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Keywords: exhibiting a larger surface area. The pentacyclic triterpenes present in Amapa-latex
Amap3a-latex chelating agents play a critical role in the complexation of Zn?" ions and the formation of
Zinc oxide pure ZnO nanostructures. The broad photoluminescence spectra revealed several struc-
Nanoparticles tural defects in the nanoparticles, particularly, Vz,, V™, O;f, and Zno were widely observed
Photocatalytic activity for the sample synthesized using 10 mL of Amapé-latex (ZnO#10). A 99.47% visible-light-

mediated discoloration of the aqueous methylene blue dye solution containing ZnO#10
nanoparticles was mainly ascribed to the continuous production of hydroxyl radicals by
the defective structure of this sample. Furthermore, a ~30% TOC removal was observed
after the 5th cycle of reuse of ZnO#10 nanoparticles, proving that the production of reactive
species cleaves and breaks down MB dye molecules. Thus, the sweet Amapa-latex proved
to be an effective chelating agent for obtaining ZnO nanoparticles with singular optical-
structural characteristics that can be useful for treating dye-contaminated textile effluents.
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1. Introduction

ZnO nanoparticles are extensively studied due to their stable
and non-cytotoxic characteristics, allowing their use in some
technological fields, e.g., biomedical [1], solar cells [2,3], and
photocatalysis [4,5]. For instance, in photocatalysis, the per-
formance of ZnO nanoparticles is strongly dependent on their
structural, morphological, and optical properties [6]. Indeed,
in this field, there is a dependence on the interaction of ZnO
with visible light, where the shape and particle size are
considered the main attributes that directly influence their
performance [7]. Furthermore, it is known that in most cases,
ZnO is self-assembled with several inherent structural defects
that tune its physical properties [8] and adequately dictate its
application as a photocatalyst.

Wurtzite-like ZnO is one of the most common photo-
catalysts used to degrade harmful dyes from textile efflu-
ents [9]. In addition, some recent works have proved that
the ZnO can be used for the discoloration of AZO dyes, such
as methylene blue (MB) [10,11], methyl orange [12,13], and
rhodamine B [14,15]. Recently, the improved performance of
ZnO nanoparticles as photocatalysts has been attributed to
the tunning of their optical bandgap by self-assembled
structural defects like zinc vacancy (Vzn), oxygen vacancy
(Vo), single ionized oxygen vacancy (V¢), and double ionized
oxygen vacancy (VS*) [16,17]. These structural defects
create new energy levels in the optical bandgap, enhancing
their electrical and optical properties [18]. Furthermore, they
can also trap charge carriers delaying their recombination
and improving the photocatalytic performance of the
material.

The controlled-synthesis of ZnO nanoparticles have been a
suitable way to identify better physical properties that
improve their photocatalytic application. However, some
convenient synthesis routes, such as precipitation and
chemical reduction [19,20], are expensive, unsafe, and non-
eco-friendly because they involve hazardous chemical
chelating agents [21]. This problem has been overcome with
the help of natural substances that provide a safe and eco-
friendly chemical environment for obtaining ZnO nano-
particles [22,23]. Our previous work [17] investigated the
photocatalytic activity of distinctively shaped ZnO nano-
particles synthesized using latex extracted from Amazon
endemic plants, Brosimum parinariodides (sweet Amapa-latex)
and Parahancornia amapa. We demonstrated that the chemical
environment of sweet Amapa-latex is composed essentially of
cycloeucalenol and obtusifoliol, which play a critical role in
obtaining high-quality crystalline ZnO nanoparticles. These
organic compounds can act by providing a favorable chemical
environment for forming ZnO nanoparticles with different
structural properties that can accelerate and improve the
chemical reactions that lead to the generation of reactive
chemical species for the destruction of AZO dye molecules in
an aqueous solution. For these reasons, a comprehensive
study on the influence of different volumes of sweet Amapa-
latex on the physical properties of ZnO nanoparticles may
reveal the potential of the biochelating agent as a precursor of

nanostructures with enhanced photocatalytic properties for
affordable wastewater decontamination.

The present study investigates the photocatalytic proper-
ties of ZnO nanoparticles synthesized using different contents
of sweet Amapd-latex chelating agent. The influence of sweet
Amapd-latex on the structural, microstructural, and optical
properties was successfully investigated. Our photocatalytic
experiments evaluated the MB dye discoloration in aqueous
solutions under visible light.

2. Material and methods
2.1. Synthesis of the nanoparticles

The sweet Amapd-latex chelating agent used in our synthesis
was collected at 0°52'25”S and 52°24'06"W. In an easy and safe
procedure, 0.0025 mols of zinc nitrate (Zn(NOs),-6H,0) (Sigma-
Aldrich, purity >99%) was solubilized in 5 mL (ZnO#5), 10 mL
(ZnO#10), and 15 mL (ZnO#15) of Amapa-latex under magnetic
stirring for 30 min. The precursor solutions were kept at 100 °C
overnight to obtain the amorphous black xerogels. Finally, the
xerogels were calcined at 500 °C and quenched after 1 h to get
ZnO nanopowders.

