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Waste glass has been highly used in alkali activated materials, but the efflorescence behavior remains an
intractable issue. This study investigates the effect of sodium aluminate as an activator to activate waste glass
with the aim to mitigate the efflorescence behavior, and blast furnace slag is used as calcium source as well as to
promote the early age strength. The gel structure (reaction product) was characterized by 2°Si and 2’Al NMR,
subsequently the efflorescence behavior was investigated. Results show that sodium aluminate provides more

Al(OH), , which acts as cross-linking agents, linking silicate tetrahedra to form a three-dimensional gel network.
A longer mean chain length of gels increases hydrogen sites at end-chain Q! silicate species, which can be
replaced by cations along the silicate chain. The promoted formation of C(N)—A—S—H gel captures more Na™ in
the pore solution, contributing to a limited Na* leaching and higher resistance towards efflorescence.

1. Introduction

Waste glass (WG) is a typical inorganic solid waste material derived
from both daily life and industrial production [1,2]. Currently, the uti-
lization of waste glasses for the manufacture of alkali activated materials
(AAMs) has been confirmed, which might increase the recycling or reuse
potential [3-5]. The suitability of using waste glass to replace common
precursors such as fly ash and slag has been clarified [6,7]. The dura-
bility performance of resulting AAMs with waste glasses is affected by
different parameters, which have not yet been evaluated systematically
[8]. For instance, the efflorescence of alkali activated waste glass
(AAWG) becomes an intractable problem, particularly when the mate-
rials are exposed to a humid environment due to the high concentration
of free alkalis in AAWG [9,10].

Efflorescence has long been a challenging topic of investigation.
Capillary motion causes the pore solution to move through the concrete
matrix and evaporate from its surface, leaving the deposit of free alkali
cations on the surface. The leached alkali cations react with atmospheric
CO,, causing the formation of white carbonate surface deposits known
as efflorescence [11]. The efflorescence causes aesthetic degradation,
damage to the surface of the material, and reduced durability [12]. The
accumulation of salts can lead to material deterioration, including

spalling and cracking [13]. These problems can compromise the struc-
tural integrity of buildings or structures, and in severe cases, may
require costly repairs or even reconstruction. Efflorescence also ruins the
perception of color and the appreciation of concrete buildings [14]. Cyr
et al. [15] reported that the high dosage of alkalis and low content of
aluminum in glass cullet was the main reason for the high extent of
efflorescence. The main hydration products of AAWG are mostly Si-high,
Al- and Ca-low gels [7]. The hydrolytic stability of silicate gels in AAWG
is poor, and it is attributed to easy depolymerization of the Si-high, Al-
and Ca-low gels caused by the removal of physically bound water under
long-time curing or high-temperature environment [16]. Consequently,
AAWG is weak to prevent the occurrence of efflorescence. To improve
the resistance of efflorescence, Al-rich and Ca-rich materials, e.g. slag,
were applied in the AAWG matrix to enhance the stability of Si-rich gels
[11]. Vafaei et al. [17] attempted to use reactive alumina by incorpo-
rating calcium aluminate cement to modify the waste glass geopolymer.
The formation of sodium aluminosilicate hydrates (N—A—S—H) resulted
in improved resistance towards efflorescence. However, excessive so-
dium oxide remaining unreacted in the precursor materials and acti-
vator could particularly suffer unsightly efflorescence caused by mobile
alkalis [18]. Relatively weak binding of Na in the geopolymer structure
results in the tendency of efflorescence. This is because Na™ is easy to
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move within the pore solution and penetrates to the surface of the ma-
trix. Therefore, it is hypothesized that enhancing the participation of Na
in the formation of C(N)—A—S—H gels can be a feasible way to enhance
the efflorescence resistance of AAWG, as less free Na™ is available to
move to the surface of the matrix in the humid environment.

To discuss it further, the formation of C(N)—A—S—H influences the
evolution of microstructure, which affects the resistance of efflorescence
and the mechanical property. The changes in Al/Si and Al/Na ratios play
important roles in the generation of reaction products. In AAMs matrix,
Al—O tetrahedra (denoted as Al(OH),) are rich in the pore solution at
the beginning of reaction process. Because Al—O bond is weaker than
the Si—O bond dissolving from raw materials [19]. A high Al/Si ratio
promotes a high degree of Al-O-Si bond. More Si—O tetrahedra (denoted
as Si(OH)4) are able to involve into the C(N)—A—S—H chain. Therefore,
A higher Al/Si ratio can promote the C(N)-~A—S—H formation in the
matrix. Besides, the higher Al/Na ratio in the system increases the Si—Al
chain interacting with Na to form C(N)-A—S—H in the geopolymer
products [20]. Therefore, the availability of AI(OH), plays an important
role in the formation of C(N)—-A—S—H gels. Our previous study has
revealed that sodium aluminate activator could provide extra Al(OH),
that promotes the C(N)—A—S—H formation in the activated slag matrix
[21-23]. The sodium aluminate can potentially supplement Al resource
in the waste glass matrix, promoting the C(N)—A—S—H formation. The
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utilization of sodium aluminate activator changes the Al/Si and Al/Na
ratios, which influences the C(N)—A—S—H formation significantly in the
matrix. The incorporation of Al(OH), into a silicate chain could lead to
the remarkable transformation of the gel structure [24]. To date, no
literature has reported the property of sodium aluminate activated waste
glass (SAAG). The formed gel structure influenced by the sodium
aluminate activator remains unknown areas. It is urgent to investigate
its mechanism in terms of sodium aluminate activated waste glass.

The objective of this study is to investigate the efflorescence of alkali
activated waste glass. Sodium aluminate was used to as the activator to
activate the precursors in order to evaluate the effect of extra AI(OH),
on gel structure transformation and explore its impact on efflorescence
mitigation. A small amount of blast furnace slag was used to promote the
early age strength development, as well as to provide additional cal-
cium. Sodium hydroxides and their hybrid activator were used as the
control group. The reaction products of sodium aluminate activated slag
and waste glass (SAASG) were determined by Quantitative X-ray
diffraction (QXRD), thermogravimetry (TG), and Four-transform infer-
red spectroscopy (FTIR). The gel structure was characterized by nuclear
magnetic resonance (NMR). The microstructure was assessed by Scan-
ning electron microscopy (SEM). Moreover, the efflorescence behavior
and compressive strength of paste samples were evaluated. The effect of
extra Al(OH), on the main chain length and composition of gels was
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Fig. 1. Properties of slag and waste glass: (a) XRD; (b) FTIR; (c) PSD.
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studied. Further, the mechanism of efflorescence behavior was proposed
to provide insight into stabilizing Na* leaching by crosslinked C(N)—
A—S—H formation.

2. Methodology
2.1. Materials

The ground granulated blast-furnace slag and waste glass (provided
by Maltha, The Netherlands) were utilized in this study. The received
waste glass pellet was ground by a disk mill for 5 min to achieve the
desired particle size. Fig. 1(a) shows that the slag and waste glass are
mainly composed of amorphous phases. The slag contains a small
amount of calcite and the waste glass contains a small amount of
aluminum iron. Fig. 1(b) shows the FTIR analysis of the processed waste
glass and slag. The stretching of Si-O-Si can be observed at 986 cm™! in
waste glass. It also indicates the stretching of carbonate in slag at 1488
and 1419 cm™!. The laser particle size analyzer (Mastersizer 2000,
Malvern Instruments, UK) was used to determine the particle size dis-
tribution (PSD) of raw materials (as shown in Fig. 1(c)). The median
particle size (dsg) of slag and waste glass powder were 12.743 and
27.194 pm, respectively. X-ray fluorescence spectrometry (XRF, PAN-
alytical Epsilon 3) was used to examine the chemical composition of slag
and waste glass powder (as shown in Table 1). The specific density,
specific surface area, and loss on ignition of slag and waste glass were
also determined and shown in Table 1.

