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A B S T R A C T   

This paper reports on the synthesis and characteristics of a novel aluminosilicate glass-based cementitious 
binder. We investigated the hydration kinetics, degree of reaction, and phase assemblage of the glass via XRD, 
DTG, 27Al and 29Si MAS NMR, FTIR, SEM/EDS and thermodynamic modelling. The glass exhibits hydraulic 
properties in which the binder developed impressive compressive strength at early age. The main hydration 
products are an intermixed of Na and/or Al incorporated in C–S–H gel. Hydrotalcite precipitated with slower rate 
and thus may generate crystallization pressure on the binder at late stage. The glass reached a high degree of 
hydration (ca. 73 % based on quantitative 29Si NMR analysis) without using any activators or co-binding systems. 
Therefore, the developed glass reported herein has high potential as a new low-carbon cementitious binder since 
it can be synthesised from naturally occurring carbonate free silicate minerals.   

1. Introduction 

For more than a century, Portland cement (PC) has been the domi-
nant binder used in concrete as a result to its excellent physical prop-
erties, chemical and thermal stability, durability, versatility, and 
economic value [1]. With a rapid increase during the past century, the 
annual production of PC has approached more than 4.5 billion tonnes in 
2015 [2]. This trend is forecast to continue in the future due to the 
increasing demands for infrastructural developments in the emerging 
economies [3]. Nonetheless, PC manufacturing is considered as one of 
the highest contributors to anthropogenic greenhouse gas emissions [4]. 
PC is produced by calcination of limestone (CaCO3) with other alumi-
nate and silicate raw materials in a rotary kiln at ~1450 ◦C. During this 
reaction CO2 is produced as a byproduct, approximately ~0.8 t of CO2 is 
produced per tonne of PC [5]. Considering the 4.5 Gt per annum, PC 
production accounts for up to 8 % of the global CO2 emissions [6]. 

Consequently, the development of alternative low-carbon cementi-
tious materials that could partially or fully replace the PC has been a 

research focus for decades [7–10]. The partial replacement of PC with 
other supplementary cementitious materials (SCM) such as coal fly ash 
(FA), blast furnace slag (BFS), silica fume, and calcined clays have been a 
common practice in the concrete industry. The use of SCM could reduce 
the CO2 emissions associated with PC industry by 40 % while main-
taining the durability and cost of the final product [11]. Furthermore, 
various PC-free binders have been proposed as environmentally friendly 
alternative to PC. These include calcium aluminate cements, calcium 
sulfoaluminate cements, magnesium-based cements, alkali activated 
materials, and carbonated calcium silicate cements among others 
[10,12]. 

The synthesis of glass-based cements is another approach that has 
rarely been investigated. A few studies in the early 1990's have reported 
on the synthesis of glass-based cement derived from calcium alumino-
silicate glass system [13,14]. The main hydration products of these 
glass-based cements were strätlingite or ettringite or a combination of 
both, depending on the composition of the synthesised glass. Another 
class of calcium aluminosilicate glass-based cement was reported by 
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Nakatsu et al. [15]. The glass was synthesised at temp of 1750 ◦C with 
CaO/SiO2 molar ratio of 1.0 and contained 5 wt% Al2O3. When a small 
amount of PC is added as hydration accelerator, C–S–H was produced as 
the main hydration product. In addition, calcium aluminate hydrate 
cements have also been synthesised from glass with the composition 
12CaO⋅7Al2O3 which also contained a small proportion of alkali oxide 
(Li2O, Na2O, or K2O) [16]. In the latter system, the main hydration 
products were alkali-aluminate and calcium-aluminate hydrates. 
Recently, the glass reactivity in cementitious systems has attracted much 
attention. Several studies have reported on the reactivity of synthetic 
glasses that mimic the glassy phases present in common SCMs such as FA 
and BFS in order to correlate the glass characteristics and its reactivity in 
such systems [17–22]. FA and BFS are mainly composed of glass which 
provides such materials with pozzolanic and/or hydraulic reactivity (the 
glass content in FA and BFS is about 60 and 90 wt% respectively) 
[23,24]. While the recent focus of cement community is on the reactivity 
of these synthetic glasses as SCMs in blended PC [25,26], the potential of 
glasses to act as sole precursor in a binder remains unclear. In that vein, 
the reaction kinetics, phase assemblage, and microstructure of a glass- 
based binder are important research questions. 

The reactivity of silicate or aluminosilicate glass largely depends on 
the degree of depolymerization of its framework. Unlike crystalline sil-
icates, amorphous silica lacks the long-range order of the silica tetra-
hedral units. However, high degree of internal order within the silicon 
tetrahedra is maintained in the amorphous silica in which the Si–O and 
O–O bond length is consistent to that of their crystalline analogous 
[17]. This internal order, can be disrupted by the presence of alkali or 
alkaline earth cations (network modifiers) [17,18]. Network modifiers 
disrupt the Si–O–Si bonds which increases the number of non-bridging 
oxygens (NBO), and thus causing depolymerisation to the glass 
network [20,21,27]. In this context, synthetic glasses possess high po-
tential to be applied as alternative binders (for partial or full replace-
ment of PC) in which their hydraulic and/or pozzolanic reactivity could 
be enhanced by optimizing their composition and synthesis procedure. 
Recently, the synthesis of glass with basaltic composition and its reac-
tivity in terms of solubility in alkaline solution was reported [28]. The 
synthesised glass possessed pozzolanic reactivity and could be alkali 
activated, but it is hydraulically non-reactive. Since it has similar 
composition to basalt, the glass could be synthesised from naturally 
occurring silicate minerals, and thus it could be obtained with zero raw 
materials-related CO2 emissions. Therefore, enhancing its hydraulic 
reactivity could result in glass-based cement with low carbon footprint. 

