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Abstract

The feasibility of a waste glass powder residue (GP) from glass recycling as partial mineral

precursor to produce alkali-activated materials is investigated. GP served as powder coal fly

ash (PCFA) replacement within a reference system composed of 50% PCFA and 50% ground

granulated blast furnace slag (GGBS). Compared with PCFA, GP was better involved in the

alkali activation process by having a higher silica and Ca dissolution. Furthermore, increasing

GP replacement up to 30% prolonged the induction period, facilitated the gel formation and

yielded a 35% higher 28-day compressive strength. These observations are similar to the effect

of using both sodium hydroxide and sodium silicate as alkali activator in alkali-activated

slag/fly ash systems. A higher polymerization of the gel network was also observed.

Microstructure analysis indicated that the main reaction product is a calcium silicate hydrate

type gel substituted with Al and Na (C-(N)-A-S-H type gel).

This work largely contributes to the understanding of the reactivity and potential of GP and

promotes its practical utilization as a mineral precursor in the production of alkaline cements.

Keywords: Waste glass; Alkali activated material; Microstructure; Fly ash; Slag
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1 Introduction

Fast growing world population and its related industrialization have raised concerns about the
environmental consequences of waste handling. Nowadays, many industries have started
investing in optimization of waste disposal management systems to fulfill the national and
international legislations. The development of a circular economy of mineral waste materials
within the Netherlands and the European Union (EU) has been found to be highly potential
and economical profitable. The potential waste materials are promoted to be recycled and re-
used as primary or secondary raw materials in other industrial processes to lower their
negative environmental impacts and preserve natural resources.

Within glass industry, the glass recycling has reached a relatively high average rate (>70% in
the EU and >90% in the Netherlands) [1]. However, there are still some challenges related to
non-recyclable glass fraction which does not meet the criteria for reuse in the production
process of new glass. About 20,000 tons/year of such glass residue (glass powder and glass
granular) are produced in the Netherlands [2] and most of this waste is sent to landfills. One
possible solution for managing this waste glass fraction is to use it as a solid precursor in
building materials. Previous studies [3-5] have already shown attempts to incorporate glass
fractions into Ordinary Portland cement (OPC) concrete, with general focus on replacement
of fine aggregate. However, their use as supplementary cementitious materials (SCMs) in OPC
concrete is still scarce.

In recent decades, alkaline activation technology has emerged as an effective tool able to use
different wastes and industrial by-products as solid precursors to produce cementitious

materials. Compared with OPC, alkali activated materials (AAMs) offer a large reduction in CO,
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emissions (up to 80%) [6] and have comparable or better performance (such as high

mechanical strength at early ages, high stability in aggressive environments and resistance to

elevated temperatures). Fly ash and blast furnace slag are currently the most intensively used

solid precursors to produce alkali activated cement/concrete [7-10]. Many researchers have

found that the binary system of alkali-activated slag/fly ash has an improved mechanical

properties and durability [11-13]. The enhanced mechanical performance and durability of

alkali-activated slag/fly ash have attracted great attention by both scientific community and

construction industry. The previous studies on alkali-activated slag/fly ash are mostly on the

microstructure and mechanical properties, as well as some efforts on understanding the

chemical makeup and formation mechanism of the reaction products [10, 14, 15].

To our best knowledge, studies on using waste glass in alkali-activated slag/fly ash systems

are still rare. Only few studies dealing with waste glass as precursor in AAMs can be found in

the literature. For instance, Tashima et al. [16] investigated the properties and microstructure

of glass fiber waste activated by alkaline metal sodium (Na) and potassium (K) solutions. A

compressive strength of 77 MPa was found for mortars activated by 10M NaOH solution and

cured for 3 day at 65°C. Pascual et al. [17] used metakaolin (MK) to replace a part of the GP to

introduce Al and also to stabilize alkali ions in the system and observed increment of the

compressive strength with MK content of up to 8%. In contrast, the compressive strength

decreased when the content of the MK was lower than 3%. Redden et al. [18] reported that

NaOH activated GP provides higher compressive strength than NaOH activated fly ash.

Through microstructural analysis, they observed that the main reaction product was a sodium

silicate gel in alkali activated GP, while a combination of sodium silicate and sodium
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aluminosilicate (N-A-S-H) gels was identified in GP-fly ash blends. Torres-Carrasco et al. [19,

20] investigated the possible use of waste glass as an activator in alkali activated slag mortar

and found that using NaOH/Na,CO; and glass mixture solution as activator increases the

compressive strength.

