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Abstract
Polycyclic aromatic hydrocarbons are toxic pollutants which persist in the environment. Extraction of polycyclic aromatic 
hydrocarbons requires large volumes of toxic organic solvents, but the use of non-hazardous solvents provides a potentially 
cleaner approach to quantifying polycyclic aromatic hydrocarbons in environmental matrices. Here we investigated the effi-
ciency of eucalyptus oil to extract polycyclic aromatic hydrocarbons from spiked soil and sediment. Eucalyptus oil extraction 
conditions including temperature, time, and volume of oil were optimized employing a Box–Behnken experimental design, 
and the desorption kinetics of phenanthrene, pyrene, chrysene, and benzo[a]pyrene were evaluated using an empirical first 
order kinetic model. Results show that extraction efficiency from soil, of 112% for phenanthrene, 108% for pyrene, 102% 
for chrysene and 98% for benzo[a]pyrene, is higher than that from sediment, of 90, 111, 84 and 82%, respectively. This may 
be due to soil possessing 12 times more organic carbon. Recoveries higher than 77% were obtained over the concentration 
range 0.5–10 mg/kg for the tested polycyclic aromatic hydrocarbons, with limits of detection lower than 63 µg/kg and limits 
of quantitation lower than 125 µg/kg. These findings suggest that eucalyptus oil has potential as a safer solvent to extract 
hydrophobic contaminants.

Keywords  Polycyclic aromatic hydrocarbons · Eucalyptus oil extraction · Soil · Sediment · Box-Behnken experimental 
design · Desorption kinetics

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are widespread 
environmental pollutants with two or more fused aromatic 
rings, which can accumulate in the soil, sediment, water, 
plants and animals, with 90% of global PAH burden present 
in soils and sediments (Wild et al. 1995). PAHs can be pro-
duced in high temperature, low oxygen conditions such as 
forest fires, combustion engines and during the production 
of coke and tar (Abdel-Shafy et al. 2016). More volatile 
low molecular weight PAHs (2–3 ringed) are present mainly 
in the vapour phase and high molecular weight PAHs (> 4 
rings) mostly associate with the particulate phase in the 

environment (Abbas et al. 2018). PAHs and their deriva-
tives may exhibit teratogenic, mutagenic, and carcinogenic 
effects to humans and other organisms (Abbas et al. 2018; 
Parales et al. 2002; Yu et al. 2013), making remediation of 
contaminated sites essential to allow land reuse.

Monitoring PAHs in the environment is essential to 
assessing PAH concentration and type, and for investigating 
the effectiveness of contaminated site bioremediation, but 
their extraction from solid matrices is inefficient due to the 
strong PAH-matrix interactions (Saldana et al. 2005). Sox-
hlet, ultrasonic, liquid–liquid and solid-phase extraction are 
commonly used methods, however, these techniques typi-
cally require large volumes of industrial organic solvents, 
which increases time, cost, waste, and poses a potential 
environmental hazard (Kariyawasam et al. 2022). Other 
less common techniques, such as Pasteur pipette extraction, 
have also been reported, but are limited to small sample 
sizes which may not be representative of samples with poor 
homogeneity (Henner et al. 1997). To mitigate these issues, 
vegetable oils have been used to extract PAHs from solid 
matrices due to their non-toxic and biodegradable nature, 
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while improving the extraction efficiency and reducing the 
cost (Gong et al. 2006; Lau et al. 2012; Pannu et al. 2004; 
Yap et al. 2010).

