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Abstract: Phenyl urea herbicides such as diuron and linuron are commonly used in agriculture
to eliminate weeds. Their uncontrolled use can cause environmental problems. In this study, the
adsorption of these herbicides was evaluated using activated carbon from coffee grounds, activated
with zinc chloride (AC-ZnCl2, 100% purity), nitric acid (AC-HNO3, 65% purity), and commercially
activated (AC-C) carbon for comparison purposes. The spent coffee grounds were transformed into
activated carbon through the calcination process. The highest removal efficiency for diuron 40 mg·L−1

and linuron 31 mg·L−1 was obtained using the ZnCl2-activated adsorbent, being 100% and 45%,
respectively. The best pH range was between 4 and 6. Adsorption kinetic studies showed that pseudo-
first and second-order models fit the experimental data, with the adsorption rate increasing rapidly
within 60 min for the concentrations tested. Adsorption isotherms indicated that the Langmuir
model provided the best fit for diuron, while the Freundlich model was more appropriate for linuron.
The efficiency of the adsorption process using activated carbon (AC) was confirmed by the toxicity
analysis of diuron and linuron solutions before and after adsorption with AC.

Keywords: activated carbon; toxicity of herbicides; isotherms and kinetics of adsorption;
sustainability; activated carbon with ZnCl2

1. Introduction

Global herbicide production has been increasing by approximately 11% annually
since 2017. Agricultural pesticides, such as herbicides, fungicides, and insecticides, have
various social and environmental impacts. The uncontrolled use of these compounds can
lead to resistance in target organisms, raising significant public health concerns due to
their adverse effects on different species [1]. Herbicides can penetrate soils, potentially
contaminating groundwater, and when leached into water resources, they can negatively
impact various aquatic species [2].
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Among the herbicide classes are phenyl urea types, such as diuron and linuron. Diuron,
widely used worldwide, is applied in the cultivation of asparagus, grapes, cotton, fruits,
and cereals and for algae control in fish production tanks [3]. In mammals, concentrations
greater than 0.5 µg·L−1 can cause cytogenetic, embryotoxic, and immunotoxin effects,
endocrine disruption, and respiratory and cardiovascular problems [3]. Diuron is soluble
in water, with a logarithmic octanol/water partition coefficient value of 2.60 [4]. Linuron,
applied on broadleaf grasses like soybeans, corn, potatoes, and asparagus, was banned in
the European Union, in 2017, due to its teratogenic and carcinogenic effects in mammals,
causing infertility in women and low sperm production in men, along with toxicity to
various aquatic organisms [5]. Soluble in water, linuron has a logarithmic octanol/water
partition coefficient value of 3.00 and takes 60 days to degrade by half-life in soil [4,6].

In recent years, technologies have been developed to minimize or remove these
herbicides from the environment since conventional techniques inefficiently remove such
pollutants from water, such as physical or advanced chemical adsorption, photocatalytic
degradation, chemical degradation, and biological treatments [3]. The adsorption process is
effective for removing organic or ionic pollutants in inhomogeneous phases, with industrial
waste used for the development of active carbon (AC) being widely employed [7].

AC is used for treating industrial waste and drinking water due to its high capacity to
interact with organic pollutants in aqueous and gaseous environments. AC products are
classified as granules, powder, and pellets based on their size and defined according to their
porous structure: micro-, meso-, and macropores, correlated with their activation form:
physical, chemical, and biological [8,9]. They are composed of the chemical compound
carbon. Physical, chemical, and biological activations, mainly chemical, of the AC’s surfaces
are used to enhance the selectivity of functional groups such as carboxyl, carbonyl, phenols,
quinones, and lactones [10,11].

Charcoal is an AC from environmental or industrial waste, such as sludge and forest
residues, aimed at pollutant removal via adsorption processes [12]. Its production is
similar to that of AC, but its physicochemical properties are modified to increase pollutant
adsorption capacity [13]. One significant advantage of charcoal over AC is that industrial
and environmental by-products can be economically reused and contribute to Sustainable
Development Goals (SDGs) and circular economy precepts [13,14].

In this study, the AC was produced from spent coffee grounds, as coffee (Coffea arabica)
is the second most traded commodity globally, with Brazil being the largest producer [15].
Approximately 170 million tons of coffee are produced per harvest, generating about
2.1 billion tons of spent coffee grounds [16]. Coffee grounds contain approximately 50%
carbon on their surface, with the rest similar to lignocellulosic materials. During pyrolysis
processes, oxygen and hydrogen detach from the molecular structure of this material, are
transformed into gases, and its surface becomes porous. Its adsorptive capacity depends
on the physicochemical parameters of the process, such as activation type, pyrolysis time,
and temperature [17,18]. In water resources, spent coffee grounds can be toxic to aquatic
animals, mainly due to caffeine [19,20].

