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Abstract: Dicamba, renowned for its limited sorption capacity, presents a substantial risk of contami-
nating surface and groundwater if the disposal of spray tank effluent is not adequately controlled.
In this work, a dicamba effluent underwent treatment through a Fenton-like process employing an
iron/hydrochar (Hy-Fe) composite, synthesized via hydrothermal methods using coffee husk as
the precursor. The Hy-Fe displayed carbon, hydrogen, and nitrogen levels of 52.30%, 5.21%, and
1.49%, respectively. Additionally, the material exhibited a specific surface area measuring 9.00 m2 g−1.
The presence of the γ-Fe2O3 phase within the composite was confirmed through X-ray diffraction
analysis. The Fenton-like process employing Hy-Fe demonstrated approximately 100% degradation
of dicamba within 5 h. The treated effluent underwent toxicity evaluation via biological assays using
beans (Phaseolus vulgaris) as indicator plants, revealing no observable signs of intoxication. These
findings were corroborated by High-Performance Liquid Chromatography, providing additional
confirmation of the degradation results. Additionally, decontamination of personal protective equip-
ment potentially contaminated with dicamba was also assessed. The Hy-Fe composite demonstrated
reusability across three degradation cycles, achieving degradation percentages of 100%, 70%, and 60%,
respectively. The Hy-Fe composite demonstrates substantial potential for use in a Fenton-like process.
This process is characterized by its simplicity, speed, and sustainability. The notable effectiveness,
evidenced by high degradation rates and minimal toxicity, underscores its suitability as a practical
solution for addressing dicamba contamination.

Keywords: herbicide; degradation; thermochemical conversion; advanced oxidative processes

1. Introduction

Herbicides stand out as the most extensively employed agrochemicals in global agri-
culture. In Brazil, the herbicide consumption surpasses 50% of the total volume of agro-
chemicals sold [1]. This prevalence is attributed to herbicides being a primary method
of weed control for a wide range of agricultural crops [2]. However, the indiscriminate
use of these compounds represents a high risk of environmental contamination [3]. The
application of herbicides without a comprehensive understanding of their behavior and
interactions with the soil can lead to a loss of efficiency, intoxication of sensitive crops, and
contamination of surface and groundwater [4].
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Several herbicides have a high potential for environmental contamination, such as
dicamba (3,6-dichloro-2-methoxybenzoic acid). This compound belongs to the benzoic acid
chemical group and acts as an auxin mimetic [5]. It is widely used in weed control in corn,
soybeans, wheat, pastures, as well as in uncultivated areas such as fences and roads [6].
Dicamba is highly soluble in water, with a solubility of 6.50 g L−1 at 25 ◦C. Additional
noteworthy properties include a partition coefficient (Kow) of 0.47 and a pKa of 1.87. Due
to its low pKa, dicamba remains in the anionic form under most soil pH conditions and,
consequently, has a low sorption coefficient and high mobility in soil [3].

Given the mentioned characteristics, dicamba possesses a high susceptibility to be
transported by rainwater, and its inappropriate use has resulted in surface and groundwater
contamination [7]. Furthermore, improper disposal of effluent from spray tanks containing
dicamba can result in the poisoning of crops and even contribute to the development of
resistant weeds [8]. It is noteworthy that inadequately decontaminated spray tanks can
contribute to the cross-contamination of agricultural chemicals. Contamination of drinking
water and vegetables are the greatest causes of human exposure to agrochemicals [9].
Dicamba may be associated with birth defects, cancer, neurological disorders, kidney
poisoning, liver and reproductive system [10].

Another crucial point to highlight is the improper disposal of effluent in spraying
tanks, which can result in the contamination of subsequent crops and even the emergence
of resistant weeds [11]. A feasible alternative would be to degrade the effluent in the
spray tanks before discharging it into the environment [12]. Numerous researchers have
explored the degradation of organic pollutants through Advanced Oxidative Processes
(AOPs) to generate highly reactive oxygen species (ROS) from ozone (O3) [13], hydrogen
peroxide (H2O2) [14], UV light [15], TiO2 [16], among others. Among the generated radicals,
the hydroxyl radical (·OH) stands out for its superior oxidation capacity, possessing an
oxidation potential (E0) of 2.80 V [17].

The ·OH can be generated through the classical Fenton reaction, involving the decom-
position of hydrogen peroxide in the presence of ferrous ions. Other oxidation states of iron,
such as Fe2+ or Fe0, along with other metals like copper and zinc, configure the Fenton-like
reaction, which can take place either homogeneously or heterogeneously [18,19]. One
advantage of the heterogeneous system is the potential for catalyst separation and its reuse
in different reaction cycles [20]. This process is highly effective in eliminating organic
pollutants from wastewater and has the potential to achieve the complete mineralization of
these compounds [21].

Biochar, a solid material formed from the thermochemical decomposition of biomass
in an oxygen-limited environment [22], finds extensive use in environmental contaminant
remediation processes [23]. Its porous nature, large specific surface area, and capability to
adsorb toxic compounds make it valuable in mitigating potential harm to living beings [24].
In addition, its characteristics also allow its use as a support for different catalysts, which
are applied for the most diverse environmental applications [25].

