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Effective monitoring of atmospheric concentrations is vital for assessing the Stockholm Convention's
effectiveness on persistent organic pollutants (POPs). This task, particularly challenging in polar regions
due to low air concentrations and temperature fluctuations, requires robust sampling techniques.
Furthermore, the influence of temperature on the sampling efficiency of polyurethane foam discs re-
mains unclear. Here we employ a flow-through sampling (FTS) column coupled with an active pump to
collect air samples at varying temperatures. We delved into breakthrough profiles of key pollutants, such
as polycyclic aromatic hydrocarbons (PAHs), polychlorobiphenyls (PCBs), and organochlorine pesticides
(OCPs), and examined the temperature-dependent behaviors of the theoretical plate number (N) and
breakthrough volume (VB) using frontal chromatography theory. Our findings reveal a significant rela-
tionship between temperature dependence coefficients (KTN, KTV) and compound volatility, with
decreasing values as volatility increases. While distinct trends are noted for PAHs, PCBs, and OCPs in KTN,
KTV values exhibit similar patterns across all chemicals. Moreover, we establish a binary linear correlation
between log (VB/m3), 1/(T/K), and N, simplifying breakthrough level estimation by enabling easy con-
version between N and VB. Finally, an empirical linear solvation energy relationship incorporating a
temperature term is developed, yielding satisfactory results for N at various temperatures. This approach
holds the potential to rectify temperature-related effects and loss rates in historical data from long-term
monitoring networks, benefiting polar and remote regions.
© 2023 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Persistent organic pollutants (POPs) are particularly concerning
due to their persistence, high toxicity, and bioaccumulation [1].
Polycyclic aromatic hydrocarbons (PAHs) are not strictly defined as
POPs but are often studied alongside POPs due to their ubiquitous
and pervasive toxic effects. Considering their volatility, POPs
nment, Chinese Academy of
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(including PAHs) belong to a group of semi-volatile organic com-
pounds (SOCs). Once discharged into the environment, SOCs can be
dynamically distributed between the gas phase, particulate phase,
and other surface media, then eventually distributed among the
atmosphere [2], water [3], soil [4], sediment [5], and biota [6].
Compared with other SOCs, the relatively longer atmospheric half-
lives help POPs migrate with airflow diffusion [7] over long dis-
tances to condense in remote regions. With the decrease in tem-
perature due to temperature gradients in latitudinal or vertical
scales, SOCs will transfer from the gas phase to the particulate phase
or surface medium, eventually concentrated over polar regions
through “global fractionation” and “cold trapping” [8,9]. Thus, the
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release of POPs into the environment raises a series of environ-
mental and ecological problems [10], and their impacts on those
fragile polar ecosystemsmay be disastrous. Towork towards a POPs-
free future, the Stockholm Convention on POPs was signed in 2001
and ratified in 2004. To evaluate the effectiveness of the treaty and
other control measures, the globe monitoring plan (GMP) was
implemented, tasked with the aggregation of data from existing
monitoring networks [11]. Within the framework of GMP, atmo-
spheric monitoring has assumed a pivotal role, given that the at-
mosphere serves as the principal and highly efficient medium for
long-range transport (LRT). It not only provides insight into LRT
and the persistence of chemicals but is also crucial for estimating
emission factors and risk assessments [12,13]. The accurate mea-
surement and evaluation of POPs in the atmosphere pose consid-
erable challenges, particularly due to their prevalence at exceedingly
low concentrations, notably in polar regions. With the continuous
progress of instrumental technology in recent years, the efficiency of
sampling technology has become the bottleneck of precise analysis.