Milanković et al. [21] analyzed the effectiveness of coffee grounds in removing
organophosphate pesticides such as malathion and chlorpyrifos, pharmaceutical residues
such as amoxicillin, rhodamine B, ceftriaxone, and cationic dyes such as methylene blue.
The study analyzed adsorption at different temperatures and used kinetic methods such
as pseudo-first and second order, Elovich, and intraparticle diffusion. The study used Fre-
undlich, Langmuir, Temkin, and Dubinin–Radushkevich isotherms. The results revealed
that a complex adsorption process involving monolayer and multilayer adsorption on the
heterogeneous surface of the material was influenced by temperature, affecting maximum
capacities and interactions. The material concentration of 0.5 mg·mL−1 increased the ad-
sorption capacities for both pesticides, while for methylene blue, the material concentration
of 0.1 mg·mL−1 exhibited high adsorption capacities for methylene blue. The pharmaceuti-
cal residues showed high adsorption capacities, especially for rhodamine B, 8250 mg·g−1.
The adsorbent was regenerated using at least 10 cycles without significantly impacting the
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adsorption capacity. The results highlight the potential of the carbon material from coffee
grounds as an efficient adsorbent for various contaminants, highlighting its promising role
in environmental remediation efforts.

Milanković et al. [22] studied the interaction between spent coffee grounds and the
organophosphate pesticides, malathion and chlorpyrifos, for their removal from water
and fruits. The study used first- and second-order kinetic models and Langmuir and
Freundlich isotherms to analyze the adsorption mechanism. The adsorption capacity was
16 mg·g−1 and 7.00 mg g−1 for malathion and chlorpyrifos, respectively. The study also
evaluated the thermodynamic model of the adsorption systems, which was exothermic
for malathion and endothermic for chlorpyrifos. The study was completed by testing
plant extracts and carrying out an eco-neurotoxicological evaluation, showing no more
neurotoxicity after adsorption. Rosson et al. [23] used coffee grounds in the form of AC
with a potassium hydroxide activator and two other AC-C to evaluate the adsorption
capacity, kinetics, and isotherms of phenolic compounds according to the models of the
previous study. The assessed components were personal care and pharmaceutical products.
The removal rate was around 70% for personal care products and 95% for pharmaceutical
products, and all compounds were removed with active carbon powder. Table 1 summa-
rizes some physicochemical parameters of diuron and linuron with adsorbents via the
adsorption processes.

Table 1. Linuron and diuron adsorption results.

Herbicide/Adsorbents pH Mass
Carbon C0 (mg·mL−1) Removal (%) Ref.

Diuron/bottom ash waste (BAW-200) 2.0 10 mg 20 80 [24]
Diuron/carbon from Hovenia dulcis 6.0 1 g·L−1 200 95 [25]
Diuron/diochar Hovenia dulcis 7.0 1 g·L−1 50 60 [26]
Diuron/carbon activated cassava biomass
(Manihot esculenta) 7.0 0.5 g·L−1 50–200 68 [27]

Diuron/carbon activated 7.0 1 g·L−1 13–38 93 [28]
Linuron/carbon activated NORIT A2 7.0 0.08 g·L−1 5 93 [29]
Linuron/zeolite combined with activated carbon 6.3 0.1 g·L−1 2 ppm 77 [30]
Linuron/modified sludge-based biochar 7.0 0.075 g·L−1 10 90 [31]
Linuron/hydrothermal treatment with FeOPal2 7.6 0.2 g·L−1 5 83 [32]
Linuron/chitosan and chitin 5.5 25 mg 10 12.5 [33]

C0 = initial concentration.

Given the presented facts and the data in Table 1, using spent coffee grounds as AC
for diuron and linuron adsorption introduces new parameters to the herbicide/adsorbent
adsorptive process. This configuration makes the study of significant economic interest,
as health and environmental problems are associated with the uncontrolled use of these
herbicides and coffee waste. Therefore, this study aimed to evaluate diuron and linuron
removal, kinetics, and adsorption isotherms using AC products. To confirm the efficiency
of the evaluated adsorbents, a toxicity analysis of linuron and diuron solutions was con-
ducted before and after adsorption on a widely used biological model in environmental
impact studies.

The chemical compounds diuron, 3-3,4-dichlorophenyl-1,1-dimethylurea (chemical
formula: C9H10Cl2N2O; molecular weight: 233.1 g·mol−1; molar volume: 170.1 cm3·mol−1;
pKa: 3.7; solubility of diuron in water is 42 mg·L−1 at 298 K) [27], and linuron, 3-3,4-
dichlorophenyl-1-methoxy-1-methylurea (chemical formula: C9H10Cl2N2O2; molecular
weight: 249.09 g·mol−1; molar volume: 170.1 cm3·mol−1; pKa: 3.7; solubility of linuron in
water is 75 mg·L−1 at 298 K) [4].
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2. Materials and Methods
2.1. Chemicals and Materials

The diuron and linuron were acquired from Sigma-Aldrich (San Louis, MO, USA) in
analytical grade, i.e., 100% purity. Tween 80 purchased from Sigma-Aldrich (San Louis,
MO, USA) in analytical grade, i.e., 100% purity, quantitative filter paper 7.5 microns Prolab
(Sao Paulo, Brazil), zinc chloride (ZnCl2), in analytical grade, i.e., 100% purity, nitric acid
(HNO3), in analytical grade, 65% purity and powdered activated carbon, in analytical
grade, 100% purity, were also used, acquired from Dinamica (São Paulo, Brazil). A Brazilian
agro-industrial cooperative (Coamo, Sao Paulo, Brazil) donated the spent coffee grounds.
The equipment used included a Mettler Toledo balance (Sao Paulo, Brazil), Coel muffle
furnace (Sao Paulo, Brazil), UV–VIS Global Analyzer Brazil spectrophotometer and Tecnal
TE-4200 Shaker (Sao Paulo, Brazil).