2.2. Mix design

The slag and waste glass were mixed in a 1:9 (slag: waste glass) mass
ratio as the solid precursor, which was activated by sodium hydroxide
(NH), sodium aluminate (NA), and their hybrid (NHNA) solutions.
Simultaneously, the equivalent NayO contents vary from 3 to 5 wt% (see
the sample IDs in Table 2). Each SAASG blend was stirred for 10 min
during the mixing to realize the uniformity of the pastes. The fresh
SAASG pastes were poured into the plastic cubic molds with a dimension
of 4 cm x 4 cm x 4 cm and then sealed by plastic membranes. In the first
stage, all the samples were cured at room temperature (20 °C). After 24
h, the samples were cured at 75 °C for 24 h. The samples remain sealed
during the thermal curing process to prevent moisture loss. Then, after
thermal curing for 24 h, all the samples were demoled and continued to
cure in the laboratory environment (open-air curing) in the room with
stable temperature (20 °C) and 60 % humidity.

The activators used in this study were sodium hydroxide, sodium
aluminate, and their mixture (hybrid activator). Analytical grade
sodium-hydroxide pellets and sodium aluminate pellets were dissolved
in deionized water (separately or together) to prepare activators 6 h
before application. The hybrid activator of sodium hydroxide and

Table 1
Chemical composition (wt%), specific density, specific surface area, and loss on
ignition of slag and waste glass.

Chemical composition GGBS (wt%) Waste glass (wt%)

Na,OH / 10.24
MgO 8.64 1.09
Al,O3 13.32 1.83
SiO, 29.65 71.27
SO3 2.66 /
K20 / 0.77
CaO 43.01 13.62
TiO, 1.50 /
Fe,03 / 0.64
Cl 0.01 0.10
Others 1.20 0.45
LOI* (1000 °C) -0.91 0.28
Specific density (g/cm?) 2.78 2.44

Specific surface area (m?/g) 1.67 0.61
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sodium aluminate was in different aluminate modulus (Al,03/Nas0)
from O to 1.

2.3. Test methods

2.3.1. Quantitative X-ray diffraction

X-ray diffraction (XRD) was performed using a Bruker D4 Phaser
instrument emitting Co-K, radiation (40 kV, 30 mA). The crushed,
powdered SAASG pastes were measured with a step size of 0.05° and a
counting time of 1 s/step. The 20 range was 10-90°. For the quantitative
X-ray diffraction (QXRD) study, all the pastes were ground by ball
milling at level 3 speed for 15 min before the test. The silicon powder
(10 wt%, Siltronix, France) was added as an internal standard to the
paste samples. For the quantification of mineral phases in the samples,
Rietveld analysis was performed using TOPAS software (version 4.2,
Bruker). Before the test, the paste samples were ground into powder,
immersed in 2-propanol for 24 h to stop the hydration process, and then
dried to constant mass at 60 °C for 3 d.

2.3.2. Thermogravimetry

Thermogravimetry (TG) tests were performed on ~100 mg crushed,
powdered paste samples by using an STA 449 F1 instrument at a heating
rate of 10 °C/min. Notably, the aluminum crucible lid had to be used in
case the expansion of the waste glass powder under the thermal process.
Experiments were carried out from 40 °C to 1000 °C, in which Ny was
used as the carrier gas. The same hydration stoppage treatment was
performed before the test as well.

2.3.3. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) analysis was per-
formed using a Varian 670-IR spectrometer with a wavelength range of
400 to 4000 cm ! with a resolution of 1 cm™'. The powdered samples
were prepared following the same procedure as discussed above after
hydration stoppage treatment.

2.3.4. Nuclear magnetic resonance

The solid-state magic angle spinning nuclear magnetic resonance
(MAS NMR) (JNM-ECZ600R) measurements were carried out at a 14.01
T magnet and a resonance frequency of 99 MHz for 2°Si and 132 MHz for
27A1. The 2°Si MAS NMR spectra were recorded using a 4 mm CPMAS
probe head and a 4 mm zirconia rotor by employing a spinning speed of
12 kHz, a 4 ps excitation pulse, and a 20 s relaxation delay. The solid-
state 27Al MAS NMR spectra were recorded using a 2.5 mm CPMAS
probe head and a 2.5 mm zirconia rotor spinning at a speed of 12 kHz, a
1 ps excitation pulse, and a 0.5 s relaxation delay.

The deconvolution of the 29Si MAS NMR spectra was carried out
using Origin 2022. The multipeak fit was used to calculate the area of
each peak of silicon and aluminum state that exists in the spectra with
Gaussian function according to the literature [25,26]. The cumulative
integrated percentage of each silicon and aluminum in SAASG was ob-
tained to calculate the mean chain length (MCL) and Al—Si substitution
of C(N)-A—S—H [27].

2951 MAS NMR has revealed important information regarding C(N)—
A—S—H formation in the hydrated matrix. Resonances from the QL Q%
and Q2(1Al) sites, which constitute the silicate chains in the C(N)—
A—S—H gel, have been seen using 295i MAS NMR [28,29]. The mean
chain length (MCL) of non-crosslinked C(N)—A—S—H gel can be calcu-
lated by using Eq. (1), while the MCL of crosslinked C(N)-A—S—H gel
can be calculated by using Eq. (2). The Al—Si substitution in the tetra-
hedral chains can be obtained from the intensities of the Q', Q% and
Q2(1Al) resonances (Eq. (3)), as reported by Richardson et al. [30,31].

2|Q' + Q@ +3Q(1A1)
MCL, = g ¢b)
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Table 2

Mix design of paste samples.
Sample w/b* NaAlO4(g) NaOH(g) Na,O (wt%) Al,03/Nay0 (In activator) Glass powder (g) Slag(g)
NA3 0.4 7.935 / 3 1 90 10
NA4 0.4 10.581 / 4 1 90 10
NA5 0.4 13.225 / 5 1 90 10
NHNA3 0.4 3.968 1.935 3 0.5 90 10
NHNA4 0.4 5.291 2.580 4 0.5 90 10
NHNAS 0.4 6.613 3.225 5 0.5 90 10
NH3 0.4 / 3.871 3 0 90 10
NH4 0.4 / 5.161 4 0 90 10
NH5 0.4 / 6.452 5 0 90 10
2 w/b = water to binder ratio in mass

fracture load. The strength value of each mix was recorded by the
4[Q' + @ + QA + Q@ +2Q°(1A)] & Y
MCL, = Q (2) average of 3 samples.
AllV] 1Q2(1A1) @ 3. Results

Si Q'+ Q*+Q(1Al)

2.3.5. Scanning electron microscopy / energy dispersive spectroscopy

After the compressive strength tests of samples at 3 and 28 days, the
fragments of each paste sample were collected. The microstructure of
the selected samples was examined by scanning electron microscopy
(SEM). The composition of the gels was determined by an energy
dispersive spectroscopy (EDS) instrument based on the SEM graphs. The
clusters of Si-Al-Ca-Na were normalized to obtain the quaternary phase
(Si-Al-Ca-Na) diagrams. Then the composition of C(N)—A—S—H can be
examined.

2.3.6. Efflorescence testing

2.3.6.1. Visual efflorescence testing. To qualitatively investigate the
efflorescence behavior, the 3-day cured @2cm x 5 cm cylinder pastes
were placed in transparent plastic petri dishes. The petri dishes were
filled with deionized water every day to keep the immersion of samples
1 cm in height. The deionized water could accelerate the leaching of Na™*
aggravating the efflorescence behavior. The evolution of visual efflo-
rescence was recorded on a time scale. The results of the visual efflo-
rescence test were obtained qualitatively by visual comparison of the
samples.

2.3.6.2. Indicative efflorescence testing. To evaluate the efflorescence
degree of each sample, the experiment was performed with a indicative
leaching test. The crushed fragments of all the geopolymer paste at 28
days and 56 days of open-air curing were collected after passing a No.
200 sieve to minimize the influence of particle size. 1.00 g of each
geopolymer powder was added to 100 ml of deionized water. The so-
lutions were stirred for 30 min and kept at ambient temperature for 24 h
to allow the leaching of free Na™, Ca?", and Mg?" (major leachable al-
kali ions) from the geopolymer paste [11]. Then the leachates were
placed in the oven after the filtration to allow the evaporation of water.
The mass of dissoluble salts was measured to evaluate the extent of
efflorescence following Eq. (4):

my

E(Wt.%) = % 100% (4)

1 g (geopolymer powder)

where E(wt.%) is the extent of efflorescence; m, is the mass of dissoluble
salts in 1 g of geopolymer powder.

