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ABSTRACT

Now believed to be respongble for angphylaxis to chemica substances, concentrations of formadehyde
and VOCsemitted by interior finish materidsand furniture, isvery low inresdentia spaces. To accurady
measure these concentrations, it isnecessary to concentrate the air sample during sampling and to employ
high-precison anayserssuch asa GC andyzer to obtain theresults. Sincethese complicated samplingand
andyticd operations require a high levd of expertise, the devdopment of an onthe-spot precise
measuring insrument has long been awated. This sudy examines the gpplication of two
semiconductor-based odour sensors each cgpable of measuring and evaduaing TVOC leves in low
concentrations quickly and in atimed sequence. To evauate the characterigtics of each sensor, the resits
of the measurements were compared with results obtained from high-precison andysers, such asaGC
Andyzer and a GC Mass Spectrometer. A rdaively good correation was obtained between the results,
indli cating the sensors can be used to deve op an effective complementary system to enhancetheandysers.
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INTRODUCTION

Mites, fungi and house dugt contain alergensthat may cause dlergic disease Thisisarecognized problem
in the fidd of indoor ar qudity (IAQ). At the same time, voldile organic compounds (VOCs) and
formadehyde (HCHO), rdeased by interior finish materids, fixtures and furniture have been newly
recognized as contributing to Sck building syndrome and multiple chemica senstivity (MCS) (Spengler
and Sexton, 1983; CEC, 1997).

The eguipment conventiondly available for andysing HCHO-V OCs, such as the gas chromatograph
(GC), the gas chromaographymass spectrograph (GC/IMS), and the high-performance liquid
chromatogrgph (HPLC), offers excdlent accuracy of measurement but has the disadvantage of requiring
complex processing, ahigh leve of expertise, and specid eguipment. It is unsuitablefor large numbers of
measurements where results are required immediately. A smplified tool for the quick on-gte analysis of
large numbers of VOCs samples would be an extremdy effective means of evauating an environment
and ensuring that necessary measures are taken.

Fromtheseverd tensof available odour sensors, the author selected two semi conductor-based onesthat
are capable of detecting TVOC (totd \VOC) a concentrations of the order of pg/m® while offering easy
trandfer of measured data to adatalogger or other device for sorage and andysis. The performance and
characteridics of the chosen sensorswere eva uated by comparing measurements with dataobtained using
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high-precison and ysers. Semiconductor sensorsoperate onthe principlethat the dedrica conductivity of
asamiconducting materid isproportiond to the product of the effective darge, mohility and the dengity of
cariers(Shiozawaet al., 1996 Yamaguchi et al., 1998.

SEMICONDUCTOR-BASED ODOUR SENSORS

Gas Detection Mechanism

In generd, the dectricd conductivity of a semiconducting materid is propartiond to the product of the
effective darge, mobili ty and the concentration d cariers. A reducing gesonthesurfaceof ametd oxide,
such as tin axide or zinc oxide, causes a change in the dectricd conductivity of the materid as a
consaquence of changesto one or more of thesethree fadors. The performanceof an adour sensor varies
with manufacturing method and the shape and size of the partidles comprising the sensor. Metd oxides
contain free(conduction) dedrons and exhibit an ntype semiconducting performance. At the surfece of
the ayddline metd oxide dructure, axygen atoms in the ar capture @nduction dectrons from the
Sructure and are adsorbed into the structure. The adsorbed oxygen huilds apotentia barrier and dogtructs
the movement of carriers, causing the dectrical resstanceof the sensor to increase. When areduding ges
suchasaVOC ispresant, axidation takes placeandthe @ptured dectronsreturntothe aystaline sructure
of the samiconducting materid. The resulting increase in dectron density leads to the alsorption and
desorption of areducing ges To acEeraethereactions, it isimportant to keep the deteding portion of the
sensor a an devated temperature using aheder or other device

The dange in dectricd ressance of the sensor causad by the reducing ges is rdaed to the ges
conceantration through the foll owing equetion:

R=KCn (1)
where, R is the dectricd resgtance of the sensor; K and n are congants, and C the concentration of
reducing ges.

Gas concatrdion readings are obtained with a semiconductor-based sensor from resstance
measurements using the dove equation. The sensor is connected to an dectricd circuit such asabridge,
dlowing the diange in dectrica ressance to be picked up as a difference in dedricd potentid and
measured as an dedricd output (V). Gas detedion sengtivity (*V) isgiven by the foll owing equetion,

V=VV,(2)
whereV, isthe dectrica output indean ar and V; isthe output when thereducing gesispresant inthe ar:
The rdationship between ¢V and gas concentration, C, isgiven by Eqn(3) inthe samemanner as Egn
(:
\V/=K'Cn'(3)
whereK' andn' are ongtants.

