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Abstract

This article presents a review on the use of graphene in various segments, elucidating that this product can be used in
various industrial sectors. These include mainly agriculture (as in large crops of high relevance, such as coffee), the
food industry and the environment, as a plant growth stimulator and in fertilizers, nanoencapsulation and smart-release
systems, antifungal and antibacterial agents, smart packaging, water treatment and ultrafiltration, contaminant removal,
pesticide and insecticide quantitation, detection systems and precision agriculture. However, some challenges can be
overcome before the graphene-based nanoparticle is used on a large scale. In this way, before using the product in the
environment, it is necessary to determine whether the technology is safe for the soil-plant system and consumers.
Furthermore, the cost of its use can also be a limiting factor depending on the level applied. Therefore, this review
proposes to examine the diverse literature to explain the effects of the use of graphene in agriculture, plants and soil
microorganisms. Accordingly, this article discusses and presents the possibilities of application of graphene in
agriculture, plants and soil microorganisms.

Keywords: Graphene; Graphene oxide; Agriculture; Nanomaterials; Carbon.

Resumo

Este artigo apresenta uma revisao sobre o uso do grafeno em varios segmentos, elucidando que esse produto pode ser
usado em varios setores da industria, principalmente na agricultura, como em grandes culturas agricolas de alta
relevancia como café, por exemplo, na indUstria alimenticia e no meio ambiente, como estimulador de crescimento de
plantas e fertilizantes, nanoencapsulacéo e sistemas de liberacdo inteligente, agentes antiflngicos e antibacterianos,
embalagens inteligentes, tratamento de &gua e ultrafiltracdo, remocao de contaminantes, quantificagdo de pesticidas e
inseticidas, sistemas de detec¢do e agricultura de precisdo. Contudo, alguns desafios podem ser superados antes que a
nanoparticula & base de grafeno seja utilizada em escala. Assim, antes do uso do produto no ambiente é necessario
verificar se a tecnologia € segura para o sistema solo-planta e para os consumidores, além disso, o custo de utilizacdo
também pode ser um limitador, conforme a dose utilizada. Portanto, o objetivo desta revisdo € analisar as diversas
literaturas, explicando os efeitos do uso de grafeno na agricultura, plantas e microrganismos no solo. Assim, com o
presente artigo, busca-se discutir e apresentar as possibilidades aplicativas do uso do grafeno na agricultura, nas plantas
€ nos microrganismos no solo.

Palavras-chave: Grafeno; Oxido de grafeno; Agricultura; Nanomateriais; Carbono.
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Resumen

El grafeno se puede utilizar en diversos sectores de la industria, principalmente en la agricultura, en la industria
alimentaria y en el medio ambiente, como estimulador del crecimiento de plantas y fertilizantes, nanoencapsulacion y
sistemas de liberacion inteligente, agentes antifingicos y antibacterianos, envases inteligentes, tratamiento de agua y
ultrafiltracién, remocion de contaminantes, cuantificacion de pesticidas e insecticidas, sistemas de deteccion y
agricultura de precisién. Sin embargo,algunos desafios necesitan ser superados antes de que la nanoparticula basada en
grafeno se utilice a escala. Asi, antes de usar el producto en el medio ambiente, es necesario verificar si la tecnologia
es segura para el sistema suelo-planta y para los consumidores, ademas, el costo de uso también puede ser un limitante,
dependiendo de la dosis utilizada. Asi, el objetivo de esta revision es analizar la diversa literatura, explicando los efectos
del uso de grafeno en agricultura, plantas y microorganismos en el suelo.

Palabras clave: Grafeno; Oxido de grafeno; Agricultura; Nanomateriales; Carbono.

1. Introduction

In 1948, the creation of electron microscopy allowed the visualization of the first images of few-layer graphite.
Thereafter, the search for the “isolation of graphene” began. Later on, in 2010, researchers Andre Geim and Constantine
Novoselov, from the University of Manchester, won the Nobel Prize in physics for discovering graphene and its properties,
extracting the famous graphene layers from graphite.