This study reports on the synthesis and characteristics of synthetic 
glasses with modified basalt compositions as a new low-carbon cemen-
titious material. The synthesised glasses possess hydraulic reactivity in 
which upon dissolution with water, the ground glass sets to a hard mass 
with impressive mechanical properties. Several basaltic glass composi-
tions were synthesised with different Na2O wt% contents. The hydration 
kinetics, phase assemblage, microstructure, and mechanical properties 
of the developed glass-based binder are reported. The developed glasses 
could be obtained from earth-abundant raw materials such as ground 
basalt rocks or a combination of earth abundant silicate minerals. For 
instance, a basaltic glass with similar composition, that could be pre-
pared using 50 % anorthite, 30 % olivine, 15 % wollastonite, and Na2O, 
have recently been reported [28]. The required wt% of Na could be 
obtained from desalination brines using membrane chlor-alkali elec-
trolysis [29]. Therefore, the glass could act as a sole precursor to pro-
duce a binder and be obtained with zero raw material-related CO2 
emissions. Thus, this glass has high potential as a new low-carbon binder 
for the concrete industry. 

2. Experimental section 

2.1. Glass synthesis 

Three glasses have been synthesised in this study with a modified 

basaltic composition in which they contained different wt% of Na2O in 
the glass precursor (these modified basaltic glasses are designated as 
MBG11, MBG15, and MBG20 according to their Na2O wt%). The 
chemical composition of these glasses is described in Table 1. In a typical 
batch, weighed amounts of the following oxides were mixed and ho-
mogenized by milling at 1400 rpm for 1 min using Retsch RS 200 rotary 
disc mill; SiO2 (99 %, 325 mesh, supplied by Alfa Aesar), Al2O3 (acti-
vated neutral) and Na2CO3 (anhydrous ≥99.5 %) supplied by sigma 
Aldrich, CaCO3 (VWR Chemicals), MgCO3 (basic, ACROS ORGANICS), 
Fe2O3 (99.9 % metal basis, Alfa Aesar), and TiO2 (Anatase, 99.7 % 
metals basis, Sigma Aldrich). The melting was performed in two stages 
as follows: in a Pt crucible, the mixture was first heated up to 1050 ◦C 
with a heating rate of 20 ◦C/min and held for 2 h, then the temperature 
was raised to 1600 ◦C with a heating rate of 10 ◦C/min and held for 
another 2 h. The melt was then casted on a water-cooled Cu plate and 
kept cooling to room temperature. The formed glasses were then ground 
into powder form using Retsch RS 200 rotary disc mill and sieved 
through a 44 μm sieve. The particle size distribution (PSD) was deter-
mined using a Beckman Coulter LS 13320 laser diffraction particle size 
analyser and is presented in Fig. 1. The XRD patterns of the synthesised 
glasses described in supporting information (Fig. S1). 

2.2. Sample preparation 

The cementitious properties of the prepared glass were tested on 
pastes that made solely from the developed glass and water without the 
use of any plasticizers or binding agents. The pastes were prepared with 
0.5 water:solid (w/s) ratio as follows; weighed amounts of the ground 
glass was mixed with water manually for 1 min followed by mixing with 
an electric mixer (Vortex-Genie 2) for 10 mins. The pastes were then put 
in (10 × 10 × 40 mm) steel molds and cured in a sealed plastic bag at 
60 ◦C for 24 h. After the curing, the pastes were demolded and kept 
under water at room temperature and pressure until tested. At the 
designated testing time (after 1, 7, 28, and 56 days of hydration) samples 
were collected and stopped hydration by solvent exchange using iso-
propanol for ca. 7 days. Samples were then dried in an oven at 40 ◦C and 
kept in a desiccator until further characterization. 

2.3. Material characterization 

2.3.1. Calorimetry 
Calorimetry was studied on 4 g paste samples with 0.5 w/s ratio over 

a 7 days period and was performed in a TAM Air isothermal calorimeter 
at 60 ◦C. The pastes were mixed ex-situ for 2 min using a laboratory 
shaker (Vortex-Genie 2). Distilled H2O was used as reference sample. 
Directly after the external mixing, the sample was inserted into the 
calorimeter and the data recording started. The obtained results were 
normalized to the total binder weight in the paste mixture. 

Table 1 
Chemical composition (wt%) as measured by XRF and particle size distribution 
of the synthesised glasses.  

Oxide MBG11 MBG15 MBG20 

SiO2  38.4  36.2  34.6 
Al2O3  19.7  19.3  18.0 
CaO  17.8  17.0  15.8 
MgO  8.7  8.2  7.8 
Na2O  10.6  15.2  19.7 
Fe2O3  0.7  0.6  0.7 
TiO2  1.4  1.6  1.5 
L.O.Ia  0.3  0.5  0.6 
D50b  0.3  0.5  0.6  

a Loss of ignition at 950 ◦C. 
b Median particle size (μm) as measured by laser diffraction. 
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2.3.2. XRD 
X-ray diffraction of the powder samples was obtained using a powder 

Rigaku SmartLab X-ray diffractometer operated at 40 kV and 135 mA 
with Co-Kα-radiation in the range of 2θ = 5◦ to 70◦ 2θ and a scanning 
speed of 4.06 deg./min. The obtained data were analyzed using PDXL 
v.2 software (Rigaku, Japan) and the PDF-4+ 2020 database. 

