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Abstract

This work undertakes research on alkali-activated glass cullet (AAGC), with glass being recycled from various
sources. Three types of glass are studied and compared: flat glass, hollow glass, and windshield glass. The study
conducted yields the main formulation parameters affecting the behavior of AAGC, namely the concentration of
activation solution KOH (1, 2, 3, 5, 7 and 10 mol/l) and the curing duration (1, 2, 4, 7 and 14 days) at 60°C.
These parameters are evaluated in terms of both compressive strength and flexural strength. Different durability
parameters are also examined in this work, i.e.: porosity accessible to water, capillary absorption, chloride ion
diffusion, sulfate attack, acid attack, and the alkali-silica reaction. Results show that for all three recycled glass
types, optimal synthesis occurs under the condition with 3 mol/l KOH and 7 days of curing at 60°C. Durability
tests reveal that AAGC synthesized from these three recycled glasses exhibit an acceptable resistance to acid
solution, sulfate attack and alkali-silica reaction despite their high permeability compared with ordinary Portland
cement (OPC).

Keywords

Recycled glass, alkali-activated materials, diffusion of chloride ions, sulfate attack, acid attack, alkali-silica

reaction, carbonation

1. Introduction

Alkali-activated materials such as geopolymers, as an alternative to Portland cement (Davidovits, 1991; Duxson
et al., 2007), have gained popularity over the last two decades. The term "geopolymer" is used herein to describe
aluminosilicate inorganic polymers (Davidovits, 1991, 1993), which can be produced by synthesizing pozzolanic
compounds or aluminosilicate materials with highly alkaline solutions. The possibility of varying the Si/Al molar
ratio, hence the structure and physicochemical properties of the geopolymers, extends the scope of application of
these materials. Most studies however have been limited to the use of certain fine minerals such as metakaolin
(Zibouche et al., 2009; Aly et al., 2008), silica fume (Prud’homme et al., 2010; Panias et al., 2007; Komljenovic
et al., 2010), blast-furnace slag (Maragkos et al., 2009; Mozgawa et al., 2009; Mohammadinia et al., 2016), fly
ash (Palomo et al., 1999; Kabir et al., 2015, ), natural pozzolana (Peng et al., 2017), red mud (Ke et al., 2015) or
rice hull ash (Hajimohammadi et al., 2017; Sturm et al, 2016). In fact, all these materials are capable of
supplying the reaction medium with silica and aluminum, both of which are necessary for the polymerization
reaction. Cyr et al. (2012) demonstrated that soda-lime-silica glass, despite its low aluminum content, could be

activated by an alkaline solution to form alkali-activated-like materials. Alkali-activated glass offers an
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alternative solution for introducing recycled glass when typical recycling routes are not available. For instance,
the use of recycled glass as aggregates in new concretes may lead to an alkali-silica reaction due to the high
amorphous silica and alkali contents in the recycled glass (Stanton, 1940). In the case of alkali-activated glass,
the high contents of these elements can be seen as an advantage during the synthesis of alkali-activated materials
(Cyr et al., 2012) because both components are involved in the alkali-activation reaction.

Three types of recycled glass have been studied in this work: recycled window glass, hollow glass, and
windshield glass. While these glass types benefit from recycling, the routes available are indeed limited, thus
prompting the exploration of new applications. Recycled window glass can be recovered from construction
waste; however, this kind of glass is difficult to reuse in the glass industry since the waste it generally contains
cannot satisfy the glass company's purity requirement. Recycled hollow glass accounts for a large share of
collected glass and is typically recycled to produce new packaging containers. Nonetheless, a fraction of this
glass cannot be easily recycled (e.g. small particles may not be reused since they are considered harmful to the
furnace). Recycled windshield glass originates from vehicle waste, yet the recycling process focuses mainly on
the reuse of metal components (e.g. 75% of a car).

The objective of this paper is to explore the possibilities of reusing these three recycled glass types as
construction materials. The alkali-activation of this recycled glass is studied by verifying different pairs of test
conditions, namely KOH concentrations and curing times. The durability of AAGC mortars is also evaluated
herein: transfer properties (porosity, capillary coefficient and diffusion), internal attacks (alkali-silica reaction),

external attacks (sulfate attacks and acid attack), and structural reinforcement (carbonation).

2. Materials and methods

2.1 Materials

Three types of glass have been used in this work: flat glass (Gr), hollow glass (Gn), and windshield glass (Gw)
(see Fig 1). Table 1 lists their physical and chemical characterizations. All glass specimens were ground to a
powder with similar specific surface areas (as determined by the Blaine method: NF EN 196-6) of around 4,000
cm?/g. This value was set according to Cyr et al. (2012) since the alkali-activated mortars prepared using this
specific surface area of glass have displayed good mechanical performance. All these specimens were primarily
composed of a high quantity of silica (70~72%) with ~14% alkali (Na;O), a large quantity of oxide calcium
(8~12%) and a slight amount of oxide aluminum (1~2%). A difference was noted for Gg, which contained less
aluminum and calcium (but more MgO) than either Gu or Gw.