Graphene can be used in agriculture and various sectors of the high-tech and food industries. This material can be used
in different ways in these segments, e.g. (1) as a plant growth stimulator and a component of fertilizers (Zaytseva & Neumann,
2016); (11) in nanoencapsulation and smart-release systems (Andelkovic et al., 2018; Kabiri et al., 2017); (I11) as an antifungal
and antibacterial agent (Wang et al., 2014); (IV) in smart packaging (Sundramoorthy et al., 2018); (V) in water treatment and
ultrafiltration (Homaeigohar & Elbahri, 2017); (V1) in contaminant removal (Wu et al., 2012); (V1) for pesticide and insecticide
quantitation (Hou et al., 2013); and (V1) in detection systems and precision agriculture (Wu et al., 2014).

Graphene may be considered a renewable material, as it does not depend on natural reserves to be produced (Zaytseva
& Neumann, 2016). Despite being a promising material, its interactions with the environment are not well defined (Zaytseva &
Neumann, 2016).

2. Methodology

This review proposes to present current literature findings on various applications of graphene in agriculture, the
environment and the food industry as well as the consequences of its application on the environment, plants and soil
microorganisms. In addition, this study examines the prospects and the real needs for more promising and assertive research
assessing the impact of this new technology.

In this way, before using the product in the environment, it is necessary to determine whether the technology is safe for
the soil-plant system and consumers. Furthermore, the cost of its use can also be a limiting factor depending on the level applied.
Therefore, this review proposes to examine the diverse literature to explain the effects of the use of graphene in agriculture,
plants and soil microorganisms. Accordingly, this article discusses and presents the possibilities of application of graphene in

agriculture, plants and soil microorganisms.

3. Characteristics, Synthesis and Properties

Graphene is known to be formed by layers of carbon atoms attached in hexagonal structures (Soldano et al., 2010).
Some noteworthy physical properties of graphene include its extremely high optical transparency, of up to 97.7% (Brownson et
al., 2012); high thermal conductivity, of 5000 W m* K-* (Balandin et al., 2008); and broad specific surface area, of 2630 m? g*
(Zhu et al., 2010). The size of graphene interferes with its charge distribution, thermal conductivity, UV absorbance spectra and

capacitance (Choi et al., 2011; Ciri¢ et al., 2010; Luo et al., 2010; Nika et al., 2012; Zhou et al., 2011).
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Depending on reaction conditions, graphene nanomaterials (GNMs) can be formed with different chemical surfaces,
which differ in morphology and oxygen content (O:C ratio). For this reason, their electrochemical and conductivity responses
differ. Because it has higher amounts of sp2-hybridized carbon, the reduced form of graphene oxide (rGO) has a higher
conductivity than graphene oxide (GO) (Jain & Mishra, 2016).

Compared to primitive graphene, GO, with various oxygen groups, has relatively high solubility. The biocompatibility
of GO can be improved with the use of polyetherimide (PEI) and polyethylene glycol (PEG) (Seo et al., 2011). The nanotoxicity
of graphene can also be reduced with the use of amines, for instance (Lee et al., 2011).

Negative (anionic) surfaces are less toxic than positive (cationic) surfaces, whereas neutral ones are more biocompatible
(Goodman et al., 2004). This is due to the affinity of cationic particles for phospholipids or negative proteins. However, the
effect of the surface charges of graphene on nanotoxicology is not yet fully elucidated.

Graphene gained prominence in the 2000s, when Geim and Novolosev isolated and characterized it (Brownson et al.,
2012) for the first time, in a technique known as the ‘Scotch tape method' (Novoselov et al., 2005). The method, which consisted
of removing pieces of graphite with Scotch tape, granted Geim and Novoselov the physics prize in 2010. By this technique, the
pieces of graphite are exfoliated with more adhesive tape and applied to silica sheets until an atom-thick layer of
graphite—graphene—is finally immobilized in the application (Novoselov et al., 2005).

Nonetheless, large-scale graphene production requires the use of other methods. At present, producers employ the
"Hummers" method and its variations developed by William Hummers in the late 1950s (Hummers & Offeman, 1958). This
method uses strong acids and powerful oxidizing agents to separate the graphene layers from the graphite source. Although other
production methods exist, they are little used.

There is also the possibility of producing graphene from crop residues, which could further reduce production costs,
e.g., agricultural waste from sugarcane bagasse (Somanathan et al., 2015). In addition, graphene can be produced from bacteria
such as Shewanella (Lehner et al., 2019), with high efficiency in terms of cost, time savings and the environment in comparison

to chemical methods of graphene production.