2.3.3. TGA/DTG 
TGA/DTG analyses were done with an SDT-650 by TA Instrument 

(Denmark). Samples were stopped hydration by solvent exchange and 
dried in an oven at 40 ◦C for 3 h. The samples were then ground to fine 
particles and used ca. 15–30 mg for the measurements. The experiments 
were done in alumina crucibles and heated from 23 ◦C to 1000 ◦C at a 
heating rate of 10 ◦C/min in a nitrogen atmosphere with a flow rate of 
ca. 20–50 ml/min. 

2.3.4. SEM/EDS 
The microstructure of MBG20 pastes at different ages was investi-

gated using SEM/EDS with a Zeiss Ultra Plus (Germany). The working 
distance was set to 7–8.5 mm with a 15 kV accelerator voltage. After the 
hydration reaction has been stopped, samples were casted into a low- 
viscosity epoxy resin by vacuum impregnation. After the resin hard-
ened at room temperature, samples were polished with diamond discs in 
a range of 220–1 μm at 150 rpm using ethanol as lubricant. The samples 
were coated with carbon and their microstructures were observed using 
backscattered electrons (BSE). The chemical compositions were 
measured via EDS point analyses using an X-Max EDS detector (by Ox-
ford Instrument, the UK), while EDS hypermaps were acquired using 
Oxford Instrument Aztec software (the UK). The maps had a resolution 
of 1024 × 768 pixels and a dwell time of 200 μs for a total 10 frames. 
Data were quantified using the QuantMap function in the Aztec software 
for all elements without any normalization. Further analyses were done 
using the edxia method [30] in Glue's interface [31]. 

On the other hand, to determine the degree of hydration of the glass, 
SEM images were used as input for phase segmentation and to back- 
calculate the fraction of glass, hydrates, and pore fraction over time. 
The reference sample was prepared by mixing the glass with epoxy 
(density = 1.12 g/cm3) in the same mix ratio with the cement paste (i.e., 
W/B ratio = 5 in which the mass of epoxy was adjusted accordingly to its 
density compared to that of water). Then, this reference sample was 
casted in epoxy and polished following the same procedure as afore-
mentioned in this section. Captured gray scale SEM images were 
analyzed by segmenting them individually by custom made Matlab 
script. The developed algorithm is briefly summarized in this section. 
Each raw images sets {Ix,y(z), x∈[1,M], y∈[1,N]}, where z = 62 refers to 

the number of SEM images of the data set, while M = 1024 and N = 768 
refers to number of pixels in each picture in x and y direction, were 
cropped to {Rx,y (z), x∈[1,1024], y∈[1,690]} pixels to remove the 
frames and captions created by the utilized imaging system. After 
cropping the image Ix,y(z), Otsu's method [32], based on the ‘multi-
thresh’ function, (‘THt(z) = multithresh(Rx,y(z),th)’) was used to find 
thresholds {THt(z), t∈[1,th], z∈[1,62]} needed in segmentation. In this 
case ‘th’ was set to be 3 which means that the pixels of each SEM picture 
{Rx,y(z)} are segmented into three different groups correlating with the 
expected material phases in the sample. The highest threshold (‘Thigh =

max(THt(z))’) value was identified by using ‘max’ function and used as a 
reference to compensate the unwanted intensity fluctuation of SEM 
images originated from the variations in the SEM measurement pro-
cedure. The intensity values of pictures were readjusted based on Thigh 
value so that each of the SEM pictures of data set Rx,y (z) have the same 
maximum intensity (Ax,y (z)). After the adjustment Otsu's method was 
used again (‘THa(z) = multithresh(Ax,y(z),th)’) to get updated threshold 
values for actual image segmentation. Obtained THa(z) are used to 
segment pixels in three different phases and average number pixels in 
categories are used to determine the material phase ratio of each data 
sets. Fig. S2 provides an overview about the developed algorithm and 
segmented SEM images based on the SEM data. 

2.3.5. 27Al and 29Si MAS NMR 
The solid-state magic-angle spinning (MAS) NMR spectra were 

recorded using Bruker Avance III 300 spectrometer. The powdered 
samples were packed into zirconia rotors (7 mm) and the spinning fre-
quency employed was 7 kHz. In case of the 27Al MAS NMR measure-
ments, the frequency was 78.24 MHz, and 2048 scans were recorded 
with a repetition time of 2 s with a 90o 5.5 μs pulse. Chemical shifts 
referencing (at 0 ppm) was done using Al(NO3)3. In the 29Si MAS NMR 
measurements, the frequency was 59.65 MHz, and 8192 scans were 
recorded with a repetition time of 3 s with a 90o 5.5 μs pulse. For 
referencing the chemical shifts at 0 ppm, tetramethylsilane was 
employed as an external standard. 29Si MAS NMR spectra of the hy-
drated glasses after 1 and 56 days of hydration were deconvoluted into 
Gaussian components denoting different Qn(mAl) species following the 
method described elsewhere [33]. The deconvolutions were carried out 
using Microsoft Excel following the method reported elsewhere [34,35]. 
The deconvolution involved: (1) estimating the minimum number of 
Gaussian components that satisfactorily describe the overall spectrum: 
(2) keeping the full width at half maximum (FWHM) below 10 ppm. For 
estimating the chemical shifts, selected literature studies were consid-
ered [1,36–39]. The deconvolutions involved the following approaches: 
(1) rescaling the unreacted glass in a way similar to previously reported 
study [35]; (2) Designing of 6 Gaussian components corresponding to 
different Qn(mAl) species: Q0 at − 74.0 ppm, Q1(I) at − 78.0 ppm, Q1(II) 
at − 80.0 ppm, Q2(1Al) at − 83.0 ppm, Q2(0Al) at − 86.0 ppm, and 
Q4(4Al)/Q3(1Al) at − 89.0 ppm [35,38]. The highest variation allowed 
in FWHM and chemical shift values are ±0.5 ppm and ± 1.0 ppm [35]. 