On the other hand, iron-based materials are commonly utilized in processes for re-
moving contaminants, either in the form of oxides for use as adsorbents [26], or in metallic
form [27]. Iron has the advantages of being environmentally safe, low cost, non-toxic
and highly accessible, as it is one of the most abundant metallic elements in the earth’s
crust [28]. The use of biochar as a support for zero-valence iron nanoparticles (nZVI) facili-
tates effective dispersion of the nanoparticles, leading to higher efficiency in the pollutant
degradation process [29].

Therefore, the goal of this work is to present an innovative approach utilizing an
iron/hydrochar (Hy-Fe) composite synthesized through a one-pot hydrothermal synthesis
process using coffee husks. This composite is specifically engineered to target the degrada-
tion of remaining dicamba residues in spray tanks through a heterogeneous Fenton-like
reaction. Comprehensive evaluations were conducted to determine the physical-chemical
properties of the produced composite, along with an examination of various reaction
parameters. Additionally, biological assays employing beans (Phaseolus vulgaris) as a sen-
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sitive indicator plant were employed to assess the composite’s effectiveness. Combining
these innovative elements, this research aims to present a groundbreaking solution for the
degradation of dicamba residues in spray tanks.

2. Materials and Methods
2.1. The Standards and Reagents

All standards and reagents used are of analytical grade. Ferrous sulfate heptahy-
drate (CAS 7782-63-0), sodium hydroxide (NaOH) (CAS 1310-73-2), hydrochloric acid
(HCl) (CAS 7647-01-10), hydrogen peroxide (H2O2) (CAS 7722-84-1), and aluminum sul-
fate (Al2(SO4)3.16H2O (CAS10043-01-3) were purchased from Vetec. All solutions were
prepared with purified water type 1, which was obtained by Milli-Q® system (Millipore,
Bedford, MA, USA). The dicamba standard used in this work was Atrazine-Pestanal®

(Analytical Standard, 98.80% purity Sigma Chem. Co. Germany—Darmstadt, Germany).

2.2. Precursor Biomass

Arabica coffee husk (Coffea arabica) was collected in the City of Alegre, Espírito Santo,
Latitude 201◦450′4900′′ S, Longitude: 411◦310′5900′′ W, during the November 2020 harvest
period. The straws were washed with distilled water and dried at 80 ◦C in an oven for 48 h.
Then, the material was ground in a knife mill and subsequently subjected to a hydrothermal
synthesis process. Under these conditions, the material exhibits remarkable stability, retain-
ing its key characteristics over an extended duration. The hydrochar and iron composite
were synthesized in 2021, specifically between March and July. Subsequent characterization
was conducted from July to September of the same year, and the degradation assays took
place at the end of 2021 and the beginning of 2022.

2.3. Composite Production

To produce the iron/hydrochar composite (Hy-Fe), initially, 5.00 g of coffee husk were
added in an autoclave, together with 50.00 mL of iron solution 1.00 mol L−1, and heated at
200 ◦C for 4 h, with a heating ramp of 10 ◦C min−1. The system containing the composite
was centrifuged for 30 min at 3000 rpm, and then submitted to four washing steps, the first
with 50.00 mL of Milli-Q® water and the others with 50.00 mL of ethanol each. The Hy-Fe
was dried in an oven for 24 h and stored under refrigeration at −20 ◦C.

2.4. Hy-Fe Characterization

The determination of the zero-charge point (pHZCP) of Hy-Fe was performed accord-
ing to the methodology adapted from Wang et al. (2008) [30]. For this, 100.00 mg of Hy-Fe
were transferred to 100.00 mL of NaCl solution (0.10 mol L−1) under different pH conditions
(2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12), adjusted with HCl or NaOH solutions, both at
0.10 mol L−1. After 24 h, under 100 rpm stirring at 25 ◦C, the solutions were filtered,
and the final pH of the solution was measured. All assays were performed in triplicate.

Elemental analysis of carbon, hydrogen, and nitrogen (CHN) present in the Hy-Fe
was performed using an elemental analyzer (Vario MACRO) equipped with a conduc-
tivity detector. The combustion tube was set up at 1150 ◦C and the reduction tube at
850 ◦C. Sulfanilamide was used as CHN standard (C = 41.81%, N = 16.26%, H = 4.65%,
S = 18.62%, mass %). Semiquantitative analysis by X-ray fluorescence spectroscopy (XRF)
was performed to determine the inorganic constituents of Hy-Fe.

