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ABSTRACT: Electronic waste (e-waste) has become a significant environmental concern
worldwide due to the rapid advancement of technology and short product lifecycles. Waste-
printed electronic boards (WPCBs) contain valuable metals and semiconductors; among them,
tin can be recycled and repurposed for sustainable material production. This study presents a
potential ecofriendly methodology for the recovery of tin from WPCBs in the form of tin oxide
nanostructured powders. The soldering points in the WPCBs are extracted and dissolved in the
dilute HNOj; solution, followed by the formation of metastannic acid, which is subsequently
transformed into SnO, nanoparticles. Different characterization techniques (XRD, XPS, FE-
SEM, and TEM) are employed to confirm the morphology and composition of nanoparticles.
The prepared SnO, NPs, having a size range of <50 nm, show excellent photocatalytic
degradation of cationic (methylene blue, MB) and anionic (eosin Y, EY) dyes for wastewater
treatment. The as-synthesized SnO, can degrade the mixed dyes (MB+EY) under the
illumination of natural sunlight at rate constants of 0.0153 and 0.1103 min™" for MB and EY,
respectively. The positive zeta potential and smaller particle size of the SnO, NPs possess the
extra advantage of the adsorption of anionic over cationic dye, resulting in faster degradation of EY, which is further supported by
DFT calculation. The synthesis of SnO, from waste-printed electronic boards offers a dual benefit: It not only provides a sustainable
solution for managing electronic waste but also contributes to the production of useful photocatalysts for wastewater treatment. By
converting waste into valuable resources, this approach aligns with the principles of the circular economy and mitigates the
environmental impact associated with e-waste disposal.
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1. INTRODUCTION

With the world’s fastest-expanding economies and populations,

~49% ceramic material and ~23% plastic, although the actual
percentage varies with different classes of PCBs.'”'! So PCBs

demand for electrical and electronic equipment (EEE) is
increasing. As a result, it is directly instigating a significant
amount (50—70 million tons) of electronic waste (e-waste) to
be generated globally every year, and it is estimated to increase
to 111 million tons per year by 2050.' > A considerable amount
of e-waste is often exposed to informal recycling procedures or
disposed of in landfills, often in violation of required
environmental protocols. As a result, precious resources are
depleted, and several ecological threats are posed.”” Therefore,
proper e-waste recycling is one of the state-of-the-art processes
that can compete with the problems associated with e-waste.
Also, a large amount of base and precious metals can be
recovered from e-waste. According to the report, 70% of e-waste
is generated from compute devices, 12% from telecom sectors,
and 8% from medical equipment’ and merely 17% of the total
amount of e-waste g7enerated is disposed of through formal
recycling procedures.”® Printed circuit boards (PCBs) are one
of the important components in EEE that contribute 6 wt % of
the total e-waste created globally and expected to grow at a
compound annual growth rate of 3.50% during 2023—2030.”
PCBs contains metallic elements such as Cu (12—29%), Sn
(1.1-4.8%), Pb (1.3—3.9%), Fe (0.1—11.4%), and Zn (0.1—
2.7%) and precious metals like Au (0.0029—0.112%) as well as
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that comprise both precious and base metals can be regarded as a
significant secondary source of valuable metals. Among the
different metals found in PCBs, more than 65% tin (95% for Pd-
free) was used in solder for connections between elements and
tracks on the board.'” However, tin is a relatively scarce element
with an abundance in the earth’s crust of about 2 ppm.'”'*
Therefore, recovering tin from e-waste would be a beneficial and
secondary source for tin compared with traditional mining
approaches.

Creating new, useful, marketable goods from waste may be
essential to achieving desired products. Different recycling
techniques have been used to extract various types of
nanomaterials from electronic trash, such as metals (copper,
silver, gold, palladium, lead, and tin) and metal oxides (copper
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Figure 1. (a) XRD pattern of as-synthesized SnO, NPs compared with JCPDS card no. 41-1445. (b) Rietveld refinement profile obtained from the
powder diffraction pattern of SnO, NPs. (c) Willamson—Hall plot for SnO, NPs. (d) UV-DRS of SnO, NPs synthesized from E-waste (the inset shows
the Kubelka—Munk plot for direct band gap (3.6 eV) energy calculation).

oxide, cuprous chloride, copper ferrite, lead oxide, tin oxide, and
silicon carbide).'”

