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Abstract

The aqueous batch extraction of bioactive compounds from yerba mate leaves was
evaluated at different temperature (20, 50, 80°C) and stirring (0, 200, 400 rpm) conditions.
The chlorogenic acid (5-CQA) and caffeine (Ca) concentration over time was evaluated by
two mathematical models (equilibrium-dependent and intra-particle diffusion). The
kinetics data show that the extraction process approached the equilibrium about 120-180
min. The equilibrium-dependent model presented the worse quality of model adjustment.
The model derived from Fick’s second law was found to be more suitable to describing the
Kinetics indicating that is the diffusion intra-particle stage that controls the extraction rates.
The diffusion coefficients varied from 1.07x10* to 7.91x10* mm2min* to 5-CQA and
from 1.18x10* to 8.22x10* mm2min to Ca, where higher values are obtained at higher
temperatures.
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1. Introduction

Yerba mate is a main product obtained from the llex paraguariensis, Aquifoliaceae
family tree, which is generally consumed as mate (hot drink), “tereré” (iced drink) and “ch&
matte” (roasted leaves infusion) [1]. This plant grows in Brazil, Argentina, Uruguay and
Paraguay and represents an important native product, witch belong to the culture for
centuries, but in the last years has gained public attention in EUA and Europe [2].

The interest in yerba mate-based products is due to their stimulating and energizing
characteristics as the health-promoting effects including antioxidant, antimicrobial, anti-
inflammation, anticancer, antidiabetic, antiobesity and diuretic activity [2-5]. Those benefits
are attributed to secondary metabolites present in yerba mate leaves such as caffeine and
chlorogenic acid, considered bioactives [6-10].

Besides the popular beverages, yerba mate extracts have been used to development
new food products such as beers, creams, candy and teas [11-13]. However, to use yerba
mate extracts as an ingredient in those products it is necessary to apply a solid-liquid
extraction stage that guarantees a bioactive compounds efficient removal from leaves.

Characteristics of solvent, solute and solid matrix and factors such as stirring, time and
temperature influence the yield and quality of the extract [14,15]. So, it is necessary to
determine adequate process conditions by kinetic study to apply mathematical modeling for
optimization, simulation and control of solid-liquid extraction increasing industry profit by
better use of time, energy and solvent [16].

Several mathematical models are used to describe the mechanisms involved on
extraction Kkinetics of bioactive compounds from plants. Equilibrium-dependent and intra-
particle diffusion are extensively reported in the literature [17-20]. So, the aim of this work
was to evaluate the kinetic in yerba mate individual bioactive compounds (chlorogenic acid
and caffeine) extraction. Also, the fitting data to two models was investigated to determine the
best process parameters and the phenomena involved.
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2. Experimental
2.1. Materials

Yerba mate was obtained from Vier Ltda. (Palmeirinha, Parana State, Brazil). The leaves had
geometric characteristics of flat plate with thickness of 0.23+0.04 mm measured by a digital
micrometer (Mitutoyo, model PKO0505). Deionized water was used as solvent for the
extraction process. The chemicals 5-caffeoylquinic acid (5-CQA), caffeine (Ca), theobromine
(Th) and rutin (Ru) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA). Methanol (chromatography grade) was purchased from Vetec Ltda. (S&o Paulo, Séo
Paulo State, Brazil). All other chemicals used were of analytical grade.

2.2. Solid-liquid extraction experiments

Batch extraction was adapted from Jensen and Zanoelo (2012) and carried out in 1000 g of
deionized water with 7% (m/m) solid-liquid ratio. The extraction process was controlled by a
thermostatic batch (Quimis, model Q215S) and a mechanical stirring (Quimis, model Q25M).
The kinetics were conducted in different temperature (20, 50 and 80°C) and stirring (0, 200
and 400 rpm) conditions, according to central composite design (CCD) with four (22) factorial
points and center point. The Kinetic study of bioactive compounds extractions were taken out
in different times (3, 10, 20, 30, 60, 120 and 180 min). The samples of yerba mate extracts
(5.0 mL) were filtered and stored in amber vials under refrigeration (4°C) until the moment of
analysis.
The bioactive compounds extraction rate n (mg L™ min™) was calculated using the Eq. 1.

C(t )-Cl(t
n — ( I) ( I—l) (1)
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Where C(ti) and C(ti.1) are the solute concentration in liquid phase (mg L) at specific time t;
(min) and at time ti-1 (min) prior to t;, respectively.

2.3. Chlorogenic acid and caffeine quantification

The bioactive compounds concentrations in yerba mate aqueous extract were determined by
high-pressure liquid chromatography (HPLC) according with Gerke et al. [21], adapted from
Dutra et al. [22]. The evaluated compounds were: chlorogenic acid (5-caffeoylquinic acid, 5-
CQA) and caffeine (Ca).

2.4. Modeling Equations

The yerba mate bioactive compounds extraction kinetics was evaluated using two
mathematical models. As know, solid-liquid extraction is a multistep process which involves
mechanisms such as solute convection and diffusion. Then, equilibrium-dependent model and
intra-particle diffusion model, from Fick’s law have been applied to describe the kinetics
curves obtained experimentally.

