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such as phenolic acids, glycosides, 1,8-cineole, α and 
β-pinene, p-cymene, thymol, calamine, alpha-copaene, tan-
nins, flavonoids, damianin, beta-sitosterol, arbutin, gon-
zalitosin, and tetraphylline B [3–6]. Currently, this plant’s 
research focuses on physicochemical analysis and its bio-
activity in human health issues. Nevertheless, so far, it has 
not been much studied to synthesize nanomaterials such as 
semiconducting oxide nanoparticles. For the synthesis of 
nanoparticles, various methods have been employed, such 
as physical vapor deposition, chemical vapor deposition, 
sol-gel, chemical reduction, hydrothermal and solvothermal 
methods, spray pyrolysis, laser ablation, electrodeposition 
process, microwave technique, among others [7]. These 
methods could be considered conventional, but unfor-
tunately, they carry a series of disadvantages that put the 
health of people and the environment at risk. For example, 
most of these methods use organic solvents that cause a 
reproductive or neurobehavioral risk to the people who use 
them. Very high pressures and temperatures are also used, 
which causes a possible risk in the workplace, and some 
of these processes generate pollutants that directly dam-
age the environment. In addition, some methods are very 
costly and require very sophisticated equipment [8]. Due to 

1  Introduction

Turnera diffusa is a shrub endemic to different places in 
America and Africa. It has been used as a male sexual stim-
ulant (aphrodisiac), tonic as a treatment for diabetes, urinary 
retention, and diarrhea, among other medicinal remedies [1, 
2]. Phytochemical studies reported in other research of this 
plant have revealed that the leaves contain up to 1% essen-
tial oils consisting of a wide variety of bioactive compounds 
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Abstract
Water effluents are excessively contaminated by organic dyes, causing significant damage to the flora and fauna. In this 
research, photocatalysis was used for the removal of three organic dyes, methylene blue (MB), methyl orange (MO), 
and rhodamine B (RhB). ZnO nanoparticles biosynthesized through an eco-friendly route were used as photocatalysts, 
employing extracts of Turnera diffusa as the reducing agent of the metallic precursor in these nanoparticle syntheses. The 
nanoparticles were characterized to know their structure by Attenuated Total Reflectance Spectroscopy (ATR-IR), X-ray 
Diffraction (XRD), and X-ray Emitted Photoelectron Spectroscopy (XPS). Thermogravimetric Analysis (TGA) was used 
to evaluate the thermal behavior, the BET method was used to evaluate the specific surface area, the morphology was 
analyzed by Transmission Electron Microscopy (TEM), and finally, the TAUC model was used to obtain the energy gap 
by UltraViolet-Visible spectroscopy (UV-Vis) spectra. The photocatalytic activity results presented a 100% degradation in 
180 and 50 min for MB and MO dyes, respectively. And a 77% degradation for RhB at 180 min. This indicates that the 
biosynthesized NPs are adequate for removing contaminants found in water.
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these disadvantages, the scientific community has searched 
for greener or more environmentally friendly synthesis 
routes. For this reason, green synthesis (biological method) 
has emerged as a new possibility to synthesize nanopar-
ticles using reducing agents and stabilizers using natural 
extracts. This alternative is economical and replaces harm-
ful and dangerous reagents (which makes it environmen-
tally friendly) [9]. In this process, several variables can be 
controlled and modified during the synthesis of nanoparti-
cles, such as the concentration of precursor salt (metal), the 
concentration of the biological agent, agitation time, tem-
perature, pH, among others [10]. Some materials employed 
in this process are tree leaves, branches, fruit peel, fruits, 
flowers, vegetables, fungi, bacteria, and algae [11]. Previ-
ous studies have shown that green synthesis can be used 
to obtain nanoparticles with different properties and sizes, 
such as the study by Diego Alberto et al., where they used 
Capsicum chinense plant extract to obtain gold (Au) and sil-
ver (Ag) nanoparticles, obtaining sizes of 16.76 ± 0.32 nm 
and 20.67 ± 0.26  nm, respectively. These nanoparticles 
were used to evaluate the antioxidant activity. They inhib-
ited the growth of S. aureus,E. coli, S. marcescens, and E. 
faecalis, bacterial strains of great clinical importance [12]. 
Additionally, Rohini P. Patil et al. presented the synthe-
sis of CdFe₂O₄ nanorods (NRs) using cabbage (Brassica 
oleracea) leaf extract as a stabilizing agent and evaluated 
the photocatalytic and cytotoxic properties of the nanorods 
[13]. On the other hand, Abdelazeem S. et al., used Atriplex 
halimus leaves to obtain platinum (Pt) nanoparticles, which 
had a quasi-spherical surface and sizes of 1 to 3 nm. The 
authors evaluated the antimicrobial, antioxidant potential, 
and catalytic applications [14]. In addition, A. Villegas-
Fuentes et al., used Citrus macrocarpa extract to obtain 
Zinc oxide (ZnO) nanoparticles with sizes ranging from 
13.1 to 39.7  nm. These ZnO nanoparticles were used for 
the removal of contaminants in water [15]. Also, Gawade 
V. et al. reported the synthesis of ZnO nanostructures medi-
ated by Syzygium cumini leaf extract. They achieved a band 
gap of 3.16 eV with nanoparticle sizes of 25–30 nm, which 
were used for the photodegradation of MO and MB [16]. As 
observed, the literature reports various studies using green 
synthesis of semiconductor nanoparticles with materials 
such as leaves, stems, roots, fungi, and others. However, the 
green synthesis of ZnO nanoparticles using Turnera diffusa 
has not been reported. Turnera diffusa is a plant that can 
grow up to two meters tall and thrives in arid regions of 
Brazil, Bolivia, the United States, and Mexico. This plant 
has been used as a remedy for stomach pain, pulmonary 
diseases, kidney infections, rheumatism, diabetes, among 
other applications [17]. It has been reported that the leaves 
of this plant contain over 20 bioactive compounds, includ-
ing flavonoids, 1,8-cineole, α and β-pinene, p-cymene, 

