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Abstract

Controlled release formulations (CRF) are implemented to modulate the concentration of the active ingredient provided to the soil
over time. In this work, CRF of glyphosate previously supported on bentonite/organobentonite (host materials) and with alginate
as encapsulating agent in different host material/alginate ratios were obtained to evaluate the desorption profile in water and soil
columns. The results indicate that the organobentonite with a higher content of alkylammonium cations reaches glyphosate gs of
up to 2.078 mg g~! at pH 10, due to an ionic interaction between the negatively ionized glyphosate and its positive surface. The
adsorption results best fit the Sips model indicating heterogeneity in the adsorption sites on the surface of the materials. The
encapsulation of the glyphosate/organobentonite (OBGE) systems was carried out with alginate as a crosslinking agent using the
extrusion technique, spherical encapsulates with particle sizes >2.3 mm was obtained. The water activity study showed activities
< 0.6 suggesting the inhibition of the growth of microorganisms. The experiment of release glyphosate encapsulated in water
were performed with the encapsulates containing glyphosate - host materials in different proportions (0.1 and 0.4) and reach a
release between 25 — 35 %, with the encapsulated with lower ratio of glyphosate/organobentonite OBGE(0.1). These results
were adjusted to the empirical model of Korsmeyer-Peppas which are related to controlled release profiles whose predominant
mechanism is simple Fickian diffusion. The experiment in soil columns demonstrated that OBGE(0.1) slowly releases the active
component through the soil profile compared to the commercial formulation.

Keywords: biopolymer matrix, herbicide release, encapsulation, organobentonite, slow-release formulation, cyclic voltamme-
try, copper electrode.

Resumen

Las formulaciones de liberacién controlada (CRF) se implementan para modular la concentracién del ingrediente activo
suministrado al suelo a lo largo del tiempo. En este estudio, se obtuvieron CRF de glifosato previamente soportado en
bentonita/organobentonita (materiales host) y encapsulado con alginato como agente encapsulante en diferentes relaciones
material hospedador/alginato, con el objetivo de evaluar el perfil de desorcién en agua y columnas de suelo. Los resultados
indican que la organobentonita con un mayor contenido de cationes alquilamonio alcanza capacidades de adsorcién de glifosato
de hasta 2.078 mg g’l a pH 10, debido a una interaccién iénica entre el glifosato ionizado negativamente y la superficie cargada
positivamente del material. Los datos de adsorcién se ajustaron mejor al modelo de Sips, lo que sugiere heterogeneidad
en los sitios de adsorcién sobre la superficie de los materiales. La encapsulaciéon de los sistemas glifosato/organobentonita
(OBGE) se realiz6 utilizando alginato como agente reticulante mediante la técnica de extrusién, obteniéndose encapsulados
esféricos con tamarfios de particula superiores a 2.3 mm. El estudio de actividad de agua mostré valores inferiores a 0.6, lo
que sugiere la inhibicién del crecimiento microbiano. Los experimentos de liberacién de glifosato encapsulado en agua se
llevaron a cabo con encapsulados que contenian glifosato y materiales hospedadores en diferentes proporciones (0.1 y 0.4),
alcanzando una liberacién entre el 25 y el 35 %, siendo la formulacién OBGE(0.1) la de menor relacién glifosato/organobentonita.
Estos resultados se ajustaron al modelo empirico de Korsmeyer-Peppas, asociado a perfiles de liberacién controlada donde el
mecanismo predominante es la difusiéon Fickiana simple. El experimento en columnas de suelo demostré que OBGE(0.1) libera
el ingrediente activo de manera mas lenta a través del perfil del suelo en comparacién con la formulacién comercial.

Palabras Clave: Matriz biopolimérica, liberacién de herbicidas, encapsulacién, organobentonita, formulacion de liberacion lenta,
voltamperometria ciclica, electrodo de cobre.
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1 Introduction

Glyphosate (N-phosphonomethylglycine) is a broad-
spectrum herbicide widely used in agriculture across South
America [1, 2]. In Colombia, it has been used both in agro-
industrial production [3, 4] and for the eradication of illicit
crops [5, 6]. However, its use has become increasingly con-
troversial due to environmental and health concerns. Since
2015, glyphosate has been banned or restricted in several
countries, including Sri Lanka, Luxembourg, and parts of the
European Union, due to its classification by the International
Agency for Research on Cancer (IARC) as a probable human
carcinogen (Group 2A) and its adverse effects on ecosystems
and biota [7]. In Colombia, aerial spraying of glyphosate
was banned in 2015 by the Constitutional Court (Ruling T-
236/2017), primarily because of its environmental impact on
biodiversity-rich and sensitive areas like the Amazon region
[8,9].

Despite these restrictions, glyphosate remains in use for ter-
restrial agricultural applications, and its persistence in the
environment remains a major concern. In tropical ecosystems
with heavy rainfall and high soil permeability, commercial
formulations of glyphosate can be rapidly transported to sur-
face and groundwater bodies through infiltration, runoff, and
leaching [10, 11] and as a result polluting the environment
[12]. The high water solubility of glyphosate, typically sold as
a salt, exacerbates this mobility, especially when applications
coincide with rainy periods [13]. Additionally, excessive
application rates are often used to compensate for herbicide
losses due to leaching, increasing the risk of environmental
contamination. .

