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Borogermanate glasses doped with Eu®" ions are promising materials for luminescent thermometry due to their
high thermal stability and optical properties. Recovering rare-earth elements from electronic waste (e-waste)
offers a sustainable source for such functional materials. Here we synthesized a borogermanate glass incorpo-
rating 30 wt% e-waste-derived Eu>" ions via melt-quenching and characterized its photoluminescence behavior
for temperature sensing. The glass exhibited characteristic Eu3* emission transitions with temperature-
dependent luminescence intensity ratio (LIR) between thermally coupled “Fo and F, energy levels, following
Boltzmann distribution in the 300-400 K range. The energy gap was determined as 926 + 44 cm™}, with a
maximum relative thermal sensitivity of 1.48 % K™! at 300 K and a temperature uncertainty of 1.7 K. The ob-
tained primary luminescence thermometer proved to be stable under cyclic temperature changes. At 400 K, a
mean LIR value of 0.16545 was obtained, with a standard deviation of 0.00277 (RSD = 1.67%). These findings
demonstrate that borogermanate glasses derived from e-waste can serve as sustainable and reliable primary
luminescent thermometers for advanced optical sensing applications.

1. Introduction

technological elements such as REE from electronic waste (the so-called
“urban mining”) emerges as an environmentally viable alternative,

The increasing global demand for rare-earth elements (REE) [1,2] -
essential components in advanced photonic, electronic, and
energy-conversion technologies [3-7] - has intensified both environ-
mental and geopolitical concerns. More than 80% of REE production and
processing currently occur in a few countries, particularly China, which
dominates the global supply chain [8-10]. This concentration leads to
significant vulnerabilities, such as supply risks, price volatility, and
trade restrictions, directly impacting industries and research sectors
worldwide. Moreover, conventional mining and refining of REE
generate substantial environmental damage, including toxic waste, soil
degradation, and water contamination [11].

In response to these challenges, obtaining high value-added

enabling the recovery of discarded permanent magnets and fluorescent
lamps, promoting circular economy principles, and reducing depen-
dence on primary natural sources. Beyond sustainability, urban mining
offers an opportunity to produce functional materials with high tech-
nological performance while mitigating geopolitical and ecological risks
[12,13].

The possibility of manipulating the glass composition based on heavy
metal oxide (HMO) glasses by RE ions can induce structural changes in
the glass network and, generally, contribute directly to electrical, opti-
cal, and magneto-optical (MO) properties [14-16]. Borogermanate
glasses have been highlighted in recent years for their high thermal
stability and ability to solubilize high concentrations of RE ions, thereby
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preventing crystal or cluster formation. Our research group recently
reported the synthesis and characterization of MO borogermanate
glasses doped with varying concentrations of a complex matrix based on
fluorescent lamps waste, which contains several chemical elements,
among them Eu®* and Tb®* ions [12]. The glasses synthesized do not
present crystal or cluster formation and exhibit characteristic Eu* and
Tb3" optical and magnetic properties. Their maximum Verdet constant
(Vp) value at 632.8 nm was —40.9 rad T m~! [12]. To the best of our
knowledge, this was the first-time report on magnetic-optical glasses
prepared from electronic waste. The development of such photonic
materials derived from recovered REE thus bridges sustainability with
technological innovation, opening new possibilities for advanced optical
applications such as luminescent thermometry.

Temperature measurement is fundamental across scientific, indus-
trial, and biomedical processes, as it directly governs the kinetics,
thermodynamic stability, and overall behaviour of physical, chemical,
and biological systems [17,18]. Conventional temperature sensors often
require direct contact with the sample, which can be impractical or even
impossible under specific conditions such as harsh environments,
miniaturized systems, or biological tissues [19]. These limitations have
driven significant interest toward non-contact temperature sensing
strategies, including infrared thermography and luminescent ther-
mometry. While infrared thermography is widely used, its performance
strongly depends on the emissivity of the material and is limited by poor
spatial resolution [20,21]. In contrast, luminescent thermometry offers
unique advantages, such as high spatial and temporal resolution, resis-
tance to electromagnetic interference, and compatibility with micro-
and nanoscale environments [22].