2.3.6. Compressive strength 
The compressive strength was measured using Zwick testing ma-

chine (10kN) with a force rate of 2 mm/min. The measurement was 
triplicated, and the results are presented with the standard error (stan-
dard error = standard deviation / 

̅̅̅
n

√
); where n is the number of 

samples. 

2.4. Thermodynamic modelling 

Thermodynamic modelling was done with GEMS software, devel-
oped by the Paul Scherrer Institute (Switzerland) [40,41]. The calcula-
tion is based on the minimization of Gibbs free energy in which GEMS 
computed the equilibrium phase assemblage and speciation in our sys-
tem considering also the hydration kinetics of the glass. In this study, the 
Cemdata18 database [42] was used together with a thermodynamic 

Fig. 1. Particle size distribution of the synthesised glasses.  
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default database embedded in GEMS [41]. These databases contain the 
solubility constants of most common hydrates in cementitious binders 
(e.g., C–S–H, AFt, AFm, (Si-hydrogarnet, and hydrotalcite) [42]. The 
chemical composition of the glass was added in GEMS’ databases via 
Compos module, based on the experimental data from XRF analysis. The 
glass is rich in Na (Table 1) and thus we used the C–(N–)A–S–H solid 
solution model developed by Mayers et al. [43], which was incorporated 
readily in Cemdata18 database [42]. Regarding zeolites in the system, 
natrolite (Na2Al2Si3O10⋅2H2O) was excluded in our calculation due to its 
slow kinetics of formation at room temperature [44] despite being more 
thermodynamically favourable than zeolite X and Y. 

In this study, we used the kinetics input of the glass determined from 
backscattered SEM image analysis (Section 2.3). An empirical kinetic 
equation, shown in Eq. 1 [45], was employed to express the hydration 
kinetics of the glass based on experimental data. The output is the degree 
of hydration as a function of time. The empirical kinetic equation is 

Qi(t) = Qi0 + kie

(
− ni/t

)

, (1)  

where: i indicates different anhydrous phases in the mixture; Qi(t) is the 
dissolved mass of an individual anhydrous phase at a time t; Qi0 is a 
constant that indicates the initially fast dissolution/hydration of a phase; 
ki is a limitation of a phase's availability for hydration during the period 
of investigation; and ni is a parameter indicating the rate of hydration of 
the phase. 

3. Results and discussion 

3.1. Kinetics and degree of hydration 

The hydration kinetics of the developed glasses were first studied 
using isothermal calorimetry at different temperatures (20, 40, and 
60 ◦C). At both 20 and 40 ◦C, all pastes show very low degree of hy-
dration as evident from the low heat flow and total heat generated as 
shown in the supporting information (Fig. S3 and Fig. S4). At 60 ◦C, 
however, only two of the prepared pastes (MBG15 and MBG20) 
demonstrated hydration reactivity as shown in Fig. 2. The calorimetry 
data shows that the hydraulic reactivity of the developed glasses in-
creases with the amount of Na2O present in the synthesised glasses, with 
MBG20 displaying the highest heat flow and heat evolution compared to 
other glasses. The initial and final setting time for the MBG20 paste, 
which is determined form the curve of the main heat flow peak (accel-
eration stage) [46], is reached within the first day of hydration (Fig. 2a). 
This acceleration peak is associated with the rapid nucleation and 
growth of the hydration products, mainly C–S–H in cementitious ma-
terials. This peak is delayed in the case of MBG15 glass in which it 

appears after the 3rd day of hydration. 
Since the total heat evolved (Fig. 2b) reflects the enthalpies of for-

mation of the hydrated phases, it indicates the reactivity of the tested 
materials. In this regard, among the developed glasses, MBG20 dem-
onstrates the highest hydraulic reactivity. Therefore, only MBG20 was 
chosen for further investigation in this study. 

The evolution of pore and hydrate fractions in the binder can be 
captured via SEM image analyses. Fig. 3 shows the relative fraction of 
each component from 1 to 56 days of hydration based on the phase 
segmentation from SEM images. The hydrates precipitated significantly 
after 7 days of hydration and reach 42 % of the binder after 2 months. On 
the other hand, the fraction of pore reduced in accordance with the 
formation of hydrates. This explains the development in compressive 
strength as reported in Fig. 13, and the phase evolution as detailed in 
Section 3.2. In addition, the fraction of glass remained almost un-
changed since only mainly fine fraction of the glass reacted to form the 
hydrates and hence the algorithm developed in this study seems to 
overlook this fraction with the current input from SEM. Another plau-
sible explanation is the effects of shrinkage in the binder leading the 
overestimation of glass fraction. In this context, the quantification for 
the glass from 29Si MAS NMR appears to be more reliable since the 
technique is based on bulk measurement. Since the glass acts as the sole 
precursor in the binder, the evolution of hydrates can represent the 
degree of reaction in the system. Hence, based on the development of 
hydrates and pore's fraction, one can consider the degree of hydration of 
the glass to be comparable to some reactive blast furnace slags [11]. We 
used this as an input for hydration kinetics of the glass in the thermo-
dynamic modelling detailed in Section 3.2. 

