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ABSTRACT: Carbon quantum dots (CQDs) have emerged as promising spectral
modifiers for photovoltaic devices due to their photoluminescent down-conversion
properties. In parallel, silica-rich industrial residues represent an environmental liability
but also a potential source of functional materials. This study investigated the valorization
of SiO,-rich mining residue for the production of a sodium silicate matrix incorporating
CQDs as a spectral conversion overlayer for solar panels. The treated residue successfully
yielded sodium silicate, and CQDs were synthesized and integrated into the matrix.
Photovoltaic testing demonstrated that panels coated with industrial-derived sodium
silicate exhibited an initial efficiency increase of 8.91% compared to standard panels.
However, coatings containing CQDs with the residue-derived sodium silicate showed
reduced performance in early-stage testing, and all samples exhibited progressive opacity
after six months, indicating limited long-term stability. These findings highlight both
the potential and the challenges of integrating CQD-based spectral management with
mining residue valorization. While the approach demonstrates feasibility in short-term
performance enhancement, material stability remains a critical barrier for practical
implementation.

Keywords: Industrial residue, Solar panels, Quantum dots, Sodium silicate, Circular
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1. INTRODUCTION

Industrial solid residues are generated throughout multiple stages of consumer
goods manufacturing, and a significant fraction of these materials lack economically
viable reuse pathways. In Brazil, mining tailings constitute a critical environmental
and geotechnical concern, as they are predominantly stored in tailings dams. These
facilities present inherent risks, including slope instability, structural failure, and
contaminant release, potentially leading to soil degradation and surface and ground-
water contamination [1]. Recurrent failures of such storage systems have under-
scored the limitations of conventional residue management practices and the urgent
need for sustainable valorization strategies capable of reducing long-term storage
dependence.

Notably, tailings from the Mariana disaster exhibit high silica content, which is
particularly relevant given that SiO, serves as a fundamental precursor in the pro-
duction of semiconductors, glass, and silicate-based materials [2,3]. Such materials
are extensively employed in photovoltaic and optoelectronic applications and are
produced at large industrial scale, reinforcing the technological value of silica-rich
residues. Owing to its optical transparency and chemical stability, sodium silicate can
function as an inorganic matrix for nanomaterial dispersion while maintaining high
optical transmittance, making it suitable for photovoltaic overlayer applications. The
development of novel materials derived from industrial residues aligns with the prin-
ciples of the circular economy, an economic framework proposed as an alternative
to the conventional linear production model. The circular economy is founded on
three core principles: preserving natural capital, optimizing resource utilization in
production systems, and enhancing overall system efficiency [4].
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In the context of the circular economy, and considering that
mining residues may exhibit high silica content [2, 4], alternative
valorization pathways for their disposal are increasingly being in-
vestigated, including their potential application in the photovoltaic
industry. The recovery and functional use of silica-rich tailings may
contribute to resource efficiency while reducing environmental li-
abilities associated with large-scale tailings storage.

In parallel, the accelerated depletion of non-renewable terres-
trial resources, such as petroleum, coal, and natural gas, has in-
tensified global demand for sustainable energy alternatives. Con-
sequently, renewable energy technologies, particularly solar and
wind power, have gained increasing strategic relevance [S].

Photovoltaic devices operate based on the photovoltaic effect,
a solid-state physical phenomenon in which incident photons pro-
mote electrons from the valence band to the conduction band of a
semiconductor material, generating electron-hole pairs. The sep-
aration and directed movement of these charge carriers under the
influence of an internal electric field produce an electric current.
To enhance device performance, semiconductor materials are in-
tentionally doped with controlled impurities to create n-type re-
gions (electron-rich) and p-type regions (hole-rich). The interface
between these regions forms a p—n junction, which establishes the
built-in electric field responsible for charge separation and efficient
current generation [5]

However, the technology that dominates the market has an ef-
ficiency of approximately 33.0% [S], as a result, researchers have
been seeking ways to reduce the cost of the product and enhance
its efficiency; one promising strategy is the incorporation of nano-
structured materials, such as quantum dots. These semiconductor
nanocrystals exhibit three-dimensional quantum confinement of
charge carriers, leading to discrete energy levels and size-dependent
optical properties, with a size ranging from 1 to 10 nanometers [6].
These quantum dots have the ability to absorb and emit radiation in
the visible spectrum, as well as in adjacent regions such as infrared
and ultraviolet. This variation in energy is attributed to the size of the
quantum dot [6].

