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1 Introduction

Determination of eight benzene homologues in
airport ambient air and aircraft cabin air by two-
stage thermal desorption-gas chromatography+

Tao Liu,¥? Tiankuo Yang,1? Xiaoxue Yuan, ©*® Qingmin Su,¢ Jun Feng®
and Jiwen Jiang™*?

In this study, a two-stage thermal desorption-gas chromatography (TTD-GC) method was established to
determine eight benzene homologues (benzene, toluene, ethylbenzene, p-xylene, m-xylene, o-xylene,
styrene, and p-tert-butyltoluene) in airport ambient air and aircraft cabin air. By optimizing
chromatographic conditions and two-stage thermal desorption parameters, detection sensitivity was
significantly enhanced. The detection limits for the eight benzene homologues ranged from 41 ng m™>
to 108 ng m~3,

concentration benzene homologues. The results demonstrated that the method was highly suitable for

achieving sub-nanogram-level sensitivity, which enabled effective detection of low-

complex environmental samples, enabling effective separation and detection of the eight benzene
homologues without interference from multiple substances in airport ambient air or other organic
compounds released from cabin materials. Furthermore, the integrated design of sample pretreatment
and analysis minimizes the steps for sample pretreatment, eliminating errors arising from sample transfer
and solvent extraction in conventional methods. This has consequently improved the detection
efficiency and accuracy. The spiked recoveries of the method were between 90.5% and 115.2%, with
relative standard deviations ranging from 0.6% to 8.1%. Short-term monitoring of airport ambient air and
aircraft cabin air revealed that benzene homologues concentrations significantly increased during airport
peak flight hours and the initial stage of aircraft takeoff, and gradually decreased during the flight. Based
on concentration ratios and correlation analyses, we inferred that airport ambient air homologues
primarily originated from aviation fuel combustion and ground transportation exhaust, while cabin air
homologues stemmed from interior material volatilization, outdoor air circulation/recirculation, and fuel
vapor permeation. This study presents a novel technical approach for airport and cabin air quality
monitoring, providing scientific evidence for relevant environmental management and health risk
assessments.

a significant increase, with the flight volume growing from 12.8
million to 15.6 million during the same period. This rapid

According to the latest report from the International Air
Transport Association (IATA, 2024), the global number of
commercial flights surged from 36.5 million in 2019 to 42.3
million in 2023, representing a compound annual growth rate
of 3.7%. In particular, the Asia-Pacific region witnessed
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growth in air transport has heightened concerns over air quality
in airports and aircraft cabins. Benzene homologues (benzene,
toluene, ethylbenzene, xylenes, etc.), classified as volatile
organic compounds (VOCs), pose significant health risks due to
their carcinogenicity, teratogenicity, and persistent toxicity,
making them a global research priority in environmental and
public health."” Airport environments are major emission
sources of these pollutants, driven by aircraft/ground vehicle
exhaust, fuel evaporation, cargo operations, and nearby indus-
trial activities, with concentrations influenced by flight
frequency and meteorological conditions.*” Within aircraft
cabins, emissions arise from interior materials, fuel vapor
permeation, and recirculated air systems,*™* often exceeding
WHO indoor air quality guidelines (2016). Chronic exposure to
low-level benzene homologues is linked to respiratory and
neurological damage in both crew members and
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passengers,””™* prompting WHO to list them as priority
pollutants (2021). Current research has focused mainly on field
sampling and monitoring of benzene homologues in industrial
zones and urban atmospheres. Systematic research on special
environments such as airports and aircraft cabins remains
1416 which primarily concentrate on portable

15-18

relatively scarce,
VOCs monitoring methodologies and modeling analysis.
Thus, advanced analytical methods are critical for aviation air
quality assessment and health protection.

