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Abstract: The article analyses the impact of two different types of dispersive glass on cement hydra-
tion and compressive strength at 7 and 28 days. The study employed dispersive glass from various
LCDs (TV sets, computer monitors, smart phones), characterised by a composition of approximately
8% SrO, and dispersive glass from washing machines, which consists mainly of SiO, NayO, and CaO.
The chemical composition and particle-size distribution of different types of dispersive glass were
analysed. The study compares the effect of electronic waste glass on cement hydration by evaluating
the amount and rate of heat released during the process. In addition, the results of X-ray diffraction
(XRD), thermogravimetric analysis (TG), and scanning electron microscopy (SEM) are provided.
Different types of glass were determined to have a similar effect on the physical and mechanical
properties as well as the mineral composition of cementitious samples: density and UPV decrease up
to 6% and compressive strength decreases by about 30%, when 5-20% of cement was replaced by
glass waste. However, more prominent differences were observed in the workability of the mixtures:
the waste glass from home appliances increased the spread by up to 25%, while the waste glass
from electronic devices decreased the spread compared to the reference sample by approximately
20%. The mixtures modified with the waste glass of electronic devices had a higher degree of early
hydration (96%) due to the higher water absorption of the mixtures compared to the waste glass of
home appliances (88%).

Keywords: electronic waste glass; cement hydration; compressive strength; microstructure

1. Introduction

The rapid development of industry and technological change in the last decades along
with increasing consumerism result in a growing amount of obsolete electronic devices and
household appliances [1-3]. Liquid crystal glass from the displays of electronic devices
contains a variety of chemical elements that may have toxic effects on the environment [2,4].
The possibilities of recycling LCD glass and other types of waste glass are researched
in order to reduce environmental pollution. The construction industry, being one of the
largest industries in the world [5-7], has a great potential for recycling electronic waste
glass. Crushed glass waste can be mixed with cementitious materials to reduce the need for
cement or natural aggregates and also improve the properties of mortar or concrete [8,9].
Glass waste can come from a wide range of electronic devices (LCD), household appliances,
the food packaging industry, or old buildings [10]. Different types of glass are of different
chemical composition. Glass that is not suitable for recycling must be sorted and stored
separately in landfills [11].

Researchers Islam et al., 2017 [12] identified the chemical composition of container
glass, which mainly consists of 68% SiO,, 14.5% CaO and 12.2% NayO, and lower amounts
of BaO and other elements. The chemical analysis of LCD glass showed that it may contain
approx. 65% of organic compounds, approx. 25% SiO;, 5-10% Al,O3, 3% CaO, and other
elements, such as arsenic, zinc, strontium, barium, phosphorus, potassium, iron, titanium,
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and copper [13]. Kim and Yang, 2021 [14] found that organic-free LCD glass contains
approx. 61% SiO, and that the total amount of SiO,, Al,O3, and Fe,O3 is more than
85%. This composition meets the ASTM C618 [15] requirements for pozzolanic materials
(5107 + Al,O3 + Fep;O3 > 70%). Jiang et al., 2022 and Nassar and Soroushian, 2012 [16,17]
studied ordinary container glass (soda-lime glass), which mainly contains 11.8% CaO
and 72.7% SiOy, while the sum of oxides SiO,, Al,O3, Fe;Os in the chemical composition
amounts to 85.3%.

The analysis of the mineral composition of LCD glass revealed a wide hall between
15° and 35° of 26, indicating the existence of amorphous phases [13,14] in this type of glass,
as in many other types of glass, e.g., automotive and building glazing [18]. The higher
pozzolanic activity of glass, which causes the formation of a higher amount of calcium
hydrosilicates (CSH) in cement reactions [19], can be related to the amorphous crystal
phases identified in the XRD curves. The XRD analysis of LED glass showed the existence
of crystal components, such as SiC and SiO,, in the form of quartz, in addition to the
amorphous phase at 18°-28° [20].

