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Abstract 15 

Spent fluorescent lamp waste glass is considered hazardous and requires an appropriate 16 

management and recycling route. Due to its highly alkali-siliceous nature, the feasibility of using 17 

the powdered form of the fluorescent lamp waste glass (FGP) to synthesize an activator for 18 

activating the GGBS/FA blend was studied. Additionally, the solubility and reactivity of FGP were 19 

compared with waste beverage bottle glass powder (BGP). Results showed that FGP had a higher 20 

solubility and reactivity than BGP due to the presence of the higher network modifiers. A 21 

significant enhancement in solubility (about 19%), total heat release (57 – 62%), and compressive 22 

strength (85 – 89%) was observed in FGP-based mixtures, implying its potential for activator 23 

design. The mechanical and microstructural properties of the alkali-activated pastes (AAP) 24 

prepared with the FGP activators were similar to those prepared with the commercially sourced 25 

reference activator. Before activator preparation, washing FGP with water or acid enhanced the 26 

availability of soluble silicates. The activators prepared with these washed FGP accelerated the 27 

alkali-activation process and helped achieve better strengths for the corresponding AAP. Their 28 

compressive strength values were in the range of 36 – 40 MPa and comparable to the control (FGP-29 
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C). In addition, the microstructural analysis showed that the reaction products in these mixtures 30 

were of C-(N)-A-S-H gels type with high Si/Al and low Ca/Si ratios. Thus, a recycling route for 31 

spent fluorescent lamp waste glass was preliminary demonstrated in this study. 32 

Keywords: Fluorescent lamp waste glass; Alkali-activated material; Fly ash; Ground granulated 33 

blast furnace slag; Activator; Recycling; 34 

1. Introduction 35 

Due to the burgeoning demands for infrastructure developments and the achievement of carbon 36 

neutrality, the construction industry has realized that it cannot rely only on ordinary Portland 37 

cement (PC) concrete but also requires other sustainable alternative construction materials [1–4]. 38 

In this context, alkali-activated materials (AAM) are emerging alternative binders that have similar 39 

mechanical strengths and improved durability over PC-based materials if properly proportioned 40 

and cured [5,6]. In particular, the durability of AAM against acid [7], freeze-thaw [8,9], and high 41 

temperature [10] have been well established. However, there are some limitations (e.g., alkali-42 

silica reaction (ASR), efflorescence, cost, global warming potentials etc.,) for the large-scale 43 

adoption of these materials [9,11]. According to RILEM TC 247-DTA round robin test [8], it was 44 

found that alkali-activated binders (regardless of the precursor type) when combined with non-45 

reactive or potentially expansive aggregates caused no problematic expansion. Significant ASR 46 

expansions were observed by the highly reactive aggregates. In addition, recent studies [12–14] 47 

reported the reduction in ASR expansion of alkali-activated cement (AAC) mortars prepared using 48 

glass cullet as highly reactive aggregates and recycled glass powder and ground granulated blast 49 

furnace slag (GGBS) as binding materials through the incorporation of Al-rich materials. Such 50 

admixtures (i.e., low Ca fly ash (FA), metakaolin, calcium aluminate cement) diluted the pore 51 

solution alkalinity (the main factor of ASR in alkali-activated slags) and enhanced the strength and 52 

durability of optimal mixtures [15]. Another durability issue under debate, known as 53 

“efflorescence” in AAM, arises due to the diffusion and migration of alkali ions through the 54 

microstructure of AAM to their surface and subsequently the formation of alkali carbonates when 55 

these ions react with carbon dioxide. This phenomenon imposes potential threats of surface scaling, 56 

crystallization pressure causing internal cracking, and consequently strength reduction as indicated 57 

by previous studies [16–20]. On the contrary, some researchers [21,22] suggested that strength 58 

reduction when AAM was immersed in water was due to weaker cohesive forces between gel 59 
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particles and not due to alkalis loss. It had been reported that the role of alkalis in these systems 60 

was to dissolve precursors and did not affect the Si and Al environments if their concentrations 61 

decreased. Thus, there are different opinions among the scientific community regarding the 62 

efflorescence in AAM. However, various studies proposed different techniques to control the 63 

efflorescence in AAMs, considering many factors, including alkali metal types [21–24], raw 64 

materials [25–29], and reaction conditions [20,25] with varying degrees of success. Longhi et al. 65 

[27] reported that one of the most effective strategies to control efflorescence was increasing Si/Al 66 

in the AAC gels. Also, it was observed that the coexistence of N-A-S-H and C-A-S-H or N(C)-A-67 

S-H gels in AAM had an inhibitory effect on efflorescence [29]. 68 

Generally, AAM are produced by alkaline activation of various natural or synthetic aluminosilicate 69 

precursors. Industrial by-products or wastes also have the potential to act as precursors, thereby 70 

providing an additional incentive to reduce the tremendous burden on landfills [30–33]. The most 71 

used precursors are GGBS, FA, MK, or a combination of these materials. The 72 

hydroxides/carbonates of alkaline metals or alkaline earth metals and M2O(n)SiO2-type siliceous 73 

salts (where M is an alkaline ion) are commonly used activators. However, the production of 74 

alkaline solutions particularly sodium silicates (one of the most effective activators), is costly and 75 

energy-intensive which requires a lot of natural resources and has adverse environmental impacts 76 

