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Abstract
The particulate pollution problem is very complex due to the diversity of sources, the chemical composition of the effluents, 
the size of the particles and their evolution (gas-particle conversion). A pressurized solvent extraction method "PSE" for 
polycyclic aromatic hydrocarbons "PAHs" was developed. Under pressure and at high temperature, it allowed, using a small 
amount of solvent, a simultaneous extraction of a complex mixture of alkanes and PAHs adsorbed on diesel particulate 
matter (DPM) in a short time. An experimental central composite design (CCD) was carried out to model the influence 
of temperature, extraction time and the nature of the solvent (Tetrahydrofuran, Dichloromethane and Chloroform) on the 
extraction yields in order to identify the influential factors and their possible interaction. Due to the results of this study, 
the extraction yields of the heaviest PAHs with five or six aromatic rings did not exceed 30%. However, the aromatic sol-
vents alone demonstrated satisfactory desorption of the heavier PAHs (3–4 rings) from the diesel particulate matter within 
10 min. Pyridine, with its aromatic and basic character, provides the best performance. Finally, the addition of diethylamine 
to pyridine, in the proportions 1/6, allowed the quantitative extraction of all the PAHs studied (including the heaviest rings 
5–6) and of the alkanes with extraction recoveries of more than 89%. The method developed provides a rapid and reliable 
method for the identification and quantification of alkanes and PAHs adsorbed from highly refractory matrices such as diesel 
nanoparticulates.
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Introduction

In recent years, pollution has continued to have a negative 
impact on humans and their environment. Stationary human 
activities, such as heating and industry, but also mobile 
activities such as road, river and air traffic are the main con-
tributors to particulate pollution. These pollutants are then 
widely distributed in all environmental compartments: air, 
water, sediments, soil and plants, leading to the contamina-
tion of aquatic and terrestrial species.

The development of industrial activities and transport has 
progressively led to an increase in anthropogenic emissions 
[1–3]. The emissions from engines, both gaseous and par-
ticulate, once emitted into the atmosphere, pose a threat to 
human health [4–6]. Today diesel particles constitute the 
largest share of airborne dust, especially in urban areas. Par-
ticles emitted by the exhaust pipes of motor vehicles are very 
small [1, 2, 4] particularly diesel particles which represent 
more than 80% of all particles emitted by traffic [4, 7]. All 
recent studies suggest that these particles induce by their 
size and chemical composition a more noticeable pollution 
than that associated with industrial combustion processes 
and traditional residential heating [2, 5, 8].

Diesel particulate physical, chemical and toxic quality 
is very complex and depends on multiple factors such as 
the type of engine, the fuel used, additives, the constraints 
of the engine, its temperature and many others [3, 5, 9]. 
Polycyclic aromatic hydrocarbons are major organic com-
pounds simultaneously present in the exhaust gas and soot 
of diesel engines [2, 6, 10]. These pollutants are widely dis-
tributed in all environmental compartments and therefore 
represent a serious problem, but their quantification at low 
levels in complex matrices is difficult [2, 11, 12]. Some of 
the PAHs are potential mutagens and carcinogens and are 
probably the major culprits in lung cancer prevalence [4, 5, 
13] although other PAHs derivatives might be responsible 
for greater carcinogenic activity [1, 10, 13, 14]. For this 
reason, the US Environmental Protection Agency (US-EPA) 
and the European Environment Agency now consider 16 of 
them as priority pollutants [15]. Therefore, there is a need 
to establish monitoring systems for aromatic hydrocarbons 
in the environment.

The adsorption of these carbonaceous and aromatic 
compounds is highly energetic [3, 16]; which proves that 
these PAHs are therefore very resistant to conventional 
extraction requiring the development of drastic extraction 
methods, coupled with very sensitive chromatographic 

