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Abstract: Efficient plant biomass utilization is a key component in advancing a sustain-
able and circular bioeconomy. ZnO nanoparticle synthesis using plant extracts is actively
studied as a part of this effort. Here, green ZnO nanoparticles were prepared using Li-
cania tomentosa Benth (also known as Oiti) leaf extract. Characterization of the produced
green ZnO nanoparticles (NPs) involved X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared
spectroscopy (FTIR) and UV–Visible spectroscopy (UV-Vis) techniques. Furthermore, we
investigated photocatalytic degradation of the crystal violet (CV) dye catalyzed by the
obtained ZnO NPs and evaluated the efficiency of the photodegradation process. The syn-
thesized nanoparticles have an average crystallite size of 12.4 nm, as measured by XRD and
have a spherical shape as revealed by SEM. UV–Vis studies show that ZnO nanoparticles
have a relatively small band gap of 2.75 eV, as estimated by Tauc plot. The photodegrada-
tion activity tests using synthesized green ZnO NPs showed that approximately 79% of
CV dye is decomposed in 2 h after being exposed to UV irradiation under experimentally
studied conditions. The photodecomposition of CV is impacted by different factors, such as
the catalyst bandgap and loading, the pH and the intensity of light. Moreover, an optimum
photocatalyst loading was determined. Our studies reveal that Oiti leaf extract can be effi-
ciently used for ZnO NPs synthesis, which has significant potential for photodegradation
applications.

Keywords: ZnO nanoparticles; green synthesis; plant extracts; Licania tomentosa Benth
(Oiti); photocatalytic degradation
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1. Introduction
The building of sustainable and circular bioeconomy crucially depends on thewholistic

use of plant biomass and available agricultural residues. While the main fractions of
plant biomass (cellulose, hemicellulose and lignin) find numerous applications, e.g., for
cellulosic ethanol, prebiotics and green chemical productions, the utilization of extractives
from plant residues and agro-industrial side-streams deserve further investigation. One
of the possible applications of plant extractives is in the sustainable green synthesis of
different metal nanoparticles (NPs), including those of metal oxides. Water is one of
the most precious resources for human life and well-being; however, sources of clean
waters become more and more scarce as unsustainable agricultural and industrial practices
contribute to ever increasing levels of pollution [1]. A wide range of pollutants, including
industrial side-streams, dyes, antibiotics, herbicides and pesticides, are contaminating
water resources [2]. Furthermore, microbial contamination leads to serious health problems
and even human and animal deaths [3]. The established methods of water purification,
including sedimentation [4], flotation [5], filtration [6], adsorption [7], or chlorination [8],
are currently in use, but their efficiencies are somewhat limited (e.g., poor efficacy of
antibiotics removal) and they associated costs are frequently elevated. The application of
NPs for water purification is a novel approach which has significant potential, particularly
when nanomaterials with photocatalytic and antimicrobial properties are employed [9].
When exposed to light, such NPs can contribute simultaneously to the organic pollutant
removal and elimination of the pathogenic microorganisms. ZnO belongs to the group II–V
semiconductor compounds and has a wurtzite crystal structure. ZnO possesses outstanding
physical and chemical characteristics, such as a wide direct band gaps (~3.36 eV), high
photostability, biocompatibility and low toxicity [10].

Similarly to TiO2, ZnO has important photocatalytic properties, induced by ultra-
violet (UV) light. When illuminated by light, the ZnO NPs generate reactive oxygen species
(ROS) which are crucial for both the antimicrobial and photocatalytic properties of the
NPs [11,12]. Therefore, ZnO NPs have significant potential for water treatment applications.
Being non-toxic for people and insoluble in water, they can be easily separated and reused.
Nevertheless, these characteristics vary with the size, shape and surface area of ZnO NPs.
All these characteristics depend on the method of NP synthesis.

