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Abstract: In this work several models of mass transfer process were used for modelling and simulating active principles 
release of polymeric microcapsules of the matrix type. To demonstrate the performance of each model compared to the 
experimental data, a statistical analysis using the F test was done. The following mathematical models were used on this mass 
transfer problem: 2ª. Law of Fick (CDMASSA), LDF - Linear Drive Force, analytical model and others semiempiricals 
models. The results obtained were compared with those available in the literature. In this work the release of the active 
ingredient betacarotene, contained in microcapsules (PHBV) in the solvent ethyl acetate, was studied. It was observed that the 
model obtained from the 2ª. Law of Fick fits better on the literature data compared to the models: LDF, analytical 
andsemiempirical. s. The most complete model, based on the phenomenology of the problem, provide a better result, 
considering that it was able to represent the fundamental stages of the mass transfer process, such as the resistance to mass 
transfer on the microcapsule surface, werethe numerical results were very close to the experimental results. 
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1. Introduction 

Always a polymeric structure is produced for the 
encapsulation and release of active substances, there is a need 
to predict how these systems would behave in relation to the 
release of these components into the respective fluid 
medium. It is necessary to ensure the release of a suitable 
form of an active principle, as well as to predict how the 
release would take place over time, to ensure the efficiency 
and even safety into the medium [1]. 

A good prediction of the microencapsulated active 
compounds release depends fundamentally on a 
phenomenological numerical model suitable for these 
systems. This resolution models should predict the behavior 
of the release by changing the resistance between phases, 
interaction of substances at interfaces, swelling, variation of 

pore distribution and connection with the external medium, 
among others [2]. 

Controlled release technologies are being used to provide 
compounds, such as drugs, pesticides and fragrances at 
established rates, inproving the efficient, safer, and 
consumer-friendly action [3–6]. 

When a drug is given as a pill, itst concentration increase 
abruptly and shortly after ingested [7]. This increase may 
lead to drug concentration beyond the effective level and 
shortly above the toxic level. The concentration then falls 
below the effective level. In contrast, when the drug is 
administered by controlled release, its concentration 
remainon the required levelto be effective, avoiding abrupt 
fluctuations of toxic concentrationsor ineffective levels. 

In this work the release of microencapsulated beta-
carotene in poly- (3-hydroxybutyrate-co-3-hydroxyvalerate) 
PHBV is studied, being this a natural polyester obtained from 
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microorganisms [8]. 

2. Materials and Methods 

2.1. Materials 

The studied nanospheres were prepared from a PHBV with 
molar mass of 196.000 and polydispersity index of 1.85 
(measured by GPC using a calibration curve obtained from 
polystyrene standards), was kindly supplied by the PHB 
Industrial S. A. (Brazil). The solvent ethyl acetate from 
Merck (Germany), with purity greater than 99.0%, was used 
as received. The preparation procedure and characterization 
of nanospheres were described in [8]. Four types of 
nanoparticles of varying drug content with same size, the 
mean diameter size particle was about 5.50 x 10-5 cm. The 
drug loadings varied from β-Carotene mass fraction 28 to 
49 % (w/w).  

2.2. ββββ-Carotene Release in Vitro 

To determine the β-carotene release kinetics in the organic 
solvent, the system temperature and orbital motion were kept 
constant at 313.15 ± 0.5 K and 80 rpm, respectively. For the 
release experiments, four β-carotene concentrations into 
organic solution varying from 12 to 30 mg mL−1, at a fixed 
PHBV concentration of 30mg mL−1. All tests were 
performed in 100 mL Erlenmeyers flasks, protected at the top 
with plastic wrap to prevent solvent evaporation, incubated in 
an air-bath orbital shaker (Nova Etica, model 501/1D) with 
temperature controlled within 1 K At scheduled time 
intervals, 2.0 mL was collected from the solution and 
immediately replenished with pure solvent to maintain the 
original volume. 

