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Abstract

Stoichiometrically controlled alkali-activated materials within the system CaO-MgO-Na,0-Al,0;-Si0,
are produced by alkali-activation of high-purity synthetic powders chemically comparable to the
glass in ground granulated blast furmace slag, but without additional minor constituents. Mg content
controls the formation of hydrotalcite-group and AFm-type phases, which in tum strongly affects C-
(N)-A-S-H gel chemistry and nanostructure. Bulk Mg content and the Mg/Al ratio of hydrotaldte-
group phases are strongly correlated. With sufficient Ca, increased bulk Mg promotes formation of
low-Al C-(A)-S-H and portlandite, due to formation of hydrotalcite-group phases and a reduction in
available Al. Hydrotaldte-group phase formation is linked to increased C-(N)-A-S-H gel
polymerisation, decreased gel Al uptake and increased formation of the ‘third aluminate hydrate’.

These findings highlight the importance of considering available chemical constituents rather than



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

45

46

47

48

simply bulk composition, so that the desired binder structure for a particular application can be

achieved.

1. Introduction

Alkali-activated materials (AAM) and geopolymers have received significant academic and
commerdal interest in recent years due to desirable physical properties, wide-ranging applications
and low embodied CO, [1]. The main binding phase in alkali-activated slag is a calcium (alkali)
aluminosilicate hydrate gel (C-(N)-A-S-H), and study of the nanostructure and phase assemblage of
this gel within alkali-activated slags has received significant attention [2-7]. Nanostructural
development of C-(N)-(A)-S-H is strongly dependent on the chemistry of the precursor material [8-
10], and most studies have focused on investigating reaction products within the quatemary CaO-

Na,0-Al,0;-Si0, system.

However, a significant quantity of magnesium can also be present in blast furnace slags, and this
plays a significant role in formation and evolution of layered double hydroxides (LDH) as the reaction
proceeds. Formation of LDH, in particular hydrotalcite-group phases, modifies the phase assemblage
and consequently performance of alkali-activated slags [10]. The content of magnesium varies
significantly between commercial slags, with the majority of European, Asian and North American
slags containing around 7-14 wt. % MgO [8-11]. Despite the vast number of studies investigating the
chemistry of alkali-activated slags, few have directly investigated the role of magnesium in
nanostructural development in these materials [5, 8, 10, 12, 13]. This is compounded by the lack of
consistency in experimental parameters due to variations in precursor chemistry and the presence

of additional minor constituentsin the slags used.

Previous attempts to constrain these parameters have involved synthesis of AAM precursor powders

and binder phases in the laboratory under controlled conditions [14-18]. Most commonly a sol-gel
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procedure is used to form aluminosilicate or calcium-aluminosilicate gels designed to simulate AAM
binder phases and investigate the effect of alkali cations, alkaline earth cations or aluminium on
calcium silicate hydrate (C-S-H) or alkali-aluminosilicate hydrate (N-A-S-H) type gels. This is achieved
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), which restricts the ability to control stoichiometry and
homogeneity in these systems, as well as possibly modifying the structural roles of the cations. The
use of high liquid/solid ratios and the presence of nitrates in many of these systems can also
significantly affect the mechanisms of dissolution, reaction and phase formation [19, 20]. In most
AAM systems, reactive species are initially present and participate simultaneously in the reaction.
This leads to possible differences in the structure of the binder gel networks formed when
comparing the aforementioned synthetic gels to ‘real-world’” AAM systems, if the degree of

approach to thermodynamic equilibrium is restricted by transport or kinetic limitations.

Replication of the physicochemical interactions occurring during alkali-activation of aluminosilicate-
based precursors and subsequent formation of cementitious materials has recently been achieved
by alkali-activation of high-purity synthetic precursor powders [21-23]. The study presented here
extends this work by investigating the next level of complexity in synthetic AAM systems. The effects
of variations in precursor Mg, Ca, Si and Al content on the phase assemblage and nanostructure of C-
(N)-(A)-S-H type gels and additional reaction products are examined using high-purity synthetic
AAMs. These AAMs are synthesised under the same physicochemical conditions which prevail during
alkali-activation of calcium aluminosilicate precursors such as ground granulated blast furnace slag
(GGBFS), i.e., reaction of an aluminosilicate precursor with an alkaline solution. Nanostructural and
spectroscopic characterisation techniques including solid state »Si, ’Al, *>Na magic angle spinning
(MAS) nudear magnetic resonance (NMR) spectroscopy are used to gain novel insight into the
nanostructural changes occurring during reaction and evolution of these materials, and specifically
to examine the importance of Mg in controlling the nanostructural development of AAM binder

phases.
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2. Experimental Procedures

2.1 Alkali-activated material synthesis

Precursors were synthesised via an organic steric entrapment solution-polymerisation route [24],

with compositions chosen to exhibit chemistry in regions of the CaO-Mg0O-Na,0-Al,05-Si0, system

which are important for studying C-(N)-(A)-S-H type gels and LDH [Table 2} detailed compositional

analysis of as-synthesised powders in Supporting Information, Table S1). In particular, the Al/Si ratios
represent values expected for non-crosslinked C-(N)-A-S-H (approximately Al/Si < 0.10) and
crosslinked C-(N)-A-S-H gels (approximately 0.10 < Al/Si £ 0.20) [2, 25, 26]. The Al/Si, Ca/(Al+Si) and
Mg/(Al+Si) ratios in the samples investigated here also span the range of bulk compositional ratios
observed in Na,0:xSiO,'yH,O activated slags (Al/Si < 0.25, 0.67 < Ca/(Al+Si) < 1.2 and Mg/(Al+Si) <
0.40) [2, 4, 8, 10, 27-29], laboratory synthesised calcium aluminosilicates hydrate (C-A-S-H) type gels
(AI/Si £0.2 and 0.5 < Ca/(Al+4Si) < 1) [25, 30-35], and synthetic AAMs (Al/Si < 0.15, 0.67 < Ca/(Al+Si) <

1.0) [23, 36].

