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a  b  s  t  r  a  c  t

Polycyclic  aromatic  hydrocarbons  (PAHs)  are  present  in  petroleum  based  products  and  are  combustion
by-products  of  organic  matters.  Determination  of  levels  of  PAHs  in the indoor  environment  is  impor-
tant  for assessing  human  exposure  to these  chemicals.  A  new  short  path  thermal  desorption  (SPTD)  gas
chromatography/mass  spectrometry  (GC/MS)  method  for determining  levels  of  PAHs  in  indoor  air  was
developed.  Thermal  desorption  (TD)  tubes  packed  with  glass  beads,  Carbopack  C,  and  Carbopack  B  in
sequence,  were  used  for sample  collection.  Indoor  air was  sampled  using  a small  portable  pump  over
7  days  at  100  ml/min.  Target  PAHs  were  thermally  released  and  introduced  into  the GC/MS  for  analysis
through  the  SPTD  unit. During  tube  desorption,  PAHs  were  cold  trapped  (−20 ◦C)  at  the  front  end  of  the
GC  column.  Thermal  desorption  efficiencies  were  100%  for PAHs  with  2 and  3 rings,  and  99–97%  for  PAHs
as chromatography/mass spectrometry with  4–6  rings.  Relative  standard  deviation  (RSD)  values  among  replicate  samples  spiked  at  three  dif-
ferent  levels  were  around  10–20%.  The  detection  limit  of  this  method  was  at  or  below  0.1  �g/m3 except
for  naphthalene  (0.61  �g/m3), fluorene  (0.28  �g/m3) and phenanthrene  (0.35  �g/m3). This method  was
applied  to  measure  PAHs  in indoor  air in nine  residential  homes.  The  levels  of PAHs  in  indoor  air  found
in  these  nine  homes  are  similar  to  indoor  air values  reported  by others.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are present in
etroleum based products. They are also formed during incom-
lete combustion of organic materials. PAHs are emitted during
ertain industrial processes and consumers’ daily activities, such
s power generation, automobile, cigarette smoking, and indoor
omestic heating systems such as furnaces and wood stoves. Thus
hey are ubiquitously present in the environment. Some PAHs are
arcinogenic and mutagenic. There are environmental and human
ealth concerns about exposure to PAHs at environmental levels.
any of them, especially benzo(a)pyrene, are designated as pri-
rity air pollutants by the United States Environmental Protection
gency [1].

∗ Corresponding author at: Shanghai Academy of Environmental Sciences, Shang-
ai, China.

E-mail address: Liyj@saes.sh.cn (Y. Li).

ttp://dx.doi.org/10.1016/j.chroma.2017.03.050
021-9673/© 2017 Elsevier B.V. All rights reserved.
Gas chromatography/mass spectrometry (GC/MS) is the most
common analytical method for measuring levels of airborne PAHs.
PAHs can partition between vapour and particulate phases. Active
sampling methods for airborne PAHs include the use of a com-
bination of filter paper to collect particulate-bound PAHs and an
adsorbent to collect vapor-phase PAHs [2–6]. Passive sampling of
airborne PAHs is mostly carried out by using polyurethane foam
(PUF) disks [7,8] or diffusion denuders [9]. Air samples collected
by these methods were extracted with different organic solvents.
Solvent extraction and clean up procedure however, is time con-
suming and labor intensive. The procedure is also susceptible to
potential contamination and error [7,10].

Thermal desorption (TD) is a relatively new sample introduc-
tion technique [11] and has been proven to be an efficient sample
introduction method for GC/MS analysis of volatile organic com-
pounds (VOCs) [12–16]. However, only a few studies so far have

reported the use of TD for the analysis of semi-volatile organic
compounds (SVOCs) such as PAHs. Martins et al. [17] developed a
TD/GC/MS method to determine airborne 2- and 3-ring PAHs using

dx.doi.org/10.1016/j.chroma.2017.03.050
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2017.03.050&domain=pdf
mailto:Liyj@saes.sh.cn
dx.doi.org/10.1016/j.chroma.2017.03.050
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enax TA as the adsorbent. For particle-bound PAHs (4- to 6-ring
AHs), Bates et al. [18] used a direct thermal desorption approach
y thermally desorbing PAHs from exposed quartz wool into the
C/MS. Other studies have used multi-sorbent (polydimethylsilox-
ne (PDMS)/Tenax TA) tubes for collecting and analysing 2- to
-ring PAHs in air [19,20]. A stir bar was also used as a collection
edium for airborne PAHs followed by TD/GC/MS analysis [21]. TD

nits used in the above mentioned studies for PAHs are connected
o a GC column through a heated and insulated transfer line.