The analysis of the possibilities of using waste glass of different chemical and min-
eral composition in cement-based materials revealed two lines of experimental research:
(1) substitution of cement with dispersive glass and (2) substitution of fine aggregate with
crushed glass. When 10% and 20% of cement in concrete is replaced with LCD glass having
an average particle size of 13.1 pm, the early compressive strength of the concrete decreases
by 17%. However, at 28 days, the compressive strength of the samples modified with LCD
glass was 6% higher [21]. The increase in strength after longer curing is explained by the
ability of LCD glass particles with silica bonds to form a denser microstructure during
the pozzolanic reaction with portlandite (CH) and to build a higher amount of CSH gel,
which increases strength during the later phase of hydration [22]. It was also found that
10% of glass makes the mortar structure denser due to the higher amount of CSH formed.
As a result, modified cement-based materials gain better resistance to chemical attacks.
According to the findings of [19], LCD glass (average particle sizes of 11 pm and 37 pum)
can increase the freeze—thaw resistance of concrete and also increases the resistance to
carbonation and sulphate corrosion. LCD glass with an average particle size below 45 pm,
added to the mix at 5% by weight of cement, reduces the chloride diffusion and water
absorption by 35%. The alkali-silica reaction (ASR) test at 14 days showed that the reference
sample expanded by 0.16%, whereas the expansion of the samples modified with 20% glass
was reduced to 0.05% [23].

Kim et al.,, 2017 [21] analysed the effect of LCD glass (particle size LGP5-FM = 4.46;
LGP12-FM = 2.73) on the physical and mechanical properties of concrete. Samples were
dried at higher temperatures of from 80-120 °C in order to boost the activity of alkaline
materials. The strength tests showed that at the early drying phase of 3 days, the modi-
fied samples with 15% and 20% LGP12 glass had a compressive strength 4.9% and 8.2%,
respectively, lower than the reference sample, while all other samples had a slightly higher
compressive strength. In later stages of drying, all samples modified with LCD glass
had a higher compressive strength compared to the reference sample. The best results of
compressive strength at 28 days were obtained from the sample in which 10% of cement
was replaced with LGP5 glass; the compressive strength was 15.7% higher compared to
the reference sample. LGP5 5% and LGP12 10% had similar strength values. The tensile
strength tests showed that all samples modified with LCD glass had higher strength values
than the reference sample. Similar results were obtained by other researchers [23], who
replaced 5% of cement with glass. They recorded 20%, 28%, and 36% higher tensile strength
compared to the reference sample (without LCD glass) after 7, 28, and 56 days, respectively.
The flexural strength also increased by 5.7%. References [19,22] noted, however, that early
strength of concrete decreased at higher LCD glass content.

When cement was replaced with LED glass powder, which is harmful waste and has
a high content of SiO,, Al;O3, and SiC compounds and particles ranging between 1 um
and 20 pm, the strength activity index was 95.3-106.5% at 3 days, 113.9-122.8% at 7 days,
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and 126.7-141.9% after 28-90 days, compared to reference samples [20]. These results show
that even though the strength activity index was low at an early age, it increased at later
concrete curing stages. It was also noted that the activity index increased with the fineness
of LED glass. The intensity of the XRD curves showed that CH content increased in the
early stage of curing in particular and CSH peak values increased with time, whereas C3S
peak values decreased, because C3S is used in hydration reactions and subsequently CH
and then CSH contents increase.

When cement is replaced by 10% and 20% of automotive glass waste [18], the com-
pressive strength of the concrete slightly reduces, but the resistance to alkali and sulphate
corrosion almost doubles. A study [5] on the replacement of cement in concrete mixes by
waste glass added at 10%, 15%, 20%, and 25% (fineness modulus FM = 3.01) reports that at
56 days the compressive strength of all modified samples was lower than the strength of
reference samples, but at 90 days the strength of all modified concrete samples, except for
the samples with the highest glass content of 25%, exceeded the strength of the reference
sample [17].

Bonding-strength tests with the samples containing soda-lime glass with an average
particle size of 18.2 um showed a 2-5% decrease in strength when the glass content in the
samples increased from 10% to 30%. However, the results of the same measurement with
the samples heated up to 800 °C showed that the samples modified with waste glass had
14-37% higher bonding strength. At 28 days, the SEM analysis showed the prevalence of
CH in the reference sample. The glass waste added to the mix caused the development of a
Si0O; layer on the surface of this particle and the formation of CSH in the CH reaction. An
interfacial transition zone is visible between the glass and the cementitious matrix, which
could be the reason for the reduced strength of the samples containing waste glass [16,17].
Furthermore, the addition of glass (20%) increased the workability of the concrete due to
the low water-absorption properties of the glass. Soda-lime glass, as other types of glass,
also increased the resistance to chloride diffusion and resistance to freeze—thaw cycles
as a result of the pore-filling effect caused by the pozzolanic reaction of dispersed waste
glass [17].

