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ABSTRACT

In this work, ZnO semiconductor nanoparticles were synthesized by using different concentrations of
Citrus microcarpa extract 1%, 2%, and 4% w|v (weight/volume), which have organic contents that act as
stabilizers in the green synthesis of nanoparticles. The obtained nanoparticles were characterized by sev-
eral techniques, such as FT-IR, UV-vis, XRD, PL, SEM-EDS, TEM-SAED, and XPS. The FTIR results showed
the characteristic vibrations of the extract together with the Zn-O bond ubicated at 480 cm~!; the band
gap values decreased as extract concentration increased, obtained 3.03, 2.94, and 2.89 eV for 1%, 2%, and
4% w|v, respectively; XRD and XPS corroborate the formation of ZnO, with a wurtzite phase without im-
purities as revealed by XRD; PL exhibited a narrow UV emission band and a broader emission band in
the visible region; TEM indicates for all product synthesis a quasi-spherical morphology with a decrease
in average sizes as the percentage of extract increased being 39.7, 16.8, and 13.1 nm for 1%, 2%, and 4%,
respectively. Finally, the photocatalytic activity of the nanoparticles was evaluated by the degradation of
Methylene Blue (MB), Methyl Orange (MO), and Rhodamine B (RB) under UV and solar light. The ZnO
semiconductor nanoparticles synthesized using 4% extract concentration achieved a 90% degradation of
MB during the first 40 and 30 min under UV and solar light, respectively. Additionally, synthesis reached

more than 98% of degradation under solar light.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Nanomaterials have gained considerable attention in recent
years and have become one of the most studied fields due to
their multidisciplinary nature encompassing a wide variety of ap-
plications, among which we can find medicine, catalysis, electron-
ics, optical devices, water treatment, etc. [1]. There are many pro-
cesses for removing contaminants in wastewater, such as pho-
tocatalysis which has positioned itself as an alternative to other
methods of contaminant degradation in wastewater due to its effi-
ciency, low toxicity, and simplicity [2]. The efficiency of the pho-
tocatalysis it’s directly related to the photocatalyst that is being
used and its properties, so achieving the desired characteristics
such as size, morphology, chemical composition, or crystal struc-
ture in the obtainment process is a crucial point [3,4]. Through-
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out the deep investigations, different materials have been found
that are capable of forming nanostructures with unique charac-
teristics, such as silver (Ag) [5], gold (Au) [6], titanium dioxide
(TiOy) [7], tin oxide (SnO,) [8], iron oxide (Fe,03) [9], and zinc ox-
ide (ZnO) [10]. Among those materials, it stands out ZnO, which
is a semiconductor metal oxide with a wide band gap of 3.37
eV and exciton binding energy up to 60 meV [11,12] that has a
lot of potential not only by owing superior electrical and opti-
cal features like absorbing wavelengths in the UV region, chemi-
cal stability, low toxicity, antimicrobial activity, and its ability to
form different structures like nanotubes or nanowires, nanoparti-
cles, etc. making ZnO an excellent option in applications like solar
cells, nanomedicine, optoelectronics, optical coating, optical sens-
ing, and photocatalysis [13-15]. Some applications of ZnO semi-
conductor nanoparticles can be found in research, such as Esgin
et al. (2022) analyzed the photovoltaic performance of Cu-doped
ZnO nanopowders as photoanodes for dye sensitized solar cells
(DSSC) [16], Fan et al. (2022) fabricated a flexible gas sensor based
on ZnO nanoparticles decorated with carbon nanofibers to detect
ammonia at room temperature [17], or Lahewil et al. (2022) syn-


https://doi.org/10.1016/j.molstruc.2023.135067
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2023.135067&domain=pdf
mailto:pluque@uabc.edu.mx
https://doi.org/10.1016/j.molstruc.2023.135067

