


For all customers who have a standing order to The Handbook of Environmental Chemistry,
we offer the electronic version via SpringerLink free of charge. Please contact your librarian
who can receive a password for free access to the full articles by registering at:

springerlink.com

If you do not have a subscription, you can still view the tables of contents of the volumes and
the abstract of each article by going to the SpringerLink Homepage, clicking on “Browse by
Online Libraries”, then “Chemical Sciences”, and finally choose The Handbook of Environ-
mental Chemistry.

You will find information about the

– Editorial Bord
– Aims and Scope
– Instructions for Authors
– Sample Contribution

at springeronline.com using the search function.

The Handbook of Environmental Chemistry
Also Available Electronically



Prof. Dr. D. Mackay
Department of Chemical Engineering
and Applied Chemistry
University of Toronto
Toronto, Ontario, Canada M5S 1A4

Prof. Dr. A.H. Neilson
Swedish Environmental Research Institute
P.O.Box 21060
10031 Stockholm, Sweden
ahsdair@ivl.se

Prof. Dr. J. Paasivirta
Department of Chemistry
University of Jyväskylä
Survontie 9
P.O.Box 35
40351 Jyväskylä, Finland

Prof. Dr. Dr. H. Parlar
Institut für Lebensmitteltechnologie 
und Analytische Chemie
Technische Universität München
85350 Freising-Weihenstephan, Germany

Prof. Dr. S.H. Safe
Department of Veterinary 
Physiology and Pharmacology
College of Veterinary Medicine
Texas A & M University
College Station, TX 77843-4466, USA
ssafe@cvm.tamu.edu

Prof. P.J. Wangersky
University of Victoria
Centre for Earth and Ocean Research
P.O.Box 1700
Victoria, BC, V8W 3P6, Canada
wangers@attglobal.net

Advisory Board
Dr. T.A.Kassim
Department of Civil Construction
and Environmental Engineering,
College of Engineering,
Oregan State University, 202 Apperson Hall,
Corvallis, OR 97331, USA
tarek.kassim@oregonstate.edu

Prof. Dr. D. Barceló
Environment Chemistry
IIQAB-CSIC
Jordi Girona, 18
08034 Barcelona, Spain
dbcqam@cid.csic.es

Prof. Dr. P. Fabian
Lehrstuhl für Bioklimatologie
und Immissionsforschung
der Universität München
Hohenbachernstraße 22
85354 Freising-Weihenstephan, Germany

Dr. H. Fiedler
Scientific Affairs Office
UNEP Chemicals
11–13, chemin des Anémones
1219 Châteleine (GE), Switzerland
hfiedler@unep.ch

Prof. Dr. H. Frank
Lehrstuhl für Umwelttechnik
und Ökotoxikologie
Universität Bayreuth
Postfach 10 12 51
95440 Bayreuth, Germany 

Prof. Dr. M. A. K. Khalil
Department of Physics
Portland State University
Science Building II, Room 410
P.O.Box 751 Portland,Oregon 97207-0751,USA
aslam@global.phy.pdx.edu

Editor-in-Chief
Prof. em. Dr. Otto Hutzinger
Universität Bayreuth
c/o Bad Ischl Office
Grenzweg 22
5351 Aigen-Vogelhub, Austria
hutzinger-univ-bayreuth@aon.at



Preface

Environmental Chemistry is a relatively young science. Interest in this subject,
however, is growing very rapidly and, although no agreement has been reach-
ed as yet about the exact content and limits of this interdisciplinary discipline,
there appears to be increasing interest in seeing environmental topics which
are based on chemistry embodied in this subject. One of the first objectives 
of Environmental Chemistry must be the study of the environment and of
natural chemical processes which occur in the environment. A major purpose
of this series on Environmental Chemistry, therefore, is to present a reasonably
uniform view of various aspects of the chemistry of the environment and
chemical reactions occurring in the environment.

The industrial activities of man have given a new dimension to Environ-
mental Chemistry. We have now synthesized and described over five million
chemical compounds and chemical industry produces about hundred and
fifty million tons of synthetic chemicals annually.We ship billions of tons of oil
per year and through mining operations and other geophysical modifications,
large quantities of inorganic and organic materials are released from their
natural deposits. Cities and metropolitan areas of up to 15 million inhabitants
produce large quantities of waste in relatively small and confined areas. Much
of the chemical products and waste products of modern society are released
into the environment either during production, storage, transport, use or ulti-
mate disposal. These released materials participate in natural cycles and reac-
tions and frequently lead to interference and disturbance of natural systems.

Environmental Chemistry is concerned with reactions in the environment.
It is about distribution and equilibria between environmental compartments.
It is about reactions, pathways, thermodynamics and kinetics. An important
purpose of this Handbook, is to aid understanding of the basic distribution
and chemical reaction processes which occur in the environment.

Laws regulating toxic substances in various countries are designed to assess
and control risk of chemicals to man and his environment. Science can con-
tribute in two areas to this assessment; firstly in the area of toxicology and
secondly in the area of chemical exposure. The available concentration
(“environmental exposure concentration”) depends on the fate of chemical
compounds in the environment and thus their distribution and reaction be-
haviour in the environment. One very important contribution of Environ-
mental Chemistry to the above mentioned toxic substances laws is to develop



laboratory test methods, or mathematical correlations and models that predict
the environmental fate of new chemical compounds. The third purpose of this
Handbook is to help in the basic understanding and development of such test
methods and models.

The last explicit purpose of the Handbook is to present, in concise form, the
most important properties relating to environmental chemistry and hazard
assessment for the most important series of chemical compounds.

At the moment three volumes of the Handbook are planned.Volume 1 deals
with the natural environment and the biogeochemical cycles therein, includ-
ing some background information such as energetics and ecology. Volume 2 
is concerned with reactions and processes in the environment and deals with
physical factors such as transport and adsorption, and chemical, photochemical
and biochemical reactions in the environment, as well as some aspects of
pharmacokinetics and metabolism within organisms. Volume 3 deals with
anthropogenic compounds, their chemical backgrounds, production methods
and information about their use, their environmental behaviour, analytical
methodology and some important aspects of their toxic effects. The material
for volume 1, 2 and 3 was each more than could easily be fitted into a single
volume, and for this reason, as well as for the purpose of rapid publication of
available manuscripts, all three volumes were divided in the parts A and B. Part
A of all three volumes is now being published and the second part of each of
these volumes should appear about six months thereafter. Publisher and editor
hope to keep materials of the volumes one to three up to date and to extend
coverage in the subject areas by publishing further parts in the future. Plans
also exist for volumes dealing with different subject matter such as analysis,
chemical technology and toxicology, and readers are encouraged to offer sug-
gestions and advice as to future editions of “The Handbook of Environmental
Chemistry”.

Most chapters in the Handbook are written to a fairly advanced level and
should be of interest to the graduate student and practising scientist. I also
hope that the subject matter treated will be of interest to people outside chem-
istry and to scientists in industry as well as government and regulatory bodies.
It would be very satisfying for me to see the books used as a basis for developing
graduate courses in Environmental Chemistry.

Due to the breadth of the subject matter, it was not easy to edit this Hand-
book. Specialists had to be found in quite different areas of science who 
were willing to contribute a chapter within the prescribed schedule. It is with
great satisfaction that I thank all 52 authors from 8 countries for their under-
standing and for devoting their time to this effort. Special thanks are due to 
Dr. F. Boschke of Springer for his advice and discussions throughout all stages
of preparation of the Handbook. Mrs.A. Heinrich of Springer has significantly
contributed to the technical development of the book through her conscientious
and efficient work. Finally I like to thank my family, students and colleagues
for being so patient with me during several critical phases of preparation for
the Handbook, and to some colleagues and the secretaries for technical help.
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I consider it a privilege to see my chosen subject grow. My interest in Envi-
ronmental Chemistry dates back to my early college days in Vienna. I received
significant impulses during my postdoctoral period at the University of Cali-
fornia and my interest slowly developed during my time with the National
Research Council of Canada, before I could devote my full time of Environ-
mental Chemistry, here in Amsterdam. I hope this Handbook may help deepen
the interest of other scientists in this subject.

Amsterdam, May 1980 O. Hutzinger

Twentyone years have now passed since the appearance of the first volumes of
the Handbook. Although the basic concept has remained the same changes
and adjustments were necessary.

Some years ago publishers and editors agreed to expand the Handbook by
two new open-end volume series: Air Pollution and Water Pollution. These
broad topics could not be fitted easily into the headings of the first three vol-
umes.All five volume series are integrated through the choice of topics and by
a system of cross referencing.

The outline of the Handbook is thus as follows:

1. The Natural Environment and the Biochemical Cycles,
2. Reaction and Processes,
3. Anthropogenic Compounds,
4. Air Pollution,
5. Water Pollution.

Rapid developments in Environmental Chemistry and the increasing breadth
of the subject matter covered made it necessary to establish volume-editors.
Each subject is now supervised by specialists in their respective fields.

A recent development is the accessibility of all new volumes of the Handbook
from 1990 onwards,available via the Springer Homepage http://www.springer.de
or http://Link.springer.de/series/hec/ or http://Link.springerny.com/series/ hec/.

During the last 5 to 10 years there was a growing tendency to include sub-
ject matters of societal relevance into a broad view of Environmental Chem-
istry. Topics include LCA (Life Cycle Analysis), Environmental Management,
Sustainable Development and others. Whilst these topics are of great impor-
tance for the development and acceptance of Environmental Chemistry Pub-
lishers and Editors have decided to keep the Handbook essentially a source of
information on “hard sciences”.

With books in press and in preparation we have now well over 40 volumes
available. Authors, volume-editors and editor-in-chief are rewarded by the
broad acceptance of the “Handbook” in the scientific community.

Bayreuth, July 2001 Otto Hutzinger
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Abstract This chapter provides an overview of the types, sources and current techniques for
characterising volatile organic compounds (VOCs) in nonindustrial indoor environments.
It reviews current knowledge on the levels of VOCs in indoor environments, discusses
concepts for regulating indoor levels of VOCs and appraises current efforts to understand
the links between VOCs and building-related health/sensory effects. It also provides an 
up-to-date outline of new trends in and perspectives for indoor air VOC research.
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1
Introduction

There is a long history of interest in volatile organic compounds (VOCs) in 
indoor environments. This is evidenced by the large number of national and 
regional studies/campaigns that have been undertaken to model, identify or
quantify indoor VOCs or that relate indoor levels of VOCs to indoor materials,
indoor activities and some perceived health/sensory effects. The main interest
in such studies lies in the fact that most people spend up to 80% of the day in
one indoor environment or another, where pollution levels can be higher,
pollutant sources are more varied and exposures are more important than
those found in outdoor microenvironments. Many novel insights have emerged
from the studies, and some of the main features of these insights are outlined
in this chapter. In particular, the types of VOCs commonly found in indoor air,
sources/source characteristics of indoor VOCs, measurement techniques for
profiling indoor VOCs, typical results from indoor air VOC studies, health 
effects of VOCs, concepts for reducing indoor VOCs and new trends in indoor
VOC studies, particularly in the last decade, are discussed in the following 
sections.

To put the concepts discussed in the chapter in the right context, distinction
must first be made among the terms very volatile organic compounds (VVOC),
VOCs, semivolatile organic compounds (SVOCs) and particulate organic mat-
ter (POM), which are commonly used to describe organic compounds in indoor
air.According to the WHO [1],VVOCs,VOCs, SVOCs and POM are compounds
with boiling ranges between 0 °C and 50–100 °C, 50–100 °C to 240–260 °C,
240–260 °C to 360–400 °C and higher than 380 °C, respectively.

2
Types of Indoor VOCs

Hundreds of VOCs are found in a typical nonindustrial indoor environment.
Many of these compounds are aromatic hydrocarbons, alkenes, alcohols,
aliphatic hydrocarbons, aldehydes, ketones, esters, glycols, glycolethers, halo-
carbons, cycloalkanes and terpenes [2] but amines like nicotine, pyridine, 2-pi-
coline, 3-ethenylpyridine and myosmine are also widespread, especially in
smoking microenvironments [3]. Moreover, low molecular weight carboxylic
acids, siloxanes, alkenes, cycloalkenes and Freon 11 are frequently encountered
in typical nonindustrial indoor air [1].

3
Sources of Indoor VOCs

VOCs are ubiquitous in indoor environments. They are widespread in house-
hold and consumer products, furnishing and building materials, office equip-

Volatile Organic Compounds in Indoor Environments 3



ment, air fresheners, paints, paint strippers, household solvents and in micro-
organisms found in indoor environments. In addition, humans and their 
indoor activities such as cooking, cleaning, building renovation and tobacco
smoking generate high levels and wide varieties of VOCs.Apart from these in-
door sources, intrusions of VOCs from outdoor traffic as well as biogenic and
industrial emissions contribute significantly to indoor VOC levels. Further-
more, indoor air reactions are now recognised as sources of indoor VOCs, as 
exemplified by the reaction of ozone with 4-phenylcyclohexene in carpets and
with latex paints to generate appreciable amounts of aldehydes [4].

While some common indoor VOCs originate exclusively from indoor
sources, others have multiple indoor and outdoor sources. Consequently, the 
indoor level of a particular VOC is the summation of the contributions of its
different indoor and outdoor sources. Various authors have undertaken com-
prehensive reviews of indoor VOC sources [5–9] and it is apparent from these
reviews that the main sources of the typical indoor VOCs together with the 
major VOC chemical classes associated with the sources are as summarised in
the following.

– Outdoor sources: Traffic, industry (aliphatic and aromatic hydrocarbons;
aldehydes; ketones; esters).

– Building material: Insulation, paint, plywood, adhesives (aliphatic and aro-
matic hydrocarbons; alcohols; ketones; esters).

– Furnishing material: Furniture, floor/wall coverings (aliphatic and aromatic
hydrocarbons; alcohols; halocarbons; aldehydes; ketones; ethers; esters).

– Garage and combustion appliances: Vehicle emission, tobacco smoking,
candles (aliphatic and aromatic hydrocarbons; aldehydes, amines).

– Consumer products: Cleaning, personal care products (aliphatic and aro-
matic hydrocarbons; alcohols; halocarbons; aldehydes; ketones; terpenes;
ethers; esters).

– Equipment: Laser printers, photocopiers, computers, other office equipment
(aromatic hydrocarbons; aldehydes; ketones; esters).

– Indoor activities: Cooking, tobacco smoking, use of water and solvents
(amines; aliphatic and aromatic hydrocarbons; aldehydes; halocarbons).

– Ventilation systems: Filters of heating, ventilation and air-conditioning 
systems (aliphatic and aromatic hydrocarbons; alcohols; halocarbons; alde-
hydes; ketones; terpenes; ethers; esters).

– Biological sources: Humans, moulds, bacteria, plants (terpenes, glycoesters;
alcohols; esters; aldehydes).

4
Sampling and Characterisation of Indoor VOCs

Interest in indoor air monitoring is driven by a wide variety of reasons [10–11];
the most prominent ones include the desire to
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– Undertake baseline measurements in order to set limits.
– Identify the presence of specific pollutants (e.g. formaldehyde).
– Apportion indoor VOC sources.
– Evaluate levels of compliance with legislations.
– Assess contaminated buildings.
– Apply and validate sampling/analysis methods.
– Validate model s.
– Evaluate ventilation systems.
– Evaluate the strength of a specific source.
– Relate sick building syndrome (SBS)/health effects to VOC levels.
– Understand the mechanisms of VOC transport from source to receptor sites.

While specific details may differ, the general analytical procedures described
in the following and summarised in Scheme 1 apply to most monitoring exer-
cises. Firstly, the purpose of the monitoring exercise must be clearly set out,
then an appropriate method of sampling must be chosen, followed (where 
applicable) by the choice of suitable methods for sample storage, sample pre-
paration or preconcentration and sample separation. Lastly, identification
and/or quantification of the components are performed [12].

Volatile Organic Compounds in Indoor Environments 5
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Assessment of VOCs levels in an indoor microenvironment may be accom-
plished by direct measurements or by collection of a sample of air followed 
by subsequent laboratory analysis of the sample. Both of the approaches can be
devised to answer the basic questions what is present and how much is present?

4.1
Direct Measurements

In general, the direct measurement is achieved through the use of portable gas
chromatography (GC), photoacoustic spectroscopy (PAS), IR spectroscopy and
more recently by the so-called electronic noses [7, 12, 13]. Ekberg [14] recently
undertook a review of direct reading instruments used in monitoring organic
compounds. Such real-time measurement instruments facilitate rapid data ac-
quisition and are especially useful for rapid assessment of contaminated sites
and for screening purposes. However, because logistics demand that the equip-
ment involved is portable, some of them are relatively expensive and do not
always afford detection limits as low as those obtained by conventional labo-
ratory instruments [15]. In addition, it is often necessary to “calibrate”or “train”
the equipment with the analytes of interest. For example, electronic noses are
specially trained through extensive chemometrics procedures [16], while PAS
is calibrated with a particular VOC (e.g. toluene) and the other components of
the air sample are determined as equivalents of that VOC [12, 13]. Measure-
ments obtained in this way give little or no qualitative information about the
constituent of the air sample. For example, Li et al. [17] measured the total
volatile organic compounds (TVOCs) in an indoor microenvironment contin-
uously with a photoacoustic Multi-Gas monitor but apart from formaldehyde,
the other constituents of the samples were unknown.

Various types of portable gas chromatographs are now available for the direct
measurements of VOCs.These include gas chromatographs with high-speed tem-
perature and pressure programming and a GC ion mobility spectrometer [15]. In
addition,portable GC time-of-flight (TOF) mass spectrometers [18] are available.
However, GC/mass spectrometry (MS) is not routinely used for indoor air field
measurements because of size,vacuum and energy requirements [15].According
to Santos and Galceran [15], portable gas chromato-graphs provide near real-
time measurements, interactive sampling and quick solution to the problem faced
at the time of the investigation. Nevertheless, they are usually expensive and are
only able to achieve detection limits of the order of micrograms per cubic metre.

4.2
Sampling and Sample Analysis

Sampling can be done by passive or active techniques. Irrespective of the
sampling technique adopted, subsequent laboratory analysis can be time-con-
suming and labour-intensive. Some of the common techniques used to collect
and analyse indoor air samples are outlined in the following.

6 G. A. Ayoko



4.2.1
Active Air Sampling

This technique entails moving a predetermined volume of air at a controlled
flow rate into a container or onto a sorbent. In its various forms, it is the most
common technique used for the sampling of indoor VOCs.

4.2.1.1
Whole-Air Sampling

In whole-air sampling, a sufficient quantity of air is pumped into a container
such as a polymer bag (Tedlar, Teflon or Mylar) [19] or a passivated stainless
steel canister (e.g. SUMMA or silocan canisters) [20–23]. The attraction in us-
ing whole-air sampling is that sample collection is relatively simple and rapid,
especially when time-weighted sampling is not required. In addition, the
analyst has the opportunity to monitor the presence of a wide variety of polar
and nonpolar VOCs from one sample and to carry out replicated analysis on 
the sample. Furthermore, there is no sample breakthrough (i.e. some of the
analytes do not pass through the sampler without being held). However, loss of
VOCs owing to chemical reactions within the container, physical adsorption by
the walls of the container and dissolution in the water condensed in the con-
tainer is not uncommon [24]. To minimise these causes, Tedlar bags should be
protected from light by covering them with black bags and the internal surfaces
of canisters should be electroplated or covered with siloxane [24]. Other short-
comings associated with the use of this sampling method include the high 
cost involved in purchasing and the inconvenience in transporting canisters.
Despite these drawbacks, it is the method of choice for sampling and storing
very volatile hydrocarbons (e.g. C2–C4 compounds) and reactive compounds
such as terpenes and aldehydes [25]. Hsieh et al. [24] recently showed that 
the half-lives of 56 VOCs, including several highly reactive alkenes in SUMMA
canisters, Silocan canisters and Tedlar, were generally in excess of 30 days.

4.2.1.2
Sampling onto Sorbent Tubes

Excellent reviews on the use of sorbents for sampling air in general [14] and 
indoor VOCs in particular have appeared in the literature [5, 11, 26]. The most
popular sorbents for sampling indoor VOCs can be classified into three broad
categories: porous polymer-based sorbents (e.g. Tenax and Chromosorb),
carbon-based sorbents (activated charcoal, graphitised carbon blacks, carbo-
traps, anasorb, carboxens and carbosieve) and silica gels. Of these, porous 
polymers and carbon-based sorbents are the most widely used for indoor VOC
sampling.

The choice of the sorbent material employed for a specific sampling depends
on the absorption and desorption efficiencies of the sorbent for the target

Volatile Organic Compounds in Indoor Environments 7



VOCs as well as the stability of the VOCs on the sorbent. Additionally, the
amount of VOCs retained on a sorbent is determined to a large extent by the
sorbent bed length and the sorbent mass. Thus, a standard sorbent tube has 
a length of 16 cm, an outer diameter of 6 mm and contains 0.1–1 g of the 
sorbent(s) [27, 28]. Some parameters that should be considered when choos-
ing the most appropriate sorbent method for a particular study include the
“hydrophobicity”, the “thermostability” and the “loadability” of the sorbent [5,
29]. The less water is retained by the sorbent, the less interference is experien-
ced during analysis; the stabler the sorbent is, the more robust it is during ther-
mal desorption of the analyte. Lastly, the more air that can be sampled onto a
sorbent without sample breakthrough, the lower the detection limit that can be
achieved.

Tenax TA, poly(2,6-diphenyl-p-phenylene oxide), is highly thermally stable
and does not retain much water. In addition, it affords high desorption effi-
ciency for a wide range of VOCs. Consequently, it is the most widely used
sorbent for sampling multicomponent indoor VOCs in the carbon size range
C5–C6 to C18. The literature on indoor air is filled with examples of measurement
studies conducted with this sorbent as the VOC trapping medium [2, 5, 28,
30–33]. However, care must exercised when using Tenax TA as a sorbent since
it reacts with ozone and NOx to form compounds which may facilitate the
degradation of the sorbent [34]. To avoid this, ozone scrubbers must be used
in conjunction with the sorbent, particularly when sampling is carried out in
environments with high ozone concentrations [30].

When a single sorbent is not sufficiently efficient in capturing a wide range
of VOCs, combinations of sorbents are employed to increase the range of com-
pounds that can be confidently sampled. Consequently, multibed sorbents
made up of Anasorb GCB1, Carbotrap and CarbopackB have been employed 
in some validated methods [30]. Similarly, multibed sorbents consisting of
CarbopackC, CarbopackB and Carbosieve SIII [27]; and CarbopackB and 
Carbosieve SIII [10] have been used to trap a wide diversity of indoor VOCs.

Baltussen et al. [35] recently described the versatility of liquid poly(di-
methylsiloxane) (PDMS) as a sorbent material for VOCs. Unlike other common
solid sorbent materials, retention on PDMS occurs as a result of dissolution
rather than adsorption. In addition, it also has several advantages over other
forms of sorbents commonly used for indoor air sampling. For example,
Baltussen et al. [35] showed that (1) it is more inert than other common sor-
bents and, therefore, it undergoes fewer reactions with the analytes and forms
fewer artefacts, (2) it is more efficient in trapping polar compounds like organic
acids and (3) it requires lower thermal desorption temperatures that other sor-
bents. Despite these advantages, PDMS is not as widely used in sorbent tubes
for indoor VOC monitoring as Tenax; however, it is becoming more frequently
employed in headspace sampling of VOCs, and as a fibre-coating material in
solid-phase microextraction (SPME) [36, 37].

Active sampling onto sorbents entails storing known amounts of sorbent
material(s) in glass or stainless steel tubes and drawing the sample through the
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tube by means of small battery-powered pumps. Since sorbents do not possess
unlimited capacities to hold samples, caution must be exercised not to sample
too much air onto the sorbent, otherwise “sample breakthrough” will occur.
Representative samples are only obtained when the appropriate volume of air
and a sorbent of the size that minimizes breakthrough are employed.

To minimise errors due to sample breakthrough, the total volume of the
sample collected must be scrupulously monitored and a second bed of sorbent
arranged in series with the first must be analysed. When the amount of a par-
ticular VOC in the second bed is greater than 5% of the amount in the first bed,
sample breakthrough is implied [30]. While the safe sampling volumes (SSVs)
suggested by US Environmental Protection Agency (EPA) method TO-17 for
various VOCs is a useful sampling guide, care should be taken in applying the
SSVs since breakthrough volumes are influenced by environmental factors 
like humidity. In keeping with this, US EPA method TO-17 [30] suggested that
the sampling volume should not be greater than approximately 66% of the
breakthrough volume [30].

Most classes of VOCs found in indoor environments are sampled onto
sorbents by adsorption but highly reactive VOCs like carbonyl compounds are
sampled by chemical reactions with the sorbent. Thus aldehydes and ketones
are sampled by their reactions with sorbent gels coated with 2,4-dinitro-
phenylhydrazine to form stable hydrazones [38–40]. Similarly, formaldehyde
has been sampled by its reaction with N-benzylethanolamine to give 3-benzyl-
oxazolidine [41, 42].

Despite its widespread use in indoor VOC sampling, sorbent trapping
provides no information about (1) all of the VOCs present in the sampled air
since some VOCs are either not trapped by the sorbent(s) or are too reactive to
remain on the sorbent surface and (2) the temporal variations in the concen-
trations of the VOCs that are being monitored.

4.2.2
Passive Air Sampling

4.2.2.1
Solid-Phase Microextraction

Koziel and Novak [37] recently reviewed the application of this combined sam-
pling and sample preconcentration procedure to indoor air VOC measurement.
Typically, a SPME sampler consists of a fused silica fibre that is coated by 
a suitable polymer (e.g. PDMS, PDMS/divinylbenzene, carboxen/PDMS) and
housed inside a needle [37]. The fibre is exposed to indoor air and after
sampling is complete, it is retracted into the needle until the sample is analysed.
Compared with other sampling methods, it is simple to use and reasonably sen-
sitive. However, samples collected by the procedure are markedly affected by
environmental factors such as temperature. Therefore such samples cannot be
stored for extended periods of time without refrigeration [36].
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Koziel and Novak’s [37] review of SPME is replete with examples of its use
for (1) indoor VOC sampling followed by off-site laboratory analysis, (2) on-site
sampling and analysis of indoor VOCs and (3) preconcentration of samples 
collected into canisters as well as (4) headspace sampling of the solvents 
extracted from samples collected by sorbent tubes. In addition to its ability to
sample chlorinated VOCs [43], n-alkanes [44], aromatic hydrocarbons [45] and
oxygenated hydrocarbons [46], the fibres of SPME can be doped with deri-
vatising agents to make them amenable to sampling reactive VOCs like
formaldehyde [47]. Despite its virtues, relatively few examples of the applica-
tion of this technique for indoor air sampling have been described in the
literature.

4.2.2.2
Passive Sampling onto Sorbents

The sorbents used for passive sampling are identical to those described 
for active sampling. The only difference is that while samples are pumped
through the sorbents in the latter, they diffuse into the sorbents in the 
former. Woolfenden [48] has shown that the diffusive uptake rates of VOCs
commonly found in indoor air on different sorbents vary from about 0.8 to
15 ng ppm–1 min–1. Consequently, passive sampling is generally relatively slower
than active sampling and may occur over several hours or days. Nevertheless,
it is a popular sampling method, particularly for the evaluation of personal 
exposure. Brown et al. [49] recently used diffusive tubes packed with Tenax TA
to monitor VOCs in 876 English homes, Schneider et al. [50] used it to measure
indoor and outdoor levels of benzene, toluene and xylenes in German cities,
while Son et al. [51] employed it for the measurement of VOCs in Korea. As in
active sampling, chemical coated sorbents are also employed for the passive
sampling of carbonyl compounds [47, 52].

4.2.3
Sample Desorption/Preconcentration

4.2.3.1
Whole Air Samples

Preconcentration of samples collected into canisters and polymeric bags is ac-
complished by passing known quantities of the samples through narrow cap-
illary tubes held at very low temperatures by means of liquid cryogens [20, 53,
54]. The tubes are then rapidly heated to release the analytes into a cryo-
focussing unit and eventually to the gas chromatograph [19]. The procedure 
affords excellent recoveries for many VOCs but recoveries from samples stored
in Tedlar bags are generally lower than those stored in canisters [24]. The main
drawbacks of this procedure include the high cost of the cryogen and the 
susceptibility of the transfer tube to blockage.
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4.2.3.2
SPME Samples

Extraction occurs when the needle of the syringe is exposed to fast moving, hot
streams of gas within the injection port of the gas chromatograph [55].

4.2.3.3
Samples Collected onto Sorbents

Depending on the sorbents used, solvent desorption or thermal desorption
may be applied to the sampled analytes. For silica gel and carbon-based sor-
bents, solvent desorption [40, 50, 51, 56, 57] and microwave desorption [5, 58]
are the preconcentration methods of choice.

4.2.3.4
Solvent Desorption

Acetonitrile is frequently used for the desorption of 2,4-dinitrophenylhydra-
zones of carbonyl compounds collected on silica gel [39, 40, 59], while CS2 is
used for samples collected onto charcoal and dichloromethane for samples
collected onto Anasorb 747 [59]. Carbon disulphide is particularly suitable for
the desorption of nonpolar compounds but gives less satisfactory outcomes for
the polar compounds. To overcome this shortcoming, polar cosolvents such 
as dimethylformamide, dimethylsulfoxide and ethanol are added to CS2 to 
increase the recovery of polar analytes [36]. In addition, the use of CS2 suffers
from a number of other drawbacks, including the facts that (1) it reacts with
amines and volatile chlorocarbons (2) it is unsuitable when electron detectors
(e.g. electron capture detectors, ECDs) are used, (3) it is toxic and (4) has an 
unpleasant odour [36].

Compared with thermal desorption, solvent desorption is plagued by a
number of shortcomings. For example,VVOCs are lost when the liquid sample
is reconcentrated prior to its analysis. Moreover, solvent peaks may overlap
with the peaks of VVOCs. A recent comparison of thermal and solvent de-
sorption efficiencies also showed that with few exceptions solvent desorption
consistently underestimates various classes of VOCs found in typical indoor air
[59].According to Wolkoff [5], solvent desorption leads to considerable loss in
analytical sensitivity.

4.2.3.5
Thermal Desorption

This is a very popular method of transferring indoor VOC samples trapped by
polymeric and carbon-based sorbents into analytical instruments. It usually
entails running a stream of hot carrier gas (usually helium or argon) through
the tubes in a direction opposite to that used for the sample collection. Typi-
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cally, thermal desorption is carried out at around 250 °C [27].After desorption,
the compounds are reconcentrated by cryotrapping and then transferred
directly by heat into the GC column. Although it affords greater sample
desorption efficiency than solvent desorption, the desorbed sample can only 
be analysed once. Therefore, the only way to test the reproducibility of the
method is to analyse multiple samples [36].

4.2.4
Characterisation of Indoor VOCs

Laboratory-based analyses of indoor VOCs are usually performed with gas
chromatographs, which are coupled with flame-ionisation detectors (FIDs),
ECDs or mass spectrometers.Alternatively high-performance liquid chromato-
graphy (HPLC) is used. Of these techniques, GC/MS provides the most con-
clusive qualitative and quantitative information, although a combination of a
FID and an ECD has also been reported to permit the identification of com-
pounds with widely different properties [12, 28]. Nonetheless, GC/MS remains
the most widely used technique for the characterisation of indoor VOCs [15, 21,
51, 60, 61]. A total ion chromatogram is usually conducted to obtain global
information on the ranges of compounds present and selected ion monitoring
is performed to identify and monitor particular analytes. To facilitate the 
acquisition of quantitative information, the response factors of individual
VOCs are often calculated against that of toluene, which is present in many 
indoor air samples. Typically, a splitless injection technique is employed [15, 31]
to ensure the detection of compounds that are present at low levels. Various
validated US EPA methods recommend the use of a dimethyl polysiloxane cap-
illary column for the speciation and quantification of a suite of VOCs [22, 23,
30]. Similarly, the European Collaborative Action (ECA) report number 19 re-
commended a column with a polarity not exceeding that of 8% diphenyl poly-
siloxane [2]. Such columns are widely used in indoor air studies [10, 20, 21, 52,
62–64].

In order to increase the number of compounds that can be separated in a
single analysis, it is not unusual to use a combination of GC columns with
different polarities [28]. Temperature programming is also often required to
achieve acceptable separation of analytes. A typical temperature program
which has been used to separate different classes of indoor VOCs is summar-
ised as follows: (1) hold at 40 °C for 1 min, (2) raise at 15 °C min–1 to 105 °C, (3)
hold at 105 °C for 5 min, (4) raise at 20 °Cmin–1 to 245 °C and (5) hold at 245 °C
for 5 min [10]. Column diameters ranging from 0.25 to 0.53 mm and lengths
ranging from 25 to 100 m have been employed for indoor VOC measurements
[10, 42, 51]. The choice of column dimensions depends on the properties of the
compounds to be separated.

In their recent review of the application of GC in environmental analysis,
Santos and Galceran [15] suggested that future perspectives of GC analysis 
include increasing use of
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– GC/MS with positive and negative ion capabilities and sensitivities as low 
as parts per quadrillion.

– High-speed GC – with reduced sizes and capabilities for providing near 
real-time monitoring.

– Multidimensional GC – which remarkably increases the separation capabi-
lities of the two columns used.

– GC-TOF-MS – with scanning capabilities of the order of 500 scans per
second.

Such developments could impact future indoor VOC measurements markedly.
HPLC is mainly used for the analysis of the derivatives of low molecular

weight carbonyl compounds such as formaldehyde [40, 59, 65]. However,
formaldehyde is also quantified by a variety of other procedures, including 
the spectrometric acetyl-acetone method [66] and the chromotropic acid pro-
cedure [67].

4.2.5
Quality Assurance/Quality Control

Caution must be exercised to minimise errors at every stage of the character-
isation. Therefore, quality assurance/quality control principles must be applied
to sampling, sample storage, sample reconcentration and sample analysis.

4.2.5.1
Sampling

Short-term samplings are subject to temporal variations because of changes in
source strength and ventilation conditions, while long-term measurements
may show diurnal and seasonal variations [5]. These facts should be considered
when planning sampling. Prior to sampling, sorbent tubes should be condi-
tioned using a stream of carrier gas and temperatures that are higher than
those that will be used for the analysis [27, 68]. Similarly, canisters need to 
be cleaned by repeated cycles of evacuation, flushing with humidified zero air
and analysis for any trace levels of undesired gases [22, 24, 62]. As part of the
quality control, sample breakthrough must be checked when sorbent tubes are
used. In addition, field and method blanks as well as field duplicates must be
collected and analysed [69].

4.2.5.2
Sample Storage

As a general rule, samples should be analysed as soon as possible after sampling
and when immediate analysis is not feasible, they must be stored and trans-
ported under conditions that minimise artefact formation [34]. Thus samples
trapped onto sorbent tubes are commonly covered with a Swagelok type of
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screw cap fitted with ferrules and stored in clean containers filled with nitro-
gen gas or activated charcoal [27, 48]. Tedlar bags must be protected from direct
exposure to UV radiation, while canisters must be sealed airtight and trans-
ported to the laboratory in cool containers [24, 10].

4.2.5.3
Sample Desorption

Irrespective of the desorption method used (solvent or thermal) it is essential
to ascertain the recovery efficiency of the VOCs of interest by spiking sorbent
tubes and canisters.

4.2.5.4
Calibrations

Pumps should be calibrated with a rotameter [27] prior to and after sampling.
Analytical instruments must also be calibrated before measurements. For ex-
ample, GC/MS must be calibrated for mass and retention times using reference
standard materials [70] and comparison made with the fragmentation patterns
of known standards, usually a deuturated compound like toluene-d8. Similarly,
the method detection limit must be determined by finding the standard devi-
ation of seven replicate analyses and multiplying it by the t-test value for 99%
confidence of seven values [30, 62]. It is also usual for internal standards to be
added to the samples and to evaluate the correlation coefficients of each stan-
dard used when multilevel calibration is employed. For automatic thermal des-
orption tubes, external and internal standardisations are achieved by injecting
solutions of standards into the tubes [27, 28]; for canisters, solutions of stan-
dards are injected into the canisters followed by zero air.

In addition, the identity of each species must be obtained by comparing its
retention time with that of an authentic standard sample or to an interlabora-
tory set of established retention times and by comparing its mass spectrum
with that contained in a National Bureau of Standards or National Institute of
Standards and Technology library installed on most modern instruments. It is
usual to assign positive identification to a compound if its retention time is
within 1% of that of the corresponding standard and the ratio of its quantify-
ing ion to the target ion is not more that 10 times the standard deviation of the
analogous ratio for an associated standard [33].

5
Current Knowledge on the Levels of VOCs in Indoor Microenvironments

Numerous studies have been undertaken to measure the level of indoor VOCs,
in dwellings and offices in the past 10 years, and some results from such stud-
ies have been reviewed [5, 32]. A survey of two reference databases, CAPLUS
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Table 1 Selected indoor air volatile organic compound (VOC) studies conducted in the 
last decade

Type of Com- Country Collection Sample Analytical Reference
indoor pounds medium treatment instrument
environment

Office 11 Singapore CarbopackB Thermal GC-MS [10]
and Carbo- desorption
sieve SIII

Homes 7 India Tedlar bags Cryogenically GC-FID [19]
(kitchen  concentrated
cooking)

Buildings 43 China Stainless By TO-14 GC-MS [21]
(ten office, (Hong canister method
ten non- Kong)
office)

Homes 30 Finland Tenax tubes Thermal GC-FID [31]
desorption GC-MS  
(flash 
desorption)

Library 5 Italy ORBO-22 Isooctane GC-FID [42]
(formal- desorption 
dehyde) (formal-
CARBO- dehyde),
TRAP300 thermal 
(VOC) desorption 

(VOC)

Dwellings 33 Australia Tenax TA, Thermal GC-MS [49]
Ambersorb desorption
XE 340

and MEDLINE on SciFinder Scholar version 3 (American Chemical Society,
2001), confirmed that interest in the characterisation of VOCs in various envi-
ronments has not abated. Although the survey did not capture all of the re-
search done on indoor VOC, it gave a good indication of what has been done
and where. One thousand four hundred and ninety three hits were recorded
when “VOC, indoor air” was searched on SciFinder Scholar. Further searches
conducted to find out where these studies were done revealed that most have
been conducted in the USA and European countries, although some significant
results have also emanated from Japan, Canada, Hong Kong, Australia, Brazil
and China in the past 10 years. Representative examples of some of the stud-
ies are presented in Table 1, while the concentration levels of benzene, toluene,



16 G. A. Ayoko

Table 1 (continued)

Type of Com- Country Collection Sample Analytical Reference
indoor pounds medium treatment instrument
environment

Homes 6 Germany OVM 3500 Carbon GC-FID [50]
passive disulphide
sampler with internal
badges standard 

(chemical 
desorption)

Homes 10 Korea OVM 3500 Carbon GC-MS [51]
passive disulphide  
sampler (chemical 
badges desorption)

Homes 8 Holland SKC  Carbon GC [56]
charcoal disulphide 
tubes (chemical 

desorption)

Homes 50 Austria Activated Carbon GC-MS [61]
charcoal disulphide

Homes 37 US VOCCS, By To-14 GC-MS [63]
SUMMA method
canisters

Homes 13 Canada Tenax Thermal GC-FID; [64]
synthetic desorption (TVOC)
charcoal GC-MS
silanised 
glass 
beads

Office 12 Sweden Sorbent  Not stated GC-FID [71]
(Tenax) (TVOC),

GC-MS
(individual 
VOC), PAS 
(TVOC)

Office 60 Europe Tenax Thermal GC-FID; [88]
Tubes desorption GC-MS PAS



ethylbenzene and xylenes in selected nonindustrial indoor air are presented 
in Table 2. The salient features of the studies reviewed reiterate some facts that
were previously known, while others emphasise current trends.

1. GC/MS or GC/FID were used in most of the studies and are clearly the most
popular detection methods used for VOC quantification. Nevertheless, for
reactive carbonyl compounds such as aldehydes and ketones, HPLC analy-
sis of their derivatised products is still the method of choice.

2. Compared with whole air sampling into Tedlar bags and canisters, active
sampling onto sorbent materials is used more widely in these indoor air
quality (IAQ) studies. Only a few studies made use of organic vapour mon-
itor passive samplers. Of the sorbent materials used, Tenax is the most fre-
quently employed, possibly because of its virtues, which are mentioned in
Sect. 4.2.1. It has been used for the characterisation of aromatics, alkenes, cy-
cloalkanes, aldehydes, ketones, esters, alcohols, terpenes, glycol derivatives
and even amines [33, 59].

3. For samples collected onto sorbent materials, thermal desorption is used, ex-
cept for a few instances where CS2 desorption [50] and isooctane desorption
[42] were preferred.

4. Generally, more studies have been conducted in residential indoor mi-
croenvironments than in offices. Although most of the studies were con-
ducted in established rather than new buildings, many VOCs found in the
former were also present in the latter but at higher concentrations. This is
consistent with the thinking that VOCs emission rates from building mate-
rials decrease with the age of the building [67].

5. Only a few of the studies estimated the TVOC of the microenvironments re-
ported [42, 67, 71] or focussed on complaint buildings [67, 72]. Because dif-
ferent definitions and methods of TVOC were employed to estimate the val-
ues quoted, it is difficult to make direct interstudy comparisons; nevertheless
it appears that TVOC can range from 10 µgm–3 to several thousand micro-
grams per cubic metre in indoor environments.
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Table 2 Arithmetic mean of the concentrations (mgm–3) of benzene, toluene, ethylbenzene
and xylenes in selected established buildings

Compound Ref. [67] Ref. [31] Ref. [21] Ref. [63] Ref. [51]

Australia Finland Hong Kong USA South Korea

Benzene 7.0 1.66 15.0 4.1 43.71
Toluene 14 5.62 206.3 15.3 170.67
m-Xylene, p-xylene 6.9 3.12 25.1 34.9 27.49b

Ethylbenzene 1.8 0.99 50.4 9.71 1.33
o-Xylene 8.9a 1.26 17.3 11.2 33.45

a o-Xylene/nonane.
b p-Xylene only.



6. Direct comparison of the concentration levels found in each study is diffi-
cult since the sampling was conducted over different times, with different
sampling techniques and different sample treatments and methods of analy-
ses were used. However, the frequency with which the 64 VOCs that are of
interest to the ECA are encountered in the different microenvironments can
be classified as shown in Table 3.

The web-based Japanese automated formaldehyde data acquisition system/
automated VOC data acquisition system (AFoDAS/AVODAS) [65], also showed
that toluene was detected in 78% of the 1,422 homes monitored from 1998 to
2001 and that p-xylene, styrene, limonene and a-pinene were present in more
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Table 3 Frequency with which the 64 European Collaborative Action VOCs were monitored
in selected studies

Alwaysa Frequentlyb Normallyc Occasionallyd Nevere

Benzene, Ethyl- 1,2,4-Trimethyl- n-Propylbenzene, 2-Pentafuran,
toluene benzene benzene, 2-ethyltoluene, tetrahydrofuran,

s-Xylene 1,3,5-trimethyl- naphthalene, isopropylacetate,
m, p-Xylene benzene, styrene, 3-ethyltoluene, 2-ethoxyethyl-

n-nonane, n-hexane, n-heptane, acetate,
n-decane, n-octane, n-dodecane, ethylacetate,
n-undecane, n-tridecane, 4-phenylcyclo-
limonene n-pentadecane, hexene,

n-hexadecane, 1-octene, 1-decene,
2-methylpentane, 2-methoxy-
methylcyclopentane, 2-propanol,
3-carene, a-pinene, 2-butoxyethoxy-
b-pinene, 2-propanol, ethanol,
1-butanol, 2-ethyl- methylethyl-
1-hexanol, ketone,
2-ethoxyethanol, cyclohexanone,
2-butoxyethanol, acetophenone
butanal, hexanal,
pentanal, nonanal,
benzaldehyde,
methylisobutylketone,
acetone, trichloroethene,
1,1,1-trichloroethane,
1,4-dichlorobenzene,
butylacetate,
texanolisobutyrates

a Monitored in more than 75% of the studies.
b Monitored in 50–74% of the studies.
c Monitored in 25–49% of the studies.
d Monitored in 1–24% of the studies.
e None of the studies reported its concentration.



than 50% of the homes. This data system corroborates the classification in
Table 3 and highlights that since most of the VOCs are not frequently quanti-
fied, comparison between different studies is complicated.

5.1
The Total Volatile Organic Compounds Concept

Hundreds of VOCs are present in some typical indoor environments. It is there-
fore not practically possible to identify and quantify every compound, even
with the most sensitive and selective techniques [5]. Consequently, different
techniques have been used to express the TVOCs (for reviews of the methods
see Refs. [2, 5, 12, 32]).

To redress problems caused by the different approaches to TVOC estimation,
a uniform procedure was proposed [2, 12]. The procedure, which is based on
sampling of VOCs on Tenax tubes followed by thermal desorption and GC/MS
analysis (with nonpolar columns), proposed that TVOC be defined as

TVOC = Sid + Sun ,

where Sid is the sum of identified VOCs expressed in milligrams per cubic me-
tre and Sun is the sum of unidentified VOCs relative to the response factor of
toluene.

The procedure further recommends that as many VOCs as possible should
be quantified in the analytical window bounded by the retention times of
hexane and hexadecane, and that these VOCs should as far as possible include
the 64 VOCs that are of special interest to the European Community [2]. A
major shortcoming of the recommendation is that not all VOCs present in
indoor air are included in the approach. For example, important indoor VOCs
like 2-propanol, 2-methylpentane, 3-methylpentane and butanal elute before
hexane while texanolisobutyrate elutes after hexadecane [60]. It was also ex-
pected that the definition would enhance interlaboratory TVOC values, classi-
fication and screening of indoor materials, and the identification of problems
with ventilation design, indoor activities or materials [12]. However, De Bortoli
et al. [73] observed large variances in interlaboratory studies performed with
the approach. Nevertheless, it has been adopted in many recent indoor air
studies [10, 60, 74].

6
Concepts for Regulating Indoor VOCs

Wolkoff [75] recently reviewed initiatives taken in Europe to reduce indoor air
pollution by VOCs. Initiatives mentioned in the review include

– Source control.
– Control of emission from building materials.
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– The establishment of a Europe-wide database of outdoor and indoor VOC
levels through the EXPOLIS programme.

– IAQ audit projects.
– A labelling scheme.
– The establishment of guidelines for TVOC/VOCs.
– Avoiding nonessential VOCs.

In addition to these initiatives, various schemes aimed at reducing formal-
dehyde emission from building products, sensitising people to the effects of the
presence of unsaturated fragrances in indoor air, use of labelled or low VOC,
low isocyanate and acid anhydride emitting products have been introduced
[75]. Because of their vast contribution to indoor VOCs, particularly in newly
constructed buildings, a lot of the efforts just highlighted have focussed on the
reduction of emissions from building products.

The US EPA [76] suggests, among other steps, that using household products
as directed by the manufacturers and increasing ventilation when using house-
hold products could reduce indoor VOCs. In Japan, a database system for 
indoor formaldehyde and VOC (AFoDAS/AVODAS) has been established [65].
This should facilitate direct access to vital information needed by building de-
signers, engineers and occupants to implement control measures [65]. In the
USA, Hodgson et al. [39] have suggested the use of low VOC latex paints and
carpet systems and decreased infiltration of unconditioned air. Mesaros [77] 
recently described the construction of “a low VOC house” in Australia, in which
materials with low VOC emission factors like ceramics are used in preference
to those with high VOC emission factors such as carpets. The house provides
a good illustration of the use of source control in eliminating indoor VOCs.
Another low VOC emission house, which employed low VOC emission materi-
als and high ventilation rates, was independently reported by Guo et al. [78].
The marked difference in the TVOC levels in the house and those in normal
houses provide support for the fact that IAQ can be improved through a com-
bination of source control and building designs that minimise the negative
impact of uncontrollable sources.