Tests in the second line of research into cementitious materials, where the aggregate
was replaced by waste LCD glass (0%, 10%, 20%, 30%, with FM = 3.37) [24,25], showed that
the slump flow of concrete increased with the amount of waste LCD glass added. When the
aggregate was replaced by glass at 10-30%, the slump flow increased from 20 mm to 100 mm.
It is concluded that LCD glass is finer than conventional sand and can better fill the spaces
between coarser particles, has a low water-absorption rate and weak bonding between glass
particles with a smoother surface and the cement matrix [26]. Compressive strength tests
showed that the samples modified with LCD glass and the reference samples had similar
strength values. Other studies [1,25,27,28] reported similar results. The samples containing
10-20% of glass had higher compressive strength in comparison with the reference concrete.
In terms of water/binder ratio, a decrease in compressive strength was observed with
the increase in the w /b ratio [24,28,29]. Flexural strength tests [24] of concrete modified
with waste LCD glass (0%, 10%, 20%, 30%, and FM = 3.37) showed that at 7 and 28 days,
the samples containing 10% of waste glass performed better than the reference sample;
however, the samples with a higher waste glass content did not reach the flexural strength
of the reference sample. However, at 90 days, the flexural strength of the samples with 10%
of LCD glass was lower than the strength of the reference sample, whereas the samples
with a lower LCD glass content showed higher flexural strength values. It should be noted
that LCD glass used to replace sand in different proportions of 10%, 20%, 30%, and 40%
reduced the shrinkage of concrete, while concrete containing 40% of LCD glass as fine
aggregate was more resistant to sulphate corrosion [25].

A study with recycled cathode-ray tube (CRT) funnel glass [30], where sand in concrete
was replaced by recycled glass in part (25%, 50%, 75%) and in total, showed that the flexural
strength of concrete decreased from 8.2% to 34.5% with a corresponding increase in the
glass content in the mix, while the compressive strength decreased from between 5.1% to
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16.7%. To reduce the detrimental effect of the alkali-silica reaction (ASR), metakaolin was
additionally used. The unacceptable sample expansion value of 0.6% was recorded in the
samples containing 10% of metakaolin and 100% of CRT funnel glass. At higher metakaolin
contents of 20% and 30%, the expansion was reduced by 72% and 90%, respectively, and was
within the permissible limits. These compositions also showed higher sulphate resistance.
Similar results were reported by authors [31] when sand was replaced in part (50%) and
in full (100%) by two types of waste glass: ground container glass and CRT funnel glass.
Waste CRT funnel glass was processed in two ways: ground, and ground and conditioned
in sodium acid. At 90 days, the flexural strength of concrete fell by from 13% to 20%
due to poor bonding of smooth-surfaced glass and a cementitious matrix. The tests with
solar waste sand (SWS) obtained by crushing solar panels and used as a substitute for fine
aggregate in concrete showed similar compressive strength values in the modified and
reference samples [32].

Substituting 50% of fine or coarse aggregates with untreated glass waste resulted in a
notable 29% improvement in the 7-day compressive strength of concrete compared to the
control. However, marginal decreases of 13% and 5% were observed in the compressive
strength at 28 days when the fine aggregate was replaced with untreated fine glass of 30%
and 50%, respectively. Functional chemistry analysis revealed the formation of Ettringite at
later stages in silane-treated glass waste concrete, elucidating the decreased compressive
strength at 28 days in these mixtures [33].

Analysis of the effects of different types of waste glass on the properties of cementitious
materials showed that glass of different chemical and mineral composition and different
fineness can have different effects on the properties of cementitious materials. No analysis
of the effect of waste glass from household appliances on the properties of cementitious
materials was found in scientific papers.

The aim of this paper is to compare the effect of waste glass from electronic devices
(LCDw) and household appliances (washing machines WMw) of different chemical compo-
sition on cement hydration and the physical and mechanical properties of the binder. The
hypothesis of this work is that dispersed waste glass of different chemical composition can
affect the hydration of cementitious materials and their physical mechanical properties dif-
ferently. However, by establishing this effect, in the future it would be possible to use glass
mixtures from different electronic waste, thereby reducing landfill areas and implementing
greener technologies in concrete production.

