Chromatographia (2017) 80:1433-1445
DOI 10.1007/s10337-017-3360-9

@ CrossMark

ORIGINAL

An Integrated Ultrasonic Extraction and Cleanup Procedure
for Determining PAHs and NPAHs in Ambient Air Particulates

Chunxin Li'? - Hua Tang® - Dazhou Chen® - Changjun Ye!” - Lei Li!*

Received: 6 March 2017 / Revised: 19 June 2017 / Accepted: 17 July 2017 / Published online: 31 July 2017

© Springer-Verlag GmbH Germany 2017

Abstract An analytical method was developed for the
determination of 16 polycyclic aromatic hydrocarbons
(PAHs) and 15 nitrated PAHs (NPAHSs) in ambient air par-
ticulates by applying an in-house built integrated ultrasonic
extraction device followed by gas chromatography coupled
with mass spectrometry (GC-MS). After integrated ultra-
sonic extraction in the extraction cell, the extract solution
was released through the opened valve into a purification
tube containing adsorbents for purification, then concen-
trated and analyzed by GC-MS. Compared to previously
reported methods, such as Soxhlet extraction and acceler-
ated solvent extraction, this method has greatly shortened the
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pretreatment time, simplified the pretreatment process, and
reduced experimental costs. A series of experimental condi-
tions, including extraction solvent, adsorbents, and elution
solvent, were systematically studied and optimized. Owing
to its superior ability in purifying particulate matter sam-
ples, a combination of flower-like-texture Mg—Al layered
double oxide (Mg—Al-LDO) and silica gel was selected as
the optimized adsorbent. To our knowledge, few reports on
this combination of materials exist. The limits of detection
(LODs) of 16 PAHs and 15 NPAHs ranged from 0.018 to
1.7 and from 0.035 to 0.60 ng g~', respectively. Limits of
quantifications (LOQs) were from 0.061 to 5.7 and 0.12 to
2.0 ng g~! for 16 PAHs and 15 NPAHs, respectively. Recov-
eries at three spiked concentration levels ranged from 81.6
to 116%. The relative standard deviations (RSDs) were less
than 6.5% in all cases. The proposed analytical method was
proved to be practical and suitable technique for PAH and
NPAH analysis in real ambient air particulate samples.

Keywords GC-MS - Embedded ultrasonic extraction -
PAHs - NPAHs - Flower-like Mg—Al-LDO - Total
suspended particulates

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a category of
organic pollutants ubiquitous in the atmospheric environ-
ment. They are generated by incomplete combustion pro-
cesses, such as domestic coal burning and industrial cooking
[1, 2]. After emission into the atmosphere, a series of reac-
tions, e.g., oxidation and nitration can produce derivatives
of PAHs, such as nitrated polycyclic aromatic hydrocarbons
(NPAHs), which alters the properties of PAHs, including
their toxicity. The US Environmental Protection Agency
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(US EPA) has already listed 16 PAHs as priority pollut-
ants; moreover, European ambient air legislation has recom-
mended 1 ng m™ as a guideline value for the annual average
concentration of benzo(a)pyrene not to be exceeded [3, 4].
NPAHSs are emitted into the environment with PAHs, which
contain at least one nitro-functional group on the aromatic
benzene ring of a PAH. Because most NPAHs show higher
mutagenicity and carcinogenicity than their precursors [5],
which are also used as indicators in tracing air contami-
nation, NPAHs have been monitored and investigated in
research work in recent years, although there are no regula-
tions for NPAHs to date [4].

In ambient air particulates, PAHs and NPAHs are usu-
ally analyzed by solvent extraction, and then high-perfor-
mance liquid chromatography with fluorescence detection
(HPLC-FLD) [3, 6], high-performance liquid chromatog-
raphy with tandem mass spectrometry (HPLC-MS/MS) [8]
or gas chromatography with mass spectrometry (GC-MS)
[e.g., electron impact ionization (EI) mode for PAHs or neg-
ative chemical ionization (NCI) mode for NPAHs] [7, 9-12]
analysis. Soxhlet extraction [13, 14], accelerated solvent
extraction (ASE) [9, 15-17], supercritical fluid extraction
[18], ultrasonication [9, 19], and microwave extraction [3,
20] have mostly been used for the extraction of nitrated poly-
cyclic aromatic hydrocarbons (NPAHs) or PAHs. Prior to
instrumental analysis, a cleanup procedure is necessary for
sample extraction to reduce matrix effects during analysis.
Silica cartridges [5, 12], alumina cartridges [13], combined
silica-alumina cartridges [9, 20], aminopropyl cartridges
[10], HPLC (normal phase) [21], carbon nanotubes [18],
and QuEChERS-like extraction [11] have been chosen as
cleanup techniques for ambient air particulates extraction
according to the literature. Although all of these sample
preparation methods are applicable to the determination of
organic contamination in ambient air particulates, they are
usually time-consuming, costly, labor intensive, and require
large volumes of organic solvent [22-24]. Considering the
actual needs of atmospheric environmental monitoring work,
a simple, effective, and low-cost sample preparation tech-
nique is desired for the determination of PAHs and NPAHs
in ambient air particulates.