6.1
Source Apportionment

Unlike ambient VOCs, which originate predominantly from vehicular and
industrial emissions, indoor VOCs have numerous and diverse origins. There-
fore, source apportionment is an important factor in source control and the
prime driving force for many IAQ studies. It can be accomplished by many
methods, including the following.
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6.1.1
Comparison of Indoor-to-Outdoor Concentration Ratios

This method assumes that the indoor-to-outdoor pollutant ratio depends on
indoor and outdoor pollutant sources as well as the ventilation rates of the
source and the sink, as shown in the following equation [79]:

Cl/C0 = 1 + 1/C0 (Ssource – Ssink)/(qsource – qsink) ,

where q is the rate of ventilation, Ssink is indoor pollutant sinks, Ssource is the
indoor pollutant sources and C is the pollution concentration level.

When the indoor-to-outdoor pollutant ratio is approximately 1 for a VOC,
it has comparable indoor and outdoor sources and when the ratio is greater
than 1, it has dominantly indoor sources [38, 51, 52, 54, 80]. Typical indoor-to-
outdoor pollutant ratio values for some VOCs are presented in Table 4 and these
suggest that some VOCs, like toluene, have predominantly indoor sources, while
others largely have outdoor sources. In the case of benzene, indoor air pollu-
tion is mainly caused by vehicle emissions from outside or by evaporation of
gasoline from cars parked in underground car parks or in attached garages.
Benzene as a constituent of commercial products has been banned in most
European countries since the late 1970s or early 1980s and there are almost 
no more indoor sources of the compound. The method is often used in 
combination with statistical methods like Kruskal–Wallis, Wilcoxon W, and
Kolmogorov–Smirnov Z tests [31, 54].
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Table 4 Comparison of the ratios of the arithmetic mean of indoor concentration/arith-
metic mean of outdoor concentration for selected VOCs in six homes. Data extracted from
Lee et al. [52]

Compound Living room Kitchen

Benzene 2.35 2.05
Toluene 1.30 1.45
m-Xylene, p-xylene 0.62 0.84
o-Xylene 1.00 0.97
Ethylbenzene 0.54 0.75
1,3,5-Trimethylbenzene 0.82 0.77
Trichloroethane 1.06 1.24
Tetrachloroethene 0.52 0.48
1,4-Dichlorobenezene 0.90 1.03
Chloroform 2.00 2.38
Methylene chloride 0.92 0.84



6.1.2
Multivariate Data Analysis

These techniques reduce a large number of indoor VOCs to a few factors 
that can account for most of the cumulative variance in the VOC data [54, 81].
A factor loading matrix, which shows the correlation between the factors and
the variables is often obtained. Edwards et al. [81] used this method to reduce
23 indoor VOCs in environmental tobacco smoke (ETS) free microenviron-
ments to six factors and to apportion the most likely sources of the VOCs.
A summary of the VOC classes loaded on each factor and the probable sources
is presented in Table 5. It is, however, noteworthy that UNMIX and positive 
matrix factorisation, both of which are based on factor analysis and have 
been applied frequently to ambient air quality data [82], have not featured pro-
minently in indoor VOC source apportionment reports.

6.1.3
Chemical Mass Balance Modelling

Watson et al. [83] recently undertook a review of the application of chemical
mass balance modelling as a source apportionment technique for VOCs. The
model assumes that the concentration of a chemical pollutant in a given
sampling site is the summation of the contributions of all of the sources of the
pollutants at the site. Thus, the concentration of the pollutant at the site can be
predicted using the following equation [84]:

p

Xi = ∑ aij Sj i = l, …m,
j
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Table 5 The use of factor analysis for source apportionment of VOCs identified in residen-
tial indoor air. Deduced from the data of Edwards et al. [81]

Percentage Component Associated Assigned source
variance VOC classes
accounted for

18 1 Alcohols and  alkanals Cleaning products,
fragrances, consumer 
products, particle board

18 2 n-Alkenes, substituted Traffic emissions
aromatics, hydrocarbons

17 3 Aromatics Long-range transport

9 4 Alcohols and alkanals Carpets, rubber, adhesives

6 6 Mainly 2-butoxyethanol Cleaning products



where Xi is the predicted concentrations of pollutants at the site, aij is the source
signature for pollutant i from source j, Sj is the contribution of source j, m is the
number of pollutants (VOCs in this case) and p is the number of sources.

Although the model is frequently used to identify contributions of ambient
VOCs from different sources [83], it has not been widely used for source 
apportionment of indoor VOCs. Won et al. [84], recently used the model to
show that wall adhesive, caulking, I-beam joist and particleboard were the
dominant sources of 24 indoor VOCs that were measured from a newly con-
structed building. However, similarities in the signatures of the various 
sources were observed. Such high correlations (collinearity) among measured
chemical species could lead to large uncertainties in the estimated source
contributions [83].

6.1.4
Instruments Used for Source Apportionment

The field and laboratory emission cell affords a portable, nondestructive
method of testing the surfaces of potential VOC sources. In addition to its util-
ity as a climatic chamber, it provides valuable information on source strength,
which can be used for source apportionment and to formulate strategies for
emission control. Wolkoff et al. [85] used it to identify emission processes in a
number of building materials, while Jarnström and Saarela [66] recently
utilised it to show that the dominant source of 2,2,4-trimethyl-1,3-pentadiol-
diisobutyrate in the indoor air of some problem apartments was the floor
surface.

Apart from the field and laboratory emission cell, other instruments that
have been used for source identification and apportionment include

– Direct measurements by portable instruments [71].
– Passive samplers [86].
– Headspace samplers [87].
– Multisorbent tubes [68].

6.2
Understanding Emissions from Indoor Sources

Indoor VOC levels are influenced by a large number of factors [5, 10, 88]. The
most prominent ones include (1) air exchange rate, (2) source characteristics,
(3) ventilation systems, (4) meteorology (temperature and relative humidity),
(5) age of a building, (6) building design, (7) type of indoor activities (e.g. cook-
ing, smoking and photocopying), (8) sorption, desorption and deposition rates,
(9) mixing and distribution of pollutants and (10) removal rate.

Of these factors, source characteristics, particularly characteristics of build-
ing materials, have been the most explored in the literature. Thus various
studies have attempted to link emission rates and sink effects of building and
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furnishing materials with indoor VOC levels [84, 89–91]. Many studies in-
dicate that emission levels in new buildings are much higher than those in es-
tablished buildings [39, 67, 92]. This is possibly because emissions from build-
ing materials generally exhibit a decaying profile that is illustrated by the
following equation [67, 72]:

EF = M0k1 exp (k1t),

where EF is the emission factor for the source material (usually expressed in
micrograms per square metre per hour), M0 is the quantity of pollutant on the
surface of the material (usually expressed as micrograms per square metre)
and k1 is the decay constant (per hour).

Alternatively, when there are multiple decay processes, the following equa-
tion is useful:

EF = EF01 exp (–k1t) + EF02 exp (–k2t),

where EF01 and EF02 are the initial decay constants for two simultaneous decay
processes. Thus, the decay is initially fast and the VOC level is higher in new
buildings [67] as illustrated by Fig. 1.
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Fig. 1 Dependence of total volatile organic compounds (TVOC) on the age of a newly con-
structed home. Data from Ref. [67]



Another approach that is commonly used to evaluate the emission rates of
VOCs in indoor microenvironments is to estimate an area-specific emission
rate (SER). This approach assumes that VOCs are homogeneously mixed in the
environment and that SER can be calculated with the following equation [10]:

SER = NV (C1 – C0)/A,

where the SER is in micrograms per square metre per hour, V is the volume of
the space (cubic metres), N is the air exchange or infiltration rate (per hour),
A is the floor area space (square metres), C1 is the indoor concentration (micro-
grams per cubic metre) and C2 is the outdoor concentration (micrograms per
cubic metre)

Van Winkle and Scheff [63] used a variant of this equation to show that
indoor VOCs have predominantly indoor sources, while Hodgson et al. [39] 
reported the SER values for a wide range of VOCs in “manufactured” and “site-
built”homes in the USA.As expected, many of the VOCs monitored by Hodgson
et al. [39] showed decreased emission rates with the age of the building.

It is noteworthy that the VOC emission rates of building materials vary
widely [67, 73, 93–95]. Thus, Mølhave [94] reported over 20 years ago that the
emission rates of wall/flooring glue, water-based poly(vinyl alcohol) glue and
gypsum board are of the order 2.7¥105, 2.1¥103 and 30 µgm–2h–1 respectively.
More recently, Kwok et al. [95] reported that VOC emission rates for varnish-
painted aluminium, plaster, gypsum and plywood for toluene, o-xylene, m-
xylene, p-xylene and ethylbenzene are also significantly different; with that of
aluminium being approximately 65% higher than that of plywood as illustrated
by Fig. 2.
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Fig. 2 Effect of substrate on volatile organic compound (VOC) emissions from indoor build-
ing materials. Constructed from the data of Kwok et al. [95]



It is also worth mentioning that emission rates vary with different indoor ac-
tivities.Van Winkle and Scheff [63] associated 1,1,1-trichloroethane emission
factors of 353, 522, 988, 1,419 and 2,790 µg h–1 with the presence of a
washer/drier in a utility room, storage of hair products, storage of chemicals,
periodic dry cleaning and storage of mothballs, respectively. Occupants of air-
conditioned offices and their activities have also been shown to contribute
more to VOCs levels in commercial offices in Singapore than ventilation sys-
tems and building materials [10], as illustrated by Fig. 3. This result corrobo-
rates the findings of Hodgson et al. [96], which suggested that occupants of new
office buildings contributed more VOCs to the indoor air than other sources.

6.3
Understanding the Interaction of VOCs with Indoor Materials

Diffusive interactions of VOCs with the surfaces of building walls, floors and
household materials have been the subject of several experimental investiga-
tions, modelling and simulation [90, 97–100]. Such interactions regulate peak
levels of indoor VOCs, while subsequent desorption of the adsorbed VOCs de-
lays their disappearance from indoor environments. In order to predict and
model the VOC emission rates of indoor materials, it is essential to know the
diffusion and partition coefficients of individual VOCs. Bodalal et al. [98] 
recently described an experimental method for the determination of the
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Fig. 3 Source apportionment of indoor aromatics. Data from Zuraimi et al. [68]



diffusion and partition coefficients of some VOCs. This method should en-
hance the prediction of VOC emissions from indoor materials without recourse
to elaborate chamber tests.

Secondly,VOCs react with indoor ozone to produce sub-micron-sized par-
ticles [101, 102]. Thus, terpenes, which are commonly found in many household
consumer products, interact with ozone, which is also widespread in indoor 
air through outdoor infiltration and the use of office equipment like laser 
printers and photocopiers, to form particles. Such reactions can markedly 
increase the number concentrations and mass concentrations of sub-micron-
sized particles. In addition, styrene and 4-phenylcyclohexene react with ozone
to generate appreciable amounts of aldehydes [4, 101].

6.4
Indoor VOC Guidelines

According to Mølhave [103],“A guideline is a set of criteria (i.e. standards for
making judgements) specifically assembled to indicate threshold levels of a
harmful or no noxious agent consistent with the good health.” The first notable
attempt to provide some guidelines for indoor VOCs was made by Seifert [104],
in which he classified indoor VOCs into alkenes, aromatic hydrocarbons,
terpenes, halocarbons, esters, aldehydes and ketones (excluding formaldehyde)
and proposed that

– TVOC should not exceed 300 µg m–3.
– No individual compound should have a concentration greater than 10% of

TVOC or 10% of the concentration apportioned to that class of VOC.

Pluschke [105] recently reviewed Seifert’s paper [104] and showed that only a
few countries have guidelines for indoor TVOC. The USA has a value of
200 µg m–3 [106], Germany 300 µg m–3 [104],Australia 500 µg m–3 [107] and Fin-
land has various values ranging from 200 to 600 µg m–3 [108]. Pluschke [105]
also stated that Seifert modified his original concept to include a target value
defined as 200–300 µg m–3 and a recommendation for official intervention if the
TVOC concentration exceeds 1,000–3,000 µg m–3.

Guidelines for individual VOCs are also available in some countries. In
Poland, the maximum allowable concentrations for some VOCs has been set at
10 µg m–3 for benzene, 200 µg m–3 for toluene, 100 µg m–3 for butyl acetate,
100 µg m–3 for ethylbenzene, 100 mg m–3 for m-xylene, 20 µg m–3 for styrene and
30 µg m–3 for p-diclorobenzene [109]. In the context of the 64 VOCs of interest
to the European Commission (ECA-IAQ 1995) only toluene, 2-ethoxyethanol,
2-butoxyethoxylethanol and 1-methoxy-2-propanol have readily available
guideline values [110]. The odour threshold, sensory irritation exposure limit
and health-based indoor exposure limits of these VOCs are presented in
Table 6.

Despite the ubiquitous nature and importance of VOCs in indoor environ-
ments it is surprising that no international indoor VOC guideline has emerged.
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Nielson et al. [110] linked the difficulty experienced in evaluating sensory and
health effects of indoor VOCs with the absence of indoor VOC standards and
guidelines. Although European Commission report number 19 [2] recom-
mended that indoor VOCs should be kept as low as reasonably achievable, more
concerted efforts should be made to formulate universally acceptable sets of
guidelines for as many indoor VOCs as possible.

7
Health Effects of Indoor VOCs

Mølhave [103] suggested that the health effects of VOCs could be grouped into

– Immune effects and other hypersensitivity effects 
(e.g. asthma and allergy).

– Cellular effects (e.g. cancer).
– Cardiovascular effects.
– Neurogenic and sensory effects (e.g. odour and irritation).
– Respiratory effects other than immunological.

The US EPA website [76], accessed in September 2003, provides more details,
suggesting that the health effects of indoor VOCs include eye, nose and throat
irritations, headaches, loss of coordination, nausea, damage to the liver, kid-
neys, and the central nervous system, and cancer. Similarly, health effects of
ETs, which contains thousands of VOCs as well as nicotine, 3-ethenylpyridine,
carbon monoxide and particulate matter, include eye, nose and throat irrita-
tion, carcinogenic effects, activation of the immune system, exacerbation of
asthma and respiratory tract illnesses [6].

While individual VOCs like benzene and toluene have been linked with acute
myeloid leukaemia and neurotoxicity, respectively [111, 112], epidemiological
studies of the health effects of indoor VOCs have related TVOC rather than in-
dividual VOC levels to exposure. The outcomes of such studies have been mixed
[113]. In some cases, positive associations between SBS, building-related illness
or multiple chemical sensitivity syndromes and TVOC levels were observed

28 G. A. Ayoko

Table 6 Guideline levels for some VOCs (according to Refs. [105, 110])

Compound Odour threshold Sensory irritation Health-based
(mg m–3) exposure limit indoor air 

estimate (mg m–3) exposure limit
estimate (mg m–3) 

Toluene 1 8 8
2-Ethoxyethanol 4.6 10 0.4
2-Butoxyethoxylethanol 0.0092 – 9
1-Methoxy-2-propanol 0.7 10 10



[114–116], while negative associations were reported by Sundell et al. [117].
Yet, no association was found in a few studies [118].

Several reasons may be adduced for the inconsistent association between
SBS complaints and TVOC levels [5, 12]. Some of these are outlined in the
following:

– Indoor air chemistry leads to the formation of VOCs and other species that
are different from those monitored. For example, ozone reacts with VOCs 
to give secondary products that could be responsible for the observed 
SBS [102].

– Only compounds in a narrow chromatographic window are normally moni-
tored; low molecular weight aldehydes, which may play a significant role in
SBS, are not routinely monitored as part of TVOC [119].

– Ventilation systems are significantly associated with SBS complaints [120,
121].

– Particles present in an indoor environment might contribute significantly 
to SBS systems [5].

– ETS is associated with many SBS-type symptoms [5].
– Measurements are usually carried out as mean time-integrated concentra-

tions at the centre of the room rather than in the breathing zones of the sub-
ject [5].

– Self-reporting questionnaires are subjective means of assessing SBS [115].
– The influences of psychosocial factors are being ignored [116].
– TVOC is not biologically important [119].
– Biologically important VOCs have not been found and are not being moni-

tored [119].

Thus the role of VOCs in SBS complaints is far from being understood. More
research is particularly required in the

– Development of validated methods for TVOC and the dose–response
relationship.

– Risk indicators for multiple exposures [113].
– Evaluation of TVOC and SBS/health effects from carefully designed epi-

demiological studies.
– Development of universal guidelines for evaluating exposures [122].

Since TVOC does not permit a consistent dose–response relationship, Mølhave
[102] suggested that it should be treated as an indicator of the presence of VOCs
and used only for source identification, IAQ assessment and as a screening tool
for exposure assessment rather than a guideline or an official recommendation.

However, despite the statistically insignificant difference between the TVOC
values in buildings with and without SBS problems, the underlying difference
among such buildings was manifested in Cooman’s plot and partial least
squares discriminate analysis plots [123]. Similarly, principal component ana-
lysis has been used to separate buildings with low and high prevalence of
SBS [124]. It therefore appears that multivariate projection methods could 
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play significant roles in the identification of causality in indoor VOC exposure
studies.

8
Trends/Perspectives

It is evident from the previous sections that

– The TVOC concept has limited use and must be used with caution [119].
– A compound-to-compound approach of evaluating the health effects of

organic compounds in indoor air as suggested by Wolkoff [75] should be 
explored alongside the TVOC approach.

– More research is required on the role of reactive chemistry in the causation
of SBS.

– The roles of ionic species, hydroxyl and peroxide radicals as well as sub-
stances absorbed onto particles in the causation of SBS should be researched
[125].

– Attempts have been made to estimate OH radicals through modelling and
indirect measurements [125], but no direct measurements have been made
to date. Future work is required in this area.

– More research is required in order to understand the health effects of secon-
dary products like ketones, peroxy-acetyl nitrate and organic acids, which
are generated from the reactions of VOCs in indoor air [125].

– More indoor air audits are required in developing nations.
– A collaborative approach from environmental scientists and health agencies

is required.
– Practical applications of the knowledge gained in the various areas of IAQ

are desirable.

9
Concluding Remarks

The past decade has witnessed tremendous growth in indoor air audits,
development of a quasi-uniform definition of VOC levels in indoor micro-
environments and improvement of concepts for screening IAQ and assessing
exposure. Significant advancements have been made in emission modelling,
source identification, source control, source characteristics and interaction of
indoor VOCs with indoor materials. Some progress, albeit slow, has occurred
in the development of universally acceptable exposure guidelines. The intro-
duction of smaller, faster and smarter instrumentation to the market could en-
hance fieldwork markedly. However, the link between health/sensory effects
and indoor VOCs levels is still largely unclear. Further work is urgently required
in this area and in the search for insight into the role of reactive chemistry in
the generation, degradation and transformation of indoor VOCs.
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Abstract Building products, furnishings and other indoor materials often emit volatile and
semivolatile organic compounds (VOCs and SVOCs). With respect to a healthy indoor
environment, only low emitting products, which do not influence the indoor air quality in
a negative way, should be used in a building. Therefore, materials and products for indoor
use need to be evaluated for their chemical emissions. Many emission studies have shown
that the types of sources in occupational and residential indoor environments, the spectrum
of emitting VOCs and SVOCs, the emission rate and the duration of emission cover a wide
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range. The demand for standardised test methods under laboratory conditions has resulted
in several guidelines for the determination of emission rates by use of test chambers and
cells. Furthermore, it is now recognised that both primary and secondary emissions may
affect indoor air quality. As a consequence, modern product development should also
consider secondary products, which seem to be of importance for long-term emissions. In
order to characterise the release of VOCs and SVOCs from materials under realistic condi-
tions, it is important to study the influence of processing, substrate and climatic parameters
on emitting species and emission rates.

Keywords Building products · Emission testing · Volatile organic compound · 
Semivolatile organic compound · Emission rate

1
Introduction

Building products, furnishings and consumer goods often demonstrate emis-
sions of volatile chemical compounds during usage, and these can become a
problem particularly under unfavourable indoor climate conditons. These
emissions mostly involve volatile organic compounds (VOCs) or semivolatile
organic compounds (SVOCs), the differentiation being based on the boiling
points [1] or chromatographic properties [2]. The original causes for the oc-
currence of these emissions are solvents, residual monomers, plasticisers, flame
retardants, process auxiliaries and preservatives (biocides), which are added 
to the previously mentioned products in order to achieve specific properties.
Furthermore, there are also emissions which do not occur until during the
utilisation phase. These include, for example, chemical reaction and decom-
position products.

Indoor air measurements are often carried out on air polluting substances.
However, the determination of the VOC and SVOC noxious emission situation
is only the first stage in respect of achieving an effective reduction in emissions.
Consequently the question must be raised regarding the specific emission
sources and their contribution to the total pollution as a function of indoor
concentration and climate influences such as temperature, humidity and air
exchange. This is demonstrated in Fig. 1 for the example of a building product.

The evaluation of the emission potential of individual products and mate-
rials under realistic conditions and over defined timescales therefore requires
the use of climate-controlled emission testing systems, so-called emission test
chambers and cells, the size of which can vary between a few cubic centimetres
and several cubic metres, depending on the application. The selection of the
systems, the sampling preparation and the test performance all depend on the
task to be performed.
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Nowadays emission measurements are performed for the following pur-
poses [3]:

– Compiling of substance-specific emission data from various sources to back
up field investigations into indoor air quality.

– Determination of the influence of environmentally relevant factors such as
temperature, humidity and air exchange on the emission characteristics of
the products.

– Processing of characteristic emission data to estimate product emissions.
– Processing of characteristic emission data to develop models that can be

used to predict indoor concentrations.
– Ranking of various products and product types on the basis of the charac-

teristic emission data.

On the basis of characteristic emission data there is an increasing tendency to
award a quality label to particularly “low emission” products [4].

2
Equipment for Emission Testing

2.1
Emission Test Chamber

The first large-scale test chambers with a volume of around 40 m3 were devel-
oped in the mid-1970s in the course of the introduction of building authority
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regulations concerning formaldehyde emissions from wood particle boards.
These were used to carry out close-to-practice formaldehyde measurements 
on particle board at a ratio of material surface area to chamber volume of
1 m2 m–3, a temperature of 23 °C, a relative humidity of 45% and an air ex-
change rate of 1 h–1. Interest soon expanded to include VOCs and nowadays
chamber investigations are probably the most important method used for 
the determination of the emission characteristics of materials. Moreover, a 
reduction in the chamber size had to be achieved for practical reasons. It is true
that large chambers permit realistic investigations on large-area emittents with
a complex composition, such as furnishing units, but these are impractical from
both apparatus and time-consumption aspects. In principle a differentiation
can be made between the so-called small-scale chambers with a volume in the
range from a few litres to several cubic metres and the large-scale chambers
(“walk-in type”).A self-manufactured (WKI) 1-m3 glass chamber [5] is shown
in Fig. 2.

2.1.1
Investigation Principle

During an emission investigation the product/material to be investigated is
tested with regard to temperature, relative humidity, air exchange rate, air ve-
locity and product loading factor (ratio of surface of product to be investigated
to the volume of the emission test chamber) under standardised testing con-
ditions in an emission test chamber that can be sealed gas-tight against the out-
side atmosphere. The test procedure is suitable for emission investigations of
both surfaces and of volume samples. This is a convention process where the
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boundary conditions are selected in such a way that they reflect those to be
found in realistic indoor rooms. In interpreting the results of test chamber
investigations it must, under certain circumstances, be taken into account as a
limiting factor that not all realistic conditions to be found in an indoor room
can be simulated.

2.1.2
Sink Effects

A sink effect is the fact that the components released partially adsorb within the
test chamber, for example, at the chamber walls [6]. This can result in an in-
correct reading of the concentration determined at the chamber outlet, which
can lead to the wrong emission rate being computed. In principle every test
chamber demonstrates a (low) sink effect. The degree of adsorption on cham-
ber walls and in materials as well as the extent of the recovery can vary ex-
tremely for different VOCs [5, 7]. This depends in part on the volatility of the
relevant substance. Put simply, it can be stated that absorption within the test
chamber is favoured as the boiling point increases. A comparatively high po-
larity of a compound can also be favourable to the adsorption at the chamber
walls [8]. Sollinger and Levsen [6] also showed that the sink effect is clearly in-
creased by introducing an adsorbing sample surface (carpet) into the test
chamber. The fact that the sample to be investigated in a chamber investigation
also acts as a sink has been reported by several authors [5, 9, 10].

Whereas the sink effects caused by the chamber itself can be reduced to a
minimum by using appropriate construction materials, it is not possible to
influence the sink effects attributable to the actual sample. Many materials sub-
jected to emission testing are also good sinks for the substances emitted by
them. Especially with porous building materials with a large surface area or
with foams it must be expected that the intrinsic material sink effect leads to
a clear delay of the substance emission. An experiment [5] where the test sub-
stance 1,2,3-trichlorobenzene (1,2,3-TCB) was charged into the test chamber
continuously over a period of 3 days (sorption phase) is shown in Fig. 3. The
increase in the chamber concentration and the decay after the charging was
completed (desorption phase) at an air exchange rate of 1 h–1 were measured
by sampling with Tenax. The experiment was then repeated using a building
panel in the chamber. This revealed that both the increase and the decay of the
concentration of the test substance were considerably delayed. Whereas with
the empty chamber the 1,2,3-TCB concentration dropped to almost zero
300 min after the charging was complete, this process lasted more than 3 days
with the sink in the chamber. The sink effect of the sample material therefore
means that the measured emission rate is smaller than the actual rate, as emit-
ted substances are initially absorbed in the sink.At the same time the measured
duration of the emission process is longer, as even after the completion of the
actual emission substances are still released from the sink and lead to the
chamber concentration dropping more slowly.
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Fig. 3 Concentration versus time for 1,2,3-trichlorobenzene in the empty chamber and
with gypsum board. Source Uhde [5]



This sink effect caused by the sample to be investigated plays a role in each
chamber investigation and cannot be avoided. For this reason it is of funda-
mental importance to guarantee that the chamber has as good a recovery as
possible, which is generally determined for selected VOCs in a concentration
range that is typical for an emission investigation using one of the following
processes: charging of test gases with known VOC content into the chamber,
placing of permeation or diffusion tubes in the test chamber or regular dosing
of the VOCs by forced injection within the test chamber [11]. The VOC 
concentration is measured at the purge gas outlet and compared with the 
theoretical target value. According to the European Standard EN 13419-1, the
recovery for product-specific VOCs (toluene, n-dodecane) should be more than
80% [12].

In connection with the sink effect it should also be taken into consideration
that a so-called memory effect can result for subsequent investigations, and this
must be avoided by appropriate cleaning of the chamber. It is advantageous
here if the test chamber can be thoroughly heated through at higher tempera-
tures for cleaning purposes [8].

The combination of the air exchange rate and the product loading factor 
results in the area-specific flow rate, q, with the unit cubic metres per hour per
square metre. It is recommended that building products are investigated at the
surface-specific flow rates, which reflect the actual conditions within buildings.
Where the q values are too low, this can lead to the actual emission rates being
underestimated [13]. In the investigation of floor coverings it is proposed, for
example, that a value of 1.25 m3 h–1 m–2 is selected [4]; however it must be con-
sidered here that in a nonsteady state different concentrations can result,
although the combinations of various air exchange rates and product loading
factors produce the same value for the area-specific flow rate [14].

2.2
Emission Test Cell

It is often desired to have a device for a quality control of products with regard
to emissions arising during the utilisation phase. To enable action to be taken
during the production process as quickly as possible, fast emission investiga-
tions accompanying the production process would be a worthwhile objective.
Owing to the high apparatus expenditure involved in test chamber investiga-
tions many manufacturers are forced to send their postproduction samples to
testing institutes that possess the relevant analytical equipment. The result of
the investigation is therefore only available after some delay, mostly after the
product investigated has left the production facilities. It is therefore desirable
to have a measuring system that can be used to carry out emission testing and
quality assurance on location. The relevant principle of a transportable emis-
sion testing cell for mobile application was implemented in Scandinavia for the
first time in 1991 with the so-called field and laboratory emission cell [15–18],
see also Fig. 4. The field and laboratory emission cell opens up the opportunity
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of carrying out nondestructive emission testing on surfaces within the frame-
work of field investigations. In this way it is possible to identify emissions from
building products when they are already installed and also the sources for air-
polluting substances.

2.3
Sampling and Analysis

The state of the art in emission investigations is nowadays discontinuous ac-
tive sampling on appropriate adsorbents [19]. Using two different processes a
great number of relevant VOCs can be determined. Sampling with Tenax allows
enrichment of polar and nonpolar compounds with boiling points above 60 °C.
The identification is carried out by thermal desorption using gas chromatog-
raphy/mass spectrometry, the quantification using gas chromatography/mass
spectrometry or gas chromatography/flame ionisation detection. The dinitro-
phenyl hydrazine (DNPH) process has become established for aldehydes and
ketones. Here the substances are derivated to hydrazones and quantified using
high-performance liquid chromotagraphy with UV detection. Further sampling
and analysis techniques are used in individual cases to determine very volatile
organic compounds, SVOCs or reactive organic compounds. The processes 
referred to are generally highly sensitive and precise, but they are time-intensive
and require a great deal of apparatus. However a total parameter might be suf-
ficient for quality control accompanying the production process. Continuous
recording devices on the basis of flame ionisation, photoionisation or photo-
acoustics are suitable in principle.A uniform procedure was proposed at Euro-
pean level [4] for the determination of a discontinuously ascertained VOC 
total value (TVOC). Detailed treatment of VOC/SVOC sampling and analysis in
indoor air and in test chambers can be found in Refs. [20, 21].
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2.4
Calculation of Emission Rates

Air measurement in a chamber or cell initially produces the concentration C(t)
at time t of the measurement. C(t) is, however, dependent on many variables,
particularly on the air exchange rate and the loading factor, and possibly on the
temperature, humidity, and air speed at the sample surface. To enable better
comparability of the measured data the specific emission rate (SER) indepen-
dent of air exchange and loading is to be preferred. The SER describes the prod-
uct-specific emission behaviour for selected chemical compounds or for the
TVOC, for example, as surface-specific emission rate with the unit micrograms
per square metre per hour or as a unit-based SER (SERU) with the unit micro-
grams per unit per hour. The SER can be used to compare various products
with each other (ranking) and to designate particularly low emission products
(labelling).

The time-dependent determination of the emission potential is carried out
according to the following balance (Eq. 1), where C(t) is the chamber concen-
tration in micrograms per cubic metre, n is the air exchange per hour and L is
the loading in square metres per cubic metre:

dC/dt = LSER(t) – nC (t). (1)

For a decaying concentration–time function SER(t) is obtained from (Eq. 1) by
transition to differential quotients according to Eq. (2):

SER(t) = [(DC/Dt) + nC (t)]/L , (2)

with

DCi /Dti = [(Ci – Ci–1)/(ti – ti–1) + (Ci+1 – Ci)/(ti+1 – ti)]/2 . (3)

Thus, if there are n+1 data points for concentration, n–1 emission rate values
can be obtained by this method [21]. In the steady state (dC/dt=0) Eq. (2) pro-
gresses to Eq. (4):

SER = (nC)/L. (4)

In ASTM 5116 [22] it is pointed out that the estimation of the SER from Eq. (4)
may have a significant error if the emission rate is not constant or if the cham-
ber has not reached steady state.

More sophisticated emission source models can be found in the literature
[23]. Calculation of emission rates requires nonlinear curve fitting with a suf-
ficient number of data points. Large errors in parameter estimates can result
from rough chamber data and wrong models [22, 24].
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2.5
Fogging Sampling

In emission studies the release of SVOCs from building products is also of in-
terest. To assess the condensable amount of SVOCs, a fogging apparatus can be
mounted in a chamber. The device described here was developed by Bauhof
and Wensing [25] for SVOC measurement in automobile interiors. It is made of
a cooled aluminium body (15 °C at 23 °C) with highly polished stainless steel
collection plates mounted on each side (Fig. 5).After exposure to the chamber
atmosphere the plates are dismounted and put face to face into a stainless steel
extraction apparatus, where the condensed substances are eluted in an ultra-
sonic bath. The extracts are then analysed. The fogging value (in micrograms)
determined over a period of 14 days is a characteristic value for the amount of
SVOC that can be expected to condense on cooler surfaces in an indoor en-
vironment. The fogging method is based on a convention. The comparison of
results requires identical experimental performance. In contrast to air con-
centrations, which are a measure for an inhalative exposition, the fogging value
represents an oral or dermal exposition. It allows for an estimation of the
amount of target compounds that may condense on cool surfaces or porous
material (like house dust or textiles) and therefore may enter the body through
skin contact or ingestion.
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2.6
Sample Preparation for Emission Testing

In selecting parameters for emission testing and interpreting the results it must
be taken into consideration that this is a convention process and that not all real
conditions in indoor rooms can be simulated. The results of such investigations
can be increasingly used in the future to develop low-emission products and,
by selecting such products in the form of source-checking, make a considerable
contribution to achieving good indoor air quality.

The so-called sample preparation is of particular importance with regard to
emission test results. This involves, for example, the question whether liquid
samples (paints, adhesives, etc.) are to be applied on absorbent or inert sub-
strates. Investigations of paints have found that clearly different emissions
occur depending on the substrate [26].A sample preparation as close to the re-
alistic situation as possible is always appropriate where the results are to be
used to derive health-related statements. In investigating floor coverings it can
be useful to investigate only the product surface that is exposed to the indoor
room and to seal off the backing and any side edges during the emission test
with materials with as low as possible emission. To achieve as realistic an ex-
amination as possible, emission investigations of complete sandwich systems,
for example, lime flooring, levelling compound, primer, adhesive and top layer,
are of particular interest. Such test scenarios can provide valuable information
on compatibility and possible chemical reactions between the individual build-
ing products. If only the individual products are subjected to separate emission
testing procedures, then follow-up reactions, such as the hydrolytic decom-
position of an adhesive, cannot be found owing to the alkalinity of the lime
flooring [27].

2.7
Standardisation of Test Methods

The result of an emission investigation is influenced by a number of different
factors (Table 1). In order to ensure comparability of the relevant investigations
the three stages of the process, namely, sample preparation, emission mea-
surement and chemical analysis, must be standardised. This is also shown by
earlier results from relevant comparative investigations [28, 29].

In connection with building products directives, general demands have been
elaborated for VOC emission investigations of building products and include

– Investigation of building products using emission test chambers.
– Investigation of building products using emission test cells.
– Sampling of building products and sample preparation.
– VOC analysis.

In this standardisation work, which has already been reported in Ref. [30], it
was possible to fall back on important previous works [3, 28, 29, 31, 32]. EN, ISO
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and ASTM standards on emission testing are summarised in Table 2. An
overview of the quality demands of EN 13419-1 [12] and EN 13419-2 [33] for
important parameters in VOC emission investigations using emission test
chambers and cells is provided in Table 3. Abbreviations and definitions ac-
cording to EN 13419 are summarized in Appendixes 1 and 2. ASTM standards
on indoor air quality are compiled in Ref. [37].
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Table 1 Influencing factors in an emission investigation. VOC represents volatile organic
compound and SVOC represents semivolatile organic compound

Product history Age of product
Transport to the test laboratory and  storage time
Sample preparation
Climatic conditioning prior to  testing

Chamber measurement Supply air quality
Background concentration
Sink effects/recovery
Air exchange ratio
Air tightness of the environmental  test chamber
Internal air mixing
Air velocity
Accuracy of temperature, relative  humidity,
air exchange ratio, product loading factor

Sampling of test chamber air Choice of sorbent tube
and chemical analysis Recovery of specific VOC and SVOC

Detection limit
Precision
Accuracy

Table 2 Standard methods for emission testing

Standard Description Reference

EN 13419-1 Emission test chamber [12]

EN 13419-2 Emission test cell [33]

EN 13419-3 Preparation of test specimens [34]

ISO 16000-6 Determination of VOCs in chamber air [35]

ASTM D 5116 Small-scale chamber [22]

ASTM D 6670 Full-scale chamber [36]



3
Emission Studies

Most materials and products for indoor use contain organic compounds, which
can be released in an indoor environment. The majority of the VOCs described
in the last few years are typical industrial chemicals that are emitted from
building materials and furnishings, that are not reactive under indoor room
conditions and that can be essentially assigned to the following groups:

∑ Aliphatic hydrocarbons.
∑ Aromatic hydrocarbons.
∑ Alcohols.
∑ Ketones.
∑ Esters.
∑ Glycols/glycol ether.

To date most indoor air investigations and the quality demands for indoor
products have been limited to these compounds, as the potential emission
sources have been documented in detail and sensitive analytic methods are
available as a matter of routine. In contrast only a few VOCs of relevance in-
doors have been characterised until now as “reactive” or as “reaction products”.
Some groups are as follows:

∑ Unsaturated hydrocarbons.
∑ Terpenes.
∑ Aldehydes.
∑ Organic acids.
∑ Acrylate monomers.
∑ Diisocyanate monomers.
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Table 3 Quality requirements for emission test chamber and emission cell according to 
EN 13419-1 [12] and EN 13419-2 [33]. TVOC represents total volatile organic compound

Parameter Emission test chamber Emission cell

Temperature 23±1 °C 23±1 °C

Relative  humidity 50±5% 50±5%

Air velocity 0.1–0.3 m s–1 0.003–0.3 m s–1

Air  tightness Leak rate <1% of supply air Difference between supply 
air and exhausted air <3%

Background  value <10 µg m–3 TVOC, <10 µg m–3 TVOC,
<2 µg m–3 single compound <2 µg m–3 single compound

Recovery ≥80% toluene, n-dodecane ≥90% toluene, n-dodecane

Air mixing ±10% of the theoretical 
model of total mixing

Air exchange  rate Accuracy ±3% Accuracy ±3%



However, it is particularly such components that can have an influence on 
human well-being even in low concentrations. In a recent publication Wolkoff
et al. [38] contended that especially reactive organic compounds and their 
reaction products can cause irritation in persons and therefore make a sig-
nificant contribution to the sick building syndrome. Many building materials,
furnishings and household products have nowadays been documented as
sources of reactive and nonreactive VOCs. Furthermore, the results of research
work have shown that “indoor chemistry” is of great importance in the evalua-
tion of indoor air quality. Various products contain reactive components 
which decompose under the influence of oxidants, heat, moisture or light in 
the material [39]. In many cases volatile compounds result in this way with a
sensory effect [40] and are released into the room air as secondary emissions.
Case studies have shown that particularly certain combinations in floor com-
posites (e.g. floor topping–adhesive–top cover) are to be regarded as a poten-
tial source of secondary emissions [27]. In addition new VOCs can be formed
even during the manufacturing process. As a consequence, emission testing 
of single products under standard conditions will only yield the primary 
products. A real-life scenario is required to see both primary and secondary
emissions (Fig. 6).A list of relevant products and secondary emissions is given
in Ref. [41].

Tucker [42] has summarised the major factors that are now thought to 
influence emission of vapour-phase organic compounds from surface ma-
terials:

– Total amount and volatility of constituents in the material.
– Distribution of these constituents between the surface and the interior of

the material.
– Time (i.e. age of the material).
– Surface area of the material per volume of the space it is in (“loading”).
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Fig. 6 Influence of test conditions on primary and secondary emission (substrate–adhe-
sive–flooring material)
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Fig. 7 Emission profiles: a moderate decay, emission of ethyl acetate from UV-cured lacquer;
b fast decay, emission of 2,6-toluene diisocyanate from construction foam; c constant emis-
sion, emission of di-n-butyl phthalate from wallcovering; d increasing emission, emission of
tris(chloropropyl)phosphate from a television set. Test conditions 1-m3 chamber, 23 °C, 50%
relative humidity, n=1 h–1
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– Environmental factors such as temperature, air exchange rate and relative
humidity.

– Chemical reactions in the source (e.g. conversion in varnishes and some ad-
hesives).

Therefore, VOC and SVOC emission profiles may differ depending on the
factors mentioned as is demonstrated in Fig. 7 for moderate decay, fast decay,
constant emission and increasing emission. All the studies were performed at
23 °C and 50% relative humidity. Even for the same type of products, the emis-
sion may be different over several orders of magnitude as is demonstrated in
Fig. 8 for UV-cured furniture coatings. Here, chamber concentrations (S VOC)
were measured under identical conditions after 24 h and 672 h, respectively (see
Ref. [43] for details).

Tucker [42] also compiled emission factors (SERA) for various compounds
from a variety of sources as reported in the literature. Note that SERA values
vary by a factor of many thousands from one material to another. A summary
of potential sources for VOCs and SVOCs in an indoor environment is provided
in Table 4.
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Fig. 8 S VOC values (µg m–3) for emission from UV-cured lacquer after 24 h and 672 h.
Test conditions 23 °C, 50% relative humidity, q=1 m3 m–2 h–1
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Table 4 Compilation of some VOC/SVOC emission studies on building products and 
indoor materials. FLEC represents field and laboratory emission cell

Products Description Authors Ref.

Latex paint Influence of substrate on VOC emission Chang et al. (1997) [26]

Latex paint Study of VOC emission (chamber) Sparks et al. (1999) [44]

Latex paint Study of VOC emission (model house) Sparks et al. (1999) [45]

Latex paint Influence of ozone on VOC emission Reiss et al. (1995) [46]

Water-based paint Influence of film thickness on VOC Clausen (1993) [47]
and SVOC emission

Water-based paint VOC and TVOC emission study (chamber) Wensing (1996) [48]

UV-curing lacquer VOC emission in dependency of climatic Salthammer [49,
parameters (chamber, FLEC) and coworkers 50]

(1999, 2002)

Wood VOC emission (FLEC) Englund (1999) [51]

Biocides Long-term emission of dichlofluanide, Jann and [52]
permethrine und tebuconazole (chamber) Wilke (1999)

PVC flooring VOC emission (FLEC) Lundgren [53]
et al. (1999)

Particle board VOC and formaldehyde emission Brown (1999) [54]
(chamber)

Polyurethane Emission of 2,4-toluene diisocyanate Kelly et al. (1999) [55]
products and 2,6-toluene diisocyanate I (chamber)

Polyurethane Emission of 4,4¢-diphenylmethane Wirts and [56]
adhesives diisocyanate and hexamethylene Salthammer (2002)

diisocyanate, influence of temperature,
monomer content, curing mechanism

Cork VOC emission (chamber) Horn et al. (1998) [57]
Salthammer and 
Fuhrmann (2000) [58]

Flooring materials Compilation of VOC emission studies Saarela (1999) [59]
(miscellaneous)

Building products Compilation of VOC emission studies Tucker (2001) [42]
(miscellaneous)

Building products Influence of temperature on VOC emission Van der Wal [60]
(miscellaneous) et al. (1997)

Building products VOC emission study (chamber and FLEC) Zellweger [61]
(miscellaneous) et al. (1997)

Building products Dependence of degradation on building Moriske [62]
(miscellaneous) products (chamber) et al. (1998)

Building products VOC emission in dependence of climatic Wolkoff (1998) [39]
(miscellaneous) parameters



3.1
Solvents

The wide variety of common solvents and film formers (aromatic hydro-
carbons, aliphatic hydrocarbons, ketones, esters, glycols, alcohols, Table 5) still
represents a very important group of emitting compounds, as freshly manu-
factured products may cause high SERA values. On the other hand, they do not
have any chemical reactions under normal conditions, unless so-called reactive
solvents (e.g. styrene) are involved. An important exception is 2,4,7,9-tetra-
methyl-5-decyne-4,7-diol (T4MDD), which is frequently used as a film former
and foam inhibitor in water-based coating systems. T4MDD degrades to 
4-methyl-2-pentanone (MIBK) and 3,5-dimethyl-1-hexyne-3-ol. As MIBK is a
common solvent the degradation of T4MDD can be mistaken for the use of
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Table 4 (continued)

Products Description Authors Ref.