Luminescent thermometers rely on the temperature dependence of
optical parameters such as emission intensity, lifetime, band shift, or the
ratio between two thermally coupled transitions, commonly known as
the luminescence intensity ratio (LIR) [23]. Among the various lumi-
nescent probes, trivalent RE ions (RE3+) are particularly attractive due
to their sharp emission lines, long-lived excited states, and multiple
thermally coupled energy levels spanning the UV to near-infrared range
[24]. The choice of the RE>* ion and host matrix determine the opera-
tional temperature range, sensitivity, and stability of the thermometer
[4,22,25-27].

Europium ion (Eu®") stands out as an efficient optical center for
luminescent thermometry because of its well-defined emission bands
arising from the >Dg—’F; (J = 0-6) transitions in the visible region. The
relative populations of the Stark sublevels within the “F; manifold can
vary with temperature, enabling the use of LIR-based strategies to esti-
mate temperature changes [28]. Recent studies have demonstrated that
Eu®*-based materials can achieve competitive sensitivities within the
physiological temperature range, making them promising candidates for
applications in biomedicine and photonic devices [29].

The performance of Eu®" thermometers strongly depend on the host
matrix, which should ensure low phonon energy to minimize non-
radiative losses and provide chemical and thermal stability [30]. In
this context, borogermanate (BGeB) glasses have attracted attention due
to their high refractive index, excellent transparency in the visible re-
gion, good thermal stability, and high rare-earth solubility [12,31-33].
Furthermore, their glass-forming ability and structural flexibility allow
homogeneous incorporation of rare-earth ions without clustering ef-
fects, preserving the luminescent properties of Eu>* [34].

In this work, we report a detailed study on the luminescent ther-
mometric behavior of Eu*-doped borogermanate glass (BGeB:Eu*).
The thermometric analysis was carried out using the LIR approach,
based on the temperature-dependent redistribution of populations
among the 7F; levels and their influence on the °Dy—F; transition in-
tensity. The measurements were performed over a temperature range
relevant for photonic and optoelectronic applications. These results
provide new insights into the potential of BGeB:Eu>" glasses as lumi-
nescent thermometers for advanced sensing technologies. This may be
the first promising vitreous luminescent thermometer made from
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2. Experimental section
2.1. Glass preparation

The bulk BGeB glass was synthesized according to the conventional
melt-quenching method from the chemical precursors germanium oxide
(99.9%, Sigma-Aldrich), boron oxide (99.9%, Sigma-Aldrich), barium
carbonate (99.9%, Sigma-Aldrich), aluminum oxide (99.9%, Sigma-
Aldrich) and sodium carbonate (99.9%, Sigma-Aldrich). All precursors
were stoichiometrically weighed out to give 10 g based on 41GeO,-
25B5,03-4A1,03-10Na,0-20Ba0)-30%wst (or BGeB-30%wst), where
30% represents the proportion of fluorescent lamp waste (in wt%)
incorporated into the BGeB glass matrix [12]. The glass composition was
homogenized in a FlackTek speed mixer machine and loaded into a
platinum crucible. It was then thermally treated at 850 °C for 30 min to
ensure the complete thermal decomposition of barium and sodium
carbonates into their corresponding oxides. Subsequently, the compo-
sition was melted at 1400 °C for 90 min in a resistive furnace under
atmospheric conditions. After melting, the mixture was cooled in pre-
heated stainless-steel molds at 30 °C below the glass transition tem-
perature for 6 h to minimize mechanical stress. As a result, a BGeB-30%
wst glass with a thickness of approximately 2 mm was obtained. As a
final step, the glass sample was polished using silicon carbide (SiC)
paper with grit sizes of 600, 800, and 2400 mesh prior to optical
characterization.