An integrated ultrasonic simultaneous extraction and
cleanup system is presented in this paper. This system com-
bines integrated ultrasonic extraction and purification in
one step, which avoids the sample-transfer steps and saves
solvent and time. A novel flower-like Mg—Al layered dou-
ble oxide (Mg—Al-LDO) with silica gel, instead of the tra-
ditional sorbent [9, 20], was used in the purification tube
for the pretreatment procedure. Mg—AI-LDO is a compos-
ite oxide compound of magnesium and aluminum [25] that
has much more polar surface area owing to the presence of
magnesium, which is known to adsorb polar impurities from
tea and sediment for determining pesticide and dechlorane
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content [26, 27]. In this research, the flower-like Mg—Al-
LDO material, which possesses a large surface area due to its
special morphology, was synthesized and implemented as an
adsorbent for the analysis of PAHs and NPAHs in an ambi-
ent air particulate matrix. The detailed description of this
system is discussed herein. Each sample required only about
30 min of pretreatment time using this proposed method.
However, for ASE extraction, heating up time of extraction
furnace was about 6 min. The ASE extraction procedure,
including static time, flushing, and purging, required at least
20 min. After ASE extraction, sample extract was transferred
to flask for evaporating and blown by nitrogen before SPE
purification, which also needed at least 20 min. Then SPE
purification procedure needed at least 10 min. From start
to finish, the ASE extraction and sample pretreatment time
were usually about 56 min. So, this proposed method has
greatly shortened the pretreatment time, simplified the pre-
treatment process, and reduced experimental costs.

Experimental
Chemicals, Reagents, and Instruments

The chemicals, solvents, and instruments used in the
experiments are provided in the Electronic Supplementary
Material.

Synthesis and Characterization of Flower-Like Mg—
Al-LDH and Flower-Like Mg—Al-LDO

The adsorbent of flower-like Mg—AI-LDO was synthesized
using a microemulsion system. This approach provided an
excellent method of controlling the morphology of layered
double hydroxide (LDH) [28]. The details of the synthesis
and characterization are provided in the Electronic Supple-
mentary Material.

Sampling

The total suspended particulate (TSP) samples, which were
collected from the top of a six-story building in Beijing,
China (39°58"30'N, 116°25"49'E) in June and December
2015. All samples were collected on glass fiber filters (GFFs;
47 mm i.d., Pall Co., New York, USA) over 44 h at a flow
rate of 100 L min~! using a medium-volume sampler (KC-
6120, Qingdao Laoshan Electronic Instrument Co., Qingdao,
China). Detailed information on the TSP samples is listed
in Electronic Supplementary Material Table S1. The GFFs
were heated at 500 °C in a muffle furnace (FP31, Yamato,
Japan) for 4 h to remove all organic pollutants, equilibrated
at 25 °C in a desiccator for 24 h, and then weighed. After
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collection, filters were wrapped in annealed aluminum foil,
sealed, and stored at —18 °C before analysis.

Purification Tube Preparation

In this study, the purification tube (6 mL capacity, Supelco,
Bellefonte, PA, USA) was filled with two adsorbent layers.
The upper layer was 500 mg of silica gel, and the lower layer
was 500 mg of flower-like Mg—AI-LDO. A piece of glass
filter paper was used to plug the tube and retain the sorbents.

Extraction and Purification
ASE Extraction Method

For ASE (ASE350, Dionex, California, USA) extraction,
11 mL cells were used under the following extraction con-
ditions: 120 °C, 140 bars (14 MPa), two cycles of 5 min
duration each for heat and static times, 90% flushing, and
purging for 100 s. The first extraction was performed with
dichloromethane and the second with acetone/DCM (2:1
v/v). The above conditions were previously used to extract
PAHs, NPAHs, or oxygenated PAHs [29-31].

Extraction and Purification Using the Proposed Method

The integrated ultrasonic extraction system consists of three
parts: an ultrasonic grinder instrument (VCX 130, Sonics
Co., CT USA), an extraction cell, and a purification tube
(as shown in Fig. 1). The 35 mL extraction cell (Comma
Biological Technology Co., Guangzhou, China) was linked
to the purification tube by a flow-control valve and a tube
adapter. A quarter of TSP filter sample was cut and placed in
the extraction cell. To the extraction cell, 15 mL of hexane/
DCM (1:1, v/v) solvent mixture were added for ultrasonic
extraction. An alloy probe was put into the extraction cell
for 20 min of extraction. After ultrasonication, the extract
was directly passed through the opened control valve into
the purification tube for cleanup. From the upper extraction
cell, 12 mL of hexane/DCM (3:7, v/v) were added to wash
the system and elute the analytes (Fig. 1). The eluate was
collected and concentrated to 0.2 mL by a moderate nitrogen
flow before GC-MS analysis.