The eucalyptus tree produces an essential oil, which can 
be used as an eco-friendly solvent and has been used in the 
soap industry due to its surface-active properties (Small 
1981). The major component in eucalyptus oil is eucalyptol, 
with a logarithm of the octanol/water partition coefficient 
(log Kow) of 2.74 (PubChem 2022b), which gives it a simi-
lar polarity to toluene (log Kow = 2.73, PubChem (2022a)) 
and a slightly higher polarity than hexane (log Kow = 3.90, 
PubChem (2022c)). These physical properties may make 
eucalyptus essential oil a potentially cleaner solvent for 
PAH extraction, at a lower cost due to its low technology 
approach. The present study evaluates the efficacy of euca-
lyptus oil to extract PAHs from contaminated soil and sedi-
ment for the purpose of PAH quantitation, which has not 
been investigated to date. Further, oil extraction of PAHs for 
one type of oil has not been conducted for different matrices.

Experimental

Chemical standards

Stock solutions of phenanthrene, pyrene, chrysene and 
benzo[a]pyrene were prepared in acetonitrile (5 μg/mL), and 
deuterated PAHs, phenanthrene-D10, pyrene-D10, chrysene-
D10 and benzo[a]pyrene-D12 were used as internal stand-
ards (10 μg/mL).

Spiking of soil and sediment

Two grams of soil or sediment (Text S1 and Table S1) were 
weighed into glass screw cap vials in triplicate and covered 
with acetone (1800 µL), (Guo et al. 2013) and were spiked 
with PAHs (800 µL, 5 μg/mL). Acetone was evaporated 
under a gentle stream of nitrogen resulting in PAH concen-
trations in soil and sediment of 2 mg/kg.

Eucalyptus oil extraction of polycyclic aromatic 
hydrocarbons

Eucalyptus oil (4–6 mL), confirmed to be PAH free by gas 
chromatography-mass spectrometry (GC–MS), was added to 
PAH spiked soil samples (2.00 g), and the soil slurries were 
mechanically mixed by inversion for 3–7 days at 15–25 °C. 
The extracts were centrifuged (3220 × g, 5 min), and the 
supernatants were spiked with the internal standards (50 µL, 
10 μg/mL deuterated PAHs), to account for the losses during 
the filtration and evaporation steps, and minor variations in 
resuspension volume. The filtered extracts were analysed 
by GC–MS, (Text S2). A minimum of 4 mL was required 

to minimise deviations in the volume of solvent recovered 
after centrifugation.

A second-order multivariate Box–Behnken experimen-
tal design was employed to optimize extraction parameters, 
such as temperature, solvent volume, and extraction time, 
and the experimental design is shown in supplementary Text 
S3 and Table S2, and levels were selected based on studies 
conducted for vegetable oils (Gong et al. 2005a; Pannu et al. 
2004). However, a lower temperature range was selected in 
this study due to the lower flash point of eucalyptus oil com-
pared to commonly used vegetable oils (Devan et al. 2009). 
Steps followed during oil extraction of PAHs from soil/sedi-
ment and the optimization have been summarized in Fig. 1.

Method validation

Under the most favourable oil extraction conditions, the 
limits of detection, limits of quantification, linearity and 
recovery efficiencies (in the range of 0.5–10 mg/kg) were 
used to validate the proposed method. Limits of detection 
were taken as the lowest concentration of a PAH that could 
be detected through visual evaluation and relative standard 
deviation < 10% was considered as the limit of quantifica-
tion. Statistical analysis was conducted using one-way analy-
sis of variance and Tukey's posthoc test (Wawra et al. 2018). 
A two‑tailed P < 0.05 was considered statistically significant.

Desorption kinetics

Oil extraction was conducted using the above-mentioned 
method using optimum soil-to-oil ratio and extraction tem-
perature, and the desorption kinetics were studied by sam-
pling at day 1, 2, 3, 4 and 5.

The empirical first-order mass transfer model proposed 
by Woolgar et al. (1999), was used to fit the desorption data 
according to

where C0 is the PAH concentration in the oil phase at time 
t (mg/L), k is the lumped mass transfer coefficient (day−1), 
Ce is the equilibrium oil phase PAH concentration (mg/L), 
and t is the contact time with oil (days).

