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Abstract  

Aiming to enhance the potential applications of bioproducts, we developed an innovative 

approach for their hydrophobization using plasma activation of liquids. In this study, 

microparticles of vegetable ivory, a porous hygroscopic material, were treated by an air 

plasma jet while immersed in silicone oil. The in-liquid plasma treatment formed coatings that 

reduced particle water vapor sorption. Pore surface coverage and sorption reduction were 

enhanced by mixing silicone oil with copaiba oil-resin (Copaifera spp.). Mulateiro extract 

(Calycophyllum spruceanum) was not as effective, owing to a lower affinity with silicone oil. 

For the first time, we demonstrate the plasma-induced coating formation on particles 

immersed in liquid mixtures, a process in which liquid-liquid interfacial properties play a 

fundamental role. 

 

Keywords: biopolymers; coatings; mannan; plasma jet; plasma-liquid interaction 

 

1 INTRODUCTION 

 

The ongoing illegal trade of ivory has brought African elephants close to extinction. 

According to a report from the International Union for Conservation of Nature (IUCN) 

published in 2021, African forest elephants (Loxodonta cyclotis) are critically endangered, 

that is, almost extinct in the wild.
[1]

 Likewise, African savanna elephants (Loxodonta 

africana) are listed as endangered species.
[2]

 The decline in African elephant population, 

highlighted in the 2016 African Elephant Status Report,
[3]

 has been ascribed to the poaching 

for ivory,
[4]

 which is still regarded as a high-value resource in China and other East Asian 

markets despite the international ban. 

Within this framework, the seeds from Phytelephas palms, native of the southwestern 

Amazon, have risen as a sustainable alternative to ivory.
[5,6]

 Their endosperm (Figure 1) has a 

similar color and texture to elephant ivory, what made them known as vegetable ivory. This 

porous, biodegradable and photoluminescent material
[5,7,8]

 is mainly cultivated in Ecuador, 

with an estimated production of 100,000 metric tons per year.
[9]

 The material is cut and carved 



    

 - 3 - 

by local artisans to produce buttons, figurines, and other handcrafts, providing a source of 

income for rural communities.
[10]

 The ecological appeal of vegetable ivory has also attracted 

attention of the fine-jewelry market, making it the centerpiece of the 2017 US Protagonists 

showcase curated by Vogue Italia.
[11]

 

 

 

FIGURE 1. Endosperm of Phytelephas macrocarpa seeds (A). Jewelry produced with 

vegetable ivory disks (B). Vegetable ivory figurine in the shape of an elephant (C). Powder 

residue produced after cutting a vegetable ivory piece using a hacksaw (D). 

 

As a subtractive manufacturing process, the production of vegetable ivory ornaments 

produces a powder residue which may correspond from 65 to 88% of the original material.
[12]

 

These particles have no current valorization strategy, and are a potential source of mannan, 

nanocellulose and pyrolysis products
[9,12,13]

 owing to their high carbohydrate content (ca. 70 

wt% homomannan and 7.5 wt% cellulose).
[8,14] 

Also, the powder could be commercialized as 

an exfoliating agent for cosmetics,
[15,16]

 providing a sustainable alternative against synthetic 

microbeads. Nevertheless, the abundant hydroxyl groups (OH) from the polysaccharide 

chains and the porous microstructure make vegetable ivory hygroscopic,
[7]

 favoring its 

deterioration by micro-organisms. 
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On this basis, we introduce an innovative strategy for the hydrophobization of vegetable ivory 

microparticles by their plasma processing while immersed in silicone oil. Plasma activation of 

liquids such as water,
[17]

 oils,
[18,19]

 and their mixtures
[20]

 has gained attention in the past few 

years as it induces the formation of reactive oxygen and nitrogen species (RONS), providing 

novel functionalities such as sterilizing and wound-healing properties to conventional liquids. 

In our approach, the reactive species provided by an atmospheric-pressure air plasma jet are 

used not only to modify the chemistry of the liquid, but also to induce the formation of 

coatings on the surface of the microparticles, i.e., plasma activation of silicone oil is used as a 

materials processing technique. 

Hydrophobic coatings formed by plasma activation of silicone oil have already been reported 

for vegetable ivory,
[7]

 glass,
[21–23]

 and PMMA,
[24]

 but the methods consist of crosslinking thin 

layers of the precursor on flat substrates. The in-liquid plasma processing poses no restrictions 

on sample geometry, allowing the modification of particles. Furthermore, the plasma jet 

induces a convective flow in the liquid,
[19,25]

 enabling the uniform modification of particles 

with no need for stirring. 