This work presents an investigation on the utilization of waste glass as partial mineral

precursor in alkali-activated slag/fly ash systems for production of alkaline cements. The main

aim is to valorize this kind of waste to enlarge its utilization in other industrial processes and

to promote a sustainable construction.
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2 Materials and methods

2.1 Materials

The mineral precursors used in this study are a granulated blast furnace slag (GGBS), a class F
powder coal fly ash (PCFA) according to ASTM C 618 and a waste glass powder (GP) residue
fraction supplied by Van Gansewinkel Maltha, the Netherlands. Unlike ordinary GP which is
manufactured by crushing and grinding, this fine GP residue fraction is collected during the
bottle glass recycling process. Material density for GGBS, PCFA and GP are 2890 kg/m?, 2440
kg/m?3and 2174 kg/m?3, respectively. Their particle size distribution curves are shown in Figure
1, with d50 particle size to be 17.88 um for GGBS, 33.19 um for PCFA and 5.07 um for GP.
Chemical compositions of all precursors were determined by X-ray fluorescence (XRF)
considering the loss on ignition (LOI) at 950 °C and is shown in Table 1.

The alkaline activator solution was prepared by dissolving NaOH pellets (analytical grade,
purity=98%) in distilled water. The selected NaOH concentration is 4M, which is defined to be
optimal taking into account the fresh and hardened performance of alkali activated

GGBS/PCFA system [21-24] as well as the final costs.

2.2 Methods
2.2.1 Mix design

The starting point was a reference mixture of 50% PCFA and 50% GGBS (named R). Through a
partial replacement of PCFA by GP, 3 paste mixtures with 10%, 20%, and 30% of GP (named
respectively G10, G20 and G30) were prepared. The mix design of 4 mixtures is shown in Table
2. To study different levels of GP to PCFA replacement as main variables, the liquid to solid

(L/S) ratio was kept at 0.42 to maintain a suitable workability for all the investigated mixtures.
6
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The solid precursors were firstly mixed for 5 min using a HOBART® mixer at a low speed.
Alkaline activator solution was then added gradually and the batches were mixed for
additional 5 min at a medium speed. The fresh pastes mixtures were cast in polystyrene prism
molds (40 mm x 40 mm x 160 mm) and then compacted with a vibration table for four times
(each time for 30 seconds) before finally sealed with a plastic foil. The samples were cured in

a climate room (20 °C and 298% RH) until testing.

2.2.2 Testing Methods

The reactivity of both GP and PCFA were measured by chemical dissolution treatment as
described elsewhere [25-27]. The solid minerals were dissolved in the concentrated acid
solution and were afterwards treated with boiling potassium hydroxide solution. The obtained
residue was rinsed, heated up to 950 °C and then was cooled to room temperature in a
desiccator. The dissolved fraction corresponding to the mass loss after chemical dissolution
treatment is determined as the amorphous phase content. The amount of reactive SiO, and
Al,O; was also calculated.

Element dissolution tests of PCFA and GP in alkali activator solution were performed following
the modified NEN 7341 standard [25]. In total 5 g of mineral powder was added into 50 ml of
NaOH solution and stirred at 300 rpm using a magnetic stirrer. For each precursor, different
dissolution times were set as 5min, 0.5 h, 1 h, 2 h, 6 h and 12 h. After these times, the solutions
were separated from the remaining solids through vacuum filtration using a 45 um glass
micro-filter paper. The eluate was acidified with 5 vol.% nitric acid and diluted 100 times
before the Si, Al, Ca concentrations were measured using an Optima 5300 DV inductively

coupled plasma optical emission spectrometry (ICP-OES).
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Mechanical properties and microstructural characterization tests were performed on paste

samples cured for 1, 7, and 28 days as follows:

e Compressive strength was measured in accordance with NEN-196-1 [28] at 1, 7, and 28
days.

e X-ray diffraction (XRD) was conducted using a Philips PW 1830 powder X-ray
diffractometer, with Cu Ka (1.5406 A) radiation, tube setting to be 40 kV and 40 mA, a
step size of 0.030 °, and a 26 range of 5-70 °.

e Fourier transform infrared spectroscopy (FTIR) was performed using a Spectrum TM 100
Optical ATR-FTIR spectrometer over the wavelength range of 600 to 4000 cm™ with a
resolution of 1 cm™.

* [sothermal calorimetry was conducted using a TAM-Air-314 isothermal conduction
calorimeter. Calibration was done at 20 °C before measurements, which lasted for a
period of 120 h. The data were recorded every 1 min and two replicates for each mixture
were measured.

e Differential thermogravimetry (DTG) was performed in a TG-449-F3-Jupiter instrument.
The powder of samples was put in a small aluminum oxide crucible and heated from 40 °C
to 1100 °C at 10 °C/min in an argon protection atmosphere at a flow speed of 50 pL/min.

