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Abstract

This paper investigates the atomic structure and phase assemblages in new sodium-stabilized magnesium
aluminosilicate hydrate (M-(N)-A-S-H) cementitious binders. Results indicate that in the absence of Ca*",
Mg*" promotes a binder atomic structure of Si-Al tetrahedral sheets and octahedral Mg sheets with hydrated
Na" cations likely in the interlayer sites similar to trioctahedral micas (phyllosilicates). NMR studies verify
the incorporation of Al in tetrahedral silicate sheets. XRD demonstrates the ability of these regions to
nucleate and form zeolites (i.e., sodalite) as well as the formation of Mg-Al layered double hydroxide
(LDH) phases (i.e., meixnerite), which is expected due to high concentrations of Mg and Al. TGA results
indicate that M-(N)-A-S-H possesses chemically bound water and hydroxyl units similar to other Mg
binders. These results evidence the critical role of Mg to form unique atomic structures and durability-

related phases in low-calcium alkali-activated materials.

Keywords: alkali activated cements, layered double hydroxide phases, magnesium, nuclear magnetic
resonance.

1. Introduction

Alkali-activated materials (AAMs) are promising alternatives to ordinary portland cement (OPC) due to
potentially lower CO, emissions and improved durability in select applications. AAMs are produced by
mixing alkaline solutions with silicon- (Si) and aluminum-rich (Al) industrial byproducts (e.g., slag, fly

ash). AAM production has been estimated to emit 50-80% less CO, compared to the production of OPC



which currently accounts for 6% of global CO, emissions [1]. Additionally, current research has
demonstrated that AAMs exhibit improved durability (e.g., acid- and fire-resistance) compared to OPC
benchmarks [2—4]. Early- and late-age durability is dependent on a variety of processing factors, such as
precursor chemistry, precursor blending, water-to-binder ratio, activator dose, and composition, and curing

regime [5,6].

Recent research interest in reducing the environmental impact and improving the performance (i.e.,
compressive strength) of OPC has led to the use of magnesium oxide (MgO) as a cement supplement [7]
as well as the development of Mg-rich cementitious binders for various applications such as nuclear waste
immobilization [8], precast construction, and road repair [9]. Study of M-S-H and other Mg-containing
binders has garnered interest due to the buildup of Mg at interfaces between cement and natural rocks [10].
Brucite (Mg hydroxide) forms early in the synthesis of M-S-H, which dissolves as M-S-H is slowly formed
[10,11]. The structure of M-S-H is often regarded as being phyllosilicate-like [8,12] with octahedral Mg
and tetrahedral Si in alternating sheets [13]. Serpentine (i.e., lizardite, antigorite, chrysotile) and
phyllosilicate (i.e., sepiolite, saponite, talc) mineral groups have been reported to be linked with M-S-H
binders [9,14]. M-S-H binders usually exhibit a main *’Si resonance peak at -97.7 ppm with downfield
chemical shifts due to the deshielding effect of Mg ions (i.e., increased Mg:Si ratios) [8]. The resultant
structure is dissimilar from C-S-H in that M-S-H contains more chemically bound water and is generally

organized in silicate sheets, rather than silicate chains [15].

The addition of Al in the synthesis process results a M-A-S-H binder, where Al substitutes both
tetrahedra and octahedra in the phyllosilicate structure [13]. In the presence of Mg, Al also forms
hydrotalcites or layered double hydroxide (LDH) phases [16,17] which are distinct from the binder but
offer advantageous properties such as added carbonation resistance [18]. Recent syntheses and
characterization of M-(N)-A-S-H binders indicate the possibility of Al incorporation in tetrahedral sheets

layered with octahedral Mg sheets [19]. This study suggested that the structure is similar to clinochlore or



sepiolite phyllosilicates. These results suggest that interlayer molecules of water or OH groups are present

between discontinuous octahedral layers.

In slag AAMs, the Mg content of the aluminosilicate precusors (approximately 7-10% MgO) is
known to accelerate reaction kinetics and microstructure (e.g., porosity, mineralogy) and strength
development [20-22]. Bernard et al. have shown that after long time periods, low internal pH values of 9-
10.5 are shown to form Mg aluminosilicate hydrate binders (M-A-S-H) with comparable polymerization
degrees to M-S-H silicate sheets and limited coherent size [23]. Tetrahedral and octahedral Al sites were
both observed in M-A-S-H, while no aluminum was present as an exchangeable cation on surface sites.
Further research on the atomic structure of Mg-containing binder phases is important to deepen
understanding of the long-term performance of cementitious materials as repositories for radioactive waste
[24], as well as improving the CO; sequestration potential and durability of both MgO-additive cement and
Mg-rich AAMs [25]. Moreover, little is yet known about phase assemblages in AAMs which are both low-

Ca and Mg-rich.

