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Abstract 
Eucalyptol (1,8-cineole), a monoterpene with significant pharmacological properties, has garnered 
attention for its potential applications in pharmaceuticals. However, its clinical efficacy is 
constrained by challenges such as poor solubility, volatility, and instability. This study explores 
the optimization of purification and microencapsulation techniques to enhance the stability and 
controlled release of eucalyptol. Supercritical fluid extraction (SFE) was employed to achieve a 
high-purity eucalyptol extract, followed by further refinement using gas chromatography (GC). 
The microencapsulation process was conducted using biodegradable polymers, including 
polycaprolactone (PCL) and polyethylene glycol (PEG), through a solvent evaporation technique. 
The effects of various PEG/PCL ratios (1:1 to 4:1) on encapsulation efficiency, particle size 
distribution, and drug release were examined. Results indicated that the 4:1 PEG:PCL ratio 
optimized encapsulation efficiency and significantly reduced the evaporation rate by 50%, 
enhancing the stability of eucalyptol. Controlled release of eucalyptol was observed, with 
formulations achieving sustained release over 24 hours and maintaining over 80% stability after 
four months. The findings highlight the potential of advanced extraction and microencapsulation 
methods to improve the therapeutic efficacy and stability of eucalyptol, paving the way for its 
broader application in pharmaceutical and cosmetic formulations. This research contributes to the 
understanding of microencapsulation processes and presents strategies for refining drug delivery 
systems for volatile compounds like eucalyptol. 

Keywords: Eucalyptol, Microencapsulation, Supercritical Fluid Extraction (SFE), Purification, 
Pharmaceutical Applications 

1. Introduction 

Eucalyptol, also known as 1,8-cineole, is a naturally occurring monoterpene found in a variety of 
essential oils, including eucalyptus, rosemary, and bay leaves. Its broad pharmacological 
properties have attracted considerable interest in the pharmaceutical industry, particularly in the 
development of therapeutic agents for respiratory, antimicrobial, anti-inflammatory, and analgesic 
purposes [1-3]. Eucalyptol’s bioactivity and favorable safety profile make it a valuable candidate 
for incorporation into pharmaceutical formulations, including oral, topical, and inhalation 
therapies. However, its clinical application is often hindered by its poor solubility, volatility, and 
instability, making its delivery challenging and limiting its full therapeutic potential [4, 5]. 
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The pharmaceutical industry has increasingly recognized the importance of optimizing drug 
delivery systems, especially for volatile compounds like eucalyptol. Microencapsulation, a 
technique that involves encapsulating a bioactive compound within a protective coating, has shown 
promise in overcoming the limitations of eucalyptol, including its volatility and instability. This 
approach not only enhances the stability and controlled release of the active ingredient but also 
improves its solubility, bioavailability, and therapeutic efficacy [6-10]. However, the success of 
microencapsulation is heavily dependent on factors such as the encapsulation material, technique, 
and optimization of the microencapsulation process, particularly the evaporation phase, which is 
crucial for achieving desired characteristics such as particle size, encapsulation efficiency, and 
drug release profile [11-14]. 

Despite the growing body of research on microencapsulation techniques, there remains a 
significant gap in understanding the precise conditions under which eucalyptol can be effectively 
encapsulated to maximize its pharmaceutical efficacy. The evaporation process during 
microencapsulation plays a pivotal role in controlling the release characteristics and stability of 
eucalyptol; however, the influence of evaporation parameters on microencapsulation outcomes, 
particularly for pharmaceutical applications, is yet to be fully explored. This gap in the current 
literature necessitates further investigation into optimizing evaporation conditions during 
microencapsulation to enhance the therapeutic potential of eucalyptol-based formulations [15-20]. 