Different shapes and sizes of ZnO NPs have been obtained using a number of chemical
and physical techniques [13]. Several of these methods are relatively expensive, require
controlled pressure and temperature conditions, are energy and time consuming, and fre-
quently employ hazardous chemicals which have negative environmental effects. Triggered
by the ever-increasing demand for environmental protection, there is a request for green
synthesis methods, which are environmentally benign and avoid employing polluting mate-
rials. The biosynthetic approaches, known as “green synthesis”, have recently engaged the
interest of scientists worldwide. These approaches have several advantages as compared to
traditional physical and/or chemical approaches, such as their easiness, environmentally
sustainable nature, moderate costs, and absence of requirements for additional reagents,
leading to the production of sustainable green nanoparticles [14]. Green synthesis using
plant extracts is the most promising synthesis route among the various biosynthetic ap-
proaches currently described. Several types of phytochemicals, such as flavonoids, lignins,
alkaloids, tannins and amino acids, are abundantly found in plants. Using distilled water
as a universal environmentally friendly solvent, one can conduct green synthesis methods
that involve the extraction of water-soluble compounds and apply them as the reductant
for the synthesis of metal oxide NPs. Bioactive compounds in the plant extract are a key
factor in the formation of nanoparticles using the green synthesis approach. Functional
groups of the phytochemicals, such as polyphenols and/or alkaloids, have a capacity to
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chelate metal ions, which are then thermally sintered to obtain the NPs of interest. The
plant extracts can also play a role of stabilizing agents to prevent the agglomeration of the
resulting NPs.

A number of studies focusing on the synthesis and characterization of ZnO nanopar-
ticles using leaf extracts from plants such as Hibiscus subdariffa [15], aloe vera [16], Ficus
carica [17], Syzygium cumini [18], Lupinus albus, Lupinus pilosus [19], and Sechium edule [20]
have been published within the last decade.

The traditional Brazilian medicinal plant, Licania tomentosa Benth (popularly known as
Oiti), is a member of the Chrysobalanaceae family, an order and superorder of Rosiorae rosales.
Licania seed oil can be used as a substitute for ink drying oil [21]. Oiti can be encountered
within Caatiga bioma, particularly prevalent at the North and Northeast of Brazil. Over
20 genera and about 500 species of trees and shrubs make part of the Chrysobalanaceae family,
which growmostly in tropical and subtropical regions [22]. Licania tomentosa Benth is widely
used as an ornamental tree in Brazilian gardens, roads and squares [23], producing fruits
that are ellipticals and drupaceous, which are being collected from December to March [24].
The leaves of Licania tomentosa contain betulinic acid; licanolide, a new triterpene lactone;
oleanolic acid, lupeol; palmitoleic, hexadecanoic acid [25], phenolics and flavonoids [26]
and display antioxidants [26], antibacterials [27] and antiviral activities [28]. The wide
availability of Oiti in Brazil and the high quantities of biologically active plant extracts in
their leaves caused us to look into their use for ZnO NP synthesis and their applications for
photocatalytic degradation of an industrially relevant organic dye.

In our study, for the first time, we synthesize ZnO nanoparticles using the leaf extract
of Licania tomentosa Benth. The established method is easy to use, inexpensive, and eco-
friendly. We used Licania tomentosa Benth leaf extract to reduce zinc nitrate hexahydrate
Zn(NO3)2·6H2O to ZnO and to promote NP growth. The NPs were characterized using
UV–Vis, SEM, XRD, FT-IR and EDS techniques. Moreover, the produced NPs were utilized
to photodegrade organic crystal violet (CV) dye. We also compared the efficiency of
photodegradation using synthesized ZnO NPs with other metal oxide nanocatalysts.

2. Material and Methods
2.1. Materials

Licania tomentosa leaves have been collected at Sao Carlos USP University campus 2.
Zinc nitrate hexahydrate, ethylenediaminetetraacetic acid (EDTA), ascorbic acid (AA) and
isopropyl alcohol (IPA) was purchased from Sigma–Aldrich (Sao Paulo, SP, Brazil) and
were of analytical quality (purity ≥ 99.0%). The chemicals were used as received, without
further purification.