2.4.1. Equilibrium-dependent model
This model is based on the solute mass transfer between solid and liquid phases,

driven by the solute concentration gradient at time and the equilibrium solute concentration.
The internal diffusion is neglected [19]. A mass balance for the solute describes these



considerations (Eq. 2). The left-hand side term of this equation is the rate of solute
accumulation and the right-hand is the net rate of solute transfer from the solid to the liquid
phase [23].
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Where C is the solute concentration in liquid phase (mg L) at time t (min), k is the solute
transport coefficient (min') and C.. is the solute concentration equilibrium (mg L™).
Integrating the first-order differential Eg. and considering the boundary condition (t=0, C=0),
the equilibrium-dependent model is obtained (Eq. 3).

clt)=c.-t-e*) @
2.4.2. Intra-particle diffusion model
Another procedure to mathematically describe the solute extraction is a model derived

from Fick’s second law (Eqg. 4), where is assumed: flat plate solid geometry approaches and
the internal diffusion governs the solute transport from the solid to the liquid phase.

2
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Assuming the following initial and boundary conditions:
Initial conditions: X = Xo; t=0;-L<x<L

Boundary conditions: X =0;t>0;atx=%L; and 0X/0x=0;t>0;atx =0

Where X is the solute concentration in the solid particle (mg g), D is the diffusion coefficient
for the solute in the solvent (mm2 min), L is the half of the solid particle thickness (mm), and
x is the distance in the direction of the transfer (mm).

The diffusion model of solid-liquid extraction proposed by Crank [24] to a flat plate
geometry can be expressed as the solute transferred mass from the particle sample at any time,
M, relative to the total amount transferred after infinite time, M, (Eq. 5).

M i _(2n+1)°z’Dt )
M, » = (2n+1)° 41°

Eq. 5 was rewrite using the solute concentration in the solid during the extraction time
(Eq. 6). A mass balance to the solid particle (Eq. 7) was utilized to transform the experimental
data (bioactive compounds concentration in liquid phase, mg L?) in terms of solute
concentration in solid, considering that initial concentration at liquid phase is zero.

X = X, +(X, - [L%i { —(an):sztH ©
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Where X is the solute concentration in the solid particle at equilibrium (mg g%); Xo is the
initial solute concentration in the solid particle (mg g), determined by successive extractions
according with Dutra et al. (2010) and measurement by HPLC, section 2.4, v is the total water
extraction volume (L) and m is the yerba mate mass used at the batch extraction (g).

2.5. Statistical analysis
The analysis of variance (ANOVA) was applied to validate the models. The mass

transfer models were adjusted by non-linear least-squares regression analysis at 95%
confidence interval. The Levenberg—Marquardt algorithm was employed as the interactive



method, and StatSoft STATISTICA software (version 10.0) was used for all of the
calculations. The sum of squared residuals (SSR), the average absolute relative deviation
(AARD) and coefficient of determination (R?) were determined as the evaluation criteria for
the models.

3. Results and discussion
3.1. Bioactive compounds extraction kinetics

The bioactive compounds extraction kinetic curves obtained showed a typically
extraction curve behavior in all experimental conditions and analyzed responses, data not
shown. Initially with a fast increase of concentrations then a slow stage of extraction observed
through the extraction rate decay over time (Figure 1).

Extraction process can be easily separated in two defined steps: a fast extraction
(washing stage), where the “available compounds™ at the particle surface are leaching in the
bulk liquid phase and a slow extraction (diffusion stage), that is the diffusion intra-particle
solute stage and represents the step that controls the extraction rates in most cases [18,20,25].
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Figure 1: Aqueous extraction Kinetics (a) and extraction rate (b) of chlorogenic acid and
caffeine (A) from yerba mate leaves at 80 °C and 400 rpm.

Chlorogenic acid content ranged from 554.07+1.66 to 826.38+60.07 mg L™ and
caffeine content ranged from 742.78+26.59 to 987.36+49.19 mg L in the extracts at 180 min.
The highest and lowest solute content were obtained in the extraction condition of 80 °C/400
rpm and 20 °C/0 rpm, respectively. The bioactive compounds aqueous extraction tends to
equilibrium in the evaluated time interval, where all compounds concentrations had no
significant difference (p<0.05) between the last two times they were measured and the
extraction rate was less than 2 mg L min?. The same behavior was observed for both
bioactive compounds measured in all extraction conditions analyzed.

3.2. Mathematical modeling of bioactive compounds extraction

The modeling data obtained from the bioactive compounds extraction from yerba mate
are presented below. For both experimental responses (5-CQA and Ca concentrations) and
extraction conditions the models applied were validated by ANOVA and presented random
residuals.

The different models parameters for chlorogenic acid and caffeine extraction are
summarized in Table 1 and 2, repectively. All models had high R? values which ranged from



0.89 to 0.99 to 5-CQA and from 0.92 to 0.99 to Ca, indicating that the chosen models can
describe these bioactive compounds extraction process. The equilibrium-dependent model fit
presented higher SSR and AARD values, indicating the worse quality of model adjustment.
This result maybe related with the assumption of internal diffusion within the solid neglected
in a process which this phenomenon represents the step that controls the yield in most cases.

