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Abstract
This study details the synthesis, characterization, and photocatalytic efficacy of zinc oxide (ZnO) nanoparticles (NPs) 
obtained through an environmentally friendly method with varying quantities of Rubus glaucus as a chelating agent. Examina-
tion of X-ray Diffraction (XRD) and Transmission Electron Microscopy (TEM) data unveiled ZnO NPs featuring a wurtzite 
structure and sizes ranging from 43.39 to 28.01 nm. The analysis indicated that the presence of Rubus glaucus extract during 
synthesis influenced the size and band gap of the ZnO NPs, resulting in a decrease from 2.8 to 2.5 eV. The photocatalytic 
performance of ZnO NPs was assessed through the degradation of synthetic dyes methylene blue (MB), methyl orange 
(MO), and rhodamine B (RhB). The results demonstrated enhanced photocatalytic activity for the ZnO NPs, with ZnO-RG3 
exhibiting the most effective degradation. Under UV light, ZnO-RG3 degraded 99%, 95%, and 95% of MB, MO, and RhB 
within 90 min, while under sunlight, it achieved degradation rates of 98%, 85%, and 95% for MB, MO, and RhB within the 
same timeframe. These findings underscore the effectiveness of Rubus glaucus extract as a chelating agent in producing metal 
oxide nanoparticles with remarkable photocatalytic performance under both UV and sunlight conditions.
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1 Introduction

One of the biggest challenges nowadays is the supply of 
quality water to the population. Although water is an indis-
pensable resource for human life, it has been estimated that 
over a billion people lack access to clean water [1]. While 
there are various factors limiting access to water, such as 
climate change and the exponential growth of the population 

in recent years, water pollution stands out as particularly 
challenging [2]. A significant portion of this pollution comes 
mainly from the waste generated by various industries. 
Among them, the textile industry is responsible for the dis-
charge of large amounts of wastewater containing heavy met-
als and synthetic dyes [3]. These dyes are generally synthetic 
compounds with aromatic structures resistant to biological 
treatments and cause various problems in water effluents, 
such as eutrophication of the aquatic ecosystem. In addi-
tion, these compounds cause health problems in humans, 
ranging from skin irritation, gastrointestinal problems, and 
headaches to blindness or even cancer [4]. Therefore, safely 
removing these dyes from water has become increasingly 
important. However, the commonly used procedures have 
some disadvantages: the physical methods are not destruc-
tive and can only transfer the dye from one medium to 
another, while chemical methods generate secondary waste 
in the form of sludge [5].

A promising alternative to the conventional methods 
are the so-called advanced oxidation processes (AOP); 
these methods focus on the degradation of various organic 
compounds through oxidation reactions [6]. Out of these, 
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photocatalysis is a method in which a photocatalyst material 
is exposed to a light source to break down organic mole-
cules into  CO2,  H2O, and non-toxic mineralized compounds, 
resulting in the complete degradation of the dyes [7]. This 
photocatalytic process starts when the photocatalyst is irra-
diated with a source of light with energy equal to or higher 
than the band gap of the photocatalyst, causing the electrons 
of the valence band (BV) to enter an excited state and move 
to the conduction band (BC), producing electron–hole pairs 
 (e−-h+). When water molecules interact with the  e−-h+ pairs, 
they form reactive species that then interact with organic 
dye molecules and break them down into smaller, less toxic 
by-products [8].

The most used photocatalyst materials are semiconduc-
tors, mainly metal oxides including  TiO2, FeO,  SnO2, and 
ZnO, widely studied and used in photocatalytic applications 
[9]. Among them, ZnO is a semiconductor with excellent 
chemical stability and high catalytic activity. It is also non-
toxic, inexpensive, and readily available [10]. As a result, 
ZnO has seen application in various areas, including elec-
tronics, medicine, energy, agriculture, and even consumer 
products such as sunscreen or makeup. Thanks to its proper-
ties, it has also been applied in the degradation of organic 
pollutants for water treatment [11]. There have been several 
works reporting on the synthesis of semiconductor NPs 
for use in photocatalysis [12, 13]. However, ZnO has some 
limitations: the band gap of ZnO (3.7 eV) only permits acti-
vation by UV light, which represents a small fraction of 
sunlight (3–5%); and second, the fast recombination of the 
electron–hole pair leads to a delay in the oxidation reactions, 
thus decreasing the efficiency [14]. To resolve these limita-
tions, various alternatives have been studied, namely doping 
[15], the formation of nanocomposites with other materials 
[16], or photosensitization using dyes [17].