Diuron and linuron have limited solubility in water. Thus, the stock solution for
the removal efficiency analysis (%) was prepared by precisely dissolving 40 mg·L−1 of
diuron [24] and 31 mg·L−1 of linuron [34] in deionized water with the addition of 1%
Tween 80. This addition was necessary to solubilize the herbicide in solution. Subsequently,
batch adsorption experiments in 50 mL were conducted in pH solutions of 2, 4, 6, 8, and
10 adjusted with HCl or NaOH to 0.1 mol·L−1. The adsorbent dosage was 100 mg·L−1 for
both tested herbicides. For kinetic tests and to obtain adsorption isotherms, the solutions
were diluted to the desired concentrations for model evaluation, and the optimal pH was
chosen. All preparations were performed in triplicate.

2.2. Production of the ACs

The adsorbent mass was prepared by adding a 1:2 ratio of ZnCl2 and HNO3, 65%
purity, to spent coffee grounds in 60 mL of deionized water. This system was agitated
at 50 rpm for 7 h at 85 ◦C. Subsequently, the temperature was increased to 110 ◦C until
complete activation for 24 h. After this period, the moisture of the spent coffee grounds
was stabilized in a muffle furnace at 600 ◦C; the spent coffee grounds were calcined, and
inert gas N2 was used at a flow rate of 1 mL·min−1 to maintain pore opening of the AC.
Finally, the AC was washed with a 0.1 M HCl solution for 20 min and then with deionized
water for the same period at a temperature of 85 ◦C. To stabilize the zero charge point of the
AC, the washing was completed with deionized water at room temperature (T ∼= 25 ◦C),
the relative humidity was stabilized, and the AC mass was separated into 100 mesh sieves
for the adsorption tests in this study [16]. In the study by Rocha et al. [16], the relative
humidity, the amount of ash, and the volatile compounds related to transforming the
natural material into functional material were analyzed to find an average value with
non-significant random and experimental error. This was performed to achieve greater
purity, control the production process of adsorbent formation, and standardize the surface
area, pore volume, functional groups, and isoelectric point of the AC produced. For all
stages of AC production, procedures were performed in triplicate so as not to affect the
reported parameters of the functional material [35,36].

Adsorption tests were carried out on powdered commercial carbon (AC-C) CAS:
7440-44-0. This coal has a BET (Brunauer–Emmett–Teller) surface area of 543.4 m2·g−1

and a particle size between 1.4 and 2 mm [37]. That produced by spent coffee grounds
activated with ZnCl2 (AC-ZnCl2) had an area of 564.4 m2·g−1, pore volume of 0.32 cm3·g−1,
and micropore volume of 0.25 cm3·g−1 and was activated with nitric acid, 65% purity
(AC-HNO3,), 1.984 and micropore volume less than 0.01 [16].

2.3. Adsorption

The removal (%) was determined by evaluating the pH interference using a 50 mL
aliquot of the stock solution under the described conditions. This aliquot was put into
contact with AC-C for control, and AC-ZnCl2 and AC-HNO3. The absorbance of diuron
was measured at 247 nm [34] and linuron at 246 nm [22] using the UV–VIS Brazilian global
analyzer spectrophotometer. For the herbicide, adsorbent systems were agitated in a Tecnal
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TE-4200 Shaker for 24 h at T = 25 ◦C and 50 rpm. The pH levels were adjusted during
adsorption by adding 0.1 M HCl and 0.1 M NaOH solutions, removing an aliquot of the
samples every 3 h, and checking their value during adsorption [24,38]. Subsequently,
the solution was filtered through 7.5 microns quantitative filter paper to separate the
adsorbent from the solution, and the absorbance of each sample was measured. All sample
studies were performed in triplicate, and the removal fraction was calculated according to
(Equation (1)).

Removal (%) =

(
1 − CFinal

C0

)
× 100. (1)

CFinal represents the final concentration in mg·L−1 calculated from the calibration
curve, and C0 represents the initial concentration, 40 mg·L−1 for diuron and 31 mg·L−1

for linuron. The adsorption kinetics were conducted, and the optimal pH condition was
selected under the same conditions as the removal (%) experiment. All tests were carried
out in triplicate, and the adsorbent material was uniform in 10 mesh sieves, and temperature
and agitation were controlled so as not to interfere with removing the herbicide [35,36].

Aliquots of the solution were withdrawn at 15 and 1440 min and measured in the
spectrophotometer. The experimental values were determined by (Equation (2)).