GC-MS Analysis
GC-EI-MS Analysis

The GC-MS instrument (Agilent 6890N-5975C, Agent
Technologies, Santa Clara, CA, USA) with an electron
impact ionization (EI) ion source was used to analyze 16
PAHSs. The GC injection port was kept at 280 °C and a sam-
ple (1 uL) was injected in splitless mode with splitless time

1, ultrasonic cell grinder instrument; 2, an alloy probe;

3, extraction cell; 4, flow control valve; 5, tube adapter;
6, purification tube.

Fig. 1 In-house built integrated ultrasonic extraction device

of 1 min. Target compounds were separated by a 50-m DB-
5SMS column (0.25-mm ID, 0.1-pm film thickness; J&W
Scientific, Folsom, CA, USA). The carrier gas was helium
(99.999%) at a constant flow rate of 1 mL min~!. The GC
oven temperature program was as follows: held at 60 °C for
0.5 min; 30 °C min™" to 200 °C; 3 °C min~' to 225 °C;
6 °C min~' to 266 °C; 4 °C min~" to 300 °C, and held for
30 min. The transfer-line and ion-source temperatures were
set at 280 and 230 °C. The MS was run in selected ion moni-
toring (SIM) mode. Monitored quantitative and qualitative
ions for all analytes are listed in Table 1.

GC-NCI-MS Analysis

NPAHs were analyzed by a GC-MS instrument (Agilent
7890A-5975C, Agilent Technologies, Santa Clara, CA,
USA) with negative chemical ionization (NCI), which
possesses higher selectivity (in addition to sensitivity) for
NPAHSs. The GC injection port was kept at 280 °C. A sample
(1 uL) was injected in splitless mode with a pressure pulse
of 25 psi for 1.5 min. Target compounds were separated by
a 15-m DB-5HT column (0.25-mm I.D., 0.1-um film thick-
ness; J&W Scientific, Folsom, CA, USA). The carrier gas
was helium (99.999%) at a constant flow rate of 1 mL min~".
The flow rate of methane (99.999%) was 2.5 mL min~'. The
GC oven temperature program was as follows: held at 60 °C
for 0.5 min; 8 °C min™" to 220 °C; 20 °C min™" to 300 °C,
and held for 15 min. The transfer-line and ion-source tem-
peratures were set at 300 and 230 °C. The MS was run in
SIM mode. Monitored quantitative and qualitative ions for
all analytes are listed in Table 1.
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Table 1 Parameters for 16 PAHs and 15 NPAHs analysis by GC/MS

Compounds Retention Quantitative ion Linear Determination LOD/LOQ Intra-day preci- Inter-day precision
times (qualification range coefficient (R?) (ng g™") sion (n = 6) (n=06)
(min) ion) (m/z) (ngg™h RSD (%) RSD (%) 50 ng g~
50ng g~ (5.0x 10°ng g1
5.0x10°ngg™")

16 PAHs
Naphthalene 7.72 128 (102, 64) 5-1000  0.9974 0.047 (0.16)  0.84 (0.78) 4.6 (4.3)
Acenaphthylene 9.94 152 (126, 76) 5-1000  0.9951 0.12 (0.40) 0.37 (0.83) 8.2(4.1)
Acenaphthene 10.28 152 (126, 76) 5-1000  0.9997 0.21 (0.71) 2.6 (2.0) 7.3 (4.9)
Fluorene 11.32 166 (139, 82) 5-1000  0.9977 0.22 (0.72) 29(1.2) 7.6 (7.1)
Phenanthrene 14.11 178 (152, 89) 5-1000  0.9950 0.10(0.33) 0.10(3.3) 5.0@3.1)
Anthracene 14.25 178 (152, 89) 5-1000  0.9990 0.17 (0.55) 1.7 (1.0) 7.3 4.1)
Fluoranthene 19.26 202 (106, 92) 5-1000  0.9959 0.11 (0.37) 1.4 (0.6) 4.8 (3.1)
Pyrene 20.46 202 (106, 92) 5-1000  0.9980 0.095 (0.32) 0.10(1.5) 4.9 (2.5)
Benzo(a)anthracene 27.93 228 (114,101)  5-1000  0.9993 0.018 (0.061) 1.4 (1.0) 3.1(4.5)
Chrysene 28.21 228 (114,101)  5-1000  0.9998 0.18 (0.61) 1.8 (3.1) 1.8 (3.1)
Benzo(b)fluoranthene 35.74 252 (126, 113)  5-1000  0.9997 0.094 (0.31) 1.8 (0.89) 5.3 (3.8)
Benzo(k)fluoranthene 35.93 252 (126, 113)  5-1000  0.9987 0.12 (0.41) 2.12.1) 3.6 (4.4)
Benzo(a)pyrene 38.14 252 (126, 113)  5-1000  0.9970 0.18 (0.61) 2.9(1.8) 3.2(6.5)
Indeno(1,2,3-cd)pyrene 45.39 276 (138, 124) 10-1000  0.9967 099 (3.3) 0.56(0.91) 4.4 (4.6)
Benzo(g,h,i)perylene 47.17 276 (138, 124)  10-1000  0.9999 1.344) 1.9 (1.1) 2.9 (1.8)
Dibenzo(a,h)anthracene ~ 45.62 278 (139, 124)  10-1000  0.9980 1.7.(5.7) 1.7 (0.69) 3329

