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ARTICLE INFO ABSTRACT

Keywords: Though there may not be consensus regarding the toxicity of glyphosate, given the strong interest in its re-
Z“O'pr moval from water sources nanotechnology was used in this work to that end. Nanoparticles of zinc oxide
Sy"thesm_ . (ZnO-NPs) were synthesized in a controlled manner by chemical route. The ZnO powders were then character-
Characterization . . . . . . . . .

Glyphosate removal ized by infrared and UV-Vis absorption spectroscopies, X-ray diffraction and scanning electron microscopy. To
Adsorption evaluate the capacity for removal, aqueous solutions of the Monsanto herbicide Roundup 747 SG containing

679 g/kg of glyphosate were adjusted to obtain glyphosate-ZnO-NP suspensions of 250 ppm-250 ppm,
700 ppm-700 ppm, 1000 ppm-1000 ppm, 1000 ppm-250 ppm and 1000 ppm-700 ppm and these were used
to carry out the tests. The % Removal curves obtained indicate that the ZnO-NPs removed between ~70% and
90% of the herbicide in the system. While the UV-Vis absorption spectra showed small displacements of the
absorption maximum and the appearance of other small bands, indicating herbicide degradation, adsorption
proved to be the most important removal mechanism. The kinetics of the process was suitably described by a
pseudo second order equation, although it is not possible to rule out, for some glyphosate-ZnO-NP concentra-
tion ratios, the importance of intraparticle diffusion. These results indicate that the synthesized ZnO nanopar-

ticles were efficient in the removal of glyphosate in aqueous solutions at the laboratory level.

1. Introduction

The need to address the problem of food scarcity began to become
evident in the mid-twentieth century. The increase in world popula-
tion has encouraged technological developments to increase food pro-
duction - mainly agricultural production with sustainable agriculture
in mind (P. Tittonell, 2014; Pretty et al., 2003). With the advances in
the field of agriculture, crop management techniques have been de-
veloped and adopted by farmers around the world. This has encour-
aged the use of large amounts of pesticides, including herbicides, to
protect plants against pests, fungi and weeds. When a human being
ingests pesticides, by accident or through daily exposure, these can
cause various diseases in the skin, eyes and nervous system; if expo-
sure is very prolonged, it can cause cancer (Rawtani et al., 2018).

The residue of these agrochemicals can become widely dispersed
in drinking waters, groundwaters and soils (Taghizade et al., 2018;
Nasrabadi et al., 2011; Grillion et al., 1999). Prominent among the
routes that would lead to contamination of the environment with pes-

ticides are land runoff, direct entry from product spraying, industrial
effluents and dust. Taking into account the usual process of spraying
pesticides on crops, more than 90% of the dispersed product reaches
destinations other than those targeted. This causes the agrochemicals
to persist in the soil and reach water bodies (Damalas and Elefthero
Horinos, 2011). Pesticide residues significantly affect aquatic ecosys-
tems and mammals. Considering specifically the quality of water for
human consumption, the presence of pesticides significantly lowers
water quality (Khatri et al., 2016). The Drinking Water Directive (98/
83/EC) defines a limit of 0.1 pg/L for any single pesticide and 0.5 pg/
L for the sum of all pesticides detected and measured through normal
monitoring (Plakas and Karabelas, 2012). Thus, there is an urgent
need to detect pesticides and remove them from sources of drinking
water. With this in mind, innovative methods have been developed
with the aim of efficiently treating water. Those rooted in nanotech-
nology stand out, due to the fact that a number of nanomaterials
boast physicochemical properties that position them as good candi-
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dates for removing pesticides from water beds (Rawtani et al., 2018;
Taghizade Firozjaee et al., 2018).

In addition, with the development of new technologies, the limits
of these pesticides extend to health risks that reach right to the molec-
ular level, in other words that just a few molecules of these agrochem-
icals can cause adverse effects on the health of the population. That is
why a technology is required that works at atomic and molecular lev-
els, both to detect and to degrade pesticides (Rawtani et al., 2018). As
regards proposed methodologies based in nanotechnology, evaluations
have been carried out for adsorption (Moradi Dehaghi et al., 2014;
Tovakkoli and Yazdanbakhsh. 2013), nanofiltration (Plakas and
Karabelas, 2012; Van der Bruggen et al., 1998) and degradation
(Abdennouri et al., 2016; Navarro et al., 2009; Keum and Li, 2004).

