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a b s t r a c t 

We present a simple, selective and sensitive analytical method to quantitatively determine a wide 
range of halogenated persistent organic pollutants and molecular tracers in atmospheric samples. 
Identification and quantification was carried out by high-resolution gas chromatography, hy- 
phenated with low-resolution mass spectrometry operating in electron impact (EI) and electron 
capture negative ionization (ECNI) mode. Optimization on a number of instrumental parameters 
was conducted to obtain ultra-trace detection limits, in the range of few fg/m 

3 for organohalo- 
gen compounds. Repeatability and reproducibility of the method was thoroughly evaluated. The 
analysis was validated with standard reference materials and successfully applied to actual atmo- 
spheric samples. The proposed multi-residue method provides a precise, affordable and practical 
procedure of sample analysis for environmental research laboratories with conventional instru- 
mentation on a routine basis. 

• A simple combination of alumina, florisil and silica gel adsorbents was applied to sufficiently 
isolate polychlorinated biphenyls, organochlorine pesticides, polycyclic aromatic hydrocar- 
bons, long chain n -alkanes, hopanes and steranes. 

• Full elution was achieved in two successive fractions, using small volumes of n -hexane and 
n -hexane/dichloromethane to recover all target substances. 

• To maximize analytical response, optimization was applied for three operating parameters in 
ECNI mode: i) ion source temperature; ii) emission current; and iii) electron energy. 
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Method details 

Introduction 

Over the past decades, research on persistent organic pollutants (POPs), such as polychlorinated biphenyls (PCBs) and organochlo- 
rine pesticides (OCPs), has received growing attention within the scientific community. POPs are characterized by their acute toxicity
in humans and biota [ 1 , 2 ], resistance to biological and photochemical degradation [ 3 , 4 ] and the ability to undergo long-range atmo-
spheric transport (LRAT) far from emission sources [5] . Despite prohibition, which dates back to early 1980 ′ s [6] , illicit production
and/or usage of industrial and pesticide grade POPs is still documented at a global scale [7–10] . Similarly to POPs, polycyclic aromatic
hydrocarbons (PAHs) comprise a cluster of carcinogenic and mutagenic compounds of significant environmental concern [11–13] , 
characterized by susceptibility to LRAT [14] and widespread distribution in the environment [15] . PAHs, usually formed during in-
complete combustion of organic materials (e.g. fossil fuels, wood, coal) [16] , have been widely used, along with long-chain n -alkanes,
pentacyclic triterpanes and sterols, as molecular tracers of combustion sources and petroleum utilization [ 14 , 17 , 18 ]. 

The atmosphere acts as reservoir for a wide spectrum of organic compounds of different physico-chemical properties, receiving 
strong contributions from terrestrial and marine environments [ 19 , 20 ]. Semi-volatile organic compounds (SVOCs), such as those
mentioned above, are usually present in both phases (gas and particulate) [21] , while their distribution depends on vapor pressure,
which governs the partitioning, and is strongly influenced by ambient temperature and aerosol properties [22] . Among all types of
environmental matrices (sediment, soil, water, sewage sludge, fly ash), atmospheric samples are still challenging in treatment and 
chemical analysis [ 23 , 24 ], given the multitude and complexity of their organic content [25] typically present at trace amounts. It
is therefore of particular importance the selection of a proper analytical technique, which ensures suitability in identification and
quantification of SVOCs. Site location [26] , sampling type and duration [27] , in addition to sample volume, are also critical parameters
in method selection and deployment. 

To date, a plethora of studies aiming to propose novel analytical techniques, or modifications to already established ones, for
the determination of SVOCs, particularly POPs and PAHs, can be found in the literature [comprehensive reviews from Maceira et al.
[28] ; Muscalu and Górecki [29] ; Pico et al. [30] ; Sathishkumar et al. [31] and references therein]. Additionally, to address poten-
tial challenges encountered from the analysis of complex mixtures in diverse sample matrices, several reference methods for sample
extraction and clean-up processes (e.g. methods 3610B, 3620C and 3630C among others) were introduced by the US Environmen- 
tal Protection Agency (USEPA) and other relevant authorities. These reports usually focus on individual or combined features of
analysis, such as sample extraction, separation from interfering co-extractables and instrumental analysis, furnishing the scientific 
community with essential information towards selectivity and sensitivity, time effectiveness and/or cost efficiency. Although each of 
the aforementioned facets in method selection is equally crucial [32] , combination is rather challenging and requires either modern
instrumentation, or laborious sample preparation [30] . 

Gas chromatography (GC) hyphenated with high-resolution (HR) triple quadrupole (QqQ), time-of-flight (TOF), Orbitrap and 
Fourier-transform ion cyclotron resonance (FT-ICR) mass spectrometry (MS), even multi-dimensional gas chromatography coupled 
with HR-MS [ 28 , 29 ] were proven to substantially increase sensitivity and selectivity; however, a major issue is their high capital
and operational costs. Particularly during periods where features of energy crisis are becoming more complicated and financial 
uncertainty affects research infrastructure [ 33 , 34 ], efforts by analysts move towards refining methods of analysis, which practically
combine enhanced purification with the highest possible sensitivity using conventional low-resolution MS (LRMS) instrumentation. 

On account of the above, we developed a precise and simple multi-residue analytical method, whose steps expand from sample
purification to optimization on several mass spectrometric ionization parameters, for the quantitative determination of a large panel 
of POPs, PAHs and other selected molecular tracers in atmospheric samples. Fractionation was achieved by flash chromatography 
using small amounts of adsorbents and elution solvents, resulting in adequate recoveries. Optimization was carried out to maximize
sensitivity on chemical analysis of target organohalogens. The proposed method was validated through a rigorous quality assur- 
ance/quality control procedure, and successfully applied to both gaseous and particulate phase atmospheric samples, collected at an 
urban location in the eastern Mediterranean. 