2. Materials and Methods

In this study, white cement (Aalborg White, Aalborg, Denmark) and two kinds of
dispersed glass waste—(1) from computer monitors, LCD and LED TV screens (LCDw) and
(2) washing machines (WMw)—were used. The chemical composition of these materials,
determined by the XRF method (Rigaku Primus IV, Tokyo, Japan), is presented in Table 1.

Table 1. Chemical composition of raw materials.

Materials CaO Si02 SO3 A1203 Fe203 MgO K20 Na20 P205 SrO Ti02 BaO C02

Cement 70.4 22.8 2.67 2.18 0.29 0.65 0.07 0.20 0.28 0.17 0.06 - -
LCDw 7.59 57.3 0.07 14.0 0.79 1.36 0.68 2.14 0.02 7.53 - 127  6.10
WMw 10.1 68.2 0.05 2.20 0.12 1.32 1.12 12.2 0.01 0.01 - 0.04 453

The analysis of the chemical composition of dispersed glass revealed great differences
in waste glass from electronic devices and household appliances. Therefore, this kind
of waste glass cannot be used as a conventional additive for cementitious materials. For
instance, LCDw glass is mainly composed of 57.3% SiO,, 14.0% Al O3, 7.6% CaO and 7.5%
SrO, whereas WMw glass is composed of 68.2% SiO,, 12.2% Na,O and 10.1% CaO. Figure 1
illustrates the size of particles of these two types of glass: LCDw has an average particle
size of 33.2 um, djp 1.9 pum, dsp 24,1 um, and dgg 81.2 um; WMw has an average particle
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size of 23.3 pm, djp 0.2 pm, dsp 12.9 pm, and dgy 64.6 pm. The particle-size distribution
curves reveal that WMw is easier to grind and the particles obtained are slightly finer; in
particular, it contains more fine particles of up to 1 um (about 15%).

100 - 100
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80 80 g
< 70 70
&° z
~ 60 60 o
e o
g 50 50 T
g 40 4 g
& 30 30§
20 20 £
10 10 T
0 SN
0.1 1 10 100
Particle size (um)

Figure 1. Particle-size distribution in LCDw (black line) and WMw (grey line).

The materials used for the mixes, where 0%, 5%, 10% and 20% of cement was replaced,
were at first mixed dry for 2 min and then mixed with tap water for 3 min. The water-binder
ratio (W/B) in all mixes was kept constant at 0.35, which indicates that the same amount
of water was used in all compositions. The spread was determined according to LST EN
12706 [34] using a metal cone with a diameter of 3 cm and height of 5 cm immediately after
the mixing.

The spread results presented in Figure 2 show that the spread decreases at a higher
dispersed glass content irrespective of the glass type, because more water is required to wet
the surface of very fine particles. However, WMw glass particles, presumably due to the
higher content of particles smaller than 1pum compared to LCDw, fill the void space between
cement particles better and improve the workability of the mix. The samples modified with
5-10% WMw glass had a higher spread in comparison with the reference samples.

. -
C LCDwS LCDWNCO;;):;C; OHWMWE Whw1l0  WMw20

Figure 2. The effect of waste glass on the spread of cement paste.

Samples of 40 x 40 x 40 mm3 were moulded after the spread test. The samples were

cured for 24 h at a temperature of 20 & 2 °C and 70% relative humidity. The demoulded
samples were kept in water of 20 £ 1 °C for 7 or 28 days until the test. At7 and 28 days, the
density of the concrete samples was tested by measuring the dimensions with a precision
of 0.01 mm and weighing with a precision of 0.01 g. Afterwards, the ultrasonic pulse
velocity (UPV) was measured according to the method described in [35], and the samples
were compressed using the Tinius Olsen H200 KU press (Tinius Olsen, Orlando, FL, USA),
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according to the requirements of LST EN 196-1 [36]. Three samples of each composition
were used for these tests. Additionally, the pozzolanic activity index PAI was calculated
according to Equations (1) and (2):

PAI = (CS/CS,)-100, % (1)

where CS is the compressive strength of each sample, MPa, and CS,L,f is the compressive
strength of reference sample (C), MPa.

PAI = PAI/K, % )

where PAlk is the pozzolanic activity index for similar cement amount, %, PAI is the
pozzolanic activity index (Equation (2)), %, and K is the mass fraction of cement in the
binder (K = 0.8, 0.9, 0.95 and 1.0).