More specifically, Glyphosate, N-(Phosphonomethyl)glycine (GLY)
is a herbicide with a non-selective, broad-spectrum activity. It was in-
troduced in 1974 for the control of agricultural production areas
(Benbrook, 2016) and is one of the most widely used herbicides
worldwide (Woodbruen, 2000; Castle et al., 2004), a situation favored
by the introduction of genetically modified GLY-resistant crops at the
end of the 20th century. Glyphosate is not normally applied in its
pure form, but in commercial formulations such as Roundup
(Monsanto, 2002, 2013) and Touchdown (Syngenta), which are called
glyphosate-based herbicides (GBHs). The similarities with Phospho-
enolpyruvate (PEP) allow glyphosate to bind to the 5-
enolpyruvylshikimate 3-phosphate (EPSP) synthase substrate to in-
hibit its activity and block its integration in the chloroplast. The inhi-
bition of the functioning of the shikimate pathway generates a defi-
ciency in aromatic amino acids, which eventually causes the death of
the plant due to malnutrition. In addition to glyphosate, GBHs contain
several adjuvants (Li et al., 2005), among them those that increase the
adhesion of glyphosate to the surface of plants (for example
alkylpolyglycoside), which facilitate penetration into the cell walls of
plants and their tissues (e.g. ethoxylated tallow amines) to exert their
herbicidal effects. Unfortunately the full composition of GBHs is not
known. This is treated as a trade secret by manufactures, and avail-
able data on the hazards posed by different mixtures remains limited
(LVanderberg et al., 2017). A small number of controlled studies car-
ried out in laboratories, using contemporary scientific approaches,
have registered adverse effects, both of glyphosate and of GBHs, in
doses much lower than those used to make risk assessment decisions.
Specifically, Roundup contains, in addition to glyphosate, isopropy-
lamine and polyoxyethylene amine (POEA), to improve the absorption
and translocation of the active ingredient by the plants (Tsui and Chu,
2003). GBHs are used in many agricultural activities, such as control
of weeds that affect crops, due to its wide range of action and the
functionality for which the product was designed. In addition, other
glyphosate uses have been determined, being able to be used in the
chemical maturation of seeds and in sugarcane.

Research carried out by Goldsborough and Beck (1989) concluded
that glyphosate is rapidly dissipated from the surface waters of lentic
systems. It is further suggested that the main forms of glyphosate loss
in the water column are due to adsorption by the sediment and
biodegradation (Rueppel et al., 1977, Monsanto, 2014). Mann and
Bidwell (1999) determined that glyphosate isopropylamine is practi-
cally non-toxic as there is no mortality among the tadpoles of any of
the four species of Australian frogs studied and they mention the im-
portance of evaluating the persistence of the surfactant components in
commercial formulations of glyphosate because this factor is the main
contributor of its acute toxicity; the polyoxyethyleneamine surfactant
in the case of Roundup. The negative effects on the environment, for
example on the amphibian population due to the contamination of
water sources (Bernal et al., 2009a; Bernal et al., 2009b) cannot there-
fore simply be ignored. Meanwhile, because glyphosate can be de-
graded by soil microbes (Zhang et al., 2015) and can be linked to soil
colloids (Gonzalez-Martinez et al., 2005), the World Health Organiza-
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tion et al. (1994) considered that GLY is “toxicologically harmless™ for
humans, other mammals, birds and the environment (Tsui and Chu,
2003). Nevertheless, recent research suggest that GLY may be consid-
ered toxicologically harmful and presents potential association with
human carcinogenesis and other chronic diseases (Valle et al., 2019;
Tarazona et al., 2017) including alterations in the mental and repro-
ductive behavior of humans (Anifandis et al., 2018; Williams et al.,
2012). In a recent review (Van Bruggen et al., 2018), reference was
made to the fact that, in spite of the fact that glyphosate has been
used extensively in the last 40 years, opinion as to the potential risk,
direct and indirect, of the use of this herbicide on human and environ-
mental health has recently seen an increase (Conrad et al., 2017). Ad-
ditionally, the scientific literature indicates that chronic exposure to
GLY can lead to such diseases in humans as attention deficit hyperac-
tivity disorder (ADHD), diabetes, heart disease, colitis, multiple scle-
rosis, depression, non-Hodgkin lymphoma and Alzheimer's disease
(Samsel and Seneff, 2013), autism (Beecham and Seneff, 2015),
chronic kidney disease (Jayasumana et al., 2014), Parkinson's disease
(Gui et al., 2012), problems in pregnancy (Benachour and Séralini,
2009), among others (see Valle et al., 2019). Recent work indicates
that additional work is required in higher organisms using the pesti-
cide formulations to learn more about the potential risk of neurode-
generation in humans (Burchfield et al., 2019).

The study conducted by Romano et al. (2010), found that
glyphosate significantly changes the pubertal development of male
Wistar rats in a dose-dependent manner; reducing the production of
testosterone and significantly decreasing the epithelial thickness of
the seminiferous ducts, suggesting that the commercial glyphosate for-
mulation is a potent endocrine disruptor in vivo in the reproductive
development in rats when exposure is during the period of puberty
(Dai et al., 2016); this agrees with the conclusions of Dallegrave et al.
(2007) that the commercial formulation of glyphosate (Roundup) in-
duces adverse reproductive effects in male Wistar rats during prenatal
and postnatal exposure; a decrease in the number of sperm during the
adult stage, an increase in the percentage of abnormal sperm and a
decrease in the serum level of testosterone at puberty, in bullfrogs.
According to Rissol et al. (2016), all the herbicides cause marked al-
terations in the skin, modification in the morphology of the cell wall,
while the epithelial tissue can present hyperplasia or hypertrophy.

According to the literature published in recent years, it has been
shown that the handling of glyphosate, as well as of the great major-
ity of pesticides, by the rural population is unsafe (Campuzano-
Cortina et al., 2017). Studies have shown the presence of this herbi-
cide in the body of people who are exposed through work or involun-
tarily (Conrad et al., 2017), even in children due to inadequate stor-
age conditions, and this is due to the fact that this toxic substance has
not only gastrointestinal, but also mucocutaneous and inhalatory ab-
sorption. A particular situation occurs in countries like Colombia
where glyphosate is used in the forced eradication of coca crops
(Reyes, 2014), specifically by aerial spraying (Camacho and Mejia,
2017), which has caused health problems in the fields where spraying
was carried out (Solomon et al., 2009).