To address these issues, controlled release systems (CRS)
have been proposed as an effective strategy to reduce the
mobility and dosage of herbicides in the environment. These
systems are designed to gradually release the active com-
pound over time, maintaining efficacy while minimizing
off-target effects [14]. Controlled release formulations typi-
cally involve the encapsulation or adsorption of the herbicide
within polymeric or inorganic matrices, which protect the ac-
tive ingredient from immediate leaching. Examples include
bentonite [15], kaolinite [16], organoclays [17], and various
synthetic polymers [18-21].

In the particular case of glyphosate controlled release sys-
tems, the technology has been developed on supports such
as atapulgite clay that gradually releases glyphosate based
on pH (Zha 2022), Mg-Al double-layer lamellar hydroxides,
achieving the release of up to 50% of the herbicide after 5
hours [22] and hydroxides Zn-Al double-layer sheets with a
reduction in the release of the active component of up to 50%
in the range of 6.5 to 18.6 h [23]. However, materials imply
high acquisition costs, so the use of alternative materials has
been set as a point of special attention. Clay minerals, and
especially bentonite, are easily accessible, have a ubiquitous
presence in the soil, and have the appropriate characteristics
for this use, since surface and interlayer adsorption of large
organic molecules (such as those of glyphosate) through
cation exchange reactions. In addition, they have been im-
plemented as ecological modifications by providing great
stability during the useful life of the products [24]. Bentonite
has been modified or activated with large organic molecules
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in order to enhance the affinity of its surface, going from
being hydrophilic in its natural form to hydrophobic when
organic molecules such as alkylammonium cations are incor-
porated [25]. On the other hand, encapsulation with alginate
is characterized by protecting the supply of the encapsulated
compound while controlling its release through the modu-
lation of desorption until the alginate membrane degrades
[26].

The objective of this study was to obtain controlled release
formulations of glyphosate, using organobentonite as host
material and alginate as encapsulating agent in different host
material/alginate ratios to evaluate the desorption profile in
water and soil columns.

2 Experimental
2.1 Synthesis and characterization of host materials

The synthesis of organoclay (host material) was performed
based on the procedure reported by [27]. Hexadecylamine
(Sigma — Aldrich, 90%) equivalent to 1, 1.7 and 3 times the
ion exchange capacity of bentonite of Valle del Cauca (80.5
meq/100 g clay, previously purified and characterized) was
dissolved in 0.1 N HCI; the mixture was stirred at 80 °C in a
water bath for 3 hours. Subsequently 2 g of clay was added
and stirred for 3 hours, keeping the temperature at 80 °C.
Then it was washed, mixed with 50 mL of water, and shaken
for 30 minutes at 50 °C. Finally, it was centrifuged at 4500
r.p.m for 30 minutes and the precipitate was mixed with a
water: ethanol mixture (1:1 v/v) at 50 °C and left in agitation
during the whole night centrifuged again, discarding the
supernatant and the solid was dried at room temperature.
The materials obtained are named OB1, OB1.7 and OB3.

The host materials were characterized using XRD and FTIR.
The solids were characterized by X-ray diffraction in a
BRUKER model D8 ADVANCE diffractometer with DaVinci
geometry. The diffractometer operated at 40 kV and 40 mA
and is equipped with a divergent slit of 0.6 mm, a Cu K,
radiation source and a nickel filter. The measurements were
taken from 2 to 15° 26 using a step size of 0.02° 26 and 0.4 s
per step. FT-IR spectra were obtained with a Nicolet model
IS50-Thermo Scientific spectrometer in a range between 4000
- 400 cm™!, using KBr pellets.

2.2 Glyphosate quantification
2.2.1 Electrochemical determination

All voltammetry measurements were performed using poten-
tiostat/galvanostat Metrohm 797 VA Computrace (Herisau,
Switzerland) with Software Version 1.3.2. Cyclic Voltam-
metry (CV) experiments were performed in an undivided
glass cell. Working electrode (WE) was a 3 mm diameter
copper disk encapsulated in Teflon, auxiliary electrode (AE)
was a Pt rod, and Ag/AgCl with double junction was used
as a reference electrode. Glyphosate calibration curve was
performed by CV. CV was recorded over a potential range
from 400 mV to -400 mV at a sweep rate of 100 mV s™. 5mL
of 0.05 M PBS buffer of pH 7 was placed in electrolytic cell
and aliquots of 40 to 2000 uL of a glyphosate concentration
solution of 20 mg L™! were added. Between each addition
of glyphosate, solution was homogenized for 120 s at 1000
rp.m. Glyphosate quantification was performed by mea-
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suring cathodic peak currents difference in the absence and
presence of glyphosate (61 =1, - Iy; I; and Iy, the cathodic peak
currents with and without glyphosate, respectively).

2.2.2 Spectrophotometric determination

The spectrophotometric analysis of glyphosate was adapted
from the methodology described by [28]. This is a colori-
metric method, in which a Ruhemann’s purple coloured is
developed due to the reaction of glyphosate with ninhydrin
and sodium molybdate. Standard glyphosate solutions were
prepared from a stock solution of 200 mg L™!. In a well-plate,
400 uL glyphosate, 400 uL 2.5% ninhydrin and 400 uL 2.5%
sodium molybdate were mixed. The well-plates were then
sealed, and the mixtures were heated at a temperature of 90
°C for 8 min, later the samples were cooled to room tempera-
ture. The color intensity of samples was measured at 567 nm
(Amax) using a UV-Vis spectrophotometer with multi-well
plates (Multiskan GO, Thermo Scientific). Finally, the con-
centration of glyphosate in each sample was determined by
using the calibration curve in the range from 5 to 50 mg L.