A. Villegas-Fuentes, H.E. Garrafa-Gdlvez, R.V. Quevedo-Robles et al.

thesized ZnO thin films to create structured ultraviolet photodetec-
tors [18]. To synthesize semiconductor ZnO nanoparticles, there are
conventional methods widely used, including sol-gel, hydrother-
mal, spray-pyrolysis, co-precipitation, and thermal decomposition
[19,20]; However, these methods have some disadvantages, such as
the use of toxic reagents, high pressures, and temperatures, which
makes these harmful to the environment [21]. Considering the
above, several studies highlight green synthesis as an effective al-
ternative [22]. Green synthesis uses extracts obtained from plants,
fruits, leaves, and roots, which, due to their nature, contain active
biomolecules, phytochemicals, and secondary metabolites such as
terpenoids and flavonoids, which act as stabilizers of a precursor
in the synthesis process, favoring the formation and control size
of nanoparticles synthesis [23]. Difference of conventional meth-
ods, green synthesis has the advantages of not only being friendlier
to the environment by not involving conditions or chemicals that
become polluting waste; if not that, in many cases, it allows to
control of the size and shape of the nanoparticles [24]. According
to the literature, some of the extracts have been used in the for-
mation of ZnO nanoparticles, for example, Lycopersicon esculentum
[25], Phoenix dactylifera [26], Syzygium cumini [27], Hibiscus sabdar-
iffa (28], Salvia rosmarinus [29], Synadenium grantii [30], Myristica
fragrans [31]. There is a plant that has not been reported to date
for the synthesis of ZnO nanoparticles, the calamansi (Citrus micro-
carpa); this plant is a result of the hybridization of mandarin (Cit-
rus reticulate) and kumquat (Citrus japonica), it has become pop-
ular in North America and Southeast Asia due to its tangerine-
like properties and flavor [32]. Different constituent molecules of
calamansi have been identified among hydrocarbons (limonene, §-
myrcene or B-pinene), terpene alcohols (linalool or elemol), inher-
ent flavonoids, or phenolic acids [33]. These molecules can act as
chelating agents to form Zn (II) complexes and as stabilizers dur-
ing the synthesis process, allowing the formation, growth, and pre-
venting agglomeration of the ZnO nanostructures. In this work,
ZnO semiconductor nanoparticles were synthesized using differ-
ent concentrations of calamansi peel extract, which will be sub-
jected to different characterization tests to determine their phys-
ical, chemical, and optical properties. In addition, photocatalysis
studies will be carried out to degrade different dyes under UV light
and sunlight.

2. Materials and methods
2.1. Materials

For the ecological synthesis of nanoparticles, the materials used
were peels of Citrus microcarpa as the source of extract, zinc ni-
trate hexahydrate (Zn(NOs3),-6H,0) as zinc precursor with a 98%
purity was purchased from Sigma-Aldrich and deionized water as
reaction media. Furthermore, for the evaluation of the photocat-
alytic properties, the dyes methylene blue (MB) with a 98% purity,
methyl orange (MO) with a 99% purity, and rhodamine B (RB) with
a 95% purity; were obtained from Sigma-Aldrich.

2.2. Extracts obtention

To obtain the extracts, peels of Citrus microcarpa were dried for
12 h, afterward, grounded and converted to a fine powder. Subse-
quently, three solutions were prepared at different concentrations,
1%, 2%, and 4%, in a weight-volume relationship in 50 mL of deion-
ized water and placed under constant stirring for 2 h at room tem-
perature. Consecutively, the result solutions were placed in a water
bath at 60°C for 1 h. As the last step, the solutions were vacuum
filtered with a Whatman No.4 filter paper and stored for further
use.
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2.3. Synthesis of nanoparticles

For the synthesis of ZnO nanoparticles, 2 g of zinc nitrate hex-
ahydrate was incorporated to the different extract solutions (1%,
2%, and 4%). Then, the solutions were stirred for 1 h until a ho-
mogeneous solution was obtained. Subsequently, the different so-
lutions were placed in a thermal bath at 60°C for 12 h until a plas-
tic consistency was obtained. Finally, the samples were calcined at
400°C for 1 h; the powders were collected and labeled as ZnO-1%,
Zn0-2%, and Zn0-4% to be stored until used.