analysis techniques [3, 17–20]. Usually, the extraction of 
solid matrices is conducted by soxhlet, ultrasound, micro-
wave-assisted extraction or pressurized solvent extraction 
(PSE) [10]. Although these methods are currently the most 
efficient for PAH extraction, they have some inconveniences 
and in particular a long operating time and the use of large 
quantities of organic solvents. In addition, some methods, 
such as microwave extraction, require a high investment and 
maintenance cost. Pressurized solvent extraction (PSE) is an 
alternative automated extraction method that offers different 
extraction parameters. The use of PSE has increased since 
its adoption as the official US-EPA method for persistent 
organic pollutants in many environmental solid samples 
[21]. Also, operating at higher temperature increases the 
ability of solvent to solubilize the analyte, decreases the vis-
cosity of liquid solvents, thus allowing better penetrability 
of the solvent into the matrices, whereas the high pressure, 
in keeping the solvent below its boiling point, ensures the 
safety of the extraction process. By using high temperatures 
and pressures, PSE reduces solvent consumption compared 
to other methods. The number of publications concerning 
this technique has increased exponentially for the extraction 
of organic samples such as PAHs, PCBs, dioxins, pharma-
ceuticals and pesticides [22]. Therefore, PSE is a widely 
used technique in the treatment of complex environmental 
matrices, such as sediments [20], airborne particles [23], 
coal ash [24], soils [22], biological samples [25] and foods 
[22], …etc.). Despite the toxicity and dangerousness of the 
solvents used (hexane, dichloromethane, toluene …) and 
even mixtures of solvents, it remains the most used due to 
their interesting efficiency. Due to environmental concerns 
related to the organic solvents used, scientists have tested 
alternative solvents such as ionic liquids [26] and deep 
eutectic solvents [27], which have become the better choice 
than traditional organic solvents for different environmen-
tal matrices. However, for diesel particulates, little research 
has been conducted on the analysis of polycyclic aromatic 
hydrocarbons and their derivatives.

In this research, a promising technique was developed 
using pressurized solvent extraction due to its simplicity, 
efficiency and fast performance with highly sensitive chro-
matographic analysis (GC/MS) to extract polycyclic aro-
matic hydrocarbons and heavy alkanes, which are adsorbed 
onto soot particles resulting from diesel engine combustion. 
The optimum operating conditions of PSE were investigated 
using response surface methodology (RSM), using a central 
composite design to evaluate the influencing factors as well 
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as possible interactions. Also, this research will provide a 
new extraction approach, using selective and binary solvents 
(pyridine, diethylamine, toluene…) to obtain higher amounts 
of soluble organic substances (heavy alkanes, PAHs) from a 
highly refractory matrix (diesel particles).

Experimental

Solvents and samples

A solution of 21 PAHs and n-alkanes was prepared at a 
concentration of 100 µg mL−1 for each component diluted 
in toluene: Anthracene (ANT, 98% purity), Acenaphthene 
(ACE, 98%), Benzo(e)pyrene (B(e)PYR, 98%), Biphe-
nyl (BIPH, 98%), Benzo(k)fluoranthene (B(k)FLT, 98%), 
Benzo(a)pyrene (B(a)PYR, 97%), Dibenzo(a,h)anthracene 
(DB(a,h)ANT, 98%), Heneicosane (HENEI, 99%), Naphtha-
lene (NAPH, 99%), Phenanthrene (PHEN, 96%), Fluorene 
(FLUO, 99%), Fluoranthene (FLT, 98%), Pyrene (PYR, 
98%), Tetracosan (TETRACO, 99%) and Triacontane (TRI-
ACON, 99%) were all supplied by Sigma-Aldrich.

Acenaphthylene (ACTY, 97%), Chrysene (CHRY, 97%) 
and Indeno(1,2,3,cd)pyrene (I(1,2,3,cd)PYR, 97%) were 
acquired from Interchim.

Benzo(b)fluoranthene (B(b)FLT, 98%), Benzo(a)anthra-
cene (B(a)ANT, 98%) and Benzo(g,h,i)perylene (B(g,h,i)
PER, 98%) were procured from Supelco.

Chloroform, acetonitrile, tetrahydrofuran (THF), dieth-
ylamine, pyridine, high purity, were obtained from Accros 
Organics. Methylene chloride and toluene, HPLC grade, 
were purchased from Sigma-Aldrich. The sand, washed with 
sulphuric acid, was supplied by VWR Chemicals.

The diesel particulate matter (DPM) used for extraction 
by PSE was provided by CERTAM (Centre d'Etude et de 
Recherche Technologique en Aérothermique et Moteurs—
France), samples were collected directly at the outlet of a 
diesel engine from a cordierite filtration system. The soot 
particles were stored in a closed bottle after collection for 
use in the later applications.

GC/MS analysis

All analyses were performed with a Hewlett-Packard HP 
5980 Series II gas chromatograph equipped with a non-
fractionating injector (purge time: 2.5  min, purge rate: 
60 mL min−1). The injector temperature was maintained 
at 250 °C and the injection volume was 1 μL. The capil-
lary column employed was a DB5-MS column (station-
ary phase: (5% phenyl)-methylpolysiloxane, dimensions 
(50 m × 0.25 mm inner diameter, film thickness: 0.25 μm) 
from J&W Scientific and was operated at a helium flow rate 
of 0.9 mL min−1.

The chromatograph was coupled to an HP5972 mass 
spectrometer (Hewlett Packard) with electron impact ioni-
sation at an energy of 70 eV, and the transfer line tempera-
ture was maintained at 300 °C. Finally, the solvent delay 
was controlled to 6 min. The temperature was programmed 
as follows: 55 °C for 2.5 min, then increased at a rate of 
40 °C min−1 to 170 °C, then a second temperature ramp at 
a rate of 4 °C min−1 to 320 °C, the latter temperature being 
maintained for 15 min.