thymol, calamene, alpha-copaene, tannins, damiana, glyco-
sides, and others [6]. These organic molecules make Turn-
era diffusa a suitable candidate for the green synthesis of 
semiconductor nanoparticles. There are several applications 
of nanoparticles because they are nanomaterials that have 
outstanding properties due to their atomic interactions on 
their surface [18]. A significant advantage of nanoparticles 
is their high surface area, which increases upon dispersion, 
causing higher reactivity. In addition, on the surface of these 
nanomaterials, a large number of atoms have fewer direct 
neighbors, resulting in a reduction of the binding energy per 
atom. The smaller the nanoparticle is, the more quantum 
effects are involved, which causes changes in electron affin-
ity or in the ability to accept or donate charges improving 
the catalytic properties of the material [19]. For these rea-
sons, nanoparticles have been used in medicine and tissue 
engineering to elaborate magnetic devices, microelectronic 
devices, anticorrosive coatings, biomedical products, and 
agriculture as photocatalysts [20]. Photocatalysis is one of 
the applications that has had a significant boom in recent 
years because it is a simple, low-cost, and effective method 
to remove many contaminants in water. In this method, 
electron-hole pairs are produced by the excitation of valence 
band electrons that migrate to the conduction band under 
solar or UV radiation, generating hydroxyl radicals and 
superoxides with oxidative capacities to mineralize the pol-
lutants present in water [21]. Therefore, photocatalysis is a 
suitable and environmentally friendly process that reduces 
the problem of water pollution. This work synthesized ZnO 
nanoparticles using Turnera diffusa as a reducing agent. In 
addition, they were employed in the photocatalysis process 
to remove three different types of pollutants (MB, MO, and 
RhB).

2  Materials and methods

2.1  Materials

In the biosynthesis of the nanoparticles were used: the dry 
leaf of Turnera diffusa, Zinc nitrate [Zn(NO3)2*6H2O] at 
98% purity acquired from Sigma Aldrich and deionized 
water from Sumilab S.A. de C.V. The three organic dyes 
used in this investigation were purchased from Sigma 
Aldrich (MB with 373.9 g/mol, MO of 327.34 g/mol and 
RhB of 479.01 g/mol).