2.3.7. Compressive strength
After 3- and 28-day air curing, all the cubic SAASG pastes were tested
for compressive strength by a constant loading rate of 2400 N/s until the

3.1. Reaction products

3.1.1. Quantitative X-ray diffraction

Fig. 2 illustrates the XRD patterns and their quantitative analysis of
AASG at 3 and 28 days. There is a large difference in crystalline phase
assemblages between sodium aluminate (mainly zeolite A), sodium
hydroxide (mainly natrite), and hybrid activator (mainly zeolite Na—P;)
activated slag and waste glass either at 3 or 28 days. It is interesting that
katoite is only observed in the samples with NaAlOs, participation, which
is attributed to the provided Al(OH), from NaAlO,. Hydrotalcite is only
observed in the samples with NaOH participation.

For sodium aluminate activated slag and waste glass (NA samples),
there is a significant increase of zeolite A (ICDD00-039-0222,
NageAlgeSige0384-216H20) from 3 to 28 days. It is associated with the
extra Al(OH), (from NaAlO, activator) that promotes the zeolite for-
mation [21]. No zeolite Na—P; (ICDD:00-039-0219, NagAle.
Si10032:12H20) is present at 3 days but it appears at 28 days in NA4 and
NAS samples with a limited amount. It is due to the higher alkalinity of
the NA4 and NA5. A higher pH environment leads to enhanced disso-
lution of silicate monomers in the pore solution, which favors the for-
mation of zeolite Na—P; that needs more silicate than zeolite A.
Meanwhile, the zeolite Na—P; is more thermodynamically stable than
zeolite A at a longer reaction time [32,33]. The Si/Al ratio of precursors
and activators plays important roles in the type of zeolite formation
[34-36]. A high possibility is that the higher Si content in waste glass
may transfer zeolite A to zeolite Na—P; because zeolite A needs more Al
resources while zeolite Na—P; needs more Si resources. Another zeolite
(ICDD: 00-031-1271, 1.08Na0-Al503-1.68Si05-1.8H50) is produced in
NA4 and NA5 with a small amount but absent in NA3. Those zeolite
phases are normally formed with calcium sodium aluminosilicate hy-
drates (C(N)—A—S—H) together in the NaAlO, activation system [21].
The presence of katoite (ICDD: 01-077-1713, Cag.93Aly.97 (Si.6402.56)
(OH)g 44) in NA samples is due to the participation of slag from the
precursors. The dissolved Ca®" from slag reacts with Al(OH),, leading to
the formation of katoite. Moreover, the elevated alkalinity (NA3 to NA5)
promotes the dissolution of Ca®", resulting in a higher katoite formation.

For sodium hydroxides activated slag and waste glass (NH samples),
the natrite (ICDD: 00-037-0451 Na,CO3) formation increases with the
increased alkalinity from NH3 to NH5, which is also the primary crys-
talline phase. The presence of calcite (ICDD: 01-086-2341, CaCO3) and
hydrotalcite (ICDD: 00-014-0191, MgeAl,CO3(OH);6-4H20) are attrib-
uted to the dissolution of Ca?* and Mg?" from slag. They also increase
with the elevated equivalent NayO content. The calcite is generated by
carbonation of the samples during air curing. In the meantime, no
magnesite (ICDD: 01-086-2348 MgCOs) is detected at 3 days but it is
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NHNA4 and NHNAS5. The alkaline pH environment facilitates the
transformation of zeolite A into zeolite Na—P;, owing to the higher
concentration of silicate monomers present in the pore solution, as
previously presented. In the meantime, the elevated pH environment is
more vulnerable to carbonation. It results in the increase of calcite and
magnesite generation from 3 to 28 days by comparing NHNA3 ~
NHNAS.

Overall, the primary reaction products of the NA and NHNA sample
are zeolite and C(N)—A—S—H gels. However, the products of NH sam-
ples are sodium/magnesium carbonate and Si-high, Al- and Ca-low gel
under air curing conditions.

To ascertain whether the formation of Natrite is a result of carbon-
ation or in-situ formation, GEMS modeling was conducted for the NaOH
and NaAlO; activated waste glass/slag system (in Supplementary ma-
terials). The results (shown in Fig. SP1) demonstrate that open-air curing
process is the reason for the formation of carbonated phases (natrite,
calcite, and magnesite).

3.1.2. Thermogravimetry

The thermogravimetry (TG) and differential thermograms (DTG)
curves of the SAASG pastes, as a function of different curing ages, are
presented in Fig. 3. The detailed information is summarized in Table 3
and Table 4. For 3-day curing pastes (Fig. 3(a)), the first large peak of
DTG of NA samples is due to the loss of moisture water (40-100 °C) [2],
decomposition of C(N)-A—S—H (100-300 °C) [21], and the zeolite A
(40-200 °C) [37]. As can be seen, the mass losses of this temperature
range increase with the elevated equivalent NasO content, namely the
mass losses of NA3 ~ 5 are 9.54, 9.56, and 10.59 wt%, respectively. The
difference is mainly from the decomposition of C(N)—A—S—H, because
the zeolite A contents in NA pastes are similar to each other as
mentioned in QXRD results. The reason is that a higher NaAlO; in the
matrix provides more Al—O tetrahedra in the pore solution, which
promotes the formation of C(N)—A—S—H gels [21]. For NHNA samples
at 3 days, the largest decomposition peak in DTG is derived by the loss of
moisture water (40-100 °C) [2], decomposition of C(N)—A—S—H
(100-300 °C) [21], the zeolite A (40-200 °C) [37], and zeolite Na—P;
(25-400 °C) [38]. It is quite similar to NA samples at 3 days. Because
these hydrated phases are promoted by the NaAlO, activator. However,
the NaOH participation results in the reduction of zeolite A formation
but an increase of zeolite Na—P;. Thus, the primary mass losses (first
decomposition peak) in NHNA4 and NHNAS samples are from zeolite
Na—P;j. Itis in good agreement with the QXRD results. Interestingly, the
decomposition of calcite (CaCO3) at around 700 °C [39] and natrite
(NapCO3) at around 850 °C [40] are observed. This is attributed to the
NaOH activator that increases the alkalinity of the samples. It leads to
the samples being vulnerable to carbonation. For NH samples at 3 days,
the largest peak of DTG is mainly associated with the loss of moisture
water (40-100 °C) [2], decomposition of C—(A)—S—H gels, and the first
decomposition peak of hydrotalcite (150-250 °C) [41]. At the same
time, the second decomposition peak of hydrotalcite is shown at around
400 °C as well [41]. These are typical hydrated phases from NaOH
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activated slag [42]. The elevated alkalinity of NH samples also leads to
slightly higher amount of hydrotalcite formation. It is owing to more
dissolved Mg?* and Al(OH), from slag to form more hydrotalcite. Be-
sides, a small amount of calcite decomposes at around 700 °C in NH
samples [39]. At the same time, a small amount of natrite decomposes at
around 850 °C [40]. Those carbonated phases, confirmed by QXRD
analysis, are originated from the carbonation during the air-curing.

Fig. 3(b) exhibits TG and DTG curves at 28 days, the NA3 ~ 5
samples show 10.11, 10.89, and 11.50 wt% mass losses (40-300 °C),
respectively. The mass losses, like 3-day NA samples, include the loss of
moisture water, decomposition of C(N)—A—S—H, zeolite A, and a small
amount of zeolite Na—P;. Compared to 3-day NA pastes, the increase in
mass losses is associated with the elevated formation of C(N)-A—S—H
and zeolite A. For 28-day NHNA pastes, there is a large amount of C(N)—
A—S—H and zeolite Na—P; decomposition, as well as a small amount of
zeolite A decomposition before 300 °C. It is similar to 3-day NHNA
pastes. However, the decomposed peaks of calcite and magnesite can be
observed at around 700 and 900 °C, respectively. It is related to the
carbonation of NHNA samples. Besides, the largest decomposed peak of
28-day NH pastes is linked with C—(A)—S—H gels. Furthermore, the
remarkable decomposition of calcite and natrite can be obtained at 700
and 850 °C. It is also associated with the severe carbonation of NH
samples.

Particularly, comparing the NA, NHNA, and NH samples, the
carbonated phases (calcite, natrite, and magnesite) decrease with
aluminate modulus regardless of curing ages. The aluminate contributes
to the formation of Al-rich zeolite and C(N)—A—S—H gels, resulting in
the less available Na™, and Ca®* to form natrite and calcite. It can be
concluded that the aluminate modulus increases the capacity of
carbonation resistance.