Carry-over of some heavy PAHs with low volatility in the sam-
le introduction system was reported to be a challenge in these
tudies [17,20,21]. For example, Lazarov et al., reported a 20–25%
arry-over for PAHs with a molecular weight of 276 or 278 Da
20], independent from spiked amount between 0.25 ng/tube and

 ng/tube.
The short path thermal desorption (SPTD) device used in this

tudy has a TD heating block located directly above the GC injec-
ion port. Thermally desorbed analytes (such as PAHs) therefore can
e directly introduced into the GC injection port without the need
or a transfer line. The objective of this study was  to develop an
PTD–GC/MS method for measuring airborne PAHs and to demon-
trate the usefulness of this method for determining airborne PAHs
n residential indoor air. Multi-sorbent tubes (Glass beads, Car-
opack C, and Carbopack B) were used to expand the analytical
indow to cover PAHs from 2-ring to 6-ring.

. Materials and methods

.1. Chemicals and materials

A standard calibration mixture of PAHs (2000 �g/ml in methy-
ene chloride, catalog number 47930-U), naphthlene-d8 (200 �g/ml
n dichloromethane (DCM), isotope purity of 99%), and chrysene-
12 (2000 �g/ml in DCM, isotope purity of 99%) were purchased
rom Supelco (Bellefonte, PA, USA). 13C12-benzo(g,h,i)perylene
100 �g/ml in nonane, isotope purity of 99%) was purchased from
ambridge Isotope Laboratories, Inc. (CIL, Tewksbury, MA,  USA).
ll standard solutions were prepared by series dilutions in DCM

>99.99%) that was bought from Supelco (Oakville, ON, Canada).
lass beads (250 �m,  acid washed), Carbopack C (60/80 mesh), and
arbopack B (60/80 mesh) were obtained from Supelco (Bellefonte,
A, USA). Glass wool was purchased from Valley Specialty Chem-
cal (Marietta, OH, USA). Nitrogen gas (99.999% purity) was used
or dispersal of chemicals in the spiked tubes and for conditioning
hermal desorption sorbent tubes. Pure air (99.999% purity) was
sed for the SPTD switching valves. Helium gas (99.999% purity)
as used for dry purging, thermal desorption, and GC/MS analysis.

.2. Sampling tubes

Empty stainless steel tubes (3 mm internal diameter
I.D.) × 101 mm length) were purchased from Scientific Instrument
ervices, Inc. (SIS, Ringoes, NJ, USA). Single adsorbent tubes were
repared by packing about 20 mm  of single adsorbent, which
orresponds to 220 mg  of glass beads, 90 mg  of Carbopack C, and
0 mg of Carbopack B, respectively. For multi-sorbent tubes, the
ube was packed (from weak adsorbent to strong absorbent)
ith 200 mg  of glass beads, 45 mg  of Carbopack C, and 15 mg

f Carbopack B in sequence. Glass wool was used to separate
he adsorbents and to retain the adsorbents at both ends. Prior

o their initial use, packed tubes were conditioned at 350 ◦C for
6 h under nitrogen, at a flow rate of 100 ml/min, using a tube
onditioning system (SIS, Ringoes, NJ, USA). For subsequent uses,
ubes were subjected to a clean-up at 350 ◦C for 1 h at a flow rate
Fig. 1. Scheme of short path TD–GC/MS.

of 100 ml/min. Once clean, the tubes were sealed with end caps,
wrapped in aluminum foil, and stored in a refrigerator at 4 ◦C.

2.3. Spiking of tubes with standard solutions

TD tubes were spiked with 1.0 �l of a standard solution and then
purged with N2 (99.999%) at a flow rate of 100 ml/min for 20 min
to remove the solvent and to disperse the standards.

2.4. Sampling of indoor air

Indoor air samples were collected using a pocket air sampling
pump (210-1000MH, SKC, Houston, TX, USA) at a nominal flow rate
of 100 ml/min for 7 days. The actual flow rate of the pump was
calibrated using a digital flow meter (Sensidyne Gilian Gilibrator,
Petersburg, FL, USA) before and after sampling. Multi-sorbent tubes
were spiked with 1 ng of each of the three internal standards (NAP-
d8, CHR-d12, and 13C12-B(g,h,i)P) prior to sample collection. After
sampling, the tubes were immediately sealed with the end caps
and wrapped in aluminum foil. Upon arrival in the laboratory the
sample tubes were stored in a refrigerator at 4 ◦C until analysis. All
samples were analyzed within a week after the collection.

