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ABSTRACT

The use of herbicides is important to eliminate losses of weed interference on

crops. However, excessive and inappropriate employment of these substances

can cause serious consequences to the environment. In this way, the release

system is very attractive for the weed control in the agriculture area. The aim of

this work was to study a new delivery system for sulfentrazone herbicide

encapsulated into the calcium alginate (Ca-ALG) microparticles for the weed

control. The alginate microparticles were prepared via ionotropic gelation

method and characterized by using optical microscopy, scanning electron

microscopy, and thermogravimetric and differential thermal analysis. The con-

trolled release (Mt/M? vs. time) of the sulfentrazone herbicide was also analyzed

using UV–Vis spectroscopy where we proposed different mathematical models

to understand the mechanisms of controlled release of the herbicide. Further-

more, the release tests in field trial weed control were conducted using bioindi-

cator species (Cucumis Sativus—Cucumber) to study the phytotoxicity evaluation

caused by the Ca-ALG microparticles at different concentrations and their rela-

tionship with leaching depth. The results showed that the Ca-ALG microparticles

exhibited good encapsulation efficiency (%EE): 76.11, 78.62, and 80.42% for the 4,

5 and 6 g L-1 concentration of herbicide. The release rates in the region I were
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39.2, 46.5, and 35.5 mg s-1 for the 4, 5, and 6 g L-1 of herbicide concentration,

respectively. The Ca-ALG microparticles containing sulfentrazone herbicide

demonstrated potential application in controlled release platforms in agricultural

as well as for controlling of weeds and minimization of leaching processes.

Introduction

Day by day, the advent of agrochemicals has increased

the production of food in the world. Herbicides are

chemicals applied to eliminate losses of weed inter-

ference on crops and can be used in agriculture,

recreation areas, transport routes and industrial areas,

leading to substantial agronomic and economic bene-

fits [1]. Thus, the non-judicious use of this product can

causes serious problems, including water contamina-

tion, neighboring crops, leaching, and volatilization

[2, 3]. The use of pre-emergence herbicide causes

sorption processes, leaching, and degradation. In

order to promote effective solutions for waste herbi-

cides and reduce pollution of the environment, it is

important to develop systems that permit the con-

trolled release of these substances [4–7].

The sulfentrazone (N-[2,4-dichlro-5-[4-difluo-

romethyl)-4-5-dihydro-3methyl-5-oxo-1H-1,2,4-tria-

zol-1-il] methanesulfonamide) [8] herbicide can be

applied in the conventional cultivation as in no-til-

lage system and is a member of the phenyl triazoli-

none herbicide group [9] and is stable in soil (half-

life = 9 months) used for the control of broadleaf

weeds and some grasses in crops such as soybeans

[10], chickpeas, sugarcane [11], and rice [12]. This

herbicide exhibits low affinity for organic matter and

mobility only in soils with high sand content and

requires moisture to activate and move it into the soil.

Due to its intensive use, herbicides are often detected

in studies of quality of surface and groundwater [13].

Figure 1 represents the molecular structure for the

sulfentrazone herbicide.

Controlled release systems have also been applied

extensively in the food and pharmaceutical industries

for the release of active substances such as nutrients,

drugs and aromas [14, 15]. The employment of nat-

ural polymeric microparticles from polysaccharides

[3] has been attractive for the development of release

system in the agriculture. In particular, the use of

alginate is a feasible alternative to obtain stable and

well-shaped microparticles by using green routes and

with adequate properties as non-toxicity, biocom-

patibility, and biodegrability.

In this present work, we employed a modern

research approach to obtain a controlled release of

sulfentrazone herbicide-encapsulated into Ca-ALG

microparticles. To understand the mechanisms of

controlled release, different mathematical models

were investigated. A detailed study of the release

tests in field trial weed control was also performed to

study the phytotoxicity evaluation caused by the Ca-

ALG microparticles in different concentrations and

the relationship with the leaching depth. To the best

of our knowledge, this is first study concerning an

effective controlled release system using the sulfen-

trazone herbicide encapsulated into a biodegradable

polymer fashion with high prospects in agriculture

area.

Experimental

Materials

All chemicals used were of analytical grade. The

biopolymer sodium alginate (Na-ALG) were pur-

chased from Sigma-Aldrich (Brazil) with molecular

weight (M/W) of 100.000 g mol-1, viscosity of

15–20 cP, 61% of mannuronic acid and 39% of

guluronic acid. The calcium alginate microparticles

(Ca-ALG) were prepared by using calcium chloride,

CaCl2 (Sigma-Aldrich), sodium chloride, NaCl

(Sigma-Aldrich), and deionized water [Milli-Q sys-

tem (Millipore)].Figure 1 Molecular structure for the sulfentrazone herbicide.
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Preparation of bare and sulfentrazone-
loaded alginate microparticles

The apparatus used in this work was built based on

the studies presented by Dias et al. [16], Shi et al. [17]

and Faria [18]. Previously, solutions of sodium algi-

nate (3% m/v) and concentrations of 0.1 mol L-1 of

CaCl2 were prepared. In sequence, Na-ALG solution

was dropped in CaCl2 solution, resulting in a total of

100 microparticles. According to Faria [18], in order

to improve the texture and roundness of the

microparticles, the alginate solution was adjusted to

by adding 0.1 mol L-1 of sodium chloride (NaCl) to

form batches of microparticles. The Ca-ALG

microparticles was stored in deionized water and

passed through a process of water exchange during

3 days. The 3-day-long washing process was per-

formed on bare Ca-alginate microparticles only in

order for purification of this material to be used in the

posterior characterization techniques. For sulfentra-

zone-loaded Ca-alginate, the microparticles were

washed right after the obtainment to minimize the

possible loss of herbicide. After wards, the Ca-Alg

microparticles were dried in an oven at 35 �C for

24 h.