The quantum dot operates based on the transition of electrons
between the valence band and the conduction band, with a so-
called forbidden band existing between them. This band varies in
size according to the dimensions of the quantum dot, having an in-
versely proportional relationship. As the size of a quantum dot de-
creases, quantum confinement becomes more pronounced, lead-
ing to an increase in band gap energy and preferential absorption
of higher-energy photons. Conversely, larger quantum dots exhibit
smaller band gaps and absorb lower-energy radiation [7]. This
size-dependent tunability enables controlled spectral management
through photoluminescent down-conversion, whereby high-ener-
gy photons are re-emitted at longer wavelengths. By shifting the in-
cident solar spectrum toward regions more effectively absorbed by
photovoltaic materials, this approach has the potential to enhance
overall power conversion efficiency.

Spectral conversion strategies, originally explored in dye-sensi-
tized systems, have progressively evolved and are now considered
competitive enhancement technologies in photovoltaic research
[8]. Notably, only approximately 33% of the solar spectrum lies
within the optimal absorption range of conventional silicon-based
solar cells. A significant portion of incident radiation is lost through
thermalization processes, while photons with energies below the
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semiconductor band gap (19%) are not absorbed. Additional re-
combination and optical losses account for roughly 15% of the
incoming energy [8]. In this context, quantum dots function as
spectral modifiers that improve the utilization of incident solar
radiation. Beyond photovoltaic applications, their tunable optical
properties have enabled widespread use in display and optoelec-
tronic technologies [8].

Carbon-based quantum dots are particularly attractive due to
their low toxicity, chemical stability, and compatibility with sus-
tainable synthesis routes. Nevertheless, compared to metal-based
quantum dots, carbon quantum dots generally exhibit lower pho-
toluminescence quantum yields and more limited emission wave-
length tunability due to the greater difficulty in achieving precise
size control. Despite these limitations, their straightforward syn-
thesis and the wide availability of low-cost precursor materials
make them particularly suitable for the present application. Al-
though CQD-based spectral conversion layers have been widely
investigated, most strategies involve their integration within the
photovoltaic device structure, frequently necessitating modifi-
cation or replacement of existing panels. Comparatively, limited
research has examined their use as external spectral-modifying ac-
cessories, especially when combined with residue-derived silicate
matrices as a sustainable material platform. Moreover, the simul-
taneous assessment of photovoltaic efficiency enhancement and
mining residue valorization remains underexplored. This study ad-
vances CQD-based spectral conversion by testing a non-invasive,
replaceable overlayer rather than device-integrated modifications,
using residue-derived sodium silicate as a transparent inorganic
host material within a circular-economy approach.

2. MATERIALS AND METHODS

The methodology of this article consisted of utilizing a sam-
ple of sandy residue from a mining industry (derived from iron ore
processing), also referred to in this project as raw residue (RB),
and conducting physical and chemical separations in order to ob-
tain a purer starting material, termed treated residue (RT).

The treated residue was used to synthesize sodium silicate (SS),
which in turn was applied as a dispersing agent for carbon quantum
dots. This methodology is summarized in Figure 1.

As can be observed in Figure 1, the developed methodology
consisted of treating the residue with HCl at a concentration of 0.1
mol L-1. and subsequently, magnetic separation of this material
was performed, thus obtaining a magnetic fraction and a non-mag-
netic fraction, referred to as treated residue (RT). The non-mag-
netic fraction was melted together with NaOH for the formation
of sodium silicate (SS), which was then solubilized in water for
subsequent application

The residue sample used in this study was provided by the min-
ing company Samarco in the year 2017 and sent to the chemistry
laboratory of Colégio Dante Alighieri.