The 0-2 mm sand used in the mortars was quartz according to Standard EN 196-1 (AFNOR, 2006a). The
alkaline activator during the investigation was potassium hydroxide, prepared at concentrations of 1, 2, 3, 5, 7
and 10 mol/l by dissolving KOH pellets in distilled water. KOH was chosen rather than NaOH because previous
work showed that it was the most effective activator (Cyr er al. 2012). It is to highlight that the pH of the
solutions used is very high. Safety precautions are taken when such solutions are handled.

[Insert Fig. 1 here]

Fig 1: Glass powders obtained after grinding
Table 1: Physical and chemical characterizations of the studied glass types

[Insert Table 1 here]
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2.2 Methods
The mortars cast were composed of three parts sand and one part glass (by mass). The alkaline solution-to-glass
ratio equaled 0.5 (by mass). The mortars were mixed according to European Standard EN 196-1. Each layer of
mortar was vibrated for 30 s in order to release air bubbles. The molds were sealed in plastic bags to minimize
moisture loss and then stored directly at 60°C. The specimens were demolded 1 day after casting, then sealed in
plastic bags and cured under different study conditions, i.e.:

= At 60°C for 1, 2, 4, 7 and 14 days respectively, then cooled to room temperature for compressive

strength tests.

= At 60°C for 7 days, and then cooled at room temperature (24 h) for the durability tests.

2.3 Experimental program
Figure 2 summarizes the experimental program carried out as part of the study, with each test being conducted
on three replicate samples.

[Insert Fig. 2 here]
Fig. 2: Summary of the experimental program part of the study

=  The compressive strength and flexural strength tests were performed with 4x4x16 cm prism specimens
according to European Standard NF EN 1015-11 (AFNOR, 2006b).

= The apparent porosity, capillary absorption and chloride diffusion were evaluated according to French
Recommendation AFPC-AFREM (AFPC 1997). All these tests were conducted on ® 11 x H 5 cm
cylindrical specimens.

= The external sulfate attack was performed on 2x2x16 cm prism specimens. The samples were immersed
in sulfate solution containing 50 g/l MgSO4 (5% by mass). The mass and dimensional variations were
measured every 7 days. Compressive strength tests were conducted after 240 days of storage and
compared to the 7-day compressive strengths of sound samples.

= The acid attack was performed on 4x4x4 cm cubic specimens immersed in a solution of HoSO4 (5%)
and NH4NO3 (480 g/1). The corresponding mass variations were measured every 7 days.

= The alkali-silica reaction (ASR) tests were conducted on 2x2x16 cm prism specimens. The accelerated
condition of ASR at 60°C and 100% RH was applied in accordance with the work of Idir et al. (2010),
and expansion measurements were recorded after the containers and prisms had been cooled for 24 h at
20°C. This test was based on Standard NF P 18-454 (NF 2004) and designed for concrete, although it
has since been validated on mortars (Moisson, 2005) and specimens sized 2x2x16 cm (Multon et al.,
2008; Idir et al., 2010). The variations in mass and dimensions were measured every 7 days.
Compressive strength tests were conducted after 240 days of storage and results were compared to the
7-day compressive strengths of sound samples.

= The accelerated carbonation test was carried out on 4x4x16 cm prism specimens according to French
Recommendation AFPC-AFREM (AFPC 1997). The samples were preserved in a carbonation chamber
at RH 65+5%, 50% CO; and room temperature. The carbonation effect was measured with the
conventional phenolphthalein indicator and evaluated by measuring the compressive strength of
specimens exposed in a carbonation chamber for 60 days and then under normal conditions up to 180

days (for a total of 240 days).
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3. Results

In order to optimize the formulation of AAGC mortars, a parametric study was carried out. The parameters
involved included the concentration of KOH activator solution and curing time. The mechanical properties of
activated glass mortars were evaluated for the purpose of identifying the optimal condition. Under the condition

subsequently chosen, the AAGC mortars were cast and tested for durability.

3.1 Optimization of the formulations

3.1.1 Choice of KOH concentration

Six KOH solution concentrations (1, 2, 3, 5, 7 and 10 mol/l) were studied. The compressive strength and flexural
strength were measured after 7 days of curing at 60°C (Fig. 3 a, b). Fig 3 a shows that the compressive strength
is not proportional to KOH concentration, since an optimal concentration was obtained at 3 mol/l. When the
concentration exceeded 3 mol/l, the compressive strength decreased. This phenomenon was observed for all
three recycled glasses. Fig. 3b indicates similar results for flexural strength, which reached a maximum value at
3 mol/l for Gr and Gy glasses. For the Gw glass, a fluctuation was observed between the concentrations of 3
mol/l and 7 mol/l.

[Insert Fig. 3 here]

Fig. 3: Effect of KOH concentration on the (a) compressive strength and (b) flexural strength of the AAGC
mortars - curing at 60°C (RH ~ 100%) for 7 days