In this work, sol-gel chemical principles were utilized to produce stoichiometrically-controlled Mg-
rich AAMs. The Pechini sol-gel process utilizes in situ chemical directing agents (i.e., polymers) to chelate
metal ligands into a network. The polymeric component can be removed with calcination to yield a
homogenous, multicomponent, single-phase, mixed metal oxide powder [26,27]. Since its inception,
variations of the Pechini process frequently utilize poly(vinyl alcohol) (PVA) or poly(ethylene glycol)
(PEQG) as directing agents in solution with nitrate salts to synthesize mixed metal-oxide powders [28-32].
The chelation mechanism co-occurs while metal cations are sterically entrapped by the polymeric network
[30-32]. Hence, this process is often named “organic steric entrapment.” In this study, the process is named
polymer-assisted sol-gel synthesis (PASOG) to reflect its connection to traditional sol-gel processes. This
method provides significant advantages when compared to traditional methods of producing AAMs. First,
the method has been utilized in the production of high-purity geopolymer precursors [33—35] and OPC

phases [36]. Second, dissolution kinetics closely resemble those in the alkali activation of industrial



byproducts [34]. Resultant stoichiometrically-controlled cementitious materials can therefore be leveraged

to relate nanostructure of pure phases to durability properties.

Building upon recent findings on M-S-H binders, the primary objective of this study is to
understand the atomic structure and phase assemblage of Ca-free, Mg-rich AAMSs. Specifically, M-(N)-A-
S-H AAMs were produced for the first time using the PASOG synthesis method and subsequently analyzed.
It is hypothesized that altering experimental parameters of PASOG synthesis will produce distinct

nanostructural features (e.g., extent of crosslinking), as reported in previous work by the authors [37].

2. Materials and Methodology

2.1 Materials

The materials utilized to synthesize M-(N)-A-S-H cementitious materials via the PASOG method were
aqueous SiO» suspension (LUDOX® HS-40 colloidal silica, Sigma Aldrich); poly(vinyl alcohol) (PVA,
98% hydrolyzed, Sigma Aldrich); poly(ethylene glycol) (PEG, 98% hydrolyzed, Sigma Aldrich);
magnesium nitrate hexahydrate (Fisher Chemical, 98-102%); and, aluminum nitrate nonahydrate (Fisher
Chemical, 99%). Nitrate salts were stored under vacuum to prevent intrusion of atmospheric water. A
mineral oil (light paraffin oil, Fisher Chemical) bath was used to ensure constant synthesis temperatures.
Aqueous sodium hydroxide (NaOH) (BioUltra, 10M, Sigma Aldrich) was utilized for alkali-activation.
Plastic molds (14mm diameter cylindrical polyethylene vials, Electron Microscopy Sciences) were
employed for casting, and a super-saturated sodium phosphate solution (96%, Sigma Aldrich) was used to
achieve high relative humidity conditions (RH 99%) during curing [38]. Lastly, ethanol (anhydrous, 200

proof, Fisher Chemical) was used to dehydrate the resulting materials.
2.2 Methodology

2.2.1 Synthesis of Mg-aluminosilicate precursors



Four AAM precursors were synthesized using the PASOG method as described by Walkley et al. [33].
First, a polymeric solution of 5 wt% was prepared according to Table 1 by dissolving the polymer (PVA
or PEG) in deionized water at 70°C. The amount of polymer added was controlled to achieve a metal-to-
oxygen ratio (M'/O) of 2.0. In this ratio, a metal is an aluminum or Mg cation, whereas an ‘oxygen’ may
be either an alcohol unit in PV A polymers or an ether unit in PEG polymers. The temperature was controlled
with a mineral oil basin heated by a Corning™ Digital Hotplate and Stirrer in which reaction vessels were
partially submerged. After complete polymer dissolution, 40 wt% aqueous Mg nitrate hexahydrate was
added and allowed to mix for thirty minutes before adding 40 wt% aqueous aluminum nitrate nonahydrate.
After another thirty minutes of mixing, 40 wt% aqueous suspension SiO, was added. During mixing,
solutions were kept at 70°C and covered with aluminum foil to prevent excessive water evaporation. After
mixing, the temperature was increased to 75°C and uncovered to permit the formation of a xerogel through
a dehydration process for up to 48 h. Reaction vessels were subsequently removed from heat upon the
appearance of a viscous, aerated xerogel. Mixtures containing PVA produced a dark yellow gel, whereas
mixtures containing PEG produced a cloudy white gel. These precursor gels were then calcined at 550°C
(for PV A-prepared materials) and 900°C (for PEG-prepared materials) according to [33] with a ramp rate

of 3°C/min and a hold time of 1 h.

Table 1. M-(N)-A-S-H materials produced via the PASOG method and mass compositions.

Material . .. "
. Chemical composition (%
Material Polymer Polymer properties P )
MW (kDa) n -

M'/O L/S SiO, Al,Os MgO Na,O
L-PVA PVA 13-23 2.0 1.0 24.0 12.5 14.4 15.2
H-PVA PVA 31-50 2.0 1.0 23.1 13.9 16.2 13.5
L-PEG PEG 20 2.0 1.0 29.5 15.6 18.4 14.0
H-PEG PEG 35 2.0 1.0 27.4 13.7 16.4 17.3

" Values obtained from ICP-OES Mg:Si ~1.0, Na:Al = 1.5-2.0, Si:Al=1.5.