2.3. Mathematical Modeling 

In the engineering view, the numerical tool is adequate and 
reliable when one is in possession of a numerical method that 
correctly solves the differential equations, and of a 
mathematical model that, knowingly, represents with fidelity 
the physical phenomenon [9–11]. 

The mathematical modeling utilizing in this work presents 
four types of analysis: release modeling of the active agent 
dispersed in a polymer matrix, where the diffusion 
coefficient and the mass transfer coefficient are the main 
parameters of the mass transfer process; The modeling of a 
solid matrix with the dispersed active agent, which dissolves 
over time, without altering the volume; The use of semi-
empirical models for the release of active principles and the 
use of the analytical model for 2ª. Law of Fick. 

Modeling a Matrix where the diffusion coefficient and the 
mass transfer coefficient are the main parameters of the mass 
transfer process 

In this model, we have a sphere, with the hypothesis that 
there is no changing in the volume of the same, in a stirred 
bath at constant temperature. The active substance diffuses to 
the surface microcapsule and encounters a external resistance 
to the mass transfer. There are situations in which the 

external environment (medium 2) influences what happens in 
the medium 1. When considering this influence, an 
associated resistance is assumed, different from that of 
medium 1 [3] (Figure 1). For the elaboration of the model, 
the following hypotheses are considered:  

(1) Microcapsule of matrix type; 
(2) There is no concentration gradient inside the agitated 

reactor (medium 2); 
(3) Transient regime: there is variation of concentration 

with time in the medium 1 and 2; 
(4) Temperature, pressure and constant stirring; 
(5) The particle is modeled as a sphere; 
(6) The mass transfer flow is unidimensional in radial 

direction; 
(7) Resistance to mass transfer within the particle (D����� ) is 

adjusted to the experimental model; 
(8) External resistance to mass transfer, related to the 

coefficient k�	; 
(9) There is no chemical reaction. 
For the calculation of the DAB, will be used a correlation 

based on the Stokes-Einstein relation, which is known as the 
Wilke-Chang equation [12]:  

D
� � ,������������/������� ,!                           (1) 

Where T is the temperature, μ� is the dynamic molecular 
viscosity of the medium, MB is the molecular weight of B, Vb 
is the molar volume at the normal boiling temperature and φ 
is the solvent-associated parameter; φ = 2.6 (water), φ = 1.9 
(methanol), φ = 1.5 (ethanol) and φ = 1 (solvents remainder). 

The km2 can be calculated by equation (2), and is 
correlated with the number of Sherwood [13], given by:  

k�	 � #��$% �1 ' 0,3Re�,,Sc�,//�              (2) 

Where Re is the Reynolds number and Sc is the Schmidt 
number. 

 

Figure 1. Schematic modeling represents the matrix with external resistance 

to mass transfer. 

The DAB is calculated with respect to the molar fraction 
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through the equations: 

012 � 01234 51 ' 61 789:;7<; =                         (3) 

>?@1 � A1B2	�C1 D C2�	                            (4) 

B2 � <EFE<;F;G<EFE                                      (5) 

The DABWC diffusivity is obtained by the Wilke Chang 
correction, V is the molecular volume of A or B compounds 
and δ is the solubility of compounds A or B. Using the 
commercial computer program Mathematica 4. These 
relationships are resolved by the next analytical equation: 

012 � 01234 51 ' 61 HD 	�I;�IE��F;�F;�FE�FE����<;��JK�FE���<;�GF;<;�L D 	�I;�IE��F;FE����<;�JK�FE���<;�GF;<;�� M=                                        (6) 

2.3.1. Mass Balance in Solid Phase 

The balance of active principle i (for example, beta-
carotene) will be performed in the control volume defined as 
a sphere of radius Rp (Figure 2). 

 

Figure 2. Scheme of the modeling made of the microsphere. 