The alkaline solution plays two roles in geopolymer synthesis. First, alkali metal cations alter the geopolymer
structural formation by virtue of their charge-balancing role (Duxson et al., 2007). In addition, OH" ions, acting
as a catalyst, attack the Si-O and Al-O bonds, leading to an initial dissolution of the aluminosilicate species. The
dissolved Si and Al species regroup with the geopolymer network, while at the same time releasing OH" ions
(Davidovits, 2002). Khale and Chaudhary (2007) summarized the effect of alkali concentration on mechanical
properties. These authors considered that a high alkali concentration favors the formation of aluminosilicate as
the dominant geopolymer product, which is also beneficial to the formation of C-S-H gel, thus resulting in
increased mechanical strength with the presence of a calcium source in the mixture. However, a higher alkali
concentration does not systematically lead to improved mechanical properties. The alkali concentration mainly
influences the pH of the geopolymer mixture. A higher pH environment makes the geopolymer specimen more
fluid and less viscous by favoring the dissolution of aluminosilicate sources, although it is less favorable for
geopolymer network formation (Phair and Van Deventer, 2001; Provis and Van Deventer, 2007). The suitable
pH value for geopolymer formation lies around 13~14 (Khale and Chaudhary, 2007; Phair and Van Deventer,
2002). An appropriate alkaline solution concentration is thus necessary for the development of mechanical
properties. In this work, the optimal KOH solution concentration was found at roughly 3M. The optimal effect
had already been highlighted by other authors. For example, Wang et al. (2005) showed that metakaolin-based
geopolymers had a higher compressive strength at 10 M NaOH concentration. The optimum for fly ash was
determined to be 12M for Palomoa ef al.(1999) and 14 M of NaOH for Phair and Van Deventer (2002). These
solutions are corrosive and handling must be done with caution.

Cyr et al. (2012) worked on glass powder-based geopolymers and found that the best mechanical properties were

obtained for a 5SM NaOH or KOH concentration; however, they did not study the 3M concentration level. This
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optimal effect might be explained by the fact that at low concentrations (< 3 mol/l), the siliceous network in the
glass is not sufficiently attacked by the alkaline solution and therefore fewer reaction products are formed (Cyr et
al. (2012)). When concentrations exceed 3M, the glass bead are probably attacked so fast that products might
form around the glass grains and the reaction would enter a diffusional system. The attack on glass grains would
be slowed and impeded by this layer (Cyr et al. (2012)).

In general, for materials commonly used in geopolymer synthesis, it appears that high concentrations are
required to obtain good mechanical properties, though such is not the case for glass. This finding could be
explained by the high alkali content (=13% Na;Oeq). An alkaline activation, while minor at first, is still
necessary to attack the siliceous network of the glass. This attack causes a release of alkalis from the glass, with
these alkalis then being available in the reaction medium to activate the sound glass network, which would make

this reaction a chain reaction.

3.1.2 Choice of curing time

With the chosen KOH concentration of 3 mol/l, the specimens were tested for compressive strength at 7 or 14
days, following different curing times at 60°C and RH ~100%. For the 7-day tests, the mortars were cured at
60°C for 1, 2, 4 and 7 days, with the remainder of curing at room temperature (20°C). The 14-day strength tests
were conducted on samples stored at 60°C at all times. Fig. 4 shows the compressive strength at 7 and 14 days,
as a function of the particular curing regime.

[Insert Fig. 4 here]

Fig.4 : Effect of curing time on the 7-day or 14-day compressive strength of specimens prepared with 3 mol/l

KOH solution activating the glasses and then cured at 60°C (RH ~ 100%)

Effect of type of glass:

The curing time exerted an impact on all glasses, yet Gu was more heavily impacted than the other two (Gr, Gw).
For short curing times, Gr and Gw glasses show similar evolution, while Gy displays lower values at early ages
(1, 2 and 4 days) but at 7 days still reaches the same compressive strength as Gr and Gw. No plausible
explanations stemming from the chemical composition or physical properties could be found; the reasons for
such a result might be related to the glass structure, which in turn could modify the dissolution kinetics. Further
investigations with NMR should be carried out in order to fully understand this result.

Effect of curing time:

It is observed that curing time has a significant effect on specimen compressive strength, independent of the
nature of the glass: the longer the curing time, the greater the compressive strength. Extending the curing time
from 1 to 7 days at 60°C increased compressive strength by a factor of 5. The linear trend of this increase in
compressive strength suggests that it would be possible to obtain better results with longer curing. This was the
reason why thermal treatment was prolonged to 14 days at 60°C. However, only a slight rise in compressive
strength was observed between days 7 and 14, corresponding to rates of 1, 1 and 0 MPa/day for G, Gy and Gw
glasses, respectively. Consequently, it would not seem necessary to extend thermal treatment beyond 7 days.
Thus, the durability tests were started and conducted on samples stored for 7 days at 60 °C and 24h at 20 °C.

Depending on the intended application for this material, acceptable strength values could even be reached at one

day, as shown by the Gr sample, which was close to 10 MPa after 24 h of curing at 60°C.
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In the literature, geopolymer binder based on metakaolin is known to have a rapid hardening, normally just 1 day
to achieve 80% of its maximum compressive strength at high curing temperature (Komnitsas and Zaharaki, 2007;
Khale and Chaudhary, 2007). Blast furnace slags tend to have short setting times unlike fly ashes which have
longer setting time (Nath and Sarker, 2014). In some cases, the addition of cement shortens the setting and
hardening times, mainly for fly ashes. For the specimens in this work, 7 days were needed to achieve a
satisfactory compressive strength, so this behavior is similar to that of fly ash.