Two-stage thermal desorption (TTD) coupled with gas chro-
matography  (GC)-flame ionization detector (FID)/gas
chromatography-mass spectrometry (GC-MS), Especially TTD-
GC-FID has emerged as a powerful tool for VOC analysis,
offering high enrichment efficiency, solvent-free operation, and
low sample consumption.’* Compared to solvent-based
methods, TTD enhances detection limits via primary desorp-
tion and cold trap focusing while eliminating solvent
interference.>® Successful applications include indoor/urban
air,?** industrial emissions/industrial ambient air,***° vehicle
environments/vehicle emissions,*** healthcare settings,* and
breath gas.*®*” Therefore, the application of TTD-GC in the
detection of benzene-series compounds within aircraft cabin
environments demonstrates several unique advantages. First,
the solvent-free pretreatment process eliminates secondary
contamination risks associated with conventional solvent-
based methods. Second, the technique exhibits exceptional
resistance to analytical interference. By optimizing instru-
mental analytical parameters and thermal desorption condi-
tions, effectively mitigating interference from water vapor, CO,,
and high-boiling compounds.

This study developed a standardized TTD-GC protocol for
the simultaneous detection of eight benzene homologues in
airport ambient and aircraft cabin air. Sampling procedures
were optimized for aviation environments, and analytical
parameters were rigorously validated. Comparative analysis of
functional zones (runway zone, terminal building zone, apron
zone, auxiliary zone) in general aviation and commercial
transportation airports, as well as aircraft cabins, revealed
distinct distribution patterns of benzene homologues. These
findings elucidate the emission sources and influencing factors,
providing a methodological foundation for targeted pollution
control in aviation ecosystems.

2 Experimental and methodology
2.1 Experimental

2.1.1 Instruments and reagents. The following instruments
were used: a 7890A gas chromatograph equipped with
a hydrogen flame ionization detector (Agilent Technologies,
USA); a hydrogen generator (Peak, UK); a Unity Series 2 two-
stage desorber (Markes, UK); a LAB-T220 aging instrument
(Guangzhou Appinno Instrument Co., Ltd, China); Tenax-TA
adsorption tubes and 0.22 pm polytetrafluoroethylene
membrane (Markes, UK); a DB-WAX capillary column (30 m x
0.25 mm x 0.25 pm); a gas preparation instrument for
preparing standard series by liquid external standard method
(equipped with a high-purity nitrogen flow regulator); an air

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sampling pump (flow range: 0.1-1.0 L min ', Wuhan Tianhong
Instruments Co., Ltd, China); a multi-range electronic soap film
flow meter (Beijing Municipal Institute of Labour Protection,
China); pipettes with volume ranges between 0.5 and 1000 pL
(Biohit, Finland); and 10.0 pL microinjectors (Shimadzu,
Japan).

A certified mixed standard solution of eight benzene
homologues in methanol (benzene, toluene, ethylbenzene, p-
xylene, m-xylene, o-xylene, styrene and p-tert-butyltoluene, 1000
ng uL™") was purchased from Beijing Tanmo Quality Testing
Technology Co., Ltd; methanol was purchased from Fisher
Scientific (USA).

2.1.2 Sample collection. This study selected a commercial
transportation airport and a general aviation airport as atmo-
spheric sampling sites. Corresponding types of commercial
transportation aircraft and flight training aircraft were chosen
for cabin air sampling. To ensure spatial representativeness,
airport sampling covered pollution source zones, diffusion
zones, and background sites. Cabin sampling targeted high-
density passenger areas and pollution-sensitive zones. For
temporal representativity, airport sampling was conducted in
three time windows: morning (6:00-9:00), noon (12:00-15:00),
and evening (18:00-21:00). Cabin sampling covered different
flight cycles, including weekdays and weekends. Based on
airport functional layouts, four representative sampling points
were established per airport. The runway area included three
points at 50 m, 200 m, and 500 m from the runway center line.
The terminal building area covered three points: departure
entrance (De), security checkpoint (Sc), and waiting lounge (W1).
The apron area included four points, with two each in cargo
aprons (Ca) and passenger aprons (Pa). The auxiliary area
comprised two points: fuel storage zone (Fsz) and maintenance
hangar (Mh). Additionally, three meteorological control points
were set in upwind background areas per airport. Pre-
conditioned Tenax-TA adsorption tubes were connected to air
sampling pumps. Flow rates were calibrated using a soap film
flowmeter. Air samples were collected at 200 mL min* for 30
minutes. Sampling height was fixed at 1.5 m, aligning with the
human breathing zone. Temperature and atmospheric pressure
were recorded for standardized volume conversion.