[2,34–36]. These activators can contribute as much as 90% of the total environmental impacts 77 

associated with the use of AAM [5]. Based on the life cycle assessment (LCA) of the mix 78 

proportioning of AAM, the large-scale implementation of these activators has been discouraged 79 

by some scholars [1,37,38]. Therefore, extensive field applications of AAM are still restricted. 80 

Also, Ouellet-Plamondon and Habert [1] reported that only those AAMs prepared by the “one-81 

part” technique had lower carbon footprints than PC-based materials. The significant economic 82 

and environmental consequences associated with preparing AAM highlights the urgency of 83 

sustainable and cost-effective development of alternative activators. 84 

After spending their service life, fluorescent lamps, regardless of whether they have undergone 85 

mercury removal, are classified as hazardous e-waste. Their global annual production is nearly 1.5 86 

billion units [39]. In Hong Kong, a huge amount of spent fluorescent lamps are produced [40]. 87 

Even after the recovery of the valuable materials (e.g., Hg and rare earths), the waste glass 88 

associated with the fluorescent lamps requires proper management. One innovative recycling route 89 
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explored by previous studies [41,42] was to utilize this waste glass as a precursor to partially 90 

replace conventional aluminosilicates in AAM due to the lamps containing large amounts of alkali 91 

and silica, and are highly amorphous in structure. However, the resulted strength was lowered 92 

when a large amount of glass was used for a specific activator concentration, or activator to 93 

precursor ratio, and reaction conditions [32,43–45]. Similar results were also reported by Xiao et 94 

al. [46] when GGBS was replaced by waste glass powder at higher levels in alkali-activated 95 

GGBS/waste glass powder binary systems. This was attributed to insufficient Ca and Al 96 

availability in the reaction systems, resulting in lower amounts of C-(N)-A-S-H gels and related 97 

strength developments. Another possible recycling method could be by using the waste glass from 98 

spent fluorescent lamps as a silicate source to replace the water glass activator.   99 

Previous studies described the recycling of waste beverage bottle glass and other industrial by-100 

products or wastes rich in Si to produce silicate solutions [36,47–53]. However, due to the 101 

differences in chemical compositions among such materials and waste glass from spent fluorescent 102 

lamps [51,54,55], and this waste glass being hazardous e-waste, the feasibility of using it as an 103 

activator is scarce. Therefore, this study aimed to explore the feasibility of using waste glass from 104 

spent fluorescent lamps to replace the traditional activator (a solution of sodium metasilicate) for 105 

the activation of GGBS/fly ash blends. Besides, the solubility and reactivity of waste beverage 106 

bottle glass and waste glass from spent fluorescent lamps were assessed. 107 

2. Materials and methods 108 

2.1 Materials 109 

The precursors used in this study were granulated ground blast furnace slag (GGBS) and low Ca 110 

fly ash (FA). GGBS was sourced from China (Yau Lee Wah Concrete Precast Products Company 111 

Limited, Guangdong), and FA was provided locally by a Hong Kong coal-fired power plant (CLP 112 

Power Hong Kong Limited). Waste beverage bottle glass cullet and waste glass cullet from spent 113 

fluorescent lamps were sourced from a local recycler (Laputa Eco-Construction Material Co., Ltd.) 114 

and a fluorescent treatment facility (Chemical Waste Treatment Centre (CWTC), Hong Kong), 115 

respectively. The treatment facility was designed to remove Hg from spent fluorescent lamps. 116 

After collecting both types of glass cullet, these were washed (3-5 times with tap water) to remove 117 

contaminants and ensure the user's safety (in case of fluorescent lamp waste glass cullet as it is 118 

still categorized as hazardous e-waste even after treatment in CWTC), and dried at 105oC for 1-119 
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day. Afterwards, these cullet were ground separately in a laboratory ball mill to obtain bottle glass 120 

powder (BGP) and fluorescent lamp waste glass powder (FGP) with an average particle size of 121 

~10-20 μm.  122 

FGP was further washed with distilled H2O or 0.20M H2SO4 at a liquid-to-solid ratio of 20 mL/g 123 

by stirring at 800 rpm for 2 h, following the procedures described in previous studies [56,57]. 124 

Subsequently, the obtained R-FGP slurries were centrifuged and placed in an oven at 105oC for 24 125 

hours. Two types of FGP were obtained through this step: W-FGP was water-washed fluorescent 126 

lamp waste glass powder, whereas A-FGP was obtained after the acid washing and R-FGP was 127 

the fluorescent lamp waste glass powder without washing. The aim of washing the fluorescent 128 

lamp waste glass powder with acid was to enhance the soluble silica content (≡Si─O-H+ units) as 129 

suggested by previous studies [57,58]. 130 

The images of the raw materials used in this study are shown in Fig. A1a (see Appendix A). The 131 

chemical compositions of the raw materials are determined (Table 1) by a Rigaku Supermini200 132 

X-ray fluorescence spectrometry. It can be seen that GGBS mostly consisted of CaO, SiO2, and 133 

Al2O3, a typical hydraulic material [59], whereas FA contained SiO2 and Al2O3 in abundance, 134 

indicating a type of aluminosilicate. In addition, the glasses contained mainly silica and alkalis, 135 

which might be named as alkaline-siliceous materials. No significant changes in chemical 136 

composition were observed after water or acid washing of the FGP (Table 1).  137 

The particle size distributions (PSD) of the raw materials were analyzed using a Malvern 138 

