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Abstract: The high demand for nanomaterials in the field of industry and science has forced re-
searchers to develop new synthesis methods that are more efficient, economical, and environmentally
friendly. At present, the application of green synthesis has taken a great advantage over conventional
synthesis methods because it helps with the control of the characteristics and properties of the re-
sulting nanomaterials. In this research, ZnO nanoparticles (NPs) were synthesized by biosynthesis
using dried boldo (Peumus boldus) leaves. The resulting biosynthesized NPs had a high purity, quasi-
spherical shape with average sizes ranging from 15 to 30 nm and a band gap of ~2.8-3.1 eV. These
NPs were used in the photocatalytic activity of three organic dyes. The results showed degradation
of 100% methylene blue (MB) in 180 min, 92% methyl orange (MO) in 180 min, and 100% Rhodamine
B (RhB) in 30 min of exposure. These results show that the Peumus boldus leaf extract is effective in
the biosynthesis of ZnO NPs with good photocatalytic properties.

Keywords: biosynthesis; Peumus boldus; organic pollutants; photocatalysis

1. Introduction

Currently, the cost of generating or synthesizing semiconductor nanomaterials is high
for most industries, which is why, lately, researchers are looking for alternatives to change
or modify current procedures and use more accessible and lower-cost materials. That is
why the use of materials from nature (in some cases waste) has gained great importance.
Some plants, roots, and leaves have been widely used in medicine because these materials
have compounds that can help with hypertension, diabetes, kidney problems, and cancer-
related problems, among others. [1-3]. On the other hand, they have also been used in the
construction industry since it has been reported that the use of materials such as nopal
mucilage [4], marble, walnut shells [5], and palm leaves [6], among others, manages to
increase the mechanical properties of materials, such as resistance to compression, flexibility,
durability, etc. In the synthesis of nanomaterials, such as nanoparticles (NPs), the use of
natural materials has attracted attention in the scientific community because it is possible to
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substitute some chemical reagents that are harmful and dangerous to people’s health and
the environment [7]. The process of exchanging hazardous reagents for natural materials,
minimizing energy, reducing waste, and reusing solvents and materials is known as green
chemistry [8]. This new process has been reported to bring great advantages, being cheaper,
simpler, faster, and less dangerous for the environment. Within green chemistry for the
synthesis of NPs, there is a great diversity of elements that can be used, such as bacteria,
whole plants, roots, branches, and leaves of trees, fruits, and/or vegetables [9]. All these
elements present a set of organic molecules such as flavonoids, polyphenols, vitamins,
enzymes, carbohydrates, etc., which are necessary to be able to carry out the process of
the formation of NPs [10-12]. Nabi et al. synthesized TiO, NPs by green synthesis using
cinnamon tea extract (Cinnamomum), achieving nanomaterials with sizes of 70-150 nm [13].
Elsewhere, P.A. Luque et al. used lemon peel extract (Citrus aurantifolia) to biosynthesize
SnO; NPs with sizes of 5-12 nm [14]. An organic source that has been little reported despite
its great benefits is the dried leaf of the boldo plant (Peumus boldus).

Peumus boldus is a native tree of Chile and its use began from the first natives to
the present day. The leaves of this tree have been used to reduce earaches, headaches,
rheumatism, nasal congestion, and digestive and biliary disorders [15]. Its use has also
been associated as an antibacterial, antifungal, insecticide, anticancer, and antioxidant [16].
There are various applications for the leaves of Peumus boldus as the leaves of this tree
contain various useful molecules, such as alkaloids (boldine, N-methylcoclaurine, isobol-
dine, (—)—pronuciferine, coclaurine, etc.), flavonoids (isorramnetin 3-O-glucoside-7-O-
rhamnoside, ramnetin 3-O-arabinosidse 3’-O-rhamnopyranoside, etc.), phenolic com-
pounds, and essential oils [17].