Extraction processes

Soxhlet extraction

Diesel particulate matter (20 g) was purified by a Soxhlet 
device with 100 mL methylene chloride. The boiled solvent 
was allowed to reflux for 8 h with eight cycles per hour. 
Three other successive extractions were then conducted 
under the same conditions, using fresh methylene chloride. 
The particles were dried by rotary evaporation and ground to 
homogenize. The cleaned soot was then tested as a blank and 
analyzed to ensure that all aliphatic and aromatic pollutants 
were removed. The virgin soot was then stored and used to 
spike known amounts of PAHs and pure n-alkanes to test the 
influence of the extraction parameters.

Pressurized solvent extraction (PSE)

Pressurized Solvent Extraction ASE100 (Dionex) extractor 
was operated at high temperature, maintaining the extract-
ing solvent under pressure (100 bars) to maintain it in a liq-
uid phase. A cellulose filter was placed at the outlet of the 
extraction cell (V = 10 mL), on which the amount of solid 
matrix to be extracted was deposited. The cell was placed 
in the heated chamber. The extraction solvent was injected 
into the cell to reach the necessary pressure and tempera-
ture for extraction, which could take between 5 and 10 min. 
After the static extraction, the cell was drained. The extract 
was then transferred to a collection bottle then the cell and 
the hydraulic system were rinsed by the extraction solvent 
(purge percentage: 60%). The system was completely purged 
with a pressurized nitrogen flow (duration: 80 s). All the 
solutions thus recovered were collected in a single fraction 
in the collection bottle. This avoided any errors or confu-
sion from one extraction to the next. The extracted volume 
was reduced by evaporation using a rotary evaporator. In 
this study, extractions were performed on 100 mg of spiked 
matrices (virgin soot or sand). The matrices to be extracted 
were first allowed to remain in contact for 24 h with the 
spiking solution, i.e. 100 μL of a toluene solution contain-
ing the 21 standards, mentioned previously, at the content 
of 100 μg mL−1.
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Data processing

In order to determine the optimal pressure solvent extrac-
tion conditions for the 21 analytes studied, a CCD approach 
coupled with the response surface method (RSM) was per-
formed using jump software, using JMP 55.0 data analysis 
software (SAS Institute Inc, NC, USA). Statistical signifi-
cance was checked by the F-test using ANOVA analysis. 
The accuracy of the fitted polynomial model was assessed 
by the R2 coefficient. The significant terms of the model 
were evaluated by the probability value (P-value) at a 95% 
confidence interval.

Results and discussion

Particulate matter in diesel engine exhaust consists mainly 
of highly agglomerated solid carbonaceous material and 
ash, as well as volatile organic compounds and sulphurous, 
oxygenated … [3, 5, 28]. Diesel particles result from the 
association of several hundred crystallites randomly oriented 
with respect to each other. This disordered association is 
also called a turbostratic structure, which is a semi graphitic 
structure containing heteroatoms such as oxygen, nitrogen, 
sulfur or phosphorus [5, 9, 29, 30]. The mechanism of for-
mation of diesel particles during combustion and the chemi-
cal structure was shown in Fig. 1.

The mass fraction of each constituent of diesel soot 
depends on the type of injection system used (direct or indi-
rect), engine regime, vehicle charge, diesel quality, lubri-
cants and additives, atmospheric conditions and driver's 
conduct [3, 5, 29]. The particles emitted during combustion 
in a diesel engine are actually complex systems that include 
diverse compounds [5, 9, 31]:

•	 Insoluble grains of soot, generated by combustion;

•	 Soluble organic fraction (SOF) composed of aliphatic 
and aromatic hydrocarbons and oxygen, sulphur and 
nitrogen derivatives adsorbed or incorporated on the 
soot;

•	 Water-insoluble inorganic fraction: aluminosilicates, Mn, 
Fe, Cr, Co, Zn, Sn, Pb, …etc.;

•	 And finally, a water-soluble inorganic fraction: sulphates, 
nitrates, …etc.

In this research, the target PAHs were selected not only for 
their abundance or toxicity (PAHs from the list proposed by 
the International Agency for Research on Cancer “IARC” or 
the American Environmental Protection Agency “US-EPA”) 
[8, 15, 32–34] but also for their capacity to be tracers of 
traffic pollution sources, for example benzo(e)pyrene, char-
acteristic of diesel engine emissions [35, 36]. In addition 
to PAHs, linear heavy alkanes were added, which are also 
likely to be present in diesel car emissions [2, 3, 37]. Fig-
ure 2 shows the 16 priority PAHs:

Biphenyl, chrysene and benzo(e) pyrene and three heavy 
alkanes (Heneicosane, Tetracosan and Triacontane) were 
added to this mixture containing the 16 primary PAHs.