2.3 Adsorption of glyphosate on host materials

The adsorption of glyphosate (Sigma — Aldrich, 90 %) on
bentonite and organoclays was carried out using the batch
equilibrium method. The host materials (bentonite, OB1,
OB1.7 and OB3) were added to 20 mg L™! glyphosate so-
lution at two pHs for adsorption (3 and 10). Adsorption
equilibrium experiments were performed using a fixed ad-
sorbent dose of 5 mg in 1.0 mL of glyphosate solution (solid
to liquid ratio: 5 g L™!), with initial glyphosate concentra-
tions ranging from 5 to 20 mg L™!. The contact time for
all experiments was maintained at 25 minutes under con-
stant stirring. The batch experiment was shaken with an
orbital shaker at 300 r.p.m. at 25 °C. The pH was adjusted by
adding aliquots of 0.1 M NaOH or 0.1 M HCI. Measurements
and experiments were made in triplicate. Electrochemical
analytical methods were used to determine the glyphosate
concentration at equilibrium. The equation 1 was used to
determine the adsorption capacity qs:

_(C=C)r V(D)
= M

Where m is the mass of the host materials used, C; is the
initial concentration (mg L), C, is the concentration of the
solution at equilibrium (mg L), and V is the volume of the
aliquot (L). The data obtained in the adsorption study were
fitting equilibrium non - linear models to understand the
mechanisms and dynamics of the adsorption process (Eq. 2 -
4).

. . _ QmaxKLCe
Langmuir Isotherm: g, = 11 K.C, (2)
Freundlich Isotherm: g, = KzC.'" (3)
. QnarKC:" 1
Sips Isotherm: g, = ——————, 0<-<1 4
P Tk n @

Where Q) is the maximum adsorption capacity (mg g™),
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KL is the Langmuir equilibrium constant (L mg™), KF is the
Freundlich equilibrium constant (mg g~! (mg L~)"/"); Ks is
the Sips equilibrium constant (mg L~117/", n is the exponent
dimensionless [29].

2.4 Encapsulation

Encapsulation was performed based on the methodology
of [30] on host materials with better herbicide adsorption
behaviour (BG or OBG). 0.1 - 0.4 g of BG or OBG were
mixed with 10 mL of 2 % w/v sodium alginate solution for 10
hours at 25 °C and using a magnetic stirrer. The suspensions
were introduced in a 10 mL syringe and added through
a needle with an internal diameter of 0.45 mm a 6 % w/v
calcium chloride solution, stirring constantly for one hour.
Bead-shaped encapsulates were dried at 50 °C for 8 h. The
encapsulates were named BGE/OBGE(0.1), BGE/OBGE(0.2)
and BGE/OBGE(0.4).

Morphology and particle size were investigated with a JEOL
JSM 6490 LV scanning electron microscope (SEM). Samples
were fixed with conductive carbon adhesive tape and coated
with gold using Desk IV DENTON VACUUM sputtering sys-
tems. Images were taken at high vacuum with a secondary
electron detector. Cross-sectioning of the encapsulates was
carried out by freeze-fracture technique. Particle size dis-
tribution analysis of the SEM images was carried out with
image]J software. Water Activity (aw) was measured by a
LabSwift-aw (Novasina, Germany) equipment. Analysis was
performed in triplicate at 25 °C.

2.5 Glyphosate Desorption Batch Study

5 mg of glyphosate as BGE or OBGE were added to 1 mL
of desionized water in test tubes with constant agitation in
an orbital shaker for a time range of 5 minutes to 6 hours at
25 °C. Then, the supernatant was extracted, filtered and the
equilibrium concentration in desorption (Ce-D) was deter-
mined by UV — Vis spectroscopy. The amount of herbicide
remaining after the desorption process (q-p)) and the per-
centage of desorption will be calculated considering Eq. 5
and 6, respectively.

Cf—D
m

Je-D = Vv (5)

qe—D

S

Desorption (%) = ( ) x 100 (6)

Where m is the mass (g) of glyphosate as BGE or OBGE, V
supernatant volume (L). The experiments were made for
triplicated. The data obtained in the desorption study were
fitting kinetics non — linear models to understand the diffu-
sional process (Eq. 7, 8).

Korsmeyer-Peppas: ]\% = Kgp t" (7)
. .My

Higuchi: — = Ky t'/? 8

iguchi Mo H (8)
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Where 11\24—; is the fraction of glyphosate released at time t, Kxp
and Ky are characteristic kinetic constant and n is a diffu-
sional exponent indicating the transport mechanism. Values
< 0.5 indicate that the diffusion mechanism is Fickian and if it
is between 0.5 - 1.0 it indicates that the diffusion mechanism
is non — Fickian or is a mixed chain diffusion and relaxation
mechanism [30].

