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1  | INTRODUC TION

Food dyes are additives added to foods to intensify their color, 
making their appearance more pleasing to the consumer’s eye. 
These products are important because they can increase the ac-
ceptability of food products. Due to the large-scale utilization of 
substances used as dyes in foods and beverages, their control be-
came necessary because of the concern about possible negative 
effects on human health. In the last years, the food safety of syn-
thetic pigments has been questioned, which has led to a reduc-
tion in the number of this type of product allowed by regulatory 
norms of various countries. Consequently, the interest in natural 
dyes increased substantially, especially due to the apparent ab-
sence of toxicity (Chethana, Chetan, & Raghavarao, 2007; Giusti 
& Wrolstad, 2003).

In general, natural pigments are bioactive products, which, be-
sides performing the function of enhancing the color of foods and 
beverages, in general promote health and well-being. In this context, 
anthocyanins stand out, which are glycosides of polyhydroxy and 
polymethoxy derivatives of 2-phenylbenzopyrylium salts (flavylium) 
that define the colors of various fruits, vegetables, and flowers. 
Anthocyanins are obtained from a wide range of plant species, and 
some of them are already used by the industry as sources of ex-
traction. Due to the polar nature, anthocyanins are soluble in water 
or in polar organic solvents, which facilitates their incorporation in 
aqueous food systems (Dyrby, Wesergaard, & Stapelfeldt, 2001; 
Hasler, 2000).

Natural presence of anthocyanins in an agricultural product is 
usually associated with colorful, attractive fruits such as grapes, 
strawberries, raspberries, pomegranates, mangoes, figs, among 
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Abstract
In the literature, in general, the kinetics of bioactive compounds extraction from a 
solid–liquid system is described by diffusion models and by the Peleg model. In this 
study, four experiments on the kinetics of anthocyanin extraction from jambolan 
fruit, at different agitation frequencies of the medium (0, 50, 100, and 150 rpm), are 
described by various empirical models with up to two fit parameters. According to 
the statistical indicators, the best model to describe the kinetic processes was Page’s, 
which was also used to determine the extraction rates (all decreasing) and estimate 
the process times for each agitation frequency. The extraction time for the 150 rpm 
frequency is approximately six times shorter than that for 0 rpm. Thus, the 150 rpm 
frequency can be recommended for industrial applications, as the process time is an 
important variable in the production cost.
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others. One of these fruits is jambolan (Syzygium cumini (L.)), which 
exhibits an intense purple color, due to the high content of antho-
cyanin compounds, equally present in fruits such as grape (Vitis 
sp.), bilberry (Vaccinium myrtillus), and “jabuticaba” (Myrciaria cau-
liflora). It is interesting to note that one of the special features of 
these compounds is their high solubility in aqueous mixtures. On the 
other hand, anthocyanin contents found in jambolan fruits are sim-
ilar to those detected in blueberries, which are already considered 
as a nutraceutical commodity of high commercial importance. The 
high antioxidant activity in jambolan extract (along with great dye-
ing potential, with the desirable attributes of solubility and stability) 
can stimulate the inclusion of this extract as natural additive in both 
foods and pharmaceutical formulations (Francis, 1989; Liu et al., 
2010; Veigas, Narayan, Laxman, & Neelwarne, 2007).

Bioactive compounds such as anthocyanins are usually obtained 
by solid–liquid extraction. This process is influenced by the chemi-
cal nature, extraction method used, particle size, immersion time in 
liquid medium, and processing conditions, as well as the presence 
of interfering substances. Alcoholic solvents and the use of acids 
favor the extraction process, because they facilitate solvent pene-
tration in the tissues of fruits and vegetables, besides increasing the 
stability of the extracts for hindering the appearance of fungi that 
degrade this type of product. Acid medium also causes anthocya-
nins, in particular, to be found predominantly in the form of flavylium 
cation, which exhibits red color in aqueous solution (Revilla, Ryan, & 
Martin-Ortega, 1998).