A 5 wt. % polyethylene glycol (PEG) solution was produced by adding PEG (Sigma Aldrich, MW 20
kDa) to distilled water. The polymer was added to distilled water in small increments over heat, and
the resultant solution was stirred at 60 °C for 1 hour. Aluminium nitrate nonahydrate, AI(NO;);-9H,0
(Sigma Aldrich, 98.5 wt. %), calcium nitrate tetrahydrate, Ca(NOs),-4H,O (BDH Prolabo, VRW
Intemational, 99.0 wt. %) and magnesium nitrate hexahydrate, Mg(NOj3),-6H,0 (Sigma Aldrich, 99.0
wt. %) were each added to distilled water to produce 40 wt.% solutions by mass of anhydrous salt,
and these solutions were subsequently added to the 5 wt. % PEG solution and stirred at 60 °C for
one hour before addition of colloidal silica (Sigma Aldrich Ludox HS-40 colloidal silica (SiO,), 40 wt.%
in water). The stoichiometry was designed to achieve the elemental ratios outlined in Table 1, as
well as ensuring that the number of metal cations (M*) in solution was significantly more than the
number that PEG polymer carrier could chemically bind through its OH groups (M**/OH = 2). Water

was evaporated from the resulting solution by stirring over heat at 80 °C to form a viscous aerated
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gel which was then placed in a drying oven at 100 °C overnight to remove any remaining water. The
dry aerated gel was then calcined at 3 °C/min to 900 °C in a laboratory muffle furnace, with a 1 hour
hold time at 900 °C and then cooling in air, producing a fine white powder which was subsequently

ground by hand before alkali-activation.

Table 1: Molar ratios, polymer carrier and metal valence (M**) to hydroxyl functionality (OH) ratio for each sample

Sample Empirical formula Ca/(Al+Si) Al/Si Polymer M*/OH
A 2Si0,-Al, 05 0.000 1.000 PVA 4
B 4Si0,-Al,03 0.000 0.500 PVA 4
C 0.800Ca0-Si0,-0.078Al,03 0.692 0.156 PEG 2
D 1.214Ca0-Si0,-0.078Al,03 1.050 0.156 PEG 2
E 0.709Ca0-Si0,-0.026Al,03 0.675 0.051 PEG 2
F 1.104Ca0-Si0,-0.026Al,05 1.050 0.051 PEG 2

The activating solution was prepared by dissolving sodium hydroxide powder (AnalaR, 99 wt. %) in a
sodium silicate solution (Grade N, 37.5 wt. % solids, PQ Australia) and distilled water. Stoichiometry

was designed to obtain an activating solution modulus of SiO,/Na,O = 1, and cation and water/solids

(w/s) ratios as outlined in| Table 2| The activating solution was mixed with the precursor powder to

form a homogeneous paste, which was cast in sealed containers and cured at ambient temperature
(~23°C) for 3, 28 and 180 days. The w/s ratios were chosen to enable mixing to form a homogeneous
paste and formation of a solid binder after curing for 3 days. Changes in C-S-H gel microstructure
have been observed when using differing w/s ratios during PC hydration [37], however previous
work has shown that the difference in w/s ratios did not affect the degree of dissolution of these
precursor powders during the alkali-activation reaction [21-23]. Bound water forms an integral part
of the C-S-H [38] and C-(N)-A-S-H gel microstructure [39], whereas in N-A-S-H gels water exists
absorbed inside pores or as hydroxyl groups sorbed to the gel surface [39-41]. Consequently
variation in w/s ratios of the C-(N)-A-S-H/N-A-S-H gel blends examined in this study are unlikely to
alter gel microstructure to the same extent as occurs in hydrated PC, however these changes cannot

be completely ruled out.
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Table 2: Composition and physical properties of powdered precursors and reaction mixture molarratios

Precursor Reaction mixture

Surface area dso

Sample Empirical formula 2 Ca/(Al+Si)  Al/Si Na/Al Mg/(Al+Si) w/s
(m*/g) (um)
A 0.0525Mg0-0.7025Ca0-Si0,:0.025Al,03 1.58 39.9 0.67 0.05 0.50 0.05 0.50
B 0.1575Mg0-0.7025Ca0-Si0,-0.025Al,03 3.82 48.8 0.67 0.05 0.50 0.15 0.63
C 0.2625Mg0-0.7025Ca0-Si0,-0.025Al,03 6.41 28.1 0.67 0.05 0.50 0.25 0.63
D 0.0578Mg0-0.7704Ca0-Si0,-0.075Al,03 298 38.6 0.67 0.15 0.50 0.05 0.75
E 0.1725Mg0-0.7704Ca0-Si0,-0.075Al,03 3.81 29.2 0.67 0.15 0.50 0.15 0.75
F 0.2873Mg0-0.7704Ca0-Si0,-0.075Al,03 3.60 259 0.67 0.15 0.50 0.25 0.75
G 0.0525Mg0-1.050Ca0-Si0,-0.025Al,03 1.80 43.0 1.00 0.05 0.50 0.05 0.75
H 0.1575Mg0-1.050Ca0-Si0,-0.025Al,03 481 27.6 1.00 0.05 0.50 0.15 0.83
0.2625Mg0-1.050Ca0-Si0,-0.025Al,03 6.55 313 1.00 0.05 0.50 0.25 0.75
J 0.0578Mg0-1.150Ca0-Si0,-0.075Al,03 3.42 27.1 1.00 0.15 0.50 0.05 0.83
K 0.1725Mg0-1.150Ca0-Si0,-0.075Al,03 5.50 59.1 1.00 0.15 0.50 0.15 1.00
L 0.2873Mg0-1.150Ca0-5i0,-0.075Al,03 3.97 60.3 1.00 0.15  0.50 0.25 1.13
122
123 2.2 Characterisation
124  For all characterisation techniques except environmental scanning electron microscopy/energy
125  dispersive X-ray spectroscopy (ESEM/EDX), the hardened pastes were ground by hand using a
126  mortar and pestle and immersed in acetone for 15 minutes to remove free and loosely bound water
127 and halt the alkali-activation reaction, then filtered and stored sealed in a desiccator. This method
128  does not induce significant changesin the AAM gel structure [42].
129  Chemical composition data of the precursors were obtained by energy dispersive X-ray Fluorescence
130  (XRF) spectrometry using a Spectro 'Xepos' instrument. Sample preparation involved fusion with a
131 12:22 lithium tetraborate:metaborate flux (XRF Scientific, 35.3 wt. % lithium tetraborate, 64.7 wt. %
132 lithium metaborate) in platinum crucibles at 1050°C for 15 minutes to produce a glass bead.
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The Brunauer-Emmett-Teller (BET) surface area [43] of each powder was determined by nitrogen
sorption on a Micromeritics (Norcross, GA) ASAP2010 instrument. The particle size distribution of
the powders was determined using a Malvern Mastersizer 3000 laser diffraction particle size
analyser employing ultrasonic dispersion and assuming a refractive index of 1.62 [44]. Samples were

ground by hand using a mortar and pestle.