*  Environmental scanning electron microscopy (ESEM), with energy dispersive X-ray (EDX)
analysis, was performed using a Philips-XL30-ESEM. Samples were impregnated using an
epoxy and were polished prior to ESEM analysis. The EDX was performed at an
accelerating voltage of 20 kV. For 1, 7, and 28-day samples, 20 to 30 EDX measurements

were conducted on R and G30 at each curing age.
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3 Results and discussions
3.1 Precursor reactivity
3.1.1 Crystalline phases

The X-ray diffraction (XRD) patterns of GP, PCFA and GGBS are shown in Figure 2. The main
crystalline phases in GP are quartz (SiO,) and calcite (CaCO3) while the minor phases are
chamosite (Fe3Si,05(0H),), tobermorite (CasSisO14(0OH),), and tremolite (CaMgs(SiO,)3). These
crystalline phases can be related to the initial ceramic particle contaminates within the input
glass fraction. The PCFA crystalline phases are mainly quartz (SiO,), mullite (Al¢Si,O,3) and
hematite (Fe,03). In agreement with XRF results in Table 1, crystalline phases in GP and PCFA
also show high SiO, contents. GGBS contains mainly amorphous phases. All precursors contain
considerable amount of amorphous phases as can be reflected from the wide hump in the
XRD patterns (from 17° to 35° for GP or PCFA and from 25° to 35° for GGBS). As the existence
of abundant amorphous phases in GP is an indicator of reactivity, GP has the potential to be

used as precursor to produce cementitious materials.

3.1.2 Reactive phases composition

It is commonly recognized that the reactivity of aluminosilicate precursors is proportional to
the content of reactive SiO, and Al,0;. The presence of these elements is the key for
developing the geopolymerization process and gel formation [29, 30]. The reactivity in this
study is also represented by the amount of reactive SiO, and Al,O; in the precursor.

The amorphous phase content and related reactive SiO, and Al,O; content in GP and PCFA
were obtained by analyzing their insoluble residue (I.R.) and soluble fractions derived from

the chemical dissolution treatment. The reactive SiO,, Al,O; in GP and PCFA were calculated
9
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using the corresponding chemical composition of original precursors (Table 1) and I.R. (Table

3) together with its related I.R. fraction. The reactive amount of each element was calculated

using eq. (1):
M-0 M-0
M—=0 _ Myotal XWiotal — Mresidual X WDresidual _ _.M-0 M—-0
Wreactive = = Wiotal — Wresidual presidual
Myotal (1)

where M-O is SiO, or Al,Os, w is the percentage (%) and m is the mass (g).

The obtained results on reactivity of GP and PCFA are presented in Table 4. The analysis shows
that the amorphous content in GP is slightly higher (82%) than that in PCFA (77%). In addition,
about 80% of the total SiO, was found to be reactive. However, a significant difference in the
chemical composition was observed concerning Al,O; and CaO. The reactive Al,O; content in
GP (0.92%) is extremely low compared to that in PCFA (27%). On the contrary, the total CaO
content in GP (22%) is much higher, while PCFA only has very limited CaO content. These
results clearly imply that GP serves as silica and calcium precursor that has low aluminum
content. On the other hand, PCFA serves as silica and alumina precursor which is low in
calcium. These inherent differences in reactivity may eventually influence the microstructure

development of alkali-activated slag/fly ash with GP incorporation.

3.1.3 Solubility/dissolution rate

The element dissolution from mineral precursors is strongly related to their physical state and
chemical composition. The results of reactivity experiments have already indicated clear
differences between PCFA and GP and their reactive element composition. Dissolution
experiments of both precursors over time were performed to provide further details on

specific element release, which helps understanding the reaction kinetics and the early age

10
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microstructure development. A quantitative analysis was carried out on dissolution kinetics

of element Si, Al, and Ca in 4M NaOH solutions, which is shown in Figure 3. It is worth noting

that the NaOH concentration is equal to that of the alkali-activator used in paste mixture

preparation.

The Si release rate of GP and PCFA shown in Figure 3(a) are relatively stable and roughly linear

within the first 12 h. GP tends to have a slightly higher dissolution rate as its reactive SiO,

content is about 10% higher than PCFA, which results in a higher Si dissolution capacity. The

high rate Si solubility of GP could be also attributed to its smaller particle size [31].

The Al dissolution rate and concentration of PCFA shown in Figure 3(b) are much higher than

those of GP. This result is consistent with the reactivity of both precursors, since PCFA has

much higher reactive Al,O; content than GP. Figure 3(c) indicates a higher rate and

concentration of Ca release in GP than PCFA, which is in agreement with its higher Ca content.

