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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Stable terpene oil-in-water emulsions 
achieved using water titration.

• Acidic pH alters stability through charge 
modification of lecithin and guar gum.

• Neutral pH maximizes viscoelastic rein
forcement of the oil-water interfacial 
layer.

• Droplet stability controlled by polarity- 
driven interfacial and rheological 
behavior.

• Guar gum hydrogen-bond networks 
improve droplet separation and 
stability.

A R T I C L E  I N F O

Keywords:
Terpenes
Low-energy emulsification methods
Hydrolyzed soy lecithin
Guar gum
Iso-eugenol
Phytosanitary products

A B S T R A C T

R-(+)-limonene, eucalyptol, and linalool are natural compounds with promising antifungal activity but limited 
practical applicability due to high volatility, low water solubility, and photodegradability. This study investigates 
the formulation of stable oil-in-water emulsions using a low-energy phase inversion method and exclusively 
naturally derived components. The influence of the surfactant concentration (0.5–1.1 wt% hydrolyzed soybean 
lecithin), the addition of a co-surfactant (2.6 wt% isoeugenol), thickener concentration (0.05–0.50 wt% guar 
gum), continuous-phase pH (3, 5, & 7), and active compound physicochemical properties was systematically 
evaluated. Emulsions containing 11 wt% terpene were prepared by water titration. Stable formulations were 
obtained at neutral pH using 1.1 wt% lecithin, 2.6 wt% isoeugenol and 0.5 wt% guar gum. Acidification reduced 
stability, associated with pH-dependent variations in surface charge and intermolecular interactions affecting 
both interfacial organization and bulk rheology. Differences in droplet size distribution and viscosity among 
terpenes highlight the role of active compound polar character in governing emulsion microstructure. Overall, 
this work demonstrates that stable, fully natural terpene-based emulsions can be rationally designed using low- 
energy methods, providing a formulation framework relevant to sustainable phytosanitary applications.
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1. Introduction

International and European regulatory frameworks increasingly 
promote the reduction of synthetic pesticide use and encourage the 
adoption of safer and more sustainable phytosanitary strategies. In this 
context, biopesticides and biofungicides derived from natural sources 
are considered preferred alternatives due to their lower impact on 
human health and the environment [1-3]. Terpenes—biodegradable 
plant secondary metabolites—have attracted significant interest because 
of their antimicrobial and phytotoxic properties and their approval as 
active substances in several phytosanitary applications [4,5].

Among the terpenes currently authorized for phytosanitary appli
cations, R-(+)-limonene, eucalyptol, and linalool are particularly rele
vant due to their widespread use, well-documented biological activity, 
and distinct physicochemical characteristics [6]. Due to their molecular 
structure (Fig. 1), these terpenes interact with biological membranes, 
conferring antimicrobial and phytotoxic activity [4,5]. However, the 
same structural features also govern their physicochemical behavior, 
which strongly influences their performance in formulated systems. 
These physicochemical limitations significantly hinder the direct 
application of terpenes in aqueous systems and highlight the need for 
formulation strategies capable of improving their dispersion, stability, 
and resistance to volatilization and degradation, among which colloidal 
delivery systems represent a particularly promising approach [7–9].

Emulsion-based formulations represent a widely adopted strategy to 
improve the dispersion and stability of hydrophobic active compounds 
in aqueous systems [9,14]. While high-energy emulsification methods 
can generate fine droplets through intense mechanical forces, 
low-energy approaches (such as phase inversion methods) offer an 
attractive alternative for thermally or mechanically sensitive com
pounds, as they rely on spontaneous droplet formation under controlled 
compositional conditions [14]. However, despite their advantages in 
terms of energy efficiency and process simplicity, low-energy emulsifi
cation methods are highly sensitive to formulation parameters, and 
achieving stable emulsions requires a detailed understanding of the in
teractions between surfactants, co-adjuvants, and the active compound 
[7,14,15].

Soy lecithin has been widely investigated as a natural emulsifier in 
oil-in-water systems due to its phospholipid composition, regulatory 
acceptance, and ability to self-assemble at the oil–water interface [6, 
16–18]. However, despite these advantages, its application in 
low-energy emulsification methods remains challenging. Lecithin tends 
to form relatively rigid interfacial structures, resulting in a narrow 
formulation window. Therefore, in practice, it is not usually used alone 
and often requires synthetic non-ionic surfactants such as polysorbates 
or physicochemical adjustments, such as enzymatic modifications or pH 
adjustments, to achieve stable emulsions [19–22]. Previous studies have 
shown that enzymatic hydrolysis of soy lecithin or the incorporation of 
small polar co-components, such as some short-chain alcohols like 
glycerol, can enhance interfacial flexibility and emulsion stability. In 
this context, collaborative work from our research group demonstrated 
that both pure soybean lecithin and lecithin–glycerol mixtures enabled 
the formation of stable nanoemulsions of essential oils and pure com
pounds, yielding highly negative zeta potential values when processed 

by high-energy emulsification methods [23].
Isoeugenol is a phenylpropanoid containing a phenolic hydroxyl 

group (Fig. 1), which confers both biological activity and a degree of 
polarity. Its antimicrobial activity has been reported in pharmaceutical 
and biomedical contexts, where it is primarily associated with in
teractions with and disruption of biological membranes [4,24]. This 
membrane-disrupting behavior is thought to be related to the capacity to 
interact with lipid environments. With a moderate polar surface area 
(Table 1), isoeugenol has the potential to insert into and associate with 
phospholipid assemblies. Beyond its biological properties, the presence 
of a hydroxyl group in isoeugenol enables its interactions with both the 
aqueous phase and the interfacial region. As previously mentioned, 
compounds bearing polar functional groups, especially alcohols, have 
been reported to influence the organization of lecithin-stabilized in
terfaces by modifying molecular packing and interfacial cohesion 
[25–27]. In this context, isoeugenol was selected for its alcohol func
tionality alternative to glycerol, which may contribute to modulating 
interfacial structure and flexibility when combined with soy lecithin. 
Accordingly, in the present work, isoeugenol is incorporated primarily 
as co-surfactant. Additionally, it may contribute to phytosanitary ac
tivity from a conceptual perspective.