2.2. Characterizations

Differential Scanning Calorimetry (DSC) measurements were carried
out from 400 to 900 °C in a Netzsch DSC 404 F3 Pegasus calorimeter
under a 20 mL min ! nitrogen atmosphere, at a heating rate of 10 °C
min~! and using platinum crucibles. The maximum errors for the glass
transition temperature (Tg) are & 2 °C.

Powder X-ray Diffraction (XRD) analyses were performed at room
temperature in a Bruker D8 Advance model diffractometer equipped
with a Ni filter, with Cu Ka radiation (1.54186 A). The measurements
were recorded in the 20 range from 5 to 90°, with a 0.020° scan step and
using a scanning speed of 5° min .

Photoluminescence (PL) excitation and emission spectra were
recorded at room temperature and under heating on a Horiba-Jobin
Yvon Fluorolog®-3 FL3-22 spectrofluorometer equipped with a Hama-
matsu R928P photomultiplier as UV-visible detector. The excitation
source was a 450 W continuous xenon short-arc lamp (UXL-450S-O,
USHIO INC.). The PL emission spectra have been corrected for the
wavelength sensitivity of the detector and the PL excitation spectra to
the intensity of the xenon lamp in the excitation range. The conversion
from wavelength to energy units (cm™') using the Jacobian trans-
formation of the intensity values were performed [35].

Temperature-dependent PL measurements were carried out using a
homemade cryostat-oven accessory (1.0 K accuracy) coupled to a FLY-
EVER Equipments temperature controller (model FES50RPN). The
cryostat-oven was designed by Microtube company. The temperature of
the sample was increased at a heating rate of 1 K min~! by means of an
electrical resistance and it was lowered by the addition of liquid N5. The
thermalization time was 3 min.

3. Results and discussion

Thermal, structural, optical, and magneto-optical characterizations
of BGeB-%wst glass system containing fluorescent lamp waste (wst)
were previously investigated in previous study of our group by Berno
et al. [12]. The glasses were synthesized with the composition
(41GeO2-25B203-4Al5,03-10Naz0-20Ba0)—x%wst, where x = 0, 10,
20, 30, and 50.
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In this case, from the analysis of the DSC curve for the BGeB-30%wst
glass, it was possible to extract the main characteristic temperature, the
glass transition (Ty), equal to 649 °C (Figure SI1). XRD pattern for the
BGeB-30%wst sample showed the presence of a diffuse halo and the
absence of narrow peaks, indicating a non-crystalline nature
(Figure SI2). The presence of a T and a non-crystalline behavior con-
firms the vitreous nature of the sample analyzed.

In our previous study, increasing e-waste content caused a slight
decrease in optical transmittance, whereas all samples exhibited intense
visible photoluminescence associated with characteristic Tb>* and Eu®*
transitions [12]. Based on these results, the BGeB-30%wst glass was
selected for the present luminescent thermometry investigation due to
its high visible transmittance and relatively elevated Eu" content
(0.27 wt%). These characteristics make it a promising candidate for
temperature-sensing applications based on Eu®* photoluminescence.