2.4. Characterization

Different characterization analyzes were carried out in order to
know the physical, chemical, and optical properties of the syn-
thesized materials. To analyze and identify the functional groups
and chemical composition of the nanoparticle’s powders, Fourier
Transform infrared spectra (FTIR) was obtained in a Perkin Elmer
spectrophotometer with total attenuated reflectance in a range of
4500 to 350 cm~! in transmittance mode. The optical properties
and band gap energy were determined by using ultraviolet-visible
spectroscopy (UV-vis); a Lambda 365 Perkin Elmer spectropho-
tometer was used in this essay. The structural analysis was deter-
mined by X-ray diffraction using a Bruker D2-phase diffractometer,
Cu K o radiation was used, and a 20 scanning angle variation be-
tween 10° and 80° and a 0.02° step. To obtain the photolumines-
cence (PL) spectra, a Horiba Nanolog spectrometer was used. Sur-
face morphology and chemical composition were determinate by
scanning electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS), respectively, using a JEOL JSM-6310LV microscope,
and the size, shape, and structure of the ZnO nanostructures were
determined by using Transmission Electron Microscopy (TEM) with
a JEM-2100 microscope from JEOL operated at 200 kV. X-ray pho-
toelectron spectroscopy (XPS) in a SPECS system using monochro-
matic Al Ko X-rays (1486.6 eV) was used to confirm the chemical
and surface composition.

2.5. Photodegradation studies

This essay used a 1:1 relation ratio between nanoparticles and
dye solutions (MB, MO, and RB) under UV and solar irradiation
conditions. In the typical experiment, 50 mg of ZnO nanoparticles
were added to 50 mL of solution at a concentration of 15 ppm of
each dye. Subsequently, the suspensions were stirred without light
for 30 min, allowing an adsorption/desorption equilibrium of the
dye on the nanoparticles surface. The suspensions were exposed to
UV light from a 10 W light bulb at 18 mJ/cm3, and aliquots were
taken out at different times until 180 min. On the other hand, a
similar experiment was realized using solar light instead of UV. For
both experiments, UV and solar, aliquots were taken every 10 min
for the first 60 min and then every 30 min until 180 min.

3. Results and discussions
3.1. FTIR analysis

Fig. 1 shows FTIR spectra of ZnO-1%, Zn0O-2%, Zn0-4%, and Cit-
rus microcarpa extract. The extract shows a strong band at 3300
cm~!, which can be attributed to the bonds of the O-H groups
of the alcohols, phenols, and water present; similarly, the band
at 1615 cm™! is attributed to O-H stretching [34]. Bands ubicated
at 2900 and 2700 cm~! are associated to stretching vibration of
C-H bonds [35,36]. Multiple bands can be observed in the region
of 1800-900 cm~!, and are attributed to the molecules present in
the extract, such as alkaloids, polyphenols, or polyphenols that act
as stabilizing agents during the synthesis process [37]. The peak
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Fig. 1. FTIR spectra of Citrus microcarpa extract and ZnO-1%, ZnO-2%, and ZnO-4%
nanoparticles synthesized using Citrus microcarpa extract.

observed at 1420 cm~! corresponds to the stretching vibration of
the C-H bond. Also, the absorption at 1016 cm~! affirms the C-O
bond of the aliphatic amines [38]. The bands at 1330, 1080, and
630 cm~! indicate the presence of symmetric N-O narrowing, C-N
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3.2. UV-vis spectra and bang gap energy

Fig. 2 a shows the absorbance spectra of ZnO-1%, Zn0O-2%, and
Zn0-4%. For the Zn0-4% sample, the maximum absorbance point
is at 364 nm, while for Zn0O-1% and ZnO-2%, the maximum ab-
sorbance is located at 371 nm; these values are typical of ZnO in
works previously reported in the literature, which is assigned to
the intrinsic band gap absorption of ZnO [41]. The hypsochromic
shift can be attributed to the increase in the concentration of
organic matter present in the extract of Citrus microcarpa; these
differences determine specific properties of each ZnO synthesized
[42].

To calculate the band gap of the semiconductor nanoparticles,
the TAUC method was used from the UV-vis spectra, using the
equation «(v)hv = A(hv — Eg)" where hv is the energy of the in-
cident photon [43]. Eg is the allowed energy gap, A is a constant,
o(v) is the absorption coefficient of the Lambert-Beer Law, and n=
1/2 for allowed direct transition [44,45]. The following procedure
was performed. First, the TAUC's equation is compared with the
straight-line equation Eq. (1) and (2) by putting the y-axis equal
to zero will give us the x-axis Eq. (3), and then solving for the en-
ergy, the extrapolation of the first linear region of the plot onto the
x-axis, will be the band gap energy Eq. (4).

