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Abstract The concentration of benzene in urban air in the
Tri-City area of Poland (Gdańsk–Sopot–Gdynia, and
Tczew) was assessed using diffusive passive samplers (Rad-
iello). Samples were collected during a four-year monitoring
campaign (2007–2010) at selected monitoring stations man-
aged by the Agency of Regional Air Quality Monitoring in
the Gdańsk Metropolitan Area (ARMAAG) Foundation.
The performance of the passive samplers was investigated
in a field study that measured the benzene concentration in
urban air. The results obtained by the Radiello samplers
were compared with the results obtained using an on-line
monitor (Chrompack CP 7001). Statistical analysis of the
results obtained by the two different techniques (passive and
on-line) was performed by a linear regression method
(Student’s t-test). The influence of temperature fluctuations
on the uptake rate behavior of the passive samplers was also
investigated.
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TD Thermal desorption
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Introduction

According to a report published in 2005 by the World
Health Organization (WHO), the presence of volatile organ-
ic compounds (VOCs) in the ambient air significantly
affects its quality [1]. VOCs are emitted into the atmosphere
from both natural and anthropogenic sources, and partici-
pate in a number of photochemical reactions in the tropo-
sphere. The chemical processes that VOCs undergo in the
troposphere may lead to their transformation into more
harmful secondary organic pollutants, such as secondary
organic aerosols (SOA). VOCs are also considered to be
precursors of photochemical oxidants such as tropospheric
ozone and PAN. The degradation of VOCs occurs as a result
of reactions with the hydroxyl radical ·OH during the day-
time, with NO3 during the night, and with Cl· mainly in
coastal areas [2].

According to the reports of the American Agency for
Toxic Substances and Disease Registry (ASTDR), long-
term exposure to hazardous compounds like VOCs can
strongly affect humans health and increase the risk of seri-
ous disease. Therefore, the monitoring of VOCs in the
ambient air as well as the identification of their main an-
thropogenic emission sources have become matters of par-
ticular concern [3].
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Benzene is one compound that requires special attention
and systematic control in terms of its presence and concen-
tration. According to the legislation adopted by the Europe-
an Union, the ambient concentration of benzene cannot
exceed 5 μg m−3 (EU directive 2000/69/EC for 2010) [4].
This is due to the fact that benzene is considered a human
carcinogen, and long-term exposure to even low concentrations
of benzene may increase the risk of leukemia. According to the
WHO, lifetime exposure of urban populations to benzene con-
centrations of 1.7 μg m−3 results in an average of ten cases of
leukemia per million inhabitants [5]. To reinforce this, ben-
zene was listed in Group I (human carcinogens) by the
International Agency for Research on Cancer (IARC) [6].

According to the data in the literature, vehicle traffic is among
the most significant sources of anthropogenic benzene emis-
sions in urban areas. This is due to the fact that benzene, like
other BTEX compounds, is a natural component of fuel, and is
therefore emitted into the ambient air during the consecutive
stages of operation of a vehicle’s engine (e.g., fuel combustion,
vaporization) [7]. However, due to the carcinogenic potential
of benzene, restrictions have been recently enforced in order
to reduce the content of benzene in gasoline. According to
the most resent regulations adopted by the US EPA, all
refiners are required (from the beginning of July 2012) to
import or to produce gasoline with a maximum annual
average gasoline benzene content of 1.3 vol%. This signifies
that the actual annual average gasoline benzene level may
not exceed this maximum average standard. Moreover, cred-
its cannot be used to meet the 1.3 vol% standard [8].

From an analytical point of view, monitoring organic
compounds in ambient air requires the application of an
appropriate sampling technique. It has recently been
reported that passive sampling could represent a promising
alternative to active techniques at the sample collection
stage. This is due to the fact that passive samplers do not
require a power supply, which in turn means that electrical
devices (e.g., pumps) are not needed. Moreover, the small
sizes of passive samplers together with their simple design
enables monitoring to be performed in remote areas without
highly qualified supervision. Passive sampling allows aver-
age time-weighted concentrations to be obtained, and these
can serve as an important source of information in terms of
long-term exposure to VOCs. Results obtained in this way
can be used to generate a long-term overview of pollutant
concentration levels in ambient air. This is particularly useful
in epidemiological and toxicological studies. An undoubted
advantage of passive sampling is also the ability to operate at
both regional and global scales [9].

