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ABSTRACT 
 

This work investigates the antimicrobial activity of the Schinus molle L. leaves extracts obtained under supercritical 
conditions using carbon dioxide and co-solvents. Antimicrobial qualitative evaluation was carried out through the 
bioautography technique and the microorganisms studied were Staphylococcus aureus, Pseudomonas aeruginosas, 
Escherichia coli, Micrococcus luteus, and Salmonella choleraesuis. The supercritical fluid extraction was carried 
out in a pilot scale equipment using carbon dioxide modified by the addition of co-solvents, such as ethanol and 
water at 150 bar and 333 K. A mathematical modeling of the process was also performed.  
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INTRODUCTION 
 
The pepper tree (Schinus molle) is native from the 
Peruvian Andes (Huerta et al. 2010) and it is 
widely grown in the tropical and subtropical 
countries (Wimalaratne et al. 1996). The S. molle 
leaves are used for the extraction of an essential oil 
widely used in the popular medicine as a repellent 
and bioinsecticide (Huerta et al. 2010, Ferrero et 
al. 2007). The volatile oil is reported to have 
antimicrobial, antispasmodic, antipyretic, 
antifungal and cicatrizing properties (Marongiu et 
al. 2004, Ferrero et al. 2006, Hayouni et al. 2008), 
while regarding the nonvolatile compounds, 
extensive literature is available (Ferrero et al. 
2007, Huerta et al. 2010).The chemical 
composition S. molle extracts depends on the 
factors such as the plant geographical localization, 

the genetic variability and of the technology used 
in the extraction process (Bandoni 2000).  
One of the main parameters of supercritical 
extraction is the type of co-solvent that is proposed 
to be used (Taylor 1996). The role of the co-
solvent is to increase the polarity and solvent 
strength as well as also to promote the 
improvement of the selectivity of separation of the 
solute without significantly changing the density 
and compressibility of the original supercritical 
fluid solvent (Mukhopadhyay 2000).  
The implementation of industrial processes 
requires forecasting to promote the adequate roll 
out of the process; in this sense, mathematical 
modeling becomes a basic tool. Different 
modeling of the physical problem is regulated by 
the equations which will describe the behavior of 
the system according to a set of hypotheses 
assumed in the phase of physical description of the 
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process. Mathematical models enable to generalize 
the experimental results, which can be applied to a 
new process conditions and to materials other than 
those investigated. Moreover, they are useful in 
the future scale-up process (Reverchon, 1997). In 
the literature, simple mathematical models are 
available as well as complexes ones due to the 
higher inclusion of information about the physical 
system (Reverchon and Marrone 2001). Different 
approaches have been proposed for mathematical 
modeling of the supercritical fluid extraction, but 
those based on mass transfer have been largely 
used.  
The aim of this work was to study the effect of 
different co-solvents in the supercritical fluid 
extraction (SFE) of aerial parts of Schinus molle 
on the antimicrobial activity of the obtained 
extracts. The antimicrobial assay applied was the 
bioautography on thin-layer chromatography 
(Choma and Grzelak 2011). The microorganisms 
evaluated were Staphylococus aureus, 
Pseudomonas aureginosas, Escherichia coli, 
Micrococus luteus and Salmonella enterica subs. 
enterica Sorovar Choleraesuis. Experimental models 
were developed for the supercritical extraction of 

Schinus molle using carbon dioxide and co-
solvents (water and ethanol). 
 
MATERIALS AND METHODS 
 
Material  
Schinus molle leaves and twigs were collected in 
the Rio Grande do Sul State (Southern Brazil). The 
plant material was dried at 313.15 K during 48 h. 
A sample of 150 g of dried and milled material, 
with an average particle thickness of 1.93x10-4 m, 
was used for the extraction.  

 
Method of extraction 
The extraction was performed in a supercritical 
extraction pilot plant (Cassel et al. 2010, Cassel et 
al. 2007). The solvent used was 99.9% carbon 
dioxide (Air Products) with a flow rate of 
1.38×10−4 kg s−1 through the extraction vessel. The 
extractor temperature was 333.15 K and the 
pressure was 150 bar. The temperature was chosen 
on the basis of previous results on SFE for similar 
matrixes (Marongiu et al. 2004, Barroso et al. 
2011). The temperature of the separator vessel was 
273.15 K. The stages of the extraction equipment 
are shown in Figure 1. 
 