Structureand Operational Principle of Semiconductor-Based Odour Sensors
Asatypicd example of a semiconductor-based odour sensor, a ha-wire semiconductor-based sensor of
two-termind Sructureis rowninFigure 1. The sensor is phericd, goproximatey 0.4mm in damete,
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Figure 1 Structure of hat-wire semiconductor-based sensor.

with aporous metd oxide sntered anto aprecious meta coil with two terminas. The coil servesbath asa
heater (to devate the temperature of the semiconducting materid) and as one of the resstance-deteding
eectrodes Such asensor istypicdly arranged as onesde of an dectricd dircuit, such asabridge. Looking
a the gructure of the sensor from the viewpoint of an dedricd circuit, the resstance of the @il (R,) and
the restance of the semiconducting materia (R appear in pardld inthe areuit. When gesmoleallesare
adsorbed anto the surface of the semiconducting metd oxide, itsresstancefals, andthe overdl resstance
of thesensor (R) dso deaeases.

METHOD

A number of temperaurehumidity sensors (‘Ondaotori’ TR-72S; T&D Corp.) were used to measure
changes in temperature and humidity over time. To measure TVOC, 101 of interior ar was dravn by
suction into a Tenax tube and andysed with a gas chromatogrgph (GC-17A; Shimadzu Corp.) using the
solid-phase alsorption and heding desorption GC methad. For quditative andysisof VOC components a
gas chromatograph/imass  pedrogrgph (QP-5000; Shimadzu Corporaion) was used. The TVOC levd
was cdculated by converting the total amourt of VOCs onatoluene basis.

Changesover timeinthe output from two types of (semiconductor-based) odour sensorswerestored in
adaalogger and autput to a persord computer. The two sensor types are described blow. The Type S
odour sensor isahigh-sengttivity metd oxide semiconductor gas sensor with aheating coil. The sensor is
specified as reecting to dcohal, toluene, xylene, formadehyde ad actddehyde, but the rdationship
between concantration and sensor reading is not disdosed. Type T6 adaur sensors is based on ShO,
caamic samiconductors. The @rrddion between corcattraion of ethand and isobutane, as wel as
ammonium, and sensor realing is suggested for the Type 6 sensor.

RESULTSAND DISCUSS ON

Evaluation of Odour Sensorsby Measurement of TVOC in a Controlled Chamber

A laboratory test was carried out to study whether odour sensors coud be used asasubdtitute for andysers
in measuring the cncentration of TVOC emitted by avariety of interior finish materias. Specimensof the
finish materids were placed individualy in a cntrolled chamber (1000% 1000x 500 mm; 0.5 m> Type
304 gainless ged) such thet the load factor (LF) matched thet in an actud room. The damber was then
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ventilated usng deen air treaed with activated cabon After ventilation, the ar in the chamber was
sampled andthe TVOC level was monitored.

The crreation between TVOC as measured waing the andysers and readings taken with the (Type S)
odour sensor was examined. One of the results (see the next section for more details) is given as an
examplein FHgure 2: the corrdaionfor asample of particle board used as aflooring maerid. Asregards
the corrdaion between TVOC obtained with the andysers and the readings of the Type S odour sensor,
the value R of the exponentia corrdlation function is not less than 09, indicating thet the rrelation is
good. The sensor isjudged to ke very ussful as a amplified semi-quantitative primary screening tod for
evauating IAQ.

Congderation of Corrdation between Type S Sensor Readings and Analyzer M easurements of
TVOC in Chamber
The crrdaion between TVOC leves as messured with the andyzers and the reedings of the Type S
sensor is examined here. The value of RE averages 0.61.for dl specimens examined (as shown in the top
graph of Figure 3). This low corrdation is atributable to dfferent components of VOCs emitted by
different types of interior finish materids. Examining the correlation after grouping the materids by type,
the value R for Group A incresses to 0.85 (as $1own in the midde graph d Figure 3). Thus, in tEng
degreeof amilarity among the VOCs emitted and theratio o each companent’s concentration tothetota,
the better the corrd ation between the andysers and the sensor readings. For interior finish maerids of the
sametype, abetter corrdation hdds (as $1onvn in the battom greph d Figure 3).

These test results demorstrate that the odour sensors are useful for messuring TVOC as asmplified
semi-gquantitetive primary screaning tod onalabaratory scde.
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Figure 3 Corrdation between TVOC emissons from
interior finish materias as measured with andyzersand
reedings of Type S odor sensor.