2.2.2 M-(N)-A-S-H AAM preparation



Calcined precursors were manually ground to pass a #100 sieve (150 um) and mixed with aqueous NaOH
in observance of liquid to solid ratios (L/S) in Table 1. Each mixture contained the same mass of precursor.
Mixtures were stirred then poured into identical molds that were lubricated with Vaseline™ to allow
removal after curing. Filled molds were tapped on a flat surface for 10 s each to remove entrapped air, then
cured at 35°C and 99% relative humidity (RH) for 24 h. 99% RH was achieved by placing molds in a sealed
container with a supply of deionized water which was reacted with sodium phosphate according to ASTM
E104. After humid curing, cementitious material materials were dried at 40°C for a minimum of 48 h before
dehydration with ethanol and subsequent characterization. The chemical composition of resultant AAMs
were determined with ICP (see Table 1) and agree well with typical slag-based AAM compositions as

reported in [39].
2.2.3 Practical considerations

Previous PASOG studies have utilized PEG exclusively for the production of calcium-aluminosilicate
precursors and PVA exclusively for the production of aluminosilicate precursors due to difficulties with
sample retrieval, as described in [33]. These difficulties were not encountered in the current study.
Additionally, previous studies have claimed negligible effects of the L/S ratio on precursor dissolution [34].
Considering such a claim, the authors explored using L/S=2.0 during activation. Mixtures of L/S=2.0
remained liquid whereas mixtures with L/S=1.0 formed semi-solid materials immediately upon activation
and solidified completely after curing at elevated temperatures. These results suggest that L/S ratio may
play an important role on precursor dissolution and formation of the Si-O-Al aluminosilicate binder

network. L/S= 2.0 mixtures were not characterized further.

Methodological variables (calcination temperature, polymer type, and polymer molecular weight)
impacted AAM structure. Temperature variations in calcination procedure (performed according to [33])
may have impacted the reactivity of synthetic AAM precursors [40]. However, a comprehensive study of
this impact was not within the scope of this work. XRD results show that majorite results exclusively from

PVA preparation and the polymorph enstatite exclusively from PEG. NMR and FTIR results showed that



increasing polymer molecular weight in the PASOG method resulted in elevated formation of extra-
framework phases. The presence of octahedral Al as verified by Al NMR [41,42] as well as FTIR [43—
45] evinces extra-framework Al. Integration of A1 NMR peaks indicated that octahedral Al comprised a
higher fraction of Al environments with the use of PEG, and in general with increasing molecular weight.
Additionally, the H-PEG material is the only AAM of the four to have isolated Si (Q" Si environment, as
shown in Figure 1). PEG-prepared AAMs possess higher variability of Si-O-T (where T = tetrahedral Al
or Si) infrared vibrational modes relative to PVA-prepared AAMs, indicating a lower extent of cross-
linking. Finally, the content of physisorbed water (quantified using 'H-*Si and "H-*’A1 CP MAS NMR and
TGA/DTG) was lower in PEG-prepared AAMs. Thus, using PEG rather than PVA in PASOG synthesis,
as well as increasing either polymer molecular weight, results in higher concentration of extra-framework
phases, an expected decrease in cross-linking, and higher chemical shrinkage. These results are consistent
with findings of Gevaudan et al. for synthetic geopolymers (i.e., N-A-S-H) where PVA polymers were
preferential for PASOG synthesis of cementitious binders [37]. Lastly, all materials demonstrate alkane and
nitrate vibrations discovered by FTIR (see assignments in Table 2). These are respectively attributable to
polymers and nitrate-based salts used during the PASOG method which were not successfully removed

durng calcination.

Full chracterization of structural variability resulting from PASOG methodological differences is
beyond the scope of this work. Instead, the authors pursue an analysis of the similarities between structures

in alkali activated slags and this work’s novel, calcium-free, Mg-rich AAMs.
2.3 Material Characterization

2.3.1 °Si, 7741 and *Na Solid-State Magic-Angle Spinning Nuclear Magnetic Resonance Spectroscopy
*°Si, ’Al, and **Na MAS NMR)

To characterize atomic structures, solid-state ’Si, *’Al, and Na MAS NMR spectra were acquired using a
Varian INOVA 400 MHz NMR spectrometer (magnetic field 9.39 T; an operating frequency of 79.50 MHz

for #’Si, 104.27 MHz for *’Al, and 105.85 MHz for »*Na). Samples were packed into 4 mm zirconia rotors



sealed at either end with Teflon plugs, and all spectra were collected with magic-angle spinning (MAS)
speed of 10 kHz using a broadband probe equipped with a 4 mm MAS module designed and manufactured
by Revolution NMR, LLC (Fort Collins, CO). All experiments (Bloch-decay as well as cross polarization
for all nuclei) utilized a 90° pulse angle . *’Si chemical shifts were determined using a reference of DSS
(2,2-dimethyl-2-silapentanesulfonate) at 1.46 ppm. The spectra were acquired through a Bloch-decay
experiment with 1600 scans using a pulse recycle delay of 45 s, a pulse width of 4.5 us, and an acquisition
time of ~20 ms. *’Al chemical shifts were referenced to aluminum nitrate (AI(NO;)s;) at 0 ppm and the
Bloch-decay experiment was acquired using a pulse recycle delay of 5 s, a pulse width of 4.0 us, an
acquisition time of ~30 ms, and 256 scans. *Na chemical shifts were determined using a NaCl reference at
0 ppm. The Bloch-decay experiment was acquired using a pulse recycle delay of 5 s, a pulse width of 5.25
1s, an acquisition time of ~20 ms, and 256 scans. Cross-polarization (‘H-*’Si CP) MAS NMR data were
also collected using 'H and *’Si pulse widths of 3.8 and 4.5 ps respectively with recycle delay of 3 s, CP
spin-lock time of 3 ms, and 2048 scans. For 'H-*’Al CP MAS NMR experiments, 'H and *’Al pulse widths
of 3.8 and 4.0 ps, respectively, were used with a recycle delay of 2 s, CP spin-lock time of 2 ms, and 256

scans.

