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In this work, ZnO semiconductor nanoparticles were green-synthesized using Capsicum 
annuum L. var. Caribe pepper extracts at 1%, 2%, and 4% w/v (weight/volume) as 
stabilizing agents. The nanoparticles were applied in photocatalytic processes for the 
degradation of Methylene Blue (MB), Methyl Orange (MO), and Rhodamine B (RhB) in 
aqueous media. Characterization involved Fourier Transform Infrared Spectroscopy (FT-
IR), identifying the Zn-O bond at 421 cm-1. X-Ray Diffraction (XRD) analysis revealed a 
hexagonal Wurtzite-type crystalline phase with crystallite sizes ranging from 13 to 23 nm. 
Scanning Electron Microscopy (SEM) showed hemispherical clusters smaller than 5 
micrometers. UV–Visible spectrophotometry determined band gap values between 3.05 
and 3.13 eV. These materials exhibited significant photocatalytic degradation efficiency 
for the tested dyes. 
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1. Introduction 
 
The quality of our environment has reached a critical level in the context of globalized 

human society, profoundly impacting the health of living organisms and the economic stability of 
nations worldwide. The issue of water pollution ranks among the most critical concerns facing our 
planet, the discharge of effluents from industries that consume high amounts of water in their 
processes generates a considerable volume of organic pollutants such as industrial dyes [1, 2]. If 
the dye-containing residual waters are not treated, the receiving bodies of water will increase their 
organic carbon content, which will disrupt the usual path of light and disturb the equilibrium of 
normal processes such as photosynthesis and respiration, to name a few [3]. Furthermore, the 
majority of industrial dyes are not biocompatible, causing human beings serious health issues like 
skin irritation, eye injuries, dyspnea, vomit, and mutagenic and carcinogenic effects, among others 
[4].  

Since the emergence of environmental concerns, a substantial body of research has been 
devoted to addressing the proper treatment of water. Currently, the treatment procedures are 
usually classified into individual methods known as physical unit operations (e.g., filtration, 
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sedimentation, etc.) [5], chemical unit operations (e.g., precipitation, adsorption, etc.) [6], and 
biological unit operations (e.g., biological aerated filtration, activated sludge, etc.) [7]. The use of 
conventional methods, be it physical, chemical, or biological, proves to be insufficient for the 
thorough elimination of pollutants and can generate still harmful sub-products; moreover, their set-
up process could be troublesome and expensive [8]. 

Emerging technologies, such as heterogeneous photocatalysis, have gained traction. This 
method employs semiconductor oxides, acting as photocatalysts, under visible or UV light to 
initiate redox reactions that produce highly oxidative species like the hydroxyl radical (OH•) [9]. 
Unlike conventional methods, photocatalysis can transform organic pollutants into benign 
compounds without generating harmful by products. Some of the most active photocatalysts used 
nowadays are tin oxide (SnO2) [10], titanium dioxide (TiO2) [11], cadmium sulfide (CdS) [12], 
zirconium dioxide (ZrO2) [13], tungsten oxide (WO3) [14], cadmium telluride (CdTe) [15], and 
zinc oxide (ZnO) [16]. 

Presently, zinc oxide (ZnO) as a nanostructured photocatalyst has gained popularity and 
importance for the purpose of degradation of water pollutants [17], particularly ZnO nanoparticles 
due to their good physical and chemical properties that make it potentially good for the 
photocatalysis process [18], some remarkable characteristics are: it presents a Wurtzite like 
hexagonal structure at ambient conditions, it has a great band gap energy (3.37 eV) [19-20], a large 
surface area and consequently a high catalytic activity, good chemical and mechanical stability, 
among others [21].  

There exist different methods for synthesizing nanoparticles: physical methods, which are 
generally costly and work with difficult to control variables (e.g., colloidal dispersion, vapor 
condensation, etc.) [22-23]; chemical methods, which usually use toxic compounds (e.g., 
pyrolysis, electrodeposition, etc.) [24-26], and biological methods. The last are still a new trend 
that emerged from nanotechnology and fundamentals of green chemistry and were driven by the 
environmental need to overcome the problems that conventional methods entail. 