Sunfentrazone release experiments

Prior to encapsulating the sulfentrazone herbicide in

the alginate microparticles, the ultraviolet–visible

spectroscopy (UV–Vis) technique was used to verify

the interaction between the sulfentrazone herbicide

and the alginate matrix. For this, a spectrophotometer

PerkinElmer Lambda 750 in the range 200–800 nm

wavelength was used.

The sulfentrazone analytical curve was obtained by

preparing aqueous solutions of sulfentrazone (Bo-

ral�) varying the herbicide concentration from 0.3984

to 4.7619 mg L-1 which was described by the equa-

tion y = 542.1073x with R2 = 0.9975 as shown in

Fig. 2. The absorbance versus concentration data was

adjusted using a minimum-square method to

obtainment of the best fit.

For the encapsulation of the herbicide into the Ca-

ALG microparticles, desired amounts of sulfentra-

zone (4, 5 and 6 g L-1) were added to a freshly pre-

pared 3% (m/v) alginate solution. The sulfentrazone-

loaded microparticles were obtained by dropping

this solution in 0.1 mol L-1 CaCl2 and isolated using

the same procedure. After obtaining the microparti-

cles, they were filtered and washed with deionized

water to remove the remaining NaCl, then dried in an

oven at 35 �C until the mass remains constant. The

encapsulation efficiency (%EE) of sulfentrazone her-

bicide was measured by the amount of herbicide

remaining in the supernatant as described in Faria

et al. [18]. The (% EE) was evaluated by the difference

of the amount of herbicide added in the algi-

nate ? sulfentrazone solution and the unentrapped

amount of sulfentrazone remaining in the super-

natant after the removal of the formed microparticles,

following the equation:

The controlled release experiments were per-

formed by mixing 400 mg of dried sulfentrazone-

loaded Ca-ALG microparticles in 50 mL of deionized

water. Aliquots were withdrawn from the system at

different time intervals and taken to the spectropho-

tometer for the absorbance measurements. Figure 3

shows a representative scheme used on the con-

trolled release assays.

Characterization of the Ca-ALG
microparticles

The shape and external size of the dried Ca-ALG

microparticles were examined under an optical

microscopy (OM) using a microscopy Olympus with

109 magnification. The surface and microstructure of

the Ca-ALG microparticles were also studied with

scanning electron microscopy (SEM) (JEOL JSM-

6601LV). The samples were mounted to the specimen

%EE ¼ Sulfentrazone added � free unentrapped Sulfentrazone

Sulfentrazone added

� �
� 100% ð1Þ
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holder with a double-sided adhesive tape and vac-

uum coated with gold. The sizes of the dried Ca-ALG

microparticles were obtained by digital image anal-

ysis. The polydispersity distribution curve was per-

formed using ImageJ software.

Thermogravimetric and differential thermal analysis

(TG/DTA) measurements were recorded on a DTG and

60H Shimadzu equipment model. Samples were heated

from room temperature to 1000 �C at a heating rate of

10 �C min-1 under oxygen (100 mL min-1) flow. Alu-

mina crucibles were used for the TG–DTA curves.

Mathematical modeling

Different mathematical models, including first-order,

Hixson–Crowell, Higuchi, Korsmeyer–Peppas and

Baker–Lonsdale were used to associate mechanisms

to the controlled release of sulfentrazone herbicide

using Ca-ALG microparticles.

Release tests in field trial and leaching

The microparticles were distributed in PVC columns

with 50 cm in height and 15 cm in diameter. The PVC

columns were filled with soil (Red Latosol) and

demarcated externally every 10 cm. The soil used to

fill the PVC columns consisted of 56.5% clay, 6.5%

silt, and 37% of sand. Subsequently, they were con-

ducted and maintained in a greenhouse. Figure 4

represents the apparatus used in this work for the

release tests in field trial weed control.

The experimental design was completely random-

ized in factorial scheme 5 9 5, five treatments with

and without herbicide (pre-emergence) and five

depths. The treatments were constituted by the con-

ventional application and microparticles containing

the herbicide: [0.0 (control), 1.2 L ha-1 (conven-

tional), 4, 5 and 6 g L-1] and five evaluated depths in

the soil profile (0–10, 10–20, 20–30, 30–40 and

40–50 cm) with three replicates.

Figure 2 Analytical curve obtained by preparing aqueous solu-

tions of sulfentrazone varying the herbicide concentration from

0.0003984 to 0.0047619 g L-1.

