
Table 2 - Solid content, particle size, and encapsulation efficiency of limonene microcapsules
obtained by complex coacervation.

Assay
Experimental
solid content 

(%, w/w) 

Theoretical
solid content 

(%, w/w)

1 2.06 5.81

2 5.68 7.09

3

4

4.06 11.43

4.35 15.08

1.12 0.74

1.22 0.96

1.00 1.01

0.97 0.93

Particle size
Before the washing

(µm)

Particle size
After the washing

(µm)

Encapsulation
Efficiency

(%)

-

99.5

99.2

99.7

400 rpm
40 °C / 15 h

400 rpm
45 °C / 2 h

Chitosan
Hydrochloric
acid (0.1 N)

Arabic gum
Deionized water

Limonene (oil)
PGPR (emulsifier)

400 rpm / 40 °C 

8000 rpm
2-4 min

Hydrochloric
acid (0.2 N)

pH 3.5

Microcapsules

Jacket batch
reactor
(1) Stirring (40 °C / 30 min)
(2) Temperature
reduction to 5 °C and
addition of tannic acid
(3) Stirring (5 °C / 3 h) 

240 mL of
deionized water

Microcapsules Synthesis

Table 1 - Formulations used for microcapsule production.

Assay
Chitosan solution

concentration 
(%, w/v) 

Gum arabic solution
concentration

(%, w/v)

Limonene 
mass

(g)

Emulsifier
mass

(g) 

Volume of tannic
acid solution

(mL)

1

2

3

4

1

2

2

2

2

4

4

4

9

9

18

27

1.2 4

4

8

8

1.2

2.4

3.6

Figure 1 - Optical microscopy of the microcapsule samples from assays 1, 2, 3, and 4
(A, B, C, and D, respectively) (magnification 400×).
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      Essential oils have been widely explored in various industrial sectors due to their
bioactive properties and health benefits. Among their main constituents, terpenes
stand out, with limonene being one of the most abundant in nature, especially
present in citrus essential oils. This compound exhibits well-recognized antioxidant,
antimicrobial, aromatic, and therapeutic activities, making it highly attractive for
applications in the pharmaceutical, cosmetic, food, and sustainable materials
industries. However, its high volatility and sensitivity to adverse environmental
conditions limit its stability and direct application in formulations. To overcome these
limitations, microencapsulation emerges as an efficient strategy to preserve the
functional properties of limonene and enable its controlled release. In this study,
natural biopolymers such as chitosan and gum arabic were used to produce
limonene microcapsules through complex coacervation, a sustainable and versatile
encapsulation technique. The objective of this work was to investigate the effect of
biopolymer concentration and limonene content on the productivity and properties of
the microcapsules, as well as to evaluate the feasibility of the process as a
sustainable approach for the protection and controlled release of bioactive
compounds.

      Optical microscopy analysis showed that all formulations produced regular and
consistent particles with predominantly spherical and uniform morphology,
presenting diameters between 1 and 10 µm. The solid content of the microcapsules
ranged from 2.06% to 5.68% (w/w), values close to the theoretical ones calculated
based on the raw materials used. Increasing the concentrations of limonene and
emulsifier did not result in a significant increase in solid content, possibly due to the
low oil content in the system. The average particle size ranged from 0.74 to 1.22
µm. Variations in biopolymer concentration and limonene mass altered the core-to-
wall ratio but did not significantly affect the average size of the formed
microcapsules. The encapsulation efficiencies were extremely high, above 99% in
all samples, indicating that the biopolymer concentrations used were sufficient to
ensure complete encapsulation of the available oil. These results confirm the
efficiency of the process and suggest that the system still has the capacity to
incorporate larger amounts of core material, thereby increasing productivity and the
encapsulated load.

      The results demonstrate that complex coacervation using natural biopolymers is
a sustainable, versatile, and efficient technique for the microencapsulation of
limonene. Therefore, the study highlights the potential application of these
microcapsules in high-value and innovative formulations across various industrial
sectors, including pharmaceuticals, cosmetics, food products, and sustainable
materials.

     Limonene microcapsules were produced by complex coacervation using chitosan
and gum arabic as wall-forming biopolymers. Aqueous solutions of chitosan and
gum arabic were prepared under stirring and heating until complete dissolution. The
solutions were then mixed at 40 °C, followed by the addition of limonene and the
emulsifier (PGPR). The emulsion was formed by mechanical homogenization at
8000 rpm using an Ultraturrax. The pH of the mixture was adjusted to 3.5 to
promote electrostatic interactions between the biopolymers. The dispersion was
maintained under stirring at 40 °C for 30 minutes and then cooled to 5 °C to induce
complex coacervation. A tannic acid solution was added dropwise to harden the
microcapsule walls. Finally, the microcapsules were recovered by decantation and
washed with deionized water. Four different formulations were produced, varying
specific parameters, as presented in Table 1. The obtained microcapsules were
characterized by optical microscopy for morphological analysis, gravimetric analysis
for solid content, laser diffraction for particle size, and gas chromatography (GC-
FID) for encapsulation efficiency determination.

      Future work will focus on studying the antioxidant and antimicrobial activities of
limonene, as well as on the structural and chemical characterization (FTIR-ATR)
and thermal stability evaluation of the microcapsules.
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