2.1. Treatment and purification of the residue. In this
manner, 200 g of sandy residue from Samarco were mixed with 1L
of hydrochloric acid at a concentration of 0.1 mol.L™. The suspen-
sion was filtered and washed with distilled water. Subsequently,
the solid residue was dried in an oven at 120°C for 9 hours. The
second stage of purification involved the removal of iron present in
the residue. In this stage, the residue was subjected to a high-field
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Figure 1. The diagram provides a clear and reproducible overview of the experimental procedure.

magnetic separator, from the brand Inbras, model WHC-00B, with
the aim of separating the magnetic fraction from the non-magnetic
fraction. This separation was conducted using a 2.5 mm grooved
plate. Due to the fine particle size of the material, a wet separation
method was chosen to minimize losses due to suspension. The
residue was initially separated into two fractions of 250.0 g each.
Subsequently, S00 mL of water was added. The material was ho-
mogenized and subjected to magnetic separation with an intensity
of 1.3x104 and a current of 10.5 A. Afterwards, the magnetic frac-
tion was removed by washing after the separator was turned off,
and then both residues were subjected to a filter press at 40 bar of
pressure. Finally, the residues were dried in an oven at 105°C for 17
hours and then weighed.

2.2. Obtaining sodium silicate. In The third stage of the
project involved the melting of the treated residue with sodium hy-
droxide (NaOH) from the Synth brand. The sample was then mixed
with solid NaOH and macerated in a ratio of 1:1.5. and the mixture
was subjected to a fusion at 400°C for 1 hour. After the fusion, the
sample was cooled to room temperature, and then 20 mL of distilled
water was added. This stage was carried out based on the methodol-
ogy of Rovani [9], that underwent some adaptations.

2.3. Characterization of raw residue, treated residue,
and sodium silicate. The sample of raw residue (as received by
the mining company, referred to in this study as RB) and the treat-
ed residue (RT) were subjected to a chemical analysis using X-ray
fluorescence technique, equipment from the brand Rigaku, model
Supermini 200. To determine whether the chemical compounds
present in the samples were in crystalline or amorphous form, as
well as to assess any changes before and after the treatment of the
residue, both RB and RT samples were subjected to X-ray diffraction
analysis. The equipment used was the X-ray diffractometer (DRX -
Rigaku — Miniflex IT) equipped with a monochromator and Cu K-a
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radiation, generated at 30 kV and 15 mA. The scan speed was set at
0.05°s! with 20 varying between 10 and 80 degrees. The identifica-
tion of crystalline phases was assisted by the Search-Match comput-
er program.

The technique of scanning electron microscopy (SEM) was
used to compare the morphology of the RB, RT, and product (sodi-
um silicate - SS). The equipment used was the Tabletop Microscope
TM3000 by Hitachi.

2.4. Synthesis of carbon quantum dots from chitosan.
The methodology used for the synthesis of carbon quantum dots
was adapted from the work of Gumathannavar (2026) [10]. There-
fore, 0.5 g of chitosan (Sigma-Aldrich brand) was dissolved in 100
mL of a 10% glacial acetic acid solution.

The solution was kept under magnetic stirring for 30 minutes,
resulting in a gel. A volume of 48 mL of the gel was transferred to
a 150 mL autoclave made of stainless steel and coated with Teflon.
This assembly was heated for 6 hours at 180°C. The solution was
then centrifuged at a speed of 3,900 rpm for 15 minutes, and the
quantum dots were subsequently filtered. A thermal treatment was
then performed, during which the entire filtered volume (approxi-
mately 48 mL) was placed in a porcelain capsule. This capsule was
placed in a muflle furnace, starting at an initial temperature of 30°C
and ramping up to 180°C.

Once the expected temperature was reached, the timer was set
to 30 minutes, then the quantum dots that were previously in solu-
tion went to the solid state. This solid was put in suspension with the
addition of 8 mL of distilled water. The synthesis of carbon quan-
tum dots (CQD) was carried out in the chemistry laboratory of
Colégio Dante Alighieri. The infrared spectroscopy technique was
used to verify the formation of the carbon quantum dots (CQD).
The equipment used was the Nexus 870FTIR model from Thermo
Nicolet and the evaluation range was from 400 to 4,000 cm™.

J.Appl.Mat. and Tech. 2026, 7(2), 85-93



Applied Materials and Technology

Jamt.ejournal.unri.ac.id

2.5. Manufacturing of the solar panel accessory. The
fabrication of the quantum accessory was done using two glass
plates with a thickness of 2 mm, in a square shape with sides of S cm.
Sodium silicate dissolved in water at a ratio of 4 g of silicate to 6 mL
of distilled water was used as a dispersing agent. This suspension was
homogenized and the material then underwent a filtration step. The
accessory containing quantum dots was developed in the same way
as previously described, but 2 mL of the CQD solution was added.
The materials were pressed between glass plates and sealed with sil-
icone.