To describe and optimize the extraction process, authors nor-
mally use the Fick’s law (Bonfigli, Godoy, Reinheimer, & Scenna, 
2017; Bucic-Kojic, Planinic, Tomas, Bilic, & Valic, 2007; Cacace & 
Mazza, 2003; Cissé et al., 2012; Espinoza-Perez, Vargas, Robles-
Olvera, Rodríguez-Jimenes, & Garcia- Alvarado, 2007; Garcia-Perez, 
García-Alvarado, Carce, & Mulet, 2010; Tao, Zhang, & Sun, 2014). 
However, dye extraction kinetics is also described by empirical equa-
tions (D’Alessandro, Dimitrov, Vauchel, & Nikov, 2013; Lin, Xia, & Liu, 
2017; Pan, Qu, Mab, Atungulu, & McHugh, 2011), generally using the 
Peleg equation, which can also be interpreted as a second-order rate 
model (Pan et al., 2011). In the literature consulted, no studies were 
found using other empirical models to describe this type of process. 
In this context, the objectives of this study are defined below.

This paper aimed to: (a) conduct experiments involving anthocy-
anin extraction from jambolan fruits using different stirring frequen-
cies of the medium; (b) propose several empirical models to describe 
the extraction process, choosing the one with best statistical indica-
tors; and (c) determine the process time and propose the best exper-
imental arrangement, among the analyzed ones, to be considered by 
the industry.

2  | MATERIAL AND METHODS

2.1 | Experiments

Ripe jambolan (Syzygium cumini) fruits were collected from a farm 
located in the municipality of Campina Grande, PB, Brazil. The fruits 

were washed to remove impurities and rinsed in running water. 
Sanitization consisted in the immersion of the fruits in 200 mg/L so-
dium hypochlorite solution (free chlorine) for 20 min. After that, they 
were immersed in potable water for rinsing. The fruits were pulped 
in an industrial pulping machine to not only remove the seeds, but 
also grind the pulp. The product was dried at 40°C in a forced-air 
oven for 48 hours, and the average radius of the obtained granules 
was about 0.92 mm.

Solid-to-solvent ratio was chosen as 1:20, based on works of 
Cissé et al. (2012) and D’Alessandro et al. (2013). Solvent was com-
posed of 70% ethyl alcohol and hydrochloric acid at pH 3.0 (85:15 
ratio), and the extraction temperature was fixed at 35°C. In order to 
extract anthocyanins, a refrigerated orbital incubator of the brand 
Tecnal® (Brazil), model TE-421, was used. This equipment allows to 
control the temperature between 0 and 60 °C, and to agitate a hor-
izontal metal plate with an Erlenmeyer at frequencies between 30 
and 250 rpm. The kinetic study was conducted using four different 
stirring frequencies (0, 50, 100, and 150 rpm). At specific time in-
stants (0, 2, 4, 6, 8, 10, 15, 20, 30,…, 120, and 130 min), anthocy-
anin concentration was determined through the method described 
by Francis (1982), with readings in UV–Vis spectrophotometer at 
535 nm wavelength. Blank was established only for the ethanol-HCl 
solution (1.5 N).

2.2 | Empirical models

To describe the anthocyanin extraction kinetics through empirical 
models, the following assumptions were established: (a) The number 
of fitting parameters of the empirical equations should be only one 
or two; (b) A mathematical expression for the extraction rate as a 
function of the time should be obtained from the empirical equation; 
(c) A mathematical expression for the extraction time as a function 
of the concentration must be obtained from the empirical equation. 
Thus, the dimensionless concentration X* at time t should be given 
by: 

in which X(t) is the anthocyanin concentration at instant t, Xeq is the 
equilibrium concentration, Xi is the initial concentration, a and b are 
fitting parameters. From Equation 1, the following equation can be 
written for the concentration at instant t: 

As the loss of anthocyanins from the granules to the medium is 
initially zero, Equation 2 can be rewritten in the following way: 

Table 1 presents five empirical functions f(t,a,b) that obey the 
earlier assumptions and, at first, they can be used to describe the 
process.

(1)X∗(t)=
X(t)−Xeq

Xi−Xeq
= f(t,a,b)

(2)X(t)=Xeq+ (Xi−Xeq)f(t,a,b).

(3)X(t)=Xeq[1− f(t,a,b)].
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The functions given in Table 1 can substitute the generic func-
tion f(t,a,b) given in Equation 3, in order to describe the anthocyanin 
extraction process by the liquid medium.