3.2. Phase assemblage 

Fig. 4 shows the XRD patterns for the raw MBG20 and the prepared 
pastes after different hydration times. The raw glass displays a broad 
background amorphous feature in the range of 25–40◦ 2θ. This indicates 
the successful synthesis of the glass without crystallization. After various 
days of hydration, similar XRD patterns were obtained with the excep-
tion of a small band at ~34◦ 2θ started appearing at 3rd day of hydration 
which was assigned for a tobermorite-like C–S–H type gel. Since the 
glass was synthesised with Na-rich basaltic composition, the phase 
assemblage of this binder shared some characteristics similarly to an 
alkali-activated material. Phases such as calcium silicate hydrates con-
taining Na and/or Al (C–(N)–S–H, C–(N–)A–S–H), and sodium alumi-
nosilicate hydrates (N–A–S–H) are expected to be formed in Ca deficient 
systems [47–49]. In addition, the fraction of Al2O3 in the glass is com-
parable with Al-rich blast furnace slag and potentially phases such as 
C–A–S–H and hydrotalcite as Al-bearing hydrates could also be formed 
as part of the hydration products. Despite that these phases were not 

Fig. 2. Isothermal calorimetry results for the developed MBG glass-based cements obtained at 60 ◦C, (a) normalized heat flow (mW/g), and (b) cumulative heat 
generated (J/g). 
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seen in XRD, likely due to their poor crystallinity, they were found in 
other characterization techniques and also predicted via thermody-
namic modelling as discussed below. 

The hydrated pastes at different ages showed typical thermal events 
for C–(N–)A–S–H and hydrotalcite via DTG (Fig. 5). The C–(N–)A–S–H 
exhibited its typical mass loss in a range of 80–200 ◦C, while there was a 
slight change at ca. 650 ◦C similarly to synthetic C–S–H gel reported in 
[50,51]. Note that this slight mass loss at ca. 650 ◦C can also partially be 

attributed to carbonates such as calcite. In addition, hydrotalcite showed 
its trace with a mass loss between 300 and 400 ◦C, and a slight loss 
around 200 ◦C which was overlapped with that of C–(N–)A–S–H. The 
Mg-Al LDH is the Mg-bearing phase in the binder and likely had low- 
crystallinity character for which we could not determine its reflexes 
via XRD. 

27Al MAS NMR spectra of the MBG20 glass and its paste after 
different hydration times are presented in Fig. 6a. The raw MBG20 glass 
displays a broad peak centred around 55 pm corresponding to tetrahe-
dral aluminum (AlIV), in addition to two shoulders at ~25 ppm and 8 
ppm corresponding to penta- (AlV) and octahedral aluminum (AlVI) 
respectively [1,52]. This indicates that the Al in the raw MBG20 glass is 
present predominantly as tetrahedral (AlIV) with minor amount as 
penta- and octahedral species. This is consistent with 27Al MAS NMR 
spectra of glassy phases present in slags in which Al is present in 
different environments (IV, V, and VI coordinated Al species) [35]. The 
hydrated sample after 1 day shows a narrower peak with a slight shift 

Fig. 3. The fraction of hydrates, pore, and remaining glass calculated from phase segmentation for SEM images for MBG20 paste at different ages. Note that the 
relative standard deviations of all data points are ca. 0.1 %. 

Fig. 4. XRD diffractogram of MBG20 raw and MBG20 pastes from 1 to 56 days 
of hydration. 

Fig. 5. DTG analyses of MBG20 pastes from 1 to 56 days of hydration.  
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towards higher frequency (centred ~57 ppm). Similar peak was 
observed in synthetic Al-substituted tobermorite-like structure 
(C–A–S–H gel) with low Ca content [35]. The slight shift to higher fre-
quency as well as the sharpening of the peaks after longer hydration 
times indicate the formation of hydrated products with higher degree of 
polymerization than the amorphous raw glass and C-S-H. These phases 
are Al and/or Na substituted C–S–H phases including C–A–S–H, 
N–A–S–H, and C–(N–)A–S–H or an intermix thereof [35,38,39]. In 
addition, the octahedral peak at (~8 ppm with a shoulder at ~0 ppm) is 
more apparent after the hydration reaction compared to the raw MBG20 
glass. The intensity of this peak increases over longer hydration times 
indicating the formation of another phase containing octahedral Al 
species. This phase is thought most likely to be hydrotalcite-like phase 
which has been reported to display two resonances at ~10 ppm with a 
shoulder at ~2 ppm depending on the structure of the phase [35,53,54]. 
It should be noted that the shoulder at ~0 ppm appears only in some of 
the tested samples (e.g., raw, 3d, 7d, and 56d) which might be due to 
instrumental restrictions, i.e. low spinning speed and magnetic field 
strength, that can lead to spectral line shapes and slight shift to peak 
positions. However, the 27Al MAS NMR results are consistent with the 
results obtained from DTG (Fig. 5), 29Si MAS NMR, and FTIR as 
described below which also indicate the formation of hydrotalcite-like 
phases. 

29Si MAS NMR spectra for raw glass (Fig. 6b) shows a single broad 
resonance centred at about − 76 ppm indicating Si in Q1(I) sites [38]. 
These sites correspond to sites that are connected to monovalent charge 
balancing cations (i.e., Na+). The broad spectra of the glass suggests that 
Si could also be occupying other sites such as Q0 (at ~74 ppm), Q1(II) 
that appears typically at ~− 80 ppm which corresponds to sites that are 
connected to divalent cations (e.g. Ca2+), and Q2(1Al), typically appears 

at ~− 83 ppm [38]. In addition, due to the high Si/Al ratio in the 
anhydrous glass Si is also expected to be in sites such as Q2(2Al), Q3(3Al) 
and Q4(4Al) whose chemical shifts lay within the range of the broad 
anhydrous glass peak [35,38]. Over longer hydration times, the main 
resonance tends to shift towards lower frequency, this typically occurs 
with increasing the Si/Al ratio [1,38]. This is consistent with the 27Al 
NMR in which over longer hydration time, a proportion of the tetrahe-
dral Al is transformed into octahedrally coordinated Al. These results 
further indicate the formation of another phase most likely hydrotalcite 
as discussed above. 