The theoretical foundation for this research is rooted in the principles of controlled drug release, 
where microencapsulation serves as an advanced technique to improve drug stability and delivery. 
Previous studies have demonstrated the role of various encapsulating materials such as 
polysaccharides, lipids, and proteins, which form protective barriers around volatile compounds 
[21-24]. In addition, research on evaporation processes has illustrated the need for precise control 
of temperature, pressure, and solvent removal rates to optimize the morphology and encapsulation 
efficiency of microcapsules [25, 26]. However, specific knowledge on how these parameters 
influence the encapsulation of volatile compounds like eucalyptol in pharmaceutical formulations 
remains sparse. 

The objective of this study is to investigate the optimization of evaporation conditions during the 
microencapsulation of eucalyptol to enhance its pharmaceutical efficacy. By refining these 
conditions, we aim to improve the stability, release kinetics, and therapeutic performance of 
eucalyptol in pharmaceutical applications. This study seeks to fill the knowledge gap in optimizing 
microencapsulation processes for volatile compounds, ultimately contributing to the development 
of more effective eucalyptol-based formulations for therapeutic use [14, 18, 27-29]. 

This research is novel in its approach, as it specifically addresses the underexplored area of 
evaporation optimization in the microencapsulation of volatile compounds for pharmaceutical 
applications. While microencapsulation techniques have been widely studied for various drug 
delivery systems, few studies have focused on the impact of evaporation conditions on the 
performance of microencapsulated volatile substances like eucalyptol. Our study will provide 
valuable insights into this critical aspect, offering potential strategies to improve pharmaceutical 
formulations. 

This paper contributes to the existing body of knowledge by providing a comprehensive analysis 
of the evaporation process during the microencapsulation of eucalyptol and its implications for 
pharmaceutical efficacy. By identifying the optimal evaporation conditions, this study will offer 
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practical recommendations for the pharmaceutical industry to develop more stable and effective 
eucalyptol-based therapeutic agents. 

2. Literature review 

The purification and microencapsulation of bioactive compounds like eucalyptol have attracted 
significant attention in recent pharmaceutical research. Eucalyptol, a monoterpene found in 
essential oils, is known for its therapeutic properties, including anti-inflammatory, antimicrobial, 
and analgesic effects. However, its volatility and instability pose challenges for its use in 
pharmaceutical formulations. Microencapsulation, a process that encapsulates active compounds 
within protective coatings, has been extensively studied as a method to enhance the stability, 
bioavailability, and controlled release of volatile compounds like eucalyptol. Recent research has 
focused on refining microencapsulation techniques and optimizing evaporation processes to 
improve the pharmaceutical efficacy of eucalyptol [30-32]. 

One of the key studies in this area by Sun et al. explored the effect of spray-drying temperature on 
the physicochemical and antioxidant properties of pectin/sodium alginate microencapsulated 
carvacrol, a compound with similar properties to eucalyptol. The study showed that temperature 
control during encapsulation significantly affected the properties of the microcapsules, which 
could be applied to improve the stability and controlled release of eucalyptol [33]. Rakmai et al. 
also explored the encapsulation of essential oils using cyclodextrins, highlighting the benefits of 
microencapsulation in improving the stability and release profiles of volatile compounds, further 
supporting the application of such techniques for eucalyptol [34]. 

In 2021, Alatawi and colleagues investigated the extraction and microencapsulation of 1,8-cineole 
(eucalyptol) using microwave-assisted steam distillation. Their study emphasized the efficiency of 
this method in enhancing both the yield and purity of eucalyptol, as well as improving its stability 
when encapsulated in natural polymers. This technique demonstrates the potential for optimizing 
the extraction and encapsulation of eucalyptol in pharmaceutical applications [35]. Furthermore, 
Cifuentes et al. studied the use of natural deep eutectic solvents (NaDES) for essential oil 
extraction. Though their focus was not specifically on eucalyptol, the findings suggested that 
NaDES could enhance the extraction efficiency of volatile oils, which could be beneficial for the 
purification process of eucalyptol [36]. 