This phenomenon can be attributed to the more highly polymerized structure of soda-lime glass compared to
precursors such as slag or metakaolin, since soda-lime glass is mainly composed of Q3 and Q4 species silica
(Jones et al., 2001). Moreover, it might also be related to the low aluminum content and absence of alkali-silicate
solutions to activate these glasses. The availability of aluminum in the reactive geopolymer mixture determines
both the kinetics of gel formation and compressive strength development (Fernandez-Jimenez and Palomo in
Provis, 2007). In their works, Mohammadinia et al., (2019) discussed various factors that may affect the
compressive strength of alkali-activated materials and their difference to geopolymers. Calcium content and Si /
Al ratios of precursors are important and determining factors. Calcium-rich systems facilitate the hydration and
formation of CASH gels called alkali-activated materials, and low-calcium systems and silica- and alumina-rich
precursors facilitate the formation of aluminosilicate gels called geopolymers. For the latter, the best mechanical
strengths are obtained for a ratio of Si /Al = 2. Although the kinetics of gel formation appear to be longer than
with metakaolin or slag-based geopolymer, they still yield a satisfactory compressive strength after 7 days of

curing, i.e. approx. 50 MPa.

3.2 Durability of glass powder mortars

The durability test specimens were prepared with 3 mol/l KOH and cured at 60°C for 7 days. Prior to testing, the
samples were cooled at room temperature for 24 h. Carbonation, chloride penetration and sulfate attack are the
three critical durability factors due to their adverse effect in aggressive environments; also, these factors are

correlated with the water absorption and permeability of materials (Bernal et al., 2014; Hossain et al., 2015).

3.2.1 Transfer properties

The durability of concrete mainly depends on the transport of aggressive substances (like Cl- and SO+%) in the
concrete matrix. As indicators of concrete durability, apparent porosity, capillary absorption and diffusion
provide information on pores and the transport status of the concrete. Apparent porosity gives the percentage of
open pores to the total apparent volume of the concrete. Capillary absorption is the measure of a material's ability
to spontaneously absorb and transmit water by means of capillary suction. The diffusion coefficient reflects the
kinetics of ion penetration into the concrete matrix.

Table 2 shows the results of the studied specimens. Cement mortar is presented here for purposes of comparison
with the specimens. Let's note that the transfer properties of AAGC are stronger than those of Portland cement
mortar.

The porosity of all three alkali-activated glasses was higher than that of cement mortar, which means that these
alkali- activated specimens are less dense and more porous. During the alkali- activation reaction, all water does
not participate in the formation of products but serves as the main support of reactions (Xu and Van Deventer,

2000; Rees et al., 2008; Duxon et al., 2007; Van Deventer et al., 2007). This released water causes pores to form.
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This process can explain the high porosity of g alkali- activated mortars compared to cement mortars. Figure 5
enables visualizing the apparent porosity of mortars. In comparing the 3 glasses, it is noted that glass Gw is the
least porous.

[Insert Fig. 5 here]

Fig. 5: State of the specimens after exposure to chemical attack

The diffusion coefficient values show a threefold difference with respect to mortar cement. This finding can be
explained by the ability of the cement matrix to better attach chloride ions. Consequently, the ions spread to a
lesser extent.

Considering the dispersion of results, alkali- activated specimens have a capillary coefficient some 5 times
greater than that of cement mortar. This outcome corroborates the results of the other two properties studied
herein, i.e. porosity and diffusion coefficient. These conclusions are in perfect agreement with Albitar et al.
(2017), who compared geopolymers made from fly ash to cement pastes.

Table 2: Transfer properties of the alkali- activated samples synthesized by a 3 mol/l KOH solution activating
the glass, cured at 60°C for 7 days (RH ~ 100%)

[Insert Table 2 here]

As previously reported by Zhang et al. (2017), controversy exists surrounding the performance of Alkali-
Activated Materials (AAM) vs. Portland cement concretes in terms of water absorption and permeability. Some
authors (Shi, 1996; Rodriguez et al., 2008; Mithun and Narasimhan, 2016) have shown that the water
permeability of AAM is less than that of OPC, while others support the opposite (Bernal et al., 2010; Yang et al.,
2016), although in both cases their works were conducted on alkali-activated slag. The results of this study align
with the first group. A number of authors (Borges et al., 2016) have related transfer properties to the silica
content of the materials: capillary absorption increases with the silicate content category of alkali-activated
materials. For Zhang et al. (2017), transfer properties depend on a set of factors, namely: the modulus of
activators, water/binder ratio, precursor type, curing time, activator concentration, SiO»/Al,Os3, and drying

duration, which in turn governs gel chemistry and pore structure.

3.2.2 Resistance to sulfates

Sulfate attack was carried out on the specimens through immersion in a 5% MgSOy solution. The dimensional
and mass variations were measured for up to 218 days (Fig. 6). Mass expansion and increase was detected in the
initial measurements (at 2 days) on all three specimens, which can be attributed to water intake into the pores.
After that, no distinct variation in dimensions or mass was observed until the last measurement. A white
precipitation was observed on the sample surface and in the solution as of the first week of conservation in
sulfate solution. This phenomenon had already been reported in the literature (Sigh et al., 2013). According to
Albitar et al. (2017), this white precipitate is composed of sodium carbonate (Na,CO3), which originates from
the reaction between the leached sodium hydroxide of the specimens and atmospheric carbon dioxide (CO»). Gu
specimens showed less precipitation than the other two specimens. In this study, the glass was activated with
KOH, which implies that the reaction products would, in this case, be potassium carbonate (K>COs). At the end