On the other hand, while a variety of procedures have 
been used to synthesize ZnO, the most common chemical 
methods tend to be expensive, in addition to requiring the 
use of potentially dangerous and toxic reagents that can 
cause problems for the environment [18]. Due to this, the 
development of green synthesis methods has gained interest, 
as they are safer, cheaper, and more environmentally friendly 
[19]. These green synthesized NPs have been applied in sev-
eral fields, such as medicine [20], agriculture [21], construc-
tion [22], and water treatment [12]. For the most part, green 
synthesis refers to a process in which chemical reagents are 
replaced by biocomponents such as fungi, algae, bacteria, 
or plants. Among these, the most widely used are plants, as 
the leaves, fruits, roots, stems or seeds can be used to obtain 
extracts with large amounts of phytochemical compounds 
(phenols, flavonoids, saponins, polysaccharides) that can act 
as chelating agents to form complexes with metal ions dur-
ing NP synthesis [23]. The blackberry plant (scientific name 
Rubus glaucus) is a plant of the Rosacea family native to 

South America (Ecuador, Costa Rica, Colombia, and Mex-
ico) [24]. This plant’s fruits are dark red and have been con-
sidered a good source of antioxidants, as they are rich in a 
variety of the organic compounds favorable to green synthe-
sis [25], such as tannins, quercetin, and anthocyanins [26]. 
In this study, we aim to report for the first time the effect of 
different Rubus glaucus concentrations on the structural and 
optical properties of ZnO NPs, as well as their photocatalytic 
performance under both UV and sunlight irradiation through 
the degradation of three different dyes.

2  Experimental

2.1  Materials

The reagents used for the synthesis of nanoparticles were 
zinc nitrate (Zn(NO3)2, Sigma-Aldrich) and Rubus glaucus 
fruit (purchased from local stores). For the photocatalytic 
studies three different dyes were used: methylene blue (MB, 
85% purity, FagaLab), methyl orange (MO, 99% purity, 
FagaLab) and rhodamine B (RhB, 85% purity, FagaLab).

2.2  Preparation of Rubus glaucus extract

The Rubus glaucus extract was prepared using a simple infu-
sion procedure. First, the Rubus glaucus fruits were washed 
and cut into small pieces. Afterwards, 100 g of the cut fruit 
was added to a beaker with 100 ml deionized water. This 
mixture was then heated to 90 °C for 1 h, after which the 
extract was filtered using a No. 4 Whatman paper filter to 
remove any solids.

2.3  Synthesis of ZnO NPs

To obtain the ZnO NPs, different amounts of the prepared 
extract (3, 5 and 8 ml) and diluted in water until reaching a 
total volume of 40 ml. Then 2 g of zinc nitrate were added 
to the extract solutions and the samples were stirred mag-
netically for 1 h. Following this, they were left uncovered at 
60 °C for 14 h to evaporate until they reached a syrup-like 
viscosity. The resulting material was then placed in an oven 
at 400 °C for 1 h, and then ground into powder once cooled 
down. The obtained ZnO NPs were labeled as ZnO-RG1, 
ZnO-RG2, and ZnO-RG3.

2.4  Characterization

Fourier-transform infrared (FTIR) spectra were acquired 
on a Spectrum Two Perkin Elmer spectroscope. Ultravio-
let–visible (UV–vis) spectra were acquired in absorbance 
mode on a Lamda 365 Perkin Elmer UV–vis spectropho-
tometer. The thermal stability of the NPs was investigated 
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using SDT Q600 TA INSTRUMENTS thermogravimetric 
analyzer. X-ray diffraction (XRD) patterns were obtained 
through a Panalytical X-Pertsystem diffractometer using a 
Cu Kα radiation source. The Raman spectra were obtained 
with a microRaman HR spectrometer. The morphology of 
the NPs was observed using transmission electron micros-
copy (TEM) obtained through a JEOL JEM-2200FS + Cs 
microscope. The binding energy and elemental composi-
tions were analyzed X-ray photoelectron spectroscopy (XPS) 
using a SPECS PHOIBOS 100 analyzer and a SPECS Focus 
500 monochromatic Al Kα source.