The calorimetry tests of the binder were performed with 100 g of dry material at
W /B 0.35. Microcalorimeter ToniCAL III was used for these tests. The evolved heat of
hydration was measured at 20 & 1 °C for 48 h. Furthermore, the degree of hydration (D)
was calculated according to the literature [37]:

Dy = (Qt/Q48n)-100, % 3)

where Q; is the cumulative amount of heat hydration after 12, 24, 36, 48 h for each sample,
J/g, and Qugp, is the cumulative amount of heat hydration after 48 h for reference sample
©),]/g.

Thermogravimetric analysis (TG, DTG) was performed at 7 and 28 days on the thermal
analyser Perkin Elmer TGA 4000 (Perkin Elmer, Waltham, MA, USA). Samples weighing
50-60 mg were placed in a platinum crucible and heated in nitrogen to 1000 °C at a heating
rate of 10 °C/min. The CH content in the tested sample was calculated according to the
method presented in [35,38]:

mcy = mipo-(Rp)/ (Rw), % 4)

where mcyy is the amount of CH present in the sample that decomposed in the 420-530 °C
temperature range during the TG analysis, %, mp>0 is the mass loss, in the 420-530 °C
temperature range, %, R, is the relative molecular mass of the CH, and Ry, is the relative
molecular mass of the water.

Thereafter, the amounts of CH in cement basis (m1.) were calculated as follows:

me =mcy/K, % (5)

where mcp is the amount of decomposed portlandite in the sample (determined using
Equation (4)), %, and K is the mass fraction of cement in the binder (K = 0.8, 0.9, 0.95
and 1.0).

At 28 days, the rough surfaces of hardened cement pastes were evaluated by scanning
electron microscopy (SEM) in secondary electron mode (SE) using a JEOL JSM-7600F
device (JEOL, Tokyo, Japan). The images were obtained from gold-coated surface fractures
of the hardened samples by a vacuum evaporation technique. The microscope settings
used were voltages of 10 kV and 20 kV at a distance of from 7-10 mm to the sample
surface. The interaction zone between the cement matrix and the glass particles was
analysed (magnification up to 3000 times). XRD analysis was performed using a DRON-7
diffractometer (Bourevestnik, Saint-Petersburg, Russia) with Cu-Ko (A = 0.1541837 nm).
The test parameters used were as follows: 30 kV voltage, 12 mA current, and a 26 diffraction
angle range from 4° to 60° at increments of 0.02° measured each 0.5 s.
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3. Results and Discussion

Calorimetry tests (Figure 3, Tables 2 and 3) showed that glass of both types retards
cement hydration and inhibits the release of heat. Each type of glass had a different effect
on cement hydration: the degree of cement hydration in the samples modified with LCDw
was 4-6% lower, whereas in the WMw samples it decreased by 12-13%, when 10% and 20%
of cement was replaced with waste glass. One more pronounced peak, which illustrates the
hydration of C3S, is seen in the samples modified with 10% LCDw glass. When the LCDw
content increases to 20%, the second and even sharper peak of C3A hydration appears,
and the reaction intensity remains similar to that of cement hydration. Similar trends of
hydration reactions were observed in the samples with WMw glass; however, the degree of
hydration was lower.

14
—C
12 —1LCDwIO
10 —— LCDw20
—— WMwl10

Whiw20

0 4 8 12 16 20 24 28 32 36 40 44 48
Duration, h

@)

0 4 8 12 16 20 24 28 32 36 40 44 42
Duration (h)

(b)
Figure 3. Impact of LCDw and WMw on heat flow (a) and the total heat released (b) by cement.
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Table 2. Time and heat of hydration of the tested pastes.
Paste Time of the Second Heat after Hours of Hydration (J/g)
Designation Maximum (h) 12 24 36 48
C 13.11 71.8 198.4 251.8 291.8
LCDw10 13.75 66.1 175.0 236.4 280.0
LCDw20 15.93 64.6 181.7 233.8 273.1
WMw10 13.42 61.0 160.2 218.1 257.3
WMw20 14.25 58.3 162.6 215.8 253.3

Table 3. Degree of hydration of the tested pastes, %.