The extraction rate at instant t is calculated by determining the 
derivative of Equation 3 with respect to time: 

The derivative of each empirical function given in Table 1 with 
respect to time, as well as the extraction time for a given dimension-
less concentration X*, is shown in Table 2.

3  | RESULTS AND DISCUSSION

3.1 | Experimental data

Concentrations of anthocyanins extracted from the granules by the 
liquid medium over time were obtained at 35°C, with the follow-
ing agitation frequencies: 0, 50, 100, and 150 rpm. Experimental 
data of extraction kinetics at 150 rpm frequency allowed to esti-
mate the equilibrium concentration, based on the arithmetic mean 
of the values of the last concentrations obtained, which resulted in 
Xeq = 13.1 mg/100 g.

3.2 | Empirical models: Extraction kinetics

Equation 3, written for each empirical model presented in Table 1, was 
fitted to the experimental datasets, using nonlinear regression through 
LAB Fit Curve Fitting Software (Da Silva et al., 2004). The results, given 
in Table 3, were evaluated through the statistical indicators chi-square, 
χ2, and determination coefficient, R2 (Bevington & Robinson, 1992; Da 
Silva, Mata, Silva, Guedes, & Lima, 2008; Taylor, 1997).

According to the statistical indicators in Table 3, in general all 
empirical models proposed represent the studied extraction process 
reasonably well. It is worth highlighting that the Peleg model can 
be interpreted as an equation that results from the second-order 
concentration rate law, which allows to give a physical meaning to 
the parameters obtained by curve fitting (Pan et al., 2011; Tao et al., 
2014). Despite that, this model was just the second best for the fre-
quency 0 and 100 rpm. On the other hand, although the equation of 
Silva, Silva, Sousa, and Farias (2013) was the best model for the high-
est agitation frequency, 150 rpm, the Page model was the best one, 
or the second best, for three of the four agitation frequencies of the 
extraction medium. Thus, the Page model was chosen to represent 
the process, as presented in Figure 1.

Figure 1 shows that, for the frequencies of 0 and 50 rpm (and 
possibly for 100 rpm), the extraction kinetics did not yet reach the 
equilibrium concentration. This helps explain why the equilibrium 
concentration was determined using the arithmetic mean of the last 
values obtained for the 150 rpm frequency.

As the Page model was chosen to represent the process, the rate 
of anthocyanin extraction from the granules by the liquid medium, 
given by Equation 4, can be determined by deriving the Page equa-
tion with respect to time (Table 2), which in the present case leads to 
the following expression (Silva, Silva, Gama, & Gomes, 2014): 

Thus, for the four experiments, the extraction rates are given as 
shown in Figure 2.

In Figure 2, it is possible to note that, at the beginning of the pro-
cess, the higher the agitation frequency of the medium, the higher 
the extraction rate. In addition, along the entire time, for all frequen-
cies, the process occurs at a decreasing rate from the initial instants 
until the end, that is, the moment in which the equilibrium starts. 
From this moment on, the extraction period ends and dX/dt obvi-
ously assumes the zero value.

The process time to reach a given concentration of anthocyanin 
extraction, for a given agitation frequency, could be estimated by 
the graphs shown in Figure 1. However, it is more accurate to use 
the definition of inverse function applied to Equation 1, in which the 
function f(t,a,b) was chosen as the Page equation. In this case, the 
expression for extraction time using the Page equation is given in 
Table 2 by model 4. As an example, the time for anthocyanin con-
centration to be 97% of the equilibrium value (X(t) = 0.97Xeq and, 
therefore, by Equation (1), X* = 0.03) can be estimated using the fol-
lowing expression:

(4)
dX

dt
=−Xeq

df

dt
.

(5)dX∕dt=Xeqabt
b−1e−at

b

.

