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Abstract. In this work, thermal and optical properties were investigated for a commercial glass foam covered with a
coating designed for exterior and environmental applications. Hence, a new coating was prepared using WOs - a
photocatalytic material - as a pigment and acrylic resin - as binder. The thermal properties were studied by monitoring
the variation of the temperature at the surface and in different points of the glass foam under controlled operating
conditions during exposure to direct simulated solar light. Physical and chemical characterization - RGB and
reflectance measurements were conducted for glass foam surface before and after being covered with WO3-based
coating and FT-IR, Raman and EDAX spectroscopy, X-ray diffraction and 3D laser scanning microscopy were used
for the as-prepared WO3 powder, the glass foam and the applied layers of WOs-based coating. The temperature values
reached a plateau after 20 minutes and the calculated heat transfer through the glass foam based on the experimental
results was around 106 mW. Photochromism was attributed to the analyzed coating, phenomenon correlated with the
optical characteristics of the coating and structural properties of the WO3 powder. Surface roughness, color, spectral

reflectance were improved after multiple layers of the coating.
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1. Introduction
Glass foam belongs to new generation materials, designed, among other application, especially as a heat
insulator in the building industry. Furthermore, it is considered an ecological and efficient insulation material given

the fact that it is being developed both commercially and in the research field from glass waste resources presenting



multiple properties of interest (chemical, physical and biological stability, excellent insulating properties, light weight,
fire and water resistance, etc.).

Based on its properties and commercial applications, glass foam, also known as cellular glass, can be used
as an insulator for roofs, building facades, sub-base (gravel) and industrial piping and installation. Among the chemical
and physical properties intensively studied, there may be mentioned porosity, thermal conductivity, density, sound
insulating properties, thermal resistance, compressive strength. Still, limited studies have involved thermal
investigation of the glass foam related to heat transfer by conduction or radiation [1-4].

Also, in the context of the necessity of developing smart systems in the construction field as a research trend
related to air pollution reduction is to be mentioned the application of exterior photocatalytic coatings that involves
the use of photocatalytic compounds as pigments. As reported in the literature, paints using titanium oxide and zinc
oxide as pigments due to their photocatalytic properties were studied as potential coatings for reducing air pollutants
such as nitrogen oxides and volatile organic compounds from the atmosphere [5, 6]. As well, WO; — a visible-light
active photocatalytic material was reported to be used as pigment in ceramics, for cosmetic products and for nanoinks.
The properties of tungsten trioxide (catalytic, photocatalytic, chromophoric, semiconductor properties) make it
appealing for fields such as photocatalysis dedicated to pollution reduction or energy production, sensors,
electrochromic and photochromic smart windows [7-9].

In this study, commercial glass foam covered with water-based coating prepared using WOs3 as a pigment
was investigated as an environmentally friendly insulation system manifesting multiple properties. The study
comprises the evaluation of thermal behavior of the uncovered and covered glass foam with WOs3-based painting as a
response to simulated solar radiation exposure in specific conditions in correlation with optical and morphological
properties of the commercial glass foam and of the WOs-based coating. To the best of our knowledge, no studies were

reported for preparation and optical characterization of as described WOgs-based painting.

2. Experimental part
2.1. The preparation of the WOg3-based coating
The WO3 — based coating was prepared using three main components: WOj3 as a pigment — a material largely studied
for its photocatalytic activity in the visible-light spectrum, chemical stability, earth abundance and its potential use in

the environmental applications, acrylic resin as binder suitable for both interior and exterior finishing coatings, known



for good oxidative, UV stability, resistant to breakage and high temperature, elasticity and widely used for the
preparation of emulsion paints and water as a solvent — a cheap, abundant and nontoxic resource [8—10]. The weight
ratio of acrylic resin to pigment is 1:1 (each counting for 35 wt%) and the water was adjusted so that the coating can
be easily applied by brushing.
The WQj3 pigment was obtained from tungstic acid (pure H,WO4 procured from Riedel-de Haén AG) by thermal
treatment. The tungstic acid was heated at 600°C for 6 h in air atmosphere, in which the dehydration process occurred
so that internal water molecules of the tungstic acid were removed, as presented in equation (1) [11].
HWO; — WO; + H,0 M