bonding, and alkyl halides, respectively [39]. Finally, ZnO-1%, ZnO- _ oy
2%, and Zn0-4% synthesis presented the characteristic band of ZnO aWhv = A(hv — Eg) (1)
ubicated at 480 cm~!, which is attributed to Zn-O vibration, in- )
dicating the formation of ZnO [40], along with the characteristic y=mx) 2)
bands of ZnO, some bands were found that are assigned to the or-
ganic content of the extracts, as described early. The presence of 0= A(hv — Eg) (3)
these bands indicates that the extracts contributed the formation
of the Zn0O-1%, Zn0-2%, and Zn0-4% nanoparticles. hv =Eg (4)
Zn0-4% a) Zn0-1% b)
1 Eg=3.03eV
= 0
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Fig. 2. UV-vis spectra for Zn0O-1%, Zn0O-2%, and Zn0-4% nanoparticles synthesized using Citrus microcarpa a), and TAUC plots for ZnO-1%, ZnO-2%, and Zn0-4%, (b, c, and d,

respectively).
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The o absorption coefficient is given by the Lambert-Beer law
where [ is the transmitted light, and I, is the incident light Eq. (5).
It can also be rearranged and put x=I, which is the thickness of
the cell through which the light passes Eq. (6). Using a logarithmic
relation on both sides of the equation Eq. (7) [46]. The value of
log(e) is 0.4343, so it can be substituted in the equation Eq. (8).
By definition log(?) = A; using the following logarithmic relation
log(%) = —log(%), the equation could be rearranged Eq. (9) and
putting 1=1 c¢cm as the standard size of the cuvette the equation is
solved Eq. (10) [47,48].

I =lpe™* (5)
i " (6)
log (é) — —al log(e) (7)
log (é) — —al (0.4343) 8)
A= —al (0.4343) 9
a = 2.302A (cm) (10)

The incident energy must be converted into units that can
be used to calculate the band gap energy (E) Eq. (11). As 1leV=
1.602 x 1019 J, the equation can be solved as in the equation
Eq. (12), as the wavelength in the UV-vis spectrum is nm order,
a conversion must be done Eq. (13).

he  6.625x107°*(Js) x 2.998 x10° ()

E=hv=7 xm)

(11)

~1.240 x10°° (eV m)
a A (m)

E (12)

1240 (eV nm)

E= A (nm) (13)
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By using the obtained UV-vis spectrum of the nanoparticles,
the x-axis of the TAUC's plot is obtained using Eq. (10). The y-
axis is equal to (ahv)? where « is obtained by using the equa-
tion Eq. (12) and hv is equal to E [49]. As seen in Fig. 2 (b, c,
and d) for ZnO-1%, Zn0-2%, and Zn0-4%, the calculated band gaps
values were 3.03, 2.94, and 2.89 eV, respectively, the difference
with respect to the pristine ZnO (3.37 eV) is due to the organic
molecules of the extracts during the synthesis process which re-
sults in a slight decrease in the band gap value, a lower band gap
value means lower energy to excite the electrons in the valence
band to the conduction band which directly affects the photocat-
alytic activity of the nanoparticles [50].

3.3. X-ray diffraction

Using the XRD technique, the crystalline phase of the ZnO semi-
conductor nanoparticles were analyzed. Fig. 3 shows the diffraction
patterns obtained for ZnO-1%, ZnO-2%, and ZnO-4%. The diffrac-
togram shows well-defined peaks at 31.72°, 34.42°, 36.25°, 47.54°,
56.60°, 62.85°, 66.60°, 67.95°, and 69.11° which correspond to the
plans (100), (002), (101), (102), (110), (103), (200), (112), and (201),
respectively, this matched with a wurtzite hexagonal phase ac-
cording to JCPDS crystallographic card No. 36-1451 [51], this con-
firms the formation of crystalline ZnO semiconductor nanoparticles
without impurities or other crystalline phases [52,53]. Then, using
the Debye-Scherrer equation Eq. (14), crystallite size was calculated
in order to obtain more information about the synthesized mate-
rial [54]:

KA

t= B« Cos(0) (14)

Where: 7, is the crystallite size; K, is a dimensionless constant
with a value of 0.9; A, is the wavelength of the X-rays; 8 is the
full width at half maximum (FWHM), and 6, is the Bragg’s angle in
radians [55]. For example, ZnO-1% sample, the values for the cal-
culation of the crystal sizes were the following: K=0.9; A= 0.1541
nm, for B, of FWHM was 0.2372 which was converted to radians
obtaining a value of 4.140 x 1073, this value obtained from the
260 value of 36.24° from which the Bragg angle in radians was ob-
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Fig. 3. XRD patterns of the ZnO nanoparticles synthesized using Citrus microcarpa.