For the degradation of glyphosate, microbial transformation is per-
haps the main route, passing through fleeting intermediaries such as
AMPA, sarcosine and formaldehyde, to carbon dioxide. In the case of
abiotic degradation, the amounts of glyphosate degraded by non-
microbial forms of decomposition are negligible; photodegradation by
sunlight of glyphosate applied to the soil appears to be negligible, ac-
cording to a study by PTRL, Inc., 1989 (Ahrens, 1994). Meanwhile, if
biodegradation with bacterial strains is considered, various types of
bacteria are used as indicated by Méndez-Villaquirdn in his work
(Méndez-Villaquiran, 2015), finding a certain capacity to decompose
and degrade glyphosate. In most laboratory experiments, the rate of
degradation of glyphosate in soils appears to be relatively rapid
(Wang T. et al., 2016b, Bott et al., 2011).
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Other chemical and physicochemical methods are used to degrade
glyphosate (Assalin et al., 2010), noteworthy among them advanced
oxidation processes (Kudzin et al., 2019), specifically the use of a
TiO, photocatalyst (Shifu et al., 2007), hydrogen peroxide irradiated
with UV (Manassero et al., 2010), TiO, particles doped with Mn, Ce
or La and activated with visible light (Umar et al., 2016), titania nan-
otubes doped with photocatalytically activated cerium (Xue et al.,
2011), photodegradation using goetite and magnetite (Yang et al.,
2018), a nanocomposite of BiOBr/Fe304 (Cao et al., 2019), MnO,
(Jaisi et al., 2016) and BiVO,4 (Huo et al., 2017). In addition, adsorp-
tion on a MnFe;04-graphene hybrid compound (Yamaguchi et al.,
2016), oxidative degradation with manganese oxide (Barret and
McBride, 2005) and oxidation of electrochemically assisted MnO2
(Lan et al., 2013), have all been used, among other methods. More-
over, nanotechnology recently began to be used in order to degrade
glyphosate. Although the number of studies carried out considering
this functionality of nanoparticles is in the early stages, there are stud-
ies such as (Wang M., 2016a), who use nanoparticles of MnO,/C, with
high specific surface and high dispersion, obtaining a very strong cat-
alytic adsorption and degradation of glyphosate. An efficient
glyphosate removal was further achieved using nanosized copper hy-
droxide modified resin (D201Cu) (Zhou et al., 2017).

In the present work a synthesis method was structured that made
it possible to obtain, in a controlled and reproducible way, ZnO
nanoparticles (ZnO-NPs) which were characterized and then used to
remove glyphosate from aqueous solutions previously designed in the
laboratory. These nanoparticles showed a good efficiency in the re-
moval of the herbicide.

2. Materials and methods
2.1. Synthesis of ZnO nanoparticles

The method used for the synthesis of the ZnO-NPs was that of con-
trolled precipitation (Rodriguez-Paez, 2001; Rodriguez-Paez et al.,
1997). The process was conducted at room temperature (22 °C) using
distilled water (400 mL) as solvent, hydrated zinc acetate
(Zn(CH3COO0O), - Merck) as Zn precursor to acidify the nitric acid sys-
tem (HNOj - Merck) and ammonium hydroxide (NH4OH-Merck) as
precipitant. With the solvent under continuous stirring, the precursor
was added and the system was allowed to acquire a transparent con-
dition, the solution reaching a pH value of 6.4 + 0.1.

The ammonium hydroxide (precipitating agent) was then added to
the solution, an action that was carried out slowly and periodically,
every 5 s, administering an amount of approximately 0.110 mg (two
drops). The controlled and periodic addition of NH4OH was carried
out so that the chemical reactions, mainly of hydrolysis (favoring the
presence of OH groups in the Zn?* coordination sphere), could de-
velop favorably. Each molecule of ammonium hydroxide was dissoci-
ated releasing hydroxyl, which increased the pH of the suspension,
promoting the deprotonation of the water molecules that surrounded
the Zn?* and thus favoring the presence of hydroxy OH groups in the
coordination sphere of the cation. The precipitating agent continued
to be added to the system until reaching the final working pH (8.5).
With the addition of NH4OH to the system, up to pH 8.5, the hydroly-
sis and condensation reactions of the Zn species were favored and the
development of the most important stages of the process was facili-
tated: embrionation, nucleation and formation of the solid precipitate
(Rodriguez-Paez, 2001).