2.2. FT-IR, Raman, EDAX spectroscopy and X-Ray Diffraction
FT-IR and Raman spectroscopy was used as characterization techniques for the commercial glass foam and
synthesized WO3 powder to identify the main functional groups of their chemical composition. Moreover, to provide
a more detailed investigation about chemical composition of the commercial glass foam, EDAX spectroscopy was
selected for elemental analysis. FT-IR characterization was performed using FT-IR spectrometer Vertex 70 (Bruker,
Germany) using the KBr pellet method in the wavenumber range of 400-4000 cm™ cm, 128 scans and a resolution
of 8 cmt. Raman spectra were obtained using a scanning probe microscopy system: Multi Probe Imaging —MultiView
1000TM system (Nanonics Imaging, Israel) and the crystalline phase of the WO3; powder was investigated using
PANalyticalX’Pert Pro MPD-type diffractometer with Cu-Ka radiation (A\Cu =1.54060 A) and a 20-step of 0.016,
from 20° to 80°. Elemental mapping of the commercial glass foam was accomplished using Inspect S PANalytical
SEM/EDX.

2.3. Optical characterization and surface morphology investigation of the glass foam and applied WOs-based

coating

Optical properties (RGB and spectral reflectance) were investigated for the glass foam and of the WO3-based coating
applied on the glass foam. The reflectance and RGB measurements provide additional information regarding the color
stability of the coating and the changes of the optical response influenced by application of multiple layers.
The RGB measurements consisted of monitoring the proportion of each primary color (red, green and blue), which
allows to simulate the color of the investigated surfaces. The color analyses were conducted (with a color Meter-PCE-
RGB 2 from PCE Instruments UK Ltd) on the uncovered glass foam and on the coating layers applied on the glass

foam before and after the system was exposed to the direct simulated solar light.



The reflectance was measured on the uncoated glass foam and on the applied layers of the coating before the thermal
experiments. The reflectance analysis was accomplished by an integrating sphere of 50 mm (model ISP-50-8-R-GT
from Ocean Optics) connected to the Jaz modular UV-VIS spectrophotometer (procured from Ocean Optics) and the
light source (LS-1 from Ocean Optics).
The surface texture of the layers of WOs-based coating was analyzed in comparison with the uncoated glass foam
using 3D laser scanning microscopy. Therefore, the images of the surfaces were obtained using 3D laser scanning
microscope OLS 4000 Lext Olympus.

2.4. Thermal investigation
The thermal properties of the glass foam covered with WO3-based coating system were analyzed by simulating real
conditions for which this system can be used as an external insulating layer of the building envelope. The commercial
glass foam, Pinosklo cellular glass, was cut into pieces of the following sizes: 10 cm x 10 cm x 4 ¢cm (length x depth
x height) and subjected to the experimental investigations. Each piece was fixed in a polystyrene box so that the heat
transfer between the exterior and interior does not occur on the sideways. The upper surface of the samples was
exposed to the heating source - simulated solar radiation (provided by Sol2A 94042A, Oriel Instruments/Newport
Corporation) and the bottom surface is placed on a stainless-steel surface. The ambient temperature was maintained
constant at 23°C.
For two hours, the temperature was measured at the surface of the sample with infrared camera (Fluke Ti110 thermal
imaging camera) and in certain points inside the sample situated at equal distances across the sample height using type
K thermocouples connected to a thermometer with 4 channels (model TM -946 from Lutron Electronic). The
temperature measurements were conducted for glass foam sample before and after applying each layer of WO3; - based
coating. Four layers of WOs—based coating were applied on the glass foam and the irradiance of the simulated solar

radiation at the surface of the sample was around 895 W/m? in the visible domain and 10 W/m? for UV domain.