of the test, no visual degradation (surface erosion, cracking) was observed for all three specimens.
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OPC deterioration is generally attributed to the formation of expansive products within a concrete exposed to
sulfate sources. Ettringite is considered to be the main deteriorated product and is formed by the reaction of
sulfate ions with aluminate hydrate (Tylor, 1997). Cements, which have limited aluminum content, were
however also subjected to deterioration by sulfate attack (Idiart, 2011). Controversy thus arose over whether the
formation of gypsum through the reaction of calcium hydroxide (CH) and sulfate ions leads to expansion (Tian
and Cohen, 2000). In this work, the low aluminum content in specimens considerably decreases the possibility of
ettringite formation during exposure to sulfate solution. The calcium content (8~12%) in the raw materials can
cause gypsum formation, which might explain the observation of white precipitation. No expansion or
degradation was observed however for these specimens until the end of the test (218 days), which demonstrates
that the specimens were not susceptible to sulfate attack.

According to the literature, AAM tend to exhibit excellent sulfate resistance for various kinds of precursors: fly
ash (Fernandez-Jimenez et al., 2006; Djwantoro et al., 2014; Albitar et al., 2017), clay (Slaty et al., 2015), palm
oil fuel ash (Yusuf, 2015), and slag (Wang et al., 2016). Zhang et al. (2017) compiled the work completed on
geopolymer behavior withstanding sulfate attack. According to their conclusions therefore, the resistance of
geopolymers to a type of sulfate depends on the calcium content of the precursors: high-calcium alkali-activated
materials are less resistant to Na,SOs, as opposed to a low-calcium alkali-activation level, which would be more
resistant to MgSOs. This finding is due, according to Bakherv (2005), to the migration of alkaline ions into the
contact solution. Compared with Portland cement, AAGC exhibit better sulfate behavior, which according to
Sata et al. (2012) is owed to the reaction products (alkali-activation reaction products), being more stable than C-

S-H (cement hydration products).

[Insert Fig. 6 here]
Fig. 6: Variations in (a) dimensions and (b) mass vs. time for the specimens immersed in MgSQOy4 solution

3.2.3 Resistance to carbonation
In this study, the method used has been phenolphthalein spraying, which allows characterizing the carbonation

front of the material. Phenolphthalein was sprayed on the section perpendicular to the surface exposed to
carbonation; this section was obtained after cutting out the specimen. As shown in Fig. 7 for all three types of
glass, no front (visual sign) of carbonation appears and the entire specimen surface became shaded pink, which
appeared at a pH greater than 9.5 (AFPC-AFREM 97). This result could indicate that if indeed carbonation was
present, it did not cause a drop in pH below 9.5. The high solubility of sodium carbonate potentially formed
might also be cited as a cause, given that species can easily diffuse inside the porous network.

In an ordinary cement-based concrete, the carbon dioxide contained in the air may react with the hydrated
cement. When carbon dioxide diffuses inside the concrete, in the presence of water, it first reacts with portlandite
(hydrated lime, Ca(OH),) to form calcium carbonate (calcite, CaCOs). This formation leads to a decrease in the
concrete pore solution pH, which in turn causes the depassivation of steels, i.e. a pH below 11.4 (Parrot, 1987).
Carbonation in alkali-activated glass is different than in Portland-based systems, since no portlandite is being
formed. Moreover, the glass alkali (13% by weight) dissolve and maintain a high pH value. However, the
carbonation of alkali compounds can occur, hence other types of carbonates can be formed in this type of
product. Idir et al. (2011) observed the presence of sodium carbonates in glass precipitates attacked by an NaOH

solution. Bernal et al. (2012) and Pouhet and Cyr (2016) both observed the formation of alkali carbonate
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compounds in alkali-activated slag and alkali-activated metakaolin, respectively. The stabilization pH of these
types of carbonates was greater than 10.6 and therefore not low enough to be revealed by phenolphthalein; this

outcome would ascribe significant chemical stability to steels.

The mechanism implemented to carry out the carbonation reaction for Portland cements is very well known, and
standardized tests exist to define its kinetics. Few studies however treat this mechanism for the case of alkali-
activated materials (Bernal et al., 2012; Pouhet and Cyr, 2016) and the corresponding standardized tests are not
yet in place.

As with the transfer properties, the carbonation process of AAM is influenced by both precursors and activators.
In order to improve the resistance to carbonation in the cases of slag, metakaolin and fly ash, some authors
(Badar et al., 2014) suggested the use of a high activator concentration or else reduction of the precursor Ca
content. Using Na,SiO;3 instead of sodium carbonates would reduce carbonation (Deja, 2002). The curing
conditions (natural environment or accelerated tests) also exert an effect on the carbonation of AAM. Bernal et
al. (2012) found that as CO; concentration increased, sodium bicarbonate appeared, accompanied by a
monohydrate sodium carbonate and calcite (Bernal ef al., 2014). While in the natural environment, calcite is the
major carbonation product of AAM (Bernal et al., 2013). The accelerated carbonation, under which this study's
specimens are kept (RH of 65+5% and 50% CO»), promotes the formation of large amounts of sodium
bicarbonate. To obtain more reliable and representative results, Zhang et al. (2017) recommended an accelerated
carbonation of AAM at a CO; concentration of less than 1% and an RH of 65 + 5%.