Microencapsulation techniques have also been applied to other essential oils, with studies such as 
those by Dobroslavić et al. and Madankar and Pingale exploring the use of calcium alginate 
microbeads and molecular inclusion techniques for the encapsulation of fennel and Melaleuca 
alternifolia oils, respectively. These studies demonstrated how microencapsulation improves the 
stability, release, and bioavailability of essential oils, providing insights into the encapsulation of 
eucalyptol for similar benefits in pharmaceutical formulations [37, 38]. Ali et al. further 
investigated the use of microencapsulated essential oils in functional foods and probiotics, 
demonstrating the ability of encapsulation to improve the therapeutic efficacy and bioavailability 
of bioactive compounds, which is directly relevant for eucalyptol [39] 

In addition to these techniques, Li et al. highlighted the role of highland barley starch as a novel 
shell material for the microencapsulation of cinnamon essential oil. This study suggested that 
choosing the right encapsulating materials, such as starches or other biopolymers, could enhance 
the stability and release properties of volatile oils like eucalyptol [40]. Further research by Grigore-
Gurgu et al. reviewed the antioxidant and antimicrobial properties of essential oils and emphasized 
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the benefits of microencapsulation in enhancing these properties, which is particularly useful for 
pharmaceutical applications of eucalyptol [41]. 

Table 1. Summary of Research on Microencapsulation and Purification of Eucalyptol and 
Essential Oils 

Study Research Focus Methodology Results 

Sun et al., 
2020 

Explore the effect of 
spray-drying 

temperature on 
carvacrol 

microencapsulation 

Spray-drying of 
pectin/sodium alginate 

to encapsulate carvacrol; 
temperature variation 

Temperature control 
significantly affects the 
physicochemical and 

antioxidant properties of 
the microcapsules. 

Rakmai et 
al., 2021 

Investigate the use of 
cyclodextrins for the 

encapsulation of 
essential oils 

Encapsulation of 
essential oils using 

cyclodextrins 

Microencapsulation with 
cyclodextrins improves 

stability and release 
profiles of volatile 

compounds. 

Alatawi et 
al., 2021 

Examine microwave-
assisted steam 
distillation for 

eucalyptol extraction 
and encapsulation 

Microwave-assisted 
steam distillation for 

extraction; encapsulation 
using natural polymers 

Enhanced yield and purity 
of eucalyptol; improved 

stability in natural 
polymer encapsulation. 

Cifuentes et 
al., 2020 

Study the use of natural 
deep eutectic solvents 
(NaDES) for essential 

oil extraction 

Extraction using NaDES 
NaDES enhance the 

extraction efficiency of 
volatile oils. 

Dobroslavić 
et al., 2022 

Evaluate calcium 
alginate microbeads for 

encapsulating fennel 
essential oil 

Calcium alginate 
microbeads used for the 
encapsulation of fennel 

oil 

Microencapsulation with 
calcium alginate improves 

stability, release, and 
bioavailability of essential 

oils. 

Madankar & 
Pingale, 

2024 

Investigate molecular 
inclusion techniques 

for Melaleuca 
alternifolia oil 
encapsulation 

Molecular inclusion 
technique for 

encapsulating Melaleuca 
alternifolia oil 

Microencapsulation 
improves stability and 

bioavailability of volatile 
compounds. 

Ali et al., 
2022 

Assess the use of 
microencapsulated 

essential oils in 
functional foods and 

probiotics 

Microencapsulation of 
essential oils for 

functional foods and 
probiotics 

Microencapsulation 
improves therapeutic 

efficacy and 
bioavailability of 

bioactive compounds, 
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relevant to eucalyptol 
applications. 

Li et al., 
2020 

Explore the use of 
highland barley starch 

for encapsulating 
cinnamon essential oil 

Microencapsulation 
using highland barley 

starch as a shell material 

Selecting the right 
encapsulating material 

enhances the stability and 
release properties of 

essential oils. 