2.5.1. Development of the data collection system on the
solar panel. The experimental setup consists of two study groups:
a control group, containing only pure glass plates, and the experi-
mental groups, containing the glass plates and a thin layer of the ma-
terials to be tested. Thus, a system comprising the solar panel, glass
plates (control group), and glass plates containing sodium silicate
with or without quantum dots (experimental groups), a lamp, and
an Arduino Uno Rev 3 for power measurement was assembled in
the maker laboratory of Colégio Dante Alighieri. In order to bet-
ter control the variables within the experiment, a design of a 3 mm
thick MDF box was created into which the plates were inserted. A
hole was then made at the top of the box to fit the socket of a 200W
incandescent bulb to power the solar panel. To perform the meas-
urements of power and energy produced, an Arduino UNO micro-
controller connected to an INA219 sensor (current and voltage) was
used, Figure 2.

Potetiometer
10kQ)

Sensor INA219

fritzing

Figure 2. Connection diagram of the electrical power measure-
ment system produced by the solar panel.

A solar panel was connected to a 10k() potentiometer and illuminated
by an incandescent lamp. Data collection occurred over a S-minute
interval with the solar panel temperature close to 0°C. Each panel
was tested separately in 4 groups. In the first group, only the value
of the solar panel and two 2 mm thick glass plates were measured,
with no filling between them. This plate was placed with the aim
of establishing a control group regarding the expected value. In the
second and fourth groups, sodium silicate plates with quantum
dots (with the silicate derived from the residue) and sodium silicate
plates with commercial quantum dots were tested. In the third group,
sodium silicate derived from the residue without the quantum dots
was tested.
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2.5.2. Data treatment and statistics. For the treatment of
the obtained data, Gaussian uncertainty propagation was used in or-
der to obtain results that take into account the standard deviation of
the measurements. The formula employed in the calculation of gain
is given by Eq. (1) [11].

Gl 1,)=2100-100

(4

Equation 1

where . is the average of a set of measurements from one of the
groups and pc is the average of a set of reference measurements. The
final gain, in turn, will be given in percentage. In our case, the ref-
erence set was the electrical power measurements obtained by the
control group. The general formula used to calculate the propagation
of errors considering two variables was shown in the Eq. 2 [12].

oG Y (ec Y
o, = aaﬂz -%—50‘#c

Calculating the partial derivatives of G with respect to pie and pc, we

Equation 2

obtain,

4G 100

=

ou,  H
0G 1004,

2

op,

Therefore, the error associated with the gain is given in the Eq. 3.

2 2

o, =100 [L] [ﬁ]
M, H.

With these three equations, it is possible to calculate the error as-
sociated with the experiment's gain. Additionally, it will be verified
whether the datasets found in the different groups are statistically
different, in order to ascertain whether we indeed have significant-
ly different measures among the groups. To that end, a Kolmogor-
ov-Smirnov (KS) normality test will be applied to each of the sam-
ples data set. We chose this test because each group produced a time
series of electrical power measurements, totaling 149 time points
collected during one continuous 5-min run per group. For these
sample sizes, the KS test proves to be more robust. The KS test per-
forms this verification through the statistic [13] in Eq. 4.

Equation 3

D, =sup|F, (x)— F(x)| Equation 4
X

Where sup is the supremum of the set of distances, F, (x) is the val-
ue of the empirical distribution function, and F, (x) is the value of
the theoretical normal function. The criterion adopted for rejecting
the null hypothesis was based on the p-value provided by the test;
specifically, the null hypotheses were rejected when p < 0.05. Subse-
quently, a non-parametric Friedmann rank test was applied to verify
the statistical similarity among the samples. This test was chosen as it
is an ideal non-parametric test for repeated measures, as in the pres-
ent experiment. Finally, an additional post-hoc test was conducted.
The Conover test was applied pairwise to evaluate which groups
differed statistically. All of this statistical treatment was performed
in the Wolfram Mathematica Student version 14.2 computing en-
vironment.
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3. RESULT AND DISCUSSION

3.1. Residue treatment. As previously mentioned, the raw
residue (RB) was subjected to washing with hydrochloric acid. A de-
crease in mass was observed at this stage, indicating that some of the
impurities were solubilized in the acid, and there was also a loss of
material during the filtration stage. This experiment was performed
in triplicate, and the results are shown in Table 1.

