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ZASTOSOWANIE PO PRZEWODNIKOWYCH CZUJNIKOW CHEMICZNYH DO
KONTROLI ST ENIA BENZENU W POWIETRZU

APPLICATION OF SEMICONDUCTIVE CHEMICAL SENSORS TO C ONTROL THE
CONCENTRATION OF BENZENE
IN THE AIR

Benzene is an air pollutant especially harmful Haman health, because of its carcinogenic and
mutagenic properties. Although it has low acuteidibx the repeated exposure to high
concentrations can cause the effects on the bloddkod forming organs. The most convincing
evidences are found for the development of leukaeasi a result of benzene exposure. This
compound commonly occurs in the air of urban asgascomes mainly from combustion of liquid
fuels in car engines and (in Poland) hard coal ameistic furnaces. There are also industrial
sources of benzene emission, such as refinerikeries and power plants. Monitoring of benzene
and its alkyl derivatives (BTX) is obligatory inhan areas, according to the Directive 2000/69/EC.
The paper presents results of the field experimatht the use of ETL2000 (multi-component air
quality monitor; UniTec - Ferrara, Italy) for bemsemonitoring. The ETL2000 is the system based
on a new solid-state thick-film sensor technologiich provides appropriate selectivity and
accuracy for measuring airborne pollutants, ocogriin ppb concentrations. Thick-film sensors
technology exploits electric conduction phenomédra happen above the layer of nanostructured
semiconducting metal oxides at the fixed tempeea{@00-400C). An electrical response from
semiconductor is proportional to particular gasasmtration. The signal is turned into given gas
concentration using a suitable fitting calibratimurve. Benzene sensor is the newest device in the
ETL system and there aren’t enough operating dB&nzene concentrations were recorded
continuously as 15-min averages frofhApril to 25" May 2006 in Zabrze, at the air monitoring
station of the Silesian Regional Inspectorate ofit®mmental Protection (SRIEP). At the same
time the measurements of 15-min benzene concentgativere performed using the reference
analyzer AirmoBTX1000 (gas chromatograph with tlaenke ionization detector). The comparative
analysis of obtained results was performed, with tise of nonlinear regression techniques, to
determine the range of application of ETL2000 viaémzene sensor in the urban conditions.

It was stated that the application of the ETL200Wwenzene sensor in urban conditions is limited
to the places directly vulnerable to the emissibthis pollutant — in the neighborhood of the busy
traffic routes or industrial installations. The senis presenting properly the changes of higher
concentrations, including the peaks of concentnatidhe decrease of sensitivity and selectivity of
the concentrations up to 3 pg/mvas observed, which is manifested with the overdta
participation of very low concentrations. The uredimated average annual concentration reduced
the sensor usability to monitor benzene in urbahsab-urban background stations.
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Benzen jest zanieczyszczeniem powietrza szczegshiedliwym dla zdrowia cz owieka z uwagi
na wasnoci kancerogenne i mutagenne. Chocieechuje go niska toksyczno ostra, to
wielokrotne ekspozycje na wysokie stnia mog powodowa zmiany w obrbie krwi i organdw
krwiotwdrczych. Najlepiej udokumentowany, jako sdkitekspozycji na benzen, jest rozwdj
leukemii. Zwi zek ten powszechnie wysiuje w powietrzu obszaréw zurbanizowanych i pochodz
g 6wnie ze spalania paliw p ynnych w silnikach sahadéw oraz (w Polsce) ze spalaniagia w
paleniskach domowych. Istnieféwnie przemys owe rod a emisji benzenu, takie jak rafinerie,
koksownie, elektrociep ownie. Zgodnie z Dyrekty\2000/69/WE, monitoring benzenu i jego