Within the wide range of NPs, those of semiconductor oxides are being widely used
in various applications because they contain good mechanical, optical, electrical, catalytic,
and magnetic properties [18]. Through green synthesis, the biosynthesis of CeO, (Cerium
oxide NPs), AgO; (Silver oxide NPs), TiO; (Titanium oxide NPs), WO3 (Wolfamium oxide
NPs), Co304 (Cobalt oxide), SnO, (Tin oxide), and ZnO (Zinc oxide) can be used for
biological applications [19], antibacterial activity [20], antimicrobial activity [21], antifungal
activity [22], battery improvement [23], and photocatalysis [24,25], among others. ZnO
NPs are widely used in the scientific world because they have good properties, such as
high transparency, high electron mobility, high luminescence, are biocompatible with
other materials, and are ecological, in addition to having an approximate band gap of
3.3 eV, which can be very useful in photocatalysis [26]. To date, some organic sources have
already been reported in the green synthesis of ZnO NPs, such as the one reported by
Moghaddas et al. in 2020 who used Quince Seed Mucilage (QSM) to obtain ZnO NPs, which
were used in the photocatalytic degradation of MB [27]. In addition, Luque-Morales et al., 2021
reported the successful biosynthesis of ZnO using Anaheim chili extract (Capsicum annuum
var. Anaheim), thereby showing that the NPs obtained present photocatalytic activity for the
degradation of different organic pollutants [28].

Photocatalysis is an effective method to achieve the removal of pollutants present in
wastewater using solar energy or ultraviolet energy. In this procedure, the electrons in
the valence band are agitated, jumping to the conduction band, generating an electron-
hole pair. These chemical species interact with the pollutant molecules, causing their
degradation [29,30]. Procedures such as this are currently necessary due to the high
pollution generated in the industry, with the waste of organic dyes in aquifers, which
causes problems for aquatic life (flora and fauna), and consequently for human health [31].
There is a wide variety of organic dyes; about 800,000 tons of dyes are produced each year,
with the textile industry using 10 to 15% of them [32]. Within these dyes, MB, MO, and RhB
are the most used in many industries and have a complex chemical structure, which makes
their natural degradation process difficult [33]. Therefore, this method of photocatalysis
helps to completely degrade or decrease the concentration of these dyes in the water, up to
the permissible limits set by some international standards.
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In this study, the results of the green synthesis of ZnO NPs using dried boldo
(Peumus boldus) leaves as a reducing and stabilizing agent are presented. This work follows
up on previous studies reported by the authors using different organic sources. The ob-
tained NPs were characterized by ATR-IR, XRD, XPS, TGA, BET, XRD, SEM, TEM, and
Uv-Vis (band gap), and used to degrade three different organic pollutants (MB, MO, and
RhB) under ultraviolet radiation.

2. Materials and Methods
2.1. Materials

The materials used in the biosynthesis were dry Peumus boldus leaves locally purchased
in Ensenada, Baja California. Deionized water, with a pH of 6.8 (£0.2), from Sumilab, B.C.
The Zinc nitrate [Zn(NO3) 2-6H,0], at a 98% purity, and the organic dyes were purchased
commercially (Sigma Aldrich, St. Louis, MO, USA). Methylene Blue (MB) with a molecular
weight of 373.9 g/mol and a purity of 90%, Methyl Orange (MO) with a molecular weight
of 327.34 g/mol and a purity of 99%, and Rhodamine B (RhB) with a molecular weight of
479.01 g/mol and a purity of 95%.

2.2. Extract Preparation

Three different Extracts were prepared using different amounts of dried Boldo leaves:
1,2,and 4 %, (0.5, 1, and 2 g, respectively), relating to the amount of water (weight/volume
ratio). The steps to acquire the extract are: (1) Washing, drying, and crushing the
Peumus boldus leaves and mixing them with deionized water (50 mL). (2) The blend is
then stirred for 2 h at room temperature. (3) The blend is then placed inside a sous vide for
1hat 60 °C. (4) The blend is then filtered through Whatman #4 paper.

2.3. Nanoparticles Synthesis

Once the extracts were obtained, biosynthesis is as follows: (1) 2 g of zinc nitrate is
added to each extract, then stirred for 1 h in the dark. (2) The mixes are placed in a sous
vide for 12 h at 60 °C, sometimes more, depending on the consistency of the resulting
material. (3) The different mixes are placed in porcelain dishes and calcined for 1 h at
400 °C. (4) Using an agate mortar, the calcine samples are pulverized for ease of use. The
samples were identified as follows: 1% PB-ZnO, 2% PB-ZnO, and 4% PB-ZnO.