Qe =
(C0 − Ce)

m
× V (2)

where Qe is the mass adsorption capacity at equilibrium (mg·g−1), Ce is the pollutant
concentration at equilibrium (mg·g·L−1), V (L) is the volume of the solution, and m
(mg) is the mass of the adsorbent. The models used to fit a system to the experimental
data are the pseudo-first-order model (Equation (3)) and the pseudo-second-order model
(Equation (4)) [39,40].

dQ
dt

= k1 × (Qe − Qt) (3)

dQ
dt

= k2 × (Qe − Qt)2 (4)

where Qt is the total mass adsorption capacity of the pollutant at a given time (mg·g−1),
and k1 (min−1) and k2 (g·mg−1·min−1) are the kinetic constants of the tested models.

The adsorption isotherms were analyzed for concentrations of 5, 10, 20, 50, and
70 mg·L−1 in deionized water solutions with 1% Tween 80 under the same conditions as the
previous experiments. Such analysis is necessary to determine the adsorbate relationship
in the adsorption–desorption equilibrium solution. After reaching equilibrium after 24 h,
the samples were filtered, and the concentrations of diuron and linuron were determined
using (Equation (2)). The isotherm models tested for these data were the Langmuir model
(Equation (5)) and the Freundlich model (Equation (6)).

Qe =
Qmax × K × Ce

1 + K × Ce
(5)

Qe = KF × C1/n (6)

where Qmax represents the adsorption capacity of the adsorbent at a given equilibrium con-
centration (mg·g−1), K is defined as the affinity between the adsorbate and the adsorbent
(L·mg−1), KF is defined as the intensity of adsorption (mg·g−1·L−1), and n is related to
the energetic surface of adsorption. The Langmuir model describes adsorption phenom-
ena on energetically homogeneous surfaces [41], while the Freundlich model describes
heterogeneous surfaces.

The regeneration protocol was performed after the completion of the adsorption
process after the kinetic process of diuron and linuron [21,24]. The functional material was
collected, centrifuged, and washed, and then 30 mL of analytical grade ethanol, purity,
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99.6%, was added at 20 ± 1 ◦C for 5 h to desorb diuron and linuron. Finally, the sorbent
was washed with deionized water for reuse over 5 cycles.

2.4. Evaluation of the Phytotoxic, Cytotoxic, and Genotoxic Potential of Diuron and Linuron in
Aqueous Medium before and after Adsorption with AC on Allium cepa L. (Onion) Roots

Toxicity tests on A. cepa roots were conducted to assess and compare the efficiency of
AC in removing diuron and linuron from the aqueous medium.

A linuron solution of 31 mg·L−1 and a diuron solution of 40 mg·L−1 were prepared
for the tests. These concentrations were prepared in a deionized water solution with 1%
Tween 80.

The A. cepa bulbs were obtained from an organic garden and were free from pesticides
and synthetic fertilizers. After removing the dry cataphylls, the bulbs were washed in
deionized water. Subsequently, onions were placed in contact with the following treatments
(for each treatment, five onion bulbs were used): diuron solution at a concentration of
40 mg·L−1; linuron solution at a concentration of 31 mg·L−1; diuron solution after adsorp-
tion with AC-C; linuron solution after adsorption with AC-ZnCl2 and AC-HNO3; linuron
solution after adsorption with AC-C; linuron solution after adsorption with AC-ZnCl2 and
AC-HNO3; distilled water (used as control). Immediately after, the onions in contact with
their respective treatments were placed in a BOD incubator (Cinelab, Sao Paulo, Brazil) for
120 h, without light presence, for rooting.

The phytotoxicity, cytotoxicity, and genotoxicity tests on A. cepa roots were conducted
according to [42]. For phytotoxicity analysis, 10 roots were measured from each bulb. Thus,
for each treatment, a total of 50 roots were measured. Subsequently, each treatment’s mean
root length (ARL) was determined according to (Equation (7)). The roots were measured
with a manual caliper. The results obtained from ARL for the control were considered 100%.
Thus, data were expressed as a percentage of control values for the ARL of treatments.

ARL(cm) :
Sum o f root length o f root bundles

5
× 100 (7)

Root meristems were used for cytotoxicity and genotoxicity analyses. For this purpose,
on average, three roots from each bulb were collected and placed in Carnoy fixative for 24 h.
Subsequently, the roots were washed in distilled water, hydrolyzed in 1 N HCl for 8 min,
and washed again. Afterward, the meristematic regions of the roots were dissected and
crushed with a scalpel on glass slides, stained with 2% acetic orcein, and covered with a
coverslip. The slides were analyzed under an optical microscope (Nikon, Sao Paulo, Brazil)
with a 40× objective.

Cytotoxicity was determined by the mitotic index (MI), which was calculated accord-
ing to (Equation (8)), where cells in interphase (cells that are not dividing) and cells in
prophase, metaphase, anaphase, and telophase (cells that are dividing) were counted. From
each bulb, 2000 cells were counted, totaling 10,000 cells analyzed per treatment. The results
obtained from MI for the control were considered 100%. Thus, data were expressed as a
percentage of control values for the MI of treatments.