Analysis of the collected data was performed using MestreNova 11.0 software. Peak deconvolution
was not attempted due to low signal to noise ratio. However, literature with NMR data for M-S-H, M-A-S-
H, and (C,N)-A-S-H AAMs were compared to provide a qualitative understanding of results

[13,16,17,23,35,46-49].
2.3.2 Fourier transform infrared spectroscopy (FTIR)

Nanostructure was further characterized using FTIR. Samples for analysis were ground and homogenized
by hand. Next, 0.020 = 0.001 grams of each sample were mixed with 2.000 + 0.100 grams of potassium
bromide (KBr) spectrograde powder (International Crystal Labs). Thus, KBr disk sample concentration was
1 wt%. Mixtures were homogenized in a Spex Grinder mill to ensure uniform particle size. This is

important to reduce peak intensity differences. Solid KBr sample mixes were pressed into KBr disk pellets



for analysis in a Thermo Scientific Nicolet iS10 FTIR Spectrometer. Disks were analyzed against a blank
background to remove the absorption spectra from the nitrogen-purged chamber. Increased intensity of the
H-PVA FTIR spectrum relative to other spectra (see Figure 4) is likely a result of sample error due to

increased localized concentration gradients within the KBr pellet.

2.3.3 X-ray diffraction (XRD)

Materials were crushed with a mortar and pestle and subsequently well-packed in XRD sample holders to
determine the mineralogy of M-(N)-A-S-H AAMs. The method was modified to employ corundum as an
internal standard instead of zincite. Diffraction patterns were acquired using a Siemens D500 X-ray
diffractometer. Samples were analyzed from 20 = 5° to 65° using Cu Ko X-ray radiation, with a step size
of 0.02 degrees and a dwell time of two seconds per step. Mineralogy was identified using Jade software

(MDI, Version 9) and the International Centre for Diffraction Data (ICDD) 2003 database.

2.3.4 Thermogravimetric analysis and differential thermogravimetry (TGA/DTG)

Material water content and volatiles composition were determined by analyzing powdered samples of ~50
mg in an AL,Os crucible using a Netzsch STA. A heating rate of 3°C/min between room temperature (25°C)
and 1000°C in air purged chamber at 70 standard cubic centimeters per minute (SCCM) plus argon purged
at 20 SCCM were utilized. Mass differentials were determined as sample burn-off occurred. Determination
of the rate of mass change with respect to temperature (differential thermogravimetry or DTG) was

performed using the ‘Differentiate’ function of mass with respect to temperature data in OriginPro 2018.

2.3.5 Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES)

A commercial laboratory (Hazen Research, Inc., Golden, CO) was employed to perform a chemical
characterization of the materials. A Perkin Elmer Optima 7300DV with a dual view was utilized to perform
the chemical analysis of the materials. Prior to analysis, sample aliquots weighing between 0.10-0.20 g
were added to a 95%/5% Pt/Au crucible containing 2 grams flux (1:1 lithium metaborate/lithium

tetraborate). The sample was mixed, and then 5-10 drops of 25% lithium bromide were added. Next, acid



10

digestion was performed in a Teflon beaker placed on the Claisse fusion stirrer, with ~90 mL of DI water,
10 mL of concentrated hydrochloric acid and 1 mL of concentrated hydrofluoric acid. Subsequently, the
contents of the crucible were fused using the Claisse fusion program and then poured into a waiting beaker
before ICP-OES. In order to ensure the accuracy of the results, a basalt standard was also submitted to

analysis. It was found that the oxide composition reported had a ~1.0% oxide error.
2.3.6 Chemical Shrinkage

Chemical shrinkage is reported as percent change from the inner diameter of the plastic mold to the
measured material diameter after curing, drying, and dehydration. Using calipers, material diameters were

arithmetically averaged from six points along the cylindrical material to the nearest 0.01 mm.
3. Results and Discussion

3.1 Atomic and Molecular Structure of M-(N)-A-S-H AAMs

PVA-prepared M-(N)-A-S-H materials exhibit main and broad resonances indicating Q” silicate tetrahedra
(-86 ppm) and possible Al and Mg incorporation into the silicate structure (-90 ppm, -93 ppm); while PEG-
prepared M-(N)-A-S-H materials exhibit less connected (-80 ppm) and non-connected silicate structures (-
70 ppm). As shown in Figure 1a, L-PVA and H-PVA materials exhibit *’Si NMR signals in the range of -
80 to -92 ppm, while L-PEG and H-PEG materials exhibit downfield chemical shifts in the range of -70 to
-86 ppm. Previous PASOG work by the authors shows calcined SiO» precursor materials with resonances
at -110 ppm [37]. The absence of such resonances indicates highly reactive synthesized precursors. The
broad *’Si resonance peak observed for both PVA materials at -86 ppm (Q?) is more shielded than those
found in traditional M-S-H binders (peak at -85 ppm) [13]. These differences reveal slight modifications to
the silicate structure, possibly due to Al substitution. Furthermore, the hump between -82 ppm (Q*(1Al))
and -80 ppm (Q"), has not been reported in previous M-S-H binder studies, and may represent middle- and
end-chain units in incomplete or disorded silicate sheets as reported recently in M-A-S-H and M-(N)-A-S-