The conservation equation of the chemical species A in 
terms of mass, in spherical coordinates, adopting the 
hypotheses previously assumed, is given by:  

74;7N � 0OP8 57�4;7Q� ' 	
Q
74;7Q =                           (7) 

Equation 7 is also known as 2ª. Law of Fick and this is the 
equation that will be solved computationally for the solid 
phase in this work. The boundary conditions for the problem 
are as follows: 

Inicial conditions. 
t = 0; 0 R S R TO , CA = CAi; (to any point within the 

sphere at the initial time the concentration is the initial 
concentration of the active ingredient). 

Boundary conditions. 
t > 0; r = 0, applying the limit with r tending to zero in 

Equation 7 is defined as: 

>UVQ→� H74;7N M � 0OP8 5>UVQ→� H7�4;7Q� M ' >UVQ→� H	Q 74;7Q M=     (8) 

Applying L ^ Hôpital on the second term on the right side, 
we obtain: 

>UVQ→� H74;7N M � 0OP8 X>UVQ→� H7�4;7Q� M ' 2>UVQ→� Z
[�\;[]�� ^_ (9) 

Therefore, the equation can be rewritten as follows: 

74;7N � 30OP8 57�4;7Q� =                          (10) 

This equation is solved considering that CA0 = CA2. 

t > 0; r = Rp, where: 
74;7Q � `a�bcdefO �g1∗ D g1Jc� ; Where 

km2 is the mass transfer coefficient for the external medium, 
Dpol is the diffusivity in the polymer, Kp is the partition 
coefficient, obtained by a linear relationship between the 
equilibrium concentration in the solid phase and the 
concentration in the fluid phase, g1∗  is the equilibrium 
concentration and g1Jc is the concentration of A compound 
on the surface of the particle.  

2.3.2. Mass Balance in Liquid Phase 

The mass balance as a function of active ingredient 
concentration in the solidand liquid phase ("bulk") can be 
expressed by: 

Ai j4;jN � DA j4;ejN                           (11) 

Where VS is the volume of the solid phase in the reactor 
and V is the volume of the liquid phase in the reactor. The 
equation 11 can be solved in an analytical way, assuming that 
initially the liquid phase is free of the active principle: 

g18 � FkF �g1l D g1�                       (12) 

Modeling a Solid matrix that dissolves with time, not 
changing its Volume 

The following model will be presented by a solid matrix 
that dissolves over time, without changing its volume [14]. A 
schematic of the problem is shown in Figure 3. 

 

Figure 3. Scheme modeling of the microsphere. 

It was assumed in this model that: 
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(1) Dissolution was considered as the mechanism that 
controls the release; 

(2) There was a homogeneous distribution of the active 
principle in the matrix, during the whole process; 

(3) The concentration varies with time, in medium 1 and 
medium 2 (Transient); 

(4) The driving force for dissolution shall be defined as the 
difference between the concentration of the solid active 
principle and the concentration at the corresponding 
equilibrium in the liquid phase. 

The "Linear Drive Force" equation for this situation is 
written as: 

D j4;jN � mj�g1 D nOg18�                          (13) 

2.3.3. Mass Balance in the Liquid Phase 

The mass balance as a function of concentration of active 
ingredient in the solid phase and the liquid phase ("bulk") can 
be expressed by: 

g18 � FkF �g1l D g1�                              (14) 

It is assumed that initially the concentration of active 
principle in the liquid phase is zero. 

Semiempirical Models for the Liberation of Active 
Principles Used in the Study 

(1) The models that best fit on the experimental data 
were: Korsmeyers e Peppas  

(2) Weibull 
The Korsmeyer-Peppas Model is generally used to analyze 

the release of active compounds from polymeric 
microcapsules where the release mechanism is not well 
known or where more than one type of release mechanism 
may be involved. Generally 60% of the releases studied fit 
this model well [2, 15, 16]. 

This model is used to describe the release of solute when 
the prevailing mechanism is a combination of the active 
principle diffusion (Fickian transport) and Case II transport 
(non-Fickian, controlled by the relaxation of the polymer 
chains) [17, 18]. 