The green synthesis of nanoparticles is an environmentally respectful and profitable 
method [27], which takes benefit from chemical compounds found in natural sources such as 
microorganisms (bacteria, fungi, algae, etc.) and plants [28]. Plant extracts rich in compounds such 
as flavonoids, capsaicinoids, terpenoids, and phenolic acids act as reducing and stabilizing agents, 
facilitating nanoparticle synthesis without the use of toxic chemicals and yielding stable 
nanoparticles [29]. 

In this work, Capsicum annuum L. Caribe pepper was used as the natural source for 
synthesizing the nanoparticles. Its extract contains compounds of interest due to their chemical 
composition, such as flavonoids (e.g., lutein and quercetin), capsaicinoids (e.g., capsaicin), 
terpenoids, and phenolic acids (e.g., vanillic, gallic, and caffeic acid) [30, 31]. For this, it is a great 
candidate to be used. Characterization techniques included SEM/EDS, XRD, FTIR, 
photoluminescence (PL), and UV-Vis spectroscopy. The synthesized ZnO nanoparticles were 
evaluated for their photocatalytic activity using UV-Vis spectrophotometry, demonstrating their 
potential for degrading model dyes such as Methylene Blue (MB), Methyl Orange (MO), and 
Rhodamine B (RhB). 

 
 
2. Experimental details 
 
2.1. Materials 
Fruit from Capsicum annuum L., variety Caribe pepper locally bought in Baja California, 

Mexico was used. Zinc nitrate hexahydrate (Zn(NO3)2•6H2O) sourced through Sigma Aldrich was 
used as Zinc precursor. The organic dyes to be tested for their photocatalytic degradation by the 
ZnO nanoparticles were bought from FagaLab: Methylene Blue (373.9 g/mol at 99% purity), 
Methyl Orange (327.34 g/mol at 95% purity), and Rhodamine B (479.01 g/mol at 95% purity). 
Deionized water was used as media throughout the experiment.  

2.2. Extract preparation 
The fruit pericarp of the Capsicum annuum L., variety Caribe pepper was used to obtain 

the extract. First, it was dried for 6 h, then ground until it became a fine powder. Subsequently, the 
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powder was used for the preparation of suspensions at different concentrations of 0.5g, 1g, and 2g 
with 50 mL deionized water (1%, 2%, and 4% w/v (weight/volume), respectively). After stirring 
for 2 h at 25 °C, the various concentrations were placed in a sous-vide at 60 °C for another 2 h. 
The suspensions were then filtered through Whatman N° 4 filters and stored for its use during 
synthesis. 

 
2.3. Synthesis of ZnO nanoparticles  
Green ZnO nanoparticle synthesis was done by placing 2g of Zn(NO3)2•6H2O in 42.5 mL 

of extract solutions that were previously prepared with different concentrations. The resulting 
solutions were stirred for 1 h and later introduced in a sous-vide at 60 °C for approximately 12 h 
until the consistency became pasty. Subsequent to calcination at 400 °C for 1 h, the samples were 
ground in an agate mortar. Following this, they were stored and labeled C1, C2, and C4 (In 
sequence: 1%, 2%, and 4%). 

 
2.4. ZnO nanoparticles characterization 
To understand the properties of the materials obtained using different extract concen-

trations in their synthesis, it is important to characterize them using various techniques to identify 
the effect of the extract on the formation of ZnO nanoparticles. The characterization techniques 
involved were: Fourier Transform Infrared Spectroscopy (FTIR): Using a Perkin Elmer Spectrum 
Two, in the range of 4000 cm-1 to 400 cm-1 with a resolution of 0.5 cm-1, to identify the functional 
groups present. X-Ray Diffraction (XRD): Using a D2-Phaser Buker brand with a Cu K-α X-ray 
source (λ = 1.5406 Å) and an operating range of 2θ from 20° to 80°, to analyze the crystal 
structure and determine the crystallite sizes. Scanning Electron Microscopy and Energy Dispersive 
X-ray Spectroscopy (SEM/EDX): Using a JEOL JSM-6310LV to study the morphology and 
elemental composition of the sample. Ultraviolet-Visible Light Spectroscopy (UV-Vis): Using a 
Perkin Elmer Lambda 365 to determine the band gap values and dye degradation (photocatalytic 
activity). A sweep from 190 nm to 1000 nm is performed for the band gap study. 
Photoluminescence (PL) Studies: Using a FluoroMax-4 Horiba spectrometer with an excitation 
wavelength (λexc) of 320 nm. 