High-volume active pumpswith polyurethane foam as sampling
media remain the prevailing and widely accepted quantitative
sampling method [14,15]. Several long-operating atmospheric
monitoring networks, such as the Arctic Monitoring and Assess-
ment Programme (AMAP) and the Great Lakes Integrated Atmo-
spheric Deposition Network (IADN), are rooted in this methodology
[16,17]. As a necessary supplement, some economic, convenient,
and semi-quantitative passive sampling techniques are also
developed and applied for rough spatial-temporal comparison in
large-scale or long-term studies [18,19]. However, studies on the
effect of environmental factors and sampling conditions, such as
temperature and sampling volumes, on the accuracy of sampling,
sampling rate, and capacity remain limited both for active and
passive sampling methods [20]. It often occurs that samples of
volatile compounds have to be discarded due to severe break-
throughs during sampling [14,19]. In order to rectify the impact of
breakthroughs on sampling, some studies have also attempted to
explore the relationship between the back-to-front PUF (PUF 2/PUF
1) ratio [21] or partitioning between PUF and the gas phase and
fractional collection efficiencies [22]. In recent years, a novel hybrid
sampling technique known as the flow-through sampler (FTS) has
emerged, using an active sampling mechanismwithout reliance on
electrical power [23e25]. It has been successfully applied in
extremely remote areas, such as the Arctic, Antarctic, and Qingzang
Plateau [26e29]. FTS is a novel atmospheric sampler that uses wind
energy to carry the flow of POPs through the polyurethane foam
(PUF) sampling column. Then, the atmospheric concentration of
the target compounds can be quantified by evaluating the sampling
volume and adsorbed compound mass. Field tests have demon-
strated that FTS is suitable for quantitative study on a wide range
sampling of POPs. Furthermore, empirical equations have been
derived to estimate the impacts of environmental conditions, such
as temperature, on the breakthrough level of each sample. How-
ever, it is imperative to acknowledge a pertinent concern associated
with long-term field observations. The instability of various envi-
ronmental factors can introduce uncertainties into the data ob-
tained from empirical equations [22].

As mentioned before, the variances in the properties and dis-
tributions of chemicals caused by temperature differences across
diverse regions are the intrinsic driving force of the global distil-
lation of POPs. Temperature also significantly affects the interaction
between compounds and the stationary phases, hence affecting the
penetration behavior of target compounds in the sample adsorp-
tion column during the atmospheric sampling process
[21,25,30e32]. Given the substantial temperature differentials be-
tween polar and non-polar regions, it is important to study the
effect of temperature on the sampling of POPs. So far, few studies
2

have been carried out to quantify the impact of temperature on the
breakthrough behavior of adsorption columns [30,33].

In order to improve the accuracy of atmospheric sampling and
quantitatively describe the environmental behavior of POPs, it be-
comes imperative to conduct investigations into the adsorption
characteristics of the target compounds within active sampling
columns under different environmental conditions. In this study,
we use an FTS sampling column connected with an active sampling
pump to collect atmospheric pollutants in different seasons and
temperatures. The FTS sampling column was used for its conve-
nient design [23,24]. The influence of temperature on the pene-
tration behavior of compounds in sampling PUF column was
further quantitatively investigated using front chromatographic
theory. These results not only provide theoretical guidance for the
correction of loss rates during FTS sampling at different tempera-
tures but also give insights into understanding the mechanism of
active sampling and the ideal use of active samplers to achieve
maximum sampling efficiency.

2. Materials and methods

2.1. Sampling procedure

Our research was conducted in Ningbo, situated along the
southeastern coast of China, south of the Yangtze River Delta,
ranked as the world's third-largest port city. The research site was
located on the roof of the Ningbo Urban Environment Observation
and Research Station (NUEORS, 29.75� N, 121.9� E), Chinese Acad-
emy of Sciences, Chunxiao Town, Beilun District, Ningbo, with an
altitude of about 15 m. More detailed information on this site has
been mentioned in a previous study [34].

The FTS sample cylinder contained seven P10z PUF (a type of
polyester-polyurethane foamwith a density of 0.0304 g cm�3 and a
porosity of 10 pores per inch) discs with a diameter of 10.5 cm and
thickness of 2.54 cm (Fig. 1a and b, purchased from Pinta Industry
Inc., Minneapolis, MN 55430, USA, http://www.pinta-industry.
com), The total length of the sampling column is 17.8 cm with a
cross-sectional area of 8.66 � 10�3 m2. The FTS sampling column is
connected with an Anderson 8-grade particulate matter sampler
(series 20-800, Thermo Scientific, USA) [35] with a customized
adaptor (Fig. 1a), which operated at a flow rate of 28.3 L min�1,
equivalent to an airflow velocity of about 0.054 m s�1 through the
cross-section of FTS sampling tube. The sampler was equipped with
front and rear stainless steel screens, strategically designed to act as
protective barriers against the ingress of insects or large particles
during the sampling process. Before exposure, the disks were
precleaned with water, followed by sequential washes in methanol,
n-hexane:acetone (1:3), n-hexane:acetone (3:1), and acetone using
an Accelerated Solvent Extractor (ASE 350). More details of the
extracting conditions are described in previous research [36].
During the experiment, 60 groups of samples and 420 PUF discs
were collected from October 2016 to October 2017. Table 1 shows
samples taken during different seasons, with average temperatures
of each sampling period about 5, 10, 20, and 30 �C. To maximize the
likelihood of exceeding the instrument's quantitative detection
limit, the sampling was divided into three groups: one day, four
days, and eight days. A field blank was taken for each sample,
involving the exposure of a PUF disk to air during sample instal-
lation. Subsequently, these discs were sealed in the original jar and
placed beside the FTS for the sampling length.