Initially, our objective was to develop an efficient anal-
ysis method in order to evaluate and ultimately optimise 
the technique for extracting these pollutants from the soot 
emitted during combustion in diesel engines. Considering 
the diversity and complexity of the compounds adsorbed 
on these diesel particles, trace analysis requires a sensitive 
and efficient analytical technique. This is why the GC/MS 
was used (see Fig. 3). From the total ionic current (TIC), 
and for a complete mass scan between 29 and 650 amu, it is 
then possible to consult the corresponding mass spectrum 
at each point of the chromatogram and to compare it with 
the spectra of the NIST Mass Spectral Library, for possible 
identification. In addition, it is also possible to select one or 
more particular ions by time range: this is the SIM mode for 

Fig. 1   Formation mechanism 
and chemical structure of diesel 
particulates [29–31]
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Single Ion Monitoring. This method has the advantage of 
increasing the sensitivity of the detection, as the background 
noise is greatly reduced. The gain in sensitivity is obvious in 
SIM mode: instead of scanning a very wide range of masses, 
the detector focuses on at most ten masses in different time 
ranges.

The analysis of the complex test mixture was carried out 
in two stages, i.e. using two analysis programmes: one for 
PAHs and the other for aliphatic hydrocarbons. Indeed, since 
alkanes can be very numerous (not only in diversity but 
also in quantity) on the surface of soot, they risked masking 
the identification of PAHs during a simultaneous analysis. 
Table 1 presents the limits of detection and quantification 
obtained for each of the compounds in the test mixture when 
analysed by GC/MS in SIM mode.

The detection limits, established in SIM mode were 
between 0.15 and 2.5 μg L−1 for PAHs and 30 and 40 μg L−1 
for heavy alkanes respectively. For this GC/MS analytical 
approach, a reproducibility study was carried out for both 
retention times and quantification. It showed that the fidelity 
at the retention time level is quite excellent and the preci-
sion is between 0.03 and 0.09%. If this analytical method 

was sufficiently sensitive and robust, it was also suggested 
that the method of extracting PAHs and heavy alkanes from 
the soot collected in the exhaust of a diesel engine could be 
optimized.

Preliminary extraction process

Using PSE, the solvent is heated more rapidly than with 
conventional heating, allowing samples to be extracted in 
minutes, compared to several hours with traditional methods 
[17, 20]. Therefore, this study first evaluated two different 
extraction processes using virgin soot and sand.

For this, a mixture of 21 components was spiked on 
100 mg of the solid matrix (see experimental section) and 
extracted using hexane (the most commonly used). The 
extraction was carried out at 100 bars and 100 °C for 20 min. 
As shown by the results presented in Table 2 a quantita-
tive recovery of heavy alkanes was achieved in both matri-
ces (virgin soot and sand). In contrast recovery efficiencies 
were not quantitative for the heavier PAHs (2 – 30%) when 
extracted from diesel particulate matter.

Fig. 2   Structures of the sixteen priority PAHs in the Environmental Protection Agency list
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On the other hand, there is clear evidence that recovery 
efficiency increases quantitatively for PAHs extracted from 
sand, including the heavier ones, for example from 2% 
(soot extraction) to 87% (sand extraction) for DB(ah)ANT. 

These results demonstrate the strong interactions between 
PAHs and diesel particles. Therefore, it was necessary to 
optimize the extraction efficiency of alkanes and polyaro-
matics adsorbed on diesel soot.

Fig. 3   GC/MS analysis, in TIC mode, of the test mixture

Table 1   Detection and 
quantification limits in SIM 
mode for the PAHs and alkanes 
studied

Compounds LOD (µg L−1) LOQ (µg L−1) Compounds LOD (µg L−1) LOQ (µg L−1)

NAPH 0.29 0.88 B(a)PYR 0.83 2.49
ACTY​ 0.19 0.57 I(1,2,3,cd)PYR 1.98 5.94
ACE 0.18 0.54 DB(a,h)ANT 2.07 6.21
FLUO 0.67 2.01 B(g,h,i)PER 2.04 6.12
PHEN 0.39 1.17 BIPH 0.08 0.24
ANT 0.41 1.23 B(e)PYR 0.45 1.35
FLT 0.68 2.04 CHRY 0.56 1.68
PYR 0.67 2.01 HENEI 32.56 97.68
B(a)ANT 0.58 1.74 TRIACON 39.02 117.06
B(b)FLT 0.54 1.62 TETRACO 36.32 108.96
B(k)FLT 0.52 1.56
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Optimization of PSE extraction using conventional 
solvents

The response surface methodology (RSM) is based on four 
important phases: experimental design, model development, 
model validation and condition optimisation. Experimental 
designs such as Central Composite Designs (CCD) are use-
ful for RSM as they do not require an excessive number of 
experimental tests [38].