Both curves reach a plateau after 2 h, indicating a high dissolution kinetics of Ca from

precursors in high alkaline medium. Since the energy required for detachment of Ca from the

system is much lower than Al-O or Si-O bond energy, Ca as network modifier in the

aluminosilicate glass as well as Ca in the more depolymerized slag structures is known to

dissolve quickly via metal-proton exchange reactions in alkaline environment [32, 33]. This is

also the reason behind the fast early-age reaction kinetics of high Ca AAMs. It is observed that

the final dissolved Ca concentration is not proportional to the original Ca composition, which

is due to the reason that a part of the Ca from dissolution has been already consumed in

precipitation reactions forming ‘hydrated’ cementitious gel [34] or reincorporated in the

reacting surface of precursor [35].

11
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3.1.4 Reaction heat of precursors

Isothermal calorimetry is conducted to evaluate the potential of NaOH activated precursors
and their reaction kinetics, which can also reflect their reactivity. Figure 4(a) plots the heat
flow of GGBS, PCFA and GP activated by 4M NaOH solution with an L/S ratio of 0.6 over the
first 80 hours. Two sub-calorimetric peaks are observed in each curve: The first peak correlates
with wetting and dissolution of the material. The second peak represents the reactions among
dissolved species like Si, Al and Ca. From the heat flow rate in Figure 4(a), GGBS shows the
highest reactivity while GP and PCFA only exhibit lower reactivity, although GP is slightly more
reactive than PCFA. Additionally, their cumulative heat evolution in Figure 4(b) displays the
same trend, where GGBS generates significantly the highest cumulative heat followed by GP
and then PCFA. This trend is in line with previous studies indicating higher reactivity of GGBS

compared with PCFA [36].

3.1.5 FTIR analysis

The reactivity of GP and PCFA have been analyzed by FTIR, which allows for monitoring the
chemical bond changes induced by the precursor reaction. The spectra collected before
chemical dissolution treatment is noted as ‘original’, while the spectra after treatment are
noted as ‘residue’. The FTIR spectrum of dissolved amorphous phases were obtained by the
subtraction of spectrum ‘residue’ from spectrum ‘original’ using OMNIC software [14]. The
spectrum obtained from subtraction is referred as ‘dissolved’.

The FTIR spectra of original, residue and dissolved phases in GP are presented in Figure 5(a).
Spectrum original of GP indicates a peak for quartz at 777 cm™ [37]. Both the peak at 874 cm™

and the relative broad hump at 1420 cm™ are associated with the presence of carbonate (CO5%)

12
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with different vibration modes: v,[CO;3]? for 874 cm™ and v;[CO;]* for 1420 cm™ [38]. The

broad peak centered at approximately 1005 cm is associated with asymmetric stretching of

Si-O-Si bonds. The stretching of Si-O-M (M being an alkali metal or alkali-earth metal) is found

at wavenumber 919 cm™ [39]. Considering GP is rich in Ca, the wavenumber could be

associated with Si-O-Ca bonds. For the spectrum residue of GP, the peak at 965 cm™ may be

associated with v5(Si-O) stretching vibrations in SiO, tetrahedral. The existence peak may be

related to other crystalline Si phases like tremolite. For spectrum dissolved of GP, it is evident

that peaks at 1005 cm™ and 919 cm™ are mainly attributed to its reactive silica content.

The spectra of original, residue and dissolved phases in PCFA are plotted in Figure 5(b). The

peaks at 777 cm™t and 796 cm™ correspond to quartz. The main band at 1039 cm™ represents

the Si/Al amorphous phases, which could be composed of high Al content [39]. For the

spectrum dissolved of PCFA, a huge drop of the broad hump at 1039 cm™ is found after the

chemical dissolution treatment which is related to dissolution of high amounts of Si and Al

from the solid precursor. The two peaks near 800 cm~t may be attributed to Si (Al)-O bonds or

Si-O-Al stretching bonds. The PCFA bonds at 1088 cm™ and 1162 cm™ are associated with

asymmetric stretching of (Si, Al)-O-Si of mullite phase.

The FTIR analysis of GP and PCFA shows that the reactive chemical bonds generally fall in the

range 1085-1092 cm, 997-1001 cm™ and 900-915 cm?, which mostly correspond to silicon

dominant structures (Si, Al'Y)-O-Si bonds or (Si, AlV)-O-M (M=Na or Ca) [40]. These bonds are

found to be highly reactive and largely determine the reactivity of aluminosilicate precursors

[40, 41].