Figure 2 Changes over timein readings of Type S
odor sensor and TVOC emissons from interior
finish materids.
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Effectsof inhibitor gaseson odour sensor readings

The operationd principle of odour sensors of the types sudied here means that readings could become
undable if onthe-gpot measurements are taken in locations where @wvironmentd conditions, such as
temperature and humidity, cannat be @ntrolled. Further, in measuring the qudity of air containing two or
more VOCs, asensor may have goodsensiti vity to someVOCsbut nat to ahers.

Semiconductor-based sensors depend for their operation on the oxidation and adsorption of ges
molecules on the surfaee of a semiconductor. Consequently, in Lang such sensors to measure TVOC,
other reduding gases and/or oxidizing geses may interferewith measurement predasion. Airborne moisture
causes changesin the resitance of semiconductor-based adour sensors, o thismust be taken into account
when measuring the oncentration d TVOC (Yamaguchi et al., 1998.

Applicability of Odour Sensorsto On-the-Spot M easurements

Thelaboratory tests suggested that odour sensors might be suiteble for detecting chemicds sichasVOCs
given off by interior finish maerids and congdered to be an 1AQ problem. Actud on-the-gpot
measurements were made to determine whether such sensors could be used in daceof the avalable
andysersin the measurement of interior TVOC levels.

Moritoring was carried ot in the western-style Roam (with afloor areaof about 30 m?) on the sixth
floor of the gpartment bulding immediatdy after completion. The changes over time in concentration of
TVOC were meesured. Initidly, the room windows were opened for 30 min to introduce outsde ar and
balance the IAQ with thet outsde. The windows were then daosed, and changes in the conceantration of
TVOC were measured with a GC andyzer while taking reedings with a Type T6 sensor. The ar change
rate in the room was 0.2 times per hour, and the temperature and relative humidity were in the range
15-19°C and 46-60%.

After 25h, the TVOC leve incressed to 1000 pg-C/Hg/m®, and then to more than 1700 and about
3500 pg-C;Hg/m®, respectively, at 5 and 21 h, respectively. The mncentration of HCHO a 21 hwas about
98 ug/m®. The sensor readiings increased as TVOC rose. The process of TVOC in the room reaching
equilibrium can be seen in the sensor reedings. There was good corrdation between the wncentration
messured by the analyzer and the sensor readings (y = 23609 €' and R = 0.8347). This demonstrates
that a Type T6 odou sensor can be used to monitor TVOC leves (Figure 4).
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Figure4 Corrdation tetween interior TVOC levd measured byandyzer and Type T6 oda sensor
readings.
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CONCLUSION AND IMPLICATIONS

The atud TVOC levd in aroom, however, vaies gredly with the type and age of the interior finish
materids, the construction method used, the season, the design and artightness of the roam, and interior
temperature and humidity. In onthe-gpot messurements, HCHO and TVOC corcattraion have been
fourd to vary from 5 pg/m® a the lowest to 286 pug/m® at the highest and from 50 to 3600 pig-CHg/,
repectively. According to other reports, some rooms have been measured with TVOC, ane-order of
magnitude higher than the measurements made by the aithar (Yoshinoet al., 2002.

The atthor has developed a smplified method of measuring chemicals such as VOCs in the roam
environment a concentrations of the order of pg/m?® using adour sensors as a subdtitute for conventiond
measurement methods, which are very complex. Judgng from the results of labaratory tests, odour
sensorswould idedlly have ameasurement range from severa hundreds of pig-C/Hg/m? to severdl tens of
mg/m? for TVOC. However, for practica application, asensor can be considered adequete asasimplified
messurement tool if it can measure TVOC leves from approximately 300 ug/m®, as given in the WHO
guidelines, to an upper limit of severd mg/m®,

The two types of odour sensor sdlected for testing (Types S and T6) proved satisfactory in terms of
performance asasmplified tod for measuring TV OC, and readings coud be stored/and ysed using adata
logger and persona computer. However, this deve opment work amed at the measurement of chemicals
a low concentrations, S0 the dosen sensorswerehighly sendtive. Conseguently, in some @ses, they were
affected by inhibitors and moisure Despite this, the results of labaraory tests and an-the-gpot
measurements in a room where temperature, humidity and the raio o chemicds were condant, the
sensors were able to measure TVOC with consderable acuracy. The rdiability of the sensors as a
amplified tod for measuring interior TVOC levels will be improved in future through a process of
optimization thet will indude combining two or more sensors with different characteristics and
introducing concurrent temperature and humidity measurements.
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