Thermogravimetric analyses (TG/DTG) were performed in a Shimadzu instrument,
model DTG–60H, with a heating rate of 10 ◦C min−1, in an alumina crucible, up to 1000 ◦C,
and using a synthetic. The changes in the Hy-Fe functional groups were analyzed by
infrared spectroscopy in a Bruker VERTEX 70 instrument using the Attenuated Total
Reflectance (ATR) method in the range of 350–4000 cm−1. The Hy-Fe crystal structure was
determined by X-ray diffraction on a D8-Discover diffractometer. The crystalline phase
was identified by comparing the Bragg angle, interlayer space, relative intensity of the
diffraction peaks, and position of the Bragg peak with standard JCPDS files.
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Raman spectroscopy was performed on a micro-Raman spectrometer (Renishaw InVia)
equipped with a Nd-YAG la (λ = 514 nm) and a 50× objective lens (Olympus B × 41),
and the Raman spectrum acquisition time for each sample was set to 10 s. The surface
area and porous structure of Hy-Fe were determined by N2 adsorption isotherms using
Quantachrome Instruments, model Nova 1200e. Samples were weighed at approximately
150 mg and previously degassed at 250 ◦C for 5 h. The Mössbauer spectra were obtained
from analysis in a spectrometer (CMTE Model MA250) of the Applied Physics Laboratory
of CDTN (Nuclear Technology Development Center), with constant acceleration and 57Co
source and rhodium (Rh) matrix. The analyses were performed without field application
and at room temperature (298 K).

The materials were analyzed by TEM using a JEOL JEM 1400 (120 kV) microscope
(Tokyo, Japan). Surface morphology and elemental analysis of Hy-Fe were performed by
Scanning Electron Microscopy (SEM) coupled with an Energy Dispersive X-ray Spectrome-
ter (EDS) on a JEOL model JSM-6010LA Scanning Electron Microscope. This microscope
has a resolution of 4 nm (with a 20 kV beam), magnification of 8× to 300,000×, and an
accelerating voltage of 500 V at 20 kV. Electron gun with pre-centered tungsten filament.
Everhart-Thornley detector for secondary electron imaging and solid-state detector for
backscattered electrons with variable topography, composition, and shading contrast Silicon
drift detector for EDS analysis with 133 eV resolution

2.5. Dicamba Degradation Assay

The dicamba removal evaluation by Hy-Fe were performed in batch. In general, a
certain amount of the material was added to a 100.00 mL of the dicamba standard solution,
or commercial product, at the stipulated concentration for each study step (1.00, 10.00,
or 50.00 mg L−1). These assays were carried out to investigate the impact of reaction
time, initial dicamba concentrations, Hy-Fe dosage, and system agitation on dicamba
degradation. The studies were performed in triplicate.

In the initial assessment, the results obtained for Hy-Fe were compared with those
observed for the biochar produced via pyrolysis (Py-Fe). The synthesis and characterization
data for Py-Fe were previously published in another article [31], and applied under the
same reaction conditions. The Py-Fe synthesis was conducted in two different steps. First
Fe (II) was adsorbed by biochar, produced from arabica coffee husks (Coffea arabica), as
reported in previous work [32]. Second, chemical reduction of Fe(II), adsorbed on biochar
surface, was carried by NaBH4. The Py-Fe was separated through vacuum filtration and
dried in a rotary evaporator for 2 h and stored under refrigeration at −20 ◦C.

2.6. Optimization of the Degradation Process

The procedure was carried out in accordance with previous work [33]. To determine
the influence of reaction time on the degradation of dicamba, 100.00 mL of dicamba solution
(50.00 mg L−1) were placed under constant stirring with 0.20 g of Hy-Fe, 1.00 mL of H2O2
(1.00 mmol L−1) and 1.00 mL of aluminum sulfate solution (1.00 mol L−1) at a temperature
of 25 ◦C. At pre-set times, aliquots of 1.00 mL were taken from the system, which were
filtered through a cellulose acetate membrane (0.45 µm pore size and 13 mm diameter) and
analyzed by High Performance Liquid Chromatography (HPLC).

To determine the influence of the initial concentration of dicamba on the degradation
reaction, 100.00 mL of dicamba solution at different concentrations (1.00, 10.00 and 50.00 mg L−1)
were placed under constant stirring with 0.20 g of Hy-Fe, 1.00 mL of H2O2 (1.00 mmol L−1)
and 1.00 mL of aluminum sulfate solution (1.00 mol L−1) at a temperature of 25 ◦C. At pre-
established times, aliquots of 1.00 mL were removed from the system, filtered on cellulose
acetate membrane (0.45 µm pore size and 13 mm diameter) and analyzed by HPLC.

To determine the influence of Hy-Fe dose on the degradation reaction of dicamba,
100.00 mL of dicamba solution (50.00 mg L−1) was placed under constant stirring with
different doses of Hy-Fe (1.00, 6.00 and 10.00 mg L−1). The other parameters remained
constant: 1.00 mL of H2O2 (1.00 mmol L−1) and 1.00 mL of aluminum sulfate solution
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(1.00 mol L−1) at a temperature of 25 ◦C. At pre-set times, aliquots of 1.00 mL were removed
from the system, filtered on cellulose acetate membrane (0.45 µm pore size and 13 mm
diameter) and analyzed by HPLC.