13
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3.2 Compressive strength

The compressive strength development of paste mixtures with increasing GP as PCFA
replacement (from 0 to 30%) is shown in Figure 6. The 1-day strength is similar within all
mixtures whereas compressive strength increases significantly at 7 and 28 days with higher
amount of GP replacement. Compared with R (0% replacement), up to 35% strength gain is
observed in G30 (30% GP as PCFA replacement). This increase could be attributed to the
higher GP reactivity and availability of soluble silica provided by reaction between GP and
NaOH, which facilitates the geopolymerization process and leads to higher amount of gel
formation (Sections 3.3.3 and 3.3.4). In fact, the global activation process is comparable to the
conjugational effect of using sodium silicate and sodium hydroxide as alkali activator (Section
3.3.3). Previous studies also confirmed that this conjugational effect results in additional
available silica in the system and accelerates the gel polycondensation [42], which contributes
to better mechanical properties.

Additionally, fly ash is known to contain ‘hollow’ cenospheres and plerospheres, which are
prone to surface opening within dissolution process. Accordingly, the reaction products
formation is assumed to be stimulated on the inner PCFA surface [43, 44]. This phenomenon
has been also confirmed in PCFA cement paste blends, where reacted hollow PCFA particles
provide extra space for the reaction products [45]. The opening of the ‘closed’ voids in PCFA
was studied by alkaline solution treatment to substantiate that the PCFA in this study may
also accommodate reaction products. A comparison of the pore structure between original
and treated PCFA with 4M NaOH solutions for 2 h reveals obvious differences. As shown in

Figure 7(a), the total porosity of the original ash was 5.69% and increased to 17.42% after

14
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treatment. Additionally, Figure 7(b) indicates that the range of pore size broadens from 3-6

pm towards 2-10 um after alkaline solution treatment. All these evidences suggest that the

surface opening of hollow PCFA may increase the accessibility of the finer pores and hence

promote the reaction products formation inside PCFA particles. However, these reaction

products formed inside the PCFA ineffectively contribute to the bonding of particles, which

leads to a decrease in compressive strength. This effect tends to be weakened with increasing

the GP content because of the reduced potential for the PCFA to accommodate reaction

products. Therefore, increasing the GP content eventually leads to increment of the

compressive strength.

However, a considerable strength decrement is found in G10 compared to R at 7 and 28 days,

which implies that different mechanisms are involved at low replacement levels. This

unexpected tendency may be induced by finer particle size distribution of GP compared with

PCFA. Smaller particle size of GP as well as its angular shape may have a negative influence on

the packing density of mixture [46], which could lead to a compressive strength decrease.

Meanwhile, the lower density of mixture with GP replacement may also contribute to the

strength decrement. It is worth noting that these effects are only dominant on the

compressive strength development at low GP replacement levels (<10%). With higher GP

replacement levels (=20%), the dominating factor may gradually change from the physical

effect to a chemical one. Compared with R mixture, only a minor increase of gel formation is

found in G10 while a significant increase is observed in G20 and G30 mixtures (will be

discussed in Section 3.3.4). Consequently, only the G10 reveals the strength decrease

compared to R at 7 and 28 days.

15
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3.3 Microstructure Characterization
3.3.1 XRD analysis

The XRD patterns of samples after 1 day and 28 days curing are illustrated in Figure 8(a) and
(b) respectively. At each curing age, the XRD spectra are stacked to investigate the effect of
GP as PCFA replacement.

In all XRD patterns calcium silicate hydrate (C-S-H) phases (1.5Ca0-SiO,°xH,0, PDF# 00-033-
0306) are found near 29.4° which is in agreement with previous studies where C-S-H type gel
was the main reaction product in slag dominated AAMs [8, 10, 12, 47, 48]. Considering the Al
content in raw materials, this C-S-H type gel could have moderate Al incorporation into its
structure. The abundance of C-S-H phases is found to increase with higher GP contents. As
shown in Figure 8(b), the increase of GP replacement leads to a higher peak intensity of C-S-H
phase. This may imply that the reaction kinetics and microstructure development are affected
by GP replacement, which is in agreement with the observed difference in the reactivity and
the element dissolution of both precursors (Section 3.1). It is believed that a higher amount
of gel formation is achieved by increasing the GP content. To further validate such assumption,
isothermal calorimetry and differential thermogravimetric analyses were carried out and the
obtained results are further discussed in Sections 3.3.3. and 3.3.4.