15 NPAHs
1-Nitronaphthalene 4.07 173 (157, 141) 1-500 0.9901 0.045 (0.15) 3.3(1.6) 6.0 (1.3)
2-Nitrobiphenyl 6.59 199 (183, 156) 1-500 0.9996 0.035 (0.12) 2.3 (0.50) 7.8 (2.2)
3-Nitrobiphenyl 6.90 199 (183, 156) 1-500 0.9981 0.061 (0.20) 1.0 (0.23) 1.0 (0.23)
4-Nitrobiphenyl 8.06 199 (183, 156) 1-500 0.9922 0.60 (2.0) 24(3.3) 4.7(3.4)
5-Nitroacenaphthene 8.53 199 (183, 156) 1-500 0.9950 0.21 (0.71) 1.3 (0.72) 3.0(1.3)
2-Nitrofluorene 9.59 211 (204, 195) 1-500 0.9927 0.43 (1.4) 2.2 (0.69) 2.5(0.38)
3-Nitrophenanthrene 10.64 223 (207, 191) 1-500 0.9995 0.081 (0.27) 4.7(1.2) 7.4 (5.3)
9-Nitrophenanthrene 11.08 223 (207, 191) 1-500 0.9983 0.12 (0.39) 3.0 (1.0) 8.8(5.3)
2-Nitroanthracene 11.32 223 (207, 191) 1-500 0.9973 0.083 (0.28) 4.1 (0.80) 3.6(1.5)
9-Nitroanthracene 11.52 223 (207, 191) 1-500 0.9984 0.046 (0.15) 562.2) 9.3 (2.1)
3-Nitrofluoranthene 13.81 247 (231, 215) 1-500 0.9942 0.27 (0.91) 5.7(1.1) 4.9 (1.9)
1-Nitropyrene 13.92 247 (231, 215) 1-500 0.9998 0.12 (0.40) 3223) 2.9(6.9)
4-Nitropyrene 14.44 247 (231, 215) 1-500 0.9987 0.32 (1.1) 4.0(2.1) 4.1(1.5)
7-Nitrobenzo(a)anthra- 16.04 273 (257, 241) 1-500 0.9977 0.60 (2.0) 4.0 (1.5) 3.6(3.5)

cene

6-Nitrochrysene 16.66 273 (257,241) 1-500 0.9993 0.60 (2.0) 2424) 2359

Results and Discussion

Optimization of Extraction Conditions

Extraction Solvent

To achieve effective extraction, the collected TSP filter
samples, rather than spiked filters, were applied to opti-
mize the extraction solution. The ASE extraction method

@ Springer

[29-31] was used as a reference. To reduce the uncer-
tainty caused by different purification processes, the same
cleanup procedure was used and the extraction time was
uniformly 20 min in this section. The extract was puri-
fied using the double-layered absorbent mentioned above
with 12 mL of hexane/DCM (3:7, v/v). One single solvent
(hexane) or solvent mixtures (hexane/DCM (1:1, v/v) or
hexane/acetone (1:1, v/v) were evaluated to determine
their applicability as extraction solvents for ultrasonic
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extraction. A sampling filter was divided into four equiv-
alent pieces. One piece of filter was extracted by ASE
method and the other three were extracted with the three
solvent using an ultrasonic probe. The results are shown in
Fig. 2. Overall, the masses of PAHs (Fig. 2a) and NPAHs
(Fig. 2b) extracted by hexane/DCM (1:1, v/v) or hexane/
acetone (1:1, v/v) were similar. The extraction efficiency
of PAHs and NPAHs in hexane was much lower than that
of the other two extraction solvents. Compared to the
result obtained using the ASE method, there was also no
obvious difference in extraction efficiency using ultrasonic
extraction with the two mixed solvents. Hexane/DCM (1:1,
v/v) was selected as the optimal extraction solvent because
an extraction solvent with acetone extracts more pigments
observed obviously that causes interference in the GC-MS
analysis.

Extraction Time

The influence of extraction time on extraction efficiency of
PAHs and NPAHSs in the ultrasonic extraction procedure was
investigated. The results obtained are shown in Fig. 3a, b.
Using 15 mL of hexane/DCM (1:1, v/v) as an extraction
solvent, the ultrasonic time (10, 20, and 30 min) was studied
using the same cleanup method as in the solvent extraction
experiment. It was found that 10 min of ultrasonic extrac-
tion was not exhaustive. As can be seen (Fig. 3), no signifi-
cant improvement was observed after 30 min of extraction
compared with 20 min extractions. In addition, additional
extraction of the filter was performed. The results of this
experiment indicate that the target compounds were below
the detection limit. Therefore, 20 min was selected as the
ultrasonic extraction time.