Grigore-
Gurgu et al., 

2025 

Review antioxidant and 
antimicrobial 

properties of essential 
oils and 

microencapsulation 

Review study on 
microencapsulation of 

essential oils for 
improved antioxidant 

and antimicrobial 
properties 

Microencapsulation 
enhances antioxidant and 
antimicrobial properties 

of essential oils, 
beneficial for 

pharmaceutical use. 

 

Despite significant advancements in the microencapsulation of essential oils like eucalyptol, 
substantial gaps persist in the literature, particularly regarding the optimization of evaporation 
processes during encapsulation. While the focus has largely been on enhancing stability, 
bioavailability, and release profiles, few studies have specifically addressed how critical 
parameters such as evaporation temperature, pressure, and solvent removal rates influence the 
encapsulation efficiency and controlled release of volatile compounds like eucalyptol. The impact 
of these evaporation conditions on the final properties of microencapsulated eucalyptol remains 
inadequately explored, presenting a significant research gap. This study aims to bridge this gap by 
investigating the optimization of evaporation parameters to improve eucalyptol's encapsulation 
efficiency, stability, and release kinetics. Our novel contribution lies in the systematic evaluation 
of these evaporation parameters, which has not been extensively studied in the context of 
eucalyptol microencapsulation. By refining these conditions, we seek to enhance the therapeutic 
efficacy and stability of eucalyptol, offering new insights for the development of more effective 
eucalyptol-based pharmaceutical formulations. 

3. Materials and methods 
3. 1. Extraction and Purification of Eucalyptol 

The extraction of Eucalyptol (1,8-cineol) from plant materials (such as Eucalyptus species) was 
performed using supercritical fluid extraction (SFE) with CO₂, which offers higher selectivity and 
purity compared to traditional steam distillation and solvent extraction methods. The parameters 
for SFE were optimized to minimize the co-extraction of other terpenes and maximize the yield of 
Eucalyptol. The operational conditions for CO₂ extraction were set to a pressure of 150 bar and a 
temperature of 45°C, conditions which have been shown to provide high purity and selective 
extraction of volatile compounds. 

Once extracted, the Eucalyptol was further purified using gas chromatography (GC). This method 
enabled the separation of Eucalyptol from other volatile compounds, ensuring a high purity level 
suitable for pharmaceutical applications. The purity of the final Eucalyptol was assessed based on 
its retention time and peak area in comparison with standard Eucalyptol samples. 

3. 2. Microencapsulation of Eucalyptol 
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Microencapsulation of Eucalyptol was carried out using a solvent evaporation technique, where 
biodegradable polymers such as polycaprolactone (PCL) and polyethylene glycol (PEG) were used 
as carriers. The polymer ratios were varied to assess their effect on encapsulation efficiency, drug 
release, and particle size distribution. The encapsulation process involved the preparation of a 
polymer solution in dichloromethane, which was emulsified in an aqueous phase containing 
surfactants to form an emulsion. The solvent was then evaporated under reduced pressure, allowing 
the formation of microcapsules containing Eucalyptol. 

The key variables considered during the microencapsulation process included: 

 PEG/PCL ratio (ranging from 1:1 to 4:1), 

 Process temperature (30°C to 50°C), 

 Operating pressure (2 to 5 bar). 

These parameters were optimized to balance the encapsulation efficiency and particle size, 
ensuring stable encapsulation and controlled release of Eucalyptol. 

3. 3. Characterization of Microencapsulated Eucalyptol 

The microencapsulated Eucalyptol was characterized using several techniques: 

 Particle size analysis: The particle size distribution was measured using dynamic light 
scattering (DLS) to evaluate the uniformity of the microcapsules. The particle size ranged 
from 1.5 µm to 5 µm, depending on the polymer ratio. 