2.5. SPTD–GC/MS analysis

TD was carried out on an SIS AutoDesorb
®

Short Path Ther-
mal  Desorption device (Model 2000, Scientific Instrument Services,
Inc., Ringoes, NJ, USA) (Fig. 1). Helium was  used as the desorption
gas to direct the desorbed organic compounds to the GC injec-
tion port. SPTD Tubes were screw-mounted with a GC injection
needle (35 mm long with flat tip, parts number: 786035, Scien-
tific Instrument Services, Inc., Ringoes, NJ, USA) and placed on a
12-tube carousel for automated analysis. The tube picked from
carousel for analysis was first dry-purged with helium for 2 min
to remove possible moisture in the tube. Then the tube was con-
nected to GC injection port through the needle. TD started 1.0 min
after the needle was  inserted through the GC septum into heated GC
inlet (350 ◦C) for pressure stabilization. During desorption, the ana-
lytes were trapped on a micro cryo-trap (−20 ◦C) at the front end
of the GC column that was  mounted inside the GC oven beneath

the injection port. When desorption was completed, the cryo-trap
was held at −20 ◦C for an additional 0.5 min  to prevent pressure
fluctuations, after which time, the GC/MS program started and the
cryo-trap was rapidly heated at about 400 ◦C/min to 350 ◦C.
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Table  1
Targets with number of rings (RN), retention time (RT), quantitation (T) and qualifier
ion (Q) used for SIM detection of targeted PAHs and internal standards.

Peak Name Abbreviation RN RT, min  T Q

1 Naphthlene-d8 NAP-d8 2 8.93 136.1 108.1
2  Naphthalene NAP 2 8.99 128.0 102.0
3  Acenaphthylene ACP 3 15.01 152.1 76.30
4  Acenaphthene ACE 3 15.73 153.0 76.1
5  Fluorene FLU 3 17.83 166.1 82.3
6  Phenanthrene PHE 3 21.64 178.1 89.0
7  Anthracene ANT 3 21.85 178.1 89.0
8  Fluoranthene FLUO 4 26.38 202.1 101.1
9  Pyrene PYR 4 27.11 202.1 101.1
10  Benz(a)anthracene B(a)A 4 30.89 228.1 114.0
11  Chrysene-d12 CHR-d12 4 30.91 240.2 236.2
12  Chrysene CHR 4 30.95 228.1 114.0
13  Benzo(b)fluoranthene B(b)F 5 33.62 252.1 126.0
14  Benzo(a)pyrene B(a)P 5 34.21 252.1 126.0
15  Indeno(1,2,3-cd)pyrene IND 6 36.57 276.2 138.0
16  Dibenz(a,h)antheracene DBA 5 36.65 278.2 139.0
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17 13C12-Benzo(g,h,i)perylene 13C12-B(g,h,i)P 6 37.01 288.2 144.0
18  Benzo(g,h,i)Perylene B(g,h,i)P 6 37.01 276.2 138.0

The SPTD device was connected to an Agilent GC 6890 cou-
led with an Agilent 5973 MS  detector (Agilent, Santa Clara, CA,
SA). The compounds were separated on a DB-5MS capillary col-
mn  (30 m length × 0.25 mm I.D. × 0.25 �m film thickness). The GC
as operated in constant pressure (23 psi) mode. The MS  was  oper-

ted in the electron impact (EI, 70 eV) ionization mode. The ion
ource and quadrupole temperatures were set at 230 ◦C and 150 ◦C,
espectively. Samples were monitored in full scan mode for the
ptimization of thermal desorption parameters and in single ion
onitoring mode (SIM) for evaluating the method performance

nd for the analysis of samples. The ions selected for each of the
argets under SIM are listed in Table 1.

Quantification of the target compounds (T) was performed
sing an internal standard calibration as following. Calibration
ubes were spiked with known amounts of the PAHs shown in
able 1 (0.03, 0.1, 0.3, 1, 3, 10 ng/tube) and internal standards
IS) (1 ng/tube) to generate the calibration curve. The regression of
he calibration curve was based on a power law relationship. The
mount of PAH in the sample = a × xb, where x is the peak area ratio
f PAH to IS in the sample, and a and b are regression constants
etermined by the calibration. Detailed description of this internal
tandard quantification method was provided in part II of the Sup-
lementary Information. NAP-d8 was used for generating the peak
rea ratio for NAP; CHR-d12 for ACP, ACE, FLU, PHE, ANT, FLUO, PYR,
(a)A, CHR, B(b)F, and B(a)P; and 13C12-B(g,h,i)P for IND, DBA, and
(g,h,i)P.

. Results and discussions

.1. Selection of adsorbents

To select appropriate adsorbents for collecting and analysing
irborne PAHs, each of the three individual adsorbents (Glass beads,
arbopack C, and Carbopack B) was first tested under the TD con-
ition of 325 ◦C for 20 min. GC/MS chromatograms of PAHs (Fig. 2)
ere compared among the three adsorbents and also to the results

f the direct liquid injection (10:1 split). Visual inspection of rela-
ive peak abundances among the four chromatograms provided a
uick estimation on the sorption strength of different sorbents for
he measured PAHs. Relative peak intensities of PAHs from glass
eads (Fig. 2B) and Carbopack C (Fig. 2C) tubes were similar. They

ere also similar to those of the direct injection (Fig. 2A), except for

he last three eluting peaks (IND, DBA, and B(g,h,i)P). The reduced
elative peak intensity of the last three eluting PAHs in thermal des-
rption (Fig. 2B and C) compared to direct liquid injection (Fig. 2A)