H binders [13,19]. The atomic structures of M-(N)-A-S-H characterized herein indicate the presence of



11

highly shielded signals near -92 ppm likely due to the presence of Q’ sites, as similarly observed in M-S-H
[23]. By considering the assignment of peaks at -80 ppm and -86 ppm, as well as the chemical shift by
Q"(mALl) units and upfield peaks, ~ -92 ppm can also be assigned to Q*(3Al). Furthermore, the signal near
-89 ppm evinces a Q*(4Al) site [37]. These assignments suggest a high degree of Al substitution in the
silicate sheet, resulting in an interconnected Si-Al network. Such a hypothesis is supported by recent
characterization of M-(N)-A-S-H materials with X-ray absorption near-edge spectroscopy [19].
Contrastingly, PEG-prepared materials exhibit chemical environments dominated by Q' atomic sites,
indicating a less connected silicate structure. Moreover, the peak at -70 ppm indicates a non-connected (Q°)

silicate [50-53].

H-PEG M\M NP SRV VT

50 60 -70 -80 -90 -100 -110 -50 -60 -70 -80 -90 -100 -110
Chemical shift & (ppm) Chemical shift 5 (ppm)

Figure 1. (a) *’Si DP and (b) 'H-*’Si CP NMR spectra of M-(N)-A-S-H AAMs.
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The appearance of Q* resonances in 2Si NMR indicates an incomplete or disorded silicate sheet.
This hypothesis is further supported by the appearance of single peaks at -86ppm in Figure 1b which are
assigned to Q? units with single silanols [16,47]. The presence of single silanols in Q* units is similarly
found in amorphous aluminosilicates, silicates, and zeolites [37,54], as well as alkali-activated slags
[16,17]. The presence of Q* single silanols (Si—OH) yields the formation of Si—O~ moieties, which are
likely charge-balanced by cations (i.e., Na*, Mg®") [16]. Resonances at -92 ppm in PVA-prepared AAMs
may indicate Q*(Mg) activity [55], which would be expected due to adjacent Si and Mg sheets in
phyllosilicate-type materials [13]. Unlike alkali-activated slags, 'H-*’Si CP does not enhance Q' terminal
sites or Q° bridging sites, indicating that no near-field hydroxyls exist near these atomic coordinations.
Lastly, the resonances found here may also indicate the presence of Si interactions with interlayer water
resembling those found in the enstatite or preiswerkite/phyllosilicate phases [56,57]. Section 3.2 provides

detailed discussion of mineralogy.

M-(N)-A-S-H materials contain AI(IV) (~60 ppm) and AI(VI) (10 ppm) atomic environments,
which correspond to Al in tetrahedral and octahedral coordination in the binder structure as well as
octahedral Al in Mg-Al layered double hydroxide (LDH) phases (Figure 2a). Paired with data from *Si
NMR signals, specifically resonances at -82ppm (Figure 1a), it is further confirmed that PV A-prepared M-
(N)-A-S-H materials contain Al(IV)-substituted silicates forming Q*(1Al) sites. Furthermore, AI(IV) likely
participates in cross-linked Q* or Q* sites within the tetrahedral silicate sheet of the binder. As similarly
found for M-S-H binders, no NMR evidence confirmed the presence of Al(V) within these Mg-based
materials to balance negatively charged moieties [46,48]. 'H-*’Al CP resonances (see Figure 2b) further
confirm the presence of Al(VI) with pendant hydroxyl units characteristic of Mg-Al LDH phases, which
are likely intermixed with the atomic structure of the M-(N)-A-S-H binder as similarly observed for alkali-
activated slags [58]. Evidence for the creation of Mg-Al LDH phases is an innovative result, as recent

findings on Al-substituted M-S-H materials were not able to achieve necessary saturation conditions during
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activation to observe their formation [13,59,60]. Further evidence of these phases will be discussed in later

sections with regards to the phase assemblage of M-(N)-A-S-H materials.

(a) Al(IV) (b)
M) JL_'
L-PVA

AI(IV) Al(V1) L
H-PVA ———J\

AI(IV) Al(VI) \__JL}
L-PEG

AIl(IV) AI(VI) AA'\’
H-PEG

—
100 80 60 40 20 0 2025 20 15 10 5 0 -5 -10
Chemical shift & (ppm) Chemical shift 3 (ppm)

Figure 2. (a) >’Al DP and (b) '"H->’A1 CP NMR spectra of M-(N)-A-S-H AAMs.