Results and discussion

Optimisation of oil extraction parameters

Response surfaces were used to identify optimal conditions 
for the three independent variables using the PAH con-
centration as the dependent variable. Response variables 
were fitted with quadratic models (Text S3). Contour and 

Co = Ce
[

1 − exp (−kt)
]
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three-dimensional plots for the factorial design show that 
PAH extraction efficiencies are highly dependent on the 
temperature, volume of oil, shaking period, and the matrix 
(Fig. S1-S4). The F-tests conducted for analysis of variance 
indicate the models are significant (P < 0.05) and adequately 
predict the extraction efficiencies.

Phenanthrene extraction from sediment was only 
slightly influenced by variation of extraction conditions, 
with the model predicting a maximum of 85% recovered 
using 20 °C, 5 mL of oil and a five day shaking period 
(Fig. S1). On the other hand, oil extraction of phenan-
threne from soil was significantly (P < 0.05) influenced 
by temperature and shaking period. Temperatures ranging 
from 15 to 25 °C showed over 80% extraction of phen-
anthrene under different shaking periods. Nevertheless, 
at temperatures of 16–22 °C, longer extraction time is 
favoured, whereas shorter shaking period is preferred at 
temperatures over 22 °C, which may be due to a higher 
rate of phenanthrene diffusivity resulting from lower vis-
cosity at increased temperatures (Ye et al. 2015). Volume 
changes had no effect on phenanthrene recovery, regard-
less of extraction temperature. A pairwise comparison of 

shaking period and oil volume (Fig. S1b) demonstrates 
above 95% phenanthrene recovery, which suggests phenan-
threne has not saturated within the selected volume range 
and has no solubility issues. Accordingly, 20 °C, 6 mL of 
oil and seven day shaking period are the best conditions 
(Table S3) for phenanthrene extraction from soil.

Pyrene extraction from soil was less impacted by the vari-
ations in temperature with solvent volume than sediment. 
However, when temperature is compared with shaking 
period, maximum recoveries are found at low temperature 
and short shaking period in both matrices. A three day shak-
ing period at 15 °C in soil and a five day shaking period at 
20 °C in sediment provided optimal extraction (Fig. S2). 
All pyrene extraction efficiencies were over 80% within the 
tested temperature range in both soil and sediment. Extrac-
tion efficiencies decreased with increasing volume and shak-
ing period in both matrices. Further, the use of five and three 
day shaking period provided optimal extraction conditions 
(Table S3) for pyrene in sediment and soil, respectively, 
when using 5 mL oil. According to the results, extraction of 
pyrene was more efficient from soil than sediment.

Fig. 1   Experimental procedure 
of the eucalyptus oil extraction 
of polycyclic aromatic hydro-
carbons (PAHs). X denotes 
shaking period and T denotes 
temperature. Extraction condi-
tions including temperature, 
time and solvent volume were 
varied to obtain the optimum 
conditions. PAH extracts 
obtained after centrifugation 
were filtered and analysed using 
gas chromatography-mass spec-
trometry (GC–MS). Response 
surface methodology was 
applied to optimize the process 
parameters
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Chrysene extraction from sediment was more impacted 
by the interaction of the oil volume with temperature and 
shaking period than for soil (Fig. S3). Better recoveries of 
chrysene in sediment were observed when using a larger oil 
volume. These observations can be correlated with the rela-
tively higher octanol partition coefficient of chrysene (Till-
ner et al. 2013), favouring higher volumes of hydrophobic 
solvent when it is bound to sediment containing less organic 
matter. Moreover, sediment organic matter has been reported 
to be less polar than that in soil (Hiller et al. 2008), and can 
be less soluble in oil compared to soil organic matter, limit-
ing the release of PAHs to the oil phase. A lower temperature 
(15 °C) is favoured with shaking periods of three days for 
soil and five days for sediment.