Fig. 1a presents PL excitation spectrum of BGeB-30%wst glass sam-
ple at room temperature (RT, 298 K) and monitoring the emission at
704.0 nm (Eu3+:5Do—>7F4). The spectrum consists of a broad band in the
250-350 nm region, corresponding to energy transfer from the host
matrix to Eu>" energy levels, and Eu>" intraconfigurational 4f-4f tran-
sitions. Excitation bands were mainly observed at 393.0, 464.0, 524.0,
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Fig. 1. (a) PL excitation spectra of BGeB-30%wst sample at room temperature
and monitoring the emission at 704.0 nm. Inset: Photograph of the BGeB-30%
wst glass sample under exposure to ambient lighting. (b) Partial energy levels
diagram of Eu®* ion
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and 531.0 nm, which are assigned to Eu>* transitions coming from ’F
ground state and F, energy level to SLe, °Dy, and °D; excited states,
respectively. The energy of 380 cm™! for Eu>":"F; energy level [36]
allows its population even at room temperature. As it can be verified at
531.0 nm in Fig. la, 'F1—°D; transition. On the other hand, any
expressive excitation bands ascribed to transitions coming from
Eu3+:7F2 excited energy level, 1043 cm~! [36] are verified in the exci-
tation spectrum of Fig. 1a. Fig. 1b displays a partial energy levels dia-
gram of Eu®" [37] along with the excitation and emission mechanisms
verified in Fig. 1a and throughout this work. Double arrows indicate
both excitation and emission transitions.

For a luminescence thermometer containing only one luminescent
center, the temperature can be determined from the ratio of the exci-
tation/emission intensities of two electronic transitions. The electronic
populations of these two thermally coupled energy levels can be ob-
tained from the Boltzmann thermal equilibrium model [25,38]. Fig. 2a
depicts a schematic energy level diagram with the thermally coupled
energy levels of Eu®*. The broad arrow in Fig. 2a, didactically, illustrates
the direction of the electronic population (N) variation in the thermally
coupled levels with increasing temperature. An increase in temperature
lead to depopulation of |0) energy level. Contrarily, it is expected that N
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Fig. 2. (a) Schematic diagram of the thermally coupled energy levels of Eu>"
ion and the respective N as a function of the temperature and (b) Fractional
population of “F; energy levels as a function of absolute temperature.
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rises in the |1) and |2) energy levels. For Eu" ion, |0), |1), and |2)
correspond to "Fo, 'Fy, and "Fy energy levels, respectively [19]. Fig. 2a
shows electronic transitions coming from the thermally coupled levels to
5Dy excited energy level. For BGeB-30%wst glass the 7Fo—"Dy, "F1—°Dy,
and "F,—°D, intraconfigurational f-f transitions are observed, respec-
tively, at 577, 586, and 610 nm in Fig. la.

The electron population of ’F; energy levels is predicted by Boltz-
mann distribution [38]. In this sense, the electronic population of two
thermally coupled levels is given by Equation (1) [38,39].

&2 —AE
N (2 e (1) M

Where N, and N; are the electronic population of thermally coupled
energy levels |2) and |1), g2 and g; are the barycenters of these levels, AE
is the energy difference, and kg is the Boltzmann constant.

The level energies (in em 1) of “Fg, “F1, and “F, were obtained using
excitation spectrum presented hereafter and they are 0, 328, and
1002 cm™?, respectively. Fig. 2b displays the calculated fractional
population (in %) of 7F0, 7F1, and 7F2 Eut energy levels in the 300-
400 K range using the general form of Boltzmann distribution for the
fractional population of particles [25,39-41]. Therefore, as "Fg, "Fq, and
7F, are thermally populated Eu>* levels, BGeB-30%wst glass sample was
submitted to heating and PL excitation spectra were collected.

Fig. 3a and b shows the obtained excitation spectra of BGeB-30%wst
glass sample at 300, 353, and 403 K in the 450.0-625.0 nm (a) and
573.0-622.0 nm (b) spectral range. It is possible to observe bands related
to transitions coming from “Fy and “F; decreasing in intensity with
temperature increase. On the other hand, bands located at 551.0 and
610.0 nm, which are assigned to transitions from 7F, emerged for 353 K
and 403 K.

To corroborate the results presented in the excitation spectra of
Fig. 3a and b, emission spectra were obtained at 300 and 400 K. Fig. 3¢
and d presents the temperature influence in the PL emission of BGeB-
30%wst glass and under excitation at 392.5 nm (7F0—>5L6) and 610.0 nm
("Fo—~°Dy), respectively. Under excitation at 392.5 nm (Fig. 3c), the
emission of BGeB-30%wst sample decreased approximately 38% when
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the temperature increased from 300 K to 400 K. In opposition to this, the
emission increased approximately 81% for excitation at 610.0 nm and at
the same 300 K to 400 K temperature variation of BGeB-30%wst glass
(Fig. 3d).