The 29Si MAS NMR spectra of the hydrated glasses after 1 and 56 
days of hydration were deconvoluted into anhydrous glass components 
and Gaussian components denoting different Qn(mAl) species within the 
hydrated phases (Fig. 7). From the anhydrous glass components, the 
degree of hydration was calculated as follows 50.9 % ± 7.56 % (1d), 
59.4 % ± 7.34 % (3d), 63.1 % ± 8.47 % (7d), 69.5 % ± 8.06 % (28d), 
72.7 % ± 9.66 % (56d). From the data presented in Fig. 7, the Qn(mAl) 
distribution of the hydrated phases (excluding the anhydrous glass) was 
calculated as shown in Fig. 8. The hydrated glass after 1 day of hydration 
(1d) has the following distribution: 13 % Q0, 20 % Q1(I), 12 % Q1(II), 35 
% Q2(1Al), 11 % Q2(0Al) and 9 % Q4(4Al) or Q3(1Al). Over longer hy-
dration times, a significant reduction of the proportion of Q2(1Al) spe-
cies is observed. This could indicate the continuous dissolution of the 
glass where the Si is present in Q2 sites (Fig. 6b). In addition, the 
reduction of Q2 species is associated with significant increase of the 
Q4(4Al) or Q3(1Al) species. This further indicates the formation of more 
polymerized phases such as C–A–S–H, N–A–S–H, and/or C–(N–)A–S–H 
as discussed earlier (Fig. 6a). 

The errors presented in Fig. 8 for the various Qn(mAl) species and the 
degree of hydration are data treatment errors originates from the 

Fig. 6. (a) 27Al, and (b) 29Si MAS NMR of MBG20 raw and MBG20 pastes from 1 to 56 days of hydration.  
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deconvolution procedure which are arising from both chemical shift 
variation and full width at half maximum (FWHM) variation. Due to the 
short relaxation delay used in the experiments, the values obtained for 
the degree of hydration from the fits of the 29Si NMR spectra were found 
to be overestimated by a few percent (more details about the errors 
arising from the variation in relaxation time are described in the SI 
(Fig. S5, Fig. S6, and Table S1). 

DRIFT-FTIR spectra of the raw MBG20 glass and its pastes after 
several periods of hydration are presented in Fig. 9. The raw glass dis-
plays a main peak at ~1100 cm− 1 which is assigned to Si–O asymmetric 
stretching vibration on Q2 units [55], while the band at 740 cm− 1 is 
attributed to the Si–O–Si bending vibrations [55]. Another peak at 
~1470 cm− 1 is attributed to the stretching vibration of C–O in car-
bonates species [56–58]. This is caused by atmospheric carbonation of 
alkali or alkaline earth cations present in the glass, which can't be 
avoided during the preparation or the post-synthesis characterization 
[55,56]. The broad band at ~3400 cm− 1 and the small peak at ~1645 
cm− 1 are assigned to the stretching and bending modes of H–O in H2O 
respectively [59,60], which results from the adsorption of atmospheric 
moisture. 

After the hydration reaction took place, the intensity of the O–H 
vibration peaks increased. In addition, the main characteristic peak at 
~1100 cm− 1 did not show any significant shift. This peak typically ap-
pears at lower frequency for C–S–H gel (~970 cm− 1), however it shifts 
towards higher frequency with increasing Si/Ca ratio, and in the case of 
N–A–S–H gel (~1000–1100 cm− 1) [61]. In addition, the shift towards 
higher frequency of the main Si–O stretching peak could also indicate 
higher polymerization of C–S–H due to the influence of the high con-
centration of Na+ present in the system as has recently been reported 
[56]. This could indicate the formation of intermixed hydration phases 
including C–A–S–H, N–A–S–H, and C–(N)–A–S–H. These results are 
consistent with those obtained from DTG, 27Al and 29Si MAS NMR. 

Furthermore, the hydration is also associated with decrease in the 
intensity of the peak at ~1470 cm− 1 and its split into double peak at 
1470 and 1414 cm− 1 (Fig. 9 1d), this could be due to the partial disso-
lution of soluble alkali carbonates such as Na2CO3. These two peaks, in 
addition to the peak appeared at 2975 cm− 1 are characteristic to Na2CO3 
or NaHCO3 [58]. The intensity of these peaks increases over longer 
hydration times which indicates the formation of higher amounts of 
Na2CO3. An explanation to these results could be that some of the Na+

present takes part in the reaction system forming C–(N)–A–S–H or 
N–A–S–H. The remaining available Na+ undergo carbonation forming 
Na2CO3 and NaHCO3. The presence of bicarbonate species cannot be 
ruled out which is typically indicated by two small bands in the car-
bonate range (at ~1500 and 1380 cm− 1) [58]. 

To model the phase assemblage of the binder, we used the reaction 
degree of the glass (reached ca. 42 %) determined by SEM analyses 
(Fig. 10a) in which the empirical equation (Eq. (1)) well represented the 
hydration kinetics of the glass. With this kinetic input, thermodynamic 
modelling predicted the phase assemblage of hydrated MBG20 including 
C–(N–)A–S–H, OH-hydrotalcite, zeolite X (Na-zeolite Na2Al2-

Si2.5O9⋅6.2H2O) together with OH-hydrotalcite and minor amount of Si- 
hydrogarnet and Al(OH)3. (Fig. 10b). This is in good agreement with the 
experimental results in which C–(N–)A–S–H showed its trace via XRD 
while hydrotalcite were found precipitated in the binder via DTG and 
27Al MAS NMR. On the other hand, neither gibbsite, Si-hydrogarnet nor 
zeolite X clearly presented themselves in the experimental analysis of 
the binder. This is potentially due to a kinetic hindrance that these hy-
drates stayed in amorphous form. Furthermore, both Al(OH)3 and Si- 
hydrogarnet might be under the detection limit in XRD since both hy-
drates were predicted to form less than 1 wt%. Notably, the SEM tech-
nique and our developed algorithm seems to underestimate the reaction 
degree of the glass (reached ca. 42 %) when compared to data obtained 
from the quantitative 29Si NMR analysis (reached ca. 72.7 % ± 9.66 %). 
Therefore, further development is needed to improve the ability of the 

Fig. 7. The deconvolution of 29Si NMR spectrum of MBG20 pastes after 1 and 56 days of hydration.  