Fig. 2. GC/MS chromatogram of the PAH standard mixture (3 ng of each of the PAHs)
generated from A: liquid injection (1 �l, 1:10 split); B: glass beads; C: Carbopack C;
and  D: Carbopack B. Peaks are 1: NAP, 2: ACP, 3: ACE, 4: FLU, 5: PHE, 6: ANT, 7: FLUO,
8:  PYR, 9: B(a)A, 10: CHR, 11: B(b)F, 12: B(a)P, 13: IND, 14: DBA, 15: B(g,h,i)P.
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Table 2
Optimized instrumental conditions for SPTD–GC/MS analysis of PAHs.

Parameter Value

SPTD conditions
Purge flow rate 60 ml/min
Purge time 2 min
TD temperature and time 280 ◦C, hold for 0 min, ramp at

10 ◦C/min to 350 ◦C, hold for
33 min

Cryogenic trap hold −20 ◦C
Trap heating temperature 350 ◦C
Trap heat duration 30 min

GC/MS conditions
Pressure of GC head (constant) 23 psi
Column flow at 60 ◦C 2.8 ml/min
Split ratio 10:1
Oven temperature 60 ◦C, hold for 2 min, ramp at

6 ◦C/min to 200 ◦C, ramp at
10 ◦C/min to 315 ◦C, hold for
5 min

GC/MS transfer line temperature 300 ◦C
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may  be quite different from that in real indoor air sample tubes
Injector temperature 350 ◦C

ndicated some losses of these three heavy PAHs during thermal
esorption process due to the fact that they have the lowest vapor
ressure among the targeted PAHs. Carbopack B was  proven to be
oo strong for the thermal release of PAHs except for NAP and ACE
s shown in Fig. 2D. Carbopack B, however, can be a good adsorbent
o trap these low molecular weight PAHs in real-world situations as
t prevents their breakthrough when sampling large volumes of air.
ased on these results, a multi-sorbent tube consisting of 220 mg
f glass beads, 45 mg  of Carbopack C, and 15 mg  of Carbopack B was
ssembled for the subsequent experiments.

.2. Evaluation of thermal desorption processes

Parameters of TD operations that were optimized included des-
rption temperature (from 305 ◦C to 350 ◦C) and desorption time
from 10 min  to 33 min), cryo-trap temperature during desorption
from −40 ◦C to 0 ◦C) and GC split in GC injection (from 5:1 split
o 30:1 split). TD desorption flow (flow rate passing through the
ample tube) was determined by the split value of GC injection.
eating temperature of the cryo trap, and GC injector tempera-

ure were both operated at 350 ◦C. Detailed procedures and results
f the optimization were provided in part I of the Supplementary
nformation. Optimal conditions for each parameter were selected
or the maximal peak areas on the chromatograms.

Under the optimal conditions (Table 2), thermal desorption per-
ormance was evaluated through determination of residual levels
f PAHs in the three parts of the analytical system: (1) the mass
emained in the sample tube after initial run, (2) the needle con-
ecting the tube, and (3) the GC unit including both the injection
ort and the GC column [22] in the following order. Residues in
he column after the initial sample run were first investigated by
unning a blank tube connected with a clean needle; the amount of
AH detected in this run was assumed to be the amount left in the
C column and GC injection port from the original sample anal-
sis. Afterwards, about 30 cm of the column at the injection end
as cut, and the GC injection port was cleaned and a new septum

nd a new liner were installed. A blank tube was then analyzed to
ake sure that the analytical system was free of PAH residues after

he maintenance. After GC system was clean, the original sample
ube from the initial sample run was connected to a clean needle

nd was analyzed second time to determine the amount left in the
riginal sample tube. After another blank run to verify the system
o be free of PAH residues, a blank tube that was connected to the
Fig. 3. Stack columns of the amount of the PAHs detected in different parts of the
analytical system, based on their peak areas. PAHs with 2- and 3-rings had 100%
recovery from the 1st tube run and, therefore, are not included in this figure.

original needle was analyzed to determine the amount of PAHs left
in the original needle from the original sample analysis.

Residual levels were presented in Fig. 3. No residue was  found
for the 2- and 3-ring PAHs (molecular weight (MW) of 178 Dalton
or less) and therefore they were not included in Fig. 3. The amount
of a PAH in the original tube was considered to be the sum of the
amounts detected in the initial sample analysis, plus the amounts
recovered from the above-mentioned three parts. The percentages
of the amounts in each part were calculated by the ratio of the peak
area of each part to the total peak area of the sum of the four. This
approach however did not consider the irreversible loss of PAHs
during the thermal desorption and GC/MS analysis.