To better realize the temperature-dependent PL, emission spectra of
BGeB-30%wst glass were acquired each 10 K increment in the 300-400 K
range. Fig. 4a and b displays the obtained spectra for excitation at
7Fo—>5L6 transition (392.5 nm) and at 7F2—>5D0 transition (610.0 nm). As
expected, the PL intensity decreased under excitation at 392.5 nm
(7F0—>), and it increased for excitation at 610.0 nm ("Fy—). For better
display the variation of PL emission according to the temperature, the
spectra of Fig. 4a and b were integrated, and it is graphically displayed
in Fig. 4c. Figure SI3 shows the emission spectra of Fig. 4a and b after
conversation to energy units (cm_l) and Jacobian Transformation to the
intensity [35].

As the PL emission intensity is proportional to the population of the
thermally coupled energy levels, Equation (1) can be realized as a
ratiometric thermal parameter. Thus, the Luminescence Intensity Ratio
(LIR) is given by Equation (2) [42].

Dexc— —AE
LIR:M:Bexp< ) 2)
Aexc=393nm kB T

Fig. 4d presents LIR values as a function of the temperature of BGeB-
30%wst sample. A linear behavior is observed, with an adjusted R-
Square () higher than 0.9961. The error of LIR (8;g) was calculated
using Equation (3) [38]. Herein, the main contribution to uncertainty of
integrated emission area is related signal-to-noise ratio. Therefore, the
error of LIR was obtained by the difference of the non-smoothed and
smoothed spectra of Fig. 4. The temperature-dependent PL emission
spectra were smoothed on OriginPro® software using Savitzky-Golay
smoothing method [43], with a 2nd-order polynomial and points of
window equal to 10. Figure SI4 (Supplementary information) presents
the smoothed spectra for excitation at 610.0 nm.
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Fig. 3. Temperature-dependent PL of BGeB-30%wst glass for (a-b) excitation spectra monitoring the emission at 704.0 nm and (c-d) emission spectra for excitation at

392.5 and 610.0 nm.
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Fig. 4. PL emission spectra of BGeB-30%wst glass as a function of temperature for excitation at (a) 392.5 nm and (b) 610.0 nm. (c) Integrated emission of “Do—’F3
and °Dy—’F, transitions and (d) Dependence of LIR on the experimental temperature. The solid line represents the best linear fit to the experimental data.

Fluorescent lamp waste-derived rare earth sources may introduce
additional lanthanide ions, such as Tb3", which can affect the lumi-
nescent properties of Eu>*. As reported in our previous work [12], both
Tb%" and Eu®" emissions were observed, together with non-radiative
energy transfer (ET) processes between the host matrix and these Ln®*
ions, as well as interionic ET (Tb®*>Eu®"). These interactions arise from
overlap between the Tb®* °D, energy level and the Eu" excited states
and can modify excitation pathways and emission intensities. In the
present study, however, the thermometric performance relies on the
luminescence intensity ratio (LIR) between Eu>" emissions originating
from thermally coupled energy levels, which is governed by the Boltz-
mann population distribution. Since the monitored mechanism in this
work is intrinsic to the Eu>* energy-level structure, the presence of other
rare earth ions does not alter the energy gap between the coupled Eu®*
levels, nor the fundamental temperature dependence of the LIR.