3. Results and discussion
3.1. Spectroscopic characterization of WO3 powder used as pigment and of the commercial glass foam
The FT-IR spectra (figure 1 (a)) of the WO3 powder reveals two peaks associated with the adsorbed water molecules
at ~3459 cm™ and ~1640 cm ascribed to stretching vibration — v(O-H) and, respectively, to the bending vibration

mode 8(H-O-H). The broad peak situated at 840 cm™ can be attributed to the v(W-O-W) vibration with a shoulder



present at 776 cm™ which can be assigned to the v(O-W-O) vibrations [12, 13]. Additional vibrational modes are
identified in the Raman spectra (figure 1 (b)) between 50 cm™ and 1000 cm™ at 720, 812, 332 and 278 cm™. As
reported in the study [14], the revealed bands of the WO3; raman spectra correspond to the crystalline monoclinic

tungsten trioxide (m-WQOs3).
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Figure 1. FT-IR spectra (a) and Raman spectra (b) of the WO3 powder

Therefore, the peaks found at 720 cm™ and 812 cm™! are ascribed to the stretching vibration mode (v(O-W-0)) and the

peaks situated at 278 cm™ and respectively 332 cm™ can be attributed to the bending vibration mode O-W-O of

bridging oxygen [12-14].
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Figure 2. Powder XRD diagram of WO3 pigment

The purity and crystalline phase of the synthesized WO3; were further investigated using X-ray diffraction

spectroscopy. The XRD pattern (figure 2) shows diffraction peaks that are ascribed entirely 100% to the monoclinic



crystalline structure of WOz with the lattice parameters of a = b = ¢ = 5.078 A as confirmed by the standard card
(JCPDS: 75-2072) using Rietveld refinement analysis, reflecting the high purity of the crystalline phase

Based on the information provided by XRD analysis the structural parameters of the WO3 powder are presented in
table 1. The sharp peaks at 26 = 23.18, 23.63, 24.38, 26.7, 28.94, 33.38, 34.26, 35.44, 41.74, 47.27, 48.25, 49.99,
53.46, 54.23, 54.88, 55.95, 76.8 correspond to the planes (002), (020), (202), (120), (112), (021), (202), (220), (221),
(002), (040), (400), (022),(202), (240), (401), (422) [15, 16].

Table 1. Structural parameters of WO3 powder

Formula We,0002,00

a[A]-5,078(2)

100% WOs

b [A] - 5,078(2)

Spatial group P m -3 n (223)

¢ [A] - 5,078(2)

The molar mass [g/mol]- 1135,0990

o [degree] - 90

Calculated density [g/cm?®] - 14,3895

B [degree] - 90

V (10° pm?) - 130,97100

v [degree] - 90

As widely studied, it has to be mentioned that the properties of WOj3, including but not limited to crystal phase, surface
chemistry, the band gap, that are likewise interdependent properties, have a strong impact further in their application,
such as photocatalysis, chromism and semiconductivity [8, 9]. In the study [9], it has been pointed out that WO3
powders of different crystal phases (m-WOs;, h-WOs;, 0-W03:0.33H,0 and its combinations) and morphologies
(nanorods, cuboidal nanoplates, nanowires, etc.) led to different values of band gaps and also distinct appearance
(yellow or blue color). The variations of WO3; powder structural and morphological properties involved also different
photocatalytic performances. In other experimental studies [17, 18] it has been reported that enhanced photocatalytic
activity was obtained for m-WO3; when compared to h-WQj3 and, respectively, for o-WOs/Al-W when compared to c-
WOs3/AI-W. Similarly, it was illustrated that photochromic activity is affected by the crystal phase of WO3 therefore,
hexagonal phase of WO3 showed better photochromic properties than cubic phase [19].

Similar to the FT-IR spectrum of WQOg, in the FT-IR spectra of the glass foam (figure 3 (a)), the bands from

3448 cm™ and 1625 cm™ correspond to the vibrations of water groups. As it is specified on the producer site, the



commercial glass is produced from recycled materials (such as container and window glass), whereas the carbon black

is used as foaming agent. Most common glasses used for production of containers and windows are soda-lime glass

and potash glass. The main constituent oxides of these types of glasses are SiO2, CaO, Na;O, K;0, of which SiO;

represents the major component (>50%-wt%) [20-22].
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Figure 3. FT-IR (a) and Raman (b) spectra of the commercial glass foam