Benzo[a]pyrene showed the highest extraction efficiency 
at 20 °C in both matrices, when the volume of oil is 5 mL, 
and the shaking period is five days (Fig. S4). In contrast, 
15 °C is the most favourable temperature when using a 
6–7 day shaking period, indicating that the extraction time 
can be reduced by increasing the temperature. Accordingly, 
desorption of benzo[a]pyrene suggests being governed by 
equilibrium conditions or mass transfer limitations, which 
could be altered by varying temperature, rather than by vary-
ing the solvent volume.

Results showed (Fig. 2) recoveries were higher in soil 
than in sediment, which may be due to the soil containing 
twelve times more organic carbon than the sediment. The 
sediment used in this study also contained approximately 
30% more clay than the soil, which may bind with organic 
matter and restrict its access to oil, limiting the extraction of 
more recalcitrant PAHs.

Although this is the first study that uses a chemomet-
ric approach to optimize an oil extraction conditions for 
PAHs from soil/sediment, other studies have investigated 
the effect of extraction temperature, time and oil-to-soil 

ratio (Gong et al. 2005a; Lau et al. 2014; Pannu et al. 
2004). Lau et al. (2012) studied the extraction of phenan-
threne and fluoranthene from sand using soybean oil and 
palm kernel oil at 30 °C and 70 °C, using a 1:1 soil-to-oil 
ratio for 24 h. However, the study did not consider tem-
peratures less than 30 °C, shorter extraction periods, nor 
the oil volume. PAH extraction efficiencies were less than 
75%, even at 70 °C for either oil. Likewise, extraction effi-
ciencies of ten PAHs ranged from 38 to 86% at 20–60 °C 
when extracting with peanut oil (Pannu et al. 2004). Poor 
recoveries from soil may be impacted by soil moisture, as 
recoveries have been reported to decrease by more than a 
third when soil is moist (Gong et al. 2005b), and may be 
a result of the lower porosity in moist soil compared to 
dried soil.

The extraction parameters chosen for a multi-analyte 
mix are usually compromised to provide adequate recovery 
of all analytes, and generally not optimal for a given PAH. 
This can be exacerbated by differences in the complexity 
of sample matrices, such as the difference between soil and 
sediment. The optimized conditions in the current study 
for the four PAHs in two different matrices suggest that 
the four PAHs behaved differently during oil extractions. 
Mechanisms such as intra-organic matter diffusion and 
intra-particulate diffusion may retard the desorption of 
PAHs sequestered in soils and sediments (Northcott et al. 
2000). Plant oils may accelerate the rate of desorption of 
PAHs by altering such mechanisms, whereas the rate of 
acceleration might differ depending on the organic matter 
and clay composition in the matrix and the particle size. 
Hence, to analyse PAHs for the purpose of quantification, 
it is vital to have optimum extraction conditions for a few 
individual PAHs, which can represent the whole spectrum 
of PAHs or at least for few groups of PAHs categorized 
based on the number of rings.

Fig. 2   Oil extraction efficiencies 
of polycyclic aromatic hydro-
carbons (PAHs) in sediment and 
soil. Extractions were carried 
out for spiked soil and sediment 
having PAH concentration of 
2 mg/kg. All the four PAHs 
showed over 80% recoveries, 
both in soil and sediment
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Verification of the optimized method

Optimal extraction conditions were used to verify the ade-
quacy of the model equations (Table S3). The results for 
phenanthrene, pyrene, and chrysene in sediment, and phen-
anthrene, pyrene and benzo[a]pyrene in soil matched with 
the predicted results, which indicated the polynomial models 
gave good correlations among independent variables and 
responses. Nonetheless, for benzo[a]pyrene in sediment and 
chrysene in soil, there is a significant reduction (P < 0.05) 
in the predicted value compared to the experimental value. 
However, the closeness of experimental and predicted val-
ues (< 20%) suggests the robustness of this method. Similar 
extraction efficiencies (80–100%) were obtained even when 
the extractions were performed under optimized condi-
tions that were common for all the four PAHs in sediment 
(temperature: 20 °C, volume:5 mL, shaking period:5 days). 
Likewise, all PAHs in soil demonstrated 88–100% extraction 
efficiencies under the common extraction conditions.