Figure 3 Representative scheme used on the controlled release assays.
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The herbicide conventionally applied was Boral

500 SC�, sprayed into PVC columns using a CO2

pressurized costly sprayer, equipped with four spray

nozzles of the fan type Teejet 11.04 spaced 50 cm

from each other at a working pressure of 30 psi. The

machine was set to provide a solution output of 250 L

ha-1. At the time of application, the climatic condi-

tions were favorable to operation, with air tempera-

ture around 27.7 �C, air humidity of 45.4%, and wind

speed of 4.9 km h-1.

The concentration of herbicide in each microparti-

cle (4, 5 and 6 g L-1) was performed according to the

manufacturer’s recommendation of the herbicide

Boral 500 SC�, resulting in 9 mg of microparticles for

4 g L-1, 8 mg of microparticles for 5 g L-1, and 6 mg

of microparticles for 6 g L-1.

The microparticles were distributed on the surface

of the PVC columns manually, and the amount of

microparticles distributed was calculated based on

the upper area of the PVC columns. Subsequently,

the soil was artificially irrigated until accumulate

100 mm of water and then separated into two halves.

Immediately, sowing of the bioindicator species

(Cucumis sativus—cucumber). This species was cho-

sen because of its high sensitivity to the herbicide of

interest. Eight cucumber seeds were distributed to

each 10 cm demarcation in the PVC column.

The phytotoxicity evaluations in the bioindicator

plants sown in the columns were performed at 17, 24,

31 and 38 days after sowing (DAS). As a criterion for

the evaluation of plant phytotoxicity (injuries), the

scale of grades from 0 to 100% [19] was adopted,

where 0 corresponds to no injury and 100% is

equivalent to plant death. In this work the data were

discussed associating the results of phytointoxication

observed in the cucumber plants with the leaching

depth, that is, the higher the percentage of phyto-

toxification, the greater the leaching of the herbicide.

The results were submitted to the means of the

treatments compared by the Tukey test at 5% of

probability [20]. The percentage data (%) of phy-

tointoxication were transformed into arcsin Hx/100.

The Tukey test used in this study is based on the

minimum significant difference (MSD). Since the

absolute value of the difference between two means

is equal to or greater than the MSD, the means are

considered statistically different at the established

significance level and their values are followed by

letters (a, b or c for example). Initially, the means are

ordered in ascending or descending order to facilitate

comparisons. A letter of the alphabet is placed in the

first mean (usually the letter ‘a’), and then the dif-

ference with the following means is compared. If the

difference is greater than or equal to the MSD value,

Figure 4 Apparatus used in this work for the release kinetics in field trial weed control.
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the difference between two averages shall be con-

sidered significant. The difference between two

means is represented by the presence of different

letters. Therefore, averages of plant poisoning per-

centage, followed by equal letters, do not differ sig-

nificantly from each other, by the Tukey test at the 5%

probability level.

Results and discussion

Preparation, characterization,
and mathematical modeling

The UV–Vis molecular absorption spectra of Boral�

(500 g L-1 of Sulfentrazone) (Fig. 5) aqueous solution

exhibit a band with maximum absorbance at 207 nm

and two broad shouldered peaks at 232 and 245 nm

attributed to the transitions p ? p* of herbicide,

which is in agreement with data in the literature [21].

These bands are a function of substitution groups on

benzene ring, and they are expected occur relatively

at lower wavelength, due to the consequence of the

extended aromaticity of the benzene ring. These

values may be slightly shifted by solvent effects [21].

The same procedure was applied for the alginate,

which exhibited no absorption in the UV–Vis region.

For the sake of clarity, the interference between the

bands (interaction between these two compounds)

was demonstrated by dialysis procedure (not

shown).

Figure 6 shows the polydispersity curve of dried

Ca-ALG microparticles with NaCl for different con-

centration of sulfentrazone herbicide. The average

radius of the Ca-ALG microparticles were

495.1 ± 40.7, 568.4 ± 35.3 and 586.4 ± 24.3 lm for

the 4, 5 and 6 g L-1 herbicide concentration, respec-

tively. It is not surprising that increased herbicide

concentration the radius of microparticle also

increase once the guest causes the swelling of alginate

host. As described by Villafranca-Sánches et al. [22],

the increasing of concentration of the herbicide was

directly related to the radius of microparticle size,

standard deviation, and better roundness. According

to Tsirigotis-Maniecka et al. [23], the spherical degree

shape of the Ca-ALG microparticles for the 4 and

6 g L-1 herbicide concentration can be associated to

the high degree of cross-linked polymer. As reported

by Lacerda et al. [24], spherical structure with rough

surfaces is a typical characteristic of microparticles

consisting of sodium alginate.

Figure 5 UV–Vis electronic spectra of a sulfentrazone and b Na-

ALG.

Figure 6 Polydispersity curves of dried Ca-ALG microparticles

with NaCl at different concentrations of herbicide: 4, 5 and

6 g L-1.

9496 J Mater Sci (2017) 52:9491–9507



Figure 7 presents the OM images of Ca-ALG

microparticles at different concentrations of herbi-

cide. The difference between the figures is the con-

centration of herbicide used in the encapsulation

process. The 5 g L-1 concentration of herbicide pro-

duced more irregular microparticles. Thus, the con-

trolled release curve for the concentration of 5 g L-1

behaves differently from the others as will be dis-

cussed later. The SEM micrographs were also used to

determine and compare the size distribution profiles

of the different Ca-ALG microparticles.

