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Abstract

This study investigated the effect of organic resin contained in glass wool on synthesis of alkali-

activated binders. The study was performed on glass wool containing sugar or phenolic resin, 

comparing it with glass wool that did not contain resin, as a reference. The results showed that the 

organic resin could be qualitatively identified using Fourier-transform infrared spectroscopy (FTIR) 

and thermo gravimetry-mass spectrometer (TG-MS), with gradual decomposition occurring 

between 200°C and 550°C. The presence of organic resin reduced the milling efficiency of glass 

wool, modified the rheology by increasing the liquid demand, and slowed the strength development 

at room temperature. However, interestingly, the effect of the resin on the strength of the paste was 

less obvious at an age of 28 days. Curing for 24 h at 40°C was beneficial for one-day strength 

development, in comparison to 20°C and 60°C, independent of the presence of the resin. All the 

cured paste samples, with and without resin, achieved a compressive strength of more than 40 MPa 

at 28 days, satisfying the requirement for many structural applications. Nevertheless, water 

immersion affected the materials’ strength, suggesting their suitability for dry environments or the 

need for suitable co-binders to increase their durability and water resistance.

Keywords: Glass wool, organic resin, curing temperature, alkali-activated materials, mechanical 

properties, building applications

1.  Introduction

Mineral wool is a common insulating material used in construction [1,2]. It includes glass wool and 

stone wool, respectively representing about one-third and two-thirds of the volume produced [3]. 

The production and use of mineral wool generate waste; while the production of mineral wool 

results in dust, construction and demolition activities often produce end-of-life mineral wool and 

offcut pieces [3,4]. Most glass wool wastes—estimated at a weight of about 800,000 tons per year 
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at the European level [4]—are still landfilled, increasing the socioeconomic concerns related to 

mineral wool producers and to construction and demolition activities [3]. To date, only a limited 

number of studies are available on the reuse of glass wool wastes [4–6], despite their similarity with 

many waste glasses that have been substantially studied. Indeed, glass wool and many waste glasses 

are X-ray amorphous, with SiO2, Na2O, and CaO being the main oxide components [4,5,7–10]. The 

potential reuse options for glass wastes reported in the literature have included supplementary 

materials for cements and concretes [10,11], geopolymers or alkali-activated materials [12,13], as 

well as raw materials and fluxing agents for ceramics [14–19].

Considering the similarities between many glass wastes, the small number of studies and reports on 

upcycling glass wool could be due to its fibrous structure and the presence of organic resin in glass 

wool. However, it was recently demonstrated that this fibrous structure could be destroyed by 

appropriate milling, facilitating the reuse of glass wool waste as a secondary raw material [20]. 

Amongst the possible valorization routes, geopolymers—or alkali-activated building materials— 

appear to be a promising option, due to the mild temperatures involved in the process, the simplicity 

of the preparation process, and the interesting properties of the prepared materials [3,5,21–23]. 

However, most studies on alkali-activated glass wool have been performed on materials collected 

from glass wool production lines, before the addition of the organic resin, to prevent any possible 

interference from the resin on the results. Indeed, glass wool often contains about 5 to 10 wt.% of 

organic resin to facilitate the compaction operation. Based on information collected from glass wool 

manufacturers, the two most common types of organic resin are phenolic binder and sugar-based 

binder, also known by its tradename, “green binder.” Green binder is formed by the 

polycondensation of naturally occurring plant-based components—that are, monosugars with an 

organic acid—while phenolic binder is formed by a polymerization reaction between phenol, 

formaldehyde, and urea.

Few studies were found in the literature on the alkali activation of glass wool containing resin 

[3,24–26]. Li et al. [24] worked on improving the reactivity of glass wool containing resin by 

blending it with slag and mixing it with an alkaline solution. The co-activation of glass wool and 

slag enhanced the reactivity and the properties of the paste samples at room temperature. Pavlin et 

al. [26] investigated the effect of the curing regime, activator concentration, and liquid-to-solid ratio 

used in glass wool and stone wool containing organic binder and observed better mechanical 

properties in glass wool containing organic binders; such materials achieved a strength of 58 MPa at 

room temperature. However, there is still a knowledge gap about the role of different types of resin 
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during the alkali activation of glass wools, even though a large proportion of the glass wool waste 

that needs to be recycled contains organic resin.