2.2  Extract preparation and biosynthesis

In order to obtain the natural extract, it was necessary to 
crush the dried leaves of Turnera diffusa. Subsequently, 3 
solutions with different extract percentages were prepared 
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by weighing 0.5, 1, and 2 g of crushed leaf corresponding 
to 1, 2, and 4%, respectively (The 4% crushed leaf solu-
tion was the maximum amount that allowed the stirring and 
filtration process without affecting the biosynthesis process 
or saturating the system). This material was placed in 50 ml 
of deionized water and shaken for 2  h at room tempera-
ture. Subsequently, they were immersed in a thermal bath 
at 60  °C for 1  h and filtered to remove the organic mat-
ter to obtain extracts of different percentages. Then 2 g of 
[Zn(NO3)2*6H2O] was added and stirred for 1 h (without 
the presence of light) and heat treated in a bath at 60  °C 
for 13 ± 0.5 h until a plastic consistency of the solution was 
achieved. The resulting material was placed in a porcelain 
capsule to apply a heat treatment of 400 °C for 1 h to obtain 
the biosynthesized ZnO nanoparticles finally. The samples 
were identified depending on the percentage of extract used 
in the biosynthesis. The nanoparticles with 1% Turnera dif-
fusa were labeled as Td-ZnO (1%); the same was true for 
the other study samples. The mechanism of ZnO nanopar-
ticle formation using Turnera diffusa as a stabilizing agent 
is shown in Fig. 1 [22].

2.3  Characterization of NPs

The ATR-IR study was performed using a Perkin Elmer, 
Model Brand equipment (with a resolution of 0.5  cm− 1), 
and the XRD analysis was performed using a Bruker-D2 
Phase equipment at 30 kV, 10 mA, and a range of 10–80 
2θ. The morphology was evaluated using a JEOL equip-
ment, model JEM-2100, with a LaB6 filament and 120 kV 
acceleration (TEM). The thermal analysis was carried out 
using TA Instruments SDTQ600 equipment with an air 
environment from 10 °C to 800 °C. The surface study was 
performed using TriStar II 3020 equipment with an absorp-
tion of N2 at 77 °K. The XPS study was performed using 
a monochromatic Al K Alpha radiation with a pass energy 
of 20 eV with an Escalab 250Xi equipment (Thermofisher). 
Finally, the band gap was calculated using a Perkin Elmer 
UV-Vis equipment, model Lambda 365, with a 190–800 nm 
wavelength and a resolution speed of 600 nm/min.

2.4  Photocatalytic test

To evaluate the photocatalytic activity of the biosynthesized 
ZnO nanoparticles, 50 ml of the pollutants to be evaluated 
(MB, MO, and RhB) were prepared at a concentration of 15 
ppm. Subsequently, 50 mg of nanoparticles were added to 
each solution and shaken for 30 min in the dark until adsorp-
tion-desorption equilibrium is reached. After this time, the 
solutions were placed in Polaris UV-1 C reactors equipped 
with 10 W UV lamps at 18 mJ/cm2 with a distance between 
the lamp and the solution of 2.5 cm. The concentration was 

measured with Perkin Elmer UV-Vis equipment, model 
Lambda 360, recording every 10 min until complete degra-
dation was achieved.

3  Results and discussion

3.1  Characterization of ZnO nanoparticles

Figure 2 shows the nanoparticle bond vibration (Fig. 2a), 
thermal behavior (Fig. 2b), surface properties (Fig. 2c), and 
the diffractogram of the biosynthesized ZnO nanoparticles 
in this study (Fig. 2d).

3.1.1  Molecular vibration (ATR-IR)

The ATR-IR shows the vibration of the molecules present 
in the ZnO nanoparticles (Fig. 2a). The graph highlights a 
broad band between 600 and 350 cm− 1 which is attributed 
to the stretching of the metal oxide (vibration of the Zn-O 
bond) in the three samples analyzed (1, 2 and 4% extract) 
[23]. This is confirmed by other previously published stud-
ies [24–26]. Notably, the vibrational band is broader as 
the extract used in the biosynthesis of the nanoparticles 
increases. In addition, at about 1360 cm− 1 a small absorp-
tion band is observed, which is attributed to the C = C 
vibration present in some functionalized compounds in the 
nanoparticles of the organic extract [27]. The ATR-IR anal-
ysis data demonstrate the interaction between the oxygen of 
the functional groups of the organic compound with the salt 
molecules in the formation of ZnO nanoparticles.