Degree of Hydration
Paste Designation
12 24 36 48
C 24.6 68.0 86.3 100
LCDw10 22.7 60.0 81.0 96.0
LCDw20 221 62.3 80.1 93.6
WMw10 20.9 54.9 74.7 88.2
WMw20 20.0 55.7 74.0 86.8

In the LCDw samples, the degree of hydration dropped by approx. 6% when cement
content was reduced by 20%. In the samples modified with 10% of WMw, the hydration
degree dropped by approx. 12%, i.e., more than the content of replaced cement. This
indicates that WMw can retard cement hydration, whereas a high Na,O content (12.2%,
Table 1) is insufficient for the activation of cement hydration. When the WMw content in
the mix was increased to 20%, the NayO content in the mix also increased, and the degree of
hydration fell by 13% in comparison with the reference sample. Therefore, a higher WMw
content can increase the degree of cement hydration. The samples modified with WMw
showed a lower degree of cement hydration, and less heat was released, but the time until
the maximum heat flow was shorter than in LCDw samples (Table 2). These results can be
explained by the greater abundance of aluminate phases, which retard the release of the
heat of hydration.

At 7 and 28 days, the densities of hardened cement paste (Figure 4) modified with
LCDw and WMw fell by approx. 1.9% to 5.6%. This drop in density could have been caused
by the partial replacement of cement with glass with a lower particle density. However, the
difference is reduced with longer curing time as a result of the slower reaction of cement
with glass.

As a result of the possibly more uniform structure of the samples modified with up to
10% of waste glass, especially WMw, the UPV was similar to or slightly higher than the
UPV of reference samples (Figure 5). With the increase in the glass content of up to 20%,
the UPV dropped by about 6%.

At 7 days, the compressive strength (Figure 6a) of all samples modified with waste
glass was lower than the strength of reference samples. The strength in LCDw samples
fell by 9.4%, 36.0%, and 70.0%, whereas in WMw samples it fell by 25.9%, 29.7%, and
56.0%. At 28 days, the difference in strength in comparison with the reference sample (as
described in the literature [17,21,22] too), but the difference in strength of LCDw samples
(7.4%, 30.5%, 44.8%) was still lower than the difference of WMw samples (17.0%, 38.1%,
40.8%) At 28 days, LCDw samples showed better compressive strength results when they
used 5% and 10% of waste. The modification of cement with this type of glass also gave a
higher degree of hydration in the early stage (Table 3). The PAI results (Table 4) show that
compressive strength for a similar content of cement is lower in all compositions with glass
waste (73.5-98%) compared to the reference sample, which indicates that strength decreases
not only due to the dilution effect, but due to the retardation of cement hydration. After
28 days, this coefficient increases, compared to 7 days, because of pozzolanic reactions,
especially when 20% of glass waste is used.
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Figure 4. Impact of glass waste on cement paste density at 7 (a) and 28 (b) days.
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Figure 5. Impact of waste glass content on UPV values at 7 days.
Table 4. PAI (PAlx) of hardened cement samples, %.
After 7 Days After 28 Days
Amount of Replaced Cement, %
LCDw WMw LCDw WMw
5 91.4(962)  795(837)  93.1(98.0)  85.5(90.0)
10 736 (81.8)  77.1(857)  76.6(85.1)  72.4(80.4)
20 58.8 (73.5) 64.1 (80.1) 69.1 (86.4) 71.0 (88.8)
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Figure 6. Impact of waste glass content on compressive strength values at 7 (a) and 28 (b) days.

The highest decrease in strength was recorded when 20% of the mix was waste glass.
This can be explained by the reduced cement content, but SEM results also showed that the
strength was also reduced due to the agglomeration of very fine glass particles (Figure 7b,d).

This accumulation of glass particles in the entire volume of the sample is specific to
the mixture modified with 20% LCDw (Figure 7b) and WMw (Figure 7d) glass. According
to the authors Al-Kheetan et al. [39], the surface morphology of the glass powder exhibits a
distinct textural irregularity, potentially impeding its efficacy in filling voids within pores.
However, partial dissolution of glass particles is also visible in these areas, and the open
pores could be gradually filled with new hydration products after a longer time, because
finely ground glass promotes enhanced interaction between dissolved silica and calcium in
the pore solution. This facilitates the occurrence of the pozzolanic reaction [40]. The authors
T. Lia and L. Tier [41] also determined that the glass powder undergoes partial dissolution
and causes a reduction in CaO content, resulting in an increase in the Si/Ca ratio. A higher
Si/Ca ratio corresponds to greater compressive strength. However, when the authors
compared the results at 90 and 28 days, the Si/Ca ratio was found to increase with age,
indicating ongoing reactions involving glass powder, although at a slower rate [41,42]. The
coarser particles of LCDw and WMw glass mix quite well and adhere firmly to the cement
matrix (Figure 7a,c), as do other types of glass particles [42]. Crystal hydrates, common to
cementitious materials, form around glass particles.
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(0) (d)