alkilowych pochodnych (BTX) jest obligatoryjny w s#arach zurbanizowanych. W pracy
przedstawiono wyniki eksperymentu polowego yaiem aparatu ETL2000 (wielokomponentowy
monitor powietrza; UniTec - Ferrara, ltaly) do mtoningu benzenu. ETL2000 jest uk adem
opartym na nowej technologii sta ych czujnikéw grularstwowych, ktéra zapewnia odpowiedni
selektywno i dok adno w pomiarach zanieczyszczeowietrza, wystpuj cych w st eniach
rz du pph. Technologia czujnikéw grubowarstwowych wykorzystwzjawiska przewodnictwa
elektrycznego, zachodze w okrelonej temperaturze (200-40) ponad warstw
nanostrukturalnych po przewodnikbw w postaci tlemkémetali. Elektryczna odpowied
po przewodnika jest proporcjonalna do shia okrelonego gazu. Do przetworzenia sygna u w
st enie danego gazu sy odpowiednio dopasowana krzywa kalibracji. Czujhénzenowy jest
najnowszym sensorem w uk adzie ETL, dla ktéregdk bi@statecznej ilei danych operacyjnych.
St enia benzenu, jakarednie 15-min., by y rejestrowane w sposélggi od 5 kwietnia do 25
maja 2006 r. w Zabrzu, w stacji monitoringu powidatr | skiego Wojewddzkiego Inspektoratu
Ochrony rodowiska (WIO ). W tym samym czasie prowadzono pomiary 15-min. estia
benzenu z wciem referencyjnego analizatora AirmoBTX1000 (chatograf gazowy z
detektorem p omieniowo-jonizacyjnym). Dla oceny rzgki stosowaln@i ETL2000 z czujnikiem
benzenu w warunkach miejskich przeprowadzono anglizéwnawcz otrzymanych wynikow z

u yciem technik regres;ji nieliniowej. Stwierdzon@, zastosowanie uk adu ETL2000 z czujnikiem
benzenu w warunkach miejskich jest ograniczone @sm bezporednio naraonych na emisj
tego zanieczyszczenia - sgedztwo ruchliwych cigbw komunikacyjnych lub instalacji
przemys owych. Czujnik dobrze odwzorowuje zmiany szych st e , w tym epizody bardzo
wysokich st e . W zakresie ste do ok. 3 pg/modnotowano spadek czuad i selektywnoci,

co objawia si zawyonym udziaem bardzo niskich st . Niedoszacowanie stenia
redniorocznego ogranicza przydatnoczujnika do monitoringu benzenu w miejskich i
podmiejskich stacjach t a.

S owa kluczowemonitoring powietrza, benzen, czujniki gazowenatachnologia, grube warstwy
po przewodnikowe

1. Introduction

Benzene belongs to the pollutants of the provedimagenic effects, related with the diseases of
the bone marrow and lymphatic leukaemia [1-3].dimeonly occurs in the air of urban areas.
Benzene originates from combusting engine fuelsinliyapetrol), from the processes of
combusting fuels for heating purposes and energgyation, from the industrial processes of fuels
convertion (coke chemistry, petrochemistry) andnfreome processes of organic synthesis (e.qg.
ethylobenzene production) [4]. Benzene emissiadfisastompany manufacturing and application
of paints, varnishes, glues, impregnants. Howevereds to be mentioned that the content of
benzene in these products has been limited by tegalations, similarly as in case of the content
of benzene in engine fuels [5, 6].

Monitoring of benzene in Poland has been mainlydaoted by way of the passive samplers. They
allow for estimating the average concentrationrdytihe exposure (from 1 week to 1 month) [7]. Under
the conditions of the higher level of concentratimhen 1h concentrations are required, an expensive
automatic referential method must be applied (gmsncatography). In Poland there are about 10-15
automatic chromatographs operating at presentifen@nitoring. The alternative solution can be the
application of cheaper automatic ETL2000 analysgh he thick-layer semiconducting benzene
sensor. Taking into consideration that the propasethod is not in accordance with the referential
method and there is at present lack of adequaterimgntal data for the new benzene sensor, in
practice the method application requires conduaorgparative measurements. In this work the results
of the comparative experiment were presented Weatuse of the ETL2000 analyser and the reference
BTX analyser. The measurements were taken in Zaarzbe automatic air monitoring station of the
Silesian Regional Inspectorate of Environmentaltéation (SRIEP). Both analysers had been
working continuously for 7 weeks, recording 15-mesiconcentrations. ETL2000 analyser was
lend by the manufacturer, Italian Company UniTed. &om Ferrara. The BTX analyser is owned by



the Institute of Environmental Engineering of theli$h Academy of Sciences and is used for air
monitoring in Silesian Region by the order of SRIf# works financed by the Regional Fund for
Environment Protection and Water Resources Managiamiatowice).

