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In our research group, controlled release systems for the sulfentrazone herbicide has been 
accomplished by encapsulating this bioactive compound into calcium alginate (Ca-ALG) biodegradable 
polymer fashion and the release mechanisms were verified by using Korsmeyer-Peppas model (KP). 
However, the KP model does not allow to evaluate all the phenomena involved in the (Mt/M∞ versus t) 
curves. Thus, the aim of this work is the development of a new mathematical model to interpret 
the distinct regions of the controlled release assays of the Sulfentrazone herbicide encapsulated 
in Ca-ALG microparticles and that can be used for other systems with a similar release profile. 
The proposed model is based on the herbicide diffusion, dissolution and polymer surface erosion. 
The results show that the proposed model is closest to the experimental curve when compared 
to the KP. The new mathematical model allows not just to describe the behavior of the system 
in terms of Fick’s law, but to know what type of mechanism act in the herbicide release process.
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1. Introduction

The increase of world agriculture in productivity and 
cultivated areas occurs due to the adhesion of new technologies, 
such as the use of fertilizers, densified plantings, diffusion 
of transgenic plants and especially the use of agricultural 
pesticides 1. Although the use of herbicides offers benefits in 
the economic and agronomic sectors, their increasing use cause 
damage to the environment, mainly due to the leaching process, 
which can lead to contamination of groundwater and soil 2-6.

Herbicides are chemicals applied to eliminate losses of weed 
interference on crops and may be classified as carcinogenic, 
mutagenic, teratogenic and persisting in the environment 7,8. 
The sulfentrazone, N-{2,4-Dichloro-5-[4-(difluoromethyl)-
3-methyl-5-oxo-4,5-dihydro-1H-1,2,4-triazol-1-yl]phenyl}
methanesulfonamide, is a pre-emergent herbicide of the 
aryltriazolinones group, which acts by inhibiting the enzyme 
protoporphyrinogen oxidase, an important intermediate in 
the synthesis of chlorophyll in plants 9 and may be applied 
in the conventional cultivation as in no-tillage system and 
used to weed control and some grasses in crops such as 
soybean 10, chickpeas, sugarcane 11 and rice 12. Due to their 
intensive use, herbicides are often detected in surface and 
groundwater quality studies 13. Figure 1 displays the molecular 
structure of the Sulfentrazone herbicide.

One way of minimizing the above-mentioned processes 
is through the encapsulation of these compounds in 
microparticulate system once the controlled release 
of herbicide is attractive to the agricultural sector 14, 15. 

The encapsulation may be established as a process for 
confining active compounds within a particulate matrix 16, 
to achieve one or more desirable effects. The particles can be 
used for immobilization, protection or stabilization, controlled 
release of the entrapped molecules, and for alteration of the 
characteristics of the active principle 17.

Sodium alginate (Na-ALG) has been widely used in the 
encapsulation of active principle, by protecting the encapsulated 
compounds from adverse factors such as temperature, 
humidity and pH, improving stability and bioavailability. 
Na-ALG is an abundant polysaccharide of natural origin, 
is odorless and non-toxic, and can be taken from brown 
seaweed (Phaeophyceae), and certain species of bacteria 18. 
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Figure 1. Molecular structure of the Sulfentrazone herbicide. 
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Na-ALG has interesting properties that allow industrial 
applications, such as: gelling and thickening performance, 
biodegradability, biocompatibility, ability to accumulate 
water, and non-toxicity. Its application can be found in the 
cosmetics industry, in the agricultural sector as a pesticide 
and nutrient release agent, and in the food industry 
as protective edible films and a thickening agent with 
indistinguishable flavor. ALG-Na is a biopolymer of linear 
chains soluble in an aqueous medium, and is composed of 
several units of β-D-mannuronic (M) and α-L-guluronic 
acid (G), linked by glycosidic bonds (1 → 4), composition 
and sequence 19. Figure 2 shows the chemical structure of 
Na-ALG polymer.

In a previous work14, we studied a novel green process 
to obtain a controlled release of Sulfentrazone herbicide 
encapsulated into the Ca-ALG microparticles and evaluated the 
phytotoxicity in different concentrations of herbicide and the 
relation with the depth of leaching, using bioindicator plants. 
Our research group fitted the results by using Korsmeyer-
Peppas model (KP) for the 60% release of herbicide and did 
not verify at the time the main phenomena involved with 
a set of experimental data in a specific interval of time in 
the release curves (Mt/M∞ versus t). This fact motivated the 
search for a new model that could be capable to describe 
the release mechanism in such conditions.