In addition to promoting environmental and economic benefits, plant origin products have 

demonstrated potential to confer novel characteristics to coatings,
[26,27]

 such as 

electrochemical behavior,
[28]

 antimicrobial activity,
[29,30]

 corrosion resistance
[31,32]

 and water 

repellence.
[33,34]

 Copaiba oil, in particular, has been reported to enhance the antibacterial 

properties of coatings obtained by the plasma jet activation of silicone oil on vegetable ivory 

disks.
[7]

 The oil-resin, extracted from the trunk of Copaifera trees, has been traditionally 

employed by indigenous peoples in the Amazon as a natural medicine due to its antimicrobial, 

anti-inflammatory and wound healing properties.
[35,36] 

On the flip side, silicone and copaiba oils are immiscible liquids, and their incompatibility 

affects the coating crosslinking rate.
[7]

 In the present work, we further investigate the role of 
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liquid-liquid interfacial properties on coating formation during plasma jet activation. To this 

end, in addition to copaiba oil, mulateiro extract was evaluated as an additive to silicone oil 

owing to its distinct polarity. The extract of mulateiro bark (Calycophyllum spruceanum), 

known as the “tree of youth”, has drawn attention of the cosmetics industry owing to its anti-

aging, antimicrobial and anti-inflammatory properties.
[37,38]

 

To assess coating formation, particle surface morphology was analyzed by Environmental 

Scanning Electron Microscopy (ESEM) and Atomic Force Microscopy (AFM). Chemical 

changes were characterized by Fourier Transform Infrared (FTIR) and Raman spectroscopies. 

The interfacial tension between the precursors was evaluated by pendant drop tensiometry. In 

addition, the effect of the plant origin precursors on surface coverage and water sorption was 

investigated by Raman imaging and Dynamic Vapor Sorption (DVS), respectively. 

 

2 EXPERIMENTAL SECTION 

 

2.1 Production of vegetable ivory microparticles 

 

Phytelephas macrocarpa seeds (SisGen Code: AC591E1) were acquired from a local trader in 

Manaus (Brazil). The endocarp was removed by impact and the testa, the seed coat that covers 

the endosperm, was sanded using a 100-grit sandpaper (Figure 2A). Approximately 40 g of 

the endosperm was sliced using a hacksaw and then ground in an industrial blender (Spolu 

Attack, Spolu, Brazil) containing 200 mL of distilled water (Figure 2B). The grinding process 

was performed in 8 cycles of 30 s each, with an interval of 60 s between cycles to avoid 

sample overheating. At the end of the process, excess water was removed with a pipette and 

particles were cast on glass Petri dishes covered with aluminum foil, which were heated at 

50ºC in an oven furnace for 24 h. Later, the particles were sieved and the fraction with 
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dimensions between 125 and 250 µm was selected (Figure 2D and 2E). The material retained 

on the 250 µm sieve was reprocessed using the same procedure described above. 

 

 

FIGURE 2. Endosperm of Phytelephas macrocarpa seeds (A). Vegetable ivory slices in 

industrial blender (B). Fragments obtained after grinding and drying (C). Particles with a 

diameter range between 125 and 250 µm obtained after sieving (D and E). Particles immersed 

in silicone oil (F). 

 

2.2 Plasma treatment 

 

In this process, three liquids were employed as precursors: silicone oil, copaiba oil (Copaifera 

spp.) and mulateiro extract (Calycophyllum spruceanum). Silicone oil was acquired from 

Vetec Química Fina (Rio de Janeiro, Brazil), whereas the plant-derived precursors were 

acquired in Mercado Adolpho Lisboa (Manaus, Brazil). Approximately 400 mg of vegetable 

ivory microparticles were immersed in 2 mL of the precursor liquid in a 25 mL beaker (Figure 

2F). The following precursor liquid mixtures were tested: neat silicone oil, silicone oil / 
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copaiba oil (1:1 volume ratio) and silicone oil / mulateiro extract (1:1 volume ratio). Plasma 

activation of the liquids was performed with an atmospheric pressure cold plasma jet 

(PlasmaPen
TM

, PVA TePla America, USA) fed with ambient air compressed at 700 kPa. 

According to the supplier, the system operates with a fixed 150 W power generator and the 

dimensions of the plasma plume vary between 1.2-1.5 cm in length and 0.5-0.6 cm in 

diameter. Before treatment, a 1.5 cm distance was established between the plasma jet nozzle 

and the surface of the liquid, which was further activated by the plasma jet for 30 s. After 

treatment, the particles were vacuum filtered and thoroughly washed with distilled water. 

Later, the material was cleaned in an ultrasound bath in distilled water for 15 min. Finally, the 

particles were once again washed, vacuum filtered, heated in an oven furnace at 50 ºC for 20 

min and subsequently stored in desiccator containing silica gel for at least 24 h before 

characterization. 