Mastersizer 3000 particle size analyzer and are presented in Fig. A1b (see Appendix A). The X-139 

ray diffractograms and SEM images of GGBS and FA were obtained by an X-ray diffractometer 140 

(Rigaku SmartLab 9kW – Advance) and a scanning electron microscope (Tescan VEGA3) 141 

respectively (Fig. A2, see Appendix A). The amorphous nature of BGP and FGP was reported 142 

previously [42,60,61]. Here, GGBS has an amorphous structure with a very weak peak of 143 

akermanite, detected at 31.8o. In addition, quartz and mullite were identified in FA. Moreover, no 144 

crystalline phases were observed (see Fig. A3, Appendix A) after water or acid washing for the 145 

FGP. Fig. A2b shows that GGBS and FA are made up of irregular and spherical-shaped particles, 146 

respectively. An anhydrous sodium metasilicate was used as a commercially sourced activator 147 

(2308171-5KG International Laboratory USA supplied by Advanced Technology and Industrial 148 

Co., Ltd.). It contained 50.46% Na2O and 47.24% SiO2 by weight with a Dv50 of 679.5 μm. NaOH 149 
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and KOH were AR grade with 98% purity (ACCUCHEM supplied by A-Tech Global Science 150 

Limited). In addition, standard sand was used as the fine aggregate to prepare standard mortars to 151 

elucidate the reactivity of BGP and FGP. 152 

Table 1 Chemical compositions and physical properties of raw materials 153 

Chemical composition (%) GGBS FA BGP FGP W-FGP A-FGP 

Na2O   13.6 17.6 16.6 15.6 

MgO 7.3 1.9 1.5 3.1 3.3 3.2 

Al2O3 14.2 32.6 2.4 2.4 2.4 2.4 

SiO2 34.8 44.4 69.4 69.0 69.8 70.0 

P2O5  0.4 0.2 0.1 0.1 0.1 

SO3 3.1 2.3 0.2 0.3 0.2 1.8 

K2O 0.8 1.8 0.7 1.2 1.3 1.2 

CaO 38.3 6.7 10.7 4.9 5.0 4.7 

Fe2O3 0.3 6.5 0.7 0.4 0.5 0.2 

PbO    0.2 0.9 0.1 

BaO    0.5 0.4 0.5 

Others 1.1 1.2 0.1    

LOI  2.22 0.43 0.14   

Specific gravity 3.00 2.44 2.49 2.35   

Dv (10), μm 2.3 3.1 3.2 3.5 3.1 2.5 

Dv (50), μm 12.9 12.7 9.1 9.0 7.3 5.6 

Dv (90), μm 33.4 41.1 30.9 38.0 33.0 15.9 

(Note: Reported are the average values of at least three observations for each material) 154 

 155 

The step-by-step experimental plan is given below: 156 
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 Assessment of beverage bottle glass powder (BGP) and fluorescent lamp waste glass 157 

powder (FGP) in terms of solubility, total heat release and compressive strength of standard 158 

mortars prepared with a constant alkali dosage.  159 

 From the findings above, the waste glass powder which dissolved quickly and induced a 160 

higher total heat release and compressive strength (as in the case of FGP) was used to 161 

prepare alternative activators (R/N, W/N, and A/N). 162 

 Characterization of R/N, W/N, and A/N activators. 163 

 Preparation of alkali-activated pastes (AAP) using GGBS and FA as precursors and 164 

alternative activators. 165 

 Evaluation of the performance of the resulting AAP pastes and compare them with those 166 

prepared with the reference activator. 167 

The details of each step and the related methodology were given in the following sections: 168 

2.2 Solubility and reactivity (in terms of total heat release and compressive strength of 169 

standard mortars) of BGP and FGP 170 

2.2.1 Solubility test 171 

The solubility of BGP and FGP was assessed in terms of the level of Si and Al ions dissolved in 172 

1M NaOH at a liquid-to-solid ratio of 10 mL/g. For simple comparison and based on the procedure 173 

described by previous studies [62–64] in which glass solubility in NaOH solutions increased with 174 

pH up to 14 and a higher pH resulted in slower dissolution, the authors selected 1M NaOH (pH ~ 175 

13) to assess the potentials of both glasses. Also, the limitation of the Rigaku Supermini200 X-ray 176 

fluorescence spectrometer working at a highly alkaline environment was considered. The solution 177 

was heated at 80oC and continuously stirred for 24 h. After cooling and filtration, the dissolved 178 

ions were measured by a Rigaku Supermini200 X-ray fluorescence spectrometry. 179 

2.2.2 Reactivity test (total heat release and compressive strength of standard mortars) 180 

In general, direct or indirect methods are performed to elucidate the alkaline reactivity of materials 181 

[65]. A single test cannot predict the reactivity of any material in Portland and non-Portland 182 

cement-based systems due to various factors including chemistry, mineralogical compositions, 183 

fineness, reaction extents, mix proportions, and reaction conditions. Two methods were used here 184 

to assess the BGP and FGP. For an indirect approach, standard mortars of BGP and FGP were 185 
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prepared with binder : aggregate = 1:2.75 and liquid : binder = 0.484:1, where the solid was BGP 186 

or FGP, and the liquid was 1M NaOH or KOH. The performance of AAM prepared with potassium 187 