»Na NMR spectra are usually broadened by quadrupolar interactions and sometimes featureless
due to structural disorder. Linewidth of *Na is sensitive to the local Na coordination environment (HO or
OH) due to change in the vibrational energy of Na motions., Na NMR resonances demonstrate that M-
(N)-A-S-H contains hydrated Na ions in their binder structure (6xa = -20 ppm ) (see Figure 3) [35,49]. The
broad resonance in PEG-prepared materials (-40 ppm to 0 ppm) in comparison to PV A-prepared materials
may be due to the combination of variably coordinated Na" in the system, quadrupolar effects and variable

Si-Na" interactions. The presence of the Q° in ??Si NMR in addition to Q* and Q® species confirms the
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presence of multiple crystalline Si sites in PEG-prepared materials [61-63]. In addition, the peak from -40
ppm to -20 ppm can be assigned to the Na,CO; (Natrite) species discussed in further detail in Section 3.2.
Contrastingly, PVA-prepared materials exhibit narrow *Na NMR peaks with fewer resonances of
comparable intensities which indicates the presence of more homogeneous Na sites or coordination states
in comparison to PEG-prepared materials [61-63]. Although Figure 3 provides a qualitative overview, two
dimensional or multiple quantum experiments would be needed to make more definitive assignments of

these features, which is beyond the scope of this study.

L-PVA

H-PVA

L-PEG

H-PEG

-r—T—7r—7——7
40 20 0 20 -40 -60
Chemical shift 5 (ppm)

Figure 3. “Na MAS NMR direct-polarization spectra of M-(N)-A-S-H AAM:s.

FTIR results are presented in Figure 4. Silicate bands characteristic of M-S-H materials are
observed between 870-920 cm™ and 950-1150 cm™ [64]. Strong broad FTIR peaks at 1040 cm™ and 460

cm’! corresponding to Si-O-T stretching in cross-linked aluminosilicates provide additional evidence for Al
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substitution in silicate sheets [65—67], see Figure 4 and Table 2. These Si-O-T stretching bands appear at
~990 cm’', and an increase in wavenumber is associated with a higher degree of Al substitution [65]. As
supported by the *Si and ??A1 NMR spectra, the Si-O-T band stretching here corresponds to the Si-O-Al
substituted silicate sites within the M-(N)-A-S-H binder. Similar observations have been made for low pH
M-A-S-H cementitious materials [13]. It is worth considering that these results are only evident in PVA-
prepared materials, as PVA polymers enable efficient preparation of reactive phases as detailed by the
authors in other work [37]. PEG-prepared materials result in phase segregation via AlOs-AlO4 interactions
(630-760 cm™) and separation of silicates, as evidenced by Si-O-Si bonds (400-500 cm™) [43,44,65,67—
72]. Unexpectedly, octahedral Al-O vibrations in the H-PEG FTIR spectrum were not discernible. These
data provide evidence that PVA is more appropriate than PEG to use in PASOG synthesis of M-(N)-A-S-

H. In subsequent sections, PEG-prepared materials will be presented for completion.

(a) (b)

L-PVA /\\__/»/A\M M

H-PVA

Lpee — A AM . A—A
H-PEGM /\—//L————-—-—’*""

4000 3500 3000 2500 2000 1500 1000 500 11001000 900 800 700 600 500 400
Wavenumber (cm™) Wavenumber (cm™)
Figure 4. (a) FTIR spectra of M-(N)-A-S-H AAMs and (b) expanded spectra from 1150-400 cm.
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Table 2. Summary of FTIR results. Shaded box indicates band appearance in respective material. (s) =
strong, (sh) = shoulder, (w) = weak, (t) = trace.

Wavem}lm ber Assignment L- H- L- H- References

(em™) PVA PVA PEG PEG
3740 O-H stretching (W) (W) (W) [73]
3800-3200 O-H stretching (s) (s) (s) (s) [74,75]
2980 C-H stretching (W) (W) (W) (W) [76]
2920 CH,-CH; asymmetric stretching (s) (s) (s) (s) [77,78]
2850 CH,-CH; symmetric stretching (s) (s) (s) (s) [77,78]
1655 O-H bending (s) (s) (s) (s) [74,75]
1470 C-O stretching (s) (s) (s) (s) [72]
1380 C-O stretching (s) (s) [79,80]
1240 N-O stretching (s) (s) (s) (s) [81]
1100 Si-O-Si stretching (s) (s) (s) (s) [68-71,82,83]
1050-950 Si-O-T (T = Al or Si) stretching (s) (s) (w) [65-67]
1030 Si-O-T (T = Al or Si) stretching (sh) [65-67]
940 Si-OH stretching (sh) (sh) (s) (s) [71,82-86]
900 Si-O-Si stretching (s) (s) (s) (s) [75,82,83,87]
865 SiO-H bending (w) (W) [82,83,88]
850 Si0-H bending (s) (s) (s) [82,83,88]
755 (w)
720 (W) (1) (1)
685 Various TOs-TOs vibrations (W) (W)

(T = Al or Si); AlO4-AlOg [43,44,65,67,69,72,89]

670 interaction vibrations (t) (t) (w)
660 (w) (w)
635 W | W | W
570-560 Al-O stretching (t) (w) (w) [43-45]
500-400 Si-O-Si and O-Si-O bending (s) (s) (W) () [67-71,84,38]
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3.2 Phase assemblage of M-(N)-A-S-H AAMs