The energy difference (AE) between the thermally coupled 7Fo and
7Fy energy levels of Eu>* ion can be graphically obtained by applying
natural logarithm (Ln) to both sides of Equation (2). Therefore, the slope
of the graph is equal to AE/ kg, Equation (4).
lnLIR:lnB—i—fx% 4)

Fig. 5a shows In LIR vs. 1/T for the BGeB-30%wst glass in the 300-
400 K range. The slope of the graph presented in Fig. 5a is equal to 1332,
that is, AE/ kz = 1332. Here the Boltzmann constant is
0,69503476 em KL Therefore, AE = 1332%0,6950376 = 926 + 44
em ™. AE can also be calculated by the difference among the barycenters
of "Fg—°Dg and "F,—°Dy transitions. Fig. 5b depicts Gaussian fit of
"Fo—°"Dy and "F,—°Dj transition in the excitation spectra obtained at
403 K and monitoring the emission at 704.0 nm. The barycenter energy
of 7Fy—°Dyg is 17352 cm™}, while it is 16350 cm ™! for Fy—°Dy transi-
tion. Thereby, an energy difference of 1002 cm ™ is calculated, which is
good agreement with the value determined graphically (926 + 44 cm 2,
Fig. 5a). In the literature, it has been observed AE of 969 cm ™! and
1036 cm™! for Eu®*-doped alumino-phosphate glass [42], whereas
1043 cm ! was calculated for the free ion levels [36,44].

At room temperature (RT/Ty), Equation (2) can be expressed as:

_ I/lexc:Gl Onm

LIRy, = =Bexp (7AE) (5)

keTo

I Aexc=393nm

Taking the ratio of Equation (2) and Equation (5), applying the
natural logarithm, and rearranging the expression, it is possible to
obtain an equation for the calculation of temperature from the PL
measurements, Equation (6). Thus, luminescence thermometers that
make use of a well-established equation of state and that allow the ab-
solute temperature to be obtained directly from an experimental
parameter (LIR) and without the need for calibration are the so-called
primary thermometers [38].

1 1 ks, (LR
T T, AE™ <L1R0> ©)

Fig. 6a presents calculated temperatures using Equation (6) for the
experimental LIR values of BGeB-30%wst glass ranging from 0.050 to
0.159. Fig. 6a also displays the temperature reading using a thermo-
couple (experimental temperature). A good agreement among calcu-
lated and experimental temperatures was obtained, indicating that an
efficient luminescence primary thermometer was obtained.

The performance of a luminescence thermometer can be evaluated
by parameters as relative thermal sensitivity (Sr) and temperature un-
certainty (8T) [17,38]. Thermal sensitivity indicates the variation, in
percentage, of the thermometric parameter (LIR) when the temperature
increases by 1 K, Equation (9). Thus, its unit is % K~ or %/K. Fig. 6b
presents the obtained relative thermal sensitivity values calculated using
Equation (9), in the 300-400 K range. The maximum Sr value was 1.48%
K1, at 300 K. In the literature, luminescence thermometer based on
Eu®'-doped alumino-phosphate glass has provided Sr values between
1.68 and 1.25 % K1 at 288 K and 333 K, respectively [28,42].

As far as we know, there are no reported luminescence thermometers
based on Eu®'-doped materials where this ion was recovered from
waste. Nevertheless, Table 1 presents examples of relative thermal
sensitivity for different luminescence thermometers based on Eu®*
thermally coupled energy levels. Most of the reposted Sr values are those
based on °D; and ®Dy energy levels, yielding Sr values from 0.5 to 2.75 %
KL. Ordinarily, luminescence thermometers that employ °D; and °Dy
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Fig. 5. (a) Dependence of In LIR on the experimental temperature. The solid
line represents the best linear fit to the experimental data. (b) Gaussian fit of
7Fo—"Dy and "F,—°Dy transitions in the PL excitation spectra.

(AE =~ 1700 cm ™) exhibit higher relative thermal sensitivity then those
based on “Fy and “F, (AE ~ 1000 cm’l), once Sr is directly proportional
to AE, Equation (9). In this work, it has been not observed expressive
emission coming from 5D, excited level. Therefore, "F, and "Fq ther-
mally coupled energy levels were used, which provided a remarkable
performance, similar to other thermometers based on the same approach
(Table 1).