(K) based activators were found superior to that of AAM prepared with sodium (Na) based 188 

activators, as reported previously [66]. Considering this behavior, the authors assessed BGP and 189 

FGP prepared with different alkali cationic (Na and K) environments with the aim to develop Na 190 

or K-based alternative activators subsequently. The prepared 40 mm cubic specimens were steam 191 

cured at 80oC and tested at 7-day for compression.  192 

Heat release is considered a prime reaction indicator that can be regarded as a direct testing scheme. 193 

Even, even in non-Portland cement-based mixtures, various studies [67–71] adopted total heat 194 

release to elucidate the reactivity and degree of reactions. For instance, an improved reactivity in 195 

terms of total heat release was reported by Kaze et al. [68] for the geopolymers prepared with 196 

halloysite clays calcined at 700 - 750oC. Another study [67] investigated the effects of different 197 

activators (NaOH and NaOH/sodium silicate at different concentrations) on the reactivity of clay 198 

in terms of heat release. Moreover, it is practical, repeatable, and applicable to a variety of 199 

materials and correlates well with their strength developments [67,69,72]. That was why the 200 

authors considered this method for the reactivity assessment of different glass powders. For this, 201 

slurries of BGP and FGP were prepared at a liquid-to-solid ratio of 0.6 mL/g. The liquid used was 202 

1M NaOH or KOH. About 80g of the slurries were poured into calorimetry cups, and then these 203 

were placed in the isothermal calorimeter (Calmetrix I-Cal 4000). The calorimeter was 204 

preconditioned at 40oC, and the initial data of the first hour was discarded for signal stabilization. 205 

The total heat released from the samples for 48-hours was used for reactivity measurement.  206 

2.3 Preparation and characterization of alternative activators 207 

A reference activator “C” was chosen by adding the commercially sourced anhydrous sodium 208 

metasilicate to the full quantity of mixing water, keeping Na2O-to-binder and water-to-binder 209 

ratios of 0.05 and 0.4, respectively where binder is the sum of GGBS and FA only. This solution 210 

had a pH = 13.67. In addition, the following alternative activators were prepared, keeping the same 211 

water-to-binder ratio of 0.4 and 5% Na2O by weight of the binder:  212 

- A mixture of R-FGP (FGP without washing) and NaOH was added to the mixing water to 213 

yield an alternative activator with a pH of 13.66, and it was denoted by R/N. 214 
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- An activating solution (denoted as W/N) with a pH of 13.74 was obtained by adding a 215 

mixture of W-FGP and NaOH to the mixing water. 216 

- A-FGP, NaOH, were added to the mixing water to yield a potential activator (denoted as 217 

A/N) with a pH of 13.78. 218 

The above alternative activators were sonicated at 80oC for 24 h prior to pH testing. Heating the 219 

alternative activators at 80oC under sonication for 24 h prior to pH testing was to 1) enhance the 220 

dissolution (reaction rates) of different fluorescent glass powders (R-FGP, W-FGP, and A-FGP) 221 

and 2) and ensure the complete dispersion of the glass powder particles (an increase of reaction 222 

surface areas) in the solutions.  Moreover, the resulting solutions were allowed to cool down before 223 

pH measurements. The reference activator and the alkaline solutions derived from different 224 

fluorescent lamp glass powders were analyzed by ATR-FTIR (PerkinElmer Spectrum Two FT-IR 225 

Spectrometer). 226 

2.4 Mix proportions and preparation of alkali-activated pastes (AAP) using GGBS and FA 227 

as precursors and alternative activators 228 

The precursor consisted of 50% GGBS and 50% FA [73,74]. It was mixed with different activator 229 

solutions in a laboratory mixer at a higher speed for 5 minutes, and paste specimens of 40 x 40 x 230 

40 mm in dimensions were cast. These specimens were covered with plastic sheets to avoid 231 

moisture loss after casting. After 24 h, the samples were demolded and cured in the laboratory 232 

environment (25oC and 80 RH) for various periods before testing. 233 

Regarding specimen IDs, “FGP-C” refers to the “control” alkali-activated pastes (AAP) made up 234 

of the reference activator “C” (commercial anhydrous sodium metasilicate), and FGP-X represents 235 

the specimens prepared with the alternative activators, where X = R/N, W/N, or A/N. R means 236 

raw-FGP (un-washed), W is water-washed FGP, and A represents the acid-washed FGP.  237 

2.5 Testing and characterization of AAP 238 

The compressive strength test was performed on 1-day, 7-day, and 28-day cured AAP specimens 239 

prepared with the different activators, following ASTM C109 [75]. The loading rate was kept at 240 

0.6 MPa/s, and the average values were obtained from three observations.  241 

After performing the compressive strength on 28-d cured samples from each mixture, the small 242 

fractured pieces from the core of the specimens were stored in ethanol for 3 days to stop the 243 
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reaction. Afterwards, these pieces were dried to remove the remnant ethanol and placed in a 244 

vacuum dryer at 40oC until microstructural testing and TG measurement. 245 

For XRD testing, these small dried pieces were ground using mortar and pestle, and the fraction 246 

passing through 45 µm, was used. The phases in the samples were identified by Rigaku SmartLab 247 

9kW – Advance X-ray diffractometer. The scan range of 10-70o 2θ was set with a step size of 248 