As regards the efflorescence risks of AAM widely reported in the literature (Skvéra e al., 2009; Pacheco-Torgal
et al., 2010; Kani et al., 2012; Pouhet and Cyr, 2016), these do not appear to occur for AAGC under the present
test conditions. Upon completion of the accelerated carbonation tests, no efflorescence is present on the
specimen surface. This result can be explained by the low concentration of activating solutions used in the study
compared with those used for metakaolin or slag-based geopolymers (Kani et al., 2012; Cihangir et al., 2015), as
well as by the high curing temperature, which would reduce the appearance of efflorescence (as demonstrated by
Zhang et al. (2014) for the case of fly ash). The combination of high temperature and low concentration of active
solution serves to accelerate the geopolymerization reaction while reducing the availability of moving alkalis
(and activating solution), which would have crystallized on the surface and caused this efflorescence.

[Insert Fig. 7 here]

Fig. 7: Sections of specimens preserved under accelerated carbonation conditions, with a demonstration using

phenolphthalein of the sound and non-carbonated (colored) condition

3.2.4 Resistance to acid

Fig. 8 presents the mass variations of specimens Gr, Gy and Gw immersed in: (a) 5% H>SOj4 solution (pH=0.5),
and (b) 480 g/l of NH4NO; solution (pH=4.7) up until 220 days. The fluctuations at the initial measurements,
until 16 days, were caused by water intake into the specimen pores. Regardless of the solution, all three
specimen types experienced a similar trend of mass loss: rapid mass reduction followed by stabilization of the
curves. For the H,SO4 solution, the stabilized values were -1.07%, -0.88% and -1.39% for Gg, Gu and Gw,
respectively. At the end of the test, the solutions were still acidic with a pH value around 2.2 (ApH = 1.7). For
the NH4NO3 solution, the mass loss was greater, with the stabilized values being -1.45%, -0.71% and -1.46% for
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Gr, Gu and Gw, respectively. The final pH value was approx. 8.4, meaning that more alkali was being leached
(ApH = 3.7). In comparing these three specimen types, it can be noted that Gw had a much higher mass loss
while Gu produced the lowest values of mass variation regardless of the acid. This result may be in contradiction
with porosity, whose G,, sample value is lower than either Gy or Gr. One explanation lies in the type of pores:
smaller, more numerous, more interconnected and more tortuous in the case of Gw (Zajac et al., 2018), which
would facilitate leaching.

Alkali-activated materials are considered to have better resistance to acid attack than OPC (Fernandez-Jimenez
et al., 2007; Albitar et al., 2017), a finding possibly attributed to the stable AAM network and its low (or even
absence of) calcium, as well as to its high alkalinity, capable of neutralizing H* ions and altering the aggressive
environment. Degradation however has still been observed in extreme acidic environments. Davidovits et al.
(1999) found a 7% mass loss for a metakaolin-based geopolymer immersed in 5% H»SOs solution for 4 weeks.
Under the same acid attack condition, Bakharev (2005) studied a fly ash-based geopolymer with different
activators and found mass losses between 2% and 12%. Song et al. (2005) studied a fly ash-based geopolymer in
10% sulfuric acid and obtained a mass loss below 3% within 4 weeks. Allahverdi and Skvira (2001, 2005)
summarized the degradation mechanism as the de-alumination of the Al-O-Si structure and formation of an
imperfect siliceous structure due to framework vacancies. In this work, the alkali- activation products seemed to
be stable in the acidic solution, as the mass loss obtained was less than 2%. This slight mass loss can be
attributed to the leaching of excessive alkaline ions in the solution, which consequentially increased the solution
pH value. Degradation signs were observed, although they were less significant than those detected in OPC
under the same conditions. As shown in Fig. 9, the specimens immersed in sulfuric acid were cracked, and the
Gp-based specimens appeared to better resist than those made from Gr and Gw. The specimens preserved in
nitric acid did not sustain any degradation regardless of the type of glass used.

[Insert Fig. 8 here]
Fig. 8: Mass variation for specimens immersed in (a) 5% H>SOs solution, and (b) 480 g/ of NH4sNO3 solution

3.2.5 Resistance to the alkali-silica reaction

Fig. 9 provides the dimensional and mass variations of specimens preserved at 60°C, RH ~ 100% for accelerated
alkali-silica reaction testing. The first-week expansion (~0.4%) could be due to water intake into the pore
structure. Let's note however that compared to samples held in sulfate solution, the initial water intake was 0.1%,
and the remaining 0.3% might be related to rapid swelling due to the alkali-silica reaction, as is often the case for
opal in accelerated tests (Moisson, 2005). After the first week, the dimension was found to have varied by only a
small amount during the 220 days of measurements, regardless of the type of recycled glass. Similar
observations could be made for the mass, as specimens gained 1-2% mass after the first week. Beyond that time,
the mass was found to decrease slightly, to within 1%. This mass loss with time was most likely caused by
leaching of excessive alkali in the specimens.