Linoleum VOC emission (FLEC) Jensen et al. (1995) [63]

Linoleum Sensory testing Jensen et al. (1995) [64]

Furniture surface VOC emission (chamber) Salthammer (1999) [65]
coating

Wooden furniture Emission of terpenes Salthammer and [66]
(chamber and FLEC) Fuhrmann (1996)

Adhesive Emission of toluene Nagda et al. (1995) [67]
(chamber and model room)

Copy machine, Emission of VOC (TVOC), Black and [68]
laser printer and PCs ozone and particles (chamber) Worthan (1999)

Television and  VOC and SVOC emission, new Wensing (1999) [69]
video sets and aged products (chamber)

Textile floor covering, Round-robin test  De Bortoli [70]
PVC flooring, (chamber and FLEC) et al. (1999)
water-based paint

Wall coverings SVOC emission (chamber) Uhde et al. (2001) [71]

Textile floor VOC emission (chamber) Solllinger and [6, 72]
coverings Levsen (1993, 1994)

Building products Sensory emission, impact of climatic Knudsen and [40, 73]
(miscellaneous) parameters coworkers  

(1997, 1999)
Fang et al. (1999) [74]

Building products Sorptive interactions between VOC Meininghaus and [7, 75] 
(miscellaneous) and materials coworkers (1999)

Won et al. (2001) [76]
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Table 5 Examples of compounds detected in indoor air and from building products in test
chambers (see also Refs. [2, 35])

Compound CAS number Remarks

Aromatic compounds

Benzene 71-43-2 Impurity
Toluene 108-88-3 Solvent
Ethylbenzene 100-41-4 Solvent
m-Xylene 108-38-3 Solvent
p-Xylene 106-42-2
o-Xylene 95-47-6 Solvent
Isopropylbenzene 98-82-8 Solvent
n-Propylbenzene 103-65-1 Solvent
1,2,4-Trimethylbenzene 95-63-6 Solvent
1,3,5-Trimethylbenzene 108-67-8 Solvent
1,2,3-Trimethylbenzene 526-73-8 Solvent
1,2,4,5-Tetramethylbenzene 95-93-2 Solvent
1-Methyl-2-propylbenzene 1074-17-5 Solvent
1-Methyl-3-probylbenzene 1074-43-7 Solvent
n-Butylbenzene 104-51-8 Solvent
1,3-Diisopropylbenzene 99-62-7
1,4-Diisopropylbenzene 100-18-5
2-Phenyldecane 4537-13-7
5-pPhenyldecane 4537-11-5
5-Phenylundecane 4537-15-9
o-Methylstyrene 611-15-4
m-Methylstyrene/p-methylstyrene 100-80-1/622-97-9
a-Methylstyrene 98-83-9 Monomer
2-Ethyltoluene 611-14-3
Styrene 100-42-5 Solvent, monomer
Naphthalene 91-20-3
4-Phenylcyclohexene 31017-40-0 Diels–Alder product
(styrene–butadiene rubber)

Aliphatic hydrocarbons

n-Hexane 110-54-3 Solvent
2-Methylhexane 591-76-4
3-Methylhexane 589-34-4
n-Heptane 142-82-5 Solvent
n-Octane 111-65-9 Solvent
n-Nonane 111-84-2 Solvent
2-Methyloctane 3221-61-2
3-Methyloctane 2216-33-3
2-Methylnonane 871-83-0
3,5-Dimethyloctane 15869-93-9
n-Decane 124-18-5 Solvent
2,4,6-Trimethyloctane 62016-37-9
4-Methyldecane 2847-72-5
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Table 5 (continued)

Compound CAS number Remarks

Aliphatic hydrocarbons
n-Undecane 1120-21-4 Solvent
2,2,4,6,6-Pentamethylheptane 13475-82-6
n-Dodecane 112-40-3
n-Tridecane 629-50-5
n-Tetradecane 629-59-4
n-Pentadecane 629-62-9
n-Hexadecane 544-76-3
2-Methylpentane 107-83-5
3-Methylpentane 96-14-0
1-Octene 111-66-0
1-Decene 872-05-9

Cyclic hydrocarbons

Methylcyclopentane 96-37-7
Cyclohexane 110-82-7 Solvent
1,4-Dimethylcyclohexane 70688-47-0
4-Vinylcyclohexene 100-40-3 Reaction product 

(styrene–butadiene rubber)
Methylcyclohexane 108-87-2

Terpenes

D3-Carene 13466-78-9 Wood
a-Pinene 80-56-8 Wood, eco-lacquer
Camphene 79-92-5
b-Pinene 18172-67-3 Wood, eco-lacquer
Longifolene 475-20-7 Wood
a-Cedrene 469-61-4 Wood
Caryophyllene 87-44-5 Wood
Limonene 138-86-3 Wood, eco-lacquer

Alcohols

1-Propanol 71-23-8 Solvent
2-Propanol 67-63-0 Solvent
2-Methyl-2-propanol 75-65-0
2-Methyl-1-propanol 78-83-1
1-Butanol 71-36-3 Solvent
1-Pentanol 71-41-0
1-Hexanol 111-27-3
Cyclohexanol 108-93-0 Solvent
1-Octanol 111-87-5
2-Ethyl-1-hexanol 104-76-7 Degradation product 

[di-2-(ethylhexyl)phthalate]
Phenylmethanol 100-51-6
Phenol 108-95-2
Butylated hydroxytoluene 128-37-0 Stabiliser
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Table 5 (continued)

Compound CAS number Remarks

Glycols/glycol ethers

1,2-Propylene glycol 57-55-6
Dimethoxymethane 109-87-5
Dimethoxyethane 110-71-4
Diethylene glycol-n-mono- 112-34-5

butyl ether
2-Methoxyethanol 109-86-4
2-Ethoxyethanol 110-80-5 Solvent
2-Butoxyethanol 111-76-2 Solvent
1-Methoxy-2-propanol 107-98-2
2-Butoxyethoxyethanol 112-34-5
2-Phenoxyethanol 122-99-6 Solvent

Aldehydes

Acetaldehyde 75-07-0
Propanal 123-38-6
Butanal 123-72-8 Degradation product (fatty acids)
Pentanal 110-62-3 Degradation product (fatty acids)
Hexanal 66-25-1 Degradation product (fatty acids)
Heptanal 111-71-7 Degradation product (fatty acids)
2-Ethylhexanal 123-05-7
Decanal 112-31-2 Degradation product (fatty acids)
2-Pentenal 1576-87-0 Degradation product (fatty acids)
2-Heptenal (trans) 18829-55-5 Degradation product (fatty acids)
2-Nonenal (trans) 18829-56-6 Degradation product (fatty acids)
2-Undecenal (trans) 53448-07-0 Degradation product (fatty acids)
Octanal 124-13-0 Degradation product (fatty acids)
2-Butenal 123-73-9 Degradation product (fatty acids)
2-Furancarboxaldehyde (furfural) 98-01-1 Degradation product (cork)
Nonanal 124-19-6 Degradation product (fatty acids)
Benzaldehyde 100-52-7 Degradation product (UV, Tenax)
2,4,6-Trimethylbenzaldehyde 487-68-3 Degradation product (UV, Tenax)

Ketones

Acetone 67-64-1 Solvent, degradation product (UV)
2-Butanone (MEK) 78-93-3 Solvent
3-Methyl-2-butanone 563-80-4
4-Methyl-2-pentanone (MIBK) 108-10-1 Solvent, degradation product
Cyclopentanone 120-92-3
2-Methylcyclohexanone 583-60-8
2-Methylcyclopentanone 1120-72-5
Cyclohexanone 108-94-1 Solvent, degradation product (UV)
Benzophenone 119-61-9 Photoinitiator
Acetophenone 98-86-2 Degradation product
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Table 5 (continued)

Compound CAS number Remarks

Halogenic compounds

Dichloromethane 75-09-2 Solvent
Carbon tetrachloride 56-23-5 Solvent
1,2-Dichloroethane 107-06-2 Solvent
Trichloroethene 79-01-6 Solvent
Tetrachloroethene 127-18-4 Solvent
1,1,1-Trichloroethane 71-55-6 Solvent
1,4-Dichlorobenzene 106-46-7 Moth crystal cake

Acids
Acetic acid 64-19-7 Wood, wood-based materials
Propanoic acid 79-09-4
Isobutyric acid 79-31-2
Butyric acid 107-92-6 Degradation product (fatty acid)
2,2-Dimethylpropanoic acid 75-98-9
Pentanoic acid 109-52-4 Degradation product (fatty acid)
Heptanoic acid 142-62-1 Degradation product (fatty acid)
Octanoic acid 124-07-2 Degradation product (fatty acid)
Hexadecanoic acid 57-10-3

Esters
Vinyl acetate 108-05-4 Monomer
Isopropyl acetate 108-21-4 Solvent
Isobutyl acetate 110-19-0 Solvent
Ethyl acetate 141-78-6 Solvent
Propyl acetate 109-60-4 Solvent
Butyl acetate 123-86-4 Solvent
2-Methoxypropyl acetate 108-65-6 Solvent
2-Methoxyethyl acetate 110-49-6 Solvent
2-Ethoxyethyl acetate 111-15-9 Solvent
2-Ethylhexyl acetate 103-09-3 Solvent
Texanol 25265-77-4 Solvent, plasticiser
TXIB 6846-50-0 Solvent, plasticiser
Tripropylene glycol diacrylate 42978-66-5 Monomer
Butyl acrylate 141-32-2 Monomer
2-Ethylhexyl acrylate 103-11-7 Monomer
Ethyl acrylate 140-88-5 Monomer

Phthalates

Dimethyl phthalate 131-11-3 Plasticiser
Dibutyl phthalate 84-74-2 Plasticiser
Diisobutyl phthalate 84-69-5 Plasticiser
Di-2-ethylhexyl phthalate 117-81-7 Plasticiser
Di-phenyl phthalate 84-62-8 Plasticiser
Diisononyl phthalate 68515-98-0 Plasticiser
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Table 5 (continued)

Compound CAS number Remarks

Phosphororganic compounds

Triehylphosphate 78-40-0 Flame retardant
Tris(2-chloroethyl)phosphate 115-96-8 Flame retardant
Tris(chloropropyl)phosphate 13674-84-5 Flame retardant
Tris(dichloropropyl)phosphate 13674-87-8 Flame retardant
Tributylphosphate 126-73-8 Flame retardant

Miscellaneous

1,4-Dioxane 123-91-1 Solvent
n-Methyl-2-pyrrolidone 872-50-4 Solvent
Methyl ethyl ketoxim (MEKO) 96-29-7 Antiskinning agent
Caprolactam 105-60-2
Indene 95-13-6
Tetrahydrofuran 109-99-9 Solvent
2-Pentylfuran 3777-69-3
Hexamethylene diisocyanate 822-06-0 Monomer
4,4¢-Diphenylmethane diisocyanate 101-68-8 Monomer
2,4-Toluene diisocyanate 584-84-9 Monomer
2,6-Toluene diisocyanate 91-08-7 Monomer
Tripropylene glycol diacrylate 42978-66-5 Monomer
Butyl acrylate 141-32-2 Monomer

MIBK in the analysis [41]. In test chamber investigations hemiacetals and 
acetals such as 1-hydroxy-1-ethoxycyclohexane and 1,1-diethoxycyclohexane
can sometimes be demonstrated qualitatively in the chamber air. These are typ-
ical reaction products of cyclohexanone with ethanol.1

3.2
Aldehydes

Saturated and unsaturated aldehydes with chain lengths C5–C11 are some of
the most problematic and undesirable substances in indoor rooms. Aliphatic
aldehydes are very odour-intensive, and the odour is generally described as 
unpleasantly “rancid” or “greasy”. With sensitive persons or in high concen-
trations the perception of aliphatic aldehydes can cause nausea. Odour thres-
holds are, for example, 57 and 13 µg m–3 [77] for hexanal and nonanal, and the
odour thresholds of the unsaturated aliphatic aldehydes are even a magnitude
smaller. Emission sources in indoor rooms are essentially unsaturated fatty
acids such as oleic acid, linoleic acid and linolenic acid as components of

1 A known artefact in gas-chromatograph analysis is the formation of 1,1-dimethoxy-
cyclohexane from cyclohexanone and methanol in standard solutions.
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linoleum [63, 64], coating systems containing alkyd resin [78] as well as paints,
oils and adhesives on a natural basis. The aldehydes generated during the 
oxidation processes of the unsaturated fatty acids can continue to react to the
corresponding low-chain acids. Typical degradation products of oleic acid are
saturated aldehydes from heptanal (C7) to decanal (C10), whereas linoleic acid
is mainly degraded to hexanal (C6). Unsaturated aldehydes such as 2,4-hepta-
dienal result from oxidising the double-unsaturated linolenic acid. The degra-
dation of fatty acids was investigated particularly with regard to food chemistry
aspects as aldehydes are strong aroma components [79]. This property is also
used in so-called air-freshening sprays, which also contain saturated aldehydes
[80]. The surface of a piece of furniture can under certain circumstances
demonstrate high emission rates for aldehydes for months and even years. The
reason for this lies in the constant slow degradation of unsaturated fatty 
acids under living conditions. It was observed with various furniture surfaces
that odour problems can occur only after several years of use. In these cases a
cracking of the paint film allows oxidative processes after the penetration of
atmospheric oxygen.

Cork products can also emit considerable amounts of the aldehyde 
furfural (2-furancarboxaldehyde) with surface-specific emission rates SERA>
1,000 µg m–2 h–1 [57], whereby the release of the furfural generally corresponds
with that of acetic acid. The cause for the formation of furfural is the thermal
decomposition of the hemicelluloses contained in the cork at temperatures
above 150 °C, while acetic acid is formed by the separation of acetyl groups.
Further by-products identified in the thermal treatment of natural cork were
formic acid and hydroxymethylfurfural [58].

3.3
4-Phenycyclohexene and Other Reaction Products

During the manufacturing process of styrene–butadiene rubber the poly-
merisation is stopped at a conversion rate of less than 90%. The residual
monomers styrene and butadiene are removed by distillation. The odour-in-
tensive compounds 4-phenylcyclohexene (from styrene and cis-butadiene) and
4-vinyl cyclohexene (from cis-butadiene and trans-butadiene) can be formed
from the remaining monomers under the conditions of a thermally permitted
p2s+p4s Diels–Alder cyclic addition. During indoor air measurements, carried
out in six different office rooms in each case 3 days after new carpets had been
laid, concentrations of 4-phenylcyclohexene of 29–45 µg m–3 could be ascer-
tained. It is suspected that the emission of the trimer of 2-methyl-1-propene
from a glued carpet is also caused by chemical reaction.

Alkylated dithiocarbamates with chain lengths C2–C6 are often added 
as polymerization auxiliaries for styrene–butadiene rubber. Under acidic 
conditions, these intermediately form the free thioacid, which degrades in 
turn in a reaction analogous to Hofmann degradation to amine and carbon
disulphide.
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3.4
Terpenes

Terpenes can be emitted in large amounts both by plants and by building prod-
ucts and items of furnishing [66]. The terpenes involve mostly odour-intensive
natural materials that are made up of units of 2-methylbutane and 2-methyl-
1,3-butadiene (isoprene) [81]. Of relevance for the indoor area are the monoter-
penes (C10) such as a-pinene, b-pinene, limonene and D3-carene as well as the
sesquiterpenes (C15) such as b-caryophyllene and longifolene. Especially resin-
rich softwoods such as pine and spruce are strong emission sources for
monoterpenes. However wood, wood products and coatings are by far not the
only emission sources for terpenes in indoor rooms. The substances are also to
be found in cleansing agents, cosmetics, air fresheners, paints, lacquers and oils.
Jann et al. [82] examined the emission behaviour of limonene, a-pinene, b-
pinene and carvone from furniture surfaces coated with natural paint, whereby
in part very high emission rates were established.A very interesting compound
is carvone, which, on the one hand, is a component in natural terpene balsam
and, on the other hand, it is also a possible oxidation product of limonene. D3-
Carene is generally not an emission product of coatings, as it is removed from
the raw products owing to its known effect as a contact allergen.

3.5
Photoproducts

Photoinitiators start polymerisation processes and are therefore indispensable
components in radiation-curing systems. Commonly used photoinitiators,
which undergo various fragmentation processes such as the Norrish I reaction,
the Norrish II reaction (intramolecular proton transfer) and intermolecular
proton transfer with exciplex formation, are benzophenone, hydroxyace-
tophenone, benzil ketals, phosphine oxides, benzoin ethers, thiocyanates and
others [83]. It is a problem of UV technology that uncontrolled fragmentation
reactions and remaining residues can cause yellowing and the release of odour-
generating materials. On the other hand UV coatings are extremely low emis-
sion and functionally practical systems when the processing conditions are
perfect.

A typical odour-intensive breakdown product generated by a-cleavage 
(Norrish I reaction) is benzaldehyde.2 Owing to recombination and reduction
processes further secondary products such as benzil and acetone [50] result
from the fragmentation. In principle, odourless photoinitiators can therefore
certainly cause significant odour problems via their degradation products.

2 Certain photofragments such as benzaldehyde are simultaneously typical degradation
products of Tenax TA and can arise as artefacts or blind readings [84].



3.6
Plasticisers

In order to obtain the desired material properties, PVC products are treated
with additives. With regard to the quantity, the phthalic esters, which are used
as plasticisers, represent the most significant portion. In an indoor environ-
ment PVC occurs mostly in household products, floor coverings, wall coverings
and electronic devices [69]. Since wall and floor coverings sometimes represent
a major part of the surface area in a room [85], they might be a source for 
phthalic acid esters. The soft PVC used preferentially in wallpapers contains
plasticiser portions of about 30%. These are mainly di-n-butyl phthalate (DBP),
di-2-ethylhexyl phthalate (DEHP) and diisononyl phthalate (DINP).

In a recent study the emissions of several technically relevant phthalates
from PVC-coated wallcoverings were measured in emission test chambers un-
der standard room conditions. During a 14-day test period both the chamber
air concentrations and the condensation on a cooled plate (fogging) were de-
termined. Chamber concentrations of DBP reached a maximum of 5 µg m–3

(Fig. 7c). Correspondingly, the plasticisers diphenyl phthalate (DPP) and DEHP,
which have higher boiling points, reached maximum concentrations of about
1–2 µg m–3. After 14 days of exposure, up to 60.4 µg DEHP and 17.7 µg DPP
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could be quantified on the cooled plates of the fogging apparatus. The amounts
of DBP and DIBP were significantly lower (Fig. 9).

In 1996, investigations on PVC products were performed in test chambers
under defined conditions [86]. At room temperature the DEHP concentration
was below 0.1 µg m–3. At higher temperatures the chamber values increased 
as expected. The maximum value was 5.2 µg m–3 (60 °C). Wilke and Jann [87]
described test chamber investigations on wallpapers containing DEHP. In tests
over 28 days in chambers of 1 m3 (23 °C, 45% relative humidity, air exchange
rate 1 h–1, loading 1 m2 m–3) DEHP was not detectable with a detection limit 
of 0.35 µg m–3. Only when the temperature was increased to 40 °C were DEHP
values of up to approximately 2 µg m–3 measured.

A known and especially odour-intensive decomposition product from PVC-
loaded materials is 2-ethyl-1-hexanol. The starting substance is DEHP. Under
alkaline conditions and in the presence of water DEHP hydrolyses to the
volatile 2-ethyl-1-hexanol and the anion of o-phthalic acid. The alkaline hy-
drolysis of DEHP occurs predominantly in floorings in conjunction with fresh
floor topping. It is often the case that this still has a too high moisture content
when the floor covering is laid [27]. This means that not only DEHP but 
also the flooring adhesive is degraded. In addition to mechanical problems
(bubbling, peeling of the flooring) this leads to long-term emission sources of
2-ethyl-1-hexanol and further organic compounds which then mostly results
in renovation being required. The investigation of a flooring adhesive on an 
inert base can therefore never supply information on the emission behaviour
under real conditions. Fang et al. [74] have carried out release experiments of
2-ethyl-1-hexanol as a function of temperature and humidity for a carpet and
a PVC flooring in a CLIMPAQ test chamber. As expected the surface-specific
emission rate SERA clearly rose as the temperature and moisture increased. For
the carpet the highest emission rate of 16.6 µg m–2 h–1 was measured at 28 °C
and 70% relative humidity. DEHP is also photochemically degraded with the
formation of 2-ethyl-1-hexanol and 2-ethylhexene [88].

3.7
Flame Retardants

Flame retardant is the collective term for those inorganic and/or organic com-
pounds which give flameproof properties, particularly to wood and wood-
working materials, plastics and textiles. They achieve this by reducing the in-
flammability of the material to be protected, preventing ignition and making
burning difficult [89]. In regulating and implementing fire protection pre-
ventive measures, it is the safety aspect in the case of a fire that is taken into
consideration in most cases. In practice, this means that the outbreak of an
open fire with quickly spreading flames is what should be prevented as far as
possible. Here is often not taken into consideration that during the burning
process toxic products can be produced owing to thermal decomposition of
flame retardants. These can contribute to contamination of the atmosphere or
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form persistent sediments. A further problem, widely ignored up to now, is 
the release of flame retardants and their decomposition products in an indoor
environment under normal living conditions [90]. Appropriately treated 
construction materials, mattresses and textiles are notable in this. Electrical
equipment is also equipped with flame retardants. The release of tris(chloro-
propyl)phosphate from a television set is shown in Fig. 7d.

Many common flame retardants and their decomposition products are
classified as dangerous substances or must be regarded as a potential health
hazard and can cause impairment to health when inhaled, orally ingested or on
contact with the skin. In the case of constructional measures or restoration
work, the workers and the residents can be exposed to flame retardants, espe-
cially during use of construction foam.

In general, organic flame retardants can be roughly divided into three
classes. The following overview shows a selection of the relevant compounds
[91]:

∑ Halogenated organic compounds,
– Chlorinated paraffins.
– Polybrominated biphenyls.
– Polybrominated biphenyl ethers.

∑ Nonhalogenated organophosphorus compounds.
∑ Halogenated organophosphorus compounds.

Exposure of residents to flame retardants mainly results from accumulation in
house dust and indoor air. However, risk assessment for an indoor environment
is difficult owing to the lack of emission studies, measured indoor air con-
centrations and toxicological data [92].

3.8
Monomers

In many polymerisation processes the viscosity, drying and other properties
are controlled by monomers. These are introduced directly into the film as
polymerisable thinners in the reaction with the reactive resin, whereby poly-
ester acrylates or polyether acrylates can be formed depending on the com-
ponents used. UV systems mainly use acrylate monomers, which are split up
into monofunctional and polyfunctional systems in accordance with the
number of –CH=CH2– groups in the end position. In today’s application tech-
nology the highly volatile and odour-intensive monofunctional acrylates such
as butyl acrylate and 2-ethylhexyl acrylate continue to enjoy less popularity in
contrast to the multifunctional acrylates such as 1,6-hexandiol diacrylate,
tripropylene glycol diacrylate (TPGDA) or trimethylol propane triacrylate. Free
acrylate monomers can indeed have a negative influence on human well-being
in indoor rooms as they cause irritations to the eyes and mucous membranes.
Direct contact with acrylate monomers remaining on surfaces leads to skin 
irritation. A test of a freshly produced furniture surface yielded an initial
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TPGDA concentration in the chamber air of 86 µg m–3, which dropped to
2 µg m–3 within 500 hours, and after 600 hours the TPGDA could no longer be
detected [93].

The nonacrylic monomer styrene is used as a reactive solvent in the poly-
merisation of coating systems on the basis of unsaturated polyesters. Styrene
has a penetrating and unpleasant odour and a strong irritant effect. In spite 
of this substitute, products such as 2-phenyl-1-propene (a-methylstyrene),
n-vinylpyrrolidone and vinyltoluene have not become established owing to
their clearly inferior application properties.

The diisocyanates are an important class of monomers and they are used 
in many products for indoor use such as adhesives, coatings and foams. In 
so-called isocyanate-bonded particle boards these have completely replaced
formaldehyde. Isocyanates are characterised by the electrophilic –N=C=O
group, which reacts easily with OH-containing molecules such as water and 
alcohols. In the hydrolysis with water primary amines are formed, whereas the
reaction with alcohols leads to carbamates (urethanes). Polyurethanes are 
obtained by polyaddition of diisocyanates and diol components. Industrially
used diisocyanates essentially involve 4,4¢-diphenylmethane diisocyanate
(MDI), hexamethylene diisocyanate (HDI), 2,4-toluene diisocyanate and 2,6-
toluene diisocyanate (2,6-TDI). Diisocyanate monomers have a strong irritant
effect on the respiratory tract, eyes, skin and mucous membranes. For this rea-
son polyisocyanates such as HDI biuret, HDI isocyanurate and poly(MDI) with
low monomer proportions are mainly used in manufacturing processes.
Schmidtke and Seifert [94] have investigated the HDI emissions from freshly
produced polyurethane paints in test chambers.An amount of 1,800 ng m–3 was
measured in the chamber air 2 days after the test began.An amount of 5 ng m–3

could still be detected after 14 days. In another study, the release of MDI from
isocyanate-bonded particle board could not be determined [95]. Construction
foams emit diisocyanate monomers mainly during the processing stage, as is
demonstrated for 2,6-TDI in Fig. 7b [96].

4
Conclusion

Numerous investigations have shown that reactive and nonreactive substances
can be introduced into an indoor environment by release from building prod-
ucts and indoor materials. The type and amount of emission compounds are
naturally dependent on the precursor substances and the climatic parameters.
Furthermore many materials commonly used indoors emit reactive com-
pounds or secondary products owing to their manufacturing process. It has
been shown that particularly secondary products can have a negative influence
on people’s well-being even at low concentrations owing to their odour inten-
sity or their irritant effect. It therefore appears to be necessary to take into con-
sideration also the aspect of indoor chemistry in the chemical characterisation
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of the indoor air and emission testing. A number of test procedures are now
available for standardised evaluation of building products. However, in some
cases it does not appear to be very practicable to test the emission behaviour
of sensitive products and product groups generally and exclusively under stan-
dard conditions, as climatic parameters may have a strong impact on the emis-
sion rate (Table 6). Depending on the product type it is sensible to select those
climatic conditions that can stimulate the possible chemical reactions and
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Table 6 Impact of climatic parameters on the emission rate form carpet, PVC flooring,
sealant, varnish (floor) and wall paint on gypsum board. Source Wolkoff [36]

Parameter Primary sourcea Secondary sourceb Comments

Air velocity No significant effect High air velocities Evaporation-controlled 
1–10 cm s–1 after approximately may promote air emission appears to 

2–4 days oxidative emission play a minor role after 
a few days, rather 
diffusion within the 
building products 
governs the emission.
Secondary source 
emissions depend  
on VOC and building 
product type

Temperature The impact depends For some products,
23–60 °C on building product no difference between 

and VOC type 23 and 35 °C
emitted, largest 
effect at 60 °C

Relative The impact depends Plasticisers appear 
humidity on building to decompose 
0–50% product and VOC at high relative

type emitted humidity

Nitrogen/air Some VOCs or Anaerobic testing may 
plasticisers appear inform about air-
to be sensitive susceptible building 
to air oxidation products

Repeatability Minor differences Any difference 
diminishes
at long times

Homogeneity Minor differences

a Non bound VOCs in building products.
b Chemically bound VOCs released by both chemical and physical mechanisms.



therefore the release of secondary products in order to determine the true 
usability of the products [39, 97]. Some of the compounds emitted may affect
the perception of indoor air quality. Consequently, methods need to be devel-
oped to characterise chemical and sensory terms in order to understand their
impact on perceived air quality and to assess potential health risks [40].

Appendix 1: Abbreviations

Cx: concentration of a VOCx in the emission test chamber/cell in micro-
grams per cubic metre.

L: product loading factor in square metres per cubic metre.
n: air exchange rate per hour.
q: area specific air flow rate (=n/L) in cubic metres per square metre per hour.
SERa: area specific emission rate in micrograms per square metre per hour.
SERl: length specific emission rate in micrograms per metre per hour.
SERv: volume specific emission rate in micrograms per cubic metre per hour.
SERu: unit specific emission rate in micrograms per hour per unit.
t: time after start of the test, in hours or days.

Appendix 2: Definitions

Emission test chamber: Enclosure with controlled operational parameters for
the determination of VOCs emitted from building products.

Emission test cell: Portable device for the determination of VOCs emitted
from building products. The emission cell is placed against the surface of the
test specimen, which thus becomes a part of the emission cell.

Air exchange rate: The ratio of the volume of clean air brought into the emis-
sion test chamber hourly and the free emission test chamber volume measured
in identical units, expressed in air changes per hour.

Air flow rate: Air volume entering into the emission test chamber per unit
time.

Air velocity: Air speed over the surface of the test specimen.
Area specific air flow rate: Ratio between the supply air flow rate and the area

of the test specimen.
Building product: Product produced for incorporation in a permanent 

manner in construction works.
Emission test chamber/cell concentration: Concentration of a specific VOCx

(or group of VOCs) measured in the emission test chamber/cell outlet.
Product loading factor: Ratio of exposed surface area of the test specimen

and the free emission test chamber/cell volume.
Recovery: Percentage of measured mass or a target VOC in the air leaving 

the emission test chamber during a given time period divided by the mass of
target VOC added to the emission test chamber in the same time period.
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Sample: A part or a piece of a building product which is representative of the
production.

Specific emission rate: Product specific rate describing the mass of a volatile
organic compound emitted from a product per unit time at a given time from
the start of the test. The area-specific emission rate, SERa, is used in the
standard, Several other specific emission rates can be defined according to 
different requirements, for example, length-specific emission rate, SERl,
volume-specific emission rate, SERv, and unit-specific emission rate, SERu. The
term area-specific emission rate is sometimes used in parallel with the term
emission factor.

Target volatile organic compounds: Product-specific volatile organic com-
pounds.
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Abstract Adsorption and desorption of indoor air pollutants to and from indoor surfaces
are important phenomena. Often called sink effects, these processes can have a major impact
on the concentration of pollutants in indoor environments and on the exposure of human
occupants to indoor air pollutants. Basic theories are used to describe the processes using
fundamental equations. These equations lead to models describing sink effects in indoor
environments. Experimental studies have been performed to determine the important
parameters of the sink models. Studies conducted in dynamic, flow-through environmen-
tal test chambers have quantified adsorption and desorption rates for many combinations
of indoor air pollutants and interior surfaces. Sink effects have been incorporated into 
indoor air quality (IAQ) models to predict how adsorption and desorption processes affect
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concentrations of indoor pollutants. Limited numbers of full-scale, test house studies have
been conducted to provide validation data for IAQ models in order to improve their ac-
curacy. IAQ model predictions are useful for analyzing the interaction of indoor sources and
sinks and their effect on human exposure to indoor air pollutants.

Keywords Adsorption · Desorption · Sink effects · Sink models · Indoor air quality models

1
Introduction

Adsorption and desorption of indoor air pollutants to and from indoor sur-
faces are important phenomena. Often called sink effects, these processes can
have a major impact on the concentration of pollutants in indoor environments
and on the exposure of human occupants to indoor air pollutants. The purpose
of this chapter is to discuss how sink effects impact indoor air quality (IAQ)
and to highlight the published IAQ research on the subject. It is not intended
to be a comprehensive literature review, so many relevant publications will 
not be cited. Nor are sufficient details provided to allow the conduct of complex
sink evaluations. The reader is encouraged to consult the cited references 
for pertinent details. Also, the focus of the chapter will be on vapor-phase 
organic compounds; limited information is provided on other indoor pol-
lutants.

Sorption phenomena are well described and documented in the basic sci-
entific literature [1] and standard physical chemistry texts [2–4]. Indoor air re-
searchers first reported extensively on adsorption to and desorption from in-
door surfaces in 1987 at the 4th International Conference on Indoor Air Quality
and Climate in Berlin where Seifert and Schmal [5] reported the sink effects of
plywood and carpet exposed to lindane and a mixture of 20 volatile organic
compounds (VOCs). The Berlin conference also provided data from two stud-
ies that examined the sink effect of textiles [6, 7]. Finally, Skov and Valbjorn [8]
reported on the seminal Danish town hall study. They concluded that sorption
to and from large surface areas and fleecy materials was associated with IAQ
problems. This work was followed up by Nielsen [9] at Healthy Buildings ‘88 in
Stockholm, where he reviewed several studies on the importance of sorption
processes on IAQ. Also in Stockholm, Berglund and her colleagues [10] pro-
vided an extensive literature review and discussion of IAQ data leading to the
conclusion that sink effects are important. They also provided the results of a
study on adsorption and desorption in a ventilation system. Since then, nu-
merous overviews have been presented on the importance of sink effects on
IAQ [11, 12].

74 B. A. Tichenor



1.1
Vapor-Phase Organic Compounds

The majority of research on IAQ sink effects has focused on vapor-phase 
organic compounds. These gases are often divided into two categories: VOCs
and semivolatile organic compounds (SVOCs). Much of the remainder of this
chapter will deal with sorption phenomena associated with VOCs and SVOCs.
However, other indoor pollutants that interact with indoor surfaces are also 
important.

1.2
Other Indoor Pollutants

Among the non-vapor-phase organic pollutants studied for indoor sink effects
are NO2, ozone, and particles. Some of the earliest work on indoor sink effects
was associated with combustion source emissions, namely NO2. In 1989, Spicer
et al. [13] reported on the rates and mechanisms of NO2 removal from indoor
air by residential materials. Later, work by Weschler and colleagues [14] showed
how indoor ozone reacts with NO2 to form nitric acid, which adsorbs on indoor
surfaces. Additional work by Weschler and colleagues [15] reported on rates 
of ozone and NO2 adsorption on indoor surfaces using deposition velocities
and how the adsorbed NO2 can react to form NO and HONO. Cano-Ruiz and
Nazaroff [16] developed a theoretical model of the removal of ozone at indoor
surfaces by combining mass transport and surface kinetics. Later, Morrison and
Nazaroff [17] studied the removal of ozone by ventilation duct material using
models based on deposition velocities. They concluded that ventilation ducts
are probably not important ozone sinks. Indoor particles can also sorb on
surfaces. Recent work by Lai and Nazaroff [18] describes how deposition rates
can vary by orders of magnitude for typical indoor turbulence levels. An
intriguing study of particle/gas interaction was conducted by Johansson [19],
who reported that environmental tobacco smoke adsorbed on indoor surfaces
can undergo gas-to-particle conversion and re-emit particles.

2
Adsorption/Desorption Processes

Basic theories are used to describe the processes using fundamental equations.

2.1
Theory

The interaction of VOC (and SVOC) molecules with indoor surfaces can be
described by well-documented adsorption theories [3]. Three isotherm theo-
ries are available to quantify indoor air sink effects: Langmuir, Freundlich, and
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Brunauer–Emmett–Teller (BET) [20]. Langmuir isotherm theory is applied
when a monolayer of molecules is sorbed on a homogeneous surface where
each site requires the same energy to adsorb molecules. The Freundlich
isotherm also assumes a monolayer, but allows for an exponential distribution
of adsorption energies. BET isotherms provide for multilayer adsorption.

2.2
Fundamental Equations

For indoor organic gases (VOCs and SVOCs) Langmuir isotherm theory is
commonly used to describe indoor sink behavior at equilibrium [20]:

kaCe (1– Q) = k ¢dQ , (1)

where ka is the adsorption rate constant, Ce is the equilibrium concentration of
the adsorbate in the vapor phase, Q is the proportion of available adsorption
sites that are occupied, and kd¢ is a desorption constant. For the low values 
of Ce encountered in indoor air it can be assumed that the occupied sites are 
a very small proportion of the available sites, so Eq. (1) can be rewritten as

kaCe = k ¢dQ . (2)

The equilibrium mass in the sink (Me) is proportional to Q, so Eq. (2) leads to

kaCe = kdMe . (3)

If a Freundlich isotherm is assumed,

M = kCa , (4)

where M is the mass in the sink, C is the gas-phase concentration, and k and a
are empirical constants.

3
Models

The previous equations describing the adsorption/desorption behavior of
gases lead to models describing sink effects in indoor environments. In addi-
tion, transport of molecules within the sink material can have a major impact
on desorption rates; thus, models accounting for internal diffusion have been
developed for indoor sinks. Models based on fundamental theories are pre-
ferred over empirical approaches, but some studies rely on experimental data
to fit empirical models [21–23].
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3.1
Adsorption Models

Using conventional units, and assuming a sink area of A, Eq. (3) can be written
as an adsorption/desorption mass balance model:

kaCeA = kdMeA , (5)

where ka is the adsorption rate (micrograms per hour), Ce is the equilibrium
VOC (or SVOC) concentration (micrograms per cubic meter), A is the sink 
area (square meters), kd is the desorption rate constant (per hour), and Me
is the equilibrium sink mass (micrograms per square meter). In addition, an
equilibrium constant can be defined as

ke = ka/kd = Me/Ce , (6)

where ke is the equilibrium constant (meters). ke is sometimes called the
partition coefficient. For a given combination of VOC and sink material, ke
describes the sink strength; the larger the value of ke, the greater the mass
adsorbed on the sink at equilibrium. Note that ke has been mistakenly used to
denote sink capacity. The capacity of an indoor sink would be the maximum
mass adsorbed under extremely high indoor concentrations where the as-
sumptions of the Langmuir isotherms do not apply and Eq. (6) is invalid.

3.2
Diffusion Models

As noted by several authors [24–29], sink models based solely on adsorption
theories fail to account for other important phenomena. Axley [24] provided
equations for diffusion processes, both within the boundary layer adjoining the
sinks and within the sinks themselves, which describe the behavior of indoor
sinks. Little and Hodgson [26] presented a strategy for characterizing homo-
genous, diffusion-controlled sinks using heat transfer analogies. Jørgensen 
et al. [27] presented a sink diffusion model that couples internal diffusion 
with surface adsorption. They showed that Ono–Kondo Langmuir models are
sufficient to describe weak sorption situations, but internal diffusion models
are needed when stronger sorption occurs. Internal diffusion of a specific VOC
in a specific sink material can be represented by Fick’s law as [27]

F(x) = –D(dC/dx) , (7)

where F(x) is the mass flux of the VOC at a distance x from the surface of the
sink material (micrograms per square meter per hour), D is the diffusion 
coefficient of the VOC in the sink material (square meters per hour), and dC/dx
is the concentration gradient in the sink (micrograms per meter to the fourth
power).

Adsorption and Desorption of Pollutants to and from Indoor Surfaces 77



3.3
Properties Affecting Sink Behavior

The previous equations represent the most fundamental processes that de-
scribe the behavior of indoor sinks. As such, they provide insight into what
properties of the VOCs and/or the sink are important. For example, as already
noted, ke, the equilibrium constant (or partition coefficient), is proportional to
the sink strength. Thus, for a specific sink material, an increase in ke means an
increase in sink strength. As shown by several studies, ke can be related to a
physical property of a VOC. Colombo et al. [30] reported an increase in ke with
an increase in compound boiling point, while Kjaer et al. [31] showed a simi-
lar relationship with gas chromatography retention time. Finally, Corsi et al.
[32] and Weschler [33] presented a correlation between the equilibrium con-
stant and a compound’s saturation vapor pressure showing the same relation-
ship. Thus, as a general rule, the lower the compound’s volatility, the stronger
the sink effect. Environmental factors that affect the compound or sink prop-
erties can also be important. For example, Guo et al. [34] presented an analy-
sis of perchloroethylene adsorption on fabrics showing how higher tempera-
tures increase desorption rates. Finally, of course, the nature of the sink
material is important. Rough, textured surfaces (e.g., carpet) and adsorbent sur-
faces which promote internal diffusion (e.g., gypsum board) are stronger sinks
than smooth, dense material (e.g., glass.).

4
Experimental Studies

In order to use sink models, important parameters must be available. For 
example, the Langmuir adsorption model requires information on the rates of
adsorption and desorption. Diffusion models require information on the dif-
fusion coefficients. These parameters are dependent upon the characteristics
of both the VOC (or SVOC) and the sink material, and fundamental data are
generally not available. Thus, experimental studies are required to determine
the values of the important parameters of the sink models.

4.1
Test Methods and Protocols

A number of test methods have been used to determine sink model param-
eters. The most common test protocol uses a dynamic, flow-through chamber
and involves challenging a test sink material with a test gas [20, 31, 35, 36].
Details on this technique are presented later. Other methods include static tests
and microbalance measurements. Borrazzo et al. [37] took a fundamental phys-
ical chemistry approach and used static equilibrium tests to determine parti-
tion coefficients for trichloroethylene and ethanol vapors and several types 

78 B. A. Tichenor



of fibers. Two studies reported on the use of microbalances to determine the
mass adsorbed and desorbed and the resultant adsorption and desorption rates
[26, 38].

4.2
Chamber Studies

The use of dynamic, flow-through test chambers is common in the study of
emissions from sources of indoor air pollution [39]. They are also widely used
in the study of indoor sinks. Some of the earlier work on sinks examined the
surfaces of the test chambers themselves and showed that chamber sink effects
can be important [21]. Researchers routinely evaluate test chamber systems for
sink effects [34, 40]. A recent paper on the measurement of SVOC emissions
showed how the chamber sink effect can be exploited [41]. In this study, SVOCs
adsorbed on chamber walls were removed by heating, flushed out, and quan-
tified to give SVOC emission rates.

The most common method of evaluating indoor sinks involves placing a
sample of the sink material in a chamber and then flowing a fixed concentra-
tion of challenge gas through the chamber at a known flow rate. This is shown
schematically in Fig. 1.

For the sink test shown in Fig. 1 and using mass-balance equations devel-
oped previously [21], Tichenor et al. [20] used Langmuir’s adsorption theory
to develop the following equations that describe how the VOC (or SVOC) con-
centration in the chamber and the mass in the sink change over time:

dC/dt = NCin-NC – kaCL + kdML , (8)

where N is the chamber air change rate (per hour), Cin is the inlet concentra-
tion (micrograms per cubic meter), C is the chamber and outlet concentration
at any time (micrograms per cubic meter), L=A/V (per meter), and ka and kd
are as previously defined.

dM/dt = kaC – kdM , (9)

where M is the mass per unit area in the sink at any time. For a typical sink test,
a sample of sink material (area A) is placed in a test chamber (volume V) and
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at time zero, the flow (Q) is started with an incoming concentration of Cin. The
concentration in the chamber (C) is monitored and when it reaches equilib-
rium (Ce) the challenge gas is turned off (Cin=0) at time ts. The time between 
0 and ts is the adsorption phase of the test, and the time after ts is the desorp-
tion phase. Figure 2 shows data from a typical sink test, as well as the “no-sink”
line [20].

On the basis of Eqs. (8) and (9), there are three unknown values: M, ka, and
kd. M=Me at time ts and is determined by the cross-hatched area in Fig. 2. ka and
kd are determined by nonlinear regression curve fits [20]. Figure 3 shows data
and a fitted Langmuir curve for the desorption portion of the test, along with
the “no-sink” line [20].

Figures 1, 2, and 3 are provided to illustrate one protocol often used to eval-
uate sink materials [20, 32, 42–47]; however, other methods are also used. For
example, Krebs and Guo [48] reported on a unique method involving two test
chambers in series. The first chamber is injected with a known concentration
of a pollutant (in this case, ethylbenzene). The outlet from the first chamber
provides a simple first-order decay that is injected into the inlet of the second
chamber that contains the sink material (gypsum board). Thus, this method
exposes the sink test material to a changing concentration typical of many wet
VOC sources. The sink adsorption rate and desorption rate results are compar-
able to one-chamber tests and are achieved in a much shorter experimental
time. Kjaer et al. [31] reported on using a CLIMPAC chamber and sensory eval-
uations coupled with gas chromatography retention times to evaluate desorp-
tion rates. Finally, Funaki et al. [49] used ADPAC chambers and exposed sink
materials to known concentrations of formaldehyde and toluene and then
desorbed the sinks using clean air. They reported adsorption rates as a per-
centage of concentration differences.
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4.3
Full-Scale Studies

A limited number of sink effect studies have been conducted in full-sized 
environments. Tichenor et al. [20] showed the effect of sinks on indoor con-
centrations of total VOCs in a test house from the use of a wood stain. Sparks
et al. [50] reported on test house studies of several indoor VOC sources (i.e.,
p-dichlorobenzene moth cakes, clothes dry-cleaned with perchloroethylene,
and aerosol perchloroethylene spot remover) and they were compared with
computer model simulations. These test house studies indicated that small-
chamber-derived sink parameters (ka and kd) may not be applicable to full-
scale, complex environments. The re-emission rate (kd) appeared to be much
slower in the test house. This result was also reported by other investigators in
a later study [51]. New estimates of ka and kd were provided, including estimates
of ka (or deposition velocity) based on the diffusivity of the VOC molecule [50].
In a test house study reported by Guo et al. [52], ethylbenzene vapor was
injected at a constant rate for 72 h to load the sinks. Re-emissions from the
sinks were determined over a 50-day period using a mass-balance approach.
When compared with concentrations that would have occurred by simple dilu-
tion without sinks, the indoor concentrations of ethylbenzene were almost
300 times higher after 2 days and 7 times higher after 50 days. Studies of build-
ing bake-out have also included sink evaluations. Offermann et al. [53] reported
that formaldehyde and VOC levels were reduced only temporarily by bake-out.
They hypothesized that the sinks were depleted by the bake-out and then 
returned to equilibrium after the post-bake-out ventilation period. Finally, a
test house study of latex paint emissions and sink effects again showed that
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small-chamber-derived sink parameters for various latex paint components do
not agree with those determined using test house data [54].

5
Experimental Results

Studies conducted in dynamic, flow-through environmental test chambers have
quantified adsorption and desorption rates for only a small number of the
available combinations of indoor air pollutants and interior surfaces.

5.1
Adsorption/Desorption Rates

Experimental studies to determine adsorption and desorption rates show wide
differences in values depending on the sink material and the VOC adsorbate.
Because of the large number of possible combinations of indoor surfaces and
VOCs, only a few of these combinations have been evaluated. References that
give values of ka and kd for a variety of indoor sink surfaces and indoor pol-
lutants based on dynamic small chamber testing are provided in Table 1.

A review of the references cited in Table 1 would show a wide difference in
ka and kd values depending on the sink material and pollutant. This is illustrated
in Table 2, where a few representative values are provided.
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Table 1 Sink materials and indoor pollutants evaluated for ka and kd

Reference Sink material Indoor pollutant

[42] Carpet Toluene, a-pinene

[55] Dust 2-Butoxyethanol

[32] Carpet, carpet pad, painted Methyl tert-butyl ether, cyclohexane,
and unpainted gypsum board, isopropyl alcohol, toluene, tetrachloro-
wallpaper, vinyl flooring, ethylene, ethylbenzene, o-dichloro-
ceiling tile benzene, 1,2,4-trichlorobenzene

[20] Carpet, gypsum board, Ethylbenzene, tetrachloroethylene
ceiling tile, window glass, pillow

[27] Carpet, PVC flooring Toluene, a-pinene

[46] Carpet, gypsumboard Ethylene glycol, propylene glycol,
butoxyethoxyethanol, Texanol 
(all are latex paint components)

[56] Paint (on aluminum sheet), Toluene, tetrachloroethylene, isopropyl 
painted gypsum board alcohol, cyclohexane, methyl ethyl 

ketone, ethyl acetate



Table 2, while showing only a few values, can be used to illustrate several
concepts:

– Studies of the same sink/VOC combination show wide variations in ka
and kd, but similar values for ke.

– For most pollutants, fleecy materials (e.g., carpet) are stronger sinks (i.e.,
higher ke) than smooth materials (e.g., vinyl and PVC flooring, gypsum
board)

– VOCs in latex paint (e.g., Texanol) desorb very, very slowly.

5.2
Model Validation

Limited numbers of full-scale, test house studies have been conducted to
provide validation data for IAQ models in order to improve their accuracy.
Estimates of ka and kd based on test house studies are provided in Table 3.

In all cases, when the values for ka and kd obtained from full-scale studies are
compared with small chamber studies, the desorption rates (kd) are much
slower in the full-scale environments. Thus, sink parameters obtained from
small chamber studies must be used with great caution.

The difference between chamber-derived Langmuir estimates of the sink 
effect and test house results using a Freundlich-type model, denoted as Best Fit
[20], is illustrated in Figure 4. Note how the Langmuir model does not provide
for the long term re-emissions from the sink.
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Table 2 Estimates of ka and kd from small chamber tests

Reference Sink material Indoor pollutant ka (m h–1) kd (h–1) ke (m)

[32] Carpet Tetrachloroethylene 0.31 0.32 0.97
[32] Carpet Ethylbenzene 0.41 0.34 1.21
[32] Gypsum board Ethylbenzene 0.07 0.27 0.26
[32] Vinyl  flooring Ethylbenzene 0.06 0.22 0.27
[20] Carpet Tetrachloroethylene 0.13 0.13 0.97
[20] Carpet Ethylbenzene 0.08 0.08 0.95
[20] Gypsum board Ethylbenzene 0.45 1.5 0.30
[56] Gypsum board Toluene 0.08 0.35 0.22
[27] Carpet Toluene 0.25 0.41 0.62
[27] PVC flooring Toluene 0.065 0.26 0.25
[46] Carpet Texanol 0.84 0.016 52
[46] Gypsum board Texanol 1.76 0.0048 370
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Table 3 Estimates of ka and kd from testhouse studies

Reference Sink material Indoor pollutant ka (m h–1) kd (h–1) ke (m)

[50] Carpet General volatile organic 0.1 0.008 12.5
compounds and tetra-
chloroethylene

[50] Carpet p-Dichlorobenzene 0.2 0.008 25

[50] Painted walls General volatile organic 0.1 0.1 1
and ceilings compounds and tetra-

chloroethylene

[50] Painted walls p-Dichlorobenzene 0.2 0.008 25
and ceilings

[54] Test house Ethylene glycol 3.2 0.0001 32,000
surfaces

[54] Test house Propylene glycol 3.2 0 •
surfaces

[54] Test house Butoxyethoxyethanol 1.1 0.003 370
surfaces

[54] Test house Texanol 1 0.0002 5,000
surfaces

Fig. 4 Concentration of total volatile organic compounds from a wood stain applied in a 
test house



6
Indoor Air Quality Model Studies

IAQ model predictions are useful for analyzing the interaction of indoor
sources and sinks and their effect on human exposure to indoor air pollutants.
Sink effects have been incorporated into IAQ models to predict how adsorption
and desorption processes affect concentrations of indoor pollutants [20, 24, 50,
54, 57–60]. For example, sink/pollutant combinations with slow adsorption
rates (low ka) and fast desorption rates (high kd) have little impact on expo-
sures. On the other hand, sink/pollutant combinations with fast adsorption
rates (high ka) and slow desorption rates (low kd) can slightly lower the maxi-
mum concentration of indoor pollutants, but lengthen the time of exposure 
to low concentrations of the pollutant. For some pollutants (e.g., latex paint
components), the exposure can be extended by months or years owing to 
re-emissions from the sinks.

7
Conclusions

The theories describing adsorption and desorption phenomena are well estab-
lished. Unfortunately, only limited studies have been performed to develop 
parameters applicable to indoor environments. Small chamber data are usually
insufficient to describe the sink behavior (especially desorption rates) in full-
scale situations, and only a very small number of test house studies have been
conducted to develop sink parameters. Sink effects can have a major impact on
the long-term concentrations of pollutants in indoor environments and on the
exposure of human occupants to indoor air pollutants. While IAQ models 
can be used to estimate the effect of sinks on exposures, such estimates can be
improved when better data are available on sinks.Additional research is needed
to fully understand and describe the behavior of sinks in indoor environments.
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Abstract Indoor contamination is one source of exposure to toxic pollutants and has 
been classified as a high environmental risk. Epidemiological research linked health effects 
including childhood leukemia and neuroblastoma to the indoor occurrence of pesticides.
Pesticides in indoor environments contribute to human exposure via inhalation, nondietary
ingestion and dermal contact. Sources for pesticides indoors are direct applications, pesti-
cides used in varnishes, colors, adhesives, etc., or in finishing textiles, leather, carpets, etc.,
and pesticides brought in from outdoors. Results for pesticides in indoor environments from
different countries and obtained under different conditions are compiled in this chapter.
They are discussed by applying two approaches: (1) the comparison with reference values
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and (2) the application of a risk assessment methodology related to the hazard of the com-
pound, leading to standards or guideline values.

Keywords Indoor air · Indoor environment · House dust · Pesticides · Exposure

1
Introduction

On average, people in moderate climates are assumed to spend up to 95% of
their time indoors and most of this time is spent in their homes [1]. Residents
of the Federal Republic of Germany, depending on season and vocational
activity, spend between 80% and 90% of their time indoors [2]. The National
Human Activity Pattern Survey of the USA recorded adults spent an average of
87% of their time in enclosed buildings and about 6% of their time in enclosed
vehicles [3].

During the last 2 decades there has been increasing concern over the effects
of indoor contamination on health. Changes in building design intended to
improve energy efficiency have meant that modern homes are frequently more
airtight than older structures [4].

