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Abstract
[bookmark: _GoBack]Pneumonia remains a major global health problem, worsened by the growing resistance of pathogens such as Klebsiella pneumoniae and Staphylococcus aureus to antibiotics. This study investigated the phytochemical composition, functional groups, and antimicrobial activity of steam-distilled essential oil (EO) from Eucalyptus globulus leaves grown in Narok, Kenya. Phytochemical screening confirmed the presence of terpenoids, mainly 1,8-cineole, α-pinene, and limonene. FTIR analysis revealed characteristic absorption peaks typical of monoterpenes, including aliphatic C–H stretching at 2960–2850 cm⁻¹, CH₃ deformation at 1374 cm⁻¹, and ether C–O–C vibrations at 1214 and 1079 cm⁻¹, consistent with cineole. Additional peaks were observed at 984 cm⁻¹ (CH₂ wagging), 886 cm⁻¹ (=C–H bending), and 810 cm⁻¹ (ring vibrations), confirming the presence of bicyclic and monocyclic terpenes. Antimicrobial tests revealed concentration-dependent inhibition, with maximum zones of 19.68 ± 0.41 mm against K. pneumoniae and 18.34 ± 0.36 mm against S. aureus at 100% EO. Time–kill kinetics showed rapid bactericidal activity against S. aureus at 4×MIC within 6 hours while K. pneumoniae showed slower, mainly bacteriostatic activity at the same concentration. Comparative study showed that the Kenyan-derived EO has similar composition and activity to eucalyptus oils from other regions, but was more effective against Gram-positive bacteria than Gram-negative strains. The findings support the potential use of Eucalyptus EO as a natural antimicrobial, especially for Gram-positive respiratory pathogens, while indicating its limited action against resistant Gram-negative bacteria.
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1. Introduction
Pneumonia remains a major public health challenge worldwide, contributing substantially to morbidity and mortality, particularly among children under five, the elderly, and immunocompromised populations (Gopalakrishnan et al., 2025; Kudagammana et al., 2024). According to the World Health Organization (WHO, 2022), it is the leading cause of death from infectious disease in children, with millions of cases reported annually. The disease is caused by a wide spectrum of pathogens, ranging from typical bacteria such as Streptococcus pneumoniae, Haemophilus influenzae, and Moraxella catarrhalis to atypical organisms like Mycoplasma pneumoniae, Chlamydophila pneumoniae, and Legionella pneumophila (Berebichez-Fridman et al., 2015; Sattar et al., 2024). 
Furthermore, opportunistic hospital-associated pathogens, including multidrug-resistant Pseudomonas aeruginosa, Acinetobacter baumannii, Escherichia coli, and Staphylococcus aureus (Tobin & Zahra, 2025), as well as fungal-like Pneumocystis jirovecii and viral agents  such as respiratory syncytial virus (RSV), influenza, and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), further complicate disease management (Salazar et al., 2021). Of particular concern are Klebsiella pneumoniae, a Gram-negative bacterium, and S. aureus, a Gram-positive bacterium, whose increasing multidrug resistance significantly limits available treatment options (Bengoechea & Sa Pessoa, 2018). These challenges highlight the urgent need for alternative therapeutic strategies that are safe, affordable, and effective.