2.2. Preparation of the Plant Extract

The Licania tomentosa leaves have been collected and thoroughly washed with distilled
water to eliminate impurities. The leaves were dehydrated at 50 ◦C for 5 days and milled
into powder. 3.25 g of this powder were mixed with 150 mL of deionized water and
vigorously agitated using a magnetic stirrer for 3 h at a room temperature to guarantee an
optimized extraction of the soluble bioactive compounds. Themixture, well coveredwith an
aluminum foil, was allowed to rest at room temperature for 21 h and then filtered through
Whatman No. 1 paper to remove the residual solids from the clear extract (Figure 1).
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Figure 1. Schematic representation of the green ZnONPs synthesis using Licania tomentosa leaf extract.

2.3. ZnO NPs Synthesis

For ZnO NPs synthesis, 100 mL of the filtered extract were used to dissolve 0.3 g
of Zn(NO3)2·6H2O at a room temperature and stirred for 3 h using a magnetic stirrer.
The resultant reaction mass was dried in the air oven at 100 ◦C. A brown-colored paste
was obtained and, finally, calcined at 500 ◦C. White powder was formed, which was then
exhaustively washed to remove impurities and dried at 70 ◦C overnight (Figure 1).

2.4. Physical Characterization of the Obtained Green NPs

The diffraction patterns of the ZnO NPs were obtained using X-ray diffractometer
(Bruker Advanced D8) within the angular range of 15–90◦ with a scan step size of 0.034◦.
Cu Kα radiation was used. The X-ray tube settings were 40 mA and 40 kV. A further
analysis of the XRD spectrum was conducted to establish crystal structural parameters
such as crystallite size (D), dislocation density (), micro-strain () and the crystallinity, as
described in Equations (1)–(3) [29]:

D =
0.9α
βcosθ

(1)

 =
1
D2 (2)

 =
β

4 tanθ
(3)

Here, D is the average size of the crystallite, α is the wavelength of incident X-rays
(1.5406 Å), β is the full-width at half-maximum (FWHM) in radians and θ is the scattering
angle in degrees. The lattice constants ‘a’ and ‘c’ and the spacing ‘dhkl’ for the wurtzite
ZnO structure have been calculated according to Equations (2) and (3) [30].

a =


1
3

α

sinθ
=


4d2100
3

and c =
α

sinθ
=


4d2002= 2d002 (4)
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dhkl =
ac
2

 3

c2(h2 + hk+ K2) + 3 (al)2

4

=
λ

2Sinθ
(5)

UV-Vis absorbance spectra were recorded using Thermo Scientific (Waltham, MA,
USA) Multiskan GO UV/Vis Microplate Reader Spectrophotometer within the wavelength
range 200–1000 nm. The ZnO NPs were suspended in milli-Q water and the absorbance
data were collected using 1 cm quartz cuvette. Origin 8 software was used to analyze the
absorption spectra.

FT-IR data were collected as follows: pellets of the samples were prepared using
a hydraulic press and inserted into a Nicolet 6700 FT-IR spectrometer; the spectra were
collected within a wave number range from 400 cm−1 to 4000 cm−1.

The morphology and average size of the prepared NPs were evaluated by the scanning
electron microscopy (SEM) technique. The ZnO NP powder was applied on a sample
holder and coated with gold. Then, the sample was scanned using a focused electron beam.
The elemental composition of the samples was analyzed using energy-dispersive X-ray
spectroscopy (EDS) using a X-Max solid-state silicon detector from Oxford Instruments.

2.5. Photocatalytic Activity

The photocatalytic activity of the calcined samples, obtained via the green synthesis
of ZnO NPs using Licania tomentosa Benth (Oiti) leaf extract, was evaluated using crystal
violet (CV) as a model dye. CV is widely used in textile and paper industries and is a
component of navy blue and black inks. In a standard photocatalysis experiment, 25 mg of
the photocatalyst was dispersed in 100 mL of CV water solution with a dye concentration
of 5 mg/L. To achieve adsorption–desorption equilibrium, the mixture was stirred with
an absence of light for 60 min. After the dark period, a mixture containing CV and the
photocatalyst was irradiated with UV-A light for 120 min using eight (8) UV-A 6W T-5-BL
Lucmat lamps (São Paulo, SP, Brazil), each with a power of 6 watts (W) and a maximum
wavelength of 368 nanometers (nm). During the course of the experiment, 1.5 mL aliquots
were taken every 10 min. The supernatant was obtained by centrifugation at 13,300 rpm
for 10 min. The degradation of the pollutant was monitored by measuring the decrease in
the maximum absorbance of CV dye in the supernatant, with a peak centered at λ = 583
nm, using Thermo Scientific Multiskan GO UV/Vis Microplate Reader Spectrophotometer
over a wavelength range 200–1000 nm (Figure 2).