Among the larger PAHs (4- to 6-ring PAHs), the total residues
accounted for about 3% for PAHs with MW of 202, 228, and 252
Dalton, and accounted for 3–6% for the last three eluting PAHs with
MW of 276 and 278 Dalton. This range of residual values was  sig-
nificantly lower than the 7 – 25% carry-over reported by Lazarov
[20] who  used a UnityTM thermal desorption system that was  con-
nected to a GC and used multiple sorbent (PSMS/Tenax) tubes for
collecting airborne PAHs.

The amount of PAH residues that remained in the GC injection
port and column was the largest (up to 2.6%) for the three last elut-
ing PAHs (Fig. 3). A smaller amount of the PAH residues were found
to be present in the needle connected to the sample tube. This
amount was <0.5% for the 4-ring PAHs, but increased to 1.3% for
DBA. Since there was  a small unheated space between the heat-
ing block for the sample tubes and the GC injection port, a cold
spot where the needle was  located may  exist (Fig. 1), leading to the
accumulation of PAH residues in the needle.

For SPTD, PAH residues in the sample tube and in the connecting
needle after the initial run will not impact the next sample run
as the tube and the needle were thermally conditioned after the
initial sample run to remove the residues before the tube and needle
were reused for subsequent analysis. PAHs left on the GC  injection
port and the column could lead to a carry-over to the next run.
This carry-over, however, was minimized by running a blank tube
between each sample under the same instrumental conditions.

3.3. Performance of the optimized method

Evaluation of the method performance was  carried out using
spiked standard tubes. Since the standards were dispersed in the
tube with 2 L of nitrogen only, the distribution of PAHs in the tube
that had 1 m3 of indoor air passing through it. When interpret-
ing the performance data shown below, one has to keep in mind
that a shorter flushing volume of gas to disperse the chemical may
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Table  3
Performance of the optimized method which includes: desorption efficiency (DE),
coefficient of determination (r2) for the power law based calibration, repeatability
as  measured by its relative standard deviation (RSD), and method detection limit
(MDL).

PAHs DE r2 RSD (n = 7) MDL

% 0.3 ng 1.0 ng 10 ng �g/m3

NAP 100 0.9949 12.0% 8.9% 6.1% 0.62a

ACP 100 0.9948 16.0% 10.7% 7.7% 0.08a

ACE 100 0.9975 8.3% 11.8% 6.0% 0.10a

FLU 100 0.9963 19.3% 8.6% 8.1% 0.28a

PHE 100 0.9975 6.0% 12.4% 2.3% 0.30a

ANT 100 0.9983 13.1% 13.6% 1.5% 0.08a

FLUO 98.9 0.9991 6.3% 6.6% 1.1% 0.07a

PYR 99.3 0.9994 6.9% 10.8% 1.8% 0.08a

B(a)A 98.3 0.9959 6.1% 6.6% 5.3% 0.04a

CHR 98.3 0.9982 10.3% 5.4% 1.1% 0.08a

B(b)F 98.6 0.9994 13.1% 7.7% 5.6% 0.01b

B(a)P 100 0.9939 14.9% 9.1% 10.0% 0.04b

IND 98.7 0.9951 10.6% 6.6% 8.4% 0.03b

DBA 97.8 0.9999 21.3% 9.8% 10.4% 0.03b

B(g,h,i)P 99.5 0.9963 1.5% 1.0% 0.8% 0.05b

M 3
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DL  was based on samples of 1 m air volume.
a Residue present in field blanks (n = 7), MDL  = 3.14 × s.d. + mean blank.
b No residue present in field blank, MDL: instrument detection limit.

ead to a greater thermal desorption efficiency values in the stan-
ard tubes. Table 3 lists thermal desorption efficiency (DE) and
ther method performance indicators for the selected PAHs under
he optimized conditions. To determine DE, the same sample was
un second and third time. There was no residue detected in the
hird run. DE in Table 3 therefore was defined as the percent-
ge of amount detected from the first sample run divided by the
um of amount from the first and second sample runs. Since the
econd desorption of the original sample tubes showed residual
evels between 0.5 and 2.2% for the 4- to 6-ring PAHs, DE values for
hese heavier PAHs were estimated to be between 97.8 and 99.5%
Table 3).

The calibration curve of PAHs under the optimized SPTD–GC/MS
onditions was best described by a power law relationship, instead
f a linear regression, with coefficient of determination (r2) values
reater than 0.994. Detailed steps for the calibration and quantifi-
ation were provided in part II of the Supplementary Information.

Repeatability was evaluated by assessing the relative stan-
ard deviation (RSD) of the seven replicate tubes each spiked at
.3 ng/tube, 1.0 ng/tube and 10 ng/tube, respectively. RSD values at
0 ng/tube level were at or below 10% for all target PAHs, while RSD
alues at the other two  lower spiking levels were slightly larger, up
o 14% at 1.0 ng/tube level and up to 21% at 0.3 ng/tube level.