0.03o/s, and recording was done with Cu-Kα radiation (λ∼1.54 Å). Besides, XRD patterns of 249 

washed fluorescent lamp glass powder with water or acid were also recorded. 250 

For ATR-FTIR analysis of the powdered samples (particle size < 45μm), PerkinElmer Spectrum 251 

Two FT-IR Spectrometer was used, and IR spectra were obtained in the wavelength range of 4000–252 

400 cm-1 after running 64 scans.  253 

For SEM-EDX analysis, the dried powdered sample obtained from each 28-d ambient cured paste 254 

was used. SEM sample was prepared by placing the powdered sample on an SEM pin stub with 255 

the help of conductive carbon tape, followed by sputtering with a gold coating for conduction 256 

purposes, and then observed under Tescan Vega3 scanning electron microscope equipped with 257 

energy dispersive x-ray analyzer. 258 

TG measurements were performed using a Rigaku Thermo Plus EVO2 Thermalgravimetry 259 

Analyser (TGA) in the temperature range of 30 – 1000oC with a heating rate = 10oC/minute. 260 

3. Results and discussion 261 

3.1 Solubility of BGP and FGP 262 

Table 2 shows that the dissolution of FGP was higher than BGP at 80oC in 1M NaOH (pH ~ 13) 263 

and was due to the presence of more glass modifiers (Na2Oeq + PbO) and fewer glass stabilizers 264 

(CaO + MgO) in FGP compared to BGP. The values of network modifiers and glass stabilizers for 265 

FGP vs. BGP (measured by X-ray fluorescence spectrometry) were 18.6 vs. 14.1, and 8.1 vs. 12.2, 266 

respectively. This indicated that glass dissolution is strongly influenced by its oxide composition 267 

[54].  268 

It can be further explained by the field strength values of their various oxides. Field strength value, 269 

denoted by F and equals ion valence divided by the ionic distance for oxide, is related to the cation-270 

oxygen bond strength. Usually, the glass formers i.e., SiO2 and Al2O3 have F > 1.3, and the network 271 
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modifier ions have F < 0.4, whereas F equals 0.33 and 0.45 for CaO and MgO, respectively. This 272 

means that the presence of more glass formers (SiO2 and Al2O3) and stabilizers (CaO + MgO), 273 

compared to network modifiers Na2Oeq and PbO, such as in the case of BGP, makes the glass more 274 

stable and hence difficult to be dissolved [76]. This enhanced dissolution of FGP compared to 275 

BGP can be beneficial to design an alternative activator. 276 

Table 2 Solubility test results, glass formers, stabilizers, and network modifiers of BGP and FGP 277 

measured by XRF spectroscopy 278 

Properties 
Type of raw material  

BGP FGP 

Dissolution in 1M NaOH for 24 h 

(mass %) 

Si 

Al 

(at 80oC) 

1.3±0.1 

ND 

1.6±0.9 

0.04±0.03 

Glass formers SiO2 + Al2O3 71.8 71.4 

Stabilizers CaO + MgO 12.2 8.1 

Network modifiers Na2Oeq + PbO 14.1 18.6 

(Note: the precision up to second decimal places for Al ions was considered due to its low 279 

concentration) 280 

 281 

 282 
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 283 

a) 284 

 285 

b) 286 

Fig. 1 a) Total heat release for 48 hours, and b) compressive strength development of BGP and 287 

FGP based alkali-activated materials at the age of 7-day 288 

3.2 Reactivity of BGP and FGP 289 
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3.2.1 Total heat release 290 

Fig. 1a shows the total heat release for the two types of glass under different alkali cation 291 

hydroxides measured for 48 hours. Regardless of the alkali metal ion type, FGP recorded higher 292 

heat release values than BGP. Besides, the effect of NaOH was more pronounced than that of KOH 293 

at such a concentration. FGP had heat release values of 78.2 and 69.3 J/g for NaOH and KOH, 294 

respectively. On the other hand, heat release values for BGP under NaOH and KOH were 30.1 and 295 

29.8 J/g, respectively, indicating the insignificant impact of different alkali cation hydroxides on 296 

this glass. Although, their corresponding compressive strengths were significantly different (see 297 

Section 3.2.2). This behavior might be attributed to differences in the synthesis temperature and 298 

alkalinity of the activator solutions. For the measurement of compressive strengths of the standard 299 

mortars, the curing temperature was 80oC which enhanced the reaction rates compared to the total 300 

heat release testing operated at 40oC. Moreover, glass solubility is highly influenced by the pH of 301 

the activator solution according to the literature [62–64]. A higher pH (as in the case of KOH) 302 

resulted in slower dissolution due to the formation of reaction products around the glass powder 303 

grains, disrupting the reaction. Overall, FGP showed a better reactivity under a low concentration 304 

of the activating solution. 305 

3.2.2 Strength development 306 

Like heat release, the standard mortars prepared with FGP showed better strength development 307 

than BGP at 7-days (Fig. 1b). This behavior was attributed to the presence of more glass modifiers 308 

in FGP.  309 

The function of network modifiers is to alter the glass structure and produce non-bridging oxygens 310 

(NBOs) by depolymerizing the Si-O-Si species. The more the network modifiers, the higher the 311 

NBO sites. These NBO sites possess negative charges balanced by the network modifier ions. 312 