Figure 2. Schematic representation of the experimental steps for CV decomposition.
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The degradation was quantified using the equation

Degradation percentage =
C0 −Ct

C0
× 100=

A0 −At

A0
× 100 (6)

Here, A0 is the initial absorbance of crystal violet dye corresponding to the initial
concentration C0, and At is the absorbance with concentration Ct at time interval t.

3. Results and Discussion
3.1. Structural Analysis and Average Crystallite Size

The XRD analysis of the green ZnO NPs annealed at 500 ◦C for 2 h is given in Figure 3.
The XRD pattern of the sample (Figure 3) exhibits nine diffraction peaks attributed to
the diffraction of X-rays from the (100), (002), (101), (102), (110), (103), (200), (112) and
(201) planes. The diffraction peaks were assigned using JCPDS Card No. 36-145, which
corresponds to the ZnO wurtzite structure, thermodynamically the most stable phase of
ZnO at a room temperature and pressure [31]. All the Bragg peaks were relatively broad,
indicating that the NPs indeed were obtained. Using the Debye Scherer formula (Equation
(1)), the average crystallite size, dislocation density (), and micro-strain () of the ZnO NPs
was estimated to be about 12.42 nm, 7.1 × 10−3 nm−2 and 0.0081. These results are in good
agreement with those reported previously [32]. The summary of the XRD analysis of the
biosynthesized ZnO NPs is given in Table 1.
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Figure 3. XRD pattern of the ZnO NPs.

Table 1. The X-ray diffraction parameters and crystallite size of the biosynthesized ZnO nanoparticles.

2 Theta
Angles
(Degree)

(hkl) Intensities
(a.u)

FWHM
(Degree) d(hkl), nm Crystallite

Size (nm)

31.68 (100) 13,937.40 0.64358 0.28221086 11.88

34.39 (002) 10,991.96 0.72921 0.26056687 10.41

36.19 (101) 20,470.9 0.6853 0.24800907 11.02

47.51 (102) 1953.19 0.56568 0.19122373 12.85

56.53 (110) 4242.09 0.55264 0.16266489 12.66
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Table 1. Cont.

2 Theta
Angles
(Degree)

(hkl) Intensities
(a.u)

FWHM
(Degree) d(hkl), nm Crystallite

Size (nm)

62.88 (103) 2599.33 0.60442 0.14767869 11.21

66.32 (200) 2879.18 0.46 0.1408281 14.46

67.94 (112) 2353.67 0.6019 0.13785914 10.95

69.01 (201) 4099.63 0.4 0.13598053 16.37

Mean crystallite size, nm 12.4

dislocation density (), nm−2 0.0071

Micro-strain () 0.0081

3.2. SEM Analysis

The SEM technique was applied to analyze morphology and to estimate the particle
size of the green ZnO NPs (Figure 4a). The biosynthesized ZnO NPs have a homogeneously
spherical morphology and are assembled in the aggregates (Figure 4a). In Figure 4b, the
histogram of particle size distribution shows that the mean diameter of ZnO nanoparticles
is 35.68 nm. A comparison of the average ZnO NP size (Figure 4b) with the mean size of the
crystallites (Table 1) indicates that the synthesized particles are polycrystalline. To analyze
the chemical composition of the biosynthesized sample, energy-dispersive X-ray spectra
(EDS) were collected, as depicted in Figure 4c. The EDS spectrum reveals the presence of
three main elements (zinc, oxygen and silicon) in the prepared ZnO NPs. The silicon signal
originates from the Si grids used for the sample loading.