 

2.3 Environmental Scanning Electron Microscopy (ESEM) 

 

Samples were analyzed in an environmental scanning electron microscope (Quanta 

200, FEI, USA) using low vacuum mode (107 Pa), which allows non-conductive samples to 

be imaged without coating. Samples were fixed on an aluminum stub for scanning electronic 

microscope using a carbon double-side tape. Accelerating voltage was set at 13 kV while the 

working distance was varied between 7.5 and 8 mm. 

 

2.4 Atomic Force Microscopy (AFM) 

 

AFM images were acquired in an Alpha 300R (Witec, Germany) equipment in intermittent 

contact mode. Topography and phase contrast images were scanned over 20 x 20 µm
2
 regions, 
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and the results were processed in Gwyddion software (version 2.58).
[39]

 Image processing 

consisted in levelling by mean plane subtraction, alignment of rows by a second order 

polynomial, scars correction and application of a 2-pixel Gaussian filter. 

 

2.5 Fourier Transform Infrared Spectroscopy (FTIR) 

 

FTIR spectra of the precursor liquids and the microparticles were acquired in a Thermo 

Scientific Nicolet 6700 spectrometer employing an attenuated total reflectance (ATR) 

accessory. Absorbance spectra were registered in a range from 650 to 4,000 cm
-1

 with a 

resolution of 4 cm
-1

 and a total of 64 accumulations. The spectra, acquired in duplicate, were 

averaged, baseline corrected, normalized and smoothed (adjacent-averaging, 7 pts) in 

OriginPro 8 software. 

 

2.6 Raman Spectroscopy 

 

Microparticles were analyzed in an Alpha 300R Plus (Witec, Germany) equipment 

using a 10 x objective lens (EC Epiplan Neofluar, ZEISS) with a numerical aperture of 0.25. 

Hyperspectral maps were acquired using a 785 nm laser with 20 mW power and a 600 g/mm 

grating. The chemical images, corresponding to a 100 x 100 µm
2
 scanning area, consist of a 

total of 50 x 50 points with an integration time of 0.5 s. Average spectra corresponding to 

these regions were baseline corrected and normalized according to the intensity of the 890 cm
-

1
 peak in OriginPro 8 software. In addition, single spectra were generated in duplicate for the 

precursor liquids using an integration time of 0.5 s and 200 accumulations. Hyperspectral data 

were processed in RStudio (R version 4.1.3)
[40]

 using the hyperSpec package.
[41]

 Spectra were 

smoothed using a second order 9-point Savitsky-Golay filter and normalized by the Standard 
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Normal Variate (SNV) method. To plot average intensity maps for selected peaks (492, 890 

and 1615 cm
-1

), adjacent regions were selected, e.g., 1600-1630 cm
-1

, and a linear baseline 

correction was performed before generating the chemical images. 

 

2.7 Dynamic Vapor Sorption (DVS) 

 

Moisture sorption isotherms were obtained at 25ºC in a dynamic vapor sorption 

analyzer (DVS-HT, Surface Measurement Systems, UK) using dry nitrogen as a carrier gas. 

Sample mass variation was recorded with a microbalance upon changing chamber relative 

humidity (RH) from 0 to 90 % with intervals of 10 % between RH levels. Each humidity level 

was kept constant until the rate of mass change per minute (dm/dt) was lower than 0.002 % 

per minute over a 15-min period. Equilibrium moisture content (EMC) was calculated using 

the dry mass obtained at the end of the first RH level (0% RH). Measurements were 

performed in duplicate, as illustrated in Supporting Information (Figure S1). The average 

difference between replicate EMC values, including adsorption and desorption, was below 10 

and 2 % for untreated and plasma-treated samples, respectively. Furthermore, hysteresis was 

calculated upon subtracting EMC values obtained for desorption and adsorption for the same 

RH level. 

The experimental data obtained from the moisture sorption isotherms was fitted to 

Guggenheim, Anderson and De Boer (GAB) model using a custom routine coded in RStudio 

(R version 4.1.3), in which the residual sum of squares (RSS) between the experimental data 

and the model curves was minimized employing the Nelder-Mead method. R
2
 values higher 

than 0.99 were obtained for all curves and the RSS was of the order of 10
-5

. 

 

2.8 Measurement of precursor liquid interfacial tension 
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The interfacial tension between silicone oil and the plant-derived precursors was determined 

by pendant drop tensiometry, in which droplets were dispensed inside silicone oil in a quartz 

cuvette. Liquid density was determined by weighing using an analytical balance. As copaiba 

oil presented a lower density (0.933 g/cm
3
) in comparison to silicone oil (1.007 g/cm

3
), 

measurements were performed using an inverted needle. Drop volume was approximately 

2 µL. In turn, mulateiro extract (1.017 g/cm
3
) was dispensed using a regular needle (~ 50 µL). 