Hydrotalcite (MgAl,CO5(OH)4°4H,0, PDF# 00-041-0191) is found at around 10.2° as the
second main reaction product in all mixtures at 1 and 28 days, which has been reported in
GGBS containing alkali activated systems [8, 47]. Hydrotalcite is found in all samples with
different levels of GP replacement, indicating that its formation within this alkali activated

system is dominated by GGBS with sufficient composition of Mg and Al. Quartz, mullite and

16
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hematite peaks are identified as the remnant crystalline phases of incompletely reacted PCFA

and their intensities change with different levels of GP replacement.

3.3.2 FTIR analysis

The FTIR spectra of paste mixture R, G10, G20 and G30 are shown in Figure 9. The overall
broad band of interest is located between 800 and 1200 cm™ as a result of phase overlapping
from both precursors and reaction products. This band is widely accepted in the literature as
the main T-O asymmetric stretching band and is used to study the changes of the amorphous
gel structure (Ca/Si or Al/Si ratio) in AAMs [49, 50]. The main band in all spectra is centred at
approximately 950 cm™, which is assigned to Si-O and/or Si-O-M bonds (M being alkali metal
or alkali earth metal) [51]. More specifically, it could be associated with the Si-O-Si bonds of
SiO, units (n=2) [52], which is the representative structure of aluminosilicate chains containing
C-A-S-H type gel formed in alkali activated GGBS.

From the analysis of the main T-O bands near 950 cm, it can be observed that when the GP
content increases, this band first shifts towards lower wavenumber from 1 day to 7 days but
then it shifts to a higher wavenumber from 7 days to 28 days. This behavior can be associated
with the type of vibrations: (i) the inner bond vibration inside T-O tetrahedral (T=Si or Al) and
(i) the vibration between T-O tetrahedral [53]. The lower force constant of Al compared with
Si in the harmonious vibration model leads to lower vibration frequencies of Al-O bonds than
Si-O bonds. Consequently, the observed main band shifts towards lower wavenumbers is due
to the formation of the reaction products with an increased substitution of Si by Al [54, 55]. It
is believed that Al dissolves more easily from the solid precursor structure due to the lower

binding energy of Al-O compared with Si-O bonds. Therefore, the reaction products at 1 and
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7 days curing have the tendency to form Al-rich structures [54, 56]. These findings are also in

line with previous studies on alkali activated fly ash [27]. At 28 days, the main band eventually

shifts to higher wavenumbers, indicating that more Si is incorporated into the gel network,

forming a more complete Si-rich structure. The phenomenon of main band movement to

higher wavenumber is also reported in cementitious systems as hydration proceeds and

indicates a higher polymerization degree and/or higher cross-linking of silica network in C-S-

H gel [57].

Furthermore, a more distinctive effect of the main band shifts can be observed in Figure 10.

A decline of the main band wavenumber at 1 and 7 days is found with higher GP replacements.

This effect can be associated with polymerization degree of the reaction products. Previous

studies on alkali activated GP observed sodium silicate gel formation within the system [18].

Higher GP replacement increases the amount of available silica at early ages, which have

major influence on the polymerization process. With higher silica concentration, soluble silica

in the pore solution at early ages is more likely to exist as monomer rather than highly

polymerized species [58]. Therefore, the initial average polymerization degree of the reaction

product is considerably lower. Accordingly, the main band is at lower wavenumber with higher

GP replacement at 1 and 7 days. On the other hand, the main band at 28 days with a higher

GP replacement shifts to higher wavenumber, which is in agreement with previous works

forming more Si rich and stable gel [54, 57, 59]. This also indicates a higher polymerization of

reaction products within the structure.
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3.3.3 Paste heat evolution

Isothermal calorimetry is conducted on alkali activated pastes to evaluate their reaction

kinetics and reaction degree. Heat flow curves of paste sample R, G10-G30 are shown in Figure

11(a). Two sub-calorimetric peaks are observed in all mixtures: The first peak is due to the

wetting and dissolution of precursors particles and the second broader peak corresponds to

the formation of reaction products. These results are in good agreement with those reported

for silicate activated GGBS or GGBS/PCFA blends [15, 36, 60]. A decrease in the intensity of

the second peak and a delay in its appearance is found with increasing GP. This longer

induction period corresponds to a slow initial reaction kinetics because of dissolution of GP,

after which the reactions finally accelerates when the ionic concentration reaches a critical

threshold concentration [61]. The fast formation of initial reaction products around the

unreacted GGBS or PCFA particles may account for this longer induction period. [62]. It is

believed that the layer of reaction products thickens with increasing GP amount and prolongs

the time required for available alkali and other useful species to penetrate through. Another

reason is the higher amount of available silica species dissolved at initial stage, which increases

the local activator modulus and eventually changes the local content of alkali activator.