The present study investigated the influence of two types of organic resin on the properties of glass 

wool waste, as well as on the synthesis and properties of resulting alkali-activated materials. Three 

types of glass wool were used: the reference glass wool without the resin (GW-r), the glass wool 

containing sugar resin (GW-s), and the glass wool containing phenolic resin (GW-p). The three 

glass wools were first characterized using thermogravimetric analysis and differential scanning 

calorimetry (TG/DSC), coupled with mass spectroscopy (MS). The parameters studied during the 

preparation of the alkali-activated materials from the three different wools included the milling 

efficiency, rheology, curing temperature (20°C, 40°C, and 60°C), and heat of the reaction. X-ray 

diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy 

coupled with energy dispersive X-ray spectroscopy (SEM-EDS), and compressive test were also 

used to characterize the glass wools and resulting alkali-activated materials. 

2. Methodology

2.1. Materials

The GW-s and GW-p used in this study were provided in a pre-milled state by the company 

ISOVER, located in Billesholm, Sweden, while the GW-r (i.e., with no organic resin) was provided 

by Saint-Gobain Finland Oy in Helsinki, Finland. Despite the pre-milling of both the GW-s and 

GW-p, the fibers still appeared to be intact, similar to the GW-r (later shown in Fig. 7). 

Accordingly, the as-received glass wools were ground in a tumbling ball mill (Germatec, Germany) 

to reduce the particle size. The milling was performed at 82 rpm using a 10 L jar with 150 balls 

(45 balls of ⌀40 mm, 45 balls of ⌀30 mm, and 60 balls of ⌀25 mm). In total, 300 g of as-received 

glass wools was loaded into the ball mill container for each milling batch. The milling time was first 

fixed at one hour for all the wools but was then adjusted to 1 h 20 min and 1 h 30 min for the GW-p 

and GW-s, respectively, resulting in approximately the same particle size distribution for the three 

wools. The particle size distribution of every batch of milled glass wool was determined by a laser 

diffraction particle size analyzer (Beckman Coulter LS 13320, USA), using the Fraunhofer model. 

Isopropanol was used as the dispersion liquid to ensure the proper dispersion of the wool particles 

during particle size measurement.

The as-received glass wools were analyzed with X-ray fluorescence (XRF), using an Omnian 

AxiosmAX (Malvern Panalytical, UK). The chemical composition obtained by XRF revealed that 

the major oxides present in all the glass wools studied were SiO2, Na2O, and CaO, together with 
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other minor oxides (Table 1). The difference shown in Table 1 between the loss on ignition (LOI) at 

105°C and that at 525°C can be ascribed to the presence of organic resin in the GW-s and GW-p. In 

addition to the oxide compositions shown in Table 1, glass wool contains about 4 wt% B2O3, which 

could not be quantified using the XRF technique that was applied in this study [5].

The alkaline solution used for the synthesis was a commercial-grade sodium silicate (Betol 52T, 

Woellner, Germany) made of 14.7 wt% Na2O, 30.3 wt% SiO2 and 55 wt% H2O.

Table 1. Chemical composition in wt% of the GW-r, GW-s, and GW-p.

Samples SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 P2O5 SO3 Cl LOI 
105°C

LOI 
525°C

GW-r 63.3 1.5 0.5 8.2 3.1 16.5 0.5 0.0 0.2 0.2 0.1 0 0.06

GW-s 63.5 1.6 0.4 8.4 1.8 17.1 0.6 0.1 0.5 0.1 0.1 0.4 8.1

GW-p 63.8 1.6 0.5 8.4 1.8 16.9 0.5 0.1 0.2 0.7 0.1 0.5 7.4

2.2. Sample preparation

The alkaline solution used for the synthesis was prepared by diluting the commercial-grade sodium 

silicate with 10 wt% demineralized water. The solution was then stored in a sealed plastic bottle for 