2.2. Characterization

The chemical functional groups present in the amorphous
xerogels and ZnO nanopowders were investigated using a
Fourier transform infrared (FTIR) spectrometer (PerkinElmer
Spectrum Two™), operating at 4000-400 cm™* and resolution
of 8cm ™, using KBr pellets. The thermal decomposition of the
amorphous xerogels was performed in a thermogravimetric
apparatus (Shimadzu TGA-50) operating at 25—1000 °C and a
heating rate of 10 °C.min". The structural analysis of ZnO
nanoparticles was carried out in an X-ray diffractometer
(Empyrean, PANalytical) using a Co X-ray tube
(K,1 = 1.78901 A), operating of 26 = 20°—90°, 40 kV, and step
size of 26 = 0.01°. All obtained XRD patterns were refined by
the Rietveld method using a Thompson-Cox-Hastings pseudo-
Voigt function whose refinement program was implemented
in the Fullprof suite package [24]. The broadening effects were
accessed by a resolution function using a lanthanum hex-
aboride (LaBg) pattern (NIST/SRM 660). Finally, the angular
dependence of the full width at half maximum (B), anisotropy
of the peak broadening profile, the average crystallite size
(Dxrp), and strain broadening anisotropy were described or
calculated using a spherical harmonic model (SPH) according
to our previous procedure [25]. The morphology and selected
area electron diffraction patterns (SAED) of ZnO nanoparticles
were investigated by a transmission electron microscope
(TEM) (JEOL 2100) operating at 220 kV. The pore volume and
surface area of ZnO nanoparticles were determined by a
Quantachrome NOVAtouch adsorption-desorption (NOVA-
touch 1200e, Anton Paar QuantaTec Inc.) apparatus. The na-
ture of ZnO nanoparticles' optical absorption and their
structural defects were investigated by diffuse reflectance
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ultraviolet spectroscopy (DRUV) and photoluminescence (PL)
using the Ocean Optics HR2000 and Jasco FP-8600 spectro-
photometers, operating on 200—800 nm.

2.3. Photocatalytic experiments

The degradation of methylene blue (MB) dye in an aqueous
solution (10 mg L) in the presence of ZnO nanoparticles was
investigated using a typical photocatalytic experiment. First,
the initial stable MB solution was obtained [25]. Subsequently,
10 mg of ZnO nanoparticles were suspended in 50 mL of the
MB solution and kept under stirring for 5 min for a suitable
adsorption-desorption equilibrium of MB dye molecules. The
resultant suspension was irradiated with visible light using a
600-W halogen lamp (7.74 W m~?) for 240 min. An identical
ZnO#10 sample experiment was used in the dark as a control
experiment (CE). Approximately 3 mL of the irradiated and
non-irradiated suspensions were collected at intervals of
20 min to measure the maximum absorbance of MB dye at
Amax = 664 nm using a UV—vis spectrophotometer (VARIAN,
Cary 100). The total discoloration of MB dye was determined
by Eq. (1), and the Foto-Fenton reaction kinetic was estimated
using a Langmuir—Hinshelwood kinetic model (Eq. (2)).

% Discoloration = <C°C_ C) x 100% = <A° A_ A> x 100% (1)
0

kt= —1In <C50> (2)

where A, and C, are the absorption and equilibrium concen-
tration initial at 664 nm at t = 0 min, respectively, A and C are
the absorption and equilibrium concentration final at 664 nm
after t = 240 min of irradiation with visible light, and k is the
pseudo-first-order rate constant. Additionally, an elemental
trapping experiment (ETE) and total organic carbon (TOC) test
were performed to investigate the chemical species respon-
sible for the destruction of MB molecules and their minerali-
zation efficiency, respectively. The typical ETE was performed
using 3 mL of isopropanol (IPA) (Sigma-Aldrich, >99.5%),
0.1 mmol of benzoquinone (BQ) (Sigma-Aldrich, >98%), and
0.1 mmol of disodium ethylenediaminetetraacetate dihydrate
(EDTA) (Sigma-Aldrich, >99%) as scavengers. The minerali-
zation efficiency (n) of MB organic molecules was computed
according to Eq. (3) using the total organic carbon before (T,)
and after (T) the photocatalytic process as a function of irra-
diation time, measured in a thermoreactor (Analytik Jena,
Model NC 3100).

(%) = (1 - 1) « 100% (3)
To

3. Results and discussion

3.1. Xerogels analysis

Before the calcination procedure, the chemical structure and
thermal behavior of the obtained xerogels were carefully
investigated, as shown in Fig. 1. FTIR spectra (Fig. 1(a)) reveals