2.2. Sample extraction and quantification

The PUF disks from the flow-through sampler and the front and
back PUF of the pumped samples were extracted individually by

http://www.pinta-industry.com
http://www.pinta-industry.com


Fig. 1. a, FTS sampling tube connected with an Anderson 8-stage sampler. b, FTS
sampling tube and PUF. c, The logistic curve.
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ASE with n-hexane and acetone (3:1). The extracts were reduced in
a rotary evaporator, transferred to a vial, and reduced under a
gentle nitrogen flow. The sample was exchanged for isooctane
before instrumental analysis. More details of the sample handling
information are described in a study by Xiao et al. [24]. Mirex
(100 ng) was added as an internal standard to correct for volume
differences.

Samples were analyzed for 54 polychlorinated biphenyl (PCB)
congeners, 23 organochlorine pesticides (OCPs), and 16 polycyclic
aromatic hydrocarbons (PAHs) using standard mixtures from
AccuStandard, Inc. (New Haven, CT, USA) and Wellington labora-
tories (Guelph, ON, Canada). Deuterated internal standards of PAHs
(acenaphthene-d10, pyrene d10, and benzo [e] pyrene d12) were
purchased from Wellington laboratories (Guelph, ON, Canada).
Quantification was achieved with a 7890b/5977a gas chromato-
graph (GC) (Agilent, USA) equipped with a splitless injector and a
mass spectrometer operating in electron impact-selected ion
monitoring mode. GC conditions have been described elsewhere
[11]. The temperature program of the GC oven was adjusted as
follows. An initial temperature of 130 �C was maintained for
0.5 min. Subsequently, the temperature was ramped up at a rate of
10 �C min�1 until reaching 240 �C, followed by a more rapid in-
crease of 20 �Cmin�1 to attain 325 �C. The final temperature setting
was held steady for 5 min.
Table 1
Temperature variations for different sampling times at a constant sampling rate of 28.3 L
FTS sampler).

Sample group A B C D E

Sampling time (d) 1 1 1 1 4
Average temperature (�C) 5.3 ± 2.4 10.4 ± 3.2 20.1 ± 3.6 30.5 ± 4.5 5.2 ± 3.7
Temperature range (�C) 3e11 4e19 17e24 28e32 �1 to 11

3

2.3. Quality assurance (QA)/quality control (QC)

The evaluation of chemical recovery in our analytical method
involved spiking two clean PUF disks with the working standard
containing all PCB, OCP, and PAH congeners (20 ng of each
congener) and treating them as actual samples. Results showed
good recoveries ranging from 69% to 105%, aligning favorably with
previous air sampling studies in the laboratory using the same
methodology [24]. Recovery factors were not applied to any of the
data reported below. Solvent blanks and field blanks for PUF were
typically less than 8% of the sample amounts, except for four
chemicals with very low abundance, namely PCB-185, PCB-201,
PCB-209, and benzo (g, h, i) perylene (these four compounds were
eventually ignored due to the low frequency detected). All the
amounts reported for the samples are corrected for field blanks. We
employed two-thirds of the instrumental detection limit as a
correction factor for undetectable compounds in those blanks. The
instrumental detection limit was established as the quantity at
which the signal-to-noise ratio reached a value of 3, and compre-
hensive information can be found in Supporting Information
Schedule 7.

2.4. Data analysis

This study used SPSS 24.0 (IBM, USA) and Origin 9.0 (Originlab,
USA) for data processing and drawing.