For the preparation of the extracts and the synthesis of the NPs, the methodology
reported by the authors was followed, considering some variations [28].

2.4. Characterization

The ZnO NPs were characterized via ATR-IR, using equipment from Perkin Elmer
(0.5 cm™1), to study the bonds in the functional groups present within the NPs. Thermal
behavior was evaluated by TGA /DSC with a TA Instrument-SDT Q600 unit (temperature
ramp from room temperature to 800 °C rising at 10 °C/min). The specific surface area
and pore size were evaluated using the Brunauer-Emmett-Teller (BET) method with a
TriStar II 3020 equipment (N, adsorption at 77 K). The morphology of the nanomateri-
als was also evaluated by SEM-EDS with a JEOL-JSM-6310LV unit (working distance of
10 mm). The morphology and particle sizes were obtained through TEM using JEOL-JEM-
2100 equipment (125 kV acceleration). On the other hand, the crystalline structure was
evaluated using a Bruker-D2 Phase XRD (at 30 kV, 10 mA, and a range from 10 to 80 26).
The XPS analysis was made with a Thermofisher Escalab 250Xi (Using monochromatic
Al K Alpha radiation, and a step energy of 20 eV). Additionally, the band gap value was
calculated using the TAUC model by means of the UV-Vis spectrum obtained from Perkin
Elmer-Lambda 365 equipment (wavelength from 190 to 800 nm, and resolution speed of
600 nm/min).
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2.5. Photocatalytic Activity

The photocatalytic study was carried out under ultraviolet radiation using Polaris UV-
1C brand reactors. The first step to carry out the photocatalytic study was the preparation
of MB, MO, and RhB solutions. In 50 mL of water, 15 ppm of the organic dyes were added
to different reactors, then 50 mg of NPs were added to each solution and stirred for half an
hour in the dark. Subsequently, the UV lamps were turned on and the process began. A
total of 2 mL of each solution was withdrawn for evaluation every 10 min during exposure
for the first hour, and every 20 min for the next two hours. The concentrations of the
solutions were evaluated by UV-Vis spectroscopy.

3. Results and Discussion
3.1. ATR-IR

The vibration between the bonds of the ZnO NPs biosynthesized with Peumus boldus is
observed in Figure 1. At first glance, the wide band found from 600 to 370 cm~! in the three
study samples stands out. This broad band corresponds to the vibration of the Zn-O bonds
present in the nanoparticles [34]. In addition, other vibrations are identified at 1385 and
1050 cm !, approximately. These vibrations are assigned to the organic molecules within
the Peumus boldus extract [35,36]. As the percentage of extract used in the biosynthesis
of the NPs increases, the bands assigned to the organic molecules increase in intensity,
which indicates that some molecules remain attached to the ZnO NPs after the biosynthesis
process. This could help in the photocatalytic process.

1% Pb-ZnO
o
o~
\ ——
o 2% Pb-ZnO
(P]
=
8 Organic
N
é‘ molecules
7 4% Pb-ZnO
= —
=
1
-
Zn-0—
1600 1400 1200 1000 800 600 400

-1
Wavenumber (cm )
Figure 1. ATR-IR of the ZnO NPs biosynthesized with Peumus boldus.

3.2. TGA

The thermal behavior of the NPs up to 800 °C is observed in Figure 2. The behavior of
the 1%PB-Zn0O and 2% PB-ZnO samples is very similar, with a weight loss of 1.2 and 1.6%,
respectively. On the other hand, the 4% PB-ZnO sample presented several weight losses
throughout the thermogravimetric analysis due to the large number of organic molecules
present in the nanomaterial. The TGA profile of this sample shows a total weight loss of
3.6%. The most significant losses are found at approximately 100, 290, 530, and 690 °C.
The first loss is recognized as the evaporation of water physically bound to the molecules
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present in the ZnO NPs, while the other weight losses are attributed to the removal of
organic material and the formation of ZnO nanoparticles [37,38].
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Figure 2. TGA analysis of ZnO NPs biosynthesized with Peumus boldus.