Three sampling points were set per cabin. The front cabin
point was located in the first-class seat area, 2 m from the cabin
door. The mid-cabin point was in the central economy section
near the emergency exit. The rear cabin point covered the tail
galley and lavatory area. Each transport aircraft had three fixed
points, while smaller training aircraft used a single sampling
point. Sampling covered 10 flights per category, using the same
aircraft model with an age of =<5 years (mainly based on two
considerations: the higher volatility of interior materials and
ensuring the controllability of the method variables). To miti-
gate cabin pressure effects, samples were collected at 200
mL min~' for 30 minutes, covering takeoff, landing, and
selected cruising periods. Sampling avoided strong airflow
zones, such as air conditioning vents. Sampling heads were
vertically fixed on tripods. For cabin sampling, samplers were
mounted on seatback brackets, avoiding direct passenger
exhalation. Sampling height was 1.2 m above the cabin floor,
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Fig.1 Schematic diagram of TTD-GC-FID system.

matching the seated passenger breathing height. Domestic
flights with a duration of =2 h were selected, maintaining
a cabin pressure of 0.8 atm during cruise.

Post-sampling, tubes were sealed with two-piece threaded
stainless steel caps, labeled with unique codes, and transported
in containers maintained at <4 °C using dry ice to avoid
vibration and high-temperature exposure. All samples were
stored at —20 °C in the dark and underwent thermal desorption
analysis within 7 days of arrival at the laboratory.

2.1.3 Two-stage thermal desorption and instrumental
analysis conditions. As shown in Fig. 1, the sorbent tube was
mounted on the desorber for first-stage thermal desorption
under a non-split mode (all desorbed gas enter the cold trap for
secondary aggregation) at a desorption nitrogen flow rate of 90
mL min !, with the temperature increased at a rate of 100 ©
C min~" from room temperature to 320 °C and held at 320 °C
for 10 minutes. Cold trapping was performed under a split
mode with a split ratio of 20 : 1, with the cold trap temperature
held at 0 °C for 0.8 minutes, then increased at a rate of 100 °C
s~" to 300 °C and held at 300 °C for 5 minutes during second-
stage thermal desorption. The valve and transmission line
maintained at 200 °C.

Benzene homologues compounds were separated on a DB-
WAX capillary column (30 m x 0.25 mm X 0.25 pm). The
column temperature was held at 60 °C for 7 minutes and then
programmed at a rate of 30 °C min~" to 150 °C, followed by
post-run at 230 °C for 10 minutes. The carrier gas flow rate was
1.0 mL min ', the FID temperature was 300 °C, and the injec-
tion port temperature was 240 °C.

2.1.4 Quality control. Tenax-TA tubes were pre-conditioned
before use. Used tubes underwent a 2-hour nitrogen purge at
320 °C, whereas new tubes underwent thermal activation for 3

23774 | RSC Adv, 2025, 15, 23772-23782

hours at 320 °C. Activated tubes were capped with two-piece
threaded stainless steel seals to prevent particle interference
and stored in 4 °C desiccators. Field blanks, constituting 20% of
total tubes, were analyzed. Target compounds in blanks were
required to remain below the detection limits; otherwise, tubes
were re-activated.

Sampling avoided strong airflow zones, such as air condi-
tioning vents. Sampling heads were vertically fixed on tripods.
For cabin sampling, samplers were mounted on seatback
brackets, avoiding direct passenger exhalation. Sampling
commenced 10 minutes before takeoff, with continuous flow
rate monitoring. Galley sampling excluded meal service periods
to avoid interference from VOC emission peaks. Each sampling
batch included one field blank per point. Parallel samples
accounted for at least 10% of each batch, which involved
duplicate sampling per point. Before analysis, a mid-
concentration calibration standard was analyzed per batch,
requiring a = 20% relative error compared to the calibration
curve.