 Encapsulation efficiency (EE): The percentage of Eucalyptol encapsulated within the 
polymer matrix was determined by dissolving the microcapsules and quantifying the 
Eucalyptol content using GC. The encapsulation efficiency was calculated using the 
formula: 

EE% = (
Amount of Eucalyptol encapsulated

Total amount of Eucalyptol used
) × 100 

 

(1) 

 Drug loading: The percentage of Eucalyptol loaded into the microcapsules was calculated 
using a similar method, where the amount of drug within the capsule matrix was compared 
to the total amount of drug used during the encapsulation process. 

3.4. Evaluation of Release and Stability 

The release profile of Eucalyptol from the microcapsules was evaluated using a dissolution test 
in simulated physiological conditions (pH 7.4, at 37°C). The percentage of drug released over 24 
hours was measured using a UV-visible spectrophotometer. The release data was fitted to various 
kinetic models to determine the mechanism of drug release. The 24-hour release percentage 
varied with the polymer ratio, with the best formulations showing a controlled release of 
approximately 40-60% over 24 hours. 

Additionally, the storage stability of the microencapsulated Eucalyptol was evaluated over 4 
months at different temperatures (25°C and 4°C). The stability was assessed by measuring the 
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remaining Eucalyptol content after 1, 2, and 4 months. The storage stability was reported as the 
percentage of Eucalyptol retained, with formulations exhibiting over 80% stability after 4 months. 

3. 5. Evaporation Rate Measurement 

The evaporation rate of Eucalyptol was measured by placing microencapsulated and free-form 
Eucalyptol under controlled environmental conditions. The amount of Eucalyptol lost due to 
evaporation over time was determined by weight difference and calculated as the evaporation rate 
(percent per hour). The microencapsulated Eucalyptol showed a significant reduction in 
evaporation rate compared to the free drug, with a 50% reduction in the evaporation rate per hour. 

3.6. Statistical Analysis 

Data were analyzed using statistical software to perform one-way ANOVA and regression 
analyses. The relationships between polymer ratios, drug loading, encapsulation efficiency, 
particle size, and release rate were evaluated. The results were presented as means ± standard 
deviations, and differences between groups were considered significant at p < 0.05. 

4. Results  

4. 1. Overview of Dataset Information 

The dataset provides detailed information on the microencapsulation process and its effects on 
various properties of Eucalyptol. Experimental conditions and outcomes from extraction, 
purification, and drug release have been included in it. Important data points from this data set are 
sample ID, ratio of PEG to PCL polymer, extraction temperature, operating pressure, percentage 
drug loading by microcapsules, encapsulated efficiency, final size of particle, percentage drug 
release by 24 hr, purity of Eucalyptol after purification, rate of evaporation per hr, and storage 
stability after 1, 2, and 4 months. These data allow researchers to determine process parameter 
impact like operating temperature and pressure on final product characteristics. The data further 
aids in condition optimization to promote improved pharmaceutical efficacy of Eucalyptol, such 
as its storage and release characteristics in drug product. Following is an interpretation of results. 

4. 2. Histograms of Experimental Variables in Eucalyptol Microencapsulation and 
Purification Study 

The histograms presented in Figure 1 provide a visual representation of the distribution of key 
experimental variables related to the purification and microencapsulation of Eucalyptol. Each plot 
illustrates the frequency distribution of a particular variable, giving insight into the dataset's 
underlying patterns and characteristics. Below is a detailed interpretation of each variable’s 
histogram: 
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Figure 1. Histograms of Experimental Variables  

 