Extraction Volume

In the integrated ultrasonic extraction procedure, excess
solvent would cause splashing, leading to loss of extrac-
tion solution. On the other hand, if the extraction volume
was insufficient, the sample filters could not be completely
immersed and effectively extracted. To avoid this problem,
15 mL was chosen as the optimal extraction solvent volume.

Cleanup Optimization

To eliminate matrix interference, an effective purification
was needed. In this study, the type of adsorbents, the method
of filling adsorbents, and the volume and type of elution
solvent was evaluated to achieve less matrix interference
for TSP extraction. A novel absorbent, flower-like Mg—Al-
LDO, was introduced as one of adsorbents for its large polar
surface area in the experiment.

Selection of Adsorbent Type

SPE is widely used for purification of extracts of ambient air
particulates. Major fillings such as silica gel [5, 12], neutral
alumina [13] were used in the SPE column. In this study,
four types of adsorbent or their combinations [silica gel,
flower-like Mg—AI-LDO, silica gel with flower-like Mg—Al-
LDO (1:1, w/w), and silica gel with N-Al,O; (neutral alu-
mina) (1:1, w/w); 1 g] were investigated for their purifica-
tion effects. As shown in Fig. 4a, b, when silica gel with
flower-like Mg—Al-LDO (1:1, w/w) was used, satisfactory
recoveries ranging from 80.3 to 117% and RSDs from 0.53
to 9.7% were achieved for 16 PAHs and 15 NPAHs by con-
trasting the results from other three adsorbents. Silica gel
with flower-like Mg—AI-LDO seemed to show better ability
to remove high polar interference, such as pigments, from a
sample extract according to Electronic Supplementary Mate-
rial Fig. S4. The sample purified by silica gel with flower-
like Mg—AI-LDO showed the lightest color compared to the
three other absorbents. Finally, the combination of silica gel
and flower-like Mg—Al-LDO was selected as the adsorbent
in this research.

Selection of Adsorbent Filling Methods

Since silica gel and flower-like Mg—AIl-LDO were chosen as
adsorbents, the purification effect using three filling methods
in the purification tube with the two adsorbents was inves-
tigated. The cleanup tube was filled with mixed adsorbents
and flower-like Mg—AI-LDO in the top layer and bottom
layer, respectively. The result obtained from the three types
of filling methods showed that the extract could not be well
purified using mixed adsorbents because of the obvious
interference of target analytes in the GC—EI-MS analysis.
As for absorbents filled using two-layer methods, there was
no obvious interference and no difference in recovery and
RSD. The method of filling with flower-like Mg—Al-LDO
in the bottom layer was finally chosen because the speed of
elution was more easily controlled.

Optimization of Elution Solution

To obtain effective elution, the mixed ratio and volume of
hexane and DCM, which were reported as PAH or NPAH
eluents [10, 13, 20], were optimized in this study. Because
it was almost impossible to obtain blank matrix samples,
extracted solutions from ten samples collected in clean air
with much lower level of PAH and NPAH were mixed and
used as a hypothetical matrix blank. To optimize the elution
solvent ratio, half of the mixed sample extract solution was
spiked with 1 mL of mixed standard solution containing a
concentration of 0.40 and 2.0 ug g~! for NPAHs and PAHs.
Meanwhile, the other half was used for deducting the mass

@ Springer
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Fig. 2 Comparison of the aver-
age a PAH or b NPAH quantity
extracted according to the
extraction solvent used [hexane,
hexane/DCM (1:1, v/v), or
hexane/acetone (1:1, v/v)] using
the ultrasonic procedure and
ASE method. Filter sections
originated from the same TSP
filter samples (n = 3). For both
extraction methods, the same
cleanup procedure was used

@ Springer

2.0

BE o+ @ Ultrasonic solvent (Hexane)
| <t @ Ultrasonic solvent (Hexane/DCM)
[ <« Ultrasonic solvent (Hexane/Acetone)
%? 1 * ASE
g hnd
I I
2 e @
5 1.0 - ¥
2 T ‘e
=
= ;qf** *, ¥ “
o
2 0.5
£ +
<
=W 4
Gy
o
2 0.0 —
<
=
'°'5||||||||||0|®||4)||
@ L oL L2 @ @ C @ F o @
Q}é\ *\Qf\ S @o &0 oe)o & Q}\e Q,OQ’ é\e. ,&0 ®® \\& Q*l\ \00 @
F O FESe € L S
K N & S & F e 00T XS
S P Q¥ T o@ @§@ PN \Qﬁ\ N
v v G I N 4
& (\1' Q S NV
(%) %Q’ & @Q,AQQQ
O\
_ b M @ Ultrasonic solvent (Hexane)
@ Ultrasonic solvent (Hexane/DCM)
~100 — « Ultrasonic solvent (Hexane/Acetone)
& 3 % ASE
= -
- -
a .
.8 .
=
5 -
Q
7]
5 103 "y
= . T °q *ex OF%
= - —_
wn -
T . |
£ 1 3 $ =
zZ % L
S .
%) - i *
: ¢
0.1
I I I I I I I |
< N Q
& S & & F L
Q Z N § W) & O <
A Q o X X > N
Q 60 er o ({b < (’\\ @
NS & & @ P &
&L of & KO & 3
6§ fb’ 2o q&



An Integrated Ultrasonic Extraction and Cleanup Procedure for Determining PAHs and NPAHs in...