Figure 7. SEM images of LCDw20 and WMw20: (a) interaction zone between coarse LCDw and
cement matrix, (b) zone of agglomerated LCDw fine particles, (c) interaction zone between coarse
WMw and cement matrix, (d) zone of agglomerated WMw fine particles.

They were also identified by XRD analysis (Figure 8). Minerals common to cementi-
tious materials—portlandite, calcite and the white cement mineral alite—which had not
reacted in full were identified in XRD analyses. The intensities of the main peaks in the
reference sample showed that portlandite and alite were the most abundant, as these
samples contained 20% more cement. The samples with waste glass had a greater amount
of calcite.

Differential thermal analysis was performed to identify the amount of hydration
products, especially portlandite. The mass loss (Figures 9 and 10, Table 5) at temperatures
between 30 °C and 105 °C is related to water evaporation; in the range from 110 °C to
350°C, the mass loss is caused by the dehydration of cement hydration products, including
CSH, CASH, and ettringite; in the range between 420 °C and 530 °C, the mass loss is related
to the dissolution of portlandite, while in the range between 610 °C and 770 °C the mass
loss is caused by the dissolution of calcium carbonate. Since water loss of several cement
hydration products is recorded in the same temperature range (110-350 °C) and mainly
depends on the drying conditions prior to the TG analysis [43,44], the phases can only be
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quantified accurately with well-defined and non-overlapping peaks, i.e., for portlandite
and calcium carbonate [37].
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Figure 8. XRD results of samples C, LCDw20 and WMw20 (P—portlandite, C—calcite, A—alite,
B—Dbelite).
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Figure 9. TG (a) and DTG (b) curves at 7 days.
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Figure 10. TG (a) and DTG (b) curves at 28 days.
Table 5. Mass loss, %, in decomposition temperature ranges, and amount of CH after 7 and 28 days curing.
o o or o 110-350 °C, % at Equal o o CH Content in CH Content at Equal o o
Mark 110-170°C, %  180-350 °C, % Coment Content 420-530 °C, % Sample, % Cement Content %  At610-770°C,%
After 7 days
C 2.2 3.9 6.1 5.0 20.6 20.6 1.8
LCDw5 2.1 34 5.8 4.4 18.1 19.1 29
LCDw20 1.8 2.9 5.9 3.6 14.8 185 24
WMw5 2.0 33 5.6 46 18.9 19.9 1.9
WMw?20 16 3.1 5.9 35 14.4 18.0 3.9
After 28 days
C 2.6 4.5 7.1 4.7 19.3 19.3 2.0
LCDw5 2.7 3.9 6.9 49 20.1 212 24
LCDw?20 2.7 4.0 8.4 4.0 16.4 20.5 29
WMw5 23 4.0 6.3 5.0 20.6 21.6 1.9
WMw20 2.6 3.7 7.6 4.0 16.4 20.5 2.5

The evaluation of portlandite content after 7 days of curing showed similar results
for the samples with both types of glass: the replacement of cement at 5% reduced the CH
content by 11-15%, but the replacement of 20% of cement with waste glass reduced the
CH content in the sample by approx. 40% (Table 5). Conversion of the CH content to an
equal cement content showed that the amount of CH was reduced by 10% in the samples
modified with 5% LCDw glass, 5% in the samples modified with 5% WMw glass, and 15%
in the samples modified with 20% glass waste. Such a drop in portlandite content can be
explained by the pozzolanic reaction, during which waste glass reacts with CH to form
CSH and CASH. Furthermore, higher amounts of carbonates were identified in the samples
modified with glass waste, and these carbonates might be produced in the CH and CO,
reaction. At temperatures from 110-350 °C, the mass loss in the samples modified with
waste glass decreased with the increase in waste glass content due to the lower cement
content; however, the conversion to equal cement content showed that at 7 days the mass
had changed insufficiently (1.7% loss) in this temperature range.