2.6 Soil Column Leaching Experiment

The leaching study of the encapsulated glyphosate was car-
ried out on Pyrex glass soil columns with a 3 cm internal
diameter X 25 cm height. The soil used was collected from
the natural and ecotourism reserve "La avispa" in Caqueta-
Colombia, where the soil has not been treated with any type
of pesticide or affected by agricultural activities. The soil
was previously characterized (Table S1), dried and sieved.
The columns were packed by hand with 128 g of soil from
different depths to simulate the soil profile, covering the
lower end of the column with cotton and 15 g of river sand.
The columns were saturated with distilled water and allowed
to drain for 24 hours, then 0.94 mg of glyphosate (from the
commercial and encapsulated formulation) were added to
reach the recommended dose (4 kg ha™'). After applying
the herbicide, the columns were leached daily with 15 mL of
distilled water for 11 days, recovering the percolates for filtra-
tion and glyphosate quantification by UV-Vis spectroscopy.
Three experiments were carried out in soil columns that
include the blank (only water), commercial formulation and
the formulation of the encapsulated herbicide.

3 Results and discussion
31 XRD and FT-IR Analysis of Host Material for
Glyphosate

X-ray diffraction of clays are shown in Fig. S1. The precursor
clay (Fig. Sla) shows main crystalline phase corresponding
to sodium bentonite with an intense 001 reflection at 1.44 nm
which corresponds to interlayer hydrated sodium cations
[31]. The XRD patterns of bentonite modified with different
ratios of hexadecylamonium cations/clay (Fig. S1b - d) are
characterized by three set of 001 reflections that correspond
to three different basal spaces at 2.85 nm, 3.24 nm and 3.46
nm; these results show an increase in the basal spacing when
the amount of hexadecylamonium cations provided is in-
creased due to different conformations of the alkyl chains in
the interlayer space, thus, the signal in 2.85 nm (Fig. S1b)
is compatible with the double layer conformation and the
signals in 3.24 nm (Fig. Slc) and 3.46 nm (Fig. S1d) are com-
patible with paraffinic conformation [32]. The diffractograms
of organobentonites also show reflections with basal gaps
between 1.50 nm and 1.69 nm associated with the dog1,» plane
and indicates a uniform distribution of the laminar charge.

Infrared spectra of bentonite and all synthetized organoclays
are compared in Fig. S2. Bentonite (Fig. S2a) shows two
bands related to stretching and bending vibration of hydroxyl
groups OH™ of water of hydration of interlayer cations in
3480 cm™! and 1640 cm™, respectively; the band in 3690
cm™! are related to structural hydroxyl groups in the clay.
The observed bands in 1028, 520 and 482 cm™ are typical of
layered aluminosilicates [33]. The spectra of the organoben-
tonites (Fig. S2b - d) shows the same bands as bentonite
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and also shows bands related to asymmetric, symmetric and
scissoring bending vibrations of methylene groups at 2921,
2854 and 1466 cm™, respectively [32].

3.2 Glyphosate quantification

Detection and quantification of glyphosate can be carried out
by different analytical techniques [34, 35, 36]. For example,
UV-Vis spectrophotometry is one of the most widely used
techniques [37, 38]. However, analysis comprises a deriva-
tization step with ninhydrin or FMOC-CI, and a further
measurement of the absorbance [39-42]. Thus, electrochem-
ical techniques emerge as an analytical alternative due to
their simplicity, low cost, speed, and ability to minimize
or eliminate the use of polluting chemicals [43]. The main
disadvantage of electrochemical analysis is the poor elec-
troactivity of glyphosate on conventional electrode materials
and electrolytic media [44]. Nevertheless, electrode materi-
als such as copper can be used for indirect electrochemical
quantification of glyphosate [44—46]. Fig. 1 shows the CVs of
a copper electrode in the presence and absence of glyphosate
in 0.05 M PBS buffer of pH 7. In the absence of glyphosate
(black line), an anodic peak centered at 0.05 V is related to
the oxidation of Cu® to Cu®*, and a sharp peak in the reverse
scan at -0.2 V indicates copper regeneration. On the other
hand, the presence of glyphosate in the electrolyte solution
changes the electrochemical behavior of the copper electrode
(blue line). A decrease in the oxidation and reduction peak
currents are observed in the CV with addition of glyphosate,
indicating a complexation reaction between Cu®* ions and
glyphosate [47, 48].

40

-120

-0.4 —-0.2 0.0 0.2 0.4

E (V vs Ag/AgCl)

Figure 1: CVs recorded with a Cu electrode in 0.05 M PBS
buffer of pH 7 without glyphosate (black line) and with 33.36
mg L' glyphosate (blue line) at a scan rate of 100 mV s™'.

Based on these results, an electroanalytical method for
glyphosate quantification was developed (Fig. 2). Cop-
per electrode performance was evaluated over a 0.1 to 6
mg L™! glyphosate concentrations range (Fig. 2a). A zoom
Fig. 2a (inset) shows in more detail cathodic peak current
decrease, which is proportional to glyphosate concentration.

194


https://revistas.uptc.edu.co/index.php/ciencia_en_desarrollo

Angela Marfa Cuellar-Felantana et al.