Differential thermogravimetric analysis was performed on powdered samples of approximately 30
mg in an alumina crucible using a Perkin Elmer Diamond instrument, using a heating rate of 3°C/min
from 30°C to 1000%, in air, after holding at 30°C for 20 minutes prior to the commencement of
heating. X-ray diffraction (XRD) experiments were performed using a Bruker D8 Advance instrument
with Cu Ka radiation, a nickel filter, a step size of 0.020°, a dwell time of 1 second and a 26 range of 3
- 70° Sample holder background was measured under the same conditions and parameters and

subtracted from each XRD curve prior to normalisation by dwell time.

Environmental scanning electron microscopy (ESEM) was conducted using an FEI Quanta instrument
with a 15 kV accelerating voltage and a working distance of 10 mm. To avoid the need for conductive
coating, the samples were cut and immediately evaluated in a 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. A random selection of points evenly

distributed across a representative 500 um x 500 um section of the sample were used for analysis.

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectra were measured using a
Varian FTS 7000 spectrometer with a Specac MKII Golden Gate single reflectance ATR attachment

with KRS-5 optics and diamond ATR crystal, scanning 32 times at a resolution of 4cm™.

Solid state single pulse *°Si, “Al, and *>Na MAS NMR spectra were collected on an Agilent VNMRS-

600 spectrometer at 14.1 T (B,) using a 4.0 mm triple resonance bioMAS probe. Parameters for each

experiment are outlinedin| Table 3| All data were processed using NMRPipe [45].
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Table 3: Parameters foreach single pulse MAS NMR experiment. Tetramethylsilane (TMS), powdered aluminium chloride

159 hexahydrate (Ald;-6H,0)and powdered sodium chloride (Nad) were used as reference compounds, as indicated.
- Field Transmitter n/2 pulse  Relaxation S Spinning Reference
: d (kH
strength (T)  frequency (MHz)  width (ps) delay (s) speed (kHz) (610 / PPM)
% 14.1 119.14 7.0 120 1024 10.0 TMS
(0.0 ppm)
Al 14.1 156.26 4.0 2 1024 12.0 AlCl5.6H,0¢,)
(0.0 ppm)
2Na 14.1 158.63 5.0 3 512 12.0 Nacly
’ ’ ) ) (7.2 ppm) [46]
160
161 3. Results and discussion
162 3.1 X-ray Diffraction
163  X-ray diffractograms of the precursors and AAMs cured for 3, 28 and 180 days are presented in
164 |[Figure 1f Alkali-activation of all samples produces a broad feature from approximately 15 - 45° 26,
165 centred at approximately 29° 26, indicating formation of a disordered reaction product consistent
166  with that formed during alkali-activation of GGBFS [10, 29]. A broad peak in the centre of this
167  feature is assigned to a poorly crystalline C-(A)-S-H phase displaying some structural similarity with
168  aluminium-containing tobermorite (PDF # 19-0052) [36], formed due to the dissolution and reaction
169  of the amorphous phase from the precursor powder as well as the dicalcium silicate (Ca,SiO,,
170  Powder Diffraction File (PDF) cards: B polymorph # 33-0302 and o', polymorph PDF # 36-0642),
171  tricalcium aluminate (Ca;Al,Og, cubic polymorph, PDF # 38-1429) and free lime (CaO, PDF #48-1467)
172 presentin the precursor powders. As the samples aged, the reflection assigned to the C-(A)-S-H type
173  gel sharpens and intensifies, indicating increased formation and ordering of this phase as the
174 reaction progresses.
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176 Figure 1: X-ray diffractograms of the precursor powders A-L, and the respective alkali-activated materials cured for 3, 28

177 and 180days.
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Small traces of gehlenite (Ca,Al(AISiO;)) (PDF # 35-0755) and akermanite (Ca,MgSi,0;) (PDF # 98-
000-0030) are also identified in all precursor powders, as is wollastonite (PDF # 42-0547). The
intensity of the reflections due to each of these crystalline phases do not change upon alkali-

activation or further curing.

Monocarbonate AFm (Mc, Ca,Al,(OH),,-CO3xH,0) is observed in most alkali-activated samples with
the exception of samples A and G, while hydroxy-AFm (C,AH,;) (PDF # 02-0077) is observed to
varying degrees in all alkali-activated samples. Calcite (PDF # 47-1743) also contributes a reflection

at approximately 29.3° 26 in the X-ray diffractograms of the AAMs.

A reflection assigned to hydrotalcite-group phases (Mg,Al,CO3(OH)q-4(H,0); PDF # 41-1428) is
observed to varying degrees in all these alkali-activated samples; hydrotalcite-group phases
(Mg/Al=2) have been widely observed in binders produced from slags activated with sodium silicate,
sodium hydroxide and sodium carbonate [13, 19, 47]. These phases generally have Mg/Al=2,

compared with a ratio of 3 for true hydrotalcite [10, 13, 19, 47].

Comparison of the intensity of the reflections attributed to hydrotalcite reveals some key trends.
When the bulk caldum and aluminium content in the precursor powder are held constant, a lower
content of magnesium in the precursor powder promotes formation of more hydrotalcte-group
phases during alkali-activation, while a higher content of magnesium in the precursor powder does
not lead to the formation of crystalline hydrotalcite-group phases. This contrasts with observations
in alkali-activated GGBFS, where (as would be expected from simple chemical arguments) increased
magnesium content (in the presence of sufficient Al) results in the formation of increased amounts
of hydrotalcite-group phases [10]. However, in the samples here, an increase in bulk magnesium

content has resulted in increased formation of melilite-group phases (marked as gehlenite and

akermanite in|Figure 1) during synthesis and calcination of the precursor powder. Consequently, it is

likely the amount of aluminium and magnesium available to participate in the reactions of these
high-Mg powders during alkali-activation at early age is significantly reduced, causing a reduction in

the amount of crystalline hydrotalcite-group phases observed, although XRD does not enable

10
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comment on the potential formation of non-crystalline phases of comparable chemistry. This trend

is particularly evident in samples containing higher contents of bulk Al (Al/Si = 0.15,[Figure 1{D - F

andJ-L).