Drop shape was recorded using a Ramé-Hart 500 F-1 goniometer and processed in 

DropImage software. A total of 100 measurements were performed for each droplet with an 

interval of 0.2 s. This procedure was performed in duplicate. Interfacial tension data was 

calculated in Drop Image software according to Young-Laplace equation.
[42] 

 

3 RESULTS AND DISCUSSION 

 

3.1 The morphology of vegetable ivory microparticles 

 

ESEM images of vegetable ivory microparticles are presented in Figure 3. The 

particles present an angular shape, which may be associated with the anisotropic behavior of 

the endosperm together with the cellular structure of the porous medium. During the grinding 

process, cracks propagate preferentially along the elongated cells and necessarily also across 

the cells, for which the fracture surface confirms a brittle behavior. As illustrated in Figure 3, 

the endosperm pores, tubular in shape, present a near-parallel alignment. These pores are 

interconnected by smaller tubules with a few micrometers in diameter, as highlighted in 

Figure 3F. 

It was already reported in literature that cracks formed in vegetable ivory endosperm 

propagate preferentially along the tubules in order to minimize fracture energy.
[5]

 A similar 
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pattern can be observed in Figure 3C, 3D and 3E, in which particle borders coincide with near 

parallel planes formed by former tubules. As the pores are organized in an anisotropic 

structure consisting of concentric rings throughout the endosperm,
[5,43]

 it is not surprising that 

the grinding process results in elongated particles, whose lengths were, in average, longer 

than the mesh used in the sieving process (250 µm). Sieving was then only efficient for 

selecting particle diameter. 

 

 

FIGURE 3. Microparticles of vegetable ivory (A). ESEM images of the microparticles with 

different magnifications: 100 x (B), 500 x (C), 1000 x (D and E) and 2000 x (F). Higher 

magnification images (C, D, E and F) correspond to the regions highlighted in B and C, as 

assigned by color. 

 

3.2 Coatings formed during the liquid phase plasma treatment 

 

Figure 4 presents ESEM images for microparticles after liquid phase plasma treatment. As 

illustrated in the insets, the treatment in silicone oil did not alter particle color, while copaiba 
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oil and mulateiro promoted subtle color changes to yellow and red, respectively. The color 

changes indicate the retention of chemical moieties from the natural precursors on the particle 

surface after plasma treatment. Upon analysis of the ESEM images, it is possible to observe 

that precursor liquid activation by the plasma jet resulted in the formation of coatings of 

substantial thickness on the particle surface. The layer is sufficient to cover the pores and 

cracks existing in untreated particles. These coatings are chemically stable in water, as the 

particles were abundantly washed and sonicated after plasma treatment. While the silicone-

derived film is more uniform and follows the original surface features, the films obtained for 

the natural precursor mixtures present a heterogeneous structure with wavy patterns. 

 

 

FIGURE 4. Microparticles of vegetable ivory coated by plasma jet activation of silicone oil, 

silicone oil / copaiba oil (1:1 volume ratio) and silicone oil / mulateiro extract (1:1 volume 

ratio). The highlighted regions correspond to the area shown in the higher magnification 

images (2000 x), as assigned by color. Insets: microparticles in Eppendorf tubes. 

 

The formation of coatings on the particles surface is substantiated by AFM results, presented 

in Figure 5. The surface of untreated vegetable ivory microparticles presents a rough and 

heterogeneous topography, presenting granular structures with dimensions varying from the 
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nanometer to micrometer ranges. These features may correspond to crystalline mannan I, 

which occurs in vegetable ivory as an encrusting substance in a skeleton consisting of mannan 

II and cellulose microfibrils.
[44]

 Moreover, depressions can be observed over the surface, 

which may be associated with micrometric tubules of the anatomical structure and cracks 

formed during the grinding process. The phase contrast image demonstrates the chemical 

homogeneity of the material in the analyzed scale and point out the presence of deposits of a 

more rigid phase (dark color) over the sample surface. This material could correspond to 

inorganic compounds naturally present in the endosperm, such as silica (SiO2) or metallic 

impurities attached to the samples during the grinding process. 