Method detection limit (MDL) was calculated as 3.14 times the
tandard deviation (SD) of the tubes (n = 7) spiked at low levels
0.03 or 0.3 ng/tube of each PAH, and the MDL  was expressed in
nits of ng/tube. If a compound was detected in the blank tubes,
he MDL  was calculated as the mean value of the blank tubes plus
.14 × SD. The MDLs of PAHs were below 0.1 ng/tube, except for
AP (0.62 ng/tube), PHE (0.30 ng/tube) and FLU (0.28 ng/tube) due

o their residual levels in the blanks (Table 3). Since the nominal
ample volume was 1.0 m3 for a 7-day sampling period, the detec-
ion limit for the PAHs in indoor air in this case was estimated to
e less than 0.1 ng/m3. Though NAP, PHE and FLU had relatively
igh MDLs compared to other PAHs, their MDLs were well below
heir typical concentrations (see Section 3.4) in indoor air. There-
ore, the relatively high MDLs of these three PAHs do not affect the
etermination of their levels in field studies.
Another important aspect of the method is the breakthrough
olume. Breakthrough volume in this study was  investigated for
he selected PAHs by analysing two adsorbent tubes connected in
eries. The first tube in the gas stream was spiked with three inter-
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nal standards used in the study at 1 ng/tube and PAHs at 3 ng/tube.
Then, nitrogen (99.999%) was  passed through the two  connected
tubes at 200 ml/min for a certain period of time, resulting in an air
volume equivalent to 0.5 m3, 1.0 m3 and 2.0 m3, respectively. Naph-
thalene and other PAHs were not detected in the back up tubes,
which indicated that no breakthrough occurred for sampling vol-
ume  up to 2 m3. In comparison, breakthrough volume for the PDMS
material is small for certain light PAHs such as naphthalene and an
addition of Tenax TA was  required to increase the breakthrough
volume for these volatile PAHs [19]. Using the multi-sorbent tube
containing PDMS and Tenax TA, Lazarov et al. tested sampling vol-
ume  up to 732 L and no breakthrough of PAHs was  found [20].

3.4. Measurement of airborne PAHs in residential indoor air

To evaluate the effectiveness of this method for measuring air-
borne PAHs, twelve indoor air samples from nine homes (four
houses and five apartments), including one sample taken from an
attached garage (Table 4), in the city of Ottawa, Canada, were ana-
lyzed in this study. Those were volunteer based samples to illustrate
the application of the developed method. Levels of indoor air PAHs
presented in the paper therefore were not representative of the
city.

Natural gas was used as the primary heating source in all four
houses while electric heating devices were the norm in all of the
apartments. Natural gas heating systems were in operation in all of
the houses when indoor air was collected, except for the S1-L, S2-K
and S4-G samples (Table 4). It has been reported that one of the
major contributions to the PAHs found in indoor air is incomplete
fuel combustion from heating, cooking, or smoking [23]. All of the
houses had an attached garage with a connecting door to the living
space of the house. Of the five apartments, three (S8-L, S9-L and
S10-L) had outdoor parking only, while the other two had both
outdoor and underground (indoor) parking facilities.

Before sampling, TD tubes were spiked with 1 ng of each of the
three internal standards. The concentrations of the target PAHs
in indoor air were calculated by the internal standard calibration
method (See Supplementary Information). The levels of airborne
PAHs in all nine homes are presented in Table 5. The samples were
collected in various living spaces which include: living room (L),
kitchen (K) and basement (B) (Table 4). One sample (S4-G) was
collected from an attached garage for comparison purposes.

NAP has the highest vapour pressure among all of the selected
PAHs. It is present usually in residential indoor air at micro-gram
per cubic meter levels [2,24–26], which is several orders of magni-
tude higher than the other airborne PAHs. NAP is often measured
together with volatile organic compounds (VOCs) such as benzene
and toluene, and is sometimes excluded from the analytical win-
dows for PAHs [7,27,28]. In order to collect a sufficient amount of
other PAHs in the thermal desorption tubes for their detection,
a 1 m3 volume of air was chosen based on the sensitivity of the
TD–GC/MS instrument. As a result, the amount of NAP collected
in the sample was  over-saturated and as a result, the response of
the NAP signal on the GC/MS chromatogram was  suppressed. This
produced underestimated values for NAP in these indoor air sam-
ples (Fig. 4). This was evident when the NAP values found in this
study were lower than levels reported for indoor air determined by
analytical methods developed for VOCs [25,26].

Concentrations of the total PAHs excluding NAP (
∑

PAH-NAP)
in the indoor air of the nine homes ranged from 26 to 344 ng/m3,
with a mean value of 92 ng/m3. The PAH profile from the indoor air
samples was  found to be dominated by the 3-ring PAHs (ACP, ACE,∑

FLU, PHE, and ANT), which account for about 95% of PAHs-NAP
(Fig. 5). Although there was  only one garage sample analyzed in this
study, the profile of the this sample was quite different from that
of the indoor air collected inside the houses and apartments; PHE
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Table 4
Description of housing characteristics and heating situation of the sampled homes.