Table 1. Mass of residue before and after washing with acid.

Mass of residue before Mass of residue after
Percentage of loss

washing washing

200.0g 191.2¢ 4.4%
200.0g 197.5g 1.2%
200.0g 198.2g 0.8%

A 500.0 g mass of the treated residue (RT) was subjected to
high-intensity magnetic separation at a partner company (ac-
cording to the methodology). Finally, the resulting products were
weighed, with the final mass values being 405.1 g for the non-mag-
netic fraction and 90.8 g for the magnetic fraction. Amaral (2021)
[14] determined the chemical composition of an industrial residue
also supplied by Samarco S.A., which showed a high percentage
of quartz and hematite, corroborating the results of this study. It
is worth noting that the treatment of mining residue through acid
leaching was also used in the work of Zhu (2025) [15], which used
HCI to solubilize impurities and enrich the material in SiO,, Zhu
also used a magnetic separation step on an iron ore residue during
its treatment.

3.2. Characterization of residue (RB and RT) and prod-
uct (SS). The raw residue (RB), the treated residue (RT), as well
as the sodium silicate (final product - SS), were subjected to X-ray
fluorescence (XRF) analysis to verify the changes in chemical com-
position after the steps. The results are shown in Table 2. As shown
in Table 2. it is possible to observe that after the washing procedures
with HCI and magnetic separation, the iron content present in the
sample decreased, thus increasing the purity of the silica (which was
the initial objective of these procedures), since the yield of the next
reactions involving silica would be higher.

It should be noted that the percentage of iron found in residues
of this type may vary according to the mine and the specific geolog-
ical characteristics of the region. In the work of Ayala-Duran (2020)
[16] XRF analysis of iron mining residue by X-ray fluorescence
showed 25.5% Fe; however, on Durén and Cristina study, the objec-
tive was to use that material for low-cost and environmentally com-
pliant catalyst in Fenton processes, while in this work, the objective
was to obtain the silica present in the sample.

When other types of residues are used, it is possible to verify
that there is a large difference in the chemical composition results
determined by XREF, as for example in Zhan's study [17] in which
aresidue from iron extraction was used to construct the hydraulic
barrier of a landfill cover. The analysis showed a higher content of
Ca,Si0,, approximately 33.1% in residue. However, the contents
of SiO, were much smaller, approximately 5.7%. Furthermore, in
the formation of sodium silicate, it was observed that most of the
impurities identified in the raw residue and the treated residue
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were no longer present in the sample, in addition to a significant
increase in Na,O due to fusion with caustic soda (NaOH). The
X-ray diffractograms of the RB, RT and SS samples is presented
in Figure 3.

Table 2. Chemical composition of the samples determined by
XRF technique (% by mass).

Components, % RB - Raw RT - Treated S'S.- Sodium
Residue Residue Silicate

SiO, 79.30 92.20 42.40

Fe,0; 19.30 6.68 4.01

Al,O; 0.46 0.54 0.85

Cr,O 0.15 - 0.04

MgO 0.04 0.03 -

SO; 0.04 - -

pP,O 0.03 0.03 -

K,O 0.03 0.02 -

CaO 0.03 0.01 -

TiO, 0.02 0.02 -

MnO 0.02 - -

Na,O <0.01 - 52.70

Other <0.01 <0.01 -

PF 0.5 0.41 -

As shown in Figure 3, the raw residue (RB) is mainly com-
posed of the SiO, quartz phase. After treatment of the residue, the
treated residue (RT) also presented the same quartz phase. Thus,
it is believed that the iron present in RB was not in the crystalline
phase, since it appeared in the XRF result but was not observed in
the diffractogram of RB.

As can be seen in Figure 3, sodium silicate was the product
formed after the fusion step with NaOH. The pattern corresponding
to the Search-Match program was number 16-818, according to the
database. Sodium silicate has the formula Na,SiO; and was the main
phase of the product. In addition, a small amount of quartz, remain-
ing from the residue, was detected in the product.

The results found in the XRD analysis were also observed in the
literature, similar XRD behavior has been reported for silica-rich
iron ore tailings, where quartz (SiO,) remains the dominant phase
while acid leaching reduces impurity-related signals during purifica-
tion accordingly with the work of Yongkui Li (2023) [18].