2.5. Frontal chromatography theory

Assuming that the concentrations of various compounds in the
air remain relatively constant during each sampling period, the
sampling PUF discs could be treated as a frontal gas chromatog-
raphy column with a few theoretical plates [37]. According to
frontal chromatographic theory, the theoretical plate number of the
sampling assembly (N) can be determined from the ratio between
the thickness of the foam at the 50% breakthrough point or the half
peak width (L50) of the compound in the adsorption column and
the line segment B, where B is related to the tangent at the half peak
width of the breakthrough curve (Fig. 1c) (equation (1)) [38,39].
According to the shape and boundary conditions of the break-
through curve, Xiao et al. (2007) [23] first introduced themethod of
logistic curve fitting to describe the breakthrough curve of a com-
pound on the sampling column, where q is the chemical amount
trapped on each PUF as a percentage of that trapped on the first PUF
plug, and L is the overall PUF thickness (equation (2)). After a series
of derivations, the N of a sampling column is only related to the
fitting parameter q of the logistic regression (equation (3)) [23].
This non-linear fitting result can ensuremore consistent results and
accurate data than manually drawing the measurement curve.
Detailed information parameters of L50, B, q, N, and q are described
in Ref. [23].

N¼2p
�
L50
B

�2

(1)
min�1 (equivalent to an airflow rate of 0.054 m s�1 through the cross-section of the

F G H I J K L

4 4 4 8 8 8 8
10.3 ± 4.3 20.4 ± 5.1 30.2 ± 4.9 5.4 ± 4.5 10.2 ± 5.3 20.4 ± 6.4 30.6 ± 5.1
3e18 11e25 27e36 �2 to 12 0e19 11e26 27e38
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qð%Þ ¼ fðLÞ ¼ 100

1þ
�

L
L50

�q (2)

N¼pq2

8
(3)
3. Results and discussion

3.1. Influence of temperature on the non-linear fitting curve

The logistic regression of breakthrough behavior of three
selected PAHs, OCPs, and PCBs on the FTS sampling columns was
Fig. 2. The breakthrough curves of typical compound

4

shown in Fig. 2, while similar results were given in Figs. S1eS3 for
other chemicals. At the same sampling time and volume, the front
edge of the breakthrough curve of all monitored target compounds
gradually moved from the front to the end with increasing tem-
perature, and L50 increased in turn. At the same temperature, with
increasing sampling time and volume, the moving distance of the
same compounds on the PUF columns was larger. The volatility of
the compounds decreased with increasing molecular weight, and
themigration distance of the compounds on the adsorption column
gradually decreased. For highly volatile compounds, such as fluo-
rene (Flu) and hexachlorocyclohexane (HCH), breakthroughs
occurred easily, especially at higher temperatures and larger sam-
pling volumes. The q value of each disc on the adsorption column
was greater than 50% since the adsorption capacity of the PUF
adsorption columns was limited, aligned with the previous results
of Huang et al. [40]. The non-linear fitting effect of gaseous
s at different temperatures and sampling times.



Fig. 3. The effect of temperatures on N (a) and log (VB/m3) (b) of compounds in the FTS
sampling column.

Fig. 4. The relationship between log (PL/Pa) and the temperature dependence co-
efficients (the slope of the linear regression between the corresponding physico-
chemical property and 1/(T/K)) for N (a) and log (VB/m3) (b).
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compounds with high volatility (log (PL/Pa) > �1.5) was poor.
Although statistical fitting can still be performed, the extrapolated
L50 and q results generally have high uncertainty. In these cases, the
corresponding data was ignored in this study; nevertheless, this
data retains significant utility. These PUF discs can be treated as
equilibrium-state passive air samplers, and the absolute value of
their sampling amount can provide information on the PUF/air
partitioning coefficient, which will be explored in depth in subse-
quent studies. For others, the L50 and q values were obtained from
the fitting curve, and the N values could be further calculated. The
results are listed in Table S1.