2.5  Photocatalytic activity assay

The performance of the obtained ZnO NPs was evaluated 
through the photodegradation of three different dyes (MB, 
MO, and RhB, all at a concentration of 15 mg/L). For both 
the UV and solar radiation experiments, typically, the ZnO 
NPs (ZnO-RG1, ZnO-RG2, and ZnO-RG3) were added to 
the dye solutions in a 1:1 w/v ratio and stirred in total dark-
ness for 30 min. Afterward, for UV light photocatalysis, the 
dye/photocatalyst mixtures were irradiated with UV light 
from a 10 W lamp for 3 h. For the solar photocatalysis evalu-
ation, the solutions were placed under solar irradiation for 
3 h (11:00–14:00 on July, in Ensenada, B. C., Mexico). In 
both cases, aliquots were taken every 10 min until 30 min, 
and then every 30 min. Then, the absorbance was measured 
through UV–vis spectroscopy to analyze the concentration.

3  Results and discussion

3.1  Fourier‑transform infrared spectroscopy (FTIR)

The FTIR spectra of ZnO-RG1, ZnO-RG2, and ZnO-RG3 
are shown in Fig. 1. For ZnO-RG1, the presence of a band at 
3276  cm−1 is observed, this band corresponds to the stretch-
ing of the OH bond. Another band at 1647  cm−1 is attributed 
to C=C bond vibrations characteristic of aromatic rings. The 
bands at 1442  cm−1 and 1362  cm−1 are assigned to OH-
bending bonds of the polyphenols, confirming the presence 
of aromatic groups. Finally, bands corresponding C–O–C 
and OH bonds of phenolic groups are observed at 1122  cm−1 
and 1024  cm−1. These results are in agreement with what has 
been previously reported for Rubus glaucus extract [27]. In 
addition, a small band can be observed around 618  cm−1, 
which is assigned to Zn–O bond vibrations [28]. The pres-
ence of these bands indicates that the extract has been func-
tionalized with the ZnO NPs, most likely by complexing the 
 Zn2+ metal ions with the hydroxyl or carboxyl groups of the 
organic molecules from the extract [29]. These same signals 
can be observed for the ZnO-RG2 and ZnO-RG3 samples, 
with a slight increment in the relative intensity of the signals 

associated with the functional groups of the extract as the 
concentration increases. This suggests that more organic 
components were functionalized to the ZnO surface.

3.2  UV–vis spectroscopy

The UV–vis spectra for ZnO-RG1, ZnO-RG2, and ZnO-RG3 
are shown in Fig. 2a. In the spectra for ZnO-RG1, we can 
observe a peak around 350–400 nm, which is associated 
with ZnO surface plasmon resonance and fits the values 
previously reported by other works [30]; this same peak is 
observed for all three samples, confirming the synthesis of 
ZnO. Additionally, the narrow bands are indicative of nano-
metric particles [31].

The UV–vis absorption data was also analyzed to obtain 
the band gap value for the samples according to the TAUC 
model [32]. These results are presented in Fig. 2b, where 
we can observe band gap values of 2.88 eV, 2.73 eV, and 
2.54 eV for ZnO-RG1, ZnO-RG2, and ZnO-RG3, respec-
tively. Furthermore, it is shown that there was a decrease 
in the bandgap value when a higher amount of extract was 
used for synthesis. This difference in the bandgap values   can 
be related to quantum confinement caused by size reduc-
tion observed on TEM results [33], as well as the presence 
of oxygen vacancies left behind during calcination of the 
organic material from the extract, which has been reported 
to cause band gap narrowing [34].

3.3  Thermogravimetric analysis (TGA)

Figure 3 shows the TGA curve for the ZnO-RG1, ZnO-
RG2, and ZnO-RG3 samples. Analyzing the curve, we can 
observe a weight loss at around 100 °C associated with the 
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Fig. 1  FTIR spectra for the green synthesized ZnO NPs
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evaporation of surface-adsorbed water. The weight loss in 
the 340–500 °C range can be attributed to the decomposition 
of the organic molecules from Rubus glaucus still present 
in the material, releasing  CO2 and water [35]. Furthermore, 
it is important to note that the total weight loss for all three 
samples is less than 1%, indicating that the obtained NPs 
have high purity and excellent thermal stability [36].