To determine the influence of the agitation of the system on the degradation reaction
of dicamba, 100.00 mL of dicamba solution (50.00 mg L−1) were placed under agitation
on an orbital table at 3000 rpm in constant period, sporadic agitation (1 min agitation at
3000 rpm every 30 min of reaction) or complete resting. The other parameters remained
constant: 0.20 g of Hy-Fe, 1.00 mL of H2O2 (1.00 mmol L−1) and 1.00 mL of aluminum
sulfate solution (1.00 mol L−1) at a temperature of 25 ◦C. At pre-set times, aliquots of
1.00 mL were removed from the system, filtered on cellulose acetate membrane (0.45 µm
pore size and 13 mm diameter) and analyzed by HPLC.

It is essential to emphasize that great care was exercised to ensure that no more than
10% of the total sample volume was collected in the process of aliquot collection, thus
preserving the sample’s representativeness.

To determine the utilization of Hy-Fe in different degradation cycles, after the reaction,
the composite was recovered by filtration, dried, and subjected to a further degradation
step. The HPLC system used for identification and quantification was a Shimadzu SCL-10A
VP system controller (Kyoto, Japan), equipped with an LC-10AD VP pump, SPD-10A VP
UV detector, SCL-10A VP control center and Rheodyne injector (injection volume 30 µL).
The HPLC operating conditions were: C18 column, Keystone NA (Keystone Scientific,
Bellefonte, PA, USA); oven temperature 35 ◦C; mobile phase consisting of acetonitrile: phos-
phoric acid solution 0.01 mol L−1 (1:1 v/v); flow rate of 1.00 mL min−1 and quantification
was performed at 275 nm using a photodiode array detector.

2.7. Evaluation with Sensitive Plant Species

The biological evaluation used bean (Phaseolus vulgaris) as an indicator species, in
which three seeds were sown in 0.33 dm3 plastic pots filled with yellow Latosol. After the
emergence of the plants, a thinning was performed, leaving two plants per pot. When
the bean plants reached the V3 physiological stage, dicamba solutions were applied in
different pots, simulating a field application of commercial solutions, control solutions, and
solutions from different degradation systems, which are presented in Table 1.

Table 1. Treatments performed for biological application.

Treatments Application

T1 H2O
T2 [dicamba]0 1.00 mg L−1

T3 [dicamba]0 5.00 mg L−1

T4 [dicamba]0 10.00 mg L−1

T5 [dicamba]0 50.00 mg L−1

T6 Solution of [dicamba]0 1.00 mg L−1 degraded* using 0.20 g Hy-Fe
T7 Solution of [dicamba]0 5.00 mg L−1 degraded* using 0.20 g Hy-Fe
T8 Solution of [dicamba]0 10.00 mg L−1 degraded* using 0.20 g Hy-Fe
T9 Solution of [dicamba]0 50.00 mg L−1 degraded* using 0.20 g Hy-Fe

T10 Solution of [dicamba]0 50.00 mg L−1 degraded* using 0.20 g Hy-Fe,
subjected to periodic stirring

T11 Solution of [dicamba]0 50.00 mg L−1 degraded* using 0.20 g Hy-Fe, for
system at rest

T12 Solution of [dicamba]0 50.00 mg L−1 degraded* using 0.60 g Hy-Fe
T13 Solution of [dicamba]0 50.00 mg L−1 degraded* using 1.00 g Hy-Fe

* Reactional conditions: 500.00 mL dicamba solution; 1.00 mL H2O2 1.00 mmol L−1; 1.00 mL aluminum sulfate
solution (Al2(SO4)3) 1.00 mol−1; 25 ◦C.

The application was performed using a CO2 pressurized sprayer, equipped with two
TT 11002 tips, spaced at 0.50 m, maintained at a pressure of 25 lb pol−2 and a spray volume
of 200 L ha−1. At 21 days after application (DAA), intoxication scores were assigned to the
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bean plants, being zero for absence of symptoms and 100 for plant death. The aerial part of
the plants was also collected and the material was placed in paper bags, properly identified,
and placed in an oven at a temperature of 70 ◦C until it reached a constant dry mass.

2.8. Decontamination of Personal Protective Equipment (PPE)

An experiment was conducted simulating the contamination of Personal Protective
Equipment (PPE) by dicamba (50.00 mg L−1). The application occurred in the same manner
as for the other sensitive indicator plant experiments. Then, the PPE was subjected to four
washing steps, using 10 L of water in each of the washes. The wastewater from the different
washing steps was collected, and the samples were filtered through cellulose acetate
membrane (0.45 µm pore size and 13 mm diameter) and analyzed by High Performance
Liquid Chromatography (HPLC). The assays were performed in triplicate.

3. Results and Discussion
3.1. This Hy-Fe Characterization

The determination of the zero-charge point (pHZCP) for the produced Hy-Fe was
carried out, and the result is showed in Figure S1 (Supplementary Material). As observed,
the pHZCP of Hy-Fe was determined to be at pH 7.30. The pHZCP denotes the range in
which the final pH remains constant regardless of the initial pH, indicating that the surface
acts as a buffer [34]. It is important to note that pHZCP values can vary based on factors
such as the thermochemical process used in carbonization, the raw material employed, and
the ash content.