Home Sample Description

1 S1-L
S2-K
S3-K
S4-G

Semi-detached house; attached garage connected by a door; heating: natural gas, not in use, except for S3-K

2  S5-L Single detached house; attached garage connected by a door; heating: natural gas, in use
3  S6-L Single detached house; attached garage connected by a door; heating: natural gas, in use
4  S7-B Single detached house; attached garage connected by a door; heating: natural gas, in use
5  S8-L Apartment-first floor; outdoor parking only; heating: electric, in use
6  S9-L Apartment-first floor; outdoor parking only; heating: electric, not in use
7  S10-L Apartment-higher floor; outdoor parking only; heating: electric, not in use
8  S11-L Apartment-higher floor; outdoor and indoor parking; heating: electric, not in use
9  S12-L Apartment-higher floor; outdoor and indoor parking; heating: electric, not in use

All homes used electric stoves and are non-smoking. L: living room; K: kitchen; B: basement; G: garage.

Table 5
Concentrations of the PAHs (ng/m3) in the indoor air samples collected in different homes (see Table 4 for description of air samples).

PAHs S1-L S2-K S3-K S4-G S5-L S6-L S7-B S8-L S9-L S10-L S11-L S12-L

NAPa 42 50 257 69 305 354 351 215 235 57 45 43
ACP  0.97 1.2 2.9 13 1.4 0.87 14 2.3 10 1.7 1.4 0.59
ACE  5.6 5.4 11 4.6 11 4.9 77 16 52 10 6.5 2.6
FLU  12 14 21 2.9 29 13 163 41 102 26 22 9.7
PHE  6.2 6.2 7.8 97 18 9 77 25 66 14 17 10
ANT  0.27 0.39 0.36 131 0.82 0.46 7.3 3.4 6.7 0.77 0.89 0.32
FLUO 0.31 0.42 0.54 5.8 0.48 0.42 3.4 2.2 4.4 0.71 1.9 1.0
PYR  0.51 0.42 0.6 5.7 0.51 0.42 2.1 1.4 2.6 0.76 1.5 0.74
B(a)A  <MDL 0.89 <MDL 0.13 0.19 0.08 0.09 0.12 0.12 0.26 0.17 0.09
CHR  <MDL 1.7 <MDL 0.18 0.39 0.15 0.09 0.22 0.17 0.43 0.29 0.11
B(b)F 0.04 0.38 0.14 0.12 0.09 0.05 0.06 0.14 0.09 0.14 0.13 0.08
B[a]P  <MDL 0.08 0.15 0.06 0.12 0.06 0.06 0.11 0.07 0.1 0.06 0.06
IND  0.03 0.04 0.08 0.13 0.08 <MDL <MDL 0.1 0.04 0.07 0.11 0.06
DBA  <MDL 0.11 0.04 0.03 <MDL <MDL <MDL 0.06 <MDL 0.03 0.04 0.03
B(g,h,i)P 0.05 0.06 0.13 0.13 <MDL <MDL <MDL 0.09 <MDL 0.07 0.13 0.07∑

PAH-NAP 27 31 46 261 62 29 344 93 244 56 51 26

a The NAP value might not be reliable due to over-saturation of NAP in samples of 1 m3 of air volume. Values <MDL (see Table 3) was  treated as zero in the statistical
analysis.
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ig. 4. A typical TD–GC/MS chromatogram of the indoor air samples. The peak num
NT,  8: FLUO, 9: PYR, 10: B(a)A, 11: CHR-d12, 12: CHR, 13: B(b)F, 14: B(a)P, 15: IND
etween the level of NAP and the other target PAHs.

nd ANT were the dominant PAHs in the garage, while ACE, FLU,

nd PHE were dominant ones in the indoor air samples (Fig. 5).

Three indoor air samples (S1-L, S2-K, and S3-K) were collected
n the same house, but at different times. Higher levels of PAHs
n S3-K samples as compared to S1-L and S2-K may  be attributed
orrespond to those in Table 1: 1: NAP-d8, 2: NAP, 3: ACP, 4: ACE, 5: FLU, 6: PHE, 7:
DBA, 17: 13C12-B(g,h,i)P, 18: B(g,h,i)P. A noteworthy feature is the large difference

to the operation of the natural gas furnace during the collection

period for this sample as gas furnace was not in operation during
the sampling of S1-L and S2-K. Gas furnace was  identified as one of
the indoor sources of PAHs by others too [3,27,29].
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Table  6
Comparison between the ranges of PAH concentrations in indoor air from homes reported by others and those determined in this study (ng/m3).