The use of mathematical models applied to describe 
the controlled release, besides helping the knowledge of 
the mechanisms of mass transfer, allows the reduction 
of the number of experimental tests, once the profile of 
the release of an active compound by polymeric matrices 
can be predicted using an approximate calculation 20,21. 

Here, we developed a mathematical model that has a much 
better adjustment to the experimental data points over time 
and, at the same time, uncovers the different mechanisms 
involved in the product release. This model is based on 
the herbicide diffusion, dissolution and polymer surface 
erosion, and when it was compared to the experimental 
curve allowed us to infer in the release mechanism.

2. Material & Methods

All reagents used in the work cited were of analytical grade. 
The Na-ALG was kindly provided by Sigma-Aldrich (Brazil) 
with molecular weight (M/W) of 100,000 g mol-1, viscosity 
of 15-20 cP, 61% mannuronic acid and 39% guluronic acid. 
Calcium chloride, CaCl2 (Sigma - Aldrich), sodium chloride, 
NaCl (Sigma Aldrich) and deionized water (Milli-Q system 
(Millipore)) were also used to obtain Ca-ALG microparticles.

The apparatus used in this work was built on the 
basis of studies developed by Dias et al 22, Shi et al 23 and 
Faria 24. For this purpose, solution of Na-ALG (3 % m/v) 
and concentration of 0.1 mol L-1 of CaCl2 were prepared. 
In sequence, Na-ALG containing sulfentrazone herbicide 
(6 g L-1 of concentration) was dropped in CaCl2 solution, 
resulting in a total of 100 microparticles of Ca-ALG. 
Figure 3 displays the schematic representation of Ca-ALG 
microparticles preparation by ionotropic gelation method.

According to Dourado Jr et al 13, in order to improve 
microparticle texture and roundness, the Na-ALG 
solution was adjusted with 0.1 mol L-1 of sodium 
chloride (NaCl) and new batches of microparticles were 
prepared using same conditions as described before. 

Figure 2. Molecular structure of Na-ALG polymer.

Figure 3. (a) Schematic drawing of the production of Ca-ALG microparticles containing the herbicide Sulfentrazone by ionotropic 
gelation method and (b) alginate hydrogels prepared by ionic cross-linking (egg-box model).
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The Ca-ALG microparticles was stored in deionized water 
and passed through a process of water exchange during 3 
days. This procedure was used to eliminate the NaCl content 
on the Ca-ALG microparticles. 

The encapsulation efficiency (% EE) was evaluated 
by the difference of the amount of herbicide added in the 
Na-ALG + Sulfentrazone solution and the unentrapped 
amount of sulfentrazone remaining in the supernatant 
after the removal of the formed microparticles, following 
the equation:

% [ ] %EE xSulfentrazone added
Sulfentrazone added free unentrapped Sulfentrazone

100=
-     (1)

The surface morphology of Sulfentrazone-loaded 
were studied by using a scanning electron microscope 
(SEM - JEOL JSM6601LV) and an optical microscopy 
(OM) using a microscopy Olympus with 10x magnification. 
The Ca-ALG microparticles containing the Sulfentrazone 
herbicide were mounted on an appropriate stub and coated 
with Au and then observed via SEM. In addition, the particle 
size of sulfentrazone-loaded Ca-ALG beads was carried out 
by using SEM, OM and imageJ software.

To understand the mechanisms of controlled release 
of the sulfentrazone herbicide encapsulated in Ca-ALG 
microparticles, our research group fitted the results by using 
Korsmeyer-Peppas model (KP) for the 60% release of herbicide 
and did not verify at the time the main phenomena involved 
in the distinct regions of the release curves (Mt/M∞ versus t). 
This fact motivated the search for a new model that could 
be capable to describe the release mechanism in such 
conditions.

Here, we present a model of herbicide release from 
biodegradable polymeric microspheres with surface 
erosion. In this process, the hydrolysis of the polymeric 
matrix mainly occurs in the region near the surface. The 
microsphere gradually decreases in size but maintains its 
shape and structural integrity throughout the erosion process. 
As the surface is eroded, the herbicide dissolves into the 
release medium and diffuse toward the external solution. 
A description of the mathematical model used to explain 
the mechanisms of controlled release of sulfentrazone 
herbicide encapsulated in microparticles of Ca-ALG 
polymer follows below.

2.1 Model Description

The model is based on the previous work of Zhang 
et al 25,26 where it is used to characterize the drug release 
from porous and biodegradable microspheres. Here, the 
model is used to understand the mechanisms of controlled 
release of sulfentrazone herbicide encapsulated into Ca-ALG 
polymer. Basically, the overall release mechanisms can be 
described by herbicide diffusion, herbicide dissolution and 
polymer surface erosion.