Table 2 presents the elemental composition of Hy-Fe. The carbon, hydrogen, nitrogen,
and sulfur contents were found to be 52.30%, 5.21%, 1.49%, and 0.24%, respectively. Typi-
cally, carbonaceous materials exhibit carbon contents ranging from 40% to 60% [35]. In this
context, the generated Hy-Fe demonstrated carbon values within the aforementioned range.
Additionally, the hydrogen, nitrogen, and sulfur contents were observed to fall within the
anticipated ranges for carbonaceous materials [36,37].

Table 2. Elementary analysis of Hy-Fe produced via hydrothermal synthesis *.

Sample
Elementary Analysis, %

C H N S

Hy-Fe 52.30 ± 0.30 5.20 ± 0.09 1.49 ± 0.05 0.24 ± 0.01
* To produce Hy-Fe, 5.00 g of coffee husk were added in an autoclave, together with iron solution, and heated at
200 ◦C for 4 h, with a heating ramp of 10 ◦C min−1.

The Hy-Fe was submitted to thermogravimetric analysis (TG/DTG) under oxidizing
atmosphere, and the thermogram is shown in Figure 1. It can be seen that there are distinct
regions. The first event (up to 110 ◦C) can be attributed to dehydration of the hydrochar.
The second event can be attributed to the release of volatile organic matter (up to 300 ◦C);
and the third event would be the thermal decomposition of cellulose (from 300 ◦C to 430 ◦C),
accounting for the stage with the most substantial mass loss (approximately 90%). These
results are consistent with the findings reported in the literature. The observed variations
are attributed to factors such as the heating rate, sample mass, equipment utilized, and the
inherent variability of the raw material [38]. Ghani et al. (2013) noted regions of cellulose
decomposition very similar to those found in this study when they produced biochar from
rubber tree sawdust [39].
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Figure 1. TGA and DTG curves of Hy-Fe produced via hydrothermal synthesis (HTC).

Hy-Fe was also analyzed by the Fourier transform infrared (FTIR), and its spectrum
is shown in Figure 2. A band at 1027 and 1118 cm−1, corresponding to the νC-O type
vibration, can be observed. Additionally, there is a band at 1327 and 1439 cm−1, assigned
to the stretching vibration of the carbon-carbon double bond (νC=C). Another band at
2100 cm−1 is assigned to the stretching of the νC=C bond, while the band at 2095 cm−1

is attributed to the asymmetric stretches of aliphatic νCH. Lastly, a band at 3331 cm−1

corresponds to the stretching vibration of hydroxyl groups (νOH) [40].
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Figure 2. FTIR spectra of Hy-Fe produced via hydrothermal synthesis (HTC).

The diffractogram obtained for Hy-Fe (Figure 3) indicates a structure with low crystallinity.
As observed, the X-ray diffraction shows diffraction peaks of Hy-Fe at 2θ = 20.3–25.4◦, corre-
sponding to graphite diffraction planes (002) [41] and at 2θ = 40.0 and 2θ = 68.7◦, indicating the
presence of γ-Fe2O3 in the material [42]. Similar results have been documented in other works,
including those by Zhou et al. (2021) [43], and Chu et al. (2020) [44], where magnetic biochar
was employed for pollutant treatments.
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Figure 3. X-ray diffractograms of Hy-Fe produced via hydrothermal synthesis (HTC).

In Raman spectroscopy (Figure 4), the band at 1380 cm−1, denoted as the D band, is
attributed to disorganized or defective carbon structures, while the band at 1595 cm−1,
referred to as the G band, is associated with graphitic carbon structures [41]. The ID/IG
ratio, showing the degree of disorder in the material (Hy-Fe), was 0.85. This value was
close to 0.78, which was obtained by Debalina et al. (2020). These authors produced a
magnetic biochar from sugar cane bagasse via pyrolysis [45]. A band was also observed at
679 cm−1, attributed to the stretching vibration mode of the Fe-O bonds. Similar results
were described by Gasparov et al. (2000) [46].
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Figure 4. Raman spectra of Hy-Fe produced via hydrothermal synthesis (HTC).

N2 adsorption/desorption isotherms were performed on Hy-Fe, and the results are
shown in Figure S2. The material presented a specific surface area of 9.01 m2 g−1. This
result aligns with hydrochar that has not undergone any activation process [47]. To analyze
the surface morphology of Hy-Fe, Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) were utilized. The results are shown in Figure 5A,B, respectively.
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Figure 5. (A) Scanning Electron Microscopy (SEM) and (B) Transmission Electron Microscopy (MET)
image obtained for Hy-Fe produced via hydrothermal synthesis (HTC).