Fig. 8. The product phase Qn(mAl) distribution.  
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Fig. 9. FTIR spectra of MBG20 raw and MBG20 pastes after 1 to 56 days of hydration.  

Fig. 10. (a) The degree of hydration of MBG20 as input for thermodynamic modelling, (b) the predicted phase assemblage of the system, and (c) the concentration 
Na released and the calculated pH of pore solution. 
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algorithm to better detect the fraction of glass in the hydrated cement. 
However, the predicted phase assemblage remains unchanged regard-
less the mismatch in the reaction degree between the two approaches 
(Fig. S7). 

Moreover, the presence of Na+ in the glass plays an important role to 
facilitate the glass dissolution (Fig. 10c). The initial dissolution of the 
glass raised the pH of pore solution via releasing Na+. In return, the 
increase of pH enhanced the dissolution of the glass as a self-catalytic 
process. Excess Na content in the synthesised glass may result in 
alkali-silica reaction which causes damaging expansion in concrete [62]. 
Therefore, an interesting research question is to identify the optimal 
percentage of Na+ in modified glass that can facilitate this process but 
not leach Na+ in a long term. In addition, the high fraction of unreacted 
glass can be a risk for the binder's durability since there are potentially 
late reactions involved during its service life. Note that the degree of 
hydration of glass is comparable with blast furnace slag or other syn-
thetic glasses used in blended PC [18,63,64]. Here the developed glass 
shows its superiority compared to other synthetic glass systems in the 
ability to act as a sole precursor to form a binder. 

3.3. Microstructure 

Fig. 11 shows the evolution of microstructure of hydrated paste at 
different hydrating times. The hydrates started precipitating after 7 days 
while there was only minor amount of hydrates in the paste after 1–3 
days of hydration. After 1 month, the microstructure became much 
denser in which the formation of reaction products led to a confined 
matrix. In addition, the fraction of pores also reduced to a minor content. 

There was a high intermixing level of hydrates while the unreacted 
glass and precipitates can be distinguished via the fraction of Na+ in 
these phases (Fig. 12). The phase segmentation, performed with the 
input from EDS hypermaps, was based on the Na/Ca atomic ratios, while 
other chemical composition (e.g., Si/Ca and Al/Ca ratios) remained 
identical between hydrates and leftover glass (Fig. S8). There was a 

fraction of Na+ incorporated to the hydrates [i.e., C–(N–)A–S–H] with a 
Na/Ca atomic ratio of 0.25–0.75. In contrast, this ratio ranged from ca. 1 
to 2 in the glass. Therefore, part of Na+ from dissolved glass might stay 
in pore solution as predicted via thermodynamic modelling (Fig. 10c) 
and likely to leach out or form carbonates at later stage. This is consis-
tent with the obtained FTIR spectra. Notably, the hydrates formed a 
highly intermixed gel in which it is hard to distinguish among pre-
cipitates (e.g., C–(N–)A–S–H and hydrotalcite) based on backscattered 
SEM gray scale and EDS point analyses. This is similar to the case of 
alkali-activated slag where C–A–S–H, and hydrotalcite formed in a 
highly intermixing gel [49,65,66]. 

3.4. Compressive strength 

The compressive strength of the prepared pastes at different hydra-
tion times are presented in Fig. 13. with 0.5 w/s ratio (Fig. 13a) the 
compressive strength continues developing until day 28 of hydration 
reaching about 20 MPa. Over longer hydration times, the compressive 
strength slightly drops to ~15 MPa after 56 days. It should be noted that 
with 0.5 w/s ratio the prepared pastes suffered from severe shrinkage 
cracks resulting in poor compressive strength (Fig. 13a). 

The compressive strength for MBG20 paste prepared with different 
w/s ratio; 0.3, 0.4, and 0.5 after 28 days of hydration have been 
measured and are presented in the SI (Fig. S9). The paste with 0.3 w/s 
ratio displayed the highest strength after 28 days of hydration, and 
therefore the compressive strength for pastes with 0.3 w/s ratio have 
been measured at different hydration times (Fig. 13b). With 0.3 w/s 
ratio (Fig. 13b) the compressive strength has improved significantly due 
to lower shrinkage. The paste displayed high early compressive strength 
exceeding 50 MPa after 1 day of hydration. The compressive strength 
continues developing until day 7 of hydration reaching above 60 MPa. 
Over longer hydration times, the compressive strength drops to ~40 
MPa after 28 days and remain stable after 56 days of hydration. This 
could be ascribed to the late reaction that took place in which other 

Fig. 11. Microstructure of MBG20 paste after (a) 1, (b) 7, and (c) 28 days of hydration.  
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phases such as hydrotalcite is formed at late stage of hydration as dis-
cussed in Section 3.2. The precipitation and growth of hydrotalcite 
potentially generated crystallization pressure on the porous network of 
the confined matrix. This led to the reduction in compressive strength 
since the pressure could cause micro cracks in the binder. The late re-
action of remaining glass in the long term is of immediate interest to 
assess the durability of the material in service conditions. 

