2024
NAN OCON® October 16 - 18, 2024, Brno, Czech Republic, EU

WET CHEMISTRY TREATMENT AND SURFACE MODIFICATION OF RECYCLED GLASS
PARTICLES FOR SUSTAINABLE CONSTRUCTION APPLICATIONS

10leg BABCENKO, *Klara BERANOVA, 'Zdenék REMES, ‘Katefina KOLAROVA,
12 Jakub LORINC, 13Jakub VOLF, 2Zdenék PROSEK, 2Pavel TESAREK

institute of Physics, Czech Academy of Sciences, Prague, Czech Republic, EU, babcenko@fzu.cz

2Faculty of Civil Engineering, Czech Technical University in Prague, Prague, Czech Republic, EU
3Department of Inorganic Chemistry, University of Chemistry and Technology, Prague, Czech Republic, EU

https://doi.org/10.37904/nanocon.2025.5016

Abstract

The surface contamination or bulk impurities in the matrix of soda-lime glass can significantly alter glass
properties and via leaching influenced the alternative glass waste utilization as a partial replacement for sand
or binder in concrete-based materials for sustainable construction applications. Therefore, in this work, we
perform wet chemistry (different pH) treatment of the recycled glass particles obtained from the commercial
source. The resulting changes in glass particle properties were analyzed using microscopic and spectroscopic
techniques. Changes in the concentrations of Mg, Al, Ca and Na near the particle surfaces were detected,
indicating potential elements release. For instance, treatment in HCI resulted in a decrease of all observed
non-silica ions in the glass subsurface region while NaOH treatment resulted in a slight increase of Ca amount
in the subsurface region which potentially can positively affect the calcium-silicate-hydrate formation in
concrete-based constructions. The observed results can be helpful in the explanation of processes at
interfacial transition zones in waste glass containing concrete-based materials.
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1. INTRODUCTION

The natural resources exhausting, and issues of environmental pollution leads to increased demands for
sustainable management and recyclable materials use. For instance, glass waste recycling in the glass
industry, especially container glass, significantly reduces the need for raw materials and lowers energy
consumption [1-3]. Moreover, since silica-based glass can be recycled many times retaining its properties it
contributes positively to its overall environmental impact when considered in lifecycle assessments. On the
other hand, the strict industry requirements for recycled glass quality/separation have resulted in large amounts
of glass waste being dumped in landfills, creating environmental problems. With the aim of reducing glass
waste landfilling, a variety of alternative recycling strategies was considered. It was proposed to use the waste
glass for foam glass or glass wool fabrication, manufacturing of sandblasting media or filtration media for water
treatment, road base material, partial replacement for sand or binder in concrete-based materials for
sustainable construction applications [1]. Nevertheless, in many cases the contaminations or additives in waste
glass that prohibit its recycling in glass industry may also limit the alternative recycling strategies.

Indeed, in the estimation of environmental pollution, glass is generally considered as non-biodegradable
material with the landfilling as main environmental impact. However, the reaction of glass surface with water,
especially if cracks in the glass are present, is known [4—6]. Therefore, diffusion of metal ions from glass waste,
e.g. through reaction of glass in the form of shards or small fragments with rainwater, with leachate into the
environment can be an important pollution issue as well [6-8]. Thus, the risk of pollutants release from the
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waste glass via leaching must be taken into account as from the point of environmental pollution as from the
point of alternative recycling strategies [8—11]. Moreover, glass treatment in alkaline or acidic liquids or melts
can affect the composition of glass subsurface and thus its surface properties. In particular, the wet chemistry
treatment of the waste glass and surface properties (chemistry or morphology) modification can be interesting
for applications in the concrete-based materials and calcium-silicate-hydrate formation.

In the current study we perform the wet chemistry treatment of the recycled waste glass (WG) in the form of
glass powder from the commercial source. We investigate the effect of WG interaction with mild acidic and/or
alkaline solutions and study WG powder properties before and after wet chemistry treatment by microscopy
and spectroscopy techniques. The observed WG surface and subsurface composition changes can be helpful
in the explanation of processes in high alkalinity mixtures for sustainable concrete-based constructions.