Previous studies by 2°Si NMR proved that higher amount of silica species with low

polymerization degree (monomers) is achieved by lowering the activator modulus [63], which

can speed up the gel formation. On the contrary, increased local activator modulus by GP

replacement retards the reaction process and prolongs the induction period. Similar results

have also been found in previous studies in activated GGBS/PCFA mixtures [15, 64].
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The cumulative heat evolution of the paste mixtures is shown in Figure 11(b). A higher
cumulative heat is found with increasing GP content. It is well known that the total heat
release reflects the extent of reaction which may be correlated with enhanced compressive
strength development. The higher cumulative heat of activated GP compared to activated
PCFA (discussed in Section 3.1.4) can therefore be partly accounted for the observed higher
compressive strength (Figure 6) in these samples.

However, on the other hand, NaOH activated GP can produce soluble silica monomers that
are quite similar to the silica provided by water glass [19]. In fact, the calorimetric curves of
mixtures with increasing GP replacement share similar characteristics with those of alkali
activated GGBS/PCFA mixtures using NaOH and solid sodium silicate increasing silicate
modulus as activator [60]. Therefore, the higher cumulative heat release and the higher
compressive strength with increasing GP levels can also be partly due to the enhanced

reaction of GGBS by the more abundant released soluble silica.

3.3.4 Thermogravimetric analysis

Differential thermogravimetric (DTG) curves of the paste mixtures (R and G10-G30) of 28 days
are presented in Figure 12(a). The major DTG peaks for all samples are between 105 to 300 °C,
while the curves stabilize gradually after 500 °C. The observed loss from 105 to 300 °C in DTG
curves represents decomposition of major reaction products. Such results are in good
agreement with previous literature reporting that the C-S-H type gel dehydration is found in
the temperature range of 180 to 300 °C in OPC systems [65] and of 105 to 300 °C in alkali
activated GGBS [15]. Additionally, the C-A-S-H type gel was reported to decompose between

105 and 300 °C [66]. Accordingly, these results may imply that C-A-S-H type gel is the dominant
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reaction products in all investigated mixtures, which is responsible for the major mass loss.
The minor DTG peaks present at 300 to 400 °C in Figure 12(a) is attributed to the dehydration
and decarbonation of the present hydrotalcite [47], in line with existence of hydrotalcite
detected by XRD. Furthermore, very weak peaks are observed between 500 to 800 °C and
after 800 °C, mainly due to carbonated phases, decomposition and formation of new
crystalline phases.

It is assumed that the amount of main reaction products can be reflected by the percentage
of mass loss from 105 to 300 °C on the thermogravimetric (TG) curves in Figure 12(b). The
calculation is made with the assumption that the dominant reason for the mass loss within
105 to 300 °C is dehydration of C-A-S-H type gel. The sequence of mass loss is shown as
G30(6.36%)>G20(5.50%)>G10(4.33%)>R(4.16%), indicating that GP has significant effect on
the reaction process and largely facilitates the gel formation especially at higher replacement
levels. This result is in line with the data obtained from the calorimetry study which also
confirmed that the GP replacement enhances the total reaction degree of precursors and

leads to a higher cumulative heat production.

3.3.5 ESEM/EDX analysis

Back Scattered electron (BSE) imaging was performed on all paste mixtures (R and G10-G30)
after 1, 7, and 28 days curing. Representative images of R and G30 mixtures are shown in
Figure 13. PCFA particles are light gray colored and generally have regular spherical shapes.
GP and GGBS particles are irregular polygonal shaped and are brighter due to the greater
amount of Ca. The gel phase generally shows a darker grey color with grey level lower than

PCFA, whereas pores filled with epoxy are black.
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Comparison of the images of R and G30 pastes at the same curing time shows that G30 yields

a denser and more homogenous microstructure at all ages, with more areas for gel phases

and less pores. While paste R shows heterogeneously distributed pores, indicating a more

porous matrix. These results are in good agreement with those deduced from the

thermogravimetry and isothermal calorimetry, which again qualitatively prove that increasing

GP enhances the gel formation.