The peaks revealed in the FT-IR spectra of the commercial glass foam correspond to the vibrations of SiO»

as further presented: the broad band at 1022 cm* may be ascribed to the Si-O-Si anti-symmetric stretching of bridging

oxygen within the tetrahedral and the weak peak at 920-980 cm™ can be ascribed to Si—O- stretching with non-

bridging oxygens. The band at 770 cm™ and 475 cm™ can be attributed to the Si—O-Si symmetric stretching vibrations

of bridging oxygens and to the bending modes of Si—O-Si or O-Si—O, respectively [23].
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Figure 4. EDAX elemental analysis of the commercial glass foam

In the Raman spectra (figure 3(b)) of the glass foam, two intense bands are observed at 1606 cm™ and 1359 cm™ that

correspond to the carbon element used as foaming agent, explaining the black color of the glass foam. Also, the peak



at 1107 cm is characteristic of silica tetrahedra with one non-bridging oxygens. The bands between 300 cm™* and 600
cm are very likely to correspond to vibration of oxygen atoms in Si-O bonds but can also be attributed to M-O-M
groups, where M can represent Si or other elements [24, 25]. Based on the EDAX analysis, the investigation of the
elemental composition for commercial glass foam is more detailed via semi-quantitative analysis. EDAX spectra
(figure 4) attests the oxygen as the major element followed by silicon given by the silicon dioxide - the main
component of the glass foam, as previously mentioned. The other elements revealed here are Na (11.51 wt%), Ca
(5.68 wt%), Mg (1.91 wt%) and Al (1.29 wt%).

3.2. Optical characterization and surface morphology investigation of the glass foam and WO3-based coating
The optical properties in terms of spectral reflectance (diffuse reflection) and color, investigated using the RGB model,
were evaluated for the uncovered glass foam sample in comparison with the glass foam sample after applying every

layer of the WOs- based coating.
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Figure 5. The reflectance of layer 1, layer 2, layer 3 and layer 4 of WO3-based coating applied on the glass foam

compared to glass foam with no coating applied (layer 0)

As presented in figure 5, the reflectance curve indicates that the maximum reflectance values for layers 1-4 was found
in the wavelength range of 480+580 nm. This domain corresponds mainly to green wavelength spectrum and to
wavelength spectrum that is attributed to cyan and yellow [26]. The reflectance curve for the uncoated glass foam is

nearly uniform across the spectrum between 400 and 700 nm, which suggests the dark grey of the glass foam. The



reflection increases from 25.6% to 47% for layers 1—-4, indicating a more intense color of the coating and a more

proper covering of the coating on the glass foam.
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Figure 6. Modification of RGB values (expressed from 0 to 255) for each layer of applied WOs-coating (2) before

and (b) after exposure to simulated solar light

Still, the color of the coatings showed significant changes after being exposed to simulated solar radiation (figure 6).
The color change after exposure to simulated light, expressed by the RGB model, is indicated by the decrease of R,
G, B values with approximately 30—40 units for each layer applied, which results in a decrease strength of the color.
Moreover, the green-yellow color, more clearly revealed for layer 4, as illustrated in figure 7, turns into a green bluish
color. This information is also revealed by comparing the proportion of each primary color before and after exposure
to simulated solar light. Before irradiation, values attributed to R and G are almost equal and the proportion of B is
lower compared to R and G. After irradiation, the proportion of R decreases in comparison with G, being very similar
to B and the proportion of B in relation to G increases comparing to results obtained before irradiation.

The color change of the coating could be explained by photochromic properties of the WOs3, as reported in scientific
literature. Considering the conduction properties of the WOs, electrons (e7) and holes (h*) pairs are generated due to
light irradiation. The former enter the conduction band of WO3 and the holes react with water from the system forming
HxWOs3 (equation 2), resulting in a color change. The change of color can vary from yellow to blue [8, 19].