In the polymer microsphere, the herbicide concentration 
presents both liquid and solid phase. The concentration in 
liquid phase is related to the herbicide in solution and is 
determined by diffusion and dissolution processes during 
the time, while the solid one is related to the herbicide in 
the polymer matrix and is controlled only by dissolution.

The initial form of governing equation for liquid phase 
concentration is

       t
C D

r r r r
C k C C1L L

dis sat L2
2

2
2

2
2

2
2 f= + -S QX V      (2)

where CL is the herbicide concentration in the liquid phase, 
Csat is the herbicide saturation concentration, r is the radial 
position of microsphere, ε is the porosity of polymer, kdis 
is the herbicide dissolution rate and D is the effective 
diffusivity in the polymer matrix. For the model, this 
equation obeys the following initial conditions (IC) and 
boundary conditions (BC)

             : , , ,IC C t r R0 0 0L t# #= =R W                   (3)

              : , , ,BC r
C t r0 0 0L

2
2 2= =R W                     (4)

              : , , ,BC C C t r R0L t2= =3 R W                     (5)

where Rt is the instantaneous radius of microsphere and C∞ 
is the drug concentration in external medium.

For the solid phase concentration, the corresponding 
equation is given by

            t
C k C CS

dis sat L2
2

f=- -Q V                     (6)
where CS is the herbicide concentration in the solid phase. 
For the model, this equation obeys the following initial 
conditions (IC)

         : , , ,IC C C C t r R0 0S sat t0 # #= - =R W           (7)

where C0 is the initial concentration in the polymer microsphere.
Based on experimental data 27-31, the polymer erosion 

can be described by three different ways. The first one is 
a linear reduction in radius, R = R0(1-kerot) where kero is an 
erosion rate constant (case I). The second is a power-type 
relation between volume and time that implies a reduction 
in radius like R=R0(1-kerot)

a
3 , where a is a parameter to be 

found from regression of weight loss data and commonly 
ranges from 2 to 8 (case II). Higher values of denote a 
quicker weight loss rate of polymer microspheres. The last 
is a root-type relation between volume and time where the 
reduction in radius is R=R0(1-(kerot)

a) 3
1  with smaller than 

1, often in the range 0.1-0.5 (case III). In this case, higher 
values of a denote a slower weight loss rate. The parameters 
a and kero depend on the polymer matrix composition and 
crystallinity 26.
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Since the reduction in radius is time dependent, it is 
necessary to convert the moving boundary problem to a fixed 
boundary problem. So, the radial position is normalized with 
respect the instantaneous radius of the microsphere. In case I, let 
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where uL and uS are the dimensionless concentration in the liquid 
and solid phase. With these transformations, equation 2 
becomes
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Consequently, the initial and boundary conditions are 
given by

     : , , ,IC u w s0 0 0 1L # #= = W                     (9)

      : , , ,BC s
u t s0 0 0L

2
2 2= =R W                     (10)

        : , , ,BC u t s0 0 1L 2= = W          (11)

For the solid phase, the equation 6 becomes

             ,w
u p q uS

L2
2 =- -Q V           (12)

with initial condition

     : , , .IC u w s1 0 0 1S # #= =R W                (13)
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equations for the liquid phase can be written as
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with the same governing equations for the solid phase 
(once they do not have dependence in radius), IC and BC. 

One important variable for this kind of problem is the 
herbicide release percentage (Mt/M∞), where Mt = ∫(C0-C∞) 
dV - ∫(CL+CS-2C∞)dV and M∞=∫(C0-C∞)dV are the remaining 
and total amount of herbicide in the polymer microspheres, 
respectively. This quantity includes the amount of herbicide 
from both the liquid and solid phases that has exited the 
instantaneous external boundary of the microsphere and 
is computed as:

        M
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       (16)

For each case, this quantity can be written as

 :Case I M
M w u u s ds1 3 1t

L S
3 2
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Q QV V#       (17)

:Case II M
M w u u s ds1 3 1t a

L S
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3
Q QV V#     (18)

:Case III M
M w u u s ds1 3 1t a

L S
2

0

1

= - - +
3

Q QV V#     (19)

Derivation of dimensionless governing equations 
used in the present work may be checked in supporting 
information (SI).

3. Results & Discussion

Our group developed an effective controlled release 
system using the Sulfentrazone herbicide encapsulated 
into Ca-ALG polymer fashion with high prospects in 
agriculture area. As already mentioned, Sulfentrazone 
herbicide was encapsulated in Ca-ALG beads prepared 
with Na-ALG by the ionotropic gelation method, using 
CaCl2 as a crosslinking agent. Controlled release assays 
were also performed and the release mechanisms were 
verified by using the KP model. Further information can be 
obtained from the work developed by Dourado Jr et al 14.