Medicinal plants and their derivatives have gained attention as potential sources of novel antimicrobials (Rachwał & Gustaw, 2025). Essential oils (EOs) are complex mixtures of volatile secondary metabolites such as terpenoids, phenols, flavonoids, alkaloids, and glycosides are among the most widely studied plant-derived products due to their broad-spectrum antimicrobial, antifungal, and antiviral properties (Raghuvanshi et al., 2023; Siddiqui et al., 2024). Within this group, eucalyptus essential oil has attracted particular interest. Derived from the leaves of Eucalyptus species (Myrtaceae), it is dominated by the monoterpene oxide 1,8-cineole (eucalyptol), along with α-pinene, limonene, camphor, and globulol (Rabeh et al., 2025). Traditionally used to treat colds, coughs, and bronchitis, eucalyptus oil has been scientifically validated for its antimicrobial, antioxidant, anti-inflammatory, and analgesic properties (Shiekh et al., 2025). Its antimicrobial mechanism is primarily attributed to disruption of bacterial membranes, leakage of cellular contents, and interference with enzymatic activities (Khwaza & Aderibigbe, 2025; Rachwał & Gustaw, 2025).
The extraction of essential oils is a critical determinant of their chemical composition and bioactivity (Hegazy et al., 2025). Conventional methods such as hydrodistillation and steam distillation remain the most widely employed due to their simplicity and effectiveness in preserving volatile constituents (S et al., 2025), while advanced approaches such as solvent extraction, microwave-assisted extraction, and supercritical CO₂ extraction offer improved yields and selectivity (Sethunga et al., 2022). Despite these advances, steam distillation continues to be the standard for eucalyptus oil production, particularly in resource-limited settings. Following extraction, phytochemical screening provides insight into key classes of bioactive metabolites, while Fourier-transform infrared (FTIR) spectroscopy allows identification of functional groups linked to antimicrobial and antioxidant activity (Pandey et al., 2023). These analyses provide a comprehensive chemical and structural profile of the oil.
An increasing number of studies have established the antimicrobial efficacy of eucalyptus oil against respiratory pathogens (Sadlon & Lamson, 2010). Notably, more potent inhibitory effects are frequently observed against Gram-positive bacteria such as S. aureus, while Gram-negative species like K. pneumoniae exhibit delayed or reduced susceptibility, attributed to the protective outer membrane and efflux mechanisms (Bachir & Benali, 2012; Salvatori et al., 2023). However, much of the existing work has focused on eucalyptus species grown in Australia, Asia, and West Africa, with limited studies investigating chemotypic variations in oils derived from Kenyan eucalyptus populations, particularly in Narok, a region renowned for its rich medicinal plant diversity and ethnobotanical significance (Chelangat et al., 2022; Muriuki et al., 1985).
Although Eucalyptus is widely cultivated in Narok, little is known about the chemical composition, phytochemical profile, and antimicrobial efficacy of its essential oil in comparison to globally reported chemotypes. Considering that environmental factors, soil composition, and climate significantly influence essential oil yield and composition, there is a need to evaluate whether Narok-grown eucalyptus demonstrates unique chemical fingerprints and antimicrobial potency. Addressing this gap will not only expand phytochemical knowledge but also inform the potential development of region-specific, plant-based antimicrobial alternatives against multidrug-resistant pneumonia pathogens.