3.3. SEM-EDS

Figure 3 shows the morphological study of the ZnO NPs that were biosynthesized with
Peumus boldus. The NPs with 1% extract have larger granules or crystalline agglomerations
than the other samples in the study. It is also notable that, as the amount of extract used
during the biosynthesis increases, the crystals and agglomerations decrease, with the
sample with 4% (4%PB-ZnO) showing the least agglomeration and the most separated NPs.
This shows that the organic molecules present in the NPs help in the process to control the
size of the NPs [39]. Taking advantage of the technology, EDS analysis was carried out,
showing that the atomic percentage of oxygen increases proportionally to the percentage
of the extract in biosynthesis, which could indicate that there is a greater amount of this
element due to the extract used [40].

3.4. TEM

To observe in detail the shape of the ZnO NPs biosynthesized with Peumus boldus,
a TEM study was carried out, which is shown in Figure 4. Figure 4a—c correspond to
the 1% PB-ZnO sample, in which it is possible to observe NPs that have an elongated,
quasispherical morphology, with very little agglomeration. The NPs showed an average
diameter of 30.1 nm, with sizes between 20 and 50 nm. Other studies have reported similar
results [41]. Next, Figure 4d—f present the information of the NPs biosynthesized with 2%
Peumus boldus extract, where it is possible to observe NPs with a more spherical shape
and little agglomeration. The average size of these NPs was 20.6 nm. Finally, Figure 4g—i
show the biosynthesized NPs with 4% extract. It is notable that the NPs are smaller in size
than the other study samples, having an average diameter of 14.9 nm. The morphology
is quasispherical, and a more notable separation is observed between each particle [42].
As presented in the study, there is an inversely proportional decrease in the size and a
greater separation between the NPs as the percentage of extract used in the biosynthesis
increased. This is attributed to a greater quantity of organic molecules involved in the
growth process of the NPs, which causes greater nucleation during the metal salt reduction
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process, resulting in a greater number of smaller particles. In addition, other studies have
reported that organic molecules could function as a barrier to prevent agglomeration [43].
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Figure 3. SEM/EDS of ZnO NPs biosynthesized with Peumus boldus.

3.5. BET

The surface analysis of the biosynthesized ZnO NPs (shown in Table 1) presents the
results of pore size and volume, as well as the surface area of the NPs. The surface area of
the samples with 1, 2, and 4% of extract used showed a value of 1.81, 4.64, and 8.35 m2/ g,
respectively. As previously mentioned in the TEM study, as the percentage of extract used
for the biosynthesis of ZnO NPs increases, the size of the NPs decreases. This occurs
because it contains a greater amount of organic molecules which react with the metal salt
and decrease its size [44]. Other studies have reported that the surface area of commercial
ZnO NPs is around 3.23 m?/g, which indicates that it is possible to obtain NPs with a
2.5 times higher surface area via green synthesis with Peurmus boldus [45]. Moreover, the
pore volume could be related to the surface area; the larger the detected surface, the more
pores are detected in the process. Finally, Figure 5 shows the N; absorption/desorption
isotherm of the study. The hysteresis loops that appear from 0.6 P/P0 indicate the presence
of mesopores, mainly in the 4%PB-ZnO sample, indicating that the hysteresis shape is
related to the texture of the NPs (pore size distribution, geometry, and connectivity) [46].
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Figure 4. TEM of biosynthesized ZnO NPs with Peumus boldus.

Table 1. BET Surface area, pore size, and volume of the ZnO NPs.

Sample Surface Area (m?/g) Pore Volume (A) Pore Size (A)
1% PB-ZnO 1.813 0.002 37.65
2% PB-ZnO 4.644 0.005 29.10
4% PB-ZnO 8.348 0.018 15.76
16

1 |—%— Ads. 1% Pb-ZnO
—=— Des. 1% Pb-ZnO
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Figure 5. Nitrogen adsorption/desorption isotherms in the BET study.
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3.6. XRD