4. Graphene Applications in Agriculture, the Food Industry and the Environment

Graphene can be used in agriculture and various sectors of the high-tech and food industry, e.g. (I) as a plant growth
stimulator and a component of fertilizers (Zaytseva & Neumann, 2016); (11) in nanoencapsulation and smart-release systems
(Andelkovic et al., 2018; Kabiri et al., 2017); (111) as an antifungal and antibacterial agent (Wang et al., 2014); (1V) in smart
packaging (Sundramoorthy et al., 2018); (V) in water treatment and ultrafiltration (Homaeigohar & Elbahri, 2017); (V1) in
contaminant removal (Wu et al., 2012); (V1) for pesticide and insecticide quantitation (Hou et al., 2013); and (VI11) in detection

systems and precision agriculture (Wu et al., 2014).

a. Nanoencapsulation and smart-release systems

Although fertilizers are essential in modern agriculture, their use efficiency is still in need of enhancement, given the
losses to the environment. In this respect, the use of graphene in the development of new slow-release fertilizers can be an
important alternative to reduce these losses (Andelkovic et al., 2018; Kabiri et al., 2017). An example is the coffee crop, which
currently uses large amounts of slow-release fertilizers on a large scale.

Graphene oxide is composed of a negatively charged layer capable of retaining cationic micronutrients such as zinc
(Zn) and copper (Cu), or anions such as negatively charged phosphate. For this purpose, GO must be treated with iron (Fe).
Thus, the release of these nutrients is slower than soluble fertilizers and can better respond to the demands of cultivated plants
(Kabiri et al., 2017).
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It is known that, in covering fertilizer granules, a graphene layer can enhance their physical resistance, preventing
friction damage and degradation during manufacture, transport and application (Kabiri et al., 2017). Moreover, the addition of
GO in the encapsulation process of slow-release fertilizers may be an alternative for this segment, preventing waste and overdose
(Zhang et al., 2014). In this context, GO can be used in crops with high added value, e.g. vegetables, fruits or coffee.

The slower release of P is achieved by applying the GO-Fe-P composite, thereby reducing the possibility of soluble P
leaching, in comparison to the commercial fertilizer monoammonium phosphate (MAP) (Andelkovic et al., 2018).

For potassium nitrate, the nutrient release process was extended for 8 h in water after the fertilizer was encapsulated
with GO films (Zhang et al., 2014).

b. Plant growth stimulators and fertilizers

The use of graphene can increase germination rates and stimulate growth, but it can also have contradictory effects
depending on various factors such as time of exposure, concentration, particle size, plant species, among others. Therefore,
further research is warranted to determine the appropriate concentration to improve plant growth without causing phytotoxicity
and negative environmental changes (Zaytseva & Neumann, 2016).

c. Antifungal and antibacterial agents

Graphene has antifungal activity, which renders it an excellent product for the development of new fungicides (Wang
et al., 2014). Reduced graphene oxide has the potential to inhibit the mycelial growth of three fungi—Aspergillus oryzae,
Fusarium oxysporum and Aspergillus niger (Sawangphruk et al., 2012)—through damage caused to the induced microbial
membrane (Chen et al., 2014), changes in electron transport (Shaobin Liu et al., 2012) and oxidative stress due to the
antimicrobial activity of GO (Hui et al., 2014; Mangadlao et al., 2015). Larger graphene sheets are known to have greater
antibacterial activity than small sheets (Akhavan & Ghaderi, 2010).

In addition, graphene has strong cytotoxicity on bacteria (Liu et al., 2011). Escherichia coli (Akhavan & Ghaderi, 2010)
and Pseudomonas aeruginosa (Gurunathan et al., 2012) are known to have their growth inhibited by GO and rGO nanopatrticles,
with the unreduced GO being less toxic than its hydrazine-reduced counterpart (Akhavan & Ghaderi, 2010).

The inactivation of R. solanacearum is caused by a rupture of the cell membrane by the antibacterial activity of graphene
in its different preparation forms, which results in the release of the cytoplasmic content of the bacterial cell (Wang et al., 2012)

Antibacterial activity may be dependent on the size of the GO sheet. Large GO sheets were found to have less effective
antibacterial action than small GO leaves (Perreault et al., 2015).

The quality of cut roses can be improved and their pot life extended with the use of GO, due to its antimicrobial activity.
Longer pot life, better water relationships and larger diameter were observed in cut roses when the plant was grown at a low rate
of GO (0.1 mg/L), as a result of its germicidal and preservative action (He et al., 2018).

