistry can enable control of precursor
dissolution and the degree of polymerisation of Si-O-T link-
ages within the N-A-S-H gel as a function of time. As the N-
A-S-H gel degree of polymerisation and Al/Si ratio has been
shown to dictate material properties and performance (such
as strength and durability)2l 7476, this can be extended to
enable control of geopolymer physical properties as a func-
tion of curing time (for example increasing early strength
development and durability) by selection of precursors or
mixtures of precursors which will enable formation of the
desired N-A-S-H gel chemistry. These findings have signifi-
cant implications for geopolymer mix design. The synthetic
gels produced here consequently provide a promising new
direction of inquiry into the durability of these materials.

Conclusions

Stoichiometrically controlled alkali-aluminosilicate gels are
produced via alkali-activation of high-purity amorphous
aluminosilicate powders. The chemistry of the precursor
strongly affects gel microstructure during alkali-activation.
Chemical composition of the main N-A-S-H type gel reaction
product as well as the reaction kinetics governing its for-
mation are closely related to the Si/Al ratio of the precursor,
with increased Al content leading to an increased rate of
reaction and decreased Si/Al ratio in the N-A-S-H type gel.
Paragonite is formed in each geopolymer cured for 224
days, while small amounts of albite and sodium carbonate
are formed in alkali-activated 2SiO,-Al,03 cured for 224
days.

Despite their differing chemical compositions, each N-A-S-H
type gel comprises of aluminium and silicon tetrahedra
linked via oxygen bridges, with sodium taking on a charge
balancing function. The predominant gel microstructure in
each sample is formed after curing for 7 days however rela-
tive proportions of local coordination environments evolve
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with increased curing time due to structural rearrangement
as the alkali-activation reaction progresses. Preferential
dissolution of Al from the precursor controls phase evolu-
tion during the early stages of reaction and suggests that
the reaction kinetics governing alkali-activation of alumino-
silicate precursors, including potential incongruency of dis-
solution, are strongly dependent on precursor chemical
composition.

The stoichiometrically controlled alkali-aluminosilicate gels
produced in this study constitute a chemically simplified
model system which provides a novel research tool for the
study of phase evolution and microstructural development
within geopolymer systems. This has significant relevance to
the study of physicochemical phenomenon controlling key
durability issues associated with alkali-aluminosilicate gels
designed for refractory, construction, radioactive waste
immobilisation, biomaterial, fibre composite and other
niche applications. Furthermore, the findings presented
here indicate intricate control over time-dependent geopol-
ymer physical properties can be attained through careful
precursor mix design, which in turn is enabled by a compre-
hensive understanding of the physicochemical phenomena
governing geopolymer gel formation.
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