2. Materials and Methods
2.1 Plant Collection and Preparation
Fresh leaves of Eucalyptus globulus were collected from the botanical garden of Maasai Mara University, Narok County, Kenya (1°06′20″ S, 35°52′10″ E). Prior to essential oil extraction, the leaves were carefully washed with distilled water to remove dust and surface contaminants, and subsequently stored under refrigeration at 4 °C to minimize phytochemical degradation until use.
2.2 Extraction of the Essential Oil
The essential oil was extracted using the steam-distillation method as shown in Figure 1. Approximately 250 g of fresh leaves were placed in a distillation flask connected to a Clevenger apparatus. Steam was passed through the plant material for 3–4 hours, releasing volatile oils which were subsequently condensed and collected. The oil was separated from the aqueous layer, dried over anhydrous sodium sulfate, and stored in amber vials at 4 °C until use.
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Figure 1: Schematic extraction of the EO from the Eucalyptus leaves through steam distillation. 
2.3 Phytochemical Screening
Qualitative phytochemical analyses of the eucalyptus essential oil (EO) were performed using standard methods as described by (Harborne, 1998; Kaur et al., 2019), with slight modifications to accommodate oil-based samples. A 10% (v/v) solution of the EO was prepared in ethanol (analytical grade) and used for all assays. Positive controls (plant extracts known to contain the target phytochemicals) and negative controls (solvent only) were included in each assay to ensure validity.
2.4 FTIR Characterization
The functional groups present in the EO were analyzed using Fourier-transform infrared spectroscopy (FTIR, Shimadzu IRTracer-100). A drop of EO was placed on an ATR crystal, and spectra were collected over a 4000–500 cm⁻¹ with a resolution of 4 cm⁻¹, averaging 32 scans for each sample. The obtained spectra were baseline-corrected and normalized, and the characteristic peaks corresponding to functional groups were identified.
2.5 Antimicrobial Activity
The antimicrobial activity of the EO was evaluated against Klebsiella pneumoniae (ATCC 13883) and Staphylococcus aureus (ATCC 25923) using the agar well diffusion assay (Woods et al., 2011). Mueller–Hinton agar plates were inoculated with standardized bacterial suspensions adjusted to a 0.5 McFarland standard to ensure uniform growth. Wells of 6 mm diameter were aseptically bored into the agar and filled with 50 μL of EO at different concentrations (25%, 50%, and 100%). Plates were incubated at 37 °C for 24 hours, after which the diameters of inhibition zones were measured in millimeters. Amoxicillin was employed as the positive control, while DMSO served as the negative control.
2.6 Time–Kill Kinetics Assay
Time–kill kinetics of Klebsiella pneumoniae and Staphylococcus aureus were assessed in Mueller–Hinton broth (MHB) according to Clinical and Laboratory Standards Institute (CLSI) (Kumar et al., 2014). Fresh overnight cultures were adjusted to approximately 1 × 10⁶ CFU·mL⁻¹ and exposed to the EO at 0.5×, 1×, 2×, and 4× the minimum inhibitory concentration (MIC). Growth, solvent, and sterility controls were included for validation. Test flasks (10 mL) were incubated at 37 °C with agitation at 150 rpm, and aliquots were withdrawn at predetermined intervals of 0, 0.5, 1, 2, 4, 6, 8, 12, and 24 hrs. Samples were immediately neutralized in Dey–Engley broth, serially diluted in sterile saline, and plated onto Mueller–Hinton agar. Plates were incubated at 37 °C for 24 hrs, and viable colonies were enumerated to determine bacterial counts (log₁₀ CFU·mL⁻¹). Killing curves were obtained by plotting log₁₀ CFU·mL⁻¹ versus time. Bactericidal activity was defined as a ≥3 log₁₀ CFU·mL⁻¹ reduction from the initial inoculum within 24 hrs, while <3 log₁₀ reduction was considered bacteriostatic. All experiments were conducted in triplicate, and results were expressed as mean ± SD. Statistical analysis was performed using two-way ANOVA, with significance set at p < 0.05.
3.0 Results and discussions
3.1 Phytochemicals in the eucalyptus oil obtained through steam distillation
Phytochemical screening of the steam-distilled essential oil of Eucalyptus globulus as shown in Table 1. The screening confirmed the presence of terpenoids, while other secondary metabolites such as alkaloids, phenols, flavonoids, tannins, saponins, and glycosides were absent. This observation reflects the selective nature of steam distillation, which favours the recovery of volatile and thermally stable compounds while excluding non-volatile or polar phytochemicals. Similar findings were reported in other Eucalyptus species such as E. globulus, E. cinerea, and E. leucoxylon, where terpenoids such as 1,8-cineole, α-pinene, β-pinene, and limonene dominate the essential oil fraction (Barbosa et al., 2016; Silva et al., 2011). The predominance of lipophilic terpenoids in eucalyptus oils facilitates penetration through microbial membranes, thereby contributing to their broad spectrum of antimicrobial and other biological activities
Similar findings were reported by Singh et al. (2012), who revealed that EO of E. citriodora, largely composed of monoterpenes and exhibited potent antifungal activity against Aspergillus species, even though other classes of phytochemicals were absent in the oil fraction. Ammer et al. (2016) also established that essential oils from E. tereticornis were shown to inhibit a broad spectrum of bacteria, including S. aureus and E. coli, with activity attributed primarily to 1,8-cineole and other terpenoid components.
In addition, terpenoids have also been reported to display anti-inflammatory properties through modulation of pro-inflammatory cytokines and inhibition of cyclooxygenase pathways, and they serve as natural antioxidants by scavenging reactive oxygen species and protecting lipids from peroxidation (Masyita et al., 2022).
Table 1: Phytochemicals in the eucalyptus oil obtained through steam distillation
	Secondary Metabolites
	Presence
	Test
	Inferences