Metal oxides extracted from electronic waste possess diverse
applications, including photocatalysis, supercapacitor materials,
and sensors, as reported in several research papers.lé*20 Tin
oxide (SnO,) is one of the novel n-type semiconductor
photocatalysts that gained attention because of its large amount
of applications in different fields like catalysis,”" electrocatalytic
anodes,” gas sensing,23’24 optoelectronic devices, ¢ field
emission displays,”” humidity sensing,”® dye based-solar cells,””
coatings,” light-emitting diodes,”’ and supercapacitors.’
Different methods such as sol—gel,”* chemical vapor deposition
(CVD),** coprecipitation,” and hydrothermal method*® were
used to synthesize SnO,. Due to its wide bandgap value (3.6 eV),
it displays 7good photocatalytic behavior toward sunlight
absorption.”” >

Based on the production processes, industries such as textile
and pharmaceuticals generate a lot of contaminants and release
the waste into the freshwater. For example, the textile sector
produces wastewater containing a variety of dyes. Because of
their complex chemical structures, these dyes are extremely
stable in ambient conditions, and removal or degradation from
effluents is difficult. It directly affects humans or other animals in
the environment.*” Different remedial approaches, such as
chemical, biological, and physical have been performed.*""** For
decades, photocatalysts have significantly reduced the hazard-
ousness of organic dyes by degrading them into a nonharmful or
less hazardous state.** In this direction, Nascimento et al.
showed WPCBs to create polymetallic NPs, including Cu, Zn,
Ni, and Fe, which were then used to degrade reactive blue 4
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(RB4).** Khayyam Nekouei et al. investigated methylene blue
(MB) removal via direct transformation of WPCBs and reported
that 92% of MB was destroyed after 450 min of UV irradiation.*

In the present study, waste PCBs are used as the source of Sn
(focusing on the importance of e-waste recycling) to prepare a
novel SnO, nanoparticle for the photodegradation of mixed
cationic and anionic dye molecules such as MB and EY,
respectively. The solder alloy (Sn and Pb) was collected from
WPCBs and treated with concentrated nitric acid to form
metastannic acid, followed by SnO, nanoparticles. The product
was characterized using XRD, SEM, TEM, XPS, UV-DRS, and
EDS techniques. Later, SnO, nanoparticles are used as
photocatalysts for individual water pollutants (MB, EY, and
MB+EY) degradation under direct sunlight, and the process is
investigated by a DFT study.

2. EXPERIMENTAL SECTION

2.1. Preparation of SnO, Nanoparticles. All of the waste
PCBs were collected from our institute. First, the WPCBs were
washed with soap water to remove the dirt, followed by
sonication in a water/ethanol mixture. Later, the WPCBs were
dried in a vacuum oven at 60 °C for overnight. To recover the tin
(Sn) from the WPCBs, the soldering points were desoldered
manually and separated. Then, the desoldered materials were
treated with 5 M HNO; solution at room temperature with
constant stirring (~400 rpm) overnight. During the leaching
process, except Sn, other metals present in the soldered points
were dissolved in HNO; solution and Sn reacted with HNO; to
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form a white precipitate in the form of Meta stannic acid
(H,Sn0;), shown in egs 1 and 29647

3Sn + 4HNO; + H,0 < 3H,SnO,( | ) + 4NO (1)

Sn + 4HNO, < H,SnO, + 4NO, + H,0 )

The white solution was centrifuged and washed with distilled
water several times. The precipitate was dried under ambient
conditions. Later, the white precipitate was mixed with 200 mg
of sucrose and transferred to the muffle furnace for 2 h at 800 °C.
The faded-yellow product was washed with a water and ethanol
mixture and dried in an oven at 60 °C overnight. Finally, SnO,
nanoparticles were formed using eq 3:

H,Sn0; + C,H,,0,; —» Sn0O, + CO, 3)

2.2. Characterization. The crystallinity, crystallite size, and
crystal structure of the synthesized SnO, NPs were evaluated by
the powder X-ray diffraction (XRD) method using a Rigaku
Ultima X-ray powder diffractometer with Cu Ka radiation of
wavelength 1.5418 A. The structural features and morphology
were confirmed by field emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM; JEOL
200 kV) equipped with energy-dispersive X-ray spectroscopy
(EDS) analysis. The optical absorbance property was obtained
by ultraviolet—visible diffuse reflectance spectroscopy (UV-
DRS) spectra using a Shimadzu spectrophotometer at the range
of 200 to 800 nm. The Raman spectroscopy of the catalyst was
measured in a confocal Raman spectrophotometer using a
HORIBA Jobin Yvon LabRAM Raman microscope with an
excitation wavelength of a 532 nm Ar" laser as a source. X-ray
photoelectron spectroscopy (XPS) measurements were carried
out using a Thermo Fisher K-Alpha instrument with an Al Ka X-
ray source (1486.6 eV). The stability of the SnO, particles was
analyzed with a zeta potential analyzer (Malvern Panalytical).

2.3. Photocatalytic Degradation. The photocatalytic
efficiency of the SnO, catalyst was demonstrated by the
degradation experiment of cationic MB dye and anionic eosin
yellow (EY) using direct sunlight. A 100 mL solution of MB and
EY dyes was taken from stock solution (1 X 107> M) into a 250
mL reaction bottle and treated with 0.5 g L' of SnO, catalyst.
The solution was stirred for 30 min in the dark to attain
absorption and desorption equilibrium before being exposed to
sunlight. The experiment was carried out during daytime from
10 a.m. to 4 p.m. at Kancheepuram district, Tamil Nadu (state),
India, with an average light intensity of ~680—700 W/ m2*® At
regular time intervals (1 h for MB and 10 min for EY), 4 mL of
sample aliquot was collected and centrifuged at 4000 rpm for 5
min for absorption studies. The absorption spectra were
collected using a UV—visible spectrophotometer (PerkinElmer
UV—vis Lambda 3S5). Photocatalytic degradation (PD)
efficiency was calculated using eq 4:*

PD(%) = [1 — C,/C,] X 100 (4)

where C, represents the initial absorbance and C, is the final
absorbance of the dye solution before and after the light
illumination at a time ¢, respectively.

The first-order reaction rate constant (k) was calculated using
eq S:

In(C,/C,) = —kt %)

3. RESULTS AND DISCUSSION

3.1. Structural Study. The synthesized SnO, NPs are
subjected to XRD analysis to determine their crystalline nature
and phase purity, as shown in Figure 1a. All the diffraction peaks
in the XRD pattern correspond to the rutile structure and
crystallize in the tetragonal P42/mnm space group, which is
further confirmed by JCPDS card no. 41-1445. The XRD
patterns of the as-synthesized SnO, NPs are refined (Figure 1b)
using the Profex refinement approach to check the phase purity
and ascertain the structural characteristics. The values of
structural parameters such as crystal system, space group, lattice
constant, y%, and goodness of fit (GoF) are listed in Table 1. The
lattice parameter values of a = 4.737 and ¢ = 3.186 A, correspond
to the same JCPDS card no. as shown in Table 1.