3.1.3. Fourier-transform infrared spectroscopy

Fig. 4 illustrates the FTIR spectra of SAASG pastes at 3 and 28 days.
As can be seen from Fig. 4 (a), the main peaks in all samples at 971 em !
are assigned to the asymmetrical stretching vibration of Si—O—Al at 3
days. It corresponds to the geopolymerization [43]. All the pastes show
the similar degree of geopolymerization, which is due to the dissolved
Al(OH), at the early reaction stage by slag incorporation. It indicates
that C(N)—A—S—H is produced in all pastes.

Simultaneously, the band at 778 cm™! is associated with the sym-
metric stretching vibrations of Si—O—Si bridges from C(N)—A—S—H gels
[44]. Similarly, a band at 664 cm™! attributed to the symmetrical
stretching of Si—O—T bonds is identified in the spectra of all samples
[45]. It is also due to the C(N)—A—S—H gels in all samples. The peaks at
1432 and 880 cm ™! are associated with the stretching vibrations of CO2~
[46]. The intensity of CO2~ stretching peaks are more obvious in NH and
NHNA samples, while the NA samples show thinner humps at these
ranges. It is owing to more carbonated phases in NH and NHNA samples
than that in NA samples. It is in good agreement with QXRD and TG
results at 3 days. Particularly, the peaks in NA samples at 552 cm ™! are

Table 3
Thermodynamic data of paste samples at 3 days.
40-100 °C 40-200 °C 100-300 °C 25-400 °C 700 °C 850 °C
NA3-3d Moisture water Zeolite A C(N)-A-S—H
Mass losses during this range: 9.54 wt. %
NA4-3d Moisture water Zeolite A C(N)-A-S—-H
Mass losses during this range: 9.56 wt. %
NA5-3d Moisture water Zeolite A C(N)-A—-S—H
Mass losses during this range: 10.59 wt. %
NHNA3-3d Moisture water Zeolite A —A-S—-H Zeolite Na-P; Calcite Natrite
NHNA4-3d Moisture water Zeolite A C(N)-A-S—H Zeolite Na-P; Calcite Natrite
NHNAS5-3d Moisture water Zeolite A C(N)-A-S—-H Zeolite Na-P; Calcite Natrite
NH3-3d Moisture water C(N)-A-S—H Hydrotalcite Calcite Natrite
NH4-3d Moisture water C(N)-A-S-H Hydrotalcite Calcite Natrite
NH5-3d Moisture water C(N)-A-S—-H Hydrotalcite Calcite Natrite
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Table 4
Thermodynamic data of paste samples at 28 days.
40-100 °C 40-200 °C 100-300 °C 25-400 °C 700 °C 850 °C
NA3-3d Moisture water Zeolite A C(N)-A—-S—H
Mass losses during this range: 10.11 wt. %
NA4-3d Moisture water Zeolite A C(N)-A-S—-H Zeolite Na-P;
Mass losses during this range: 10.89 wt. %
NA5-3d Moisture water Zeolite A C(N)-A-S—-H Zeolite Na-P;
Mass losses during this range: 11.5 wt. %
NHNA3-3d Moisture water Zeolite A C(N)-A-S—-H Zeolite Na-P; Calcite Natrite
NHNA4-3d Moisture water Zeolite A C(N)-A-S—H Zeolite Na-P, Calcite Natrite
NHNAS5-3d Moisture water Zeolite A C(N)-A—-S—-H Zeolite Na-P; Calcite Natrite
NH3-3d Moisture water C(N)-A-S—H Hydrotalcite Calcite Natrite
NH4-3d Moisture water C(N)-A-S—H Hydrotalcite Calcite Natrite
NH5-3d Moisture water C(N)-A-S—-H Hydrotalcite Calcite Natrite
(a) (b)
——NA3-3d ——NA3-28d
——NA4-3d ——NA4-28d
——NAS5-3d ——NAS5-28d
—— NHNA3-3d —— NHNA3-28d
——NHNA4-3d —— NHNA4-28d
——NHNAS5-3d ——— NHNAS-28d
—— NH3-28d
—— NH4-28d
—— NHS5-28d

T T T T 1
4000 3600 1600 1200 400

Wavenumber (cm™)

r T T T T 1
4000 3600 1600 1200 800 400
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Fig. 4. (a) 3-day and (b) 28-day FTIR spectrum of SAASG.

attributed to the 8Si-D4R unit of zeolite A, which is the ring vibrations of
the zeolite A structure [47,48]. This peak also shows a weak stretching
vibration in NHNA3 pastes, because a small amount of zeolite A is
observed in NHNAS3 from XRD patterns. However, there is no presence of
this peak in other NHNA and NH samples. It is due to the rather low
content or absence of zeolite A in those samples, which is in line with
XRD patterns. Besides, the stretch at 607 cm ™! in NHNA4 and NHNAS5 is
due to Si—O in bending modes from the zeolite Na—P; [49,50]. It is the
primary zeolite formation in these specimens as described in XRD pat-
terns. The peaks at 3392 and 1646 cm™! are due to the stretching vi-
bration of O — H from bound water molecules of the samples [21].

For 28-day FTIR spectra in Fig. 4 (b), a distinctive bending and
shifting vibration of Si—O—Al from C(N)—A—S—H formation at around
972-979 cm!. The degree of geopolymerization increases with the
curing ages. The NA3 pastes show the highest wavenumber (979 cm™)
in this range, representing the highest degree of geopolymerization
among the concerned specimens. At the same time, the wavenumbers in
NA3 (979 cm™ 1), NA4 (975 cm’l), and NA5 (972 cm™!) decrease with
the equivalent NayO content. Similarly, the degree of geopolymerization
in NHNA samples reduces with the equivalent NayO content. The peaks
of the Si—O—Al bond in NH samples are at the same position (972 em ™).
Moreover, the decrease of wavenumbers represents that more Al par-
ticipates in C(N)—A—S—H formation with the higher equivalent Na;O
content [51]. This is because a high pH of the activator is beneficial to
the dissolution of AI(OH) ™ 4into the pore solution. More AI(OH)™ 4 can
be adopted by the silicate chain forming a 3D structure of gels, which
leads to a higher main chain length. Similarly, with 3-day samples, the
peaks at 778 and 664 cm ™, Si—O—Si bonds, and Si—O—T bonds from C
(N)—A—S—H gels remain unchanged along with the curing ages. In

addition, the bands at 1448 (v3), 1392 (v3), and 870 em ! (v9) are due to
the presence of carbonate phases with different vibration modes [46].
These carbonate phases are from natrite and calcite, which is consistent
with the XRD results. Especially, a band at 848 em lin NHNA4, NHNAS,
and all NH samples can be observed at 28-curing days. It is owing to
CO%’ stretching vibration of magnesite [52]. It is also in line with the
XRD results. The bands at 552 cm ™! assigned to the 8Si-D4R unit from
zeolite A remain unchanged in NA3, NA4, NA5, and NHNA3. Mean-
while, the bands at 607 cm™! from zeolite Na—P; also remain un-
changed in NHNA4 and NHNABS. Also, the peaks at 3392 and 1638 cm ™!
due to the stretching vibration of bound water molecules keep constant
along the curing ages.

3.2. Gel structure

3.2.1. %°si MAS NMR

The 2°Si MAS NMR data of raw materials are shown in Fig. 5, and the
parameters of their deconvolution fitting curves are listed in Table 5.
The 2°Si MAS NMR data of anhydrous slag illustrate a single broad
resonance with a maximum intensity at around —74.5 ppm (Fig. 5(a)). It
represents a wide distribution of Si environment and chemical shifts of
raw slag, which is compatible with amorphous nature of the material as
shown by XRD. According to previous studies, the signal is associated
with QO units at —74 ppm [53,54]. The 295i MAS NMR data of anhydrous
waste glass also show a single broad resonance with a maximum in-
tensity at around —92.5 ppm (Fig. 5(b)). It represents a wide distribution
of Si environments and chemical shifts of raw waste glass. The signal is
associated with Ql units at —82.5 ppm, Q2 units at —90 ppm, Q3 units at
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Fig. 5. 29Si MAS NMR of raw materials (a) slag; (b) waste glass.
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Table 5
2951 MAS NMR of raw materials.
Sample Q° Q! Q Q° Q*
Slag Pos. (ppm) —74 / / / /
Width* 14.2 / / / /
Integral (%) 100 / / / /
Waste glass Pos. (ppm) / —82.5 -90 -96 -103
Width / 8.4 9.6 9.9 14.6
Integral (%) / 7.5 33.8 21.2 37.5

2 Width = Full width at half maximum.

—96 ppm, and Q* units at —103 ppm [26,55-57].