In this optimization, a chemometric approach using a cen-
tral composite design was chosen not only to identify the inter-
action between the experimental factors, but also to determine 
the optimal extraction conditions [39, 40]. The Modelling of 
pressurized extraction of PAHs permitted initially to identify 
which factors and interactions between the factors had a sig-
nificant effect on the experimental response.

However, as the volume of solvent (10 mL) and the pres-
sure (100 bar) are fixed parameters due to the type of equip-
ment used, it was decided to study the influence of the follow-
ing three factors: temperature (T), extraction time (t) and the 
nature of the extraction solvent (Slv). It is important to note 
that the number of static cycles and the rinse volume did not 
appear to be influential during the preliminary tests.

This design requires 23 trials at two reduced levels (−1 
and + 1), six trials at the centre of the experimental domain (0) 
to evaluate the variance (for a uniform precision design), and 
six trials at the −α and + α levels in order to obtain a quadratic 
modelling of the responses. In addition to the parameters to 
be studied, it was necessary to define the limits of the experi-
mental domain, considering that α = 1.68 with k = 3 factors. 
Following the experiments, a mathematical modelling of the 
Yj (%) response (extraction efficiency) was performed for each 
of the compounds studied, according to equation:

bo being the average of the response, Xk representing the 
factors studied, Xk Xm their second-order interactions, Xk 
Xm Xn their third-order interactions, Xk

2 the squared factors 
and bk, m, n… terms are the mean effects of the factors and 
their interactions and were calculated by the JMP software.

The three solvents were chosen according to their posi-
tion in L.R. Snyder's triangle of selectivity [41, 42] and 
considered to develop a single type of interaction force 
with the solute to be extracted:

1.	 dipolar solvents, such as dichloromethane,
2.	 proton-donating solvents like chloroform and finally
3.	 proton-accepting solvents, such as Tetrahydrofuran 

“THF”.

In the end, the following solvents were used for the 
experimental design: chloroform, THF and dichlorometh-
ane, encrypted at levels −1, 0 and + 1 respectively. The 
range of the other factors was determined by preliminary 
experiences, mentioned above, and according to technical 
constraints. Table 3 reports the correspondence between 
reduced values and actual experimental values for the 
three factors studied.

Statistical analysis and validation of the proposed model

The central composite CCD design was used to model 
and evaluate the interaction effect. The extraction effi-
ciency (R%) was considered as the analytical response of 
our model for all studied PAHs and alkanes. Furthermore, 
to adjust the experimental data obtained to the analytical 
response and to identify the most important effects and the 
different interactions of the variables, the experimental 
results were fitted to a quadratic model, suggested by the 
fit summary software (ANOVA). However, the adequacy 
of the adjusted model had to be verified.

These statistical calculations of the model were jus-
tified by the values of three indicators: The high Fisher 
value (F between 35.76 and 105.96) above the critical F, 
the probability P (P ≤ 0.001) and the coefficient of deter-
mination R2 above 0.9485 for all compounds, indicating 

Yj(%) = bo + ΣbkXk ⋯ + ΣbkkX
2
k
+…

+ ΣbkmXkXm …+ ΣbkmnXkXmXn.

Table 2   PAHs recovery efficiencies (%) using hexane at 100 °C and 
100 bars

Compounds Diesel soot 
(%)

Sand matrix 
(%)

NAPH, BIPH, ACE, FLUO, PHEN 90–100 95–100
ACTY, ANT, FLT, PYR 67–79 81–90
HENEI, TETRA, TRIA 85–95 95–100
B(a)ANT, CHRY 30–37 87–94
B(b)FLT, B(k)FLT, B(e)PYR, B(a)PYR 5–11 84–91
I(1,2,3,cd)PYR, DB(ah)ANT, B(ghi)PER 2–3 82–89

Table 3   Description of the 
experimental domain of the 
factorial design

Parameters Level −α Level −1 Level 0 Level + 1 Level + α

T: Temperature (°C) 83 100 125 150 167
t: Extraction time (min) 1,6 5 10 15 18,4
Slv: Nature of solvent CHCl3 CHCl3 THF CH2Cl2 CH2Cl2
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that the proposed model is significant for all PAHs and 
alkanes studied. As this value is higher than 0.85, which 
is required for good model fit [38, 43], then it can be con-
cluded that satisfactory results have been obtained. The 
very low F value of the lack of fit of 1.03–1.78 implied 
that the lack of fit is not significant compared to the pure 
error in the model. In addition, the very satisfactory values 
of the predicted and fitted R2 illustrated the high accuracy 
of the model with a small difference, well below 0.2 [43]. 
This shows that the proposed model has a good predictive 
ability as well as a good fit.