The crystallographic structure of the ZnO NPs biosynthesized with Peumus boldus is
shown in Figure 6. The XRD analysis shows seven peaks at 31.79, 34.43, 36.28, 47.5, 56.60,
62.87, and 67.93 26 corresponding to the (100), (002), (101), (102), (110), (103), and (112)
planes, respectively. This crystal arrangement denotes that the ZnO NPs have a hexagonal
Waurtzite crystal structure, matching the file of the Joint Committee on Powder Diffraction
Standards (JCPDS:89-7102) [47]. Furthermore, the crystallite size was calculated using the

Scherrer equation (Equation (1)).
KA

~ BCost @
where D is the physical size of the crystallite at the diffraction peak, B is the peak bandwidth,
6 represents the diffraction angle, A is the wavelength of the X-ray source, and K is a
dimensionless constant. The results showed a crystalline size of 38.5, 27.3, and 14.6 nm
for the 1%PB-ZnO0O, 2%PB-Zn0O, and 4%PB-ZnO samples, respectively [48]. These results
agree with what was reported in TEM and are attributed to the fact that the higher the
concentration of the extract used (greater quantity of organic molecules), the greater the
reduction in Zinc nitrate in biosynthesis, which decreases the size of the NPs [49].
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Figure 6. XRD spectra of the ZnO NPs biosynthesized with Peumus boldus.

3.7. XPS

To complement the characterization of the ZnO NPs biosynthesized by Peumus boldus,
XPS was used in order to perform a qualitative elemental analysis, as shown in Figure 7a,
which shows the general spectra of 1%PB-ZnO, 2%PB-Zn0O, and 4%PB-ZnO. The main
peaks of Zn (2p1/2 at 1044.5 eV, and 2p3/2 a 1021.5 eV) and O (1s at 531 eV) were found
within the three study samples. Finding these peaks confirms the successful synthesis of
ZnO NPs, since, as has been reported in previous works, these peaks are characteristic of
this nanomaterial [50]. Moreover, to better understand the chemical environment of the
NPs, high-resolution analysis was performed for the Zn 2p and O 1s peaks. In the case of
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the Zn 2p peak shown in Figure 7b, a splitting of the peak into two signals was found, one
at 1044.5 eV, and another at 1021.5 eV, which are assigned to the Zn 2p1/2 and Zn 2p3/2
electrons, respectively, with an energy difference of 23 eV. These peaks and the difference
between them confirm the existence of Zn with an oxidation state of 2*, the oxidation state
belonging to ZnO NPs [51]. The analysis of O 1s is observed in Figure 7c, where for the
three samples there is a single peak located at 531 eV, which is due to the Ols electrons
bound within the Wurtzite phase of ZnO [52].

a) 'E: L Inwp, b) 5 | f;: l\
: =
=\ 1% PB-zno R S (L% Pb-Zn0 23eV_ 3
N =
- NI P /i 1% PB-ZnO
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Figure 7. XPS of the biosynthesized ZnO NPs: (a) General; (b) Zn 2p; and (c) O 1s.

Extending the analysis for a better understanding, the deconvolution of the O 1s peaks
of 1%PB-Zn0O, 2%PB-Zn0O, and 4%PB-ZnO was performed, which is shown in Figure 8a—c,
respectively. For the deconvolutions, three signals were found: One at 531 eV which is
assigned to the Zn-O bond, which belongs to the ZnO nanoparticles indicating that they
were obtained satisfactorily; another signal at 532 eV that is due to the Zn-OH bond related
to the oxygen vacancies of the wurtzite phase of the ZnO nanoparticles; a third signal at
533 belongs to the C-O bond [53]. This link is present in the organic molecules of the Peumus
boldus extracts, which indicates that these molecules of the natural extract are found in
the NPs (verified with ATR-IR and TGA analysis). The XPS corroborated the synthesis of
the ZnO NPs in the 1%PB-Zn0O, 2%PB-ZnO, and 4%PB-ZnO samples, and that these also
contain organic molecules from the Peumus boldus extracts.

3.8. Band Gap
Extending the characterization of the 1%PB-ZnO, 2%PB-Zn0O, and 4%PB-ZnO NPs,
the band gap was obtained from the UV-Vis absorbance spectrum. The TAUC model was
implemented, which shows that the optical absorption strength of a nanoparticle depends
on the variance between the energy of the photon and the band gap by means of the
formula (Equation (2)):
(who)'/" = A(ho — E) %)
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Figure 8. O 1s peak deconvolutions: (a) 1%PB-ZnO; (b) 2%PB-ZnO; and (c) 4%PB-ZnO.