The particles treated by plasma in silicone oil presented a smoother and more homogeneous 

surface with respect to the untreated sample, in accordance with the coating formation 

observed by ESEM. This result is similar to that reported for air plasma jet crosslinked 

coatings in vegetable ivory, although obtained by a different method.
[7]

 Moreover, a few 

nanoparticles of softer material could be observed on the coating surface, probably associated 

with impurities present in the commercial silicone oil. The mixtures containing plant-derived 

precursors resulted in an increase in phase heterogeneity in comparison to the silicone-derived 

coating, which confirms the ESEM observations. These AFM images reveal the incorporation 

of chemical moieties from both precursors to the formed coatings. In particular, the intensity 

of the phase contrast scale was higher for copaiba oil in comparison to mulateiro extract, 

indicating a higher incorporation of the former precursor into the coating structure. 
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FIGURE 5. Atomic force microscopy images (20 x 20 µm
2
) of vegetable ivory microparticle 

surface before and after liquid phase plasma treatment. 

 

3.3 The interaction between plasma, precursor liquids and the 

microparticles 

 

Cold air plasma is obtained upon the ionization of its main constituents, nitrogen (~ 78 %) and 

oxygen (~ 21 %) molecules, by electron impact dissociation. As a result, several reactive 

species are generated, e.g., atomic oxygen (O), atomic nitrogen (N), excited oxygen 

molecules (O2
*
), excited nitrogen molecules (N2

*
), ozone (O3) and nitrogen oxides (NxOy).

[45]
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These reactive oxygen and nitrogen species (RONS) impact the surface of the liquid in 

addition to electrons, neutrals and radiation, forming a plasma-liquid interface with a 

micrometric extent.
[19,46]

 In this interface, reactions between the plasma energetic species and 

the molecules of the liquid occur. The long-lived species generated by these reactions are 

further distributed throughout the bulk of the liquid by convective transport
[25,47]

 and, upon 

reactions on the particle surface, may form the coatings observed by ESEM (Figure 4) and 

AFM (Figure 5) techniques. 

As indicated by the AFM results, mixing silicone oil with copaiba oil or mulateiro extract 

affects coating phase heterogeneity to different extents. This result may be associated with the 

interaction between the liquids, as illustrated in Figure 6. Both plant precursors phase-

separate in silicone oil (Figure 6A), but copaiba oil exerts a lower interfacial tension (1.60 ± 

0.01 mN/m) in comparison to mulateiro extract (5.62 ± 0.15 mN/m). 

 

 

FIGURE 6. Copaiba oil and mulateiro extract drops immersed in silicone oil (A). Interfacial 

tension of copaiba oil (~ 2 µL) (B) and mulateiro extract (~ 50 µL) (C) droplets in silicone oil. 

Mixtures of copaiba oil (D) and mulateiro extract (E) with silicone oil after stirring. 
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The plasma jet, fed by air compressed at 700 kPa, exerts a convective flow in the liquid,
[19,47]

 

as illustrated by the formation of an air cavity in Figure 7B and 7C. The convection enables 

the transport of chemical species generated in the plasma-liquid interface to the bulk of the 

liquid and imposes shear stresses on the dispersed phase droplets. The droplets can be 

deformed and ruptured if the hydrodynamic stresses imposed by silicone oil overcome 

interfacial tension. Assuming that viscous forces are dominant, i.e., laminar flow, the ratio 

between viscous and interfacial stresses can be quantified by the capillary number (Ca), 

expressed as      . In this equation, µ is the viscosity of the continuous phase, G is the local 

extensional rate experienced by the droplet, R is the droplet radius and γ is the interfacial 

tension.
[48]

 Ca, a dimensionless quantity, is related to the extent of deformation experienced 

by the droplets. 

On this basis, copaiba oil would form smaller droplets in silicone oil in comparison to 

mulateiro extract, owing to the lower interfacial tension. This is illustrated in Figure 6D and 

6E, in which a translucid aspect was obtained after stirring the silicone copaiba mixture, 

whereas coalesced drops are observed for mulateiro extract. The reduced droplet size 

increases the interfacial area between copaiba oil and silicone oil and may favor the 

incorporation of organic moieties to the coating structure, as indicated in the AFM images. 
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FIGURE 7. Schematic diagram of air plasma activation of a precursor liquid and examples of 

the generated RONS species (A). Plasma jet activation of silicone oil containing vegetable 

ivory microparticles (B). Photograph illustrating the formation of an air cavity as a result of 

the convective flow exerted by the plasma jet (C). Schematic diagrams illustrating the 

formation of a heterogeneous mixture by silicone oil and the plant-derived precursors (D), in 

which droplet deformation (E) and breakage (F) occur as result of viscous shear stresses 

during plasma treatment. 