24 h at room temperature before use. The dilution was done to reduce the alkalinity of the silicate 

solution and to improve the workability of the paste. The molar ratio of the activating solution was 

SiO2/Na2O = 2.5. The precursors and the alkali activator were first stirred and mixed for 3 min at 

1000 rpm using an electric mixer (IKA EUROSTAR, Germany). Then, the walls of the container 

were scraped for 1 min and mixed again for 3 min. The amount of activating solution used was 

adjusted to obtain approximately the same consistency among the pastes prepared with the different 

wools because they presented a different liquid demand. However, the same solution (same 

concentration and pH ) was used for the 3 glass wools. The mixed paste samples were cast into 

oiled 20 × 20 × 80 mm3 steel molds, according to a modified EN 196-1 standard [27] and 

compacted using a jolting machine to remove any trapped air. The details of the mix design are 

presented in Table 2.

Table 2. Mixture proportions.

Ref. GW-r (g)  GW-s (g) GW-p (g) Liquid alkali 
activator (g)

Activator-to-precursor 
ratio (A/P)

A_GW-r 100 0 0 50 0.50

A_GW-s 0 100 0 53 0.53

A_GW-p 0 0 100 70 0.70

https://www.sciencedirect.com/science/article/pii/S0958946519313150#tbl1
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Three curing regimes were employed for the 28-day curing period: (1) room temperature for 28 

days; (2) 40°C on the first day, followed by room temperature for 27 days; and (3) 60°C on the first 

day, followed by room temperature for 27 days. All the prepared samples were unmolded after the 

first day and remained at room temperature (approximately 23 ± 2°C) until the testing time.

2.3. Calorimetry and rheology analysis

The cumulative heat released from the alkali-activated paste samples of the three glass wools was 

studied using a TAM Air isothermal calorimetry instrument (TA Instruments, USA), at 20°C, 40°C, 

and 60°C, during the first 24 h of the reaction. The samples were mixed ex-situ, and a constant A/P 

of 0.75 was maintained for the 3 types of glass wool studied. Samples with A/P as in table 2 were 

also prepared and measured for comparison.

For the rheology study, the A/P was adjusted to 0.8 for the 3 wools, to reach a suitable flowability 

in the rheometer device. The rheology test (i.e., the measurement of the shear stress versus shear 

rate) was performed at 20°C using a Discovery HR-1 rheometer (TA Instruments, USA).

2.4. Characterization methods

2.4.1.TG/DSC-MS analysis

TG/DSC coupled with MS was performed on the samples using a NETZSCH device (Germany). 

The samples were heated to 1000°C at 5°C/min in air, and the released gas was analyzed using a 

mass spectrometer, in the mass-to-charge ratio (m/z) range of up to 100.

2.4.2. FTIR analysis

The glass wool and resulting alkali-activated materials (at an age of 28 days) were examined by 

FTIR analysis using a Bruker VERTEX 80 FT-IR spectrometer (USA). The spectra were collected 

within the range of 4000 cm−1 to 400 cm−1 using a resolution of 2 cm−1.

2.4.3. SEM/EDS analysis

Fractured pieces of prepared alkali-activated materials were analyzed using SEM-EDS (Zeiss Ultra 

Plus device, Germany). The surface of the samples was coated with carbon prior to analysis. 

Analyses were performed with a secondary electron detector with an acceleration voltage of 15 kV, 

and the working distance was about 8 mm.

2.4.4. XRD analysis
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The prepared alkali-activated materials were ground into powder and examined by XRD using a 

Rigaku SmartLab diffractometer (USA), with Cu K-beta radiation, a step width of 0.02°, a scan 

speed of 4.0628° per min, a 2θ range of 5° to 80°, and a 20 mm receiving slit. The diffractometer 

was operated at 135 mA and 40 kV.