3.1.2  Thermal properties (TGA)

Thermogravimetric analysis showed that ZnO nanoparticles 
biosynthesized with Turnera diffusa have excellent thermal 
stability (Fig. 2b). The analysis performed up to 800 °C pre-
sented a weight loss of 1.63, 1.82 and 4.99% for the sam-
ples with 1, 2 and 4% extract used, respectively. As can be 
observed, the thermal behavior of the sample with 1 and 
2% extract was very similar, and in the case of the sample 
containing 4% extract in the biosynthesis, the weight loss 
was higher. This is attributed to the fact that when synthe-
sized with natural extracts, the organic molecules are func-
tionalized on the surface of the nanoparticles. Therefore, the 
higher the percentage of extract used in the biosynthesis, the 
greater the functionalization. The initial loss of up to 135 °C 
is due to the moisture in the sample [28]. The second loss 
spanning 200–320  °C can be attributed to the conversion 
of organic Zn complexes to Zn(OH)2 [29], and the weight 
loss between 320 and 700 °C is attributed to the degradation 
of the organic groups involved in the biosynthesis [30, 31]. 
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diffusa in biosynthesis with different percentages (Fig. 2c). 
The specific surface area, pore size, and pore volume of 
the biosynthesized nanoparticles are observed in Table  1. 
The graph shows the isotherms as type IV according to the 
IUPAC classification with H3 type isosteresis loops, indi-
cating that the materials are mesoporous. It should be noted 
that the nanoparticles synthesized with 4% natural extract 
have a higher amount of adsorbed volume than the other 

Thermal analysis confirms that the biosynthesized nanopar-
ticles have excellent thermal stability and that the organic 
molecules are part of the final material.

3.1.3  Surface properties

BET analysis was performed to know the surface proper-
ties of ZnO nanoparticles and the effect of using Turnera 

Fig. 1  Proposed mechanism of formation of ZnO nanoparticles by green synthesis
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ZnO nanoparticles using Linum usitatissimum extract, 
obtaining nanoparticles with a specific surface area of 7.27, 
pore volume of 0.027 and pore size of 15 nm [33].

3.1.4  Crystalline structure (XRD)

The compositional, crystalline phase and size analysis 
of Turnera diffusa biosynthesized ZnO nanoparticles are 
observed in Fig. 2d. The most prominent diffraction peaks 
are observed at 31.80°, 34.43°, 36.28°, 47.53°, 56.62°, 
62.89° and 67.98° of 2θ which are attributed to lattice 
planes (100), (002), (101), (102), (110), (103) and (112) 
respectively. According to the International Centre for 
Diffraction Data Sample Preparation Methods in X-Ray 
Powder Diffraction (JCPDS) card number 36-1451 these 
diffraction indices correspond to the hexagonal structure of 

samples, which is related to the size of the material. The 
specific surface area of the ZnO nanoparticles was 3.143, 
4.995, and 9.148 m2 /g for the 1, 2, and 4% samples, respec-
tively. On the other hand, the pore volume had the same 
trend; it was increasing as the percentage of extract used 
increased. These results are directly related to the size of 
the nanoparticles. The smaller the nanoparticle, the greater 
the specific surface area. On the other hand, the particle size 
is also related to the pore size since the smaller the particle 
size, the lower the porosity that can be found on the surface. 
That is why the samples had a pore size of 26.47, 19.93 and 
15.75 (Ӑ) with the 1, 2, and 4% extract samples used. The 
three samples’ pore size is approximately 15 and 26  nm, 
revealing that the material is dominated by a mesoporous 
structure, agreeing with the adsorption isotherms type IV 
[32]. In the study of M. Alkasir et al. 2020, they synthesized 