3.4  X‑ray diffraction (XRD)

X-ray diffraction patterns were obtained to analyze and 
identify the structure of the obtained ZnO NPs. The XRD 
data for ZnO-RG1, ZnO-RG2, and ZnO-RG3 is displayed 
in Fig. 4. In the case of ZnO-RG1, we can observe well-
defined peaks located at 31.86º, 34.51º, 36.34º, 47.63º, 
56.69º, 62.95º and 68.1º, which correspond to (100), (002), 
(101), (102), (110), (103) and (112) planes. These results 
have been matched to JCPDS card no. 36-1451, identifying 
the structure as ZnO in a wurtzite-type hexagonal phase 
[37]. The sharp and narrow shape of these peaks confirms 

the ZnO NPs have a highly crystalline structure. Addition-
ally, the absence of extraneous signals indicates a single-
phase structure without impurities. Similarly, for samples 
ZnO-RG2 and ZnO-RG3, the same well-defined peaks are 
observed, which confirms that all 3 ZnO samples present 
a crystalline character.

The XRD data was also analyzed using Scherrer’s for-
mula to obtain the crystallite size of the nanoparticles [38]. 
The average crystallite size was 41.82 nm, 37.63 nm, and 
26.00 nm for ZnO-RG1, ZnO-RG2, and ZnO-RG3, respec-
tively. Furthermore, there is a notable decrease in crystal-
lite size for the NPs synthesized with higher amounts of 
extract. This decrease in size is a behavior that has been 
previously reported and is explained by the biomolecules 
from the extract acting as stabilizing/capping agents, limit-
ing crystal growth during the formation of the NPs. With a 
higher amount of extract, more biomolecules are involved 
during synthesis and, thus, less growth [46].

Fig. 2  a UV–vis spectra and b 
bandgap values of the obtained 
ZnO NPs

Fig. 3  Thermogravimetric analysis of the obtained ZnO NPs

Fig. 4  XRD patterns of the obtained ZnO NPs
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3.5  Raman spectroscopy

The Raman spectra for the ZnO NPs (ZnO-RG1, ZnO-
RG2, and ZnO-RG3) are shown in Fig. 5. For ZnO-RG1, 
we can observe a peak at 332  cm−1, which is characteristic 
to  E2H–E2L  (E2LOW) multi-phonon process. The second peak 
at 386  cm−1 is attributed to the  A1(TO) phonon mode, which 
indicates the presence of oxygen vacancies or interstitial 
zinc [39]; these vacancies are attributed to lattice defects 
left behind by the calcination of organic molecules from 
the extract used for the synthesis. Finally, the peak located 
at 443  cm−1 is associated with the  E2(high) vibrational mode 
that is characteristic of the wurtzite phase of ZnO [40], con-
firming that we have successfully obtained ZnO. Its higher 
intensity and sharpness compared to the rest of the peaks 
indicates the NPs are crystalline in nature [35]. This is con-
sistent with what was observed in the XRD results.

3.6  Transmission electron microscopy (TEM)

The TEM images and size distribution of the ZnO NPs are 
displayed in Fig. 6. For ZnO-RG1, we can observe agglom-
erated nanoparticles with size of 43.3 nm and a spherical 
morphology. Similarly, the images for ZnO-RG2 and ZnO-
RG3 also show agglomerated nanoparticles with average 
sizes of 39.6 nm and 28.0 nm, respectively. We can observe 
that amount of extract used for the synthesis of the ZnO 
NPs had a direct influence in their morphology. The samples 
with a higher concentration of extract show more homoge-
neous NPs with a narrower size distribution. Notably, in 
the sample with the highest concentration (ZnO-RG3), the 
size decreased to 28 nm. This decrease in particle size is 

due to the biomolecules from Rubus glaucus limiting further 
growth during the NPs formation [41].