2.2  Methodology

2.2.1 Selection of chromatographic conditions. Consid-
ering that the injection port temperature cannot be lower than
the thermal desorption transfer line temperature, as desorbed
analytes would otherwise condense before entering the column
and compromise separation. Moreover, to ensure complete
vaporization of the eight benzene homologues without thermal
decomposition, which could reduce recovery. Therefore, the
effects of different injection port temperatures (200, 220, 240,
260 and 280 °C) on the total peak area of the eight benzene
homologues were investigated with all other conditions kept
unchanged. The results showed that, when the injection port

© 2025 The Author(s). Published by the Royal Society of Chemistry
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temperature was 240 °C, benzene homologues were gasified to
the maximum extent, and the largest total peak area was ob-
tained. Since ethylbenzene, p-xylene, m-xylene and o-xylene
cannot be easily separated, and the fact that constant temper-
ature analysis can cause peak broadening of high boiling point
compounds such as styrene and p-tert-butyltoluene. Therefore,
this study chose to program the temperature of the chromato-
graphic column. In addition, the column temperature and flow
rate will both have an impact on the separation effects and
analytical run time. To further shorten the run time while
ensuring the eight benzene homologues can be well separated,
a two-factor three-level orthogonal test was carried out to opti-
mize the column temperature program and the flow rate. The
results showed that, when the column flow was maintained at
1.0 mL min~" and the column temperature was programmed at
aramp of 30 °C min~* from an initial temperature of 60 °C (held
for 7 minutes) to 150 °C, the eight benzene homologues could
be well separated, and the obtained total peak area was the
largest while the analytical run time was the shortest. These
chromatographic conditions were therefore adopted.

2.2.2  Selection of two-stage thermal desorption conditions

2.2.2.1 First-stage thermal desorption temperature. Boiling
points of the eight benzene homologues differ significantly.
Ethylbenzene, xylene and, particularly, p-tert-butyltoluene
(boiling point: 193 °C) require a high desorption temperature,
while the filler of Tenax-TA adsorbent tubes requires the
experimental temperature to be lower than 350 °C. Meanwhile,
considering that the temperature is too high, the compound
will undergo thermal decomposition. Therefore, the desorption
effects of benzene homologues (based on the total peak area of
the eight benzene homologues) at different desorption
temperatures (240, 260, 280, 300, 320 and 340 °C) were inves-
tigated. Fig. S1 (ESI)f- depicts the relationship between
desorption temperature and total peak area. The results showed
that the total peak area increased with the desorption temper-
ature when it was below 320 °C but leveled off at higher
temperatures. Therefore, the first-stage desorption temperature
was optimized at 320 °C.

2.2.2.2 Desorption time. Excessively short desorption time
will compromise the desorption efficiency of benzene homo-
logues. Furthermore, time is required for raising the desorption
temperature to the target value. However, prolonged thermal
desorption time may elevate background impurities. Therefore,
the effects of different desorption times (4, 6, 8, 10, and 12
minutes) on the total peak area of the eight benzene homo-
logues were investigated. The results showed that the total peak
area increased with the desorption time when it was below 10
minutes but plateaued at longer durations. Therefore,
a desorption time of 10 minutes was selected as the optimal.