Table 1. Rietveld Refinement Parameters Obtained for SnO,
NPs

space
crystal structure group lattice constant  y* GoF
SnO, NPs rutile tetragonal ~P42/mnm  a =4.7386 A 1.8 1.34
c=3.186 A
crystallite size (D) microstrain (¢)  dislocation
density
(6=1/D?
17.8 nm 0.86 X 1073 0.0038 nm™>

The broadening of the XRD peaks is related to the small
crystallite size and microstrain present in the crystal structure,
and the values can be determined using the Williamson and Hall
(W—=H) plot, as shown in eq 6:

P cos@ =¢esinf + ki/D (6)

where f is the full width half maxima of the XRD peak, k is the
Scherrer constant, 4 is the wavelength of Cu Ko radiation, and 6
is the angular position of each XRD peak.

The W—H plot, which is derived from eq 6, is illustrated in
Figure 1c. The crystallite size and microstrain are determined to
be 17.8 nm and 0.86 X 1073 respectively, by utilizing the
intercept and slope of the linear equation (y = mx + ¢; y = ffcos6),
x = sind). The results are listed in Table 1. The dislocation
density, or the number of dislocations per unit volume of the
SnO, crystal, was determined to be 0.0038 nm 2. The obtained
values are comparable to the SnO, materials synthesized by
different methods.”*""

To determine the optical band gap of synthesized SnO,, the
UV-DRS technique was employed and the graph is shown in
Figure 1d. The spectrum of the SnO, nanoparticles shows a
rapid decrease after 400 nm, related to the optical absorption
edge of the material.”> To determine the precise value of the
optical band gap of SnO,, the reflectance values were converted
to absorbance by application of the Kubelka—Munk function®”
using eq 7:

F(R) = (1 — R)*/2R 7)

where R is the reflectance and F(R) is the Kubelka—Munk
function, respectively.

After that, the band gap value was interpreted directly using eq
8:

(F(R)hw)* = A(hw — E,) (8)

where A is a constant for the semiconductor material, hv is the
photon energy, and E; is the optical band gap value. By
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extrapolating the linear region of the graph to the energy axis, the
band gap value of SnO, NPs is found to be 3.6 eV (inset of
Figure 1d), which is comparable to the literature data.’’

The detailed top view of the as-synthesized SnO, NPs from E-
waste was investigated using FE-SEM and is depicted in Figure
2a,b at different magnifications. Anisotropic nanoparticles of

Figure 2. FE-SEM images of SnO, NPs at lower (a; scale bar = 1 ym)
and higher magnifications (b; scale bar = 200 nm).

SnO, were found at lower (Figure 2a) and higher (Figure 2b)
magnifications from the top view of the FE-SEM image. Particle
clustering appears to have occurred on the surface.

Figure 3a,b presents the bright-field TEM images of the as-
synthesized SnO, nanoparticles. The average size of the SnO,
nanoparticles (inset of Figure 3a) is found to be ~35 nm. From

the higher magnification BF image (Figure 3b), it is evident that
as-synthesized SnO, possesses a platelet-like morphology (inset
Figure 3b). The HRTEM image of SnO, nanoparticles with a
well-defined lattice pattern in Figure 3c reveals their crystalline
character, which is required for successful photoinjected charge
transport. As seen in the inverse FFT of HRTEM image, the
SnO, nanoparticles possess lattice fringes (inset Figure 3c) with
an interplanar distance (d-spacing) of 0.33 nm that can be
indexed as the (110) plane. The SAED pattern of the SnO, NPs
is shown in Figure 3d, and it is clear from the bright spots that
the SnO, particles are crystalline.

EDX s considered for analyzing the elemental composition of
the solid sample. Focusing on different areas of the sample, EDX
was performed using a copper TEM grid to confirm the
spontaneous presence of Sn and oxygen (O). Both tin and
oxygen are homogeneously dispersed in the sample depicted
from the elemental mapping of Sn and O in Figure SI1. The
atomic percentages of elemental tin and oxygen were
determined from the EDX analysis, revealing tin and oxygen
contents of 40 and 60%, respectively. The absence of peak of
carbon (C) in the EDX spectrum suggests that sucrose was used
as the fuel for synthesis and was not included in the catalyst.

