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Abstract

Background: Photocatalyst oxides added with silicon improve their photocatalytic properties. In this research, nano-
structured 3-Bi,04/SiO, and 3-Bi,04/Bi,0, ,5/SiO, were obtained by means of a green method mediated by the using
the aqueous extract of J. regia shell as the source of reducing biomolecules and as a natural source of plant silicon.

Method: The 3-Bi,05/SiO, and B-Bi,0,/Bi,0, ;5/SiO, nanostructures were characterized by Fourier transform infra-
red spectroscopy (FT-IR), Raman spectroscopy, X-ray diffraction, high-resolution transmission electron microscopy
(HR-TEM), field emission scanning electron microscopy, X-ray photoelectron spectroscopy (XPS), ultraviolet-visible
diffuse reflectance spectroscopy (UV-Vis DRS), and photoluminescence spectroscopy. The photocatalytic activity was
measured by the degradation of Reactive Black 5 dye (RB-5).

Results: FT-IR and XPS demonstrated the presence of plant silicon in the bismuth oxide photocatalysts. HR-TEM
showed that the crystal size of the as-synthesized materials is ~ 25 nm and revealed that the -Bi,O5 synthesized with
ground shell extract and heat-treated at 300 °C contains the Bi,O, ;s phase. Good photocatalytic activity was found

in all the studied materials; particularly, the heat-treated nanostructures showed excellent properties resulting in 92%
degradation of RB-5 under UV-Vis light after 15 min of exposure, and 98% after 180 min.

Conclusions: The findings of this research suggest that the metabolites coating the Bi,Os, which generate a large
amount of hydroxyl radicals, the plant silicon content, and the crystalline defects conferred by the synthesis medium,
all contribute to the improved degradation of the azo dye, providing the nanostructures with better photocatalytic
activity.
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Introduction

Water pollution is a global concern because it not only

affects the ecosystems’ health, but also has a direct
im n r ly and th velopment of -
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synthetic dyes worldwide. It is estimated that approxi-
mately 20% of the residues of these dyes reach and con-
taminate the environment (Chinoune et al. 2016). Several
methods are employed for the removal of synthetic dyes
(Piaskowski et al. 2018), but more efficient proposals are
still necessary to make possible a complete and safe deg-
radation of these contaminants from polluted water. An
attractive alternative involves the use of advanced oxida-
tion processes (AOPs), which are based on the formation
of highly reactive chemical species with low selectivity,
such as the hydroxyls (-OH), superoxide (O,"), or hydro-
gen peroxide (H,0,). Some of the advantages of these
processes include the rapid elimination of contaminants
from water with minimal generation of waste, such as
sludge, low generation of degradation by-products, high
disinfection rates in a short period of time, low amounts
of photocatalytic material needed to perform the process,
and, in most cases, the potential for reuse. Among the
AOQOPs, the photochemical and photocatalytic methods
are presented as sustainable technologies for the degra-
dation of organic compounds; however, heterogeneous
photocatalysis allows the degradation and even miner-
alization of various organic compounds since it is a non-
selective process (Naseem and Durrani 2021; Piaskowski
et al. 2018).

Metal oxides are the most suitable to be used in pho-
tocatalysis because they are capable of generating
charge carriers when the necessary amount of energy
is applied, also they are stable, inert, resistant to photo-
oxidation, and possess a wide bandgap. Furthermore,
there is a growing interest in the study of these materi-
als at the nanoscale level because they have a large sur-
face area and, therefore, a high number of active sites
(Khan et al. 2015). Lately, interest in the synthesis of
various metal-based oxide systems at the nanometric
scale has increased due to their increasing and varying
applications in fields such as environmental remediation,
targeted drug release, photoluminescent sensors for bac-
teria and heavy metals detection, electrochemical hydro-
gen storage materials, dye adsorption, and photocatalysis
(Naseem and Durrani 2021).