A good linear relationship was observed (Fig. 2b). Linear
equations can be represented as 61 (1A) = 18.972 (mg L™!) +
2.899 (R =0.948,0.1 mg L' < C < 0.6 mg L) and 41 (uA)
=5.244 (mg L") + 6.965 (R> = 0.9995, 0.6 mg L' <C <6
mg L™!). From the two linear segments limit of detection
(LOD) and quantification (LOQ) for glyphosate were calcu-
lated (Table S2). LOD and LOQ for 0.1 mg L' < C < 0.6
mg L' glyphosate concentration ranges were 0.08 and 0.24
mg L7, respectively. Quality of the calibration curve at low
concentrations of glyphosate is important as a parameter
of herbicide quantification in water according to US-EPA
guidelines [49].

25+

0.2

0.1
¥ E (V vs. Ag/AgCl) 0r g
-150 | . .

—04 —02 0.0 02 04 0 1 2 3 4 5 6 7
E (V vs. Ag/AgCl) Concentration (mg L)

Figure 2: a) CVs recorded with a Cu electrode in 0.05 M PBS
buffer of pH 7 for different glyphosate concentrations in
the range 0.1 to 6 mg L™'. Scan rate: 100 mV s™! (the inset
corresponds to the magnified image of the cathodic peaks); b)
Calibration curve corresponding to values of cathodic current
decrease as a function of the glyphosate concentration.

On the other hand, during desorption processes of glyphosate
from the encapsulates, a limitation in the analysis by CV was
observed (Fig. S3). As an example, CV of the BGE(0.2) encap-
sulated in 0.05 M PBS buffer of pH 7 (Fig, S3, red line). Two
characteristics are remarkable with respect at CV without
sample (Fig, S3, black line), a shift cathodic peak potential
and a lower cathodic peak current. An identical electro-
chemical behavior was observed when calcium chloride was
measured under same analytical conditions (Fig. S3, blue
line). These results indicate that calcium ion is an interferant
in determination of glyphosate by CV. For this reason, quan-
tification of glyphosate in the desorption process and soil
columns leaching was performed by UV-Vis spectroscopy.
The LOD and LOQ from the calibration curve are shown in
the Table S2.

3.3 Glyphosate Adsorption study

Fig. 3 shows the glyphosate adsorption capacity of bentonite
and organobentonites OB1, OB1.7 and OB3 to pH 3 and 10.
The bentonite presents a similar adsorption capacity for the
two values of pH studied, reaching an adsorption capacity
for both of up to 3 mg g™!. At pH 3, the glyphosate is ionized,
adopting a positive charge and the edges sites of the clay
surface are positively charged and two types of interactions

© UPTC - Revista Ciencia en Desarrollo Vol. 16 Num. 2

between the glyphosate and surface sites are possible: a
weak interaction through outer sphere surface complexes
formation or a strong interaction where the glyphosate has
a high affinity for the surface through inner sphere surface
complexes [50]. Moreover, at pH 10 the glyphosate adopted
a negative charged and the edges the clay surface was
de-protonated provide strong adsorption sites [51], in this
case, the main adsorption mechanism is the interaction of
the - O- groups on the edges the clay surface with the -NH; -
groups of the glyphosate by electrostatic interaction [52]. The
OB1, OB1.7 and OB3 showed a decrease in the adsorption
capacity compared to the bentonite studied at pH 3 and 10;
this may be related to the competition generated between the
ionized glyphosate and the hexadecylammonium cations for
the ion exchange sites in the material. The best adsorption
capacity of glyphosate in all the organobentonites was at pH
10, due to the fact that at this pH there is an ionic interaction
between the negatively ionized glyphosate and the positive
surface of the organobentonites as a consequence of the
modification with alkylammonium cations [53] and the
particular arrangement of the water molecules around the
alkyl chains [51, 54].

3.0} 3 }
25F é
20f ]
o0
o0
15F
E $
n
1ot
05F QB @ OB1
Q OBL7 @ OB3
0.0 L /F L
3 pH 10

Figure 3: Glyphosate adsorption of bentonite (B) and
organobentonites (OB1, OB1.7 and OB3) to pH 3 and 10.
Using an initial Glyphosate concentration of 20 mg L.

Fig. 4 shows the adsorption isotherms of glyphosate on ben-
tonite and organobentonite at pH 10. The bentonite (Fig. 4a)
present a low adsorption capacity at low concentrations, in-
creasing exponentially when the concentration of glyphosate
increases, suggesting a cooperative adsorption; while the
organobentonites OB1 and OB1.7 (Fig. 4b and c) show con-
secutive adsorption in successive steps, at low glyphosate
concentration the adsorption occur on one kind of site; as the
equilibrium glyphosate concentration increased, these sites
became saturated and other sites contributed significantly
to the adsorption. This behavior is related to heterogeneous
surface such as organoclays [55]. The isotherm of OB3 (Fig.
4d) show cooperative adsorption up to saturation point. The
adsorption data of all materials were fitted to Langmuir, Fre-
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undlich and Langmuir-Freundlich (Sips) models (Table S3);
the best fit was with the Sip model, indicating heterogeneity
in the adsorption sites on the surface of the materials [56].
The encapsulation step was carried out with those materials
host that presented a cooperative adsorption behavior (B and
OB3).
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Figure 4: Glyphosate adsorption isotherms and Sips Fit
model on bentonite a) B and organobentonites b) OB1; c)
OB1.7 and d) OB3. Using an initial Glyphosate concentration
(5-20mg L) at pH =10.