3.7  X‑ray photoelectron spectroscopy (XPS)

The ZnO NPs were analyzed through XPS to identify the 
main elements. Wide scans for ZnO-RG1, ZnO-RG2, and 
ZnO-RG3 are shown in Fig. 7a. For all 3 samples, the main 
peaks of Zn (Zn2p) and O (O1s) were observed, confirming 
the synthesis of ZnO [42]. The C1s peak was also observed 
in all samples, due to residual carbon from the Rubus glau-
cus extract used during synthesis. This is in agreement 
with the FTIR spectra, which show the presence of several 
functional groups containing carbon. Meanwhile, the high 
resolution analysis of the O1s and Zn2p main peaks can be 
observed in Fig. 7b and c, respectively. The O1s peak for 
ZnO-RG1 was located at 529.4 eV, and no significant vari-
ation was observed in ZnO-RG2 and ZnO-RG3. The Zn2p 
peak was found with its characteristic doublet  (Zn2p1/2 and 
 Zn2p3/2) at 1043 eV and 1020 eV, respectively. The 23 eV 
separation between the peaks is characteristic of  Zn2+ spe-
cies present in ZnO, and is comparable to previous reports 
in literature [43].

3.8  Photocatalytic degradation

The results of the solar and UV photocatalytic assay using 
MB for ZnO-RG1, ZnO-RG2, and ZnO-RG3 are shown in 
Fig. 8. Once ZnO was irradiated with UV light, we observed 
97.4%, 98.5% and 99.9% degradation of MB after 90 min for 
ZnO-RG1, ZnO-RG2, and ZnO-RG3, respectively. Mean-
while, for samples irradiated with sunlight, we observed 
92%, 96%, and 98% degradation of MB after 90 min for 
ZnO-RG1, ZnO-RG2, and ZnO-RG3, respectively. All 
three samples showed excellent photocatalytic performance, 
which can be attributed to oxygen vacancies preventing the 
recombination of the electron–hole pair [34]. Additionally, 
we observed an increase in the percentage of photocatalytic 
degradation for the ZnO NPs prepared using higher extract 
concentrations. The improved photocatalytic activity con-
firms that the amount of extract used during the synthesis 
significantly affects the photocatalytic performance of the 
ZnO NPs [44].

The results of the solar and UV photocatalytic assay 
using MO for ZnO-RG1, ZnO-RG2, and ZnO-RG3 are 
shown in Fig. 9. For the UV light experiment, the ZnO 
NPs showed degradation of 70%, 90%, and 95% for sam-
ples ZnO-RG1, ZnO-RG2, and ZnO-RG3, respectively, 
after 120 min of exposure to UV light. Meanwhile, for the 
samples irradiated with sunlight, we observed a degrada-
tion of 45%, 70%, and 85% for samples ZnO-RG1, ZnO-
RG2, and ZnO-RG3, respectively, for 120 min. ZnO-RG3 Fig. 5  Raman spectra of the obtained ZnO NPs
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showed the best photocatalytic degradation in both cases, 
similar to what was observed for MB.

The results of the solar and UV photocatalytic assay 
using RhB for ZnO-RG1, ZnO-RG2, and ZnO-RG3 are 
shown in Fig. 10. When irradiated with UV light ZnO-
RG1, ZnO-RG2, and ZnO-RG3 presented a degradation 
of 90%, 93%, and 95% after 120 min, respectively. On 
the other hand, for the samples irradiated with sunlight, 
we observed 65%, 85%, and 95% of degradation for ZnO-
RG1, ZnO-RG2, and ZnO-RG3 after 120 min. ZnO-RG3 
showed excellent photocatalytic degradation, reaching 
more than 90% degradation of RhB after 120 min of expo-
sure to sunlight.

If we compare the results for the three dyes, we can 
observe that the ZnO NPs had the lowest efficiency in 
the degradation of MO. This decreased performance can 
be attributed to low initial adsorption due to the negative 
charges of the anionic MO dye, which would be repelled 
by the negative charge of the residual OH-rich extract mol-
ecules in the ZnO NPs, decreasing the photocatalytic effi-
ciency in comparison with the results shown for the MB and 
RhB dyes, both of which are cationic and thus have more 
affinity with the organic molecules [44].