Analysis of CCD design (3D surface plots)

Statistical significance was checked by the F-test in the same 
program. The accuracy of the fitted polynomial model was 
assessed through the R2 coefficient [44]. Furthermore, for 
the reliability of the model, it is essential to check whether 
the model has described the process correctly by determin-
ing which coefficients can be neglected. The significance 
of these terms (linear, quadratic and with interactions) was 
identified by comparing the P-values (< 0.05), which are the 
variance of a measure from the mean, according to the ratio 
of the group variance due to error [38, 45]. The significant 
terms of the model were evaluated by the probability value 
(P-value) at a 95% confidence interval. The influence of the 
various factors studied on the extraction of PAHs, and heavy 
alkanes by PSE is shown in Table 4, which recapitulates the 
estimated effects at a confidence level of more than 95%. 
The design used includes 20 experiments where relative 
standard deviations (RSDs) in the range of 2–9% were found 
for alkanes and light PAHs. However, they were higher for 
heavy PAHs (7–14%).

In this table, only some compounds representative of all 
the constituents of the sample mixture (alkanes, light Haps, 
semi-volatile PAHs, heavy PAHs) were selected to illustrate 
the results obtained by this model. Unsurprisingly, the three 
principal parameters directly influenced extraction yields. 
However, the nature of the solvent (S) and the extraction 

time (t) did not have the same impact at all depending on 
the class of compounds studied. For example, if the increase 
in extraction time seemed favourable for semi-volatile and 
heavy PAHs, that was not the case for volatile PAHs, where 
the estimated effects are negative. As for the temperature (T), 
this parameter appeared at first view to evolve in a homoge-
neous way, independent of the class of compounds studied, 
with an increase in temperature resulting in an increase in 
the extraction efficiency. However, this trend was found to be 
minimal for heavy PAHs at very high temperatures. In order 
to explain and interpret the effects of the factors studied cor-
rectly, it seemed essential to take into account their double 
or triple interactions.

According to the second-order polynomial model derived 
for each compound, three-dimensional response surface 
plots were constructed to assess the effect of the factors and 
their interactions on the response surface. Figure 4 shows 
the most relevant fitted surface plots for PAHs and alkanes, 
in which the response was plotted as a function of any two 
independent variables, as long as the other variables were 
kept at their central level. Therefore, response surfaces were 
plotted for some representative compounds of the studied 
alkanes and PAHs (volatile, semi-volatile and heavy HAPs 
(see Fig. 4).

Summarizing the main points of this set of figures, it was 
concluded that:

1.	 Dichloromethane appears to be the most suitable solvent 
for the extraction of volatile PAHs, semi-volatile PAHs 
and heavy alkanes (Fig. 4a, b).

2.	 Systematically a high temperature favors the extrac-
tion of these different classes of products although the 
temperature should be chosen at the  + 1 level (150 °C) 
and not at the  + α level (167 °C) because at very high 
temperatures the extraction efficiency of heavy PAHs 
(Fig. 4c) and heavy alkanes (Fig. 4d) decreases.

3.	 However, the situation is not as straightforward in terms 
of extraction time. The extraction of heavy alkanes and 
volatile PAHs, i.e. the least polar compounds of all the 

Table 4   Estimated effects of 
statistically significant factors 
and/or interactions for some 
representative compounds

With S, nature of solvent, t, extraction time and T, extraction temperature.

Factors Volatile PAHs Semi-volatile PAHs Heavy PAHs Alkanes

NAPH ACE CHR B(a)A DB(ah)ANT HENEI TETRA​

S 9.12 9.56 8.54 3.11 1.28
t − 5.45 − 4.82 2.91 1.49
T 12.39 12.62 7.17 2.11 14.65 13.88
t × S −8.30
T × S 12.52 11.06 2.17
t × T −10.07 −6.73
T2 7.73 −2.86
tXTXS −10.51 −8.88 −19.9
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products in the studied test mixture, is favored by short 
times, whereas the extraction of semi-volatile PAHs is 
higher when its duration is increased. It is therefore nec-
essary to consider a compromise in terms of extraction 
time, which should be neither too long nor too short.

4.	 For the extraction of non-volatile PAHs, THF is both 
optimal and robust, with the optimum for the pair of 
temperature–time operating parameters being in the 
middle of the range investigated (Fig. 4c). Unfortunately, 

at the optimum in this domain, the extraction efficiency 
of this class of products remains very low (about 25% 
with the best solvent tested).