 
2.5. Photocatalytic activity 
Assessing the photocatalytic activity of the ZnO nanoparticles involved the preparation of 

separate solutions of dyes (MB, MO, and RhB) at 15 mg/L (15 ppm) of dye. 50 mg of the three 
different nanoparticles (C1, C2, and C4) were added to separate batches of 50 mL dye solutions. 
Subsequent to stirring the mixtures for 30 min without exposure to light, where they reach a 
chemical equilibrium of adsorption-desorption, the mixtures were exposed for 3 h to a UV lamp (a 
Polaris UV-1C Reactor, with a 10 W bulb and a dose of 18 mJ/cm2), and sunlight depending on 
the case study. Aliquots of 2 mL were taken. In the first hour, aliquots were taken every 10 min, 
after that time, aliquots were taken every 30 min up to 3 h. To carry out the concentration 
measurement, the aliquots were analyzed by UV-Vis, which monitored the characteristic 
absorption peaks of each dye: 664 nm-MB, 464 nm-MO and 553 nm-RhB. 

The equation describing the degradation behavior is: 
 

% 𝑜𝑜𝑜𝑜 𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
𝐶𝐶0 − 𝐶𝐶𝑡𝑡
𝐶𝐶0

 𝑥𝑥 100 

 
where C0 is initial dye concentration and Ct is dye concentration at a given time.  

 
 
3. Results and discussions 
 
3.1. Fourier transform infrared spectroscopy  
The substituent chemical groups present in the fruit wall of Capsicum annuum L. var. 

Caribe peppers and in the ZnO nanoparticles are depicted in Fig. 1. The spectra of the three 
obtained ZnO nanoparticles are compared against that of pure extract. All of the nanoparticles 
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spectra denote a band in a range between 420 to 430 cm-1 associated with the bending vibration of 
the Zn-O bond (Fig. 1 B), as reported in the literature [32], which ratifies the formation of ZnO. 
On another hand, functional groups comprising the Capsicum annuum L. pericarp molecules are 
made evident through specific vibration signals: bands at 3295 and 2921 cm-1 (H–O–H and C-H) 
can be attributed to water and phenol groups; and others bands at 1733 (C=O), 1625 (C=C), 1403, 
and 1028 cm-1 (C-H) are associated to the bending and stretching of aromatic groups (Fig. 1 A). 
Similar signals are observed in the three biosynthesized samples (C1, C2, and C4), ratifying the 
presence of traces of phytochemicals derived from Capsicum annuum L. 

 

 
 

Fig. 1. FTIR Spectra of pure extract and obtained ZnO nanoparticles  
(A) and infrared region centered between 450 to 400 cm-1 (B). 

 
 
3.2. Nanoparticle formation mechanism 
The possible nanoparticle formation mechanism is shown in Fig. 2, which is explained on 

the basis that the biomolecules present in Capsicum annuum L. var. Caribe pepper pericarp (i.e. 
flavonoids, capsaicinoids, carotenoids, gallic acid, among others) extract act as stabilizing and 
reducing agents in the synthesis process. Which by hydrolysis, these aromatic hydroxyls 
compounds form complex bounds with the precursor salt (Zn(NO3)2) binding with zinc ions, this, 
in turn, begins a nucleation process which ends in nanoparticle formation during calcination as 
organic matter is removed [33, 34]. 

 
 

 
Fig. 2. Possible formation mechanism of ZnO nanoparticles synthesized with Capsicum annuum L. var. 

Caribe pepper extracts. 
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3.3. Photoluminescence spectroscopy 
Fig. 3. shows the Photoluminescent (PL) spectra at room temperature of the ZnO 

nanoparticles synthesized with Capsicum annuum L. var. Caribe pepper. The spectra exhibit a 
broad emission from 390 to 600 nm wavelength, which is more intense as the extract concentration 
increases. The bands in the visible region are associated with electron-hole recombination at deep-
level (DL) emission. This characteristic of ZnO NPs is attributed to the recombination of 
photogenerated electrons (e-), which is induced by defects and structural impurities comprising 
zinc and oxygen vacancies, and interstitial oxygen [35, 36]. Additionally, as seen Fig. 3, a small 
peak at around 390 nm (UV region) is seen, often linked to photogenerated hole (h+) 
recombination [37, 38]. 
 