Hy-Fe showed a porous surface with macro and micro pores. These findings align with
those reported by Jiang et al. (2019) for biochar supported with nano iron particles [48]. The
formation of carbon lamellae, with iron particles exhibiting greater color intensity, was ob-
served through TEM [49]. The EDS chemical element mapping of Hy-Fe (Figures S3 and S4,
Supplementary Material) was performed to investigate the elements present on the surface
of the material. The main constituent elements were identified as carbon (C), oxygen (O),
and iron (Fe). It was also possible to observe that the iron particles are homogeneously
distributed on the surface of Hy-Fe. Through X-ray fluorescence (XRF), it was possible
to investigate the contents of compounds present in the inorganic fraction of Hy-Fe, and
the results are presented in Table S1 (Supplementary Material). As observed, Fe2O3 is the
compound present in the higher quantity in the inorganic fraction of Hy-Fe. Additionally,
the contents of Al, Si, S, and P are also relatively high, while to a lesser extent, there is a
presence of K, Ca, and Co. The Mössbauer spectrum of Hy-Fe is shown in Figure 6 and the
hyperfine parameters are presented in Table S2 (Supplementary Material).
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The Mössbauer spectrum at 298 K of Hy-Fe was fitted with an independent hyperfine
field distribution model, indicating the presence of hematite. In addition to hematite, a
duplet appears, presumably due to paramagnetic Fe3+, as observed in the structure of
iron oxides undergoing superparamagnetic relaxation, such as hematite and/or goethite
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with very small average particle size [50]. These results corroborate those found through
chemical mapping, that the iron particles are dispersed on the surface of the hydrochar.

3.2. Dicamba Degradation Assay

First, a standard dicamba solution was injected into the HPLC, and the chromatogram
under optimized analysis conditions is shown in Figure S5 (Supplementary Material). The
standard has a retention time (RT) of about 7 min. After the retention time determina-
tion, the degradation assays were performed in steps. Initially, control experiments were
conducted to compare the reaction efficiency of biochars produced through pyrolysis and
hydrothermal synthesis, and the results are shown in Figure 7. As observed, both materials
can be utilized in the dicamba degradation process. However, the hydrochar produced
via hydrothermal synthesis demonstrated superior degradation results (100%) compared
to the biochar produced via pyrolysis (70%). This behavior agrees with that described by
Shan et al. (2021), who observed that the hydrochar produced via hydrothermal synthesis
presented better properties when compared to a biochar produced via pyrolysis. According
to the authors, the hydrochar presented a greater amount of active sites, oxygen functional
groups (OFGs), heteroatoms, sp2 carbon, persistent free radicals (PFR’s), defective sites,
and vacancies [51]. Another advantage of using hydrothermal synthesis is that the entire
Hy-Fe preparation process is carried out in a single step [52]. Control experiments were
conducted specifically to assess the adsorption of dicamba by Hy-Fe, but the observed
removal efficiency was surprisingly low, measuring only around 3%. These findings align
with previous results obtained by our research group [33].
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Figure 7. Comparison of dicamba degradation by biochar produced by pyrolysis (Py-Fe) and hydrochar
(Hy-Fe) produced by hydrothermal synthesis (HTC). Experimental conditions: 100.00 mL dicamba
solution 50.00 mg L−1; 0.20 g of material; 1.00 mL of H2O2 1.00 mmol L−1, 1.00 mL of aluminum sulfate
solution (Al2(SO4)3) to 1.00 mol L−1; 25 ◦C; constant agitation.

H2O2 was added at the onset of the reaction, along with the other reagents. The concen-
tration used was determined based on the literature findings, considering an excess [53,54],
as well as on previous work [33]. It is important to note that the reactions were consistently
interrupted to conduct the analyses. The inclusion of aluminum sulfate solution in the
system is based on the fact that the presence of Al species enhances the production of
reactive oxygen species (ROS), as reported by Ruipérez et al. [55]. Degradation reactions
are markedly influenced by the initial concentration of the pollutant. Thus, in the second
step, experiments were conducted to evaluate the influence of the initial concentration of
dicamba on the degradation system, and the results are shown in Figure 8.
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Figure 8. Evaluation of the initial concentration of dicamba in the degradation process. Experimental
conditions: 100.00 mL of dicamba solution; 0.20 g of hydrochar; 1.00 mL of H2O2 1.00 mmol L−1,
1.00 mL of aluminum sulfate solution (Al2(SO4)3) at 1 mol L−1; 25 ◦C; constant agitation.

As shown in Figure 8, 100% degradation was achieved within 300 min of reaction
for all three initial dicamba concentrations. These concentrations were chosen to simulate
a field condition, with three different washing steps of the spray tank. In the third step,
experiments were conducted to evaluate the importance of agitation in the degradation
system, and the results are shown in Figure 9. As observed, the degradation process
occurs even with the solution at rest, reaching 90% degradation in 5 h. On the other hand,
when the solution is exposed to constant stirring, the degradation percentage reaches its
maximum (100%). According to the results for the system at rest, sporadic agitation and
constant agitation showed remarkable similarity, facilitating the conditions for treating
these effluents under field conditions.
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Figure 9. Evaluation of the variation in the agitation of the system during the degradation process.
Experimental conditions: 100.00 mL of dicamba solution 50.00 mg L−1; 0.20 g of Hy-Fe; 1.00 mL of
H2O2 1.00 mmol L−1, 1.00 mL of aluminum sulfate solution (Al2(SO4)3) of 1.00 mol L−1; 25 ◦C.