Experimental 

Materials and reagents 

All standard mixtures used for method validation and instrumental response were prepared from high purity native and perdeuter- 
ated standard solutions. The corresponding part numbers for each commercial mixture are listed in Table S1 (Supporting Information
(SI)). In particular, the long-chain n -alkanes ( n -C x ) mixture [from n -undecane ( n -C 11 ) to n -pentatriacontane ( n -C 35 )], the parent
PAHs mixture [naphthalene (Na), acenaphthylene (Acena), acenaphthene (Ace), fluorene (Flu), phenanthrene (Phe), anthracene 
(An), fluoranthene (Fluo), pyrene (Py), benzo[ a ]anthracene (B[ a ]A), chrysene/triphenylene (Chr/T), benzo[ b / j ]fluoranthene
(B[ b ]F), benzo[ k ]fluoranthene (B[ k ]F), benzo[ a ]pyrene (B[ a ]P), dibenzo[ a,h ]anthracene (DB[ ah ]A), benzo[ g,h,i ]perylene (B[ ghi ]P),
indeno[1,2,3- c,d ]pyrene (IP)], phenanthrene-D 10 , anthracene-D 10 , pyrene-D 10 , perylene-D 12 , PCBs #54, 155, 185 and 204 (IU-
PAC nomenclature), the pesticide mixture [aldrin (ALDR), cis -chlordane (c-CHL), trans -chlordane (t-CHL), oxy chlordane (oxyCHL), 
chlorothalonil (CHLTHL), o,p’ -DDD, p,p’ -DDD, o,p’ -DDE, p,p’ -DDE, o,p’ -DDT, p,p’ -DDT, dicofol (DICF), dieldrin (DIELD), 𝛼-endosulfan
( 𝛼-ENDS), 𝛽-endosulfan ( 𝛽-ENDS), endosulfan sulfate (ENDSLF), endrin (ENDR), 𝛼-, 𝛽-, 𝛾- and 𝛿-hexachlorocyclohexane (HCH), hep- 
tachlor (HEPT), heptachlor exo-epoxide ( cis -, isomer B) (HEPTEP), hexachlorobenzene (HCB)], 𝛼-HCH-D 6 , p,p’ -DDE-D 8 , p,p’ -DDT-D 8 
2 
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and 𝛽-endosulfan-D 4 were all purchased from LGC (Germany). The PCB mixture [IUPAC nomenclature: PCB#17, 18, 28, 31, 33,
44, 49, 52, 70, 74, 82, 87, 95, 99, 101, 105, 110, 118, 128, 132, 138, 149, 151, 153, 156, 158, 169, 170, 171, 177, 180, 183,
187, 191, 194, 195, 201, 205, 206, 208, 209] was purchased from Accustandard (USA). Pristane, phytane, n -hexadecane-D 34 and n -
tetracosane-D 50 were purchased from Neochema (Germany). 17 𝛼(H),21 𝛽(H)-hopane (C30 𝛼𝛽), 17 𝛼(H) − 22,29,30-trisnorhopane ( Tm ), 
5 𝛼,14 𝛼,17 𝛼-cholestane(20R) (C27 𝛼𝛼𝛼R) and 5 𝛼,14 𝛼,17 𝛼-cholestane(20R)-D 6 (C27 𝛼𝛼𝛼R-D 6 ) were purchased from Chiron (Norway).
NIST’s (National Institute of Standards and Technology) Standard Reference Material (SRM) 1649b (urban dust) was purchased from 

LGC (Germany). Glass wool, used for column packing, was purchased from Merck. 
All solvents ( n -hexane, dichloromethane, acetone, water) were of organic trace analysis grade (Unisolv/Suprasolv MS) and pur- 

chased from Merck (Germany). Florisil (magnesium silicate, 60–100 mesh) was of PR grade and purchased from Supelco (USA). Silica
gel (silicon dioxide, 70–230 mesh), neutral alumina (aluminum oxide, 70–230 mesh) and anhydrous sodium sulfate (Na 2 SO 4 ) were
all of > 99% purity and purchased from Merck. Glass microfiber (GF/A) filters (140 mm diameter) and polyurethane foam (PUF) plugs
(100 × 140 mm) were purchased from Whatman (UK) and Klaus Ziemer (Germany), respectively. 

Preceding sampling, GF/A filters were wrapped in Al foil and baked at 420 °C for 3 h. PUFs were thoroughly washed with soap,
rinsed with fresh tap water, boiled for 5 h in nanopure water and then Soxhlet-extracted (ca. 3 cycles/h), first with acetone and then
with n -hexane:dichloromethane (1:1) for a total of 48 h. After extraction, PUFs were placed in clean vacuum desiccators, dried for
72 h and wrapped with Al foil, placed into sealed zip-lock bags and stored at − 18 °C until use. A custom-made borosilicate glass
flash column (180 mm length × 0.5 mm OD, with capillary ending) was used for sample clean-up and separation process. At the
top, the column was quick-fit joined with a glass solvent flow adapter and controller, whereas a Teflon stopcock was fitted at the
bottom. Nitrogen gas (99.999% purity) was used for column packing and flow control. A custom-made cooling bath was used during
evaporation under nitrogen pressure to preserve the process at temperatures below − 5 °C. All laboratory glassware was thoroughly 
soap-washed with a phosphate-free detergent and rinsed first with tap water, and then with nanopure water (18.2 M Ω), acetone and
n -hexane. 

Air sampling 

A total number of six atmospheric (gaseous and particulate phase) samples were separately collected for 24 h (08:00–08:00 UTC),
using a high-volume (ca. 0.6 m 

3 /min) Digitel air sampler (DH77, Switzerland) equipped with a PM 10 head, following by an adsorbent
cartridge. The sampler was located at the rooftop of a three-story building in the facilities of the Cyprus Institute (Nicosia, Cyprus).
GF/A filters and PUF plugs were used for the collection of particulate and gaseous phase samples. More details about the sampling
site can be found in Iakovides et al. [8] . After sampling, all gaseous and particulate filters were wrapped in Al foil, sealed in zip-lock
bags and stored at − 18 °C until analysis. 

Sample extraction 

Samples were separately extracted in a Soxhlet apparatus, using a mixture of n -hexane:dichloromethane (1:1) for 24 h (ca. 3 cy-
cles/h). Preceding extraction, all samples were spiked with given amounts of surrogate standards (GF/A filters: 20 ng of phenanthrene-
D 10 , pyrene-D 10 , perylene-D 12 for PAH analysis; 3 ng of PCBs #54, 155 and 185, and 8 ng of p,p ′ -DDE-D 8 , p,p ′ -DDT-D 8 , 𝛼-HCH–D 6 
and 𝛽-endosulfan-D 4 for the analysis of organochlorines; PUF plugs: 100 ng of phenanthrene-D 10 , pyrene-D 10 , perylene-D 12 for PAH
analysis; 9 ng of PCBs #54, 155, 185 and 24 ng of p,p ′ -DDE-D 8 , p,p ′ -DDT-D 8 , 𝛼-HCH-D 6 and 𝛽-endosulfan-D 4 for the analysis of
organochlorines), which correspond to the respective amounts in the atmosphere [ 35 , 8 ]. After extraction, each sample was trans-
ferred to a flask, solvent-exchanged to n -hexane and concentrated to ca. 2 ml using a vacuum rotavapor (Rotavap RV 300; Büchi,
Switzerland) and a gentle stream of nitrogen. 

Flash column preparation 

Sodium sulfate and glass wool were separately extracted with n -hexane:dichloromethane (1:1) in a Soxhlet apparatus (ca. 3
cycles/h) for 24 h and dried into vacuum desiccators for at least 48 h, whereas given amounts were also baked at 420 °C for 3 h to
ensure removal of trace contaminants, and stored into sealed glass jars. Alumina was activated at 300 °C for 16 h, whereas activation
of silica gel and florisil was achieved at 200 °C for 12 h. It is worth noting that adsorbents should be activated upon the initiation
of the clean-up procedure, while in advance activation should be avoided; all adsorbents used herein are hygroscopic and potential
exposure to moisture air may alter their separation capability [36] . The adsorption column was filled from bottom to top with glass
wool, 0.5 g of anhydrous Na 2 SO 4 , 1.0 g of activated silica gel, 1.0 g of activated alumina, 0.5 g of activated florisil and 1.0 g of
anhydrous Na 2 SO 4 . Prior to sample loading, the adsorption column was properly packed under nitrogen pressure with a conditioning
volume of ca. 20 ml n -hexane, while a constant flow rate of 1.0 ± 0.1 ml/min was also adjusted using a volumetric tube. 