Figure 4. (a) ZnO NPs, as observed by SEM; (b) distribution of particle sizes; (c) EDS of
ZnO nanoparticles.
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3.3. UV-Vis Spectroscopy

UV–Vis absorption spectroscopy was applied to analyze the optical properties of the
green ZnO NPs. Figure 5 shows the UV–Vis ZnO NPs absorption spectrum from 200 to
1000 nm. The figure shows a clear absorption peak at 354 nm that illustrates the presence
of ZnO NPs. The band gap energy of the ZnO NPs was estimated from the experimental
UV–Vis spectroscopy based on Equation (5) [33].

(αhν )2= B(hν− Eg )1/2 (7)
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Figure 5. UV–Vis spectrum of ZnO nanoparticles prepared by Licania tomentosa leaf extract, inset:
Tauc plot of the same UV–Vis spectrum.

Here, B is a constant, h is the Planck constant (6.626 × 10−34 J Hz−1), υ is the light
frequency, Eg is the optical band gap energy and α is the absorption coefficient.

The specific band gap was determined using the extrapolation of the linear part of the
(αhυ)2 versus (hυ) function to the x-axis. The band gap of the ZnO NPs was determined as
2.75 eV (see insert in Figure 5). This gap is significantly smaller than expected for bulk ZnO
(EG = 3.37 eV) [34]. A decrease in the band gap is expected as a consequence of tiny NP
dimensions and also as a result of the plant extract reduction [35], which can lead to even
more reactive NPs than the equivalent NPs prepared using other procedures [36,37].

3.4. FT-IR Spectroscopy Analysis

The FT-IR spectra of ZnO nanoparticles measured in the range of 400–4000 cm−1

showed various shifts and differences in the peak areas at 3400 cm−1, 1550 cm−1, 1400 cm−1,
1050 cm−1 and 550 cm−1 (Figure 6). The peak near 550 cm−1 corresponded to the Zn–O
bond, which further supported the notion of ZnO nanoparticle synthesis [30]. An intense
peak at 3400 cm−1 could be attributed to the O–H stretching vibrations, originating from
the chemically bound OH group and/or the moisture adsorbed on the ZnO nanoparticle
surface, whereas a less intense peak at 1550 cm−1 arises from the deformation vibrations of
the same groups [38,39]. Similarly, the peaks that appeared at 1400 cm−1 and 1050 cm−1

can be associated with the C-O stretching modes [40,41].
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Figure 6. FT-IR spectrum of ZnO nanoparticles synthesized using Licania tomentosa leaf extract. Main
FT-IR peaks are labeled.

3.5. Photocatalysts Activity

The photocatalytic degradation profile of crystal violet dye by the ZnO NPs illumi-
nated with light is shown in Figure 7a. After 120 min of UV-light exposure, ~79% of the CV
dye were photodegraded, demonstrating the excellent photodegradation potential of the
prepared ZnO NPs. The degradation rate can be computed by calculating the ratio of CV
dye concentration in the course of exposure to light to the initial concentration [ln (C/Co)]
versus the illumination time t (Figure 7c). The dependance of ln (C/Co) and t for the ZnO
NPs sample is linear and the correlation coefficient R2 = 0.99 is high (Figure 7c), indicating
that the catalytic mechanism proceeds via the first-order kinetic model described by the
following equation [31]:

ln
C
C0

= k t (8)

where k is the apparent reaction rate constant. The value of k is proportional to the
concentration of catalytic sites responsible for degradation.

The half-life time (t1/2) required to reduce the dye concentration by half is computed
as follows:

t1/2 =
ln2
k

(9)

k is obtained from the slope of the line in Figure 7c [17]. The calculated value of k and
t1/2 are 0.0102 min−1 and ~70 min, respectively.

The high reaction rate constant and short half-life time of CV degradation by the ZnO
NPs is consistent with highly efficient degradation of the dye.

The performance of various ZnO photocatalysts for CV dye degradation under UV
light is given in Table 2. The high efficiency of photocatalytic degradation of the green
ZnO NPs obtained in this study might be related to the larger active surface area of the
photocatalyst as compared to the similar ZnO NPs obtained by different methods (Table 2).
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Figure 7. (a) CV dye absorption spectra demonstrating photodegradation, as manifested by a
decrease in the absorption peak in the presence of the green ZnO NPs and UV light; (b) photocatalytic
degradation efficiency; (c) ln(C0/C) vs. time plots of CV degradation by the ZnO NPs under UV-A
light for a maximum duration of 120 min; (d) percentage of degradation in the presence of different
quenchers during 70 min (25 mg ZnO and 5 ppm of CV dye).