 

 
 

Fig. 3. PL spectra of ZnO nanoparticles. 
 
 
3.4. Characterization of TiO2 nanoparticles (Nps) 
Fig. 4 presents the diffractograms of ZnO nanoparticles synthesized using Capsicum 

annuum L. var. Caribe pepper. These diffractograms are utilized to identify the crystalline phases 
of the ZnO nanoparticles. The XRD patterns depict different diffraction peak and intensities for the 
three different nanoparticles. The 36.28°, 31.80°, and 34.45° 2θ values, with their respective (101), 
(100), and (002) crystal planes, are the most prominent peaks for the Wurtzite-type, hexagonal 
crystalline phase, characteristic of ZnO nanoparticles (JCPDS: 36-1451) [39]. Lesser peaks at 
47.57°, 56.62°, 62.88°, 67.93°; indexed to the planes (102), (110), (103), (112), respectively, are 
also associated with the Wurtzite crystalline phase. Additionally, other peaks are observed, which 
correspond to the KCl phase [40] due to the chemical composition of the Caribe peppers, which 
contain Potassium (K) [41]. 

Debye-Scherrer’s formula was used to calculate crystallite size: 
 

τ =
(K λ)

(βcosθ)
 

 
Here, τ is average crystallite size, K is a dimensionless constant approximately equal to 

0.9, λ is X-ray wavelength, β is Full Width at Half Maximum (FWHM), and θ is Bragg’s angle 
[42].  

Average crystallite sizes calculated from the X-Ray diffractograms were 23.35 for C1, 
14.71 for C2, and 13.99 nm for C4. It can be noted that the lower the extract concentration used for 
synthesizing the ZnO nanoparticles, the more defined and narrow the diffraction peaks are, which 
indicates that the amount of extract used influenced crystallinity and crystalline size. 
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Fig. 4. XRD diffractograms of ZnO nanoparticles. 
 

 
3.5. Surface morphology and elemental analysis 
Scanning electron micrographs and elemental composition of the ZnO nanoparticles 

synthesized with Capsicum annuum L., var. Caribe pepper is displayed in Fig 5. In the 
micrographs of samples C1, C2, and C4 (Fig. 5 A, B, and C, respectively), clusters with irregular, 
hemispherical shapes, and sizes smaller than 5 micrometers were observed. A trend was noted in 
relation to extract concentration: lower concentrations resulted in larger cluster sizes, and vice 
versa.  
 

 

 
 

Fig. 5. SEM micrographs for C1 (A), C2 (B), and C4 (C) nanoparticles are shown with a 5 μm scale and the 
study of elemental composition (D), respectively. 
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In addition, the samples were subjected to elemental composition analysis where the 
weight percentage (W%) of each element present was obtained. The three samples (C1, C2, and 
C4) exhibited similar elemental composition of Zn, O, C, Cl, and K with a variation in the weight 
percentage of the elements. It can be noted that with a higher concentration of the extract, there is 
a slight increase in elements different than those from ZnO (K and Cl), which is attributed to 
Capsicum annuum L. var. Caribe pepper extract composition. 

 
3.6. Optical properties 
UV-Vis absorbance spectra were analyzed for the band gap calculation of the ZnO 

nanoparticles. Fig. 6 A displays the absorption spectra of the ZnO samples, where an absorbance 
signal is observed in the range between 300 and 400 nm, with absorbance bands at 372 nm, 369 
nm and 365 nm, respectively.  

Band gap energies of the samples were calculated through the TAUC model: 
 

α(v)hv = K(hv − E𝑔𝑔)^n 
 

Here Eg is band gap energy, hv is energy of incident photon, K is a constant, and α(v) is 
the Beer-Lambert Law absorption coefficient [43]. The type of transition modifies exponent n; for 
ZnO nanoparticles, its value is ½ since it is a permitted direct transition. The band gap energy 
values obtained were 3.05, 3.11, and 3.13 eV for C1, C2, and C4 (Fig. 6 B, C and D,), 
respectively. These results closely resemble findings re-ported elsewhere for ZnO nanoparticles 
[44]. Furthermore, it can also be observed that an increase in extract percentage for ZnO 
nanoparticles synthesis raised the band gap value. 