MI :
Total number o f dividing cells
Total number o f cells analyzed

× 100 (8)

Genotoxicity was determined by the percentage of cellular changes (IAC). From each
bulb, cells with alterations were analyzed, such as cells with micronuclei, cells with chro-
mosomal bridges, and cells with chromosomal breakage. This analysis considered cells in
interphase and cells undergoing division (prophase, metaphase, anaphase, and telophase).
Two hundred cells from each bulb were analyzed, totaling 2000 cells analyzed for each
treatment, as per (Equation (9)).

IAC :
Number o f cellular alterations
Total number o f cells analyzed

× 100 (9)
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The toxicity results for the different treatments were evaluated using the Kruskal–
Wallis et al. [43], analysis of variance, followed by the Dunn test (p ≤ 0.05).

3. Results
3.1. Adsorption

The removal (%) was obtained from the experiments conducted to compare the herbi-
cides and AC concerning pH.

Figure 1 shows diuron and linuron adsorption efficiency on AC-ZnCl2, AC-HNO3,
and AC-C. For diuron (Figure 1a), the pH ranges from 2 to 10 had different adsorption
percentages under the tests assessed. This could be associated with the surface area of the
AC tested, as the volume of micropores is the primary variable defining the adsorption
capacity of an AC. Another variable that may interfere with the adsorption capacity is
the distribution of functional groups on its surface, as the variability of functional groups
on the surface of the AC affects the binding mechanism between the pollutant and the
adsorbent [16].
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The difference in removal (%) for linuron was not as pronounced (Figure 1b). It
was also observed that the pH variation did not influence significant changes in removal
(%). For the pollutant, the functional material systems are usually altered due to pH
variation [44]. It was also noted that, for diuron, there was more significant adsorption
compared to linuron, which may be due to the size of the molecules of the analyzed
chemical compounds, Mw: 233.1 g·mol−1 for diuron compared to Mw: 249.09 g·mol−1

for linuron, and the physicochemical properties, ionic nature, and polarity of the chemical
compounds interfered with adsorption [45]. The highest removal (%) values found for
diuron and linuron were between pH 4 and 6, possibly due to the AC neutral charge point
of 5.8.

The surfaces of AC can accommodate different elements, depending on the activation
mode. In general, chemical activators such as ZnCl2 and HNO3 diversify oxygenated
functional groups, such as carboxylic acids, hydroxyls associated with aromatic chains,
carbonyls, lactones, and quinones [10,11,46]. The use of precursor and volatile materials,
such as the one in this study, facilitates the diversification of functional groups and dehy-
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dration of the lignocellulosic part of spent coffee grounds. The precursors increase the mass
proportion and stimulate the release of volatile substances into the medium, consequently
increasing the adsorbent’s surface area.

Using chemical activators contributes to the formation of micro- and mesopores
and better functional distribution on the surface of the functionalized material [46]. The
most commonly used chemical activator is ZnCl2. Activation with ZnCl2 induces an
electrolytic action called swelling in the molecular structure of cellulose. This effect causes
the breakdown of the cellulose molecules and increases different intra- and inter-coated
cavities, which produce a greater surface area on the AC-ZnCl2 [47]. This compound
acts as a buffering agent for samples impregnated with this chemical activator, moving
volatile substances through saturated ZnCl2 due to its dehydrating effect on lignocellulosic
materials when in contact. ZnCl2 also contributes to the volatilization of substances
impregnated with the functional material, forming a larger surface area and increasing the
pore cavities [47]. The pores are not ruptured after activation with ZnCl2, and aromatic
compounds with large rings are adsorbed more easily into the functional material AC-
ZnCl2 [48]. This compound does not react with carbon; the activated carbon obtained has a
higher yield than activated carbon produced with another activator [49].

On the other hand, the activation with HNO3 decreases the surface area, pore volume,
and pore width compared to AC-ZnCl2. This situation was due to the introduction of
functional groups into the activated carbon’s pores and the aliphatic lower stability, which
is oxidized, destroying the porous structure [50,51]. There is a decrease in pore width;
the average size was still contained in the mesopore (2–50 nm). Thus, in this study,
the activation of ZnCl2 with coffee grounds became more effective than that of HNO3
with coffee grounds and the AC-C under study. ZnCl2 has a higher yield in breaking
down cellulosic compounds than HNO3 [47]. This causes the carbon to increase with the
polymerization of aromatic compounds, facilitating the adsorption of pollutants [48]. This
may be one of the factors that the surface area of this compound is more significant than
AC-HNO3, 564 m2·g−1, compared to 1.984 m2·g−1 [16].

The interaction mechanisms of the adsorption process of the contaminant with the ad-
sorbent were proposed to consider the reaction of radicals and non-radicals involved in the
degradation of the pollutant, diuron or linuron, in the use of the functional
material [16,33,44,52,53]. Thus, in an aqueous solution, the hydroxyl (OH−) of water
and the radicals (Cl−) and (NO3

−) of the chemical agents become ionized. The interactions
of these radicals with the pollutants form intermediate products. This occurs due to the
functional groups containing oxygen on the surface of the functional materials. For linuron,
a mesomeric effect occurs in the double bond of carbon, where the double bond of carbon
passes to the bond with the nitrogen attached to the aromatic ring, making the nitrogen
cation and oxygen anion; then this interaction around carbon shifts to the nitrogen attached
to CH3 and OCH3 [33]. This mesomeric effect causes adsorption between the molecule and
the AC. For diuron, the same mechanism occurs. However, it also occurs around the carbon
with a double bond. The OH− groups contribute to redox reactions and electron transfer in
mesomeric effects. The electrons from AC that interact with diuron and linuron increase
the electron transfer capacity through π electrons, performing the adsorption process [52].