2.2.2.3 Cold trapping temperature. The cold trapping
temperature refers to the cryogenic focus temperature during
two-stage thermal desorption, achieved via a Peltier-cooled trap.
In two-stage thermal desorption analysis, cold trapping
temperature is a critical parameter whose core function is to
improve chromatographic separation efficiency and detection
sensitivity of target analytes through low-temperature enrich-
ment and focusing effects. Given that the capture and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chromatogram of standard solution of eight benzene homo-
logues ((1). benzene; (2). toluene; (3). ethylbenzene; (4). p-xylene; (5).
m-xylene; (6). o-xylene; (7). styrene; (8). p-tert-butyltoluene).

desorption efficiencies of the eight benzene homologues vary
with temperature, a systematic investigation was conducted. A
too-high cold trapping temperature may result in insufficient
analyte focusing and reduced recovery, whereas an excessively
low temperature risks ice blockage due to ambient humidity.
Thus, the effects of different cold trapping temperatures (—30,
—20, —10, 0, 10, and 20 °C) on desorption efficiency were eval-
uated. The total peak area reached a maximum at 0 °C, leading
to the selection of 0 °C as the optimal cold trapping
temperature.

2.2.2.4 Second-stage thermal desorption temperature. To
ensure complete desorption of benzene homologues, prevent
thermal decomposition of target compounds, and remove
residual matrix from the quartz tube, the effects of different
second-stage desorption temperatures (280, 300, 320 and 340 °©
C) on the desorption efficiency were investigated while main-
taining the first-stage desorption temperature (320 °C),
desorption time (8 minutes), and cold trapping temperature (0 °
C) constant. The results showed that the total peak area reached
a maximum at 300 °C and did not significantly change at higher
temperatures. Thus, the second-stage desorption temperature
was optimized at 300 °C.

3 Results and discussion

3.1 Linearity, limit of detection and limit of quantification
of TTD-GC

Using a pipette, 10 pL, 50 pL, 100 pL, 250 pL, 500 pL and 1000 pL
of mixed standard solution were transferred to sample vials and
dilute with methanol to 1.0 mL to produce 10 ng pL™", 50 ng
uL™', 100 ng pL ', 250 ng uL ™", 500 ng uL~ " and 1000 ng pL ™"
mixed standard working solutions. Standard curves were
plotted by liquid external standard method. Under a 90
mL min " nitrogen flow, an aged sorbent tube was connected to
a liquid standard based gas preparation instrument, and, using
a micro-injector, 1.0 puL of each standard concentration point
was injected into the gas preparation instrument and purged for

RSC Adv., 2025, 15, 23772-23782 | 23775
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Table 1 Linear equations, linear correlation coefficients, detection limits and limits of quantification

Correlation Detection limits Limits of quantification
Compound Linear equations coefficients (ng m™?) (ng m™?)
Benzene y = 0.47139x + 20.22435 0.999 41 164
Toluene y = 1.16810x — 25.10382 0.999 48 192
Ethylbenzene ¥y =1.26377x — 19.31280 0.999 70 280
P-Xylene y = 1.20156x — 16.03786 0.998 64 256
M-Xylene y = 1.20024x — 15.23678 0.999 59 236
O-Xylene y =1.27001x — 15.38976 0.999 69 276
Styrene y =1.25823x — 13.37982 0.999 102 408
P-tert-Butyltoluene y =1.20997x + 2.22546 0.999 108 432
Table 2 Desorbed efficiency and stability of eight benzene homologues

Measured value (ng)

Compound Desorbed efficiency (%) RSD (%, n=7) 5d 10d 15d 20d
Benzene 94.5 6.2 243 238 233 230
Toluene 98,7 7.9 245 239 237 230
Ethylbenzene 99,1 8.6 248 250 241 237
P-Xylene 99.7 6.1 250 248 244 246
M-Xylene 100.5 2.1 248 245 250 246
O-Xylene 102.1 1.2 252 250 249 237
Styrene 99.7 1.0 248 244 251 238
P-tert-Butyltoluene 105.9 8.3 250 249 240 242

5 minutes, followed by two-stage thermal desorption-gas chro-
matography analysis. Analytes were identified by retention time.
Fig. 2 displays a chromatogram of the eight benzene homo-
logues, demonstrating their excellent separation. Standard
curves for the eight homologues were constructed with peak
areas as the ordinate and concentrations as the abscissa. The
calibration curve for benzene is shown in ESI Fig. S1.f The
linear correlation coefficients of the eight benzenes were ob-
tained. The limit of detection was defined as three times the
signal-to-noise ratio, and the limit of quantification as 4 times
the limit of detection, based on a sample volume of 6 L. The
results are presented in Table 1. It can be known that good
linearity was obtained over the range of 10-1000 ng for the eight
benzene homologues. Limits of detection ranged between 41 ng

3

m~? and 108 ng m >, and the limits of quantification ranged
3

between 164 ng m~> and 432 ng m .