2.4.5. Compressive strength and water stability test

A ZwickRoell (Austria) universal testing machine with a maximum load of 100 kN was used for the 

compressive strength test. The strength measurement was carried out according to the standard EN 

196-1:2016; but instead of the prismatic beams with dimensions of 40 × 40×160 mm3, half-sized 

beams with dimensions of 20 × 20 × 80 mm3 were used. The prismatic beams were halved for 

compressive strength assessment. A steel plate with dimensions of 20 × 20 mm2 was placed on top 

of the half-specimen before measurement. The measurement was conducted using 2.4 kN/s loading 

rate. At least three replicated specimens were tested for each composition, and the average was 

considered as the representative value. The error bars in the strength values (Fig. 11) indicated the 

standard deviation between the measurements. The compressive strength was determined using the 

following equation:

CS = F/A (1)

where CS is the compressive strength in N/mm2, F is the load or force in N, and A is the cross-

sectional area in mm2.

The stability in water of the prepared alkali-activated materials was also evaluated, including the 

wet and wet–dry strength (i.e., the strength after immersing the specimens in water for 24 h and 

after drying the wetted specimens for 3 days at room temperature) of the materials.

3. Results and discussion

3.1. TG/DSC-MS

The TG/DSC results of the prepared samples are presented in Figure 1. The TG/DSC curves of the 

samples showed that the mass loss of the GW-r (i.e., without the resin) was below 1 wt% at 

1000°C, while those of the GW-s and GW-p were 9 wt% and 8 wt%, respectively. However, the 

main proportion of mass loss occurred at about 500°C for the GW-s and 540°C for the GW-p. 

Above this temperature, the TG/DSC curves were relatively straight, presenting almost no mass 

loss. Hence, heat treatment from 200°C to about 550°C could be used to gradually remove resin in 

glass wool.

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/diffractometers
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Figure 1. TG/DSC curves of GW-r, GW-s, and GW-p.

It is important to note that the mass losses above 200°C were associated with two exothermic peaks 

on the DSC curves of the GW-s and GW-p; this can likely be ascribed to the heat released during 

the burning of the organic resin. An endothermic peak, attributed to the melting of the resin, was 

observed on the three samples between 650°C and 700°C [28]. The slight differences in the 

temperature at which endothermic melting occurred among the samples is likely an effect of the 

resin.

The MS results are presented in Figure 2. The divergences between the graphs can be attributed to 

the compounds released from specific glass wools during heating, while some of the convergences 

are caused by the carrier gas (i.e., air) that was used during the heating.
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Figure 2: MS results of the glass wools.

It can be seen that most of the released compounds had an m/z of below 45, except for sample 

GW-p, for which some peaks of the released compounds reached m/z = 48, m/z = 57, and m/z = 64 

in the temperature ranges of 350–440°C, 250–300°C, and 300–400°C, respectively. The relative 

intensity of the mass spectra peaks of these released compounds remained relatively low but were 

still noticeable in the background. 

Considering the release of water and carbon dioxide that occurs upon heating organic compounds, 

the MS curves were specifically investigated at m/z = 18 and m/z = 44 (Fig. 3). Indeed, according to 

the National Institute for Standards and Technology (NIST) Chemistry WebBook [29], when 

evaluating released compounds, m/z = 18 and m/z = 44 may be attributable to ionized water and 

carbon dioxide, respectively. The assignment of these m/z to specific compounds is not 

straightforward, however, as they could correspond to a single or to multiple ionized compounds. 

For instance, m/z = 44 could also be attributed to C2H6N+, whereas m/z = 57 could be ascribed to a 

C4H9
+ molecule fragment [30].
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Figure 3. MS curves of ionized compounds with m/z = 18 and m/z = 44.

The temperature at which these peaks appeared corresponded to the exothermic peaks in the DSC 

curves (Fig. 1) for m/z = 44, showing the combustion of the resin. However, they were different for 

the two resin-based samples, as a result of the different effect of each type of resin on the thermal 

behavior.