A. Villegas-Fuentes, H.E. Garrafa-Gdlvez, R.V. Quevedo-Robles et al.

Journal of Molecular Structure 1281 (2023) 135067

-1

.
2
-
[
=]
2

8.0x10° 4

Intensity (a.u.)

4.0x10° 4

Zn0-1%
e I110-2 %
e 71104 Y

400 450 500

550 600 650

Wavelength (nm)

Fig. 4. Photoluminescence spectra of ZnO nanoparticles synthesized using Citrus microcarpa.

tained obtaining a value of 0.31625 Eq. (15) [56,57].

o _ _ 0.9+0.1541 nm
 4.140x107> « Cos(0.3162)

=35.24 nm (15)

The same procedure was performed for the ZnO-2% and ZnO-
4% samples. The calculated crystal sizes were 35.24, 14.29, and
12.14 nm for Zn0O-1%, Zn0-2%, and Zn0-4%, respectively. The results
show that when the concentration of the used extract is increased,
the crystallite size decreases, which means that the organic con-
tent of the Citrus microcarpa extracts limits the increase in size;
due to improving the capping effect, a similar behavior has been
reported in previous investigations [58].

3.4. Photoluminescence

Fig. 4 shows the photoluminescence spectra of ZnO semicon-
ductor nanoparticles synthesized using Citrus microcarpa extracts
with an excitation wavelength of 370 nm. ZnO-1%, Zn0O-2%, and
Zn0-4% exhibit a narrow UV emission band and a broader emis-
sion band in the visible region. The first band is related to band
edge and exciton luminescence, and the second band is attributed
to deep-level defects; these bands usually are knowns as near-band
edge excitonic (NBE) and deep-level emission (DLE), respectively.
The ZnO NPs synthesized present different peaks in the UV-visible
region. The peaks centered at 397 nm correspond to the violet re-
gion; meanwhile, the bands ubicated in the visible region at 417
nm, 450 nm, 467 nm, 480 nm, 491 nm, and 646 nm were asso-
ciated with various types of structural defects such as oxygen in-
terstitial and oxygen-interstitial zinc vacancies complexes, lattice
defects [59,60].

3.5. SEM and EDX

Fig. 5 (a, b, and c) shows the SEM micrographs of the surface
of Zn0-1%, Zn0-2%, and Zn0-4%, all the samples present a quasi-
spheric morphology with some agglomeration; however, as the ex-
tract concentration is increased a lower agglomeration was ob-
served, as well as a higher dispersion, due to increase in stabilizing
molecules present in the extract used in the synthesis process that
prevent the agglomeration of nanoparticles. Elemental analysis of

the nanoparticles is shown in Fig. 5 (d, e, and f) performed by en-
ergy dispersive X-ray spectroscopy. All samples are composed of
three elements O, Zn, and C. The signals corresponding to Zn and
O indicate the formation and presence of ZnO [61]. The C signals
are attributable to the organic matter of the extract used during
the synthesis process [62], as previously discussed in FTIR analy-
sis; as a result, it is observed that as the percentage of the extract
increases, the atomic percentage of C increases simultaneously.