Figures 2 and 3 show the trend of the adsorption–desorption system of the analyzed
chemical compounds.
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The experimental data obtained were modeled using Equations (3) and (4), referring
to the pseudo-first-order and pseudo-second-order models. The presented results show
that diuron (Figure 2) and linuron (Figure 3) adsorption was relatively rapid for the three
tested adsorbents. Adsorption–desorption equilibrium occurred around 60 min, except
for the diuron AC-C system, which achieved a later adsorption–desorption equilibrium
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around 1000 min. The maximum amount of diuron and linuron occurred with the AC-
ZnCl2 adsorbent. Fast and slow adsorptions occur because the available active sites for
adsorption reach equilibrium, meaning that there are no more active sites to adsorb the
chemical compound, achieving saturation of the adsorptive system. This occurs due to
several factors, such as the polarity of the chemical compound, operating pH, temperature,
and mainly the surface area of the adsorbent [16]. In adsorption processes, the fastest
process occurs inside the pores through variables such as intraparticle diffusion and the
concentration gradient of the chemical compound [54].

Figures 2 and 3 also present the kinetic parameters of the analyzed systems in this study.
Based on the fitting models tested, for the pseudo-first-order model, the maximum adsorp-
tion quantity at equilibrium Qe (mg·g−1), time t (min), and the rate constant of adsorption k1
(min−1) were calculated. The intraparticle diffusion rate constant k2 (mg·mg−1·min−1) was
calculated for the pseudo-second-order model [55]. From the coefficient of determination
(adj. R2), it was possible to describe the models based on experimental data. The model
that best represented the experimental data was the pseudo-second-order model for all
adsorbents. This model phenomenologically represents short-duration systems, the inverse
of the first-order model [56]. The initial concentration chosen for the adsorption system
can also interfere with kinetics. The pseudo-second-order model is more applied to the
final phases of adsorption because this model is based on the rate-limiting step throughout
the process, which is chemisorption. Thus, the adsorption rate depends on the adsorption
capacity of diuron and linuron and not on its concentration [55]. Therefore, systems with
higher adsorption capacity are chemical compounds and AC-ZnCl2. Figures 4 and 5 show
the equilibrium data of the herbicide and adsorbent systems.
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The equilibrium concentrations found occur after the 720 min interval. To optimize
the use of adsorbents for adsorption processes, the adsorption isotherms of Langmuir
(Equation (5)) and Freundlich (Equation (6)) were tested to describe how the pollutant
concentration interacts with the surface of the adsorbent. Figures 4 and 5 show a favor-
able adsorption behavior of diuron and linuron in the tested concentration range. The
experimental data indicate that the adsorption of diuron and linuron did not reach high
levels. Figures 4 and 5 also show the simulated parameters of the Langmuir and Freundlich
models [57].

For the herbicides, the adsorbent that best represented the models based on experimen-
tal data was AC-ZnCl2. The Langmuir model obtained a better correlation for the diuron
system and AC-ZnCl2. The system shows that Qmax and K values were higher than AC-C.
Qmax indicates that factors such as specific area, pore volume, pore size distribution, and
multicamera development presented more beneficial results for the adsorption process, and
high K indicates that the surface of the functional material has a higher affinity with diuron.
The Langmuir model indicates that this system has homogeneous surfaces, allowing mono-
layer surface coverage of the adsorbents as ACs saturates [16]. This model also indicates
that the process allows desorption. The Freundlich model had a higher adj for the linuron
system with AC-ZnCl2 adj. R2. This model phenomenologically represents heterogeneous
adsorbents and defines the distribution of active sites as exponential. The Freundlich model
has the term n, which indicates that higher values show that the adsorption was carried
out spontaneously [55].

Comparing the herbicide diuron with other adsorbents presented in Table 1, for
Zbair et al. [24], who used ash residues, the removal efficiency was influenced by the pH,
increasing linearly between pH 2 and 6, stabilizing at 80% for the other pHs. What may
have interfered with the efficiency of this system is the isoelectric point of this adsorbent,
which was 6.9; since diuron has a pKa of 3.7, considered very acidic, this ionic difference
may decrease the removal efficiency due to the types of bonds made between the adsorbent
and the herbicide. The amount of adsorbent in the herbicide was also evaluated, and as
the amount of adsorbent increased, the removal efficiency decreased. The authors also
found an adsorption capacity similar to this work at a temperature of 20 ◦C, and the most
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efficient isotherm model was Langmuir. Georgin et al. [25] found the optimum condition
of removal (%) and adsorptive capacity were close to 90% and 47 mg·L−1 for a 1.0 g·L−1

of activated carbon Hovenia dulcis. In their study, the authors observed that removal (%)
was proportional to the increase in adsorbent, while the adsorption capacity was inversely
proportional. The best isotherm fit was also the Langmuir isotherm.