There has been a growing interest on bismuth oxide
(Bi,O3) nanostructures due to the characteristics they
possess, such as their wide bandgap (2.58-2.85 V), high
refractive index, good electrochemical properties, and
photocatalytic activity. Additionally, Bi,O4 has polymor-
phism, which means it has multiple crystalline phases, in
this case five which are as follows: a-Bi,O5; (monoclinic),
B-Bi,O; (tetragonal), y-Bi,O; (body-centred cubic),
0-Bi, O (cubic), and e-Bi,O; (triclinic). Also, Bi,O5 has
two additional non-stoichiometric phases: Bi,O,3; and
Bi,0, 5 (Zahid and Han 2021). It has been shown that
the Bi,O; structural phase and properties, such as its
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photocatalytic activity, depend on the synthesis method,
presence of crystalline defects, elemental composition,
and surface characteristics. Concerning Bi,O,, the best
photocatalytic activity occurs on its beta phase due to its
bandgap being close to 2.5 eV (Cheng et al. 2010). To fur-
ther improve the photocatalytic activity of these nanoma-
terials, the addition of silica has commanded a growing
interest. This is because the presence of silica increases
the thermal and chemical stability, adsorption capacity,
and the number of hydroxyl radicals on the surface, thus
slowing down the recombination process of the elec-
tron—hole pair, which is important in the photocatalytic
process (Jayakumar et al. 2020).

Owing to the large number of applications, research-
ers have developed different routes to synthetize Bi,O4
nanostructures including precipitation, combustion,
hydrothermal, flame spray pyrolysis, sol-gel and mag-
netron sputtering, among others (Zahid and Han 2021).
However, there is a growing concern about environmen-
tal issues related to the procurement processes, which is
why simple, fast, and ecological routes are being sought
for the preparation of nanostructures. For this reason,
the interest in the green synthesis of photocatalyst metal
oxide nanoparticles such as ZnO (Basnet et al. 2018),
ZnS (Samanta et al. 2017), TiO, (Verma et al. 2022), SnO,
(Buniyamin et al. 2021; Matussin et al. 2020), as well as
Bi,O; (Karnan and Samuel 2016), through plant extracts,
is constantly increasing. It is worth mentioning that the
reports related to the synthesis of Bi,O; nanostructures
from plant extracts indicate the need for a post-synthesis
heat treatment to obtain the crystalline material in the
monoclinic phase (Prakash et al. 2022).

This article describes, for the first time, the biosyn-
thesis of B-Bi,O5/SiO, and B-Bi,04/SiO,/Bi,0, ;s nano-
structures using J. regia L. shell aqueous extract as the
precursor. Approximately 67% of the total weight of the
nut is contained in the shell, and it can be found abun-
dantly as a by-product of the industrial processing of wal-
nuts, these shells are primarily made up of polyphenols,
gallic acid, holocellulose, cellulose and lignin. There are
few studies on the silicon content of nutshells, but it is
known to be distributed throughout diverse plant struc-
tures, being used by plants to reinforce and harden tis-
sues such as the walnut shells. The characterization of
the synthesized nanostructures was carried out by FT-IR,
Raman spectroscopy, XRD, HR-TEM, FESEM XPS, UV-
Vis DRS, and PL analysis. The aim of this study is to pro-
pose an eco-friendly and sustainable route of synthesis
for nanostructured B-Bi,0,/SiO, and B-Bi,04/Bi20, s/
SiO, by taking advantage of the plant silicon content of
the walnut shell, and ensuring the nanostructures possess
good photocatalytic properties to achieve the degrada-
tion of the azo dye Reactive Black 5 (RB-5).
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Materials and methods

Chemicals

Bismuth nitrate pentahydrate (Bi(NO;);-5H,0), sodium
hydroxide (NaOH), hydrochloric acid (HCI), and Reac-
tive Black 5 Dye dye were supplied by Sigma-Aldrich
and used without further purification. All the aqueous
solutions were freshly prepared using deionized water,
and all glassware used in the experiments was washed
with aqua regia and then thoroughly rinsed with deion-
ized water.