We know much less about the health risks from indoor air pollution than we
do about those attributable to the contamination of outdoor air [4]. Several
studies have shown that for inhabitants, especially children and other vulner-
able subgroups, the home environment may be a dominant source of exposure
to toxicants, including pesticides [5]. Indoor pollution has been ranked by the
United States Environmental Protection Agency Advisory Board (US-EPA) and
the Centers for Disease Control as a high environmental risk [6].

A classification of organic indoor contaminants, according to their volatil-
ity, was given by a WHO working group on organic indoor air pollutants [7].
This group initiated the common practice of dividing organic chemicals ac-
cording to boiling points (Table 1).

Very volatile organic compounds and volatile organic compounds are tran-
sitory and predominantly found in air; pesticides and other organic com-
pounds with a low volatility or high polarity are either semivolatile organic
compounds (SVOCs) or particulate organic matter (POM).

Pesticides are either semivolatile or “nonvolatile”. For example, the boiling
points of DDT (260 °C), lindane (around 320 °C) and pentachlorophenol (PCP)
(around 310 °C) [8] classify these pesticides as semivolatile. SVOCs parti-
tion between air and house dust, whereas POM are exclusively found in 
house dust. Methods to analyze pesticides in indoor air (semivolatile pes-
ticides) and in house dust (semivolatile and particle-bound pesticides as 
well as particulate pesticides), sources for their occurrence indoors, concen-
trations found in indoor environments as well as impacts are reviewed in this
chapter.
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2
Sources for Pesticides Indoors

Indoor pesticides can emanate from a range of sources. They include (1) pes-
ticide application indoors (insecticides, termiticides, wood-protecting agents,
etc.), (2) tracking-in of pesticides from outdoors, and (3) impregnated textiles
and carpets, treated wood, etc. from an indoor environment itself.

2.1
Pesticide Application

Pesticides are often applied in homes and buildings to protect them from fungi
or to fight flying or crawling pests (cockroaches, fleas, flies, mosquitoes,
termites, etc.) either by pest-control workers or by the occupants themselves.
Most of the compounds used are identical to those in formulations for plant
protection or against forest and agricultural pests [9]. In many countries non-
commercial preparations for indoor use do not need any official registration
by authorities. Data collected from 238 families in Missouri (USA) during 
telephone interviews showed that nearly all families (97.8%) used pesticides at
least once and more than two thirds used pesticides more than five times per
year [10]. From in-home interviews and inventories performed as part of the
National Human Exposure Assessment Survey (NHEXAS) it was reported that
pesticide products were found in 97% and used in 88% of the households in the
study [11]. An assessment of the quality of the self-reported pesticide product
use history suggests that participants provide plausible information regarding
their pesticide use [12].
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Table 1 Classification of organic indoor pollutants (after Ref [7])

Abbreviation Description Boiling point Examples
range (°C)

VVOC Very volatile <0 to 50–100 Carbon monoxide, carbon
(gaseous) organic dioxide, formaldehyde
compounds

VOC Volatile organic 50–100 Solvents (aliphatic, aromatic),
compounds to 240–260 terpenes

SVOC Semivolatile 240–260 Pesticides (e.g., chlorpyrifos,
organic to 380–400 lindane, pentachlorophenol)
compounds plasticizers (e.g., phthalates)

POM Particulate  >380 Pesticides (e.g., pyrethroids),
organic matter polycyclic aromatic

hydrocarbons



Concentrations of pesticides in indoor environments are dependent on their
usage.Dust samples, for example,collected using vacuum cleaners, in households
where wood preservatives were applied showed a median value of 13 mg g–1 of
PCP, as compared with 0.008 mg g–1 in samples from the control group [13].

On treating cockroaches and termites high exposures to chlorpyrifos in 
indoor air were observed, especially for the applicators [14]. Elevated con-
centrations of chlorpyrifos in the air (and soil) of houses were detectable up 
to 8 years after its application [15–17].

2.2
Tracking-In

Pesticides may be tracked into the indoor environment after a certain outdoor
application [18, 19] or through transport from the workplace to the home
(para-occupational or take-home exposure). Collection of floor dust both prior
to and after lawn-applied 2,4-dichlorophenoxyacetic acid (2,4-D), indicated
that turf residues are transported indoors [20]. Carpet dust levels of 2,4-D and
dicamba and carpet surface dislodgeable residue levels were highly correlated
with turf dislodgeable residue levels [21].

Foot traffic was a significant mechanism for transport of lawn-applied pes-
ticides (2,4-D) into homes [19, 20]. Carpet dust collected from homes having
high child and pet activities had greater levels of pesticide residues than homes
with low child and pet activities. Pets were identified to assist children with 
access to soil by digging or by accumulating soil and dust in their fur [20, 22].
Re-suspension of floor dust was the major source of 2,4-D in indoor air; re-
suspended floor dust was also a major source of 2,4-D on tables and window-
sills [23].

Carpets appear to act as a main storage reservoir for some of the persistent
contaminants [24–26] as carpeted areas typically have a higher dust mass per
unit area (“load”) than uncarpeted areas [27].

Pesticides may further be transported from the workplace to the home on
clothes, shoes, hair and skin [28, 29]. Household dust concentrations of azino-
phosmethyl, chlorpyrifos, parathion and phosmet were significantly lower 
in reference homes when compared with farmer/farmworker homes [30].
Organophosphate pesticides in house dust were elevated in homes of agrarian
families (household members engaged in agricultural production) when com-
pared with nonagricultural reference homes in the Seattle (USA) metropolitan
area. Dialkyl phosphate metabolites measured in children’s urine were also el-
evated for the agrarian children [31].

2.3
Treated Indoor Furnishing

A source often unknown for indoor contamination with pesticides is treated
material; for example, permethrin used to impregnate carpets and textiles 
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and PCP evaporating from treated timber. In many cases consumers are not
aware of the fact that upon buying a new woolen carpet they are bringing,
for example, permethrin or DDT indoors that might disperse in the indoor 
environment. Treated material may be regarded as a secondary source of
exposure.

Carpets made of wool are sold with “pestproof” guarantees which last some
10 years. In these carpets pesticides are applied during the manufacturing
process to protect them from moths and keratin-digesting beetles. A concen-
tration of permethrin of 60–180 mg kg–1 for impregnating woolen carpets is
recommended [32].

High concentrations of permethrin in dust thus may either be due to a pest-
control action performed by the occupants or commercial pest controllers or
be due to the impregnation of carpets or textiles. The impregnation of woolen
carpets with permethrin may cause concentrations in household dust of up to
about 100 mg kg–1 [33].As a consequence permethrin concentrations in house
dust were significantly higher in homes with woolen carpets or woolen floor-
to-floor coverings compared with those not having this household characteris-
tic [34]. A similar situation is observed regarding DDT by comparing residues
in homes with and without woolen carpets (Fig. 1).

Although PCP has been banned in Germany since 1989, and the last indoor
application resulted from activities prior to 1978, this biocide is still evaporat-
ing in indoor environments. Concentrations of PCP in house dust from house-
holds which used wood preservatives in the past were significantly higher than
those without a wood preservation history [35].
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Fig. 1 Residues of DDT house dust in homes with and without woolen carpets or woolen
wall-to-wall covering



3
Factors Determining Indoor Concentrations

The variability of biocides in indoor air and house dust is high. This variabil-
ity is caused, on the one hand, by the conditions under which the sample were
taken but, on the other hand, there are spatial variations within homes and the
concentrations of biocides in an indoor environment are influenced by cultural
and climatic factors. Furthermore concentrations may vary with season and
temperature and there are trends downwards or upwards with respect to dis-
continued use or an increase in application.

A high variation of concentrations of PCP in air and dust on consecutive
measurements in the same buildings was reported by Schnelle-Kreis et al. [36].

Air and dust samples were taken from 75 rooms in 30 buildings where PCP-
containing wood preservatives were probably used. Sampling was repeated four
times within 18 months. The variability of the PCP concentrations in air and
dust was in the same range as the measured values. Monitoring pesticides
(aldrin, dieldrin, chlordane, chlorpyrifos and heptachlor) in indoor air in at
least two locations revealed significant differences between levels in different
areas of the home [37]. Furthermore a spatial distribution of allethrin in air was
observed for different sampling sites in the same room [38]. By contrast,Wright
et al. [15, 16] reported that no significant differences were found between
rooms in different living areas of homes.

Biocides applied in an indoor environment differ significantly with climatic
and cultural factors [10], as a variety of pesticides is used in different countries.
In the USA substances for fighting insects, cockroaches and termites, for ex-
ample, aldrin, chlordane, chlorpyrifos, diazinon, dieldrin, propoxur and hepta-
chlor, are the pesticides most often found in indoor environments [26, 39–42].
Aldrin, chlordane, dieldrin and heptachlor, however, could never be detected 
in house dust from Germany [43, 44]. The same pesticides as in the USA are 
applied in Australia, where, in order, heptachlor, dieldrin, chlordane, aldrin and
chlorpyrifos were the most frequently detected indoor pesticides [37]. For other
regions, for example, developing countries, DDT and hexachlorocyclohexanes
(HCHs) to fight mosquitoes (and to control malaria) are still marketed and 
applied indoors [45]. DDT is also found in indoor air and house dust of homes
of Arizona near the Mexican border [46], although the use of DDT has been
banned for many years in the USA primarily because of its environmental persis-
tence. But Mexico began a 10-year phase out of DDT only in 1997. Great regional
differences in DDT concentrations are also found regarding former West 
Germany and former East Germany.Although banned in former West Germany
since 1972, it is still found in house dust with concentrations up to 40 mg kg–1

[35]. But former East Germany, where DDT was applied for wood protection
(Hylotox) till 1989,concentrations in house dust tend to be much higher [47–49];
it amounted to up to several grams per kilogram in settled dust from attics [48].
In Germany public discussion nowadays mainly focuses on wood preservatives
like PCP and lindane and insecticide pyrethroids, mainly permethrin.
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Regarding fluctuations of indoor air concentrations of biocides with tem-
perature the results are contradictory. Seasonal variations, i.e., a correlation
with the average monthly temperature, were observed for indoor air chlordane
concentrations [50]. They were high in summer and low in winter.A very strong
correlation between average weekly air temperatures, measured over a range of
–29.3 to +20.0 °C, and the logarithm of the average weekly concentration of
PCP outdoors was also reported [51]. No correlation, however, between cyper-
methrin or chlorpyrifos levels and the temperature or relative humidity in the
rooms was found by Wright et al. [15, 52].

Discontinued use or the replacement of one biocide by other compounds
may result in downward or upward trends for biocides indoors. Fenske et al.
[53], measuring chlorpyrifos and parathion in residences in a central Washing-
ton State agricultural community, reported the parathion concentrations in
house dust to decrease tenfold from 1992 to 1995, consistent with the dis-
continued use of this product in the region in the early 1990s.

In Germany the usage of PCP for wood preservation indoors ceased in 1978.
A decrease in the concentrations in indoor air and house dust was observed
thereafter. The trend for the years 1986–1994 is displayed in Fig. 2.

Decreasing indoor concentrations for PCP were also visible regarding house
dust from data of the German Environmental Survey (GerES) [54–56]. Con-
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Fig. 2 Trend of concentrations of pentachlorophenol (90th percentiles) in indoor air and
house dust from private houses in northern Germany where wood preservatives had been
used (last application of pentachlorophenol in 1978)



centrations of PCP in indoor air of rooms, where PCP was applied as a wood
preservative, are nowadays normally of the same magnitude as in rooms with-
out a PCP history. Indoor air of rooms without wood preservatives show con-
centrations of less than 0.025 µg m–3 [57] and less than 0.05 µg m–3 [58], respec-
tively.

Opposite to PCP, the indoor applications of permethrin in Germany seem to
be growing, as for many applications permethrin is replacing other insecticides.
An increase in the concentrations in dust with time was observed as reported
in the GerES in 1990–92 and 1998 [54, 59].

4
Analytical Methods

4.1
Air

General aspects of strategies to measure biocides in indoor air are given 
in guidelines, for example, by the VDI (Association of German Engineers) [60,
61].

Sampling of biocides like aldrin, allethrin, chlordane, chlorpyrifos, cyflu-
thrin, cypermethrin, p,p¢-DDE, p,p¢-DDT, deltamethrin, diazinon, dichlorvos,
dieldrin, endrin, heptachlor, hepatchlorepoxide, lindane (g-HCH), PCP, per-
methrin, o-phenylphenol, propoxur and tetramethrin in air is generally per-
formed by passing air through an adsorbent which traps the chemicals.
Different materials have been utilized to collect pesticides, for example,
Chromosorb 102 [38, 62–66], Orbo 42 [52], Tenax [40, 67], Ambersorb XE-340
[68], silica gel [69–71], Florisil [47] and polyurethane foam [42, 49, 51, 72–76].
Particle-bound pesticides like 2,4-D or permethrin may be collected by glass,
quartz or activated carbon-fiber filters [3, 42, 74]. Experiments by Roper and
Wright [77], who generated vapors of 100 µg m-3 chlorpyrifos, chlordane,
diazinon, propoxur and resmethrin in an air stream, showed no significant
difference for the retention efficiency of five sorbents tested. Regarding the
sampling efficiency, Chromosorb 102 and polyurethane foam appeared to be
superior to other sorbents.

After air sampling the sorbents are subsequently extracted (seldom ther-
mally desorbed) and the pesticides were analyzed using gas chromatrography
(GC) or high-pressure liquid chromatography (HPLC). For HPLC quantifica-
tion is done by UV absorption at an appropriate wavelength, whereas for GC
either an electron capture detector (ECD) or a mass spectrometer (MS) are
used for quantification. Depending on the sampled air volume detection limits
for HPLC methods are about 0.1–1 µg m–3, for GC–ECD methods about
0.01–0.02 µg m–3 and for MS methods about 0.001 µg m–3.

For higher concentrations of pesticides in air impinging methods are 
an alternative to sorbent methods. PCP concentrations were analyzed after
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passing the air through an aqueous alkaline solution [36, 78–81]; DDT and 
lindane were passed through ethylene glycol [45].

It is important in active sampling to choose appropriate sorbents and
methods. Lindane (g-HCH), for example, is only present in the vapor phase, not
in the particle phase [82]. Singh et al. [45] also reported lindane to be chiefly
found in the vapor phase. DDT in contrast, when analyzed in rooms treated
with DDT according to the National Malaria Eradication Program of India, was
34–78% particle-bound.

4.2
House Dust

Owing to its varying sources house dust is very heterogeneous and consists of
a variety of inorganic and organic particles as well as fibers of different sizes
[83–86]. As deposited dust (mainly floor dust) is most often collected by
vacuuming,“house dust” is often regarded to be the content of vacuum cleaner
bags.

The quantity and composition of house dust varies greatly with seasonal and
environmental factors. According to Butte and Walker [58] the portion of
organic matter in house dust samples varies between less than 5% and more
than 95%; Fergusson et al. [87] reported the organic content of house dust
between 25.7% and 56.5% and floor dust from Danish offices had a mean
organic fraction of 33% [88].

House dust may adsorb pollutants released from activities and materials
from inside the home or contaminants may be tracked in on particles and
fibers from outside. Once adsorbed, contaminants do not degrade or degrade
more slowly compared with outdoor environments [89]. Thus, house dust is a
sink and repository; it collects pesticides like a passive sampler.

Mostly pesticides in house dust are analyzed from floor dust taken with
vacuum cleaners (or other suction devices). Even though there are standard
protocols for sampling house dust [84, 90, 91] a great variety in sampling
techniques has to be noted. These were reviewed by Butte and Heinzow [85]
and Macher [92].

After sampling the crude dust the vacuum cleaner bag has to be processed
to obtain a subsample appropriate for analysis. Obtaining a more homogeneous
subsample may be achieved by discarding larger particles like hairs and
feathers, atypical objects, and coarse material (like clips, small toys, knobs and
small stones) from the gross dust, or by choosing just “pieces of fluff” (dust
bunnies) for analysis, as well as by sieving the dust [24, 26, 35, 54, 59, 93–98]. On
sieving, coarse material is removed and a separation of particles from fibers is
performed.

For an instrumental analysis of organic pesticides house dust is mostly
extracted with organic solvents [93, 99, 100] and the dissolved organic com-
ponents are separated and quantified by chromatographic methods [35, 93,
99–102] either with or without sample cleanup [103]. In the case of the analysis
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of polar pesticides such as phenoxy acid herbicides or PCP [35, 99–101] deri-
vatization might be recommended.

Aside from instrumental methods, enzyme-linked immunosorbent assay for
PCP and 2,4-D is commercially available but positive biases for 2,4-D as well as
for PCP were seen in most house dust samples [104]. Thus, the enzyme-linked
immunosorbent assay cannot be recommended as a quantitative analytical
tool, but might be useful as a screening tool [105].

Detection limits for many pesticides in house dust form vacuum bags have
been reported to be about 0.1 mg kg–1 [35, 96].

5
Occurrence of Pesticides Indoors

5.1
Air

High concentrations of pesticides in air were measured mainly during the
application, especially on spraying or nebulizing pesticide formulations, during
electroevaporation or on using insecticide strips. For pyrethroids concen-
trations may reach some hundred micrograms per cubic meter during spray
operations [70] and on electroevaporation some micrograms per cubic meter
[70]. For organophosphates such as dichlorvos even concentrations in the
milligrams per cubic meter range may be reached as shown by Sagner and
Schöndube [106] using experimental chambers resembling living rooms and 
by Weis et al. [65], who put down insecticide strips containing dichlorvos in 
an experimental room. During spraying persons may suffer absorption by 
inhalation and percutaneously. The respiratory exposure of applicators to air-
borne concentrations of chlorpyrifos used to fight termites averaged 8.1% of
the threshold limit value (chlorpyrifos threshold limit value is 200 µg m–3) [14].

Some time after spraying insecticides or painting wood, high concentrations
in air are possible. Warren et al. [69] obtained concentrations for PCP in air
vaporized from wood up to 580 µg m–3. These values are of the same magnitude
as concentrations (up to 160 µg m–3) reported by Gebefügi et al. [67] for PCP
in indoor air some days after painting timber with wood preservatives. The
amount of pesticide vaporized from wood into the surrounding air, i.e., the
quantity released per unit time, is dependent on the formulation of the wood
preservative and the timber species [107]. The concentration of PCP in indoor
air is further controlled by the quantity of wood present in the room in rela-
tion to its volume, by the exchange rate of the indoor air and the temperature
in the room.

After application a decrease of the concentration in air with time is usually
observed.Wright et al. [15–17] published chlorpyrifos concentrations in indoor
air 8 years after termite control. Concentrations starting with 8.5 µg m–3 after
the application [15] were up to 9 µg m–3 4 years later [16] and than dropped 
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to 0.7 µg m–3 8 years thereafter [17]. The concentration of cypermethrin 
decreased within 84 days from 18.2 to 0.3 µg m–3 in the air of vacant dormitory
rooms following its application for cockroach control [52]. The half-life of
allethrin in indoor air was reported to be only 1.9 days [38]. The use of pest
strips to protect rooms from insects may lead to chronic exposure for several
weeks. After application of an insect trip containing 16 g dichlorvos in an 
experimental test chamber (34 m3) the dichlorvos concentration reached a
maximum after 7 days with a concentration of 1,292 µg m-3 and dropped under
1 µg m–3 only after 95 days [65].

Typical concentrations for pesticides in indoor air obtained under defined
conditions either directly during or after application and up to 20 years after
an incident were reported by Pluschke [108]. Concentrations of various pesti-
cides in the air of nonoccupational indoor environments of different countries
and measured under different conditions are compiled in Table 2.Additionally
results for chlorpyrifos in air were reviewed by Lemus and Abdelghani [109].

Regarding the ubiquitous contamination of indoor, air heptachlor was the
pesticide with the highest concentrations of 13 target pesticides (including
organophosphate and organochlorine pesticides as well as the phenoxy her-
bicide 2,4-D). Samples were taken in rooms of childcare centers in central
North Carolina in 1997 [42]. Out of 33 target pesticides mean concentrations
of dichlorvos, heptachlor, chlorpyrifos, chlordane, propoxur and diazinon in 
indoor air of households in Jacksonville, Florida, exceeded 100 ng m–3 [26].
Samples were taken in households in which no household member was 
employed in a position in which the primary activity involved the handling 
or use of pesticides [26]. For a compilation of concentrations of pesticides in
indoor air obtained under different circumstances see Table 2.

Table 2 Concentrations of pesticides in the air of nonoccupational indoor environments

Compound Maximum Circumstances Reference
concentration

Aldrin 0.223 ng m–3 Childcare centers Wilson et al.
(chosen to assess the (2001) [42]
ubiquitous occurrence 
of chemicals), USA

Allethrin 5 µg m–3 12 h after using an Claas and Kintrup
electroevaporator (1991) [70]

Allethrin 48 ng m–3 0.1 days after application Eitzer (1991) [38]
(distribution by vending 
machines)

Chlordane 0.81 µg m–3 Living areas of homes, Louis and Kissel-
1 year after termiticide bach (1987) [157]
application
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Table 2 (continued)

Compound Maximum Circumstances Reference
concentration

a-Chlordane 30.7 ng m–3 randomly selected Roinestadt et al.
homes, USA (1993) [40]

a-Chlordane 19.3 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

g-Chlordane 44.7 ng m–3 Æ a-chlordane Roinestadt et al.
(1993) [40]

g-Chlordane 29.1 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

Chloronaph- 108 µg m–3 School rooms with Pluschke et al. (1996)
thalenes wooden parts treated [64] 

with preservatives

Chlorpyrifos 150 ng m–3 Æ a-chlordane Roinestadt et al.
(1993) [40]

Chlorpyrifos 0.7 µg m–3 8 years after termite Wright et al. (1994)
control, USA [17]

Chlorpyrifos 21.7 ng m–3 Æ aldrin Wilson et al. (2001)
[42]

Cyfluthrin 90 µg m–3 15 s after spraying Claas and Kintrup 
(1991) [70]

Cyfluthrin <5 ng m–3 After fighting cockroaches Ball et al. (1993) [74]
(up to four times per year 
in up to 5 years), Germany

Cypermethrin 5 ng m–3 Æ cyfluthrin Ball et al. (1993) [74]

Cypermethrin 19 µg m–3 Immediately after spraying, Wright et al. (1993) 
USA [52]

Chlorothalonil 0.47 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

p,p¢-DDE 0.591 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

p,p¢-DDT 14.6 µg m–3 Rooms treated with either Singh et al. (1992) 
DDT or lindane for [45]
mosquito control, India

p,p¢-DDT 5 µg m–3 After using DDT for wood Lederer and Angerer 
preservation, Germany (1997) [158]

p,p¢-DDT 4.6 µg m–3 Attics, more than 20 years Rosskamp et al.
after application of wood (1999) [49]
preservatives, German
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Table 2 (continued)

Compound Maximum Circumstances Reference
concentration

p,p¢-DDT 0.882 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

Deltamethrin <10 ng m–3 Æ cyfluthrin Ball et al. (1993) [74]

Diazinon 6 ng m–3 Æ a-chlordane Roinestadt et al.
(1993) [40]

Diazinon 62.4 ng m–3 Æ chlorpyrifos Wilson et al. (2001) 
[42]

Dichlorvos 250 ng m–3 Æ a-chlordane Roinestadt et al.
(1993) [40]

Dichlorvos 1,292 µg m–3 Experimental room (34 m3), Weis et al. (1998) 
1 week after using an [65]
insecticide strip

Dieldrin 1.56 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

Endrin 3.26 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

Heptachlor 0.57 µg m–3 Æ chlordane Louis and Kisselbach 
(1987) [157]

Heptachlor 336 ng/m3 Æ aldrin Wilson et al. (2001) 
[42]

Lindane 2 µg m–3 Rooms where wood y Blessing and Derra 
preservatives were used (1992) [71]
(at least 7 years after 
application), German

Lindane 2,000 µg m–3 Æ p,p¢-DDT, India Singh et al. (1992) [45]

Lindane 0.93 µg m–3 Æ p,p¢-DDT Rosskamp et al.
(1999) [49]

Lindane 13.1 ng m–3 Æ aldrin Wilson et al. (2001) 
[42]

Pentachloro- 160 µg m–3 Model room (swimming Gebefügi et al.
phenol hall with wood, treated (1979) [67]

with pentachlorophenol,
Germany)

Pentachloro- 82 µg m–3 1.5 years after using wood Dahms and Metzner 
phenol preservatives, Germany (1979)

Pentachloro- 25 µg m–3 <9 years after using wood Krause and Englert 
phenol preservatives, Germany (1980) [136]



5.2
House Dust

House dust is a sink and reservoir for semivolatile and particle-bound pes-
ticides. Thus, it is a measure for the average contamination of an indoor en-
vironment. Pesticides found in house dust are those that are (1) stable in the 
indoor environment and (2) regularly applied in formulations to fight pests 
indoors. In contrast to an outdoor environment, where modern pesticides are
degraded rather quickly by microorganisms, hydrolysis and UV light, pesticides
used indoors tend to be persistent [85]. Thus, they are a reservoir for chronic
exposure.

As already mentioned a high variability in pesticide residues in house dust
is observed as different sampling and sample preparation techniques result in
divergent concentrations. In general, concentrations increase with decreasing
particle size [58, 110, 111].
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Table 2 (continued)

Compound Maximum Circumstances Reference
concentration

Pentachloro- 2 µg m–3 Æ lindane Blessing and Derra 
phenol (1992) [71]

Pentachloro- 576 ng m–3 Buildings assumed to have Schnelle-Kreis et al.
phenol used wood preservatives 2000 [81]

(more than 20 years ago),
Germany

Pentachloro- 17.6 ng m–3 Æ aldrin Wilson et al. (2001) 
phenol [42]

Permethrin 8.8 µg m–3 14 months after fighting Fromme (1991) [159]
cockroaches, Germany

Permethrin 4.7 ng m–3 Æ cyfluthrin Ball et al. (1993) [74]

Permethrin 322 ng m–3 Rooms showing high Stolz et al. (1994) 
permethrin concentrations [160]
in house dust, Germany

Permethrin 85.2 ng m–3 Private homes with woolen Berger-Preiss et al.
floor-to-floor covering, (2002) [33]
Germany

o-Phenyl- 58 ng m–3 Æ a-chlordane Roinestadt et al.
phenol (1993) [40]

Propoxur 63 ng m–3 Æ a-chlordane Roinestadt et al.
(1993) [40]

Tetramethrin 300 µg m–3 15 s after spraying Claas and Kintrup 
(1991) [70]



Pesticides found in house dust may be chemically classified as organo-
chlorine compounds, like chlordane, DDT, dieldrin, lindane, heptachlor and
methoxychlor [24, 26, 35, 40–44, 46–49, 54, 56, 58, 96, 112–114], organo-
phosphorous pesticides, like chlorpyrifos, diazinon, dichlorvos, isofenfos and
malathion [5, 24, 26, 35, 40, 42, 44, 54, 112, 115, 116], pyrethroids, like cyfluthrin,
cypermethrin and permethrin [35, 40, 44, 54, 56, 59, 95, 110, 112, 114, 117, 118],
carbamates, like bendiocarb, carbaryl and propoxur [35, 40, 44, 54, 112], and
phenols, like PCP [24, 35, 43, 44, 54, 56, 58, 94, 96, 114, 119], chlorocresol [120],
and o-phenylphenol [26, 40, 112].

Residues of pesticides from representative collectives concerning Germany
and the USA are compiled in Tables 3 and 4. Ninety fifth percentiles represent
a measure for the ubiquitous indoor contamination in these countries.

Pesticide concentration in house dust samples obtained because of certain
incidents (fighting cockroaches, wood preservation, etc.) were reviewed by
Butte [111]; results of pesticide analyses in house dust were also given by Lioy
et al. [5] and Butte and Heinzow [85]. For further details on pollutants includ-
ing pesticides in indoor environments see Chap 5.
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Table 3 Pesticides in German house dust (mg kg–1)

Compound Median 95th percentile Reference

Chlorpyrifos ≤0.1 0.63 Walker et al. (1999) [35]a

Chlorpyrifos ≤0.05 0.70 Becker et al. (2002) [54]b

p,p¢-DDT 0.31 4.2 Walker et al. (1999) [35]a

p,p¢-DDT <0.05 1.2 Becker et al. (2002) [54]b

Lindane ≤0.1 0.83 Walker et al. (1999) [35]a

Lindane ≤0.05 0.75 Becker et al. (2002) [54]b

Methoxychlor 0.92 27 Walker et al. (1999) [35]a

Methoxychlor ≤0.05 5.8 Becker et al. (2002) [54]b

Pentachlorophenol 0.95 8.0 Walker et al. (1999) [35]a

Pentachlorophenol 0.2 2.9 Becker et al. (2002) [54]b

Permethrin (S cis+trans) 0.67 37 Walker et al. (1999) [35]a

Permethrin (S cis+trans) 0.17 14.5 Becker et al. (2002) [54]b

Piperonylbutoxide 0.11 13 Walker et al. (1999) [35]a

Piperonylbutoxide 0.04 3.7 Becker et al. (2002) [54]b

Propoxur ≤0.1 0.90 Walker et al. (1999) [35]a

Propoxur ≤0.1 0.6 Becker et al. (2002) [54]b

Tributyltin 0.5 2.8 Haumann and Thumalla 
(2002) [161]c

a Homes from North Rhineland Westphalia and Lower Saxony; house dust collected by the
householders with their own vacuum cleaners sieved to 63 µm or smaller (n=336).

b Homes from eastern and western Germany; house dust collected by the householders 
with their own vacuum cleaners sieved to 2 mm or smaller (n~740).

c Dust samples exactly 7-days old, collected by vacuuming according to VDI guideline 4300,
part 8 [84], no sieving (n=33).



5.3
Associations of Pesticides in Indoor Air and House Dust

Roinestadt et al. [40], analyzing 23 pesticides in indoor air and dust, reported
that pesticides in air were always found in the corresponding dust with the 
exception of dichlorvos, o-phenylphenol and chlordane. The majority of
household pesticides, however, are preferably detected in the home environ-
ment by dust sampling [40]. This holds true particularly for permethrin, which
could not be detected in the air (detection limit 1 ng m–3), whereas it was 
present in the dust samples in the milligrams per kilogram range [40]. Stolz 
et al. [110] reporting results for permethrin in dust samples and air observed
no correlation.

Similar results were reported by Berger-Preiss et al. [33], who analyzed
permethrin in the indoor air of 80 private homes in Hannover (Germany).
A maximum of 15.2 ng m-3 was observed, but the concentration of permethrin
in air was highly dependent on the concentration of suspended particles.
Berger-Preiss et al. [33] concluded that the permethrin concentration in air 
was mainly influenced by the degree of carpet fiber abrasion, as their investi-
gations were performed in rooms covered with woolen carpets impregnated
with permethrin.

For the wood preservative PCP, however, there was a relation between
concentrations in air and in dust during the first 2 years after painting timber
[121]. After this time this relation was no longer observed. No correlation 
for PCP in air and dust measured at least 20 years after the application was
reported by Liebl et al. [119], but Schnelle-Kreis et al. [81] still found a highly
significant correlation of PCP in freshly settled house dust and indoor air.
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Table 4 Pesticides inhouse dust from the USA (mg kg–1)

Compound Median 95th percentile

Carbaryl 0.050 3.01
a-Chlordane ≤0.021 0.44
g-Chlordane 0.021 0.69
Chlorpyrifos 0.108 3.53
4,4¢-DDE 0.023 0.20
4,4¢-DDT 0.090 1.6
Diazinon 0.025 0.76
Methoxychlor 0.074 2.07
cis-Permethrin 0.33 20.9
trans-Permethrin 0.70 38.7
o-Phenylphenol 0.25 1.25
Propoxur 0.072 1.45

Homes from the Detroit area, Michigan, the entire state of Iowa, Los Angeles County, and 
the Seattle area,Washington; house dust from bags in current use sieved to 150 µm or smaller
(n~600). Camann et al. (2002) [112].



The data suggest that semivolatile pesticides (e.g., chloronaphthalene, di-
chlorvos, lindane and pentachorophenol) might be present in the air as well as
in dust. For nonvolatile, i.e., particle-bound, pesticides, however, house dust is
the material of choice to indicate indoor contamination. As house dust is a
“long-term accumulative sample” trapping, accumulating and preserving con-
taminants [113], and has been regarded as an “indoor-pollution archive” [58],
it is especially useful to detect pesticides applied in the past.

6
Impacts of Pesticides in Indoor Environments

6.1
Indoor Pesticides and Health

Indoor contamination is one source of exposure to toxic pollutants and has
been classified as a high environmental risk [6, 122]. Regarding the principal
exposure routes, inhalation, dietary ingestion, dermal and nondietary inges-
tion, pesticides in indoor air and bound to suspended particles may contribute
to exposure via inhalation, house dust to dermal penetration and nondietary
ingestion, respectively. Health effects have been closely associated with indoor
pesticide applications and pesticides in house dust. Small children are con-
sidered to be the population at highest risk since they spend most of their time
indoors and much of this time is spent in contact with floors, engaging in
mouthing of hands, toys and other objects [18]. Recent findings of indoor 
exposure indicate that young children are at higher risks to semivolatile pesti-
cides than had been previously estimated [123], as they live closer to the ground
[124]. Health effects linking indoor exposure to pesticides include childhood
leukemia [125, 126–130], developmental inhibition [6], reduction in motor
skills, coordination and attention disorders [131] as well as neuroblastoma
[132]. But improvements in measures of household exposures relating to health
effects are still needed [133].

6.2
Exposure Assessment for Pesticides in Indoor Air and House Dust

6.2.1
Indoor Pesticides and Human Biomonitoring

The input of pesticides in an indoor environment may result from either a 
direct application (fighting, e.g., insects like flies, mosquitoes, and fleas) or pes-
ticides used in the preservation of wood and timber, pesticides of textile finish-
ing, and finishing of leather, carpets, fabric, etc., pesticides (mainly fungicides)
in varnishes, colors, adhesives, or pesticides brought in by foot traffic, through
pets, etc. from outdoors. Pesticides then spread in indoor air and in house dust
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and are adsorbed to surfaces, i.e., pesticide residues in a home environment are
likely to contribute to human exposure.

Recent findings of indoor exposure studies of chlorpyrifos indicate that
young children are at high risk to this semivolatile pesticide [134]. Even after
a single broadcast use of chlorpyrifos by certified applicators in apartment
rooms, it continued to accumulate on children’s toys and hard surfaces 2 weeks
after spraying. The estimated chlorpyrifos exposure levels from indoor spray-
ing for children were estimated to be approximately 21–119 times above the
current recommended reference dose from all sources [123].

Levels of the chlorpyrifos urine metabolite were found to be significantly
correlated with chlorpyrifos concentrations in air and dust [135].

House dust serves as a reservoir for pesticides in households [85]. Dust 
ingestion scenarios show that exposures could also exceed the diazinon chronic
reference dose [115]. Support for the thesis that household dust may not only
be a direct exposure path but may serve as an indicator for all indoor exposure
paths can be concluded from correlations between pesticides in dust and in
samples of human origin. Regarding PCP, a semivolatile pesticide, concentra-
tions in urine of women and children corresponded well with indoor dust
samples from vacuum cleaner bags [13, 136].

A significant correlation between PCP concentrations in passively deposited
particulate matter and in urine was further reported by Meissner and
Schweinsberg [137]. On the other hand, no correlation was observed for PCP
in household dust and blood by Liebl et al. [119], or for PCP in dust and urine
by Rehwagen et al. [94]. Further, no association between concentrations in
house dust or inhalable suspended particles in indoor air and of metabolites
in urine was found for permethrin, a nonvolatile (particle-bound) pesticide 
[33, 138].

Contradictory results for associations between pesticide levels indoors (air,
dust) and results form human biomonitoring may be due to different volatili-
ties of the pesticides and may be determined by the magnitude in contamina-
tion levels. For semivolatile pesticides it may be easier to detect an association,
as indoor air and house dust may serve for exposure in contrast to particle-
bound pesticides with house dust as the only exposure path. Furthermore high
contamination levels make it easier to detect an association, as with low indoor
contamination levels associations may be hidden by the ubiquitous presence of
pesticides in indoor environments and by nonindoor exposure pathways like
dietary intake.

Besides the magnitude of pesticide residues indoor exposure might be in-
fluenced by household characteristics. Residents with large carpeted areas
within their dwellings had a higher exposure to diazinon and chlorpyrifos for
all routes versus those in less carpet-covered areas [139].

Children of agricultural families had a higher potential for exposure to
organophosphorous pesticides (azinphosmethyl, chlorpyrifos, parathion and
phosmet) than children of nonfarm families [30]. Dialkyl phosphate meta-
bolites of organophosphorous pesticides measured in children’s urine were also
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elevated for agrarian children when compared with reference children [53].
Tracking-in might be the main factor, as soil and house dust concentrations of
these pesticides were elevated in homes of agrarian families (household mem-
bers engaged in agricultural production) when compared with nonagricultural
reference homes in the same community [53].

According to Bradman et al. [115], additional research is feasible and needed
to assess the magnitude and distribution of these risks from indoor exposure
to pesticides. An excellent review on dust as a metric for use in residential 
and building exposure assessment and source characterization was recently
published by Lioy et al. [5].

6.2.2
Exposure Pathways

Gaseous pesticides are evenly dispersed in the air. In the case of inhalation, the
anatomy and physiology of the respiratory system diminishes the pesticide
concentration in inspired air. As pesticides are mostly lipid-soluble, they are
usually not removed in the upper airways but tend to deposit in the distal por-
tion of the lung, the alveoli [83] and may then be absorbed into the blood
stream.

Particulate pesticides or particle-bound pesticides are either dispersed in
the air or they are deposited as house dust. They may enter the human body 
either by inhalation or through oral intake, i.e., nondietary ingestion of dust
(infants, toddlers) and ingestion of particles adhering to food, to surfaces in
homes (e.g., toys) and to the skin. Pesticides adsorbed to surfaces may further
be absorbed directly through the skin by dermal contact.

Dust suspended in air and thereby inhaled is deposited in different parts of
the alveolar tract (nose, throat and lung) dependent upon its size (aerodynamic
diameter). The efficacy of deposition in the alveolar tract increases with de-
creasing particle size. Particles smaller than 10 µm enter the tracheo-bronchial
area, reaching, depending on their size, the trachea, bronchi or alveoli. Sub-
stances adsorbed to dust particles that enter the alveoli can be absorbed by 
epithelial cells of the lung or through macrophagial phagocytosis.

But exposure to house dust does not exclusively occur and may not even oc-
cur predominantly via inhalation. For instance, ingestion of house dust parti-
cles adhering to food objects and the skin or direct absorption through the skin
may be primary routes of exposure [24]. This holds true especially for small
children as they have the tendency to be very tactile and handle and place non-
food objects in their mouths [140]. Regarding mouthing behavior, the daily 
frequency of both mouth and tongue contacts with hands, other body parts,
surfaces, natural objects and toys was evaluated by Tulve et al. [141] for children
from 11 to 60 months of age. A clear relationship was observed between
mouthing frequency and age. Children less than 24-months old exhibited a
frequency of mouthing with an average of 81 events per hour and children
more than 24 months of age 42 events per hour.
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Estimations of the quantity of dust ingested daily vary. Infants and toddlers,
who crawl and mouth their hands and other objects, ingest a daily rate twice that
of adults and the amount ingested is estimated to be 0.02–0.2 g [142]. Toddlers,
possibly eating nonfood items, may consume as much as 10 g of soil or dust per
day (“pica-behavior”) [142]. US-EPA assumptions on the indoor exposure
among young children (i.e., 2.5-years old) were based on an ingestion of 100 mg
of house dust per day during the winter months and of 50 mg during the warmer
months [83]. In Germany the amount of dust ingested is estimated to be 20–
100 mg day–1 for 1–6-year-old children,5–25 mg day–1 for 7–14-year-old children
and 2–10 mg day–1 for 15–75-year-old adults [143]. The daily amount of carpet
dust ingested by children was assumed to be 100 µg day–1 [144].

The quantity of suspended dust inhaled and the intake of pesticides 
adsorbed to it may be calculated rather exactly, and the intake of pesticides
from deposited dust via oral pathways may at least be roughly estimated. But
data supporting the amount of chemicals absorbed through dermal contact of
contaminated house dust and through direct contact to contaminated surfaces
are still lacking. Semivolatile pesticides like chlorpyrifos will accumulate not
only in house dust but also on toys and on sorband surfaces [134]. Data from
the NHEXAS of Arizona support the importance of dermal penetration of
semivolatile pesticides like chlorpyrifos and diazinon as a route of residential
human exposure [116].

6.3
Reference and Guideline Values to Assess Indoor Quality

For the interpretation of results obtained from monitoring pesticides in indoor
environments in general two approaches might be used: (1) the comparison
with reference values and (2) the application of a risk-assessment methodology
related to the hazard of the compound, leading to standards or guideline 
values. The former approach will help determine whether a measured value is
“normal”, but has no health meaning or regulatory implication.

Reference values are intended to characterize the upper margin of the
current background contamination of a pollutant at a given time. Regarding
pesticides in indoor environments, reference values may be calculated by 
applying the procedure as for environmental toxins in body fluids [145]. This
concept defines the upper margin (95th percentile) of the concentration levels
as reference value. To be valid for the general population, reference values must 
be derived from studies large enough to be representative of that population.
Reference values may show trends, as contaminant levels may change with 
time. The extent, distribution and determinants of pesticides in house dust have
been evaluated by the GerES [56, 59, 146] or the NHEXAS [139, 147–149] and
the Minnesota Children’s Pesticide Exposure Study [150, 151] in the USA. Data 
collected for pesticides in house dust from national surveys and from studies,
which are regarded to be representative for the study population are compiled
in Tables 3 and 4.
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It must be emphasized that reference values have no uniform character and
relate to the reference population only. They are subject to regional/spatial and
temporal variation and, in the case of house dust, are significantly governed by
sampling technique and sample preparation (e.g., sieving).

Reference values for pesticides in indoor air are not available. Studies 
obtained under specific criteria for the selection of these samples are given in
Table 2. Some of them may give an impression of the ubiquitous occurrence of
pesticides in indoor air.

Applying a risk-assessment methodology related to the hazard of a pesticide
leads to standards or guidelines. Regarding levels or concentrations of pes-
ticides in a private indoor environment, there are no standards, i.e., values
which might be legally enforced. Guideline values, however, have been defined
for PCP in indoor air [152] and tentative benchmarks have been suggested for
pesticides in house dust [85].

In Germany a general scheme for deducing guideline values for indoor 
air (Richtwerte für Innenraumluft) was developed by the Indoor Air Com-
mission of the German Federal Environmental Agency [153, 154]. It is based
on toxicity data of the compound, if possible the lowest observable ad-
verse effect level; for the general scheme of defining guideline values see
Scheme 1.

The concept of guideline values for indoor air involves two levels. Guideline
value II is a health-related value based on current toxicological and epidemio-
logical knowledge. If the concentration of a pollutant in indoor air reaches or
exceeds this value immediate action has to be taken to avoid health impair-
ment. For concentrations of pollutants falling below guideline level I, they do
not give rise to adverse health effects even under lifelong exposure. It may
further be regarded as the level to be reached after the sanitization of rooms
(diminishing the indoor contamination after exceeding guideline value II).
For further details on guideline values for indoor air see Refs. [153, 154]; a
review on guideline values for indoor air reflecting various countries was given
by Pluschke [155].

Risks associated with the ingestion of contaminated dust have been estim-
ated by Butte and Heinzow [85] using the chronic oral reference dose available
from the US-EPA Integrated Risk Assessment Information Service [156]. With
a focus on small children (age 1–6 years, mean body weight 16 kg) and a daily
intake of 100 mg house dust [24, 83] tentative benchmarks for house dust were
calculated. The assessment indicated for chlorpyrifos, DDT and diazinon that
the tolerable exposure concentration in house dust might be exceeded in some
samples and chlorpyrifos especially can be considered a potential hazard to
householders.
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7
Summary

In this review the use of indoor air and of house dust for identifying indoor
contaminants and for characterizing the potential exposure were discussed.
Furthermore a short overview of methods to analyze pesticides in air and dust
as well as results was given. Results for indoor concentrations of pesticides may
vary significantly with the conditions under which they are obtained.

Pesticides are either SVOCs or POM. If they belong to SVOCs, an association
of concentrations in indoor air and house dust might be observed. To get an 
impression of indoor contamination consecutive measurements in indoor air
or in house dust, that serves as a reservoir for pesticides, should be performed.
Indoor air is the ideal material to get information about the actual indoor con-
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Scheme 1 Derivation of guideline values for indoor air (example pentachlorophenol)



tamination and the exposure via inhalation. House dust is a measure of chronic
exposure. It may be regarded as a pollution archive as it is traps, accumulates
and preserves pesticides tracked in, applied or brought in by treated items.
Ingestion and dermal contact with house dust can be the primary routes of
chronic exposure to pesticides.

Impacts of pesticides in indoor air and house dust were discussed with
respect to reference values and guideline values. In view of this discussion it 
has to be emphasized that an application of pesticides in indoor environments
has to be well-considered and, if possible, either avoided or minimized to the
greatest possible extent.
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Abstract Pollutants in an indoor environment are a complex mixture of gases, vapours and
particles in either the liquid or the solid phase, suspended in the air, settled or adsorbed on
or attached to indoor surfaces. The pollutants originate from a multiplicity of indoor and
outdoor sources. The pollutant mixture is dynamic, involved in numerous physical and
chemical processes and changes its characteristics with time. Its composition and concen-
tration depend on the strengths of indoor sources, the concentration of pollutants outside
and the properties of heating-ventilation and air-conditioning systems. The spatial dis-
tribution of pollutant concentration within an indoor environment is often inhomogeneous.
Particulate matter in an indoor environment includes particles which are airborne as well
as those which are settled on indoor surfaces: dust. The particles vary in chemical proper-
ties, which depend on the origin of the particles and differ for particles in different size
ranges. The particles can, for example, be combustion products, dust or bioaerosols, and 
can act as carriers of adsorbed chemicals, biocontaminants or condensed gases. Particles are
a key component of emissions from all the combustion sources. In particular, a significant
indoor combustion product, environmental tobacco smoke is a mixture of particle and
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gaseous products of smoke exhaled into the air by smokers and is mixed with the smoke 
resulting from smouldering of a cigarette between puffs. This chapter is focused on partic-
ulate matter, its origin, characteristics and behaviour in an indoor environment. In addition,
several important classes of indoor pollutants are discussed: those which are entirely or 
partially composed of particulate matter. These include environmental tobacco smoke and
combustion products from other sources, such as wood smoke or vehicle emissions, and also
fibres, in particular, asbestos.

Keywords Indoor air pollution · Indoor particles · Environmental tobacco smoke · 
Fibres · Dust

1
Origins of Indoor Airborne Particles

A large number of sources contribute to ambient airborne particulate matter
and include motor vehicles, power plants, wind-blown dust, photochemical
processes, cigarette smoking and nearby quarry operation. Particles encoun-
tered in indoor air can be generated from either indoor or outdoor sources. The
indoor sources of particles include

– Occupants (which are humans and pets contributing to air pollution through
functions natural to life processes or through activities conducted).

– Soil, water.
– Cooking.
– Tobacco combustion.
– Combustion appliances.
– Building materials.
– Furnishings.
– Consumer products.
– Maintenance products.

There is a significant variation between particles generated not only by differ-
ent sources, but even by the same type of source. The most significant indoor
sources are smoking, cooking and occupant movement.

Some of the particles present in the air are primary and some are secondary
in nature.A primary particle is a particle present in the air in the form in which
it was generated by a source, while a secondary particle is formed in the air 
by gas-to-particle conversion.An important characteristic of airborne particles
is their size distribution. The size of the particles strongly affects particle be-
haviour and fate in atmospheric systems as well as deposition in the human
respiratory tract. The size distribution is also the main factor in choosing the
instrumentation to be used for particle detection. Particles in supermicro-
metre-size ranges (larger than 1 µm) are usually primary in nature and result
mainly from mechanical processes such as cleaning and physical activity of the
occupants indoors. Particles in submicrometre ranges are generated mainly
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from combustion processes as well as from secondary processes such as gas-
to-particle conversion and nucleation or photochemical processes. In an indoor
environment the main sources of submicrometre particles include smoking,
cooking (particularly frying and broiling), operation of gas burners, gas ovens
and electric toasters [1].