Vieira et al. [26] used the adsorbent Hovenia dulcis by chemical activation with
ZnCl2 to adsorbent diuron. The study showed a removal efficiency of 60% at pH 7.0;
the adsorption capacity increased with the temperature reaching 119.7 mg·g−1, and the
increase in temperature indicates that the position of the molecule was parallel to the
receptor sites, occupying more than one site at the same time with the temperature rise.
The Langmuir model was also the one that best represented the system. Georgin et al. [27],
using AC obtained from residual Cassava biomass (Manihot esculenta), observed that the
increase in concentration in relation to the tested adsorbent increased the adsorption
efficiency, which was 67%. The adsorption capacity was 166 mg·g−1 for the concentration
of 200 mg·L−1, reaching equilibrium around 60 min. In this study, the isotherm fits the
Freundlich model. From these results, the system developed for this study of diuron was
efficient since a removal efficiency was more significant than those presented, and a high
adsorption capacity was obtained, as some studies reported. This may be associated with
the fact that coffee powder contains about 50% carbon; the original lignocellulosic materials
have a similar composition: 49% C, 6% H, 0.2% N, and during carbonization most of the
hydrogen and oxygen are lost [17] to the carbonization parameters [58], and the herbicide
concentration–pollutant ratio [16,59].

From the perspective of comparing the linuron results from this study with those in
Table 1, Elazabi et al. [29] used a concentration of 5 mg·L−1 with the adsorbent NORIT SA2
0.08 g·L−1; the study obtained a removal efficiency close to 95% for all pHs 3–10 tested.
The adsorption capacity found was 90 mg·g−1. The author observed that the increase in
adsorbent about linuron did not increase the adsorption capacity. This can be justified
by the number of sites available to adsorb the linuron molecule in solution. The linuron
concentration is also eight times lower than used in this study, which may have increased
the removal efficiency. Sirival et al. [30] synthesized zeolite with activated carbon to
evaluate the removal of linuron. The removal efficiency was close to 77%, the adsorption
capacity reached equilibrium at around 1440 min, and the Langmuir model was the most
suitable for the adsorption process.

Yang et al. [31] evaluated the removal efficiency as a function of the agitation speed
for linuron with modified sludge-based biochar. The efficiency increased to 220 rpm and
remained stable up to 240 rpm. The adsorption capacity went from 4.5 mg·L−1 to 12 mg·L−1

when the concentration was changed from 10 to 20 mg·L−1. Finally, the pH from 3 to 10 did
not affect the adsorption quantity of modified sludge-based biochar, and the most suitable
model for the system was the Langmuir model. In the study by Belaroui et al. [32], the
adsorption of linuron by an Algerian palygorskite modified with magnetic iron had the
amounts of herbicide varied as magnetic palygorskite modified by magnetic iron oxides by
thermal synthesis (83%), magnetic palygorskite modified by magnetic iron oxides (55%),
magnetic palygorskite (27%). The initial concentration of the adsorbate and the effect of
temperature influenced the removal efficiency. The best-adjusted adsorption isotherm was
the Freundlich one.

Rissouli et al. [33] evaluated the removal of linuron using chitosan and chitin; the
adsorption capacity was approximately 5 mg·g−1 for linuron/chitosan, being stabilized
around 100 min, the pH influenced the removal capacity of the herbicide, and the Langmuir
model was the most appropriate. Based on these studies for linuron, it can be observed
that the system proposed in this study was not efficient in removal efficiency; however, in
terms of adsorption capacity, the system was favorable.

Based on the facts presented, this study had the best result from the adsorbent AC-
ZnCl2 for both herbicides. Finally, the five regeneration cycles of this adsorbent were
analyzed (Figure 6).
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To evaluate the regeneration and reuse of the AC-ZnCl2 adsorbent, the adsorbed
concentrations of contaminants were determined as previously described. The AC-ZnCl2
showed a high removal efficiency after five stages of recycling. The removal proficiency of
AC-ZnCl2 in the first cycle was 99.12% ± 0.20%. From the first cycle onwards, there was a
decrease in the removal proficiency. Still, it can be deduced that AC-ZnCl2 has excellent
desorption capacity and can be easily recycled from wastewater using ethanol as a solvent.
By observing the results in Figure 6, it can be concluded that the material can be successfully
regenerated using 5 mL of 25% ethanol solution and reused for at least five cycles without
significant impact on the adsorption capacity. These results were similar to the studies of
Zbair et al. [24] and Milanković et al. [21].

3.2. Toxicity

For over fifty years, A. cepa roots have been used worldwide to evaluate water re-
sources’ phytotoxic and cytogenetic potential, effluents from different sources, and environ-
mental contaminants. Even when the concentration of these compounds in the environment
is on the nanogram (ng) scale, they prove highly sensitive to xenobiotics [60,61]. The results
obtained through this bioassay show a significant correlation with results obtained in other
test systems, such as in animals, cell cultures, and other plants [61,62].

