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Abstract
In this work, the suitability of atmospheric pressure photoionization (APPI) has been assessed for the determination of
polychlorinated dibenzo-p-dioxins and furans (PCDD/Fs) and dioxin-like polychlorinated biphenyls (dl-PCBs) by gas chroma-
tography–high-resolution mass spectrometry (GC-HRMS). The APPI of target compounds has been tested in both positive and
negative ion modes. Under positive ion mode, the analytes generated the molecular ion, which was favoured using dopants that
promote charge exchange gas-phase reactions (i.e., benzene), while in negative ion mode, the ion [M−Cl+O]− for PCDFs and dl-
PCBs were mainly formed, providing the best results using benzene and diethyl ether as dopants, respectively. Concerning
PCDDs, highly chlorinated congeners were mainly ionized by means of the [M−Cl]− ion, whereas [M−Cl+O2]

− was the base
peak for tetraCDD and [M−Cl+O]− for penta- and hexaCDDs. Method quality parameters, in accordance with the current EU
Regulation guidelines for food and feed analysis, showed the good performance of the two GC-APPI-HRMS (Orbitrap) methods
since they provided high detection capability (low fg levels), good linearity, and satisfactory precision (RSD%< 9%). In addition,
the GC-APPI-HRMS (Orbitrap) methods were validated by analysing selected environmental and feed samples and the results
were compared to those obtained using conventional GC-EI-HRMS, demonstrating the good performance in the analysis of the
target compounds. Hence, the GC-APPI-HRMS technique can be proposed as alternative to the conventional methods for the
determination of PCDD/Fs and dl-PCBs in environmental and feed matrices.
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Introduction

To protect human health and the environment from hazardous
substances, the Stockholm Convention establishes restriction
and regulations for eliminating the production and

introduction into the environment of several classes of persis-
tent organic pollutants (POPs) [1, 2]. Among them,
polychlorinated dibenzo-p-dioxins and dibenzofurans
(PCDD/Fs) as well as dioxin-like polychlorinated biphenyls
(dl-PCBs) constitute a class of environmental pollutants of
great concern due to their high toxicity, bioaccumulation ca-
pacity, and persistence in the environment [1, 3, 4]. PCDD/Fs
have never been deliberately produced, but they have been
released into the environment as by-products from combus-
tion processes and industrial synthesis of other chlorinated
chemicals [5, 6]. In contrast, PCBs have been used in a wide
range of industrial and commercial applications, including
heat exchange fluids in transformers, capacitors, and other
electrical instruments, as well as additives in paints and the
production of carbonless copy paper and plastics, due to their
high chemical stability and electrical insulating properties [7,
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8]. Among the 209 possible chlorinated biphenyls (CBs),
some congeners can take a planar conformation (dl-PCBs),
which could confer similar harmful effect as PCDD/Fs for
living organisms even at very low concentration levels [9].
Although PCDD/F and dl-PCB emissions in most countries
have significantly decreased due to regulatory restrictions and
control, they are still subjected to large-scale global monitor-
ing programs in the environment and other important fields
such as food and feed safety [10–13].

Traditionally, analyses of PCDD/Fs and dl-PCBs have
been closely related and the developed methodologies are
based on gas chromatography coupled to high-resolutionmass
spectrometry (GC-HRMS) using double-focusing magnetic
sector as mass analyser and operating in electron ionization
(EI) mode. This technique has been accepted as the reference
standard method for confirmatory analysis of these com-
pounds [14], since it guarantees the required sensitivity and
selectivity for the determination of PCDD/Fs and dl-PCBs in
food, feed, and environmental samples down to femtogram
level, avoiding the contribution of potentially interfering chlo-
rinated compounds [15]. Nevertheless, EI as an ionization
technique produces significant fragmentation, even at low ion-
ization energies (~ 35 eV), reducing the intensity of the mo-
lecular ion and, therefore, worsening the detection capabilities
of the methods [2]. In addition, when operating double-
focusing HRMS instruments in selected ion monitored mode,
the sensitivity is inversely related to both the resolution and
the number of masses monitored, which effectively limits the
number of different compounds that can be monitored at any
given time. In 2010, Peterson et al. [16] reported the use of a
GC-EI-QLT-Orbitrap hybrid mass spectrometer to achieve
high-mass accuracy and resolution in the determination of
PCDD/Fs, achieving significant advantages over the tradition-
al magnetic mass instruments, such as high detection capabil-
ities and precision, even operating in full-scan acquisition
mode, and an excellent versatility by performing measure-
ments in tandemmass spectrometry. This instrumentation pro-
vides useful information on the molecular mass and chemical
structure as well as the possibility to perform standard library
search. In the last years, the advances achieved on triple quad-
rupole and ion trap technologies have allowed the develop-
ment of new analytical methodologies based on gas chroma-
tography coupled to tandem mass spectrometry (GC-MS/
MS), which have been accepted as confirmatory methods for
the determination of these families of compounds by the EU
Regulations [17, 18]. These new methodologies provide
enough sensitivity for the determination of PCDD/Fs and dl-
PCBs [2, 19, 20] with the advantage of a lower instrumental
cost. However, as GC-MS/MS operate at lowmass resolution,
it is subjected to more potential isobaric interferences, requir-
ing more time-consuming sample fractionation procedures to
be applied than those used with GC-HRMS methods to
achieve and accurate and selective determination of the