Examining the effect of varying bulk Mg content in samples containing high contents of Ca (i.e.,

Ca/(Al+Si) = 1.00 in samples G - L [Figure 1|G - L)) reveals complex interplay between Mg and Ca

constituents. The formation of gehlenite and akermanite during precursor synthesis is much less in
these high-Ca containing samples. Consequently, these samples will contain more Mg within the
glassy phase of the precursors than samples containing less bulk Ca, and hence this Mg within the
glassy phase can be considered ‘freely available’ as dissolution of this phase will occur much faster
than Mg-containing crystalline phases in the precursor (which do not appear to participate in the
alkali-activation reaction on the timescales examined here). Despite this, a higher content of
magnesium in the precursor powder has once again resulted in less formation of hydrotalcite-group
phases and C-(A)-S-H, and also greater formation of portlandite due to hydration of Ca,SiO,. This
suggests that magnesium also plays an important role in determining the formation of magnesium-
free additional reaction products, such as AFm-type phases, through controlling the availability of

otherelements for reaction.

3.2 Differential Thermogravimetric Analysis

The DTG curves of all precursor samples are relatively flat and featureless with the exception of a
mass loss peak at approximately 680 °C in some precursors, attributed to CaCO; formed due to
reaction of free lime with CO, released during calcination of the precursor during precursor synthesis
[24]. Minor disordered carbonate-containing or hydrous phases, potentially residual polymer from
the synthesis process, lead to small mass loss features in the DTG data at approximately 280 °C for

precursor D, and at approximately 420 °C for precursors J, K and L [24].

DTG curves of all AAM at all curing ages assessed display a broad mass loss peak between 50 °C and

200 °C consisting of individual mass loss peaks attributed to water adsorbed or bound to the binder

11
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phases to varying degrees. Mass loss peaks at approximately 75 °C in the DTG curves of the alkali-

activated material are attributed to the removal of adsorbed atmospheric water from the binder.

Mass loss peaks centred at 130 °C in the DTG data for samples produced with powders containing

high bulk Al (i.e., D, E, F, J, K and L, in|Figure 2) are attributed to dehydration of free and loosely

bound water originally supplied by the activating solution and present in the pore network of the
binder [48-50], dehydration of the AFm-type phases identified in these samples by XRD [51], and
initial dehydration of the C-(A)-S-H type gel [50]. A progressive mass loss above 380 °C indicates

further dehydration of C-(A)-S-H gel [52]. The dehydration of C,AH;; and related carboaluminate

phases occurs between 220 °C and 280 °C [53], as identified in| Figure 2| for samples K and L at all

curing ages.

A sharp mass loss peak due to dehydroxylation of portlandite is observed at 450 °C [50] in the DTG

curves for AAMs H - L at all curing ages [Figure 2), and is also evident in sample B cured for 3 days.

The intensity of this peak decreases from 3 to 180 days; the 28-day samples appear to contain less
portlandite than those cured for 180 days but this is ascribed to differences in carbonation prior to
or during analysis, as some of the portlandite was likely converted to calcite by reaction with CO,
from the atmosphere. A decrease in portlandite content as samples age is expected due to a process
similar to the pozzolanic reaction, involving the Ca-rich hydration products of the rapidly-reacting
crystalline phases, and the slower-reacting siliceous components. These trends are consistent with
the intensity of the reflections assigned to portlandite in the XRD data for these samples. Portlandite

is not observed in the other samples.

Mass loss peaks at approximately 200 °C and 380 °C are observed in the DTG curves for samples
produced with powders containing high bulk Al content (D, E, F, and J, K L) and are assigned to
hydrotalcite-group phases [8, 54, 55], while DTG peaks at approximately 820 °C in the curves
samples A - F cured for 180 days are attributed to decomposition of C-(A)-S-H type gel to
wollastonite [56, 57]. The DTG curves of the alkali-activated material for each sample cured for 28

and 180 days are similar to the 3-day data, with massloss once again predominantly occurring below
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3.3 Environmental scanning electron microscopy/energy dispersive X-ray spectroscopy

Back-scattered electron (BSE) images of selected representative samples (A, D and L) cured for 180

days are shown in|Figure 3|-|Figure 5} corresponding images for the other samples are presented in

Appendix B, Supporting Information. Each micrograph shows a porous, particulate structured AAM.

The C-(A)-S-H type gel exhibits a globular, fibrous morphology [Figure 6) similar to that observed in

alkali-activated slag cements produced using slags containing approximately 8 wt. % MgO [6, 8, 9]

Crystals displaying a plate-like morphology and elemental composition characteristic of AFm-type

phases [58] and hydrotalcite-group phases [6, 8] are also observed in the BSE images and elemental

maps for samples D, E, J and K cured for 180 days [Figure 4land Appendix B, Supporting Information).

The Mc phase identified by XRD [Figure 1) is observed most prominently in elemental maps of

sample D at all ages, as an Al-rich, Si- and Na-deficient crystalline phase containing a level of calcium

which is not discernible from that of the surrounding C-(A)-S-H (Figure ﬂb. A Ca-rich phase exhibiting

a plate-like morphology characteristic of portlandite [59] is observed in samples H-L at all ages

Figure 5|and Figure S6 - S9, Supporting Information), again consistent with X-ray diffraction data for

these samples. A representative BSE image exhibiting this phase is shown for sample L cured 180

days [Figure 5).

Some small (< 2 um) plate-like crystals can be seen in the BSE images of samples D - L cured for 180

days (shown for sample L in|Figure 7). It is not possible to resolve the elemental composition of

these crystals by EDX as their size is less than the depth of X-ray generation for the 15 keV
accelerating voltage used [60], and consequently they are not distinguishable from the C-(A)-S-H
phase when elemental maps are examined. However, these crystals exhibit morphology similar to
the hydrotalcite-group phases identified in alkali-activated slag cements produced using slags
containing approximately 8 wt. % MgO [6, 8]. No phases exhibiting distinct crystal habits can be

seen in the BSE image of samples A, B and C.