2. Measurement site

The measurements were conducted on the area bfdtiteite of Environmental Engineering of the
Polish Academy of Sciences (IEE PAS) in Zabrze34atM. Sk odowska-Curie Street, where the
SRIEP automatic air monitoring station is locatedllution measurement is accompanied by the
monitoring of the meteorological parameters. Ibie of the 16 stations of automatic air quality
control stations in Silesian Region and one ofai@hs measuring the concentration of benzene,
toluene, ethylobenzene and xylene (BTX). Both stetiare located in the urban background, but in
Zabrze relatively frequent episodes of high benzammcentration are observable, of a dozen or
so g/m®. This factor proved decisive in the selection abze station for the experiment.

The measuring station no 12.008tp://212.106.146.181/iseoffs located in the central part of
town, of 186,4 thousand inhabitants, yet outsig@itect center (mainly the new residential blocks
with the central heating). Within 500 m, north amaith-west from the station, there are allotment
gardens and the trunk road no 88 (E40). Within 20 the east there is Korfanty Ave., medium
congestion road, connecting the center of Zabrzk thie trunk road no 88. The Institute area is
separated from the road with the narrow belt ohhggeen. To the east of Korfanty Ave. there is
M. Sk odowska—Curie housing estate. Within 400 nth® south of the measuring station there is
located an estate of three storey buildings withitfdividual coal burned furnaces. Further to the
south and south-east there is Zabrze center watlolthhousing buildings and commercial-services
developments. Within 300 m to the west there asideatial blocks of Franciszkaka housing
estate. The main sources of benzene emission in, tapart from the car traffic, are “Jadwiga”
Cokery (about 4 km to north-east) and smoulderimgnér dump of mine wastes in Zabrze-
Biskupice (about 2 km to the east).

The view of air monitoring station with marked deesad providing air to BTX analyser (on the left
of the meteorological pole) and ETL2000 analysehwenzene sensor are presented in Fig. 1.
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Figure 1.a — Automatic station of air monitoring in Zabrke, ETL2000,
¢ — thick-film benzene sensor SENS3000 [www.caglla



3. Measurement methods

The referential measurements of benzene concemtratre done using automatic chromatograph
AirmoBTX1000 (Chromatotec, France), consisting amgling unit, thermodesorber, analytical
column MTX-5 and flame ionisation detector (FIDhi§ measurements method is consistent with
the standard EN 14662:2005, regarding the autortetiiniques of BTX monitoring [8]. Ambient
air is sucked through a sorption tube and theey #ffiermal desorption, the sample is injected into
analytical column of chromatograph. A 750-ml saraéair are automatically taken at the rate of
50 ml/min. Benzene is adsorbed into a tube filléith WarbotrapB. The sampling system comprises
three sorption tubes. They work alternately — while desorption from one of them occurrs
(30C°C, 3 min), the second tube is sorbing pollutatts,third one is conditioning. The qualitative
and quantitative benzene determinations are dortbeobasis of its retention time and calibration
coefficient using the external (gas) standard n@tfibe detection limit for benzene is 0.3 pg/m
The ETL2000 was used in the second measurement®didthe ETL2000 (UniTec S.r.l.- Ferrara,
Italy) is a multi-gas analyser for monitoring amitieir quality and it uses a not conventional
principle of measurements. The system is based oeva semiconductive thick-film sensor
technology, which provides appropriate selectiviggnsitivity and precision for air pollutants in
ppb concentrations. A built-in data logger and G8iddem allow for collecting and remotely
transfer of data. An idea of the solid-state tHibk-sensor for ETL2000 was born 10 years ago at
“Sensors and Semiconductors” Laboratory of the ehl/®epartment at the University of Ferrara.
There were made the sensors for carbon monoxitte, oxides, ozone, methane and benzene. The
benzene sensor is the newest device. Thick films@sn technology exploits conduction
phenomena which happen above the sensible laysgmiconducting metal oxides at the strictly
fixed temperature (200-400) [9-11]. The sensors are composed by aluminatibs(2.5x2.5
mm) with two electrodes, heating layer and senddjer. On alumina surface a Pt100 resistor is
printed. It measures external temperature and alsrgensor working temperature. In general, the
sensor is a result of a process of preparing slenfalyer (the micrograins of 30-50 nm). For
benzene the sensible layer is composed of tin of@a&}) with Au/Pt admixtures. The base of
sensor functioning is adsorption on sensible layfeions-oxygen which react with the gas air
pollutants (e.g. with benzene). Using a suitatiten§ calibration curve the electrical responserfro
sensible semiconductor layer is turned into gasizéee) concentration. Some digital filters
remove electrical noises from the sensor respd&e [