In the previous model, « is the absorption coefficient, / is the value of Planck’s constant,
n is the frequency of the photon, Eg is the band gap, and A is a constant of proportionality.
The value of n is defined by the nature of the electronic transition; whether it is permitted
or prohibited, direct or indirect [54], the results are shown in Figure 9. The band gap values
found were 3.10, 3.00, and 2.80 eV for 1%PB-Zn0O, 2%PB-Zn0O, and 4%PB-ZnO, respectively.
These values are very similar to those of conventional NPs [55], but there is a noticeable
downward shift as the amount of Peumus boldus used increases. This effect has already been
reported previously [56]. According to previous reports, this is due to the incorporation of
organic materials in the NPs. This incorporation causes a photosensitization effect to be
carried out, which consists of adding a photosensitizing material (organic molecules from
Peumus boldus) to the NPs, making them able to be excited with a longer wavelength (lower
energy) [57,58]. The reduction in the band gap is beneficial for the application of NPs in the
photocatalytic degradation of pollutants.
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Figure 9. Band Gap and absorbances of the ZnO NPs biosynthesized with Peumus boldus.
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3.9. ZnO NPs Formation Mechanism

Figure 10 shows the formation process of ZnO NPs through green synthesis. The
first step is to obtain the Peumus boldus extract (process presented in the methodology
section), then the metal salt (Zn(NOs),-6H,O) is incorporated into the extract, which
initiates the hydrolysis reaction when stirred with the water molecules present in the
extract [59]. Due to hydrolysis, the nucleation process of what will be the NPs begins,
followed by the agglomeration of atoms on the generated nuclei, forming the NPs. In this
process, the organic molecules of the extract play a very important role, since they can
bind through OH interactions to the surface of the ZnO NPs, serving as stabilizing agents,
and avoiding over-agglomeration and excessive growth of the NPs [60,61]. This is why, by
adding a higher percentage of extract in the biosynthesis of NPs, the sizes decrease, and
less agglomeration is observed (SEM and TEM studies). Lastly, there is the stabilization
process. In the end, the ZnO NPs go through a heat treatment at 400 °C, which causes them
to crystallize, but the functionalized molecules of the extracts in the NPs provide greater
thermal stability (TGA Analysis) [62]. This is why it is possible to appreciate in the ATR-IR
study some molecular vibrations originating from the Peumus boldus extract.

Peumus boldus Extract Extract + Zinc nitrate

SR,

S

~V

g |

Stabilized
nanoparticles

Qﬂ'ﬁ/

D B B
R BB

4% extract

L X L
BBR

K&QQ

@ zno nanoparticle
) Organic extract molecule

Figure 10. Mechanism of formation of ZnO NPs through green synthesis.

3.10. Photocatalytic Activity
3.10.1. MB Degradation

The study of the photocatalytic degradation of the MB dye for three hours under
UV radiation is shown in Figure 11. The absorption results, using UV-Vis equipment,
show the maximum concentration peak at 665 nm [63] as time goes by. Figure 1la—c
show the degradation of MB using the 1%PB-ZnO, 2%Bb-Zn0O, and 4%PB-ZnO samples,
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respectively. The concentration of MB decreases according to the amount of extract that
was used to synthesize the ZnO NPs, showing that the 4%PB-ZnO sample achieved total
degradation (concentration equal to = 0%). The summary of these results can be seen in
Figure 11d, where a reaction of the dye can also be seen without the presence of ZnO
NPs, which showed a very slow natural degradation; after three hours, only 19% of
the dye was degraded. There are previous studies that have shown that MB degrades
over a long time. The study by Adeleke et al. in 2018 showed degradation of only
approximately 6% of the MB in 70 min without the presence of any catalyst [64]. Similarly,
Anju Chanu et al. presented an MB degradation of 2% in 120 min without the presence of a
catalyst in 2019 [65].
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Figure 11. Photocatalytic study of ZnO NPs in the removal of MB.