Validation of the oil extraction method

The linearity, limits of detection, limits of quantification 
and recovery efficiencies were used to validate the pro-
posed method under the optimized oil extraction conditions. 
Limits of detection for phenanthrene, pyrene, chrysene and 
benzo[a]pyrene were 16, 31, 63 and 63 µg/kg, respectively, 
for sediment, while the limits of detection in soil were 16 µg/
kg for phenanthrene, pyrene and benzo[a]pyrene and 31 µg/
kg for chrysene. The limits of quantification were 63 µg/kg 
for phenanthrene and pyrene and 125 µg/kg for chrysene and 
benzo[a]pyrene in sediment, and 63 µg/kg for phenanthrene, 
pyrene and benzo[a]pyrene and 125 µg/kg for chrysene in 
soil. Calibration plots (0.5, 1, 2, 5, 10 mg/kg) based on ana-
lyte peak areas were linear, with R2 coefficients of at least 
0.999 for all analytes in soil and sediment. All four PAHs 
demonstrated high recovery efficiencies (Table S4) within 
the 0.5–10 mg/kg concentration range, with the exception of 
chrysene in sediment, which was significantly low (P < 0.05) 
for 10 mg/kg. This reduced extraction efficiency may be due 
to its hydrophobic nature, which may resist desorption into 
the oil phase due to strong interactions with the sediment 
organic matter, as previously reported (Carmichael et al. 
1997). Likewise, a reduction in the extraction efficiencies 
of anthracene from 92 to 15% when the concentration is 
increased from 100 to 1000 mg/kg has been reported (Pannu 
et al. 2004). Saturation of PAHs in the oil phase at high con-
centrations may also result in reduced recoveries at higher 
concentrations.

The proposed oil extraction method allows direct analysis 
of PAHs via GC–MS without additional extraction or puri-
fication steps, resulting in 77–94% recoveries in soil and 
sediment, even at very low PAH concentrations (0.5 mg/kg). 

However, the increased speed and simplicity of this approach 
results in poorer limit of detection and limit of quantifica-
tion values than for traditional solvent extraction because it 
does not allow for pre-concentration of samples. None of 
the previously discussed studies reported the detection and 
quantification limits for the oil assisted extraction methods. 
These studies tended to focus on extremely contaminated 
soils (~ 15–500 mg/kg), such as manufactured gas plant sites 
and e-waste disposal sites, and did not validate their methods 
against low contamination site (soils and sediments) at PAH 
concentrations as low as 0.5 mg/kg. Thus, the proposed oil 
extraction method can be considered an efficient and safe 
approach for extracting PAHs from different soil and sedi-
ment having different organic matter contents.

Desorption kinetic modelling

Mathematical fitting of desorption kinetic curves (Fig. 3) 
showed the correlation coefficient (r2) of 0.94–1 for all PAHs 
in soil and sediment, under the assumption of negligible 
PAH biodegradation during the experiment. These results 
indicate that the desorption of PAHs into the oil phase fol-
lows first order kinetics and are consistent with results from 
previous research conducted by Lau et al. (2012) and Gong 
et al. (2005a). Accordingly, diffusion of PAHs from low con-
taminated soil/sediment occurs from the surface of the soil/
sediment particles, dissolving directly into the oil phase, i.e. 
showing monophasic behaviour.