The Tri-City region is listed among the most industrial-
ized areas of Poland. As this is the center of the shipbuilding
industry, there are transshipment terminals located in both
Gdansk and Gdynia. The quality of the ambient air in this
area is also strongly influenced by the emissions from

numerous industrial companies, such as an oil refinery
(Grupa Lotos S.A.), a plant processing sulfur compounds
(Siarkopol S.A.), and one processing phosphorus com-
pounds (Zakłady Nawozów Fosforowych). Strong vehicle
traffic is also considered a significant source of emissions of
organic compounds in the Tri-City area.

The main objective of this study was to examine the
performance of Radiello passive samplers, when used as
reference passive samplers for the long-term characterization
of benzene concentration in a given environmental compart-
ment. An attempt was made to investigate the influence of
temperature fluctuations on passive sampler uptake behavior.
The database created as a result of the monitoring campaign
could serve as a source of information on the seasonal and
spatial distribution of benzene in the atmosphere, which is
relevant when modeling air pollution transport.

Materials and methods

Passive samplers

Radial symmetry diffusive passive samplers (Radiello) devel-
oped by the Fondazione Salvatore Maugeri (Padova, Italy) were
applied for the sampling and enrichment of benzene from atmo-
spheric air [10]. Graphitized carbon (Carbograph 4) with a
medium-strength adsorbing surface (200 m2 g−1) that is
suitable for thermal desorption was applied as an adsorbent
to retain analytes from the gas phase. The Radiello sampling
system consists of a cylindrical cartridge housed inside a
microporous polyethylene diffusive body (5 mm thick,
1 μm porosity) [11, 12]. The adsorbing cartridge, which is
made of stainless steel, is supplied with a glass tube (com-
monly used for short-term storage). During the exposure,
Radiello passive samplers are fixed onto a triangular sup-
porting plate. In contrast to previously applied axial passive
samplers, where the diffusion path is perpendicular to the
sampler axis, Radiello is a coaxial sampling system with a
diffusion path that is parallel to the cartridge radius. This
novel, improved radial–coaxial geometry results in a larger
diffusive surface, which makes it possible to obtain higher
sampling rates (Q) [12–15]. According to the most recent
studies, Radiello can be promising alternative to active
sampling techniques, especially for VOC sampling. To confirm
this, the Radiello passive sampler has been evaluated, accord-
ing to the European standard EN 13528–2, as a reference
passive sampler of BTEX in ambient air [15].

Sampling sites

In order to obtain reliable results, appropriate sampling sites
need to be selected. This determines whether the collected
sample is representative of the current state of environment.
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Ten monitoring stations managed by the Agency of Region-
al Air Quality Monitoring in the Gdańsk Metropolitan Area
(ARMAAG) Foundation and located in the Tri-City area,
were selected as sampling sites during the monitoring cam-
paign (Fig. 1). The sampling sites were selected based on
the results of long-term studies, and the locations of the
stations were determined by such factors as weather con-
ditions, human population density, and existing databases
on pollutant emissions from point and surface sources. All
monitoring stations were considered urban background sta-
tions. The monitoring campaign was carried out from Janu-
ary 2007 until December 2010.

During each exposure, two passive samplers were placed
20 cm apart at each monitoring station. This was done in order
to avoid the risk of depleting analytes in the boundary layer
near the surface of each passive sampler. The decrease in
analyte concentration extends the diffusion zone, which in turn
reduces analyte uptake rate. This phenomenon, often described
as passive sampler “starvation,” results from the high sampling
rates obtained by Radiello passive samplers as well as insuffi-
cient air velocities around the passive samplers [16].

Passive samplers were placed in specially designed stain-
less steel shelters to protect them from the precipitation and
wind. The shelters were located at a height of 3 m above
ground level (Fig. 2). After 14 days of exposure, the sorp-
tion medium was removed from the cylindrical diffusive
body and placed into a glass tube that was tightly sealed
with a polyethylene stopper. The tubes were brought to the
laboratory and stored frozen until analysis. The cartridges
were analyzed within a week. During the four-year moni-
toring campaign, two samples were exposed at the each of
nine sampling sites during the 24 14-day exposures per year.
This gave a total of 432 samples per year.