 

3.4 Spectroscopy analyses of the plasma treated particles by FTIR and 

Raman 

 

The interfacial properties of the liquids are related to their chemical composition, as 

illustrated by the spectroscopy analyses summarized in Figure 8. Detailed peak assignments 

are available as Supporting Information in Tables S1 to S4. Silicone oil consists of Si-O-Si 

chains abundant in CH3 side groups, which confer a non-polar character to the liquid. Copaiba 

oil, in turn, presents vibrations from both polar (C=O) and non-polar compounds (CH2, CH3, 

β-caryophyllene), indicating an intermediate polarity. On the other hand, mulateiro extract is 
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abundant in OH groups, which are polar. The background signal observed in the Raman 

spectrum of the extract may be a result of laser-induced fluorescence (LIF)
[49]

 emitted by 

unsaturated (C=C) conjugated systems. The differences in polarity correlate with the higher 

interfacial tension (Figure 6) between mulateiro extract and silicone oil in comparison to 

copaiba oil. 

 

 

FIGURE 8. FTIR and Raman spectra of precursor liquids (A and B) and vegetable ivory 

microparticles (C and D) before (control) and after plasma treatment. 

 

After plasma treatment of the microparticles, the intensity of mannan-related peaks (Figure 

8C and 8D) was attenuated due to the presence of the coatings. Characteristic vibrations of 

silicone oil were observed for all samples both in FTIR (CH3, Si-C, Si-CH3) and Raman (Si-

O-Si, Si-C) spectra, demonstrating the formation of a silicone-like structure. In particular, the 
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786 cm
-1

 peak (Si-C in Si-(CH3)1) was shifted to 796 cm
-1

, indicating a higher amount of Si-

(CH3)2 bonds,
[50,51]

 i.e., the predominance of CH3 side groups over CH3 terminal groups, 

characteristic of a crosslinked structure. This result is substantiated by the absence of the 866 

cm
-1

 peak (Si-C in Si-(CH3)3). In essence, the plasma treatment may have promoted the 

demethylation of polydimethylsiloxane (PDMS) chains
[24,52–54]

 in terminal Si atoms, forming 

CH3
+
 and (CH3)3SiO[Si(CH3)2O]nSi(CH3)2

+
 macroradicals which were crosslinked on the 

particles surface. 

Mixing silicone oil with copaiba oil or mulateiro extract affects the organic character of the 

plasma crosslinked structure. This is demonstrated by the Si-C (710 cm
-1

) / Si-O-Si (492 cm
-1

) 

intensity ratio in the Raman spectrum, which is increased from 0.23 (silicone) to 0.28 for both 

mixtures. Nevertheless, a higher diversity of functional groups was retained or formed from 

the silicone copaiba oil mixture. For instance, new peaks could be observed in the FTIR 

spectrum at 1733 (ester C=O) and 1710 cm
-1

 (ketone C=O), with an increased 1710 / 1733 

cm
-1

 ratio in comparison with the precursor. The increase in ketone groups could be attributed 

to hydrogen abstraction
[55]

 from copaiba oil compounds and further reaction with atomic 

oxygen (O) provided by the air plasma jet. 

Moreover, the FTIR spectrum demonstrates a greater incorporation of CH3 (2952, 1458 cm
-1

) 

and CH2 (2925, 2856 cm
-1

) groups to the coating structure in comparison to the silicone 

sample. Peak intensity increases associated with CH2 were also observed in the Raman 

spectrum (1302, 1443 and 1464 cm
-1

), and new peaks could be identified at 630, 1615 and 

1665 cm
-1

. The 630 (C-H out of plane bending) and 1615 cm
-1

 (aromatic ring stretching) 

demonstrate the formation of aromatic rings as a result of the plasma treatment. These 

functional groups may have been formed after breakage of π bonds
[19]

 from aliphatic 

unsaturated compounds in order to form structures with higher stability. This is substantiated 

by the 1665 cm
-1

 peak (aliphatic C=C), lower in comparison to the precursor, indicating a low 

retention of aliphatic structures after plasma treatment. 
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The FTIR spectrum for the silicone mulateiro sample was nearly identical to the silicone 

sample, except for subtle increases in the OH band (3700-3000 cm
-1

) and the OH bending 

peak (1645 cm
-1

). The similarity suggests a low incorporation of mulateiro-derived moieties 

to the coating structure, as indicated by AFM. Nevertheless, intensity increases at 675 (C-

C=O), 1400 (C=C-C=O) and 1412 cm
-1

 (CH2) occurred in the Raman spectrum. Likewise the 

copaiba sample, peaks corresponding to aromatic (1615 cm
-1

) and aliphatic (1665 cm
-1

) C=C 

were also present, indicating that similar reaction pathways may occur during the treatment. 

In particular, C-C=O and C=C-C=O groups may have been formed by hydrogen abstraction 

and/or π bond breakage mechanisms, as discussed for copaiba oil. 

The affinity between the precursors affects the coating composition. A lower interfacial 

tension with silicone oil favors the incorporation of moieties from the natural precursor into 

the coating structure. In order to evaluate whether these changes in coating structure affect the 

compatibility with the particles, chemical images were generated by Raman imaging. 