Using ZnO NPs as catalysts in the dye degradation process is a very good alternative
since 78% and 89% of the MB were degraded within three hours with the 1%PB-ZnO and
2%PB-ZnO samples, respectively. Moreover, the most outstanding sample was that of
4%PB-Zn0O since it managed to degrade the contaminating MB completely in 180 min.
These results demonstrate the effectiveness of the semiconductor NPs biosynthesized with
Peumus boldus as catalysts in the removal of organic dyes.

3.10.2. MO Degradation

The results of the OM degradation study are shown in Figure 12. The highest ab-
sorbance in the UV-Vis spectrum of the organic dye is approximately between
350 and 550 nm; therefore, this absorption band was taken as a reference for the analysis.
Figure 12a—c present said band and the evolution of the photocatalytic degradation that
they had during the study. As the exposure time to UV radiation passed, the concentra-
tion of the dye decreased, but the 4%PB-ZnO sample is the one that showed the highest
photocatalytic activity in the degradation of the contaminant. The summary of the data is
observed in Figure 12d, where the percentage of degradation of the solutions according
to time is presented. It should be noted that the removal of MO without the presence of a
catalyst was low, managing to degrade only 18% in three hours under solar radiation. This
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behavior is similar to other previously reported studies [66]. The degradation of MO under
UV radiation has also been reported at only 6.4% after six hours [67].
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Figure 12. Photocatalytic study of ZnO NPs in MO removal.

As seen in Figure 12d, a clear trend is presented: The greater the amount of extract used
in the biosynthesis of ZnO NPs, the greater its photocatalytic activity. The degradations,
after 3 h, were 42% and 47% for the 1%PB-ZnO and 2%PB-ZnO samples, respectively,
while the 4%PB-ZnO sample managed to degrade 92% of the dye within 180 min, which is
attributed to the fact that the organic molecules present in the NPs help to reduce their band
gap (Figure 9), since they act as photosensitizers, causing an electronically excited state and
helping to produce electronic transition in the system. This leads to greater photocatalytic
degradation of the dye (See degradation mechanism).

3.10.3. RhB Degradation

The RhB degradation study is observed in Figure 13. The absorbance spectra of the
three different concentrations of ZnO NPs are observed in Figure 13a—c. The maximum
absorption intensity of the dye occurs between approximately 500 and 575 nm [68,69].
As the percentage of Peumus boldus used in the biosynthesis of NPs increases. This is
attributed to the organic molecules acting as photosensitizers [70]. The results showed that
the dye without a catalyst degraded only 8% in three hours; other studies have shown a
6% degradation of RhB without the presence of a catalyst in 150 min [71]. On the other
hand, the 1%PB-ZnO sample managed to degrade 49% in three hours, while the 2%PB-ZnO
sample degraded 80%. Finally, the 4%PB-ZnO sample degraded 100% of the contaminant
in 30 min. The experiments were carried out twice, obtaining the same result (Figure 13d).
It should be noted that, for the 4%PB-ZnO sample, the photocatalytic degradation of the
dye is greater due to the number of organic molecules present in the NPs in addition to
the anionic nature of the dye, which causes greater electronic movement in the system
and, therefore, better degradation. Table 2 presents the results of other studies on the
green synthesis of ZnO NPs, and their photocatalytic activity in the removal of MB, MO,
and RhB.



Materials 2023, 16, 4344

14 of 19

Absorbance (a. u.)

1% PB-ZnO-Rh-B

—-30
—0
—10
—20
—30
—40
—50
—60
—80
—100
—120
—140
—160
—180

Absorbance (a. u.)

1% PB-ZnO-Rh-B
—-30
—0
—10
—20
—30
—40
—50
—60
—380
—100
—120
— 140
— 160
— 180

450

T
475

500 525 550
‘Wavelength (nm)

T
575 600

Absorbance (a. u.)

450

1% PB-ZnO-Rh-B

-30
—0

—10
—20
—30
—40

T
475

500 525 550
Wavelength (nm)

T
575 600

T T T
475 500 525

Wavelength (nm)

T T ™
550 575 600

80

60

40

20

d)

—=— 1% PB-ZnO
—— 2% PB-ZnO
—4— 4% PB-ZnO

—v—Rh-B

T T
25 0 25 50 75
Time (min)

Figure 13. Photocatalytic study of ZnO NPs in the degradation of RhB.