Figure 8 displays SEM images of the Ca-ALG with

sulfentrazone herbicide. The morphology of sulfen-

trazone Ca-ALG microparticles exhibited some

cracks on the microparticle surface as can be seen the

zooned area for each micrography. Through the

morphology of the microparticles we can use a

mathematical model that best describes the diffusion

mechanisms involved in the controlled release pro-

cess of the sulfentrazone herbicide. As observed the 4

and 6 g L-1 herbicide concentrations present shape

more regular compared to the 5 g L-1 sample. The

size difference is associated with the variation of the

mean size obtained between the microparticles for

the three concentrations studied which was around

13%. The incorporation of NaCl in alginate matrix

promotes a more spherical particle. Morphological

analysis of the microparticle’s surface is very

important since knowledge of the surface character-

istics can help to understand the release mechanism

of the herbicide associated with them [15, 25]. The

mean radius of the Ca-ALG microparticles were

Figure 7 Images obtained by optical microscopy (OM) of dried Ca-ALG microparticles at different concentrations of herbicide

a 4 g L-1, b 5 g L-1, and c 6 g L-1.

Figure 8 Scanning electron microscopy (SEM) images of Ca-ALG microparticles in 3% (m/v) ? 0.1 mol L-1 CaCl2 ? 0.1% (m/v)

NaCl at different concentrations of herbicide: a 4 g L-1, b 5 g L-1 and c 6 g L-1.
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495.1 ± 40.7, 568.4 ± 35.3, and 586.4 ± 24.3 lm for

the 4, 5, and 6 g L-1 herbicide concentration,

respectively.

Thermal behavior of the samples was also investi-

gated by TG/DTA analysis. Figure 9a shows the TG

curves under air atmosphere of the alginate pure and

herbicide alginate. The TG curve was characterized

by three mass loss regions. The first mass loss (20%)

displayed on heating the complex up to 210 �C cor-

responds to the evolution of adsorbed water mole-

cules. The second decomposition step, starting above

200 �C and extending to about 315 �C, involves a

mass loss of about 32.5% for all samples. This value

may correspond to the degradation of alginate by

rupture of the bonds to form an intermediate com-

pound. Figure 9b depicts that any peak was observed

on the DTA curve, indicating that the alginate does

not follow the second mass loss. This behavior sug-

gests that the formation of the intermediate occurs

smoothly, i.e., without gain or loss of heat. On

increasing the temperature until 495 �C, the TG curve

presents that the third decomposition stage is asso-

ciated with a 30% mass loss. This value corresponds

to the decomposition of the intermediate to the final

product, sodium, or calcium oxide. For the materials

based on herbicide and alginate composites, this last

decomposition step occurs at higher temperatures

510, 517, and 527 �C for the samples 4, 5, and 6 g L-1,

respectively, associated to the degradation/oxidation

of organic herbicide present in alginate matrix.

Moreover, in the composites herbicide alginate a

lower amount of residue can also be observed (31.4

and 27.4% for the alginate and alginate/herbicide,

respectively). So, one can be demonstrated that the

decomposition of alginate proceeds in three stages

and the herbicide–alginate composites has slightly

high thermal stability of alginate matrix.

In this study, the encapsulation efficiency (%EE)

was 76.11, 78.62, and 80.42% for 4, 5, and 6 g L-1

herbicide concentrations, respectively. The values of

encapsulation are related to the solubility of the

herbicide in water, in which the water solubility

sulfentrazone features 490 mg L-1 [26]. Despite its

low solubility, the mobility of sulfentrazone in the

soil is strongly driven though its partition in water.

So, it was necessary establish a previous under-

standing of the interactions of sulfentrazone-loaded

Ca-ALG with water as simplified release medium to

serve as a base of comparison with the release

behavior in the soil solution.

Figure 10 presents the controlled release assays for

the sulfentrazone herbicide encapsulated on the Ca-

ALG microparticles at different concentrations of

herbicide. As can be seen, the release curve presents

distinct regions. According to Siepmann and Siep-

mann [27], when the release of the active compound

from the polymer microparticles is controlled by

matrix erosion mechanism, the release kinetics shows

a triphasic profile. In the first region, immediately

after placement of the polymer matrix in contact with

the media release, a large amount of herbicide is

released. This phenomenon is commonly known as

Burst effect [28]. The Burst effect leads to an initial

accelerated release of the active compound.

The release rates (Mt/Minfinite vs. t) in the region I

were 39.2, 46.5 and 35.5 mg s-1 for the 4, 5 and

Figure 9 a TG and b DTA curves of Ca-ALG and herbicide/Ca-ALG composites at different herbicide concentrations.
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6 g L-1 of herbicide concentration, respectively. The

4 and 6 g L-1 herbicide concentration presented a

very similar behavior after 2400 min. One can note

that the herbicide was faster released to the 5 g L-1

concentration (50% release during the first 2400 min).