Table 2. Removal efficiency of CV dye by ZnO NPs in the presence of UV light.

Chemical
Synthesis

Catalyst Load
(mg) Light Source Removal

Efficiency (%)

Initial Dye
Concentration

(ppm)

Rate Constant
K (min−1)

Synthesis
Method Ref.

100 UV
(300 W) 96 (80 min) 10 not reported Solution method [42]

80 UV (125 W) 82 (240 min) 5 0.00739 co-precipitation [43]

100 UV
(450 W) 99 (150 min) 10 0.01803 co-precipitation [44]

not reported UV
(100 W) 86 (210 min) 12.5 0.009 Spray pyrolysis [45]

Green
Synthesis

Name of
plant source
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Table 2. Cont.

Chemical
Synthesis

Catalyst Load
(mg) Light Source Removal

Efficiency (%)

Initial Dye
Concentration

(ppm)

Rate Constant
K (min−1)

Synthesis
Method Ref.

50 UV
Not reported 98 (90 min) 10 not reported Leucocephala

leaf extract [46]

20 UV
(500 W) 86 (90 min) 10 0.00624 Delonix Elata

Leaf extract [47]

25 UV
(48 W) 79 (120 min) 5 0.0102 Oiti leaf extract This

work

On the other hand, rod-like α-MnO2 nanocatalysts at a concentration of 30 mg/L were
shown to degrade a wide range of cationic and anionic dyes (Rhodamine B, Rhodamine–6G,
Congo Red, Methyl Blue and Methyl Orange) with very high efficiencies of between 95
and 99.9% within 10 min using visible incident light with an intensity of 8 mW/cm2 and a
spectral range within 400–600 nm with a central wavelength of 445 nm [48]. At the same
time, much smaller degradation rates (30 to 50%) of MB dye have been reported for CeO2

and MnO2 nanoparticles in [49], supporting the notion that the synthetic procedures and
resulting chemical and physical properties of the obtained NPs have a strong impact on
their photocatalytic performance.

3.6. Mechanism of CV Dye Degradation

The mechanism of CV dye photodegradation is shown in the reactions (10)–(16) [44].
The water splitting reaction starts with the UV photoexcitation of the ZnO electrons. The
resulting electron hole of the ZnO NP works as an active site [50]. The ionization of a water
molecule happens when the water interacts with the electron hole and is being ionized into
a proton (H+) and a radical •OH. The formation of the •OH, being a strong oxidizing agent,
is crucial for dye decomposition. Simultaneously, superoxide (•O2

−) is formed when an
oxygen molecule interacts with the electron from the catalyst. The •O2

− can be protonated
to form a hydroperoxyl radical (HOO•), which might be further transformed into •OH.
Consequently, the chemical decomposition of the dye is a result of its interaction with •OH.
Moreover, the dye can also interact with the electron hole in the valence band and the
electron in the conduction band to form oxidation and reduction products [50].

MO + hυ → MO (h+ + e−) (10)

h+ + H2O → H+ + •OH (11)

2h+ + 2H2O→2H+ + H2O2 (12)

H2O2 → 2 •OH (13)

e− + O2 → •O2
− (14)

•O2
− + H2O• + H+→ H2O2 + O2 (15)

H2O2 → 2 •OH (16)

To experimentally investigate the role of particular ROS, we supplemented the pho-
todegradation process with isopropyl alcohol (IPA, 10 mM), ascorbic acid (AA, 10 mM)
or ethylenediaminetetraacetic acid (EDTA, 2 mM), which are the chemical scavengers
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for •OH, •O2− and H+, respectively. The impacts of the scavengers on the efficiency of
photocatalytic degradation can be seen in Figure 7d. The strongest suppression of the pho-
tocatalytic reaction was observed for AA, revealing that superoxide•O2− plays a leading
role in the CV photodegradation. IPA and EDTA also had negative effects on the rate of the
photocatalytic degradation of CV, but their impact was less severe. This indicates that H+

and •OH also play important roles but are somewhat less important than superoxide ions
in the photocatalytic reaction.