	Alkaloids
	–
	Dragendorff’s
	No colour change

	Phenols
	– 
	Ferric chloride
	No colour change

	Saponins
	–
	Frothing test
	No colour change

	Flavonoids
	–
	Alkaline reagent
	No colour change

	Terpenoids
	+++ 
	Salkowski
	Reddish-brown ring

	Tannins
	–
	Ferric chloride
	No colour change

	Steroids
	–
	Liebermann–Burchard
	No colour change

	Glycosides
	–
	Keller–Killiani
	No colour change

	Phlobatannins
	–
	Hydrochloric acid 
	No colour change

	Anthraquinones
	–
	Bornträger’s
	No colour change



3.2 Structural and Functional Group Analysis using FTIR
Figure 2 shows FTIR spectra of EO obtained through steam distillation of the Eucalyptus leaves, while Table 2 summarizes the functional groups identified. The major absorption bands include aliphatic C–H stretches at 2960–2850 cm⁻¹, reflecting the –CH₃ and –CH₂ groups present in 1,8-cineole, α-pinene, and limonene, and CH₃ symmetrical deformation at 1374 cm⁻¹, indicative of the –CH₃ symmetric bending in α-pinene and limonene. Ether-related stretching vibrations are observed at 1214 cm⁻¹ associated with C–O–C asymmetrical and 1079 cm⁻¹ for C–O–C symmetrical, corresponding to the ether linkage in 1,8-cineole, the dominant bicyclic monoterpene known for strong antimicrobial efficacy against Gram-positive and Gram-negative bacteria (Khwaza & Aderibigbe, 2025). Additionally, CH₂ wagging at 984 cm⁻¹ is attributed to bicyclic monoterpenes (1,8-cineole and α-pinene), while =C–H bending at 886 cm⁻¹ and 810 cm⁻¹ reflect alkene and ring vibrations associated with limonene and α-pinene. The presence of the functional groups not only confirms the structural composition of the major constituents but also correlates with their antimicrobial mechanisms. 
The lipophilic aliphatic C–H and CH₃ groups are also reported to enhance penetration through microbial membranes, increasing permeability and causing cell lysis, while the ether linkages in 1,8-cineole contribute to its potent bioactivity (Kaspute et al., 2025; Swamy et al., 2016).
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Figure 2: Fourier Transform Infrared (FTIR) spectra of Eucalyptus globulus essential oil with characteristic absorption bands.
Table 2: Summary of FTIR absorption peaks and associated functional groups in the EO.
	Peak (cm⁻¹)
	Assignment
	Functional Group

	2960–2850
	Aliphatic C–H stretching
	–CH₃, –CH₂ (present in 1,8-cineole, α-pinene, limonene)

	1374
	CH₃ symmetrical deformation
	–CH₃ symmetric bending (α-pinene, limonene)

	1214
	C–O–C asymmetrical stretching
	Ether linkage (1,8-cineole)

	1079
	C–O–C symmetrical stretching
	Ether linkage (1,8-cineole)

	984
	CH₂ wagging
	Bicyclic monoterpenes (1,8-cineole, α-pinene)

	886
	=C–H bending
	Alkene (limonene)

	810
	=C–H bending (ring)
	Monocyclic/ bicyclic ring vibration (α-pinene, limonene)