The breakthrough volume VB of the sampling column could be
obtained by plotting the sampled air volume against the regression
parameter L50 and extrapolating the corresponding regression lines
to the entire sampling column length, as described in Xiao et al.
[23]. The relevant results are given in Fig. S4. However, due to the
limitation of PUF disc thickness, when applying linear regression to
relate sample volume to the L50 values of different compounds, the
intersection point with the x-axis (column length) does not coin-
cide with the origin. Instead, it consistently converges at the
midpoint of the initial disc. The accuracy of L50 and VB was limited;
the relative change trend for all chemicals should be credible even
if the absolute value may have certain systematic errors.
3.2. Effect of temperature on theoretical plate number and
breakthrough volume

Previous studies showed that the penetration of the target
compound through the PUF adsorption column mainly depended
on the volatility of the compound and the sampling volume
[41e45]. In plate theory, the theoretical plate number is introduced
as the index to measure chromatographic column efficiency. Fig. 3
5

shows the relationship between N of each compound through the
sampling column at different temperatures and 1/(T/K). A good
linear relationship exists between the 1/(T/K) and N for different
compounds. As 1/(T/K) increases, the theoretical plate number in-
creases, resulting in a decrease in N values with increasing tem-
perature. This phenomenon aligns with previous research results
[23,38,39,46]. Since the magnitude of the N value reflects the
strength of the interaction between the compound and the sam-
pling column, the slope obtained from the temperature depen-
dence reflects the temperature's impact on the N of the compound
(Table S2). For a certain sampling column, these slope differences
may be determined by the physical and chemical properties of the
compounds. Consequently, we conducted an analysis to explore the
relationship between the obtained temperature-dependent slopes
and each compound's physical and chemical properties. Similarly,
the bottom part of Fig. 3 also shows the temperature dependence of
the breakthrough volume (log (VB/m3)) of the sampling column to
each compound during sampling. Notably, a robust linear rela-
tionship between the temperature and log (VB/m3) is evident
through linear fitting. Saturated supercooled liquid vapor pressure
(PL) is an essential physical and chemical parameter of compounds,
characterizing their volatility. This parameter is often used in linear
free energy correlation (LFER) research. Numerous research shows
that the logarithm of a compound's PL has an apparent linear



Fig. 5. The correlation between log (PL/Pa), 1/(T/K), and N. Fig. 6. The correlation between log (PL/Pa), 1/(T/K), and log (VB/m3).

Fig. 7. The relationship between the log (VB/m3) and N is affected by different
temperatures.
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relationship with the reciprocal of absolute temperature or log (PL/
Pa) ¼ mL/(T/K) þ bL. The relevant parameters of the target PAHs,
OCPs, and PCBs could be obtained from the reference [47e49].
According to the average temperature of the sampling process, the
saturated vapor pressure of the supercooled liquid of each com-
pound under the experimental conditions can be calculated.
Octanol-air partition coefficient (KOA) was another often used
descriptor for volatility. Some references indicate that KOA is a
preferred alternative to PL for describing the partitioning of non-
polar organic compounds between the gas phase and various sur-
face media. However, as shown in the previous study by Xiao and
Wania [50], PL and KOA are highly correlated. Therefore, it is
impossible to determine the superiority of one parameter over the
other with current precision, and poly-parameter LSER is more
advantageous than the single parameter-linear free energy re-
lationships. Similar results using KOA instead of PL as a volatility
descriptor are given in the Supporting Information (Figs. S4eS6) for
comparison.

The volatility of compounds is closely related to their gas phase/
particle phase partition behavior [51,52]. PAHs with log (PL/
Pa) >�1.5 are mostly present in the gas phase, while PAHs with log
(PL/Pa) < �5 are mostly present in the particle phase [53,54]. The
penetration of compounds completely distributed in a particulate
state mainly depends on the interception effect of the sampling
medium on particulate matter; however, the logistics fitting curve
can get with the distribution between the mobile phase and the
stationary phase of chromatography, and is not suitable for the
interception effect of the sampling column on particulate matter.
6

Therefore, the collection effect of the sampling column on com-
pounds mainly distributed in the particulate phase was beyond the
scope of this study.



Fig. 8. The relationship between N and log (VB/m3) of different compounds in
different temperatures.
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The correlation between the slope of the theoretical plate
number of the FTS sampling column for POPs (the slope of the
linear fitting of 1/(T/K) and N, denoted as KNT) and the log (PL/Pa)
of the compound is shown in Fig. 4a. The KNT value gradually
increased with the decrease of log (PL/Pa) of the compound. This
trend indicates that the theoretical plate number of the sampling
adsorption column for the less volatile POPs was more sensitive to
temperature variations. The KNT of OCPs and PCBs with low
volatility was similar, while the temperature response of OCPs and
PCBs was significantly higher than that of PAHs with similar
volatility. Linear fitting was carried out for each group of com-
pounds and then combined, with detailed results provided in
Table S2.