Table 2 shows that the solution of diuron at 40 mg·L−1 and linuron at 31 mg·L−1, before
adsorption, significantly reduced root elongation. Furthermore, they caused disturbances in
cell division by substantially decreasing the mitotic index in root meristems and induced the
formation of significant alterations in meristematic cells. Based on these results, diuron and
linuron at the evaluated concentrations caused phytotoxicity, cytotoxicity, and genotoxicity
in A. cepa roots.
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Table 2. The average growth and mitotic index of Allium cepa L. roots presented with diuron and
linuron solutions.

TR ARL/SD (%) MI/SD (%)

Co 100 ± 1.0 100 ± 0.9

Diuron

DS before adsorption 50.0 ± 1.3 * 52.0 ± 1.4 *
DS after adsorption with AC-C 90.4 ± 1.0 92.5 ± 1.5
DS after adsorption with ACs 97.9 ± 1.0 95.9 ± 1.1 *

Linuron

LS before adsorption 52.8 ± 1.5 * 50.8 ± 1.0 *
LS after adsorption with AC-C 90.9 ± 1.5 90.5 ± 1.5
LS after adsorption with ACs 94.7 ± 0.9 97.9 ± 1.0

DS: diuron solution, LS: linuron solution TR: treatment, ARL: average root length, MI: mitotic index, SD: standard
deviation, Co: control. For ARL and MI, data are expressed as a percentage of control values. * Significantly
different from the Co, according to Kruskal–Wallis H followed by Dunn’s post hoc test (p ≤ 0.05).

Many studies in the literature report the cytotoxicity and genotoxicity of linuron in
different bioassays, such as in mammalian cell lines [63], in various tissues of rats [64], in
gill and liver tissues of fish [65], and in root meristematic cells of A. cepa [66]. Similarly,
studies have shown the cytogenotoxicity of diuron in diversified test systems [67,68], such
as in sperm and embryos of oysters, in root meristematic cells of A. cepa [69], and Drosophila
melanogaster L. [70]. The studies for diuron and linuron corroborated the toxicity results
observed for these two herbicides before adsorption with AC (Tables 2 and 3).

Table 3. Number, types, and cellular alteration index in A. cepa bulb root meristem cells exposed to
diuron and linuron solutions.

Number and Types of Cellular Changes

Micronucleus Chromosomal
Bridges

Chromosomal
Disruptions CAI ± SD (%)

Co 3 0 0 0.15
DS before adsorption 78 * 44 * 87 * 10.45 *

DS after adsorption with AC-C 1 0 2 0.15
DS after adsorption with AC-ZnCl2 1 1 1 0.15
DS after adsorption with AC-HNO3 2 1 1 0.25

LS before adsorption 92 * 55 * 76 * 11.15 *
LS after adsorption with AC-C 1 1 4 0.30

LS after adsorption with AC-ZnCl2 1 1 0 0.10
LS after adsorption with AC-HNO3 1 1 1 0.15

DS: diuron solution, LS: linuron solution TR: treatment, CAI: cellular alteration index, SD: standard deviation,
Co: control. For ARL and MI, data are expressed as a percentage of control values. * Significantly different from
the Co, according to Kruskal–Wallis H followed by Dunn’s post hoc test (p ≤ 0.05). AC-ZnCl2 or AC-HNO3.

In Table 3, roots exposed to solutions of diuron and linuron obtained after adsorption
with AC-C and after adsorption with AC-ZnCl2 or AC-HNO3 did not reduce root length,
nor did they reduce the rate of cell division or cause significant alterations in cellular
number when compared to the control. They were shown to be non-phytotoxic, non-
cytotoxic, and non-genotoxic. This result demonstrates the high efficiency of the evaluated
adsorbents in removing these herbicides from the aqueous medium.

This study initially aimed to develop an activated carbon from sludge coffee to evaluate
the adsorption of various herbicides. The study by Rocha et al. [16] and this one follows the
development on a pilot scale. The next steps to be developed are to test the best regeneration
cycle for this AC and to carry out prototype tests on a pilot scale to evaluate a possible
implementation on an industrial scale. Regarding toxicity, in real-world applications,
phytotoxicity, cytotoxicity, and genotoxicity tests should be performed in the same way
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as those evaluated in this study. To perform the tests, only 50 mL of each treatment was
needed for each onion bulb, and five onion bulbs were used for each treatment. The number
of roots and cells analyzed was also the same.

4. Conclusions

The study evaluated diuron and linuron pollutants’ percentual removal and toxicity
before and after adsorption. Based on the analyzed processes, the removal efficiency values
of diuron and linuron with AC-C were similar to those of AC-ZnCl2. However, AC-ZnCl2
presented a circular economy solution for the analyzed waste, which is currently discarded
without any reuse process.

The adsorption kinetics also showed that the adsorption rate follows the pseudo-
first-order and pseudo-second-order models, with adsorption reaching an equilibrium
state of adsorption–desorption at around ≈ 60 min. Langmuir and Freundlich adsorption
isotherms were also evaluated, with the Langmuir model achieving the best fit for diuron,
while the Freundlich model was best for linuron.

Finally, ecotoxicity studies in A. cepa confirmed the efficiency of pollutant removal in
aqueous medium, validating the entire adsorption process used to remove herbicides in
aqueous medium.
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