In this model, the relationship between release rate and 
time is equal to: 

opoq � rs9                                        (15) 

Where the parameter α is a constant that incorporates 
structural and geometric characteristics of the microcapsule, 
n is the release exponent, indicative of the mechanism of 

release of the active principle, and 
opoq is the fractional release 

of the active principle. 
The Weibull equation can successfully be applied to 

almost types of active principle dissolution curves [19]. This 
model is most useful for the comparison of release of active 
principles in a system of matrix type [20]. 

When applied to the dissolution of active principles from 
microcapsules, the Weibull equation expresses the 
accumulated fraction of active principle, Mt / M∞, in the 

solution at the end of time t [21, 22]: 

opoq � 1 − t[
�vp�wxy

z

{ ]	                           (16) 

In this equation, the α parameter is a parameter related to 
the time elapsed scale test. The location parameter, Ti, 
represents the latency time until the dissolution process 
occurs and, in most cases, is equal to zero, b is the shape 
parameter that characterizes the curve as being exponential (b 
= 1, Case 1), sigmoid (S-shape) (b> 1, Case 2) or parabolic (b 
<1, Case 3).  

The numerical method chosen to solve the model partial 
differential equations is the finite difference and for 
linearization of the data to obtain the constant of semi-
empirical models was used MATLAB, with CFTOOL tool. 

Analytical Model for the Liberation of Active Principles 
Used in this Work. 

If the active principle is molecularly dispersed in the 
matrix, or rapidly or completely dissolved after the solvent 
has entered the system, the device is called a "monolithic 
solution" [23–25]. 

�~

�q
= 1 − �

��
∑

���	(���
���~
���

)

��
�
���                 (17) 

Where Mt is the concentration of the active principle 
accumulated in time, M∞ is the concentration of the active 
principle accumulated in a time tending to infinity, Re is the 
external radius of the sphere, D is the diffusion coefficient of 
the active principle through the system and t is the time. 

This analytical equation is derived from the solution of the 
2ª. Law of Fick of diffusion, and the following assumptions 
are made for obtaining [26]:  

(1) Microcapsules do not significantly swell or corrode 
during the release of the active principle (i.e. no 
significant change in the matrix carrying the active 
principle); 

(2) The microcapsules are spherical in shape; 
(3) The active principle is homogeneously distributed 

inside the microcapsules (beads); 
(4) The release experiment is performed under conditions 

of perfect immersion; 
(5) The mass transfer resistance due to the boundary layer 

is negligible compared to the same of diffusion within 
the microcapsule (sphere) (i.e. the release of the active 
principle is mainly controlled by diffusion of this 
through the Microcapsule); 

(6) Dissolution of the active principle is a rapid and 
complete upon exposure to the solvent; 

(7) The diffusion coefficient is constant regardless of time 
and position in the microcapsule; 

(8) The release of the active principle is mainly controlled 
by diffusion of this through the microcapsule. 

3. Results 

The experimental data used in this study are presented in 
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the [8] and [27]; are studies of the release of beta-carotene 
with four different microcapsule compositions using the 

Ethyl Acetyl solvent. The different types of microcapsule 
composition are shown in Table 1. 

Table 1. Types of microcapsules in Betacaroteno experiment. 

Microcapsule Composition Nomenclature 

Betacarotene: 12 mg.ml-1 e PHBV: 30 mg.ml-1 A 

Betacarotene: 14 mg.ml-1 e PHBV: 30 mg.ml-1 B 

Betacarotene: 16 mg.ml-1 e PHBV: 30 mg.ml-1 C 

Betacarotene: 30mg/ml e PHBV: 30mg/ml D 

The simulated data for ethyl acetate and beta-carotene were obtained using the simulation parameters presented in Table 2. 

Table 2. Physicochemical parameters for beta-carotene and ethyl acetate. 