A comparison of rate constants (Table S5) suggests the 
existence of a higher mass transfer driving force for the most 
hydrophobic benzo[a]pyrene (k = 1.8 day−1) in sediment, 
with the opposite occurring for the more hydrophilic pyrene 
(k = 1.05 day−1). As the Ce values for the PAHs (Table S5) 
show little variation, the lower values of the rate constants 
for the more hydrophilic, low molecular weight-PAHs are 
unlikely be due to differences in solubility. Indeed, based 
on log Kow values of 6.13, 5.86, 5.00, and 4.52 for benzo[a]
pyrene, chrysene, pyrene and phenanthrene respectively 
(Penezić et al. 2014) and the log Kow value for eucalyptol 
(2.74 see above), the low molecular weight-PAHs would 
expected to be somewhat more soluble in eucalyptus oil than 
the high molecular weight-PAHs. Hence, the differences in 
rate constants may be due to different affinity for sediment 
among the PAHs. Nevertheless, a higher rate of desorption 
for high molecular weight-PAHs is considered advantageous 
since most of the conventional extraction techniques often 
face difficulties in extracting high molecular weight-PAHs.

There was little variation in the mass transfer rate con-
stants in soil, with the exception of pyrene, which had a 
k value of 2.02  day−1, twice as high as the other PAHs 
(Table S5, Fig. 3). Apart from pyrene, the rate constants 
in soil were less than those in sediment, and this slow dif-
fusivity may be explained by the interactions of PAHs with 
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organic matter in the soil, which comprised a higher percent-
age of organic carbon relative to sediment.

No analogous studies comparing PAH extraction 
rates between various matrices have been reported in the 

literature. On the other hand, Lau et al. (2012) have investi-
gated palm kernel oil and soybean oil as potential alternative 
solvents and reported higher mass transfer rate constants for 
the extraction of phenanthrene and fluoranthene from sand. 

Fig. 3   Desorption kinetics of 
phenanthrene (a, b), pyrene (c, 
d), chrysene (e, f) and benzo[a]
pyrene (g, h) in sediment and 
soil. C0 indicates the polycyclic 
aromatic hydrocarbon (PAH) 
concentration in the oil phase at 
different times. Desorption of 
four PAHs to oil phase through-
out five days follows first order 
kinetics and steady state equi-
librium can be achieved in two 
to three day shaking periods for 
all PAHs. Equilibrium oil phase 
PAH concentration in organic 
carbon rich soil was high 
relative to low organic carbon 
contained sediment suggesting 
the applicability of the proposed 
method to extract PAHs in dif-
ferent matrices
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Their rate constants are significantly higher than reported 
here. This could be due to the temperature, 30 °C, compared 
with 20 °C used in this study. Also, sand is composed of 
very low levels of organic matter (0.19%) and organic carbon 
(0.03%), which may make release of PAHs to the solvent 
more facile. Other factors affecting the release of PAHs from 
soil and sediment may include particle size, pore size, and 
the presence of soot or charcoal, which can adsorb PAHs 
due to their high surface area. It has been reported (Karapa-
nagioti et al. 2004) that the presence of even a small amount 
of high surface area carbonaceous material could contribute 
to strong sorption of high molecular weight PAHs. Results 
from this study suggest that the rate of PAH extraction to oil 
phase is matrix dependent and, as the kinetics of one matrix 
are unable to explain those of another, optimum PAH extrac-
tion times need to be established for each matrix to achieve 
maximum efficiency.

Conclusion

The proposed oil extraction method is capable of efficiently 
extracting PAHs from soil and sediment with varied levels 
of contamination. This approach allows direct analysis of 
the extract without the need for hazardous industrial organic 
solvents and expensive extraction equipment. However, it is 
vital to provide the optimal conditions for efficient extraction 
of PAHs as oil extraction is influenced by the extraction tem-
perature, time, and the solvent volume. Further, application 
of the proposed method to Environmental Protection Agency 
priority PAH mix is recommended. The evidence from this 
study suggests that the rate of mass transfer of PAHs into the 
eucalyptus oil is governed by the hydrophobicity of PAHs 
and the nature of matrix. Hence, further research should 
focus on the effect of the nature of the matrix on the oil 
extraction of PAHs. Additionally, application of the euca-
lyptus oil extraction method for naturally contaminated and 
aged soils/sediments is vital to understand the efficacy of 
the method.
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