Applying the passive sampling technique as a tool for
monitoring benzene concentrations under real conditions
requires a knowledge of the parameters responsible for the
uptake of analytes by a particular type of sampler, as well as
meteorological conditions that influence the performance of
passive samplers. Sampling rate values of the passive sam-
plers (Q) were provided by the manufacturer, while meteo-
rological data were supplied by the Agency of Regional Air
Quality Monitoring in the Gdansk Metropolitan Area
(ARMAAG) Foundation.

Exposure

The exposure period for the Radiello passive samplers was
evaluated on the basis of the individual properties of the sam-
pler (e.g., type of sorbent, construction parameters, etc.). Due to
the high sampling rates attained by Radiello passive samplers
(26.8 ml min−1 for benzene), special care was taken not to
saturate the sorbent bed with the compounds of interest.
Throughout the whole monitoring campaign, the optimal
exposure for the Radiello passive samplers was evaluated
as 14 days, which corresponds to two exposure periods per
month [16]. During this period of time, the gain in the mass
of analytes on the sorbent bed was reported to be linear.

Sample analysis

Liberation of analytes and chromatographic analysis

Analytes retained on the sorption bed in the Radiello passive
samplers were liberated by two-step thermal desorption
(Unity v.2, Markes Int. Ltd., Pontyclun, UK). During the
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Fig. 1 Locations of the ten monitoring stations in the Tri-City area [13]
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first desorption step, carrier gas (helium, flow rate 45 ml min−1)
was passed through the cartridge (labeled 1 in Fig. 3) for 20
min, and the analytes were then transferred to a cold trap (2)
and cooled to 1 °C. The second desorption step started with
trap heating to 300 °C, before transferring the analytes
directly onto a chromatographic column. This scheme for
thermal desorption is presented in Fig. 3. Compared to
solvent extraction, thermal desorption is considered to be a
precise and environmentally friendly extraction technique,
mainly because it eliminates the use of organic solvents.
During thermal desorption, the analytes are injected directly
onto the chromatographic column, thus avoiding sample
manipulation and dilution. Additionally, two-step desorp-
tion ensures that narrow bands are formed [17].

Chromatographic analysis was carried out using an Agi-
lent Technologies 6890 GC coupled with a 5873 Network
mass spectrometer (MS). A DB-1 (J&W) 30 m × 0.25 μm
capillary column with a stationary phase film thickness of
1 μm was applied. The temperature of the transfer line (GC-
MS) was 300 °C. The concentration of benzene in ambient
air was calculated according to Eq. 1, provided by the
manufacturer of Radiello, correcting for exposure, the sam-
pling rate, and the average air temperature.

Chemical standards

External calibration was carried out with a mixture of volatile
organic compounds (“Mix 8”) containing 13VOCs (including
benzene) at 2000μg/mL (Supelco, USA). Further information
on the calibration procedure can be found elsewhere [18]

Quality control/quality assurance

Quality assurance and quality control procedures includ-
ed the analysis of field blanks and parallel duplicate

samples. For field blanks, additional passive samplers
were taken to nine monitoring stations and left unex-
posed during the exposure period (14 days). These field
blanks were then analyzed under the same conditions
applied during the analysis of samplers exposed to the
atmospheric air. The measurement uncertainty evaluated
by the manufacturer was 25%.

Results and discussion

The time-weighted average benzene concentration was cal-
culated according to Eq. 1, based on knowledge of the
exposure of the passive samplers, the masses of the analytes
trapped by the sorption medium, and sampling rates. As the
Q values supplied by the manufacturer were evaluated under
standard conditions, 25 °C and 1013 hPa, an adjustment to
account for the mean temperature was performed using
Eq. 2.

C ¼ M � t

QT
� 106 ð1Þ

C concentration of analyte (μg m−3)
M mass of analyte (ng)
Q sampling rate (ml min−1)
t exposure time (min)

QT ¼ Q298 � T

298

� � 3=2ð Þ
ð2Þ

Q sampling rate (ml min−1)
Q298 sampling rate at 298 K (ml min−1)
T temperature (K)

Fig. 2 Radiello passive sam-
plers were placed in a specially
designed stainless shelter during
the exposure period at the mon-
itoring station
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Seasonal distribution

The monitoring campaign carried out in years 2007–2010
allowed us to obtain seasonal concentration profiles for
benzene in ambient air in the Tri-City area, which are
presented in Fig. 4. The error bars plotted in Fig. 4 reflect
the standard deviations (SD) of the obtained results. The
average monthly concentrations of benzene plotted in the
seasonal profiles show significant fluctuations depending on
the month and season of the year. Results obtained during
the campaign confirmed the strong influence of meteorolog-
ical conditions, especially temperature, on benzene concen-
tration. Figure 5 presents the variation of the benzene
concentration with the fluctuations in temperature.