Because the reference sample was free of resin, the curve for m/z = 18 and m/z = 44 was almost 

flat. However, a small inflection was observed on the m/z = 18 curve at around 100°C, ascribed to 

the loss of adsorbed water. Another observation was the fact that the m/z = 18 curve was almost flat 

for the GW-p sample, likely suggesting a lower amount of structural water in the phenolic resin in 

comparison to the sugar resin. Although m/z = 17 and m/z = 28 were also checked in relation to 

ionized compounds, no relevant information was obtained; if they had been present, they could have 

been an indication of the presence of NH3
+ and CO+.
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3.2. Milling efficiency

The particle size information is presented in Table 3. It was noticed that the milling efficiency of the 

wool was reduced due to the presence of organic resin; therefore, longer milling times were needed 

for samples containing the organic resin in order to achieve approximately the same particle size 

distribution as that in the reference sample. This could be due to the binding properties of the 

resin—the resin could agglomerate the glass wool particles together, decreasing the milling 

efficiency.

Table 3. Particle size information for the milled wools.

Particle size information Density (g/cm3)

Samples’ milling time Mean [µm] d10 [µm] Median (d50) [µm] d90 [µm]

GW-r: 1 h 9.24 1.47 6.90 20.60 0.802

GW-s: 1 h 25.41 2.50 13.56 58.98 0.649

GW-p: 1 h 16.78 2.03 10.40 34.28 0.750

GW-s: 1 h 30 min 11.63 1.53 8.59 26.33 0.657

GW-p: 1 h 20 min 9.53 1.29 7.33 21.63 0.755

3.3. FTIR analysis

The FTIR spectra of the glass wool and prepared alkali-activated materials are presented in 

Figure 4. The lower graphs (blue lines) are for the unreacted glass wool, while the upper graphs (red 

lines) are for the alkali-activated glass wool. The shoulder at around 3400 cm−1 can be ascribed to 

O-H stretching from the water [31]. This water is mainly adsorbed water in the case of unreacted 

glass wool, while it is structural and adsorbed water in the case of alkali-activated glass wools, 

where the shoulders were more pronounced due to the higher water content. The bands at around 

2850 cm−1 to 3000 cm−1 in the GW-s and GW-p are characteristic of an aliphatic C–H bond [32–

34], resulting from the presence of organic resin. Consequently, this band was not present in the 

GW-r spectrum, due to the absence of organic resin in the reference glass wool. The band at around 

1700 cm−1 to 1600 cm−1 can be attributed to the stretching vibration of C=O [35] in the organic 

resin—likely the carboxyl and aldehyde group in the GW-s and GW-p samples. Consequently, this 

band was absent in the GW-r. For the case of alkali-activated materials, the presence of this band 

likely resulted from the reaction of non-reacted sodium that had formed sodium carbonate in the 

presence of CO2. The bands around 1400 cm−1 and 1260 cm−1 are attributable to carbonate vibration 

and Si-O/AlO stretching, respectively [36].
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Figure 4. The infrared (IR) patterns of the glass wools (GW-r, GW-s, and GW-p, shown in blue) 

and alkali-activated glass wools (A_GW-r, A_GW-s, and A_GW-p, shown in red).

3.4. Calorimetry and rheology

Alkali activation is an exothermic reaction, and a calorimetry analysis can provide important 

information to help in differentiating between the precursors [37,38]. In this study, the isothermal 

calorimetry analysis was performed at temperatures of 20°C, 40°C, and 60°C on alkali-activated 

materials prepared with the same A/P (0.75). The cumulative heat released (Fig. 5) was observed to 

increase with an increasing curing temperature for each of the three glass wools. However, the 

reference samples (A_GW-r) released more heat during the first 24 h at 20°C, 40°C, and 60°C 

compared to the glass wools containing resin.

For comparative purposes, the cumulative heats released at 20°C in the alkali-activated glass wools 

used for mechanical testing (prepared according to the mix design shown in Table 2) were also 

assessed (Fig. 5B) and were found to be comparable to those from the fresh mixtures prepared at the 
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same temperature with an A/P of 0.75 (Fig. 5A). This indicated that increasing the A/P in the 

experimental studied range did not have a significant influence on the cumulative heat released. The 

cumulative heat released also increased with the curing temperature, with more heat being released 

at 60°C (Fig. 5D) in comparison to 40°C (Fig. 5C) and 20°C (Fig. 5A). At higher temperatures, the 

slight reduction in the cumulative heat released, resulting from the presence of organic resin, was 

maintained and was more marked in samples containing sugar resin (A_GW-s).
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Figure 5. Isothermal calorimetry curves of prepared alkali-activated glass wools (A) 20°C, 

activator-to-precursor ratio (A/P) = 0.75; (B) 20°C, A/P as in Table 2; (C) 40°C, A/P = 0.75; and 

(D) 60°C A/P = 0.75. The horizontal dashed lines are for the purpose of comparison.