In the fourth step, experiments were conducted to assess the influence of the Hy-Fe
dose on the degradation system, and the results are presented in Figure S6 (Supplementary
Material). The degradation reaction is notably influenced by the Hy-Fe dose, and for a dose
of 1.00 g L−1, the reaction achieves 100% degradation within 300 min. However, when the
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solution is exposed to a higher dose of Hy-Fe (6.00 g L−1), the degradation time decreases
to 240 min, and for the dose of 10.00 g L−1, more than 90% is degraded within 120 min.

In the fifth step, experiments were conducted to assess the potential use of the Hy-Fe
system in different reaction cycles, and the results are shown in Figure 10. It can be observed
that the efficiency of Hy-Fe in the degradation of dicamba decreases with each degradation
cycle, going from 95% degradation in the first cycle to 65% and 60% in the second and third
cycles, respectively. This reduction can be attributed to the saturation of the degradation sites.
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Figure 10. Evaluation of the reuse of Hy-Fe in different degradation cycles. Experimental conditions:
100.00 mL of dicamba solution (50.00 mg L−1); 0.20 g of Hy-Fe; 1.00 mL of H2O2 1.00 mmol L−1,
1.00 mL of aluminum sulfate solution (Al2(SO4)3) of 1.00 mol L−1; 25 ◦C.

For the trials involving the treatment of PPE, first, the residual concentration of
dicamba in the wash waters of the contaminated PPE was quantified by HPLC, as shown in
Figure S7 (Supplementary Material). The limit of quantification was previously determined
in work conducted by the research group to be 0.21 ± 0.02 mg L−1. It can be observed that
after the first wash, the concentration of dicamba is approximately 4.00 mg L−1. However,
in subsequent washes, the dicamba concentration became negligible, falling below the
quantification limit of the equipment. Hence, the degradation assays and assessment of
degradation by-products through biological assays were conducted using the wastewater
from the initial washing step (L1). The chromatogram of the degraded dicamba solution is
shown in Figure S8 (Supplementary Material), demonstrating nearly 100% degradation.
Notably, only one reaction byproduct is observed after 5 h of reaction.

3.3. Biological Assay with the Fenton-like Degraded Solutions

In the assessment involving sensitive plant species, the bean was selected as the
indicator species due to its heightened sensitivity to dicamba [56]. The solutions were
prepared in accordance with the treatments outlined in Table 1 and administered to the
indicator plants, with the results monitored 21 days after application (DAA). The influence
of different initial concentrations of dicamba was also evaluated, and the results shown
in Figure 11. As shown in Figure 11B–E, dicamba exhibited major signs of intoxication
with increasing applied concentrations. This intoxication becomes more pronounced when
compared to the dry matter of the aerial part (DMAS) of the plants (Table 3), revealing a
decrease in mass of 32% in response to the control.
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Figure 11. Apparent intoxication at 21 DAA (A) control solution (water), (B) commercial dicamba
1.00 mg L−1, (C) commercial dicamba 5.00 mg L−1, (D) commercial dicamba 10.00 mg L−1, (E) commer-
cial dicamba 50.00 mg L−1, (F) water, (G) commercial dicamba 1.00 mg L−1 degraded, (H) commercial
dicamba 5.00 mg L−1 degraded, (I) commercial dicamba 10.00 mg L−1 degraded, and (J) commercial
dicamba 50.00 mg L−1 degraded.

Table 3. Comparative of dry matter of the aerial part of the plants the different treatments, at 21 days
after application.

Treatment Description DMAS * ***

T1 H2O 2.62 a
T2 [dicamba]0 1.00 mg L−1 2.47 a
T3 [dicamba]0 5.00 mg L−1 2.23 b
T4 [dicamba]0 10.00 mg L−1 2.08 c
T5 [dicamba]0 50.00 mg L−1 1.79 d

T6 Solution of [dicamba]0 1.00 mg L−1 degraded**
using 0.20 g Hy-Fe

2.53 a

T7 Solution of [dicamba]0 5.00 mg L−1 degraded**
using 0.20 g Hy-Fe

2.53 a

T8 Solution of [dicamba]0 10.00 mg L−1 degraded**
using 0.20 g Hy-Fe

2.59 a

T9 Solution of [dicamba]0 50.00 mg L−1 degraded**
using 0.20 g Hy-Fe

2.59 a

T10 Solution of [dicamba]0 50.00 mg L−1 degraded**
using 0.20 g Hy-Fe, periodic stirring

2.52 a

T11 Solution of [dicamba]0 50.00 mg L−1 degraded**
using 0.20 g Hy-Fe, for system at rest

2.61 a

T12 Solution of [dicamba]0 50.00 mg L−1 degraded**
using 0.60 g Hy-Fe

2.56 a

T13 Solution of [dicamba]0 50.00 mg L−1 degraded**
using 1.00 g Hy-Fe

2.50 a

* DMAS: Dry matter of the aerial part of the plants. ** Reactional conditions: 500.00 mL dicamba solution;
1.00 mL H2O2 1.00 mmol L−1; 1.00 mL aluminum sulfate solution (Al2(SO4)3) 1.00 mol−1; 25 ◦C. *** Tukey test
(lowercase letters are the comparison of means).