2.2. Characterization of the synthesized ZnO-NPs
To determine the physicochemical characteristics of the synthe-

sized ceramic powders, a number of characterization techniques were
used.
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2.2.1. X-ray diffraction - XRD

The XRD technique allows the determination of the crystalline
structure of solid samples, which defines their physical properties, in-
cluding electrical, optical and catalytic properties. In this work, the
diffractograms of the samples of interest were taken using the PANa-
lytical X'Pert Pro X-ray equipment with a copper anode, Cu
k, = 1.540598 A > in the range between 20° and 70°. The Scherrer for-

kA
B cos 0

mula (D = ) was used to determine the crystallite size.
2.2.2. Scanning electronic microscopy (SEM)

To observe the solids of interest for this investigation, the Tescan
Vega 3 SB microscope was used. This equipment operates with a tung-
sten filament at accelerating voltages between 200V and 30 kV, with
gaps from 0.009 Pa to 2000 Pa (pascal) and has three detectors: sec-
ondary electrons (SE), backscattered electrons (BSE) for image obser-
vation and dispersive energy X-ray spectroscopy (EDX) for elemental
analysis.

2.2.3. Infrared spectroscopy

The IR spectra give information about the functional groups pre-
sent in the samples. The equipment used for this test was the Thermo
Scientific Nicolet iS10 FT-IR spectrophotometer. The sample was pre-
pared using the solid of interest with KBr, to form a pellet, and the IR
spectrum was recorded in the region between 4000 and 400 cm~!
with a resolution of 4 wave numbers.

2.2.4. UV-Vis absorption spectroscopy

Ultraviolet-visible spectrometry or UV-Vis spectrophotometry in-
volves photon spectroscopy in the ultraviolet-visible radiation region.
This technique principally considers the electronic transitions from
the basal state to the excited state. For the present study, the Thermo
Scientific Evolution 300 UV-VIS spectrophotometer was used.

2.3. Evaluation of glyphosate removal by ZnO-NPs

Having obtained the ZnO-NPs, using the method of controlled pre-
cipitation described above, we proceeded to quantitatively study their
use in the removal of glyphosate. Initially the calibration curve of the
water-glyphosate system was obtained. For this, the UV-Vis spectra of
aliquots of glyphosate solutions containing concentrations from 250 to
5000 ppm of the herbicide were taken. The solutions were formed by
dissolving an adequate amount of Monsanto Roundup 747 SG, which
contained a glyphosate a. i. concentration of 679 g/kg, in a suitable
volume of water to form the solutions in the concentrations indicated
previously. For each aliquot of interest, the UV-Vis spectrum was
taken and the maximum absorbance value of the glyphosate charac-
teristic band, located at 193 nm, was recorded for the different con-
centrations. These data were used to correlate the values of ab-
sorbance, corresponding to the characteristic band of glyphosate, with
those of the concentration of this compound in solution, obtaining the
equation of the calibration curve of the system.

To determine the catalytic activity of the synthesized ZnO-NPs,
evaluating the removal of glyphosate, suitable amounts of Roundup
747 SG product were weighed and dissolved in an adequate volume of
water to obtain concentrations of 250, 700 and 1000 ppm. The spec-
tra corresponding to these suspensions had been previously recorded
and showed absorbance values lower than 1.5, absorbance values ade-
quate for carrying out the study, in contrast to the values recorded for
concentrations greater than 1000 ppm that were greater than 1.7. In
order to evaluate the glyphosate removal capacity of the synthesized
ZnO, quantities of this oxide were added to the glyphosate solutions
to obtain concentrations of 250, 700 or 1000 ppm of ZnO. Subse-
quently, the behavior of the water-glyphosate-ZnO systems was moni-
tored by taking aliquots of the system every 10 min for 1 h and the
corresponding UV-Vis absorption spectrum was recorded, paying at-
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tention to the absorbance value of the peak of maximum absorbance
(located at 193 nm). Table 1 shows the glyphosate-ZnO concentration
ratios evaluated through the methodology indicated above.

The previously obtained calibration curve was used to determine,
based on the values of maximum absorbance (peak at 193 nm), the
concentration of glyphosate present in the solution for each aliquot
taken regularly over time (every 10 min). Using the values obtained,
the C/C, and % Removal ((C,—C)/C,) curves were plotted, as a func-
tion of time, to determine the capacity of glyphosate removal by the
ZnO-NPs.

Table 1
Glyphosate-ZnO concentration ratios used to study the glyphosate removal
capacity of the synthesized ZnO-NPs.

Roundup (ppm) ZnO (ppm)

250 700 1000
250 v/ v 4
700 v v
1000 4

6.0
5.5 Zonel
50
45 -
E ) e S L I L 5 L L 0 R
2 4 6 8 1012 14 16 18 22 24 26 28 30
NH4OH (mL)
(@)

100
95
90
85
80
76
70
65
60
55
50
45
40
35

Transmittance (%)

44295
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3. Results and discussion
3.1. Synthesis process

The description of the process of controlled precipitation was car-
ried out using the potentiometric titration curve of the Zn(CH3COO),
— HyO-HNOj; system (Fig. 1(a)) and that can also be used as a means
of controlling the process, to ensure its reproducibility and therefore
the characteristics of the final product. In it, the stages of the process
are clearly differentiated because the hydrolysis and condensation re-
actions, which involve protons (H*) and hydroxyl groups (OH"), pre-
dominate (see Rodriguez-Paez et al., 2001).

3.2. Characterization of the synthesized ZnO-NPs

3.2.1. XRD

The peaks of the diffractogram in Fig. 1(b) correspond to ZnO
(PDF-2 2004 according to the International Center for Diffraction
Data - PDF 2004), which has a wurtzite-like crystal structure. The
slenderness of the peaks indicates that the sample is well crystallized.