However, due to lower bond energies between the network modifiers and oxygen atoms, the 313 

breakage of such bonds in glass under an alkaline environment is much faster than Si-O-Si species 314 

[76,77]. Consequently, a higher dissolution may occur. This phenomenon was observed in the 315 

solubility test results of FGP. Such increased dissolution promoted the gels formation through 316 

polycondensation, resulting in a better strength achievement. Thus, the chemical composition of 317 

different glasses with nearly equal particle sizes (see Table 1) impacted the strength development.  318 
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Furthermore, regardless of the type of glass, the results indicated that at a low concentration of the 319 

activating solution, glass showed better reactivity under NaOH than KOH. This result agreed with 320 

a previous study [43]. Afterwards, we designed Na-based alternative activators using FGP. 321 

In non-Portland cement-based mixtures, a good relationship between the total heat release and the 322 

strength development was found by previous studies [67–71]. Ling et al. [69] developed linear 323 

correlations (R2 value ranging from 0.78 to 0.84) between total heat and compressive strength of 324 

high Ca FA-based geopolymers mixes depending on the liquid activator-to-fly ash mass ratio. For 325 

a given liquid activator-to-fly ash mass ratio, the compressive strength increased with the increase 326 

of total heat release. Similar findings were also observed by Ogundiran and Kumar [67]. However, 327 

in the present study, a reliable relationship between the total heat release and compressive strength 328 

cannot be developed due to limited data points. It is therefore recommended to incorporate a larger 329 

data set for reliable and acceptable correlations. Based on the solubility and reactivity results, FGP 330 

performed better than BGP and had a potential for synthesizing alternative activators. 331 

3.3 Characteristics of alkaline solution derived from various FGP 332 

Fig. 2 shows the IR spectra of the reference “C” and synthesized alkaline solutions measured by 333 

the ATR method. All the activators showed a broad -OH stretching vibration band around 3200-334 

3400 cm-1, corresponds to the molecularly adsorbed H2O and hydrogen bonding. The peak at 335 

approximately 1644 cm-1 was attributed to H-O-H bending vibrations [78,79]. Besides the 336 

vibrational modes of absorbed water, two more ranges were observed in FTIR spectra of the 337 

activating solutions, i.e., range (I) from 900 to 1000 cm-1 and range (II) at around 415-435 cm-1. 338 

Range (I) was attributed to non-symmetric stretching vibrations of Si-O-Si bonds of the SiQn 339 

structural units, whereas range (II) indicates the presence of asymmetric vibrations of Si-O-Si due 340 

to bending. The characteristic peaks at 973, 974, and 984 cm-1 indicated the presence of both SiQ1 341 

and SiQ2 units [80]. However, a lower value of wavenumber could be related to the predominance 342 

of SiQ1 units. The weak intensities at 912, 919, 921, and 922 cm-1 in the FTIR spectra were ascribed 343 

to SiQ0 units. These units are considered more reactive than any other SiQn units and attributed to 344 

Si-O-Ca containing NBO [50,81]. The results show that the activating solutions derived from 345 

various fluorescent glass powders had similar characteristics to the reference activator and could 346 

be used for alkali activation. 347 
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 348 

Fig. 2 FTIR spectra of alkaline solutions 349 

3.4 Characteristics of alkali-activated pastes (AAP) 350 

3.4.1 Compressive strength 351 

Fig. 3 shows the compressive strength development of alkali-activated pastes (AAP) at various 352 

ages. The increase of compressive strength with curing time was observed in all the AAP. AAP 353 

prepared with R/N as an alternative activator showed the lowest strength values among all tested 354 

pastes at all ages. At an early age, pastes prepared with alternative activators showed lower strength 355 

development when compared to FGP-C, which was prepared with a reference activator. However, 356 

AAP pastes prepared with W/N and A/N activating solutions (i.e., FGP-W/N and FGP-A/N) 357 
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showed better strength development than those prepared with FGP-R/N. The specimen prepared 358 

with FGP-A/N had a similar strength value to FGP-C at a later age. This beneficial behavior was 359 

associated with water or acid washing of the fluorescent lamp glass powder prior to activator 360 

synthesis.  361 

Diffusion of H+ or H3O+ from water or acid into the glass powder extracted the alkali metal and 362 

alkaline earth ions through the ion exchange and resulted in the formation of gels (≡Si─O-H+ units) 363 

(Eq 1 and 2)  [57,64]. As reported previously [82], this process becomes significant particularly at 364 

low pH environment. 365 

≡ 𝑆𝑆𝑆𝑆 − 𝑂𝑂−𝑁𝑁𝑁𝑁𝑂𝑂+ + 𝐻𝐻+ →≡ 𝑆𝑆𝑆𝑆 − 𝑂𝑂−𝐻𝐻+ + 𝑁𝑁𝑁𝑁+  (1) 366 

≡ 𝑆𝑆𝑆𝑆 − 𝑂𝑂−𝐶𝐶𝐶𝐶2+−𝑂𝑂 + 2𝐻𝐻+ → 2 ≡ 𝑆𝑆𝑆𝑆 − 𝑂𝑂−𝐻𝐻+ + 𝐶𝐶𝐶𝐶2+ (2) 367 

When W-FGP or A-FGP were mixed with NaOH to synthesize W/N or A/N, these ≡Si─O-H+ units 368 

with the additional silicate species formed from the hydrolysis of W-FGP or A-FGP at high pH 369 

were present in these activators. Thus, the cumulative amount of soluble silicate species was 370 

responsible for accelerating the reaction and formation of reaction products, resulting in a strength 371 

increase in these pastes compared to AAP prepared with R/N. Another reason might be the 372 

refinement of particle sizes after water or acid washing that enhanced the reactive surfaces of the 373 

silicate species during the activator preparation. Consequently, such activators (i.e., W/N or A/N) 374 

promoted the alkali-activation process and achieved better strength development. 375 
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 376 