3.3 Antimicrobial studies
The antimicrobial activity of the EO against K. pneumoniae and S. aureus exhibited a clear concentration-dependent effect, as shown in Figure 3 and Table 3. At 25%, the EO inhibition zones of 9.86 ± 0.25 mm and 8.12 ± 0.19 mm were recorded against K. pneumoniae and S. aureus, respectively. With increasing concentration, the inhibition zones increased to 14.52 ± 0.34 mm and 13.47 ± 0.27 mm at 50%, and reached 19.68 ± 0.41 mm and 18.34 ± 0.36 mm at 100%. Statistical analysis using one-way ANOVA revealed that the increase in inhibition zones with concentration was significant (p < 0.05), confirming a dose-responsive antimicrobial trend. The activity is mainly attributed to major terpenoids such as 1,8-cineole, α-pinene, and limonene, which destabilize microbial membranes, alter permeability, and impair enzyme activity, ultimately suppressing bacterial growth. The negative control (DMSO) produced no inhibition, validating its inert role, whereas the positive control (amoxicillin) consistently showed larger inhibition zones (24–28 mm). Tukey’s post hoc test confirmed that inhibition zones produced by amoxicillin were significantly higher than those of EO at all concentrations (p < 0.05). These results confirm that the antimicrobial effect observed is attributable to the EO. It also demonstrates that EO remains less potent than standard antibiotics but still exhibits inhibitory activity.
The findings are in agreement with studies by Shiekh et al. (2025) who reported that eucalyptus oil rich in 1,8-cineole inhibited S. aureus and E. coli by altering cell membrane integrity. Similarly, Mirković et al. (2025) confirmed strong antibacterial and antifungal activity of eucalyptus EO associated with ether and aliphatic constituents. Shahin et al. (2025) highlighted synergistic antibacterial effects when EO was combined with antibiotics, while Kamoldeen et al. (2024) observed potent inhibition of respiratory pathogens attributable to its monoterpene content. This suggests that eucalyptus EO is a promising antimicrobial agent against both Gram-positive and Gram-negative bacteria.
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Figure 3: Inhibitory effect EO against S. aureus and at different concentrations K. pneumonia.
Table 3. Antimicrobial activity of the EO against test organisms with statistical analysis.
	
	
	Zone of inhibition (mm)

	Organism
	Concentration (%)
	EO 
	Positive control (Amoxicillin)
	Negative control (DMSO)

	K. pneumoniae
	25
	9.86 ± 0.25a
	25.42 ± 0.32c
	0.00 ± 0.00d

	
	50
	14.52 ± 0.34b
	26.18 ± 0.31c
	0.00 ± 0.00d

	
	100
	19.68 ± 0.41b
	27.94 ± 0.35c
	0.00 ± 0.00d

	S. aureus
	25
	8.12 ± 0.19a
	24.36 ± 0.28c
	0.00 ± 0.00d

	
	50
	13.47 ± 0.27b
	25.73 ± 0.30c
	0.00 ± 0.00d

	
	100
	18.34 ± 0.36b
	27.58 ± 0.33c
	0.00 ± 0.00d



3.4 Time-kill kinetics
Time–kill assays with an initial inoculum of 1 × 10⁶ CFU·mL⁻¹ demonstrated clear concentration- and time-dependent effects of eucalyptus essential oil (EO). For Staphylococcus aureus, exposure at 1×MIC resulted in approximately 1.5 log₁₀ reduction at 6 hrs and 2.5 log₁₀ reduction at 24 hrs. At 4×MIC, bactericidal activity of ≥3 log₁₀ reduction relative to baseline was achieved within 6 hrs, with complete suppression of regrowth up to 24 hrs (Figure 4a). For K. pneumoniae, EO exhibited slower killing kinetics. At 1×MIC, only bacteriostatic activity of ≤1 log₁₀ reduction was observed over 24 hrs. At 4×MIC, about 2.7 log₁₀ reduction occurred by 24 hrs, which did not consistently meet the ≥3 log₁₀ bactericidal threshold (Figure 4b). This indicates that EO has weaker or delayed bactericidal action against Gram-negative bacteria compared to Gram-positive.
These kinetic profiles align with previous studies showing that essential oils, particularly 1,8-cineole, exhibit rapid, concentration-dependent bactericidal activity against Gram-positive bacteria but slower or incomplete killing of Gram-negative species due to their protective outer membrane and efflux mechanisms (Bachir & Benali, 2012; Salvatori et al., 2023). 
The results, therefore, suggest that eucalyptus EO is more rapidly bactericidal against S. aureus and primarily bacteriostatic or slower-acting against K. pneumoniae, indicating its potential application alongside other treatments for Gram-negative infections (Moo et al., 2021).