3.6. Transmission electronic microscopy

Fig. 6 shows the TEM micrographs and SAED patterns of the
Zn0-1%, Zn0-2%, and Zn0-4% synthesized using Citrus microcarpa
extract. All ZnO samples show a quasi-spheric morphology shown
in Fig 6. (a, b, and c¢) with different sizes and small agglomerations
for the three syntheses; similar results were reported by Alvarez-
Chimal et al. (2021) [63]. Fig. 6 (d, e, and f) shows histograms
of size distribution of ZnO-1%, Zn0-2%, and Zn0O-4%. ZnO-1% pre-
sented a distribution size in the range of 20-65 nm, with an aver-
age of 39.7 nm. On the other hand, for ZnO-2%, the distribution
sizes were between 8 and 22 nm, with an average of 16.8 nm.
Meanwhile, the sizes for the Zn0O-4% were between 6 and 20 nm,
with an average of 13.1 nm. In all three samples, it was observed
that as the amount of extract added is increased in the synthe-
sis process, a decrease in the size of the nanoparticles; this con-
firms a direct relation between the percentage of stabilizers extract
molecules and the nanoparticles size preventing the growth of the
nanoparticles. This behavior has already been reported in the lit-
erature for the green synthesis of semiconductor nanoparticles us-
ing plant extract as stabilizing or capping agents [55,64]. Diffrac-
tion patterns through TEM were obtained for ZnO-1%, Zn0O-2%, and
Zn0-4%, which are shown in Fig. 6 (g, h, and i), respectively. The
SAED patterns show rings; this indicates the polycrystalline na-
ture of the samples. The rings were assigned to (100), (101), and
(102) planes for all three samples; those planes are characteris-
tic of ZnO nanoparticles with a wurtzite structure [65]. The infor-
mation obtained from SAED studies coincides with the results ob-
tained through XRD, confirming the obtaining of the ZnO nanopar-
ticles with a wurtzite phase.
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Fig. 5. SEM micrographs of a) Zn0O-1%, b) Zn0-2%, and c) ZnO-4%. EDS spectra of d) ZnO-1%, e) ZnO-2%, and f) Zn0O-4%.

3.7. XPS analysis

ZnO semiconductor nanoparticles synthesized using different
concentrations of Citrus microcarpa peel extract were analyzed by
XPS, and the results are shown in Fig. 7. First, the analysis of the
survey spectrum shown in Fig. 7a indicates that for the different
percentages of Citrus microcarpa peel extract used, similar peaks
were observed, Cls at 284.5 eV; O1s at 529.5 eV; and the main
peaks of Zn (Zn2py, y Zn2p;p) at 1044 and 1021 eV, respec-
tively. The presence of these peaks directly indicates the obtaining
of the ZnO nanoparticles; as reported by Yoon et al. (2021), these
peaks are characteristic of ZnO nanoparticles [66]. The outstand-
ing peak at 284.5 eV is assigned to Cls due to the carbon con-
tent of the organic molecules in the Citrus microcarpa extract since
the main components are flavonoids, polyphenols, etc., which are
largely composed of carbon; this also is a sign that the molecules
of the used extract are found in the nanoparticles obtained, previ-
ous reports of ZnO nanoparticles derived from plant extracts have
demonstrated similar results [67,68].

The high resolution XPS analysis determined similar signals
from the three samples; for Cls, a single signal was found without
alteration, with a maximum peak at 284.5 eV. In the same way, the
O1s presented its peak at 529.5 eV. For the case of the Zn2p peak,
a doublet was found at 1044 and 1021 eV, with an energy differ-
ence of 23 eV, which are assigned to the Zn%* species, the ZnO
samples that present a similar energy difference have been related
to the characteristic size of nanoparticles [69].

3.8. ZnO nanoparticles formation mechanism

A mechanism for the ZnO nanoparticles formation is shown in
Fig. 8. Biomolecules present in the aqueous extract, such as phe-
nolic compounds, act as chelating agents and stabilizing agents
preventing agglomeration. As a result, a stable complex system

is formed between the Zn?* ions and the polar groups of the
biomolecules; during the calcination, the system undergoes de-
composition, leading to the formation of ZnO nanoparticles and
by-products released during calcination [70,71].

3.9. Photocatalytic degradation

Fig. 9 shows the results of the photocatalytic degradation of
MB under UV and solar light. In both cases, all syntheses showed
high photocatalytic activity; however, degradation was faster under
sunlight. For ZnO-1% only took 30 min to achieve a 90% degrada-
tion, ending with a degradation of 100%; meanwhile, ZnO-2% and
Zn0-4% nanoparticles obtained a 100% of degradation at 50 and 40
min, respectively. In the case of the samples that were irradiated
with UV light, the ZnO-4% sample presented a better activity and
achieved a degradation of 90% in 40 min, while for the ZnO-1%
and ZnO-2%, a similar degradation percentage was achieved at 60
min. These results can be related to higher absorption in the vis-
ible light region for the ZnO-1% sample, which leads to a higher
degradation under solar light.