 
Figure 1 - Flowchart of the supercritical extraction pilot scale equipment – (DV) Directional Valve; 

(CV) Check Valve; (TT) Temperature Transmitter; (W) Pre-heater; (PT) Pressure 
Transmitter; (AV) “Alluvium” Valve; (CP) Co-solvent Pump; (VS) Separation Vessel; 
(SV) Shut-off Valve; (MV) “Micrometric” Valve; (TC) Temperature Controller; (BP) Back 
Pressure Regulator; (MFT) Mass Flow Transmitter; (P) CO2 Pump; (V) Extraction Vessel. 
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The equipment constituted of three extractions 
vessels: 1000mL (V1), 500mL (V2) and 100mL 
(V3); two high pressure pumps for carbon-dioxide 
(P1, P2), one co-solvent  pump (CP1); two storage 
cylinders of CO2 (T1,T2); two pre-heaters 
(W1,W2); one condenser (C1); one system to 
measure the flow of CO2, two separation vessels, 
and one automated control system. The co-solvent 
was added to the system using the pump ISCO 
260D with the flux of 5.0 g/min. The operative 
conditions (150 bar and 60oC) were selected 
according to available information in the literature 
relative to the extraction of non-volatile 
compounds from this plant (Barroso et al. 2011). 
In order to prepare the extraction curve (extract 
yield versus extraction time), samples were 
collected every 10 min. 
 
Mathematical modeling 
The mathematical model was based on two periods 
to describe the extraction curve and the equations 
explained the mass balance of the solute. The 
extract was considered as a single component in 
terms of mass balance. The mass transfer 
properties of extract recovered were considered 
the same throughout the process. The first period 
of the extraction curve was associated to the 
extraction of the free solute from the broken cells. 
In this extraction step, it was assumed that the 
fluid phase was in equilibrium with the solid phase 
throughout the extractor. Then, the following 
expression could be written for the extracted mass 
flow which migrated to the fluid-phase 
 

QCm *
AA =&            1) 
 

where, *
AC  was the equilibrium fluid-phase 

concentration and Q the volumetric solvent flow. 
To evaluate the extraction curve for this step, the 
following equation was calculated  
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The following result was obtained from the Eqs. 
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where the parameters QCF A
*=  and ∞M  was the 

maximum value for the extract obtained in the 
extraction. It is important to mention that result 

presented in Eq. (3) was valid for *tt ≤ , being t* 
the time associated to beginning of the second 
step.  
The second period was controlled by the solute 
diffusion from the inner cells of the vegetal 
structure. This step corresponded to the diffusion 
from intact cells. The diffusion was modeled by 
the Fick second law written for one-dimensional 
rectangular system 
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following boundary conditions 
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Using the solution presented by Crank (1975) for 
the diffusion equation in a slab subject to 
convective boundary condition, the following 
result can be written  
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where βn are zeros of the following equation 
 

Ltg =ββ .         
8) 

 

The parameter 
D

ka
L c= , where a is the half 

thickness of slab; kc, is the superficial coefficient 
of mass transfer, D is the effective diffusion 
coefficient, M(t) is the recovered mass at time t 
and ∞M  is the maximum value for the extract 
obtained in the extraction. 
 
Antimicrobial Test 
The antibacterial activity of the S. molle SFE 
extracts was evaluated against Staphylococcus 
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aureus (ATCC 25923), Pseudomonas aeruginosas 
(ATCC 27853), Escherichia coli (ATCC 25922), 
Salmonella enterica subs. enterica Sorovar 
Choleraesuis (ATCC 10708) and Micrococcus 
luteus (ATCC 9341) using the bioautographic 
method. S. aureus, P. aeruginosas, E. coli and M. 
luteus were inoculated at 1.0x106 CFU/mL, while 
S. Choleraesuis at 2.0x106 CFU/mL in Mueller-
Hinton agar. Firstly, a thin-layer chromatography 
(TLC) of 3.0 µL (10 mg/mL in toluene) of the S. 
molle supercritical extract was made in silica gel 
GF254 plates (Farmacopéia Brasileira, 1988) and 
developed using toluene/ethyl acetate (93:7). After 
elution, the plates were overlaid with Mueller-
Hinton agar inoculates in Petri dishes. Next, the 
plates were removed and the agar layers were 
incubated for 24 h at 37°C.  Then a solution of 
INT “p-iodonitrotetrazolium violet” was added for 
a better visualization of inhibition halos (Pereira 
2010, Valgas 2002). 
 