3.2 Thermal desorption efficiency and stability test

Using a 10 pL micro-injector, 1.0 uL of 250 ng pL~ " standard
solution was injected into the gas preparation instrument
(ultrapure nitrogen flow rate: 90 mL min "), and the analytes
were enriched in seven pre-aged Tenax-TA sorbent tubes.
Desorption efficiency test results are presented in Table 2. The
desorption efficiency of the eight benzene homologues ranged
from 94.5% to 105.9%, with relative standard deviations (RSDs)
ranging from 1.0% to 8.6%. These results indicate that, under
appropriate experimental conditions, the eight benzene
homologues adsorbed on Tenax-TA sorbent tubes can be
completely desorbed. Twelve aged Tenax-TA sorbent tubes were

Table 3 Recoveries and relative standard deviations of eight benzene homologues

Recoveries (%)

Relative standard deviations (%)

Compound 10 (ng pL ™) 250 (ng pL™h) 1000 (ng uL ™) 50 (ng pL™) 250 (ng pL™ ) 1000 (ng pL ™)
Benzene 90.5 100.3 98.8 5.3 0.6 4.8
Toluene 99.3 99.6 103.1 8.1 5.3 4.7
Ethylbenzene 100.5 99.7 102.1 3.4 2.8 0.6
P-Xylene 110.2 109.1 99.9 8.0 7.4 5.6
M-Xylene 115.2 98.8 102.3 0.6 8.1 2.1
O-Xylene 99.8 107.7 102.1 0.7 2.3 5.2
Styrene 91.1 99.6 103.5 0.6 8.1 4.9
P-tert-Butyltoluene 99.8 107.6 103.4 7.6 6.9 0.9
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Table 6 The average and total concentrations of eight benzene homologues in the commercial and training aircraft cabin ambient air in June

2024 and December2024 (ug m—3)

Commercial aircraft cabin

Training aircraft cabin

December
December 2024 June 2024 2024 June 2024

Compound Front cabin Mid-cabin Rear cabin Front cabin Mid-cabin Rear cabin Cabin Cabin
Benzene 1.0 1.2 2.0 0.5 0.6 1.0 0.4 0.2
Toluene 0.7 0.6 1.4 0.3 0.4 0.8 0.3 0.2
Ethylbenzene 0.6 0.7 1.1 0.3 0.3 0.6 0.2 0.1
P-Xylene 0.3 0.4 0.8 0.1 0.2 0.4 0.1 —
M-Xylene 0.5 0.5 0.9 — 0.1 0.3 — —
O-Xylene 0.4 0.6 1.0 — 0.2 0.4 0.2 0.1
Styrene 0.3 0.4 0.6 — — 0.2 0.2 —
P-tert-Butyltoluene — 0.2 0.4 — — 0.2 —

> eightbenzene 3.8 4.6 8.2 1.2 1.8 3.7 1.6 0.6
homologues

% — not detected.

processed by the same method and stored at 4 °C refrigerator.
On 5, 10, 15 and 20 days, three sorbent tubes were taken and
analytes were determined by two-stage thermal desorption-gas
chromatography. The results showed that the concentrations
of the eight benzene homologues remained stable during the
20-day storage period of the Tenax-TA sorbent tubes in the
refrigerator, with the loss rates within 10% at all time points.
The results indicate that, with the Tenax-TA sorbent tubes
stored under closed and low-temperature conditions, the eight
benzene homologues are stable. Such factors as physical
diffusion have no significant effect. Samples of the eight
benzene homologues collected in Tenax-TA sorbent tubes can
be stored for 20 days under the above conditions. The thermal
desorption efficiency and stability are superior to the national
standard method and other reported methods.