the functional groups present in the xerogels precursors of
ZnO nanoparticles. In all xerogels, we computed a band
around 3434 cm ! associated with the O—H stretching vibra-
tion linked to the hydration condition of the xerogels. The
bands at 2931 cm ' and 2858 cm ' are related to C—H
stretching vibrations ascribed to open-chain hydrocarbons
in proteins and lipids [26] existing in the sweet Amapa-latex
chelating agent. The interaction between Zn>" ions and al-
kenes © bonds promoted different oxidation-reduction pro-
cesses during the Zn?" complexation, generating C—H bands
with different intensities. At 1731 cm ™%, we can note a band
relative to the C=0 stretching vibration assigned to saturated
aliphatic aldehydes [17]. The band positioned at 1731 cm™?
arises from O—H's symmetric angular deformation due to
water adsorbing on the surface of the xerogels [16]. The
symmetrical and asymmetrical in-plane stretch vibration
observed at 1532 cm ' and 1459 cm ™ * are ascribed to the COO
ester groups [17], respectively. The band located at 1389 cm™*
refers to asymmetric stretching of C—O, probably due to the
presence of CO3~ [27], whereas at 1232 cm ™' is associated with
the stretching vibration of C—N linked to amines [28]. The
C—0—H vibrations recorded around 1065 cm~* are assigned to
the undenatured carbohydrates [16]. Correspondingly, the
weak bands at 890 cm™?, 822 em ™!, and 715 em ™! are associ-
ated with symmetric angular deformation of C—O and O—H
and antisymmetric angular deformation of C—0O, which are
probably related to the existence of carbonates in the xerogels
[16]. Furthermore, the weak band around 511 cm ™ is assigned
to the Zn—OH stretching vibration, suggesting a formation of
an amorphous Zn-based complex. The COZ~ band associated
with carbonates was not observed in the spectrum of sweet
Amapa-latex previously reported [17], indicating the forma-
tion of zinc carbonate. In this regard, previous works have
shown that precursor complexes of ZnO nanoparticles ob-
tained by green routes can be constituted mainly by hydro-
zincite (Zns(CO3)2(OH)e) [29,30], a known carbonate. Thus, our
chemical analysis suggests that the polymer matrix of
Amapé-latex chelates the Zn?* ions, which probably form an
amorphous complex rich in Zns(CO3),(OH)e.

The thermal decomposition of the xerogels was described
according to TGA/DTG curves, whose results are shown in
Fig. 1(b)—(d). As can be seen, all xerogels lost weight signifi-
cantly from 25 to 1000 °C in a similar way. Still, differences were
recorded due to the different hydration conditions and chem-
ical composition of xerogels, as noted in the FTIR spectrum
(Fig. 1(a)). Between 25 and ~230 °C, the xerogels lost 15%
(ZnO#5), 11% (ZnO#10), and 16% (ZnO#15) of their total weight
(Fig. 1(b)—(d)), where ZnO#10 exhibit an endothermic process
positioned at approximately 175 °C, while ZnO#5 and ZnO#15
display two endothermic peaks at 130 and 198 °C, and, 172 and
212 °C, respectively. The endothermic peaks found at 25—200°C
can be assigned to the elimination of molecular water and
gases adsorbed on the surface of the xerogels [16]. Moreover,
they may also be associated with the denaturation of some
biopolymers and proteins present in the Amapa-latex chelating
agent. From 230 to 420 °C, there was the most significant weight
loss of the xerogels, whose values were estimated to be 35%
(ZnO#5), 62% (ZnO#10), and 60% (ZnO#15), which are also
accompanied by intense endothermic peaks positioned at 350,
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Fig. 1 — (a) FTIR spectra and (c)—(d) TGA/DTG curves of the xerogels precursors of ZnO nanoparticles obtained with different
contents of sweet Amapa-latex chelating agent.

370, and 363 °C (Fig. 1(b)—(d)). This weight loss is ascribed to the of the amorphous complex into Zns(COs),(OH)s occurs in this
robust decomposition of organic compounds of sweet Amapa- temperature range. Finally, from 420 to 1000 °C, the xerogels
latex. According to Ferreira et al. [16], the complete conversion lost a total of 36% (ZnO#5), 21% (Zn0O#10), and 22% (ZnO#15),
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Fig. 2 — The possible mechanism for forming ZnO nanoparticles using sweet Amapa-latex as an effective chelating agent.
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Fig. 3 — (a) XRD patterns and (c)—(d) Rietveld refinements of ZnO nanoparticles calcined at 500 °C.

where ZnO#5 and ZnO#10 show two endothermic peaks at 452
and 494 °C and 454 and 495 °C, respectively, while a weak peak
at 445 °C was recorded for ZnO#15 (Fig. 1(b)—(d)). The peaks
around 450 °C can be assigned to the release of CO, and H,0
adsorbed on the surface of Zns(CO3),(OH)s, which is further
completely decomposed into ZnO nanoparticles after around
490 °C. The weight losses recorded above 500 °C are attributed
to the vigorous and persistent decomposition of CO, residual,
indicating that this temperature is suitable for obtaining highly
crystalline ZnO nanoparticles. Fig. 2 shows the probable
mechanism for forming ZnO nanoparticles after the decom-
position of Zns(CO3),(OH)e. Firstly, Zn(NOs), is solubilized in the
Amapd-latex chelating agent, forming a hydrated complex (Eq.
(4)). Subsequently, Zn** ions interact with hydroxyls and al-
kenes molecules present in pentacyclic triterpenes compounds
as suggested in our previous work [17]. Further, the metal
chelation is stabilized by its constant interaction with the
nucleophilic sites of triterpenes donor ligands. The heat treat-
ment of the precursor solutions at 100 °C leads to the formation
of amorphous xerogel rich in Zns(COs),(OH)s (Eq. (5)), which
further is decomposed into ZnO nanoparticles at 500 °C (Eg. (6)).