The rheology study was performed at 20°C on the alkali-activated materials prepared with the same 

L/S (0.80), and the results are presented in Figure 6. 
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Figure 6. Shear rate versus shear stress of the prepared geopolymer slurries.

The alkali-activated glass wools were observed to present different rheological behaviors because of 

the effect of the organic resin. Although it presented a slightly finer particle size distribution 

(Table 1), the A_GW-r also presented the lowest liquid demand in the preparation of alkali-

activated materials, resulting in a lower stress required for mixing the slurry when the A/P was the 

same for all the wools. It was noted that the A_GW-p required a higher shear stress in comparison 

to the A_GW-s, consistent with its higher liquid demand, observed in the preparation of the alkali-

activated paste (Table 3). A higher A/P also means a higher water or alkaline-solution demand, with 

a related negative effect on the production cost, as the alkali activator is typically the most 

expensive raw material of the mix. Hence, based on the rheology results, the A_GW-s would be 

more economical in comparison to the A_GW-p in the production of alkali-activated materials.

3.5. Microstructural characterization

The microstructures of the as-received and milled GW-r, GW-s, and GW-p are presented in 

Figure 7. From this figure, it can be observed that the glass wools were made of different fibers, 

with diameters varying from about 3 µm to 15 µm. Some spots that can be ascribed to the presence 

of the organic resin were also observed in the GW-s and GW-p. The scanning electron microscopy 

(SEM) images of the milled wool show that the milling was efficient. The milled wools had 

comparable appearances and contained some circular residual wool fibers with a maximum length 

around 40 µm.
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Figure 7. Microstructural features of the as-received and milled GW-r, GW-s, and GW-p.

The SEM images of the prepared materials from the glass wools are presented in Figure 8. Some 

cracks can be observed on the microstructures of all the geopolymers. The presence of cracks can 

be attributed to the specimen preparation for SEM analysis, the high level of water loss due to 

elevated curing temperatures, and/or the exposure of the samples to a vacuum during the SEM 

process [5]. It should also be noted that the dissolution of the glass wool was not complete, as relics 

of glass wool fibers were still visible after alkali activation. The unreacted glass wool fibers in the 

A_GW-r appeared to be short and well incorporated in the matrix, which was slightly different from 

those observed in the A_GW-s and A_GW-p. This difference may be due to the absence of organic 

resin and to the slightly higher degree of fineness of the GW_r, indicated by its d50 values (Table 1); 

indeed, particle size is closely linked to higher surface area and, thus, to a higher reactivity of the 

material [39]. In the SEM results of the A_GW-s and A_GW-p, the surface of the residual glass 

wool fibers appeared to be less altered, likely due to the presence of the resin.
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Figure 8. Microstructural features of the prepared alkali-activated glass wools.

The results of the EDS analysis showed a closer gel composition for the A_GW-s and A_GW-p 

(Fig. 9). For the case of the A_GW-r, the dissolved phase was richer in Ca, suggesting that the 

organic resin affected the dissolution process of the glass wool. This may be correlated to the lower 

cumulative heat released in the specimens containing resin, as observed in Figure 5. However, it is 

worth noting that the diffused Ca and Al present were not enough to contribute to the formation of a 

C-A-S-H gel, as evidenced in the Al2O3-SiO2-CaO diagram from the A_GW-r and in previous 

studies [5,40].
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Figure 9. Atomic EDS analysis of the prepared alkali-activated materials.