Figure 4 shows the morphology of the raw residue (RB), the
treated residue (RT), and the final product after melting (sodium
silicate - SS). These images were obtained using scanning electron
microscopy (SEM) at SO0X magnification.

As can be seen in Figure 4, the micrograph of the RB sample
(1st image) has better definition and contrast than the other two
images. This occurred because this sample was analyzed before the
other two samples, and subsequently, the equipment underwent
maintenance, altering its settings and resulting in images with low-
er resolutions. In any case, the images obtained were included be-
cause the scanning electron microscopy technique is complemen-
tary to the result obtained by XRD. Thus, it was possible to observe
that the RB and RT samples (1st and 2nd images) are formed by
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Figure 3. X-ray diffractogram of the raw residue sample (RB) treated residue sample (RT) and sodium silicate sample (SS).

Figure 4. Micrographs of samples of raw residue, treated residue, and sodium silicate obtained by Scanning Electron Microscopy (SEM).

rigid structures of different sizes and irregular morphologies, while
the SS sample has regular structures, showing that a crystalline
compound was formed (as evidenced by the X-ray diffractometry
technique - Figure 3).

In Gomes' work [19] a micrograph of a silica-rich residue
was observed, where the sample morphology had characteristics
similar to those observed in the first sample of this study, with an
irregular shape. Furthermore, the aforementioned sample had a
predominance of SiO,.

3.3. Synthesis and characterization of carbon quan-
tum dots — CQD. A small portion of the carbon quantum dots
synthesized from chitosan was placed on a watch glass and subject-
ed to an oven at 105°C for 1 hour. The product was characterized
using Fourier transform infrared (FTIR) spectroscopy. The result is
shown in Figure 5. The FTIR result shown in Figure 5 is consistent
with the result obtained by Gumathannavar, 2026 [10] who also
synthesized CQD from chitosan. Some differences in the FTIR
curve may be related to the adaptation of the CQD preparation pro-
cedure, mainly related to the centrifugation step. As can be seen in
the figure, the FTIR spectrum of the CQD sample showed an in-
tense absorption band at 1,790 - 1,670 cm’, characteristic of the
C=0 bond originating from amide. Another band, this time wider,

100 -
——— med 1
———med 2
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®
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g \
S 60+
k=1 ‘
N
40
= Mo s
20 \\ o
0 L] L} L) L) L) L] L] L) 1
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Figure 5. Spectrum of quantum dots obtained by Fourier Trans-
form Infrared Spectrometry (FTIR).

was observed around 3500 cm™. This band corresponds to the -OH
bond. Other bands were also observed at wavelengths around 1,600
cm?, 1,530 cm?, 1,360 cm™ and 1,220 cm™, which correspond to
the bonds C=C, N-H, C-N=and C-O [20].
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Figure 7. Energy data generated by the device.

The same result was observed in Konwar's [21] which also syn-
thesized carbon quantum dots from chitosan. The results showed
the presence of peaks in the 2,000 cm™ region, as well as valleys in
the regions near 1,500 cm™ and 3,500 cm™.

3.4. Obtaining and characterizing the quantum acces-
sory. The collected data yielded a graph with the aim of compara-
tively analyzing the results between the control group (glass only),
experimental group 1 (glass and silicate residue — SS), experimental
group 2 (glass, silicate residue, and quantum dots — SS CQD), ex-
perimental group 3 (glass and industrial sodium silicate — SSI), and
experimental group 4 (glass, industrial sodium silicate, and quan-
tum dots — SSI CQD). The power and energy graphs are shown in
Figures 6 and 7.

As can be observed in Figures 6 and 7, the SSI-CQD group ex-
hibited an average power output of 11.12 £ 0.29 mW), corresponding
to an 8.91% increase relative to the control (10.21 + 0.20 mW). This
increase in efficiency is likely associated with the photoluminescent
down-conversion mechanism of carbon quantum dots, which ab-
sorb high-energy photons and re-emit them at wavelengths more

91

Table 3. Mean and standard deviation associated with the results
obtained in the solar panel efficiency experiment.