1439

Fig. 3 Comparison of the
average a PAH or b NPAH
quantity extracted according to
the extraction time used (10, 20,
and 30 min) using the ultrasonic
procedure and ASE method. Fil-
ter sections originated from the
same TSP filter samples (n = 3).
For both extraction methods,
the same cleanup procedure

was used
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Fig. 4 Comparison of sorbents
of silica gel, flower-like Mg—Al-
LDO (1 g), silica gel + flower-
like Mg—AI-LDO (1:1, w/w,

1 g), and silica gel + N-Al,O,
(1:1, w/w, 1 g) on the recoveries
of a PAHs and b NPAHs from
spiked total suspended particu-
late samples (n = 3)
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of the analytes in the hypothetical matrix blank. The spiked
sample extract was divided into five equal parts, and then
eluted by 10 mL of hexane/DCM (4:1, 3:2, 1:1, 3:7, and
0:1, respectively, v/v) solution after loading into the cleanup
tube. The same steps were repeated for the other half of the
samples without spiking. The results are plotted in Fig. 5,
which shows that hexane/DCM (3:7, v/v) was the best choice
among five elution solvents, since the recoveries of all target
compounds were ranged from 80.6 to 117% and there were
no obvious interference peaks. Most of the analytes were
difficult to elute using an elution solvent of hexane/DCM
(4:1, v/v). When the elution solvents used were hexane/
DCM (3:2, v/v) or hexane/DCM (1:1, v/v), the recoveries for
PAHs of indeno(1,2,3-cd)pyrene, benzo(g,h,i)perylene, and
dibenzo(a,h)anthracene were 47.1-53.2% and 69.9-76.6%,
respectively (Fig. 5). However, selecting DCM as elution
solvent, many more pigments were eluted and interference
peaks were found in the GC-MS determination. Therefore,
the solvent mixture of hexane/DCM (3:7, v/v) was used as
the eluent in the purification process.

The elution volume was obtained according to the spiked
sample extraction solution. The spiked sample was eluted
by 14 mL of hexane/DCM (3:7, v/v) solution, and every
2 mL of eluent was collected and detected. From Electronic
Supplementary Material Fig. S5a, b, it was found that the
recoveries of most target compounds were near 100% when
the eluent volume was 12 mL. Finally, an elution solvent
of 12 mL of hexane/DCM (3:7, v/v) was selected as the
minimum volume for analytes in the purification procedure.

Matrix Effects

Reducing matrix interference is important to ensure accurate
and reliable experimental results. Matrix effects (MEs) could
come from the sample matrix, the sample preparation proce-
dure, quality of chromatographic separation, and ionization
type [32]. For the complex ambient air particulate matrix,
matrix effects have always existed and have become one of
the major elements influencing repeatability and accurate
quantification in the determination by GC-MS. Using an
isotope labeled internal standard method could effectively
reduce matrix effects because physical and chemical proper-
ties of analytes with corresponding isotope labeled internal
standard would be similar [33]. The isotope labeled internal
standard method could not only compensate for the change
in the target compound response but also efficiently com-
pensate for the loss of the target compounds during the pre-
treatment procedure [26]. Thus, the isotope labeled internal
standard acenaphthylene-dg, phenanthrene-d,,, anthracene-
d,o. fluoranthene-d,;, benzo(a)anthracene-d,,, benzo(a)
pyrene-d,,, dibenzo(a,h)-anthracene-d, ,, 3-nitrobiphenyl-d,
2-nitrofluorene-dgy, and 1-nitropyrene-d, were used in this

study, and matrix effects of internal standard method were
evaluated by the following equation [34, 35]:

_A-B

ME %X 100%, 1)
where A is the chromatographic peak area ratio of the ana-
lytes to the internal standard in the matrix standard and B is
the chromatographic peak area ratio of the analytes to the
internal standard in the calibration standard. Samples with
a low level of analytes were used as a hypothetical matrix
blank. Therefore, in calculating A in Eq. (1), the value was
obtained by deducting the peak area ratio of the hypothetical
matrix blank.

ME <0% represents an ionization inhibition, and
ME = 0% indicates no matrix effects, while ME >0% indi-
cates an ionization enhancement. The results are listed in
Table 2. The matrix effects of 16 PAHs ranged from —8.9
to 12% and those of 15 NPAHs ranged from —14 to 18%,
which indicates that matrix interference could be effectively
eliminated and compensated by this method.