Zn(NOs),.6 H,0+4 ROH — [Zn(HOR),]*" +2NO; +6H,0  (4)

[Zn(HOR),] > Zns(CO;3),(OH)g

AT=100 °C

Zns(COs),(OH), Zno

—
AT=500 °C

3.2.  Nanoparticles characterization

The X-ray diffraction patterns of ZnO nanoparticles calcined
at 500 °C as well as their respective Rietveld refinement are
shown in Fig. 3. The reflections displayed in Fig. 3(a) are
associated with the (110), (002), (101), (102), (110), (103), (200),
(112), and (201) crystallographic planes assigned to the hex-
agonal wurtzite-like structure of ZnO (ICSD #82028) belonging
to the P6smc space group. The characteristics of the patterns
prove that our ZnO nanopowders do not exhibit secondary
phases and have high crystallinity, supporting the thermal
analysis described by the TGA/DTG curves (Fig. 1(b)—(d)). Such
behavior is supported by the Rietveld refinement
(Fig. 3(b)—(d)), whose relevant parameters are summarized in
Table S1. The well-fitted patterns (x> ~ 2) confirm the wurtzite
structure of ZnO nanoparticles with small differences pro-
moted by the different contents of the sweet Amapa-latex
used in the synthesis. We recorded that O~ species occupy
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Fig. 4 — (a)—(c) TEM images, (d)-(f) HRTEM images, and (g)-(i) SAED patterns of ZnO nanoparticles calcined at 500 °C.

higher positions from ZnO#5 (0.3837 A) to ZnO#15 (0.3837 A),
which promoted a small decrease in Zn—0O bond length (BL)
(%: —0.00036%) and bond angle (BA) (%: —0400248%)
(Table S1), generating small distortions in the crystal lattice.
The BL values found are smaller than bulk ZnO (1.9778 A),
which can be attributed to the size confinement effect [31].
Such distortions modified the crystal lattice, generating an
increase of a = b (3.2524—3.2561 A) and a decrease of c
(5.2052-5.2017 A) from ZnO#5 to ZnO#15, also creating a cell
expansion (A= +0.00231%) (Table S1). The average crystallite
size (Dxrp) and lattice microstrain were calculated to be

13.82 nm and 0.072 (ZnO#5), 13.48 nm and 0.074 (ZnO#10), and
16.38 nm and 0.061 (ZnO#15), respectively. The small lattice

distortions and crystallite size produced nanoparticles with
different lattice microstrains [32], grain boundaries, and a
defective structure.

The morphological and microstructural aspects of ZnO
nanoparticles investigated by TEM and SAED aided in better
understanding their crystalline characteristics. For example,
TEM images (Fig. 4(a)-(c)) confirm that ZnO nanoparticles were
estimated to be 15.17 nm (ZnO#5), 14.19 nm (ZnO#10), and
16.52 nm (ZnO#15) (Fig. S1), in a variety of shapes with a
faceted surface such as spherical, cubic, hexagonal, and
pentagonal. Furthermore, it was found that the ZnO nano-
particles tended to agglomerate strongly, which could be
attributed to the high surface area and surface energy of the
ZnO nanoparticles [33—35].
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The polycrystalline behavior of the nanoparticles was
investigated by HRTEM, as shown in Fig. 4(d)—(f). The crys-
tallographic planes with different d-spacing (d) lattice fringes
in different nanoparticles were found at: (100) (d = 0.282 nm)
(ZnO#5) (Fig. 4(d)), (002) (d = 0.262 nm) and (100) (d = 0.283 nm)
(ZnO#10) (Fig. 4(e)), and (102) (d = 0.191 nm) and (101)
(d =0.247 nm) (ZnO#15) (Fig. 4(f)). Moreover, the SAED patterns
(Fig. 4(g)—(i)) reveal well-defined circular rings associated with
the planes (023), (112), (013), (110), (012), (011), (002), and (010),
which are indexed to the wurtzite structure of ZnO nano-
particles [16], confirming their polycrystalline nature.

The BET adsorption-desorption curves used to determine
the surface area (SA) and pore volume (PV) of ZnO nano-
particles are shown in Fig. S2. The SA of the samples was
determined to be 23.4 m%g * (ZnO#5), 30.7 m2g ™! (ZnO#10),
and 7.6 m%g ! (ZnO#15). The PV was obtained as 0.0728 cm?.
g ! (ZnO#5), 0.107 cm>g™ ! (ZnO#10), and 0.0533 cm3g?
(ZnO#15). As can be seen, the SA and PV of ZnO#10 are higher
than ZnO#5 and ZnO#15, which can be due to a more signifi-
cant presence of capping agents adsorbed on their surface, as
it is known that bioactive compounds can coat the surface of
oxide nanoparticles increasing the surface area [11,36].
Moreover, the SA value of the ZnO#10 sample is also higher
than those reported by other previous green synthesized ZnO
nanoparticles photocatalysts, e.g., 16.27 m?.g~* [37], 13.56 m?.
g ' [38], and 12.47 m*.g~* [39].