The 2°Si MAS NMR analyses of SAASG pastes at 3 and 28 days are
shown in Fig. 6, and the parameters of their deconvolution fitting curves
are listed in Table 6. Regardless of curing ages, the primary peaks are at
—91 ppm for the Q%(0Al) unit in NA, NHNA, and NH samples. Those
peaks are attributed to the C(N)—A—S—H gels in NA and NHNA samples
[27,54], and C—S—H gels in NH samples [26]. Notably, the sharp peaks
at —89.1 ppm are assigned to the Q*(4Al) unit of zeolite A in NA and
NHNA samples [58]. However, no typical peak of the Q*(4Al) unit can
be observed in NH samples. This is because the extra Al(OH), promotes
the zeolite A formation in NA and NHNA samples, but insufficient
Al(OH), in NH samples results in the absence of zeolite A. Generally,
more Q? and Q silicate species mean a better solubility of slag and waste
glass in the SAASG pore solution, which may further lead to different
geopolymerization processes in the matrix.

For NA3 paste from 3 to 28 days, Q? and Q° are the mostly silicate
species as shown in Fig. 6(a) and (b). The peak of QZ(OAI) silicate is the
highest at —91 ppm, and the peak of Q?(1Al) silicate also shows a high
intensity. QZ(OAI) and Q2(1Al) silicate species are the characteristic
peaks of C(N)-A—S—H [27,54]. The high intensity of Q%(1AD and
Q3(1A) silicate indicates that a large amount of Al(OH), has replaced Si
(OH)4 in the bridging site of C—S—H, forming C—A—S—H [59]. Simul-
taneously, the partial replacement of Ca%* by Na™ leads to the formation
of C(N)—A—S—H gels [21]. Besides, the decrease of Q2(0Al) and Qz(lAl)
silicate species from 3 to 28 days is due to lower silicate MCLy. of C(N)—
A—S—H gels along the curing period as shown in Table 7. The decrease
of MCLy. of C(N)-A—S—H gels is due to the elevated incorporation of
Ca?* from slag and waste glass into gels [60]. It is also proved by the
lower content of middle-chain silicate species (Q2 and Q3) and higher
content of end-chain silicate specie (Q1 represents silicate chain end).
Less Q2 and Q3, more Q1 silicate indicate the shortening of silicate chain

from 3 days to 28 days. The peak at —82.5 ppm increases with the curing
ages, which is associated with the increased amount of end-chain Q!
silicate specie in C(N)—A—S—H gels [27]. It is attributed to the higher
incorporation of Ca?", which leads to more end-chain Q! silicate species
[61]. The resonances at —96.6 ppm and at —92 ppm are due to the
Q3(0Al) and Q3(1A1) sites [62], which is attributed to the crosslinked C
(N)—A—S—H gels formation in the paste. It is highly related to the MCL,
of C(N)—A—S—H gels. As can be seen from Table 7, the MCL, of C(N)—
A—S—H gels decreases with the curing ages, thanks to the higher Ca®*
incorporation in C(N)—A—S—H gels. No detection of Q0 site in NA3
compared to raw materials indicates that Q silicate has transferred to
Q1 or Q2.

There is no obvious difference between NHNA3-3 days and
NHNA3-28 days in terms of the silicate species group (Fig. 6(c) and (d)).
Simultaneously, NHNA samples show the same chemical shift position
as NA samples. It represents that the NaAlO; activator leads to a large
quantity of C(N)—A—S—H gels formation in a low-Ca, high-Al environ-
ment [27]. Notably, the MCL,, and MCL. of NHNA3-28 days pastes are
lower than that of NA3-28 days pastes up to 32.3 % and 41.5 %,
respectively. It is associated with the high pH of the activator used in
NHNA samples, because the higher pH value decreases the Al uptake by
C—S—H, then less bridging Al can be introduced into the silicate chain
[24]. Less Q% and Q°, as well as more Q! silicate are observed at higher
pH, which also indicates the shortening of silicate chain length. Even-
tually, NHNA samples form C(N)—A—S—H gels with shorter MCL than
NA samples.

The NH3-3 days and NH3-28 days pastes exhibit typical C—S—H gels
structure as shown in Fig. 6(e) and (f), which is different from NaAlO,-
activated matrix. The resonances at —91 ppm show the high intensity up
to 35.8 % and 25.8 % at 3 and 28 days, respectively. Those characteristic
resonances are associated with the QZ(OAD site from C—S—H gels in the
matrix. Similarly, the signals of the Q!(0Al) site at —82.5 ppm and
Q3(0AL) site at —96 ppm are also from the reflection of C—S—H gels. The
peak at —85 ppm is associated with a small amount of C—A—S—H gels
formation [59]. As can be seen from Table 7, a slight decrease in MCL
can be observed along the curing ages. It is due to more dissolved Ca?*
incorporation that lessens the MCL of C—S—H gels. The MCL,. of NH
samples is lower than that of NA and NHNA samples. It is due to the
absence of Al in NH samples leads to a lower MCL of C—(A)—S—H gels.
This is also reported in previous studies [24,63].

Overall, the NA samples show a high extent of crosslinked formation,
while the C(N)—A—S—H gels in NHNA samples exhibit a lower extent of
the crosslinked structure. The NH samples illustrate the typical C—S—H/
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Fig. 6. 2°Si MAS NMR of SAASG at 3 and 28 days.

C—A—S—H gels formation, and its MCL is significantly lower than that of
C(N)—A—S—H gels in NA samples. It confirms that the NaAlO, activa-
tion introduces extra AI(OH), into the silicate chain. More bridging Al
results in a longer MCL, further leading to more Na*' ions bonding at
silicate chain end (when Ca?' ions are insufficient). This transfers the
hydrated gels from C—(A)—S—H to C(N)-A—S—H.

3.2.2. %Al MAS NMR
The 2’ A1 MAS NMR data of raw materials are shown in Fig. 7, and the

parameters of their deconvolution fitting curves are listed in Table 8.
The %Al MAS NMR data of anhydrous slag illustrate a broad resonance
at around 65 ppm (Fig. 7 (a)). It represents an Al[IV] site in the raw slag
[64]. The resonance with a weak intensity at 10.3 ppm represents an Al
[VI] site in the raw slag, which is similar to previous study [57]. The 2771
MAS NMR data of anhydrous waste glass exhibit a broad resonance at
around 57.5 ppm (Fig. 7 (b)), corresponding to Al[IV] site in the raw
waste glass.

Three distinct Al environments (AI[IV], Al[V], and Al[VI]) of SAASG
pastes at day 3 and 28 are detected in the 2’Al MAS NMR pattern (Fig. 8)
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Table 6
295i MAS NMR of paste samples.
Sample Q' Q% (1AD Q2 (0AD Q% (1AD Unreacted waste glass Q3 (0AD Q* (4AD Q* (0AD
NA3-3 days Pos. (ppm) —82.5 -85 91 —92 -95 —96.6 -89.1 -103
Width 28 20 12.5 16 21 14.5 2.45 16.78
Integral(%) 45 11.4 41.9 3.3 0.6 8.4 2.2 27.7
NA3-28 days Pos. (ppm) -82.5 -85 91 —92 -95 —96.6 -89.1 -103
Width 28 20 12.5 16 21 14.5 2.45 16.78
Integral(%) 10.3 8.5 24.4 25.1 0.1 6.6 2.9 22.2
NHNA3-3 days Pos. (ppm) -82.5 -85 -91 —-92 -95 —~96.6 -89.1 -103
Width 28 20 12.5 16 21 14.5 2.45 16.78
Integral(%) 15.7 2.9 28.6 20.9 0.01 0.1 1.2 30.6
NHNA3-28 days Pos. (ppm) -82.5 -85 -91 —-92 95 —~96.6 -89.1 -103
Width 28 20 12.5 16 21 14.5 2.45 16.78
Integral(%) 15.7 2.9 28.6 20.9 0.01 0.1 1.3 30.6
NH3-3 days Pos. (ppm) —82.5 -85 -91 —-92 -95 —96.6 / -103
Width 28 20 12.5 16 21 14.5 / 16.78
Integral(%) 14.6 0.1 35.8 24 3.3 0.8 / 22.3
NH3-28 days Pos. (ppm) —82.5 -85 -91 —-92 -95 —96.6 / -103
Width 28 20 12.5 16 21 14.5 / 16.78
Integral(%) 14.1 0.1 25.8 30.6 3.3 0.9 25.2
zeolite A intensities. It is due to that the solo NaAlO, activator promotes
Table 7 the Al species incorporation in the formation of zeolite A.