14



Layered Image

180-days
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291 Figure 5: ESEM back-scattered electron (BSE) images and elemental maps of alkali-a ctivated sample L cured for 180 days
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Figure 6: Back-scattered electron (BSE) image of alkali-activated sample L cured for 180 days showing the globular, fibrous
mormhology of the C-(A)-S-H gel

180 days

Figure 7: Back-scattered electron (BSE) image of alkali-activated sample L cured for 180 days showing plate-like crystals
exhibiting morphology similar to hydrotaldte-group phases,amongst C-(A)-S-H gel

The elemental compositions of each ESEM-EDX spot analysis conducted on each sample, projected

onto the Ca0-Al,05-Si0O, temary system, are reported in| Figure 8 and Figure S10 - S13, Supporting

Information. These data reveal important compositional changes induced by differences in reaction

mix chemistry.
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AAM samples A, B and C (Ca/(Al+Si) = 0.67, Al/Si = 0.05) exhibit a composition falling within regions
commonly attributed to moderate-Ca (0.4 < Ca/Si <0.5) C-(N)-A-S-H and C-S-H gelsin alkali-activated
slag and slag/fly ash blends [61, 62] and in synthetic AAMs [17, 23, 36] (Figure S10, Supporting
Information). Increased bulk Al content in sample D (Ca/(Al+Si) = 0.67, Al/Si = 0.15, Mg/(Al+Si) =

0.05) results in a composition within regions commonly attributed to a C-(N)-A-S-H gel, clustered

along an imaginary line drawn between this region and AFm-type phases [Figure 8 and Figure S11,

Supporting Information), consistent with the X-ray diffractograms for this sample [Figure 1).

Increased bulk Al content in samples E and F (Ca/(Al+Si) = 0.67, Al/Si = 0.15, Mg/(Al+Si) = 0.15 and
0.25 respectively) does not result in compositions corresponding to AFm-type phases, indicating that
increased Mg content of these samples inhibits the formation of these phases. This is consistent with
the trends observed by XRD, where increased precursor bulk Mg content promotes formation of
gehlenite during precursor synthesis and calcination, consequently decreasing the amount of ‘freely
available’ aluminium within the glassy phase of the precursors and inhibiting the formation of AFm-

type phases upon alkali-activation.
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AAM samples G, H and | (Ca/(Al+Si) = 1.00, Al/Si = 0.05) exhibit a composition within regions
commonly attributed to high-Ca (0.5 < Ca/Si < 0.6) C-(N)-A-S-H and C-S-H gels (Figure S12, Supporting
Information). Increased bulk Al content in sample J, K and L Ca/(Al+Si) = 1.00, Al/Si = 0.15) does not
result in compositions corresponding to AFm-type phases (Figure S13, Supporting Information),
indicating that with high bulk Al content and sufficient Mg content (Mg/(Al+Si) = 0.05) formation of
Mg-containing LDH phases (e.g. hydrotalcite-group phases) is preferred to Mg-free LDH phases (e.g.
Mc). The portlandite identified in the X-ray diffractograms for samples B, C and H - L and is also

evident by the compositions of these samples exhibited in Figures S10 and S12, respectively.

Among samples D, E and F (Ca/(Al+Si) = 0.67, Al/Si = 0.15, varying Mg content), increased bulk Mg

content in the precursor powder promotes greater formation of C-(N)-(A)-S-H and less formation of

C-S-H and AFm-type phases, consistent with the XRD data in|Figure 1} Increased precursor bulk Mg

content at this composition causes formation of akermanite and thus restricts the availability of Mg
for alkali-activation reactions. Consequently, more Al is available to substitute into the C-(N)-A-S-H

gel framework during gel formation.

However, the converse is observed when examining samples J, K and L (Ca/(Al+Si) = 1.00, Al/Si =
0.15, carrying Mg content). Among these samples, increased bulk Mg content promotes formation of
high-Ca C-S-H and portlandite, as the formation of dkemmanite and gehlenite in the precursor
powders is much less prominent at this higher Ca content. The Mg in these samples thus reacts (and
consumes Al) to form hydrotalcite-group phases, and consequently less Al is available to substitute
into the C-S-H gel. Thus, in addition to the bulk magnesium content of the precursor, its disposition
within the calcined powders also plays a very significant role in determining the hydrated phase

assemblages in these alkali-activated materials.

These trends correlate well with those observed for alkali-activated slag binders, where reduced Al
uptake by C-S-H was observed when using slags with higher bulk MgO content [8, 10]. All slags used
within these studies contain dkermanite, with the exception of one low-MgO slag (1.17 wt. % MgO)
[10], and consequently bulk MgO content cannot be used as a singular parameter to predict phase

assemblage of Mg-containing additional reaction products.
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Increasing precursor Mg content within all samples results in formation of reaction products
exhibiting compositions within regions attributed to high-Ca (0.5 < Ca/Si < 0.6) C-(N)-A-S-H and C-S-H
gels (again due to increased amounts of akermanite and hydrotalcite-group phases reducing the
amount of Al in the glassy phase of the precursors). Increased bulk Ca content in the initial
precursors for all samples results in a shift in sample composition towards Ca-rich C-(N)-A-S-H and C-
S-H gels, consistent with observations for Mg-free synthetic AAM [36] and indicating that the Ca

content of these gels is not influenced by bulk Mg content in any appreciable way.

Each AAM exhibits Mg/(Al+Si) ratios dustered along an imaginary line drawn between the
composition of the precursor and the composition of hydrotalcite group phases (Figures S14 - S17,
Supporting Information), heavily weighted towards the composition of the precursor. The
composition of the hydrotalcite group phase with which the cluster of Mg/(Al+Si) ratio data points
align is dependent on precursor Mg content, with increased Mg content causing the duster to align
with a hydrotalcite group phase with Mg/Al = 5.2 and decreased Mg content causing the cluster to

align with a hydrotalcite group phase with Mg/Al =1.2.

Changes in the Ca/Si, Al/Si and Mg/Si ratios of the binders cured for 180 days were also determined

by ESEM-EDX, and are shown in|Figure 9)and| Figure 10|(changes in the Ca/Si, Al/Si and Mg/Si ratios

of the binders as a function of curing time (determined by ESEM-EDX) are shown in Figure S22 and
$23, Supporting Information). Each AAM displays a range of values for the ratios Ca/Si, Mg/Si and
Al/Si which are similar to those observed for alkali silicate-activated GGBFS slags where the
precursor slag contained between 1.17, and 13.2 wt % MgO [6, 8-10, 27]. This suggests that the
chemistry of these binders produced from synthetic slags is generally representative of that of alkali

silicate-activated commercial slags with varying magnesium content.
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Figure 9: Summary of bulk atomic ratios Ca/Si versus Si/Al (60 measurements persample) for the alkali-activated material

cured for 180days forsamplesa) A, B and C (Ca/(Al+4Si) = 0.67, Al/Si = 0.05), b) D, Eand F (Ca/(Al+4Si) = 0.67, Al /Si = 0.15), c)

G, H and | (Ga/(AI+Si) = 1.00, Al/Si = 0.05) and d) J, K and L (Ca/(Al+Si) = 1.00, Al/Si = 0.15), with Mg/(Al+Si) ra tios as

indicated.
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Figure 10: Summary of bulk atomic ratios Mg/Si versus Si/Al (60 measurements per sample) for the alkali-activated
material cured for 180 days for samples a) A, B and C (Ga/(Al+Si) =0.67, Al/Si = 0.05), b) D, E and F (Ca/(Al+Si) = 0.67, Al/Si =
0.15), c) G,Hand | (Ga/(Al+Si) = 1.00, Al /Si =0.05) and d) J, Kand L(Ca/(Al+Si) = 1.00, Al/Si = 0.15), with Mg/(Al+Si) ratios as
indicated.