Guar gum (GG), a neutral galactomannan widely used as a thick
ening and stabilizing agent, is commonly incorporated into the aqueous 
phase of oil-in-water emulsions to increase viscosity, reduce droplet 
mobility, and limit coalescence [28]. Its rapid hydration in cold water 
and its ability to maintain nearly constant viscosity over a wide pH range 
(1–10) make GG particularly attractive for natural formulations [29]. As 
a non-ionic hydrocolloid, GG primarily provides steric stabilization 
without directly contributing to interfacial charge. Despite the extensive 
use of guar gum in conventional high-energy emulsification systems, the 
behavior of soy lecithin under low-energy emulsification conditions, 
particularly in combination with guar gum as thickening agents, and 
under varying pH environments, remains less explored, especially for 
phytosanitary formulations prepared by low-energy methods.

Currently, commercial phytosanitary products incorporate terpenes 
as active components at concentrations typically ranging from 5% to 
10%. For example, PREVAM® PLUS contains 5–10% orange terpenes as 
active ingredients (with Limonene as main compound). However, such 
formulations often rely on synthetic additives, including alkylbenzene 
sulfonates and butylated hydroxytoluene, which raise concerns related 
to corrosivity and toxicity to aquatic ecosystems ( [30]). This compari
son is provided to contextualize terpene loadings and formulation stra
tegies, rather than to imply equivalence in regulatory status or biological 
performance.

In this context, the present study aims to investigate the formulation 
of oil-in-water emulsions containing terpenes using a low-energy phase 
inversion method and exclusively naturally derived components. 
Emulsions based on R-(+)-limonene, eucalyptol, and linalool were 
prepared using hydrolyzed soybean lecithin as surfactant, guar gum as 
thickener, and isoeugenol as co-surfactant. The study adopts a system
atic formulation approach to evaluate the combined effects of hydro
lyzed soybean lecithin and guar gum concentration, pH of the 
continuous phase, and active compound polarity on the stability and 
microstructure of lecithin-stabilized emulsions, as well as their 

Fig. 1. Chemical 2-dimensional structure of components. R-(+)-limonene [10] (a), eucalyptol [11] (b), linalool [12] (c), and isoeugenol [13] (d) .
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rheological behavior. By systematically examining these parameters 
within a single formulation platform, this work provides insight into the 
coupled effects governing the performance of lecithin-stabilized emul
sions prepared by low-energy methods to encapsulate terpenes in high 
concentration (around 11 wt%). The results are intended to support the 
rational design of stable, surfactant-efficient, and fully natural terpene- 
based formulations, with relevance to phytosanitary formulation design.

2. Materials and methods

2.1. Materials

R-(+)-Limonene (purity 90%, mixture of enantiomers), Linalool 
(purity 97%) supplied by SIGMA ALDRICH, and Eucalyptol (purity 98%) 
supplied by FLUKA, were used as active compounds. Isoeugenol (purity 
98%, mixture of cis and trans), supplied by SIGMA ALDRICH, was used 
as co-surfactant (Table 1). Soy lecithin with 55% hydrolysis degree 
(mostly L-α-phosphatidylcholine, according to product specification) 
(Barcitin soybean non-GMO EC) from the Barcelonesa group was used as 
surfactant. Guar gum from SIGMA ALDRICH was used as thickener.

2.2. Emulsion preparation

Emulsions were prepared using the low-energy emulsification and 
emulsion phase inversion (EPI) method employed by Ostertag et al. [14]
with some modifications. Samples were prepared in a 15 mL vial under 
ambient conditions (approx. 23 ◦C).

The oil phase was prepared by mixing the corresponding amounts of 
thickener, surfactant, co-surfactant, and active component, followed by 
magnetic stirring at 700 rpm for 30 min. The aqueous phase was then 
added dropwise at approximately 1.4 mL/min under continuous agita
tion (700 rpm) until a total sample mass of 5 g was reached, and stirring 
was maintained for additional 60 min. The experimental design fol
lowed a two-way ANOVA model, in which the concentrations of sur
factant (0.5–1.1 wt%) and thickener (0.05–0.5 wt%) were 
systematically varied as independent factors, while the active compo
nent and co-surfactant were kept constant at 11 wt% and 2.6 wt%, 
respectively. Preliminary experiments were performed to evaluate the 
effect of the order of phase addition, as well as the appropriate con
centrations of co-surfactant and thickener, as detailed in the Supple
mentary Information.

Emulsion stability was evaluated through a combination of visual 
inspection, accelerated stress testing, and storage assessment. Immedi
ately after preparation, samples were visually inspected to identify signs 
of rapid destabilization, such as phase separation or extensive creaming. 
All formulations were then stored at room temperature and monitored 
visually for up to one month, and those exhibiting instability during this 
period were discarded. Formulations that remained visually stable and 
homogeneous after one month were freshly prepared and subsequently 
subjected to an accelerated centrifugation test to assess their stability 
under stress conditions. Only the formulations showing the lowest de
gree of destabilization were selected for further experimental steps.

The aqueous phase of the first set of samples was prepared by acid
ifying deionized water with acetic acid until reaching pH 3. To study the 
effect of acidification of the medium on the stability and characteristics 

of the emulsion, the pH of the aqueous phase was modified only to those 
samples that remain visually stable and homogeneous after a month of 
preparation. The following set of samples was prepared by modifying 
the pH of the continuous phase to pH 5 using citric acid. Finally, the last 
group of samples was prepared using deionized water neutral pH. Only 
those samples visually stable and homogeneous after pH modifications 
were considered for further characterizations.

Once a stable formulation was identified, the study was extended to 
active components of higher polarity, namely linalool and eucalyptol, to 
evaluate the effect of the polarity and molecular structure of the active 
ingredient in the oil-water interface and the stability of the emulsion.

Samples are identified according to the active component used and 
the combination of surfactant (S) and thickener (GG) concentrations. For 
illustration, when referring to the sample with R-(+)-limonene (RL) as 
the active component, surfactant (S) concentration of 1.1 wt% and a 
thickener (G) concentration of 0.5 wt%, the code to be used will be 
RLS1105G.

2.3. Visual emulsion stability after preparation

After preparation, the samples were sealed with Parafilm and stored 
in the same preparation vial at ambient conditions (approx. 23 ◦C) for 
24 h, to observe their evolution over time and possible phase separation. 
After 24 h, the emulsion stability index (ESI%) was determined by 
calculating the percentage of phase separation of the sample by 
creaming or de-oiling (Eq. 1). 

ESI% =
Height of top phase
Height total sample

(1) 

The numerator corresponds to the height of the upper phase of the 
sample, containing the creaming layer and/or the oil separation phase; 
and the denominator corresponds to the total height of the sample.