Such effect probably may be explained by the amount

of the sulfentrazone a top the microparticles surface,

featuring a diffusion phenomenon as the main release

process in the region I. The second region is associ-

ated with the diffusion of the compound, which may

be caused by cleavage of the polymeric bonds and the

formation of pores that is related to a certain amount

of herbicide within the polymer matrix [28].

According to Siepmann et al. [29] the region III is

associated with the active compound that is still

present within the microparticle at the moment the

polymer structure begins to disintegrate. In this

work, all data related to the controlled release curves

were checked, and it was possible to verify the

absence of a region III.

Figure 11a–c shows a mathematical model used to

explain the herbicide sulfentrazone release mecha-

nisms encapsulated in the Ca-ALG microparticles

and the schematic drawing for region I and II of the

controlled release curve. The model that most closely

matches the experimental data, for the three con-

centrations was proposed by Korsmeyer–Peppas [30].

Such model was the one that showed the best corre-

lation coefficient, R2, for the 60% release of the her-

bicide [31, 32]. The parameters obtained were

correlation coefficient (R2), kinetic constant release of

the active ingredient (k), and diffusion parameter (n)

according to Eq. (2).

Mt

M1
¼ Ktn ð2Þ

where Mt/M? is the proportion of compound

released in the time t, K is the kinetic constant, and

n is the exponent which reflects the type of release

mechanism.

The values of diffusion parameter found were

0.2928, 0.3288, and 0.2866 for 4, 5, and 6 g L-1 con-

centration of herbicide, respectively. According to

Korsmeyer–Peppas model, the value of n describes

the release mechanism of the active ingredient. The

Korsmeyer–Peppas proposed that values of n B 0.43

are indicative of release mechanisms that follow

Fick’s law, while n[ 0.85 indicates that the mecha-

nism are governed by relaxation processes of the

polymeric matrix, defined as case II type transport.

Intermediate values 0.43 B n B 0.85 suggest anoma-

lous behavior with non-Fickian release (combination

of diffusion and relaxation of the polymeric matrix)

[18, 25, 33]. Fickian diffusion refers to the solute

transport process in which the polymer relaxation

time (tr) is much greater than the characteristic sol-

vent diffusion time (td) [34]. In general, diffusion,

erosion, and degradation are the most important

mechanisms for solute transport from polymeric

matrices [34]. The release of active ingredients in

alginate particles containing Ca2? ions has a diffusive

release of the active ingredient for n\ 0.43 according

to Fick’s law [35]. The values of R2 for the 4, 5, and

6 g L-1 are 0.97, 0.98, and 0.96, respectively. It is

worth mentioning that other mathematical models

were evaluated to investigate the release mechanism

as shown in the support information (SI).

Release tests in field trial weed control

As described in ‘‘Release tests in field trial and

leaching’’ section the samples were distributed in

PVC columns with the purpose of studying the

phytointoxication observed in the bioindicators spe-

cies (Cucumis sativus—cucumber) with the leaching

depth. Thus, in this section, we will discuss phy-

tointoxication observed in the cucumber plants with

the leaching depth. It is worth mentioning that the

bioindicator species was chosen because of its high

sensitivity to the sulfentrazone herbicide. As previ-

ously mentioned the phytotoxicity was evaluated at

Figure 10 Release assays, comparing the kinetic profiles of

encapsulated sulfentrazone into Ca-ALG microparticles at ambient

temperature for different concentrations of herbicide.
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17, 24, 31, and 38 days after sowing (DAS) according

to criterion for the evaluation of plant phytotoxicity

(injuries). In weed control studies using herbicides,

the percentage of control is evaluated from a visual

scale and percentage of grades ranging from zero to

100. In this case, zero consists of no control and 100%

of total control of treated plants (plant death). The

evaluations are performed weekly until the

disappearance of the phytotoxication symptoms or

until the death of the plants (SBCPD, 1995) [19] and

are also correlated with the Latin American Associ-

ation of Weeds (ALAM) [36] scale which ranges from

1 (the poor) to 6 (excellent control).

Figure 12 shows the first symptoms presented by

the herbicide sulfentrazone released from the Ca-

ALG microparticles. The first symptoms presented by

Figure 11 Mechanism of herbicide release by Korsmeyer–Peppas model for the a 4, b 5 and c 6 g L-1 herbicide concentration.

9500 J Mater Sci (2017) 52:9491–9507



the sulfentrazone herbicide are initiated by the ribbed

leaf chlorosis, followed by dark green spots showing

aspect of waterlogging due to the disruption of the

cell membrane and cytoplasmic fluid spill in cell

intervals, becoming whitish and subsequently

necrosis of the plant (see Fig. 12a). The dark and

white spots on their leaves correspond to the accu-

mulation of protoporphyrinogen IX in chloroplasts

and subsequent translocation extravasation in the

cytosol and accumulation of reactive forms of oxygen

lead to necrosis, paralyzing the growth and leading

to death of the plant (Fig. 12b).