OLIR AE

s _ L |oLR|
"TLIR| 0T | kgT?

x 100 9

The error of the relative thermal sensitivity was obtained using
Equation (10) [38].

2 2
sor—sr (228 + (-2°1) a0

Temperature uncertainty (6T) of the thermometer is the temperature
resolution, i.e, the smallest temperature change that can be detected in
each measurement [26,38]. The temperature uncertainty is given by
Equation (11).
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_16LIR

= —+ 11
Sy LIR an

where SLIR/LIR is the relative error in the thermometric parameter.
Temperature uncertainty of 1.7 K was obtained at 300 K.

To attest the long-term thermal stability, BGeB-30%wst glass sample
was submitted to cyclic temperature changes, in accordance with
established methodologies for luminescence thermometers [38,49,50].
Figure SI5 presents the PL emission spectra after excitation at 393.5 nm
(a) and 610.0 nm (a), at 300 K and 400 K. Although a slight fluctuation
in the absolute intensity occurs for the same temperature throughout the
cycles, it happens for both 393.5 nm and 610.0 nm excitations. Thus, the
ratiometric thermometry circumvent these fluctuations and no signifi-
cant LIR change will be observed. Indeed, as can be seen in Fig. 6c,
BGeB-30%wst glass sample proved to be stable under twelve consecu-
tive heating-cooling cycles, with a mean LIR value of 0.16545 and a
standard deviation of only 0.00277 (RSD = 1.67%) at 400 K. The bottom
and top edges of the cyan rectangle in Fig. 6¢ are the mean values for LIR
at 300 K and 400 K, respectively.

4. Conclusions

Recovering rare-earth elements from electronic waste offers a sus-
tainable source for such functional materials. In this work, it has been
demonstrated that borogermanate glass doped with europium ion
recovered from electronic waste constitute a practicable and sustainable
platform for luminescence thermometry applications. Borogermanate
glasses doped with Eu" ions were prepared via melt-quenching and
characterized. The photoluminescent behavior for temperature sensing
was explored. The glass exhibited characteristic Eu>" emission transi-
tions with temperature-dependent luminescence intensity ratio (LIR)
between thermally coupled “Fy and “F; energy levels, following Boltz-
mann distribution in the 300-400 K range. The energy gap was deter-
mined as 926 + 44 cm ™!, with a maximum relative thermal sensitivity of
1.48 % K ! at 300 K and a temperature uncertainty of 1.7 K. In sum-
mary, the results proved that incorporating Eu>* ion recovered from
fluorescent lamps waste to borogermanate glass provides not only an
environmentally suitable approach but also a high value-added func-
tional material for optical sensing technologies.
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Table 1
Relative thermal sensitivity (Sr, % K1) for various luminescence thermometers
based on Eu®* thermally coupled energy levels.

Material Therm. AE Max. Sr (% Ref.
Coupled levels  (ecm™%) K'Y
BGeB:Eu®" 7Fo, "Fy 926 and 1.48 at This
1002 300 K work
(NaPO3)5-Al(PO3)3:Eu®" 7o, 'Fy 969 and 1.68 at [42]
1036 288 K
Y,03:Eu®" 7Fy, 7Fy 875 1.7at323K  [25]
Te0,-Li,CO3/H3BO;5- 5Dy, °Dg 1762 2.75 at [45]
Li»CO3-CaCO3:Eu+ 293 K

CaWO4Eu®" 5Dy, ®Do 1538 0.9at425K  [28]

Y,Mo30;5:Eu’™ 5Dy, °Dg 0.5at472K  [46]

CaSry(PO4)o:Eu 5Dy, °Do 1610 2.227 at [47]
323K

Gd,Ti07:Eu®" 5Dy, °Do 1718 0.95 at [48]
423K
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