2.4. Stability under stressful conditions

After confirming visual stability of the preparations, emulsions were 
freshly prepared to be submitted to this assay at 24 h. Specifically, 
750 μl to 500 μl were transferred to 2 mL Eppendorfs, each sample in 
duplicate. Samples were exposed to a stress test at a centrifugal force of 
8669 RCF (relative centrifugal force) for 10 min in a Fisher AccuSpin 
Micro 17 centrifuge [31]. To quantify stability, the %ESI was used after 
centrifugation of the samples.

2.5. Optical microscopy

Freshly prepared samples of emulsions that remained visually stable 
and homogeneous after 24 h of preparation and showed no signs of 
rupture or irreversible separation after centrifugation test were 
analyzed, under brightfield illumination with 10x and 40x objective 
lenses on a Leica microscope DM1000, with a Leica ICC50 W camera 
attached, for image capture.

2.6. Particle size distribution

For the determination of the distribution and mean size of the 

Table 1 
Physicochemical properties of active components and co-surfactant*.

Compound Topological Polar Surface Area (Å2) Partition coefficient (Log Po/w) Hydrogen bond donor count Hydrogen bond acceptor count Water Solubility 
(mg/L at 25◦C)

R-(+)-limonene 0 4.57 0 0 13.8
Eucalyptol 9.2 2.74 0 1 3500
Linalool 20.2 2.97 1 1 1590
Isoeugenol 29.5 3.04 1 2 810

*Data obtained from The National Center for Biotechnology Information database [10,11,13,12].
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droplets generated, laser diffraction technique was applied [27,32]. The 
equipment used was a Mastersizer 2000 model particle analyzer with a 
Hydro 2000SM module for liquid dispersions (Malvern Panalytical, 
Malvern, Worcestershire, United Kingdom) that allows for particle/ 
droplet size distribution measurement within the range from 0.02 μm to 
2000 μm. For the analysis, the volume of continuous medium (deionized 
water) was set at 100 mL. Regarding the sample volume, the necessary 
amount was added so that the obscuration range was between 10% and 
20%. Volume distribution was characterized by the values d10, d50, d90, 
and span (Eq. 2). 

span =
(d90 − d10)

d50
(2) 

Where d10, d50 and d90 correspond to the sizes containing 10%, 50% and 
90% of the sample volume, respectively. Span being a measure of the 
homogeneity and width of the size distribution.

Regarding the mean size, the De Brouckere mean diameter D[4,3] 
was used based also on volume distribution. Measurements were per
formed at 1, 3, 5, 7, 14 and 21 days after preparation. All these pa
rameters, as well as the droplet/ particle size distribution curve, were 
obtained directly from the software associated with the equipment.

2.7. FT-IR spectroscopy

To evaluate the effect of continuous-phase pH on guar gum and 
lecithin behavior, FTIR spectra were acquired for selected aqueous 
systems prepared at pH 3 and pH 7. The analyzed systems included: (1) 
guar gum dispersions (0.5 wt%) in water, and (2) mixed dispersions 
containing hydrolyzed soybean lecithin (1.1 wt%) and guar gum (0.5 wt 
%) in water, corresponding to the concentrations used in formulation 
studies.

FTIR measurements were performed using an ALPHA ATR spec
trometer (Bruker) operating in absorbance mode, with a spectral reso
lution of 4 cm− 1 over the range 400–4000 cm− 1 and 64 scans per 
spectrum. To track spectral changes associated with continuous medium 
pH variation, difference spectra were obtained by subtracting the 
spectrum recorded at pH 7 from that recorded at pH 3, allowing quali
tative evaluation of pH-dependent modifications in functional group 
environments.

2.8. Zeta potential measurements

The zeta potential of lecithin-guar gum-isoeugenol-water mix at pH 
3, 5, and 7 was analyzed with a Malvern ZSizer Advance Pro Red Label 
(Malvern Instruments Ltd.) at 25 ◦C. Samples were diluted 100-fold in 
deionized water prior to analysis, and three consecutive serial mea
surements were performed. The pH of the diluted samples was moni
tored to confirm that dilution did not substantially alter the initial pH, 
with an increase of approximately 0.3 units at pH 3 and 0.5 units at pH 5.

2.9. Rheological behavior

Deformation/strain and flow tests were performed on stable samples, 
considering the methodology used by Quintana-Martinez et al. [28] with 
some modifications. The analysis temperature was set at 25 ºC, with a 
thermal stabilization of the sample of 5 min before each test, for the 
samples to have the same mechanical thermal past before starting. 
Apparent viscosity (η) was determined from the continuous shear test 
performed at a shear rate between 5 s− 1 and 1000 s− 1. The estimation of 
the viscoelastic dynamic region was evaluated with a stress sweep be
tween 0.01 Pa and 100 Pa at a constant frequency of 1 Hz. Tests were 
performed on a Kinexus Pro+ rotational rheometer (Malvern Pan
alytical, Malvern, UK) with a parallel smooth plate geometry (20 mm 
diameter, 1 mm spacing), coupled to a KNX2002 C25P Peltier plate 
temperature control. Samples were analyzed after 24 h of preparation.

2.10. Statistical analysis

A two-way analysis of variance (ANOVA) without replication was 
performed using STATGRAPHICS Centurion 19 v.19.7.01 (Statgraphics 
Technologies, Inc., USA) to evaluate the main effects of surfactant and 
thickener concentrations on droplet size descriptors (D[4,3] and span) 
and emulsion stability (ESI%). Statistical significance (F-test) was 
assessed at a 95% confidence level. Effects were considered statistically 
significant when p < 0.05.

All analytical measurements were performed in triplicate for each 
formulation. Reported values correspond to mean values, with corre
sponding standard deviations.

3. Results and discussion

Despite its widespread use in phytosanitary applications as main 
component of orange essential oil, R-(+)-limonene lacks polar groups 
(Table 1), which limits its ability to engage in specific interactions with 
the lecithin–water interface hindering its formulation using this natural 
surface-active agent in a single surfactant approach. This characteristic 
makes a suitable model compound for investigating the addition of 
isoeugenol as co-surfactant and guar gum concentration as thickener on 
formulation stability.

Preliminary experiments showed that the order of phase addition 
influenced formulation stability (Figure S.1). Adding the aqueous phase 
into the oil phase promoted the formation of stable and homogeneous 
emulsions and was therefore selected for subsequent formulation trials 
in agreement with the works of [7] and [14]. Once this procedure was 
established, the effect of formulation composition was evaluated. Sys
tems containing lecithin alone exhibited immediate oiling-off, whereas 
the incorporation of isoeugenol as a co-surfactant yielded stable emul
sions, likely due to its moderate polarity (Table 1) and ability to interact 
with the oil–water interface, thanks to a moderate polar surface area of 
29Å2. However, creaming was observed over time, and the subsequent 
addition of guar gum effectively reduced creaming by increasing the 
viscosity of the continuous phase (Table S.1). Based on these results, the 
lecithin–isoeugenol –guar gum system was selected as a suitable model 
to systematically evaluate the effect of surfactant and thickener con
centrations (from 0.5 wt% to 1.1 wt%, and 0.05 wt% to 0.50 wt% 
respectively) at constant co-surfactant concentration (2.6 wt%) on 
emulsion properties.