4. Results and discussion

The changes of 15-min. benzene concentration withénperiod of 8 April — 25" May 2006
measured with the use of reference analyser BTX ERd2000 are presented in Fig. 2a. The
degree of result fitting obtained with the use oftbmethods for shorter periods of analysed series
can be estimated on the basis of Fig. 2b andt 2 sken that the fitting of ETL2000 data to BTX
analyser data in the range of lower concentrat{opsto 5 pg/m) is weaker than in the range of
higher concentrations.

The relationy=f(x) is presented in Fig. 3a, wheye— benzene concentration obtained with
ELT2000, x - benzene concentration obtained with BTX analyfsera complete measurement
series. The distribution of points in a scattergludicates the nonlinear relation=f(x). The
necessity of searching for nonlinear approximatesults from considerable scatter of ETL2000
results assigned to low concentration obtained BiTiX analyser. That concerns especially the
"near zero” measurement results, i.e. concentratialue near the limit of detection of the
referential measuring method. Clearly overstatedafnzero” results percentage of benzene
concentration measurement in measuring with ETL2@80lts in considerable underestimation of
concentration average value (Table 1).



¥
|
|
¢

T
‘ \LAJLAMMJ, il

i lﬁ‘JH ﬁmﬂd

Figure 2. The results of benzene concentrations measuremihtshe use of new solid-state
fick-film sensor (ETL2000) and the reference anahy&AirmoBTX1000)
a — the complete time serie&! April — 25" May 2006; b — in the period of TMay— 16" May 2006;
c — for the range of concentration up to 7.5 [fgfnthe period of 11 May— 16" May 2006.



Figure 3. The relationy=f(x), wherex — the results of benzene concentration measuremeith the
use of new solid-state fick-film sensor (ETL200P),the results of benzene concentration measurement
with the use of the reference analyzer (AirmoBTXQ)00
a — the complete series of 15-min measurements;
b — 30-min measurements by the east and west winds.

Table 1.Descriptive statistics of the results of benzemcentration measurements with the use of
ETL2000 new thick-film sensor and AirmoBTX1000.

Parameter ETL2000 AirmoBTX1000
Minimum [ug/n] 0 0
Mean [ug/m] 1.46 2.19
Standard deviation [pugfh 4.05 3.48
Maximum [pg/m] 78.6 56.3
Number of 15-min measurements 4768 4307
Number of “zero” concentrations 264 311
(cumulative percentage share) (5.5) (7.2)
Number of concentrations from the range (0;9.3 1836 311
(cumulative percentage share) (38.5) (7.2)
Number of concentrations from the range (0;0.4%» 2347 500
(cumulative percentage share) (49.2) (11.6)
Percentile 25 [ug/fh 0.2 0.59
Median [pg/mi] 0.5 1.07
Percentile 75 [ug/f 1.2 2.42