Instrumentation and chemical analysis 

Chemical analysis of all target substances was carried out on an Agilent 7890B gas chromatograph, equipped with a cool on-column
inlet operating at 3 °C above the corresponding temperature of the oven gradient (see below), and 9 ml/min septum purge flow. The
GC was coupled with an Agilent mass selective detector (MSD inert 5977B), operating in electron impact (EI, 70 eV) and electron
capture negative-ion chemical ionization (ECNI) mode. Methane (99.999% purity) was used as reagent gas in ECNI mode (2.0 ml/min
3 
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optimum flow rate). Transfer line was kept at 300 °C, while the MS quadrupole was modified at 150 °C. Ion source temperature in
EI mode was set to 230 °C. Chromatographic separation was achieved on a 60 m × 0.25 mm ID × 0.25 𝜇m film thickness and a
30 m × 0.25 mm ID × 0.25 𝜇m film thickness non-polar 5%-phenyl-methylpolysiloxane columns (ultra-inert DB-5 ms; J&W, USA), 
for organochlorines and PAHs-aliphatics analysis, respectively. Capillary columns were coupled with a 3 m deactivated fused silica 
guard column (Agilent, USA) using ultra-inert press fits. Helium (99.999% purity) was used as carrier gas, with a constant flow rate
of 1.0 ml/min. The GC oven gradients were optimized as follows: i) 50 °C initial temperature (held for 1 min), ramp to 150 °C at
30 °C/min, and then to 300 °C at 5 °C/min (held for 40 min) for PAHs (74.33 min total runtime); ii) 50 °C initial temperature (held
for 1 min) and ramp to 300 °C at 5 °C/min (held for 20 min) for aliphatics (71 min total runtime); and iii) 50 °C initial temperature
(held for 1 min), ramp to 140 °C at 30 °C/min, then to 285 °C at 2.2 °C/min and finally to 300 °C at 15 °C/min (held for 15 min) for
organochlorines (85.91 min total runtime). All solutions were injected (2 𝜇l volume) to GC–MS through a cool on-column injector,
using an Agilent G4567A automated liquid sampler (ALS). PAHs and aliphatics were quantified based on relative response factor
(RRF) calculations for each single organic substance (solutions of 0.2–19.5 and 1.5–3.9 ng/ 𝜇l, respectively) in EI mode [ 8 , 37 , 38 ],
whereas quantification of PCBs and OCPs was performed by external calibrations (sets of seven-level standard mixtures of 2, 10, 24,
43, 65, 105 and 250 pg/ 𝜇l for PCBs, and 5, 23, 85, 169, 251, 389 and 647 pg/ 𝜇l for OCPs) in ECNI mode. A maximum number of
five samples per batch of GC–MS analysis were run, while in the event where RRFs and R 

2 coefficients during calibration exhibited
CV > 20% and values < 0.96, respectively, the analysis was discarded and went over again. Identification of each target compound was
based on retention time ( ± 2 s) (Tables S2-S4, SI) and mass fractionation ( ± 15%) of reference standard mixtures run in scan mode
(50–550 and 30–550 amu in EI and ECNI mode, respectively) [37] . Target and qualification ions, along with their mass fragments,
are also presented in Tables S2-S4 (SI). 

Results and discussion 

Quality assurance/quality control of chemical analysis 

Three sets of pre-cleaned PUF and GF/A field and procedural blanks were analyzed to calculate the corresponding blank amounts.
All blanks received the same treatment applied to the exposed samples. Blank amounts were < 1.11% for n -alkanes ( n -C 11 - n -C 15 ),
0.64% for PAHs (phenanthrene to pyrene) and 0.02% for PCBs and OCPs (tri- and tetra-CBs). No detectable blank amounts were
measured for pristane, phytane, C27 𝛼𝛼𝛼R, Tm and C30 𝛼𝛽. Standard mixtures with concentrations spanning from 0.2 to 0.8, 0.07–0.3,
0.01–1.2 and 0.2–16.8 pg/ 𝜇l for PAHs, aliphatics, PCBs and OCPs, respectively, were prepared and injected to GC–MS to calculate
the detection limits of the instrument (IDL). The amounts of analytes that correspond to chromatographic peaks with a signal-to-noise
(S/N) ratio over 3:1 were considered as detectable [39] . The detection limits of the method (MDL) were correspondingly calculated
as their average amounts in blanks plus three times 1 𝜎 [39] . For analytes not detected in blanks, MDLs were estimated based on
IDLs ( Table 1 ), the average recovery of the analytical method (more details in section 3.2; see also Fig. 1 ), the average volume of air
samples (650 m 

3 ) and the final volume in the GC vial (20 𝜇l) [37] . The estimated MDLs for the blank non-detectable analytes were
experimentally evaluated by re-analyzing native standard mixtures in GC–MS at the predicted concentrations, and all exhibited S/N 

ratios > 6.3. MDLs for all target compounds are listed in Table 1 . 

Evaluation of adsorption column separation 

To evaluate the performance of the column, the recovery of all target compounds throughout separation was checked using a
standard mixture in varying amounts (ca. 600 ng for n -alkanes, 40–100 ng for pentacyclic triterpanes, 60–1200 ng for PAHs, 40–
300 ng for PCBs and 40–70 ng for OCPs) depending on the concentration of the standard mixtures. The mixture (2 ml total volume)
was prepared into a clean pear-shaped glass flask using gastight syringes. It was then inserted into the column and separation was
achieved in two successive elusions: i) 14 ml of n -hexane; and ii) 30 ml of n -hexane:dichloromethane (1.7:1.3). The procedure was
repeated in triplicate and all recoveries ( ± 1 𝜎) are displayed in Fig. 1 . In particular, PCB congeners (except for #169), o,p’ -DDE, p,p’ -
DDE, heptachlor, HCB, aldrin and all aliphatics were collected with the first fraction ( n -hexane; 14 ml), whereas all PAHs, PCB 169 and
the remaining OCPs (namely cis -chlordane, trans -chlordane, oxychlordane, chlorothalonil, dieldrin, endrin, 𝛼- to 𝛿-HCH, heptachlor 
epoxide, dicofol and the vast amounts of o,p’ - and p,p’ -DDD/Ts) were eluted in the second fraction ( n -hexane:dichloromethane 1.7:1.3;
30 ml). Mass recoveries were satisfactory, exhibiting > 90% on average for most n -alkanes ( > n -C 19 ) and PCBs ( > penta-CBs) in the first
elution, whereas the less volatile n -alkanes (C 11 to C 17 ), tri- and tetra-CBs showed relatively lower recoveries (ca. 80–85 and > 80%,
respectively), most likely due to evaporation losses [37] . Aldrin, heptachlor, HCB and DDEs were successfully recovered ( > 85%)
during first elution with n -hexane, while low proportions ( < 15%) were collected in the second fraction. On the contrary, most PAHs
(pyrene to benzo[ ghi ]perylene) and the remaining OCPs were almost fully recovered during second elution, exhibiting mass recoveries
> 90%, except for the low molecular weight PAHs (fluorene to anthracene), DDDs and at a lesser extent DDTs ( Figs. 1 B; 1D), which
were partially eluted in the first fraction ( < 15%). 