 
 

 

 
 

Fig. 6. ZnO nanoparticle absorption spectra (A) and band gap values (B, C, and D). 
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3.7. Photocatalytic activity 
The photocatalytic activity evaluations of the ZnO nanoparticles through MB degradation 

under UV and sunlight irradiation are shown in Fig. 7. Shown in Fig. 7 A is the UV-Vis absorption 
spectra of the characteristic MB signal at 664 nm [45]. In the results under UV radiation of 
photocatalytic degradation of MB after 60 min of irradiation were 58.89%, 97.36% and 96.20% 
for the photocatalysts C1, C2, and C4, respectively (Fig. 7 B). In the results for the study under 
solar light irradiation, the photocatalysts after 60 minutes degraded 97.54%, 99.54% and 98.57% 
for C1, C2, and C4, respectively (Fig. 7 C). These findings reveal that the C2 sample yielded the 
best results compared to the other samples in both case studies (UV and sunlight irradiation). 

 
 
 

 

 
 

Fig. 7. MB UV-Vis absorption spectra (A). Photocatalytic degradation of MB using ZnO nanoparticles in 
solar (B) and UV (C) irradiation. 

 
 
The photocatalytic activity evaluations of the ZnO nanoparticles through MO degradation 

under UV and sunlight irradiation are shown in Fig. 8. Shown in Fig. 8 A is the UV-Vis absorption 
spectra of the characteristic MO signal at 464 nm [46]. In the results under UV radiation of 
photocatalytic degradation of MO in 180 min of irradiation were 93.74%, 99.29% and 76.26% for 
the photocatalysts C1, C2, and C4, respectively (Fig. 8 B). In the results for the study under solar 
light irradiation, the same behavior was displayed but with a lower degradation after 180 min, with 
57.94%, 85.82% and 59.48% of photocatalytic degradation for C1, C2, and C4, respectively (Fig. 
8 C). In the case of this dye, the C2 sample was the best performer compared to the other samples. 
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Fig. 8. MO UV-Vis absorption spectra (A). Photocatalytic degradation of MO using ZnO nanoparticles in 
solar (B) and UV (C) irradiation. 

 
 
The photocatalytic activity evaluations of the ZnO nanoparticles through RhB degradation 

under UV and solar irradiation are shown in Fig. 9. Shown in Fig. 9 A is the UV-Vis absorption 
spectra of the characteristic RhB signal at 554 nm [47]. In the results under UV radiation of 
photocatalytic degradation of RhB in 180 min of irradiation were 54.38%, 85.86% and 56.83% for 
the photocatalysts C1, C2, and C4, respectively (Fig. 9 B). Whereas in the case study under 
sunlight irradiation, photocatalytic degradation percentages of 56, 54, and 69 were obtained for the 
samples C1, C2, and C4, respectively (Fig. 9 C). The C2 sample showed a better degradation 
percentage compared to the other samples under the two irradiations. 

Table 1 presents a comparison of degradation results, indicating that the degradation 
percentages are comparable to or exceed those reported in the literature. This suggests that the 
synthesized ZnO nanoparticles are effective for use in the degradation of water pollutants, such as 
dyes. 

 
 



56 
 

 

 
 

Fig. 9. RhB UV-Vis absorption spectra (A). Photocatalytic degradation of MO using ZnO nanoparticles in 
solar (B) and UV (C) irradiation. 