Shell extract preparation

Whole J. regia shells (WL) obtained from producers in
Hidalgo (Mexico) were washed with deionized water
and dried at 40 °C for 72 h. The ground shells (GD)
were crushed (<420 pm) using an agate mortar. GD and
WL shells were placed in deionized water (1:100) in a
40-mL vial each and heated to 90 °C maintaining this
temperature for 10 min. The resulting extract was fil-
tered using Whatman No.1 filter paper, and the filtrate
was stored at 4 °C.

Biosynthesis of Bi,O; nanostructures

Half a millilitre of each of the two extracts was added
to 5 mL of Bi(NO;);-5H,0 (6 mM), and the pH was
adjusted to 7 by adding NaOH (2 M) under stirring at
25 °C for 4 h. The resulting solution changed colour to
light brown due to the formation of Bi,O; nanostruc-
tures, called BGD and BWL when obtained with GD
and WL extracts, respectively. Samples were centri-
fuged at 8000 rpm for 10 min, rinsed three times with
deionized water, and dried at 40 °C. For photocatalytic
tests, BGD and BWL were heat-treated at 300 °C for 1 h
(named BGD3 and BWL3 after the process) to promote
higher crystallinity. The biosynthesized nanostruc-
tures were stored in a dry and dark place for further
characterization.

Characterization

Qualitative phytochemical screening using stand-
ard procedures was carried out to identify the type of
secondary metabolites present in the plant extracts.
Functional groups in both extracts of J. regia and in
the nanostructures were identified by FT-IR spec-
troscopy (PerkinElmer 2000) in the scanning range
of 4000-400 cm™' using an attenuated total reflec-
tance (ATR) cell for spectral recording. The crystalline
structure of the nanostructures was studied by XRD
(Bruker-D8) using Cu Ka=1.5496 A at 26 range from
20 to 80°. In order to investigate the presence of crys-
talline defects, Raman spectra were collected in the
range of 30-800 cm™! using an XploRA Plus ONE™
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spectrometer with a 532 nm laser source and PL spec-
tra were recorded with a Fluorolog-3 (A,,=290 nm).
The bandgap was determined by UV-Vis DRS (Perki-
nElmer Lambda 300). The morphology was examined
by FESEM (JEOL-JSM-6701F) and HR-TEM (JEM-
2100) with an accelerating voltage of 200 kV; the image
analysis by fast Fourier transform (FFT) was carried
out using Digital Micrograph 3.7.0 software (Gatan
Software, Inc., Pleasanton, CA, USA). The elemental
and chemical composition was analysed by X-ray pho-
toelectron spectroscopy (XPS) in a Thermo Scientific
spectrometer equipped with a monochromatic Al K«
X-ray source (1486.6 eV).

RB-5 degradation

The photocatalytic activity of the samples (1 g/L) was
examined by degrading RB-5 at a concentration of
15 mg/L, the pH of the medium was set to 9 according
to the point of zero charge (PZC) of the Bi,O; nano-
structures, and the system was kept at a stirring rate
of 300 rpm at room temperature. For the adsorption
process, the reaction system was kept in the dark for
30 min, and about 5 mL of aliquot samples was centri-
fuged at 8000 rpm for 10 min to remove the sorbent. The
concentration of RB-5 in the solution was determined
spectrophotometrically by measuring the absorbance at
598 nm at room temperature in a quartz cuvette using
Cole-Parmer 2800 UV-Vis spectrophotometer. Then, the
solution was exposed to the UV-Vis light (300 W HP Hg
Lamp), and at 0, 15, 30, 45, 60, 90, 120, 150, and 180 min
time intervals, 5 mL aliquots were taken and centrifuged
under the same conditions to remove solid particles. The
degradation efficiency was calculated using Eq. (1):

G -C
0

x 100 (1)

where C, stands for the initial concentration and C for
the concentration at any given time. A control experi-
ment was carried out with the dye and without any pho-
tocatalyst, after the set time.

Results and discussion

Characterization of J. regia shell extract and Bi,0;
nanostructures

The GD and WL extract were qualitatively analysed to
determine their phytochemical constituents. This study
revealed the presence of secondary metabolites in both
extracts, such as saponins, carbohydrates, and reduc-
ing sugars; tannins were only identified in GD. These
results are consistent with those obtained by Sze-Tao
et al. (2001), who studied the content of tannins in walnut
shells and concluded that the bioavailability of phenolic
compounds is favoured by decreasing the particle size of
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the biomass. Tannins are one of the most important phe-
nolic compounds in the reduction of salts and stabiliza-
tion of nanoparticles.