3.1. R-(+)-limonene formulation at pH 3

Fig. 2 shows the appearance of the emulsions after 24 h of prepara
tion; ordered according to surfactant (0.5–1.1 wt%) and thickener 
(0.05–0.5 wt%) concentrations. Sample identification and their con
centrations are available in Table S.2, together with the corresponding 
characterization results (ESI%, D[4,3], span). At the lowest gum con
centration (0.05 wt%), the emulsion stability index (ESI) reached 100% 
for most formulations, apart from the sample containing the lowest 
lecithin concentration (0.50 wt%), which exhibited an ESI of 96%. This 
formulation showed early signs of destabilization, characterized by the 
formation of a thin oil layer at the top. Over time, this separation became 
more pronounced, especially after five days (Figure S.2). In contrast, the 
remaining formulations at this guar gum concentration maintained vi
sual stability and homogeneity over the same period. Increasing the guar 
gum concentration to 0.20 wt% and 0.35 wt% resulted in the appear
ance of an additional oily upper layer (irreversible separation under 
storage conditions), in addition to a lower water layer (reversible sep
aration). In this group of samples, %ESI decreased to value between 30% 
and 45%. Remarkably, %ESI varied with lecithin concentration. For 
instance, at a guar gum concentration of 0.35 wt%, %ESI improved from 
46% to 80% as lecithin concentrations increased. By increasing the guar 
gum concentration to the highest value of 0.5 wt%, %ESI increased 
again to values up to 80% and 95%. In this group, only symptoms of 
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reversible phase separation were detected. This phase separation per
sisted over time, as in the case of the sample with the lowest surfactant 
concentration (0.5 wt%), in which the upper creamed phase was more 
evident after 5 days of preparation (Figure S.2).

Polysaccharides such as xanthan or guar gum can stabilize emulsions 
by increasing the viscosity of the continuous phase, thereby limiting 
droplet mobility [18,33]. However, at low concentrations it may induce 

destabilization: (1) by adsorbing onto droplets and promoting floccu
lation through hydrogen bonding, or (2) by creating osmotic pressure 
gradients when unadhered [29,33]. As reported Chivero et al. [29] and 
Traynor et al. [18], this leads to a critical gum concentration below 
which aggregation increases and above which stability is restored. In 
this study, the authors used optical microscopy to detect the formation 
of droplet aggregations or flocs at thickener concentrations between 

Fig. 2. Visual inspection of samples after 24 h of preparation.

Fig. 3. Emulsion stability on guar gum, at different lecithin (surfactant) concentrations.
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0.03% and 0.3%. This formation triggered reversible phase separation 
over time.

The relationship between guar gum concentration and emulsion 
stability index (ESI%) at different lecithin concentrations is shown in 
Fig. 3. A clear transition point was identified at approximately 0.2 wt% 
guar gum, representing the critical thickener concentration below which 
complete phase separation occurred. Beyond this threshold, increasing 
the guar gum content markedly improved emulsion stability. At 0.5 wt% 
guar gum, ESI values consistently exceeded 80% across all lecithin 
concentrations, and complete stabilization (100% ESI) was achieved at 
both the lowest and highest gum levels tested. This behavior indicates 
that emulsion stability in this system is governed by a balance between 
continuous-phase structuring and interfacial stabilization, rather than 
by thickener concentration alone.

Mean particle size and distribution. Fig. 4 shows the drop size distri
butions, according to thickener concentration. At the lowest guar gum 
concentration (0.05 wt%), all distributions, regardless of lecithin con
centration, are unimodal, with a size D[4,3] around 100 μm and 70 μm 
(Table S.2). With increasing thickener concentration, the D[4,3] size 
shifts to values below 50 μm (Table S.2). Notably, the distribution 
changes from monomodal to bimodal as the lecithin concentration in
creases, but this change occurs at the guar gum threshold value of 0.2 wt 
%.

Of the unimodal group of samples (guar gum concentration 0.05 wt 
%), the one with the lowest D[4,3] corresponds to sample RL05S05G. 
This sample showed emulsion breaking and irreversible phase separa
tion after 5 days of preparation (Figure S.2). This observation suggests 
that, at this concentration, guar gum alone is insufficient to fully prevent 
droplet interactions and coalescence over time. Furthermore, despite the 
formation of smaller particles, the interface formed by the lecithin in the 

droplets may not be strong or rigid enough to prevent their coalescence 
and rupture.

As the guar gum concentration increased to 0.20 wt%, the size dis
tribution showed a well-defined bimodal behavior for all lecithin con
centrations, except for the maximum concentration of 1.1 wt%. The first 
group of the distribution, corresponding to the smallest droplets, shows 
a maximum value at the lowest lecithin concentration (0.5 wt%). 
However, the intensity of the peak progressively decreases with 
increasing lecithin concentration, leading to an almost monomodal size 
distribution. This attenuation of the fine-droplet population is accom
panied by a relative increase in the volume fraction of larger droplets. 
This behavior is persistent in the group of samples with the highest 
thickener concentration (0.50 wt%). In the case of the 0.35 wt% guar 
gum concentration, the distribution remains constant, practically mon
omodal, for all surfactant concentrations.

Huang et al. [34] studied the effect of some hydrocolloids on the 
droplet size distribution in canola oil emulsions. The study reported a 
similar bimodal behavior across all the hydrocolloids analyzed, 
including xanthan, acacia, and guar gums, at concentrations comparable 
to those used in the present study (0.05–0.50 wt%). The author points 
out the thickening effect of these polysaccharides. Specifically, they 
noted that as the concentration of polysaccharides in the medium 
increased, the homogenization efficiency decreased, resulting in a shift 
from smaller to larger particle groups and, consequently, an increase in 
droplet size. Comparing the behavior observed by Huang et al. [34] with 
the samples of the present study, the shift of the bi-modal distributions 
to monomodal trending distributions could be attributed to a combined 
effect between surfactant and thickener.