The surface chemistry and chemical composition of the as-
synthesized SnO, obtained from XPS is presented in Figure 4.
The survey XPS spectrum of SnO, is depicted in Figure 4a. The

Gaussian Fit
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Figure 3. (a) Bright-field TEM image of as-synthesized SnO, NPs (scale bar = 100 nm) at low magnification and (b) high magnification (scale bar = 50
nm); the particle size distribution histogram is shown in the inset of (a). The single nanoparticle is displayed in the inset of (b). (c¢) HRTEM image of
SnO, NPs; inverse FFT of the selected region (red color) of the HRTEM image; the inset shows the line profile for the selected line in its inverse FFT

image indicating its d spacing as 0.33 nm. (d) SAED pattern of SnO, NPs.
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Figure 4. XPS spectra of SnO, nanoparticles; (a) survey spectrum of SnO,; (b) high-resolution Sn 3d XPS spectrum, (c) high-resolution O 1s XPS
spectra; (d) Raman spectrum of SnO, nanoparticles.
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Figure 5. (a) UV—vis absorption spectra of degradation of MB with SnO, NPs under sunlight irradiation as a function of time. (b) Photocatalytic % of
degradation with time for MB solution. (c) Kinetic relationship of In(C,/C,) vs irradiation time curve for MB solution (R* = 0.964). (d) UV—vis
adsorption spectra of degradation of EY solution with SnO, NPs under sunlight irradiation as a function of time. (e) Photocatalytic % of degradation
with time for EY solution. (f) Kinetic relationship of In(C,/C,) vs irradiation time curve for EY solution.

spectrum exclusively identifies carbon, oxygen, and tin; no other resolution XPS spectrum of Sn 3d exhibits two peaks, Sn 3d;,,
elements are detected. The peaks of Sn 3d, 4d, 3p, 4p, and 4s and 3d,, with binding energies of 495.6 and 487.2 eV,
from SnO, are observed. As shown in Figure 4b, the high- respectively, due to the spin—orbit coupling of the Sn**
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Figure 6. (a) UV—vis absorption spectra of degradation of MB and EY with SnO, NPs under sunlight irradiation at different time intervals. (b) Relative
concentration (C,/C,) vs time plot of MB and EY in mixed dye solution. (c) Kinetic relationship of In(C,/C,) vs irradiation time curve for mixed dye

(MB and EY) solution.

oxidation state in SnO,. Figure 4c illustrates the high-resolution
O 1s XPS spectrum of SnO,, where the deconvoluted oxygen
spectra appear in two chemical states at 531.0 and 532.2 eV,
respectively. The first peak is related to Sn—O/Sn—O—-Sn
bonds, and the second one is associated with nonlattice oxygen
adsorption in the form of hydroxyl groups. The change in the
peak intensities is attrlbuted to the variation of OH groups on
the catalyst’s surface.”*

Raman spectroscopy was used to further investigate the
crystal structures of SnO, nanoparticles. The point group of
rutile SnO, is known as D ;.. According to the point group, there
are 18 vibrational modes; among them, doubly degenerate E,
and nondegenerate Alg, B,y and B, are the Raman actlve
modes.”® As shown in Figure 4d, the Raman spectra of the
synthesized SnO, contain three peaks at 475, 634, and 775 cm™
The Raman band at 475 cm ™" assigned to the E, mode possesses
the vibration of oxygen and 775 cm™! to the By, mode. The
Raman band at 634 cm™" attributed to the A;, mode represents
the symmetric stretching of Sn—O bond vibration and is the
most intense band among E,, A,;, and B,,. These Raman peak
positions are well matched with the reported values at 476 cm™"
(E ), 635 cm™! (Alg), and 776 cm™ (Bzg) for the rutile structure
of the SnO, sample with a tetragonal matrix.**’