Optimization using the desirability function

Therefore, finding the optimal desirable parameters to 
use the appropriate solvent at its maximum capacity for 
the extraction of the compounds under study can be very 

Fig. 4   Response surfaces: extraction yields (%) for some PAHs and heavy alkanes. a naphthalene, b benzo(e)pyrene, c dibenzo(a,h)anthracene, d 
heneicosane
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useful for the optimisation of this CCD-generated model. 
There are several optimisation techniques; the use of 
desirability functions has advantages such as efficiency, 
economy and objectivity in the optimisation of multiple 
response procedures [38, 46].

The operational conditions based on RSM optimization 
were obtained after ensuring that the fitted model provided 
good predictability. Each of these separately modelled 
responses was treated by a desirability function, rather than 
combining several elementary responses into a more com-
plex objective function [44, 47, 48]. The overall optimum 
extraction conditions, identified by the maximum desirabil-
ity, were an extraction temperature of 147 °C and an extrac-
tion time of 9.7 min (10 min) and as solvent dichlomethane. 
The experiments were repeated under the optimal conditions 
and the predicted extraction yield values under these con-
ditions were obtained experimentally in three repetitions, 
resulting in a relative error of less than 8.5%, indicating the 
reliability of the model.

Thus, the results of this first part of the PSE optimization 
are relatively positive, quantitative extractions were obtained 
for volatile (80–90%) and semi-volatile PAHs (75–85%), but 
also for n-alkanes (90–100%) except for the extraction of 
heavy PAHs, with relatively low yields being obtained for 
this class of compounds (less than 20% with the best solvent 
tested).

Use of aromatic and heterocyclic solvents

Following this first study and in view of the unsatisfactory 
recovery yields for heavy PAHs adsorbed on diesel particles 
(from four to six cycles), it was proceeded to tests on other 
aromatic solvents, in particular those with a basic charac-
ter which showed interesting potential in the context of the 
optimization of PAH extraction by Soxhlet. The results were 
presented in Fig. 5.

Among the aromatic solvents tested, pyridine, which is 
both aromatic and basic, always gave the best extraction 
rates of PAHs adsorbed on diesels particles (see Fig. 5). 

Extraction capacity of the three heavy PAHs went from 5 
to 15% with dichloromethane, or 20–30% with toluene, to 
40–50% with pyridine which is therefore a powerful electron 
donor π that might have the ability to interfere with π–π* 
interactions between π-soot surface receptors and PAHs 
(π-electron donors) [5, 49–51]. This is a very interesting 
result although the extraction yields of this type of com-
pound are far from being quantitative.

Use of binary aromatic solvents

In view of these results, it appears that the aromatic char-
acter of the extractant solvent is certainly necessary, but 
not sufficient. Indeed, pyridine's aromatic character is 
less pronounced than that of toluene, if we refer to their 
resonance energy: 94.9 kJ mol−1 for pyridine and close to 
156.7 kJ mol−1 for toluene. Besides aromaticity the basic 
character of the solvent has to be considered. As pyridine is 
more basic than toluene, an attempt was made to use binary 
mixtures to identify possible synergistic effects between 
pyridine and another basic solvent to increase the extraction 
efficiency of very heavy PAHs (addition of diethylamine).

As shown in Fig. 6, the addition of diethylamine to pyri-
dine in a (1/6) proportion improves the extraction yields 
of the heavy PAHs, which are the most difficult PAHs to 
extract, from 40% with pyridine alone to close to 87%. It 
should be noted that with the binary pyridine diethylamine 
mixture for all proportions we have achieved recoveries at 
around 100%. Under these optimal conditions for the extrac-
tion of all PAHs, two replicate experiments were attempted 
to determine the influence of the number of static cycles on 
extraction yields. Extraction with two consecutive cycles of 
5 min each did not in fact bring any improvement in extrac-
tion rates. Therefore, a single static cycle of 10 min was 
assumed.

Following all these results, it appears that the pressurised 
solvent extraction method “PSE” proved to be quantitative 

Fig. 5   Extraction yields (%) of PAHs and heavy alkanes from soot 
(P = 100 bars, T = 147 °C, 1 cycle, time = 10 min)

Fig. 6   Influence of the percentage of diethylamine in pyridine on 
the PSE extraction of some PAHs from a diesel soot. (1 cycle, 
time = 10 min, P = 100 bars, T = 147 °C)
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for light and heavy PAHs and heavy alkanes. Following this 
assessment, it was decided to test this technique in the con-
text of the extraction of naturally polluted diesel particles 
collected during engine bench tests.