The Al/Si ratios of low-Al AAM samples A, B, and C (Ca/(Al+Si) = 0.67, Al/Si = 0.05) and G, H, |
(Ca/(Al4Si) = 1.00, Al/Si = 0.05) remain generally constant at all ages, however the Ca/Si ratios shift
toward lower values and become more tightly clustered with increased curing time (Figure S22,
Supporting Information). This is attributed to slower dissolution of Si from the precursor and thus
increased incorporation of Si in the C-(N)-A-S-H gel as the reaction progresses. Low-Ca, high-Al AAM

samples D, E, and F (Ca/(Al+4Si) = 0.67, Al/Si = 0.15) exhibit much wider ranges of Al/Si ratios due to

the presence of AFm-type phases [Figure 9/and Figure S22, Supporting Information), although the

degree of variability is reduced with increasing bulk Mg content, as increased formation of

hydrotalcite-group phases likely reduces the amount of Al available for AFm formation.

Such a trend is not observed for high-Ca, high-Al samples J, K, and L (Ca/(Al+Si) = 1.00, Al/Si = 0.15).

Al/Si ratios for these samples are clustered around that of the stoichiometric design, with little
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variation in Al/Si ratio as bulk Mg content is varied (Figure S23, Supporting Information). These

samples exhibit a large range of Ca/Si ratios (approximately 1 < Ca/Si < 3 in spot analyses), which can

in part be attributed to the presence of portlandite in these samples [Figure 1); the same holds for

the high-Ca, low-Al samples G, H, and | (Ca/(Al+Si) = 1.00, Al/Si = 0.05).

The correlation of Mg/Si with Al/Si ratios for each sample in| Figure 10|is broadly consistent with the

observation of hydrotalcite-group phases in the X-ray diffractograms [Figure 1) [3, 19]. The Mg/Al

ratio of the hydrotalcite-group phases presentin cementitious binders is often estimated (assuming
the absence of other Mg-containing phases, or intermixed aluminate phases such as AFm) from the
slope of a trendline drawn on the Mg/Si vs Al/Si plot [3, 19]. For the samples analysed here, these
ratios range between 1.26 (sample G cured 3 days) and 5.21 (sample C cured 3 days) (Figure S23,
Supporting Information). This range of valuesis much broader than the known range of Mg/Al values
in hydrotalcite-group minerals [64]. The Mg/Al ratios calculated by this method for the samples with
high bulk Mg content (samples C, F, | and L) are significantly higher than that of true hydrotalcite
(MgsAl,CO;3(0OH),6-4H,0). This increases further in samples with low bulk Al content (samples F and
L), indicating the possible presence of an additional Mg-rich phase in these samples, potentially a

disordered magnesium silicate as crystalline brucite is not observed by XRD.

In all samples, when Ca/(Al+Si) and Al/Si ratios are held constant, increasing precursor bulk Mg

content appears from the trendline slopes to promote formation of hydrotalcite-group phases with

higher Mg/Al ratios [Figure 10|and Figure S23, Supporting Information). However, the slopes of the

trendlines correlating Mg/Si and Al/Si ratios for samples D and J are not consistent with the known

chemistry of hydrotalcite-group phases, due to the formation of AFm-type phases as identified by

XRD [Figure 1). Similar trends can be observed by examining previously published SEM-EDX data for

alkali-activated slag cements produced from slags containing varying MgO contents [6, 8, 10]. When
the Mg/(Al+Si) and Al/Si ratios are held constant, an increased Ca/(Al+Si) ratio does not change the

Mg/Al ratio of the hydrotaldte-group phases.
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3.4 Attenuated total reflectance Fourier transform infrared spectroscopy

ATR-FTIR spectra collected for the AAMs are presented in| Figure 11} full interpretation of ATR-FTIR

spectra of the precursors is provided in Appendix C, Supporting Information. Alkali-activation
produces a broad intense band at approximately 970 cm™ in the spectra of all samples cured for 3
days, attributed to asymmetric stretching vibrations of Si-O-T bonds (T: tetrahedral Si or Al) in the
chain structure of C-(A)-S-H [16, 65]. This band sharpens as curing time increases, indicating that
greater structural ordering of C-(A)-S-H evolves as the reaction proceeds. Increased curing time also
sees a shift in this band to slightly higher wavenumbers in the spectra for all samples by 28 days, and
then a shift to lower wavenumbers by 180 days. This indicates increased polymerisation and
crosslinking of C-(A)-S-H between 3 and 28 days via condensation of tetrahedral spedies, followed by
increased inclusion of Al within the C-(A)-S-H gel between 28 and 180 days [52, 61]. The sharp band
at 875 cm™ in the spectra of all AAMs at all ages is assodiated with asymmetric stretching of AlO,”
groups in Al-O-Si bonds within the C-(A)-S-H gel [66], however some intensity of this band is likely to
be due to similar environments within remnant precursor particles (Appendix C, Supporting

Information).

Samples with higher bulk Mg content exhibit the lowest wavenumbers for the band associated with
Si-O-T bonds in the chain structure of C-(A)-S-H after 180 days of curing, indicating that these
samples exhibit greater long term polymerisation and crosslinking of the C-(A)-S-H gel. The reduction
in hydrotalcite-group phase formation in these samples discussed in section 3.1 results in increased
availability of Al to participate in this process. The correlation between increased Al content and
increased polymerisation and crosslinking of C-(A)-S-H is consistent with the results of
thermodynamic modelling of sodium silicate-activated slag systems [2], and has also been observed
experimentally in synthetic AAMs [36]; the trends identified here show the mechanisms through

which MgO availability controls C-(A)-S-H gel composition and nanostructure.