Group Average of the results (mW)  Standard deviation (mW)
Control 10.21 0.20
SSCQD 9.63 0.17
SSICQD 11.12 0.29
SS 7.84 0.17
SSI 8.10 0.21

closely aligned with the spectral response of silicon photovoltaic
cells. However, the performance of the accessory with industrial
sodium silicate was superior to that of the silicate made from the
residue. The reason for this difference may have been due to the
presence of impurities that could not be removed from the residue
and thus reduced optical transparency. In addition, the commercial
sodium silicate and the sodium silicate from the residue had inferi-
or results to the control group. Therefore, this suggests that sodium
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Table 4. Variation in efficiency in each group of the experiment.

Group Gain compared to the control group (%)
SSCQD -5.68 £2.49

SSICQD 20.67 £2.58

SS -23.21+2.24

SSI 8.91+3.55

silicate negatively interferes with the light reception of the solar pan-
el, which may be compensated for using carbon quantum dots. Also,
this experiment indicates that an efficiency-improving accessory is
feasible. Table 3 shows the means and standard deviations of each of
the tested groups, in order to demonstrate the results obtained more
clearly. Table 3 shows the average results for each experimental group
and the standard deviation associated with those averages. Regard-
ing the gain, we can verify the data presented in Table 4. Based on the
data in Table 4, it can be seen that the only experimental group that
generated an increase in the generated electrical power was the SSI
CQD experimental group. All other experimental groups generated
adecrease in the generated electrical power. Regarding the statistical
tests applied to the sample results, the normality test results are pre-
sented in Table S.

Table 5. Results of the KS normality tests.

Group KS Statistics ~ p-value Test result
Control 0.06 0.13 Normal
SSCQD 0.05 0.60 Normal
SSI 0.11 0.00 Not normal
SS 0.08 0.02 Not normal
SSICQD 0.05 0.46 Normal

Table 6. Summary table of the application of the Conover test to
the sample groups.

Group Statistics p-value
Control vs SS CQD 1.23 0.21
Control vs SSI -0.42 0.67
Control vs §S 1.14 0.26
Control vs SSTI CQD -4.47 0.00

According to Table S. the dataset has two groups that do not fol-
low a normal distribution, namely the SSIand SS groups. Therefore,
it is not possible to verify whether the samples are statistically dis-
tinct using parametric tests (which usually require that the samples
follow a normal distribution). For this reason, a non-parametric test
(Friedman rank) was applied to evaluate the statistical difference
between the samples. Applying the Friedman rank to the sample
set generated a statistic of 4481.52 associated with a p-value, p=0.
Therefore, we can reject the hypothesis that there are no significant
differences between the groups. Thus, we can affirm that at least one
of the groups is significantly different from the others. To find which
groups differ, we applied the Conover test pairwise, generating the
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data in Table 6. Finally, it can be directly observed from Table 6 that
the only experimental group that showed a significant difference in
relation to the control group was the SSI CQD group, which is pre-
cisely the group that showed the best performance in increasing the
generated electrical power.

After 6 months of manufacturing the accessories, all the de-
veloped plates showed a visual change, going from translucent to
opaque, which negatively interferes with the performance of the
solar panel.

4. CONCLUSION

This The treatment on the Si-rich mining residue was effective,
increasing Si content from 79.3% (RB) to 92.2% (RT) and reducing
Fe from 19.3% to 6.68%. XRD indicated quartz as the main crystal-
line phase in RT, while the fusion product exhibited characteristic
reflections consistent with sodium silicate formation. SEM micro-
graphs further supported the morphological differences between the
treated residue and the obtained sodium silicate. Carbon quantum
dots were successfully synthesized from chitosan and acetic acid,
and FTIR confirmed their formation. Photovoltaic testing showed
that the control group presented an average power output of 10.21
0.29 mW, whereas the CQD-doped industrial sodium silicate over-
layer (SSI-CQD) achieved 11.12 + 0.20 mW), corresponding to an
8.9% increase. In contrast, sodium silicate layers without CQDs and
residue-derived silicate formulations exhibited lower power outputs
than the control. Statistical analysis confirmed that SSI-CQD was
the only configuration that increased power generation under the
conditions evaluated. After six months, all developed coatings be-
came progressively opaque, indicating limited long-term optical sta-
bility and restricting practical implementation. Overall, the results
demonstrate the short-term feasibility of an external CQD-silicate
overlayer as an accessory for photovoltaic enhancement, while high-
lighting stability and residue purification as key challenges for future
optimization.
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