On the contrary, Figure 11G–J depicts the visual intoxication at equivalent initial
concentrations of dicamba, but these solutions underwent a degradation process via Fenton,
employing Hy-Fe. The degradation of dicamba proved effective, as the plants exhibited no
apparent symptoms of intoxication. Additionally, the dry matter of the aerial part of the
plants was compared using the Tukey test. Notably, the identical letters indicate that the
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averages are equal. Consequently, solutions treated by the Fenton process are comparable
to the control (water).

The results for the assessment of the Hy-Fe dose, the impact of system agitation, and
the washing of the personal protective equipment (PPE) are depicted in Figures S9–S11
(Supplementary Material), respectively. Plant intoxication scores were assigned to each
treatment at 21 days after application (DAA), and the outcomes are shown in Figure 12. It
can be observed that there was no significant difference between the control experiment (T1)
and the degraded solutions (T6–T13), supporting the notion that the dicamba degradation
was effective in this Fenton-like degradation process using Hy-Fe.
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4. Conclusions

Based on the findings of this study, it can be concluded that the Hy-Fe composite
demonstrates significant potential for application in heterogeneous Fenton-like processes
aimed at dicamba herbicide degradation in aqueous environments, providing a straight-
forward and effective solution. Its applications extend to the treatment of effluents from
spray tanks and Personal Protective Equipment. Notably, the Hy-Fe composite, synthesized
through hydrothermal methods, outperforms its pyrolysis-produced counterpart in terms
of performance. The one-pot synthesis approach adds to its appeal, streamlining the pro-
duction process. Moreover, in the biological assays conducted, plants treated with dicamba
solutions subjected to Hy-Fe in the Fenton-like reaction did not exhibit visible signs of
intoxication. This result suggests that integrating the Hy-Fe composite into dicamba residue
degradation within spray tanks could be a practical, cost-efficient, and environmentally
friendly alternative. In conclusion, the Hy-Fe composite proves to be an efficient and
sustainable solution for dicamba degradation, positioning it as a suitable candidate for
practical applications in agriculture. Further research and real-world implementation
of this composite hold promise for developing effective and environmentally conscious
strategies to address dicamba contamination and other related herbicides.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11113244/s1, Figure S1. pHPZC for Hy-Fe produced via hy-
drothermal synthesis (HTC); Figure S2. (A) N2 adsorption–desorption isotherms and (B) Pore distri-
bution for Hy-Fe produced via hydrothermal synthesis; Figure S3. EDS analysis for Hy-Fe produced
via hydrothermal synthesis (HTC); Figure S4. Chemical element mapping by EDS for Hy-Fe produced
via hydrothermal synthesis (HTC); Figure S5. Chromatogram of standard dicamba (50.00 mg L−1);
Figure S6. Evaluation of Hy-Fe dose on dicamba degradation; Figure S7. Quantification of dicamba con-
centration found in the different Personal Protective Equipment (PPE) washes; Figure S8. Comparison
of the chromatogram of a 50.00 mg L−1 commercial dicamba solution, and the same solution after the

https://www.mdpi.com/article/10.3390/pr11113244/s1
https://www.mdpi.com/article/10.3390/pr11113244/s1
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degradation process for 5 h; Figure S9. Apparent intoxication at 21 DAA (A) control solution (water),
(B) commercial dicamba 50.00 mg L−1, (C) commercial dicamba 50.00 mg L−1 degraded with
Hy-Fe 1.00 g L−1, (D) commercial dicamba 50.00 mg L−1 degraded with Hy-Fe 6.00 g L−1 e (E) com-
mercial dicamba 50.00 mg L−1 degraded with Hy-Fe 10.00 g L−1; Figure S10. Apparent intoxication at
21 DAA (A) control solution (water), (B) commercial dicamba 50.00 mg L−1, (C) commercial dicamba
50.00 mg L−1 degraded with constant agitation, (D) commercial dicamba 50.00 mg L−1 degraded with
periodic agitation and (E) commercial dicamba 50.00 mg L−1 degraded without agitation; Figure S11.
Apparent intoxication at 21 DAA (A) control solution (water), (B) commercial dicamba 5.00 mg L−1,
(C) commercial dicamba 5.00 mg L−1 degraded. Table S1. Chemical composition of the inorganic portion
of Hy-Fe by FRX; Table S2. Room temperature hyperfine parameters of Hy-Fe.
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