Higher concentrations of benzene were reported in winter
to spring months (from November to April), when the
ambient temperature slightly exceeded 5 °C (Fig. 5). This
was due to increased emissions from heating devices (the
cold season in Poland stretches from October until March),
as well as emissions from vehicle traffic. It has also been

reported that a lower average ambient temperature aids the
accumulation of pollutants in the atmosphere, due to limited
movement of air masses in the vertical plane [2]. Benzene
concentrations obtained in January and February 2010 sig-
nificantly exceeded the threshold value of 5 μg m−3. This
may have been due to the low average ambient temperatures
reported for these months compared to the same months in
previous years.

The low benzene concentrations reported during the sum-
mer to autumn (May to October) months throughout the
monitoring campaign resulted from the meteorological con-
ditions typical of this time of year: high average ambient air
temperatures, high levels of insolation, low relative humid-
ities, all of which accelerate the degradation of organic
compounds in the atmosphere through reactions with hy-
droxyl radicals. As the lifetime of benzene in ambient air is
significantly shorter in summer months, the concentration of
benzene decreases with increasing ambient air temperature
(Fig. 4) [2, 19]. Seasonal concentration profiles obtained for
benzene during the four-year monitoring campaign

1 2 3 1 2 3 

Tenax TA

Carbotrap

Fig. 3a–c Subsequent stages of
thermal desorption: a desorption
of analytes from the sorbent bed;
b desorption of analytes from the
microtrap; c layout of the
microtrap
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demonstrate that fluctuations in benzene concentrations in
ambient air result from a combination of meteorological
conditions, atmospheric chemistry, and emissions from
anthropogenic sources.

Gdansk is considered the most industrialized region of
the Tri-City area. There are large companies in this region,
including the Wybrzeże CHP refinery, the energy company
Energa S.A., and loading terminals within the port area.
Gdansk is also known as a center of the shipbuilding indus-
try. Increasing numbers of vehicles and petrol stations can
also be significant sources of a wide range of hazardous
compounds (e.g., benzene) in the ambient air, which signif-
icantly affect its quality.

The highest average annual benzene concentrations in the
Tri-City area were reported in Gdansk, at monitoring sta-
tions am1 and am8 (Table 1). This may result from the high
levels of vehicle traffic close to Kartuska St. and J. Hallera
St. (>10 bus lines reported). Lower concentrations of ben-
zene were in turn reported at the monitoring stations located
in Sopot and Gdynia (am6, am10, and am4), which are
considered to be less industrialized areas than Gdansk. In

particular, Sopot is known to be a popular tourist resort, so
there is no heavy industry in this area. Moreover, as it is a
health resort, Sopot must abide by stricter legislations re-
garding the concentrations of particular compounds in am-
bient air. The elevated benzene concentrations reported for
winter months (from November to March) at the monitoring
stations located in Sopot and Tczew may result from the use
of tiled stoves in central heating. It has been reported that
emissions from traditional tiled stoves include a wide range
of organic compounds and particulate matter.

Benzene concentration profiles plotted with seasonal
resolution for Gdansk, Gdynia, Sopot, and Tczew are pre-
sented in Fig. 6a, and these confirm the tendency for higher
concentrations to occur in more industrialized areas: Gdansk
and Tczew. Local spatial differences in benzene concentra-
tion occur, especially during the autumn to winter months
(October to March), as can be observed in Fig. 6b.

Average annual concentrations of benzene obtained in the
urban air of the monitored cities during 2007–2010 are
given in Table 1. According to the literature, these values
correspond well with the annual average concentrations of
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Fig. 4 Seasonal benzene con-
centration profiles obtained in
the ambient air of the Tri-City
area (Tczew) during the moni-
toring campaign carried out in
2007–2010
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Fig. 5 Variation in the benzene
concentration with the fluctua-
tions in temperature
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benzene measured in the atmospheric air of other European
cities, such as Copenhagen (2.9 μg m−3), Coruna (3.4
μg m−3), Bari (1.7 μg m−3), Rome (2.4 μg m−3), Milan
(2.4 μg m−3), and Antwerp (1.6 μg m−3) [20–22]. The
minimum and maximum annual concentrations of benzene

obtained during year 2007–2010 are presented in Table 2. It
should be noted that the monitoring stations at which the
maximum annual concentrations were reported were located
in Gdansk and Tczew, while the minimum annual concen-
trations were obtained in Gdynia.
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concentration profiles obtained
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during the monitoring campaign
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Correlation analysis

One of the aims of this study was to identify sources of
benzene emissions into the ambient air in the Tri-City area.