A further piece of information that can be obtained from the X-ray
diffraction data is the crystallite size of the synthesized ZnO and for
this the Debye-Scherrer formula was used:

K\

" hen® *

(101)
—— Zn0O-NPs 400 °C

(100)

(002)

Intensity (a.u.)

3.0+

2.8

m— 500 pmm
== 300 pmm

26
24
22
20
1.8
1.6

Absorbance

14
1.2 4

1.0

0.8 1

4000 3800 3000 2500 2000 1500 1000 500

Wave number (cm™')

(@]

————— T
150 180 210 240 270 300 330 360 390 420 450 480 510
Wave number (cm-')

(d)

Fig. 1. (a) Potentiometric titration curve of the Zn (CH3COO), — H,O-HNOj system and (b) X-ray diffractogram, (c) IR spectrum and (d) UV-Vis absorption spec-

tra corresponding to the synthesized ZnO powders.
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where K = 0.9; ) is the wavelength of the incident X-rays (which for
this case A = 1.5402 A), p the width of each peak of the diffractogram
at a medium height (in radians) and © the angle of refraction. The re-
sults of the calculations, using Eq. (3) for the most prominent peaks in
Fig. 1(b), are indicated in Table 2.

Observing the values indicated in Table 2, it can be concluded that
the crystallite size value is different depending on the crystallographic
direction considered, which indicates that the crystallite was asym-
metric, that is, it presented different deformations in different crystal-
lographic directions.

3.2.2. IR and UV-Vis spectroscopy

In Fig. 1(c) the IR spectrum of the synthesized ZnO is shown. In
the spectrum, different bands are observed, corresponding to different
functional groups, featuring in particular a small band located be-
tween 3200 and 3500 cm™! that is associated with the OH groups pre-
sent in the sample (O-H stretching vibration mode). Another band lo-
cated at ~2340 cm~! would correspond to the CO, adsorbed from the
environment and the one found at 1628 cm™! is associated with a vi-
brational mode of water (flexion of the H-O-H functional group)
(Socrates, 2001). Undoubtedly, the band most evident in the diffrac-
togram is located at ~443 cm~! - the band characteristic of ZnO
(Rodriguez-Péez et al., 2001).

Meanwhile, in Fig. 1(d) the UV-Vis absorption spectra correspond-
ing to two concentrations of suspensions of the synthesized ZnO are
shown. They show an absorption maximum at A ~385 nm (corre-
sponding to an energy value of ~3.25 eV) and that would be related
to electronic transitions from the valence band to the conduction
band. The corresponding energy value, associated with this electronic
transition, is related to the value of the band gap width and that in
the scientific literature is reported with a value of ~3.4 eV. Since the
absorption edge falls smoothly, above the maximum, there is cause to
anticipate electronic transitions involving defects (West, 1984). The
electronic transitions below the absorption maximum (A < 385 nm)
would be associated with transitions that would involve localized
states corresponding to the Zn?* and O%- ions (charge transfer spec-
trum).

3.2.3. Scanning electron microscopy and EDS spectrum

In Fig. 2(a) two photographs (at two different magnifications)
taken from a powder sample of ZnO are shown. In them, the presence
of small spheroidal primary particles (less than 100 nm) forming the
soft agglomerates observed there is evident. The EDS spectrum taken
from a small region of these photographs (Fig. 2(b)) indicates that the
elements that predominate are Zn and O. Looking carefully at the %
of atoms reported by the elemental analysis, there would be more Zn
than O atoms, indicating that the predominant defect in the sample
would be the oxygen vacancies that, according to the UV-Vis ab-
sorbance spectrum, would be ionized and would propitiate the corre-
sponding electronic transitions to values of A > 385 nm (Fig. 1(d)).

Table 2
Crystallite size of ZnO samples synthesized by controlled precipitation using
water as solvent.

Sample o (deg) d &) (hKD)
ZnO 15.954 314.381 (100)
17.283 358.774 (002)
18.187 360.590 (101)
15.977 232.395 (100)
17.329 256.332 (002)
18.210 235.198 (101)
15.977 314.418 (100)
17.306 358.820 (002)
18.210 208.060 (101)
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3.3. Study of glyphosate removal by ZnO-NPs

3.3.1. Calibration curve

Fig. 3 shows the UV-Vis absorption spectra corresponding to dif-
ferent concentrations of glyphosate, between 250 and 5000 ppm (Fig.
3(a)), and the corresponding absorbance values of the maximum char-
acteristic of the herbicide (A = 193 nm), for the different concentra-
tions used (calibration curve - Fig. 3(b)).

The UV-Vis spectra in Fig. 3(a) indicate that glyphosate exhibited
several absorption maxima for concentrations greater than 2000 ppm
(193, 200 and 205 nm) while for concentrations less than or equal to
1000 ppm, only 193 nm appears. The absorption value of the maxi-
mum located at 193 nm, obtained for each of the solutions evaluated,
was plotted based on the glyphosate concentrations, between 250 and
5000 ppm, obtaining the calibration curve (Fig. 3(b)). As can be seen
in Fig. 3(b), there is a substantially linear behavior (R> = 0.972) be-
tween the absorbance value of this maximum and the glyphosate con-
centration, within this interval.