Mean chain length and Al—Si substitution of C(N) — A — S — H gel.

Groups MCL;,¢ MCL, Al-Si substitution
NA3-3 days 28.2 64.7 0.1

NA3-28 days 9.2 38.8 0.1

NHNA3-3 days 6.2 22.7 0.03

NHNA3-28 days 6.2 22.7 0.03

NH3-3 days 6.9 27.2 0.001

NH3-28 days 5.7 28 0.001

at 52-75 ppm, 39.8 ppm, and 5-15 ppm, respectively [65]. The pa-
rameters of their deconvolution fitting curves are listed in Table 9. The
profile of the NMR spectra shows similarities between NA and NHNA
samples including 4 Al[IV] sites at 75 (qz[I]), 67 (q2 [11]), 59.4 (Al[IV]-
2), and 57.5 (Al[IV]-1) ppm, which is consistent with the dissolution of
raw materials and the formation of aluminosilicate reaction products
(zeolite and C(N)—A—S—H gels). The presence of Al[V] corresponds to
the crosslinked C(N)—A—S—H gels structure as reported in the previous
studies [60,61], while AI[VI] represents different reaction products
varying in NA and NH samples, corresponding to zeolite [66] or
hydrotalcite [65], respectively. Particularly, the NA samples have a
significantly high zeolite A peak while the NHNA samples show lower
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Fig. 8 (a) and (b) show the 27 A1 MAS NMR analysis of the NA3 sample
from 3 to 28 days. The q? aluminate species at 75 and 67 ppm are
assigned to two different local environments q2[I] and q2[II], respec-
tively. Meanwhile, the resonance at 57.5 ppm is assigned to Al[IV]-1
site. These locations have been attributed by previous investigations
to Al replaced into paired tetrahedra in C(N)—A—S—H gels [67]. The
deconvolutions also show high intensity at 62 ppm corresponding to q3,
which means high levels of cross-linking in the C(N)-—A—S—H gels
structure. It is also in agreement with the 2°Si MAS NMR analysis.
Typically, the AI[IV]-2 aluminate species at 59.4 ppm are associated

Table 8
27A1 MAS NMR of raw materials.
Sample Al[1V] Al[VI]
Slag Pos. (ppm) 65 10.3
Width* 26.50 9.00
Integral (%) 96.71 3.29
Waste glass Pos. (ppm) 57.5 /
Width 17.20 /
Integral (%) 100 /
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Fig. 7. 27A1 MAS NMR of raw materials (a) slag; (b) waste glass.
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Fig. 8. Al MAS NMR of SAASG at 3 and 28 days.

with tetrahedral Al in zeolite A [68]. Simultaneously, the Z[I] peak at
10.5 ppm is from the octahedral Al zeolite A [66]. The Z[II] aluminate
species (octahedrally coordinated Al) at 14.7 ppm increases with the
curding ages shown in Table 9. It represents that the tetrahedrally co-
ordinated Al of zeolite A transfers to octahedrally coordinated Al [69]. It
is due to the change in the Al chemistry of the activated system. The
decrease of pH environment in the pore solution leads to more presence
of octahedrally coordinated Al, leading to more octahedrally coordi-
nated Al in zeolite A. The q4 sites at 52.5 ppm are assigned to Q*(4AD
owing to the zeolite A [65].
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The NHNAS3 samples show a limited increase of 2 Al[IV] sites (75,
and 67 ppm) from 3d- to 28d-curing days (Fig. 8 (c) and (d)), repre-
senting a similar level of cross-linking in the C(N)—A—S—H gels. It is in
line with 2°Si MAS NMR results. It is worth mentioning that the slight
increase of Al[VI] aluminate species at 5.6 ppm suggests the existence of
a third aluminate hydrate (TAH) [70]. It is intimately associated with
the formation of C—S—H gels [71]. This is caused by the participation of
NaOH that promotes the formation of the C—S—H gel.

Besides, the chemical state of Al in NH3 at 3 and 28 days shows the
highest resonance at 57.5 ppm corresponding to C—S—H gels (and a
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Table 9
27A1 MAS NMR of paste samples.

Sample Q[ Q1] ' Al[IV]-2 Al[1V]-1 q* Al[V] Z[I1]/HT([11] Z[1]/HT[1] TAH

NA3-3 days Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 / 10.5 /
Width 6 8 6 2.6 6 10 6 / 8 /
Integral(%) 412 6.32 14.46 26.13 22.64 15.99 2.86 / 7.48 /

NA3-28 days Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 /
Width 8 8 6 2.6 6 10 8 5.8 12 /
Integral(%) 2.30 2.35 8.29 21.53 23.54 14.84 3.43 7.42 16.29 /

NHNA3-3 days Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 5.6
Width 8 8 6 2.8 7 12 6 5.8 5 5
Integral(%) 4.41 5.38 12.46 26.27 28.14 17.60 2.27 0.50 2.31 0.67

NHNA3-28 days Pos. (ppm) 75 67 62 59.4 57.5 52.2 39.8 14.7 10.5 5.6
Width 8 8 6 2.8 7 12 6 5.8 5 5
Integral(%) 5.88 6.23 17.14 23.44 25.07 15.27 217 1.02 2.25 1.54

NH3-3 days Pos. (ppm) 75 67 62 / 57.5 52.2 39.8 14.7 10.5 5.6
Width 6 8 6 / 7 10 6 5.8 6 5
Integral(%) 0.24 4.58 4.80 / 25.72 17.35 1.92 32.68 9.70 3

NH3-28 days Pos. (ppm) 75 67 62 / 57.5 52.2 39.8 14.7 10.5 5.6
Width 15 8 6 / 8 10 6 5.8 6 5
Integral(%) 13.61 8.17 6.79 / 44.74 17.83 2.82 0.80 3.34 1.90

small amount of C—A—S—H gels) as shown in Fig. 8 (e) and (f). Mean-
while, the TAH site (in NH samples) at 5.6 ppm shows the highest in-
tensity among the SAASG samples. As mentioned above, it is intimately
related to the formation of the C—S—H gel. It suggests that the C—S—H s
the primary gel type in NH samples. In addition, the resonances at 14.7
and 10.5 ppm are assigned to HT[II] and HT[I] sites, relating to the
formation of hydrotalcite [65]. The remarkable decrease of HT[II] and
HTII] sites is associated with the transformation of the hydrotalcite
phase into TAH during the curing ages.

In summary, based on the 295i and %Al MAS NMR results, the
NaAlO; activator significantly contributes to a higher Al substitution for
Si. It leads to a higher amount of Q3 (1AD of Si-species formation,
transferring the primary gel formation from C—(A)—S—H to C(N)—
A—S—H. It potentially enhances the Na participation into gels. Simul-
taneously, the Al participation increases the mean chain length of gels,
and more crosslinked gel structures are obtained. The extra Al also
transfer the hydrotalcite formation into TAH during curing.

3.3. Characterization of microstructure and mineralogy

Fig. 9 and Fig. 10 show the SEM micrographs of SAASG pastes at 3
and 28 days, respectively. The Si(OH)4 and AI(OH), species are released
once the slag and waste glass specifies are in contact with the alkaline
solutions [72]. As shown in Fig. 9 and Fig. 10, the unreacted slag and
waste glass particles are adhered to the C(N)-A—S—H gels. The micro
cracking increases with the elevated equivalent NayO content, which is
caused by the high alkalinity of the matrix that leads to a higher risk of
efflorescence. A higher extent of carbonation results in a looser micro-
structure, and more micro cracks are formed during the carbonation of
activated waste glass. Notably, the NA pastes show the most refined
microstructure among the samples. This is because the NaAlO, activator
promotes the formation of C(N)—A—S—H gels by providing extra
Al(OH), species Moreover, the formation of C(N)—A—S—H gels reduces
the risk of efflorescence. More Ca and Na are captured by Al(OH), to
form C(N)—A—S—H gels, limiting the calcite and natrite formation.
Thereby, it reduces calcite and natrite formation during the air curing
period. Compared to C(N)—A—S—H gels, these carbonate-phases have a
relatively looser microstructure. The increase of micro cracking along
the curing ages may be also related to carbonation.