Parameter Molar mass (mg.mol-1) Solubility (cal1/2.cm-3/2) Molar volume (cm3.mol-1) Viscosity (g.cm-1.s-1) Especific mass (g.cm-3) 

Betacarotene 536870 8.71 799.2 X X 

Ethyl Acetate 88100 9.10 98.50 0.004 0.897 

Fonte: [28–31]. 

Table 3 shows the physicochemical parameters for beta-carotene and ethyl acetate. The numerical results are presented in 
Figures 4 to 7, for experiments A, B, C and D, respectively. 

Table 3. Physico-chemical parameters for beta-carotene and ethyl acetate. 

Parameter V (ml) T (K) DAB (cm2s-1) x106 Kp C0 (mg.ml-1) Ceq (mg.ml-1) V.���� 

Exp. A 30.0 313.15 9.600 367.49 1.33 0.746 289.85 

Exp. B 20.0 313.15 9.605 290.84 2.69 0.826 657.89 

Exp. C 30.0 313.15 9.605 364.70 4.50 2.469 303.03 

Exp. D 30.0 313.15 9.605 995.27 16.26 12.113 341.29 

Table 4. Parameters used in the models studied. 

Parameter Dpol (cm2.s-1)x1012 v∞ (cm.s-1) RP (cm) x105 Re Scx10-3 Dpol Analytical (cm2.s-1) 

Exp. A 2.00  41.86 5.5 0.970 0.494 7.40 x10-14 

Exp. B 4.10 41.86 5.5 0.413 1.16 3.0x 10-12 

Exp. C 4.30 41.86 5.5 0.413 1.16 7.33 x10-13 

Exp. D 3.20 41.86 5.5 0.413 1.16 1.18 x10-12 

 
The numerical data statistical analyzes were performed for 

to identify the correlation between the experimental data and 
the fitted. The results obtained by the analysis of the F test 
are shown in Table 5, for A experiment. 

Table 5. F test for the models studied in case A (Betacarotene: 12 mg.ml-1 

and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Model Studied Test F Result R2 

CDMASSA 1.11 0.96 
LDF 1.13 0.97 
Weibull 1.00 0.98 
Korsmeyer-Peppas 1.21 0.83 
Analytical 1.30 0.92 

The Figure 4 presents the results obtained by use of the 
models studied in this work. 

By performing an analysis from the F and R2 tests, it can 
be concluded that the best fitting model was the Weibull 
model, this model is generally applied when the controlled 
release is due of matrix type microcapsules [32]. In the 

analysis of X2 the models that have good fit were 
CDMASSA, LDF and Weibull and the best performanceare 
the LDF and CDMASSA where then fit better to the 
experimental data, comparatively to the model of Weibull, 
since the last has the limitation of simulating the controlled 
release but has no kinetic bases [20]. The model that least 
represented the controlled release was the Korsmeyer-
Peppas, possibly because of the type of diffusion it is 
representing, which is quasi-Fickian, which can be confirmed 
by parameter n, lower than 0.43, Table 9, where quasi-
Fickian release is characterized by the dispersed flow of 
concentration along the sphere,[33, 34]. 

The release of the active principle occurred until reaching 
equilibrium, which was approximately 45%. Note that the 
Korsmeyer-Peppas model did not present a good mass 
transfer adjustment since it did not reach equilibrium 
adequately. The other models provide suitable results with 
good controlled release behavior of two-phase, quick release 
and sustained release. 
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Figure 4. Simulations using the models for experiment A (Beta-carotene: 12 mg.ml-1 and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Statistical analyzes were performed to compare the 
numerical data obtained in this work and the experimental 
data. Table 6 shows the results obtained from the F and R2 
tests for experiment B. 

Table 6. F test for the models studied in case B (Betacarotene: 14 mg.ml-1 

and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Model Studied Test F Result R2 

CDMASSA 1.02 0.99 
LDF 0.98 0.98 
Weibull 1.01 1.00 
Korsmeyer-Peppas 1.13 0.89 
Solução Monolítica 1.12 0.97 

In Figure 5, the results obtained by the use of the models 
studied in this work are presented. 