The degradation kinetics were analyzed, and the obtained 
rate constants (k,  min−1) for all experiments are summarized 
in Table 1. All constants were calculated using a first-order 

Fig. 6  a TEM surface morphol-
ogy and b size distribution of 
the obtained ZnO NPs
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Fig. 7  a XPS spectra, and high-
resolution analysis of b Zn2p 
and c O1s peaks of the obtained 
ZnO NPs

Fig. 8  Photocatalytic degrada-
tion of methylene blue under a 
UV and b solar irradiation for 
the obtained ZnO NPs

Fig. 9  Photocatalytic degrada-
tion of methyl orange under a 
UV and b solar irradiation for 
the obtained ZnO NPs
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model. According to these values, ZnO-RG3 shows the best 
photocatalytic performance for all three dyes under both 
solar and UV irradiation. Compared to the other samples, 
we can observe that the k value was 2.2 times higher for 
ZnO-RG3 than ZnO-RG1 when degrading MB under solar 
irradiation, meaning it is twice as efficient. The elevated 
photocatalytic activity can be mainly attributed to two fac-
tors. First, the smaller size of the NPs implies an increase 
in surface area, which, combined with the presence of oxy-
gen vacancies, increases the active sites available to carry 

out oxidation reactions. Second, oxygen vacancies generate 
intermediate energy states which act as charge separators to 
prevent electron–hole pair recombination, thus improving 
the efficiency of the material [45, 46].

The proposed mechanism for the degradation of organic 
dyes using the ZnO NPs is presented in Fig. 11. The process 
starts when the ZnO NP is irradiated with light of equal or 
higher energy as the band gap  (Eg) value, an electron–hole 
pair is formed. That is, the electrons  (e−) in the valence band 
(VB) become excited and are transferred to the conduction 
band (BC) of the photocatalyst, leaving a hole  (h+) in the 
BV (Eq. 1). The  e− in the CB then interact with the  O2 mol-
ecules present to generate reactive oxygen radicals (Eqs. 2 
and 3). Meanwhile, holes in the valence band interact with 
 H2O molecules to generate OH radicals (Eq. 4). Then these 
highly reactive species interact with the organic dyes, break-
ing them down into successively smaller compounds, until 
they finally degrade into  CO2,  H2O and other mineralized 
by-products (Eqs. 5 and 6) [47].

(1)
ZnO + hv

(

Energy ≥ Eg

)

→ ZnO
(

e−
CBZnO

)

+ ZnO
(

h+
VBZnO

)

Fig. 10  Photocatalytic degrada-
tion of Rhodamine B under a 
UV and b solar irradiation for 
the obtained ZnO NPs

Table 1  Rate constants for the solar and UV photocatalytic degrada-
tion of MB, MO, and RhB dyes using the obtained ZnO NPs

Light source Dye k  (min−1)

ZnO-RG1 ZnO-RG2 ZnO-RG3

UV MB 0.01303 0.01983 0.0252
MO 0.00948 0.0303 0.03241
RhB 0.01687 0.03221 0.04498

Sunlight MB 0.01213 0.02245 0.02422
MO 0.0015 0.00577 0.01641
RhB 0.00245 0.01015 0.0201

Fig. 11  Schematic of the pro-
posed mechanism for photo-
catalytic degradation of organic 
dyes using the ZnO NPs
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Table 2 shows the photocatalytic performance of the three 
dyes compared with those reported in other studies.

4  Conclusions

In this study, we successfully synthesized ZnO NPs using 
Rubus glaucus extract as a chelating agent. The characteriza-
tion results revealed the presence of wurtzite phase spheri-
cal ZnO NPs, and notably, they confirmed that the Rubus 
glaucus extract directly influenced the optical properties of 
the ZnO NPs due to the introduction of oxygen vacancies, 
which resulted in a decrease in the band gap (from 2.88 
to 2.54  eV) as the amount of extract used for synthesis 
increased. Furthermore, the photocatalytic assay showed 
that the obtained ZnO NPs have good photocatalytic activity 
under sunlight and UV light. We found that ZnO-RG3 had 
the best performance. It removed 90% of MB after 60 min of 
sunlight exposure, 90% of MO in 90 min, and 90% of RhB in 
120 min. The results obtained in this study demonstrate that 

(2)ZnO
(

e−
CBZnO

)

+ O2 → ZnO∕Dye + O⋅

2

(3)O⋅

2
+ H2O → OH⋅

(4)ZnO
(

h+
VBZnO

)

+ H2O → ZnO + OH⋅

(5)OH⋅ + Dye → H2O + CO2 + Other subproducts

(6)O⋅

2
+ Dye → H2O + CO2 + Other subproducts

using Rubus glaucus extract as a chelating agent provides a 
simple, sustainable, and cost-efficient procedure to obtain 
visible-light photocatalysts able to degrade various pollut-
ants and other potential applications.
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