3.6. XRD analysis

The XRD patterns of the glass wools and related alkali-activated materials (Fig. 10) revealed that 

the presence of organic resin had no effect on the XRD, as the main reaction products of the alkali-

activated glass wool were X-ray amorphous. This is consistent with previous studies on alkali-

activated glass wool, in which an amorphous sodium silicate gel was observed as the main reaction 

product upon its activation with a sodium silicate solution [5].
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Figure 10. XRD patterns of the prepared alkali-activated materials.

An observation of the curves, however, showed few nanocrystalline phases. This can be ascribed to 

the presence of stainless steel (Fe-Cr; powder diffraction file [PDF] 00-034-0396), likely from the 

grinding operation. This was more marked in resin-based samples because they spent more time in 

the grinding jar. A comparison of the amorphous hump of the glass wool and related alkali-

activated materials showed a slight difference; the hump became slightly sharper for the alkali-

activated materials, which is likely due to an increase in the structural order after alkali activation.

3.7. Compressive strength and water stability test

The results related to the compressive strength of the prepared alkali-activated materials at days 1, 

3, and 28 at different curing temperatures are presented in Figure 11. When curing at room 

temperature, the strength was observed to gradually increase with the curing time, varying from 

about 5 MPa at 1 day to 60 MPa at 28 days for the A_GW-r. Meanwhile, the compressive strength 

at 28 days was about 50 MPa and 45 MPa for the A_GW-p and A_GW-s, respectively. Hence, the 

presence of organic resin slightly reduced the strength development at room temperature; this is 

consistent with the cumulative heat release shown in Figure 5.

Stainless steel (Fe-Cr)
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Figure 11. The 1, 3 and 28-day compressive strength of activated materials during different curing 

regimes.

The higher compressive strength achieved for all the samples at room temperature can likely be 

attributed to an increase in Si-O-Si bonds from the dissolved glass wool when activated with the 

alkaline solution [26]. For the samples that were first cured at 40°C and 60°C for 1 day before being 

moved to room temperature for the remaining curing period, no strength increase was observed 

between day 1 and day 3. The values of the strength were 25 MPa, 10 MPa, and 7 MPa for the 

A_GW-r, A_GW-p, and A_GW-s, respectively, after 1 day of curing at 40°C. For the samples 

cured at 60°C, the values of strength after 1 day were 16 MPa, 7 MPa, and 5 MPa for the A_GW-r, 

A_GW-p, and A_GW-s, respectively.
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With the change of the curing temperature from 40/60°C to room temperature (about 20°C), the 

reaction kinetic decreased, in agreement with some previous studies on alkali-activated materials, 

demonstrating that curing above room temperature could accelerate the reaction kinetics of some 

geopolymer precursors [41,42]. Hence, for samples cured at 40/60°C for 1 day, a higher extent of 

reaction was achieved that first day. When the samples were then moved to room temperature, no 

significant change in strength was observed during the next 2 days (i.e., at day 3 of curing); 

however, the reaction/hardening slowly evolved with time and led to greater strength at 28 days. 

For samples cured for the entire period at 20°C, the strength increased much more gradually 

between day 1 and day 28. The strength of the A_GW-r sample slightly decreased between day 1 

and day 3 when initially cured at 40°C, in comparison to 60°C. The exact reason for this decrease is 

not known and would require further research to determine.

Together, the A_GW-r, A_GW-s, and A_GW-p samples presented a high degree of similarity in 

terms of strength evolution when subjected to the 3 curing regimes, with no strength gain or lower 

strength values at 28 days for samples initially cured at 60°C. The few differences observed can be 

attributed to the effect of the resins, which influenced the dissolution, diffusion, and hardening 

reactions in different ways. Consequently, 60°C is likely above the threshold temperature that is 

beneficial for strength development. This is in agreement with some previous studies that have 

reported the existence of a threshold curing temperature above which the formation of geopolymer 

gel and the strength development are hindered [43,44]. 

Based on the dry strength results, all the prepared alkali-activated glass wool samples would be 

suitable for building applications, at least in dry environments, as the minimum requirement of 

compressive strength for many building applications—usually around 20 MPa—was met [45]. 