The linear relationship between the slope (KVB) of each linear
fit (Table S3) and log (PL/Pa) is shown in Fig. 4b. Volatility can
explain the change in the breakthrough volume of each com-
pound in the sampling column affected by temperature. The trend
of temperature influence on the breakthrough volume of the three
types of compounds (PAHs, OCPs, PCBs) was consistent. Then, it is
possible to accurately estimate the breakthrough volume of
chemicals on the FTS column based on its volatility.

Considering the influence of temperature and compound
volatility (log (PL/Pa)) on the N of the sampling column on the
compound, the result of the binary linear regression is shown in
Fig. 5. The corresponding fitting surface can describe the change of
N of PAHs and PCBs. However, the fitting performance for OCPs
with different compound properties is relatively poor. This implies
7
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that not only does volatility affect the N value of the compound (or
the strength of the interaction between the adsorption column and
the compound), but other physical and chemical properties might
play an important role.

Fig. 6 is a three-dimensional relationship diagram of 1/(T/K), log
(PL/Pa), and log (VB/m3). The uniform binary regression fitting for
the three groups of compounds, including PAHs, OCPs, and PCBs,
obtained satisfactory results (R2 is 0.80) (equation (4)), in which log
(VB/m3) and 1/(T/K) are positively correlated, while log (VB/m3) and
log (PL/Pa) are negatively correlated. This result is consistent with
that of Xiao et al. (2007) [23], and the breakthrough volume (VB) of
these three types of compounds can be estimated simply based on
temperature and their volatilities.

log
�
VB

.
m3

�
¼ 128
ðT=KÞ�0:79�logðPL=PaÞþ1:31

�
R2¼0:80

�
(4)

3.3. Relationship between theoretical plate number and
breakthrough volume

Based on the above analysis and comparison, both N and log (VB/
m3) have an excellent linear relationship with the temperature and
volatility of compounds. Fig. 7 shows the relationship between the
theoretical plate number and log (VB/m3) on the FTS sampling
column. Significant linear correlations exist between these two
parameters for three chemical groups. In particular, OCPs have the
best linear relationship. For PAHs and PCBs, the correlation at
different temperatures shifts significantly, resulting in a wide band
distribution of data points. In general, the changing trends between
N and log (VB/m3) of the three chemical classes are consistent, but
the relationship between PAHs and the other two types of sub-
stances is slightly different.

Binary linear fitting of 1/(T/K),N, and log (VB/m3) was carried out
(Fig. 8) for all chemicals analyzed, and the fitting equation is given
in equation (5) (R2¼ 0.88). The close correlation between these two
parameters suggests the potential for mutual conversion as
required.

log
�
VB

.
m3

�
¼ 1908:57

ðT=KÞ þ 0:55N � 4:39
�
R2 ¼ 0:88

�
(5)

3.4. Linear solvation energy relationships (LSER) for predicting
theoretical plate number at different temperature

As discussed previously, volatility may not be the only physical-
chemical property that affects the partitioning behaviors of
chemicals on a PUF sampling column. Poly-parameter linear free
energy relation (PP-LFER) has significant advantages over single-
parameter linear free energy relation (SP-LFER) in predicting the
distribution behavior of various organic compounds. It is often used
to study the distribution system and distribution coefficient of
compounds in different environments [50,55]. Many studies use
the LSER formula to predict interphase partition coefficients
[56e60]. However, most of these researches did not involve prop-
erties at different temperatures. Thus, this study added a reciprocal
term of temperature to LSER to form an empirical equation to
describe the temperature effect.

SP¼ l� log L16 þ eE þ sSþ aAþ bBþ t
T
þ c (6)

In equation (6), SP represents a property, here as N. Except for T for
temperature in Kelvin, Abraham parameters (can be obtained from
UFZ-LSER database, http://www.ufz.de/lser, [61]), logL16, E, S, A, and
8

B are empirical descriptors of the solute for cavitation, excess molar
refraction, dipolarity/polarizability, hydrogen bond donor, and
hydrogen bond acceptor of the solute, respectively. The multiple
linear regression constants l, e, s, a, b, and c reflect the properties of
the sampled medium for various corresponding interactions.