Regarding the mathematical model for the controlled 
release over time of Sulfentrazone herbicide from 
biodegradable polymer developed in the present work, 
the governing equations were solved numerically 
using the PDE solver of MATLAB and the results are 
shown in terms of the normalized herbicide release 
percentage in function of the normalized time for each 
case in comparison with the experimental data. Figure 4 
shows the desired curves for the three different surface 
erosion cases: linear (Case I), power type (Case II) 
and root type (Case III) relations. Based on previous 
works23,24, the behavior of the experimental data and 
a set of preliminary computational convergence tests, 
the parameters used were Er = 0.8, p = 50 and q = 0.06. 
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Here is important to highlight some points about the meaning 
of these parameters: Er denotes the relative importance 
between polymer erosion and herbicide diffusion, p represents 
the relation between the herbicide dissolution and polymer 
erosion, and q indicates the ratio of herbicide saturation 
concentration to initial herbicide loading. For the power 
and root type relations, the parameter a was varied between 
2-8 and 0.1-0.5, respectively. The comparison among the 
type of surface erosion shows that the studied system obeys 
a root type relation. Based on previous work 26, this result 
indicates that in the beginning of the release process the 
erosion occurs in a fast way and after it slow down.

The KP model 32 is a well-known model used to describe 
the release mechanism of an active ingredient and it follows 
the equation 

         ,M
M Ktt n=

3

         (20)

where K is the kinetic constant and n is the exponent which 
reflects the type of release mechanism. Values of n ≤ 0.43 are 
an indicative of a release mechanism that follows the Fick’s 
Law, n > 0.85 indicates that the mechanism are governed by 
relaxation processes of the polymeric matrix and an intermediate 
value suggests anomalous behavior with non-Fickian release.

As cited before, in a previous work 14 the experimental 
data was fitted by KP model for the 60% release of herbicide. 
The model showed that the diffusion parameter is about 
n = 0.2866 indicating that the release mechanism of the 
herbicide follows the Fick’s law. A comparison of KP model 
and the proposed one can be seen in Figure 5. It is possible 
note that the proposed model provides a best fit in comparison 
with the experimental curve. With this new approach, that 
takes in account three steps in the release mechanism, 
it is possible to infer that the release of herbicide in this 
studied case not just depends on diffusion, but the surface 
erosion and herbicide dissolution play an important role too. 
It is known26 that higher values of the parameters Er and p 
means that: 1) the polymer erosion process is faster than 
the herbicide diffusion process and 2) the herbicide is more 
quickly dissolved and its effects are stronger during the 
early stages of the release process. So, in the begging of 
the process, the surface erosion happens in a fast way and 
consequently, the dissolution of the herbicide into liquid 
phase is observed. After that, the erosion process slow down 
and the herbicide diffusion dominates the process. Thus, 
besides the mathematical model presented here shows a 
better adjustment to the experimental data points over time 
when compared to the KP model, it is still capable to give 
a better insight on the controlled release mechanisms of 
the Sulfentrazone herbicide into Ca-ALG microparticles.

Figure 4. Herbicide release percentage as function of the 
normalized time. (a) Linear, (b) power type and (c) root type 
relations. The parameters used were Er = 0.8, p = 50 and q = 0.06. 
For the power and root type relations, the parameter a was varied 
between 2-8 and 0.1-0.5, respectively. The red circles represent 
the experimental data.

Figure 5. Herbicide release percentage as function of the normalized 
time. The parameters used for the root type relation were Er = 0.8, 
p = 50, q = 0.06 and a = 0.2. Black curve represents the case III 
model, the green one the Korsmeyer-Peppas model and the red 
circles represent the experimental data.
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4. Conclusions

In a previous work, we studied experimentally the 
release assays of sulfentrazone herbicide encapsulated into 
Ca-ALG microparticles for weed control. In that work, 
the experimental data points obtained for the release in 
time were adjusted by the KP model, which is an equation 
commonly employed for linearization of release data of 
unknown mechanism. Here, we proposed a model that 
is solved numerically based on the combination of three 
steps: herbicide diffusion, herbicide dissolution and polymer 
surface erosion. The results showed that in the begging of 
the release process, the dominant aspects are the polymer 
erosion and herbicide dissolution. After that, the erosion 
process slow down and the herbicide diffusion dominates 
the process. When compared to KP model, the proposed 
model most closely matches the experimental data. In this 
sense, the proposed model can be used to better understand 
the release of the sulfentrazone herbicide encapsulated in 
the biodegradable polymer fashion. Besides that, further 
studies can be done in order to describe the characteristics 
of the polymer matrix.
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