4.1 Graphene-Silver (Ag) composite

Until the 1940s, silver was widely used to treat bacterial infections, but following the discovery of the first, most
effective antibiotics, it lost ground. However, due to the development of antibiotic resistance by some microorganisms, silver is
regaining scientific relevance (Mohler et al., 2018).

Expansive use of silver is limited by its cytotoxicity and low stability (Cai et al., 2012). For these reasons, hybrid
elements must be used, such as graphene and silver nanoparticles (AgNPs), which possess strong antibacterial properties against
many gram-negative and gram-positive strains (Shao et al., 2015). Nonetheless, the factors that affect its antibacterial activities

and antibacterial mechanism remain unclear (Tang et al., 2013). Among the AgNPs, antibacterial GO-AgNPs improve activity
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against the gram-positive bacterial strain B. subtilis and the gram-negative bacterial strain E. coli (Ma et al., 2013).

The permeability of sugars and proteins from the cell wall of Bacillus subtilis and S. aureus during the interaction with
these GO-AgNPs resulted in 100% effectiveness in the elimination of bacterial colonies (Das et al., 2013).

To prevent the development of microorganisms on medical devices and food packaging, a GO-Ag nanocomposite
prepared in the presence of sodium citrate and silver nitrate can be used. With this property, the nanocomponent may be able to
prevent P. aeruginosa from developing on stainless-steel surfaces (Faria et al., 2014; Tang et al., 2013).

At a concentration of 100 pg/mL, the rGO-nAg nanocomposite was more effective against Escherichia coli, Proteus
mirabilis and Staphylococcus aureus than rGO or nAg. The nanocomposite was as active as the systemic antibiotic nitrofurantoin
against E. coli, S. aureus and P. mirabilis (Prasad et al., 2017). Moreover, nitrofurantoin was slower in inhibition than the rGO-
nAg nanocomposite.

Graphene oxide-AgNPs nanocomposites provided an almost three and seven times greater inhibition of Fusarium than
pure suspensions of AgNPs and GO, respectively. Thus, the plant infection by F. graminearum can be controlled by GO-AgNPs
nanocomposites (Chen et al., 2016).

Several biocides have been used to control Xanthomonas oryzae in rice. However, indiscriminate use of these products
is known to ultimately promote resistance of the microbial community, in addition to residual contamination of rice, causing
risks to human health. Liang et al. (2017) observed that a low concentration of GO-Ag (2.5 ug/mL) completely inactivated some
bacterial species.

The severity of bacterial spot, one of the most important diseases of tomato, caused by Xanthomonas sp., can be
significantly reduced with the application of GO-Ag at 100 ppm, as compared with lack of treatment, without risks of

phytotoxicity (Ocsoy et al., 2013).

4.2 Graphene-Germanium (Ge) composite

Germanium (Ge) is spread over the Earth's crust. As an element analogous to silicon (Si), Ge shows chemical properties
and characteristics very similar to this element (Wiche et al., 2018).

As an elementary semiconductor material, germanium (Ge) has been an attractive candidate for the manufacture of
microelectronic devices. The presence of graphene gives Ge a satisfactory antibacterial capacity against Staphylococcus aureus
and an acceptable antibacterial capacity against Escherichia coli, due to its action of phospholipid disturbance and electron
extraction at the interface between graphene and the biomembrane of the microorganism (Geng et al., 2016).

Graphene films on Ge and copper (Cu) inhibited the growth of S. aureus and E. coli (Li et al., 2014).

a. Contaminant removal

Environmental contaminants can be removed with graphene-based materials. Wu et al. (2012) used graphene as a new
fiber-coating material for solid phase microextraction (SPME) coupled with HPLC-DAD for the detection of four triazine
herbicides (atrazine, ametrine and prometrine) in water samples. The recovery of triazine herbicides in water samples ranged
between 86.0 and 94.6%. The highest extraction efficiency was obtained with graphene-coated fiber, as compared with
commercial fibers (CW/TPR, 50 mm; PDMS/DVB, 60 mm).