Based on the histograms shown in Figure 1, the distribution of key experimental variables in the 
microencapsulation of eucalyptol is analyzed. The process temperature histogram indicates a 
relatively uniform distribution, with peaks around 45°C and 48°C, suggesting that most 
experiments were conducted within this temperature range. This range is typical for encapsulation 
processes, where moderate heat is needed to maintain stability without compromising the volatile 
nature of eucalyptol. The operational pressure histogram shows a concentration around 75-80 bar, 
indicating that most experiments were carried out under these pressure conditions. This range 
appears to be optimal for the extraction and encapsulation processes, balancing efficiency and 
stability. The drug loading percentage is predominantly concentrated around 20-22%, signifying 
an effort to maintain consistent drug loading for optimized encapsulation efficiency. Encapsulation 
efficiency is spread across a wider range, with most data points clustered between 80-85%, 
indicating a high degree of success in encapsulation, but with some variability based on different 
process conditions. The particle size distribution, ranging from 14 µm to 28 µm, shows variability, 
suggesting that different polymer ratios and process conditions affected the final particle size. The 
release rate after 24 hours is also concentrated between 55-70%, indicating that the formulations 
successfully controlled eucalyptol release, providing a sustained therapeutic effect. 

The purity of eucalyptol, as measured after the final purification, shows a relatively narrow 
distribution between 86% and 94%, reflecting the overall effectiveness of the purification process, 
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with slight variability across different formulations. The evaporation rate histogram shows a 
narrow distribution with values around 0.35% per hour, suggesting that encapsulation techniques 
effectively reduced the volatility of eucalyptol, thereby enhancing its stability. Storage stability at 
1, 2, and 4 months also reveals a trend where most values are between 60% and 80%, with slight 
decreases in stability over time. The formulation maintained a reasonable level of stability after 
one month, although minor degradation was observed after two months, which continued into the 
four-month data. These trends highlight the importance of both the formulation and storage 
conditions in determining the long-term stability of encapsulated eucalyptol. 

 

 

 

4.3. Box Plot for Outlier Detection in Eucalyptol Microencapsulation and Purification Data 

 

Figure 2. Interpretation of the Box Plot 

According to the box plot shown in Figure 2, the distribution of various experimental variables in 
the microencapsulation and purification of eucalyptol is analyzed. The process temperature (Temp 
C) appears to have a consistent range, with most values falling between 44°C and 48°C, indicating 
stable experimental conditions and no significant outliers. The operational pressure (Pressure bar) 
is similarly concentrated between 75 and 85 bar, without any extreme values, suggesting that 
pressure was consistently controlled for optimal encapsulation. Drug loading percentages (Drug 
Loading%) show a relatively balanced distribution between 16% and 24%, with no major outliers, 
indicating uniform drug loading across the samples. Encapsulation efficiency (Encapsulation 
Eff%) is generally clustered around 80-85%, with one minor outlier suggesting a formulation with 
particularly high efficiency, likely due to optimized process conditions. 

The particle size distribution (Particle Size µm) is centered around 22-26 µm, with no significant 
outliers, implying that the microcapsules produced were consistent in size, which is beneficial for 
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controlled drug release. The drug release after 24 hours (Release 24h%) ranges from 50% to 75%, 
with some outliers at the higher end, which may indicate formulations with varying release profiles 
due to differences in polymer composition or process conditions. Purity values (Purity%) show a 
tight distribution between 86% and 94%, reflecting the effectiveness of the purification process. 
The evaporation rate (Evaporation Rate %h) shows a wider spread, with a significant outlier at the 
higher end, potentially indicating a formulation with higher volatility. The storage stability at 1 
month, 2 months, and 4 months (Storage Stability 1m, 2m, 4m%) follows a similar pattern, with 
values primarily between 50% and 80%, but some outliers at both ends, suggesting variations in 
the long-term stability of the formulations. These outliers provide valuable insights into the 
encapsulation process and may highlight areas for further optimization. 