Therefore, the correlation coefficients between benzene and
toluene (B/T) in atmospheric air were studied. According to
the literature, if analytes originate from the same emission
source, the correlation is linear [20–22].
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The benzene and toluene (B/T) correlation coefficients
(r2) obtained during the four-year monitoring campaign that
used Radiello passive samplers are presented in Table 4 with
seasonal resolution.

It is clear that the studied compounds tend to be better
correlated during the autumn to winter months (September
to February). This is probably due to the greater observed
homogeneity of the air as well as the increased emissions
from heating appliances during the cold season. However,
compared to other European cities with dense street traffic,
such as Antwerp—where the correlation coefficient between
benzene and toluene was close to unity [21], r2 values in the
Tri-City area were significantly lower, and ranged between
0.14 and 0.61 (Table 3). This suggests that street traffic is
not the usual emission source for the studied compounds;
other origins of the BTEX in urban air are possible.

The BTEX emissions from vehicle exhaust depend on the
type of fuel used by the vehicle as well as the technology
and type of catalyst system employed by the vehicle, and its
speed. B/T emission ratios are often used to investigate the
contribution of vehicle traffic to the total emission of BTEX
into the ambient air.

A common method of determining the emission ratios of
organic compounds is to calculate the slope of the linear fit
to a scatter plot of the emissions of the two compounds.
According to the literature, B/T emission ratios in vehicle
exhaust range from 2 to 8 [23].

The B/T emission ratios obtained during the monitoring
campaign by applying the Radiello passive samplers for
sample collection ranged between 0.47 and 12.9 (Table 4),
which is consistent with the B/T emission ratios reported in

the literature (1.7–9.3 [24], 3–12 [25], and 0.7–3.8 [26]).
However, except from the year 2008 (when B/T emission
ratios were between 1.67 and 12.99), the B/T ratios were
lower than unity. This suggests that the benzene in the
ambient air of the Tri-City did not originate from the vehicle
traffic. As confirmation of this statement, according to the
literature, lower B/T emission ratios are typical of “back-
ground” areas with less dense street traffic. This corresponds
well with the fact that all monitoring stations in the Tri-City
were considered urban background stations [23].

Comparison of the concentrations of benzene obtained using
the passive sampling technique and on-line monitoring

To validate the suitability of passive samplers for ambient
air studies, a comparison of on-line monitoring and passive
sampling was carried out.

The results (for monthly benzene concentration) obtained
by an on-line monitor, the Chrompack CP 7001, employed
at monitoring station number 10 (am10), were supplied by
the ARMAAG Foundation. The Chrompack CP 7001 on-
line monitor combines a sampling and an analytical system.
Air is pumped through a cold trap filled with a sorbent to
trap VOCs. The trap is heated and the analytes are trans-
ferred to a gas chromatograph coupled with FID detector for
analysis. The resolution time is 1 h.

A comparison of the monthly benzene concentration
profiles obtained using the passive sampling technique and
the Chrompack CP 7001 on-line monitor are presented in
Fig. 7 graphically.

The results obtained by passive sampling technique were
slightly higher than those obtained using the on-line monitor
(apart from in 2008), especially for the months from No-
vember to March. However, the seasonal profiles obtained
for both techniques were similar. Good agreement between
the results obtained with both of these techniques (active on-
line monitoring and passive sampling), in terms of monitor-
ing VOCs, has been found in several studies [27, 28].
However, due to the fact that meteorological conditions (e.
g., temperature, wind, and humidity) can affect the behavior
of passive samplers, the performance of this sampling tech-
nique should be investigated continuously (especially under
real conditions) and compared to other methods.