By performing an analysis from the F and R2 tests it is 

possible to conclude that the best fit model was Weibull 
which indicates matrix type microcapsules [35], usually the 
model of Weibull fits very well in most cases studied [36]. 
The Korsmeyer-Peppas model provided results that did not 
fit the experimental data so well, if believed to be due to no 
more than one transport phenomenon involved [37] and the 
release is only the quasi-Fickian, evidenced by parameter n, 
Table 9 [33]. The release of the active principle of these 
microcapsules was close to 70%, which was different from 
experiment B, evidencing different release structures [24]. 
The phenomenological model of two phases, fast release 
followed by constant release was adequate to describe the 
experimental data; the only model not represented constant 
phase was the Korsmeyer-Peppas, the results did not achieve 
constant release. 

 

Figure 5. Simulations using the models for experiment B (Betacarotene: 14mg.ml-1 and PHBV: 30 mgml-1 and ethyl acetate solvent). 

Obtaining the numerical data statistical analyzes were 
performed to identify the correlation between the 
experimental data and the fitted. The results obtained from 

the F-test analysis are shown in Table 7, for the experiment 
C. 
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Table 7. F test for the models studied in case C (Betacarotene: 16 mg.ml-1 

and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Model Studied Test F Result R2 

CDMASSA 0.93 0.96 
LDF 0.89 0.97 
Weibull 1.03 0.98 
Korsmeyer-Peppas 1.08 0.95 
Solução Monolítica 1.09 0.98 

Figure 6 shows the results obtained by using the models 
studied in this work. 

Making an analysis from the F test, it can be concluded 
that the Weibull model was the best fit and the model actually 
able to represent the release of better polymer matrix in most 
cases [36]. Making analysis of the performance of models 
from R2 it can be concluded that in addition to the Weibull 
model the monolithic solution model also presented a good 
prediction, which may indicate a delivery model where there 

is no erosion [38]. In X2 the Monolithic Solution model 
adjusted better than the other models, indicating the 
possibility of no erosion and an initial constant concentration 
in the microcapsule [39], which possibly does not occur 
during the release, as the release mechanism must be quasi-
Fickian second parameter of the Korsmeyer-Peppas model 
Table 9 [40]. There was not a worse model that adjusted, as 
there were good adjustments for some and bad for others. 
The active principle release of the microcapsule until 
reaching equilibrium was on the order of 45%, much like 
experiment C, possibly have the same structure in the 
microcapsules [41]. Phenomenologically observed that the 
Korsmeyer-Peppas model gave results that did not reach the 
equilibrium concentration which is at odds with a two-stage 
behavior as would be expected (rapid release followed by 
constant release). 

 

Figure 6. Simulations using the models for experiment C (Betacarotene: 16 mg.ml-1 and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Obtaining the numerical data statistical analyzes were 
performed to identify the correlation between the 
experimental data and the fitted. The results obtained by the 
analysis of the F test are shown in Table 8, for the D 
experiment. 

Table 8. F test for the models studied in the D case (Beta carotene: 30 

mg.ml-1 and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

Model Studied Test F Result R2 

CDMASSA 0.96 0.99 
LDF 0.96 0.99 
Weibull 0.99 0,99 
Korsmeyer-Peppas 1.09 0.92 
Solução Monolítica 1.06 0.98 

Figure 7 shows the results obtained by using the models 
studied in this work. 

Making an analysis from the F test, it can be concluded 
that the model that best fit was the Weibull, indicating a 
dissolution of a microcapsule, for this type of situation the 

model is well [42]. By performing the best model analysis by 
the R2 values, it can be concluded that the models 
CDMASSA, LDF and Weibull had a good fit, which may 
characterize a linear behavior of the diffusion [25].  