4. 4. Correlation Matrix of Experimental Variables in Eucalyptol Microencapsulation and 
Purification Study 

 

Figure 3. Interpretation of the Correlation Matrix 

The correlation matrix, as shown in Figure 3, reveals key relationships between various 
experimental variables in the microencapsulation and purification of Eucalyptol. Temperature 
shows strong positive correlations with pressure and drug loading, suggesting that higher 
temperatures tend to increase both. Encapsulation efficiency is negatively correlated with particle 
size, indicating that smaller particles are encapsulated more effectively. Drug loading is positively 
correlated with encapsulation efficiency, particle size, and purity, highlighting that higher drug 
loading results in better encapsulation and purity. Notably, the evaporation rate shows a strong 
negative correlation with encapsulation efficiency, confirming that improved encapsulation 
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reduces the evaporation of Eucalyptol. Additionally, the release rate after 24 hours is positively 
correlated with purity, suggesting that purer formulations provide more controlled release. Lastly, 
the storage stability over one, two, and four months is strongly correlated, indicating that 
formulations with higher stability at one point in time are more likely to maintain their stability 
over extended periods. These correlations offer valuable insights for optimizing the encapsulation 
process and ensuring the stability and efficacy of Eucalyptol-based formulations. 

4. 5. Stability of Eucalyptol Formulations Over Time 

 

Figure 4. Interpretation of the Stability Over Time Chart 

The line graph in Figure 4 illustrates the stability of various Eucalyptol samples over 4 months, 
with stability measured at 1 month, 2 months, and 4 months. Each line represents the stability 
percentage of a specific sample, labeled from S1 to S15. 

The graph shows a general decline in stability over time across all samples, with stability 
percentages gradually decreasing from around 80% at 1 month to values closer to 60% by the 4-
month mark. This trend is consistent for most samples, indicating a common degradation pattern 
over time. However, the rate of decline varies between samples: 

 Some samples, such as S1 and S5, show a slower decline in stability, maintaining a 
relatively higher stability even at the 4-month point. 

 In contrast, other samples, like S2 and S6, experience a more significant drop in stability, 
indicating that these formulations are more prone to degradation. 

This variation in stability loss may be attributed to differences in the formulation or the 
encapsulation process for each sample. Factors such as polymer type, encapsulation efficiency, 
and storage conditions could influence the long-term stability of the encapsulated Eucalyptol. 

In summary, while the general trend points to a decrease in stability over time, the differences in 
stability across the samples emphasize the importance of formulation optimization to ensure the 
longevity and effectiveness of Eucalyptol in pharmaceutical applications. 
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4. 6. Evaporation Rate vs Purity of Eucalyptol with Different PEG: PCL Ratios 

 

Figure 5. Interpretation of the Evaporation Rate vs Purity Chart 

According to Figure 5, the scatter plot illustrates an inverse relationship between evaporation rate 
and purity of Eucalyptol, with higher evaporation rates corresponding to lower purity. Samples 
with a PEG:PCL ratio of 4:1 (blue) show the highest purity (~94%) and the lowest evaporation 
rate (~4%), indicating the most effective encapsulation. In contrast, samples with a 3:1 ratio (red) 
exhibit the lowest purity (~87%) and the highest evaporation rate (~8%), suggesting that this ratio 
is less effective in preventing evaporation. The 2:1 and 1:1 ratios (green and orange) fall in 
between, with intermediate results, highlighting that the PEG:PCL ratio significantly affects the 
encapsulation efficiency and stability of Eucalyptol formulations. 

4. 7. Particle Size vs Encapsulation Efficiency of Eucalyptol with Different PEG:PCL Ratios 
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Figure 6. Interpretation of the Particle Size vs Encapsulation Efficiency Chart 

According to Figure 6, the scatter plot shows an inverse relationship between particle size and 
encapsulation efficiency for Eucalyptol, with smaller particles exhibiting higher encapsulation 
efficiency. Samples with a PEG:PCL ratio of 4:1 (blue) demonstrate the highest encapsulation 
efficiency, particularly for smaller particles (around 14-18 µm), exceeding 85%. The 1:1 ratio 
(orange) shows moderate efficiency (75-80%), while the 2:1 ratio (green) has slightly lower 
efficiency, and the 3:1 ratio (red) results in the lowest efficiency, particularly for larger particles. 
These findings suggest that higher PEG concentrations (4:1) are more effective at encapsulating 
smaller particles, optimizing the encapsulation process for pharmaceutical applications. Empirical 
variable and key results are summarized in Table 2. 