For RB, Fig. 10 shows the results for both UV and solar degrada-
tion. For this dye, photodegradation under solar light occurs faster
than UV. The results of the three UV samples, were very similar,
removing 93%, 91%, and 90% for the ZnO-1%, ZnO-2%, and ZnO-
4%, respectively. On the other hand, in samples exposed under so-
lar light, Zn0O-1% showed a faster degradation by removing 92% of
the dye at 90 min, while at the same time, the Zn0O-2% and ZnO-
4% samples had degraded 85% and 89%, respectively. Moreover, all
syntheses achieved a 100% of degradation under solar conditions.

MO photodegradation results are shown in Fig. 11; in this case,
the photodegradation study realized under UV light showed less
degradation than with the other two dyes previously presented,
achieving a degradation of 80%, 75%, and 81% for the Zn0-1%, ZnO-
2%, and Zn0-4% respectively. In contrast, the degradation under
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Fig. 6. TEM micrographs, size distribution histograms, and SAED patterns of (a, d, and g) ZnO-1%, (b, e, and h) Zn0-2%, and (c, f, and i) ZnO-4%.

sunlight was improved compared to the solar degradation of MB
and RB. The three syntheses presented a 100% final degradation at
180 min.

Table 1 shows the summary of photodegradation percentages of
the ZnO-1%, Zn0-2%, and Zn0-4% at 180 min for UV and solar light
conditions. For the three dyes, more significant and faster degrada-
tion was obtained under sunlight Table 2, especially for the ZnO-1%
and ZnO-2% samples, which show a greater absorption in the vis-
ible area of the electromagnetic spectrum. MB values greater than
97% were obtained in all photodegradation studies using UV light.
Meanwhile, all studies under solar light achieved a 100% degrada-
tion; the degradation constant indicates not only greater degrada-

Table 1
Degradation percentages of the nanoparticles under UV and solar light.
MB RB MO
Sample
UV (%) Solar (%) UV (%) Solar (%) UV (%) Solar (%)
Zn0-1% 98 100 95 100 80 100
Zn0-2% 97 100 98 100 75 100
Zn0-4% 99 100 97 100 81 100

tion but also faster for solar light. In the case of RB, all syntheses
studied under UV light achieved more than 95% of degradation af-
ter 180 min and 100% for solar light; in this case, similar behavior
is observed between UV and solar samples where a more signifi-
cant and faster degradation under solar light takes, the degradation
rates confirm the degradation velocity is even more than double in
the case of ZnO-1%. In the case of MO, as well as the other two
dyes, a trend is seen in which the tests under solar light achieved
greater degradation, in which 100% degradation was obtained in all
the samples, as described early for the other dyes; however, in the
samples under UV light and less degradation is observed unlike,
MB or RB in which the highest degradation was for the Zn0-4%
sample with 81% degradation.

Table 2 shows the degradation constants using the equation
ln(é) = kt, where Cy is the concentration at t=0, C is the dye
concentration, k is the degradation constant, and ¢ is the exposure
time.

3.10. Degradation mechanism

Fig. 12 shows a scheme for a degradation mechanism where
dye molecules are photodegraded until mineralized. First, when
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Table 2
Degradation constants k of the nanoparticles under UV and solar light.
MB RB MO
Sample UV (min~')  Solar (min~') UV (min~')  Solar (min-') UV (min~!)  Solar (mirn—!)
Zn0-1% 0.0287 0.0638 0.0179 0.0491 0.0082 0.0475
Zn0-2% 0.0349 0.0393 0.0204 0.0373 0.0073 0.03085
Zn0-4% 0.0313 0.0355 0.0189 0.0366 0.00906 0.0243
1 a) ! b)
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Fig. 9. Photodegradation of MB using ZnO nanoparticles under UV a) and solar b) light.
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Fig. 10. Photodegradation of RB using ZnO nanoparticles under UV a) and solar b) light.