At both low (0.5 wt%) and high (1.1 wt%) surfactant concentrations, 
similar trends were observed in the evolution of droplet size 

Fig. 4. Particle size distribution according to thickener and lecithin concentrations.
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distributions as a function of guar gum content (Figure S.3). In all cases, 
increasing the thickener concentration led to a decrease in the average 
droplet size (D[4,3]), confirming the stabilizing effect of guar gum 
through modification of the continuous-phase properties. However, 
droplet size distributions did not always become fully homogeneous, 
and bimodal profiles could persist at intermediate thickener concen
trations, indicating limitations in droplet homogenization beyond the 
critical thickener concentration. These features are consistent with 
previous reports on hydrocolloid-stabilized oil-in-water emulsions, 
where increased polysaccharide content may hinder homogenization 
efficiency and promote the coexistence of distinct droplet populations 
[34].

The evolution over time of D[4,3] and span was monitored for 
samples containing 0.05 wt% thickener and surfactant concentrations of 
0.7 wt%, 0.9 wt%, and 1.1 wt%. These were the only formulations that 
maintained visual homogeneity and physical stability over a 28-day 
period (Figure S.4). Initially, a difference in size is observed that is 
directly proportional to the amount of surfactant. With time, the size D 
[4,3] evolves and increases for all samples, suggesting interactions be
tween the droplets, causing the increase in size. In the concentration 
range studied, with the progressive increase of the surfactant concen
tration it was detected that the average size tends to reach a constant 
value. Proof of this is that, after 21 days of storage, samples RL09S05G 
and RL11S05G reach a similar average size, despite having different 
surfactant concentrations.

Regarding the homogeneity of the distribution (span), all samples 
maintain a constant distribution over time, regardless of the increase in 
the mean size. However, the sample with the highest surfactant con
centration (RL11S05G) begins to modify its distribution after 21 days of 
storage, even though having an almost constant mean size around 120 
μm. When observing the particle size distribution after 28 days 
(Figure S.5), particles of size between 1 µm and 40 μm start to appear. 
This new distribution could indicate a process of partial emulsion 
breakdown over time. In the sample with intermediate surfactant con
centration RL09S05G, this behavior seems to occur, though it is less 
pronounced.

A two-factor ANOVA (Table S.3) without replications was used to 
evaluate the relative contribution of surfactant and thickener concen
trations to the variability of D[4,3], span, and ESI%. The overall ANOVA 
model for D[4,3] was statistically significant (F = 12.31, p = 0.001). 
Type III sums of squares revealed that thickener concentration was the 
dominant factor (p = 0.0003), while the effect of surfactant concentra
tion was not statistically significant (p = 0.13). For the span, the overall 
ANOVA model was statistically significant (F = 9.92, p = 0.0024). Type 
III sums of squares showed that thickener concentration had a strong 
and statistically significant effect (p = 0.0007), whereas surfactant 
concentration was not significant (p = 0.27). The consistent dominance 
of thickener concentration over both D[4,3] and span indicates that the 
rheological modification of the continuous phase governs droplet size 
distribution under the investigated conditions. For the emulsion stability 
index (ESI), the overall ANOVA model was not statistically significant (F 
= 0.48, p = 0.63), and neither surfactant nor thickener concentration 
showed a significant effect (p > 0.05). The lack of statistically signifi
cant differences in ESI may be related to the semiqualitative character of 
this parameter, since it does not differentiate between distinct destabi
lization phenomena (e.g., reversible or irreversible). Additionally, it 
suggests that macroscopic emulsion stability can be governed by addi
tional mechanisms.

Stability under stressful conditions and rheological behavior. As the only 
ones that were visually homogeneous and stable after 1 month of stor
age, the samples with the lowest thickener concentration (0.05 wt%) 
and surfactant concentrations between 0.7 wt% to 1.1 wt% were freshly 
prepared and exposed to stress stability analysis 24 h after: RL07S05G, 
RL09S05G, and RL11S05G (Figure S.6). All three samples exhibited a 
thin oil layer on the surface after centrifugation. However, the extent of 
phase separation decreased with increasing lecithin concentration, 

accounting for approximately 15% of the total sample volume at the 
lowest surfactant level, 11% at the intermediate concentration, and 10% 
at the highest concentration. Notably, the formulation with the highest 
lecithin content showed the lowest degree of irreversible phase sepa
ration, despite presenting the largest average droplet size and the most 
pronounced temporal increase in D[4,3] and span (Figure S.4).

Rheological characterization further supports these observations 
(Fig. 5). Formulation RL11S05G exhibits the highest apparent viscosity 
at low shear rates, consistent with its improved resistance to stress- 
induced destabilization. Although differences in mean droplet size 
among the three samples are relatively small (around 8 µm, Figure S.4), 
increasing lecithin concentration appears to enhance the macroscopic 
resistance of the system to flow and separation. This behavior is 
consistent with literature reports indicating that lecithin-rich interfaces 
can exhibit increased viscoelastic character as surfactant concentration 
increases [20]. Previous studies have attributed such behavior to the 
accumulation of lecithin molecules at the oil–water interface, forming 
interfacial structures reinforced by hydrogen-bonding interactions be
tween phospholipid headgroups [20,35]. The observed increase in 
apparent viscosity and resistance to mechanical stress is consistent with 
this interpretation.

Moreover, and with respect to the presence of guar gum as a thick
ener, Quintana-Martinez et al. [28] studied the effect of the guar 
gum-lecithin combination on the rheological behavior of oil-in-water 
formulations of sunflower oil. In their study, the authors concluded 
that the effect of the thickener has greater influence on the apparent 
viscosity and the plastic-elastic regions of the formulations than sur
factant concentration. They demonstrated that, in lecithin–guar gum 
systems, thickener concentration predominantly governs apparent vis
cosity and viscoelastic behavior at guar gum contents around 0.5–1 wt 
%. In the present study, the guar gum concentration (0.05 wt%) is at 
least one order of magnitude lower than those reported values. 
Accordingly, the observed rheological differences are less pronounced, 
but an increase in apparent viscosity with increasing surfactant con
centration is still evident. This suggests that, at low guar gum levels, 
surfactant–thickener and surfactant–water interactions contribute to 
macroscopic stability without inducing gel-like behavior.