 

3.5 Visualization of microparticle chemical composition by Raman imaging 

 

Raman imaging results are summarized in Figure 9. The 492, 890 and 1615 cm
-1

 peaks were 

selected as markers for silicone-like material (Si-O-Si stretching), mannan (anomeric C(1)-H 

bending) and C=C stretching in aromatic rings, respectively. 
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FIGURE 9. Optical microscopy images acquired in the Raman confocal microscope (left) and 

hyperspectral maps (right, 100 x 100 µm
2
) of the highlighted colored regions. The scale for 

the maps corresponds to the average spectral intensity at 492 cm
-1

 (Si-O-Si bonds), 890 cm
-1

 

(anomeric C(1)-H bending in mannan) and 1615 cm
-1

 (aromatic C=C stretching), respectively. 

 

As expected, the untreated sample (control) is abundant in mannan and no signal was detected 

in the pores, large enough to reduce the signal (tens of micrometers as shown in Figure 3). 

The sample treated in silicone oil depicts well-defined regions abundant in silicone-like 

material, probably corresponding to pores. It is worth noting that the intensity of the 

remainder area, corresponding to mannan, was not affected. This result highlights the lack of 

chemical affinity between the silicone-like material (non-polar) and the hydroxyl-rich, polar 

substrate. 

The natural precursors enhanced the chemical affinity between the plasma-crosslinked 

material and the substrate. For both copaiba oil and mulateiro extract, the silicone-like 
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material (492 cm
-1

) was more evenly distributed on the sample surface, probably due to the 

increase in organic character observed by Raman spectroscopy (Figure 8D). Furthermore, the 

precursor mixtures reduced the average intensity of the 890 cm
-1

 peak throughout the 

analyzed region, indicating an increase in surface coverage. This effect was more pronounced 

for mulateiro extract, due to the formation of thicker coatings. Regarding aromatic groups 

(1615 cm
-1

), their presence was more evident in the silicone copaiba sample, substantiating 

the lower incorporation of mulateiro-derived moieties to the coating structure. 

Spectroscopy analyses (Figure 8) demonstrated that mulateiro extract is abundant in polar 

functional groups, while copaiba oil contains both polar and nonpolar moieties. On this basis, 

copaiba oil could present an intermediate polarity, i.e., affinity with the polar polysaccharide 

substrate and silicone oil (non-polar). As a result, the oil-resin acted as an interfacial agent 

during the plasma treatment, enhancing the penetration of the precursor mixture into the 

sample pores. This result is similar to the obtained for a different method.
[7]

 On the other 

hand, mulateiro extract may not have induced the same effect due to the incompatibility with 

silicone oil. As a consequence, most of the precursor mixture was crosslinked on the particle 

surface, forming thicker coatings. These differences in surface coverage and pore filling may 

affect the mass transfer properties of the particles, which were evaluated by DVS. 

 

3.6 The effect of the coatings on the interaction between vegetable ivory and 

water vapor 

 

Moisture sorption isotherms for vegetable ivory microparticles are shown in Figure 10A. The 

samples presented isotherms with a sigmoidal shape (IUPAC Type II), characteristic of a 

monolayer-multilayer sorption mechanism.
[56]
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FIGURE 10. Sorption-desorption isotherms obtained at 25ºC for vegetable ivory 

microparticles, in which solid lines correspond to the data fitted by the GAB model (A), 

hysteresis data calculated from the envelope curves (B). 

 

At low RH values, the slope of the isotherm corresponds to the formation of a monolayer of 

water molecules which strongly interact with primary sorption sites in the material. After 

completion of the monolayer, sorption rate is decreased and the slope is reduced, 

corresponding to the continuous assembly of water multilayers. The final section of the 

isotherm, convex to the RH axis, presents an increased sorption rate which may be associated 

with liquid condensation in micropores and the softening of amorphous domains occurring at 

high RH.
[57]

 Monolayer-multilayer sorption is substantiated by the C and K values obtained 

from the GAB model (Table 1). As C >> 1 and K ≈ 1, monolayers and multilayers are distinct 

from each other, but multilayers behave closely to a bulk liquid.
[58]
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TABLE 1. Parameters obtained from the GAB model 

 Adsorption Desorption 

Sample Xm C K Xm C K 

Control 0.059 14.957 0.844 0.079 15.619 0.753 

Silicone 0.054 13.950 0.843 0.071 16.096 0.755 

Silicone Copaiba 0.049  10.619 0.849 0.064 12.133 0.768 

Silicone 

Mulateiro 

0.054 13.769 0.840 0.072 15.749 0.750 

 

The amount of adsorbed water by kg of dry material, which can be as high as 20% for large 