Zn0 semiconductor nanoparticles are irradiated with energy equal
o high than the band gap, it causes the excited electrons in the
valence band (VB) to be promoted to the conduction band (CB)
Eq. (16), generating an electron-hole pair. The hole at the va-
lence band allows the oxidation of H,O molecules, producing hy-
droxyl radicals (OH') Eq. (17). The electrons at the conduction
band reduce the oxygen (0,) to produce superoxide radicals (0,~")
Eq. (18), which are very reactive and allows to produce more OH'
molecules Eq. (19). Both OH and O, are reactive and transitory
molecules that react with the dye molecules, mineralizing and con-
verting them into less harmful molecules such as H,0, CO,, and
some other mineral products Eq. (20) and (21) [72].

Zn0 + hv — Zn0 (e + hyjp) (16)
h*(VB) + H,0 — OH* (17)
e (CB)+0; — 05° (18)

05* +H,0 — OH* (19)
05* +dye — H,0 + CO, + products (20)
OH* + dye — H,0 + CO, + products (21)

It is shown a comparison of photodegradation studies under UV
light using ZnO nanoparticles obtained by using different natural
extracts reported in the literature in Table 3. It seeks to make a
comparison between the research by highlighting the dye used in
the photocatalysis process and its concentration against the degra-
dation time. It can be seen that this work is competent against
other investigations by achieving greater degradation in a shorter
time at a higher concentration of the dye. The comparison is made
only with investigations that carried out the photocatalysis process
under UV light because it is easier to compare as it is not affected
by environmental factors, unlike the degradations under sunlight.
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Table 3

Dye degradation using ZnO nanoparticles obtained by green synthesis.
Extract Dye  Dye concentration Degradation time Year Reference
Citrus microcarpa MB 15 ppm 120 min (100% degradation) 2023  This work
Citrus microcarpa MO 15 ppm 180 min (100% degradation) 2023  This work
Citrus microcarpa RB 15 ppm 180 min (81% degradation) 2023  This work
Phoenix roebelenii MB 10 ppm 105 min (98% degradation) 2022 [55]
Mussaenda frondosa L. MB 5 ppm 120 min (90% degradation) 2020 [73]
Coconut husk MB 5 ppm 100 min (99% degradation) 2021 [74]
Sapindus rarak RB 0.004 mM 120 min (99% degradation) 2022 [75]
Abelmoschus esculentus ~ RB 9.5 mg/L 50 min (100% degradation) 2019  [76]
Camellia sinensis MO 10 mg/L 180 min (80% degradation) 2021 [77]
Salvia officinalis MO 5 ppm 120 min (92% degradation) 2021 [78]

4. Conclusion

In summary, the synthesis by using Citrus microcarpa extract
was successful for ZnO semiconductor nanoparticles synthesis in
an environmentally friendly way, substituting toxic chemicals with
molecules that act as stabilizing agents. The concentration of Cit-
rus microcarpa were 1%, 2%, and 4 % w/v, and the percentage vari-

10

ation directly affected on the optical and physical properties of the
nanoparticles. FT-IR spectroscopy confirmed the presence of char-
acteristic bands of the organic molecules present in the extract and
the Zn-O bond at 480 cm~!. For ZnO-1%, ZnO-2%, and Zn0-4%, the
band gap values were 3.03, 2.94, and 2.89 eV, respectively. Crys-
tallite sizes were 35.24, 14.29, and 12.14 nm, respectively; a di-
rect relationship can be observed that by increasing the percentage
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of the extract, the band gap value and the crystallite size of the
nanoparticles decreases. TEM analysis demonstrates that a higher
percentage of extract allows to obtain smaller nanoparticles; the
average sizes obtained were 39.7, 16.8, and 13.1 nm for ZnO-1%,
Zn0-2%, and Zn0-4%, respectively. XPS and XRD analysis showed
characteristic signals of ZnO nanoparticles without alteration in the
main peaks or presence of other signals, confirming the chemical
composition and the formation of the Zn-O bond. Nanoparticles
showed excellent photocatalytic results for the degradation of or-
ganic dyes (MB, RB, and MO) under UV and solar light. All samples
achieved more than 98% of photodegradation under solar light. For
UV and solar light, Zn0-4% degraded 56 and 74% of MB in 60 min-
utes, respectively, this degradation was superior to others reported
in the literature. The physical, chemical, and optical properties of
the synthesized ZnO samples show that they could be used not
only for photocatalytic applications but for different applications
such as sensors, a dopant, or optoelectronic applications.
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