Identification of the functional groups and the pres-
ence of silicon in the extract was carried out by FT-IR,
this technique was also used to verify the possible inter-
action between the extract and the nanostructures. The
FT-IR spectra of aqueous GD and WL extracts are shown
in Fig. 1a. The bands located at 3239 cm ™! and 1600 cm ™
can be attributed to O-H stretching vibrations and
indicate the presence of a large number of hydroxyl
groups. The band at 2926 cm™! corresponds to the ali-
phatic stretching vibrations of ~-CH, CHj, and the bands
around 2375 cm™! denote the C=C vibration. The peak
at 1711 cm™! overlaps with the O—H groups and can be
attributed to the C=0 stretching of the carbonyl group.
Bands at 1369 cm ™' are indicative of C-O stretching
related to alcohol, carboxylic acid, ester, and ether. The
characteristic peak at 1041 cm™! corresponds to the C—O
stretching associated with the carbohydrate content. The
bands between 534 and 884 cm ™! are due to the stretch-
ing vibration of the =C-H of phenolic-based com-
pounds, such as the band at 775 cm™, related to juglone,
the walnut shell pigment (Li et al. 2020; Uddin and Nasar
2020). Among the differences observed between the two
spectra, it must be noted that some bands were not pre-
sent in WL, and the relative intensity of others was lower,
especially those associated with phenolic compounds,
which can influence the formation of Bi,O,. Likewise,
FT-IR analysis revealed that the extracts contained sili-
con compounds. The peak at 1071 cm™! that overlaps
with the C-O bond signal located at 1041 cm™!, as well
as the bands located between 800 and 400 cm™, can
be attributed to the siloxane bond (Si—O-Si) (Hosseini
Mohtasham and Gholizadeh 2020). Similarly, the peaks
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located in 1331, 1341, 1233, and 1090 cm™! have been
reported to belong to the Si-CH; bond (Akhayere et al.
2019; Czlonka et al. 2020).

The FT-IR spectra of Bi,O; nanostructures (BGD,
BWL, BGD3, and BWL3) are shown in Fig. 1b, where
the peak located at 1306 cm ™" corresponds to NO3 (Yan
et al. 2014) and the peaks at 845 cm™! and 552 cm™!
are due to the presence of Bi—-O-C and Bi-O, respec-
tively (Indurkar et al. 2018). Just as in the spectra of the
extracts, the bands at 3401, 1613, and 1746 cm ™' indi-
cate the presence of hydroxyl and carbonyl groups; these
results suggest that residues of organic compounds of the
extract remain on the surface of the Bi,O5 nanostruc-
tures after fulfilling their roles as reducers of the precur-
sor salt and stabilizers of the obtained nanostructures.
Only BGD3 showed both peaks related to the presence of
silicon compounds at 1331 and 1064 cm™?, attributed to
Si-O-Si and Si—CHj (Czlonka et al. 2020).

To determine the crystal structure and to estimate the
crystal size, an XRD technique was used; Fig. 2a shows
the XRD patterns of the as-synthesized Bi,O; nano-
structures. The diffractograms obtained from BGD and
BWL resemble those of amorphous materials or nano-
particles smaller than 3 nm. In both extracts, the broad
diffraction peak at 28° is attributed to residues of the
extract of J. regia (Izadiyan et al. 2018). On the other
hand, in the BGD3 and BWL3 samples, all the 26 peaks
observed at 27.9°, 31.7°, 32.6, 46.2°, 46.9°, 54.2°, 55.4°,
55.6°, 57.7°, 74.4°, 75.5°, and 75.9° are consistent with
the (201), (002), (220), (222), (400), (203), (421), (213),
(402), (610), (601), and (224) lattice planes and can be
indexed as P-Bi,O; (JCPDS card No. 00-027-0050).
From the XRD data, the crystal size of the samples was
estimated using Scherrer’s equation (Patterson 1939);
the average size for the BGD3 and BWL3 samples was
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about 28 and 31 nm, respectively. Although X-ray dif-
fraction is one of the most widely used techniques to
characterize the crystalline structure of materials, addi-
tional analyses are needed to obtain complementary
information on the crystallinity of these biosynthesized
materials (Mourdikoudis et al. 2018). The Raman spec-
tra shown in Fig. 2b displayed identical peaks along
all samples; the peak at 81 cm™! is related to the Eg