The functional groups present in our ZnO nanoparticles
calcined at 500 °C are highlighted in Fig. 5. The bands located
at435 cm™~ ' and 412 cm ™! are assigned to the stretch vibration
of the Zn—O bond [40], confirming the formation of ZnO
nanoparticles that are well supported by XRD (Fig. 3) and TEM
(Fig. 4) analyses. The residual water adsorbed on the nano-
particle surface resulted in O—H bands positioned around
3370, 1634, and 807 cm ’. However, the bands observed at
1192 cm™! (symmetrical stretch vibration of C—0), 870 cm™*
(symmetrical out-of-plane angular deformation of C—0), and
1467 cm ™! (stretch vibration of C=C) are ascribed to residual
organic compounds adsorbed on the surface of the nano-
particles. Moreover, all nanoparticles also exhibit the band at
1388 cm ! due to the persistent presence of CO3~ molecules.
Additionally, the weak C—H bands positioned at 2932 and
2884 cm ™! are observed only for ZnO#15. Thus, our chemical
analysis indicates surface contamination of the nanoparticles,
where the ZnO#15 sample exhibited the most extraordinary
richness of residual organic structures, mainly CO, [16].
Despite that, our structural analysis showed no secondary
phases, suggesting that the contribution of impurities to the
final nanopowder constituent is negligible.

The defective structure of ZnO nanoparticles calcined at
500 °C was investigated by DRUV and photoluminescence
measurements at room temperature, whose results are dis-
played in Fig. 6(a). It shows two DRUV absorption bands
around 380 nm (strong) and ~510 nm (weak), which are
assigned to the monodisperse nature of ZnO nanoparticles
[41] and a transition O 2p — Zn 3 d [16,42], respectively. The
weak bands expose a redshift due to intrinsic defects gener-
ated by interstitial oxygens O; [43]. The optical bandgap esti-
mated from Tauc plots was found to be 2.88 eV (ZnO#5),
3.02 eV (ZnO#10), and 3.09 eV (ZnO#15) (Fig. S3), showing that
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Fig. 5 — FTIR spectra of ZnO nanoparticles calcined at
500 °C.

the contents of Amapa-latex chelating agent play a vital role
for adjusting the bandgap of ZnO nanoparticles. The higher
intensity of DRUV bands in ZnO#5 and ZnO#10 indicate more
significant amounts of intrinsic and planar defects in these
nanoparticles [16], probably due to the higher lattice
microstrain.

The room temperature PL spectra (Fig. 6(b)—(d)) reveal a
broad line ranging from 372 to 700 nm for all nanoparticles,
which is a characteristic of defect-rich ZnO nanoparticles [44].
From Table 1, we note that near-band-edge (NBE) emission
exhibits a maximum displacement of 0.11 eV from ZnO#5 to
ZnO#15, revealing an optical nature utterly different from the
ZnO bulk. According to Ferreira et al. [16], ZnO bulk displays a
stable excitonic state shifted below its conduction band (CB)
at ~ 27 °C, in a bandgap range that can vary from 3.29 to
3.32 eV. Thus, ZnO#5 and ZnO#15 have NBE emissions posi-
tioned at notably longer wavelengths than ZnO bulk, showing
a spectral diffusion due to exciton migration in nanoparticles
synthesized with larger contents of sweet Amapa-latex
chelating agent. These emissions can be assigned to transi-
tions of the conduction band (CB) to the deep defect band [45],
e.g., zinc vacancies (Vz,) [46] or transitions from interstitial
zinc (Zn;) to VB (Zn; — VB) [47]. The violet emissions at ~418 nm
(2.96 eV) recorded only for ZnO#5 and ZnO#10 are attributed to
Vzn defects [48] or electronic transitions from shallow donor
levels of Zn; to VB (Zn;—VB) [49]. For ZnO#15, the violet
emission at ~414 nm can be ascribed to Vg, or electronic
transitions from the donor level to VB (e~ —VB) [50,51]. Blue
emissions at ~440 nm (2.81 eV) (ZnO#5), ~444 nm (~2.79 eV)
(ZnO#10), and ~445 nm (~2.79 eV) (ZnO#15) arise due to single
ionized zinc vacancies (V3,) [52,53], electronic transitions from
Zn; to VB (Zn; — VB) [54], and electronic transitions from CB to
interstitial oxygen (O;) (CB —0;) [54,55]. The blue emission
located at ~452 nm (2.74 eV) is only observed for ZnO#10 and
occurs due to electronic transitions from the shallow donor
level of Zn; to Vz, (Znj—Vz,) [56,57]. Nonetheless, the blue
emissions at ~471 nm (2.63 eV) (ZnO#5), ~472 nm (~2.62 eV)
(ZnO#10), and ~467 nm (~2.65 eV) (ZnO#15) are associated with
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Fig. 6 — Room temperature (a) DRUV absorption and (b)-(d) PL spectra of ZnO nanoparticles calcined at 500 °C.

electron transitions from the donor level of single ionized
oxygen vacancy V§ to VB (V§ — VB) [58]. Additionally, ZnO#10
and ZnO#15 samples expose blue emitions at ~495 nm
(~2.50 eV) and 486 nm (~2.55 eV), respectively, which are
ascribed to doubly ionized oxygen vacancy (V¢*) [59,60]. The
green emissions at ~504 nm (2.46 eV) and 564 nm (2.20 eV)
(ZnO#5), ~521 (2.38 eV) and 559 nm (2.21 eV) (ZnO#10), and
~515 (2.41 eV) and 562 nm (2.21 eV) (ZnO#15) have been
consistently attributed to the presence of V} defect [61-77].
The orange emission at ~604 nm (2.05 eV) observed only for
ZnO#5is assigned to Vo and V; [78,79], while for ZnO#10, there
is an orange peak at ~613 nm (2.02 eV) due to the O; and Zng
defects [80,81]. As can be seen, our ZnO nanoparticles share
several similar defects. Still, the coexistence of Vz,, V§*, Of,
and Zno defects was only recorded for the powder prepared
with 10 mL of Amapa-latex chelating agent.