 
RESULTS AND DISCUSSION 

  
Experimental Data for Supercritical Fluid 
Extraction  

The results for the supercritical fluid extraction of 
S. molle aerial parts are presented in Table 1 
(extracted mass as the function of the extraction 
time). 
The fitting of the experimental data presented in 
Table 1 was carried out by the mean of least 
square errors. This procedure estimated the 
numerical values of the unknown parameters of 
the mathematical model. The results for the 
parameters are presented in Table 2 and the 
compatibility among the experimental data and the 
mathematical model can be observed in Figure 2. 
The obtained correlation coefficient, R2, was 
0.9922 for CO2, 0.9821 for CO2 with water as co-
solvent, and 0.9582 for CO2 with ethanol as co-
solvent.  
The unknown parameters presented in the 
mathematical model were the effective diffusivity, 
the convective mass transfer coefficient and the 
parameter F, which was associated with the 
solubility of the extracts. These parameters were 
estimated by the minimization of the difference of 
the sum of squares of errors between the 
experimental data and the prediction using the 
model. 
 

 
Table 1 - Experimental data for supercritical fluid extraction of Schinus molle using co-solvents at 333.15 K and 
150 bar. 

t (min) M 1(g) M2(g) M3(g) 
0 0.00 0.00 0.00 
10 0.05 0.02 0.01 
20 0.22 0.05 0.10 
30 0.44 0.09 0.18 
40 0.86 0.13 0.33 
50 1.32 0.18 0.40 
60 1.81 0.26 0.65 
70 2.13 0.31 0.79 
80 2.46 0.37 1.18 
90 2.85 0.42 1.42 
100 3.27 0.45 1.58 
110 3.47 0.50 1.87 
120 3.80 0.55 2.05 
130 3.89 0.57 2.20 
140 4.03 0.60 2.28 
150 4.05 0.61 2.47 
160 4.06 0.61 2.59 
170 4.06 0.61 2.68 
180 - - 2.75 
190 - - 2.82 
200 - - 2.83 
210 - - 2.84 
220 - - 2.84 

Solvents used: M1, CO2; M2, CO2 +H2O; M3, CO2+C2H5 OH 
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Table 2 – Parameter of extraction curves fitted to experimental data for S. molle at 333.15K and 150 bar using CO2 
and co-solvents. 

 F (g/s) D (m²/s) kc (m/s) 
CO2 6.80x10-4 1.72x10-9 7.68x10-6 
CO2 + ethanol 2.63x10-4 4.76x10-10 7.58x10-6 
CO2 + water 7.33x10-5 4.19x10-9 4.87x10-6 

 
 

 
 

Figure 2 - Supercritical extraction yields curves versus time for Schinus molle obtained at 333.15 K 
and 150 bar: (■) CO2, (▲) CO2/ethanol, and (♦) CO2/water; (─) mathematical model 
with parameters from Table 2. 

 
 
 
Antimicrobial Activity Test Results  
Using the bioautography procedure under the 
experimental conditions described, the extracts of 
S. molle presented antimicrobial activity only 
against E. coli and M. luteus. The qualitative 
results are presented in Figures 3 and 4. Each 
figure was constructed according to following 
sequence: the first result was the bioautography for 
S. molle extract obtained with carbon dioxide and 

water, the second one for the extract obtained with 
only carbon dioxide, and the third one for the 
extract obtained with carbon dioxide and ethanol 
as co-solvent. 
Figure 4 refers to Micrococcus luteus incubated in 
the chromatography plate. The only assay that 
exhibited the zones of inhibition growth was the 
plate with the extract obtained using water as co-
solvent. 

 

 
 

Figure 3 - TLC separation of S. molle non volatile extract obtained with (1) CO2/water; (2) CO2, and 
(3) CO2/ethanol as solvent against Escherichia coli. 
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Figure 4 - TLC separation of S. molle non volatile extract obtained with (1) CO2/water; (2) CO2, and 
(3) CO2/ethanol as solvent against Micrococcus luteus. 

 
 

 
CONCLUSION 

 
The mathematical model used showed feasibility 
to fit the experimental data for the process of 
extraction in supercritical conditions, either for the 
use of carbon dioxide as solvent or for the 
situation where the co-solvents were used, so the 
model parameters could facilitate a future process 
of scale-up.  
On the microbiological aspects, the results showed 
that the obtained extracts of S. molle with carbon 
dioxide presented antimicrobial action for M. 
luteous and E. coli. The bioautography procedures 
for E. coli showed antimicrobial action for the 
obtained extracts using CO2, CO2+water and 
CO2+ethanol whereas for M. luteus the 
antimicrobial action was only observed for the 
extract for S. molle using the supercritical 
CO2+water.  
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