A source signature or fingerprint of a source consists of the physical and/or
chemical characteristics of the emissions, which are specific and at best unique
for that source. The availability of such signatures is very important for the
determination of absolute and fractional contributions from specific sources
(source apportionment), and in turn for developing emission inventories.
Quantitative source apportionment is a very complex undertaking as, on one
hand, ambient air contains a dynamic mixture of pollutants emitted from
various sources. This mixture undergoes continuous change with time as the
interactions between pollutants take place and as the components of the mix-
ture are removed from the air owing to the presence of various sinks. On the
other hand, it is only rarely that specific emission characteristics are unique to
a particular source. More often emissions from other sources display some of
these characteristics as well. The following are used as source signatures:

– Physical aspects of particles (number or mass size distribution, density and
shape).

– Chemical aspects of signatures: elemental composition, elemental ratios,
characterisation of chemical form, isotope ratios, organic compounds.

In addition to the source signatures, certain elements or compounds have been
used as markers of emissions from specific sources [2]. A suitable marker
should be (1) unique or nearly unique to the emissions from the source under
consideration, (2) similar in emission rates for a variety of the same type of
fuels, (3) easily detected in air at low concentrations and (4) present in con-
sistent proportion to compounds that have effects on human health.Addition-
ally, an ideal marker should be easily (in real-time), accurately and cost-effecti-
vely measurable.

Quantitative measures of emissions are emissions factors and emission
rates.A source emission factor is typically defined as the amount of a chemical
species, mass, particle number, etc. emitted per unit mass of fuel burned or per
defined task performed [3]. The former is often referred to as a mass-based
emission factor and has a unit such as grams per kilogram. The latter can 
be called a task-based emission factor. The unit of the task-based emission 
factor depends on the definition of the tasks. For example, a task can be the
number of cigarettes smoked or a certain distance driven by a motor vehicle
and thus the units may be grams per cigarette or grams per kilometre, re-
spectively. The emission rate, on the other hand, is the amount of a chemical
species, mass, particle number, etc. emitted by the source per unit time. For 
example, emissions from stoves are usually characterised in terms of emission
factors. Similarly, re-entrainment of settled dust to the air is represented 
by resuspension rates. Emission factors and emission rates vary significantly 
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not only between different types of sources but also between sources of the
same type.

Certain sources, for example, cooking or smoking, or activities such as walk-
ing are always associated with relatively high emission factors or rates, and 
thus always contribute in a measurable way to indoor concentration levels of
particles [4]. For other sources or activities, however, for example, cleaning 
or vacuuming, conflicting results have been reported in the literature. While 
a number of studies, for example, found cleaning to contribute to increase of
particle concentration, the PTEAM study [5] determined the contribution from
cleaning to be not statistically significant. The reasons for the conflicting results
relate, on one hand, to varying emission rates from these sources, which are
sometimes very low, and also to the degree of dilution of particles introduced
from these sources to indoor environments, which depend on air exchange
rates. The combination of low emission factors or rates and high exchange rates
can result in insignificant contribution from certain sources in certain environ-
ments. It is important at keep in mind that the choice of measuring method 
is also a factor of significance: if an inappropriate method were chosen for 
detection of the particles emitted, the conclusions about emissions from the
sources would be erroneous.

The concentration of particles as well as of other pollutants in an indoor
environment depends on a number of factors:

– The type, nature and number of sources.
– Source use characteristics.
– Building characteristics.
– Outdoor concentration of pollutants.
– Infiltration or ventilation rates.
– Air mixing.
– Removal rates by surfaces, chemical transformation or radioactive decay.
– Existence and effectiveness of air-contaminant removal systems.
– Meteorological conditions.

The role of the outdoor air on the indoor particle characteristics cannot be
overestimated. In the absence of active indoor sources particles generated by
outdoor sources which penetrated indoors are the main constituent of indoor
particles. In a typical outdoor urban environment, motor vehicle emissions
constitute the most important source of all pollutants including particles. The
emissions from motor vehicles penetrate indoors and their concentration in 
indoor air is often comparable to the concentration outdoors.

The relative importance of indoor and outdoor sources depends on the 
environment and lifestyle of the occupants. For example, there will be little 
contribution from indoor combustion sources in an indoor environment which
does not require heating, where cooking is conducted using electric stoves, and
where there are no smokers. On the other hand, environments with operating
open fires or where cigarettes are smoked inside could have concentrations
which are orders of magnitude higher than in an outdoor environment.

120 L. Morawska



Open-fire burning presents a particularly severe problem in developing coun-
tries, where in many places it is the most affordable or the only available way
of cooking or heating.

2
Physical, Chemical and Biological Properties of Particles

Airborne particles can be classified and characterised in a number of ways and,
for example according to their physical, chemical or biological properties.Also,
many different terms are used in relation to airborne particles. Some of them
identify particles by their sizes, others by the processes which led to their
generation and some by the ability of the particles to enter the human respira-
tory tract [6, 7]. In particular, an aerosol is an assembly of liquid or solid par-
ticles suspended in a gaseous medium long enough to enable observation or
measurement, and a particle or particulate is a small, discrete object.

The most important physical properties of aerosol particles include the
number and number size distribution, the mass and mass size distribution, the
surface area, the shape and the electrical charge. To a larger extent these are the
physical properties of particles which underlie particle behaviour in the air and
ultimately removal from atmospheric systems. Of particular importance is 
the size of the particles. The efficiency of various forces acting on particles 
and the processes to which they are subjected in the air depends strongly on
particle physical properties, of which size is one of the most important. Health
and environmental effects of particles are strongly linked to particle size, as it
is the size which is a predictor of the region in the lung where the particles
would deposit or the outdoor and indoor locations to which the particles 
can penetrate or be transported. Also sampling of particles and choice of ap-
propriate instrumentation and methodology is primarily based on particle
physical properties.

2.1
Particle Size and Its Relation to Formation Mechanisms

Various classifications and terminologies have been used to define particle size
ranges. The division most commonly used is between fine and coarse particles,
with the boundary between these two fractions widely accepted as 2.5 µm.
However, this division has been defined differently by different authors, in 
relation to different aerosols and for different applications, and ranges from 
1 to 2.5 µm. The division line often used in aerosol science and technology 
is somewhere between 1 and 2 µm [6–8]. The rationale behind this is that 
this is the range of a natural division between smaller particles, which are 
generated mainly from combustion and other process leading to gas-to-particle
conversion, and larger particles, which are generated from mechanical pro-
cesses.
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Ultrafine particles have been defined as those, which are smaller than
0.1 µm. Another classification is into submicrometre particles, which are
smaller than 1 µm, and supermicrometre particles, which are larger than 1 µm.
The terminology that has been used in the wording of the ambient air quality
standards, and also for characterisation of indoor and outdoor particle mass
concentrations, includes PM2.5 and PM10 fractions and the total suspended par-
ticulate (TSP). PM2.5 (fine particles) and PM10 are the mass concentrations of
particles with aerodynamic diameters smaller than 2.5 and 10 µm, respectively
(more precisely the definitions specify the inlet cutoffs for which 50% efficiency
is obtained for these sizes). TSP is the mass concentration of all particles 
suspended in the air. There have been references made in the literature to PM1
or PM0.1 fractions, which imply mass concentrations of particles smaller than
1 and 0.1 µm, respectively. These terms should be used with caution, as particles
below 1 µm, and even more those below 0.1 µm, are more commonly measured
in terms of their number rather than their mass concentrations, and therefore
these terms could be misleading.

It should be kept in mind that the divisions between the different particle
size classes are somewhat arbitrary. On the one hand, there are no natural
boundaries between these size classes as nature itself does not provide a per-
fect division. On the other hand, all natural sources (versus laboratory sources)
produce particles within a certain range of diameters (polydisperse particles).
Therefore, there is no sharp boundary delineating the contribution of particles
from a given particle source. This argument also extends to effects produced
by the particles. For example, it cannot be expected that there will be much 
difference between 0.09 and 0.11-µm particles in terms of their composition
and behaviour in atmospheric systems, nor in their penetration into the lung
or the health effects they cause, despite the second particle being outside the 
defined ultrafine range.

While the previous classification of particles considers only their sizes,
as already discussed, the particle size is a consequence of the process which 
led to the generation of the particle, and thus is also dependent on the source.
Submicrometre particles are generated mainly from combustion, gas-to-
particle conversion, nucleation processes or photochemical processes, while
larger particles result mainly from mechanical processes, for example, cutting,
grinding, breaking and wear of material and dust resuspension. Particles in 
the submicrometre range typically contain a mixture of components includ-
ing soot, acid condensates, sulfates and nitrates, as well as trace metals and
other toxins. Coarse particles contain largely earth crustal elements and com-
pounds.

Particle size distribution can also be described in terms of modes which 
correspond to peaks within the distribution. This classification relates to 
particle formation mechanisms; however, it also implies particle size ranges.
The location of the modes is variable, depending on the specific sources and
other local atmospheric conditions. Particles can be classified into the follow-
ing modes:
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– Nuclei mode: particles in this mode are formed by nucleation of atmo-
spheric gases in a supersaturated atmosphere and their size is of the order
of nanometres.

– Accumulation mode: particles in this mode originate from primary emissions
as well as through gas-to-particle conversion, chemical reactions, conden-
sation and coagulation.

– Coarse mode: particles generated by mechanical processes.

2.2
Particle Shape and Equivalent Diameter

Particles vary significantly in shape, which in general relates to the particle 
formation process or their origin. Some particle shapes are fairly simple and
regular; however, the majority are of a varying degree of irregularity or com-
plexity. Particles resulting from coagulation and agglomeration of smaller solid
particles are usually highly irregular and display fractal properties. Examples
of these are particles resulting from combustion process such as vehicle 
emissions or tobacco smoking, and they are agglomerates of carbonaceous 
particles. Similarly dust particles and particles resulting from mechanical
breaking, grinding, etc. have generally irregular shapes. By contrast, liquid
aerosol particles are usually spherical, while simple fibres are rod-shaped.
Biological particles are of complex shapes and differ significantly between 
each other. Microscopic images of particles of various shapes collected inside
and in the vicinity of residential houses in Brisbane, Australia, are presented 
in Fig. 1.

For practical applications particles of complex or irregular shapes are 
usually characterised by only one or two parameters: those which can be mea-
sured. These are most commonly particle diameter and for fibres, their lengths
and width. The diameter is a characteristic of spherical objects; however, as 
already explained only a small fraction of airborne particles are spherical.
A means of representation of particle irregular shapes is by particle equivalent
diameter, which is the diameter of a sphere having the same value of a physical
property as the irregularly or complex shaped particle being measured. The
equivalent diameter relates to particle behaviour (such as inertia, electrical 
or magnetic mobility, light scattering, radioactivity or Brownian motion) or 
to particle properties (such as chemical or elemental concentration, cross-
sectional area, volume-to-surface ratio). Therefore the particle diameter deter-
mined experimentally depends on the choice of the particle properties or the
behaviour measured and thus application of different methods for measure-
ments of the particle diameter usually result in somewhat different values of
the diameter.

The most commonly used equivalent diameters are aerodynamic (mainly
for particles larger than 0.5 µm), diffusion (for particles smaller than 0.5 µm),
light scattering (for various ranges from about 0.1 µm and larger), and mass
equivalent (mainly for larger particles). The aerodynamic (equivalent) diam-
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eter, Da, is the diameter of a unit-density sphere having the same gravitational
settling velocity as the particle being measured. Da is given by Eq. (1):

5ÇP
Da = DPk f4 , (1)Ç0

where DP is the physical particle diameter, ÇP is the density of the particle, Ç0
is the reference density (1 g cm–3) and k is a correction factor, which can be ap-
proximated by k≈1 for many applications.
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Fig. 1a–d Particles collected in and outside residential houses in Brisbane and examined
with an energy-dispersive X-ray analyser attached to a transmission electron microscope.
a There are three big particles: two lighter particles, with dominant elements S, Ca, O and Mg,
and one darker particle, with dominant elements Ca, S, Na, O and Mg. b There are two big
particles, with dominant elements C, Cl, Na, Mg, K and O. The particles are probably fine
pieces of insect body or plant material. c There are two types of particles, a square particle
(NaCl crystal) and many big fibrous particles, with dominant elements Ca, S, Na, O and Mg.
d There are many particles jointed together in this picture, with dominant elements Fe, Pb
and Si. The particles are probably from vehicle emissions



An important feature of many types of particles, particularly those of com-
plex shapes resulting from combustion processes, is their fractal structure. For
example Schmidt-Ott [9] measured fractal dimensions of ultrafine particles 
resulting from gas-to-particle conversion and showed that such particles have
very large surface areas. Thus, large quantities of chemicals can be adsorbed 
by such particles and in such cases knowledge of the aerodynamic diameter
alone provides no information on the possible amount of adsorbed com-
pounds. Understanding of fractal objects and their links and relationship to
various processes in nature can help in understanding the structure and growth
of particles [10, 11].

2.3
Particle Sizes and Size Distribution

The smallest and the largest airborne particles can differ in size by up to 5
orders of magnitude and range from about 1 nm to about 100 µm. The former
is molecular size and the later is the size above which particles sediment rapidly
owing to gravitational force. Almost all of the sources generate particles with
some distribution of sizes, a so-called polydisperse aerosol, rather than par-
ticles of a single size, a monodisperse aerosol. The spread of the particle size
distribution is characterised by an arithmetic or a geometric (logarithmic)
standard deviation. The most common ways of characterisation of a particle
distribution are in terms of its mean size, which is the average of all sizes,
the median size, which means an equal number of particles above and below
this size, or the mode size, which is the size with the maximum number of par-
ticles. The terms used include count, number or mass median diameter, which
are abbreviated as CMD, NMD or MMD, respectively. MMAD is mass median
aerodynamic diameter.

The size distribution of particles generated by most sources is lognormal,
which means that the particle concentration versus particle size curve is 
“normal” (bell-shaped) when the particles are plotted on a logarithmic scale.
The width of the peak in the distribution is characterised by the geometric
standard deviation. Different emission sources are characterised by different
size distributions. These distributions are not unique to these particle sources
alone; however, the information on the size distribution can help to identify 
the source contribution to particle concentrations in ambient air, and also serve
as a source signature. In general, submicrometre and supermicrometre par-
ticles result from different generation processes and only occasionally the same
source generates particles with a broad size distribution, covering both fine and
coarse ranges.

Numerous researchers have presented information about size distributions
of particles originating from various sources. Wallace [12] reported that at 
the peak of the number concentrations the diameters of the particles produced
by several sources are 0.01–0.02 µm for gas burners, a gas oven and a toaster,
about 0.1 µm for incense, 0.05–0.1 µm for frying and broiling and 5–10 µm for
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walking, moving one’s arms and even sitting in front of a computer. Abt et al.
[13] showed that cooking (including broiling and baking, toasting and bar-
becuing) produced particles with a volume diameter in a size range between
0.13 and 0.25 µm, cleaning and smoking particles smaller than 1 µm, while
moving of people and sautéing resulted in particles in the range between 3 and
4.3 µm. Frying was associated with both fine and coarse particles. Measure-
ments conducted in an apartment in Taipei by Li et al. [14, 15] showed that the
NMDs of particles originating from the background, smouldering cigarettes,
burning mosquito coils and joss sticks were 0.07, 0.085, 0.08 and 0.07 µm,
respectively. In a study conducted by Kleeman et al. [16] natural gas, propane
and candle flames generated particles between 0.01 and 0.1 µm and meat char-
broiling showed a major peak in the particle mass distribution at 0.1–0.2 µm
with some material present at larger particle sizes but not above 1.0 µm.
Biological particles are another class which include many different species
varying not only in their biological composition but also in their size. In 
general viruses range from 0.02 to 0.3 µm, bacteria from 0.5 to 10 µm, fungi
from 0.5 to 30 µm, pollen 10 to 100 µm and house dust mites are about 10 µm.

Particles in ambient air constitute a mixture originating from different
sources, and thus the individual components of the mixture are characterised
by different size distributions. The measured distribution of this mixture may
or may not display individual peaks from the contributing sources, and thus
may or may not be used for source identification. In many cases, however, the
characteristics of the size distribution can be a useful tool in source charac-
terisation.

Concentration of particles in the air as well as particle size distributions can
be considered either in terms of particle number or mass. In terms of number,
the vast majority of airborne particles are in the ultrafine range. For example,
in urban outdoor air where motor vehicle emissions are a dominant pollution
source, over 80% of particulate matter in terms of number is in the ultrafine
range [17]. Since outdoor particles contribute significantly to indoor particle
concentrations, also in indoor air particle number concentration is usually
dominated by the smallest particles. However, most of the mass of airborne
particles is associated with large particles since the mass of ultrafine particles
is often very small in comparison with the mass of larger particles. The particle
surface area in turn is largest for particles somewhat above the ultrafine size
range.

The relationship between particle number, the surface area and the volume
is presented in Fig. 2, using as an example a typical urban air particle size dis-
tribution measured in Brisbane [18]. This relationship was derived using the
measured particle number size distribution and calculating the particle surface
and volume distribution (assuming their sphericity) and by plotting
dN/dlogDP, dA/dlogDP and dV/dlogDP, which represent particle number,
surface area and volume, respectively, per logarithmic size interval. The particle
mass can be calculated from the volume when the particle density is known 
or can be assumed. It can be seen from Fig. 2 that the peak in the number 
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Fig. 2a–c Typical urban ambient air particle number size distribution measured in Brisbane
[8], and calculated from a the number distribution, b the surface area distribution and c the
volume size distribution, respectively

b

a
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distribution spectrum appears in the area where there is almost no volume 
in the volume distribution spectrum and vice versa, the peak in the volume 
distribution spectrum is where the particle number is very low.

Since different sources contribute to the generation of particles in the sub-
micrometre range, which is predominant in the particle number, and different
sources to larger particles, which predominate in the mass, it is only occasio-
nally that there is a correlation between the particle number and the mass. In
general, however, only limited information, or no information at all, can be 
obtained about the particle number from the measurements of the particle
mass, and vice versa. The degree of correlation depends on specific local con-
ditions, and in particular better correlations are achieved for conditions when
the majority of particles in the fine and coarse size ranges are related to the
same generation process.

Comparison between different particle mass fractions, for example, PM2.5
and PM10, reveals that there is often a relatively high degree of correlation be-
tween the fractions. One of the main reasons for this is that PM2.5 is a fraction
of PM10, often quite significant, and for sources operating in a stable manner,
the relation between PM2.5 and PM10 emissions remains more or less constant.
Outdoor ratios of particle mass fractions could be indicators of these ratios in
an indoor environment where natural ventilation is used and in the absence of
indoor sources. In the presence of operating indoor sources, however, the 
indoor and outdoor ratios could differ substantially. For example, Chao et al.
[19] reported that the outdoor PM10 in Hong Kong was around 50–70% of the
TSP level; however, indoor ratios of PM10 to TSP measured in eight residential
premises varied from 81.9% to 97.7%.

2.4
Chemical Composition of Airborne Particles

The chemical composition of indoor particles is very complex and depends 
on the particle origin as well as on any postformation processes in which 
the particle is involved. Some types of particles, like asbestos and glass fibres,
consist of inorganic materials, while other types, like cellulose fibres, are purely
organic. The most important chemical properties of particles include

– Elemental composition.
– Inorganic ions.
– Carbonaceous compounds (organic and elemental carbon).

Each of these consists of about one third of the total aerosol mass and has an
impact on particle proprieties and behaviour, such as adsorption/desorption,
water solubility or extractability.

Interest in different aspects of particle chemical compositions is driven
either by the risk associated with certain components or with the potential for
application of the knowledge about the components towards some practical
purposes. For example, interest in elemental composition derives from the 
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potential health effects of heavy elements like lead, arsenic, mercury and
cadmium, and the possibility of using the elements as source tracers [4].
Water-soluble ions such as potassium, sodium, calcium, phosphates, sulfates,
ammonium and nitrate associate themselves with water in indoor environ-
ments and can also be used for source apportionment. Carbonaceous com-
pounds are composed of organic and elemental carbon. The former can con-
tain a wide range of compounds such as polycyclic aromatic hydrocarbons,
pesticides, phthalates, flame retardants and carboxylic acids, some of which 
are tracers for certain sources, while the latter is sometimes termed “soot”,
“black carbon” and “graphitic carbon”.

Owing to their irregular shapes the majority of the particles present in an
indoor environment have large surface areas, which provide an opportunity for
particles to serve as sinks for a variety of organic species. Semivolatile sub-
stances are found both in the particulate and in the vapour phases, volatile
compounds occur mostly in the gas phase and substances with very low vapour
pressure are adsorbed almost exclusively. In addition to the surface area of the
particles, the vapour pressure of organic compounds also plays an important
role in determining whether they will be found in the gas phase or adsorbed on
particle matter. More information on particle chemistry is provided in Sect. 4.3.

2.5
Bioaerosols

A certain fraction of particles in indoor and outdoor air is of biological origin.
In addition to particles, some volatile organic compounds are also of microbial
origin (MVOC).According to the definition formulated at the IGAP workshop
in Geneva in June 1993,“Biological Aerosol Particles (BAP) describe airborne
solid particles (dead or alive) that are or were derived from living organism,
including micro-organisms and fragments of varieties of living things” [20].
The sources of biological particles can be classified as (1) animal or human
sources, (2) terrestrial including rural (plants) and urban sources, (3) aquatic
sources and (4) atmospheric sources. Biological particles in indoor environ-
ments include viruses; bacteria, which at cell destruction release endotoxins;
animal dander (cats, dogs, rabbits, rodents, birds), which contains allergens (e.g.
cats Fel d1); cockroaches and other insects, which contain allergens; mites,
which contain allergens (e.g. Der p1) and release faeces; moulds (filamentous
fungi), which release mould spores (which in turn when damaged break into
spore fragments which include allergens and contain b-glucans) and release
primary metabolites (MVOC) and secondary metabolites (mycotoxins) and
pollens [4].

Various units are used in relation to the concentration of biological particles
in the air and in particular:

1. For viable microorganisms: colony forming units (per cubic metre) for bac-
teria and fungi and plaque forming units (per cubic metre) for viruses.

Indoor Particles, Combustion Products and Fibres 129



2. For nonviable microorganisms: the number of individual microorganisms
per cubic metre, the number of microorganism-containing particles per
cubic metre, or micrograms per cubic metre.

The presence and distribution of biological particles varies significantly be-
tween different indoor environments. The particles can be suspended in the air,
attached to indoor surfaces, to the dust accumulated in the building and also
present in any internal parts of the building structure or its operating systems
(inside walls, air-conditioning units, ducts, etc.). The concentration levels of the
particles can vary by orders of magnitude and depend on a range of local con-
ditions and factors affecting their growth, survival, transport and removal from
the air. Most commonly the concentration of biological particles is significantly
lower than the concentration of nonbiological particles, with concentrations 
of the former being in the range 101–104 m–3 and the latter in the range 109–1011

and 106–107 m–3 for particles in submicrometre and supermicrometre ranges,
respectively [4].

3
Transport and Behaviour

Airborne particles are subjected to a multiplicity of processes, interactions 
and reactions which change the characteristics the particles initially had when
introduced into the air. The most important processes include sedimentation,
deposition on surfaces, coagulation and changes by evaporation or conden-
sation. Some of the emission products undergo rapid changes, for example,
combustion-related, which are reactive mixtures of hot gases and particles,
while others, like mechanical dust, are less so. Particles generated indoors and
measured some time after emission often have different characteristics from
those measured immediately after formation. The residence time of particles
in the air depends on the nature of the processes they are involved in, and varies
in indoor air from seconds to minutes or hours. Larger particles (of a micro-
metre size range and more in aerodynamic diameter) are removed from the 
air mainly through gravitational settling (with particles above 100 µm settling
almost immediately after becoming airborne), while smaller particles are re-
moved by precipitation or diffusional deposition.

The processes of the highest significance in affecting indoor particle con-
centration levels and other characteristics include

– Penetration of outdoor particles indoors through open doors, windows as
well as through the building envelope. A measure of the ability of the par-
ticles to penetrate the building envelope is defined as the penetration factor
[21] (sometimes also called the penetration coefficient). In cases when
windows or doors of a building are open, they provide the main penetration
route for the particles, and the relative importance of penetration through
the building envelope becomes insignificant. Under such circumstances the
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penetration factor for particles in all size ranges is very close to unity, which
means that particles enter buildings very easily with the air which carries
them. Such situations are characterised by large air exchange rates. Recent
studies conducted by Mosley et al. [22] and Long et al. [23] showed that the
penetration factor is generally lower than unity for situations when the 
particles travel a torturous path through a building envelope, and also that
it is strongly size dependent.

– Deposition of particles on indoor surfaces. Fundamentals of the theory of
particle deposition are presented in Ref. [7] and describe the process of
particle flux towards the surface due to the gradient in the particle concen-
tration established in the region of the surface. At the surface the concen-
tration is close to zero owing to the deposition and increases at a distance
away from the surface (e.g. a wall) to achieve equilibrium usually a few centi-
metres from the surface. The deposition rate is defined as the number of
particles depositing per unit surface area per unit time (per square metre
per second). Particle deposition on indoor surfaces strongly depends on
particle size and is governed by the processes of particle diffusion towards
the surfaces, which is of particular significance for very small particles, and
of gravitational sedimentation, which is significant for larger particles. In
addition, airflows induced by convection currents or the action of fans, as
well as air turbulence, can increase particle transport towards the surface
and thus the deposition. Deposition is also dependent on the surface areas
and on surface characteristics, with sticky surfaces resulting in more deposi-
tion and smoother ones in less deposition. The larger the surface area, the
higher the probability of particle deposition, and therefore furnished rooms,
with lots of surface area, will have a higher deposition rate than bare rooms.
Additional factors affecting particle deposition are the presence of surface
charge, which increases the deposition rate, temperature gradient, which 
results in convective currents and thermophoretic deposition, and room
volume. This multiplicity of factors affecting particle deposition results in
deposition being a highly variable process, site-specific and difficult to
quantify either through experimental studies or modelling. Many studies
have shown that there is a considerable difficulty associated with decoupling
and quantifying separately particle deposition and other parameters de-
scribing particle dynamics, for example, the penetration factor [23].

– Resuspension of particles deposited on surfaces. Particles that have de-
posited on indoor surfaces, settled dust, may be resuspended from the sur-
faces and re-entrained into the air. To resuspend the particles, a certain force
must be applied and energy used to detach the particles from the surface.
According to the theory of aerosol interactions [6], while most adhesion
forces are linearly dependent on the particle diameter, most detachment
forces are proportional to the particle diameter to the second or third power.
The differences between adhesion and detachment forces in their depend-
ence on the particle diameter result in large particles being more readily 
detached than small ones. The theory was confirmed in a number of field
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studies and, for example, it was concluded in Ref. [24] that submicrometre
particles are essentially non-resuspendable under circumstances encoun-
tered in residences. The resuspension rate was shown to increase as the 
particle size increases, and also similarly to several other studies showed that
all the normal activities of the occupants, like walking (even walking in and
out of the room), moving around, children playing, or cleaning, result in an
increase in the number of supermicrometre particles.

– Removal of particles from an indoor environment by ventilation and filtra-
tion.As a result of the operation of natural or mechanical ventilation systems
particles generated indoors are removed from indoor environments, but at
the same time particles from outdoors penetrate indoors. Filers remove a
certain fraction of particles from the air supplied indoors. Ventilation and
air filtration are the main remedial actions available to reduce the concen-
tration of airborne contaminants indoors. The design and operation of the
filtration and ventilation systems and the type of filters used are of critical
importance.
Generally, ventilation represents a dilution control of indoor pollution,
which means that contaminated indoor air is diluted or displaced with “clean”
outdoor air. The ventilation performance depends on room geometry, the
ventilation method applied and on the operating conditions, as well as on
the location and strength of the sources and the types of contaminants 
generated [25]. The ventilation rate or the air-exchange rate is defined as the
ratio between the outdoor air flow rate and the effective volume of ventilated
space. The air-exchange rate varies and depends on the climate, the type 
of building and its operation as well as the lifestyle of the occupants. For 
example, as summarised in Ref. [26] in residential houses in Australia, with
a mild-to-warm climate, air exchange was reported to be relatively high,
reaching on average 26.3 h–1, while in Canada and Sweden, of much cooler
climates, it was reported to be 4.4 and 3.7 h–1, respectively The ventilation
rate in office buildings is usually much lower, and in the USA was found to
be 0.9 h–1 and in Brisbane about 0.8 h–1.
Mechanical filtration systems are intended to limit the introduction of
pollutants from outdoors to indoors. The efficiency of such systems gener-
ally depends on the filter properties and the aerodynamic properties of
filtered particles [26]. The efficiency of filters varies from 5% to 40% for 
low-efficiency filters, such as dry media filters, panel and bag filters, from
60% to 90% for electrostatic precipitators to over 99% for high-efficiency 
particulate air filters. Not only the filters, but the whole heating, ventilation
and air-conditioning system contributes to particle reduction, owing to 
particle losses on the cooling/heating coil and other parts of the system. The
selection of a system depends on the type of indoor environment, outdoor
and indoor sources, the demand on the level of reduction of pollutant con-
centrations and the cost associated with purchase, operation and main-
tenance of the system.
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– Chemical reactions involving vapours and gases leading to particle genera-
tion. Examples of such processes are reactions between ozone and various
terpenes in indoor environments, which have been shown to result in a 
significant increase in the number and mass concentrations of submicro-
metre particles [27]. For example, 20–40 ppb O3 and several hundred parts
per billion of terpenes can generate an additional 5–40 µg m–3 of fine 
particles [28]. Initially more than half of the mass increase is in the ultrafine
fraction; however, the particle number and mass size distribution evolves
over hours, shifting the peak of the distribution towards larger sizes. The
products of ozone/terpene reactions include hydroxyl radicals that can, in
turn, react with other indoor organic compounds such as toluene to produce
low-volatility products, which further contribute to particle formation. The
reaction of ozone with isoprene produces much less particulate matter than
the reactions involving terpenes. This is related to the lower molecular
weight of isoprene (half the weight of terpene) and also to the differences in
volatility of the major products. In general, more secondary particles are
produced under more humid conditions.

There are also processes other than those already listed which affect particle
physical properties, most importantly size. The most important of them are co-
agulation, which results from Brownian motion and collision of particles,
mainly of similar sizes, deposition of smaller particles on the surface of bigger
particles, changes to the particle size owing to changes in the moisture content,
including hygroscopic growth or shrinking by evaporation [6, 7]. However,
typically the significance of these processes in affecting indoor particle charac-
teristics is lower than that of processes such as deposition or removal by ven-
tilation. This is because of the relatively long time scale of these processes and
also of the relatively low particle concentration levels. For example, the process
of coagulation is strongly dependent on particle concentration and while the
time needed for the number concentration to halve is 0.2 s, for particle con-
centrations of 1010 cm–3, which could be encountered in concentred exhaust
emissions, it is as much as 55 h for concentrations of 104 cm–3, which could be
encountered in indoor environments [7].

It is very difficult to untangle the role of individual processes on particle
characteristics because many of the processes take place simultaneously, affect
differently particles of different size ranges and are dependent on a large 
number of factors and characteristics of the indoor environments. Therefore,
rather than investigating the role of individual processes, many studies have
considered the combined impact of several such processes on particle charac-
teristics. An example of this is the particle loss rate, which includes surface 
deposition of smaller particles, due to diffusion, gravitational settling, and 
convective transport as well as removal of particles by ventilation.

A model developed in Ref. [29] describes particle behaviour in an indoor en-
vironment and incorporates the role of various processes. The model assumes
that perfect, instantaneous mixing takes place, and also steady-state conditions
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in terms of outdoor concentrations and indoor source emission rates. The main
model equation is

n
PaCout + V –1 ∑ Qi

is
i =1

Cin = 000 , (2)
a + k

where Cin is the indoor concentration (number of particles or mass per cubic
metre of air), P is the penetration factor (coefficient), a is the air-exchange rate
(per hour), Cout is the outdoor concentration (number of particles or mass per
cubic metre of air), Q i

is is the mass flux generated by the source i, n is the 
number of indoor sources investigated, V is the volume of the room or the
house (cubic metres) and k is decay rate due to diffusion and sedimentation.

A situation often investigated is when no particles are generated from 
indoor sources for suitably long periods and the only contribution is from 
outdoor air. The indoor-to-outdoor concentration ratio of the particles is 
then equivalent to the infiltration factor (FINF), which is defined as the equili-
brium fraction of ambient particles that penetrates indoors and remains 
suspended [30]:

Cin Pa
FINF = 6 = 8 . (3)

Cout a + k

4
Selected Types of Indoor Pollutants

4.1
Dust

According to the terminology from aerosol science, dust is defined as solid par-
ticles formed by crushing or other mechanical breakage of a parent material,
larger than about 0.5 µm [6]. According to the United States Environmental
Protection Agency [31] house dust is defined as “a complex mixture of biolog-
ically derived material (animal dander, fungal spores, etc.), particulate matter
deposited from the indoor aerosol and soil particles brought in by foot traffic”.
German Guideline 4300-8 [32] states that “there is currently no generally bind-
ing definition of the term settled house dust. To delimit the term from sus-
pended particulate matter, it is intended to mean all types of particles, which
are encountered indoors in deposited form. The dust may be solids of the most
varied inorganic or organic materials which can be of natural or synthetic 
origin. The term includes not only fractions which originate indoors them-
selves, but also those which are introduced from the outside”. The same docu-
ment makes a distinction between old dust, which is dust of unknown age
found on indoor surfaces, and fresh dust, whose age is known, and which is
usually of the order of 1–2 weeks.
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As already described, as a result of various human activities settled dust can
be resuspended in the air. Physical and chemical properties of dust vary and 
depend on the source from which the dust originated.

The size distribution of house dust particles ranges over several orders of
magnitude and includes particles of the order of micrometres in aerodynamic
diameter as well as those of the order of several millimetres. The majority of
house dust particles are of the order of tens of micrometres. For example, in
Ref. [33] it was shown that 58% of dust was in the size range from 44 to 149 µm.
Seifert [34] reported that 6–35% of the dust was in the range from 30 to 63 µm
and in Ref. [35] it was shown that 12.8–76.4% of dust was in the range from
63 µm to 2 mm and 9.5–35.5% was smaller than 63 µm. Molhave et al. [36] 
reported that 41% of office dust was in the range from 50 to 125 µm and 40%
was larger than 125 µm.

Dust particles of different size ranges also differ in composition and content
of organic and inorganic material. The differences are related to the origin of
the particles, and in particular the smaller dust particles include skin flakes,
fragments of hair, microorganisms, such as fungal spores and pollen, food
crumbs, abrasion of textiles and fittings, sand, loam, clay, and soot. Larger dust
components can include parts of plant (e.g. leaves and needles), hair or gravel.

As can be seen from this listing, house dust contains many compounds of
biological origin. The presence and the concentration of certain compounds
can be used as an indicator or marker of certain biological contaminants or 
indoor practices. For example, the concentrations of b-(1Æ3)-glucans and 
extracellular polysaccharides are good markers for the overall levels of fungal
concentrations in floor dust according to Chew et al. [37], while endotoxin con-
centrations in settled dust can be used as an indicator for residential hygiene
according to Bischof et al. [38].

Owing to the different origin of dust, samples collected from different 
indoor environments vary significantly in composition. For example, the dust
from kindergartens most commonly consists almost completely of inorganic
materials such as sand loam and clay from sand pits, while house dust from the
residences of animal owners having at the same time heavy abrasion of carpets
can consist virtually solely of organic material [4]. By contrast, dust collected
in offices contains the following components: microorganisms, endotoxins,
allergens, minerals and adsorbed organic compounds [36]. Residential and 
office cleaning removes a certain fraction of dust; however, excessive cleaning
may increase the concentration of hazardous components of cleaning agents in
house dust [39, 40].

4.2
Fibres

In general, fibres are particles of an elongated shape, with one dimension 
significantly larger than the other two. The dimension of the fibres can cover
a wide range, with diameters as small as 0.025 µm and lengths reaching several
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hundred micrometres [41]. Fibre dust particles have been defined as those
which [42]

– Exceed a length-to-diameter ratio of 3:1.
– Have a length of more than 5 µm.
– Have a diameter of less than 3 µm.

Mineral fibres are of natural and synthetic (man-made mineral fibres) origin.
These two classifications, in turn, can be subdivided into inorganic and organic
fibres. From the wide range of available fibres, those which are significant from
both technological and health aspects are asbestos, mineral wool and ceramic
fibres.

Asbestos is a collective term for silicate minerals of serpentine and amphi-
bole groups that occur naturally as fibres. The serpentine group includes
chrysotile (white asbestos, Fig. 3) and the amphibole group includes crocidolite
(blue asbestos), amosite, anthophyllite, tremolite and actoinolite. Mineral wool
is a term used collectively for products that consist of synthetically manufactur-
ed inorganic fibres. These vitreous (amorphic) fibres are produced from a melt
and depending on the starting material are referred to as glass,rock or slug fibres.
Mineral wool generally serves as heat and sound insulation in construction 
engineering. Ceramic fibres can have both vitreous and crystalline structures.
The former are aluminium silicate fibres (refractory ceramic fibres), which can
be imparted with increased temperature by the addition of certain substances
(e.g. zirconium oxide) and are used, for example, in refractory linings in indus-
trial furnaces. Crystalline ceramic fibres include aluminium fibres and single
crystalline whisker fibres, which are manufactured for special applications.

The sources of asbestos and other mineral fibres in indoor environments are
fire-retardants, acoustic, thermal or electric insulation and structural material.
Some of the mineral fibres such as asbestos were used commonly in the past

136 L. Morawska

Fig. 3 Asbestos fibres (chrysotile) embedded in a magnesia plaster floor (courtesy Walter
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as part of building construction or for insulation purposes; however, they have
been banned from such applications. Exposure to fibres has been associated
with serious health effects, including asbestosis, lung cancer in connection with
asbestosis and mesothelioma (form of cancer).

4.3
Combustion Products in Indoor Environments

Indoor combustion sources are related mainly to cooking, heating and tobacco
smoking. In addition, outdoor combustion products, which in urban environ-
ments originate most commonly from vehicle emissions, penetrate inside and
contribute to indoor pollution. Under ideal conditions, complete combustion
of carbon results only in the generation of CO2 and water vapour.Any products
other than CO2 are often called products of incomplete combustion and include
particulate matter and gases.

The majority of particles resulting from combustion processes are in terms
of number in the ultrafine size range and in terms of mass in the submicro-
metre range. For example, natural gas, propane and candle flames generate par-
ticles in the size range between 0.01 and 0.1 µm and meat charbroiling shows
a major peak in the particle mass distribution at 0.1–0.2 µm, with some ma-
terial present at a larger particle size but not larger than 1.0 µm [16]. Aerosol
particles generated through combustion can grow hygroscopically by 10–120%,
depending on the initial particle size and the origin [43].

Combustion particles are of complex chemistry, carrying most of the trace
elements, toxins or carcinogens generated from the combustion process. Com-
bustion of different types of fuels results in emissions of various trace elements
which are present in the fuel material. In most cases there is not just one 
specific element that is related to the combustion of a particular fuel, but a
source profile of elements [2]. For example, motor vehicle emissions contain Br,
Ba, Zn, Fe and Pb (in countries where leaded petrol is used) and coal combus-
tion results in the emission of Se, As, Cr, Co, Cu and Al. For comparison, the
crustal elements include Mg, Ca, Al, K, Sc, Fe and Mn. Since most of the trace
elements are nonvolatile, associated with ultrafine particles and less prone to
chemical transformations, they often remain in the air for prolonged periods
of time in the form in which they were emitted.

All of the combustion sources generate large amounts of volatile and semi-
volatile organic compounds. Polynuclear aromatic hydrocarbons (PAH), some
of which are strongly carcinogenic, are an important class of compounds con-
tained in the organic fraction of fine particulate matter. PAH compounds are
synthesised from carbon fragments into large molecular structures in low-
oxygen environments, such as occurs inside the flame envelope in the fuel-
rich region of the flame structure [2]. If the temperature is not adequate to 
decompose compounds upon exiting from the flame zone, then they are 
released into the free atmosphere and condense or are adsorbed onto the 
surface of particles. Many different combustion systems are known to produce
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PAH compounds. The most studied PAH is benzo[a]pyrene, which is a physi-
ologically active substance that can contribute to the development of cancer 
in human cells.

Semivolatile organic compounds can be present in the air either in vapour
or in particle form (solid or liquid). From the point of view of the effect on 
human health it could be of significance in what physical form the semivolatile
compounds are when they are inhaled. There is very little information available
on this aspect, which is due not only to the recency of the interest, but mainly
to difficulties in investigating the organic composition of small amounts of
material. The mass of the particles in the submicrometre and ultrafine range
is very small, and in order to collect sufficient mass for standard organic
chemistry analyses, long sampling times are required, which is prohibitive for
many exposure or health effects studies.

4.3.1
Environmental Tobacco Smoke

Almost all of the major studies have found that an important source of fine 
particles is cigarette smoking, resulting in an increase in the average fine par-
ticle levels indoors in the range from 10 to 45 µg m–3 [44]. Thus environmental
tobacco smoke (ETS) is one of the most significant indoor pollutants. ETS is a
mixture of two components: mainstream smoke drawn through the tobacco,
taken in and exhaled by the smoker, and sidestream smoke, which is emitted
by the smouldering cigarette between puffs. Exposure by nonsmokers – passive
smoking – is of great concern as it is an involuntary risk, often incurred by 
the most susceptible members of society, unborn children, infants and young
children. Over 4,000 compounds have been identified in ETS, the most im-
portant of them being CO, NOx, nicotine, acetone, benzene, phenol, toluene,
formaldehyde and benzo[a]pyrene [16]. Other organic compounds present 
in ETS include isoalkanes, anteisoalkanes (anteisotrioacontane, anteisohentri-
acontane, anteisodotriacontane and isotritracontane) [45]. Once generated and
introduced into the air, both gas and particle phases interact with each other
(gas-to-particle conversion and particle–particle interactions), with atmo-
spheric aerosols and with the environment.

4.3.1.1
Physical Characterisation of the Particulate Phase of Cigarette Smoke

Particles generated from combustion of a cigarette range in size quite substan-
tially, with the vast majority of them, however, being very small, below 1 µm, and
a significant fraction below 0.1 µm. A microscope image of an ETS particle is
presented in Fig. 4. A literature review conducted recently [44] revealed that
most studies reported ETS particles as occurring in a single size mode, with a
large majority of the particle mass distributed among particles with diameters
in the range 0.02–2 µm.The median of the MMDs reported in the studies review-
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Fig. 4 Environmental tobacco smoke (ETS) particle examined with an energy-dispersive 
X-ray analyser attached to a transmission electron microscope. The dominant element of the
particle is carbon

Fig. 5 Size distribution of ETS measured 18 and 300 min after generation [53]



ed was found to be 0.37 µm, with the central 90% ranging between 0.2 and
0.5 µm.The median reported geometric standard deviation was 1.4,with the cen-
tral 90% ranging between 1.2 and 2.1 µm.An example of a number size distrib-
ution of ETS measured in an experimental chamber is presented in Fig. 5 [53].

The analysis conducted by Nazaroff and Klepeis [44] also showed that the
median emission factor for cigarette smoking of the reported data on ETS is
12.7 mg per cigarette, with the distribution exhibiting positive skew. The log-
normal parameters of the distribution were a geometric mean of 12.0 mg per
cigarette, with a geometric standard deviation of 2.1. The central 90% of the
distribution lay between approximately 5 and 40 mg per cigarette, with ten of
the 17 results being in the range 7.8–13.8 mg per cigarette. The total mass of
particulate matter emitted from cigarettes in a particular indoor environment
can be estimated as the product of such emission factors and the number of
cigarettes smoked indoors.

4.3.1.2
Chemical Characterisation of Cigarette Smoke

In addition to inorganic gases such as carbon monoxide and nitrogen oxides
a large number of elements and compounds are generated from cigarette com-
bustion. The particulate phase of the smoke is of special importance because
it contains a significant amount of cigarette combustions products, for example,
all of the tar and most of the nicotine [46]. Some of the compounds are present
in cigarette smoke in very minute quantities, often difficult to measure; some
of them, however, are emitted at much higher concentrations. Those emitted at
higher concentrations and which are specific to cigarette smoke are called
markers of the smoke. Nicotine, carbon monoxide, 3-ethenylpyridine (3-EP),
nitrogen oxides, pyridine, aldehydes, acrolein, benzene, toluene and several
other compounds have been used or have been suggested for use as markers for
vapour-phase constituents of cigarette smoke. Repairable suspended partic-
ulate matter (the mass fraction of inhaled particles which penetrates into 
the unciliated airways), solanesol, N-nitrosamines, cotinine, chromium and
potassium are among the air contaminants used as markers for the particle-
phase constituents of the smoke [47].

The substances most commonly utilised as markers of ETS are repairable
suspended particulate matter, nicotine, CO, 3-Ethenylpyridine (3-EP) and
solanesol [48, 49]. All these substances are associated, however, with potential
problems, when used as markers. Both CO and repairable suspended particulate
matter are not unique to ETS. The use of nicotine as a marker of ETS presents
a problem because [50] (1) nicotine is found primarily in the gas phase (90%),
making it a relatively poor particle marker, (2) gas-phase nicotine is strongly
basic and is removed from indoor environments at a faster rate than particle-
phase nicotine or the particle portion of ETS and (3) the fraction of nicotine in
ETS varies with measurement conditions. For example, 5–10% of ETS nicotine
was found in the particle phase in a controlled atmosphere,while 20% was found
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in field environments. 3-EP and solanesol are currently considered the best
available ETS markers for the vapour and particulate phases, respectively [49].
The problems, however, are that airborne concentrations of 3-EP do not increase
with source strength (i.e. with the number of cigarettes smoked) and that the
methods for 3-EP determination do not possess adequate sensitivity [49].

In addition to the limitations already discussed in using various substances
as ETS markers, consideration should also be given to the degree of complex-
ity associated with using a particular substance as a marker and also whether
it could be measured in real time (to enable immediate mitigation actions if
necessary). Respirable suspended particulate matter, CO and NOx are the only
markers for which measurements can be performed on a real-time basis with
existing commercial equipment. However, as already explained, none of them
are specific to ETS. Often the majority of CO and NOx comes from sources
other than ETS [51]. The utilisation of solanesol presents a limitation because
it cannot be measured in real time and what is more, its determination is not
simple. It involves extraction from a filter to a solution with a recovery of about
60–90% and sample analysis by gas chromatography and supercritical fluid
chromatography [52].

In summary, the chemistry of a cigarette smoke is very complex, with a vast
number of elements and compounds generated in particle, vapour and gaseous
phases. Some of these elements and compounds are generated in very small
quantities, while others are in larger, easily measurable quantities. Some of
the combustion products are specific to tobacco smoking, such as nicotine,
others are also emitted by different, particularly combustion, sources. These
compounds which are specific to ETS have been used as a marker of the smoke,
but also compounds that are nonspecific to the smoke have been used for this
purpose as well. The applicability of a compound as a marker of cigarette
smoke does not necessarily point out the health impact of this particular com-
pound.

4.3.1.3
Changes Occurring to Cigarette Smoke After Generation

After generation, the highly dynamic and reactive mixture of combustion
products undergoes substantial changes resulting from complex physical and
chemical processes taking place. The most substantial changes occur immedi-
ately after generation when the concentration of combustion products is 
still high. With time the concentration decreases owing to the dilution with 
atmospheric air and the rate of most of the processes decreases. Removal of the
combustion products from the air is mainly due to ventilation and filtration
processes, with other processes, for example, surface deposition playing a lesser
role. This applies both to the particle and gaseous phases. The particles gene-
rated from cigarette combustion change their size distribution mainly due to
coagulation with each other, which shifts the peak of the distribution towards
larger sizes. They can remain suspended in the air for long periods of time, up
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to several hours, as the process of gravitational deposition is not very efficient
in this particle size range.

Variations in peak shape and location between the measurements taken at
10 and 180 min after the introduction of cigarette smoke to an experimental
chamber are presented in Fig. 6 [53]. It can be seen that during the latter mea-
surement, the ETS peak is still clearly distinguishable from the background 
environmental aerosol spectrum and its location is shifted towards a larger size
compared with the initial location.