2. EXPERIMENT

Ground waste glass powder from ordinary, recycled municipal glass waste (Recifa a.s.) was used in the
experiments [12]. The deionized (DI) water and three different solutions with 0.25 M concentration of NaOH,
KOH, and HCI were used for wet chemistry treatment. The WG powder was placed in the amount of 10 g to
100 ml of each treatment medium/solution and mixed by magnetic steer for 1 h. It follows by the 24 h
sedimentation of WG powder. After sedimentation treatment solutions were removed from vessels and each
glass powder was washed by DI water (short mixing by glass stick) with following 24 h sedimentation. The
washing cycle was repeated 5 times after which treated WG powders were dried by natural water evaporation.

The result of WG powder interaction with used solutions was studied using Zetasizer Nano ZS — ZEN3600
equipped with multi-purpose titrator MPT-2 (Malvern Panalytical). The pH measurements of the treatment
solutions and washing media (all after sedimentation) were performed. The measurements were supported by
the conductometry data obtained using PWT conductivity tester (Hanna instruments).

Dry powder microstructure analysis was realized by scanning electron microscopy (SEM) using TESCAN
MAIA3 microscope (TESCAN GROUP, a.s.). Analyzed powders were spread in a dense layer on sticky copper
tape on solid support. The size, shape, and surface morphology of WG particles were analyzed at acceleration
voltage 10 kV with secondary electrons detector. Additionally, mounted to SEM setup the energy dispersive
X-ray (EDX) detector with IDFix analytical software was used to perform the basic elemental analysis of WG.

Fourier Transform Infrared (FTIR) spectroscopy was realized using the dry-air ventilated commercial Nicolet
IS50 FTIR Spectrometer (Nicolet CZ, Ltd.). The FTIR absorption spectra (64 scan/spectrum with 4 cm?
spectral resolution) were collected using a built-in attenuated total reflectance (ATR) accessory with a diamond
ATR prism, DTGS detector and solid substrate beamsplitter in 200-1800 cm-! spectral range (SiO2 fingerprint
region). The spectra in 400-4000 cm! spectral range were collected additionally using a KBr beamsplitter. The
absorbance spectra were spectrally corrected using built-in software (OMNIC Spectra Software).

The X-ray photoelectron spectroscopy (XPS) characterization of dry WG powders was performed using the
AxisSUPRA photoelectron spectrometer (Kratos Analytical). The monochromatized Al Ka (1486.6 eV) with
emission of 10 mA, activated charge-compensation and resolution 20 was used for all measurements. Regions
of the survey spectra containing main peaks of all elements were measured with passing energy of 80 eV for
purposes of quantitative analysis. The atomic concentrations were calculated using KolXPD software.
Correction was performed according to Smith et al. [13], while 3.5 nm was used for the electron attenuation
length of C 1s photoelectrons.

The excitation-emission photoluminescence mapping of dried WG powder was performed using Agilent Cary
Eclipse Fluorescence Spectrophotometer. Maps were measured in 300—800 nm excitation range with 10 nm
step and 320-1100 nm emission range with 1 nm step. Measured spectra were processed using OriginPro
2016 software (OriginLab Corporation) under the academic license.
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3. RESULTS AND DISCUSSION

The measured pH values (within £0.5) and conductivity (2% accuracy) for WG powders (several minutes
sedimentation after mixing) are summarized in Table 1. As it can be seen, adding WG powder to deionized
water (H20) resulted in an increase in pH and conductivity which indicates on induced exchange of sodium
(mainly) and hydrogen ions in water [6, 9, 14]. A slight decrease of these values was observed after 24 h
sedimentation, which continues with further washing. Nevertheless, the values remain high even after 5t water
washing that indicates continued sodium and hydrogen ions exchange. Next, both alkaline solutions have
comparable high pH values that are not changes after WG addition and even increase after 24 h
sedimentation. With water washing pH and conductivity of solutions decreases till reach comparable values
with water-treated WG. The 0.25 M HCI solution demonstrates low pH typical for acidic medium that again not
changed after adding the WG powder or 24 h sedimentation. The following water washing purified the powder
from acid rests, whilst the “final” pH value became as high as 8.4. The conductivity measurements of HCI
treated WG after purification was also lower than for other solutions that probably can be related to decreased
reactivity of HCI treated WG comparing to other (lower alkali-hydrogen ions exchange).