At 28 days, the portlandite content decreased in the samples containing 20% of waste
glass due to a significantly lower cement content; however, the conversion into equal
cement content showed that all samples modified with waste glass had a higher portlandite
content than the reference sample. After 28 days, a greater mass loss was observed in
the temperature range of 110-350 °C for the same cement content: LCDw?20 samples
showed a higher mass loss of 15.5%, while the WMw20 sample had a 6.6% higher mass
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loss compared to the reference sample, which indicates that the glass used, especially
LCDw, has pozzolanic properties, because more CSH and CASH are produced in the
reaction with CH. Similar trends were reported in other studies with other types of waste
glass. The authors attribute a positive pozzolanic reaction observed in recycled waste glass
powder to the increased presence of CSH within the pore structure, which effectively fills
and compacts the finer pores [45-48]. Carbonate content tends to increase in the samples
with waste glass, but poorly crystallized calcium carbonate, which can decompose at
relatively low temperatures (520-720 °C), was also identified. Higher CO, emissions from
vaterite, aragonite, and calcite at higher temperatures (720-950 °C) [49] were observed
in the reference sample. Other authors [50] also found that a higher amount of poorly
crystallized calcium carbonate (more than 70%) was formed when part of the cement was
replaced with waste glass.

4. Conclusions

e  Both types of waste glass from various displays and washing machines retard cement
hydration (from 13.1 h till 15.9 h) and reduce the amount of heat released (from
291.8J/g to 273.1 ]/ g with 20% LCDw and 253.3 J/g with 20% WMw). However,
different effects were observed when cement was replaced at proportions of 10% and
20%: the degree of hydration decreased by only 4% and 6% in LCDw samples, while
in WMw samples it decreased by 12% and 13%, respectively. This indicates that the
NapO present in WMw glass is insufficient to accelerate cement hydration. The time
to the maximum heat flow was longer in LCDw samples because more aluminate
phases are formed when 20% of LCDw glass is added to the mix, and thus, more heat
is released at a later time due to aluminate reactions.

e At7and 28 days, the density of the binder was reduced by approx. 2% to 6% in the
samples modified with LCDw and WMw. A more uniform structure of the samples
modified with up to 10% of waste glass, especially WMw, produced UPV values
similar to or slightly higher than the UPV of reference samples (for example, 3827 m/s
of a reference sample and 3829 m/s of WMw10). With the increase in glass content of
up to 20%, UPV dropped by about 6%.

e At7 days, the compressive strength of all samples modified with waste glass was
lower than the strength of the reference samples. The strength in LCDw samples was
reduced by 9.4%, 36.0%, and 70.0%, whereas in WMw samples it fell by 25.9%, 29.7%,
and 56.0%. At 28 days, the difference in strength in comparison with the reference
sample fell, but the decrease in LCDw sample strength of (7.4%, 30.5%, 44.8%) was still
lower than the decrease in WMw samples (17.0%, 38.1%, 40.8%). The PAI results show
that the recalculated coefficient to the similar amount of cement is from 73.5-98.0%.
The strength decrease is caused not only by the reduced cement content but also
by retardation of cement hydration, and according to SEM results, it is also due to
the agglomeration of ultrafine glass particles, which led to the formation of distinct
porous zones throughout the sample, particularly in the samples modified with 20%
waste glass.

e XRD and TG analyses showed that reference samples contained the highest amounts
of portlandite and alite, whereas the modified samples had a higher content of poorly
crystallized calcium carbonate. Conversion into equal cement content showed that,
at 7 days, control samples had the highest portlandite content (20.6%, and with glass
waste, from 18.0-19.9%), but at 28 days, modified samples with waste had the highest
amount of portlandite at 20.5-21.6%, compared to the 19.3% of the reference sample.
The same was observed with the change in calcium hydrosilicate content according to
mass loss in the 110-350 °C temperature range: at 7 days, for the reference sample 6.1%,
and for samples with glass waste, 5.6-5.9%; at 28 days, 7.1 and 6.3-8.4, respectively.

o  Waste glass of different chemical compositions had a similar effect on the physical—-
mechanical properties and mineral compositions of the modified samples. More
significant differences were observed in the workability of the modified mixture,
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where the WMw glass increased the spread by up to 25%, while the LCDw reduced
it by approximately 20% compared to the reference sample. Different types of waste
glass also behaved differently in terms of early hydration, where a higher degree of
hydration (96.0%) was observed in LCDw samples due to higher water absorption.
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