3.3.2. Effect of different concentrations of ZnO-NPs on aqueous
glyphosate solutions

Fig. 4 shows the UV-Vis absorption spectra corresponding to
aliquots of glyphosate solutions with equal concentrations of herbi-
cide and ZnO-NPs, taken every 10 min for 1 h. The most notable be-
havior of the spectra in Fig. 4, independently of the concentration ra-
tio, is that the intensity of the maximum is reduced appreciably and
that the location of this band moves slightly towards higher A values.
This result indicates, according to the calibration curve obtained (Fig.
3(b)), that the concentration of glyphosate in the solution was appre-
ciably reduced by the presence of the nanoparticles.

To obtain more information about the effect of the presence of the
ZnO-NPs on the aqueous solutions of the herbicide, other glyphosate-
ZnO-NP concentration ratios were considered: (a) 700 ppm-250 ppm
(Fig. 5(a)), (b) 1000 ppm-250 ppm (Fig. 5(b)) and (c) 1000 ppm-
700 ppm (Fig. 5(c)), respectively, the oxide content being lower. Simi-
larly, aliquots of the suspension were taken periodically, every 10 min
for 1 h. It is noteworthy in Fig. 5 that, although the ZnO-NP content
was lower than the glyphosate concentration, there was always a very
good effect of removal of the herbicide by the nanoparticles. Addi-
tionally, in the spectra in Fig. 5 the displacement of this band was
also evident towards higher A values, as well as the appearance of
other small absorption bands. These results would indicate the effi-
cient removal of glyphosate from the solution due to the presence of
the ZnO-NPs, as well as the possible generation of new compounds,
derived from glyphosate, which would present different absorption
maxima close to the characteristic band of the herbicide (193 nm).

3.3.3. C/C, and % removal curves obtained for glyphosate solutions
subjected to the action of nanoparticles

To obtain quantitative information on the process of removal of
glyphosate from the designed aqueous solutions subjected to the ac-
tion of the ZnO-NPs synthesized in this work, using the experimental
data obtained from Figs. 4 and 5 and using the calibration curve (Fig.
3(b)), the C/Co and % removal ((C,~C)/C,)x100%) curves were plot-
ted as a function of time (Fig. 6), where C, is the initial concentration
of glyphosate and C the concentration of the herbicide for a time t in
the solution.

Looking at the curves in Fig. 6, the strong effect of glyphosate re-
moval by the ZnO-NPs is reiterated. To make this effect evident, Table
3 was constructed using the maximum removal values corresponding
to the different glyphosate-ZnO-NP concentration ratios evaluated.
This table indicates that the percent removal of the herbicide by the
nanoparticles showed a low value, between 69 and 72%, for
glyphosate-ZnO-NP ratios of 700 ppm-700 ppm and 1000 ppm-
1000 ppm respectively, and a maximum value for the 1000 ppm-
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Fig. 3. (a) UV-Vis absorption spectra of different glyphosate concentrations (ranging between 1000 and 5000 ppm) and (b) absorbance values corresponding to
the characteristic band of maximum absorption of glyphosate (193 nm) for the different concentrations used (calibration curve).



M.R. Pdez et al.

Biocatalysis and Agricultural Biotechnology 22 (2019) 101434

== Glyphosate without Zn-NPs

== Glyphosate without Zn-NPs 10 min

== Glyphosate without Zn-NPs 20 min

== Glyphosate without Zn-NPs 30 min
Glyphosate without Zn-NPs 40 min

== Glyphosate without Zn-NPs 50 min

== Glyphosate without Zn-NPs 60 min

1.75

1.50

Absorbance

N

90 200 220 240 260 280 300 320 340
A(nm)

(a)

0.00
1

380 390

Absorbance

== Glyphosate without Zn-NPs
== Glyphosate without Zn-NPs 10 min
== Glyphosate without Zn-NPs 20 min
== Glyphosate without Zn-NPs 30 min
Glyphosate without Zn-NPs 40 min
== Glyphosate without Zn-NPs 50 min
== Glyphosate without Zn-NPs 60 min
1.50

1.25

0.75

0.50

0.00

190 230 240 290

X(nm)

(b)

200 210 220 250 260 270 280

Absorbance

== Glyphosate without Zn-NPs

== Glyphosate without Zn-NPs 10 min

== Glyphosate without Zn-NPs 20 min

== Glyphosate without Zn-NPs 30 min
Glyphosate without Zn-NPs 40 min

== Glyphosate without Zn-NPs 50 min

w= Glyphosate without Zn-NPs 60 min

200 210 220

230

240

250 260 270 280 290 300

A(nm)

(c)

Fig. 4. UV-Vis absorbance spectra as a function of the removal time corresponding to aliquots of the following glyphosate-ZnO-NP concentrations: (a) 250 ppm—
250 ppm, (b) 700 ppm-700 ppm and (c) 1000 ppm-1000 ppm, taken every 10 min during the test.

250 ppm system. It should be indicated that, as can be seen in Table
3, the tests were performed with a concentration of ZnO-NPs less than
or similar to that of glyphosate, considering the efficiency of the
process (lower oxide yield synthesized compared to a high concentra-
tion of herbicide).