Evaluation of the Method
Calibration Curve and Linearity

To obtain a good chromatographic separation, chro-
matographic conditions were optimized for 16 PAHs
and 15 NPAHs. The GC-MS method parameters are
listed in Table 1. Chromatograms of spiked samples at
a concentration of 5.0 x 10> ng g~! for 16 PAHs and
2.0 x 10%> ng g~! for 15 NPAHs are presented in Elec-
tronic Supplementary Material Figs S6 and S7. It was
proved that this method was suitable for determination of
16 PAHs and 15 NPAHs in ambient air particulate sam-
ples. According to a series of spiked samples, the linearity
and linear range of this method could be obtained. The
concentrations of prepared calibration standards were
between 5.0 and 1.0 x 10° ng g~! (5.0, 10, 50, 1.0 x 107,
2.5 x 10%, 5.0 x 102, and 1.0 x 10> ng g~!) for most
PAHs, 10-1.0 x 10* ng g7! (10, 50, 1.0 x 102, 2.5 x 102,
5.0 x 10%, and 1.0 x 10° ng g~!) for indeno(1,2,3-cd)pyr-
ene, benzo(g,h,i)perylene, and dibenzo(a,h)anthracene;
and 1.0-5.0 x 10%> ng g~! (1.0, 5.0, 10, 50, 1.0 x 102,
2.5 x 10> and 5.0 x 10> ng g~!) for 15 NPAHs. The limits
of detection (LODs) (signal-to-noise ratio of 3) and the
limits of quantifications (LOQs) (signal-to-noise ratio of
10) were calculated using the chromatograms obtained
from the spiked sample of lowest concentration. The LODs
of 16 PAHs and 15 NPAHs ranged from 0.018 to 1.7 and
from 0.035 to 0.60 ng g™, respectively. The LOQs were
from 0.061 to 5.7 and 0.12 to 2.0 ng g~! for 16 PAHs
and 15 NPAHSs, respectively. Table 1 presents the results
obtained. The method showed a linear correlation between
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Tab!e_l Recoveries and Compounds Average recovery% (RSD, %) Matrix

precision (RSD) of 16 PAHs effects

and }5 NPAHS i.n spiked Low spiked con-  Middle spi.ked High spiked con- gy

ambient air particulate samples centration concentration centration

(n=5)

16 PAHs
Naphthalene 116 (5.5) 105 (3.2) 108 (4.3) -8.5
Acenaphthylene 97.3 (3.1) 105 (0.31) 98.8 (1.7) 9.6
Acenaphthene 105 (1.3) 110 (1.9) 105 (1.6) -2.1
Fluorene 107 (3.4) 110 (1.9) 106 (2.7) 8.0
Phenanthrene 99.4 (0.91) 94.6 (2.1) 94.5 (1.5) 49
Anthracene 111 (1.0) 106 (1.8) 106 (1.4) 24
Fluoranthene 93.7 (2.5) 111 (5.4) 99.8 (2.2) -54
Pyrene 97.1 (4.4) 106 (2.1) 99.0 (3.3) -54
Benzo(a)anthracene 96.3 (2.8) 98.3 (1.8) 94.8 (2.3) 2.7
Chrysene 97.8 (2.2) 98.1 (2.3) 95.5(2.3) 12
Benzo(b)fluoranthene 89.9 (4.1) 103 (2.6) 98.8 (3.4) 3.0
Benzo(k)fluoranthene 101 (1.4) 107 (2.9) 102 (2.1) -1.7
Benzo(a)pyrene 110 (2.7) 107 (1.2) 106 (1.9) 39
Indeno(1,2,3-cd)pyrene 94.0 (0.87) 93.6 (1.1) 91.3 (1.0) -89
Benzo(g,h,i)perylene 93.3 (3.7) 89.5 (0.21) 88.9 (1.9) -3.5
Dibenzo(a,h)anthracene 108 (0.71) 106 (3.2) 104 (2.0) 7.1
15 NPAHs

1-Nitronaphthalene 88.1 (4.2) 87.2 (2.2) 85.1 (3.2) =35
2-Nitrobiphenyl 92.1(1.9) 90.4 (3.4) 88.7 (2.7) —6.3
3-Nitrobiphenyl 103 (0.7) 104 (0.93) 101 (0.82) 53
4-Nitrobiphenyl 81.6 (1.0) 89.9 (1.7) 83.3(1.3) 8.0
5-Nitroacenaphthene 82.9 (3.4) 93.1(1.5) 85.5(2.4) -3.4
2-Nitrofluorene 109 (2.0) 106 (3.1) 105 (2.6) -1.8
3-Nitrophenanthrene 105 (1.5) 98.1(1.4) 98.8 (1.4) 6.3
9-Nitrophenanthrene 110 (2.7) 106 (0.52) 105 (0.50) -2.1
2-Nitroanthracene 111 (3.6) 108 (2.2) 107 (2.9) -2.6
9-Nitroanthracene 109 (3.8) 104 (1.1) 104 (2.4) 3.8
3-Nitrofluoranthene 109 (2.9) 104 (0.53) 104 (1.9) -14
1-Nitropyrene 87.4 (6.5) 90.1 (0.44) 86.3 (3.3) —-4.9
4-Nitropyrene 93.3 (4.6) 105 (1.5) 96.7 (3.0) 8.5
7-Nitrobenzo(a)anthracene 93.7 (3.8) 103 (2.6) 96.0 (3.2) 4.3
6-Nitrochrysene 105 (2.8) 111 (1.2) 106 (2.0) 18

the peak area and analyte concentration over the full range
of the calibration curve, with the coefficient of determi-
nation (R?) ranging from 0.9901 to 0.9999 for all target
compounds.