In the future, graphene oxide may also act in the removal of dyes (do Nascimento et al., 2020). Results obtained with
the sample with less H,SO,4 (GO-21) showed better performance in the removal of methylene (99% removal) and light blue
(29% removal). The kinetics showed that balance was reached in 30 min, removing 67.43% of the current and 90.23% of the
effluent turbidity. Phytotoxicity tests indicated that wastewater treated with GO-21 was less toxic than other analyzed samples

of wastewater (Nascimento et al., 2020). You et al. (2018) demonstrated that applied graphene oxide membranes can remove
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organic matter from water.

The maximum degradation rates of xylene (BTEXSs), ethylbenzene, toluene and benzene in cultures incubated for 10
weeks with biochar (20 mg/L) and graphene oxide (0.02 mg/L) were 77.6% and 76.5%, respectively. The maximum degradation
rates of n-alkane in cultures incubated for 10 weeks with biochar (100 mg/L) and graphene oxide (2 mg/L) were 77.8% and
70.0%, respectively (Song et al., 2019).

4.3. Smart food packaging
Incorporating a layer of graphene into the packaging can provide a substantial reduction in its permeability, prolonging
the useful life of a given food product and contributing to the maintenance of its quality and safety (Sundramoorthy et al., 2018).

4.4 Water treatment and ultrafiltration

The exponential growth of environmental pollution caused by the increasing global industrialization and the
demographic explosion resulted in the contamination of water resources. In this respect, graphene can be of great use thanks to
its large contact surface and high mechanical resistance, atomic thickness, microporosity and reactivity to non-polar and polar
pollutants in water. These characteristics provide excellent water purification efficiency, high permeability and water selectivity
(Homaeigohar & Elbahri, 2017). Specific studies have shown that a single layer of porous graphene can be used as a desalination
membrane (Homaeigohar & Elbahri, 2017; Surwade et al., 2015).

a. Impact of Graphene on Plants

Graphene is currently well known for its characteristics and abilities in the regulation of plant growth (Cheng et al.,
2016; Shen et al., 2019).

Depending on the level used, graphene oxides can reduce chlorophyll, inhibit plant growth, damage cell structures and
induce genotoxicity or oxidative stress in plants (Anjum et al., 2014; Nair et al., 2012; Zhao et al., 2014).

Root exudates can be stimulated by the use of primitive graphene oxide as secondary metabolites, small-molecule acids,
alkanes, alcoholates and amino acids (Du et al., 2015).

At a low concentration (5 mg L) (Begum et al., 2011), graphene can influence plant growth (Hu et al., 2014; Liu et
al., 2015). In contrast, higher levels (=50 mg L'*) can inhibit development (Anjum et al., 2013, 2014).

After 20 days of exposure to graphene (500 to 2000 mg/L), cabbage, spinach and tomato plants showed reduced growth
and biomass, when compared with their control counterparts (Begum et al., 2011). Depending on the graphene concentration,
the number and size of leaves on the plant may decrease and necrotic lesions appear due to oxidative stress. However, little or
no significant toxic effect was observed on lettuce. Thus, the level, the time of exposure and the plant species have a great
influence on the enhancement of the effect of graphene (Begum et al., 2011).

With the use of 1 to 10 mg/L of GO, the length of the adventitious root and the number of lateral roots in 'Gala’ apple
(Malus domestica), at three weeks of age, were inhibited. However, between the GO rates of 0.1 and 1 mg/L, rooting rates and
the number of adventitious roots showed a significant increase when compared with the control (without GO). The treatment
with GO increased the activity of the catalase (CAT), superoxide dismutase (SOD) and peroxidase (POD) enzymes in apple
trees, as compared with the controls (Li et al., 2018).

Low graphene concentrations accelerated the germination of tomato seeds, in comparison to the control treatment
(Zhang et al., 2015). This response is explained by the fact that graphene penetrates the seed epidermis, making it break more
easily, thereby capturing more water and resulting in faster and more efficient germination. As regards seedling growth, graphene
was also able to penetrate the cells at the tip of the root, promoting longer roots, but resulting in less shoot biomass (Zhang et
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al., 2015).

Radish growth increased with the Ag-GO rates of 0.2 to 1.6 mg/mL, but the level of 0.8 mg mL* slowed the growth of
cucumber, and rates above 0.2 mg/mL inhibited the growth of alfalfa (Kim et al., 2020).

At limited concentrations, GO increases growth, root length, leaf area, number of leaves and the formation of buds and
flowers in Arabidopsis thaliana and watermelon. In addition, GO can also affect the ripening, circumference and sugar content
of watermelon (Park et al., 2020).