Table 2 Minimum, mean, and maximum benzene concentrations mea-
sured in the atmospheric air of the Tri-City area in 2007–2010

Concentrations and their SDs (in μg m−3) Year

Minimum SD Maximum SD Mean SD

4.5 (am5) 1.8 6.0 (am8) 2.7 5.1 2.1 2007

0.9 (am9) 0.4 1.8 (am1) 0.9 1.5 0.5 2008

2.3 (am10) 1.1 2.9 (am7) 1.3 2.5 1.4 2009

2.3 (am10) 0.8 3.9 (am7) 1.8 3.0 1.8 2010

Table 1 Annual average
benzene concentrations reported
in the atmospheric air of the
Tri-City area during the 2007–
2010 monitoring campaign

Year Annual average benzene concentrations and their SDs (in μg m−3)

Gdansk SD Gdynia SD Sopot SD Tczew SD

2007 5.1 2.5 4.8 1.4 4.9 1.2 5.1 1.9

2008 1.5 0.7 1.2 0.7 1.6 0.9 1.6 1.0

2009 2.4 1.1 2.4 1.5 2.1 0.9 3.0 0.7

2010 2.3 1.2 2.7 1.8 2.7 1.5 4.0 1.3
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In accordance with this statement, a statistical compari-
son of the monthly benzene concentrations determined with
two different techniques—passive sampling and on-line
monitoring—was realized via linear regression (Student’s t-
test). The monthly benzene concentrations determined with
the Radiello diffusive sampler [y(Cpassive)] were plotted
versus those determined with the Chrompack CP 7001 on-
line monitor (x(Con-line)] during 2008–2010. The obtained
plot is presented in Fig. 8. Additionally, the y0x line
(Cpassive0Con-line) representing the ideal scenario where
there are no differences between the monthly benzene con-
centrations determined with the two different methods is
also presented in Fig. 8. In the ideal scenario, the regression
line should pass through the origin of the coordinate system
(a00), and the slope b should be equal to unity (b01).

The statistical parameters obtained from the correlation
analysis are presented in Table 4 separately for each moni-
toring year as well as for the whole three-year monitoring
period.

It was found that at the probability level P095%, the
condition tacalca/Sa ≤ tcr was fulfilled for the intercept a.
Thus, it can be stated that the intercept a was not signifi-
cantly different from the expected value of zero. This was
observed for the years 2008–2010. In the case of the slope b,
the dependence tacalc(1 − b)/Sb) ≤ tcr was not fulfilled for the
regression line for the year 2010, which means that the slope
b was significantly different from 1.

To summarize, the monthly benzene concentrations de-
termined with the Radiello diffusive sampler and the

Chrompack CP 7001 on-line monitor were not statistically
different for the years 2008–2009. Taking the on-line tech-
nique as the reference technique, these results show that
passive sampling is relatively useful as a tool for environ-
mental studies. However, the differences between the
monthly benzene concentrations determined with the Radi-
ello diffusive sampler and the Chrompack CP 7001 on-line
monitor obtained for 2010 were statistically significant due
to the value of the slope b.

The influence of temperature on passive sampler
performance

The lack of a strong statistical relationship between the
results obtained by passive sampling and those given by
the on-line monitor in our study may result from the strong
dependence of diffusive passive sampler performance on the
meteorological conditions. This strong influence of the tem-
perature fluctuations as well as the varying wind speed on
passive sampler uptake bahaviour is often described in the
literature as being a huge drawback of this technique. How-
ever, quantification errors (of up to 50%) may also occur
due to the nonideal behavior of the sorbents applied to
sample the VOCs (e.g., Tenax TA) [27].

According to literature data, the sampling rate (Q) is
the main factor influencing the uncertainty of the
obtained results [29]. This is due to the fact that sampling
rates are usually calculated in the laboratory, in exposure

Table 3 B/T emission ratios
presented with seasonal
resolution, obtained by applying
Radiello passive samplers

b±Sb B/T emission ratio ± its SD

n number of samples

* No correlation observed for
this period

Season 2007 2008 2009 2010 n

r2 b±Sb r2 b±Sb r2 b±Sb r2 b±Sb

Spring * - 0.34 9.02±2.28 0.15 0.47±0.22 0.33 0.67±0.20 30

Summer 0.38 4.03±1.14 0.14 12.9±2.7 - - - -

Autumn 0.33 0.58±0.23 0.18 1.67±1.17 0.51 0.64±0.16 0.49 1.00±0.26

Winter 0.37 0.64±0.34 0.35 4.00±1.11 0.57 0.61±0.12 0.61 0.50±0.16

Table 4 Statistical comparison of the monthly benzene concentrations determined with two different techniques: passive sampling with Radiello
samplers and the on-line BTEX monitor Chrompack CP 7001