In order to get additional information about the reaction products, EDX analysis of multiple

randomly-selected points within the binder region (excluding unreacted particles) was carried

out on Rand G30 at 1, 7, and 28 days. Calcium, aluminum and silicon are normalized to 100%

on an oxide basis and plotted in the CaO-SiO2-Al20s ternary diagram in Figure 14, which can

reflect the nature of the reaction products in R and G30. It can be observed that for both R

and G30 the experimental data fall in the region of alkali activated slag [42, 47, 67] as well as

GGBS/PCFA systems [8, 10, 12, 15, 68-70]. Considering the poorly crystalline C-S-H phase

presence detected by the XRD and typical chemical bonds identified by FTIR analysis, the main

reaction products are assumed to be C-S-H gel dominant. In addition, Al incorporation into

the structure is identified by EDX indicating formation of a C-A-S-H type gel. Presences of Na

in the reaction products are also confirmed by EDX analysis on R and G30 mixture at 28 days,

which suggests the existence other analogous gel types. For instance, N-A-S-H type gel

intermixing with C-A-S-H type gel or C-(N)-A-S-H type gel (sodium incorporated C-A-S-H gel),

in which Na cations serve as negative charge balance in the structure. N-A-S-H type gel is

widely accepted as a 3-dimensional aluminosilicate network existing in activated PCFA [9, 27,

71] or activated GGBS/PCFA binders with a dominant fly ash content [10, 15]. Its gel structure
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453 is commonly accepted to be “zeolite” related and is strongly correlated with the formation of

454  crystalline zeolite within the system [22, 72]. In this study, the XRD patterns of all the paste

455 mixtures up to 28 days did not give any evidence of zeolite phases. Furthermore, FTIR revealed

456 no absorption band inside the main T-O band for N-A-S-H type gel. All these evidences imply

457  that N-A-S-H gel was not formed in the structure and the main reaction product in all alkali-

458  activated binders is a C-(N)-A-S-H type gel.

459
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4 Conclusions

This paper investigated the reactivity and potential of waste glass as partial replacement for
PCFA in alkali activated GGBS/PCFA systems. The precursors were systematically
characterized followed by a detailed microstructural analysis of the paste mixtures as well as
the reaction kinetics. The following conclusions can be drawn from this research:

* Waste glass powder exhibits high reactivity for alkaline activation under room
temperature compared with PCFA, which is due to its finer particle size, higher specific
area, high amorphous phases contents and high reactive phases content (Si, Ca).

*  The compressive strength increased by 35% with increasing GP (as a PCFA replacement)
up to 30% in the GGBS-PCFA-GP system. These results along with thermogravimetry and
calorimetry analysis confirm that the GP is actively involved in the reaction process.

eGP as PCFA replacement contributes to more available silica and Ca dissolution and
largely facilitates the gel formation. A higher polymerization of the gel network is also
observed.

* The compressive strength increment, the enhanced gel formation and the prolonged
induction period are similar with the conjugational effect of using both sodium hydroxide
and sodium silicate alkali activator in alkali-activated slag/fly ash system.

*  The microstructural analysis shows that the dominant reaction product is a C-(N)-A-S-H
type gel. No N-A-S-H type gel is formed in the system.

*  Thefeasibility of potential use of waste glass as binder precursor for production of AAMs
was confirmed. This can offer a solution for both alkaline cement industry to provide a
new precursor and glass industry to solve the storage issue and their related economic
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Figure 12: (a) Differential thermogravimetry (DTG) curves and (b) thermogravimetry (TG)

curves of alkali activated paste mixtures.

Figure 13: BSE images of paste mixtures R and G30 cured for 1, 7 and 28 days.
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Tables

Table 1: Chemical composition of solid precursors by XRF.
Oxide (Wt %) S|02 A|203 Fe203 Cao MgO 503 Nazo KQO LO|950

GP 65.60 2.37 240 2206 217 0.39 199 086 2.00
PCFA 5290 2696 6.60 436 150 0.73 0.17 - 3.37
GGBS 32.91 11.84 0.46 4096 9.23 1.60 - 0.33 1.15

Table 2: Paste mixture designs

Sample | L/Sratio | Activator | GGBS (wt. %) | PCFA (wt. %) | GP (wt. %)
R 50 0
G10 4M NaOH 40 10
0.42 ) 50
G20 Solution 30 20
G30 20 30

Table 3: Insoluble residue (I.R.) chemical composition of GP and PCFA by XRF
Oxide (Wt %) S|02 A|203 F6203 Cao MgO 503 Na,O K,0 T|02

GP 6224 7.96 077 1801 386 0.16 0.59 3.29 1.82
PCFA 43.59 50.59 3.18 0.189 - 0.12 - 0.69 1.46

Table 4: Amorphous phase and reactive element content (wt.%) in GP and PCFA

Amorphous Total Reactive Total Reactive Total

Precursor I.R. . .

content Sio, SiO, Al,O;  Al,O4 Cao
GP 18.14 81.86 65.60 54.31 2.37 0.92 22.06
PCFA 22.63 77.37 52.90 43.04 26.96 15.51 0.19
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776  Figure 13: Representative BSE images of paste mixture R and G30 cured for 1, 7 and 28 days.
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