Table 1  a) BET surface area, and pore volume and size of the ZnO NPs
Sample Surface Area (m2 /g) Pore Volume (cm3 /g) Pore Size (Å)
1% Td-ZnO 3.143 0.003 26.47
2% Td-ZnO 4.995 0.004 19.93
4% Td-ZnO 9.148 0.019 15.75

Fig. 2  a) ATR-IR, b) TGA, c) BET and d) XRD of ZnO nanoparticles
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9 eV; these peaks can be assigned to the signals of Zn2P1/2, 
Zn2P3/2, O1s, Zn3s, Zn3p, and Zn3d. The peaks mentioned 
above confirm that nanoparticles of high purity have been 
obtained since they only present the peaks belonging to the 
elements Zn and O, which form the ZnO [42]. Considering 
the results obtained in the analysis of the general spectra, 
high-resolution analyses were carried out for the prominent 
peaks O1s and Zn2p. The high-resolution analysis of the 
O1s peak (Fig. 4c) shows that adding different amounts of 
the extracts does not affect the position of the primary signal 
at 530.5 eV [43], indicating that for all cases, nanoparticles 
with high purity were obtained. Upon deconvolution of 
the O1s signal (Fig. 5), it was found that it can be decom-
posed into two signals centered at positions 530.5 eV and 
532 eV; these signals indicate the coexistence of the Zn-O 
species [44]. For the case of the high-resolution analysis of 
the Zn2P peak, two signals are shown at 1045 and 1022 eV, 
which are due to the Zn2P species1/2 and 2P3/2, presenting 
a separation of 23 eV; this energy difference belongs to the 
Zn species 2+ which is characteristic of ZnO nanoparticles 
[45]. The XPS analysis supports what was found in the pre-
vious characterizations, in which the satisfactory obtaining 
of ZnO nanoparticles is demonstrated.

3.1.7  Band gap

The knowledge of the characteristics of morphology, com-
position, and structure of the nanoparticles obtained is of 
great importance because it defines their behavior and gives 
knowledge about their possible applications. In the current 
study, the application in photocatalysis was considered. It is, 
therefore, of great importance to know the band gap value 
of the different nanoparticles obtained because the band gap 
is defined as the energy required to excite the nanoparticles, 
and their properties as photocatalysts can be exploited. The 
band gap values were obtained based on the results of the 
UV-Vis analysis adopting the TAUC model [46] further-
more, the results are shown in Fig. 6. The UV-Vis analysis 
results of ZnO nanoparticles biosynthesized with 1, 2, and 
4% extract are very similar. Figure 6a, b, and c presents an 
absorbance point at 370 nm for all three cases. The appear-
ance of this absorption band is broadly related to the for-
mation of the ZnO nanoparticles [47]. Moreover, the band 
gap values were 2.82 eV, 2.75 eV, and 2.65 eV for the ZnO 
nanoparticles biosynthesized with 1, 2, and 4%, respec-
tively. All three samples obtained values below that reported 
for commercial ZnO nanoparticles [48]. The decrease in 
the band gap value compared to commercial ZnO can be 
easily linked to the utilization of Turnera diffusa extracts 
as reported in a large number of publications, thus demon-
strated by Jayappa et al. in 2020, who used extracts of Mus-
saenda frondosa L. [], in another report the use of extracts 

wurtzite with the special P63mc group of ZnO [34–36]. In 
addition, the crystallite size of the three analyzed samples 
was obtained, representing the nanoparticles size. The crys-
tallite size analysis was performed following the procedure 
described by A. Rezaei et al. 2022 and Sagar V. 2021 using 
the Scherrer’s formula [37, 38]. The crystallite sizes of the 
nanoparticles presented in this study were 34, 25, and 12 
for the samples with 1, 2, and 4% of extract used in the bio-
synthesis, which indicates that using a higher percentage of 
natural extract causes a decrease in nanoparticle size.