Table 2 lists the results of LSER regressionwith this temperature
term for the three groups and all compounds, which included the
regression coefficient, standard deviation, t-test result, and p-value
of each parameter. It should be noted that whether all compounds
are considered as a whole or the three groups are analyzed sepa-
rately, the t-test results of multiple linear regression show that the
temperature term (1/(T/K)) always contributes significantly to N.
The reciprocal of temperature was positively correlated with N of
the compound, which is consistent with the results of Xiao et al.
[25]. The influence of temperature on N of the compounds of OCPs
was less than that of PAHs and PCBs, which the smaller interaction
between chemical bond structures in OCPs may cause. Since the
PAHs, PCBs, and OCPs analyzed in this study are not strong
hydrogen bond donors, for all chemicals, all other parameters but
term A in the LSER equation significantly affect N of contaminants
on the FTS sampling column. Regarding the interactions between
chemicals and PUFs affecting N, we observe the following ranking
from strongest to weakest influence: cavitations > hydrogen bond
receptors > dispersion interaction due to excess molar
refraction > dipole interactions. Interestingly, when PAHs are
considered separately, the reciprocal of temperature is the only
physical quantity other than the intercept that significantly corre-
lates with the theoretical plate number of PAHs on the FTS sam-
pling column. This may be because PAHs used for analysis are a
small group of non-polar compounds, and strong autocorrelations
exist between Abraham's parameters and 1/(T/K).

Compared with the previous equation in Ref. [25], our study
offers a notable improvement by utilizing a consistent sampling
rate, resulting in significantly improved equation fitting. However,
this study did not consider the impacts of sampling rate/wind
speeds. As previous studies pointed out, it is possible to estimate
the breakthrough level b, defined as the fraction of the total mass of
the analyte eluted from a sampling column if the N and VB are
known [26,37]. Therefore, with the knowledge of the temperature
influence of PAHs, PCBs, and OCPs on penetration performance on
the PUF sample column, the loss rate of any chemical can be
accessed based on its physical-chemical properties and the sam-
pling volume. By replicating similar analyses on specific sampling
media following the experimental design of this study, historical
data could be re-evaluated after correction for the breakthrough.
Furthermore, the ideal sampling volume could be estimated before
each sampling campaign for any chemical of interest. The accuracy
and application scope of the equation may be further improved
based on the influence of other environmental factors on the per-
formance of the sampling column to be discussed later, including
variables such as the sampling rate and wind speed.

4. Conclusion

This study aims to unravel the impact of temperature variations
on the compound's penetration characteristics within the adsorp-
tion medium. To achieve this, we conducted a comprehensive
investigation across various seasons, connecting an active sampling
pump with the flow-through sampling column. The key findings
from our study are outlined below :

(1) Temperature exerts a substantial influence on the theoretical
plate numbers of compounds on the sampling adsorption
column. The corresponding fitting slope (KTN) is significantly
related to the volatility of the compounds: the less the

http://www.ufz.de/lser
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volatility, the greater the influence of temperature changes
on the N of the sampling column. The influence on several
volatile OCPs was significantly greater than PAHs and PCBs.
Further LSER analysis considering the influence of tempera-
ture showed that the reciprocal of temperature is positively
correlated with N, and the fitting effect (R2 ¼ 0.85) is better
upon adding the temperature term.

(2) There is also a significant linear relationship between 1/(T/K)
and log (VB/m3). The slope of the breakthrough volume of
different compounds on the sampling column affected by
temperature (KTN) is significantly correlated with the com-
pound's volatility (log (PL/Pa)). The effect of temperature on
the breakthrough volume of low-volatile compounds is
greater than that of volatile compounds.

(3) A good correlation exists between N and log (VB/m3), with
temperature playing a pivotal role in shaping this associa-
tion. Therefore, the loss rate due to breakthrough, originally
calculated based on N and relative retention (expressed as
volume-based, the ratio of sampling volume to the VB), can
be simplified by this correlation. As a result, the ideal sam-
pling volume of compounds at a specific temperature and
within the acceptable range of outflow rate can be estimated.

(4) For chemicals with serious breakthroughs, the few PUF discs
in front of the FTS sampling column can be treated as
equilibrium-state passive air samples. The temperature
dependence of the partitioning of POPs between PUF media
and air holds promise for future research endeavors.
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