The inhibition of protoporphyrinogen oxidation to

protoporphyrin IX causes an intriguing accumulation

of this pigment in the plants treated with the herbi-

cides of this group. In plants, protoporphyrin IX also

shows great reactivity, producing in the presence of

light singlet oxygen. This substance is produced in

chloroplasts by the action of PROTOX, which has

protoporphyrinogen IX as a substrate. As route,

regulation depends primarily on the concentration of

protoporphyrin IX and its derivatives within the

chloroplasts. The paralysis of the activity of this

enzyme generates a large accumulation of protopor-

phyrinogen IX, which exits into the cytosol. The

protoporphyrinogen IX is converted, non-enzymati-

cally, into protoporphyrin IX, which is accumulated

in large concentrations and is toxic to sensitive plants

[37]. These features are in agreement to the symp-

toms visually observed by Ferreira et al. [38] and

Roman [39] for 17 DAS.

It is important to note that the rate in which these

symptoms were observed in pre-emergence applica-

tions to all treatments does not match those reported

in the literature for the herbicides Protox inhibitors,

which arise from 3 to 7 days after spraying [40, 41]

once this work the perception of visual symptoms

occurred to the 17 DAS. The herbicide sulfentrazone

is an enzyme protoporphyrinogen oxidase inhibitor

(PPO or PROTOX), which is a herbicide whose

mechanism of action inhibits the activity of PROTOX

in plants. The inhibition of the enzyme activity

PROTOX prevents the oxidation of protopor-

phyrinogen to protoporphyrin IX (precursors of

chlorophyll) as described in Fig. 13. The non-oxida-

tion of protoporphyrinogen to protoporphyrin IX

causes the protoporphyrinogen spreading out of the

Figure 12 First symptoms presented by the herbicide sulfentra-

zona are initiated by the ribbed a the dark and white spots on their

leaves correspond to the accumulation of protoporphyrinogen IX

in chloroplasts b caused by the sulfentrazone herbicide.

Figure 13 Herbicides protox inhibitors scheme.
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reactive center producing a protoporphyrin IX with

different structural conformation that produced

under normal conditions (no herbicide). This abnor-

mal condition leads to an interaction between oxygen

and light, generating singlet oxygen, responsible in

last instance by the peroxidation of lipids in cell

membranes. These later results in the loss of chloro-

phyll and carotenoids and the rupture of the mem-

branes, which makes the dehydrated organelles

disintegrate quickly, leading to plant death [42]. The

differences in this behavior may be related to the

herbicide molecule sorption to soil colloids, becoming

unavailable for an effective control. In this way, the

knowledge of the soil–herbicide relationship is

important since there are processes such as leaching

and sorption that interfere in the action of this her-

bicide when applied in pre-emergence. Sulfentrazone

herbicide presents high adsorptive capacity; thus, the

organic matter content is generally the most impor-

tant factor to be considered once the high organic

matter content in the soil promotes a lower leaching

process [42–46].

Additionally, we considered the time of action of

sulfentrazone herbicide in the bioindicator plants.

According to Freitas et al. [47], the pH of the soil

interferes directly on the herbicide dissociation. The

sulfentrazone herbicide is a weak acid (pKa = 6.56)

and tends to not interact with the soil solution,

causing it to increase its latency time for activity in

low pH soils as used in this study (pH & 5.4). The

maximum release time for the 5 g L-1 concentration

of herbicide (25 min) corresponds to approximately

17 days. Studies involving the sorption of herbicides

in Brazilian soils are essential for two reasons: to

assess the effectiveness of weed control of the site,

because the high sorption may compromise the

effectiveness of herbicides used in pre-emergence,

and when little sorption can have high risk of

leaching and contaminating groundwater [48, 49].

When we analyzed the relationship of depth with

the phytotoxicity, a significant difference in the visual

symptoms among the treatments (4, 5 and 6 g L-1

concentration of herbicide) for the 17 and 24 DAS in

the 0–10 cm depth was not observed. With regard to

the 31 DAS, the microparticles containing 6 g L-1 of

sulfentrazone resulted in 40% of phytotoxicity

symptoms followed by conventional and 4 g L-1

treatment. For the conventional treatment and the

concentration of 4 g L-1 of herbicide observed at 38

DAS, a homogeneous leaching process and a high

phytotoxicity rate in cucumber plants. The other two

treatments at this depth were observed less leaching,

while the percentage of control has been unsatisfac-

tory according to ALAM [36].

The phytotoxicity percentage of Cucumis sativus

plants submitted to treatments in the 0–10 cm deep is

shown in Table 1. Means followed by different letters

(a, b and/or c) in the column are statistically different

according to Tukey’s test (p B 0.05). The sulfentra-

zone leaching applied in conventional form using

PVC columns for different pluviometric indices (30,

60 and 90 mm) under greenhouse conditions using

Red Latosol and Chernosol were reported by Rossi

et al. [51]. According to Faustino et al. [52], in the

latter, there was uniformity of the distribution of the

product along the column, proportional to the pre-

cipitation, and in the Red Latosol, the sulfentrazone

was not very mobile, remaining in the superficial

layer, independently of the precipitation.

Table 2 presents the phytotoxicity percentage of

Cucumis sativus plants submitted to treatments in the

10–20 cm deep. At 17 DAS, the highest leaching

observed was for conventional treatments and

5 g L-1 concentration of herbicide and no significant

difference between these treatments was observed.