Total recoveries (summary of elution fractions 1 and 2) for most target compounds exhibited values > 90%, except for some tri-
& tetra-CBs (e.g. #18, 17, 33, 44, 70), as well as PCBs #99 and #110, which were recovered at relatively lower, yet acceptable,
levels (78–86%). After a step-by-step examination of potential losses during i) rotary evaporation, and ii) final evaporation under 
nitrogen stream, most losses (up to 25%) occurred during rotary evaporation. Preservation of temperatures < − 5 °C during evaporation
under nitrogen stream showed recovery reduction at considerably lower levels ( < 10%), compared to the corresponding process under
ambient laboratory temperatures, during which compound losses (up to 35%) sometimes exceeded those during rotary evaporation 
4 
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Table 1 

Instrumental (IDL) and method detection limits (MDL) for all target compounds. 

Target compound IDL [pg/ 𝜇L] MDL [fg/m 

3 ] Target compound IDL [pg/ 𝜇L] MDL [fg/m 

3 ] 

#PCBs PAHs 

#18 0.84 26.3 Fluorene 0.26 8.1 
#33 0.79 24.8 Phenanthrene 0.27 8.5 
#52 0.79 24.8 Anthracene 0.27 8.5 
#70 0.52 16.3 Fluoranthene 0.54 17.1 
#74 0.18 5.6 Pyrene 0.27 8.5 
#82 0.09 2.7 Benzo[ a ]anthracene 0.27 8.5 
#99 0.09 2.7 Chrysene/Triphenylene 0.27 8.5 
#101 0.08 2.5 Benzo[ b / j ]fluoranthene 0.54 17.1 
#118 0.09 2.7 Benzo[ k ]fluoranthene 0.27 8.5 
#128 0.14 4.4 Benzo[ a ]pyrene 0.27 8.5 
#149 0.48 14.9 Indeno[1,2,3- c,d ]pyrene 0.27 8.5 
#151 0.02 0.8 Dibenzo[ a,h ]anthracene 0.54 17.1 
#169 0.07 2.1 Benzo[ g,h,i ]perylene 0.54 17.1 

#180 0.08 2.5 OCPs 
#183 0.01 0.2 Aldrin 0.43 13.4 
#187 0.03 0.9 cis -Chlordane 0.21 6.5 
#195 0.01 0.4 trans -Chlordane 0.10 3.1 
#205 0.01 0.2 oxychlordane 0.73 22.9 
#209 0.01 0.2 Chlorothalonil 0.09 2.9 

Aliphatics o,p´-DDD 0.87 27.1 
n -C 11 – n -C 17 0.40 12.5 p,p´-DDD 1.70 53.1 
n -C 18 – n -C 29 0.35 10.9 o,p´-DDE 0.73 22.9 
n -C 30 – n -C 31 0.45 14.1 p,p´-DDE 2.80 87.5 
n -C 32 – n -C 35 0.65 20.3 o,p´-DDT 2.17 67.7 
Pristane 0.50 15.6 p,p´-DDT 11.27 352.2 
Phytane 0.50 15.6 Dicofol 2.80 87.5 
C27 𝛼𝛼𝛼R 1.10 34.4 Dieldrin 0.23 7.3 
Tm 0.96 29.7 𝛼-Endosulfan 0.13 4.0 
C30 𝛼𝛽 0.90 28.1 𝛽-Endosulfan 0.13 4.0 

Endosulfan sulfate 0.09 2.7 
Endrin 1.44 45.1 
𝛼-HCH 0.73 22.9 
𝛽-HCH 0.73 22.9 
𝛾-HCH 0.73 22.9 
𝛿-HCH 0.73 22.9 
Heptachlor 0.30 9.4 
Hexachlorobenzene 0.03 1.1 
Heptachlor exo-epoxide 0.83 26.0 

 

 

 

 

 

 

 

 

 

 

 

 

 

(see above). Therefore, deployment of a cooling bath during last-step evaporation improves significantly the overall recovery of target
compounds. 

Optimization of MS conditions 

Mass spectrometric operation parameters in ECNI mode were optimized to obtain high-mass fragment ion abundances and thus 
gain lower detection rates, compared to the corresponding parameterizations in EI and ECNI mode, which were based on the default
tune settings using perfluorotributylamine (PFTBA) and perfluoro-5,8-dimethyl-3,6,9-trioxidodecane (PFDTD) as source calibrants. 
Ion source temperature, electron energy and emission current were selected to be optimized. Thermal aux and quadrupole tempera-
ture, ion source pressure and reagent gas flow rate were not investigated and kept unmodified at the default auto-tune adjustments,
due to potential limited effects on analyte response (GC–MS interface and quadrupole temperature), peak tailing and matrix effects 
(source pressure, methane flow rate) [40–42] . A neat standard mixture of PCBs and OCPs at concentrations spanning from 0.5 to
0.7 ng/ 𝜇l was prepared for the tests, whereas constant volumes of 2 𝜇l were injected using the ALS. The optimized GC oven gradient
(see section 2.5), interface and quadrupole temperatures (300 and 150 °C) and electron multiplier voltage (1187 V) were also held
constant during optimization runs. Fragment ions and isotope peaks listed in Tables S3 and S4 (SI) for PCBs and OCPs were moni-
tored, while all GC–MS runs were carried out in SIM mode. To the best of our knowledge, the current study is the first which reports
optimum mass spectrometric conditions for PCBs and OCPs combined in a single run in ECNI mode. 

High ion source temperatures yield in general considerable impacts on the formation and kinetics of the low-energy thermal
electrons in the source chamber and influence the molecule-thermal electron interactions, leading to higher vibrational energies 
and thus stronger fragmentation of the molecular ions. Although ion source retains in principle temperatures from 0 to 300 °C,
normally is adjusted between 150 and 250 °C [ 43 , 44 ], whereas at temperatures < 150 °C the ion source acts as “cold-spot ” for
analytes passing through hot GC column and transfer line surfaces before entering the colder chamber, resulting in peak tailing
5 
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Fig. 1. Average ( ± 1 𝜎) mass recoveries for all target compounds (A: aliphatics, B: PAHs, C: PCBs, D: OCPs) at the optimized clean-up procedure 
( n = 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and poor shaping. Nine ion source temperature intervals (140–250 °C) were investigated in our optimization tests ( Fig. 2 ; pan-
els A, D). High-mass fragment molecular ions of > hexa-CBs were most sensitive to source temperature, yielding decreased abun-
dances as temperature increases, while chlorine ion abundances for tri- to penta-CBs showed insignificant (Kruskal-Wallis test, K-W; 
p > 0.19) differences ( < 15%; Fig. 2 A). Lower ion source temperatures yielded larger high-mass abundances for most OCPs, except
for aldrin and oxychlordane, which both appeared with no significant (K-W; p > 0.17) differences ( < 10%) in ion abundances as a
function of temperature ( Fig. 2 D). Among OCPs, the highly electronegative heptachlor epoxide, HCB, heptachlor and HCHs exhib-
ited the largest variability in molecular ion’s responses ( Fig. 2 D). The observed tendency of larger peak abundances of molecular
ions for analytes with higher chlorination when temperature in the source decreases, may be attributed to the higher thermal elec-
tron capture by compounds with higher electron affinity, particularly in the presence of methane in the chamber [45] . Similar
behavior has also been reported for the brominated diphenyl ethers [40] , with decreasing bromide ion abundances as a function
of temperature, in contrast to the increasing high-mass fragment ion abundances. For most PCBs and OCPs, ion source tempera-
ture values of 140–150 °C yielded the largest peak abundances ( Fig. 2 A, D), however the optimal value of 150 °C was selected
( Fig. 2 A, D). 