3.3 Penetration volume determination

Tenax-TA filler, a 2,6-diphenylfuran porous polymer resin,
demonstrates excellent performance in adsorbing and ther-
mally desorbing hydrocarbons. During sampling with Tenax-
TA, breakthrough is identified when the analyte concentration
in the outflow gas reaches 5% of the inflow concentration. In
actual determination, two sorbent tubes may be connected in
tandem to the sampling pump, and the sampling volume at
which the content in the back tube accounts for 10% of the total
is referred to as the penetration volume.*® The sampling volume
for all analytes should be controlled within the penetration
volume. Using two sorbent tubes in tandem, 2 L,4L,6 Land 7 L
of air were collected. After sampling, the two tubes were con-
nected to the gas outlet of the gas preparation instrument, and
the contents of the eight benzene homologues in the front tube
and the back tube were determined as described for the prep-
aration of standard sample tubes. None of the eight benzene
homologues was detected from the back tube when the sampled
air volume was 2 L, 4 L or 6 L. Benzene, toluene and styrene were

23778 | RSC Adv,, 2025, 15, 23772-23782

detected from the back tube when the sampled air volume was
7 L. Thus, the safe sampling volume was set at 6 L, which
exceeds the reported 5 L.**

3.4 Method precision and accuracy

Before conducting the recovery experiments on previously
sampled tubes, we performed blank analyses on identical
sorbent tubes under the same experimental conditions. We also
conducted precision evaluations on both blank tubes and
samples with known concentrations. Furthermore, precision
was evaluated by two operators on three different dates. The
background concentrations were measured and subtracted
from the sample concentrations to ensure accurate recovery
calculations. Within the standard linear range, low-, medium-
and high-concentration mixed standards were separately added
seven pre-aged blank sorbent tubes and analyzed under exper-
imental conditions described in Section 2.1.3, and relative
standard deviations (RSDs) were calculated. Similarly, sampled
sorbent tubes spiked with low-, medium- and high-
concentration mixed standards and blank-spiked samples
were analyzed under the same conditions, and spiked recov-
eries were calculated. The results are presented in Table 3.
These results indicate that the spiked recoveries of this method
ranged range from 90.5% to 115.2%, with RSDs ranging from
0.6% to 8.1%.

3.5 Sample analysis and pollution source analysis

Air samples from airport zones and aircraft cabins were
collected in June 2024 and December 2024 using the method-
ology outlined in Section 2.1.2. The two-thermal desorption and
instrument conditions for sample analysis were carried out
using the method described in Section 2.1.3. Monthly average
concentrations of eight benzene homologues and their total
levels were analyzed in Tables 4-6, results from the commercial
transportation airport and general aviation airport in June 2024

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are shown in ESI Tables S1 and S2.f Winter (December)
exhibited higher benzene homologue concentrations than
summer (June) across all areas, attributed to the severe winter
haze in the Sichuan Basin, which enhances organic pollutant
adsorption onto fine particulate matter.*** Additionally, the
synergistic effects of limited meteorological diffusion,
increased anthropogenic emissions, enclosed terrain, and
weakened vegetation purification may also lead to significantly
higher concentrations of benzene homologues in December
compared to June.>***