RH values (> 80%), is comparable to other lignocellulosic materials
[59–61]

 and demonstrates 

the great hygroscopicity of vegetable ivory. In polysaccharides such as mannan and cellulose, 

the main sorption sites for water vapor are hydroxyl (OH) groups. As crystalline domains are 

closed to water sorption, only the sorption sites present in amorphous regions and at the 

surfaces of crystals are available for interaction.
[62]

 Vegetable ivory is constituted by a 

skeleton of mannan II (semicrystalline) and cellulose microfibrils encrusted with mannan I 

(crystalline) grains.
[44]

 In this sense, most of the available sorption sites in the material could 

be present in the amorphous regions of mannan II and at the surfaces of mannan I crystals and 

cellulose microfibrils. 

The coatings reduced the accessibility to sorption sites in vegetable ivory and, consequently, 

decreased the equilibrium moisture content (EMC) throughout the analyzed RH range. This 

result is demonstrated by the Xm parameter from the GAB model (Table 1), which is an 

indicator of the availability of sites for water sorption in the material.
[58]

 The silicone and 

silicone mulateiro coatings presented the same Xm, demonstrating that mulateiro extract did 
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not affect the surface coverage of hydroxyl groups by the silicone coating. This effect can be 

visualized in Figure 10A, in which the curves for these samples coincide. On the other hand, 

an evident decrease in water sorption was observed for the silicone copaiba mixture, 

alongside a reduction in the Xm parameter. 

The particles with the silicone copaiba coating also presented the highest reduction in sorption 

hysteresis (Figure 10B) (Hysteresis at a given RH = EMCdes − EMCads). One theory dealing 

with moisture sorption hysteresis has attributed it to the stress relaxation of amorphous 

polymers favored by their softening promoted by swelling.
[57,60]

 As the coatings reduced the 

accessibility of water to the sorption sites into the material, swelling might have been reduced, 

resulting in a lower hysteresis effect. 

The greater reduction in equilibrium moisture content, a bulk measurement, indicate that 

copaiba oil caused a substantial increase in the total volume occupied by the coatings. This 

result may be related to the surface coverage of the anatomical pores in vegetable ivory, 

which contribute to a high specific area. The dual composition of copaiba oil, containing both 

polar and nonpolar functional groups, promoted a compatibilization between silicone oil and 

the polysaccharide substrate, allowing the penetration of the liquid into the pores during 

plasma treatment. The same effect did not occur for mulateiro extract due to the lower affinity 

with silicone oil. As a consequence, the precursor liquid was crosslinked on the particle 

external surface, resulting in a lower surface coverage and exerting a reduced effect on bulk 

transfer properties. 

The results demonstrate that the reduction in hygroscopicity obtained after the plasma 

treatment in silicone oil can be further improved by mixing the precursor with copaiba oil, 

improving the surface coverage of anatomical pores in vegetable ivory microparticles. In 

contrast, the same result could not be achieved for mulateiro extract, due to its polar character. 

We hereby show that natural, plant-derived precursors with intermediate polarity can be used 
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as compatibilization agents between hydrophobic precursors and porous hydrophilic particles 

during liquid phase plasma treatments. 

 

4 CONCLUSION 

 

Air plasma jet processing of vegetable ivory microparticles immersed in silicone oil induces 

the formation of coatings that mitigate particle water sorption. The reactions occurring in the 

plasma-liquid interface between air plasma species and siloxane chains from silicone oil form 

radicals that are distributed by liquid convection and further recombine on the particle 

surface, forming films that reduce the accessibility to hydroxyl sorption sites. The reduction in 

water sorption can be enhanced upon mixing silicone and copaiba oils. Copaiba oil presents 

both polar and nonpolar functional groups, acting as an interfacial agent between silicone oil 

and the microparticles. As a result, pore surface coverage is increased and a reduction in bulk 

water sorption was observed. The same result could not be observed for mulateiro extract, 

owing to a lower affinity with silicone oil and polar composition. Our results highlight plasma 

activation of liquids as a material processing technique, allowing the hydrophobization of 

porous, biosourced microparticles. Natural products, such as copaiba oil, can be used to 

enhance pore surface coverage and reduce water sorption, enabling particle exposure to a 

wider range of moisture environments. 
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Graphical Abstract 

 

 

 

In this study, microparticles of vegetable ivory, a porous and hygroscopic material 

obtained from Amazonian palm seeds, were treated by an air plasma jet while immersed 

in silicone oil. As a result, coatings were formed on their surface and a reduction in water 

vapor sorption was obtained. The reduction in water sorption was enhanced by mixing 

silicone oil with copaiba oil-resin, which acted as an interfacial agent between silicone oil and 

the particles during the in-liquid plasma treatment. 