4. Conclusion 

This study presents the synthesis and characterization of a new class 
of cementitious binder. The developed glass is hydraulically reactive 

without the use of activators or co-binders. The degree of hydration of 
the developed glass is comparable with reactive blast furnace slag or 
other synthetic glasses used in blended PC. However, the glass presented 
herein shows its superiority compared to other synthetic glass systems in 
the ability to act as a sole precursor to form a binder. The glass-based 
cement developed mechanical strength quickly; however, its late reac-
tion remains a substantial research direction to improve the perfor-
mance of this glass. The glass was synthesised with a modified basaltic 
composition in which it has additional amount of Na2O in the raw ma-
terial. The obtained results show that upon hydration the slow release of 
Na+ facilitate the dissolution of the glass resulting in a denser matrix 
over longer hydration times. The synthesised glass could be prepared 

Fig. 12. (a) Microstructure of hydrated MBG20 at 28 days, and (b) its segmented image between leftover glass and hydrates based on (c) the difference in Na/Ca 
atomic ratio based on the SEM EDS data. This shows the binding phases contain less Na than that of the raw glass. 

Fig. 13. Compressive strength of MBG20 paste after several periods of hydration, (a) 0.5 w/s ratio, and (b) 0.3 w/s ratio.  
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from naturally occurring carbonate-free minerals and thus it has high 
potential for low-carbon concrete industry. 
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Appendix A. Supplementary data 

XRD for the synthesised raw glasses (Fig. S1), the algorithm to 
perform phase segmentation based on BSE SEM images (Fig. S2), 
isothermal calorimetry results for the developed glasses hydrated at 
different temperatures (Fig. S3), EDS atomic ratio analysis for the hy-
drated glass at different hydration times (Fig. S4), 29Si MAS NMR 
spectrum of unhydrated MBG20 glass at 3, 10, and 30 s relaxation time 
(Fig. S5), 29Si MAS NMR spectrum of hydrated MBG20 glass (56d) at 3 
and 10 s relaxation time (Fig. S6), The degree of hydration and Qn(mAl) 
distribution of product phase based on 29Si MAS NMR experiments 
performed with different relaxation time (Table S1), The predicted 
phase assemblage of hydrated MBG20 using the kinetic input from the 
29Si NMR (Fig. S7), EDS analysis for MBG20 pastes at different ages 
(Fig. S8). Compressive strength of the hydrated glass with different 
water: solid ratio (Fig. S9). Supplementary data to this article can be 
found online at doi:https://doi.org/10.1016/j.cemconres.2022.106859. 
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Magalhães (Eds.), Eco-Effic. Constr. Build. Mater, Woodhead Publishing, 2014, 
pp. 528–564, https://doi.org/10.1533/9780857097729.3.528. 

[6] J.L. Provis, S.A. Bernal, Geopolymers and related alkali-activated materials, Annu. 
Rev. Mater. Res. 44 (2014) 299–327, https://doi.org/10.1146/annurev-matsci- 
070813-113515. 

[7] S.A. Miller, R.J. Myers, Environmental impacts of alternative cement binders, 
Environ. Sci. Technol. 54 (2020) 677–686, https://doi.org/10.1021/acs. 
est.9b05550. 

[8] R. Maddalena, J.J. Roberts, A. Hamilton, Can Portland cement be replaced by low- 
carbon alternative materials? A study on the thermal properties and carbon 
emissions of innovative cements, J. Clean. Prod. 186 (2018) 933–942, https://doi. 
org/10.1016/j.jclepro.2018.02.138. 

[9] E. Gartner, T. Sui, Alternative cement clinkers, in: Rep. UNEP SBCI Work. GROUP 
LOW-CO2 ECO-Effic. Cem.-BASED Mater 114, 2018, pp. 27–39, https://doi.org/ 
10.1016/j.cemconres.2017.02.002. 

[10] M.C.G. Juenger, F. Winnefeld, J.L. Provis, J.H. Ideker, Advances in alternative 
cementitious binders, in: Conf. Spec. Cem. Hydration Kinet. Model. Quebec City 
2009 CONMOD10 Lausanne 2010 41, 2011, pp. 1232–1243, https://doi.org/ 
10.1016/j.cemconres.2010.11.012. 

[11] J. Skibsted, R. Snellings, Reactivity of supplementary cementitious materials 
(SCMs) in cement blends, Cem. Concr. Res. 124 (2019), 105799, https://doi.org/ 
10.1016/j.cemconres.2019.105799. 

[12] A. Naqi, J.G. Jang, Recent progress in green cement technology utilizing low- 
carbon emission fuels and raw materials: a review, Sustainability 11 (2019), 
https://doi.org/10.3390/su11020537. 

[13] I. Odler, P. Yan, Investigations on ettringite cements, Adv. Cem. Res. 6 (1994) 
165–171, https://doi.org/10.1680/adcr.1994.6.24.165. 

[14] J.F. MacDowell, Stratlingite and hydrogarnet from calcium aluminosilicate glass 
cements, MRS Proc. 179 (1989) 159, https://doi.org/10.1557/PROC-179-159. 

[15] I. Odler, Special inorganic cements, Taylor & Francis, 2003. https://books.google.fi 
/books?id=p6YTKgk8mBgC. 

[16] K. Suzuki, E. Sakai, Y. Oba, M. [Tokyo I. of T. Daimon Tokyo (Japan)], M. [Denki 
kagaku K.Co.Ltd. Morioka Niigata (Japan)], Very early hydration of Li2O-CaO- 
Al2O3-SiO2 glass; Li2O-CaO-Al2O3-SiO3 kei glass no shoki suiwa, Nippon Kagaku 
Kaishi J. Chem. Soc. Jpn. Chem. Ind. Chem. 6 (1998) 438–441. 
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