With 24 and 31 DAS, there was no difference between

the treatments. A high leaching was noticed for

conventional treatments and 4 g L-1 concentration of

sulfentrazone at 38 DAS; these treatments had more

Table 1 Phytotoxicity percentage of plants of Cucumis sativus

(cucumber) submitted to treatments in the 0–10 cm deep

Days after sowing

17 24 31 38

Control 0.00c 0.00b 0.00c 0.00c

Conventional 25.00a 36.67a 35.00ab 98.00a

4 g L-1 4.33bc 38.33a 33.33ab 94.33a

5 g L-1 15.00ab 20.00ab 26.67b 63.33b

6 g L-1 15.00ab 36.67a 40.00a 68.33b

F treatment 10.92** 12.92** 48.76** 212.41**

CV% 43.60 30.22 14.54 7.21

MSD 14.60 22.46 11.08 13.19

Standard error 2.99 4.59 2.27 2.70

The means of treatments followed by a, b or c in the column differ

statistically according to Tukey’s test (p B 0.05)

The percentage data (%) were transformed into arcsine Hx/100

** Significant at 1% probability
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than 90% phytotoxification. These results are in

agreement with the controlled release for the 5 g L-1

condition that presented the highest rate of release in

relation to the others concentrations, which explains

its greater effectiveness in the 10–20 cm. As reported

by Rodrigues et al. [50] the sulfentrazone herbicide

may be leached to layers with a depth greater than

10 cm in the soil profile when submitted to 20 mm

irrigation during 24 h after spraying. Rossi et al. [51]

evaluated the mobility of sulfentrazone in PVC col-

umns and found a small mobility of the herbicide in

Red Nitosol (up to 7.5 cm) and Quartzarenic Neosol

(up to 12.5 cm) even when submitted to 90 mm of

rainfall. These authors also cited that one of the fac-

tors that influenced the action of the herbicide was

the soil saturation, since the higher the rainfall index,

greater the intensity of injury at the plants.

As far as depths of 20–30 cm are concerned, at 17

DAS, a significant difference between the treatments

was verified, and the leaching of the herbicide at this

depth caused slight injuries at the plants treated with

the herbicide in the conventional way, followed by

the 5 g L-1 treatment. It is important to note that the

other treatments (4 and 6 g L-1 concentration) did

not differ. With 24 and 31 DAS, there was no differ-

entiation between the treatments. At the end of the

evaluations, at 38 DAS, it was observed that the

leaching at this depth resulted in injuries in the order

of 91.67% of phytointoxication in the conventional

treatment, followed by the treatment of 4 g L-1 with

73.33% of phytotoxification. Table 3 presents the

phytotoxicity percentage of Cucumis sativus plants

submitted to treatments in the 20–30 cm deep. Faus-

tino et al. [52] observed the mobility of sulfentrazone

herbicide in 60 mm of simulated rainfall when they

used Red–Yellow Latosol. The authors used sorghum

as indicator plant, and the leaching process occurs at

about 25 cm of depth.

At depth of 30–40 cm, at 17 and 24 DAS, there was

no significant difference between the treatments. At

31 DAS, the highest phytointoxication was observed

for the 4 g L-1 concentration of herbicide. At the end

of the evaluations, at 38 DAS, it was verified that the

conventional treatment and the 4 g L-1 were statis-

tically equal, obtaining a phytotoxification of 91 and

78.33%, respectively. The 5 and 6 g L-1 presented

lower control efficiency and consequently, lower

leaching. The phytotoxicity percentage of Cucumis

sativus plants submitted to treatments in the

30–40 cm deep can be observed in Table 4. According

to Braga and Melo [53], the leaching is higher in Red

Latosol (up to 35 cm) in depth when compared to

Acrisolo, Cambisolo, and Gleisolo soils.

The evaluations referring to the last depths

(40–50 cm) did not present a significant difference to

the 17 DAS. With regard to the 24 DAS, the control

results were 20, 18.33, and 12.67% for the 4, 5 g L-1

and conventional treatments, respectively. At 31 DAS

Table 3 Phytotoxicity percentage of plants of Cucumis sativus

(cucumber) submitted to treatments in the 20–30 cm deep

Days after sowing

17 24 31 38

Control 0.00c 0.00b 0.00b 0.00d

Conventional 11.67a 20.00a 21.67a 91.67a

4 g L-1 0.00c 20.00a 28.33a 73.33ab

5 g L-1 5.00b 11.67ab 20.00a 57.67bc

6 g L-1 0.00c 18.33a 30.00a 53.33c

F treatment 47.50** 7.85** 19.81** 70.40**

CV% 38.73 37.74 23.27 12.84

MSD 3.64 14.91 13.13 20.00

Standard error 0.75 3.05 2.69 4.09

The means of treatments followed by a, b or c in the column differ

statistically according to Tukey’s test (p B 0.05)