 
Figure 4: Time–kill kinetics of S. aureus (a) and K. pneumonia (b).
3.5 Comparative Studies
Table 4 presents a comparative analysis of the present study and selected literature reports on Eucalyptus essential oils (EOs). The comparative evaluation highlights that extraction technique, geographical origin, and chemical composition critically influence oil yield, phytochemical profile, and biological activity. Among commonly employed extraction methods, hydrodistillation, steam distillation, solvent extraction, and supercritical CO₂ extraction, steam distillation remains the most widely applied due to its efficiency in preserving volatile terpenoids and minimizing thermal degradation (Boukhatem & Setzer, 2020). In contrast, solvent extraction and supercritical CO₂ approaches can achieve higher yields and recover additional non-volatile phenolics; however, these methods may introduce solvent residues or alter the natural chemical profile (Boukhatem & Setzer, 2020).
In the present study, steam distillation of Eucalyptus globulus leaves from Narok, Kenya, predominantly enriched volatile terpenoids, particularly 1,8-cineole, α-pinene, and limonene. This compositional is in agreement with literature reports on steam/hydrodistilled Eucalyptus EOs, which showed that the EOs are typically dominated by monoterpenes most notably oxygenated monoterpenes such as 1,8-cineole, along with monoterpene hydrocarbons including α-pinene, β-pinene, and limonene. In a study of seven Eucalyptus species in Pakistan, 1,8-cineole and α-pinene were major constituents correlating with significant antimicrobial activity (Ghaffar et al., 2015). Similarly, E. oleosa oils derived from leaves, stems, flowers, and fruits consistently reported 1,8-cineole as the predominant constituent, with α-pinene and limonene also present at substantial levels (Marzoug et al., 2011).
Environmental and geographical factors further modulate the phytochemical profile of Eucalyptus EOs. Systematic reviews indicate that 1,8-cineole frequently constitutes over 70% (v/v) of the oil in various populations, though the relative abundance of other monoterpenes and sesquiterpenes varies with species, climate, soil, and plant part (Chandorkar et al., 2021; Marzoug et al., 2011). For instance, in E. oleosa, adult leaf oils contained higher proportions of sesquiterpenes (e.g., spathulenol, γ-eudesmol) compared with flowers and fruits, which were dominated by oxygenated monoterpenes (Chandorkar et al., 2021).
Furthermore, phytochemical screening across multiple studies confirms that terpenoids are the principal bioactive constituents of Eucalyptus EOs. A strong positive correlation has been documented between oxygenated monoterpene content, particularly 1,8-cineole and antimicrobial potency against both Gram-positive and Gram-negative bacteria (Marzoug et al., 2011). FTIR analysis revealed spectral consistent with ethers (C–O–C stretching) and aliphatic C–H bonds, in agreement with a high content of 1,8-cineole, although precise band assignments may vary among studies.
Regarding antimicrobial efficacy, literature consistently reports stronger activity of Eucalyptus EOs against Gram-positive bacteria (e.g., Staphylococcus aureus, Bacillus subtilis) compared with Gram-negative species (e.g., Klebsiella pneumoniae, Pseudomonas aeruginosa). E. oleosa oils exhibited lower MICs against Gram-positive strains, reflecting higher susceptibility, whereas Gram-negative strains were less inhibited (Marzoug et al., 2011). In related studies, such as Callistemon species from South Africa, inhibition zones against S. aureus were ~25–26 mm, while K. pneumoniae showed considerably smaller zones (Napoli & Di Vito, 2021). Time–kill kinetics, where reported, further demonstrate faster bactericidal action against Gram-positive bacteria, with Gram-negative killing being slower or primarily bacteriostatic.
The comparative studies support the fact that both intrinsic (chemical composition) and extrinsic factors (geography, extraction method, formulation) influence the bioactivity of Eucalyptus EOs.
Table 4. Comparative analysis of the present work literature reports.
	Source and origin
	Extraction Method
	Major Phytochemical Constituents
	Antimicrobial Activity
	Time-Kill Kinetics 
	Reference