WO; + xH* + xe& — HWOs 2



As previously mentioned, WOs is a well-known semiconductor with a large applicability spectrum for which the color
is depending on the oxidation state of the tungsten atoms in the crystal structure. Therefore, the capacity of the powder

capturing photons, that is, the amount of photon induced electron-hole pairs directly influence the photochromic

properties of the WO3 compound [8, 19].
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Figure 7. The photos of WOs;-based coating (left side) and of the glass foam covered with of WO3-based coating

(layer 1 and layer 4) before and after solar irradiation

The glass foam has a porous structure and for this reason multiple layers of the coating were required to achieve o

good coverage. Four layers, as previously mentioned, were involved in the study.
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Figure 8. 3D images for the porous surface of the glass foam covered with (a) layer 1, (b) layer 2, (c) layer 3 and (d)

layer 4 of WOs-based coating

In figure 8, it is shown that a more homogeneous dispersion of the coating is achieved as the number of layers
increases, which led to the decrease of surface roughness (Sq) from 31.45 pm to 17.28 um and to the decrease of

maximum valley depth (Sv) from 640 um to 285 um based on the 3D images.



3.3. Thermal behavior evaluation of the glass foam

In figure 9, it is presented the thermal behavior of the glass foam sample before and after being covered with WO3-

based coating obtained under specific experimental conditions: exposure to simulated solar radiation and constant

ambient temperature.
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Figure 9. Thermal response of the uncoated glass foam (a) and of the glass foam covered with WO3-based coating

((b) — layer 1; (c) — layer 2; (d) — layer 3; (e) — layer 4)) during the exposure to simulated solar radiation

Therefore, in the first step, when no coating was applied, it can be noticed that during the radiation exposure, the

temperature of the surface (Tsupr) and the temperature measured at the four points across the glass foam sample height

(T1, T2, T3, T4) increased rapidly from approximately 27°C and respectively 24°C (for T1, T2, T3, T4) to ~ 78-80°C

and respectively 74°C, 64°C, 51°C, 41°C after 20 min, followed by temperature stabilization specified by a plateau

value in the range between 20 and 120 minutes for all five monitored zones.

The temperature values inside the glass foam sample decreased constantly from one measuring zone to the following

one as the heat of the solar radiation passed through across the height of the sample, for which the internal heat

conduction through the glass foam sample was around 106 mW. The internal heat flux was calculated with Fourier’s



law heat conduction equation based on the experimentally investigated temperatures across the glass foam thickness
after the temperature plateau values were achieved [27].

Very similar trends of the temperature change over time were achieved after applying each layer of WO3-based
coating, indicating that the coating does not influence the thermal response of the glass foam. This can be explained
based on the assumption that the extent of the optical response (in terms of reflected radiation) and the emissivity of
the coating layering is insignificant to lead to a temperature modification considering the involved experimental
conditions.

When it comes to thermal insulating properties of glass foam, it was pointed out, according with other experimental
studies concerning the synthesis of glass foam from glass waste and to obtain valuable properties of interest, that the
thermal conductivity depends on the porosity and compressive strength determined by the type of foaming agent, the

raw materials and the synthesis conditions used for the glass foam production [2, 28-30].

4. Conclusion

Based on the optical investigation of the glass foam and of the applied layers of the WOs-based coating,
spectral reflectance of the coating increased from the 6.9% to 47% with the number of applied layers in the range
between 480 and 580 nm corresponding to the yellow-green color, as visually detected. Moreover, the color change
after solar irradiation given by photochromic properties of the WOs3 can be considered an indicator of photon induced
electron-hole pairs mechanism that precede also the photocatalysis phenomenon. Still, supplementary studies are
undisputable needed for investigating the photocatalytic properties of the coating to develop efficient coatings for
pollutant reduction.

Considering direct simulated solar irradiation, the surface temperature and the temperature inside the glass
foam reached approximately 80°C and respectively 74°C, 64°C, 51°C, 41°C (for T1, T2, T3, T4) with no modification
after application of the WOgs-based coating on the glass foam.

As the glass foam is a porous material, the 3D scanning images illustrated that a more proper application of
the WOj3 based coating was obtained after multiple layers, emphasized by the decrease of surface roughness. The FT-
IR, Raman and XRD spectra led to the identification of the main functional groups of the commercial glass foam,
especially Si-O and Si-O-Si and carbon and of the monoclinic crystalline phase of the synthesized WO3; pigment.

EDAX spectra identified other elements of the glass foam such as Na, Ca, Mg and Al.
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