analytes [21]. In the last decades, the use of atmospheric pres-
sure ionization (API) sources for GC-MS analysis has signif-
icantly increased since they are soft ionization techniques that
preserve molecular ion and/or protonated molecule [22, 23].
Moreover, API techniques are able to ionize a wider range of
compounds than the high-vacuum ionization sources (e.g.,
electron and chemical ionization) and they have shown to be
useful for the analysis of some families of persistent contam-
inants [24]. Among the API techniques, the atmospheric pres-
sure chemical ionization (APCI) has been already applied to
the GC-MS/MS analysis of both PCDD/Fs and dl-PCBs,
obtaining intact molecular ions with low in-source collision-
induced dissociation (CID) fragmentation and achieving high
detection capability [2, 9, 21, 25–29]. Nevertheless, when
APCI is combined with low-resolution tandem mass spec-
trometry working in multiple-reaction monitoring (MRM)
mode, even though the selectivity achieved, the isotopic clus-
ter information is lost, and also tedious sample clean-up pro-
cedures are necessary to avoid isobaric interferences. In the
last years, a new atmospheric pressure photoionization (APPI)
source has been commercialized and successfully applied to
the analysis of different families of compounds [30–34]. In
addition, this source is available for coupling to GC-MS in-
struments with Orbitrap mass analysers, which could over-
come the limitations observed for MS/MS methods in the
analysis of PCDD/Fs and dl-PCBs.

In this work, the performance and capability of the new
coupling GC-APPI-HRMS (Orbitrap) for the reliable analysis
of PCDD/Fs and dl-PCBs in selected feed and environmental
samples have been evaluated as alternative to GC-EI-HRMS.
For this purpose, several APPI parameters that affect the ion-
ization of the target compounds were investigated. In addition,
the GC-APPI-HRMSmethod was validated following the EU
Regulations and the results were compared with those obtain-
ed using GC-EI-HRMS method. The real applicability of the
proposed GC-APPI-HRMS method to the analysis of PCDD/
Fs and dl-PCBs was assessed by analysing certified reference
mater ials and reference samples used in several
interlaboratory exercises.

Materials and methods

Standards and reagents

Calibration solutions of the seventeen regulated 2,3,7,8-
chloro-substituted PCDD/Fs (CSL-CS4), EPA-1613, and
twelve dl-PCBs (four non-ortho PCBs: CB 77, 81, 126, and
169, and eight mono-ortho PCBs: CB 105, 114, 118, 123, 156,
157, 167, and 189) (CS1-CS6), WP-CVS, containing the cor-
responding 13C12-labelled compounds in nonane, were obtain-
ed from Wellington Laboratories Inc. (Guelph, Ontario,
Canada) for quantification purposes. The calibration solutions
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of PCDD/Fs and dl-PCBs covered a concentration range from
0.1 to 400 ng mL−1 and between 0.1 and 200 ng mL−1, re-
spectively. The 13C12-labelled surrogate standard solutions,
EPA-1613 LCS and WP-LCS, and injection standard solu-
tions, EPA-1613 ISS and WP-ISS, for PCDD/Fs and dl-
PCBs were also supplied by Wellington Laboratories Inc.
Standards and calibration solutions were stored at 4 °C until
their analyses.

Dichloromethane, toluene, cyclohexane, isooctane, and n-
hexane for organic trace analysis were purchased from JT
Baker (Deventer, The Netherlands). Ethyl acetate and nonane
were supplied by Fluka (Fluka chemie GmbH., Switzerland).
Silica gel was obtained from JT Baker (The Netherlands),
basic Alumina ICN was purchased to MP Biomedicals
(Germany), while Carbopack C 80/100 was achieved from
Fluka (Switzerland). For the optimization of APPI of the tar-
get compounds, toluene and chlorobenzene (Chromasolv™
Plus, for HPLC analysis, purity ≥ 99%) from Sigma-Aldrich
(St. Louis, MO, USA), acetone (LiChrosolv®, purity ≥
99.8%), benzene (grade reagent for analysis, purity ≥
99.7%), and diethyl ether (EMSURE® for analysis, purity ≥
99.7%) from Merck, and tetrahydrofuran (Photrex™ reagent,
purity at 99%) supplied by JT Baker (Deventer, The
Netherland), were used as potential dopants. Helium
Alphagaz™ 1 (purity ≥ 99.999%), supplied by Air Liquide
(Madrid, Spain), was used as the GC carrier gas, whereas
nitrogen (purity > 99.995%), from Linde (Barcelona, Spain),
was employed as the make-up gas for the GC-APPI source.
All glassware was cleaned using chromosulphuric acid and
rinsed consecutively with Milli-Q water, methanol, and ace-
tone, and dried at 180 °C overnight.

Samples and sample treatment

Certified reference materials BCR-677 (sewage sludge) and
BCR-615 (fly ash) were obtained from the Institute for
Reference Materials and Measurements (IRMM) of the
European Commission-Joint Research (Geel, Belgium) and
were used for validation of the GC-APPI-HRMS method. In
addition, a chicken feed sample spiked with PCDD/Fs (0.12–
2.27 pg g−1) and dl-PCBs (12.8–30.7 pg g−1), which is used as
quality control material (QCM) for routine internal laboratory
control, and some selected matrices (soybean meal, feed oil,
and sediment) from several international interlaboratory stud-
ies were tested for evaluating the performance of the GC-
APPI-HRMSmethod and comparing the results obtained with
the two GC-HRMS systems.