The treatment of Brassica napus with 25 to 100 mg/L of GO resulted in a shorter root length, as compared with control.
Treatment with GO also resulted in a lower indole acetic acid content and a higher abscisic acid content, in comparison to control
samples (Cheng et al., 2016).

Seeds of coriander and garlic plants treated with 0.2 mg/mL of graphene for 3 h before planting exhibited an increase
in growth rate (Chakravarty et al., 2015).

Corn plants exposed to a low concentration of sulfonated graphene (50 mg L) showed an increase in plant height (Liu
et al., 2015), whereas the opposite effect was described at a high concentration (500 mg L) (Ren et al., 2016).

In this way, adverse effects depend on the applied level, and phytotoxicity mechanisms involve oxidative stress-induced
necrosis (Begum et al., 2011). Graphene oxide can impair the oxidative balance of plants, inhibiting photosynthesis and plant
growth (Du et al., 2016).

Many questions still require investigation, such as the capture and translocation of graphene in plants, their gene

expression and electrochemical interactions between the soil and the rhizosphere (Hu & Zhou, 2013).

b. Effects of Graphene on Microbial Diversity

According to Ren et al. (2015), the rate of removal of pollutants from the soil can be increased by using a small amount
of graphene (<100 mg/kg of soil), increasing the soil microbial enzymatic activity and bacterial biomass in a short time. When
the graphene concentration in the soil was extremely high, the number of bacteria present in the soil decreased significantly.
This may have adverse influences on the soil nitrogen cycle, due to the difficulty of growth of iron-reducing bacteria and
nitrogen-fixing bacteria.

In the natural environment, the dispersibility, stability and toxicity of GO composites were significantly lower than
those of graphene in liquid medium (Mejias Carpio et al., 2012). Graphene oxide can attack microbial cells, destroying the
cellular structure and leading to cell death (Mejias Carpio et al., 2012). Due to its high stability, GO is not easily degraded in the
environment (Kurapati et al., 2015). Chen et al. (2017) found that the influence of graphene on soil microorganisms is greater
than in the aquatic environment, due to its low solubility in water. In addition, the toxicity of graphene is significantly lower
than that of GO.

Wang et al. (2013) observed a 10% increase in the activity of oxidizing bacteria with the use of 0.1 g/L GO. The GO
concentrations of 0.05 to 0.1 mg/mL induced an increase in the production of proteins and carbohydrates (Wang et al., 2013).

Graphene can also influence plant growth-promoting rhizobacteria. The effect of graphene was evaluated on five
bacterial isolates selected from the rhizosphere of an agricultural field, identified as B. marisflavi, B. cereus, B. megaterium, B.
subtilis and B. mycoides. Results suggest that GO reduces cell viability depending on the concentration and time, demonstrating
that it can negatively affect bacterial communities in the soil (Gurunathan, 2015).

Combarros et al. (2016) found that GO concentrations above 50 mg Lt inhibited the growth of P. putida. Even at the

low rate of 1 mg.kg, rGO has the ability to interfere with bacterial composition (Forstner et al., 2019).
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On the other hand, the addition of graphene increased the richness and diversity index of the bacterial community in
Cambisols, varying with the graphene concentration (0, 10, 100 or 1000 mg kg*) and incubation time (7, 15, 30, 60 or 90 days)
(Song et al., 2018).

Finally, graphene in the environment can be influenced by salt, pH, natural organic matter or temperature. Recently, Lu
et al. (2017) investigated the effects of montmorillonite, illite and kaolinite on GO transport. Graphene oxide transport is
significantly inhibited by the presence of clay minerals, and the effects of inhibition followed the kaolinite > montmorillonite >
illite order. The researchers suggested that the effects of transport inhibition are due to the existence of positively charged edge
sites in these clay minerals. Sun et al. (2015) found that GO retention can be reduced with increasing sand particle size (coarse

< medium < fine).

5. Conclusion

Research on graphene evolved rapidly, bringing innovations to the industrial sector, agriculture and environment.
Studies already exist on the response of plants to graphene. Depending on its concentration, there can be variations in the degree
of absorption by plants, and phytotoxicity is possible. However, low levels of graphene can be beneficial for the development
of some plants. Thus, some challenges still need to be overcome before the graphene-based nanoparticle is used in the field.

Future research must still focus on efforts to define doses in different real agricultural systems.
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