3.3. Photocatalytic activity

The MB discoloration photocatalytic experiments using ZnO
nanoparticles as photocatalysts are shown in Fig. 7. The

curves in Fig. 7(a) refer to the control experiment (CE) and
reveal a slight reduction of the MB characteristic band at
664 nm. However, the experiments containing ZnO#5 (Fig. (b)),
ZnO#10 (Fig. (c)), and ZnO#15 (Fig. (d)) nanoparticles display a
substantial reduction of the MB band after irradiation with
visible light, indicating that organic dye molecules are des-
tructed in the aqueous solution, which is demonstrated by the
evolution of the dye discoloration (inserted scheme) after
240 min of irradiation.

A more comprehensive study of the photocatalytic activity
of ZnO nanoparticles based on their UV—vis spectra is shown
in Fig. 8. After the adsorption-desorption equilibrium of MB
dye molecules, the adsorption rates were determined to be
3.2% (CE), 6.3% (ZnO#5), 9.5% (ZnO#10), and 4.1% (ZnO#15).
Under visible light irradiation, Fig. 8(a) reveal a more signifi-
cant reduction of the C/C, factor in the experiments contain-
ing the ZnO nanoparticles after 240 min of exposure to visible
light, indicating that they are enormously efficient for
removing the MB dye. Moreover, our nanoparticles produced
high MB discoloration rates compared to CE (Fig. 8(b)) at
93.89% (ZnO#S), 99.47% (ZnO#10), and 98.94% (ZnO#15)
(Fig. 8(c)), whose reaction rates were estimated to be 0.0115,
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Table 1 — Peaks position, energy level, and defects obtained from the PL spectra analysis of ZnO nanoparticles calcined at

500 °C.

Sample Peak Position (nm) Energy Level (eV) Defect References
Zno#5 379.13 3.27 NBE [54,82—84]
418.32 2.96 Vzn, Zn; > VB [49,85]
440.70 2.81 V., Zn;— VB, GB —O; [52-55]
471.51 2.63 V§—VB [58]
504.82 2.46 Vi [61,62]
564.64 2.20 v§ [70-72]
604.75 2.05 Vo,V§ [78,79]
ZnO#10 396.71 3.13 NBE [82—84]
418.95 2.96 Vzn, Zn;— VB [49,85]
444.14 2.79 V3,,Zn;—VB, CB —0; [52—55]
452.80 2.74 Zn; — Vzn [56,57]
472.64 2.62 V§—VB [58]
495.90 2.50 V! [59,60]
521.05 2.38 v§ [52,73,74]
559.85 221 A\ [75-77]
613.28 2.02 0;,Zno [80,81]
ZnO#15 392.66 3.16 NBE [82—84]
414.61 2.99 Vzn, e > VB [50,86,87]
44522 2.79 V3,,Zn;—VB, CB —0; [52—55]
467.96 2.65 V§—VB [58]
486.71 2.55 v [61,88]
515.19 241 v [63—67]
562.23 221 A2 [68,69]

0.0174, and 0.0171 min™! (Fig. 8(d)), respectively. Table 2
compares the results found in the present work with those
reported in the literature. In this regard, the photocatalytic
efficiency of our nanoparticles is comparable with other
photocatalysts used for the degradation of different organic
molecules. It is worth noting that we maintain a low ratio
between photocatalyst weight (PW) and dye concentration
(DC) (1:1) compared to 2.5:1, 5:1, and 10:1 generally used by the
previous works (Table 2). Thus, the increase of the PW:DC
ratio can still promote greater photocatalytic efficiency of ZnO
nanoparticles in a shorter irradiation time.

The stability of the photocatalytic process and chemical
species responsible for the destruction of MB dyes molecules
were known after a cyclic photodegradation experiment and
an elemental trapping analysis, whose Uv—vis spectra are
displayed in Fig. S4. Fig. 9(a) shows that ZnO#10 can be used
for up to 4 degradation cycles without significant loss of
photocatalytic performance. However, the total photo-
catalytic performance loss from the 1st — 5th cycle is only
14%, showing that the nanoparticles exhibit robust stability
as photocatalysts after 5 cycles of recyclability. The pro-
gressive loss of photocatalytic performance from the 2nd —
Sth cycle affected the photocatalytic reaction rate, which
decreased from 0.0156 min~' to 0.0099 min~! (Fig. S5),
showing that the degradation of the MB dye molecules oc-
curs more slowly after the 2nd reuse cycle. After the 5th
cycle of reuse, a TOC test was performed in all collected al-
iquots, which revealed a total mineralization of ~30%
(Fig. 9(b)) of the MB dye molecules after 120 min of irradia-
tion with visible light. Moreover, the mineralization process
is intensified after 100 min of irradiation, suggesting that
longer irradiation times can lead to the complete removal of
organic carbon from the aqueous solution containing ZnO
nanoparticles under visible light.