3.2. Photocatalytic Dye Degradation. The removal and
photocatalytic degradation of dye pollutants by the as-
synthesized SnO, catalyst was qualitatively investigated using a
model cationic and anionic dye (at pH ~ 7) such as MB and EY,
respectively. At first, the SnO, catalyst was dispersed in the MB
dye solution (107> M) and kept for 30 min under dark
conditions to attain the dye adsorption equilibrium. Then, the
sample bottle was subjected to keeping under natural sunlight
(680—700 W/m?) for a few hours, and the photocatalytic
degradation of MB was analyzed. All the data were collected
three times (Figure S2), and only the average data points are
shown in the plot. Figure Sa shows the changes in the UV—vis
spectra during MB photodegradation under sunlight. The
absorption peaks with a shoulder between 600 and 700 nm
are assigned to the absorption of the heteropolyaromatic linkage
of MB, while the peaks close to 300 nm correspond to the
absorption of the phenothiazine ring—a polycyclic aromatic
structure. The intensity of the maximum absorption peak of 664
nm decreases gradually as the sunlight irradiation time increases,
indicating the photocatalytic degradation of the MB dye in the
presence of SnO, catalyst.

From Figure 5b, it is observed that approximately 87% of the
dye is photodegraded after irradiation of 180 min and further
illumination up to 360 min; ~97.1% of the MB dye is degraded.

The near-flattering absorption peaks in the UV—vis spectrum
imply that conjugation in the heterocyclic structure is disturbed
or might be broken during sunlight irradiation. The decoloriza-
tion process and the conjugate structure collapse essentially
happened at the same time. The two other peaks, at 292 and 246
nm, similarly fell concurrently with the most intense peak,
suggesting that hydroxyl radicals attacked the phenothlazme
structure and benzene, oxidizing and opening the ring.’® In
summary, a shift in dye concentration under dark conditions
suggests that dye molecules are physically transferred from the
solution to the surface of the adsorbent. Superoxide and
hydroxyl radicals are produced by the semiconductor’s
production of photo charge carriers (photoelectron and photo
hole) at the valence band and conduction band, respectively,
under light illumination.’”*® In a nutshell, the photogenerated
electrons and holes react in a similar manner found in
literature.®!

To further illustrate the photocatalytic ability of the SnO,
catalyst toward MB dye, the experimental data was subjected to
the Langmuir—Hinshelwood kinetic model. The In(C,/C,)
versus irradiation time is plotted (Figure Sc) based on eq 5 and
follows a linear kinetic relationship. The reaction rate constant
for the photodegradation of MB as the slope of the line
(regression coefficient, R* = 0.964) is 0.0104 min~’, which is
comparable to the SnO,-based catalyst cited in the literature.®”

The kinetic order of the photodegradation was verified at low
initial concentrations by examining the In(C,/C,) vs time plot,
and it is evident from the plot that photocatalytic degradation of
the MB dye follows the first-order kinetics as the correlation
constant (R?) for the fitted line is found to be greater than 0.95
(0.964).

To understand the photocatalytic degradation activity of MB
using as-synthesized SnO,, commercial SnO, nanoparticles
(TCI Chemicals, 99.5%) and SnO, prepared by conventional
methods (hydrothermal)®® are compared and shown in Figure
S3. It was shown that the SnO, as synthesized from WPCBs is
nearly equal to the commercial SnO, particles and degrades the
MB dye faster than does SnO, from the conventional method.

Similarly, photocatalytic degradation of EY (107 M) was
carried out by using SnO, nanoparticles under sunlight. Before
irradiation, the photocatalytic mixture was kept for 30 min under
dark conditions to attain the dye adsorption equilibrium. The
intensity of the maximum absorption peak (517 nm) for EY
decreased rapidly over time (Figure 5d). After 20 min of sunlight
exposure, approximately 75% of the dye is degraded. Within 50
min, the UV—visible spectra (Figure Sd) align with the x-axis,
indicating ~100% degradation of EY. The percentage of
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degradation vs time graph in the presence of the SnO, catalyst
and sunlight is displayed in Figure Se. Similarly, the photo-
catalytic ability of the SnO, catalyst toward the EY dye is
investigated and In(C,/C,) versus irradiation time is plotted
(Figure Sf). It was found that the photodegradation of EY
follows pseudo-first-order kinetics (R* = 0.924 < 0.95) and the
rate constant of EY is found to be 0.0796 min™".