Ionization energies spanning from 50 to 225 eV were also manually inserted to inspect the corresponding response in peak signal
( Fig. 2 B, E). An increase in molecular ion abundances for > hexa-CBs ( Fig. 2 B) and OCPs ( Fig. 2 E) was observed as electron energy
raises up, peaking at a value of 75 eV (optimal ionization energy). For penta-CBs, the increase in peak areas at 75 eV was measured
shallower (ca. 20%) compared to more chlorinated ones, while tri- and tetra-CBs exhibited the least increase in peak areas (ca. 17%
lower compared to penta-CBs). Similar behavior has been observed for aldrin and chlordane isomers, exhibiting a shallower, compared 
to other OCPs, peak increase at 75 eV, whereas sharper was the increase for heptachlor, HCB, HCHs and heptachlor epoxide ( Fig. 2 E).
After peaking at 75 eV, ion abundances showed in general a decrease at an electron energy value of 100 eV, and then flattened at
energies up to 225 eV ( Fig. 2 B, E). 

Emission current was also optimized at eight different tune values (50, 75, 100, 125, 150, 175, 200 and 220 𝜇A). A similar positive
and linear trend was observed for both PCBs and OCPs, resulting in an optimal value of 220 𝜇A ( Fig. 2 C, F). Relatively sharper increases
in ion abundances were, as expected, displayed for analytes with higher electron affinity ( > hexa-CBs and electronegative OCPs, such
as heptachlor and its epoxide, HCB and HCHs). At this point, it is worth noting that setting an optimum emission current at its
maximum (or close to its maximum) levels may result in filament deformation, or disarrangement over its location at the entrance
hole of the source chamber, inducing shorter lifetimes and poor performance over time. 
6 
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Fig. 2. Average peak areas of PCBs (panels A-C) and OCPs (panels d -F) yielded as a function of ion source temperature, electron energy and emission 
current. The resulted optimum values are highlighted with red. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Linearity of instrumental analysis 

Once optimum mass spectrometric parameters were determined, the linearity of chemical analysis was evaluated by seven-point 
calibration curves, using native standard mixtures constructed within concentration ranges of 2–250 and 5–650 pg/ 𝜇l for PCBs 
and OCPs, respectively, which reflect the approximate amounts in aerosol samples (see also section 2.5). Unlike native standard 
concentrations, the corresponding surrogate (120–130 and 395–410 pg/ 𝜇l for PCBs and OCPs) and internal (110 and 370 pg/ 𝜇l for
PCBs and OCPs) standard concentrations were preserved at constant levels in all calibration mixtures. The resulting curves were
blank offset and exhibited linear calibration coefficients (R 

2 ) for PCBs ranging from 0.974 (tri- and tetra-CBs) to 0.999 ( > hepta-CBs),
and from 0.982 ( p,p’ -DDE and dicofol) to 0.998 (HEPT) for OCPs. Characteristic examples of calibration curves for PCBs #18, #183,
p,p’ -DDE and heptachlor are displayed in Fig. S1 (SI). 

Repeatability and reproducibility of the method 

Intra- and inter-assay precision of the analysis were both evaluated for all target substances on a two-way approach, and particu-
larly by analyzing i) native standard mixtures at given concentrations; and ii) actual atmospheric samples. Six replicates of standard
mixtures at concentrations of 1–5, 0.5–2, 0.03–0.12 and 0.2–0.3 ng/ 𝜇l for aliphatics, PAHs, PCBs and OCPs, respectively, have been
prepared and injected to GC–MS on the same day and under the same tune conditions. The analysis showed highly repeatable results,
exhibiting coefficients of variation (CV) < 11 and 9% for aliphatics and PAHs in EI mode, and < 16 and 14% for PCBs and OCPs in
ECNI mode. In addition to repeatability evaluations, the aforementioned standard mixtures were also run into GC–MS during specific 
time intervals (once per day for five consecutive days). The interday variance of the instrumental response (CV%) was satisfactory
when applied to standard mixtures of predefined concentrations, with values < 13 and 11% for aliphatics and PAHs, and < 17 and 16%
for PCBs and OCPs. Similar approaches were applied to evaluate repeatability and reproducibility of the proposed method in actual
atmospheric samples. In particular, collected samples, already underwent the entire procedure of analysis (see also section 3.7), were
randomly selected and analyzed in GC–MS i) for six times in one day; and ii) once per day for five successive days. The corresponding
inter- and intraday variations (CV%) in atmospheric samples are presented in Tables 2 and 3 . The methodology exhibited in general
adequate inter- and intraday precisions (CVs up to 18 and 22%, respectively) when applied to atmospheric samples, highlighting the
magnitude of robustness of the proposed method. 

Performance of the method 

To further validate the performance of the proposed analytical method throughout all of its steps (extraction, clean- 
up/fractionation and chemical analysis), the NIST’s urban dust standard reference material (SRM 1649b) was used [46] . In particular,
predefined amounts of SRM 1649b, reflecting the corresponding amounts of PM 10 (1st quartile 21 𝜇g/m 

3 ) in the study environment
[8] , were obtained in triplicate (ca. 12 ± 1 mg each) and Soxhlet-extracted, preserving the same extraction conditions as with atmo-
spheric samples (see section 2.3). The extracts were then concentrated, cleaned-up and analyzed following the procedure described 
above in detail. 
7 
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Table 2 

Average ( ± 1 𝜎) concentrations of PAHs and aliphatic compounds in gas ( n = 6) and particulate ( n = 6) phase samples, intra- and inter-day variability 
(% CV) of selected samples. 