In the stress-strain test (Fig. 5), the samples display a clear two- 
region response. In the linear viscoelastic region, the storage modulus 
(G′ ~ 10² Pa) exceeds the loss modulus (G″) by nearly two orders of 
magnitude, indicative of a well-connected, gel-like network under small 
deformations [36]. Once the critical stress is surpassed (around 2 Pa for 
RL07S05G, and around 10 Pa for RL09S05G and RL11S05G), G′ declines 
while G″ displays a weak local maximum (stress overshoot), a response 
widely associated with the resistance of the long and complex hydro
colloid chains when reaching a critical deformation stress, typical 
yielding transitions observed in structured fluids such as complex hy
drocolloids polymer solutions and soft colloidal gels [37,38]. This 
overshoot can be interpreted as temporary resistance of the network to 
deformation, followed by reorganization or partial breakdown of chain 
associations. The modest magnitude of the overshoot suggests that the 
guar gum network is sufficiently structured to provide resistance, but 
also flexible enough to rapidly rearrange once deformation progresses.

Overall, although the limonene-based formulations at pH 3 remain 
visually stable over extended storage, their limited resistance to me
chanical stress indicates that further optimization is required. To 
enhance resistance to such stress-induced destabilization, increasing the 
lecithin concentration would be a logical strategy. Prior studies have 
found that exceeding a certain lecithin concentration leads to an in
crease in viscosity, promoting gel formation due to interaction of the 
lecithin with polar solvents like water [39]. Consequently, rather than 
further increasing surfactant or thickener content, the next step of this 
study focuses on evaluating the influence of the pH of the continuous 
phase on formulation stability, using the most resistant formulation in 
the previous centrifugation assay RL11S05G (1.1 wt% surfactant and 
0.05 wt% thickener) as the reference system.
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3.2. R-(+)-limonene formulation at pH 3, pH 5, and pH 7

To observe the influence of the acidity of the continuous medium on 
the stability of the sample, the pH of the formulation was shifted to pH 5 
and pH 7. After 24 h of preparation, the samples showed visual apparent 
homogeneity and stability percentages of 100%.

Mean particle size and distribution. Like pH 3 sample, pH 5 and pH 7 
samples presented a unimodal and narrow distribution, maintaining a 
span around 0.97. However, the D[4,3] sizes turned out to be up to 15% 
larger than that of the pH 3 sample (Figure S.7 and Table S.4).

This slight variation in droplet size and distribution (around 8 µm 
deviation from the mean) may be attributed to the influence of pH on the 
behavior of both thickener and surfactant. Regarding the thickener, 
acidification of the medium has been reported to affect the hydrogen- 
bonding capacity of galactomannan-based polysaccharides, which may 
weaken polysaccharide–water interactions and reduce thickening effi
ciency. Wang et al. [40] investigated the behavior of guar-gum disper
sions under acidic conditions (pH 1–6.5) and moderate temperatures 
(25–50 ◦C), reporting that the polysaccharide structure remains 

essentially intact at pH values equal to or above 3. In addition to the 
chemical stability, the authors detected a moderate reduction in vis
cosity under acidic conditions. This behavior was attributed to changes 
in the hydrogen-bonding environment of the system. When proton 
concentration increases, water structure and intermolecular interactions 
between galactomannan chains and between galactomannan and water 
molecules may suffer alterations, thereby reducing thickening efficiency 
without compromising the chemical stability of the guar-gum network 
[40]. This interpretation is further supported by FTIR analysis of 
guar-gum aqueous dispersions and guar gum-lecithin system at pH 3 and 
pH 7 (Fig. 6). The differential spectra of guar gum dispersion revealed a 
subtle change in the O–H stretching region (3000–3600 cm− 1), char
acterized by a redistribution of intensity, including a negative contri
bution around 3200–3300 cm− 1. Such behavior is consistent with 
pH-induced reduction in hydrogen-bonding networks, related to pH 
media acidification from pH 7 to pH 3. No new bands attributable to 
polysaccharide backbone degradation were detected. These observa
tions indicate that acidification primarily affects the hydrogen-bonding 
environment rather than inducing chemical modification of the 

Fig. 5. Rheological tests of visually stable and homogeneous samples.

Fig. 6. FTIR difference spectra (pH 3 – pH 7) of guar gum and guar gum–lecithin aqueous dispersions.
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polysaccharide structure.
Moving to lecithin, several authors have evaluated the effect of pH 

on its surfactant performance. Östbring et al. [41] reported that acidi
fication shifted the zeta potential toward less negative values, while 
simultaneously decreasing the average droplet size. In contrast, Nash & 
Erk [20] observed that lowering the pH led to more negative zeta po
tential values, and an increase in droplet size. Despite these differing 
trends, both studies clearly demonstrate that the pH of the medium 
significantly influences the interfacial behavior of lecithin-based sys
tems. Under the conditions of the present study, when including lecithin 
in the system, differential FTIR spectra revealed an improvement in the 
O–H stretching region (3100–3600 cm⁻¹), indicating pH-dependent 
restructuring of hydrogen bonding networks (Fig. 6). Notably, the 
negative peak exhibited a lower intensity and a different profile in guar 
gum–lecithin systems compared to guar gum alone, suggesting that the 
presence of lecithin modulates hydroxyl-associated hydrogen bonding 
under acidic conditions. These spectral variations are consistent with 
acid-induced modification of hydroxyl hydrogen-bonding environment. 
Although FTIR does not allow direct quantification of protonation, these 
spectral changes support the view that acidification alters the local 
chemical environment of both polysaccharide and phospholipid.

Examination of the zeta potential trends for the present lec
ithin–guar-gum–isoeugenol–water system (Fig. 7) shows a progressive 
increase in negative surface charge from emulsions initially prepared at 
acidic conditions to those prepared at neutral pH (from − 49 mV at pH 3 
to − 65 mV when analyzing neutral sample). This trend is consistent 
with the observations reported by Östbring et al. [41], who also 
described less negative zeta potential values and a slight increase in 
mean droplet size under acidic conditions in lecithin-stabilized systems. 
These values reflect the electrokinetic behavior of the system under the 
measurement conditions and suggest that pH-dependent interactions 
modulate surface charge development.

Overall, the results suggest that droplet formation and stability are 
therefore governed by the interactions between surfactant behavior, 
thickener performance, and the pH of the aqueous medium, rather than 
by a single dominant mechanism.

Stability under stressful conditions and rheological behavior. When the 
samples were exposed to the stress stability test, the variation in pH did 
not seem to provide any notable improvement to the stability of the 
sample (Figure S.8). Although phase separation is less pronounced for 
pH 5 and 7 than for pH 3 sample, a translucent layer at the top of the 
formulation, corresponding to the separated oil phase, can be observed 
in all samples.