* - limit of detection for AirmoBTX1000

It should be pointed out that the dominant paréitgn of low concentrations is typical for urban
pollution background station. Although the functipaf(x) is determined by low concentrations
participation, its character changes together withchange of 8-directions wind rose sector — it
depends on the benzene emission sources type statien surroundings. The diversity yoff(x)
relations is shown in Fig. 3b for E sector windofpmity of a road, farther away — thermally active
dump and cokery) and for W sector wind (a stripgofenery, a housing estate, no significant
benzene emission sources). Figure 3b was madeOfonir8 concentrations as it is the shortest
averaging time of wind direction and speed measentsn

Taking into consideration the above regularitiehatvhad to be carried out to establish the best
adjustedy=f(x) approximation is as follows: (1) determining thgtimal function character and



then selecting its parameters and (2) considehagossibility of using different functions for low
and high concentrations. In order to describe tpdopal function character, a simple data
transformation was carried out intd=x+1 andy’'=y+1 form, which allowed to choose any
function among the approximates available from SRSS$ programmeCurve Estimation
procedure [13]. Th&urve Estimatiorproduces regression statistics and plots for dievfing 11
curve models: linear, logarithmic, inverse, quadratubic, power, compound, S-curve, logistic,
growth, exponential. The best and similar fittinghe whole concentration range (the highest astjust
value R and FischeF statistics) were achieved for cubic and quadfatiction. A somewhat poorer
fitting — for linear function. The remaining relatis were to be rejected as statistically not Sicamit.
Using theNonlinear Regressioprocedure, the approximation function parametenewselected. After
presenting the obtained approximations in graghsirmed out that they improve the adjustment of
ETL2000 data to the results of BTX analyser measargs to a small extend. The arithmetic average
of each approximation was lower than the averagesafsurement results obtained with ETL2000.
Searching for a better model of ELT2000 data fittio referential measurement results, different
approximations for 2 concentration ranges weredgecio be usedOne-Way Analysis of Variance
procedure (ANOVA) was used to determine the boundaries ofs¢hoanges [14]. The data
categorization was performed — 11 categories welexted for bothx andy. The contrast analysis
between consecutive categories allowed to joirfitkied categories af concentration into 1 group of
similar variance off results. It was determined that the boundary vefusncentration is=3 pg/m,

and that the approximation functions should bectaieindependently ok from range 0 to 3 pg/
including, and toc3 pg/mi. The best adjusted combination of 2 approximaiimations (the highest
R factor, the lowest RMSE value) was presented in4dg The residuals of that approximation are
presented in Fig. 4b. The proposed approximatiemsgivery good graphic adjustment of the data,
however it does not solve the matter paverage value concentration underestimationl@tioa to
actualx average — BTX analyser measurement results.

Figure 4. The best aproximatiop=f(x), wherex — the results of benzene concentration measurement
with the use of new solid-state fick-film sensof (2000),y - the results of benzene concentration
measurements with the use of the reference analjxenoBTX1000):
a — the quadratic functions for & 3 pg/ni and forx>3 pg/m;
b — the residuals for these functions.



5. Conclusions
In this work, the results of comparative series bahzene concentration measurements are
presented. The measurements were carried out bysnoééwo methods:

- with the use of ETL2000 systemy(} in which a new semiconductive sensor in thidkafi

version was used,;

- with the use of AirmoBTX1000 analysex{} as the level of reference.
The results of the measurements were the levetfefence. The approximation functions which
describedy=f(x) relation were determined. The reverse function leamused for practical goals —
ETL2000 recommendation correction — for conditiemsilar to the analysed ones.
It was determined that ETL2000 reproduces welldbecentration distribution within the higher
value range, including 60-80 pgfrhigh concentration episodes. Within the range op to
approximatelly 3pg/fhconcentration, the decrease of sensitivity andctely is observed. It is
manifested in the overstated participation of “neaaro” concentration and results in the
underestimation of average annual concentratiois fHature of the sensor limits its usefulness for
benzene monitoring in urban and suburban backgrataiibns. Whereas ETL2000 may be the
alternative for the expensive automatic referemigdthod in places where the average benzene
concentration is clearly higher and where the mttfon concerning the concentration distribution
within 24hours is additionally needed (busy croasdsp industrial installations). This device car &
useful to determine passive measurement pointgidosaaround industrial sources of benzene
emission.
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