As observed in Figure 5, M-(N)-A-S-H materials form zeolite phases, such as sodalite and zeolite Y, which
can nucleate from regions of the binder resembling N-A-S-H. More specifically, PVA-prepared materials
contain sodalite carbonate— zeolites with carbonate enclathrated within the sodalite cage [90]. Additionally,
the L-PEG material contains a sodium aluminosilicate hydrate mineral with a comparable structure to
zeolite Y [91]. The presence of zeolites is expected from alkali-activation of aluminosilicates using the
processing and curing methods employed herein [92-94]. As previously discussed for PV A-prepared M-
(N)-A-S-H materials, the ’Si NMR assignment of Q*(3Al) and Q*(4Al) (Figure 1a) indicates that part of
the M-(N)-A-S-H structure may resemble recently proposed atomic structural models of N-A-S-H binder
[37,95]. This assignment is consistent with the formation of zeolites observed in low-calcium activated

precursors (e.g., metakaolin).

As supported by Al(VI) NMR resonances, the formation of Mg-Al LDH phases can be observed in
Figure 5. The Mg-Al LDH phase meixnerite appears to form in H-PVA and H-PEG M-(N)-A-S-H, and
trace meixnerite peaks are also present in the L-PVA XRD pattern. The formation of Mg-Al LDH phases
is expected due to high pH during activation, which permits the achievement of super-saturated conditions
favorable for Mg-Al precipitation [13]. The presence of these phases regardless of PVA or PEG preparation
indicates that their formation is only dependent on these ions achieving sufficient super-saturation
conditions during activation — an important finding for the production of these phases and improving the
material’s durability. For example, the presence of LDHs is known to counteract carbonation by
atmospheric CO, and prevent strength loss, as previously reported by [18] in alkali-activated slags.
Furthermore, these phases can impart other durability benefits, as they can reduce chloride permeability in

cementitious materials [96].
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Figure 5. X-Ray Diffraction Patterns for all M-(N)-A-S-H AAMs. C = Sodium Magnesium Aluminum Silicate
(00-049-0008), E = Enstatite (00-019-0768), K = Kornerupine (01-074-1394), Me = Meixnerite (00-050-1684), Mj =
Majorite (00-047-1750), N = Natrite (00-037-0451), N* = Sodium Carbonate Hydrate (01-070-2148), P = Preiswerkite
(01-082-0039), Ph = Sodium Phlogopite (00-027-0731), S = Sodalite (00-049-0757), Z = Zeolite Y (00-043-0168).
Preiswerkite and sodium phlogopite appear in PVA-prepared M-(N)-A-S-H materials, whereas
PEG-prepared materials exhibit a distinct sodium magnesium aluminosilicate (denoted as C in Figure 5),
which is proposed to be an Mg-containing modified B-cristobalite [97]. Preiswerkite and phlogopite are
magnesium sodium aluminosilicates belonging to the phyllosilicate mineral group [98], [57]. Other
phyllosilicates such as sepiolite and talc have been previously associated with formation of M-S-H [9].
Preiswerkite and phlogopite are 1M polytype trioctahedral micas with similar structures but variable
structural flexibility. Seminal research on preiswerkite has revealed that Mg, Si and Al substitutions yields
considerable ditrigonal distortions of the tetrahedral sheets and a decrease in the octahedral dimensions
with interlayer sites occupied by Na [57]. *Na NMR (Figure 3) confirms the presence of hydrated Na* in
these M-(N)-A-S-H AAMs. The high degree of Al subsitution confirmed by NMR and FTIR data results

in partial ordering of the octahedral sites and limitation of long range order. Lack of long range order is in

line with the amorphous character of the XRD data (Figure 5) and broad *’Si resonances (Figure 1). These
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results have also been confirmed for other nano-porous phyllosilicates (e.g., sepiolite) which are easily
amorphisized by dehydroxylation and grinding. These amorphized minerals reveal broad resonances at ~ -
90 ppm with a shoulder discernible at -87 ppm [99]. Similarly, the presence of preiswerkite and phlogopite
in both PVA-prepared M-(N)-A-S-H materials can explain observed resonances at -90 ppm and -93 ppm
which resemble those often observed in geopolymers. These results signify that partly-amorphous minerals

contribute to a material with characteristics analogous to those of traditional aluminosilicate geopolymers.

The atomic structure of M-(N)-A-S-H binders is partly amorphous and includes a tetrahedral layer
of Si and Al and an octahedral layer of Mg, with Na" most likely in the interlayer position. This work’s
evidence for Al substitution in tetrahedral Si sheets supports results from recent studies of M-(N)-A-S-H
materials [19]. Atomic structures herein resemble sepiolite, preiswerkite, and phlogopite, which are all
poorly crystalline phyllosilicates with continuous tetrahedral sheets and discontinuous octahedra [99].
Additionally, the presence of MgSiO; sructures (i.e., enstatite, majorite) provides additional evidence for
M-S-H type phases [100,101]. Lastly, alkali-activation of PEG-prepared materials led to the formation of
sodium carbonate phases, indicating poor extent of activation of the precursor. Excess sodium is susceptible

to reaction with ambient CO> as found by the authors in other work [37].