Fig. 3 Compressive strength developments of AAP prepared with different activators (Note: The 377 

error bars for the “FGP-C” at 1-day and “FGP-A” at 28-days are too small to be shown) 378 

3.4.2 Mineralogical characterization 379 

The mineralogical characterization of all the pastes prepared with different activators and cured 380 

for 28 days was measured by XRD analysis, and the results are depicted in Fig. 4a. No 381 

mineralogical changes were observed, indicating that the reaction products of all the investigated 382 

mixtures were similar. In all the tested pastes, the XRD patterns indicated the presence of poorly 383 

crystalline calcium silicate hydrate (CSH) phases at a 2θ of about 29.4o. Such gel phases were 384 

reported previously [83,84] as the primary reaction product in the alkali-activated GGBS/FA 385 

pastes. Moreover, these CSH gels may contain aluminum and sodium in their structure. Puertas et 386 

al. [83,85] also detected calcium silicate hydrates that are rich in Al and included Na in the 387 

structure network of alkali-activated FA/GGBS pastes.  388 

3.4.3 Infrared spectroscopy 389 

Fig. 4b shows the infrared spectroscopy results of various AAP cured for 28 days. Two 390 

characteristic peaks were observed in all the pastes near the wavenumber values of around 950 and 391 

445 cm-1, ascribing to the T-O (where T = Si or Al) nonsymmetric stretching and bending vibration 392 

bands, respectively. These bands have been widely reported in alkali-activated cement (AAC) gels  393 
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and the wavenumber value at around 950 cm-1 indicates the presence of Si-O-Si bonds of SiQ2 394 

groups, which represent the structure of aluminosilicate chains consisting of aluminum-substituted 395 

C-S-H, as reported previously [80,81,84,86,87]. It can be seen that the position of this band was 396 

shifted towards a higher wavenumber in FGP-A/N compared to other AAP. This implies that more 397 

Si was incorporated into the AAC gel networks, and a higher degree of polymerization and/or 398 

silica network cross-linking was achieved (as observed in C-S-H gel phases of cementitious 399 

materials), which might be responsible for the higher strength development of the paste prepared 400 

with activator A/N. These results are in good agreement with previously published literature 401 

[84,88,89]. Furthermore, reduction of Si-O-Si in-plane bending band [50] at about 445 cm-1 was 402 

observed in FGP-A/N, suggesting that more silica was available for reaction to form AAC gels. 403 

Based on the FTIR data, it can be inferred that the alternative activator could develop similar types 404 

of reaction gels (e.g., C-A-S-H or C-(N)-A-S-H) as observed in the control.  405 

3.4.4 SEM/EDX analysis 406 

In all the tested pastes, AAP prepared with R/N showed a porous morphology responsible for its 407 

lower strengths (Fig 4c). The matrices were denser in FGP-W/N and FGP-A/N, and the specimen 408 

FGP-A/N showed a similar compactness to that of the control. Due to its small particle size, it 409 

might act as a micro-filler and provide enhanced nucleation sites during the alkali-activation, 410 

resulting in the higher strength of FGP-A/N. 411 

EDX analysis was performed on multiple randomly selected points of the matrices of each AAP 412 

(excluding the unreacted particles) to assess the elemental compositions of the reaction products. 413 

The average values of the elemental analysis are reported in Table 3. The data shows that reaction 414 

products mainly composed of calcium, silica, sodium, and aluminum in all the tested AAP. XRD 415 

and FTIR results indicated the main reaction product was C-S-H gel. However, the presence of Al 416 

and Na, as confirmed by EDX analysis, also suggested that these C-S-H gels contained Al and Na 417 

in their structures, possibly forming C-(N)-A-S-H type of gels [83–85,90]. Moreover, the increased 418 

Si/Al ratio in FGP-A/N samples agreed with FTIR results.  419 

Moreover, Ca/Si ratio was decreased in FGP-A/N compared to that of control (FGP-C). This 420 

agreed with the findings provided by Dai et al. [91] when they produced AAM with a SF-based 421 

activator. Such reduction was attributed to increased silicate species in the mixtures. An increase 422 

in the binding property and mean chain length of C-S-H with the decrease in Ca/Si ratio was 423 
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reported by previous studies [91–93]. Such increased Si/Al and decreased Ca/Si ratios suggested 424 

that a higher degree of polymerization and/or cross-linking of the silicate species within this matrix 425 

(FGP-A/N) might exist. Consequently, enhanced strength was obtained compared to AAP 426 

prepared with other alternative activators.   427 
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 434 

c) 435 

Fig. 4 Characteristics of 28-d cured AAP; a) XRD spectra (M=mullite, Q=quartz, and 436 