Years Regression equation
[y0bx+a, where y0c
(passive); x0c (on-line)]

b±Sb t bcalc tcr a±Sa tacalc tcr Linear regression
coefficient r2

n

2008 y01.316x – 0.414 1.316±0.185 1.704 2.179 0.414 ±0.253 1.637 2.179 0.716 12

2009 y01.359x +0.119 1.359±0.236 1.518 2.179 0.119±0.439 0.272 2.179 0.623 12

2010 y01.880x – 0.212 1.880±0.288 3.058 2.262 0.212±0.440 0.482 2.262 0.795 9

Summary equation y01.531x – 0.264 1.531±0.264 2.011 2.030 0.264±0.233 1.133 2.030 0.677 33

tbcalc0(1 − b)/Sb
tacalc0a/Sa
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chambers, for concentrations that are different from
those generally found in the environment, and without
the interference of other organic compounds present in
the air [23, 24].

According to Eq. 3, the sampling rate QT, which deter-
mines the uptake rate of the passive sampler, depends on the
diffusion coefficient of the organic compound in the gas
phase:

Q ¼ D� A

L
ð3Þ

Q sampling rate (ml min−1)
D diffusion coefficient (cm s−1)

A surface of diffusion (cm2)
L path length of diffusion (cm)

As diffusion coefficient depends on the temperature,

D ¼ D298 � T

298

� � 3=2ð Þ
ð4Þ

D diffusion coefficient (cm s−1)
D298 diffusion coefficient for 298 K (cm s−1)
T temperature (K),

the same dependence is observed for QT (Eq. 2).

y = 1.5314x -0.2643
R2 = 0.6769

y = x

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

C
on

ce
nt

ra
tio

n 
[µ

g 
m

-3
] (

pa
ss

iv
e)

Concentration [µg m-3] (on-line) 

Fig. 8 Plot of Con-line versus
Cpassive, which was used to
examine the significance of the
differences between the
experimental and the estimated
concentration values obtained
during 2008–2010

Benzene concentration
2008-2010

0.7
0.6

1.3

1.7

1.1
1.2

1

0.30.30.3
0.20.2

0.3

0.9

1.21.2
1 1

2.8

3.2

4.5

4.3
4.4

2.9

2.5

2.9

2.3

4.0

2.9

1.4
1.3

0.50.5
0.7

0.6
0.70.7

1.7

3.2

3.5
3.3

3.7

4.7

5.6

6.0

2.5

2.1

3.5

2.4

1.3

0.7

0.1
0.3

0.5

2.2

0.9

0

1

2

3

4

5

6

7
c on-line c passive

2008 2009 2010

Fig. 7 Comparison of the sea-
sonal benzene concentration
profiles obtained by passive
sampling and on-line monitoring
during 2008–2010

1078 S. Król et al.



The effects of both the temperature and the wind speed
effect on Radiello sampling rate values have been widely
investigated by different scientists. According to French sci-
entists, an increase in the sampling rate of the sampler is
observed when the wind velocity increases in a logarithmic
manner. The magnitude of this effect was evaluated as ±13%
when the wind velocity ranged from 0.2 to 1.4 ms−1 [27, 30].

As the QT values supplied by the manufacturer were
evaluated for 25 °C, the appropriate adjustment for the
actual temperature must be made. It is also important to note

that QT values were calculated for each exposure period
based on the average monthly temperature.

The average monthly temperature supplied by the
ARMAAG Foundation differed significantly from the daily
temperature. Figure 9a presents the daily fluctuations in tem-
perature noted in January 2010. The horizontal line in Fig. 9a
7reflects the average monthly temperature used to calculate QT.

As presented in Fig. 9a, the average monthly temperature
reported for January which was then applied to calculate QT

values was −5.6 °C, while the amplitude of the temperature
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fluctuation for this month was −13.6 °C, with a maximum
temperature of 0 °C and a minimum temperature of −13.6 °C.
Such strong monthly fluctuations in temperature may influ-
ence the performances of passive devices, affecting the re-
sponse rate (response time) to changes in analyte
concentration in the sampling zone. The fluctuations in QT

observed during the month of January 2010, which resulted
from daily fluctuations in temperature, are presented in
Fig. 9b. The horizontal line in Fig. 9b reflects the average
QT value obtained when using the average monthly temper-
ature of −5.6 °C. The large amplitude of the QT fluctuation
[ranging from 21.8 (−13.6 °C) to 23.5 (0 °C)] obtained for
daily values in January, when compared to the average QT

value, suggest that incorporating the average QT value into
the calculations of benzene concentration may lead to inac-
curate results. This may explain the differences between the
monthly benzene concentrations determined with the on-
line monitor and the Radiello passive samplers (Fig. 7).