24



Mg/(Al+Si) = 0.05

CHERRAR

Mg/(Al+Si) = 0.15

\

Mg/(Al+Si) = 0.25

e,

\fﬂwﬂ\\\“

VY

1 I ] L L ) L]
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Ma/(Al+Si) = 0.05

TN,

\ \/ﬁ\\ﬂ\%“\/

m

Cal(Al+Si) = 0.67

Al/Si=0.15

L 1 L L L] T L]
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.15

T VT
N

E

I U 1 L L Ll L
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.25

N

e ’“‘m\
M

E

I I Ll L L L) L
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.05

VT

.\.v/f"“\\\rv /r*—v\\[

WV

Cal(Al+Si) = 1.00

lISi=0.05

L 1 L L L ) L
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.15

7V

A 1 1 L L Ll L
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.25

Vgl

FIEA"

1 ] L] ] L] L) 1
2000 1750 1500 1250 1000 750 500
Wavenumber (cm’)

Mg/(AI+Si) = 0.05

o VWV

Cal(Al+Si) = 1.00
Al/Si=0.15

I 1 L] ] ] L) T
2000 1750 1500 1250 1000 750 500
Wavenumber (cm')

Mg/(Al+Si) = 0.15

m 7

I T 1 L] 1 1 1
2000 1750 1500 1250 1000 750 500
Wavenumber (cm™)

Mg/(Al+Si) = 0.25

/

\J

L) LS T LL L) L L) ». Ll ~ T L Ll
2000 1750 1500 1250 1000 750 500
Wavenumber (cm”)

L) £ L) L T D L L Ll = T b T
2000 1750 1500 1250 1000 750 500
Wavenumber (cm')

——— Cured 180 days

——— Cured 28 days
Cured 3 days

——— Precursor

" T »: T o Ll - L) - L] » L
1750 1500 1250 1000 750 500
Wavenumber (cm™)

r
2000

450 Figure 11: ATR-FTIRspectra of the precursor powderand alkali-activated material forsamples A —L cured for 3, 28 and 180

451 days asindicated

25



452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

3.5 Solid state magic angle spinning nuclear magnetic resonance

3.5.1% Al MAS NMR

The ¥ Al MAS NMR spectra of the precursors and AAMs for each sample are presented in[Figure 12

The spectra of each of the precursors are very similar, the main feature being a broad tetrahedral
AlOQ, resonance centred at approximately 57 ppm. Another broad tetrahedral AlO, resonance is
observed at approximately 74 ppm in low Ca (Ca/(Al+4Si) = 0.67) samples and at approximately 84
ppm in high Ca samples (Ca/(Al+Si) = 0.67). This resonance increases in intensity with increasing
Mg/(Al+Si) ratio. These tetrahedral resonances are attributed to a distribution of Al environments
within the glassy phase of the precursor (as identified by XRD), similar to that observed for GGBFS
[10, 29]. The increased intensity of the Al resonance at higher frequency is attributed to the

gehlenite present in the higher-Mg precursors.

The spectra of each precursor display low intensity resonances centred at approximately 11 ppm and
-3 ppm, each attributed to octahedral AlOg environments. The intensity of the resonance at 11 ppm
varies between samples and is assigned to the tricalcium aluminate phase [67] (consistent with that
identified by XRD in some precursors), while the resonance at -3 ppm is attributed to Al" linked to

Mg in a spinel-type structure [68].

The Al MAS NMR spectra of each AAM cured for 3 days display a low intensity broad resonance
spanning from 35 ppm to 75 ppm with a maximum at approximately 58 ppm; this is assigned to Al in
a significantly distorted tetrahedral environment [27, 29, 69]. A low intensity narrow resonance at
~76 ppm assigned to Al in a well defined tetrahedral coordination is also observed in the spectra of
the AAMs for samples D, E, J, K and L. Well-ordered C-(N)-A-S-H identified in the AAMs for each of
these samples by XRD and ESEM-EDX will contain tetrahedral Al substituted for Si bridging sites,
leading to the well defined resonance observed at 76 ppm [30, 32, 70], while poorly crystalline C-(N)-
A-S-H and amorphous N-A-S-H will contain Al in significantly distorted tetrahedral environments,

leading to the broad resonance centred at approximately 58 ppm. The narrow resonance at
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approximately 11 ppm in all samples is assigned to Al in a well defined octahedral coordination

within both AFm reaction products [69, 71] and hydrotalcite-group phases [25, 27, 72].

The resonance due to distorted Al" environments shifts to lower chemical shift values between 3
and 28 days, and back to higher chemical shift values between 28 and 180 days, consistent with
observations by FTIR (section 3.4) of increased polymerisation of the C-(N)-A-S-H gel and a decrease
in gel Ca/Si ratio between 3 and 28 days followed by increased Al incorporation in the C-(N)-A-S-H
gel between 28 and 180 days. This is in contrast to observations of C-(N)-A-S-H gel evolution in Mg-
free synthetic caldum aluminosilicate gels [36], where increased Al incorporation within the C-(N)-
(A)-S-H gel was observed at early age due to the higher availability of this element for incorporation
into the C-(N)-(A)-S-H in the absence of Mg. This is most pronounced for AAMs produced from
precursors with low but non-zero bulk Mg content (which experienced the greatest formation of

hydrotalcite-group phases, section 3.1).

The peak assigned to Al in AFm and hydrotalcite-group phases broadens between 3 and 28 days
and remains unaltered thereafter. This suggests formation of very ordered AFm and hydrotaldte-
group phases during the early stages of reaction due to high contents of available Al and Mg, and

decreased ordering of these phases at later ages as interlayer carbonate incorporation begins.

A small resonance at 6 ppm is also observed in samples D, E, J, K and L and attributed to Al species
within the ‘third aluminate hydrate’ (TAH), an amorphous nanoscale aluminate hydrate phase
precipitated at the surface of the C-S-H type gels [71, 73], and which has also been noted in alkali-
activated slags [29, 69] and synthetic Mg-free AAMs [22]. The presence of TAH in samples J, K and L
(Ca/(Al+4Si)=1.00) is consistent with stoichiometric arguments and thermodynamic modelling which
suggest that the presence of TAH is likely to be linked to high concentrations of available Ca and Al
[11, 19, 74], and previous experimental observations for synthetic Mg-free AAMs [36]. The presence
of TAH in samples D and E (Ca/(Al+Si)=0.67, Mg/(Al+Si) = 0.05 and 0.15, respectively) suggests that
even in the presence of lower bulk Ca content, the formation of higher amounts of hydrotalcte-

group phasesis compatible with the formation of TAH.
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3.5.2%°SiMAS NMR

The >°Si MAS NMR spectra for the precursors and AAMs are presented in[Figure 13| For each sample,

the spectrum of the precursor exhibits a broad resonance centred at approximately -83 ppm.
Network modifying cations alter the chemical shifts of Q"(mAl) species, particularly for more strongly
polarising cations such as calcdium [75, 76], which will cause additional overlap between the
individual Q"(mAl) environments. The presence of Al(VI) species further complicates peak

assignment in the *°Si MAS NMR spectra [24].