PAH member Gas phase Particulate phase Intra-day 
variability 

Inter-day 
variability 

Aliphatic 
compound 

Gas phase Particulate 
phase 

Intra-day 
variability 

Inter-day 
variability 

Average ± 1 𝜎 CV Average ± 1 𝜎 CV 

[ng/m 

3 ] [%] [ng/m 

3 ] [%] 

Fluorene 2.43 ± 1.22 0.01 ± 0.004 13 15 n -C 11 0.18 ± 0.06 0.01 ± 0.004 11 16 
Phenanthrene 11.08 ± 4.88 0.02 ± 0.01 9 12 n -C 12 0.25 ± 0.06 0.02 ± 0.004 12 18 
Anthracene 0.94 ± 0.83 0.003 ± 0.002 11 14 n -C 13 0.22 ± 0.16 0.01 ± 0.01 14 14 
Fluoranthene 2.72 ± 0.67 0.05 ± 0.02 9 12 n -C 14 0.38 ± 0.03 0.02 ± 0.002 12 15 
Pyrene 2.75 ± 1.08 0.07 ± 0.02 8 13 n -C 15 0.41 ± 0.06 0.02 ± 0.002 14 12 
Benzo[ a ]anthracene 0.02 ± 0.02 0.03 ± 0.02 12 16 n -C 16 1.42 ± 0.29 0.03 ± 0.01 13 14 
Chrysene/Triphenylene 0.13 ± 0.07 0.11 ± 0.05 14 17 n -C 17 7.81 ± 1.82 0.15 ± 0.04 8 16 
Benzo[ b / j ]fluoranthene 0.004 ± 0.002 0.13 ± 0.06 10 13 Pristane 9.81 ± 2.28 0.65 ± 0.15 11 17 
Benzo[ k ]fluoranthene 0.002 ± 0.002 0.05 ± 0.03 9 14 n -C 18 3.85 ± 2.75 0.14 ± 0.12 6 14 
Benzo[ a ]pyrene 0.001 ± 0.001 0.06 ± 0.03 9 11 Phytane 6.76 ± 4.82 0.17 ± 0.12 10 16 
Indeno[1,2,3- c,d ]pyrene 0.002 ± 0.001 0.08 ± 0.03 8 14 n -C 19 1.02 ± 0.75 0.08 ± 0.06 9 15 
Dibenzo[ a,h ]anthracene 0.001 ± 0.001 0.01 ± 0.002 11 12 n -C 20 0.92 ± 0.24 0.11 ± 0.02 8 9 
Benzo[ g,h,i ]perylene 0.004 ± 0.002 0.11 ± 0.04 10 11 n -C 21 0.50 ± 0.14 0.10 ± 0.03 9 11 
ΣPAHs 20.08 ± 8.06 0.70 ± 0.27 n -C 22 0.66 ± 0.34 0.23 ± 0.12 11 13 

n -C 23 0.83 ± 0.57 0.46 ± 0.32 11 13 
n -C 24 0.53 ± 0.41 0.66 ± 0.51 13 15 
n -C 25 0.59 ± 0.37 0.96 ± 0.61 10 14 
n -C 26 0.21 ± 0.14 0.89 ± 0.61 8 15 
n -C 27 0.57 ± 0.32 1.12 ± 0.61 9 17 
n -C 28 0.12 ± 0.07 0.78 ± 0.48 6 18 
C27 𝛼𝛼𝛼R 0.03 ± 0.01 0.02 ± 0.01 14 17 
n -C 29 0.77 ± 0.31 1.45 ± 0.57 11 16 
Tm 0.03 ± 0.01 0.03 ± 0.01 14 19 
C30 𝛼𝛽 0.13 ± 0.10 0.14 ± 0.11 13 18 
n -C 30 0.07 ± 0.04 0.68 ± 0.41 14 16 
n -C 31 0.34 ± 0.13 1.19 ± 0.44 15 17 
n -C 32 0.16 ± 0.11 0.37 ± 0.26 12 16 
n -C 33 0.11 ± 0.05 0.53 ± 0.27 14 17 
n -C 34 0.12 ± 0.08 0.23 ± 0.19 15 14 
n -C 35 0.06 ± 0.04 0.26 ± 0.19 13 18 
Σn -C x 22.06 ± 4.42 10.48 ± 5.2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The corresponding concentrations (average ± 1 𝜎) for PAHs and aliphatics, as well as for PCBs and OCPs, are displayed in Figs. 3 C
and 3 D (bar charts), respectively. SRM’s certified and reference values ( ± uncertainties) on a dry-mass basis are also shown in the
same panels for comparison. SRM’s reference values for PAHs correspond to concentrations measured at different extraction conditions 
(Soxhlet or pressurized fluid extraction) and temperatures [46] . Zeta- (z-) and 𝜁𝜀𝜏𝛼- ( 𝜁 -) scores for each SRM measurement were also
calculated, based on the study of Analytical Methods Committee [47] , and the corresponding scatterplots of │z- │versus │𝜁 - │ absolute
scores for PAHs and PCBs-OCPs are displayed in Figs. 3 A and 3 B, respectively. Information values for a series of aliphatic compounds
are also shown in Fig. 3 C for comparison, however, these values lack of any assessed uncertainty information [46] , and therefore
were not included in z- and 𝜁 -score calculations. Scores < 3 have been considered as acceptable and were both highlighted by light
blue areas ( Figs. 3 A, 3 B). d -scores (%) for all measured compounds were also calculated [47] and discussed below. The closer the
d -score to zero, the closer the measured concentration is to the assigned value. 

Certified values for PAHs (pyrene, chrysene/triphenylene, benzo[ b ]fluoranthene, benzo[ k ]fluoranthene and in- 
deno[1,2,3 cd ]pyrene) were adequately predicted, exhibiting a recovery range from 90 (pyrene) to 106% (chrysene/triphenylene) 
( Fig. 3 C), and │D-score │ values from 6 (indeno[1,2,3 cd ]pyrene) to 11 (chrysene/triphenylene) on average. The corresponding PAH
reference values (fluorene, phenanthrene, anthracene, fluoranthene, benzo[ a ]anthracene, benzo[ a ]pyrene, dibenzo[ a,h ]anthracene 
and benzo[ g,h,i ]perylene) were measured at relatively lower, compared to those of certified values, recoveries and ranged from 87
(benzo[ g,h,i ]perylene) to 124% (fluorene) ( Fig. 3 C), with average │D-score │ values from 4 (phenanthrene) to 24 (fluorene). Similar
observations have been obtained from the │z- │ against │𝜁 - │ scores scatterplot for PAHs ( Fig. 3 A). In particular, less recovered PAH
members (dibenzo[ a,h ]antracene and benzo[ g,h,i ]perylene) scored z- values higher than │3 │ on average and among the highest 𝜁 -
values among PAHs ( − 1 and − 2, respectively), yet lower than the respective threshold. Reference and certified PAHs with relatively
lower associated uncertainties in SRM 1649b, such as anthracene (0.41 ± 0.004), benzo[ a ]anthracene (2.11 ± 0.05), chrysene
(3.045 ± 0.028) and benzo[ k ]fluoranthene (1.702 ± 0.049) exhibited z- and/or 𝜁 -scores higher than 3 in at least one out of three
SRM measurements in total ( Fig. 3 A). Recovery ranges for n -alkanes spanned from 83 ( n -C 28 ) to 141% ( n -C 22 ) on average, whereas
C27 𝛼𝛼𝛼R and Tm were measured close to the respective mass fractions (average 95 and 93%) ( Fig. 3 A), with │D-scores │ among the
lowest calculated for this particular compound group (average 6 and 7, respectively). 