Fig. 11 and Fig. 12 illustrate the quaternary phase (Si-Al-Ca-Na) di-
agrams and their projection maps of SAASG in molar ratio at 3 and 28
days, respectively. As shown in Fig. 11, the calcium-poor C(N)—A—S—H
gels can be observed among the samples at 3 curing days. Because the
waste glass is poor in calcium content, the Ca" is mainly dissolved from
slag (10 wt% in precursors). The limited Ca®" resource leads to the
formation of calcium-poor C(N)—A—S—H gels. Besides, C(N)—A—S—H
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gels in NA and NHNA samples show a similar Al content (nearly 25 %
elemental ratio), which is close to the maximum possible value in C(N)—
A—S—H gels. Because only limited Al can replace Si sites to form geo-
polymers [73,74]. While in NH samples, low Al can be found in C(N)—
A—S—H gels (lower than 5 % elemental ratio). It is due to very limited Al
resources from slag (without NaAlO; supplement). The reaction prod-
ucts of the NH samples are easier to face efflorescence, so more NayCO3
and CaCOs can be observed. It is worth mentioning that the sodium-poor
C(N)—A—S—H gels can be observed in the NA3 sample, which is mainly
caused by the low alkalinity and relatively low sodium aluminate.

It can be seen from Fig. 12, that the reaction products in 28-d NA and
NHNA samples show that more calcium and sodium are incorporated in
C(N)—A—S—H gels. With the curing ages, more and more Si(OH)4 and
Ca?* dissolve from waste glass and slag and react with Al(OH), from
NaAlO; activator to form the C(N)—A—S—H gels. Compared to Na™,
Ca* has higher molecular weight and positive charges, it leads to more
Ca?t entering C(N)—A—S—H gels. The NMR results show that MCL,,. of
NA and NHNA samples decrease along the curing ages, which is due to
the Ca" participation. Previous studies also report that a higher calcium
in the geopolymers leads to a shorter silicate chain length [75-77].
While the NH samples generate a large quantity of Na;CO3, CaCOs, and
C—(A)—S—H gels at 28 days. The scatters with low Al content in NH
samples represent low content of C(N)—A—S—H gels in NH samples. This
is in line with the NMR results. Besides, the Ca?* from slag is beneficial
to the development of microstructure. More Ca?*-rich gels form and fill
the pores in the matrix as previous study reported [78]. A denser
microstructure of the matrix can be obtained by introducing more
calcium-rich raw materials (e.g. slag). It is worth mentioning that the Si/
Al ratio of one zeolite crystal should be similar to the one in the
cementitious gel surrounding the zeolite crystal [79,80]. The gels
compositions of NA samples show higher Al content than that of NHNA
samples at 28 days in Fig. 12. At the same time, the major zeolite type in
NA samples is zeolite A (NaggAlggSigeO384:216H20), and in NHNA
samples is zeolite Na—P; (NagAleSi10O32-12H20). The Al/Si ratio of the
zeolites are 1/1 and 3/5, respectively. It means that zeolite A has a
higher Al/Si ratio than zeolite Na—P;. It is in line with the EDS results of
gel compositions. The Al/Si ratios of gel and zeolite A in NA samples are
both higher than the Al/Si ratios of gel and zeolite Na—P; in NHNA
samples. It is due to the extra Al participation in the formation of re-
action products.

3.4. Efflorescence evaluation
3.4.1. Visual efflorescence observation

Fig. 13 exhibits clearly that NA3-56 days shows the lowest extent of
efflorescence, while NH5-56 days shows the highest extent of
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Fig. 9. SEM micrographs of SAASG at 3 days (a) C(N)—A—S—H gel; (b) Micro cracking; (c) Unreacted waste glass; (d) Unreacted slag.

efflorescence among the SAASG pastes at 56 days. The visual efflores-
cence of each paste as a function of curing ages is presented in Fig. Al.
The extent of visual efflorescence increases with the equivalent Na,O
content. It is associated with a higher pH environment of the pastes.
Compared to NA samples, the NH samples show an obviously more
intensive efflorescence. It is associated with the leaching of Na* from the
matrix. The NH samples possess more free Na™ ions than the NA sam-
ples. The presence of AI(OH), (in NA samples) from NaAlO, reduces the
extent of efflorescence by forming more C(N)—A—S—H gels. It can bond
more free Na® ions than NH samples. Besides, NA3 shows the lowest
extent of efflorescence because the primary reaction product of NA3 is
Na-rich C(N)—A—S—H gels. Therefore, less Na' ions are available to
leach out from the matrix during the efflorescence test process.

3.4.2. Indicative efflorescence results

Fig. 14 shows the indicative efflorescence test results of SAASG
pastes at 28- and 56-day air curing process. The statistics are overall in
agreement with the levels of visible efflorescence in Fig. 13. As can be
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seen from Fig. 14, the pastes show a higher extent of alkali leaching with
a higher equivalent NayO content. This is in consistence with the well-
established tendency in pore solution chemistry, i.e. increasing the
NayO content results in an enhanced alkalinity of the pore solution
[11,81]. Subsequently, more free Na' ions can be diffused during the
efflorescence process. At the same time, the higher NapO concentration
also increases the dealumination of Al in C(N)—A—S—H gels [82]. Thus,
it leads to a higher extent of efflorescence. In addition, NA3 samples
show the lowest extent of efflorescence among the samples. The low
alkali concentration of NA3 among the samples provides the lowest free
alkali ions in the pore solution. Simultaneously, the extra AI(OH),
transfer the reaction products from C—(A)—S—H to C(N)—A—S—H gels.
The longer MCL of “™~A=5-H captures more free Na™ ions, mitigating
the degree of efflorescence (this will be discussed in Sections 4.1 and
4.2). However, the hybrid activator group (NHNA5) shows an even
higher extent of efflorescence when NayO is 5 wt%. This is caused by the
increased micro cracks with the lowest compressive strength. The poor
microstructure leads to the strongest tendency towards efflorescence,
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Fig. 10. SEM micrographs of SAASG at 28 days (a) C(N)—A—S—H gel; (b) Micro cracking; (c) Unreacted waste glass; (d) Unreacted slag.

where free alkali ions can easily transport to the surface of the paste.

3.5. Compressive strength

The compressive strength of SAASG pastes are displayed in Fig. 15
from 3 days up to 28 days. NA samples group consistently has the
highest compressive strength at all ages, followed by the NH group and
NHNA group. The high compressive strength of NA pastes can be
ascribed to its large amount of C(N)—A—S—H formation, leading to a
denser matrix [9,82]. Besides, the NA samples show the lowest efflo-
rescence extent, which means less carbonation. The higher degree of
carbonation in NH and NHNA groups leads to lower compressive
strength as well [83]. The solo activators (NA or NH) show that a higher
alkali concentration leads to a lower compressive strength. The greater
alkalinity in the alkali activated waste glass system tends to have a
higher content of ionic species. It impedes the mobility of ions, thereby
procrastinating the polycondensation process. Consequently, the
compressive strength is lowered [15,84]. However, the higher alkali
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concentration in the hybrid activator increases the compressive
strength. It may be associated with a large amount of zeolite Na—P;
formation consuming mostly the alkali ion and extra Al(OH),. More-
over, the higher alkalinity is beneficial to the geopolymerization process
in NHNA samples. On the other hand, more zeolite Na—P; formation
lessens the alkali ion and Al(OH), participating in the formation of gels.
Compared to NA and NH systems, less formation of gel results in the
lowest strength.