Sample treatment was carried out following accredited an-
alytical methods previously described elsewhere [35–37].
Owing to the variety of matrices, different extraction proce-
dures were applied depending on the sample nature. All sam-
ples were spiked just before extraction step with known
amounts of 13C-labelled PCDD/Fs (EPA-1613 LCS) and

13C-labelled dl-PCBs (WP-LCS). Appropriate amounts of
soybean meal (40 g) and spiked chicken feed (9 g) samples
were Soxhlet extracted for 24 h with 300 mL of toluene/
cyclohexane (1:1, v/v), while for the fly ash (1 g), sludge
(7 g), and sediment (1 g) samples, 300 mL of toluene was
used. All the extracts were rotary evaporated to near dryness
and the fatty residue was dissolved in 5 mL of n-hexane. For
the feed oil sample, the matrix was directly diluted in n-hex-
ane, after a previous homogenization by manual shaking for
5 min and spiked with known amounts of the 13C-labelled
PCDD/F and dl-PCB standard mixtures. Fat and other inter-
fering substances were removed from all the extracts and the
diluted feed oil by using an acidified silica gel column
(H2SO4, 44%, w/w). Purification and fractionation of all the
extracts were carried out by sequential use of a multilayer
silica, basic alumina, and carbon columns. The procedure pro-
vided two main fractions: fraction 1, containing the dl-PCB
congeners, and fraction 2, where the PCDD/Fs were eluted.
Both fractions were rotary concentrated and transferred into
1-mL conical vials. The remaining solvent was reduced to
near dryness using a gentle stream of nitrogen and the final
volume of the extract was adjusted to ca. 20 μL after addition
in nonane of a known amount of the corresponding 13C12-
isotopically labelled injection standards (EPA-1613 ISS and
WP-ISS). The extracts were then analysed by both GC-APPI-
HRMS and GC-EI-HRMS.

Instrumentation

The determination of both PCDD/Fs and dl-PCBs by GC-
APPI-HRMS was performed in a Trace 1300 gas chromato-
graph coupled to a Q-Exactive Orbitrap mass spectrometer
(Thermo Fisher Scientific, San Jose, CA, USA), using an at-
mospheric pressure photoionization (GC-APPI) source sup-
plied by MasCom Technologies GmbH (Bremen, Germany).
The chromatographic separation of PCCD/Fs and dl-PCBs
was carried out using the same GC column, a DB-5ms UI
(60 m × 0.25 mm I.D., 0.25-μm film thickness) fused-silica
capillary column (Agilent Technologies, Santa Clara, CA,
USA). In both cases, the injector was operated at 280 °C in
splitless mode (1 min), using helium as carrier gas at a con-
stant flowmode (1.0mLmin−1), and the injection volumewas
1.5 μL for PCDD/Fs and 1 μL for dl-PCBs. The oven tem-
perature program for PCDD/Fs was 140 °C (held for 1 min) to
200 °C at 20 °C min−1 (held for 1 min) and then to 300 °C at
2.5 °C min−1 (held for 20 min), and for dl-PCBs, 140 °C (held
for 2 min) to 180 °C at 20 °C min−1 (held for 1 min) and to
300 °C at 2.5 °C min−1 (held for 5 min). The transfer line and
capillary temperatures were set at 280 °C and 225 °C, whereas
the source temperature was set at 250 °C and 225 °C for
PCDD/F and dl-PCB analyses, respectively. The GC-APPI
source was equipped with a 10.6-eV krypton lamp (Syagen,
Santa Ana, CA, USA) and it was operated in negative ion
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mode for PCDD/Fs and dl-PCBs. Nitrogen was employed as
make-up gas (gas pressure of 5 a.u.) and vapours of benzene
and diethyl ether at a flow rate of 90 μL min−1 were used as
dopants for the APPI of PCDD/Fs and dl-PCBs, respectively.
In addition, S-Lens radio frequency was set at 50% to enhance
the ion transmission to the mass analyser. Data acquisition
was performed in full-scan mode from 100 to 600 m/z at a
mass resolution of 70,000 FWHM (full width at half maxi-
mum, at 200m/z). To achieve the highest sensitivity with well-
defined peaks (12 points per peak), the automatic gain control
(AGC) and maximum injection time were set at 1 × 106 and
50 ms, respectively. The quantitation of the target compounds
was performed using the isotope dilution method. The extract-
ed ion chromatograms were obtained using mass extraction
windows with a tolerance of ±5 ppm to guarantee a high
selectivity and quality of the results. Xcalibur v 3.1 software
was used to control the instrument setup and process the data
acquisition.