Due to the fact that benzene concentrations obtained by
passive sampling were calculated using QT values evaluated
on the basis of the average monthly temperature and taking
into account the monthly amplitude of the temperature fluc-
tuation reported in January 2010, we made an attempt to
empirically determine Q values by using concentrations
obtained by the on-line analyzer as reference values. These
Qon-line values were calculated according to the equation
provided by the manufacturers of Radiello:

Qon�line ¼ M � 106

Con�line � t

where:

M mass of analytes retained on the sorbent bed (μg)

Con-line concentration obtained by the on-line
analyzer (μg m−3)

t exposure time (s)

Additionally, by comparing the concentrations obtained
by the passive sampling technique and the on-line technique
(with the on-line technique used as the reference), we cal-
culated corrected Q values (Qcorrected) from the equation

Qcorrected ¼ QT � Cpassive

Con�line

Both Qon-line and Qcorrected are higher than QT, as
expected from the concentrations obtained by the passive
sampling technique. A comparison of the three values Qon-

line, Qcorrected, and Q T is given in Fig. 10.
The results obtained for 2009 correspond well with those

obtained in other studies, where QT values were calculated
for benzene (for 14 days exposure) and ranged between 26.4
and 33.0 ml min−1 [24].

As a confirmation, some attempts to determine QT values
in exposure chambers have been reported. The results
obtained under steady conditions, close to the standard
conditions (25 °C and 1013 hPa), did not differ significantly
from the values provided by the manufacturer [26–28]. A
different situation occurred when the values were obtained
under ambient conditions. The most significant difference
was reported for when temperature fell below 0 °C, and QT

tended to differ significantly from the values evaluated
under standard conditions. The correction for temperature
performed for QT each month does not fully reflect the
monthly fluctuation in temperature and thus the fluctuation
in QT. This confirms that applying the average temperature
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to calculate QT may lead to significant inaccuracy [28,
30–35].

According to the most recent data published on this issue,
studies are being carried out to minimize the influence of
meteorological conditions on passive sampler performance.
Some attempts have been made to develop models for
calculating QT values for VOCs, which depend on the
temperature and exposure period [31].

Conclusions

The concentration of benzene in ambient air can vary over
time as well as spatially. Therefore, an appropriate analytical
procedure for measuring benzene concentration levels must
be developed in order to obtain reliable data. In recent years,
passive sampling has gained broad attention as a tool that
can be applied to monitor a wide range of organic com-
pounds in ambient air.

The four year long monitoring campaign carried out from
January 2007 to December of 2010 in the Tri-City area proved
that passive sampling can be considered a useful sampling and
preconcentration technique for monitoring organic com-
pounds in urban air. This relatively simple and inexpensive
technique allowed time-weighted average concentrations of
analytes to be obtained, which may serve as a valuable source
of long-term information on human exposure to VOCs.

On-line monitoring instruments also have the ability to
obtain concentrations of organic compounds as well as
short- and long-term air-quality trends in urban air. Howev-
er, due to practical constraints (e.g., cost of maintaining the
equipment, the need for highly qualified supervision, etc.),
the use of automatic analyzers is restricted to a limited
number of roadside and background locations within a city.
In such cases, especially in remote areas, low-cost passive
samplers can be used to characterize the spatial variability of
air pollution [36].

The research carried out in the four-year monitoring
campaign described above confirmed the ability of Radiello
passive samplers to show the fluctuations in benzene con-
centrations in urban air, making them useful tools for mon-
itoring at the local scale. The monitoring campaign yielded
seasonal concentration profiles for benzene in ambient air.
This information should serve as a useful database for
further research, such as modeling the transport of benzene
in ambient air.

However, the fact that experimentally determined QT

values were higher than those calculated under standard
conditions showed the strong dependence of passive sam-
pler performance on meteorological conditions. This limita-
tion of the passive sampling technique requires further
study, so that more knowledge is attained on the issue of
passive sampler uptake rate behavior as well as the impact

of real environmental conditions (e.g., temperature fluctua-
tions, varying wind speed) on sampling rate values.
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