4. Discussion

This study assesses the possibility of using sodium aluminate to
tackle the efflorescence of activated waste glass and slag blends. The
NaAlO; activator transferred the gelation from conventional C—(A)—
S—H to C(N)—A—S—H that strongly helps to inhibit the intensive efflo-
rescence of alkali activated waste glass (AAWG). At the same time, the
relatively low pH of NaAlOs activator (compared to NaOH) also reduces
the potential of efflorescence. Moreover, the present findings showed
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Fig. 11. Quaternary phase (Si-Al-Ca-Na) diagrams and its projection maps of activated slag and waste glass powder in molar ratio at 3 days.

that the sodium aluminate activated slag and waste glass (SAASG)
exhibited high mechanical strength.

4.1. Effect of AI(OH), on the formation of gels in activated waste glass

Fig. 16 exhibits the effect of Al(OH), on the formation of gels in
activated slag and waste glass. On the one hand, more free AI(OH), in
the pore solution leads to more content of Q2(1Al) and Q3(1Al) in the
formation of gels according to the results in 2°Si MAS NMR. It represents
more bridging Al in the gels, leading to longer MCL. The longer silicate
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chain indicates that potentially more hydrogen can be replaced by cat-
ions (like Ca®>* and Na™) at the chain end. Since there is limited Ca®*
source in the SAASG, more Na™ can replace hydrogen site. Then the
formation of gels transfers from C—(A)—S—H to C(N)—A—S—H. On the
other hand, the relatively low pH of solo NaAlO, than solo NaOH (or
hybrid activator) is beneficial for the substitution of Si site by Al in the
gels. This can be explained by the decreased pH that changes the spectra
of tetrahedral Al(IV) but less for octahedrally bound Al(VI) [24]. More
tetrahedral AI(IV) is available to uptake by silicate chain. It is also re-
flected in the 2°Si MAS NMR results. This leads to the long-chain-length
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Fig. 12. Quaternary phase (Si-Al-Ca-Na) diagrams and its projection maps of activated slag and waste glass powder in molar ratio at 28 days.

gels. More Na™ ions have higher possibility to incorporate into gels when
Ca?* ions are insufficient in the matrix.

Overall, the extra Al(OH), species and the relatively low pH in the
pore solution are the keys to transform the gels from C—(A)—S—H to C
(N)—A—S—H in the activated glass system. Consequently, the sodium
species are chemically steadier in the matrix.

4.2. Effect of NaAlO2 on efflorescence in activated glass

Fig. 17 represents the influence of gels formation on the efflorescence
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process of NaOH and NaAlO, activated slag and waste glass. The NaAlO,
activator provides extra Al(OH), that promote the geopolymerization.
At the same time, the participation of Al(OH), monomers at the
bridging sites of the silicate chain drives the Na* adopted by C—A—S—H
to form C(N)—A—S—H gels [75]. Thus, the NaAlO activator effectively
stimulates AI(OH), and Na* to occupy the silicate and calcium sites,
respectively. It results in the crosslinked C(N)—A—S—H gel structure in
NaAlO; activated matrix. Consequently, a large amount of free Na™ ions
are captured by the C(N)—A—S—H gels, resulting in a high resistance
towards efflorescence. Generally, NaOH activated matrix lacks the
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Fig. 13. Visual efflorescence testing SAASG pastes at 56 days.
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Fig. 14. Efflorescence testing of sodium hydroxide and sodium aluminate

activated slag and waste glass at 28 and 56 days.

activated matrix has a higher potential to face the carbonation issue.

S—-H

monomers, the primary reaction products are C—(A)

gels. Consequently, the numerous free Na™ ions in the pore solution are

4

Al(OH)

Thereby, the resistance of NaOH activated matrix towards efflorescence

is relatively lower than that of NaAlO, activated matrix.

at high risk of leaching. Simultaneously, the high alkalinity of NaOH

17
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Fig. 16. Effect of Al(OH), on the formation of gels.
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Fig. 17. Efflorescence process of NaOH and NaAlO, activated slag and waste glass.

Nevertheless, the C(N)-A—S—H gel content in the matrix is still
difficult to quantify. Therefore, the quantitative influence of the NaAlOy
activator is hard to evaluate. Investigating methods to quantify the C
(N)—A—S—H gels formation would be of scientific and practical interest
in controlling the efflorescence behavior in the future.

5. Conclusions

This study utilizes the sodium aluminate to activate waste glass and
slag blends to mitigate the efflorescence behavior. Results show that the
sodium aluminate provides extra Al(OH), that promote the formation of
C(N)—A—S—H gels in a relatively low pH environment. The formed C
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(N)-A—S—H gels have longer MCL that can capture more Na' that
significantly improves the resistance of efflorescence (less free Na* in
the pore solution). The present results contribute to understanding of the
role of Al(OH), in the activated waste glass system. The following
detailed conclusions can be drawn:

e Sodium aluminate activator provides more Al(OH), in the pore so-
lution, which promotes the formation of C(N)—A—S—H gels (major
product) and zeolite A (secondary product). Sodium hydroxides
activated glass produces Si-high, Al- and Ca-low gel as the dominant
reaction product.
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e Along the curing, the gradually dissolved Ca?" ions from slag form
more Ca-rich rather than Na-rich C(N)—A—S—H gels regardless of
activator types. Compared to Na', higher molecular weight and
positive charges in Ca®" are easier to be incorporated into C(N)—
A—S—H gels. It also results in the shorter MCL of C(N)—A—S—H gels.
Sodium aluminate provides more Al(OH), in the relatively low pH
environment in activated glass system. Aluminate tetrahedra acts as
cross-linking agents, linking the silicate tetrahedra together and
promoting the formation of a three-dimensional gel network. A
longer MCL leads to more hydrogen sites (at end-chain Q! silicate
specie), which can be replaced by cations on the silicate chain. More
Na™ can be captured into the gels, forming more C(N)—A—S—H.
The resistance of efflorescence is enhanced by the extra Al(OH),
from sodium aluminate activator that captures more Na* to form Na-
rich C(N)—A—S—H gels. Relatively low pH of sodium aluminate also
lessens the risk of efflorescence of the matrix. Moreover, the sodium
aluminate improves the mechanical property by supplementing extra
Al resources to form a denser microstructure.

Nevertheless, shrinkages of the sodium aluminate activated waste
glass and slag are observed, partially also due to the thermal curing
process. Exploring approaches to deal with the shrinkage issue would be
of scientific and practical interest in terms of sodium aluminate acti-
vated waste glass.
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Appendix A

Table Al

Quantification of XRD results at 3 days (wt%).

NA3-3d NA4-3d NA5-3d NHNA3-3d NHNA4-3d NHNAS5-3d NH3-3d NH4-3d NH5-3d

Calcite 0.00 0.00 0.00 1.00 1.30 1.53 1.04 1.59 1.38
Hydrotalcite 0.00 0.00 0.00 0.00 0.00 0.00 0.51 0.92 0.66
Katoite 0.00 1.68 1.97 0.88 0.63 0.43 0.00 0.00 0.00
Zeolite Na-P; 0.00 0.03 0.07 1.12 10.69 16.07 0.00 0.00 0.00
Natrite 0.00 0.61 0.29 0.80 0.49 0.86 2.33 4.39 6.01
Zeolite A 3.04 3.20 3.27 3.56 0.76 0.34 0.00 0.00 0.00
Amor. 96.96 94.47 94.40 92.63 86.12 80.77 96.11 93.10 91.96

Table A2

Quantification of XRD results at 28 days (wt. %).

NA3-3d NA4-3d NAS5-3d NHNA3-3d NHNA4-3d NHNAS5-3d NH3-3d NH4-3d NH5-3d

Calcite 0.00 0.00 0.00 0.88 2.21 1.93 1.00 1.52 1.94
Hydrotalcite 0.00 0.00 0.00 0.00 0.00 0.00 0.76 0.97 1.34
Katoite 0.00 4.83 6.18 0.48 0.76 0.24 0.00 0.00 0.00
Magnesite 0.00 0.00 0.00 1.51 2.41 1.54 1.66 2.67 3.11
Zeolite Na-P; 0.00 2.50 0.80 1.11 17.16 20.40 0.00 0.00 0.00
Natrite 0.00 0.00 0.00 0.93 0.92 1.20 0.93 1.58 3.99
Zeolite A 5.34 8.19 8.36 2.79 0.93 0.60 0.00 0.00 0.00
Amor. 94.66 84.49 84.68 92.31 75.61 74.09 95.67 93.28 89.61
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Fig. Al. Visual efflorescence testing of SAASG pastes at different curing ages.
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Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.cemconres.2024.107527.
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