The analysis of the target compounds by GC-EI-HRMS
was performed using an Agilent 7890A gas chromatograph
(Agilent Technologies, Santa Clara, CA, USA) coupled to a
Micromass Premier (Waters, Manchester, UK) high-
resolution mass spectrometer (EBE geometry) equipped with
an electron ionization source. The separation of PCDD/Fs and
dl-PCBs was carried out using the same GC column than that
described above for GC-APPI-HRMS system. Injection
(1 μL) was performed in splitless mode (1 min) at 280 °C
using helium as carrier gas at a constant flow mode
(1.0 mL min−1). The oven temperature program was set as
follows: 140 °C (held for 1 min) to 200 °C at 20 °C min−1

(held for 1 min) and then 310 °C at 5 °C min−1 (held for
6 min). The HRMS system was operated in EI+ mode at
electron energy of 32 eV and at resolution of 10,000 (10%
valley definition). The ion source and transfer line tempera-
tures were set at 250 °C and 280 °C, respectively. The acqui-
sition was carried out in selected ion monitoring (SIM) mode,
where the two most abundant ions of the molecular cluster of
each homologue group for PCDD/Fs and dl-PCBs were mon-
itored at a 50-ms dwell time and a delay time of 20 ms. Trap
current and acceleration voltage were set at 500 μA and
8000 V, respectively. Moreover, the quantitation was also per-
formed using the isotope dilution method and aMasslynx data
system (Waters) was used for data acquisition and instrument
control.

Quality control criteria

Quality control procedures were applied for ensuring the qual-
ity of the results. Analyses including tests on isomer-specific
GC separation, sensitivity, validity of the instrumental calibra-
tion and isotopic mass ratio, and recovery of the target com-
pounds were carried out. In addition, procedural blanks, cov-
ering extraction, purification, and instrumental determination,

were periodically analysed to evaluate the potential contribu-
tion of interfering compounds or potential sample carryover.
Recoveries of the target compounds were always in the range
of 60 to 120% as indicated in the corresponding EU
Regulation [18]. To ensure accurate mass measurements, the
Orbitrap mass analyser was calibrated every 72 h using an
electrospray source and a calibration solution containing caf-
feine, MRFA peptide, Ultramark 1621, and butylamine in
acetonitrile/methanol/water (2:1:1, v/v) with 1% (v/v) formic
acid. PCDD/F and dl-PCB results were expressed as individ-
ual congener concentration and in WHO-TEQ (World Health
Organization Toxic Equivalent) using the toxic equivalent fac-
tors (TEFs) revised in 2005 [6]. TEQ values were calculated in
upperbound assuming the method limits of detection for those
congeners when they are below these limits.

Results and discussion

Ionization of PCDD/Fs and dl-PCBs by GC-APPI

To study the ionization of both native and 13C-labelled com-
pounds in the GC-APPI source, a calibration solution of
PCDD/Fs (EN1613-CS4; 40–400 ng mL−1) and dl-PCBs
(WP-CS6; 200 ng mL−1) were injected in the GC-APPI-
HRMS system using vapours of different solvents (acetone,
benzene, chlorobenzene, diethyl ether, tetrahydrofuran, and
toluene) as dopants. As an example, Fig. 1 shows the mass
spectra obtained for 1,2,3,7,8-PeCDD/Fs and CB-126 in both
positive and negative ion modes, using as dopants benzene
and diethyl ether, respectively. Generally, PCDD/Fs and dl-
PCBs showed a similar ionization behaviour in positive ion
mode using the tested dopants. Thus, all the target compounds
led to the generation of the molecular ion [M]+● without any
in-source collision-induced dissociation (CID) fragment ions
and the ionization efficiency of these analytes mainly
depended on the nature of the dopant. For instance, Fig. 2
(a–c) shows the effect of different dopants on the response
of the molecular ion [M]+●. As can be seen, all compounds
showed higher responses with benzene, toluene, and chloro-
benzene than those achieved with acetone and tetrahydrofu-
ran. This could be attributed to the different ions generated by
each dopant during the photoionization process (see
Electronic Supplementary Material (ESM) Table S1).
Dopants such as benzene, chlorobenzene, and toluene yielded
their molecular ion [D]+● (Table 1, reaction a), which was
responsible of the ionization of the target compounds by
charge exchange reactions (Table 1, reaction b). In contrast,
acetone and tetrahydrofuran underwent a rapid self-
protonation due to their high proton affinity that prevented
the presence of radical dopant ions in the APPI source
(Table 1, reaction c). Since benzene was the dopant that pro-
vided the highest responses for most of PCDD/Fs and dl-
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PCBs in positive ion mode, it was selected as the most appro-
priate dopant to achieve a high ionization efficiency of the
target compounds.

Concerning the negative ion mode, the APPI was generally
mediated by the superoxide ion (Table 1, reaction d), which is
formed when an oxygen molecule captures the electrons re-
leased during the photoionization process of the dopant. Thus,
PCDD/Fs and dl-PCBs led to the generation of the phenoxide
ion ([M−Cl+O]–) without any in-source CID fragmentation
(Fig. 1). For the PCDDs, the nature of the most abundant
ion (base peak) was closely related with the number of chlo-
rine atoms in the molecule (Fig. 3). Thus, the tetrachlorinated
dibenzo-p-dioxins (TCDD) yielded the [M−Cl+O2]

− as base
peak (Fig. 3a), whereas pentachlorinated (PeCDDs) and
hexachlorinated dibenzo-p-dioxins (HxCDDs) mainly led to
the phenoxide ion [M−Cl+O]− (Fig. 3b). In contrast, the high-
ly chlorinated dioxins, such as heptachlorinated (HpCDDs)
and octachlorinated dibenzo-p-dioxins (OCDDs), yielded the
ion [M−Cl]− (Fig. 3c). This could be due to both a steric
hindrance and repulsion effect of chlorine atoms in the

molecule that hinders the interaction of the superoxide ion
with aromatic rings of the PCDDs. This phenomenon was
not observed for PCDFs and dl-PCBs, which only yielded
the phenoxide ion. This fact may be due to the less sterically
hindered structures to generate the [M−Cl+O]− ion, since they
only have one or none oxygen atoms, respectively.