3.3 Analysis of the hydrated structure of M-(N)-A-S-H materials
Molecular structural studies of M-(N)-A-S-H identified the presence of O-H bonds and hydrated AI(OH)

and Q* Si-OH species (Figure 2, Figure 4). FTIR evidence corresponding to O-H stretching in water
[74,75] and O-H bending vibrations of both free and chemically bound water [74,75] are indicated by broad
bands at ~3500 cm™ and the double-peak at ~1660 cm™', respectively. TGA data confirm the presence of
hydroxyl units recently characterized in M-A-S-H binders with a mass loss between 250°C and 700°C,
constituting structurally bound water of hydrated phases [13]. As indicated by the mass loss between 0-
100°C reported in Table 3 [102-104], M-(N)-A-S-H materials lose about 10% of their mass due to
evaporation of loosely bound water, as similarly reported in recent literature [13,59]. Unlike its M-S-H and

M-A-S-H binder counterparts, M-(N)-A-S-H reveals distinct DTG peaks at 300°C and 600°C with no
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formation of brucite (i.e., Mg(OH),) which would be marked by a mass loss at 400°C [13,60,64]. These
peaks correspond to dehydroxylation and may be associated with the dehydroxylation of aluminols and
silanols [102,104], as well as Mg-Al LDHs [105]. Dehydroxylation was higher in PV A-prepared materials
(37-39% of total mass loss) than PEG-prepared materials (23-25% of total mass loss). Dehydroxylation
near 600°C appears to occur at slightly higher temperatures for PVA- than PEG-prepared materials
indicating either (1) an increase of extra-framework cation concentration or (2) a higher degree of Al
substitution. Both of these effects are known to result in slower water desorption (i.e., mass loss at

increasingly higher temperatures) [105,106].
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Figure 6. TGA and DTG curves for all M-(N)-A-S-H materials.

Table 3. TGA summary. Mass loss from 0—100°C is attributable to free and loosely physisorbed water,
100-300°C to chemisorbed water, 300—700°C to dehydroxylation, and 700—1000°C to decarbonization.
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. Total mass % of Total Mass Loss
Material N
loss (%) 0-100°C 100-300°C | 300-700°C | 700-1000°C
L-PVA 36.2 22.7 37.0 33.1 6.9
H-PVA 334 21.9 38.6 35.0 4.5
L-PEG 18.8 28.7 229 43.6 4.8
H-PEG 26.8 33.6 254 31.3 9.3

3.4 Chemical Shrinkage of M-(N)-A-S-H AAMs

Chemical shrinkage is the decrease in material volume with time that is independent of external action
[107]. Chemical shrinkage occurs during the AAM curing process when pastes, mortars, and concretes are
in an initial, plastic state [108]. As reported in Figure 7, chemical shrinkage is significantly lower for PVA-
prepared M-(N)-A-S-H materials as a result of (1) higher Al-crosslinked atomic structure (Q* Q*(1Al) in
Figures 1 and 2); (2) higher Al incorporation in silicate sheets (Si-O-Al bonds in Figure 4); and, (3) higher
content of chemically-bound structural water (Figure 6). In agreement with literature, greater extent of Al
substitution in the M-(N)-A-S-H binder is correlated with lower chemical shrinkage (~2%). Moreover, M-
(N)-A-S-H AAMs chemically incorporate structural water, which limits volume reductions associated with
dehydration of Si-rich phases [38,109]. In PEG-prepared materials, the presence of extra-framework Si
phases (Q° and Q' Si) are correlated with increased chemical shrinkage, as expected due to the loss of free
pore water. Excessive shrinkage can result in cracking and lead to intrusion of aggressive agents (e.g.,
chlorides, sulfates) and thus represents a significant factor for affecting early-age durability of M-(N)-A-S-

H materials.
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Figure 7. Chemical shrinkage for M-(N)-A-S-H AAMs. Error bars denote maximum and minimum values.
4. Conclusions

This study aimed to understand the atomic structure and phase assemblages in M-(N)-A-S-H AAMs
produced by the alkali-activation of calcium-free, Mg-rich aluminosilicate precursors. The polymer-
assisted sol-gel synthesis (PASOG) method was utilized to produce M-(N)-A-S-H AAMs. In accordance
with previous research, it was found that PVA polymers were more effective than PEG polymers in
producing Al-substituted M-(N)-A-S-H binders. Results extend upon recent investigations of M-(N)-A-S-
H materials and demonstrate some similarity to more widely characterized M-S-H and M-A-S-H materials.
The atomic structure of M-(N)-A-S-H is proposed to be a partly amorphous modified phyllosilicate with Si
and Al tetrahedral sheets layered with Mg octahedral sheets and likely interlayer hydrated Na cations. This
work demonstrates appreciable Al substitution within disordered tetrahedral silicate sheets, hydrated
charge-balancing Na cations, and the formation of crystalline phyllosilicate phases such as preiswerkite and
sodium phlogopite. In addition, activating conditions form mineral phases of interest such as Mg-Al LDHs
(i.e., meixnerite) as well as zeolites (i.e., sodalite). TGA confirms the presence of hydrated phases and
hydroxyls in M-(N)-A-S-H AAMs which are correlated with extra-framework (Q” and Q') Si phases and

chemical shrinkage. This work contributes to the complexity of understanding regarding M-(N)-A-S-H and
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exhibits palpable early- and late-age durability benefits, warranting further exploration of Ca-free, Mg-rich

alkali activated materials.
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