Certified mass fractions for the less chlorinated PCBs (# 49 and 52) were recovered at relatively lower levels (average 76 and
84%), compared to those of > penta-Cl biphenyls ( > 91% on average for PCBs #105, 110, 149, 151, 183, 187, 194 and 206) ( Fig. 3 D).
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Table 3 

Average ( ± 1 𝜎) concentrations of PCBs and OCPs in gas ( n = 6) and particulate ( n = 6) phase samples, intra- and inter-day variability (% CV) of 
selected samples. 

PCB congener Gas phase Particulate 
phase 

Intra-day 
variability 

Inter-day 
variability 

OCP 
compound 

Gas 
phase 

Particulate 
phase 

Intra-day 
variability 

Inter-day 
variability 

Average ± 1 𝜎 CV Average ± 1 𝜎 CV 

[pg/m 

3 ] [fg/m 

3 ] [%] [pg/m 

3 ] [fg/m 

3 ] [%] 

#17 16.71 ± 0.85 69 ± 32 14 22 Aldrin 0.75 ± 0.32 28 ± 2 16 21 
#18 7.44 ± 0.38 31 ± 2 12 20 cis -Chlordane 1.15 ± 0.34 23 ± 7 11 15 
#31 + 28 25.96 ± 1.32 90 ± 37 15 17 trans -Chlordane 1.50 ± 0.34 37 ± 13 10 15 
#33 6.01 ± 0.31 < MDL 11 18 oxy chlordane 0.41 ± 0.07 24 ± 8 11 16 
#44 3.02 ± 0.15 42 ± 8 13 21 Chlorothalonil 11.64 ± 2.57 45 ± 8 10 13 
#49 38.74 ± 1.98 243 ± 98 11 13 o,p´-DDD 0.22 ± 0.27 < MDL 17 21 
#52 77.37 ± 3.94 214 ± 67 9 12 p,p´-DDD 2.93 ± 0.63 70 ± 11 13 16 
#70 4.65 ± 0.24 78 ± 26 12 16 o,p´-DDE 9.35 ± 2.8 40 ± 6 15 17 
#74 1.96 ± 0.1 29 ± 17 13 18 p,p´-DDE 2.01 ± 0.37 91 ± 3 11 14 
#82 0.23 ± 0.01 13 ± 4 14 19 o,p´-DDT 24.01 ± 3.18 522 ± 90 10 15 
#87 7.13 ± 0.36 9 ± 1 8 12 p,p´-DDT 38.79 ± 18.54 < MDL 13 17 
#95 6.51 ± 0.33 18 ± 5 10 14 Dicofol 11.16 ± 1.15 128 ± 24 10 13 
#99 0.95 ± 0.05 15 ± 8 13 17 Dieldrin 5.61 ± 9.85 114 ± 83 9 12 
#101 6.91 ± 0.35 64 ± 18 10 13 𝛼-Endosulfan 12.01 ± 4.02 187 ± 76 7 11 
#105 0.11 ± 0.01 29 ± 23 11 15 𝛽-Endosulfan 4.45 ± 1.38 375 ± 70 6 11 
#110 2.8 ± 0.14 43 ± 11 11 16 Endosulfan sulfate 0.07 ± 0.06 26 ± 18 9 14 
#118 1.08 ± 0.05 81 ± 28 13 19 Endrin < MDL < MDL 
#128 0.05 ± 0.003 24 ± 6 7 11 𝛼-HCH 24.53 ± 11.68 78 ± 38 8 11 
#132 0.51 ± 0.03 65 ± 77 8 15 𝛽-HCH 3.73 ± 0.30 35 ± 7 11 16 
#153 1.61 ± 0.08 101 ± 35 6 13 𝛾-HCH 4.34 ± 0.53 47 ± 7 7 10 
#138 1.16 ± 0.06 102 ± 32 7 14 𝛿-HCH 0.28 ± 0.12 51 ± 11 13 18 
#158 0.12 ± 0.01 10 ± 4 6 14 Heptachlor 1.13 ± 0.41 36 ± 11 12 16 
#149 2.22 ± 0.11 67 ± 29 7 9 Hexachlorobenzene 42.71 ± 11.34 37 ± 7 9 13 
#151 0.65 ± 0.03 17 ± 7 5 11 Heptachlor exo-epoxide 0.54 ± 0.43 52 ± 9 12 16 
#156 0.05 ± 0.003 12 ± 5 7 12 ΣOCPs [pg/m 

3 ] 198.62 ± 31.91 1.92 ± 0.21 
#169 < MDL < MDL 
#170 0.11 ± 0.01 67 ± 33 6 10 
#171 0.05 ± 0.003 13 ± 5 5 8 
#177 0.09 ± 0.005 23 ± 13 4 9 
#180 0.28 ± 0.01 132 ± 79 5 8 
#183 0.15 ± 0.01 20 ± 9 4 11 
#187 0.29 ± 0.01 32 ± 19 5 10 
#191 0.01 ± 0.002 3 ± 1 8 12 
#194 0.01 ± 0.003 37 ± 32 7 10 
#195 0.01 ± 0.001 11 ± 8 6 9 
#201 0.03 ± 0.002 21 ± 19 4 7 
#205 0.003 ± 0.001 4 ± 2 6 9 
#206 0.01 ± 0.001 38 ± 35 6 11 
#208 0.01 ± 0.001 7 ± 5 5 9 
#209 0.01 ± 0.001 55 ± 33 4 6 
ΣPCBs [pg/m 

3 ] 215 ± 10.96 1.9 ± 0.32 

 

 

 

 

 

 

 

 

 

 

d -score absolute values for tetra-CBs were also higher (average 24 and 19) than those of penta- to nona-CBs (up to 13, except PCB
#101). Most reference mass fractions for PCBs (all remaining congeners, see Figs. 3 B and 3 D) were likewise adequately recovered,
whereas a similar trend of increasing recovery with increasing degree of chlorination was also apparent ( Fig. 3 D). Less chlorinated
biphenyls (e.g. PCBs #17, 18, 44 and less likely #70) of reference mass classified fractions scored relatively higher d - values (average
23–34), compared to those of higher chlorination (average 2–14). 

Chlorinated pesticides, such as trans -chlordane, p,p ’-DDD and p,p’ -DDE, were also measured close to their certified values (96, 95
and 102% average recoveries, respectively) ( Fig. 3 D), with │D-score │ values from 2 to 5. Additionally, cis - (90%) and oxychlordane
(97%), p,p’ -DDT (98%), o,p’ -DDT and its metabolites ( o,p’ -DDD/E; 95–98%) exhibited equally sufficient recovery ranges, close to their
reference mass fractions ( Fig. 3 D). The z- versus 𝜁 -scores scatterplot for PCBs and OCPs ( Fig. 3 B) demonstrated an overall agreement
of SRM 1649b urban dust measured concentrations with the corresponding certified and/or reference values. Most chlorinated com- 
pounds lied within, or close to the respective acceptance threshold values ( Fig. 3 D; blue highlighted area), except for some tri-CBs
(e.g. #17, 18), oxychlordane and PCBs #177 and 205 in a limited number of replicate SRM measurements. 