A slight increase in apparent viscosity was recorded with increasing 
pH in the low shear rate region when performing the steady shear flow 

test (Fig. 8), as expected according to Wang et al. [40]. On the other 
hand, although the pH 5 and pH 7 samples showed no difference from 
each other, they did show a separation from the pH 3 sample as the shear 
rate increased. This indicates a slight effect of pH on sample viscosity 
and stability. This trend is most evident in the deformation stress strain 
test (Fig. 8). The difference between the storage modulus (G′) and loss 
modulus (G″) increases as the pH of the formulation shifts toward higher 
values. At pH 3, G′ values are around 100 Pa, whereas at pH 5 and pH 7 
they increase to approximately 200 Pa, while G″ remains comparatively 
low, in the range of 4–5 Pa across all pH conditions. In addition, once the 
critical strain is exceeded, G″ displays a stress overshoot whose magni
tude increases with pH neutralization, reaching maximum values when 
complex shear stress reaches 10 Pa of complex shear stress, which is 
indicative of enhanced resistance of the structured network to defor
mation. This widening gap between G′ and G″, together with the increase 
in overshoot magnitude, indicates that intermolecular interactions such 
as hydrogen bonding are strengthened under less acidic conditions.

Although acidification appears to favor short-term droplet forma
tion, pH-dependent modifications of surfactant and thickener in
teractions reduce viscosity and limit resistance to mechanical stress at 
low pH. Since no substantial differences were observed between pH 5 
and pH 7, subsequent experiments focused on increasing thickener 
concentration under neutral conditions to further enhance formulation 
stability.

3.3. R-(+)-limonene formulation at pH 7 and varying concentration of 
thickener

After sample preparation, 100% of ESI% was detected when 
increasing the concentration of guar gum from 0.05 to 0.50 wt% at pH 7, 
resulting in a considerable improvement in the stability of the sample. 
Reaffirming the idea reported by [20,40], that intermolecular 
thickener-surfactant-water interactions can be affected not only by 
concentration of these, but also by the pH of the medium.

Mean particle size and distribution. Fig. 9 shows the size distribution 
when increasing thickener concentration. Alongside the unimodal 
behavior observed in the three samples, the graph highlights two key 
effects related to their polydispersity: (1) the influence of neutral pH on 
the ability of the surfactant–thickener system to generate smaller and 
more uniformly distributed droplets (Table S.5), and (2) the impact of 
increasing thickener concentration on the homogenization and disper
sion of these droplets.

In agreement with previous results, increasing thickener content 
promotes emulsion stability by strengthening the continuous phase and 
limiting droplet mobility, rather than by direct adsorption at the 

Fig. 7. Aqueous phase pH influence on zeta potential of lecithin–guar-gum–isoeugenol–water system.
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oil–water interface. Under neutral conditions, the guar gum network 
appears to retain its thickening efficiency, favoring reduced droplet 
mobility and improved resistance to coalescence. These observations 
agree with previous reports showing that acidic conditions weaken 
hydrogen-bonding interactions in polysaccharide–water systems, while 

less acidic environments promote stronger intermolecular associations 
and higher effective viscosity [40]. This interpretation is further sup
ported by the pH-dependent changes observed in the O–H stretching 
region of the FTIR spectra (Fig. 6).

Stability under stressful conditions and rheological behavior. The new 

Fig. 8. Rheological tests of samples RL11S05G at pH 3, 5, and 7.

Fig. 9. Particle size distribution at constant lecithin concentration (1.1%) - pH and thickener concentration variation.

Fig. 10. Rheological test for pH and thickener concentration comparison.
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sample was submitted to the stability test, as were the previous formu
lations. It was observed that increasing the thickener concentration at 
neutral pH enhanced the stability of the formulation and enabled it to 
withstand the stress-stability test without irreversible phase separation 
or rupture (Figure S.9).

When observing the behavior of the sample in the flow test (Fig. 10) 
and comparing it with the response of the samples with lower thickener 
content (0.05 wt%) at pH 3 or 7, the apparent viscosity of the sample 
appears to have increased slightly at low shear rates, which could be due 
to the effect of the increased thickener concentration. As the shear rate 
increases, however, neutral pH samples appear to behave similarly. In 
the stress strain test (Fig. 10), significant differences were observed 
between the two deformation zones. In the linear viscoelastic region, the 
gap between the storage modulus (G′) and the loss modulus (G″) is 
considerably reduced in the modified formulation. Although G′ remains 
higher than G″, both moduli are of the same order of magnitude (around 
20 Pa), the reduced separation between them suggests that the forma
tion of a strong gel-like network is slowed down. A second notable dif
ference is observed in the transition zone, where the weak stress 
overshoot phenomenon is no longer detected. This behavior indicates 
that increasing the guar gum concentration promotes stronger thick
ener–surfactant and thickener–water interactions, which reduce the 
resistance of galactomannan chains to deformation. This observation is 
consistent with the behavior reported by Quintana-Martinez et al. [28], 
who showed that although soy lecithin does not significantly increase 
viscosity in mixed systems, it interacts with polysaccharide chains in a 
way that influences the breaking and reformation of intermolecular 
bonds.

3.4. R-(+)-limonene, eucalyptol and linalool formulation at pH 7

Based on previous results, the formulation conditions were fixed at 
pH 7, 1.1 wt% surfactant, and 0.5 wt% thickener. Under these condi
tions, the system was further evaluated for the encapsulation of different 
volatile active compounds, eucalyptol (EU) and linalool (LNL), using R- 
(+)-limonene as a reference. This approach allowed assessment of how 
variations in molecular features influence emulsion behavior under 
identical formulation parameters. These compounds were selected for 
their difference in structure and polarity (Table 1) such as number of 
groups capable of forming/accepting hydrogen bonding (both with 1), 
and topological polar surface area (20.2 Å2 and 9.2 Å2 respectively), 
versus the totally non-polar R-(+)-limonene. As shown in Fig. 11, after 
24 h of preparation, all samples showed both homogeneity and visual 
stability of 100%.

Mean particle size and distribution. Fig. 12 shows the droplet size 
distribution of the samples after 24 h of preparation. R-(+)-limonene (D 
[4,3]: 19.6 ± 0.6 μm), and eucalyptol (D[4,3]: 51.9 ± 0.2 μm) formu
lations show unimodal distributions; however, the distribution corre
sponding to the eucalyptol formulation presents is narrower (span: 

1.336 ± 0.004), and an almost symmetric compared to that of R- 
(+)-limonene (span: 2.51 ± 0.04).