3.4 Encapsulation

Based on the results of glyphosate adsorption study, ben-
tonite and organobentonite loaded with glyphosate (BG and
OBG) were encapsulated. Fig. 5 and 54 shows the organoben-
tonite/glyphosate (OBGE) and bentonite/glyphosate (BGE)
encapsulates at different proportions, both before and after
the drying process. Prior to drying, the BGE and OBGE beads
exhibited a yellowish spherical morphology (characteristic
of bentonite), with particle size distributions averaging 2.34
+ 0.08 mm for BGE 0.2, 2.90 + 0.18 mm for OBGE 0.2, 2.33 +
0.26 mm for BGE 0.4, and 3.13 + 0.14 mm for OBGE 0.4 (Fig.
5a and S4c, black). Similar observations have been reported
in previous studies using bentonite/alginate encapsulation
systems [18, 57]. The larger average particle size of OBGE
compared to BGE is attributed to the increased basal spacing
caused by the incorporation of hexadecylammonium cations
into the organobentonite structure, as supported by X-ray
diffraction results. After drying, the encapsulates exhibited a
dark brown color (Fig. 5b and S4b), and their average particle
size decreased by approximately 60%, yielding values in the
range of 1.00 to 1.35 mm (Fig. 5d and S4d, red). This finer
fraction was retained between 16 and 18 mesh, and was used
for the desorption experiments to ensure sample uniformity.
Furthermore, particle size was also observed to vary with
changes in the host material-to-alginate ratio, indicating that
the inorganic phase significantly influences bead formation
and shrinkage behavior during drying.

One of the most important parameters affecting controlled
release behavior is the surface of the carrier [57]. SEM im-
ages at 60x magnification revealed lower surface roughness
of OBGE(0.1) and BGE(0.1) compared to other hot mate-
rial/alginate ratios. (Fig. 6a and S5a, respectively), this is due
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to fabrication by extrusion technique [58, 59]. A cross-section
shows a shear stress of the encapsulates due to a soft structure
(Fig. 6b and S5b), indicating that inside of the encapsulates
is not completely dry. However, a rougher and more het-
erogeneous surface was observed with increasing BGE and
OBGE amount, suggesting that the alginate was insufficient
to accommodate BGE(0.4) and OBGE(0.4) particles [26]. Fur-
thermore, from these SEM images, it is difficult to distinguish
the BGE or OBGE layers in the alginate encapsulates.

BGE 0.1 ~ OBGEO.1

Avg. size 2.53 +0.15 Avg. size 2.71 £0.13

Frecuency

Frecuency

AL

Diameter (mm) Diameter (mm)
Avg. size 111 +0.08 | Avg.size 1.27 £ 0.09
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Figure 5: Photographs and particle size distribution ben-
tonite/glyphosate (BGE) or organobentonite/glyphosate
(OBGE) encapsulates using 0.1 host material/alginate ra-
tio. a) Before and b) after drying.
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Figure 6: SEM images organobentonite/glyphosate (OBGE)
encapsulates using 0.1, 0.2 and 0.4 host material/alginate ra-
tios. a) 60x magnification, b) 300x magnification cross-section
of the encapsulates.

The analysis of water activity in bentonite and organoben-
tonite encapsulates with glyphosate allowed us to establish
a criterion for determining water availability in the encapsu-
lates, which may either promote or inhibit microbiological
growth [60]. Table 1 shows the water activity values of the
encapsulates with and without glyphosate. In most cases,
the values are below 0.6, suggesting an inhibition of micro-
bial growth [61]. This behavior is common when alginate is
used as an encapsulating agent, due to its capacity to protect
the active ingredient from degradation [62]. This feature
is particularly important when designing controlled-release
formulations of glyphosate, since this herbicide tends to be
biodegraded by microorganisms into toxic metabolites such
as AMPA [63]. In this context, the encapsulation strategy
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helps to modulate the availability of the herbicide in the
environment, to reduce its immediate biodegradation and
the formation of harmful by-products, and to mitigate its
ecotoxicological impact on biota.

Encapsulates containing glyphosate also exhibited higher
water activity than those without glyphosate, possibly due
to the herbicide’s strong tendency to hydrate through hy-
drogen bonding and donor-acceptor interactions between
water molecules and its carboxyl and phosphate groups [64].
Among the tested formulations, BGE(0.2) with glyphosate ex-
hibited a water activity above 0.6, which may enable microbial
growth and therefore represent a limitation during agricul-
tural application. For the release experiments, the selected
encapsulates were BGE/OBGE(0.1) and BGE/OBGE(0.4), both
of which maintained water activity levels below 0.6.