phonon mode of the rhombohedral Bi, and peaks at
121, 305, and 459 cm ™! correspond to the Bi-O stretch-
ing modes of Bi,O, (Diaz-Guerra et al. 2017). The dis-
placement of and extra Raman peaks at 520-590 cm ™!
(inset of Fig. 2b) are associated with oxygen vacancies
(Gavarri et al. 2009); these vacancies improve pho-
tocatalytic activity, since they work as a trap for the
photogenerated electrons, delaying or preventing the

Fig. 3 FESEM images, TEM images, HR-TEM, and FFT analysis as-synthesized nanostructures
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recombination process, and allowing redox reactions to
take place (Gaidau et al. 2017).

The morphology of the biosynthesized materials was
analysed using FESEM images, as shown in Fig. 3a, d.
The BGD3 sample shows a heterogeneous particle mor-
phology consisting of nanorods with irregularly shaped
structures on its surface, while for BWL3, it displays
nanosheets with a thickness of ~25 nm. By using FESEM,
it is possible to observe the coating of the biosynthesized
nanostructures; this coating comes from the extracts of
the WL and GD shell of /. regia. The presence of this layer
confirms the role played by the extract in the synthesis
and stabilization of the nanostructures (Oves et al. 2018).

Figure 3b, e shows TEM images where a semi-spher-
ical morphology is observed, with a crystal distribu-
tion of ~25 nm which is in accordance with the results
obtained by using Scherrer’s equation from the XRD
pattern. Figure 3c, f shows the HR-TEM micrographs
of the as-synthesized Bi,O4 nanostructures. The inter-
planar distance dy,;, measured for BWL3 by means of
FFT, was=3.19 A. The result is a good match with the
(201) plane of -Bi,O5 according to the JCPDS 00-027-
0050 card, confirming their crystalline nature. Only
sample BGD3 displays the coexistence of the B-Bi,O,
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and Bi,0, - phases with d;;;=3.19 A and 1.96 A from
the (201) and (222) planes from p-Bi,O5 JCPDS 00-027-
0050 and d;,;=2.80 A from the Bi,O, - phase (JCPDS
00-027-0049); just as with B-Bi,Os, the Bi,O, - phase
has shown excellent photocatalytic degradation of azo
dyes (Wang et al. 2019; Zhou et al. 2020). The results
indicate that the smallest spherical particles of non-
crystalline material immersed in BGD3 (Fig. 3c) could
correspond to the silicon compounds (Chen et al.
2017) from the aqueous extract of J. regia used in the
synthesis.

The separation efficiency of photogenerated elec-
tron—hole pairs of biosynthesized materials was ana-
lysed using PL spectroscopy (Fig. 4a) where identical
spectra are shown, but with different intensities of
exciton photoluminescence. The emission at 469 nm
is attributed to the intra-ionic transitions of Bi** or to
surface and interface states due to crystalline defects,
such as oxygen vacancies (Hariharan and Karthikeyan
2018), and the peak at 564 nm is related to the electro-
valence of Bi ions (Labib 2017). It is well known that
high PL emission intensities represent a greater recom-
bination of charge carriers. The decrease in intensity at
469 and 564 nm for BGD3 means that direct electron
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Fig. 4 Photoluminescence spectra, Tauc plots for the bandgaps calculation, Bi4f and O1s XPS spectra of nanostructures
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and hole recombination is avoided (Cheng et al. 2010)
which is beneficial to the improvement in the photo-
catalytic activity.