Intra-particle diffusion model (Figure 2) presented the best goodness fit to 5-CQA and
Ca kinetics. This shows that the extraction rate is controlled by internal diffusion of solutes in
the solid phase. The yerba mate leaves haven’t a particle size too small, like a fine powder,
and because of this there is a diffusional resistance to transport of the solute within the solid
and, therefore, the diffusion step should control the process [26].

Table 1. Modeling parameters of chlorogenic acid extraction from yerba mate leaves®.

Model Parameter 20°C 0 rpm 80°COrpm  20°C 400 rpm 80°C 400 rpm 50°C 200 rpm
k x 102 2.86+0.23P 6.95+1.55%  4.90+0.87% 7.55+1.88% 6.98+1.14%
Equilibrium- R? 0.990 0.920 0.942 0.891 0.961
dependent  SSR x 103 5.37 68.48 28.29 97.34 26.25
AARD 11.99 16.05 17.24 18.86 13.97
Intra- D x 10* 1.07+0.10° 5.49+1.07° 1.85+0.25° 7.91+1.39% 2.71+0.33°
particle R? 0.990 0.973 0.976 0.984 0.983
diffusion SSR x 103 5.18 13.92 11.76 9.59 11.19
AARD 10.02 9.33 10.63 5.73 7.79
Means with same letters in the same line represent not statistically differences according to the Tukey’s test
(p<0.05).

@ Extraction condition: 7% (m/m) solid-liquid ratio.

Table 2. Modeling parameters of caffeine extraction from yerba mate leaves®.

Model Parameter 20°C 0 rpm 80°COrpm  20°C400 rpm 80°C 400 rpm 50°C 200 rpm
k x 102 3.13+0.31° 22.99+4.70*  5.60+1.06° 18.62+5.162 8.60+1.83"
Equilibrium- R2 0.984 0.969 0.936 0.924 0.935
dependent  SSR x 103 15.18 39.74 57.58 102.09 70.24
AARD 14.94 8.83 17.24 14.25 15.30
Intra- D x 10 1.18+0.09° 8.22+1.66% 2.16+0.32° 6.19+1.58% 3.24+0.55P
particle R? 0.993 0.975 0.972 0.943 0.966
diffusion SSR x 103 6.72 32.14 2541 77.21 36.78
AARD 3.36 7.13 10.35 11.11 10.62
Means with same letters in the same line represent not statistically differences according to the Tukey’s test
(p<0.05).

@ Extraction condition: 7% (m/m) solid-liquid ratio.

Fick’s law has been commonly employed to determine diffusion coefficients in the
bioactive compounds extraction [27,28]. The diffusion coefficient values can be changed by
independent variables as temperature [29,30]. The coefficient values varied from 1.07x10 to
7.91x10* mm2min™ to 5-CQA and from 1.18x10™* to 8.22x10* mm2min* to Ca. These values
did not demonstrate significant relation with stirring which can be observed in tables 1 and 2,
where the values presented small variation at same temperature conditions. Since the solid
phase gives the controlling resistance, as mentioned above, the effect of stirring is not
pronounced [26]. On the other hand, temperature showed to play an important role in the
diffusion phenomena, where the higher diffusion coefficients are obtained at higher
temperatures. Acording to Cacace and Mazza [31], the increase in diffusivity due the
temperature may be caused by an increase of the internal energy of the molecules and thus
their mobility, and a reduction of the viscosity.



The most significant resistance barrier for the diffusion process is the cell wall and
membranes of plant materials [32]. The experimental data deviation to model at 80°C after
20-30 min extraction may be related with the possible cell wall disruption by heat exposure.
Therefore, the bioactive compounds can more easily move to the bulk and the intra-particle
diffusion no longer controls the extraction rate.

Since the diffusion coefficient values of all evaluated compounds could not found in
previous works except caffeine, we can only compare this calculated values with Ziaedini et
al. [15] work which studied the caffeine extraction from green tea (Camelia sinensis) leaves.
Their values of caffeine diffusion coefficient in water varied from 5.04x10* to 13.98x10*
mm2min! to a temperature range of 50-90°C, indicating that the prediction model used in our
study gives accurate and realistic results.
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Figure 2. Comparison of experimental data with intra-particle diffusion model results for chlorogenic
acid (a) and caffeine (b) extraction kinetics from yerba mate leaves. Symbols: experiments; lines:
models. (0—) 20°C 0 rpm; (0---) 20°C 400 rpm; (A--+) 50°C 200 rpm; (o—) 80°C 0 rpm; (o---) 80°C
400 rpm.

4. Conclusions

The data obtained in the present study showed that yerba mate leaves are a very rich
natural source of bioactive compounds and their extraction can be performed in a simple
aqueous batch process which makes it possible to use in food products. The use of higher
temperatures increases the extraction rate and the stirring had little influence on the yield of
the process. The kinetics study and the use of mathematical models were provided a better
understanding of the extraction process, which is governed by the intra-particle diffusion step.
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