Thus, we can conclude that effective photoexitation, leading to an efficient water
spiting reaction and reactive oxygen species generation, is central to CV dye decomposition.
The small bandgap of the synthesized ZnO NPs combined with the appropriate light source
resulted in the observed high efficiency of the dye degradation (Table 2). The final products
of the photocatalytic reaction are typically less harmful or more easily removable than the
original dye (Figure 8) [44].

Figure 8. Scheme of the photocatalytic degradation routes.

3.7. Optimization Studies

The prepared ZnO NPs were subjected to further optimization in order to establish
the optimum catalyst loading and temperature, the intensity of the irradiation source and
the pH.

3.7.1. Optimization of ZnO Catalyst Loading

In general, an increase in the photocatalyst load in the photocatalytic assay would lead
to an increased production of •OH free radicals. In this study, the oxidative degradation of
CV was conducted by studying the catalyst loadings of 12.5, 25 and 50 mg while keeping
constant CV dye concentration (5 ppm) (Figure 9). After 120 min of UV exposure, the
degradation of the dye increased from 36% to 79%, when the ZnO NPs loading increased
from 12.5 mg to 25 mg. An increase in the catalyst loading amplifies a number of the
available active sites, resulting in an increased efficiency of photocatalytic degradation as
a result of the higher NP density in the illuminated area [49]. However, upon a further
increase in the catalyst loading to 50 mg, the degradation efficiency of the dye was found
to be reduced to 74%. This might be attributed to the enhanced light scattering and
screening effects due to the increase in the catalyst NPs load, thus limiting the catalytic
performance of ZnO NPs [51,52]. In addition, catalyst aggregation is detrimental to its
catalytic activity [46]. Thus, the optimal amount of ZnO NPs for optimal degradation
efficiency under the conditions of the current study was found to be 25 mg.
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Figure 9. Impact of the catalyst loading on the performance of ZnO NPs photocatalyst against CV.

3.7.2. Effect of Temperature

Normally, ambient conditions are employed for monitoring the light-mediated NP
degradation reactions, as applied for the degradation of dyes. However, temperature can
influence the kinetics of the degradation processes [51]. We evaluated CV dye photodegra-
dation by a ZnO NP catalyst at three distinct reaction temperatures: 40, 50 and 60 ◦C
(Figure 10). After a 120 min reaction at these temperatures, the CV decolorization efficien-
cies were almost the same, such that the efficiency of decolorization varied between 75%,
77% and 78%, as compared to 79% at room temperature, revealing that the heterogeneous
catalytic photodegradation was not significantly affected by temperature [53].
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Figure 10. Influence of the reaction temperature on the photocatalytic degradation of CV dye.

3.7.3. Impact of UV Light Intensity

To investigate the influence of UV light intensity levels on the photodegradation of
CV, as promoted by the ZnO NPs, the UV lamps with a total power of 24 W and 48 W
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were employed while the initial CV concentration and catalyst loading were set to 5 ppm
and 25 mg, respectively. The experiments were conducted both in the presence of light
and in the dark (Figure 11). Our results show that the efficiency of photodegradation is
strongly impacted by the light intensity. Indeed, with an increase in UV light intensity
from 24 W to 48 W, the level of CV degradation increases from 50% to 79%. Since the ZnO
NPs are suspended in a stirred solution, the light intensity directly affects a number of
photons which hit the catalyst surface. The increase in degradation rates and efficiencies is
due to the increased generation of ROS on the ZnO NP surface under a more intense light
condition. As expected, at the absence of light, the ZnO catalyst was unable to promote the
efficient oxidation of the dye (Figure 11) [54,55].
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Figure 11. Impact of light intensity on photocatalytic degradation of CV dye.