Extraction of PAHs from natural soot from a diesel 
engine

The diesel particulate used provided by CERTAM, were col-
lected directly at the outlet of a diesel engine, from a cordier-
ite filtration system, operating with a four-cylinder direct 
injection engine (power: 60 kW, torque 270 Nm) operating 
at low engine speeds (under 2000 rpm). The experimental 
installation for the collection of soot from a diesel engine is 
shown in the following Fig. 7:

Fig. 7   Schematic of CERTAM 
engine test bench used for diesel 
soot collection

Fig. 8   GC/MS analysis (SIM mode) of the extract obtained after PSE extraction of diesel soot a Alkanes, b PAHs and nitro-PAHs

Fig. 9   Quantity of alkanes in µg/g extracted from diesel particles
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The analysis of the extract in TIC mode revealed a pre-
ponderant presence of alkanes (linear and ramified) and a 
priori very few PAHs or nitrated PAHs, as shown in Fig. 8.

It should be noted that the background noise of the TIC 
mode analysis is very high and is mainly due to the pres-
ence of ramified alkanes. The extract was then analyzed 
in SIM mode in order to try to visualise, by category, 
only PAHs on one hand and heavy alkanes on the other. 
As shown in Fig. 9, heavy alkanes with 17 to 32 carbons 
are clearly adsorbed on this natural soot, ranging from 
1.6 µg g−1 for C17, the least abundant, to 33.8 µg g−1 for 
C24, the most abundant.

A number of other similar studies have been reported 
where the most frequent PAHs were found to be naphtha-
lene, a volatile compound that exists in both the gas and 
particulate phases, with the presence of alkylated PAHs. 
Fluoranthene, chrysene, pyrene and phenanthrene were 
found to be present [52–54]. Geller et al. correlated the 
emission factors of particulate matter components from 
diesel vehicle emissions with operating conditions: fuel 
type and vehicle operational and environmental conditions 
that lead to large uncertainties in PAHs and alkane constit-
uents remain poorly understood. PAHs concentrations in 
vehicle engine exhaust are much lower in low-load cycles 
than in high-load cycles, because three- and four-cycle 
PAHs are present in the gas phase in low-load cycles, but 
in the particulate phase in high-load cycles. In a typical 
transient cycle, naphthalene, phenanthrene, anthracene and 
pyrene in diesel vehicles [55].

In fact, the distribution of heavy alkanes adsorbed on 
diesel particles is a Gaussian distribution [2, 56–58], with 
a maximum concentration for alkanes with a carbon num-
ber between C24 and C26. These results coincide with those 
found during the analysis of alkanes emitted during incom-
plete combustion of petroleum derivatives, for which the 
authors noted a majority concentration of C27 alkane on 
the collected soot [57]. On the other hand, other studies 
have found that the most abundant alkane is C17 adsorbed 
on P2.5 particles [59].

With the analysis of PAHs in SIM mode, there are very 
few PAHs, mainly naphthalene, biphenyl with contents of 
a few µg per gram (see Table 5).

Conclusion

Following the optimization of the PSE extraction of all 
PAHs and alkanes from diesel particles using a cen-
tral composite design, it appears necessary to work at a 
temperature of 147 °C and a time of 10 min. The use of 
non-aromatic solvents has shown a very low capacity to 
extract PAHs containing five to six condensed aromatic 
rings from diesel particles although the extraction condi-
tions have been optimized. From the results obtained it can 
be concluded that the binary mixture of diethylamine/pyri-
dine solvents in the proportions (1/6) is very effective in 
extracting alkanes and polycyclic aromatic hydrocarbons 
(volatile, semi-volatile and even heavy PAHs) adsorbed 
on the diesel particles, compared to the low rates obtained 
using the non-aromatic solvents tested.

In the case of naturally polluted soot, significant 
amounts of linear alkanes from C17 to C32 were consist-
ently isolated, as well as some levels of ramified saturated 
hydrocarbons, but few PAHs: naphthalene (2.19 µg g−1), 
biphenyl (0.81 µg g−1), fluorene (0.21 µg g−1), phenan-
threne (0.62 µg g−1) and anthracene (0.43 µg g−1). The 
pressurized solvent extraction method developed in this 
study allowed a quantitative and reproducible recovery of 
PAHs adsorbed on diesel particles. Moreover, it uses much 
less solvent than conventional extraction methods with a 
very short time.

Highlights

•	 A GC/MS method was optimized for the analysis of 
PAHs and alkanes.

•	 A Pressurised solvent extraction “PSE” method has 
been developed which is fast, efficient and cost effec-
tive.

•	 An experimental design metrology permitted the evalu-
ation of the influential parameters and thus the optimal 
conditions of extraction by PSE.

•	 Quantification of PAHs and alkanes adsorbed on soot 
Diesel was considered.
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