ASR is considered to be the "cancer" of OPC concrete; it generally involves the attack of reactive silica by alkali
to form N,K-C-S-H gel in the presence of calcium. This gel can expand by absorbing the water and ultimately
cause concrete damage. Opal and some glass aggregates are known to be harmful components in concrete due to
their high contents of glassy SiO», which is highly reactive in forming ASR gel (Moisson, 2005; Gao, 2010). The
same concern thus arose regarding the use of recycled glass in this work since the high reactive silica content

levels are vulnerable to attack in the alkaline environment and can form ASR gel in the presence of calcium. No
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expansion however was observed and these results are in accordance with the literature. The rare works
conducted on the alkali-silica reaction in alkali-activated systems have revealed that negligible or no expansion
was observed despite the high alkali content. According to Li et al. (2006): "A geopolymer does not generate any
dangerous alkali-silica reaction because there are not enough free alkalis to react with the aggregates in order
to create alkali-silica gel." Na* and K* are fixed in the cavities of the SiO* and AlO™, thus counterbalancing the
negative charge of AI**.

This phenomenon can only explain a portion of our observations. The reactive silica in the recycled glass forms
N (K)-S-A-H products and ASR gel in an alkaline environment because of the low aluminum content in the glass.
Another part of the explanation would thus lie in the grain size used in this study (30 pm). Idir et al. (2010)
showed that gels stemming from the reaction of glass powder with an average grain size below 950 um are not
highly expansive. SEM analysis has indicated that two kinds of products could be found: N (K)-S-A-H (C in Fig.
10), and ASR gel (B in Fig. 10). This result confirms that AAGC have a good resistance to RAS. The gels
formed by the glass reaction in a basic environment are not or only slightly expansive.

The behavior of alkali-activated materials in withstanding the alkali-silica reaction remains relatively good in
spite of the strong presence of alkali in the medium. In cement-based materials, the alkali-silica reaction is
closely correlated with the alkali content of the mixture. Two reactions can indeed take place. The first, i.e. the
alkali-silicate reaction (ASR), which results from the reaction of aggregates with a reactive silica and the alkali
present in the mixture. This reaction produces a gel that swells in the presence of moisture and causes expansion
and damage to the concrete. The second reaction, i.e. alkali-carbonate reaction (ACR), results from the reaction
of aggregates with dolomite and alkali present in the mixture. The latter reaction is less common than the ASR.
Compared to OPC, alkali-activated materials display a different behavior in the presence of the alkali-silica
reaction (Al-Otaibi, 2008). For these authors, alkali-activated concrete has a low susceptibility to ASR expansion
due to alkali binding in the hydration products. For other authors, as reported by Leemann et al., the low calcium
content of the precursor lies at the origin of this effect, given the important role of calcium in the ASR process
(Leemann et al., 2011). When the sensitivity of AAM to the alkali-silica reaction has been demonstrated, high-
calcium materials are to be used, like in the case of blast-furnace slag (Bakharev et al., 2001; Chen et al., 2012).
[Insert Fig. 9 here]

Fig. 9 : Variations in (a) dimension and (b) mass vs. time for specimens preserved at 60°C and 100% RH

[Insert Fig. 10 here]
Fig. 10 : SEM micrograph and EDX of glass particle for Ge(A), amorphous alkali-silicate gel (B) and reaction
products (C) - mortar cured at 60°C and 100% RH for 240 days

4. Discussion

The results presented in this work prove that a consolidated material can be obtained by activating recycled glass
with an alkaline solution (KOH) under certain curing conditions (activator concentration, temperature, time, etc.).
An appropriate concentration of KOH solution (3 mol/l), an extended curing time (7 days) and a high
temperature (60°C) are all necessary to achieve acceptable mechanical performance. As one of the advantages
compared to metakaolin-based geopolymers, the synthesis of AAGC does not require the addition of water glass

(Cyr et al., 2012).

11



436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474

The durability tests demonstrated that AAGC mortars synthesized from recycled glass show good resistance to
sulfate attack, carbonation and the alkali-silica reaction. These materials displayed only a small loss of soluble
parts during an acid attack. The evaluations however were conducted on the measurements of dimensional and
mass variations. To complete the necessary information, the evolution of compressive strength before and after
durability testing was also studied (as shown in Fig. 11). The variation in compressive strength was calculated as
the difference between strength after 240 days of testing and that after initial curing.

It can be seen that the variation in compressive strength depends on the type of tests (conservation environment)
as well as on the type of recycled glass. For tests like sulfate attack (A), alkali-silica reaction (C), curing at 20°C
without exchange (E) (i.e. conservation in plastic bags and no exchange with the external medium), all three
types of specimens display little variation in compressive strength. For the remainder of the test, these AAGC
presented different losses in mechanical performance. The reason for degradation can be tied to the dissolution
of soluble parts in the solution. When specimens were immersed in the solution, the soluble parts did dissolve.
This dissolution might involve both the leaching of alkali into the conservation solution and the de-alumination
of the alkali-activated materials structure. The leaching of alkali in water has been confirmed in the literature
(Cyr et al., 2012), and this may be the primary reason for degradation in a solution medium. All three specimen
types show different degrees of mechanical loss: 50.4% and 21.3% for Gg, 29.6% and 15% for Gu, and 61.5%
and 27.8% for Gw after the sulfuric acid and ammonium nitrate attacks, respectively. The de-alumination
phenomenon was reported by Allahverdi and Skvara (2001, 2005) as the degradation mechanism in acid attack
rupturing the Al-O-Si bond and forming an imperfect siliceous structure due to framework vacancies. Compared
with the NH4NOj3 solution, H>SO4 generated much more degradation for the specimens: 50% for Gg, 30% for Gn,
and 62% for Gw. These recycled glasses have the relatively low contents of aluminum; the high dissolution in
the solution can be attributed to a lack of aluminum for stabilizing alkali in the alkali-activated materials
structure, which is in agreement with the literature (Cyr et al., 2012).