3.7.4. Effect of pH

The pH influence on the efficiency of dye degradation was studied by varying the solu-
tion pH in the range of 6–8 while holding the catalyst dosage and initial dye concentration
at the fixed values of 25 mg and 5 ppm, respectively. The pH of the solution was adjusted
using hydrochloric acid (HCl) and sodium hydroxide (NaOH) solutions. The results of pH
dependency studies are depicted in Figure 12. These experiments reveal that a stronger dye
degradation was observed for a relatively high pH of 8,85, as compared to acid (pH = 6.65)
conditions. Indeed, it is well documented that the pH of zero-point charge (pHzpc) for
ZnO NPs is alkaline (between 8.0 and 9.0) [54,56], which means that it is positive at acid
pHs (pH = 6) and is close to neutral or negatively charged at alkaline pHs (pH ≥ 8).

The first-order rate constants of all the parameters estimated from ln C0/C vs. time
plot are given in Table 3.

Table 3. The effect of key parameters on the rate of degradation of crystal violet by the ZnO NPs
under UV-A light for a maximum duration of 120 min.

Parameters K (min−1) T1/2 (min) R2

Catalyst loading (mg)

25 0.0102 67.95 0.99486

50 0.00927 74.77 0.99474

12.5 0.00328 211.32 0.97806
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Table 3. Cont.

Parameters K (min−1) T1/2 (min) R2

Temperature (degree)

Room 0.0102 67.95 0.99486

40 0.00911 76.08 0.99039

50 0.01099 63.07 0.99327

60 0.0122 56.81 0.9725

UV intensity (watt)

36 0.00465 149.06 0.98055

72 0.0102 67.95 0.99486

pH

6.65 0.0036 192.54 0.97801

8.85 0.0102 67.95 0.99486
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Figure 12. Effect of pH on photocatalytic degradation of CV dye.

To investigate the impact of the photocatalytic process on the photocatalyst itself, we
recovered the ZnO NPs at the end of the cycle and subjected them to an XRD analysis. The
XRD studies reveal a well-preserved crystalline structure (Figure 13).

The crystallinity, the dislocation constant, the microstrain and the average size of
the ZnO nanoparticles biosynthesis before and after the photocatalytic degradation were
calculated from the XRD patterns and summarized in Table 4.

Our results demonstrate that UV light illumination of the ZnONPs leads to an increase
in the average crystallite size and a decrease in the dislocation density (Table 4), indicating
a possible annealing effect. At the same time, the crystallinity of the nanocatalyst decreases,
which is related to its increased amorphization. In addition, specific surface area, the nature
and concentration of electronic defects, as well as surface contaminants were shown to
have strong impacts on the nanocatalyst photocatalytic performances [57].
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Figure 13. XRD of ZnO NPs after photodegradation of CV dye.

Table 4. Crystallinity, dislocation constant, microstrain and average crystallite size for the bioengi-
neered ZnO nanoparticles after the photocatalytic degradation.

Average Crystallite
Size (nm)

Dislocation
Density (δ) (nm−2) Microstrain (ε) Crystallinity

(%)

Before 12.4 0.0071 0.0081 50.83
After 13.32 0.0056 0.0072 32.67

4. Conclusions
The total use of plant biomass is crucial for the building of a circular bioeconomy.

Aiming to valorize an underappreciated part of plant biomass, extractives, a sustainable
synthesis of ZnO NPs using Licania tomentosa Benth (also known as Oiti) leaf extract has
been performed for the first time and the NP properties have been evaluated. The produced
bioengineered ZnO NPs were characterized using a range of physical techniques. We fur-
ther applied the ZnO NPs for the photocatalytic degradation of crystal violet (CV) dye and
evaluated the efficiency of the photodegradation process. The synthesized nanoparticles
have a mean crystallite size of 12.4 nm, as measured by XRD, and have a spherical shape, as
revealed by SEM. UV–Vis studies show that ZnO NPs have a direct band gap of 2.72 eV, as
estimated by a Tauc plot. The photodegradation activity tests using synthesized green ZnO
NPs revealed that up to ~79% of CV dye could be decomposed under UV irradiation in 2 h
under experimentally studied conditions. We also demonstrated that the decomposition of
CV is directly influenced by the catalyst load and the light source intensity and that the
nanocatalyst largely preserves its structural properties after the photodegradation cycle.
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