3.1.5  TEM

The agglomeration, size distribution, and shapes of the 
nanoparticles biosynthesized with Turnera diffusa were 
evaluated by TEM analysis presented in Fig. 3. The micro-
graphs of the study show that as the percentage used in 
the biosynthesis increases, the size of the nanoparticles 
decreases and the agglomeration also decreases. This is due 
to the organic molecules of the natural extract, which encap-
sulate the metal ions or function as a barrier that prevents 
nanoparticle interactions [39]. In the synthesis with 1% 
extract, spherical and hexagonal shapes of the nanoparticles 
with an average size of 35  nm (measurement taken from 
100 measurements using ImageJ software) were observed. 
Increasing the percentage used shows less agglomeration, 
and the shape of the nanoparticles is the same, with an aver-
age size of 24 nm. Finally, by increasing the percentage of 
extract to 4%, the agglomeration is lower, and the size of 
the nanoparticles decreases to an average size of 14.4 nm, 
which confirms those mentioned earlier. In all the samples 
analyzed, the spacing between the crystal lattice fringes was 
approximately 0.30 nm, which coincides with the interpla-
nar spacing of the index (100) of the lattice planes of ZnO 
[40]. Similar sizes have been presented in other investiga-
tions when using natural extracts in the green synthesis of 
ZnO nanoparticles. Such is the case of A.M. Abdo et al. 
in 2022 where they synthesized ZnO nanoparticles using 
Pseudomonas aeruginosa, achieving average diameters of 
14.95 ± 3.5 nm [41].

3.1.6  XPS

Since the photocatalytic process is carried out on the sur-
face of the photocatalyst material, it is of utmost importance 
to perform the surface analysis of the photocatalyst. In this 
research, the elemental and chemical environment analysis 
of the surface of the ZnO nanoparticles biosynthesized with 
Turnera diffusa was performed using XPS (the results can 
be observed in Fig. 4). In the analysis of the overall spectra 
(Fig. 4a) it can be observed that all samples present peaks 
at the binding energies of 1045, 1022, 530.5, 139, 88 and 
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Fig. 3  a) TEM and size distribution of synthesized ZnO nanoparticles: a) 1%, b) 2% and c) 4%
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with Scutellaria baicalensis achieving 98% degradation at 
210 min. [50]. On the other hand, Hamad Sadiq et al. 2021 
degraded 91.4% of MB in 180 min [51].

The degradation of MO without the presence of a catalyst 
was 2.6% in 180 min. Other studies indicate that this dye is 
very difficult to degrade naturally. In the study of Piangjai 
Peerakiatkha john et al. 2021, the photocatalytic activity of 
MO without a catalyst was stable without showing degra-
dation [52]. By using biosynthesized ZnO nanoparticles, 
the removal of this pollutant was accelerated. By using 
nanoparticles with 1% and 2% of natural extract, the initial 
concentration of the dye was reduced up to 56 and 61.5% in 
exposure at 180 min. However, the sample that presented the 
best results was the one in which 4% was used for the bio-
synthesis of the nanomaterial. These nanoparticles showed 
100% degradation in 50 min. The high degradation of this 
sample is attributed to the small size of the nanoparticle and 
its high specific surface area (data observed in TEM and 
BET) [53]. May Abdullah Abomuti et al. 2021 synthesized 
ZnO nanoparticles using Salvia officinalis leaf extracts, and 
the photocatalytic study showed 92.47% degradation of MO 
in 120 min of exposure to UV light [54]. On the other hand, 

of Eucalyptus globulus by Barzinjy et al. in 2020 was pub-
lished [31], among others. The decrease in the band gap is 
attributed to using plant extracts since the organic contents 
function as photosensitizers. Less energy is needed for its 
excitation, decreasing the band gap.

3.2  Photocatalytic activity of ZnO nanoparticles

The photocatalytic activity of Turnera diffusa biosynthe-
sized nanoparticles in removing three different organic dyes 
is observed in Fig.  7. The degradation of MB without a 
catalyst was 9.7% in 180 min. Yi Lin et al. 2020 reported 
the photolysis of MB obtaining a degradation of 6.8% in 
90 min. [49]. On the other hand, in this study, 100% elimi-
nation of the pollutant was achieved after 180 min of expo-
sure to UV energy with the samples of 2 and 4% extract 
used in the biosynthesis. It should be noted that the behavior 
of these two nanoparticles was very similar. On the other 
hand, the sample containing 1% extract used in the biosyn-
thesis managed to degrade MB 71.4% in 180  min. Other 
studies have reported similar results, such as Ling Chen et 
al. 2019, where they used ZnO nanoparticles biosynthesized 