Additionally, a relationship was observed between vapour
pressure of the dopant and the analyte ionization efficiency in
negative ion mode (Fig. 2). Thus, the higher the vapour pressure
of the dopant, the greater the ionization efficiency of the com-
pounds. Dopants with high vapour pressure (e.g., diethyl ether
and acetone) may provide a higher number of electrons during
the photoionization process, which could promote the subse-
quent reactions with the analytes in gas-phase (Table 1, reactions
e–g). Moreover, PCDD/Fs, especially the TCDD, showed a high
ionization efficiency in the presence of benzene (Fig. 2), even
though the lower vapour pressure of this dopant, which was
probably compensated by its lower ionization potential.
Therefore, as a compromise, diethyl ether and benzene were
selected as dopants for further studies in negative ion mode.
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(250 °C source temperature and 225 °C capillary temperature)
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To maximize the ionization efficiency of the target com-
pounds, the effect of the APPI source (from 180 to 250 °C)
and capillary temperatures (from 175 to 225 °C) on the re-
sponse of the analytes were also investigated. As it can be
observed in Fig. 4 for the chromatographic separation of
HxCDDs, a decrease on the source temperature resulted in
an important peak broadening that negatively affected the
chromatographic separation of the compounds. This effect
was also observed for PCDFs and dl-PCBs, and it could be
related with both the relatively low vapour pressure of the
analytes and the source design that could lead to some con-
densation problems. Thus, high source (250 °C) and capillary
temperatures (225 °C) were required to preserve the adequate
chromatographic separation for all the compounds.

Performance of the GC-APPI-HRMS methods

In order to select the most suitable dopant for the determina-
tion of PCDD/Fs and dl-PCBs by GC-APPI-HRMS, instru-
mental limits of detection (iLODs) were determined using the
dopant that provided the best responses in positive ion
(benzene) and negative ion (benzene and diethyl ether) modes
and monitoring the ions selected for quantification and confir-
mation of PCDD/Fs and dl-PCBs (Table 2). Since the extract-
ed ion chromatograms present almost no baseline noise due to
the narrow mass error threshold (< 5 ppm), the iLODs were
defined as the smallest analyte concentration that provides a
well-defined chromatographic peak. Table 3 shows the iLODs
achieved for those dopants previously selected in both
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Fig. 2 Dopant vapour effect over PCDDs, PCDFs, and dl-PCBs responses in positive (a–c) and negative ion mode (d–f), respectively

Table 1 The reactions in dopant-
assisted positive and negative
APPI

APPI Gas-phase reaction

Photoionization (a) D + hν → D+• + e–•

Positive ion mode (b) D+• + M → [M]+• + D (If IEM < IED)

(c) D+• + D → [D+H]+ + [D–H]• (If D has a high proton affinity)

Negative ion mode (d) O2 + e–• → O2
–•

(e) M + e–• → [M–Cl]– + Cl• (If M has a high electron affinity)

(f) M + O2
–• → [M–Cl+O2]– + Cl•

(g) M + O2
–• → [M–Cl+O]– + OCl•

D, dopant; M, PCDDs, PCDFs, and dl-PCBs; IEM, ionization energy of M; IED, ionization energy of the dopant
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positive and negative ion modes. For most of the PCDD/Fs,
the lowest iLOD values were obtained in negative ion mode
using diethyl ether as dopant (0.25–3 fg on-column), which
were around twofold lower than those found with benzene
(0.5–8 fg on-column) in negative mode and 100-fold lower
(10–49 fg on-column) than those achieved in positive ion
mode. Nevertheless, the iLOD for the 2,3,7,8-TCDD using
diethyl ether (150 fg on-column) was 5 times higher than that
achieved employing benzene as dopant (25 fg on-column) due
to the high fragmentation observed in the APPI source (ESM
Fig. S1 a). This could be attributed to the higher ionization
potential of diethyl ether (9.53 eV) compared with benzene
(9.24 eV) that may lead to more energetic electrons, which
could induce a higher in-source CID fragmentation on this
analyte, thus increasing the corresponding iLOD. As a com-
promise, benzene was selected as the most suitable dopant for
the PCDD/F determination by negative ion GC-APPI-HRMS.
Concerning the dl-PCBs, the use of diethyl ether as dopant in
negative ion mode provided iLODs ranging from 2.5 to 100
times lower than those obtained in positive ion mode
(Table 3). Therefore, negative ion GC-APPI-HRMS using

diethyl ether as dopant was chosen for the determination of
dl-PCBs. In addition, the iLODs achieved with the GC-APPI-
HRMS methods were compared with those obtained by GC-
EI-HRMS. As can be seen in Table 3, iLODs obtained for
most of dl-PCBs by negative ion GC-APPI-HRMS were at
least 2 times lower than those achieved by GC-EI-HRMS and
even up to a maximum of 60-fold lower than those estimated
for the confirmatory method in the case of PCDD/Fs. These
results demonstrate the high detection capability of the devel-
oped GC-APPI-HRMS methods.