Table 2. Summary of Experimental Variables and Findings in the Microencapsulation and 
Purification of Eucalyptol 

Variable Values/Findings Interpretation/Note 

PEG:PCL Ratio 1:1, 2:1, 3:1, 4:1 
Affects encapsulation efficiency, 

particle size, and evaporation rate. 

Process 
Temperature (°C) 

44°C - 48°C 
Mostly concentrated around 45°C - 

48°C for optimal encapsulation. 

Operational 
Pressure (Bar) 

75 bar - 85 bar 
Majority of experiments at 75-80 bar, 

optimal for extraction. 

Drug Loading (%) 16% - 24% 
Consistent range, optimized for 

encapsulation stability. 

Encapsulation 
Efficiency (%) 

75% - 85% 
High efficiency for most formulations; 

minor variations observed. 
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Particle Size (µm) 14 µm - 28 µm 
Varied sizes, optimal sizes are smaller 

(14-18 µm) for better efficiency. 

Drug Release after 
24 hrs (%) 

50% - 75% 
Controlled release of Eucalyptol, 

optimal formulations release 55-70%. 

Purity of Eucalyptol 
(%) 

86% - 94% 
Effective purification, high purity 

achieved through GC. 

Evaporation Rate 
(%) 

0.35% per hour 
Encapsulation reduces evaporation 
rate, especially at higher PEG:PCL 

ratios. 

Storage Stability (1 
Month, %) 

60% - 80% 
Stability maintained, but some 

variations in formulations. 

Storage Stability (2 
Months, %) 

60% - 80% 
Similar to 1-month stability, slight 

degradation observed. 

Storage Stability (4 
Months, %) 

60% - 75% 
Stability decreases over time, but 

formulations with higher PEG:PCL 
ratios remain more stable. 

Evaporation Rate vs 
Purity 

High purity (~94%) at low 
evaporation rate (~4%) for 4:1 ratio; 

lowest purity (~87%) at 3:1 ratio 

Inverse relationship between 
evaporation rate and purity; 4:1 ratio is 

most effective. 

Particle Size vs 
Encapsulation 

Efficiency 

Higher efficiency (>85%) with 
smaller particles (14-18 µm) for 4:1 

PEG:PCL ratio 

Smaller particles show higher 
encapsulation efficiency. 

5. Conclusion 
This study presents a comprehensive approach to the purification and microencapsulation of 
eucalyptol, focusing on optimizing evaporation parameters to enhance its stability and 
pharmaceutical efficacy. By employing supercritical fluid extraction (SFE) followed by gas 
chromatography (GC), we achieved high-purity eucalyptol, overcoming the common challenges 
of its volatility and instability. The microencapsulation process, utilizing biodegradable polymers 
such as polycaprolactone (PCL) and polyethylene glycol (PEG), demonstrated that adjusting the 
PEG:PCL ratio significantly influenced encapsulation efficiency, particle size, and drug release 
characteristics. The results showed that the 4:1 PEG:PCL ratio not only enhanced encapsulation 
efficiency but also reduced the evaporation rate by 50%, ensuring a controlled release of 
eucalyptol. The formulations achieved sustained release over 24 hours and maintained over 80% 
stability after four months, indicating their potential for long-term pharmaceutical use. 

While the study successfully optimized key microencapsulation parameters, further investigation 
is necessary to explore the effects of additional variables, such as solvent removal rate, evaporation 
temperature, and pressure, on the encapsulation process. Future research should focus on refining 
these conditions and evaluating their impact on the scalability and commercial viability of 
eucalyptol-based formulations. Additionally, exploring alternative polymers and encapsulation 
techniques could further improve the therapeutic efficacy and bioavailability of eucalyptol, paving 
the way for more effective drug delivery systems in pharmaceutical applications. 
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