PAH Ottawa, Canada Detroit, USA Hangzhou, China Kuwait Birmingham, England Porto, Portugal
2014  2006 1999 2004 2010 2011
(n  = 11) (n = 29) (n = 8) (n = 24) (n = 81) (n = 6)
This study Ref. [24] Ref. [3] Ref. [7] Ref. [27] Ref. [17]

ACP 0.59–14 <0.1–86.4 – 0.005–0.613 N.D. – 7.63 –
ACE  2.6–77 <0.1–378.9 45.3–613 0.029–0.746 N.D. – 12.4 –
FLU  10–163 <0.1–77.1 56.3–684 0.087–2.185 N.D. – 3.73 –
PHE  6.2–77 <0.1–363.6 78–851 0.363–11.705 N.D. – 6.42 <LOQ – 89.0
ANT  0.27–7.3 <0.1–382.5 0.621–53.9 0.011–0.564 N.D. – 0.58 –
FLUO  0.31–4.4 <0.1–21.8 6.75–29.9 <MDL – 1.398 N.D. – 6.64 –
PYR  0.42–2.6 <0.1–7.9 10.9–46.4 <MDL – 1.269 N.D. – 24.0 –
B(a)A  <0.04–0.89 – 6.36–35.9 <MDL – 0.441 N.D. – 0.22 –
CHR  <0.08–1.7 – 4.12–14.4 <MDL – 0.629 N.D. – 14.5 –
B(b)F  0.04–0.38 – 1.55–10.4 <MDL – 0.487 N.D. – 5.54 –
B(a)P  <0.04–0.15 – 0.432–9.76 <MDL – 0.479 N.D. – 4.91 –
IND  <0.03–0.11 – 1.11–7.37 <MDL – 0.626 N.D. – 2.10 –
DBA  <0.03–0.11 – 0.187–1.72 <MDL – 0.708 N.D. – 1.51 –
B(g,h,i)P <0.05–0.13 0.828–15.3 

N.D.: not detected; LOQ: limit of quantification; MDL: method detection limit.
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As shown in Table 6, indoor air levels of PAHs detected in this
tudy in general agreed with levels reported by others [7,17,24,27]
xcept for the study of Liu et al. [3]. Liu et al. measured PAHs in
ndoor air and outdoor air of residential homes in Hangzhou, China
nd found PAH levels in residential indoor air, without counting
or NAP, to be in the range of 1.3–6.3 �g/m3 in the summer and
.8–5.3 �g/m3 in autumn. The high PAH values found in Hangzhou,
hina could be partially due to the typical lifestyle in China, which

ncludes different cooking methods [30], smoking indoors, and use
f liquefied petroleum gas as cooking and heating fuels.

B(a)P is the most extensively studied chemical of PAHs due to its
nown carcinogenicity. Both the World Health Organization (WHO)
nd the UK Expert Panel on Air Quality Standards (EPAQS) have
lassified B(a)P as a marker of the carcinogenic potency of PAHs
ixtures [27]. In this study, the concentration of B(a)P was  found

o be between the MDL  and 0.15 ng/m3, which is lower than the
alue reported by others; this could be attributed to the fact that
ll of the homes sampled in this study were non-smoking homes.

. Conclusions

An SPTD–GC/MS method was developed to analyze airborne
AHs. This method used a multi-sorbent tube (Glass beads, Car-
opack C, and Carbopack B) for collecting the airborne PAHs. The
hort path for the transfer of thermally desorbed PAHs from tube
o the GC through the GC injection port resulted in the good per-
ormance for analyzing PAHs. The residual level in the analytical
ystem was low, even for the three PAHs that have a molecular

eight of 276 and 278 Dalton. Use of multi-sorbent tubes allows for

he capture of PAHs with a wide range of vapour pressures, namely
rom NAP to 6-ring PAHs. Therefore, this method can be adapted to

easure other SVOCs whose vapour pressures are between those
<MDL – 0.623 N.D. – 4.17

of NAP and 6-ring PAHs. With a 1 m3 sample volume, this method
offers sufficient analytical sensitivities to detect PAHs in indoor
air; only very few measurements were below the method detec-
tion limits. This method used a portable, low flow pump to collect
indoor air and is therefore also suitable for sampling other locations
where the use of high-flow pumps is problematic, or not permitted
due to noise restrictions.

One major limitation of the SPTD method described in this study
is its inability to collect parts of the thermally desorbed PAHs, which
are vented due to requirement for splitting desorbed gas stream in
TD operation (Table 3), for subsequent analysis. This inability limits
the range of detectable concentrations among the target chemi-
cals, since dilution of the samples is impossible. As a result, for any
desired volume of air that is collected, there will be either too much
or not enough quantity of some target chemicals at both ends of the
concentration range. This has been shown by the over-saturation
of NAP in the 1 m3 sample volume of indoor air. Multiple samples
with different air volumes may  be required to cover a wide range
of concentrations of target chemicals.
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