TABLE  1 Empirical functions to describe anthocyanin loss to the 
liquid medium

Model Name
Empirical functions 
X* = f(t,a,b) Reference

1 Lewis e−at Kaleta and 
Górnicki (2010)

2 Henderson 
and Pabis

ae−bt Diamante, Ihns, 
Savage, and 
Vanhanen (2010)

3 Peleg 1−t/(a + bt) Mercali, Tessaro, 
Norena, and 
Marczak (2010)

4 Page e−at
b Diamante et al. 

(2010)

5 Silva et alii e−at−b
√

t Silva et al. (2013)

TABLE  2 Derivative of the empirical functions and extraction 
time

Model df/dt Extraction time

1 −ae−at t = −lnX*/a

2 −abe−bt t = −ln(X*/a)/b

3 −a/(a + bt)2 t = a(1−X*)/(1−b + b X*)

4 −abtb−1e−at
b

t=
(

−lnX∗∕a
)1∕b

5 −(a+bt−1∕2∕2)e−at−b
√

t

t=
��

−b±
√

b2−4alnX∗

�

∕(2a)
�2
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Model Frequency (rpm) Parameters of a model b R2 χ2

Lewis 0 2.843 × 10−2 – 0.9941 4.7848

50 4.6611 × 10−2 – 0.9869 5.2828

100 8.603 × 10−2 – 0.9865 8.3106

150 1.882 × 10−1 – 0.9864 3.6293

Henderson 
and Pabis

0 0.9465 2.610 × 10−2 0.9921 2.9891

50 1.001 4.666 × 10−2 0.9869 5.2827

100 0.9807 8.338 × 10−2 0.9851 2.2113

150 0.9445 1.760 × 10−1 0.9868 2.9932

Peleg 0 24.88 0.8592 0.9960 1.3431

50 15.42 0.8832 0.9838 5.3691

100 7.520 0.9534 0.9894 3.3609

150 2.978 0.95352 0.9914 1.9080

Page 0 5.171 × 10−2 0.8319 0.9967 1.1283

50 6.161 × 10−2 0.9027 0.9861 4.6047

100 1.486 × 10−1 0.7538 0.9840 5.4106

150 3.047 × 10−1 0.7336 0.9961 0.8868

Silva et alii 0 1.989 × 10−2 4.722 × 10−2 0.9960 1.3854

50 4.118 × 10−2 2.134 × 10−2 0.9902 5.0994

100 4.803 × 10−2 1.110 × 10−1 0.9818 6.8611

150 8.739 × 10−2 2.430 × 10−1 0.9968 0.7265

TABLE  3 Results obtained for the 
models

F IGURE  1 Kinetics of anthocyanin loss by the granules to the liquid medium at 35°C, described by the Page model, with agitation 
frequency of the medium of: (a) 0 rpm; (b) 50 rpm; (c) 100 rpm; (d) 150 rpm
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where a and b are Page equation parameters obtained for each agita-
tion frequency, as demonstrated in Table 3. Thus, for the frequencies 
of 0, 50, 100, and 150 rpm, the times required for anthocyanin con-
centration to reach 0.97Xeq are approximately 159, 88, 66, and 28 min, 
respectively. These results make even more evident the effect of agi-
tation frequency on the quickness of the anthocyanin extraction pro-
cess. The superposition of the simulations of extraction kinetics (using 
the Page model), for various agitation frequencies, can be presented 
in Figure 3a. On the other hand, Figure 3(b) presents the superposi-
tion of the extraction kinetics only for the first 28 min of process.

Based on Figure 3a, indeed, the extraction kinetics with 150 rpm 
agitation frequency better defines the equilibrium concentration, 
which justifies its determination through the mean of the last val-
ues obtained for this frequency. In contrast, Figure 3b provides 
an important information that may be considered as useful by the 
industry: at t = 28 min, 97.0% of the equilibrium concentration of 
anthocyanins has already been extracted, at stirring frequency of 
150 rpm. At this same instant, only 84.0%, 71.3%, and 56.3% of 
the equilibrium concentrations have been extracted at 100, 50, and 
0 rpm, respectively.

4  | CONCLUSIONS

The obtained extract has a great antioxidant potential, being able 
to be used in the industries of foods, cosmetics, and medicines, in 
place of similar artificial products. In this context, as result of this 
study, it was possible to conclude that: (a) the kinetics of antho-
cyanin extraction from jambolan fruits, at all agitation frequencies, 
occurred at exclusively decreasing rates; (b) increment in agitation 
frequency substantially reduces the process time. Consequently, the 
150 rpm frequency should be recommended, given the great saving 
of extraction time; (c) differently from what has been found in the 
literature, in addition to the Peleg equation, other empirical models 
such as the Page equation can be used to describe growth curves, 

determine extraction rates, and predict process times for a previ-
ously stipulated concentration.
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