UV-Vis DRS was performed to study the optical prop-
erties of the biosynthesized nanomaterials. The direct
bandgaps (Fig. 4b) were calculated using the Tauc Eq. (2)

ahv = A(hv — Eg)? 2)

where o is the absorption coefficient, A is a constant, h is
Planck’s constant, v is the light frequency of photons, and
Eg is the bandgap (Yan et al. 2014). The plots of (ahv)?
versus (hv) show large Urbach tails for each material. The
bandgap values were 2.4, 2.5, 2.5, and 2.6 eV, for BGD,
BWL, BGD3, and BWL3, respectively. The slight vari-
ation in these values can be explained by the difference
in the degree of absorption of visible light due to these
Urbach tails (Yaghoubi et al. 2015) caused by differ-
ent interactions closely related to the formation of new
phases, in this case the non-stoichiometric phase (Leon-
tie et al. 2002; Wang et al. 2019; Zhou et al. 2020), which
tends to shift towards the red; oxygen vacancies, derived
from the synthesis method (Stan et al. 2015), crystallinity
(Huang et al. 2011), morphology and particle size (Labib
2017), as well as the content of silicon and its interaction
with Bi,O; (Wu et al. 2006) also contribute to the varia-
tions. All biosynthesized photocatalysts have a low band
gap value, which allows them to be irradiated, thus per-
mitting them to take advantage of the spectrum of sun-
light which is an improvement on the other Bi,O, phases.

The chemical surface compositions of BGD3 and
BWL3 were qualitatively analysed by XPS. The high-res-
olution spectra of Bi4f in Fig. 4c show bands located at
158.86 and 164.13 €V, and at 158.88 and 164.20 eV; these
are attributed to Bi 4f7/2 and Bi 4f5/2, respectively, sug-
gesting that the Bi was in its Bi®" state. The energy differ-
ence of 5.27 and 5.32 eV is consistent with the spin—orbit
splitting value (5.3 eV) for Bi,O4 (Zhou et al. 2020). Fig-
ure 4d displays the Ols asymmetrical signal, which can
be separated into four peaks; those located at lower
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binding energies (529.58, 529.97 and 530.62, 530.88 V)
can be attributed to lattice oxygen Bi-O while the ones
found at higher energies (531.17, 531.54 eV) correspond
to adsorbed oxygen, in this case from the mixed contri-
butions of O—H and C-O groups of the metabolites sur-
rounding the nanostructures. The peaks at 532.08 and
533.61 eV are associated with Si—-O-Si linkages (D. Yang
et al. 2011). Although /. regia shell silicon has not been
formally reported, these results confirm the existence of
plant silicon in the Bi,O; synthesized from the aqueous
extracts of the /. regia shell.

Silicon is not essential for plants, but it has an impor-
tant role in their morphological and physiological
properties. It is first absorbed by the roots and then it
is transported to the foliar tissues in the form of silicic
acid, where it accumulates without being toxic. Instead of
harming the plant, the silicon self-regulates, polymeriz-
ing into phytolites, which provide greater structure rigid-
ity and allow better use of light (Deshmukh et al. 2017).
Plant silicon has been extensively studied and it has been
found that there are species that store it in large quanti-
ties; however, little attention has been paid to the exist-
ence of this element in the extracts used for the synthesis
of nanomaterials. If plant silicon is present in the biosyn-
thesis processes, it could modify the properties of the
resulting photocatalysts since it is known that the chemi-
cal addition of silicon to TiO, and Bi,O; can improve
their activity, conferring thermal stability and increasing
the formation of reactive oxygen species (Gaidau et al.
2017; Jayakumar et al. 2020; J. Yang et al. 2014).