T T T
125 150 175 200

Table 2. Studies on the photocatalytic activity of ZnO nanoparticles in the removal of organic dyes.

Organic

Year Reducing Agent Nanoparticles Pollutant Photocatalytic Activity Reference
2022 Peumus boldus ZnO MB 96% in 180 min. [72]

2021 Syzygium cumini ZnO MB 91.4% in 180 min. [73]

2019 Scutellaria baicalensis ZnO MB 98.6% in 210 min. [74]

2021 Capsicum annuum var. Anaheim ZnO MB 100% in 60 min. [28]

2023 Peumus boldus ZnO MB 100% in 180 min. Current Study
2021 Chlorophytum comosum ZnO MO 77% in 6 h. [75]

2021 Hedyotis capitellata Ce-doped ZnO MO 92% in 240 min. [76]

2022 Hagenia abyssinica ZnO MO 83.17% in 120 min. [77]

2021 Capsicum annuum var. Anaheim ZnO MO 85% in 180 min. [28]

2023 Peumus boldus ZnO MO 92% in 180 min. Current Study
2022 Sechium edule polysaccharides ZnO RhB 95% in 75 min. [78]

2022 Sapindus rarak ZnO RhB 99.7% in 120 min. [79]

2019 Cyanometra ramiflora ZnO RhB 98% in 200 min. [45]

2021 Capsicum annuum var. Anaheim ZnO RhB 92% in 180 min. [28]

2023 Peumus boldus ZnO RhB 100% in 30 min. Current Study

3.11. Photocatalytic Mechanism

For the present experiments, a proposal for a photodegradation mechanism is made,
which is shown in Figure 14. In order for the contaminant degradation process to start, first
the ZnO NPs have to be in a contaminated aqueous medium (MB, MO, and RhB), then the
solution has to be irradiated with UV energy. After light irradiation with sufficient energy,
the NPs’ energy gap (band gap) is overcome by the photoexcited electrons, which move
from the valence band (VB) to the conduction band (CB). This causes electron-hole pairs to
form. These electron holes react with water (H,O) in the aqueous medium, forming protons
(H*) and hydroxyl radicals (OH™). On the other hand, the conduction band electrons
react with the O, present in the water, generating superoxide radicals (O, ). The radicals
generated in this process are highly oxidative and seek their stability by attacking the dye
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molecule. This process occurs repeatedly, as long as the UV light continues its incidence
until the organic dye molecule is broken down into CO, y H,O [80].

UV radiation

'hv

€O, + H,0 €— OU
L €4 C 4C o In0+hv - e + ht
Conduction band 0%+ e~ > Zn0 + Oy-
H,0+ h* — -OH+ H'
: 35eV OH™ + h* - -OH
- -OH+ Dyes — CO, + H,0

Valence band ; 0z +Dyes —» COz+ H;0

H,0 OH- % CO, + H,0

Figure 14. Mechanism of photocatalytic degradation of organic dyes.

4. Conclusions

This research confirms that the synthesis of ZnO NPs is possible with the help of the
natural extract of Peumus boldus. The NPs obtained presented quasispherical morphologies
with average sizes of 14 to 30 nm. ATR-IR and TGA analysis showed that the organic
molecules of the natural extract remained on the surface of the NPs, this presence causes
modifications in the properties of the NPs, which are beneficial for numerous applications
since they help in certain processes. An important modification of the properties is the
band gap value which reached values from 2.8 to 3.1 eV. These values suggest that they
can be applied in photocatalysis as demonstrated in this report; the values are lower than
those reported in the literature for commercial ZnO, suggesting that they could be used in
photocatalysis under solar radiation in future applications. The results of the photocatalytic
tests show that 4% PB-ZnO (made with 4% extract) degraded 100% of MB and MO in 180
min, and 100% of RhB in 30 min. Therefore, it was verified that the ZnO NPs biosynthesized
with Peumus boldus can function as catalysts in the photocatalytic process. Therefore, this
research serves as the basis for the generation of water treatment plants or to take this
experiment to an industrial scale.
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