The studied models presented results for X2 with a good 
fit to the experimental data. The worst model was of 
Korsmeyer-Peppas and he characterized through the 
parameter n, a quasi-Fickian diffusion Table 9 [33], because 
of this may have presented the worst experimental fit. From 
the experimental data, it is verified that the release of the 
active principle reached a close balance of 25%, different 
behavior of the other microcapsules. Analyzing 
phenomenologically, it can be observed that the Korsmeyer-
Peppas model provided results that do not reach the release 
equilibrium, which is not what is expected for this two-phase 
system where there is a rapid and constant after release. The 
results obtained by the Korsmeyer-Peppas model seem to 
represent a three-phase system in which there is a fast, slow 
and constant after release. 
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Figure 7. Simulations using the models for the D experiment (Betacarotene: 30 mg.ml-1 and PHBV: 30 mg.ml-1 and ethyl acetate solvent). 

The parameters mass transfer coefficient km2 and the 
diffusivity of the chemical species in the polymer, for each 
experiment, were obtained through the numerical solution of 
the models CDMASSA and analytical models and are 

presented in Table 9. The dissolution rate kd was obtained 
through the LDF model and adjustment parameters were 
obtained from semiempirical models. 

Table 9. Data obtained with the models for experiments A, B, C and D. 

Experiments 

A 
CDMASSA LDF Weibull Korsmeyer-Peppas Analytical 
km2 Dpol kd a b a n Dpol 
0.57 cm.s-1 2.,00 x10-12 cm².s-1 2.50 x10-3 s-1 2660 sb 1.57 0.215 s-n 0.221 7.40 x10-14 cm².s-1 

B 
CDMASSA LDF Weibull Korsmeyer-Peppas Analytical 
km2 Dpol kd a b a n Dpol 
0.57 cm.s-1 4.10 x10-12 cm².s-1 0.008 s-1 563.70 sb 1.453 0.459 s-n 0.114 3.00 x10-12 cm².s-1 

C 
CDMASSA LDF Weibull Korsmeyer-Peppas Analytical 
km2 Dpol kd a b a n Dpol 
0.57 cm.s-1 1.80 x10-12 cm².s-1 0.002 s-1 55.33 sb 0.738 0.139 s-n 0.272 7.33 x10-13 cm².s-1 

D 
CDMASSA LDF Weibull Korsmeyer-Peppas Analytical 
km2 Dpol kd a b a n Dpol 
0.52 cm.s-1 3.20 x10-12 cm².s-1 0.002 s-1 73.53 sb 0.901 0.293 s-n 0,1739 118 x10-12 cm².s-1 

 
The Weibull model presented the best fit for these 

experimental data, in the 14th different semiempirical models 
defined, and the Korsmeyer-Peppas model was used, because 
its fit can represent the phenomenology of the controlled 
release. 

For experiment A, B, C and D, by analyzing the 
Korsmeyer-Peppas model, the n constant was less than 0.43, 
indicating a quasi-Fickian transport mechanism within the 
microcapsule. 

The minimum active principle release for the solvent 
microcapsule system (ethyl acetate) in the experiments 
studied was 25% and at most 75%, which shows that the 
solvent microcapsule system interferes with the controlled 
release of active principles, since there was variation of the 
release fraction in the experiments and this difference can be 
attributed to the formation nature of the microcapsule [43]. 
The diffusivity of the medium polymer adjusted with the 
CDMASSA model was around 2.7 x 10-12 cm².s-1 for the 
PHBV polymer in a solution of ethyl acetate with the 
diffusion of beta-carotene and with the model of Monolithic 
Solution the diffusivity value was 1.54 x 10-12 cm2.s-1. The 

average dissolution rate adjusted with the LDF model was 
around 3.6 x 10-3 s-1 for PHBV in ethyl acetate solution with 
the dissolution of beta-carotene. 

4. Conclusion 

Observing the data obtained in the simulation, it can be 
concluded that the models studied presented a significant 
condition of representation of the experiments analyzed, 
showing that the choice of models where there is diffusion of 
Fickian origin, LDF and semiempirical models was adequate 
for the description of the experimental data. 