Application to atmospheric samples 

The proposed method was separately applied to six pairs of gaseous and particulate phase samples (see also section 2.2). Each
sample underwent the entire procedure of analysis and the corresponding measured concentrations (average ± 1 𝜎) are presented 
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Fig. 3. Scatterplots of z- versus 𝜁 - absolute scores for PAHs (panel A), PCBs and OCPs (panel B). Acceptance threshold values for both scores are also 
highlighted by light blue areas. Measured ( n = 3) concentrations (average ± 1 𝜎) of NIST’s SRM 1649b (urban dust) compared to the corresponding 
certified, reference and information values for aliphatics and PAHs (panel C), PCBs and OCPs (panel D). The corresponding recovery percentages 
are also displayed by blue scatter dots. For panels A, C: ∗ reference values; ∗∗ certified values; ̂ information values. For panels B, D: ∗∗ certified values; 
all remaining compounds: reference values. Compounds presented with no bars in panels C and D were not included in NIST’s urban dust reference 
material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in Tables 2 (for PAHs and aliphatics) and 3 (for PCBs and OCPs). Extracted ion chromatograms of characteristic homologue and/or
member groups of PCBs, OCPs and PAHs are also shown in Fig. 4 . 

All target compounds were identified, except for endrin and PCB #169, which were both not detected in any of the collected gas
and particulate phase samples ( Table 3 ). The isomers 𝛽-, 𝛾- and 𝛿-HCH, o,p’ -DDT, o,p’ -DDE, aldrin, as well as PCBs #18, 87, 99, 206 and
208 were quantified in at least one particulate phase sample, whereas o,p’ -DDD, p,p’ -DDD, 𝛽-HCH and 𝛾-HCH were correspondingly
identified in at least one gas phase sample ( Table 3 ). On the contrary, o,p’ -DDD, p,p’ -DDT and PCB #33 were identified in none of
the particulate phase samples ( Table 3 ). 

Total atmospheric (gas and particulate phase) concentrations of n -alkanes, isoprenoid (pristane, phytane) and triterpenoid ( Tm ,
C30 𝛼𝛽, C27 𝛼𝛼𝛼R) hydrocarbons were on average 32.54 ( ± 8.70), 10.46 ( ± 2.43), 6.94 ( ± 4.95), 0.05 ( ± 0.02), 0.06 ( ± 0.02) and
0.27 ( ± 0.20) ng/m 

3 , respectively ( Table 2 ). Long chain n -alkanes with C n > C 25 were measured at higher levels in particulate phase,
whereas in gas phase, n -alkanes with C n < C 25 exhibited higher concentrations, due to their semivolatility [48] . A pattern of higher odd-
carbon number n -alkane homologue distribution (C 25 , C 27 , C 29 , C 31 , C 33 ) was also observed in particulate phase, indicative of higher
plant leaf wax source contributions from the surrounding environment [17] . Dominant PAH members in the gas phase were those
of lower molecular weight (fluorene to chrysene/triphenylene), whereas in particulate phase, heavy PAHs (benzo[ b ]fluoranthene to 
benzo[ ghi ]perylene) exhibited higher concentrations ( Table 2 ). We measured ca. three times lower total n -alkanes ( Σn-C n ) concen-
trations, compared to those reported at an urban site (average 89 ng/m 

3 ) in Athens, Greece [48] . The corresponding concentrations
of pristane, phytane, Tm and C30 𝛼𝛽 in the aforementioned site (2.8, 4.3, 0.05 and 0.10 ng/m 

3 , respectively) approached those of
our study ( Table 2 ). Unlike n -alkanes, we measured slightly lower total (gas and particulate phase) Σ13 PAH concentrations (average
20.78 ± 8.29 ng/m 

3 ; Table 2 ), compared to those reported in the urban site of Athens, Greece (average Σ13 PAHs 17.5 ng/m 

3 ) [48] . 
Relatively similar, to those of our study, total (gas and particulate phase) concentrations for the less chlorinated (PCBs #28 and

52) of the seven PCB indicators (#28, 52, 101, 118, 138, 153, and 180) were reported in the urban site of Athens, Greece (30, 25, 21,
10, 3 and 7 pg/m 

3 , respectively) [48] . However, in a study conducted by our group three years ago at Nicosia, Cyprus [8] , comparable
total (gas and particulate phase) concentrations, with those reported herein ( Table 3 ), for all PCB indicators were measured (19, 46,
6, 1, 1, 2 and 0.6 pg/m 

3 ). Similar observations have been obtained for most OCPs as well ( Table 3 ). Between the aforementioned
[8] and the current study, both been conducted in the same urban location, potential differences in mass distribution of PCBs and
OCPs were of insignificant magnitude. Most abundant members were on average DDX (72.13 pg/m 

3 ; sum of o,p’ -DDD, o,p’ -DDE,
o,p’ -DDT, p,p’ -DDD, p,p’ -DDE and p,p’ -DDT), following by HCHs (54.27 pg/m 

3 ; sum of 𝛼- 𝛽-, 𝛾-, and 𝛿-HCH) and HCB (43.78 pg/m 

3 )
( Table 3 ). 2Heptachlors (1.22 pg/m 

3 ; sum of heptachlor and heptachlor epoxide) and drins (2.04 pg/m 

3 ; sum of aldrin and dieldrin)
were the least abundant OCPs reported herein ( Table 3 ). 
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Fig. 4. Extract ion chromatograms of characteristic homologue/member groups of PCBs (panel A: tri- and tetra-CBs; panel B: penta-CBs; panel C: 
hexa-CBs), OCPs (panels d -F) and PAHs (panels G-I) obtained from the analysis of an atmospheric sample. Analytes included in standard solutions 
are annotated with an asterisk ( ∗ ). SS: surrogate standard. The co-eluted PCB homologues were identified based on the study of Frame [49] and 
Mandalakis et al. [37] . 

 

 

 

 

 

 

 

Conclusions 

A simple multi-residue analytical method has been developed for a wide variety of halogenated POPs (forty-two PCB congeners, 
twenty-four OCP compounds) and molecular tracers (full range of PAHs, n -alkanes, isoprenoid and triterpenoid hydrocarbons) in 
atmospheric samples, which expands from purification to chemical analysis by GC-LRMS operating in EI and ECNI mode. All target
compounds were successfully recovered by an adsorption column, packed with activated silica gel, florisil and neutral alumina, in
two subsequent elution fractions i) with n -hexane, and ii) a mixture of n -hexane and dichloromethane, both of low volume. To the
best of our knowledge, this study is the first that evaluates the optimum mass spectrometric parameters (ion source temperature,
electron energy and emission current) for PCBs and OCPs in GC-ECNI-LRMS instruments. The analysis exhibited sufficient linearity 
and low inter- and intra-day variability. The method was effectively validated by repeatable analyses of a certified reference material
(NIST 1649b urban dust), and successfully applied to actual atmospheric (gas and particulate phase) samples. The proposed method 
is selective, precise, practical and provides an affordable sample preparation procedure for the vast number of research labs equipped
with conventional instrumentation on a routine basis, over laborious and/or cost-consuming analytical techniques. 
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