 
 

Table 1. Comparation of degradation efficiency of ZnO nanoparticles 
 

Extract (plant) Time (min) Degradation (%) Pollutant Year/Reference 
Capsicum annuum L. 90 100 MB This work 
Capsicum annuum L. 120 93 MO This work 
Capsicum annuum L. 120 71 RhB This work 
Calotropis gigantea 120 50.4 RhB 2020 [52] 
Scutellariabaicalensis 210 98.6 MB 2019 [53] 
Citrus × paradisi  180 77 MB 2017 [54] 
Calotropis procera 100 81 MO 2017 [55] 
Eriobotrya japonica 200 57 MB 2020 [56] 
Ziziphus jujuba 300 73 MB 2020 [57] 
L. speciosa 120 93 MO 2017 ] 

 
 
 
3.8. Degradation rate comparison  
A kinetic study was performed to elucidate the degradation rates of the synthesized ZnO 

samples (C1, C2, and C4). A pseudo-first-order model was implemented through equation: 
 

kt = 𝑙𝑙𝑙𝑙
𝐶𝐶𝑡𝑡
𝐶𝐶0
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Here, C0 is dye concentration at t=0 min; Ct is the concentration at any given time; k is 
pseudo-first-order rate constant [48, 49].  

The calculated values are presented in Table 2. The samples showed similar degradation 
behaviors for the three dyes under both UV and sunlight irradiation, where C2 exhibited the 
highest photocatalytic activity with all dyes and both cases of radiation studied. This study 
confirms that ZnO nanoparticles synthesized with Capsicum annuum L., variety Caribe pepper 
extract degrade polluting dyes (MB, MO, and RhB) in aqueous medium and these results are 
significant compared to other similar studies as shown in Table 2. 
 
 

Table 2. Degradation constants of ZnO nanoparticles used dyes in UV and solar irradiation. 
 

 
 

 
 
 
 

 
3.9. Degradation mechanism 
The schematic in Fig.10 describes the photocatalytic dye degradation mechanism by the 

ZnO nanoparticles synthesized using Capsicum annuum L., var. Caribe pepper as natural source. 
The first stage of photocatalytic degradation is dye adsorption onto the nanoparticle surface. Next, 
depending on the case study, the reaction solutions are irradiated with solar or UV light, whose 
energies are greater than those of ZnO nanoparticles (hv ≥ Eg) and cause electrons (e-) to be 
excited, moving to the conduction band resulting in the formation of holes (h+) in the valence 
band. The electrons and photogenerated holes on the surface react with O2 and H2O, leading to the 
formation of radicals with high oxidative power, such as superoxide (O2

-) and hydroxyl (OH•) that 
degrade dyes down to the final H2O and CO2 molecules and other non-polluting sub-products [50, 
51]. 

 

 
 

Fig. 10. Reaction mechanism for photocatalytic degradation of organic pollutants (MB, MO, and RhB) in 
aqueous systems by ZnO nanoparticles. 

 
 
 
 

Sample 𝑘𝑘 (min-1) 
MB MO RhB 

Sol UV Sol UV Sol UV 
C1 0.06301 0.01697 0.00499 0.01484 0.01342 0.00375 
C2 0.07744 0.04936 0.01082 0.02919 0.02108 0.01031 
C4 0.04274 0.03389 0.00493 0.0076 0.02027 0.00436 
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4. Conclusions 
 
ZnO nanoparticles were produced by green synthesis using extracts obtained from the fruit 

pericarp of Capsicum annuum L., variety Caribe pepper, and avoiding the use of toxic substances. 
The ZnO nanoparticles exhibited crystallite sizes from 13 to 23 nm with a Wurtzite-type 
crystalline phase, hemispherical clusters of sizes less than 5 micrometers were observed. Zn, O, Cl 
and K were identified as part of the elemental composition, and band gap energies were calculated 
within the 3.11 and 3.05 eV range. Complementarily, the application of the ZnO nanoparticles in 
the photocatalytic deg-radation of MB, MO, and RhB dyes was very good.  

Sample C2 manifested the best photocatalytic activity, degrading 100% of MB after 90 
min (UV) and 100% in 50 min (Sun); 99% (UV) and 85% (Sun) of MO in 180 min; and, 85% 
(UV) and 98% (Sun) of RhB in 180 min. Highlighting the fact that the behavior of the 4%-extract 
sample (C4) was similar to that of the 2% sample (C2), which confirmed that medium and high 
concentrations of extract withdrawn from Caribe pepper affected physical and chem-ical properties 
of the ZnO nanoparticles resulting in a positive outcome for its application towards water 
treatment through photocatalysis. 
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