3.3.4. Evaluation of the kinetics of glyphosate removal by ZnO-NPs

To obtain more information about the process of glyphosate re-
moval by the ZnO-NPs, the data in Fig. 6 were used, specifically those
indicated in the C/C, curves, i.e. the different values of C in the differ-
ent instants of the test in which the spectra were taken. Using these
values and considering the different possible kinetics of the process
(Ramesh et al., 2014; Yagub et al., 2014): pseudo first order (log (qe —
Q) logqe (K1t)/2.303), pseudo second order (t/
q = 1/(k2qe®) + t/qe, when the chemisorption process predominates)
and intraparticle diffusion (q = kyt'/2 + cte), with q¢ = (Co~C)V/W
and q = (C,—C)V/W and with C, being the initial concentration of
glyphosate (ppm), C the concentration of the herbicide at time t (in
ppm) and C, the concentration at equilibrium (ppm), V the volume of
the solution and W the weight of the ZnO-NPs used, the curves of Fig.
7 were obtained (we considered the proportionality of q. with (C,—C,)
and q with (C,—C) to actually graph the curves in terms of concentra-
tions rather than in those of the q parameters). The curves of -log (C/
Co) and t/C vs time, as well as C vs timel/2, for aqueous solutions
with different glyphosate-ZnO-NP concentration ratios, are indicated
in Fig. 7.

Observing the curves in Fig. 7, the kinetics of the physicochemical
processes that occurred within the solutions with glyphosate-ZnO-NP
concentrations of 250 ppm-250 ppm (Fig. 7(i)), 700 ppm-700 ppm
(Fig. 7(ii)), 1000 ppm-1000 ppm (Fig. 7(iii)) and 1000 ppm-700 ppm
(Fig. 7(v)) were of pseudo second order, where chemisorption would
predominate, while for the solution with 1000 ppm-250 ppm ratio
(Fig. 7(iv)) the order of its kinetics could not be determined. As a re-
sult of the data obtained, the intra-particle diffusive contribution to
the process could not be disregarded, especially for the solutions with
1000 ppm-250 ppm (Fig. 7(iv)) and 1000 ppm-700 ppm (Fig. 7(v))
which contained the highest concentration of glyphosate.

Looking at the two important phenomena that can occur during
the removal of glyphosate by the action of ZnO-NPs - adsorption and
degradation of the herbicide - it can be concluded based on the results
that adsorption was predominant. This result can be accounted for
considering the small particle size of the synthesized ZnO (Fig. 2(a)
and Table 2) that ought to favor a high specific surface area. While in
the UV-Vis absorption spectra corresponding to different glyphosate-
ZnO-NP concentrations and in different instants of the trial (Figs. 4
and 5) slight deviations of the absorption maximum and the appear-
ance of other apparent absorption bands are observed, with the study
techniques used, the development of chemical reactions leading to the
degradation of glyphosate could not be demonstrated.

To conduct a fuller discussion of the results obtained in this study,
it is worth remembering that there is a huge interest in cleaning up
aqueous solutions contaminated with glyphosate (Pankajakshan et al.,
2018; Zhou et al., 2017; Balci et al., 2009). Previous work has led to
details of the metabolism and degradation of glyphosate in soil and
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Fig. 5. UV-Vis absorption spectra corresponding to aliquots of aqueous solutions of the herbicide subjected to the action of the synthesized nanoparticles, consid-
ering different glyphosate-ZnO-NP concentrations: (a) 700 ppm-250 ppm, (b) 1000 ppm-250 ppm and (¢) 1000 ppm-700 ppm, taken every 10 min during the

test.

water (Dollinger et al., 2015; Rueppel et al., 1977), results that have
made it possible to determine the effect of polycations, which exist in
these media, on the mineralization of the herbicide (Dollinger et al.,
2015; Ololade et al., 2014; Kobylecka et al., 2000; Caetano et al.,
2012; Kim et al., 2011; Sundaram and Sundaram, 1997), specifically
to define a glyphosate degradation pathway (Catao and Ldpez-
Castillo, 2018) and the deprotonation reactions of the agrochemical
(Li et al., 2018; Liu et al., 2016). The results obtained in these studies
indicate that, since glyphosate has three polar functional groups
(amine, carboxylate and phosphonate), it may be linked to polyvalent
metal cations showing a special chelating characteristic of the herbi-
cide (Mertens et al., 2018). Several mechanisms have been proposed
to account for the sorption of glyphosate by soil and sediments that
would involve the formation of strong M-OH-P (glyphosate) bonds by
ligand exchange between the glyphosate phosphonate group and sin-
gle coordinated M-OH groups of the surface of the minerals contained
in the soil (Ololade et al.,, 2014; Borggaard and Gimsing, 2008;
Dideriksen and Stipp, 2003). In addition, complexes that would form
between the glyphosate phosphonate groups and soil-exchanged poly-
covalent cations would be responsible for the strong sorption of
glyphosate by the soil. Bearing this in mind, a series of studies were
carried out that evaluate the formation of cation-glyphosate com-
plexes for different cations, thereby determining which of them is