The performance of the proposed GC-APPI-HRMS
methods for the determination of PCDD/Fs and dl-PCBs
was investigated in compliance with the requirements
established in the current EU Regulation (EU Regulation
2017/664-771) [17, 18]. As mentioned before, the GC-
APPI-HRMS methods allowed the adequate detection of the
target compounds at low femtogram levels (Table 2), which
successfully satisfies the analytical criteria established in the
EU Regulations. In addition, the chromatographic separation
achieved for 1,2,3,4,7,8-HxCDD and 1,2,3,6,7,8-HxCDD
congeners was enough (co-elution lower than 7%) to fulfil
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with the EU Regulation (co-elution < 25%) [17], working at a
source temperature of 250 °C (Fig. 4). The linearity was eval-
uated over the 0.1–400 pg μL−1 range for PCDD/Fs and from
0.1 to 40 pg μL−1 for dl-PCBs (Table 4). Calibration curves
were established, and good linearity was obtained within the
calibration range with determination coefficients (r2) higher
than 0.9997 for all the compounds. In addition, reproducible
relative response factors (RRFs) were obtained from the anal-
ysis of calibration solutions with relative standard deviations
lower than 12% for both PCDD/Fs and dl-PCBs (Table 4).
Moreover, the differences between the RRF average obtained
for all points and the corresponding values for only the lowest
calibration point were less than 14% (Table 4). These

differences fulfilled with the criterion established by the EU
Regulation (< 30%), demonstrating the high stability on the
response of the target compounds using GC-APPI-HRMS
methods, even working at very low concentration levels.
The ion abundance ratio (IR) of the two ions selected for
quantification (see Table 2) along the calibration range was
quite stable and ranging from 0.3 to 7% RSD% (Table 4),
which also met with the maximum permitted tolerance
established in the EU Regulation (± 15%). Moreover, run-to-
run and day-to-day precisions were assessed by analysing
seven replicates (n = 7) of a standard calibration solution at
low concentration levels (PCDD/Fs, 0.25–2.5 pg μL−1; dl-
PCBs, 0.5 pg μL−1) on 1 day for run-to-run and on three

Table 3 Instrumental limits of
detection (fg on-column) for the
GC-APPI-HRMS analysis of
both PCDD/Fs and dl-PCBs
using benzene and diethyl ether as
dopants

Compound GC-APPI-HRMSa GC-EI-
HRMSb

Positive ion Negative ion

Benzene Benzene Diethyl ether

2,3,7,8-TCDD 100 25 150 10

1,2,3,7,8-PeCDD 25 2 1 22

1,2,3,4,7,8-HxCDD 40 0.5 0.25 30

1,2,3,6,7,8-HxCDD 40 0.5 0.25 30

1,2,3,7,8,9-HxCDD 40 5 3 33

1,2,3,4,6,7,8-HpCDD 50 5 2 29

OCDD 100 8 2 30

2,3,7,8-TCDF 100 2 1.5 11

1,2,3,7,8-PeCDF 25 0.5 0.25 19

2,3,4,7,8-PeCDF 25 1 0.5 17

1,2,3,4,7,8-HxCDF 50 0.5 0.25 25

1,2,3,6,7,8-HxCDF 50 0.5 0.25 26

1,2,3,7,8,9-HxCDF 50 1 0.5 26

2,3,4,6,7,8-HxCDF 50 1 0.5 36

1,2,3,4,6,7,8-HpCDF 75 0.5 0.5 22

1,2,3,4,7,8,9-HpCDF 75 2 1 30

OCDF 150 4 1 49

CB-81 25 - 8 8

CB-77 25 - 10 8

CB-123 50 - 8 14

CB-118 50 - 2 13

CB-114 50 - 4 13

CB-105 50 - 4 15

CB-126 50 - 4 16

CB-167 50 - 1 12

CB-156 50 - 0.5 12

CB-157 50 - 1.5 13

CB-169 50 - 2 14

CB-189 75 - 1 12

a Injection volume: 1.5 μL (PCDD/Fs) and 1.0 μL (dl-PCBs)
b Injection volume: 1.0 μL (PCDD/Fs and dl-PCBs)
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non-consecutive days for day-to-day. The precision achieved
on the variation of quantitative results, expressed as RSD%
values, was always lower than 9% (Table 4), showing the
good performance of the GC-APPI-HRMS methods for the
analysis of PCDD/Fs and dl-PCBs, respectively.