	Narok, Kenya
(E. globulus) 
	Steam distillation
	High in 1,8-cineole, α-pinene, and limonene
	Inhibition zones: ~19.7 mm (K. pneumoniae), ~18.3 mm (S. aureus) at 100% EO; lower at 25–50%
	S. aureus; bactericidal at 4×MIC by 6 h; K. pneumoniae: slower kill, not fully bactericidal at 4×MIC by 24 h.
	Present study

	Tunisia (Eucalyptus spp.)
	Hydrodistillation
	1,8-cineole 30–67%, α-pinene, spathulenol; typical oxygenated monoterpenes
	Good inhibition against various bacteria (including E. coli, Candida); varies by species.
	Mostly MIC/agar diffusion; detailed time–kill curves not reported.
	(Ben Rabeh et al., 2025)

	Australia
 (E. globulus)
	Standard steam/ hydrodistillation
	Cineole dominant, common monoterpenes; functional groups inferred from identified compounds.
	Effective against MRSA; activities vary by strain and concentration.
	Some studies report faster kill in Gram-positive; detailed curves less frequent.
	(Elangovan & Mudgil, 2023)

	Morocco
(Eucalyptus globulus and Eucalyptus camaldulensis)
	Hydrodistillation
	Cineole content variable; ether and aliphatic C–H functional groups; geographic fingerprinting.
	Antimicrobial activity correlates with higher cineole content.
	Time–kill data limited; correlation with chemical profile noted.
	(El Orche et al., 2024)

	Colombia
(Nanoemulsion formulations)
	EO emulsified as nanoemulsions
	Volatile constituents retained; improved dispersion and bioavailability.
	Rapid kill against S. aureus; complete loss of viability within 15 min in optimized nanoemulsions.
	Time–kill included; enhanced speed versus non-formulated EO.
	(Clavijo-Romero & Quintanilla-Carvajal, 2018)

	India 
(Broader reviews & comparative studies)
	Mixed methods (distillation, diffusion, etc.)
	Variation in monoterpenes, oxygenated monoterpenes, occasional phenolics.
	Gram-positive bacteria more susceptible; Gram-negative less sensitive; some oils potent vs K. pneumoniae.
	Time–kill data reported when high concentrations or optimized formulations used.
	(Ameur et al., 2024; Chouhan et al., 2017)

	Australia (8 Eucalyptus spp.)
	Hydrodistillation
	Some species have very high cineole (>70%) and other monoterpenes.
	Strong antimicrobial activity; lower MICs in some species.
	Faster bactericidal action in Gram-positive; slower in Gram-negative.
	(Elaissi et al., 2012)



Conclusion
This study highlights the significant potential of eucalyptus essential oil (EO), obtained through steam distillation, as a natural antimicrobial agent against K. pneumoniae and S. aureus. The phytochemical profile was dominated by monoterpenes, as confirmed by FTIR analysis and supports its broad-spectrum biological activities. Time–kill kinetic assays further revealed that EO activity is both concentration and time-dependent, demonstrating effective bacterial inhibition at higher doses and prolonged exposure. Comparative studies showed variations based on geographical origin, extraction technique, and environmental factors influenced the chemical composition, and antimicrobial potency of the EO. The observed bioactivities supported previous findings in the literature that associate terpenoid-rich essential oils with membrane disruption, oxidative stress induction, and interference with bacterial quorum sensing. The findings established that eucalyptus EO offers a sustainable and bio-based alternative to conventional antimicrobials, with applications extending to pharmaceuticals, food preservation, and healthcare.
Data availability 
This article includes all the data generated or analyzed during this study.
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