Table 1 Measured pH and conductivity of treated WG powders

Liquid H20 NaOH KOH HCI
Quantity pH o (uS/cm) pH o (uS/cm) pH o (uS/cm) pH o (uS/cm)
Initial 5.3 4 13.3 165 134 160 1.6 155
WG add 10.5 155 13.3 165 134 160 1.6 155
1d stay 10.1 145 14.4 >200 14.4 >200 1.6 >200
1stwash 9.8 115 13.2 145 13.0 145 1.8 130
5t wash 9.2 80 9.8 85 9.6 80 8.4 70

In our earlier studies [12], we demonstrate that used untreated WG powder consist of particles with large size
distribution (mean values 36.0 +0.2 ym) with its large (up to 50 uym), irregular pieces with sharp edges
decorated by the small fragments (tens of nanometers). Therefore, in this study the shown SEM images
(Figure 1) were taken with high magnification and are focused on the analysis of WG surface morphology
changes. The detailed SEM of untreated WG powder (Figure 1a) agrees with previous observation [12] and
demonstrates flat surfaces of large particles with “scratches” or cracks related to grinding process as well as
smaller WG fragments on surfaces.

The performed EDX analysis of powders composition reveals expected high amount of Si and O elements
(two of the strongest signal). Also, strong signal from Na and presence of Ca was observed, but also presence
of Mg, Al, C and K were detected. However, since EDX depth resolution is in order of a few pym and the intensity
of response signal from elements is energy sensitive and requires precise quantitative correction for estimation
of samples composition, the observed data were taken as orientation for more surface precise analysis and
here shown for the untreated sample only (Figure 1b). It must be added that presence of carbon has been
directly or indirectly observed earlier [12, 15] and was related to WG surface contamination by organic residues
which is not distinguishable by SEM.

Similar particles morphology (with “scratches” and cracks on large particles) as for untreated WG powder were
found on water treated powder (Figure 1c). In the case of NaOH and KOH treated WG patrticles the high
magnification SEM images (Figure 1d, 1e) demonstrate that the surface of particles is not smooth but slightly
eroded (small cavities formed). These observations are in agreement with other works where alkaline solutions
of high molarity decolorize or etch glass surfaces [14, 16]. This indicates the dissolving of WG matrix even in
mild alkaline medium and its potential participation in calcium-silicate-hydrate formation in the concrete-based
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materials. The last used solution was 0.25 M HCI with no evident changes of WG particles morphology
comparing to untreated samples (Figure 1f).
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Figure 1 SEM image (a) and EDX spectrum (b) of untreated WG powder, and SEM images of WG powder
treated in DI water (c), NaOH solution (d), KOH solution (e) and HCI solution (f).
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Figure 2 Infrared absorbance spectra of investigated dry WG powders
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The normalized ATR FTIR spectra of analyzed powders are shown in Figure 2. As it can be seen, the
measured IR absorbance spectra for untreated and wet chemistry treated WG powders are similar. The broad
bands found in the spectra were attributed to Si-O-Si (in some cases noted just as Si-O) vibrations:
asymmetrical bending at 463 cm1, symmetrical stretching at 788 cm-1, and asymmetrical stretching at 1082
cm-! characteristic for amorphous (non-crystalline) SiO2 [5, 6]. The weak band at 1450 cm was attributed to
C-H bending vibration that for HCI treated WG significantly decreases. This indicates possible removing of
organic contaminates [15] from the WG patrticles surface.