Changes occurring in ETS in a real indoor environment were investigated 
by Morawska et al. [53], who measured the ETS decay in residential houses 
for conditions of minimum and normal ventilation. For minimum ventilation
(all the windows and doors closed) the air-exchange rate was estimated to be
in the range 0.55–0.79 h–1 for brick houses and 1.05 for a wooden house, and
for normal ventilation (defined as all the windows which are normally open),
from 1.93 to 4.48 h–1 and 4.73 h–1 for brick and wooden houses, respectively.
The dependence of the particle CMD and concentration on time for minimum
ventilation in a brick house is presented in Fig. 5. Inspection of Fig. 5 reveals
that for minimum ventilation in a brick house a distinctive ETS peak is present
in the air, even 3 h after one cigarette had been smoked. Measurements con-
ducted in a wooden house (higher air-exchange range) showed that the peak
is present in the air for up to 2 h [43] and drew similar conclusions as to the
concentration changes in the submicrometre ETS peak in a residential location
of low air-exchange rate. For normal ventilation the ETS peak was distin-
guishable for short periods of time, which was about 1 h for a brick house and
less than half an hour for the wooden house.When the concentration remained
high for a longer time (as in the brick house at minimum ventilation) the CMD
of the peak increased from about 90 nm to about 150 nm. At lower concen-
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Fig. 6 The dependence of particle count median diameter (CMD) and concentration on time
for minimum ventilation in a brick house [53]



trations, the size distribution did not markedly change, which can be explained
by a slowing down of the coagulation process and particle growth at lower con-
centrations.

Measurements of ETS characteristics in a large, naturally ventilated uni-
versity club showed that at most times when the number of smokers was 
small (less than ten), the smoke concentration decreased rapidly with time and
the ETS peak was not detectable even 10–15 min after a cigarette had been
smoked [53]. However, when the number of smokers was large, for example,
during a rock concert, the ETS concentration in the room was very high, up 
to 5¥104 particles cm–3 and was characterised by the stable, well-defined 
broad peak.

4.3.2
Biomass Burning

Biomass burning in indoor environments is most commonly conducted for 
the purpose of cooking or heating, using as fuel wood and in developing coun-
tries also animal dung, crop residues or charcoal. Household cooking stoves
and space heaters are counted in billions throughout the world, providing 
the very basic household needs of heat; however, they are a source of signifi-
cant levels of pollutants, when dirty biomass fuels and inadequate techno-
logies are used. The levels of particles, PAHs, CO, and other air pollutants 
found in the kitchens of developing-country villages are orders of magni-
tude above Western urban levels or relevant standards [3, 54, 55]. In general,
because the household sources emit directly into the indoor spaces and at the
times of human occupancy, exposures to certain air pollutants derived from
these small sources are often greater than those derived from large outdoor
sources [56–58].

The majority of particles emitted from biomass burning are ultrafine, with
only a small fraction in the larger size range, and with most of the mass 
present in the particles less than 2.5 µm in aerodynamic diameter [59]. For 
example, Raiyani et al. [60] investigated emissions from burning several bio-
mass fuels in cooking stoves. The fuels tested included cattle dung, wood, crop
residues, low-quality charcoals and also coal. The study revealed that 50–80%
of TSP emissions from these cooking stoves were 2 µm or smaller and also that
a large amount of the PAHs (above 75%) were found in this size fraction.
A number of studies investigated the characteristics of emissions from residen-
tial wood burning stoves, which are common in the USA for space heating or
aesthetic purposes. The studies reported that (1) the particle mass distribution
from wood (pine, oak, eucalyptus) combustion has a single mode at appro-
ximately 0.1–0.2 µm [16], (2) the particles are compact structures with fractal-
like dimensions close to 3 and contained low mass fractions of volatile com-
pounds [61] and (3) that operating conditions, such as the air supply, had a
strong impact on the particle size distribution and the emission of particle-
bound PAHs [61].
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Vegetation burning results in emission of a large number of compounds,
including retene, phytosterols, ligmens, phenalic compounds from lignins and
diterponoids from resins [45]. The emissions from wood-burning stoves were
found to be acidic (pH 2.8–4.2) [62]. Organic acids, of which the major con-
stituents are monocarboxylic (emitted from combustion of fossil fuels and 
biomass) and diacarboxylic acids [63], have been linked to health effects.
High concentrations of PAHs have been found in soot generated from wood-
burning stoves [64], with some of them specific to biomass burning. This makes
it is possible to use certain PAHs as source signatures in receptor modelling 
for residential wood combustion [65]. For example, guaiacol and its derivatives
(e.g. 4-methylguaiacol, 4-ethylguaiacol) result solely from the pyrolysis of wood
lignin, are relatively stable in the atmosphere and therefore can serve as unique
tracers of wood [66]. In terms of elemental composition, noticeable elemental
carbon was found in wood smoke as well as measurable quantities of Na, K, Fe,
Br, Cl, nitrate, sulfate and ammonium. Statistically significant amounts of Na,Al,
K, Sr, Ba, Cl, nitrate and sulfate were found in meat-charbroiling emissions [16].

4.3.3
Vehicle Emissions

As already discussed, outdoor air has a significant impact on indoor air, with
up to 100% penetration efficiency of pollutants from outdoor air to indoor air
for naturally ventilated buildings. For mechanically ventilated buildings, the
fraction of pollutants penetrating indoors is smaller and depends on a number
of factors, including the type and operation of the filtration and ventilation 
system, the type of filters used, and thus their efficiency for particles in different
size ranges, the location of the air intake, and tightness of the building. Owing
to the significant effect of motor vehicle emissions on outdoor air, and efficient
penetration of outdoor pollutants into indoor environments, the impact of
vehicle emissions on indoor concentration levels of particles and other pol-
lutants could be substantial.

Vehicle emissions, like other combustion products, are composed of pol-
lutants in gaseous and particle forms, which are complex in chemistry, and 
contain many compounds which have been shown to affect human health. The
main gaseous emissions include hydrocarbons, CO, NOx, CO2, SO2 and water
vapour. Particles generated from vehicle emissions are generally small.A signi-
ficant proportion of diesel emission particles have diameters smaller than
0.1 µm [67]. Gasoline particles are mostly carbonaceous spherical submicro-
metre agglomerates ranging from 10 to 80 nm. Particles from compressed 
natural gas emissions are smaller than from diesel or even petrol emissions and
range from 0.01 to 0.7 µm, with the majority being between 0.020 and 0.060 µm.
[68]. Associated with particles (especially fine and ultrafine) are many toxins,
trace elements and also carcinogenic compounds. An example of these is 
3-nitrobenzanthrone, a nitrated PAH originating from diesel emissions which
has been shown to have high cancer-causing potential.
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The chemistry of particles originating from vehicle emissions varies and 
depends on engine technology, test conditions, type of fuel on which the vehicle
operates, its specific composition and on other characteristics, as well as the
lubricating oil used and its composition. There are thus differences between
particles originating from diesel or spark ignition vehicles, the latter including
petrol, compressed natural gas, liquid petroleum gas or, for example, ethanol-
fuelled vehicles. Diesel emission particles are primarily elemental carbon, but
they also contain adsorbed or condensed hydrocarbons, hydrocarbon deriva-
tives, sulfur compounds and other materials [69]. Solvent extractable organic
components of diesel aerosols represent 5–40% of the particle mass. Particles
emitted from spark ignition vehicles are mostly carbonaceous spherical sub-
micrometre agglomerates, consisting of a carbon core with various associated
organic compounds. The main components of the particle phase include soot
and ash, which consist of trace elements such as lead, iron, chlorine and
bromine, organic compounds and a low-to-medium boiling fraction of engine
oil [70]. Lubricating oil and other fuel hydrocarbons are the main contributors
to emissions of particles of nanometre size [71]. The sulfate particles present
in gasoline engine emissions are mainly from catalyst-equipped vehicles utilis-
ing unleaded gasoline [72].

In general, motor vehicle emissions contain various organic compounds,
including hopanes and steranes (present in lubricating oil for diesel and gaso-
line vehicles, and in diesel) and black elemental carbon (present in a higher
fraction in diesel emissions) [45]. Semivolatile aliphatic hydrocarbons present
in emissions from diesel and gasoline engines consist of a narrow band of
C15–27 n-alkanes maximising at C20–21, a very similar pattern to lubricating oils
n-C13–27, maximising at C19. The signal of diesel fuel has a broader spectrum 
extending to n-C33, with a higher proportion of lower molecular weight com-
ponents (n-C10–22, maximising at C19) [73]. Common organic compounds are
PAHs, such as pyrene, chrysene and benzo[a]pyrene. The semivolatile fraction
of the emissions can be associated either with vapour or with particle phases.
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Abstract Microbial damage in indoor areas is caused most frequently by molds and bacteria.
These microorganisms have a very important role in the biogeochemical cycle, as their task
consists in disintegrating organic mass to reusable metabolites. In the environment spores
of molds and bacteria may become airborne and are therefore ubiquitous. They can enter
indoor areas by passive ventilation or by ventilation systems as well. Many genera are also
emitted by indoor sources like animals, flowerpots and wastebaskets. This normal flora is 
in most cases not harmful. But more and more frequently growth conditions like excessive
humidity and/or a high water content of building materials are encountered, which are in
most cases the limiting factor for microbial growth. This is caused by shortcomings of the
buildings like the lack of thermal insulation as well as by the noncorrect behavior of the
room users. According to the relative humidity and/or the moisture content of the building
material different microorganisms are able to grow on indoor building materials and may
cause destruction, adverse health effects and unpleasant smells. Therefore the task of micro-
bial examinations is to differentiate between normal indoor microorganisms, airborne or
adherent to walls and floors, and between more or less heavily growing species, attacking
building materials and producing microbial products causing adverse health effects. Air
sampling of microorganisms is a very favored method, as it allows a direct toxicological 
evaluation, as results can be related to a concentration expressed in colony forming units per
cubic meter. Sometimes even information on the particle size is available, which allows an
estimation of how deep those particles may penetrate into the lung. But microorganisms 
in indoor air are generally not equally distributed, but occur in clouds, so they are often over-
looked in air measurements, especially if the microbial damage is hidden by paneling, walls,
etc. Another reason for false-negative results obtained by air measurements is that fungal
spores are not released at all stages of growth. Therefore other techniques are helpful for 
example, the sampling of household dust, the sedimentation method or direct sampling from
surfaces. The differentiation of bacteria is performed by biochemical methods as a rule,
whereas in most cases the differentiation of molds is done by microscopy, especially by the
forms of spores. On many occasions the growth behavior and patterns on different nutrient
agars also have to be evaluated. Nonsporulating species have to be triggered to produce
spores, otherwise “sterile mycelium” will be indicated, which means they cannot be named
by genera or even species. Methods of genetic fingerprinting are still in their early stages and
only available for some genera or species. But in the meantime enzymatic tests have become
available to decide between mold growth and normal quantities on building surfaces.A very
difficult task consists in the search for hidden mold growth, for example, if adverse health
effects like the fungal syndrome are observed, which is characterized by the occurrence of
unspecific symptoms. There are efforts to detect hidden mold growth by the analysis of
microbial volatile organic compounds or by the use of specially trained sniffer dogs, but
these methods have not been scientifically evaluated. The odor alone perceived by human
beings is not reliable to detect mold damage. As far as the rehabilitation of the indoor
environment is concerned, it has to be pointed out very clearly that microbial damage has
to be removed. The killing of microorganisms is often carried out, but this procedure is not
sufficient, as for example, nonviable spores keep their allergenic potential. The acuteness of
the rehabilitation procedures is normally considered according to the extent of the micro-
bial damage. Adverse health effects are supposed to be connected with microbial growth 
in indoor areas, mostly with mold growth. Predominantly allergies have to be mentioned,
followed by toxic alveolitis and reactions like (allergic) bronchitis, chronic obstructive 
pulmonary disease, but also the aggravation of asthma. Infections by molds and bacteria 
are very rare, but persons with an immunodeficiency are especially susceptible to fungal 
infections. It has been found that spores of fungi contain fungal toxins (mycotoxins),
which are well known from food contaminations. But whether these mycotoxins show toxic 
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effects, if fungal spores are inhaled, has not been confirmed. On the whole, the dose relation-
ship between the concentration of microbial particles mentioned and the adverse health 
effects described is not very well established.When sanitary effects are observed, very often
the susceptibility of the individual is crucial. Therefore guidelines concerning microbial
products in indoor areas are sparse and mostly not scientifically sound.

Keywords Microbial damages in indoor environment · Molds · Bacteria · 
Measurement strategy · Health effects

1
Introduction: Natural Occurrence of Bacteria and Molds

1.1
Function in the Ecosystem

Bacteria and molds are highly diverse and versatile microorganisms that have
adapted to almost all environments. They are ubiquitous and occur in and on
animals, plants and humans as parasites or symbionts. In nature, prokaryotic
bacteria and archaea as well as eukaryotic molds play a key role in the biogeo-
chemical cycle. They are saprogenic organisms involved in the recycling of or-
ganic matter. Thus, they play an important role in the stabilization of the bal-
ance between organic and inorganic compounds.

Especially in soil, fungi have the task of destroying cellulose, a structural
substance of plants and one of the most abundant organic compounds on
earth, and of making the decomposition products available to other microor-
ganisms. Both fungi and bacteria colonize all substrates meeting their physio-
logical growth and reproduction demands. Under certain conditions this may
lead to the contamination and destruction of “man-made” environments, with
unwanted microorganisms growing in private dwellings, work environments
and production processes. Microbial growth in indoor environments may cause
adverse health effects such as allergies and asthma (see Sect. 5).

1.2
Nomenclature

As to the nomenclature, the first name of a microorganism describes the affil-
iation to a genus (e.g., Aspergillus, Penicillium or Bacillus) and the second one
the species (e.g., Aspergillus fumigatus, Penicillium brevicompactum or Bacil-
lus subtilis). It is scientifically correct and very helpful to differentiate between
the species by stating the full name, for example, when comparing different
studies. However, many laboratories only indicate the genus, especially with
molds, since differentiating down to the species is often time-consuming and
expensive (e.g., transferring the colony under question to different petri
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dishes), requires great skill and is often not paid for by the contractor. Dif-
ferentiation of the genus Penicillium is especially difficult because many species
are very similar. It is generally sufficient to know the spectrum of the genera 
for simple reports such as those on mold damage. However, differentiation of
the species is essential and indispensable for addressing health complaints or
when expert reports or legal advice are necessary. The genera and species of
molds and bacteria are generally printed in italic letters. With well-known
species, the first name (the genus) is often abbreviated, especially, if the genus
was mentioned already, for example, A. fumigatus instead of Aspergillus fumi-
gatus.

1.3
Prevalence of Genera in Outdoor and Indoor Air

Spores of microscopic fungi, commonly called molds, and bacteria are always
present in the air. There is a wide range in the number and type of molds and
bacteria found in outdoor air depending on factors like the time of day, weather,
season, geographical location and occurrence of spore sources. According to
Ref. [1] Cladosporium and Alternaria are the most abundant molds in outdoor
air in temperate climates. Mold spores and bacteria are ventilated into indoor
air from the outside and start to grow on walls, carpets, furniture, all types 
of organic material, house dust or food, if the appropriate conditions are 
encountered (see Sect. 2.1). Spore concentrations of molds like Cladosporium,
Alternaria, Epicoccum and Botrytis encountered in indoor air differ from spore
concentrations outside the building [2, 3]. This means that the amount and 
the spectrum of molds and bacteria found in buildings are strongly influenced
by people, pets, plants, ventilation systems and the season. The findings are also
dependent on the type of indoor air sampling [1]. In a review [4] wide varia-
tions were reported in the amount of viable and cultivable molds and colony
forming units (cfu) in the indoor air of moldy and normal households. Up to
60 species of microscopic fungi were found in indoor air. Thus, mold damage
can be predicted in many cases by measuring air or examining other materials
like household dust (see Sect. 3).

2
Microbial Damage in Indoor Environments

2.1
Growth Conditions in Indoor Spaces

Prerequisites for microorganism growth are nutrient sources, a certain temper-
ature range, the pH value of the substrate, the amount of free water, the absence
of inhibiting substances or competing species and sometimes light conditions.
Molds generally have low demands concerning oxygen in the atmosphere.

152 H. Schleibinger et al.



Thus, some species of Mucor and Rhizopus can germinate in an atmosphere 
of pure nitrogen. Other common molds like Alternaria and Cladosporium are
able to grow with only a trace of oxygen [5, 6].

Since mold spores and bacteria are often airborne and thus ubiquitous and
generally require only few nutrient media and other parameters, the amount of
water in indoor spaces is usually the factor limiting their growth. As carbon-
heterotrophic microorganisms, molds are dependent on a supply of nutrient
substrates (e.g., cellulose) that are absorbed in dissolved form from the en-
vironment. Enough water in a liquid state must be available for this [7]. The 
total water content of the substrate is not available but only the part that is 
not bound to dissolvable substances (salts, carbohydrates, proteins). The water
availability is designated as water activity (aW value) [6] and is dependent on
the substrate temperature. The water activity is defined as the quotient of the
water vapor pressure over the substrate (PD) and the saturation pressure (PS)
of pure water at a given temperature in a enclosed system:

aW = PD/PS . (1)

The aW value is also designated as the relative equilibrium moisture. The
following formula is used to express the relationship between the aW value and
the relative humidity (RH), which is in equilibrium over the substrate [8]:

RH (%) = aW ¥ 100 . (2)

The lowest aw values at which the microorganisms can grow or germinate are
listed in Table 1.

The water activity can be given for the substrate (e.g., for a specific building
material or the nutrient in a petri dish) or as a threshold value for the optimal
and minimal growth of microorganisms or the formation of spores. The 
highest aw value of 1.0 is assigned to distilled water and absolutely dry mate-
rials like glass have an aw value of 0.0. Examples of the water content needed 
for growth of selected molds on typical indoor materials [10] are presented 
in Table 2 together with minimal water activities of some molds [7, 11]. Molds
frequently infest building materials in a certain order. Thus, there are primary,
secondary and tertiary colonizers. In this way, the age of the damage can some-
times be determined from the spectrum of the genera.
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Table 1 Lowest aW value, at which microorganisms can grow or germinate [9]

Microorganism group Lowest aW value

Bacteria 0.91
Yeasts 0.88
Molds 0.80
Halophilic bacteria 0.75
Xerophilic molds 0.65
Osmophilic yeasts 0.60
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Table 2 Minimal water activity for the growth of molds on building materials, paints, finish-
ings and furnishings [10] and minimal water activities of molds on nutrient agar [7, 11].
RHEC is the relative humidity in an equilibrium condition

Water activity Microorganisms [10] Microorganisms [7, 11]
(RHEC) Growth on building materials, Growth on nutrients

paints, finishings and
furnishings

High: Tertiary colonists
aw >0.90 (hydrophilic species):
(RHEC >90%) Mucor plumbeus Aspergillus fumigatus

Alternaria alternata Stachybotrys chartarum
Stachybotrys chartarum
Yeasts, for example
Rhodotorula
Sporobolomyces
Actinomycetes

Moderate: Secondary colonists
aw=0.80–0.90 (mesophilic species):
(RHEC=80–90%) Cladosporium cladosporioides Alternaria alternata

Cladosporium sphaerospermum Alternaria citri
Aspergillus flavus Aspergillus flavus
Aspergillus versicolor Aspergillus nidulans

Aspergillus wentii
Cladosporium herbarum
Cladosporium cladosporioides
Epicoccum nigrum
Fusarium culmorum
Mucor circinelloides
Paecilomyces variotii
Penicillium brevicompactum
Penicillium chrysogenum
Penicllium expansum
Penicillium frequentans
Penicillium griseofulvum
Penicillium spinulosum
Penicillium citrinum
Rhizopus stolonifer
Rhizopus microsporus
Rhizopus oryzae
Saccharomyces cerevisiae



2.2
Buildings: Structural Shortcomings, Dew Point, Lack of Thermal Insulation,
Air Exchange Rate

High air humidity is not the only reason for microbial growth indoors. Micro-
bial growth is often caused or at least promoted by moisture penetration
through building materials. The causes of moisture penetration can be divided
into construction flaws or user errors. Thermal bridges and defective isolation
are considered as construction flaws.

2.2.1
Moisture Penetration Caused by Thermal Bridges

Thermal bridges are a major problem especially in old buildings. They are
structural areas in which there is a higher heat flow than in the surroundings.
Owing to e.g. defective isolation, the heat flows from warmer to colder areas.
The thermal site can then cool below the dew point, where water condenses from
the water vapor of the air and then is available in the form of free water for the
growth of the microorganisms. Moreover, thermal bridges increase the deposi-
tion of dust,which is a nutrient source promoting microbial growth.The reasons
for thermal bridges are given in Table 3. However, dilapidated heating systems,
false radiator placement or reduced thermal convection can also lead to cool
areas below the dew point. Frequent causes of mold growth also include water
damage due to leaks from cracks in the building facade, the roof or water pipes.
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Table 2 (continued)

Water activity Microorganisms [10] Microorganisms [7, 11]
(RHEC) Growth on building materials, Growth on nutrients

paints, finishings and
furnishings

Low: Primary colonists
aw<0.80 (xerophilic species):
(RHEC<80%) Aspergillus versicolor Aspergillus candidus

Aspergillus glaucus Aspergillus amstelodami
Aspergillus penicillioides Aspergillus niger
Penicillium brevicompactum Aspergillus ochraceus
Penicillium chrysogenum Aspergillus repens
Wallemia sebi Aspergillus restrictus

Aspergillus sydowii
Aspergillus terreus
Aspergillus versicolor
Eurotium chevalieri
Wallemia Sebi
Emericella nidulans
Fusarium solani



2.3
Residents’ Behavior, Ventilation Behavior

Residents’ behavior can also cause situations in which water condensation 
occurs. Large amounts of water are emitted with normal utilization. The follow-
ing amounts are released into the air per resident: 1.5–3.0 kg/day by cooking,
2.6 kg/h by showering, 0.7 kg/h by bathing, 1.0–3.5 kg/h by drying laundry,
0.5–1.0 kg/day by watering plants and 1.0–1.5 kg/day by the residents them-
selves [12]. Since relative humidity is usually lower in outdoor than in indoor
air, water can be transported outside by adequate ventilation. Inadequate
ventilation can raise the material moisture over the minimal aw value, induc-
ing corresponding mold growth. The resident can increase the air moisture by

– Inadequate or infrequent airing, no adjustment of airing behavior after ren-
ovation.

– Inappropriate airing, for example, permanent airing by tipping the window,
thus causing subcooling of adjacent surfaces.

– Airing of cold rooms with warmer outside air.
– Inadequate heating, a too low room temperature (below 16 °C), for example,

in bedrooms, heating cold rooms with warm air from heated rooms.
– High humidity (above 60% RH) caused by a high evaporation rate of room

plants or inadequate airing and heating.
– Keeping pets in a too small a space.
– Impairment of thermal convection and air circulation by faulty positioning

of furniture like beds, wardrobes and drapes.
– Neglecting to clean water drains on balconies.
– Defective maintenance of circulating air units or room air conditioners, no

drain in drip pans of circulating air units.
– Reduction in passive air exchange by installing sealed, thermally insulated

and/or soundproof windows.
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Table 3 Causes of thermal bridges [12]

Thermal bridges caused by Example/explanation

Geometry Due to large  construction surfaces on outer walls 
(edge effect)

Material In steel concrete and steel parts in walls and inadequate 
thermal insulation of the outer walls, for example,
at lintels or balcony plates (“balcony cooling  fin”)

Mass flow Placement of noninsulated water pipes or due 
to building parts

Surroundings Due to a closet or mattress being flush with the wall 
or the floor



2.4
Genera of Bacteria and Fungi Damaging Building Material

In indoor areas, nearly all building materials can be nutrient sources and thus
can be attacked by microorganisms. They include building materials like wall-
paper, layers of wall plaster or paint, wall facing, insulation, house dust and
“natural” substrates like plant soil, contents of the organic waste container, pet
litter or the pets themselves. However, molds are not able to attack mineral-
based building materials like bricks, limestone mortar or ceramics, but if the
moisture threshold is exceeded, nutrient deposits in the form of fat or dust 
are usually sufficient for microorganisms to colonize these surfaces. Some 
xerophilic molds find suitable living conditions even on relatively dry dust.
They include certain species of Aspergillus (e.g., Aspergillus amstelodami,
Aspergillus halophilus, Aspergillus versicolor), Chrysosporium, Wallemia and
Xeromyces, which can still grow with a water activity of 0.70 or less. Window
frames are frequently colonized by Alternaria, Aureobasidium and Clado-
sporium.A very usable substrate is woodchip wallpaper with a high percentage
of cellulose, sugar, protein and water-based paints with a sugar-based swelling
agent [6]. In damp rooms and especially on damp inner surfaces of outer walls,
these materials frequently evidence visible growth of molds from the genera
Penicillium, Cladosporium, Aspergillus, Alternaria, Mucor, Fusarium and Aureo-
basidium.A large number of molds (Alternaria, Aspergillus, Chaetomium, Clado-
sporium, Fusarium, Mucor, Paecilomyces, Penicillium, Trichoderma among
others [6]) grow on urea–formaldehyde foam, which was used for the insula-
tion of older buildings.

Plant soil is also a good substrate for molds whose natural environment 
is soil. In 29 indoor rooms, A. fumigatus was detected in the soil of up to 70%
of 181 plants. Aspergillus species can also be released from neglected hydro-
ponics [13]. Other sites of molds in interior spaces are listed in Table 4.

Organic waste storage plays a particularly important role in indoor spaces.
This is a habitat for thermotolerant molds like Aspergillus and Mucor. Up to
80% of the fungal flora in organic waste and compost may consist of A. fumi-
gatus [6]. Significant microbial emissions may occur in the case of inadequate
house hygiene or infrequent emptying of the containers.

Table 4 describes the genera in moldy homes, although it must be taken into
consideration that the spectra of the genera may vary in different climate zones.

Thermophilic actinomycetes that start to grow at a temperature of 30 °C 
may be present indoors on grains, fruit, vegetables and animal litter. Moreover,
high concentrations may be found in air-conditioned rooms, when using 
humidifiers (printer’s humidifier lung), in moisture penetration of building
materials and in bird and poultry keeping (bird breeder’s lung).
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2.5
Visible and Nonvisible Damage

Significant growth of microorganisms, especially molds, may cause adverse
health effects. Visible growth is easily detected in most cases. The urgency of
remedial actions depends on the extent of damage. According to Ref. [14] 
infected sites are subdivided into three categories (Table 5). Since symptoms
caused by microorganisms are very unspecific (“fungal syndrome” [15]), the
presence of hidden mold growth must be excluded, if symptoms of the fungal
syndrome occur.
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Table 4 Mold genera in moldy homes [6]

Indoor area Mold genera

Kitchen Generally Penicillium roqueforti (in refrigerators, on bread
cutters, on moldy bread, in trash cans)

Toilet and bathroom Germany Aspergillus flavus, Aspergillus parasiticus

Egypt Aspergillus, Cladosporium, Penicillium

Belgium Cladosporium sphaerospermum

Living room Belgium Aspergillus versicolor, Cladosporium sphaero-
spermum, Penicillium, Cladosporium herbarum

Taiwan Penicillium citrinum, Penicillium crustosum,
Penicillium implicatum

Bedroom Generally Xerophilic  mold genera in household dust:
Eurotium  repens, Aspergillus penicilloides,
Penicillium chrysogenum, Penicillium 
brevicompactum, Wallemia sebi, Eurotium 
halophilum

Belgium Eurotium repens, Alternaria alternata,
Aspergillus  penicilloides, Aspergillus versicolor,
Aureobasidium pullulans, Penicillium chrysogenum

Baths and saunas Generally Cephalosporium, Geotrichum, Penicillium,
Aspergillus, Chrysogenum, Fusarium, Mucor,
Scopulariopsis brevicaulis, Verticillium

France Alternaria alternata, Cladosporium cladosporioides

Schools USA Cladosporium, Penicillium, Aspergillus

Hospitals Penicillium

Skylab Aspergillus, Aureobasidium, Cladosporium,
Mikroascus, Penicillium, Periconia



3
Measurement Strategy and Differentiation

3.1
Air Sampling, Sedimentation Plates

The detection of airborne spores of fungi and bacteria is quite demanding,
since many aspects have to be considered, the most important being complete
sampling of all biological airborne particles without discriminating between
certain groups of microorganisms. Sampling should be performed in a gentle
manner, since most detection methods target cultivable microorganisms. Air-
borne microorganisms usually weakened by drying or UV radiation may no
longer be cultivable after impact sampling, which often operates with air ve-
locities of more than 25 m/s. It is also important that the microorganisms col-
lected do not dry out during the sampling procedure. Most methods sample di-
rectly onto nutrient dishes, eliminating further treatment steps which may
cause losses or distort the spectrum of the microorganisms sampled. Widely
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Table 5 The urgency of remedial actions depending on the extent of damage [14]

Category 1 Category 2 Category 3

Extent of No or very low bio- Moderate biomass: Large biomass:
the damage mass, for example, superficial growth superficial growth  

slight growth on an area smaller on an area larger than  
and damage on  than 0.50 m2; deeper 0.50 m2; deeper layers 
surfaces smaller layers are infected may be infected to a 
than 20 cm2 only in a few spots high extent

Evaluation “Normal” Low-to-moderate Extensive damage
damage

Consequence As a rule no The emission of The emission of
remedial  action microbial products microbial products 
is necessary should be suppressed should be suppressed 

immediately. immediately.

The causes should The causes should be   
be found and found immediately.
eliminated  over the Remedial action 
medium term is very urgent.

The success of
remedial actions 
must be checked.

Medical care by 
specialists for environ-
mental medicine is 
recommended



used sampling techniques include impaction and filtration methods, followed
by centrifugation, impingement and adsorption in liquid media. The very re-
liable impaction method can be combined with a multistage sampling tech-
nique. There are one-, two-, six- and eight-stage cascade samplers, which sub-
divide airborne particles into sizes typically ranging from 0.43 to 10 µm (e.g.,
the Andersen impactor by Andersen Samplers., USA). In a comparison of air
samplers, it was demonstrated that Andersen cascade impactors have the high-
est precision and sampling rates [16]. In this “sieve” impactor, the sample is
drawn through approximately 400 holes with the airborne particles subse-
quently impacting onto petri dishes filled with nutrient agar. Sampling must be
carefully timed to avoid overloading at each stage. If the concentration range
is unknown, different air volumes must be sampled, which requires different
sampling times, since the air flow rate should be constant (typically 1 cubic foot
per liter gives 28.3 l/min). The slit sampler applies another type of impactor
geometry. These samplers use a turntable which rotates once per sampling in-
terval to distribute the microorganisms over the nutrient agar. Filtering tech-
niques have to ensure that all microbial particles are collected efficiently 
and that the microorganisms sampled survive quantitatively, if a cultivable
method is chosen. Recommended filters consist of water-soluble gelatin, in-
soluble polycarbonate or cellulose nitrate. The advantage of gelatin filters is that
they can be dispersed in dilution fluid or nutrient media, which can then be 
diluted or transferred to different selective media.

The air sampling technique is commonly used because it enables a toxico-
logical evaluation. Here, the cfu, i.e., spores of fungi or bacteria which have de-
veloped into visible colonies, are counted and calculated per cubic meter in re-
lation to the sample volume. The spectrum of the genera detected can also be
interpreted in terms of cfu per cubic meter to evaluate the contamination level.
Multistage impactors provide information about the penetration depth of bi-
ological particles into the trachea and lungs.Air sampling procedures are usu-
ally of the short-time type and generally last 2–10 min. Thus, one disadvantage
of the air sampling method is the possible occurrence of false-negative results,
i.e., the results do not indicate a mold or bacteria problem in the sampling area.
This can be explained, on the one hand, by the fact that mold spores are emit-
ted only at certain growth stages. On the other hand, bacteria and mold spores
are not equally distributed in indoor air like gaseous volatile organic com-
pounds (VOC) or microbial volatile organic compounds (MVOC) but appear
in “clouds” depending on the ventilation procedures and the behavior of the
residents or sampling team. Thus, a number of parallel samples (at least three)
should be taken, which is very labor-intensive, especially if many different nu-
trient plates are used for collecting bacteria and different kinds of mold gen-
era. So-called aggressive sampling has been discussed to avoid false-negative
results. This means increasing the chance of spore release by knocking on walls
and stamping on the ground instead of performing the measurements in a
steady state after many hours without ventilation. The air sampling technique
may also yield false-positive results when microorganisms from the outdoor air
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are ventilated into the rooms in question. This is especially true if typical mold
damage indicators are airborne owing to nearby emission sources. To minimize
this effect, it is recommended that all doors and windows are tightly closed 
after the last ventilation and that there is a resting period of at least 8 h (prefer-
ably 12 h). However, since measurements are usually not automated like parti-
cle counting, there is always some air exchange, for example, when the measure-
ment team enters the rooms before and during sampling.

With regard to quality assurance for microbial air sampling, it must be
pointed out that laboratory calibration procedures like those for sampling
VOCs in indoor air have not yet been adequately developed. It is not possible
to determine the actual efficiency of different samplers, since the real concen-
tration of genera distributed in the air is unknown. However, comparative mea-
surements are available for some sampler types.

It should also be mentioned that the majority of microbial airborne parti-
cles are dead or “noncultivable”, which means that they do not grow under the
laboratory conditions chosen. This is, for example, true for microorganisms like
Stachybotrys chartarum. To fully survey the indoor microbial situation and to
avoid overlooking fungal species which may be indicators of damage, addi-
tional samples have to be taken using methods like direct microscopy which are
not dependent on living, cultivable cultures. Here, for example, microscopic
slides with an adhesive surface are inserted in special impactor samplers. The
airborne particles collected are stained in the laboratory. Especially spores with
a characteristic shape like those of S. chartarum are easily detected under the
microscope.

Another “quasi” air sampling method is often used to get a snapshot of the
indoor air situation. Airborne particles have a certain falling velocity (sedi-
mentation speed) according to their size and spore form. Utilizing this feature,
“sedimentation plates”, i.e., normal petri dishes with nutrient agar, are laid out
throughout the building or indoor area under question. This sedimentation
method is very inexpensive because it requires neither sampling equipment nor
specially trained personnel. Thus, this method is sometimes preferred by physi-
cians treating patients with unclear “fungal symptoms”. However, it should be
mentioned that this method does not quantify indoor air concentrations or
necessarily qualify the spectrum of the indoor genera, since large spores are
overestimated and small ones are often not found at all, if air turbulence 
prevents sedimentation.

3.2
Household/Carpet Dust

Other sampling techniques are performed alternatively or together with active
air sampling methods, since those are sometimes labor-intensive and not
always reliable.A common sampling method is the evaluation of household or
carpet dust, where the airborne microorganisms are deposited and easily an-
alyzed. Most bacteria and mold genera are able to survive in dust for some time,
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and microbial growth only occurs with a very high relative humidity (above
97% [17]) or with genera requiring a very low relative humidity (xerophilic
species like Wallemia sebi or Aspergillus repens). Thus, household dust is a fairly
good indicator of the microbial indoor air situation and a reliable predictor of
microbial damage. Household dust has thus far been sampled with a normal
household vacuum cleaner. The dust bag is then shipped to a microbial labora-
tory. The advantage of using household dust is that a longer period of up to
several weeks can be monitored, which increases the chances of being in the
sporulating window. Another advantage is that the “dust sampler” is available
in nearly every household. For these reasons, this method is very common and
usually yields reliable results, although there are some disadvantages. Firstly,
it is obvious that a direct toxicological evaluation, i.e., a conversion from cfu per
gram to cfu per cubic meter or a calculation of a toxicological risk, cannot be
derived from these results.Secondly, the sampling period is normally not defined.
Thus, preliminary cleaning with a powerful vacuum cleaner is recommended
before taking the sample in order to clearly define the sampling (sedimenta-
tion) interval of the microorganisms. There should be a 1-week interval between
preliminary cleaning and sampling, since the spectrum of microorganisms in
dust can shift within weeks because very sensitive genera die or are no longer
cultivable or xerophilic microorganisms may increase in number. Samples
should be collected from floors and carpets, since the guidelines for evaluating
household dust are based on sampling from these areas. If the sample is taken
by untrained persons (i.e., residents), they should be advised that the dust
should not be collected from suspicious or obviously contaminated areas like
walls. Samples collected by residents are not legally admissible. In the evalua-
tion of household dust, some authors recommend that the sample be sieved to
get more stable results [18].A typical sieving cutoff diameter is either 63 µm or
125 µm. Here, it must be taken into consideration that sieving leads to a higher
number of cfu per gram and the appropriate guidelines should be considered
when using results from sieved samples. Furthermore, sieving of dust samples
may lead to cross-contamination in the laboratory or even contamination of
the personnel.Another problem when using vacuum cleaner bags is tube con-
tamination from cleaning other contaminated areas. Thus, collecting samples
in household vacuum cleaner bags is no longer recommended.

The so-called ALK sampler offers a solution to the previously mentioned
shortcomings. It consists of a simple plastic filter holder, into which a glass-
fiber filter (diameter 60 mm) is inserted. The filter holder is attached to the
front of a vacuum cleaner tube, which prevents cross-contamination. Since the
method is very sensitive, sampling of 1 m2 is sufficient for normal investiga-
tions. The standard protocol consists of marking off 1 m2 with a tape and thor-
oughly vacuuming this area with a vacuum cleaner at 1,000 W or more for
5 min. Since a defined sedimentation time is recommended for the evaluation,
the marked area should be cleaned 1 week earlier. The residents or room users
can carry out the preliminary cleaning. Obviously, the sampling area should no
longer be cleaned during the sedimentation period. And it should not be ex-
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posed to contamination from other sources, for example, animal cages and pot-
ted plants, but it may be walked upon.After 1 week, the marked area is sampled
with the ALK sampler for 5 min. In the laboratory, the filter is suspended in
physiological NaCl solution and shaken under defined conditions. The sus-
pension is diluted according to the expected contamination level and plated out
on petri dishes. Cfu distributions and distributions of genera in carpet or
household dust samples concerning microbially contaminated and nonconta-
minated indoor areas will soon be published by the authors.With the results of
the household dust sampling the indoor areas in question can be classified into
moldy or nonmoldy homes with a specified error.

3.3
Surfaces and Building Material

Contact samples or samples of the building material itself should be obtained
to determine whether building materials are infected or to toxicologically eval-
uate the genera causing the microbial damage. Contact samples are method-
ologically subdivided into cultivable/viable contact culture samples and non-
viable samples. Petri dishes filled with nutrient agar over the rim of the dish are
usually used for the viable culture samples. This type of petri dish is known as
a recovering organisms detecting and counting dish (RODAC). The RODAC
dish is briefly pressed onto the area in question and then closed and tightly
sealed immediately to avoid contamination during transport. Bacteria and
mold spores stick to the nutrient agar and start to grow under the appropriate
incubation conditions. Since the surface area of the RODAC dish is small (usu-
ally 20 cm2), several samples have to be taken in order to get a representative
overview of the damage. The disadvantage of this technique consists in the high
probability that the nutrient agar is overgrown by fast-growing molds, so other
molds which could be used as damage indicators cannot develop into visible
colonies. This is especially true for samples from microbial damage.A qualita-
tive result often cannot be obtained with this method, even if the nutrient
dishes are periodically checked for growth and the spectrum of genera. The ad-
ditional application of the nonviable technique is recommended to circumvent
this disadvantage and to get quick results. Here, a clear adhesive tape is pressed
onto the building material in question, removed and transferred to a micro-
scope slide. The tape sample is then conventionally stained and can be micro-
scopically analyzed right away. If a microscope is available at the contaminated
site, samples can be evaluated there. It should be noted that vertical, smooth
surfaces like walls are never sterile but always show airborne microorganism
contamination. Thus, it must be carefully determined whether the sample rep-
resents real microbial growth or a normal background level of mold spores or
bacteria.
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3.4
Viable/Nonviable Counts, Nutrients, Differentiation of Fungi and Bacteria

Despite the rapid development of molecular biological, immunological and
chemotaxonomic techniques, molds from field samples are still differentiated
largely by classical microscopic evaluation [4, 19]. Morphological characteris-
tics of hyphae and mycelia can be visualized by different stainings. This can be
a very time consuming process depending on the knowledge of the investiga-
tor or the use of genera and species keys. Moreover, samples are examined us-
ing different kinds of culture media, in which molds find conditions matching
their physiological demands [20]. Thus, the main advantage of culturing on nu-
trient agars is that the genera and species of molds can normally be differen-
tiated. Unfortunately molds cannot always be induced to produce spores under
laboratory conditions, though this is essential for differentiation.When molds
do not sporulate and for this reason cannot be differentiated, “sterile
mycelium” is indicated. The lower the percentage of sterile mycelium, the
greater the expertise of the laboratory. However, it must be said that inducing
spore formation may take weeks. The main disadvantages of differentiating vi-
able microorganisms are that the procedure is time-consuming and requires
laboratory capacity and skilled personnel. This is especially true for molds,
since they are mainly differentiated after microscopic evaluation with the use
of illustrated handbooks. A variety of nutrient agars have to be used depend-
ing on the different requirements of the bacteria and molds, since a universal
nutrient agar does not exist. Parallel sets of nutrient agars have to be inoculated
owing to the different incubation temperatures required (22±1 °C for
mesophilic, 36–37 °C for thermotolerant and 56 °C for thermophilic microor-
ganisms).

Sometimes spores indicating mold damage, the so-called indicator molds,
are not cultivable. Thus, nonviable techniques prove to be particularly advan-
tageous, since typical spores like those of S. chartarum are easily recognizable
under the microscope. Small spores, nonexpressive ones and bacteria cannot be
differentiated by noncultivable means. Experience has shown that noncul-
tivable spores and bacteria greatly exceed “living”, cultivable microorganisms,
sometimes by 100–10,000 times. This has to be taken into consideration when
evaluating the successful rehabilitation of an indoor environment or giving an
expert opinion on the allergenic potential, since spores reveal their allergenic
potential in all states (“dead and alive”). This phenomenon is especially true for
S. chartarum. Here, air samples on culture media showed negative results even
on cellulose-based nutrient agar, while microscopy yielded 7,500 spores of
S. chartarum per cubic meter [20].Additionally special staining techniques al-
low differentiation between the sum of all bacteria or mould spores from ac-
tive ones [21].

Bacteria can easily be detected by sampling on nutrient agar containing
blood. Bacillus spores are often found in normal air. In contrast to molds,
whose spores serve for proliferation via the air and are very susceptible like all
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other viable forms, only the genera Bacillus and Clostridium produce spores in
hostile surroundings, for example, on nutrients. Bacterial spores are very re-
sistant to drying out and especially to different thermal conditions. This is why
they can be found everywhere without any significant effect on health.Another
typical airborne bacterial species is Micrococcus luteus, which forms yellow
colonies on blood agar. Many airborne bacteria form colored colonies, espe-
cially on blood agar. Their coloring provides greater protection against per-
manent outdoor UV radiation for prolonged survival in the air. However, the
eye-catching colors on blood agar do not indicate the facultative or obligate
pathogenicity of these species. Even hemolytic properties, i.e., the destruction
of the red color of blood agar, does not necessarily correlate with any patho-
genic properties or health effects.

So-called Gram staining is a more reliable determination method. Bacteria
staining red are deemed “Gram-positive” and are often typical airborne mi-
croorganisms. This does not mean that they grow in the airborne state but that
they are more protected against hostile conditions than Gram-negative bacte-
ria. Gram-negative bacteria, which appear blue under the microscope, are nor-
mally not found in the air or only at a very low level. Their detection in air is a
strong indication that there is “real” water in the building. Typical water bac-
teria are of the genus Pseudomonas, a pathogenic species being Pseudomonas
aeruginosa. Molds usually start to grow with a high relative air humidity or rel-
atively high water content, while more bacteria are found on wet materials than
molds.

3.5
Genetic Fingerprinting for Detecting Bacteria and Molds

Genetic fingerprinting has emerged as a fast and reproducible technique for de-
tecting bacteria and some molds down to the species level such as A. fumiga-
tus. This new technique analyzes genetic markers to identify and check taxo-
nomic relationships. A number of different methods are used, including
multilocus enzyme electrophoresis, restriction fragment length polymor-
phism, randomly amplified polymorphic DNA analysis, electrophoretic kary-
otyping and sequencing [22–24]. Genetic methods are common and accepted
for identifying bacteria [25]. There exists a variety of polymerase chain reac-
tion (PCR) methods for analyzing molds, but the most common ones examine
the 18S rDNA and 28S rDNA sequences as well as the internal transcribed
spacer regions ITS I and ITS II [26–29]. In mycological laboratories, research
has been conducted on pathogenic fungi and yeasts like A. fumigatus and
Candida albicans [30–34]. In recent years, approaches have also been developed
for detecting molds in environmental samples and food, like milk, flour and
grains [35–37]. However, there are very few validated standards for the detec-
tion of molds with these fingerprinting methods in clinical or environmental
labs. Finally, PCR methods must be significantly adapted and validated before
they can be used in routine analysis [38, 39]. There are only a few studies on
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quality assurance which compare PCR, immunological techniques like Western
Blot or enzyme-linked immunosorbent assay or analytical methods like gas
chromatography for mold detection [40, 41].

3.6
Enzymatic Tests for Mold Growth

To detect and quantify molds on surfaces, the University of Copenhagen 
developed a method based on an enzymatic reaction [42]. In this study, a direct
correlation was found between the amount of fungal enzymes and the fungal
biomass. The enzyme amount is quantified by a fluorescence photometer. The
measured units are classified as follows: less than 25 for dust-free surfaces,
less than 450 for dusty surfaces without molds, 180–600 for areas with non-
viable dried-out mold mycelium and 800–14,000 for surfaces with active mold
growth. The sensitivity is reported to be very high (1¥10–9 g biomass). For 
example, one spore of Geotrichum candidum has a mass of 50¥10–9 g [43]. This
method is regarded as useful in monitoring rehabilitation procedures after
mold damage.

3.7
Search for Hidden Mold Growth

3.7.1
Microbial Volatile Organic Compounds as Indicators for Hidden Mold Growth,
Selection of Microbial Volatile Organic Compounds, Analysis, Evaluation

Hidden microbial growth, especially mold growth, cannot always be reliably 
detected with microbial methods. For example, microbiological air sampling
may lead to false-negative results owing to nonsporulating molds or owing to
the fact that the molds are prevented from getting airborne. One alternative 
is a chemical-analytical method, since molds and bacteria produce a variety 
of VOC, the so-called MVOC, during all growth periods. These MVOC eva-
porate from the biomass into the indoor air, where they are equally distributed
by diffusion processes like all other gaseous VOC. In the meantime, MVOC
measurements have been widely used as indicators for hidden mold growth
[14, 44, 45].

The analytical technique is comparable to VOC measurements. Using a 
vacuum pump, an air sample is drawn through a sorbent, where the MVOCs 
are quantitatively absorbed. The analysis is achieved by gas chromatography/
mass spectrometry. There are two ways of collecting the sample and trans-
ferring it to the analytical system. One method uses activated charcoal as a 
sorbent and a solvent or solvent mixture for eluting the MVOC [46–48].
Here, a relatively large air sample is taken to achieve a detection limit in 
the range 0.1–0.5 µg/m3. The second method uses Tenax TA as a sorbent, and
transfer of the sample to the gas chromatography/mass spectrometry system

166 H. Schleibinger et al.



is achieved by thermal energy alone. Each method has its specific advantages
(Table 6).

Lower (i.e., better) detection limits are achieved with the thermal desorption
method owing to the higher aliquot transferred to the analytical device. The
shortcoming of the charcoal method is the injection of only a very small part
(aliquot) of a sample, which can only be partly compensated by sampling a
larger air volume. The disadvantage of the thermal desorption technique is that
quality assurance requires the collection of at least duplicate samples.Another
disadvantage of this method is the need for special equipment and specially
trained personnel.

It has been suggested that certain MVOC are useful indicators of hidden 
microbial damage [49–56]. A scheme was developed for interpreting the ana-
lytical results of indoor MVOC concentrations [45, 57].

According to Ref. [45] primary indicators are 3-methylfurane, 1-octen-3-ol,
dimethyl disulfide and sometimes 3-methyl-1-butanol, and secondary indica-
tors are 2-hexanone and 2-heptanon (Table 7).