Photocatalytic degradation of RB-5

The release of RB-5 in textile effluents represents a sig-
nificant threat to health due to the resulting pollution
in rivers; even at low concentrations, it is toxic and is
capable of staining large amounts of water; furthermore,
it blocks sunlight from reaching river beds suppressing
photosynthetic processes and reducing dissolved oxygen
(Munagapati et al. 2020). The UV-Vis spectra of RB-5
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exhibit two main absorption bands at 312 nm in the UV
region and at 598 nm in the visible region, correspond-
ing to naphthalene and the chromophore group (-N=N),
these are used to measure the decolourization of the dye
solution. Figure 5a and its inset show the UV-Vis absorp-
tion spectra as well as the vials 15 min after starting the
RB-5 degradation process with the different photocata-
lysts under simulated UV-Vis light. No degradation was
observed in the control experiment, indicating that RB-5
is stable to self-photodegradation. When the synthesized
catalysts were tested, the main absorption bands of the
dye decreased considerably, disappearing almost com-
pletely when using the BGD3 catalyst. Figure 5b shows
the photodegradation of RB-5 as a function of irradiation
time over 180 min. All the photocatalysts had the abil-
ity to degrade RB-5; however, the process was favoured
by the materials that were heat-treated at 300 °C. The
BGD3 sample showed the highest degradation with 92%
after 15 min and 98% 180 min after starting the process
(Fig. 5¢). No new absorption peaks were observed after
the tests, indicating that no new products or intermedi-
ates were formed. The theoretical degradation pathway
of RB-5 from previous reports is found in the supple-
mentary material to this paper (Additional file 1: Figure
S1). The difference in degradation efficiency between
the employed catalysts can mainly be attributed to their
optical properties and the pH of the aqueous dye solu-
tion, which plays an important role in the photocatalytic
activity of the biosynthesized catalysts. This leads to the
PZC which is the pH value at which the total net charge
of the catalyst is neutral and it determines the catalyst’s
interaction with the dye. The PZC values of the ther-
mal treated and untreated catalysts were 11.5 and 8.2,
respectively, at lower pH values they will have a positively
charged surface and, at higher values, a negative charge.
Considering that RB-5 has a negative charge due to the
presence of sulphonate groups (SO*) (Netpradit et al.
2004) and that the experiments in this study were carried
out at pH 9, the degradation of the dye was favoured by
the heat-treated catalysts. This is because at this pH value
the heat-treated catalysts have a positive surface charge
and RB-5 is more easily adsorbed with the aid of the elec-
trostatic attraction (Aguiar et al. 2014). Additionally, it
can be observed that the catalysts obtained with ground
shells (BGD and BGD3) had a higher silicon content and
a better photocatalytic activity when compared to those
obtained with whole shells (BWL and BWL3).

In the last decade, several studies have been conducted
on obtaining biogenic silica from agro-industrial residues
and how its addition to catalysts improve their photo-
catalytic properties when compared to silica-free pho-
tocatalysts (Mattos et al. 2017; Yang et al. 2011; Fatimah
et al. 2019); however, a calcination process followed by
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an acid extraction is necessary to extract the plant silica.
It should be noted that in this research no additional
method was used for the extraction of silicon during the
preparation of the plant aqueous extract. These results
set a precedent for the detailed study of the composition
of extracts containing silicon used in the biosynthesis of
photocatalysts as well as the silicon relationship with the
catalyst properties. Also, it gives insight into the design
of an improved photocatalyst with low environmental
impact.

Conclusions

Nanostructured B-Bi,O3/SiO, and B-Bi,O3/Bi, 0, ;5/5i10,
were successfully synthesized using a green synthetic
route with J. regia shell extract. Secondary metabolites
such as saponins, carbohydrates, reducing sugars, and
tannins act as reducing and capping agents in Bi,O; for-
mation. The use of this extract as a means of synthesis of
Bi, O, favours crystalline defects that delay the recombi-
nation of the electron—hole pair. Applying a heat treat-
ment of 300 °C to the nanostructures obtained from the
ground shell extract was sufficient to obtain p-Bi,Os/
Bi, O, ;5, which, together with the plant silica, improved
photocatalysis efficiency achieving a 98% degradation of
RB-5 throughout the 180-min process. These results set
a precedent for the study of metabolites availability and
silicon content in plant extracts obtained from agro-
industrial waste, as well as their use in the synthesis of
nanomaterials and their positive effect on said nanomate-
rials photocatalytic properties when used for the removal
of dyes in aqueous solutions.
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