It is observed from the experiments described above that EY
degrades faster than MB by keeping other parameters constant.
To understand the interaction of MB and EY on the surface of
the NPs, the zeta potential of SnO, was recorded and are
displayed in Figure S4. The zeta potential value for SnO,
nanoparticles is 11.5 mV, indicating an inherently positively
charged surface that can strongly attract the negatively charged
dye molecules than positively charged dye.

The efficacy of dye pollutant remediation is further validated
in a mixed dye solution containing two distinct dyes, MB and
EY, respectively. An optical absorbance spectrum of the mixed
dye solution with time was acquired and is depicted in Figure 6a,
where two distinct absorption maxima were observed at 664 and
516 nm for individual MB and EY, respectively. As anticipated,
the SnO, catalyst effectively eliminated 100% of anionic dye, i.e.,
EY, and 77% of cationic dye, i.e., MB, from the mixed dye
solution upon 60 min of irradiation by sunlight. We observed
that in a mixed dye solution, MB shows faster degradation than
the individual, and within 180 min of sunlight illumination, it
attains 95% degradation. This describes that the as-synthesized
photocatalyst exhibits a strong affinity toward anionic dye. It can
be speculated that negatively charged EY adsorbs on the
positively charged SnO, surface better than positively charged
MB dye. As a result, EY has greater access to the photo charge
carrier than MB, leading to faster degradation. Figure 6b shows
the C,/C, vs irradiation time plot, and it exhibits that EY dye
photo degraded exponentially with time, whereas MB dye
degraded slowly. The In(C,/C,) vs time (Figure 6¢) plot shows
that both dyes follow the pseudo-first-order kinetics, and rate
constants for MB and EY are found to be 0.0153 and 0.1103
min~’, respectively. The visible increment of the rate constant
for MB in the mixture was the result of the reduction of the
electrostatic repulsion between MB and the catalyst.

Under real sunlight conditions, the photothermal effect
naturally becomes an integral part of photocatalytic processes
due to the broad spectrum of sunlight, which includes not only
the ultraviolet (UV) and visible-light regions but also the
infrared (IR) region. The photothermal effect also depends on
the nature of the dye molecules. To understand the photo-
thermal effect on the photocatalytic process, a set of experiments
was performed where two mixed dye solutions were kept under
the sunlight with and without catalyst (SnO,), and it was found
that the absorbance value (Figure SS) for MB decreased a little
(0.44 to 0.41) compared to EY (0.71 to 0.41). However, in the
presence of a catalyst, the absorbance values for MB and EY
reached 0.37 and 0.11, respectively. This clearly reveals that the
photothermal effect has little contribution (on the nature of the
dye) in the photocatalytic dye degradation.

Reusability serves as a measure to assess the stability and
efficiency of the catalyst. Before being reused, the SnO, catalyst
was cleaned three times with water, and then with ethanol, and
dried in a hot air oven at 300 °C for 3 h. Photocatalytic studies
were repeated utilizing the recovered catalyst, and there was no
significant difference in the % degradation of MB and EY in their
single solution after the third consecutive cycle (Figure S6).
Such reusability of the SnO, catalyst clearly defines the efficiency

and hence confirms its outstanding performance. To verify the
crystal structure and chemical composition of SnO, after
recycling, the material was tested using XRD and XPS and is
shown in Figure S7. No changes in peak position for both XRD
and XPS imply that synthesized SnO, is stable enough for the
long run.

3.3. DFT Study. Indeed, the literature reveals the mechanism
for dye degradation where it was suggested that when the
catalyst surface (SnO, NPs) is illuminated with light energy
higher than its band gap energy, holes (h*) develop in the
valence band and electrons (e) reach the conduction band. The
electron in the conduction band functions as a reducing agent,
reducing the oxygen (O,°) deposited on the surface of the
photocatalyst, whereas the holes act as an oxidizing agent,
oxidizing the dyes directly or reacting with water to produce
hydroxyl radicals (OH®), which further degrade the dyes further.
The probable mechanism for the photodegradation of MB and
EY dyes using SnO, photocatalyst can be depicted in Scheme 1.