Table 1: Water activity of encapsulates with and without
glyphosate

Water activity”
Encapsulate  With Glyphosate = Without Glyphosate
BGE (0.4) 0.542 0.468
BGE (0.2) 0.648 0.662
BGE (0.1) 0.535 0.375
OBGE (0.4) 0.489 0.389
OBGE (0.2) 0.340 0.512
OBGE (0.1) 0.483 0.402

*Water activity < 0.6 growth of microorganisms inhibited

3.5 Release profile of glyphosate encapsulated in water

Fig. 7a shows the cumulative desorption of BGE/OBGE(0.1)
and BGE/OBGE(0.4) encapsulates. These formulations
showed a rapid release profile in the first hour, reaching
a release between 25 — 35 %. Complete release was not
reached in the time range evaluated in the experiment. The
organobentonite encapsulates OBGE(0.1) and OBGE(0.4) pre-
sented a decrease in the release rate of the herbicide com-
pared to the bentonite encapsulates BGE(0.1) and BGE(0.4);
due to the influence of the matrix that supports glyphosate,
where there are stronger interactions between glyphosate
-organobentonite, compared to the glyphosate - bentonite
interaction where the diffusion process is favored. The
OBGE(0.1) encapsulate presents a slower release in water than
the OBGE(0.4) encapsulate, a similar behavior is observed for
the BGE bentonite encapsulates. This behavior is related with
the amount of alginate provided in the encapsulation (0.2 g of
alginate was provided in all encapsulates) which physically
entraps the glyphosate-incorporated clay/organoclay and
controls the diffusion of the herbicide outside of alginate
beads. The data were fitted to the Korsmeyer-Peppas and
Higuchi kinetic models (Fig. 7b — e) which are related to
controlled release profiles whose predominant mechanism is
simple Fickian diffusion [30].

The data showed a better fit to the Korsmeyer—Peppas model
than to the Higuchi model, as indicated by the determination
coefficients (R?) presented in Table 2. To provide a more
robust and comprehensive evaluation of model performance,
additional statistical parameters were included in the table,
specifically the adjusted coefficient of determination (Adj
R?) and the standard error of estimate (SEE). These met-
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rics further support the adequacy of the Korsmeyer—Peppas
model in describing the release kinetics of glyphosate from
the encapsulated systems. This fitting suggests that water
penetrating the polymer matrix governs the release of the
herbicide. Supporting this interpretation are the values of the
diffusion exponent n derived from the Korsmeyer-Peppas
model, all of which are < 0.5. This indicates that the re-
lease mechanism follows a Fickian diffusion process, where
the active ingredient diffuses outward at a rate primarily
controlled by the balance between diffusion and polymer
relaxation [65]. Additionally, the kinetic constant K of the
Korsmeyer-Peppas model indicates that glyphosate encap-
sulated in organoclay matrices is released more slowly than
from bentonite-based encapsulates. Based on these results,
the OBGE(0.1) formulation was selected for the soil column
leaching experiments.

a) @ OBGE().I) @ OBGE(0.4) @ BGE().I)
BGE(0.4)

80 80
b) BGE(0.1) ¢) OBGE(0.1)
60 Korsmeyer Peppas Fit

Higuchi Fit 60

Korsmeyer Peppas Fit Higuchi Fit

2 3 4 5 6 0 1 2 3 4
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d) e) OBGE(0.4)

Higuchi Fit

Korsmeyer Peppas Fit 60 Korsmeyer Peppas Fit Higuchi Fit
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Figure 7: Release behavior of glyphosate encapsulate a) Cu-
mulative release of glyphosate in water and Korsmeyer and
Peppas and Higuchi model Fit of b) BGE(0.1); ¢c) OBGE(0.1);
d)BGE(0.4) and e)OBGE(0.4).

3.6 Release profile of glyphosate encapsulated in soil
columns

The glyphosate leaching curves in the soil columns (Fig. 8) in-
dicate that the encapsulated formulation slowly releases the
active ingredient, reaching up to approximately 38% leaching
after the addition of 90 mL of cumulative eluent, while the
commercial formulation released nearly 90% of glyphosate
after 145 mL. In both cases, the release occurs in two steps: an
initial slow-release step followed by a dynamic equilibrium
between the adsorption and desorption processes in the soil
[66]. The leaching tests confirmed that the encapsulated sys-
tem significantly reduces glyphosate mobility, delaying its
vertical transport through the soil profile and demonstrating
potential for minimizing contamination of deeper soil layers
and groundwater. However, it is important to critically assess
the agronomic implications of releasing only ~38% of the
herbicide. Although slow and localized release is beneficial
to reduce off-target losses and environmental impact [67, 68],
it is equally important to ensure that an adequate amount of
active ingredient is eventually released to achieve effective
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Table 2: Kinetic parameters of Korsmeyer — Peppas and Higuchi model.

Kinetic Model Parameter BGE (0.1) BGE (0.4) OBGE (0.1) OBGE (0.4)
n 0.355+0.020  0.303+0.026  0.153+0.002  0.373 +0.043
Kk.p 26967 £0.772  33.721+1.106  25.611 +£0.024  23.039 + 1.324
Korsmeyer-Peppas ~ R? 0.980 0.938 0.813 0.922
Adj R? 0.967 0.897 0.688 0.870
SEE 0.071 0.125 0.216 0.139
Ky 22306 +£0.712  26.207 +1.854 17.791+1.854  20.038 + 1.002
Higuchi R? 0.935 0.744 0.042 0.904
Adj R? 0.892 0.573 -0.597 0.840
SEE 0.127 0.252 0.489 0.155

K-p)= Korsmeyer—Peppas constant, Ky= Higuchi dissolution constant, n= Diffusional exponent.

weed control. In this formulation, approximately 60% of
the glyphosate remains retained, which may raise concerns
about whether the encapsulation system releases a sufficient
dose over a relevant agronomic timeframe.