The linalool sample exhibits a bimodal droplet size distribution (D 
[4,3] = 67.6 ± 0.4 µm), with two distinct populations centered at 
approximately 2 µm (about 30% of the cumulative volume) and 100 µm 
(about 70%). Compared to the less polar R-(+)-limonene system, which 
forms smaller and more uniformly distributed droplets, linalool leads to 
larger droplets and bimodal behavior. This difference can be attributed 
to higher polar surface area of linalool and presence of both hydrogen 
bond donors and acceptors, which may promote partial interactions 
with the aqueous phase and the interfacial layer, thereby altering 
interfacial organization and droplet dynamics.

Optical microscopy provided additional insight into these effects 
(Fig. 12). The eucalyptol formulation (Fig. 12.B) exhibited smaller 
droplets but displayed regions of interstitial continuous phase, sug
gesting partial aggregation of droplet clusters. The R-(+)-limonene 
sample (Fig. 12.A) showed a more uniformly packed distribution, with 
fewer visible aggregates. The linalool formulation (Fig. 12.C) was 
particularly distinctive: despite its bimodal distribution in laser 
diffraction, the micrograph revealed densely packed droplets with no 
visible interstitial voids and an overall smaller apparent droplet size 
compared with the less polar compounds. This behavior likely reflects 
the coexistence of small, well-dispersed droplets and larger structures 
associated with localized organization within the continuous phase, 
consistent with mechanisms previously proposed for polysaccharide- 
containing emulsions [34].

Stability under stressful conditions and rheological behavior. All for
mulations remained visually intact during the centrifugation test, with 
no detectable signs of instability (oil separation or creaming) 
(Figure S.10).

The flow curves (Fig. 13) show a similar qualitative behavior for all 
formulations; however, clear differences arise in the absolute viscosity 
values. As the polarity of the active compound decreases, the curves shift 
toward higher apparent viscosities. The linalool-based emulsion, which 
exhibited a bimodal droplet size distribution, showed the lowest 
apparent viscosity.

The relatively low viscosity of the linalool-based emulsion indicates 
that the larger structures observed in its bimodal droplet size distribu
tion do not correspond to thickener-derived aggregates capable of 
imparting gel-like behavior. Instead, they are likely associated with 
weakly interacting droplet populations that coexist without significantly 
contributing to the bulk rheological response. This interpretation is 
supported by stress strain tests (Fig. 13), which show an almost negli
gible gap between the storage (G′) and loss (G″) moduli for all three 
formulations, confirming that none of the systems exhibit gel-like 
characteristics. In addition, the linalool formulation exhibits the 
lowest transition point between G′ and G″, indicating a reduced resis
tance to deformation. The observed increase in transition values with 
decreasing terpene polarity further confirms that, beyond the 

Fig. 11. Visual inspection of formulations with different active components after 24 h of preparation: R-(+)-limonene (left), eucalyptol (middle), and linalool (right).
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surfactant–thickener–co-adjuvant system, the physicochemical proper
ties of the active compound play an important role in determining 
droplet organization and rheological response in oil-in-water emulsions, 
in agreement with previous reports on terpene-containing systems [27].

4. Conclusion

This work demonstrates that the stability and microstructure of 
terpene-based oil-in-water emulsions prepared by low-energy phase 
inversion are governed by the combined effects of surfactant concen
tration, thickener concentration, continuous-phase pH, and active 
compound polar or nonpolar character. Using exclusively naturally 
derived components, hydrolyzed soybean lecithin, guar gum, and iso
eugenol, stable formulations containing 11 wt% terpene were success
fully obtained. In this formulation strategy, isoeugenol was incorporated 
as a co-surfactant based on its molecular structure, since the presence of 

the phenolic hydroxyl group gives it a moderate polar character that 
may facilitate interactions within the phospholipid-stabilized oil-water 
interface.

For the apolar terpene R-(+)-limonene, neutral pH conditions and 
appropriate lecithin guar-gum concentrations (1.1 wt% and 0.5% wt., 
respectively) yielded stable emulsions with a unimodal droplet size 
distribution. Acidification of continuous phase modified surface charge 
development and rheological response, leading to reduced stability, as 
supported by zeta potential trends, rheological measurements, and 
complementary FTIR analysis of pH-dependent hydrogen-bonding 
settings.

Extension of the formulation matrix to more polar terpenes (euca
lyptol and linalool) revealed that active compound polarity significantly 
influences droplet organization and rheological behavior, even under 
identical formulation conditions. Eucalyptol-based systems remained 
stable with wider size distributions, whereas linalool-based emulsions 

Fig. 12. Particle size distribution and micrographs of formulation for different active components: R-(+)-limonene (A), eucalyptol (B), and linalool (C).

Fig. 13. Rheological test of different active component formulations: R-(+)-limonene (RL), eucalyptol (EU), and linalool (LNL).
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showed bimodal profiles, consistent with their higher polarity. These 
findings highlight that emulsion performance in lecithin-stabilized sys
tems cannot be interpreted solely in terms of surfactant or thickener 
concentration but must consider polarity-driven interactions within the 
interfacial and bulk phases. Overall, this study provides a systematic 
experimental framework for the rational design of fully natural, low- 
energy terpene emulsions (with concentrations of active component 
around 11 wt%), and clarifies the respective roles of formulation 
composition, medium pH, and active compound physicochemical 
properties in determining stability.

Ongoing work focuses on assessing formulation performance under 
application-relevant conditions, including active ingredient retention 
and interactions with target surfaces, to better understand how surfa
ce–formulation dynamics affect delivery efficiency and volatilization 
control.
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[23] M.J. Pascual-Villalobos, M. Cantó-Tejero, R. Vallejo, P. Guirao, S. Rodríguez-Rojo, 
M.J. Cocero, Use of nanoemulsions of plant essential oils as aphid repellents, Ind. 
Crops Prod. 110 (2017) 45–57, https://doi.org/10.1016/j.indcrop.2017.05.019.

[24] A. Marchese, R. Barbieri, E. Coppo, I.E. Orhan, M. Daglia, S.F. Nabavi, M. Izadi, 
M. Abdollahi, S.M. Nabavi, M. Ajami, Antimicrobial activity of eugenol and 
essential oils containing eugenol: A mechanistic viewpoint, Crit. Rev. Microbiol. 43 
(6) (2017) 668–689, https://doi.org/10.1080/1040841X.2017.1295225.

[25] S.N. Ande, K.B. Sonone, R.L. Bakal, P.V. Ajmire, H.S. Sawarkar, Role of surfactant 
and co-surfactant in microemulsion: a review, Res. J. Pharm. Technol. 15 (10) 
(2022) 4829–4834, https://doi.org/10.52711/0974-360X.2022.00811.
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