The precision of the method applied to stand-
ard solutions was studied within a day (n = 3, 50 and
5.0 x 10? ng g~! standard solutions were injected by three
needles within a day) and among days (n = 6, among
6 days, 50 and 5.0 x 10> ng g~! standard solutions were
injected by three needles each day. One group of data for
each day was selected to obtain six groups of data for
each standard solution to obtain the inter-day RSD) [26].
RSD values of the target compounds ranged from 0.10
to 5.7 and from 0.23 to 9.3% for the intra-day and inter-
day RSD, respectively. It was proved that satisfactory

precision was obtained for 16 PAHs and 15 NPAHs in
this study.

Recovery and Precision

Recoveries and precisions were determined to confirm the
application of the optimized method, and were measured by
spiked ambient air particulate samples at three concentra-
tion levels (2.5 x 10%, 5.0 x 10? and 1.0 x 10> ng g™1) for 16
PAHs and (1.0 x 102, 2.0 x 10% and 4.0 x 10*> ng g™}) for
15 NPAHs before extraction, respectively. Table 2 summa-
rizes the data of recoveries and precisions. Recoveries for 16
PAHs and 15 NPAHs ranged from 88.9 to 116 and from 81.6
to 111%, respectively. Good recovery results were achieved
using the proposed method, compared to those from other
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reported methods (recoveries for PAHs and NPAHs ranged
from 49.6 to 128 and from 60.0 to 104%, respectively) [6].
The precisions of the method for 16 PAHs and 15 NPAHs
were in the ranges of 0.21-5.5% (n = 5) and 0.44-6.5%
(n = 5), respectively, described as the RSD value. This
indicates that the analytical method could be applied to the
analysis of ambient air particulate samples.

Application to Real Samples

The proposed analytical method was applied to ten TSP
samples collected in Beijing, China in June and December
2015. The quantitative results obtained are summarized in
Electronic Supplementary Material Table S2, and show that
average concentrations of 16 PAHs ranged from 10.90 to
18.97 ng m~ in June and from 113.3 to 1213 ng m~> in
December. Average concentrations of 15 NPAHs ranged
from 537.4 to 1239 pg m~> in June and from 719.9 to
3726 pg m~3 in December. The concentrations of PAHs and
NPAHs were remarkably higher in December than in June,
and this data is in agreement with other reports from Beijing
[20, 36]. During the summer and winter periods, phenan-
threne, fluoranthene, pyrene, benzo(b)fluoranthene, benzo(a)
anthracene, and chrysene were the prevalent PAHs, and
3-nitrophenanthrene and 3-nitrofluoranthene the predomi-
nant NPAHs, in TSP samples. In addition, Fig. 6 describes
the concentration changes of 16 PAHs and 15 NPAHs dur-
ing the June (summer) and December (winter) periods, and
higher levels for both PAHs and NPAHs in December are
clearly observed. In Fig. 6, polycyclic aromatic compounds
(PAC) represent PAH and NPAH compounds. Particularly
for PAHs, the percentage of four-ring PAHs was 57.4% in

1000

I > 16PAHs
I > 15NPAHSs

-
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o
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PAC concentrations (ng.m‘3)
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Fig. 6 Concentration levels of 16 PAHs, 15 NPAHs at a sampling
location in Beijing

@ Springer

December samples, which were larger than that in June sam-
ples (27.0%). This could be attributed to increased emis-
sions, mainly from fossil fuel usage for heating purposes,
during the cold season. Because fossil fuels, such as coal,
are widely used as the main fuels for heating purposes in
Beijing, China [20, 36].

Conclusion

A novel in-house built integrated ultrasonic extraction
device, including an ultrasonic grinder instrument, extrac-
tion cell, and the purification tube, was proposed and suc-
cessfully used for the extraction and purification of 16 PAHs
and 15 NPAHs at low concentrations in ambient air par-
ticulates. In this study, the validated method showed good
accuracy, satisfactory recoveries, and low LODs and LOQs
in real samples. Furthermore, the method was applied suc-
cessfully to evaluate the pollution level of these analytes
in total suspended particulate samples in Beijing, China, in
June and December 2015. A simple and effective analytical
method was presented in this study. The application of which
proved that it could fully meet the requirements for the deter-
mination of PAHs and NPAHs in ambient air particulates.
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