Due to its broad nature, it is likely that this resonance contains contributions from multiple different
Q"(mAl) environments, with Q', Q> and Q? silicate species present in a depolymerised calcium silicate
phase and Q*(mAl) (m = 1 - 4) species in a highly polymerised aluminosilicate phase (indicated by the
low intensity broad resonance observed at -105 to -110 ppm), similar to those observed in Mg-free
calcium aluminosilicate precursors synthesised using the same method [24]. Three sharp low-
intensity resonances are observed at -72 ppm, -73.5 ppm and -84.5 ppm in the spectra of the
precursors and are assigned to the silicon environments within gehlenite and akermanite (-72 ppm
and -73.5 ppm) [77, 78] and wollastonite (-84.5 ppm) [79]. The intensities of these resonances vary
between precursor samples, consistent with the trends in the XRD reflections attributed to these
phases (section 3.1). These resonances remain largely unchanged throughout the alkali activation
reaction process. A resonance from Ca,SiO, (identified by XRD) is also expected to contribute to the

overall spectra at approximately -71.4 ppm [80, 81].

Three resonances observed at approximately -77 ppm, -80 ppm and -83 ppm in the *°Si MAS NMR
spectra for the alkali-activated binders are assigned to Q', Q(1Al), and Q> environments,
respectively, within the C-(N)-A-S-H gel [2, 19, 29, 38]. In general, these resonances are sharpest and
most intense in samples with increased bulk Ca and Mg content, suggesting a correlation between
these constituents and ordering of the C-(N)-A-S-H gel. A significant degree of crosslinking between
C-(N)-A-S-H gel aluminosilicate chains is also occurring in each sample as evidenced by intensity in

the Q* and Q’(1Al) regions (-85 to -95 ppm) [2]; this is greatest for samples with higher bulk Mg
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content but lower Mg availability as discussed above, which thus have more Al available to
substitute for Si within the C-(N)-A-S-H gel. This promotes crosslinking due to the preference of Al to
be located in crosslinked and polymerised sites [2, 25]. Conversely, samples with more hydrotaldte-
group phase formation exhibit less intensity in the Q*(1Al) region of the *°Si MAS NMR spectra,
corresponding to the competition between hydrotalcite-group phases and Al uptake in C-(N)-A-S-H

[8, 10].

The low intensity broad resonance originally observed at approximately -110 ppm in the spectra of
each calcined precursor powder remains mostly unaltered in the spectra of the alkali-activated
binders produced from each of the respective precursors. It is possible that this is because the
polymerised aluminosilicate phase in the precursor does not participate significantly during alkali-
activation, however it is much more likely that Q*(mAl) within a N-A-S-H gel that has formed as an
additional reaction product are contributing to the intensity in this region of the spectra, as observed

previously for synthetic Mg-free AAM [36].
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Figure 13: 2si MAS NMR spectra of the precursor powders A-L,and the respective alkali-activated materials cured for 3, 28

and 180days asindicated.
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3.5.3%”Na MAS NMR

The *Na MAS NMR spectra for each AAM exhibit a single broad resonance centred at approximately

-0.2 to -4.2 ppm [Figure 14). This resonance is attributed to Na' cations associated with aluminium-

centred tetrahedra, playing a charge-balancing role within the C-(N)-A-S-H gel framework [69, 82].
Na® cations that are charge-balancing aluminium-centred tetrahedrain any N-A-S-H gel frameworks
present (tentatively identified by *°Si MAS NMR, section 3.5.2) also contribute to the signal in this
region [21, 48]. This resonance is observed in the spectra of each AAM at all ages, and shifts toward
lower chemical shift at approximately -4.5 ppm by 28 days before moving to higher chemical shift at
approximately -2.5 to -3.5 ppm by 180 days. These shifts show variations in the electron density
around the Na nuclei as the samples age, but do not correlate directly with changes in Mg content,
suggesting that (as observed by ®?Na MAS NMR) these changes in Mg content do not alter the local
environment of the charge-balancing sodium ions. A broad, low intensity shoulder at approximately
-16 ppm is observed in the ?Na MAS NMR spectra of each sample, attributed to Na sorbed to the
surfaces of the nanostructured gel [36]. The intensity of this resonance increases with increased bulk

Mg content.
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4, Conclusions

Findings here show even small changes in reaction mixture Mg content can induce significant
changes in phase formation and nanostructural development of AAM. Freely available Mg content
(i.e. Mg present in glassy, reactive precursor species which is dissolved during alkali activation)
controls the formation of hydrotalcite-group and AFm-type phases, which in turn strongly affect C-
(N)-A-S-H gel chemistry and nanostructure. In the presence of high bulk Al content and sufficient Mg
content (Mg/(Al+Si) = 0.05) formation of Mg-containing LDH phases (e.g. hydrotalcite-group phases)
is preferential to Mg-free LDH phases (e.g. Mc). A strong correlation between bulk Mg content and
the Mg/Al ratio of hydrotalcite-group phases is observed, with increased Mg content resulting in
higher Mg/Al ratios (up to Mg/Al = 5.2) and decreased Mg content reducing the Mg/Al ratio of

hydrotalcite-group phases to approximately Mg/Al = 1.2.

Decreased bulk Ca content inhibits formation of AFm-type additional reaction products, and
increased precursor bulk Mg content causes formation of dkermanite and impedes formation of
hydrotalcite-group phases due to less Mg available upon alkali-activation. Consequently more Al is
then available to substitute into the C-(N)-A-S-H gel framework during gel formation. With sufficient
Ca, increased bulk Mg promotes formation of low-Al C-(A)-S-H and portlandite, due to formation of
hydrotalcite-group phases and a reduction in available Al. Hydrotalcite-group phase formation is
linked to increased C-(N)-A-S-H gel polymerisation, decreased gel Al uptake and increased formation

of the ‘third aluminate hydrate’.

Through the use of pure systems parameters dictating phase evolution can be controlled, as
demonstrated in this study, and can be used to identify and understand the physiochemical
interactions occurring during alkali-activation of aluminosilicate precursors and subsequent
formation of cementitious materials. This work highlights the importance of considering available
chemical constituents rather than simply bulk composition, so that the desired binder structure for a

particular application can be achieved.
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