As shown in Tables 4 and 5, benzene homologues were
detected in all airport zones due to aviation fuel combustion
and ground vehicle emissions. At commercial airport runways,
concentrations followed an exponential decay from the center-
line, with benzene levels at 50 m being 2.9-fold higher than at
500 m. General aviation runways showed steeper gradients,
reflecting inefficient fuel combustion in smaller aircraft. Peak
benzene concentrations at commercial airports reached 36 ng
m ™~ (compared to the ambient air emission limit of 50 ug m ™),
while toluene accounted for over 19% of total homologues at
general aviation sites, likely due to the decomposition of
oxygenated fuel additives. Terminal areas exhibited 200%
higher benzene homologues in the De (departure entrance)
than in W1 (waiting lounge), linked to vehicle exhaust infiltra-
tion and baggage conveyor wear. Sc (security checkpoint)
showed elevated benzene levels, likely from X-ray machine
electronic component emissions. Ca (cargo aprons) had higher
ethylbenzene than Pa (passenger aprons), presumably due to
packaging solvent volatilization and refrigerants leakage. Fsz
(fuel storage zone) showed continuous baseline pollution from
tank venting, and Mh (maintenance hangar) contained complex
homologue profiles due to the use of xylene-rich cleaning
agents. Diurnal variations revealed that evening peaks at
commercial airports were 11% higher than morning peaks,
correlated with thermal accumulation and atmospheric inver-
sion layers, while general aviation sites experienced midday
concentration drops during flight training pauses.

As shown in Table 6, benzene homologues were detected in
aircraft cabins, originating from secondary air pollution and
material emissions (interior materials, seating fabrics, and
luggage components). Rear cabins in commercial aircraft had
twice the benzene concentration of front cabins, attributed to
volatilization of restroom cleaning agents, galley heating
emissions, and insufficient ventilation. Mid-economy sections
showed elevated levels due to reduced air exchange rates from
high passenger density. The result also revealed that cabin air in
both commercial and training aircraft exhibited higher homo-
logue concentrations during taxiing/takeoff than during
cruising. This is because these phases involved frequent engine
power shifts, incomplete fuel combustion, and fuel vapor
permeation, compounded by reduced air circulation. Notably,
p-tert-butyltoluene was detected for the first time in the aircraft
cabin ambient air. This is likely due to the use of additives,
adhesives, or polymers containing p-tert-butyltoluene in cabin
interior materials, such as seat foam fillers, sound insulation
materials, and decorative panels for seats. It is also possible that
plastic components in the cabin, such as luggage racks, small
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table boards, vent decorations, etc., were introduced with p-tert-
butyltoluene during the synthesis.

4 Conclusion

This study establishes an analytical framework based on TTD-
GC to resolve benzene homologues pollution patterns in
airport-aircraft environments. Through coordinated optimiza-
tion of thermal desorption parameters and chromatographic
conditions, it overcomes the limitations of conventional envi-
ronmental monitoring in analyzing complex matrices. Coordi-
nated optimization of thermal desorption parameters and
chromatographic conditions overcame limitations of conven-
tional environmental monitoring in complex matrix analysis.
The integrated pretreatment design achieved trace-level detec-
tion (LOD < 108 ng m*) with a streamlined workflow that
reduced human error, demonstrating operational stability
through RSDs of 0.6-8.1% in dynamic monitoring. Systematic
investigation reveals the time-resolved evolution of benzene
homologues evolution throughout aircraft operation cycles.
Terminal areas exhibited pulsed concentration fluctuations
strongly correlated with flight frequency and ground service
activities, confirming synergistic contributions from incom-
plete aviation fuel combustion and ground mobile sources.
Cabin monitoring identified threefold higher peak concentra-
tions during takeoff than during cruising, elucidating the
thermal emission kinetics of interior materials and pressure-
induced permeation effects. Notably, based on preliminary
data analysis, p-tert-butyltoluene showed distinct concentration
patterns potentially associated with cabin material emissions,
suggesting its candidacy as a marker for further investigation.
The developed methodology establishes the technical founda-
tions for formulating aviation environmental benchmarks and
enables precise source tracking of volatile organic pollutants.
These findings advance green airport initiatives and support
evidence-based strategies for maintaining healthy cabin envi-
ronments. Additionally, this approach extends to cross-sector
pollutant monitoring solutions in confined spaces across rail
transit and maritime systems. Future integration with portable
TTD devices, high-resolution mass spectrometry, and Al algo-
rithms could enable real-time VOCs monitoring and risk
prediction in aviation environments.*>** These advancements
facilitate coordinated environmental governance across trans-
portation sectors under dual-carbon goals.
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