However, the stability in water of the prepared alkali-activated materials was also studied. The wet 

strength (i.e., after immersing in water for 24 h) and wet–dry strength (i.e., after immersing in water 

for 24 h and drying the wetted specimens for 3 days at room temperature) of the prepared alkali-

activated materials are presented in Table 4.

Table 4: Dry, wet, and wet–dry compressive strength of the A-GW-r, A-GW-s, and A-GW-p 

samples.

Sample name Dry compressive strength 
(MPa)

Wet compressive strength 
(MPa)

Wet–dry compressive 
strength (MPa)

A-GW-r 60 22 25

A-GW-s 45 6 23

A-GW-p 50 Poor water stability
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It can be seen from Table 4 that the compressive strength decreased drastically after immersion in 

water. The wet and wet–dry strength values of the A_GW-p are not presented because the related 

samples were not stable in water (i.e., partial disintegration occurred). The decrease in strength was 

due to the poor hydrolytic stability of the binder gel. In a previous study that used a similar mix 

design and curing conditions, it was found that the binder gel consisted of Ca- and Al-poor sodium 

silicate gel [5]. This type of gel has low hydrolytic stability and dissolves in water [46,47]. 

However, the strength was partly recovered after the drying of the immersed samples. A similar 

behavior was observed in relation to the alkali activation of other geopolymer precursors—such as 

volcanic ashes and laterites—and was suggested to be associated with the hydration of some Si-O 

bonds, creating Si-OH and weakening the structure [48]. However, the product from the latter 

precursors was more stable, and the strength retention in a wet condition was higher (above 40%). 

Another important observation was the difference in strength loss between the different alkali-

activated glass wools. The presence of the organic resin negatively influenced the wet strength, 

mainly in the A_GW-p sample, for which partial disintegration was observed. Indeed, the high dry 

strength observed can be ascribed to the formation of amorphous sodium silicate gel—as identified 

in a study of the reaction mechanism of alkali-activated glass wool [5]—which is, however, water 

sensitive. Hence, the development of alkali-activated glass wool with improved water resistance 

properties would require the incorporation of more reactive geopolymer precursors such as 

metakaolin, stone wool, or ground granulated blast furnace slag (GGBS). 

4. Conclusions

This paper provided insight into the effect of organic resin on the properties of glass wool wastes 

and the resulting alkali-activated materials. Three types of glass wool were used: the reference 

without the resin (GW-r), glass wool containing sugar-based resin (GW-s), and glass wool 

containing phenolic-based resin (GW-p). The results of this study lead to the following conclusions:

 The presence of organic resin reduced the milling efficiency of the glass wool, increased the 

liquid demand, and mitigated the development of compressive strength at room temperature 

and the water stability of the prepared materials. 

 Curing for 24 h at 40°C was beneficial for strength development at 1 day, in comparison to 

20°C and 60°C, independent of the presence of resin. However, the effect of the presence of 

resin on the dry strength at day 28 was less obvious. 

 The dry compressive strength values of all the prepared alkali-activated materials at day 28 

were above 40 MPa, satisfying the requirement for their use as building materials in dry 
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environments. The strength reduced after water immersion, and partial disintegration was 

observed in the GW-p-based alkali-activated materials. 

 The microstructural study of the alkali-activated glass wool showed comparable features 

among the samples, with less obvious residual wool and a better diffusion of Ca in the 

binder system based on the GW-r, although this did not contribute to the formation of a 

C-A-S-H gel. 

 The heat treatment of glass wool from 200°C to about 550°C could be applied to gradually 

remove the resin.

The current study confirmed the potential of valorizing glass wool waste for the production of 

building materials that are at least suitable for dry environments. A study of the effects of various 

co-binders on the properties and stability of alkali-activated materials containing these glass wools 

will be of interest in future.
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Highlights 

 The resin in glass wool waste could be gradually eliminated by thermal treatment from 200 

to 550 °C.

 The resin affected the milling efficiency, rheology, heat of reaction and strength 

development.

 Curing at 40 °C was beneficial for strength development in comparison to 20 and 60 °C.

 The 28-days compressive strength was less affected by the presence of the resin.

 The incorporation of suitable co-binders would increase the materials‘ stability.