According to Ref. [57] primary indicators include 2-methylfurane, 3-methyl-
furane, dimethyl sulfide, dimethyl disulfide, dimethyl sulfoxide, 2-pentanol,
1-octen-3-ol, 2-methylisoborneol and geosmine, and secondary indicators are
2-3-methyl-1-butanol, 3-methyl-1-butanol, 2-methyl-1-propanol, 1-decanol,
3-octanol, 3-octanone and 2-heptanone. The higher the number of indicators
detected, the more reliable the interpretation (Table 8).

It must be pointed out, however, that the use of MVOC as indicators for 
hidden mold damage has not been scientifically evaluated. The most crucial
point is that nearly all MVOC are not only produced by microbes but also have
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Table 6 Overview of the sampling and the desorption techniques

Sampling Sampling and desorption technique

On activated charcoal On Tenax TA

Desorption By a solvent  (mixture) By thermal  energy

Laboratory demands Moderate to  high High

Blank values/contamination Low risk High risk

Aliquot of sample injected 1:4000–1:1000 1:10–1:1 (=complete)

Multiple injection Possible Impossible

Sensitivity High Very high

Detection limit 0.1–1.0 µg/m3 0.01–0.1 µg/m3

Sample volume (l) 100–500 2–5

Ecological and health aspect Risky owing to the use No solvent needed
of solvents



other sources. Products used in buildings such as solvents, paints, and adhe-
sives as well as new furniture and furnishings release analogous VOC. Other
sources are well known, like tobacco smoke and food. Some nonbiogenic
sources for compounds which are also produced by microorganisms are given
in Table 9 [59–65].

Another problem is that other indoor VOC coelute chromatographically at
the same retention time, thus disrupting the findings of mass spectrography.
Since indoor VOC regularly occur in concentrations 10–1,000 times higher 
than MVOC, the misinterpretation of mass spectrographs is likely when only
using the single ion monitoring mode.1 Therefore, an analysis of the VOC 
spectrum in the full scan mode is strongly recommended. The third point is
that only a relatively high source strength of MVOCs (in micrograms per hour)
may yield measurable results in indoor air. Surprisingly low MVOC emission
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Table 8 Interpretation of MVOC results [57]

Interpretation Sum of MVOC   Sum of MVOC of primary 
of primary indicators and secondary indicators 
(µg/m3) (µg/m3)

Low indication 0.05–0.10 <0.20
Moderate indication 0.01–0.30 0.20–0.50
Clear indication 0.30–0.50 0.50–1.0
Obvious indication 0.50–1.0 1.0–1.5
Substantial indication >1.0 >1.5

Table 7 Interpretation of microbial volatile organic compound (MVOC) results according
to Lorenz [45], modified by Landesgesundheitsamt Baden-Württemberg [58]. Sum of MVOC
is the arithmetical sum of primary and secondary indicators

µg/m3 No detection Primary indicator Detection of at least 
of a primary in the range between one primary indicator 
indicator 0.05 and 0.10 µg/m3 above 0.10 µg/m3

Sum of MVOC No hidden Limited microbial Microbial damage 
≤ 0.50 microbial damage damage possible possible

0.50 > sum of Probably no hidden Microbial damage Microbial damage 
MVOC ≤ 1.0 microbial damage possible very probable

Sum of Microbial damage Microbial damage Microbial damage 
MVOC >1.1 possible very probable is proven

1 In order to increase sensitivity, only some but not all tracks of fragments are monitored.



rates by molds growing on building material were reported by Schleibinger at
al. [66]. If the infected area and air exchange rate per hour is given, expected
concentrations in indoor air can be taken from Table 10. Cautious calculations
based on laboratory trials suggest that the concentrations provoked by micro-
organisms may be below the analytical detection limit in indoor air. Research
is being done in moldy and nonmoldy homes to clarify this point. Moreover,
laboratory experiments must provide more knowledge about how MVOC
production is related to the substrate and genera [66]. Obviously, MVOC mea-
surements should not be the only method used to detect hidden microbial
damage; however, hidden microbial damage in cavities, especially from molds,
might be detected by the MVOC method, since the air exchange rates are very
low in these spaces. Here, the thermal desorption method is most advantageous
because it usually requires only 2–3 l of sample volume.
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Table 9 Volatile organic compounds (VOC) (nonmicrobial) sources of selected indicator
MVOC. (Artificial) flavoring (1), beer (2), cauliflower (boiled) (3), coating materials (4), fat
(5), cream components (6), essential oil (7), paints (8), coffee (9), coffee flavoring (10), cab-
bage (11), coconut fat (12), varnishes (13), solvents (14), perfumes (15), leeks (cooked) (16),
cleaning agents (17), air freshener (18), ointment (19), shellfish (cooked) (20), chives (21),
tobacco smoke (22)

Indicator MVOC Nonbiogenic indoor VOC sources

2-Methyl-1-propanol 1, 8, 13, 14, 17, 18
2-Methyl-1-butanol 13, 14
3-Methyl-1-butanol 13, 14
2-Pentanol 8, 13, 14
1-Octene-3-ol 1 (sea fish, crabs), 7 (lavender, mint)
7-Octene-2-ol Unknown
3-Octanol Unknown
1-Decanol 6, 15, 19
2-Heptanone 5, 12, 13, 14
3-Octanone 13, 15
2-Methylisoborneole 1, 10
2-Methylfurane 22
3-Methylfurane 22
Dimethyl  sulfide 3, 16, 20, 21
Dimethyl  disulfide 1 (beer, coffee, cabbage)
Dimethyl sulfoxide 4 (rare)



3.7.2
Odor Detection by the Mold Sniffer Dog and Humans

Since 1999 specially trained dogs, so-called mold sniffer dogs, have been used
for the rapid detection of hidden mold damage. They detect damage in areas
not only at their level but also on indoor ceilings. Their usefulness has not been
scientifically evaluated, but there are reports on their successful use in such pro-
cedures [67]. No decisions about rehabilitation should be made solely on the
basis of detection by the sniffer dog [14]. Odor perceived by humans is not a
quantitative measure for microbial damage because the quantity of typical
odorous substances does not necessarily correlate with the biomass or the area

170 H. Schleibinger et al.

Table 10 Calculated indoor air concentrations from laboratory experiments. Infected site
0.25 m2. Air exchange rate (AER) 0.1, 0.2,0.5 and 1.0 1/h. Room volume 50 m3. Time elapsed
after ventilation and closure of the room 8 h

Emission rate Calculated Calculated indoor air concentrations 
in laboratory emission rate by a mold-infested site of 0.25 m2

incubation based on a 
chambers defined area

Area 20 cm2 Area 0.25 m2 AER=0.1 AER=0.2 AER=0.5 AER=1.0 
(µg/week) (µg/h) (µg/m3) (µg/m3) (µg/m3) (µg/m3)

0.001 0.00074 0.000082 0.000059 0.000029 0.000015
0.005 0.0037 0.00041 0.00030 0.00015 0.000074
0.01 0.0074 0.00082 0.00059 0.00029 0.00015
0.05 0.037 0.0041 0.0030 0.0015 0.00074
0.1 0.074 0.0082 0.0059 0.0029 0.0015
0.5 0.370 0.041 0.030 0.015 0.0074

Table 11 Odor thresholds of typical MVOC

Compound Odor threshold Odor quality
(µg/m3)

2-Methyl-1-propanol 3 Musty, moldy
2-Methyl-1-butanol 45 Sour, biting
3-Methyl-1-butanol 30 Foul smelling
1-Octen-3-ol 16 Moldy
2-Heptanone 94 Fruitlike
2-Methylisoborneol 0.007 Earthlike
Dimethyl sulfide 2 Disagreeable
Dimethyl disulfide 0.1 Sulfurous, cabbage-like
Geosmin (trans-1,10-dimethyl- 0.1 Earthlike

trans-9-decalol)



infested by the microorganisms [68]. The constellation of only a few com-
pounds with a low odor threshold is decisive for odor perception. Olfactory
measurements showed that the earthlike smell of geosmine or the mold smell
of 2-methylisoborneol is masked by other odorous compounds, leading to a
completely different odor perception [69]. The odor thresholds of typical
MVOCs are given in Table 11 [43, 51, 53, 59–65, 70–73].

4
Rehabilitation of Microbial Damage in an Indoor Environment

Basically microbial growth can only be prevented by a consequent elimination
of the dampness and/or water entering the building, since the RH and the
moisture content are normally the limiting factors (see Sect. 2). Rehabilitation
procedures have to be preceded by a careful investigation and a thorough 
understanding of the causes of the microbial growth in the indoor area. If the
causes of dampness are not addressed, the microbial growth will most likely
reappear within weeks or months. Rehabilitation with chemicals is only recom-
mended under certain circumstances, since many agents are only bacteriostatic
or fungistatic. Thus, the microbial growth will redevelop within a short time 
after the chemical concentration has decayed below the bacteriostatic or fun-
gistatic concentration. In many cases, an additional burden by volatile com-
pounds is caused by antimicrobial chemical treatment, especially if the damage
was due to a poor (and still unimproved) ventilation rate. Although the chem-
icals in question are usually not antigens, unspecific or allergic-type reactions
are sometimes observed after applying the chemicals. Thus, the observed
fungal-syndrome-like symptoms often seem to increase or, at least, do not dis-
appear.

Concerning the rehabilitation principle one must always bear in mind that
“only a removed microorganism is a good microorganism”, which places the
emphasis on removing the biomass and not just killing the microorganisms in
question. This is because the main problem is not the infection per se but the
fact that, for example, the mold spores keep their allergenic potential even if
killed (see Sect. 5). Moreover, destroying microorganisms, especially fungal
spores, may release mycotoxins from the spore interior. Microorganisms are 
removed from hard surfaces by normal washing procedures, possibly with a 
detergent. Disinfectants are not necessary in this case, since the aim is the quan-
titative removal from the building. Microorganisms are no longer a risk as soon
as they have been removed from the indoor space in a plastic bag. If microbial
growth, especially of the mold mycelium, has grown deeper into wallpaper or
rough building materials, those materials have to be completely and carefully
removed.

Microbial growth on relatively small surfaces (below 0.50 m2) can be remov-
ed by taking normal precautions (gloves, mask with an efficient filter), and if
the persons have no special risks, like allergies. Larger surfaces and building
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material, which is infected to a greater depth, should be removed by trained 
experts who are familiar with the local regulations, industrial safety procedures
and the removal of biological material. On surfaces like plaster, a layer of several
millimeters should be removed even if only superficial growth is detected. All
plaster material should be removed in the case of deep cracks with water com-
ing from outside areas. All procedures like polishing or cleaning surfaces
should by accompanied by high efficiency vacuuming and high-efficiency 
particulate air filtering. Other parts of the buildings have to be hermetically
sealed. The proliferation of bacteria and mold spores has to be rigorously
avoided for health reasons, since enormous spore concentrations are released
into the air during rehabilitation. The rooms should have a negative air pres-
sure whenever possible to prevent air flowing into uncontaminated areas.
After removal and refurbishment, the materials should be given sufficient time
to dry out. The moisture content of the building material should be measured
to guarantee the success of the rehabilitation procedures.

5
Hygienic and Toxicological Evaluation of Microorganisms 
in an Indoor Environment

At present there is no binding or mandatory regulation concerning the evalu-
ation of the presence or the growth of bacteria and moulds indoors and the
danger thereby encountered owing to those microorganisms, as clear dose/
response relationships seem not to exist. However, bacterial and mold growth
must be suppressed in indoor areas for hygienic and toxicological reasons,
since microbial particles may cause different individual reactions and should
be properly removed whenever detected. Many futile attempts have been made
to calculate the risk posed by microorganisms. Even if it were possible to pre-
cisely measure the biomass of existent microbial damage, it would be very 
difficult to determine the exact risk and toxicological significance.A rough esti-
mation of the microbial damage, expressed as an area, is often used as a crude
substitute for the “dose” of dangerous microbial particles. In this context, the
urgency of the rehabilitation procedure depends on the size of the infected site
(Table 5).Apart from questions as to the urgency and thoroughness of remov-
ing visible microbial damage, methods for locating hidden microbial damage
are also under discussion. This is of interest as there are cases of complaints 
by users of flats and offices in which microbial growth was found only after
months and years. In this context the causes for symptoms of the fungal syn-
drome are ignored too often.

5.1
Infections by Bacteria and Molds

Fortunately it is very rare that infections are caused by inhaled airborne mold
spores or bacteria resulting from microbial damage. Only a few mold species
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are considered facultative pathogens for humans and even fewer obligatory
pathogens. Many of the pathogenic molds are ubiquitous saprophytes that 
may, for example, populate the skin and mucous membranes of humans with-
out affecting them in any way. This is generally the case for people with an 
efficient immune defense. However, molds may be pathogenic in people with
a high immunodeficiency who must behave very carefully and follow all hygienic
precautions and medical advice. These individuals should be protected by a
ventilation system with high-efficiency particulate air (HEPA) filtration and
usually have to be hospitalized. The hospital wards should have a positive air
pressure, so that the air flows from the patients’ rooms into the neighboring
rooms, thus protecting the patients from contaminated air. Particularly feared
are fungal infections (mycosis), which can be caused by such molds like
A. fumigatus. The lung is the main site of infection, but the microorganisms
may spread from there to other internal organs. Infections are also caused by
the following species: Aspergillus flavus, Aspergillus niger, Aspergillus terreus,
Mucor, Rhizomucor, Rhizopus oryzae, Alternaria, Fusarium and Cunning-
hamella. See Ref. [74] for a description of infections caused by molds.

5.2
Toxic (Nonallergenic) Effects

The inhalation of spores, fragments of hyphae or airborne microbial metabol-
ites attached to airborne particles, especially at elevated levels, may lead to un-
specific complaints and symptoms. This may also be the case for nonallergic
persons. Reactions like (allergic) bronchitis and chronic obstructive pulmonary
disease as well as the aggravation of asthma have been observed. Studies by
Johanning [15] showed a correlation between damp and/or moldy homes and
symptoms like headache, fatigue, burning eyes, blocked or runny nose, lack of
concentration, hoarseness, malaise, coughing, wheezing and susceptibility to
infections. However, clear dose relationships have been not found here either.
Information on toxic effects due to biological particles has been compiled for
specific branches like agriculture, intensive mass animal farming, the waste 
industry and wood processing. But in these industry branches the concentra-
tions of microbial particles are higher by some orders of magnitude and the ex-
trapolation to low-level indoor air situations is very difficult, mostly impossible.

Fungal spores also contain metabolites like mycotoxins [58]. These myco-
toxins possess many kinds of toxic and/or cancerogenic properties. They are
immunosuppressive, hemorrhagic, hepatotoxic, nephrotoxic and may cause
tremors. Many molds growing on nutrient foods like cheese and bread produce
very harmful mycotoxins which are released into the foodstuff. These effects
have been well documented, for example, the production of aflatoxins on
peanuts by the mold species A. flavus. But it has not yet been examined whether
mycotoxin production plays an important role if molds grow on building 
materials and the spores are then inhaled. Since there is presumably no lowest
effect level for carcinogenic compounds, these effects should not be ignored.
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1,3-b-Glucan, a polymer of D-glucopyranose, is a constituent of the cell wall
of molds but also occurs in some genera of bacteria and even in plants and
pollen. This compound has toxic properties, like immunosuppressive and in-
flammatory effects. Since a correlation was found between 1,3-b-glucan and 
adverse health effects in some studies, this compound might be used as a
marker for sick building syndrome, although a causal connection has not been
demonstrated.

After the discovery of MVOC, these compounds were also thought to
provoke certain symptoms of sick building syndrome in view of their similar-
ity to commonly found VOC, which may cause symptoms like headache and
dizziness. However, since MVOC concentrations are normally 2–3 decimal 
powers lower than those of comparable VOC, these low concentrations should
not be expected to have any effects in indoor air [75]. Mutagenic, cytotoxic 
or genotoxic effects were not found in vitro in mammalian cells with typical
MVOC like 2-pentylfuran, 1-butanol, 2-butanone, 3-methyl-1-butanol, 2-
methyl-1-propanol, 2-hexanone, 2-heptanone, 1-octen-3-ol, 3-octanone or 
1-decanol [76]. In a literature survey no adverse health effects caused by MVOC
in concentrations typically encountered in moldy homes were reported [77].

5.3
Allergenic Effects

Many authors attributed allergenic effects to mold exposure in indoor air [53,
78–80]. From the medical point of view, the onset of an allergy almost always
depends on the predisposition of the person rather than the frequency or the
level of fungal spores. Therefore a clear dose/response relationship cannot be
identified. Thus, there are no evidence-based guidelines for the fungal spore
concentrations in indoor air or for the spectrum of the microorganisms. Here,
it must be strongly emphasized that not only “dead” cells, i.e., microorganisms
which are disinfected or no longer cultivable for other reasons, but also micro-
organism fragments may keep their allergenic properties. Sampling of both
viable and nonviable microbial particles must be performed to assess the 
allergenic potential. Unfortunately, biomonitoring methods for assessing
microbial exposure have not yet been fully evaluated. Some studies have 
reported a correlation between mold exposure and specific antibodies, but too
many false-negative or false-positive results have been found thus far.

5.4
Asthma

Asthma or more accurately “occupational or environmental-type asthma” [81]
is of great interest for public health, although the specific pathologic mecha-
nisms are still under question. Causality is very difficult to prove here as well
[15]. In the USA, 12 million people were found to have asthma in 1998, with 
a steadily increasing trend. Occupational-type asthma is the disease most 
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commonly associated with the workplace. More than 450 compounds occur at
the workplace and are known to trigger asthma. Among these compounds,
many are of biological origin, including a broad spectrum of mold species.
Although environmental asthma, especially the indoor-related type, is also very
important, the causality is even less understood and more difficult to prove.

5.5
Odor-Induced Irritation

Some MVOC have a very bad smell as well as a very low odor threshold
(Table 11).Some of these compounds smell musty,moldy or foul.Even if the toxi-
cological effects of MVOC have to be negated at the present time, unpleasant
smells are psychologically associated with unhealthy living conditions.Moreover,
the smells can provoke nausea and vomiting. Therefore, smelly homes are not 
acceptable, whether the smell is caused by microorganisms or by other sources.
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Abstract The basic biological principles of the perception mechanisms for odour and
irritants are fairly well understood. Much more uncertain is how these basic processes 
relate to the more complex psychological responses of odorant/irritant stimulation. Techni-
ques to evaluate air quality with humans are based on measurable attributes such as detec-
tion, intensity and quality. The indoor environment comprises thousands of chemical com-
pounds in low concentrations, of which not all can be measured and interpreted by currently
available equipment. The nose can detect very low concentrations (parts-per-trillion range)
and interpret all at the same time. Besides tobacco smoke, if smoking is allowed, the major
indoor air sources comprise furnishings and ventilation systems. Through emission testing
of products in laboratory situations, prediction of indoor air qualities in real environments
should become possible. However, as long as no unambiguous unit as an indicator for 
perceived air quality exists, dose-response relations are difficult and labelling even more so.

Keywords Indoor air · Pollution sources · Sensory evaluation

Abbreviations
ECA European Concerted Action
HVAC Heating Ventilation and Air Conditioning
IAQ Indoor Air Quality
IPF Individual performance factor of panel member (%)
LUR Lifetime unit risk
PAP Perceived air pollution
TVOC Total volatile organic compound
VOC Volatile organic compound

1
Introduction

From the occupant’s point of view, the ideal situation is an indoor environment
that satisfies all occupants (i.e. they have no complaints) and does not un-
necessarily increase the risk or severity of illness or injury. Both the satisfac-
tion of people (comfort) and health status are influenced by general well-being,
mental drive, job satisfaction, technical competence, career achievements,
home/work interface, relationship with others, personal circumstances, organ-
isational matters, etc, and last but not least by environmental factors, such as

– Indoor air quality (IAQ): comprising odour, indoor air pollution, fresh air
supply, etc.

– Thermal comfort: moisture, air velocity, temperature, etc.
– Acoustical quality: noise from outside, indoors, vibrations, etc.
– Visual or lighting quality: view, illuminance, luminance ratios, reflection, etc.
– Aesthetic quality.

These environmental factors greatly depend on the performance of the enclo-
sure, as well as on the interaction between the human being and the enclosure.
People are exposed during more than 90% of their life to these factors in 
enclosed spaces. Human assessment of the environment is basically expressed
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by human perception of the environmental factors, and the subsequent assess-
ment of this. One of these factors, IAQ, is becoming more and more a key issue
in today’s health policies.

The objective performance of the environment can be measured in terms of
physical quantities (temperature, noise, illuminance, etc.). The human percep-
tion and assessment can be expressed by a person with so-called subjective 
environmental performance indicators, such as control of environment or
specific items (ventilation, noise, light, etc.), acceptability of the environment
or a specific item (air quality, thermal comfort, colour, etc.) and complaints or
symptoms related to the environment (irritating eyes, skin, headaches, etc.).

The relationship between objective measurement and human assessment is
not known for all physical parameters. Mature models for separate subjective
issues exist (e.g. thermal comfort [1] and noise) but are not available for all. For
example, no consensus model for air quality exists. The reasons are as follows:

– Sensory assessment: The principles behind the sensory evaluation of smell
are still under investigation (see Sect. 2).

– Measurement of air quality: The indoor environment comprises thousands
of chemical compounds in low concentrations, of which not all can be mea-
sured and interpreted by currently available equipment. The nose can detect
very low concentrations (parts-per-trillion range) and interpret all at the
same time (see Sect. 3).

– Measurement unit: As long as no unambiguous unit as an indicator for
perceived air quality exists, dose–response relations are difficult. Total
volatile organic compounds (TVOCs) have been used for some time, but the
drawback is twofold as they do not represent all pollutants in the air and the
effect of single compounds is ignored [2] (see Sect. 4).

The background of the evaluation of air quality using human subjects and the
currently available methodologies are presented as well as the sources and
chemical compounds measured. Section 2 focuses on the perception mecha-
nisms for odour and irritants. Techniques to evaluate air quality with human
panels are described and discussed in Sect. 3.And in Sect. 4 some of the indoor
air pollutants are discussed with respect to their odor characteristics and their
possible indoor-related sources using the results of several European projects.

2
Perception Mechanisms

2.1
Human Senses

The human perception of IAQ normally involves two human senses, the com-
mon chemical sense (somesthesia) and olfaction. Indoor air pollutants that 
can reach and activate the olfactory epithelium (in the nose) are perceived as
odorous. Indoor air pollutants that activate the trigeminal nerve (in mucous
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membranes of the nasal and mouth cavities, over entire facial and forehead
skin) are named irritants. The latter can cause irritation of mucosal membranes
in eyes, nose or throat, dryness of eyes, nose and throat, facial skin irritation
and dryness of skin.

To be perceived, a molecule is, in general, volatilised from its source, inhaled
into the nasal cavity and dissolved in the protective mucous layer (epithelium).
The nose comprises two nostrils with smelling organs (Fig. 1). In each nostril
one patch of yellowish tissue, the olfactory epithelium, is located in the dome
of the nasal cavity. Two types of nerve fibres, the olfactory sense and the trigem-
inal nerve, whose endings receive and detect volatile molecules, are embedded
in this tissue. The trigeminal nerve endings (part of the common chemical
sense) are located all over the nasal respiratory lining, not only in the olfactory
epithelium. While the olfactory organ is sensitive to the odorant aspect of
a chemical, the trigeminal nerve endings are sensitive to the irritant aspect of
a chemical in the air. On being stimulated by pollutants, the olfactory nerve
endings and the trigeminal nerve endings send signals to the brain, where the
signals are integrated and interpreted. The result of this process is called per-
ceived air quality.

The biological principles for receptor activation of odour and irritation are
fairly well understood, while the information processes at higher centres of the
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brain are less clear [3]. How these basic processes relate to the more complex
psychological responses to odorant/irritant stimulation, such as perceived air
quality, annoyance and symptom reporting, is uncertain.

2.2
Olfaction

The olfactory epithelium comprises between 10 and 25 million olfactory re-
ceptor cells, covering a total area of about 4 cm2 [4]. Each cell ends in a swollen
bulb with a network of hairlike outgrowths (cilia) that extend into the nasal
cavity. The fibres from specific epithelium areas are bunched together and end
in a glomerule of the olfactory bulb. The olfactory bulb is connected to the
brain by a fibre tract. Via the latter, the axons of the bulb are connected with 
different brain centres, which together are called the olfactory brain.

The sense of smell depends initially upon the interaction between the stimu-
lus and the olfactory epithelium. It is believed that the molecule must be bound
by a receptor on the cilia. The “binding”process causes olfactory nerve impulses
to travel from the sensory cell to the olfactory lobe of the brain. The brain inter-
prets the incoming signals by associating them with a previous olfactory ex-
perience. This is how the nose distinguishes between perceived air qualities [5].

Several theoretical ideas about this process have been developed in the last
few decades. These ideas can be divided into two main categories: theories
which are based on chemical reactions between the perceived molecules 
and the tissues in the olfactory cleft, and theories which are based on physical
interaction between molecules in the nostrils and the sensitive tissue surface
or other physical processes.

The first category comprises a few theories. Kistiakowsky [6] stated that 
the olfactory response may be set off by a system of reactions that are catalysed
by enzymes.A smelling molecule would inhibit the action of one or more of the
enzymes. Another theory is that the primary factor determining the odour of
a substance might be the overall geometric shape of the molecule. Amoore [7]
proposed the stereochemical theory, which provides a mechanism based on a
“lock-and-key” principle.

In the second category even more theories are available. For example, Dyson
[8] claimed in his Raman shift theory that only substances with shifts of wave-
length between 140 and 350 nm, when monochromatic light is shining through
them, are detected. Dravniek [9] suggested a hypothetical mechanism based
upon a change in coupling between the electron donor/acceptor pair of large
molecules which occurs when a substance is absorbed. The altered charge-
transfer balance would then be monitored by the appropriate nerve fibres.And
Mozell [10] supported the hypothesis that differential sensitivity to substances
may be largely a matter of how molecules spread themselves across the olfac-
tory mucosa. The nasal epithelium may act like a gas chromatograph.

The latest research indicates that there are around 1,000 genes that encode
1,000 different odour receptors [11]. Genes provide the template for proteins,
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the molecules that carry out the functions of the cell. Each type of receptor 
is expressed in thousands of neurons. Mammalian DNA contains around
100,000 genes, which indicates that 1% of all our genes are devoted to the 
detection of odours and it shows the significance of this sensory system for the
survival and reproduction of most mammalian species. This is in contrast with
the human eye. Humans can discriminate among several hundred hues using
only three kinds of receptors on the retina. These photoreceptors detect light
in different but overlapping regions of the visible spectrum so the brain can
compare input from all these types of detectors to identify a colour.

Mammals can detect at least 10,000 odours; consequently, each of the 1,000
different receptors must respond to several odour molecules, and each odour
must bind to several receptors. The results shown by Axel [11] suggest that each
neuron features only one type of receptor. The problem of distinguishing which
receptor was activated by a particular odour is then reduced to the problem of
identifying which neurons fired. In all other sensory systems, the brain relies
on defined spatial patterns of neurons as well as the position of the ultimate
targets of the neurons to define the quality of a sensation. It was found that the
olfactory epithelium is divided into four broad regions according to the types
of receptors found in each zone, but with a random distribution of receptors
within each region, and with no precise spatial pattern of neurons in the epi-
thelium. The results also showed that the glomeruli in the olfactory bulb are dif-
ferentially sensitive to specific odours. Since the positions of the individual
glomeruli are topologically defined, the olfactory bulb provides, therefore, a
two-dimensional map that identifies which of the numerous receptors have
been activated in the nose. A given odour will activate a characteristic com-
bination of glomeruli in the olfactory bulb; signals from the glomeruli are then
transmitted to the olfactory cortex.

Although no specific receptors have been identified yet, it is believed that
about 100–300 receptors classes exist. This makes it difficult to predict odour
sensations from the chemical structure of an odorant and to establish an 
objective classification system for odorants.

To summarise the biological process of the olfactory sense:

– An odorant molecule binds to a protein receptor site in the membrane of the
receptor cell (at the cilia).

– A receptor is activated by the stimulus (odorous molecule) and in turn ac-
tivates other proteins which trigger an enzyme cascade (second messenger
system), which results in an electric potential.

– Axons of the receptor cells form bundles (glomeruli). Between 30 and 50
such bundles carry olfaction information to the olfactory bulbs.

– Several hundreds of primary olfactory axons converge on a single mitral cell,
located on an olfactory synapse of the olfactory bulb.
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2.3
Somesthia

It should not be forgotten that the perceived air quality of a substance is the 
interaction of the perception of the olfactory organ and the common chemical
sense (somesthia or trigeminal nerve endings). Cain [12] stated that the dif-
ference in the time course between olfactory and the common chemical sensa-
tions suggests that different processes of stimulation occur even when stimu-
lation is caused by the same substance. Sensations of the common chemical
sense grow during inhalation, but also between inhalations and for relatively
long durations, while sensations of the olfactory sense do not build over time.
Cain [12] gave three possibilities for explaining the initial buildup of the com-
mon chemical sensation. This buildup could be

– An integration of sensation of purely physiological origin, i.e. neural.
– An accumulation of incident stimuli at the neural receptor (majority of

trigeminal nerve endings lie somewhat below the surface of the epithelium,
so the stimuli may reach the receptors by diffusion; the olfactory receptors
are only separated from the atmosphere by a thin layer of mucous).

– Repetitive damage to some structure, such as an epithelial cell which might
repetitively secrete endogenous chemicals to serve as the actual stimulus for
the common chemical sense (sensation might increase with cumulative
damage and might continue after cessation of the stimuli because of low-
level inflammation).

Many airborne substances are complex stimuli. They are combinations of many
chemicals which can interact at one or several levels before or during the 
perception: chemical or physical interaction in the gas mixture, interaction of
molecules at the receptor surfaces (olfactory and trigeminal systems), peri-
pheral interaction in the nervous system and finally interaction in the central
nervous system. Therefore, effects such as masking, neutralisation and coun-
teraction are not surprising in gas mixtures [13].

Only few volatile organic compounds (VOCs) lack the potential to cause
irritation. Biological assays to learn the potency of irritants are numerous, for
example, the recording of the negative mucosal potential from the nasal epi-
thelium or the recording of cortical evoked potentials, measurement of neural
mediators or modulators, measurement of the products of inflammation, and
measurement of reflexes [14].

The two types of sensations, trigeminal and olfactory, can be separated by
making use of anosmics (persons who lack the sense of smell) as compared
with persons with normal olfaction and nasal irritation. To determine the
relevant physiochemical determinants of potency, these two groups of persons
were exposed to single chemicals [14]. The study showed that a general rela-
tionship between odour and irritation thresholds might be present. It was
found that the threshold level (odour/irritation) decreases as the length of the
carbon chain increases.
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2.4
Predicted Versus “Real” Perception

In 1998 two units, olf and decipol, were introduced to quantify sensory source
emissions and perceived air quality [15]. This theory is based on the assump-
tion that the pollutants in buildings all have the same relation between expo-
sure and response after one factor normalisation based on human bioeffluents.
Emission rates are measured in olf, where 1 olf is defined as the emission rate
causing the same level of dissatisfaction as bioeffluents from one seated person
at any airflow. Concentration or “perceived air quality” is measured in decipol.
One decipol is defined as the concentration of pollution causing the same level
of dissatisfaction as emissions from a standard person diluted by a clean air-
flow of 10 l/s. In this context perceived air quality is the dissatisfaction with or
the acceptability of IAQ.

Besides the questionable use of the term perceived air quality, which can
involve many parameters other than dissatisfaction and acceptability (e.g.
odour intensity, stuffiness, perceived dryness, degree of unpleasantness) [3],
the main item that is discussed with this method is the assumption that all pol-
lutants have the same relation between exposure and response, i.e. that the
calculated olf values from separate sources can be simply added.

According to Stevens’ law the perceived odour intensity of a single com-
pound increases as a power function of concentration [16]:

R = C (S – So)n,

where R is the perceived odour intensity, S is the stimulus concentration and
C, So and n are constants.

The perceived intensity of a mixture of two compounds may in theory be as
strong as the sum of the perceived intensities of the unmixed compounds
(complete addition), more intense than the sum of its compounds (hyper-
addition), or less intense than the sum of its compounds (hypo-addition).
There are three kinds of hypo-addition:

– Partial addition: the mixture is perceived to be more intense than the
stronger compound perceived alone.

– Compromise addition: the mixture is perceived to be more intense than one
compound perceived alone, but less intense than the other.

– Compensation addition: the mixture is perceived to be weaker than both the
stronger and the weaker compound.

According to Berglund [13], stimulation is proportional to the number of
molecules, as long as just one type of molecule is present. The odour interac-
tion for mixtures of constituent odorants is governed by a strongly attenuating
function, hypo-addition [17]. The concentration of numerous compounds may
be less important to the perceived air quality than the addition or subtraction
of a few specific compounds to the gas mixture [18].
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Reviewing previous addition studies of perceived air quality (in decipol), it
was observed that for the majority of the comparisons between predicted (by
using the addition assumption) and measured pollution loads of combinations
of sources, the predicted pollution loads are frequently higher than the mea-
sured pollution loads [19]; thus, implying hypo-addition as well. The same was
found for the perceived air qualities.

Olfactory adaptation, which is similar to visual adaptation to light, makes 
it even more difficult to predict or model perceived odour intensity or per-
ceived air quality. With continuous exposure, the perceived odour intensity 
will decrease with time and the odour threshold will increase with time. Re-
covery or readaptation will occur within less than 1 min after removal from the
odour [4].

In conclusion, modelling of perceived quality or intensity of indoor air is not
possible yet, based on single compounds, although some predictions have been
made with mixtures of several compounds. Indoor air comprises thousands of
compounds, of which some are odorous, some are not, and others are irritants.
Besides the combined odours and irritant effects of the thousands of com-
pounds, the qualitative character is even more complex. The “sensory” print is,
in general, different from the “chemical” print.

3
Sensory Evaluation Techniques

3.1
Attributes

Sensory evaluation of air quality comprises the use of human subjects as mea-
suring instruments. The attributes that can be measured in this way are the
same as for all other sensory modalities:

– Detection (the limit value for absolute detection).
– Intensity (odour intensity, sensory irritation intensity).
– Quality (value judgement, such as hedonic tone or acceptability).

In a discrimination evaluation a subject is asked mainly to compare an air
sample with another and to express this comparison as “greater than, smaller
than or equal to”, depending on the attribute evaluated (pleasantness, strength,
etc.). For this type of evaluation several techniques are available [3].

3.1.1
Detection

The classical threshold theory assumes the existence of a momentary absolute
sensory threshold. However, in real life, there is no fixed odour or irritation
threshold of absolute detection for a particular individual or a particular pol-
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lutant but rather a gradual transition from total absence to definitely confirmed
sensory detection [20]. Therefore, in the theory of signal detectability [21], the
same repeated signal is assumed to have a defined distribution, and thus 
each sensory evaluation by a subject is executed on a probability basis.
Berglund and Lindvall [22] have used this signal detection approach to test a
few single compounds and in a few building investigations.

In the classical methods the threshold level is defined as the level at which
50% of a given population will detect the odour. One of these methods is the
threshold method, which is standardised in many countries for the evaluation
of outdoor air [23]. In this threshold method an air sample is diluted stepwise
(for each step, by a factor of 2) with clean (odour-free) air to determine the
dilution at which 50% of a panel of eight persons can no longer distinguish the
diluted air from odour-free air. This number of dilutions, expressed in odour
units per cubic metre of air of 20 °C, is the numerical value for the odour con-
centration of the original air sample. Some measurements using the classical
threshold level method, have been made on indoor air, ventilation systems and
building materials [22, 24].

The absolute detection threshold varies widely with chemical substances, as
is shown by the large spread in odour thresholds for single compounds report-
ed in the literature [25]. This is caused, among others, by the procedure used,
the purity of the chemical substance, the equipment applied and the sample of
subjects.

Recognition threshold values (the concentration at which a certain chemical
is recognised) are usually measured in the same way as detection levels. Both
use either the method of limits or the method of constant stimuli [3].

In the method of limits, the chemical substance is presented in alternating
ascending and descending series, starting at different points to avoid having the
subject fall into a routine. The subject is asked to report whether the sample can
be detected or not. The method of constant stimulus is based on the assump-
tion that the momentary individual threshold value varies from time to time
and that this variation has a normal distribution. The chemical substance is
usually presented in a random selection of concentrations. For both methods,
no training is required, although subjects may be selected on the basis of their
sensitivity to the chemical substances tested.

3.1.2
Intensity

The intensity of odours or irritants can be obtained by several methods: equal-
intensity matching, magnitude estimation or direct scaling methods [3]. The
latter is the most common in IAQ studies and uses, for example, visual,
semantic scales (e.g. no odour, weak odour, moderate odour, strong odour, very
strong odour, overpowering odour).With equal-intensity matching the subject
matches the intensity of, for example, two different odorants. Magnitude
estimation techniques generate magnitude estimates of intensity resulting from
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direct numerical estimations by subjects. The perceived intensity of an odour
is established by rating the intensity of that odour on a magnitude scale, using
reference odours or not. The ASTM technique [26] uses, for example, samples
of 1-butanol vapour presented at varying concentrations and the Master Scale
unit method [22] uses five concentrations of pyridine which are jointly mea-
sured with indoor air samples.

The assessment of decipol levels using trained panels of the air in office
buildings (European Audit project [27]) is an example of magnitude estimation
with memory references. The same method, but instead having the references
(with numerical values) nearby to compare, is an example of magnitude esti-
mation with several references. This method was applied in several European
projects (European Audit project [27], Database project [28], MATHIS [29],
AIRLESS [30]) and is presented in Sect. 3.2.

3.1.3
Quality

A value judgement of IAQ can be given in several ways. One can make a classi-
fication (e.g. yes/no), such as ASHRAE 62-1989 [31] uses (is the air acceptable
or not), resulting in a percentage of dissatisfied, or one can use a list of
descriptors to describe a chemical substance. The latter is mainly used in the
food and perfume industry, from which many classification systems of odours
have been developed.

For the evaluation of the acceptability of an air sample (percentage of
dissatisfied persons), several methods have been applied. Besides the yes/no
classification (acceptable or not acceptable), the continuous acceptability scale
[32] is used. The middle of the scale is indicated as the transition between just
acceptable and just not acceptable. With both methods, however, large panels
(up to 100 persons, depending on the statistical relevance required) of un-
trained persons are required.

Two units, olf and decipol, were introduced to quantify sensory source emis-
sions and perceived air quality [23]. With these units the so-called decipol
method was developed. The decipol method comprises a panel of ten or more
persons who are trained to evaluate the perceived air quality in decipol or 
an untrained panel of at least 50 persons [33]. A method to train a panel to
evaluate perceived air quality in decipol has been developed [34, 35]. The latest
research indicates, however, that this method does not evaluate the acceptabil-
ity but the intensity of the air sample (for a description see Sect. 3.2).

3.2
Trained Panel Method

In the context of the European framework for research and technology develop-
ment, some projects were launched since 1991 aiming at identifying the main
causes for indoor air pollution and defining methodologies for this: the Euro-
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pean Audit project [27], the Database project [28], MATHIS [29] and AIRLESS
[30]. The use of human perception was central in these projects and therefore
the trained panel method applied is described in this section. It uses a reference
gas, a scale, special equipment and selection and training procedures [36].

3.2.1
Reference Gas and Scale

When a panel has to be trained to evaluate perceived air pollution (PAP), a
reference is required. A reference gas that is easy to measure and to produce is
2-propanone [34]. The production of this reference source is based on passive
evaporation and the gas is introduced to the human nose by a constant airflow
coming out of the so-called PAP meter (formerly named decipolmeter) (see
Sect. 3.2.2).

The linear relation between the 2-propanone concentration in air 
(C2-propanone) and the PAP value is used to set a scale from 1 to 20 [34]:

PAP value = 0.84 + 0.22 ¥ C2-propanone (ppm). (1)

Five different 2-propanone concentrations generated by five PAP meters can be
used as the milestones for the training. These milestones have the following
concentrations of 2-propanone in the top of the cone of the PAP meter:

– 0 ppm: assigned value 1 (no odour).
– 5 ppm: assigned value 2.
– 19 ppm: assigned value 5.
– 42 ppm: assigned value 10.
– 87 ppm: assigned value 20.

3.2.2
Equipment and Reference Gas Production

The equipment required to select and train a panel of persons comprises about
15 PAP meters, equipment for the production of 2-propanone (reference gas)
and an air-conditioned room.

The PAP meter consists of a 3-l jar made of glass covered with a plastic cap,
a fan and a diffuser (Fig. 2). The cap has two holes; in one of them the fan is
placed to suck the air through the jar. On top of the fan, a cone diffuses the 
exhausted air. The angle of the cone was chosen to be 8°, to avoid mixing with
room air. The diameter of the top of this cone was chosen to be 8 cm, con-
venient to situate the nose in the middle. The cone is made of glass, supported
by a stainless steel stand. The small fan was selected to produce at least 0.9 l/s,
several times higher than the highest airflow during inhalation. The person
therefore inhales exclusively air from the jar, undiluted by room air.

The 2-propanone gas can be generated in the PAP meter by means of pas-
sive evaporation. By placing one or more 30-ml glass bottles filled with 10 ml
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2-propanone and making different holes in the caps of these bottles, different
2-propanone concentrations can be established.

The steady-state concentration of 2-propanone in the top of the diffuser
depends on the level of the liquid in the small bottles (which is standardised 
at 10 ml), the location of the small bottles in the jar of the PAP meter, the 
ambient temperature and the variation of this temperature (standardised at
22 °C), and the size of the holes in the caps of the small bottles through which
the 2-propanone diffuses.

The time it takes to reach a steady-state concentration depends on several
factors: the time and temperature of 2-propanone before it is put in the small
bottles, movement of bottles before they are placed in the jar, the transporta-
tion of the bottles and the time before the overcaps are removed from the
bottles. The following strategy is therefore recommended. Fill the bottles at
least 1 h before the test with 2-propanone (that has been conditioned at 22 °C
the day before), place the bottles at the correct position in the jar and leave the
overcaps off. Activate the fan (6 V required). After 30 min a steady-state level
with less than 3% variation should be reached.
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Additional recommendations are

– Keep the environmental temperature as constant as possible 
(less than 0.5 °C variation).

– Keep the small bottles at the same location in the jars.
– Keep the combination of jar, fan, cone and small bottles the same if one

wants to create the same steady-state level again.
– Keep the fan voltage at 6 V.

If only one small bottle, placed on the left side of the two openings in the cap
(Fig. 2), is used to establish a certain concentration, the relation between the
diameter of the hole and the 2-propanone concentration in the top of the cone
is approximately

C2-propanone (ppm) = 3 ¥ diameter (mm) , (2)

where the diameter is 8 mm or less and the standard deviation of 2-propanone
is about 3%.

Combinations of several bottles give, in general, a higher concentration than
the addition of the contents of the individual bottles give. Furthermore, if a
combination of bottles or bottles with different holes are placed in another PAP
meter, concentrations can vary slightly. Once the milestones are calibrated, it is
therefore important to keep the same PAP meters with the same bottles at the
same location in the jar.

The unknown levels to be used for training should vary from 1 to 20, for 
example, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19
and 20. Each level can be established by putting 1–4 bottles with a specific
diameter hole, filled with 10 ml 2-propanone, in the PAP meter. The location of
the bottles should be noted and they should always be at the same location. For
different numbers of bottles, the recommended locations are shown in Fig. 3.
The unknown concentrations used during the training should, if possible, be
measured every day before the start of the training to determine exactly the
concentration that occurs with the PAP meter used that day. The concentration
might vary although the same bottles at the same locations are applied.

The position of the small bottles in the PAP meter is of great importance. To
make it easier to reproduce the positions of the small bottles, a scale glued at the
bottom of the PAP meter is a possibility. Furthermore, a sign on the cone of the
PAP meter and the 3-l jar of the PAP meter is handy to keep them together.

The training of the panel should take place in a well-ventilated, temperature-
controlled space with low-emitting and low-ab(ad)sorbing/desorbing materials.

A critical point in the use of the PAP meter, as an instrument to produce 
different 2-propanone levels to train a panel to evaluate perceived air quality,
is the establishment of the low 2-propanone values, i.e. values below 1 on the
scale. A zero level can not be established by the PAP meter as such. The PAP 
meter without any 2-propanone results in a PAP level of about 0.8. To prevent
this deficiency from increasing, it is therefore of utmost importance that the
training takes place in a room with a very low background level.
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The space where the sensory panel is trained has to fulfil certain criteria.
A space which is temperature-controlled, has 100% outdoor ventilation, a fil-
tration unit (e.g. active carbon), a Teflon layer on the walls, the floor and the
ceiling, and displacement ventilation (from floor to ceiling) or a local exhaust
is preferable. A space which is an empty room (no smoking), has walls, a floor
and a ceiling that could be covered with a Teflon layer or cleaned with a non-
smelling agent, has a mechanical air supply with filtered air and has mixing
ventilation with a certain minimum ventilation rate is acceptable.

The minimum criterion that a space where the sensory panel is trained
should follow is a background level of 2-propanone expressed in a maximum
allowable concentration. This maximum allowable concentration is 1 ppm.

3.2.3
Selection and Training Procedure

A panel of 12–15 subjects should be selected for the training. The subjects
should be selected from a group of at least 50 applicants of ages ranging from
18- to approximately 35-years old. There is no restriction on distribution of
gender or smoking habits.

Each of the applicants should participate in a selection test. The subjects
should be asked before the selection test to abstain from smoking and drink-
ing coffee for at least 1 h before the test. Also, they should be asked not to use
perfume, strong smelling deodorants or make-up, and not to eat garlic or other
spicy food the day before the test and on the day of the test.

In the selection test, the applicants will one by one be given a short intro-
duction in how to use the milestones and in how to put their nose in the cone
of the PAP meters. They will then be asked to assess eight different concentra-
tions of 2-propanone using the milestones as the reference. The applicants will
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be instructed to have at least two inhalations of unpolluted air in between 
each exposure to a 2-propanone concentration. The question that is asked to
the applicants is the following: “How strong is the air that you perceive? Give a
number on a scale from 1 to 20, but always refer this number to the numbers
on the milestones 1, 2, 5, 10 and 20. One is equal to no smell (you perceive
nothing), 20 is equal to extremely strong smell.”

During the test, the applicants are allowed to go back and forth between the
eight different unknown concentrations and the milestones as often as they
need. Five of the concentrations should be evenly distributed in the range 1–10,
while the last three concentrations should be in the range 10–20. For each
person the sum of the numerical errors (differences between the voted and the
correct values) in the eight assessments is calculated. The 12–15 subjects with
the lowest sum of errors are then selected.

The 12–15 subjects will be trained for 3–5 days in smaller groups of three 
or four persons. Each day they will receive approximately 1 h of intensive 
training. In the first 2 days of the training the panel will be trained to assess the
PAP of concentrations of 2-propanone unknown to them by making a com-
parison with the milestones. On the third to the fifth day, training will comprise
2-propanone concentrations and other sources of pollution.

Before the training starts, and if necessary this will also be stressed during
the training, the panel members will be asked again to abstain from smoking
and drinking coffee for at least 1 h before the test. Also, they are asked not to
use perfume, strong smelling deodorants or make-up, and not to eat garlic or
other spicy food the day before the test and on the day of the test.

On the first day of the training, the subjects will receive instructions about
the training procedure and the experiments. During the refreshment time (or
waiting time) the panel members are placed in a well-ventilated room where
they can talk together but they are not allowed to talk about the experiments.
The instruction they received during the selection will be repeated and it will
be emphasised that they should always take two inhalations of unpolluted air
before they are exposed to another source to prevent them getting used to the
smell.

The panel members will be instructed in how to use the milestones and the
scale correctly. They will be instructed to rate the intensity of the test concen-
tration with a number from 0 to 20 by making a comparison with the intensity
of the milestones. The panel members are allowed to go back and forth between
the milestones and the unknown concentration or source, but they will be
instructed to have at least two inhalations of unpolluted air between each
exposure to avoid adaptation. After the evaluation of each unknown concen-
tration of 2-propanone the panel member will be given the correct answer and
the performance of the panel member will be discussed with the experiment
leader. The panel members will write their vote on a form if it is possible to
follow their performance during the training.