Fig. 4  XPS studies of the ZnO NP’s, where a) General Spectra, b) Zn 2P and c) O1s
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is a greater quantity of molecules that function as stabiliz-
ing agents and a barrier that prevents the agglomeration of 
nanoparticles, thus avoiding growth, therefore, by increas-
ing the concentration of the extract the smaller the size of 
the nanoparticles is obtained (see TEM and XRD analysis) 
[59], and the smaller the size, the higher the specific surface 
area (see BET analysis). Furthermore, when the specific sur-
face area is larger, there is a larger space where there are 
more active sites or reactivity sites that cause an increase 
in the photocatalytic activity of the materials. In addition, 
when the percentage of extract used increases, the band gap 
value decreases since the organic content of Turnera dif-
fusa acts as a photosensitizer, allowing the ZnO nanopar-
ticles to be excited with a smaller energy [60]. leading to 
higher efficiency in the degradation of organic dyes [61, 62]. 
Finally, a proposed photocatalytic degradation mechanism 
is observed in Fig. 7d. In the reaction, the dye molecules are 
in contact with the surface of ZnO nanoparticles, and when 
they are irradiated with energy, it causes an energy shift gen-
erating electrons (e-) in the conduction band and holes in the 
valence band (h+) [63]. These species (e- and h+) interact 

H. Chemingui et al. in 2019 synthesized ZnO nanoparticles 
with Nephelium lappaceum L. and degraded 83.99% MO in 
120 min under UV light [55].

Figure 7c shows the degradation results of RhB, where 
it is observed that without the presence of the catalyst, the 
degradation of the contaminant was 4.4%. This is due to 
the nature of the dye and its difficulty in being removed by 
a natural process [56]. The ZnO nanoparticles used in this 
study allowed the degradation of RhB by 62.1, 66.2, and 
77% in 180 min for the samples biosynthesized with 1, 2, 
and 4% of Turnera diffusa extract. In research published by 
Munir Ahmad et al. in 2020, they achieved the degradation 
of 74% of RhB in 180 min using ZnO nanoparticles biosyn-
thesized with Carya illinoinensis leaf extract [57]. Further-
more, Shashanka Rajendrachari et al. 2021 degraded 75% 
RhB in 120  min using ZnO nanoparticles biosynthesized 
with Alchemilla vulgaris [58].

In the photocatalytic activity of the three organic pol-
lutants, it is observed that the best results were obtained 
as the percentage used in biosynthesis increased. This is 
because by increasing the concentration of the extract there 

Fig. 5  Deconvolution of O1s peaks: a) 1%, b) 2% and c) 4%
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helps increase the state of the art on the green synthesis of 
semiconductor oxide nanoparticles.

with water and oxygen in the environment generates super-
oxide and hydroxyl radicals, which interact with the pol-
lutant molecules and gradually degrade the molecules in 
search of chemical stability. Generally, the by-products of 
the reaction are CO2 and H2O [64].

4  Conclusions

With the development of this work, it was possible to 
know the photocatalytic activity of ZnO nanoparticles in 
the degradation of three different pollutants in water. The 
pollutants MB and MO were degraded 100% in 180  min 
and 50  min, respectively, and RhB was degraded 77% in 
180 min. This study showed the importance of these pho-
tocatalysts because the dyes alone, without nanoparticles, 
are very difficult to degrade. In addition to the photocata-
lytic studies, this work presented an ecological synthesis 
using a natural extract such as Turnera diffusa. This extract 
successfully allowed a reduction of the metallic precursor, 
and as the percentage used increased, the properties of the 
nanoparticles were modified. With 4%, nanoparticles with 
smaller size and higher specific surface area and, therefore, 
higher photocatalytic activity were possible. This research 

Fig. 6  Band gap of biosynthesized ZnO nanoparticles: a) 1%, b) 2% and c) 4%
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