Gy, however, stands out from the other two glasses (Gr and Gw) by its good behavior in the presence of most
media, except for acid attacks. To compare the resistance to durability test among the three specimen types, the
ratio of the surface area (shown in color) to the surface area of the range -100% ~O0 is calculated by taking the
integral of the surface. These ratios equal 59.6% for Gr, 80.7% for Gy and 42.1% for Gw, respectively. Gu
showed the best resistance to durability during testing. This finding could be attributed to its high Al/Si ratio
(0.034) compared with that of Gr (0.012). The low Al/Si value could be correlated with the lower hydraulic
stability and high fraction of alkali released during leaching tests. Although Gw has an Al/Si ratio (0.033) similar
to that of Gy, its greater particle size may be the main reason behind its poor durability resistance.

[Insert Fig. 11 here]

Fig. 11: Comparison of compressive strength before and after treatment in different environments - a positive
value indicates a higher compressive strength after treatment

The preceding paragraphs have provided a brief summary of information derived on the sustainability behavior
of alkali-activated materials (AAM). These findings are however to be treated cautiously since they result from
standardized tests on concrete, mortars or pastes transposed to AAM. At present, no standardized tests specific to
this type of material are available. Teams, notably from RILEM (Provis and Winnefeld, 2013), are setting up

specific tests for such material. Their initial recommendations will soon be published.
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From a global perspective, AAGC exhibit the same sustainability behavior as alkali-activated materials made
with other precursors (metakaolin, fly ash, blast-furnace slag), except for carbonation, with glass behaving much

better.

5. Conclusion
This study has confirmed the possibility of synthesizing alkali-activated materials based on different sources of
recycled glass. The following conclusions can be drawn:

- The compressive strength depends on the concentration of the activating solution as well as on curing time
at a temperature of 60°C.

- The optimal concentration of activating solution (KOH) is 3 mol / 1, regardless of the type of glass;

- Between 1 and 7 days, the longer the curing time at 60°C, the better mechanical performance from the
mortar;

- Increasing curing time to 14 days does not yield any significant gain in compressive strength, and in some
cases a slight drop can even be recorded (Gw);

The paper has also presented an experimental campaign to study the durability of the materials obtained, as
assessed by durability indicators (porosity accessible to water, capillarity and chloride ion diffusion coefficients),
and behavior of the material in sulfate and acidic solutions as well as in high CO, concentrations and with
respect to the alkali-silica reaction condition.

The conclusions are:

- The AAGC studied are more permeable than Portland cement-based mortars;

- The transfer properties of AAGC typically vary depending on the type of glass used: porosity is lower for
the Gw-based AAGC and equivalent for the other two glasses. Lower absorption and diffusion coefficients
for the chloride ions are recorded for the Gu-based AAGC

- The AAGC studied herein exhibit good resistance to acid and sulfate attacks as well as to the alkali-silica
reaction. All three types of AAGC studied exhibit nearly the same behavior;

- Compressive strength is affected differently depending on the conservation environment. Acid attacks cause
the most significant decline in terms of mechanical strength. Although the specimens displayed apparent
defects (cracks), it appears that the attack with ammonium nitrate weakened the specimens, resulting in
lower compressive strength. Conservation without exchange and under alkali-reaction test conditions (i.e.

60°C) leads to an increase in compressive strength.
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Fig. 1: Glass powders obtained after grinding
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Fig. 2 : Summary of the experimental program part of the study
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Table 1: Physical and chemical characterizations of the studied glass types

Physical characterization

Flat glass (Gr) Hollow glass (Gn) Windshield glass (Gw)

12
13

14
15

16

Specific surface area (Blaine) (cm?/g) 3,965 4,008 4,027
Density (cm?/g) 2.50 2.48 2.50
Average diameter (um) 21.2 274 293
Chemical composites (% mass)

Si0,  ALOs  FexOs CaO MgO  SO; KO Na,O
Flat glass (Gr) 72.16 0.68 0.12 7.80 4.38 0.21 0.21 14.46
Hallow glass (Gr) 69.89 1.92 1.05 12.31 1.34  0.14 0.16 13.18
Windshield glass (Gw) 70.11 1.86 1.04 11.67 1.37 0.11 0.07 13.76
Table 2: Transfer properties of the AAGC samples synthesized by a 3 mol/l KOH solution
activating the glass, cured at 60°C for 7 days (RH ~ 100%)

Gr Gu Gw C Mortar*

Apparent porosity (%) 17.6+0.1 17.4+0.9 13.5+0.1 10.7
Capillary coefficient (kg/m?%/s'/?) 0.15 0.14 0.13 0.04~0.08
Diffusion coefficient (CI’) (10'°m?/s) 2.6£0.7 1.1£0.1 1.3£0.1 ~0.42

* Cement mortar (cement CEM I 52.5 R, Water/Cement = 0.5, age: 28 days, storage: 20°C)