 Most of the time, the best adjustments to the experimental 
data were those obtained by the semi-empirical models, but 
this was already expected because they are usually curve-fit 
equations for specific conditions of the experiment and not a 
set of phenomenologically constructed equations, such as 
case of the CDMASSA models and the LDF simpler. The 
models used fit well with the results of the experiments from 
the PHBV tests found in the literature.The different polymer 
structures and their respective forms of production determine 
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the morphological characteristics of the system-particle-
solvent that greatly interfere in the results of the experiments, 

especially in the equilibrium fractions of release and time to 
reach these releases. 

Symbology 

a [-t-n] Equação 15 Constant that incorporates structural and geometric characteristics of the pharmaceutical form 
A [-] Equação 15 Parameter of the contribution of the burst effect 
B [-] Equação 15 Contribution parameter of the continuous release phase 
C [M.L-3] Concentration of solute C
 [mol.L-3] Molar concentration of species A C
∗ [mol.L-3] Molar concentration of species A in equilibrium 
C
�[mol.L-3] Molar concentration of species A in the liquid phase 
C
� [mol.L-3] Inicial Molar concentration of the initial A 
C
	 [mol.L-3] Molar concentration of species A in the fluid phase 
C
$�[mol.L-3] Molar concentration of species A in radius Rp 
Ceq [M.L-3] Mass balance concentration 
Cl [M.L-3] Figura 1 Concentration of liquid phase 
Cms [M.L-3] Solubility of the active substance in the matrix 
C�� [energia.T-1] Heat capacity 
CS [M.L-3] Figura 1 Solid phase mass concentration 
C0 [M.L-3] Initial mass concentration of active principle in the particle 
DAB [L2.t-1] Mass diffusivity of solute A in medium B 
DABWC [L2.t-1] Diffusivity of solute A in middle B of the Wilke-Chang model 
D
� [L2.t-1] Diffusivity of solute A in the polymer 
Dm [L2.t-1] Mass diffusivity 
Dpol [L

2.t-1] Diffusivity of the active principle in the polymer 
Diam[L] Diameter of sphere 
F[-] F-number of the statistical test F 
kB [L2.M.t-2.T-1] Boltzmann constant 
km2 [L.t-1] Mass transfer coefficient 
K [M.t-1] Proportionality constant 
kd [t-1] Coefficient representing mass transfer rate 
Kp [-] Partition coefficient 
M� [M.mol-1] Molar mass of B 
M� [M.mol-1] Saturated molar mass in solution 
n [-] Release exponent 
q [M.L-3] Mass concentration in the solid phase 
r [L] Particle radius 
r0 [L] Radius of spherical matrix 
r
 [L] Radius of molecule A 
R [Energia.mol-1.T-1] Universal gas constant 
Rp [L] Particle radius 
Re [-] Reynolds number 
Sch [-] Schmidt's number 
t [t] Time 
T [T] Temperature 
v� [L.t-1] Average speed 
V [L3] Volume of liquid 
V��  [L3.mol-1] Molecular volume of A 
Vi [L

3.mol-1]  Molecular volume of A or B 
VS [L

3] Volume of solid 
xA [-] Molar fraction of A 
Greek letters 
α [-t-1] Kinetic rate constant 
β [-t-1] Kinetic rate constant 
δi [M.L-3] Solubility of A or B 
ε [-] Matrix Porosity 
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μ� [M.L-1.t-1] Dynamic Viscosity 
ρ [M./L-1] Density 
τ [-] Tortuosity factor of capillary system 
γ
 [-] Coefficient of Activity of A 

Abbreviations 

Energy Energy unit 
L Size unit of space 
LDF Linear Drive Force 
M Mass unit 
PHBV Poli (3-hidroxibutirato-co-3-hidroxivalerato) 
t Time unit 
T Temperature unit 
- Dimensionless 
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