The elemental trapping analysis (Fig. 9(c)) showed that the
addition of IPA in the solution containing MB and ZnO#10
significantly affects the photocatalytic process, promoting a
reduction of the discoloration and photocatalytic reaction
rates of the dye from 85% to 33% and 0.0153 min~" to 0.0033
min~? (Fig. 9(d)), respectively, which is ascribed to the low
availability of free HO® ions after their entrapment by IPA
molecules. Similarly, the addition of BQ reduces the efficiency
of the photocatalytic process to 40% due to the entrapment of
05 anions by BQ molecules. Such results reveal that the
interaction between visible light and ZnO#10 nanoparticles
persistently produces HO® and Oj~ highly reactive chemical
species that play a critical role in destructing MB organic
molecules in an aqueous solution. Conversely, the holes do
not influence the photocatalytic performance of ZnO#10
nanoparticles because adding the EDTA scavenger did not
reduce dye degradation after 120 min irradiation with visible
light.

Thus, the best photocatalytic activity dictated by the robust
production of HO® and O~ chemical species under visible light
was attributed to the ZnO#10 sample, which can be associated
with its unique physical properties, e.g., shape, particle size,
surface contaminations, and structural defects. Henceforth,
all nanoparticles showed similar contamination on their
surface; that is, CO, was not eliminated during the xerogel
calcination, as shown in our FTIR analysis (Fig. 5), which
cannot be attributed to the best photocatalytic performance
found for ZnO#10. However, the morphological analysis
revealed that our ZnO nanoparticles (Fig. 4) show small dif-
ferences in particle size, where the smallest value was re-
ported for Zn#10. The smaller particle size of Zn#10 combined
with its higher surface area (30.7 m%g~?) and pore volume
(0.107 cm®g™?) is also considered a key factor for the better
photocatalytic performance of this sample. Furthermore, our
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Fig. 7 — UV—vis spectra of degradation of MB dye in aqueous solution (a) in the dark and containing (b) ZnO#5, (c) ZnO#10,
and (d) ZnO#15 nanoparticles obtained for different irradiation times under visible light. The inserted scheme shows the

evolution of dye discoloration after 240 min of irradiation.

PL analysis revealed that only ZnO#10 has a bandgap tuned by
the coexistence of Vz,, V{t, O, and Zng defects, whose ori-
gins can be comprehended as follows. The small atomic
radius of Zn?" species allowed their diffusion to less oxidized
chemical environments, i.e., 0%~ sites, creating both Vz, and
Zno defects. Concurrently, oxygen migrated to interstitial
positions promoting the formation of O; and Vo, which further
were single and doubly ionized, forming O;" and V{*, respec-
tively, releasing e~ and 2e~ to the nanoparticles' surface. The
greater ZnO#10 lattice compression (Table S1) also favored the
bond between the oxygen present in interstitial positions and
the Zn present in positions occupied initially by 0%~ ions
generating its lower lattice axial ratio value (c/a = 1.598). This
behavior stabilized the ZnO lattice and promoted an out-of-
plane diffusion of the predominant defects by migrating
them to the surface of the nanoparticles, where the grain
boundary regions are considered as potential for agglomera-
tion of these defects. Furthermore, according to Ferreira et al.
[16], Vzn can create intermediate energy levels in the ZnO band
gap so that electrons from VB need less energy to move to CB
delaying the charge carrier's recombination. These results
suggest a predominant presence of O-vacancies defects and

the formation of defect levels other than O-vacancies within
the band gap control the luminescence nature of ZnO#10.
Thus, if we consider an O vacancy at the O1 site (2a), a local
Zn1—01bond is expected to vanish, which would induce a Zn1
shift-up because of the empty O1 site above the Zn1 site.
Consequently, the closer Zn2 atoms below the Zn1 site in the
lattice structure likely induce two excessive electrons from Zn
4s? orbital to experience upward Coulomb repulsion to in-
crease the Fermi level concerning the valence band minimum,
reaching a stable condition. This implies that charge transfer
between Zn (4s)-O (2p) orbitals contributes to increasing
charge carrier density, with oxygen vacancies containing two
electrons V{* acting as carrier donors. As a result, an excess
electron is localized in the proximity of Vz,, V&', O;f, and Zng
defects, which attract holes from the ZnO valence band.
However, lower carrier recombination on bulk ZnO nano-
particles promotes a higher transport of charge carriers,
including separating photogenerated charge carriers, recom-
bining easily at the surface of ZnO nanoparticles. Thus, the
hole transfer from the bulk to the ZnO nanoparticle surface is
most likely associated with potential band shift, indicating
that the oxidation reaction of MB molecule on the ZnO
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Fig. 8 — (a) C/Co factor, (b) discoloration rate, (c) Overall discoloration rate, and (d) First-order kinetics of the degradation of MB
dye in aqueous solutions containing ZnO nanoparticles non-irradiated and irradiated with visible light.

nanoparticle surface is majorly from surface state holes The probable mechanism responsible for the generation of
instead of from valence band holes. Therefore, the possible highly reactive species that dictate the destruction of MB
mechanism of the ZnO#10 sample responsible for dictating its organic molecules by HO® and O3 chemical species is shown
better MB dye discoloration under visible light is described as in Fig. 10. After irradiation with visible light, the electrons are
follows. excited up to Eg > 3.02 eV allowing the formation of the charge

Table 2 — Comparative relationship between experimental parameters dye type (DT), photocatalyst weight (PW), dye

concentration (DC), irradiation time (IT), light source (LS), and maximum photocatalytic efficiency (MPE) of ZnO
nanoparticles with other photocatalysts.