more favorable to the herbicide forming complexes, while advancing
understanding of the process of inactivation of organophosphorus her-
bicides (Caetano et al., 2012; Sundaram et al., 1997; Cotinho and
Mazo, 2005). Taking into account the specific interactions between
the metals in the soil and glyphosate, the low activity of the herbicide
when applied directly inside the ground and not pulverized can be un-
derstood, as well as the possible processes for its degradation. The
glyphosate (polyprotic acid) can act as a chelating agent and form sta-
ble complexes with divalent and trivalent metal cations (Caetano et
al., 2012; Cotinho et al., 2005; Subramaniam and Hoggard, 1988;
Motekaitis and Martell, 1985). The calculations of free energy of com-
plexation between glyphosate and some divalent and trivalent cations,
carried out in the work of Caetano et al. (2012) in coordinated octa-
hedral and tetrahedral environments, showed that the three most sta-
ble complexes would be formed by the herbicide with Zn2*, Cu?* and
Co®*. Specifically, glyphosate-Zn is 14.72 kcal/mol more stable than
glyphosate-Cu, which is 24.42 kcal/mol more stable than glyphosate-
Co. In conclusion, the order of stability of the complexes the
glyphosate would form with some cations, in aqueous medium, would
be: Zn > Cu > Co > Fe > Cr > Al > Ca > Mg, according to
Caetano et al. (2012). These results indicate that a favorable route to
inactivate glyphosate would be to use solid systems rich in Zn?* and/
or Cu?*, as in the present work, where ZnO was used.
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Fig. 6. C/C, and glyphosate % removal ((C,~C)/C,) curves as a function of time for different glyphosate-ZnO-NP concentrations: (a) 250 ppm-250 ppm, (b)
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Table 3
Percentages of glyphosate removal by the synthesized ZnO-NPs.
Roundup (ppm) ZnO (ppm)
250 700 1000
250 80% - 90%
700 - 69% 87%
1000 - - 72%

Considering the results (Figs. 4-7) alongside the above observa-
tions, an important step in the evident removal of glyphosate by ZnO-
NPs would be the adsorption of the herbicide on the surface of NPs.
As occurs in other systems (Borggaard and Gimsing, 2008; Dideriksen
and Stipp, 2003), glyphosate is only sorbed on surfaces of variable
and poorly ordered charge, characteristic of the surfaces of the NPs,
and among them those of ZnO (Baer et al., 2010, 2013; Kim et al.,
2014; Ton-That et al., 2008). As with other systems (Borggaard and
Gimsing, 2008; Dideriksen and Stipp, 2003; Sheals et al., 2002), sorp-
tion of glyphosate on ZnO-NPs might occur by ligand exchange or

specific sorption, favoring the formation of monodentate surface com-
plexes at singly-coordinated hydroxyl groups (mononuclear species),
although the formation of bidentate (bridging) surface complexes and
contiguous (neighboring) singly coordinated hydroxyl groups (surface
binuclear species) cannot be ruled out. The formation of these com-
plexes on the surface of the ZnO-NPs is illustrated in Fig. 8.

Another possibility is that the carboxyl group binds to the surface
of the NPs but, as indicated by work in other systems (Sheals et al.,
2002; Barja and Dos Santos, 2005), if the surface-carboxyl bond was
formed, it would be very weak.

The model proposed for the adsorption of glyphosate (Fig. 8)
would account for the removal of glyphosate by the ZnO-NPs and
therefore the results shown in Figs. 4-6. A more careful study, using
ATR-FTIR, X-ray photoelectron spectroscopy (XPS) and atomic force
microscopy should be done in the future to find out more about the
removal process and validate the model. Furthermore, in considering
the possibility of degradation of glyphosate by ZnO-NPs, which can-
not be evidenced by the results obtained in this work, we should con-
sider the dissociation of ZnO, i.e. the generation of Zn2* ions with
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Fig. 8. Proposed model for adsorption of glyphosate on the surface of ZnO-
NPs.

which the glyphosate could form complexes (Kobylecka et al., 2000;
Caetano et al., 2012; Kim et al., 2011), as well as the formation of re-
active oxygen species (ROS) mediated by defects (Prasanna and
Vijayaraghavan, 2015), that would lead to a process of degradation as
indicated by Kudzin (Kudzin et al., 2019). Therefore it is necessary, in
future work, to use techniques such as liquid and/or gas chromatogra-
phy coupled with mass spectroscopy to identify the byproducts gener-
ated through the interaction of ZnO nanoparticles with glyphosate, to
verify if degradation of the herbicide occurs.

4. Conclusions

A suitable synthesis method was structured that allowed us to ob-
tain ZnO-NPs in a controllable way. These had a nanometric particle
size (<100 nm), a spheroidal morphology and formed soft agglomer-
ates. The nanoparticles were well crystallized with a wurtzite struc-
ture. From the results of UV-Vis absorption spectroscopy it was possi-
ble to determine that their energy gap value was ~3.25 eV. It is ob-
served that in each of the glyphosate - ZnO-NPs combinations pre-
pared, using different NP concentrations, there was a reduction in ab-
sorbance, which indirectly shows a decrease in the concentration of
the herbicide. The evaluation trials for actions due to ZnO-NP pres-
ence in the glyphosate solutions showed an efficient removal of the
herbicide, from ~70% to 90% depending on the glyphosate-ZnO-NP
ratio. This would occur mainly through a chemisorption process (ki-
netics of a pseudo second order removal).
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