Scheme 1. Photocatalytic Degradation of MB and EY Using
the SnO, Photocatalyst
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To understand the electronic configuration and spatial
orientation of the dyes, a density functional theoretical (DFT)
calculation was carried out. The calculation was performed using
DFT-D3 (BJ) at the level of BALYP + COSMO (water) with
def2-SVP for every atom using TURBOMOLE Version 7.3 in
MAC-OS (see the Supporting Information for the optimized
coordinates).®*™®* MB and EY crystal structures were
considered for the optimization.””’® Based on the literature, it
can be presumed that an electronic transition must be involved
from the dye to the material, which eventually degraded the dye.
Thus, the primary aim of the calculation was to explore the
energy level of different orbitals, especially HOMO and LUMO.

Upon optimization, the HOMO—-LUMO gap for MB was
observed as —0.09 hartree (Figure 7), whereas for EY, two types
of geometry were analyzed considering the overall charge of the
molecule as either 1— or 2— charge. Deprotonation of —OH and
—COOH was considered for multiple-charge states; double
deprotonation would lead to a 2— charge state, whereas for
single deprotonation, the overall charge will be 1—. The
HOMO-LUMO gap for EY at 1— charge showed —0.104
hartree; at 2— charge, the same was —0.11 hartree. The
HOMO-LUMO gap increased for 2— charges, making the
electronic transition tougher than that of the single-charged
entity. Interestingly, the LUMO of the EY at 2— charge is closer
to the valence band of SnO,, thereby making the electron
transfer more feasible, whereas considering the MB, the LUMO
energy level is lower compared to both charge states of EY. The
experimental analysis showed that EY degraded more than 50%
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Figure 7. HOMO—LUMO electronic distribution of MB and eosin Y, calculated at the levels of B3LYP and def2-SVP with DFT-D3 (BJ).

within the first hour, whereas MB’s rate was way slower. This can
be correlated with the energy levels of dye orbitals and SnO,.
Both EY at 1— and 2— showed a closer energy value to the
valence band of SnO,; thus, when the holes (h+) act as an
oxidizing agent, it can be hypothesized that the electron may
transfer from the dye (LUMO) to SnO, (valence band).
Another reason for a lower rate of MB could be the inherent
positive charge of MB, which, on the other hand, is negative for
EY. Thus, the Coulombic interaction between EY and SnO,
would be higher than MB and SnO,, eventually leading to higher
electron transfer.

4. CONCLUSIONS

This study presents a method for the retrieval of tin and tin oxide
from discarded computer motherboard PCBs, by offering an
opportunity for economically viable and sustainable develop-
ment. Thorough characterization using XRD, SEM, TEM, and
XPS confirmed the presence of a pure phase of SnO,
nanoparticles with a size <50 nm. The synthesized SnO, NPs
exhibited excellent photocatalytic degradation of different
cationic and anionic dyes such as MB and EY, respectively,
under natural sunlight. Moreover, we have shown that the
catalyst is capable of degradation (more than 90%) of mixed
dyes under similar conditions, considered as an excellent
photocatalyst for the photodegradation of other hazardous
toxic dyes present in the environment. The reusability of the
catalyst nanoparticles was tested for three consecutive cycles and
showed good reusability. The idea of using one waste material to
remove another waste during wastewater treatment will be
greatly impacted by the recovery process for recycling valuable
metal from WPCBs. Through interdisciplinary research, this
study aims to demonstrate the feasibility and effectiveness of
utilizing waste PCBs for the synthesis of SnO, catalysts for dye
degradation. By valorizing e-waste and simultaneously address-
ing water pollution challenges, this research contributes to the
advancement of sustainable technologies for environmental
remediation.
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