Photocatalyst DT PW DC IT LS MPE Reference
- mg mglL’ min - % =

ZnO methylene blue 10 10 240 visible light 99.47 Present work
rGO-Gd@ZnO rhodamine B 50 10 40 uv 91 [89]
F@g-C3N4/Zn0O rhodamine B 50 10 75 sunlight 97 [90]

Co—NiO methylene blue 100 10 120 uv 91 [91]
ZnO/SCN rhodamine B 50 10 80 visible light 93 [92]

Ni— ZnO methylene blue 50 10 240 uv 94 [93]

5% Gd-WO03 rhodamine B 5 20 100 visible light 94 [94]
rGO/g-CN/CFO 4-nitrophenol 25 20 40 visible light 97 [95]
20NFO/SCNNR tetracycline 25 10 60 visible light 97 [96]
g-C3N4/Sn02—Cu20 methylene blue 50 30 100 visible light 94.5 [97]
g-C3N4/ZnO—-Ag20 methylene blue 50 30 120 visible light 96.5 [98]
7%Li—Zn0O methylene green 500 200 60 visible light 100 [99]

CuO methylene blue 10 10 40 visible light 90 [100]
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H,0 + CO0,

‘# 05 + 2H,0

Fig. 10 — The probable mechanism of the MB dye photodegradation using ZnO#10 nanoparticles as efficient photocatalysts.
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carriers (egg /hyg) (Eq. (7)), which are transported to the sur-
face of the nanoparticles, starting some redox reactions. On
the surface, e, and hy; interact with oxygen (0,) and water
(H,0), forming superoxide (O5") (Eq. (8)) and hydroxyl radical
(HO®) (Eqg. (9)), respectively. These reactions are responsible
for the overall photodegradation mechanism of the MB
molecules.

ZnO + visible light — e + hi; (7)
ecp +0,— 05" (8
hyz + H,O = H* + HO® 9)

However, the smaller particle size, large surface area, and
the defects Vz,, V§', Of, and Zno present in ZnO#10 nano-
particles further enhances the photodegradation of MB dye.
The large surface area and pore volume allow more significant
adsorption of MB molecules on the surface of ZnO nano-
particles. After that, the Zno defect traps photoexcited elec-
trons, which are transferred to the surface of the
nanoparticles and interact with O, to produce 03~ (Eq. (10)).
Although the hj; present on the surface of the nanoparticles
does not directly produce the degradation of the MB dye
molecules, they are captured by Vz,, V', and O defects
created in the optical bandgap, slowing down the recombi-
nation of charge carriers. Additionally, these holes interact
with the 05~ anions to generate HO® ions and hydrogen
peroxide (H,0,) (Eg. (11)-(13)). The H,0, can also be reduced
into HO® species by the visible light, as shown in Eq. (14).
Finally, O and HO®* chemical species attack the sulfhydryl
(R— S™ = R) groups of MB dye producing several redox re-
actions that culminate in the formation of single molecules
such as H,0 and CO, [101,102].

() +02 = (03) (10
hy, +05 +2H,0 — 2HO* + H,0, (11)
hg; +05” +2H,0—2HO" + H,0, (12)

v + 05 +2H,0—2HO" + H,0, (13)
H,0, + Visible Light—2HO" (14)
4, Conclusion

We have shown that the sweet Amapa-latex natural chelating
agent arises as a sustainable and eco-friendly substance for
synthesizing ZnO nanoparticles with defects-driven photo-
catalytic performance. XRD and FTIR analyses confirmed the
formation of the ZnO nanoparticles with a wurtzite-like
structure and crystallite size ranging from 13.5 to 16.4 nm,
formed by chelating of Zn?" ions by pentacyclic triterpenes
present in the sweet Amapa-latex chelating agent structure.
TEM analysis showed that the ZnO nanoparticles have poly-
crystalline nature and particle size of 14.1-16.5 nm, in good
agreement with XRD analyses. Our PL analysis showed that

the optical bandgap of 3.02 eV of the sample ZnO#10 was
tunned by the coexistence of Vz,, V{*, O, and Zng structural
defects. Finally, the photocatalytic experiment showed that
the best degradation rate of the MB dye in an aqueous solution
is 99.47% after 240 min of irradiation with visible light was
assigned to the ZnO#10 sample. Such behavior was ascribed to
the small particle size, high surface area, and unique defective
structure of ZnO#10, which dictated the substantial produc-
tion of hydroxyl radicals that led to the destruction of MB dye
organic molecules. Furthermore, the cyclic photodegradation
experiment proved that ZnO#10 sample can be used for 5
degradation cycles without significant loss of photocatalytic
performance. Therefore, these findings reveal that the defec-
tive structure of ZnO nanoparticles can be controlled by the
contents of sweet Amapa-latex used for the synthesis, directly
influencing the production of chemical species that can attack
and destroy organic dye molecules.
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