In this context, it has been suggested that encapsulation
systems should ideally release between 60-80% of the ac-
tive ingredient to balance efficacy and environmental safety
[69, 70]. Therefore, although the tested OBGE(0.1) formu-
lation successfully limits leaching, it may require further
optimization to enhance long-term release while preserving
its controlled-release behavior. Strategies such as adjusting
the polymer-to-host material ratio, modifying crosslinking
density, or integrating pH-sensitive components could help
improve the release efficiency without compromising the
environmental advantages.
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Figure 8: Glyphosate leaching curves in the encapsulated
formulation (red square), commercial formulation (black
square) and blank column (gray square).

4 Conclusions

Glyphosate-controlled release formulations were obtained
by incorporating the organophosphorus herbicide into
organobentonite (host material) followed by encapsulation
with alginate. The adsorption mechanism of glyphosate onto
organoclay at pH 10 involves ionic interactions between the
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negatively charged glyphosate species and the positively
charged surface of the organobentonites, resulting from mod-
ification with alkylammonium cations. This process is also
influenced by the specific arrangement of water molecules
around the alkyl chains and the heterogeneity of adsorption
sites on the surface of the materials.

The encapsulates exhibited spherical shapes larger than 2.3
mm and water activity values below the threshold for mi-
crobial growth, which is an important consideration in the
design of controlled-release systems. This is particularly rele-
vant for glyphosate, as it can be biodegraded by soil bacteria
into secondary metabolites such as AMPA, which are more
persistent and potentially harmful to the environment.

Desorption experiments in water revealed that the use of
organobentonite as a support material significantly reduced
the release rate of glyphosate compared to bentonite. This
behavior was also influenced by the amount of alginate used
in the encapsulation process, which physically entraps the
glyphosate-loaded clay or organoclay and modulates herbi-
cide diffusion from the beads. The release data fitted well to
empirical models, indicating a Fickian diffusion-controlled
process.

Soil column experiments demonstrated that the encapsulated
glyphosate formulation was released more slowly and in
sequential steps compared to the commercial formulation,
thereby limiting vertical mobility through the soil profile.

The findings of this study highlight the potential of this
controlled-release system to improve the environmental be-
havior of glyphosate. While encapsulation may contribute
to more localized and gradual release, reducing the risk of
leaching, the possible formation of persistent degradation
products such as AMPA must be considered. Therefore,
although this strategy shows promise for supporting more
sustainable agricultural practices, especially in ecologically
sensitive regions such as the Colombian Amazon, further
evaluation under field conditions is needed to fully assess its
environmental implications.
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Supplementary Material
Supplementary Figures
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Figure S1: Glyphosate leaching curves in the encapsulated
formulation (red square), commercial formulation (black
square) and blank column (gray square).
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Figure S2: IR spectra of a) bentonite and organobentonites
modified with hexadecylamonium cations b) OB1, ¢) OB1.7
and d) OB3.
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Figure S3: CVs recorded with a Cu electrode. Scan rate: 100
mV sl
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Figure S4: Photographs and particle size distribution ben-
tonite/glyphosate (BGE) or organobentonite/glyphosate
(OBGE) encapsulates using 0.2 and 0.4 host material/alginate
ratio. a, c) Before and b, d) after drying.

Figure S5: SEM images bentonite/glyphosate (BGE) encap-
sulates using 0.1, 0.2 and 0.4 host material/alginate ratios. a)
60x magnification, b) 300x magnification cross-section of the
encapsulates.

Supplementary Tables

Table S1: Main properties of the soil used in this work.

Soil depth (cm) Clay (%) Sand (%) OM* (%) pH
0-20 24 73 20 4.2
20-40 28 67 17 4.7
40-60 33 63 12 42
60-80 33 59 9 45

*OM: Organic matter.

Table S2: LOD and LOQ of the calibration curve for

glyphosate quantification.

Analytical Concentration LOD LOQ
technique range (mgL™!) (mgL!) (mgL™)
. 01<C<06 0.08 0.24
Electrochemical 06<C<6 0.22 0.69
Spectrophotometric 5<C<50 0.14 0.46
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Table S3: Fit of the glyphosate adsorption isotherms results with nonlinear models for bentonite and organobentonites.

Adsorbent Model R? Isotherm parameters
Qmax (mg g™") K n
Langmuir  0.839  5.450 x 10* 8.818 x 10710 -
B Freundlich  0.910 - 0.220 1.337
Sips 0964  2.696+0.138  0.332+0.008 11.481 +2.852
Langmuir  0.662  2.006 x 10* 1.372 x 107° -
OB1 Freundlich  0.819 - 0.043 2.046
Sips 0971  2331+0.097 0210+0.003 13.289 +2.109
Langmuir - - - -
OBL.7 Freundlich  0.960 - 0.111+0.026  1.361+0.118
Sips 0.968  4974+354  0.096+0.069 1846+ 0.512
Langmuir  0.829 9.407 3.336 x 1072 -
OB3 Freundlich  0.818 - 0.325 0.875
Sips 0986  2.078+0.053  0.257+0.004  6.323 = 0.720

K: Langmuir (L mg™'), Freundlich (mg g~1)(L mg™')" and Sips (L mg~!)" adsorption constant; n: adsorption intensity; Qmax: maximum

calculated adsorption capacity.
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