The XPS analysis of WG powders was performed to investigate changes in WG subsurface composition and
clarify the observations from other analytic methods. The calculated atomic concentration of chemical elements
for studies samples is summarized in Table 2. Due to surface sensitivity of XPS method the highest elements
concentration was observed for oxygen and carbon while all other elements (including Si) have lower signal.
The treatment in DI water (H20) or HCl resulted in a decrease of the carbon on WG surface (which corresponds
to FTIR spectra shown in Figure 2) and increase of signal from oxygen. Contrariwise, treatment in KOH
resulted in a higher percentage of carbon (probably adsorbed CO: from air) and lower of oxygen in the total
composition. The estimation of carbon layer thickness (d carbon in Table 2) as well as measured results
correction can be performed according [13]. The calculations show that the estimated carbon layer thickness
varies from 2.4 nm for KOH treated WG to 1.55 nm for HCI treated WG. As it was shown earlier, such layer
can be efficiently detected by photoluminescence [15].

The significant change of chemical element amount after treatment was found for sodium that seems to be
intensively washed out from the WG matrix (especially for HCI treated powder). These data correspond to pH
and conductivity measurements that indicate a decrease of chemical reactivity of WG with treatment
(especially in HCI case) and water washing (Table 1). The amount of Mg or Al in subsurface region slightly
increases after DI water or alkaline solution treatment. Interestingly, that after NaOH treatment the amount of
Ca on surface also slightly increases comparing to other treatment media, which can be beneficial for
application in sustainable concrete-based constructions. Finally, it is important to note that potassium in the
WG subsurface composition was below the detection limit of the spectrometer even after KOH treatment.

Table 2 Atomic concentration of chemical elements derived from XPS and estimated carbon layer thickness.

WG Mg Na (0] Ca C Si Al d carbon
treatment (at%) (at%) (at%) (at%) (at%) (at%) (at%) (nm)
Untreated 0.2 5.8 36.8 1.4 43.5 12 0.3 2.00

H20 1 3.7 40.3 1.6 37.9 14.7 0.8 1.67

NaOH 0.7 3.6 36.4 2.4 44.2 12.2 0.4 2.04

KOH 0.6 3 32.8 1.6 49.7 11.6 0.6 241

HCI 0.1 25 42.9 0.8 35.8 17.6 0.2 1.55

Concerning the photoluminescence mapping, the lines related to first, second and third-order scattering
maxima were clearly observed in the measured maps (Figure 3). The broadening of first order scattering line
was observed in the region from 320 to 560nm excitation for wet chemistry treated samples. This broadening
was stronger for NaOH and HCI pre-treated powder and probably should be related to eroded WG surface in
the NaOH case (Figure 1d) and surface cleaned from carbon in the HCI case. The emission peaks around
414 nm at Aex =470 nm and 426 nm at Aex = 370 nm were attributed to carbon layer of organic contaminants
on the WG particles surface calculated from XPS measurement (Table 2) which is in agreement with [15].
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Figure 3 The excitation-emission photoluminescence maps of investigated WG powders: untreated (a),
treated in DI water (b), NaOH solution (c), KOH solution (d) and HCI solution (e)

4, CONCLUSION

Commercially available ground waste soda-lime glass powder was treated in different solutions. We observe
that treatment in NaOH and KOH resulted in slight erosion of used non-crystalline WG patrticles due to surface
etching that also affects the light scattering. Next, all treatment solutions resulted in a decrease of sodium
amount in the WG subsurface region and thus decrease of sodium and hydrogen ions exchange in solutions.
Treatment in DI water or 0.25 M HCI resulted in a decrease of organic residues (carbon) contamination of the
WG surface. Moreover, treatment in HCI resulted in a decrease of all observed non-silica ions in the WG
subsurface region reducing its reactivity while morphology of the WG particles is not changed. Treatment in
KOH resulted in a higher amount of carbon on WG patrticles while no increase in potassium amount on the
surface was observed. Treatment in NaOH, besides WG surface etching, resulted in a slight increase in
amount of Ca in the subsurface region which potentially can positively affect the calcium-silicate-hydrate
formation in concrete-based constructions. These findings create a good basis for investigation of treated WG
particles interaction processes in cement-based mixtures used in civil engineering.
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