The percentage data (%) were transformed into arcsine Hx/100

** Significant at 1% probability

Table 2 Phytotoxicity percentage of plants of Cucumis sativus

(cucumber) submitted to treatments in the 10–20 cm deep

Days after sowing

17 24 31 38

Control 0.00b 0.00b 0.00b 0.00c

Conventional 11.67a 20.00a 25.00a 94.67a

4 g L-1 0.00b 26.67a 28.33a 91.67a

5 g L-1 12.33a 24.33a 21.67ab 63.33b

6 g L-1 0.00b 23.33a 31.67a 68.33b

F treatment 23.52** 12.34** 7.70** 142.50**

CV% 48.93 28.26 36.56 8.70

MSD 6.63 15.05 22.01 15.62

Standard error 1.36 3.08 4.50 3.20

The means of treatments followed by a, b or c in the column differ

statistically according to Tukey’s test (p B 0.05)

The percentage data (%) were transformed into arcsine Hx/100

** Significant at 1% probability
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the highest percentage of injury was caused by the

4 g L-1 concentration of herbicide. The last assess-

ment occurred at 38 DAS, and it was observed that

the conventional treatment resulted in 94.67% of

phytotoxification. Table 5 shows the phytotoxicity

percentage of Cucumis sativus plants submitted to

treatments in the 40–50 cm.

Comparing all data one can verify that the best

results were exhibited for the 4 g L-1 concentration

of herbicide and conventional form in accordance

with the scale of ALAM [36] at 38 DAS. It is stressed

to mention that when we compared the leaching

process of the conventional herbicide with the Ca-

ALG microparticles containing different concentra-

tions of sulfentrazone from the visual symptoms of

intoxication the encapsulated design reduced the

injuries throughout the soil profile, denoting their

elution much lower. The results of leaching presented

by the treatments using Ca-ALG microparticles, will

allow the implementation of the technique in a large

scale, enabling, correct and safe recommendations of

the sulfentrazone that allows the efficiency in the

control of weeds in the different soils with low

environmental impact. It is worth mentioning that

the encapsulation technique of herbicide on ALG

microparticles is quite innovative and that there are

still gaps in the literature about its behavior in soil

and the environment and its efficiency in the control

of weeds. Nevertheless, the Ca-ALG microparticles

containing sulfentrazone herbicide are potential

candidates for controlled release platforms in agri-

cultural applications and can be effective for con-

trolling weeds.

Conclusions

In this present work, we employed a novel green

process to obtain a controlled release of sulfentrazone

herbicide-encapsulated into Ca-ALG microparticles.

To the best our knowledge, this is the first study

concerning an effective controlled release system

using the sulfentrazone herbicide encapsulated into a

biodegradable polymer fashion with high prospects

in agriculture area. The controlled release assays for

the sulfentrazone herbicide encapsulated on the Ca-

ALG microparticles in different concentrations of

herbicide (4, 5 and 6 g L-1) demonstrated distinct

regions and the model that most closely matches the

experimental data, for the three concentrations of

herbicide, was proposed by Korsmeyer–Peppas. The

distinct regions presented in the release curves agree

to the TG/DTA analyses that also showed the

decomposition of alginate proceeds in three stages

and the herbicide slightly high the thermal stability of

alginate matrix. The results of leaching presented by

the treatments using Ca-ALG microparticles, will

allow the implementation of the technique in a large

scale, enabling, correct and safe recommendations of

Table 4 Phytotoxicity percentage of plants of Cucumis sativus

(cucumber) submitted to treatments in the 30–40 cm deep

Days after sowing

17 24 31 38

Control 0.00 0.00b 0.00c 0.00c

Conventional 7.67 18.33a 24.33ab 91.00a

4 g L-1 3.33 20.00a 36.67a 78.33a

5 g L-1 0.00 13.33a 20.00b 56.00b

6 g L-1 0.00 16.00a 32.67ab 57.33b

F treatment 1.57ns 26.85** 22.01** 126.13**

CV% 212.07 19.69 23.25 9.51

MSD 13.16 7.52 14.91 15.17

Standard error 2.69 1.54 3.05 3.10

The means of treatments followed by a, b or c in the column differ

statistically according to Tukey’s test (p B 0.05)

The percentage data (%) were transformed into arcsine Hx/100

ns Not significant

** Significant at 1% probability

Table 5 Phytotoxicity percentage of plants of Cucumis sativus

(cucumber) submitted to treatments in the 40–50 cm deep

Days after sowing

17 24 31 38

Control 0.00a 0.00c 0.00c 0.00d

Conventional 7.67a 18.33a 31.67ab 94.67a

4 g L-1 3.33a 20.00a 45.00a 76.00b

5 g L-1 0.00a 12.67ab 26.67b 56.00c

6 g L-1 0.00a 7.33bc 35.33ab 61.67bc

F treatment 1.57ns 16.34** 32.70** 128.81**

CV% 212.07 30.16 18.45 9.40

MSD 13.16 9.93 14.44 15.30

Standard error 2.69 2.03 2.95 3.13

The means of treatments followed by a, b or c in the column differ

statistically according to Tukey’s test (p B 0.05)

The percentage data (%) were transformed into arcsine Hx/100

ns Not significant

** Significant at 1% probability
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the sulfentrazone that allows the efficiency in the

control of weeds in the different soils with low

environmental impact. Thus, Ca-ALG microparticles

containing sulfentrazone herbicide are potential

composites for controlled release platforms in agri-

cultural applications and can be effective for con-

trolling weeds.
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