Analysis of reference samples

Once the instrumental methods were validated for the de-
termination of PCDD/Fs and dl-PCBs, selected environ-
mental and feed samples were analysed to evaluate the
real applicability in the GC-APPI-HRMS technique. The
analysed samples consisted on two certified reference

materials, a fly ash (BCR-615) and a sewage sludge
(BCR-677), three interlaboratory materials (soybean meal,
feed oil, and sediment), and one quality control sample (a
spiked chicken feed sample), which is used for the inter-
nal laboratory control. All these samples were analysed by
triplicate using the sample treatment described in the ex-
perimental section (“Samples and sample treatment” sec-
tion) and the extracts were injected in both GC-EI-HRMS
and GC-APPI-HRMS systems. Tables 5 and 6 summarize
the results obtained using the proposed GC-APPI-HRMS
method, the reference GC-EI-HRMS method, and the cer-
tified or assigned value. In addition, quantitative results
for the internal quality sample are also given in ESM

Table 4 Quality parameters of the GC-APPI-HRMS methods for the determination of PCDD/Fs and dl-PCBs

Compound tR
(min)

Calibration range
(pg μL−1)

Relative
response factor (RRF)

Difference
RRF1−RRFall (%)

Ion ratio (IR) Precision (RSD, %) iLOQ
(pg μL−1)

Meana RSD (%) Meana RSD (%) Intra-dayb Inter-dayc

2,3,7,8-TCDD 28.54 0.1–40 0.94 5 − 4 1.03 2 6 8 0.06

1,2,3,7,8-PeCDD 35.11 0.5–200 1.01 0.6 0.08 0.79 1 2 2 0.004

1,2,3,4,7,8-HxCDD 41.26 0.5–200 1.05 1 − 0.06 1.58 0.8 6 8 0.002

1,2,3,6,7,8-HxCDD 41.45 0.5–200 1.02 0.7 1 1.57 1 8 8 0.002

1,2,3,7,8,9-HxCDD 41.95 0.5–200 0.38 10 15 1.56 1 6 5 0.01

1,2,3,4,6,7,8-HxCDD 47.80 0.5–200 1.13 2 2 1.27 0.7 3 3 0.01

OCDD 53.89 1.0–400 3.39 1 4 1.04 2 3 4 0.02

2,3,7,8-TCDF 27.67 0.1–40 1.07 1 2 1.05 0.8 3 4 0.004

1,2,3,7,8-PeCDF 33.13 0.5–200 1.01 4 7 0.79 1 4 6 0.002

2,3,4,7,8-PeCDF 34.60 0.5–200 1.09 2 2 0.78 1 3 4 0.002

1,2,3,4,7,8-HxCDF 39.63 0.5–200 1.09 4 6 1.57 1 9 9 0.002

1,2,3,6,7,8-HxCDF 39.85 0.5–200 1.05 4 6 1.58 0.3 8 9 0.002

1,2,3,7,8,9-HxCDF 40.93 0.5–200 1.06 5 9 1.58 1 4 8 0.002

2,3,4,6,7,8-HxCDF 42.54 0.5–200 1.10 3 5 1.58 0.9 4 8 0.002

1,2,3,4,6,7,8-HpCDF 45.53 0.5–200 1.07 3 6 1.27 1 4 6 0.007

1,2,3,4,7,8,9-HpCDF 48.79 0.5–200 1.06 3 3 1.27 0.6 3 6 0.004

OCDF 54.18 1.0–400 3.39 6 − 4 1.06 0.8 6 7 0.01

CB-81 28.33 0.1–40 1.02 11 1 1.10 6 4 4 0.03

CB-77 29.01 0.1–40 0.97 5 − 4 1.06 0.8 6 6 0.03

CB-123 30.38 0.1–40 1.01 5 − 8 0.77 4 5 6 0.03

CB-118 30.62 0.1–40 1.08 8 − 7 0.79 5 5 6 0.007

CB114 31.29 0.1–40 1.08 3 − 3 0.79 1 3 3 0.01

CB-105 32.32 0.1–40 1.11 12 − 11 0.78 2 4 5 0.01

CB-126 34.57 0.1–40 1.04 6 − 1 0.77 7 4 4 0.01

CB-167 35.83 0.1–40 1.06 3 − 4 1.57 1 3 4 0.003

CB-156 37.34 0.1–40 1.15 6 − 6 1.54 6 3 4 0.002

CB-157 37.65 0.1–40 1.06 4 − 0.8 1.54 4 3 3 0.005

CB-169 39.93 0.1–40 1.08 2 − 3 1.56 2 4 5 0.007

CB-189 42.42 0.1–40 1.09 2 − 0.4 1.28 2 2 2 0.003

a n = 5; b n = 7; c n = 7 replicates × 3 days

Ayala-Cabrera J.F. et al.3712



Table S2. As can be seen, a good agreement between both
GC-MS methods was achieved for all individual conge-
ners, with differences in the mean value lower than 23%.
To compare these results and extract useful conclusions,
statistical treatment of the data was performed using a
two-way analysis of variances (ANOVA) test. The p-
values obtained were always higher than the significance
level of 0.05 (p values for PCDD/Fs, 0.15–0.52 and for
dl-PCBs, 0.37–0.90), which indicated that there were no
statistically significant differences between both GC-EI-
HRMS and GC-APPI-HRMS methods. In addition, the
statistical study also showed that the results were not sig-
nificantly different from the reference concentration
values. Moreover, the results were also compared in terms
of toxic equivalents (TEQs) and the upperbound TEQs
corresponding to the reference materials and those
achieved using both GC-EI-HRMS and GC-APPI-HRMS
methods are shown in Fig. 5. As it can be observed, the
results were similar with no significant differences be-
tween them (p values from 0.26 to 0.77), which indicates
that the GC-APPI-HRMS methods allow the estimation of
the TEQ values as well as the reference GC-EI-HRMS
methods. In fact, the differences between the lower and
the upperbound TEQs did not exceed the 15% for all the
samples analysed (15% for PCDD/Fs and 0.02% for dl-
PCBs), which fulfils the requirements of the current EU
Regulation (< 20%) [18]. These results demonstrate the
suitability of the developed method for the analysis of

PCDD/Fs and dl-PCBs in environmental and feed
samples.