CSH=calcium silicate hydrate), b) FTIR spectra, and c) SEM images at the approximately same 437 

magnification  438 

Table 3 Atomic ratios of 28-d cured AAP measured by SEM-EDX analysis 439 

Specimen 

ID 

Atomic ratios (%) Si/Al 

ratio 

Ca/Si 

ratio Na Mg Al Si Ca Fe 

C 29.51 2.45 12.52 35.02 19.58 0.91 2.80 0.56 

R-FGP 5.63 4.48 15.37 41.21 29.80 3.50 2.68 0.72 

W-FGP 15.72 3.32 18.82 44.35 15.43 2.35 2.36 0.35 

A-FGP 22.46 4.96 15.06 44.62 11.66 1.24 2.96 0.26 

 440 

3.5 Thermogravimetric analysis 441 
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Fig. 5 shows the weight loss results of AAP cured for 1 day and 28 days, measured by TGA. The 442 

results were analyzed based on two temperature ranges, starting from 50 to 250oC and the other 443 

from 250 to 500oC, which might be attributed to the loss of bound water from C-A-S-H or N-A-444 

S-H phases, and the decomposition of hydroxyl (OH) groups in hydrotalcite (Ht) respectively, on 445 

the TGA curves (see Fig. 5c) [46,94]. As expected, at 1-d age, AAP pastes prepared with the 446 

alternative activators showed lower mass losses at these temperature ranges than the control, 447 

implying that these specimens contained a lesser amount of reaction gels due to the slower 448 

reactivity [82,95–97]. However, at 1-d age, FGP-W/N and FGP-A/N showed higher weight losses 449 

than FGP-A/N. At a later age (i.e., 28-d), the mass losses of FGP-W/N and FGP-A/N were similar 450 

to that of FGP-C, indicating a similar amount of reaction gels in their matrices. These results are 451 

in good agreement with their strength values. 452 
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 455 

b) 456 

 457 

c) 458 

Fig. 5 TG and DTG graphs at a) 1-d, b) 28-d, and c) mass loss at different ages between 50 - 459 

250oC and 250 - 500oC of AAP measured by TGA 460 

4. Conclusions 461 

The following conclusions can be drawn from this study: 462 
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• The solubility of FGP in terms of Si and Al ions release was higher than that of BGP. This 463 

increase in solubility was about 19% due to more network modifiers in FGP (FGP =18.6 464 

vs. BGP = 14.1). Such a higher amount of network modifiers had lower field strength 465 

values (F < 0.4) that eased the dissolution. 466 

• FGP had a better reactivity than BGP regarding compressive strength and total heat release. 467 

An increase of about 85 - 89% in compressive strength and 57 - 62% in total heat release 468 

values when Na/K-based activators were used for FGP-based mixtures. This enhanced 469 

reactivity might be attributed to weaker bonds between the negatively charged NBO and 470 

modifiers than Si-O-Si bonds present in FGP. These weak bonds were easily broken in the 471 

alkaline solutions, promoting higher dissolution and gels formation through 472 

polycondensation. Consequently, a better performance was achieved. This shows its 473 

potential to be used as an alternative activator.  474 

• Treatment of FGP with water or acid enhanced the reaction surfaces of the silicate species 475 

(presence of more SiQ0 groups between 910 – 920 cm-1 at the FTIR spectra) due to the 476 

refinement of particle sizes. Such activators accelerated the alkali-activation process and 477 

achieved better strength development. The strength values were in the range of 36 – 40 478 

MPa and comparable to the control (FGP-C). 479 

• This work demonstrated that the waste FGP can be recycled to synthesize an 480 

environmentally-friendly activator for alkali-activated cement manufacturing. Future 481 

recommendations include the environmental and durability assessments of the AAM 482 

prepared with such alternative activators. 483 
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 492 

a) 493 

 494 

b) 495 

Fig. A1 a) Images and b) particle size distributions of raw materials used in this study 496 

 497 

Fig. A2 498 
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 499 

a) 500 

 501 

b) 502 

Fig. A2 Characterization of GGBS and FA a) XRD patterns and b) SEM images at 2000x 503 

 504 

Fig. A3 505 
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 506 

Fig. A3 XRD patterns of W-FGP and A-FGP  507 

Abbreviations 508 

BGC    waste beverage bottle glass cullet 509 

BGP    waste beverage bottle glass powder 510 

FGC    waste glass cullet from spent fluorescent lamps 511 

FGP    fluorescent lamp waste glass powder 512 

R-FGP  un-washed fluorescent lamp waste glass powder (FGP and R-FGP are 513 

same) 514 

W-FGP   water-washed fluorescent lamp waste glass powder 515 

A-FGP   acid-washed fluorescent lamp waste glass powder 516 

FA    low Ca fly ash 517 

GGBS    granulated ground blast furnace slag 518 

C  solution of anhydrous sodium metasilicate and water keeping Na2O-to-519 

binder and water-to-binder ratios of 0.05 and 0.4, respectively 520 

R/N    activating solution prepared with R-FGP and NaOH 521 

W/N    activating solution prepared with W-FGP and NaOH 522 

A/N    activating solution prepared with A-FGP and NaOH 523 

FGP-C   alkali-activated pastes (AAP) prepared with reference activator “C” 524 

FGP-R/N   AAPs prepared with R/N 525 

10 20 30 40 50 60
Theta (2θ)

W-FGP
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FGP-W/N   AAP prepared with W/N    526 

FGP-A/N  AAP prepared with A/N 527 

 528 
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