Conclusions

The feasibility of the developed GC-APPI-HRMS (Orbitrap)
(negative ion mode) methods for the analysis of both PCDD/
Fs and dl-PCBs in environmental and feed samples has been
demonstrated. The use of dopants with a high vapour pressure
in the negative ion mode provided the highest ionization effi-
ciency for the analytes, being benzene and diethyl ether the
dopants that provided the best results for the determination of
PCDD/Fs and dl-PCBs, respectively. Under the optimal GC-
APPI-HRMS conditions, most of the analytes generated the
phenoxide ion as the base peak of the mass spectrum. The two
GC-APPI-HRMS methods allowed the detection of target
compounds down to low femtogram level (PCDD/Fs, 0.5–
25 fg injected; dl-PCBs, 0.5–10 fg injected) and showed a
good performance in terms of linearity (RSD% of the RFF
lower than 12%), run-to-run and day-to-day precision (RSD
< 9%), and stability of the ion ratio values (RSD < 7%), which
guarantee the analyte quantitation and confirmation even at
very low concentration levels. Moreover, the results obtained
for the analysis of selected environmental and feed samples
showed that there were no statistically significant differences
between the GC-APPI-HRMS methods and the GC-EI-
HRMS reference method in terms of both analyte

Table 5 PCDD/F concentrations in certified reference materials

Compound Fly ash BCR-615 (pg g−1 ± SD) Sludge BCR-677 (pg g−1 ± SD)

Reference value GC-EI-HRMS GC-APPI-HRMS Reference value GC-EI-HRMS GC-APPI-HRMS

2,3,7,8-TCDD 27 ± 5 26 ± 5 22 ± 3 1.5 ± 0.2 1.4 ± 0.1 1.35 ± 0.08

1,2,3,7,8-PeCDD 92 ± 12 79 ± 15 78.98 ± 0.08 4.1 ± 0.9 4.0 ± 0.2 3.90 ± 0.08

1,2,3,4,7,8-HxCDD 74 ± 12 61 ± 9 60.9 ± 0.5 2.7 ± 0.9 2.9 ± 0.4 3.2 ± 0.2

1,2,3,6,7,8-HxCDD 103 ± 13 89 ± 8 84.9 ± 0.4 235 ± 17 253 ± 14 204 ± 16

1,2,3,7,8,9-HxCDD 108 ± 16 111 ± 14 113 ± 5 79 ± 7 93 ± 5 71 ± 4

1,2,3,4,6,7,8-HxCDD 870 ± 130 752 ± 84 741 ± 4 3500 ± 400 3373 ± 135 3177 ± 84

OCDD 1750 ± 200 1911 ± 278 1980 ± 14 12,700 ± 800 13,155 ± 521 11,574 ± 347

2,3,7,8-TCDF 86 ± 28 70 ± 10 59.9 ± 0.3 45 ± 4 46 ± 4 41 ± 1

1,2,3,7,8-PeCDF 176 ± 26 145 ± 21 128.5 ± 0.4 25 ± 2 23 ± 2 23.0 ± 0.9

2,3,4,7,8-PeCDF 125 ± 20 106 ± 19 91.9 ± 0.9 17 ± 2 15 ± 1 14.1 ± 0.4

1,2,3,4,7,8-HxCDF 203 ± 21 170 ± 17 160 ± 1 14 ± 2 14 ± 1 13 ± 1

1,2,3,6,7,8-HxCDF 204 ± 23 181 ± 20 172 ± 2 6.1 ± 0.8 5.7 ± 0.4 5.7 ± 0.5

1,2,3,7,8,9-HxCDF 13 ± 2 12 ± 10 12.6 ± 0.3 0.8 ± 0.3 0.89 ± 0.07 0.91 ± 0.04

2,3,4,6,7,8-HxCDF 130 ± 15 144 ± 13 130 ± 1 5.6 ± 0.6 7.1 ± 0.5 6.2 ± 0.3

1,2,3,4,6,7,8-HpCDF 750 ± 90 664 ± 55 641 ± 1 62 ± 3 54 ± 28 55 ± 2

1,2,3,4,7,8,9-HpCDF 61 ± 6 70 ± 6 53.99 ± 0.02 6.3 ± 0.8 5 ± 1 4.8 ± 0.1

OCDF 290 ± 40 349 ± 25 317 ± 2 177 ± 7 182 ± 203 166 ± 10
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concentration and TEQs. As far as we know, this is the first
time that the GC-APPI-HRMS (Orbitrap) (negative ion mode)
has been proposed for the analysis of PCDD/Fs and dl-PCBs,
showing important advantages over the traditional GC-EI-
HRMS confirmatory method.
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