The panel members will be exposed to 6–12 2-propanone concentrations
during each training session. From the second day of training the subjects 
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will furthermore be trained to assess air polluted with samples of building 
materials or other sources. Since the pollutants have a different character than
2-propanone it is of great importance that the subjects understand that they are
exposed to the intensity by comparing the intensity of the milestones. For the
assessments with air samples of sources other than 2-propanone, the percep-
tions cannot be compared with any expected result but the assessments can be
discussed with each panel member separately.

On the third day of the training the panel members are exposed to a per-
formance test (see Sect. 3.2.4.2). The panel members assess the concentrations
as during the previous training except that no feedback is given on the assess-
ment deviations. If the votes do not meet the requirements, the panel member
does not qualify and should be trained at least one more day before taking the
exam once more.Another option is to exclude the panel member from the panel.

On each day of experiments, the panel members will be retrained for 
approximately 15–20 min per group of 3 or 4 persons. During this training the
panel members will be exposed to two or three different concentrations of
2-propanone and two different materials, which they will receive feedback on.
Also, on each day of experiments, the panel members will be exposed to six dif-
ferent concentrations of 2-propanone corresponding to the values 1, 3, 7, 12, 16
and 19. The concentrations of 2-propanone should be measured just before the
sensory assessments of each group of panel members. These exposures make
it possible to compare different sensory panels and to calculate performance
factors (see Sect. 3.2.4).

The panel members will be placed in a well-ventilated waiting room. During
each round of assessments, the subjects will one by one assess the intensity of
the PAP of the air sample (from a material in a PAP meter, in a walk-in climate
chamber, air from a ventilation system, etc.) by making a comparison with the
intensity of the milestones. The panel members will be allowed to go back and
forth between the milestones and the polluted air sample. The subjects will
write down their assessment on a voting sheet, which they will hand to the
experimental leader before making the next assessment.

The time between assessments for each panel member should not be less
than 3 min. An experienced panel member can assess an air sample within
30–45 s. With a panel of 12 subjects the time between assessments for a panel
member will be approximately 9 min, and for a group of four panel members
3 min.

3.2.4
Performance

The training level can be determined by using the given votes compared with
correct votes for the 2-propanone levels and by using the repeated votes and/or
the standard deviation on the panel vote for the unknown sources.
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3.2.4.1
Performance with 2-Propanone

Every training day a panel evaluates a certain number of samples for their
unknown 2-propanone levels. A linear regression of all given votes versus the
correct votes for each panel member or the whole panel (the ideal relation, i.e.
a perfectly trained panel member, is then voted equals correct), can then be 
determined. On the basis of these lines, each individual panel member can be
instructed how to adjust his or her votes.

The difference between the correct and the voted level shows how the vote
lies towards the line voted equals correct.A panel member can have an almost
perfect relation between the voted and the correct level but still have large dif-
ferences between the correct and the voted level. It is therefore important to
take the relative difference between the correct and the voted level into con-
sideration. This can be defined by the so-called performance index:

PF = (voted – correct) ¥ 100/correct (%), (3)

where PF is the performance index (as a percentage), voted is the voted level
and correct is the correct level.

To determine the training level per day, the mean of all performance indices
of all given votes that day can be calculated, together with the standard devia-
tion of the performance index. A panel member with a performance index of
9% with a standard deviation of 60% performs worse than a panel member
with a mean performance index of –20% and a standard deviation of 10%.
The second panel member is more consistent in his or her votes than the first
one.

Each day the panel members can now be ranked according to their best 
performance by adding the square root of the quadratic performance index 
to the standard deviation. The best panel member is the one with the lowest 
result.

Another way to determine the training level of a panel, is to calculate the
standard deviation of a single vote given to the unknown levels of 2-propanone.
The mean standard deviation for all evaluated levels per day presents a train-
ing level. This statement assumes, however, that the standard deviation is 
independent of the evaluated level.

3.2.4.2
Individual Panel Member Exam

For the individual panel exam, each individual panel member must evaluate 
six 2-propanone levels with the values 1, 3, 7, 12, 16 and 19, in a random order.
The votes have to meet certain requirements. If the votes do not meet these 
requirements, the panel member does not qualify and should be trained for at
least one more day before he or she is allowed to take the exam once more.
Another option is to exclude the panel member from the panel.
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The requirements for the individual exam are shown in Fig. 4. In this figure
the individual performance factor is shown for each combination of voted 
and correct level [37, 38].

3.2.4.3
Individual Performance Factor

For comparison between panel members of different panels the individual per-
formance with 2-propanone concentrations can be described by the individual
performance factor (IPF). The IPF is defined as

PF = voted error/allowed error = (voted – correct)/(A ¥ correct + B), (4)

where the voted error is the voted level minus the correct level, the allowed
error is the allowed difference between the voted level and the correct level,
A is the tangent of the angle difference between lines and B is the intersection
with the y-axis. For PAP<5, A=–3/28 and B=59/28, for PAP>=5, A=4/28 and
B=24/28. The values for A and B originate from experience with trained panels
in the EC Audit project and are related to perceived air quality evaluations in
decipol [38].
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Fig. 4 Required precision of an individual panel member’s vote when assessing the per-
ceived air quality of 2-propanone concentrations. For the individual exam the following
counts are accepted: votes in the area between the fat line and the fat dashed line. One in four
votes is accepted in the area between the fat dashed line and the thin dashed line



For this performance method the ideal vote (voted equals correct) is taken
as index 0. Besides that allowed maximum and minimum errors (both level-
dependent) are defined as index +1 and –1. With this approach the index
should theoretically be independent of the level chosen (if the error limits are
chosen correctly), and should result in information about the voted error 
related to the allowed error (0 is perfect; less than |1| is allowed; more than |1|
is bad).

The mean value of the IPF and the standard deviation of the IPF give an 
indication of the quality of the panel member related to 2-propanone concen-
trations. If the allowed errors change, A and B in the formula change as well.

3.2.4.4
Panel Performance Factor

The same approach is possible for the whole panel. The mean IPF value of the
performance for the whole panel is called the panel performance factor. The
mean value of the panel performance factor and the standard deviation give 
an indication of the quality of the whole panel related to 2-propanone con-
centrations.

3.2.4.5
Performance with Other Sources

The performance of the whole panel for sources other than 2-propanone can
be shown by the standard error of the mean votes given to the perceived air
quality caused by sources other than 2-propanone, and by the reproducibility
for replicas (standard deviation of the replicas).

Several judgements of the same pollution source provide information on the
reproducibility of a panel. The standard deviation around the mean of two or
more replicas of a source divided by the mean vote of that source determines
the reproducibility.

3.3
Human Nose Versus Electronic Nose

The development of instruments, an artificial nose or an electronic nose, that
can evaluate the air quality as the human nose does is an ongoing activity. Many
attempts have been made, some successful for the purpose they are designed
for, others not. The reason is not only related to the still incomplete knowledge
of the perception mechanism (information processes in the brain), but also to
the fact that the nose is able to detect very low concentrations.

The lowest odour detection level that could be found in the literature is pre-
sented in Table 1 for a number of compounds that are emitted by the human
body [34]. From this table it follows that the human nose is able to detect cer-
tain compounds at the parts-per-trillion level.
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Furthermore, the results of Cain and Cometto-Muniz [14] indicate that
complex chemical environments may enable chemosensory and particularly
irritative detection when single VOCs lie far below their individual thresholds.
This means that in gas mixtures the nose may detect even far below single
thresholds, i.e. below the parts-per-trillion to parts-per-billion range.

It should be well understood that the use of human subjects to evaluate
perceived air quality, the so-called sensory evaluation of air, is only one way of
measuring the air quality. Compounds such as carbon monoxide cannot be
smelled by a human being and can nevertheless be health-threatening. Those
compounds should therefore be measured in another way.

The methods or instruments available to measure indoor air compounds
can be divided into two groups [39]:

– Those that require an extraction step before making a physical or chemical
measurements (e.g. chromatography).

– Those that make a direct physical measurement of some property of the
sample (e.g. nondispersive IR spectrometry).

Chromatography is a separation technique in which an inert gas or liquid
(mobile phase) flows at a constant rate in one direction through the stationary
phase, a solid with a large surface-to-volume ratio or a high boiling liquid on
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Table 1 Odour detection levels for some compounds emitted by the human body [34]

Compound Molecular Structure Odour detection level
weight

µg/m3 ppba

Acetaldehyde 44 CH3CHO 0.2 0.111

Benzaldehyde 106 C6H5CHO 0.8 0.185

Butyric acid 88 CH3CH2CH- 1 0.278
(OCCH3)CO2C2H5

Coumarin 146 C9H6O2 0.007 0.0012

Dimethyl sulfide 62 (CH3)2S 2.5 0.986

Dimethyl disulfide 94 CH3SSCH3 0.1 0.026

n-Decanal 156 CH3(CH2)8CHO 0.25 0.039

Ethanethiol or 62 C2H5SH 0.1 0.039
ethyl mercaptan

Hydrogen sulfide 34 H2S 0.7 0.503
(inorganic)

Methyl mercaptan 48 CH3SH 0.04 0.020
or methanethiol

Phenylacetic  acid 136 (C6H5CH2CO)2O 0.03 0.0054

a ppb = 24.45 ¥ (µg/m3)/molecular weight.



a solid support. The sample may be a gas or a liquid, but it must be soluble 
in the mobile phase. Gas chromatography is used for separation of volatile,
relatively nonpolar materials or members of homologous series; liquid chro-
matography is used for separation of particularly those materials with low
volatility and labile or instable compounds; and thin layer and column chro-
matography are used for separation of inorganic or organic materials, and low
molecular weight species up to high-chain-length polymers.

Spectrometry or photometric methods make use of discrete energy levels of
molecules and the emission or absorption of radiation which usually accom-
panies changes by a molecule from one energy level to another. They are
generally based on the measurement of transmittance or absorbance of a 
solution of an absorbing salt, compound or reaction product of the substance
to be determined. They include absorption spectroscopy, emission spectro-
scopy, laser spectroscopy, photoacoustic techniques and X-ray analysis. In
photometry it is necessary to decide upon the spectral levels to be used in 
the determination. In general, it is desirable to use a filter or monochromator
setting such that the isolated spectral portion is in the region of the absorption
maximum. A monochromator is a device or instrument that, with an appro-
priate energy source, may be used to provide a continuous calibrated series of
electromagnetic energy bands of determinable wavelength or frequency range.

Mass spectrometry and flame ionisation can be placed under the category
ionisation methods. In mass spectrometry a substance is made to form ions and
then the ions are sorted by mass in electric or magnetic fields. Positive ions are
produced in the ion source by electron bombardment or an electric discharge.

A flame ionisation detector makes use of the principle that very few ions are
present in the flame produced by burning pure hydrogen or hydrogen diluted
with an inert gas. The introduction of mere traces of organic matter into such
a flame produces a large amount of ionisation. The response of the detector is
roughly proportional to the carbon content of the solute. The response to most
organic compounds on a molar basis increases with molecular weight.

Chemical sensors for gas molecules may, in principle, monitor physisorp-
tion, chemisorption, surface defects, grain boundaries or bulk defect reactions
[40]. Several chemical sensors are available: mass-sensitive sensors, conducting
polymers and semiconductors. Mass-sensitive sensors include quartz reson-
ators, piezoelectric sensors or surface acoustic wave sensors [41–43]. The 
basis is a quartz resonator coated with a sensing membrane which works as a
chemical sensor.

With conducting polymers, a wide range of aromatic and heteroaromatic
monomers undergo electrochemical oxidation to yield adherent films of
conducting polymer under suitable conditions [44]. The conductivity of the
polymer film is altered on exposure to different gases.

The principle of semiconductor sensors is based on the change of the
electrical characteristics of the semiconductor when the gas to be measured 
is absorbed. The change of the number of free load carriers or the change of
polarisation of the bounded load carriers is then measured [43].
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Several commercial instruments are available. Some comprise conducting
polymers, others tin oxide gas sensors (thick or film devices) or metal oxide
semiconductors, and combinations. However, none of them can evaluate IAQ
as the nose does.

4
Indoor Air Pollutants and Their Sources

4.1
Indoor Air Pollutants

The main groups of pollutants found in indoor air are chemical and biological
pollutants. Among the chemical group one can distinguish gases and vapours
(inorganic and organic) and particulate matter. And among the biological
group belong microorganisms: mould, fungi, pollens, mites, spores, allergens,
bacteria, airborne infections, droplet nuclei, house dust and animal dander. The
main groups of pollutants found in indoor air are presented in Table 2.

Inorganic gases (NOx, SOx) are, in general, not odorous, except for some such
as ammonia and sulfur dioxide. The same can be said of biological pollutants,
with the exception of some products that are excreted by microorganisms.
Particulate matter can only partly reach the nose. On the other hand, virtually
all organic vapours stimulate olfaction [44].

Under normal conditions, most nonvolatile chemicals cannot reach the 
human olfactory epithelium and so are unable to stimulate olfaction. However,
such molecules, when presented as aerosols, can reach the sensory tissue and
can then stimulate a response. Odorants are typically small, hydrophobic,
organic molecules with a mass range of 34–300 Da. Most odorants contain a
single polar group. The majority of odorants contain oxygen.
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Table 2 Main groups of indoor air pollutants

Groups Subgroups

Chemical Gases and vapours Inorganic: NOx , SOx

Organic: volatile  organic compounds,
CO, formaldehyde

Particulate matter Asbestos, respirable particles with a
diameter  less than 10 µm, particulate
matter which is smaller than 10 µm

Radioactive particles/gases (radon & its daughters)

Biological Microorganisms, mould, fungi, pollens, mites, spores, allergens,
bacteria, airborne  infections, droplet nuclei, house dust, animal dander



The World Health Organisation classified organic indoor pollutants in four
categories [45] (Table 3). Furthermore, the European Concerted Action (ECA)
made a division in the structures of chemicals which are mostly detected 
indoors (Table 4) [46].

Particles are defined as aerosols (dust) when they are smaller than about
200 µm and larger than 0.01 µm. Smaller particles have the characteristics of
a gas, and larger particles are too heavy to stay suspended and will not be 
inhaled. Inhalable particles which can reach the pharynx have a maximum size
of 200 µm, particulate matter which is smaller than 10 µm can reach the larynx
and the thorax, and respirable particles can go as far as the alveoli in the lungs
(e.g. asbestos fibres) [47]. Particles with a diameter between 2 and 5 µm can
precipitate in the alveoli; even smaller particles are exhaled again. Air sample
analysis indicates that up to 99% (by count) of particles present in the atmos-
phere are 1 µm or less in size [48].
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Table 3 Classification of organic indoor pollutants [45]

Boiling point range (°C) Sampling methods typically used

Very volatile organic <0 to 50–100 Batch sampling,
compounds adsorption on charcoal

Volatile organic 50–100 to 240–260 Adsorption  on Tenax, graphitised 
compounds carbon black or charcoal

Semivolatile organic 240–260 to 380–400 Adsorption  on polyurethane 
compounds foam or XAD-2a

Organic compound >380 Collection  on filters
associated with 
particulate matter

a Styrene–divinylbenzene copolymer.

Table 4 Chemical structures of volatile organic compounds most frequently detected 
indoors and examples [46]

Chemical structure Examples

Alkanes n-Hexane, n-decane
Cycloalkanes and alkenes Cyclohexane, methylcyclohexane
Aromatic hydrocarbons Benzene, toluene, xylene
Halogenated hydrocarbons Dichloromethane, trichloroethane
Terpenes Limonene, a-pinene
Aldehydes Formaldehydea, acetaldehydea, hexanal
Ketones Acetone, methylethylethanol
Alcohols, alkoxyalcohols Isobutyl alcohol, ethoxyethanol
Esters Ethylacetate, butylacetate

a Not a volatile organic compound.



Mycotoxins are chemicals manufactured by fungi, some of which are ex-
tremely toxic to humans and animals [49].When moulds make them, they also
make synergisers, substances that can enhance the potency of other toxins in
the environment. Some of these compounds may not be toxic in themselves but
become toxic when combined with other substances.

Fungi also emit VOCs, which are responsible for their odour. More than 500
VOCs have been identified from different fungi. One of the commonly pro-
duced VOCs, ethanol, is very volatile and acts as a potent synergiser.

4.2
Indoor Air Sources

The possible sources of indoor air pollution can be categorised into

– Outdoor sources: traffic, industry.
– Occupant-related activities and products: tobacco smoke, equipment 

(laser printers and other office equipment), consumer products (cleaning,
hygienic, personal care products).

– Building materials and furnishings: insulation, plywood, paint, furniture
(particle board), floor/wall covering, etc.

– Ventilation systems.

In the European Audit project to optimise indoor quality and energy con-
sumption in office buildings, 56 office buildings in nine European countries
were audited during the heating season of 1993–1994 [27]. In this audit, besides
normal measurements such as questionnaires and the physical/chemical analy-
sis of air, panels of persons, trained to evaluate the perceived air quality, were
used to measure the air quality in preselected spaces of those office buildings
as well as the outdoor and supply air. From this investigation it was concluded
that the main pollution sources were the materials, furnishing and activities in
the offices and the ventilation system in the buildings.

The possible sources for the most important chemical compounds identified
in the European Audit project are presented in Table 5 [50]. The most impor-
tant source of VOCs was materials, especially furnishings. The dominant VOCs
detected in the majority of the buildings were solvents used in floor or wall
coverings and pressed-wood products (carpets, PVC flooring, floor adhesives,
wallpaper, particle board, etc.).

As a follow-up to the European Audit project, the Database project (Euro-
pean database on indoor air pollution sources in buildings) was launched to 
investigate the emissions (sensory and chemical) of indoor air sources, and in
particular the building materials, more closely. This resulted in the first data-
base of indoor air pollution sources [28].

To get more detailed information on the building materials, the European
project MATHIS (materials for healthy indoor spaces and more energy efficient
buildings) [29] was executed, together with the European project AIRLESS 
(a European project to optimise air quality and energy consumption of heat-
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Fig. 5 SOPHIE structure [51]



ing, ventilation and air-conditioning, HVAC, systems) [30], which was focussed
on pollution sources from ventilation systems. Both resulted in an extended
version of the database named SOPHIE [51].

SOPHIE is the acronym adopted for a database of indoor air pollution
sources, including building materials and furnishings and ventilation-system
components [51]. It represents the result of the work of a vast network of
laboratories in Europe developed under the sponsorship of the European Com-
mission. It aims to document the most important indoor pollution sources and
to create a model to establish a link between the strength of the pollution
sources and the ventilation rate and its consequences in terms of the IAQ in a
given space.

SOPHIE is a tool that can become a reference database and function as a
basis for launching more practical or specific databases and labelling frame-
works at different levels. This could be by differentiating construction products
or by reflecting the diversity of state or national contexts. Its data can be
handled and compared with a particular high degree of confidence as its results
have been obtained from different laboratories following the same protocols
and checked through different processes (i.e. pilot studies of intercalibration at
the European level) [52]. The structure of SOPHIE is illustrated in Fig. 5.

It contains information on some HVAC components but the more prevalent
information refers to construction materials.A balance of the type of materials
tested and of how many tests were performed during the two major campaigns
in the development process of SOPHIE is made in Table 6. Those materials were
tested according to standard procedures for testing chambers [53] and for
chemical analysis [54].A sensory assessment was also performed. Two product
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Table 6 Description of emission sources and related tests investigated for SOPHIE [51]

Type of source Number  Number of chemical tests Number of sensory tests
of sources

3rd day 14th day 30th day 3rd day 14th day 30th day

Flooring 56 53 14 55 57 28 57
Wall 33 26 5 29 14 0 14
Ceiling 2 2 0 2 0 0 0
Construction 14 10 3 14 17 8 17
Other 14 13 2 14 11 6 11
Heating, 16 18 0 0 39 0 0
ventilation 
and air-
conditioning 
componentsa

1994–1997 85 86 24 68 106 32 67
1998–2000 50 46 0 46 32 10 32

a Tests not related to time but to air volume.



ages were generally considered for the materials tested: 3 and 30 days. In some
cases an intermediate age of 14 days was also considered.

SOPHIE is more than just a static list of materials organised by several dif-
ferent criteria related to their contribution to the IAQ. Once the emission rate
of chemicals by the different materials had been determined, the next step was
to establish the model to link the concentrations of those chemical substances
(pollutants) in a given space with a certain level of ventilation rate and with the
dynamics of a certain thermal environment indoors. That is why a major tool
is incorporated to enable the linkage of the ventilation conditions with the
actual level of the IAQ conditions for a certain type of occupation, including the
nature and the extension of materials employed. It is a quite ambitious dynamic
model but probably with the merit of establishing a frame with enough gen-
erality and broadness to allow for further developments.

The model has certainly many limitations, some related to the status of
current knowledge and others due to the lack of appropriate information. It is
clear nowadays that sorption/desorption effects play an important role in the
actual levels of the concentrations of certain pollutants, depending on the 
different ambient conditions, but, above all, in the interaction of the mater-
ial/substance. The fact is that the values for specific coefficients of adsorption
or desorption of a particular chemical substance in a given material are gen-
erally unknown. Recent studies have been made in order to obtain the infor-
mation needed on the sorption/desorption coefficients for different coupling
material/substances [29]. So far, that work has only been done for a very limited
number of cases. Given the hundreds of substances and materials that can be
present, that limitation probably represents the major bottleneck to the wide
application of the model.

4.3
Ventilation Systems

For ventilation systems a separate study named AIRLESS was performed [30,55].
Experiments were performed to investigate why, when and how the compo-
nents of HVAC systems pollute or are the reason for pollution. Different com-
binations of temperature, relative humidity, airflow and pollution in passing air
were investigated. Measurements of perceived air quality, particles, chemical
compounds (such as very volatile organic compounds and aldehydes) and
biological compounds were selected for each component. The most polluting
components of HVAC systems were studied in the laboratory and in the field.
The perceived air quality or odour intensity was in most cases measured with
a trained sensory panel, according to the protocol developed for the AIRLESS
project (Sect. 3.2).

It was concluded that main sources and reasons for pollution in a ventilation
system may vary considerably depending on the type of construction and the
use and maintenance of the system. In normal comfort ventilation systems 
the filters and the ducts seem to be the most common sources of pollution,
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especially odours. If humidifiers and rotating heat exchangers are used, they are
also suspected to be remarkable pollution sources especially if not constructed
and maintained properly. The pollution load caused by the heating and cool-
ing coils seems to be less notable. And the effect of airflow on the pollution 
effect of HVAC system components seems to be less important.

4.3.1
Filters

Filters are one of the main sources of sensory pollution in ventilation systems
[56]. New filters already seem to influence the odour intensity negatively. The
filter material had a significant influence on the starting pollution effect of new
filters (Fig.6).The pollution of new filters decreased after some time of use.When
the filters got older, i.e. were in use for some time, the pollution increased again.
The reason for pollution after the filter is in use for some time is still unclear.
It seems that microorganisms may not be the only pollution source on a filter.
Environmental conditions such as airflow (amount of intermittent/continuous
flow) and temperature did not have an influence on the pollution effect.

4.3.2
Ducts

The duct material and the manufacturing process had the biggest effect on the
perceived air quality [57]. Depending on the machinery used in the manufac-
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Fig. 6 Comparison of different new filters (filter class F7)



turing process, new spiral wound ducts, flexible ducts and other components
of the ductwork might contain small amounts of processing oil residuals. The
oil layer is very thin and invisible, but it emits an annoying odour. Aluminium
ducts score the best with respect to odour intensity. Plastic ducts seem a feasible
solution.

Oil residuals are the dominating sensory pollution source in new ducts.
The sensory assessments showed a clear correlation between the total mass of
oil residuals (average surface density times surface area) and the PAP (Fig. 7).
Emissions from dust/debris accumulated in the ducts during construction
(mostly inorganic substances) seem to be less important. No simple correlation
was observed between the amount of accumulated dust and odour emissions;
however, the organic dust accumulated during the operation period may pro-
duce more severe odour emissions. When dust had accumulated on the inner
surface of the ducts, the relative humidity of the air in the ducts had an effect.
On the other hand, the relative humidity had virtually no effect on the odour
emissions of oil residuals.

The effect of airflow on the odour intensity from ducts was relatively small
and is probably insignificant in normal applications. The length of the duct had
a significant influence on the odour intensity. The longer the duct the worse is
the odour intensity at the end if the ducts are not clean.

4.3.3
Humidifiers

The main reasons of pollution from humidifiers were determined, namely,
disinfecting additions, old water in tanks and/or dirty tanks, microbiological
growth, wrong use when the humidifier is off (the water stays in the tank too
long), and desalinisation and demineralisation devices/agents (if used) [58].
Humidifiers only pollute the air significantly if the humidifier is not used in the
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Fig. 7 Correlation between odour intensity and the mass of oil residuals in the ducts tested



prescribed way or if it is not properly maintained. The investigations make 
it clear that periodical cleaning of humidifiers is an absolute must, as is the 
use of fresh water (Fig. 8). Under normal conditions, it was found for all 
humidifiers that the airflow has no influence on the odour intensity caused 
by humidifiers.

A relation was found between the odour intensity and the concentration of
bacteria on the inside of the humidifier (Fig. 9). The odour intensity increases
with increasing number of bacteria. This was not the case for other locations
in an HVAC system. A similar correlation could not be found for fungi.

Sensory Evaluation of Indoor Air Pollution Sources 211

Fig. 8 Odour intensity for a steam humidifier

Fig. 9 Bacteria concentration at the inner surface of a humidifier correlated with odour 
intensity



4.3.4
Rotating Heat Exchangers

Rotating heat exchangers may transfer contaminants from exhaust to supply air
in three ways: with entrained air, through possible leakage around the wheel at
the separation wall and by adsorption/desorption on the inner surfaces of the
exchanger’s wheel.

Leakage from exhaust to supply was measured in several units, and was
found to be negligible in most cases. Leakage and pollutant transfer can be
avoided or at least strongly reduced through the proper installation of the wheel,
good maintenance of the gasket, proper installation of a purging sector and by
maintaining a positive pressure differential from supply to exhaust duct at wheel
level.

Significant amounts of VOCs are transferred when the purging sector is not
used well [59, 60]. Even when it is installed well, certain categories of VOCs are
easily transferred by a sorption transfer mechanism. Among the VOCs tested,
those having the highest boiling point were transferred best. The largest
transfer rate in a well-installed unit was found for phenol (30%) (Fig. 10).

4.3.5
Coils

The results showed that heating and cooling coils without condensed water or
stagnant water in the pans are components that have small contributions to the
overall odour intensity of the air. However, cooling coils with condensed water
in the pans are microbial reservoirs and amplification sites that may be major
sources of odours to the inlet air.

4.4
Ranking and Labelling

The ultimate goal for emission testing of building products or even built en-
vironments is to provide acceptable (healthy and comfortable) IAQ for the 
occupants. Through emission testing of products in laboratory situations,
prediction of IAQs in real environments should become possible. SOPHIE is 
the first attempt at this prediction and the first attempt to include sensory
evaluation and not merely chemical emission testing.

For labelling purposes of building products one further step has to be made.
In report 18 of the ECA [61] such an attempt was made, comprising a procedure
for testing, evaluating and labelling of flooring materials. In this procedure,
a flooring material is tested according to a strict procedure:

– After 24 h of conditioning in a testing laboratory: to protect the panel mem-
bers screening of emissions for specified compounds; for specified carcino-
genic VOCs the lifetime unit risk (LUR) should be less than 10–4; if not no 
label is given.
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– After 3 days: a preliminary chemical (TVOC) test and sensory irritation test
with a panel of persons. If the TVOC concentration is higher than 5 mg/m3

and/or more than 10% of a panel of persons perceive sensory irritation,
no label is given.

– After 28 days: a final test comprising a toxicological test (LUR for all detected
VOCs less than 10–5 and relevant compounds with concentrations more than
5 µg/m3 should be evaluated toxicologically), TVOC test (less that 200 µg/m3)
and a sensory irritation test (odour/perceived air quality evaluation should
have been performed). A label is given if all tests are passed.

Another labelling scheme is the indoor climate labelling scheme, in which
building products are tested for their emission of VOCs and by a sensory
evaluation of the emissions as a safety measure [62]. The parameter used for
evaluation and as a criterion is the time required for the emission of VOCs of
concern to decay to the point where their (modelled) room concentrations 
are below their indoor relevant values. These are based on 50% of either odour-
threshold values or airway-irritation estimates.

The TVOC has been used as an indicator for IAQ as well as a label param-
eter for building products. It has even been used to evaluate the IAQ. However,
the latest research indicates that the TVOC is an indicator for the presence of
VOC indoors, but it can be used in relation to exposure characterisation and
source identifications for VOCs only [63]. The TVOC cannot be used as an 
indicator for the presence of other pollutants and it cannot be used for normal
regulatory risk assessment.

Besides the TVOC, the two units olf and decipol were introduced to quan-
tify sensory source emissions (and label building products) and perceived 
air quality [15].As mentioned before, the main item that is discussed with this
method is the assumption that all pollutants have the same relation between 
exposure and response, i.e. that the calculated olf values from separate sources
can simply be added.
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Abstract About half of the world’s population relies on traditional fuels such as biomass
(wood, agricultural residues, animal dung and charcoal) as the primary source of domestic
energy. Nearly 2¥109 kg of biomass is burnt every day in developing countries. Use of open
fires for cooking and heating exposes an estimated 2 billion people to enhanced concentra-
tions of particulate matter and gases, up to 10–20 times higher than ambient concentrations.
Recent studies estimate that exposure to indoor air pollution associated with household
solid fuel use may be responsible for nearly 1.6 million excess deaths in developing countries
and about 2.6% of the global burden of disease. An understanding of the linkages between
household fuel use and human health is especially crucial for developing strategies to 
improve household environments and the status of public health as they form an important
prerequisite for all subsequent economic development. This chapter is devoted to describ-
ing the sources, emissions and patterns of exposure and consequent health risks for biomass
smoke associated with household fuel use in developing country settings. Potential research
needs in exposure and health risk assessments for addressing indoor air pollution and
household energy issues within the mainstream of environmental health and public health
policies of the region are also described.
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Abbreviations
ALRI Acute lower respiratory infection
ARI Acute respiratory infection
DALYs Disability-adjusted life years
GM Geometric mean
IGIDR Indira Gandhi Institute for Development Research
PM2.5 Particulate matter smaller than 2.5 µm
PM10 Particulate matter smaller than 10 µm
PM3.5 Particulate matter smaller than 3.5 µm
USEPA Unites States Environmental Protection Agency
WHO World Health Organization

1
Background

About half of the world’s population relies on traditional fuels such as biomass
(wood, agricultural residues, animal dung and charcoal) as the primary source
of domestic energy; nearly 2¥109 kg of biomass is burned every day in devel-
oping countries [1, 2]. In developing countries such as India up to 86% of rural
households and 24% of urban households currently rely on solid biomass fuels
for their household energy needs [3] and the situation in other developing
countries is similar (Fig. 1).

Household fuel demands have been shown to account for more than half of
the total energy demand in most countries with per capita incomes under
$1,000, while accounting for less than 2% in industrialized countries [4].While
it is known that as per capita incomes increase, households switch to cleaner,
more efficient energy systems for their domestic energy needs (i.e. move up the
“energy ladder”), these moves have largely been made owing to increases in 
affordability, the demand for greater convenience and energy efficiency.1 With
technological progress the income levels at which people make the transition
to cleaner modern fuels has declined. However, in many rural areas despite the
availability of cleaner fuels, they continue to use a combination of fuels as a re-
sult of socio-cultural preferences or as a risk reduction mechanism against an
unreliable supply of cleaner fuels [6]. Household fuel generation, distribution
and consumption are thus closely related to the overall structure of the energy,
environmental and developmental systems that are operational in the respec-
tive countries.
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1 The energy ladder [5] is made up of several rungs with traditional fuels such as wood, dung
and crop residues occupying the lowest rung. Charcoal, coal, kerosene, gas and electricity
represent the next-higher steps sequentially. As one moves up the energy ladder, energy 
efficiency and costs increase, while typically the pollutant emissions decline.While several
factors influence the choice of household energy, household income has been shown to be
the one of the most important determinants. The use of traditional fuels and poverty thus
remain closely interlinked.
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Fig. 1 Household fuel use across world regions (from World Assessment, United Nations 
Development Program [4])

The magnitude of environmental and health damage consequent to the wide-
spread use of traditional solid fuels including biomass has only recently started
to receive the attention of researchers and policymakers worldwide. Use of
open fires for cooking and heating exposes an estimated 2 billion people to 
enhanced concentrations of particulate matter and gases, up to 10–20 times
higher than ambient concentrations [7]. Although, biomass makes up only



10–15% of total human fuel use, since nearly half of the world’s population
cooks and heats their homes with biomass fuels, indoor air pollution exposures
are likely to exceed outdoor exposures on a global scale [8].2 The recently con-
cluded comparative risk assessment exercise conducted by the World Health
Organization (WHO) estimates that exposure to indoor smoke from solid fuels
may be responsible for about 1.6 million premature deaths annually in devel-
oping countries and 2.6% of the global burden of disease [9].

Given the widespread prevalence of solid fuel use, and the emerging scien-
tific evidence of health impacts associated with exposures to emissions from
solid fuel use, indoor air pollution issues in rural households of developing
countries are of tremendous significance from the standpoint of population
health. An understanding of the linkages between household fuel use and
human health is especially crucial for developing strategies to improve house-
hold environments and the status of public health as they form an important
prerequisite for all subsequent economic development. The following sections
of this chapter are devoted to describing the sources, emissions and patterns 
of exposure and consequent health risks for biomass smoke associated with
household fuel use in developing country settings. Several examples from recent
studies in these countries are described with a view not only to provide recent
information on exposure and health impacts but also to describe special chal-
lenges in the conduct of such assessments in these settings. The concluding
section offers insights into potential research needs in exposure and health risk
assessments that may have an important bearing in addressing indoor air pol-
lution and household energy issues within the mainstream of environmental
health and public health policies of the region. The emissions and risks asso-
ciated with the use of traditional household fuels other than biomass are not
covered here.

2
Characteristics of Biomass Fuel Smoke

Air pollutants derived from biofuels are the result of incomplete combustion
(conditions for efficient combustion of these fuels are difficult to achieve in
typical household-scale stoves) and are practically the same for any type of bio-
mass. However, the amount and the characteristics of pollutants produced dur-
ing the burning of biomass fuels depend on several factors, including the com-
position of original fuel, combustion conditions (temperature and air flow),
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2 Exposures reflect concentrations that people are in contact with for specified durations.
Since cooking takes places every day in homes at times when people are most likely to be
home, the potential for individual exposure to indoor air pollutants is high compared with
the situation of outdoor air pollution, where despite high concentrations exposures are low
since people may not always be present where (and when) the pollution is high.



mode of burning, and even the shape of the fireplace [10]. Hundreds of dif-
ferent chemical substances are emitted during the burning of biomass fuels in 
the form of gases, aerosols (suspended liquids and solids) and suspended
droplets. These pollutants include carbon monoxide, small amounts of nitro-
gen dioxide, aerosols (called particulates in the air pollution literature) in the
respirable range (0.1–10 µm in aerodynamic diameter), other organic matter,
including polycyclic aromatic hydrocarbons such as benzo[a]pyrene, and other
volatile organic compounds, such as benzene and formaldehyde. Smoke from
wood-burning stoves has been shown to contain 17 pollutants designated as
priority pollutants by the United States Environmental Protection Agency
(USEPA) because of their toxicity in animal studies, up to 14 carcinogenic com-
pounds, six cilia-toxic and mucous coagulating agents and four co-carcinogenic
or cancer-promoting agents [11–13] (Table 1).
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Table 1 Toxic pollutants from biomass combustion and potential for toxicity

Pollutant Known toxicological characteristics

Particulates (PM10, PM2.5) Bronchial irritation, inflammation, increased reactivity,
reduced mucociliary clearance, reduced macrophage 
response

Carbon monoxide Reduced  oxygen delivery to tissues due to formation 
of carboxyhaemoglobin

Nitrogen dioxide Bronchial reactivity, increased susceptibility to bacterial 
and viral lung infections

Sulfur dioxide Bronchial reactivity (other toxic end points common 
to particulate fractions)

Organic air pollutants: Carcinogenicity or co-carcinogenicity mucus coagulation,
Formaldehyde cilia toxicity, increased allergic  sensitization, increased 
Acetaldehyde airway reactivity
Phenols
Pyrene
Benzo[a]pyrene
Benzopyrenes
Dibenzopyrenes
Dibenzocarbazoles
Cresols

Sources Smith [10], Cooper [11] and Smith and Liu [12].



3
Indoor Air Pollutant Levels in Biomass Fuel Using Households – 
Concentrations and Exposures

The majority of households in developing countries burn biomass fuels in
poorly functioning earth or metal stoves or use open pits, often in an open fire
configuration. Incomplete combustion in poorly ventilated kitchens thus re-
sults in very high levels of indoor air pollutants.3 Some of the earliest studies
to determine levels of indoor air pollutants associated with biomass combus-
tion were carried out nearly 2 decades ago [14, 15]. Initial studies determined
levels of total suspended particulates and exposures for cooks during cooking
periods.4 Subsequently many studies have been carried out for the determina-
tion of concentrations of other particulate fractions as well as other pollutants
including CO, sulfur dioxide and nitrogen dioxide. Concentrations of total 
suspended particulates in the range 200–30,000 µg/m3 and carbon monoxide
concentrations between 10 and 500 ppm have been reported during the cook-
ing period in some of the earlier studies [16–18]. Determinations of respirable
particulate concentrations over 12–24 h have also been carried out that report
24-h means in the range 300–3000 µg/m3 [19–21].

More recently systematic, large-scale 24-h measurements of respirable par-
ticulates have been conducted in Kenya, Guatemala and India, which in addi-
tion to pollutant concentrations have identified multiple household level deter-
minants of concentrations and exposures. The Kenyan study [22] monitored 
55 households for PM10 levels using continuous-monitoring light-scattering 
devices for 210 continuous days, addressed spatial and temporal variations in
concentrations (that ranged from 200 µg/m3 during noncooking periods far
from the stove to 50,000 µg/m3 during cooking close to the stove) and collected
detailed time–activity records from 345 individuals to reconstruct individual
daily average exposures. Adult women were exposed to the highest concentra-
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3 In many rural households of developing countries, it is common to find kitchens with 
limited ventilation being used for cooking and other household activities. Even when
separated from the adjacent living areas, most offer considerable potential for the smoke
to diffuse across. Use of biomass for space heating creates additional potential for smoke
exposure in living areas.

4 Exposures refer to the concentration of pollutants in the breathing zone during specific 
periods of time. Exposures reflect what is likely to be the internal body dose, the key 
determinant of health effects. Individual exposures would therefore be determined not
only by the concentrations but also by how long the cooks spend breathing the polluted air.
Women who cook, women who stay in close proximity to the stoves during cooking
windows and young children who spend a considerable fraction of time with their mothers
are thus likely to receive the highest exposures, while men despite living in the same house-
holds with high concentrations have lower exposures as they are less likely to be where 
the pollution is. Exposures are usually determined by attaching personal samplers to indi-
viduals or by determining concentrations in various household microenvironments 
together with detailed time budget assessments in these environments.



tions (24-h average exposures around 4,898 µg/m3). Exposure levels for women
were nearly 5 times higher than for men.

The Guatemalan study [23] determined 24-h PM3.5 concentrations over an
8-month period for traditional and improved cooking stoves in 30 households.
The 24-h concentrations ranged from 280 µg/m3 to about 1,560 µg/m3, with the
improved stoves showing up to 85% reduction in concentrations.

In India, one of the earliest exposure assessment study was conducted in 
the households of Garhwal, Himalayas, and involved nearly 100 households in
three villages across three seasons [19]. Twenty-four-hour exposures to total
suspended particulates in the range of 250–1,690 µg/m3 were reported with
levels in winter up to 3 times higher than those in summer. More recently two
large-scale exposure assessment exercises for respirable particulates have been
completed in India in the southern states of Tamil Nadu and Andhra Pradesh.
436 rural households across four districts of Tamil Nadu were monitored 
for respirable particulates (median aerodynamic diameter of 4 µm) [24, 25].
Concentrations were determined during several cooking and noncooking 
windows in select clusters of households and were extrapolated to cover the 
entire region. Twenty-four-hour exposures were also calculated on the basis 
of these concentrations in conjunction with time–activity records of house-
hold members. Concentrations of respirable particulate matter ranged from
500 to 2,000 µg/m3 during cooking in biomass-using households and average
24-h exposures ranged from 90±21 µg/m3 for those not involved in cooking 
to 231±109 µg/m3 for those who cooked. Twenty-four-hour exposures were
around 82±39 µg/m3 in households using clean fuels (with similar exposures
across household subgroups).

Another recently completed study under the Energy Sector Management As-
sistance Programme of the World Bank [26, 27] in Andhra Pradesh quantified
daily average concentrations of respirable particulates in 420 rural homes from
three districts and recorded time–activity data from 1,400 household members.
Mean 24-h average concentrations ranged from 70 to 850 µg/m3 (geometric
mean, GM, 56–570 µg/m3) in gas-using versus solid-fuel-using households, re-
spectively. Concentrations were significantly correlated with fuel/kitchen type
and fuel quantity. Mean 24-h average exposures ranged from 75 to 443 µg/m3.
Amongst solid-fuel users mean 24-h average exposures were the highest for
women cooks (GM 317 µg/m3) and were significantly different from men (GM
170 µg/m3) and children (GM 184 µg/m3). Among women, exposures were the
highest for women between the ages of 15 and 40 (most likely to be involved in
cooking or helping in cooking), while among men, exposures were highest for
men between the ages of 65 and 80 (most likely to be indoors). Fuel type, type
and location of the kitchen and the time spent near the kitchen while cooking
were the most important determinants of exposure across these households in
southern India among other parameters examined, including stove type, cook-
ing duration and smoke from neighbourhood cooking. The data is being used
to calculate population exposures and develop a model to predict quantitative
categories of exposure based on housing and fuel characteristics.
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Some results from the studies just described are shown in Figs 2, 3 and 4 
together with illustrations of the exposure situation in these households.A list
of some recent studies carried out in developing countries is shown in Table 2,
which compares the pollutants monitored, the spread in fuel/stove types,
averaging periods for the monitoring and the concentrations in the households.
The findings of these studies clearly show that rural women, children and 
men in biomass-using settings experience extremely high levels of particulates,
gases and other noxious pollutants often an order of magnitude higher than
what is considered safe levels of exposure in outdoor settings, for example.

The USEPA standards for 24-h PM10 and PM2.5 concentrations in ambient 
environments are 150 and 65 µg/m3, respectively. Indeed in some settings the
levels exceed what is considered acceptable for even occupational exposures.5

The threshold limit value adopted by the American Conference of Govern-
mental Industrial Hygienists for respirable dusts is 5,000 µg/m3 and for carbon
monoxide is 29 mg/m3. The comparison with these health-based standards 
(although currently available for settings other than indoor household envi-
ronments) indicates the potential for significant health risks.

These preceding studies describe results from rural household settings;
however, biomass use is not uncommon among the urban poor. These popula-
tions living in meager dwellings often on roadsides face dual risks from indoor
and outdoor emissions. Community school programmes in India that provide
free noon meals to children continue to use biomass fuels for cooking in
kitchens often situated adjacent to classrooms. Exposures from biomass fuels
are therefore not limited to rural household settings.Very limited information
is currently available, however, to assess the scale and levels of such exposures.

Despite the growing number of studies, the database on indoor air pol-
lutant concentrations and exposures is rather small compared with outdoor air 
pollution databases even within developing countries and certainly is much
smaller than what is available in developed country settings. In the absence of
nationally or internationally accepted standards for indoor air quality, the exist-
ing database of indoor air quality information, especially in rural household
settings of developing countries, relies on findings of several independent 
research studies. Many of them have been carried out under considerable fin-
ancial and logistic constraints that limit the number of pollutants/households
that can be monitored and that necessitate the use of technologies that are
largely dictated by local feasibilities. The absence of standards also results in
large differences in methodologies and quality control mechanisms, making it
difficult to extrapolate across studies.

5 Occupational exposure limits are usually prescribed as a time-weighted average concen-
tration for a normal 8-h workday and a 40-h workweek to which nearly all workers may
be repeatedly exposed, day after day without adverse health effects. This limit is set for 
a healthy working-age population exposed only during the workweek and is clearly not 
applicable to the household setting with lifetime exposures for multiple subgroups 
including the most vulnerable, such as the aged and young children.
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Fig. 2 Exposures to respirable particulates in rural households of Kenya. Source Ezzati 
et al. [22]. * The difference between male and female values is significant with P<0.0001
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Fig. 3 Distributions of concentrations and exposures to respirable particulates from bio-
mass smoke across rural households of Andhra Pradesh, India (mixed-fuel users are largely
dung users). Source Balakrishnan et al. [26]
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Fig. 4 The exposure situation in biomass-using households of southern India. Young girls
are often involved in cooking and it is not uncommon for households to use the space for
cooking and other household activities, creating additional exposure potentials for other
members of the household. Source K. Balakrishnan
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Finally, given the complexity and the variability in the exposure setting with
multiple household level determinants, household microenvironments, socio-
cultural and behavioural determinants, there is a tremendous need to gener-
ate such environmental data on a regional basis.

4
Health Effects Associated with Biomass Fuel Smoke

Evidence for health effects associated with exposure to smoke from combus-
tion of biomass fuels was provided initially by studies on outdoor air pollution
as well as by studies dealing with exposure to environmental tobacco smoke.
Criteria documents for outdoor air pollutants published by the USEPA [13], for
example, detail the effects of many components, including particulate matter,
carbon monoxide, oxides of sulfur and nitrogen and polycyclic aromatic hy-
drocarbons.

Considerable scientific understanding now exists about the aerodynamic
properties of the particles that govern their penetration and deposition in the
respiratory tract. The health effects of particles deposited in the airway depend
on the defence mechanisms of the lung, such as aerodynamic filtration, mu-
cociliary clearance and in situ detoxification. Since most particulate matter in
biomass fuel smoke is less than 3 µm in diameter, it is possible that such par-
ticulate matter may reach the deepest portions of the respiratory tract and al-
ter defence mechanisms. Several biomass fuel combustion products may also
impair the mucociliary activity and reduce the clearance capacity of the lung,
resulting in an increased residence time of inhaled particles, including mi-
croorganisms, and favours their growth. In situ detoxification, the main mech-
anism of defence in the deepest nonciliated portions of the lung, may also be
compromised by exposure to components of biomass fuel smoke [30].

Gases such as carbon monoxide are known to bind to haemoglobin thus re-
ducing oxygen delivery to key organs and may have important implications for
pregnant women, with developing fetuses being particularly vulnerable. Al-
though emissions of other gases such as sulfur dioxide and nitrogen dioxide are
of lesser concern in biomass combustion (very high levels of sulfur dioxide may
be reached with other solid fuels such as coal), they are known to increase
bronchial reactivity. Polycyclic aromatic hydrocarbons such as benzo[a]pyrene
are known carcinogens.

On an epidemiological platform, the earliest evidence linking biomass com-
bustion, indoor air pollution and respiratory health came from studies carried
out in Nepal and India in the mid 1980s [31, 32]. Since then there has been a
steady stream of studies linking biomass combustion and several health effects
especially in women who cook with these fuels and young children. Recent re-
views describe the evidence linking exposures from biomass combustion and
health outcomes, including acute lower respiratory infections (ALRIs), chronic
obstructive lung disease, tuberculosis, perinatal outcomes, including low birth
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weight, eye disease and cancer [33–35]. Important observations made in these
reviews are presented here.

ALRIs are the single most important cause of mortality in children aged
under 5 years and account for nearly 2 million deaths annually in this age group
[36].Associations between biomass fuel exposure and ALRIs were documented
as early as 1968 [37]. However the criteria for diagnosis have been revised over
the years and many of the earlier studies were unable to clearly define out-
comes. Only about a dozen studies are included in the recent reviews that have
been conducted in recent years in developing country settings (and one in de-
veloped country settings amongst Navajo reservations in the USA) confirming
the rigorous case-selection criteria of the WHO [38–40]. Most studies showed
increased odd ratios (between 2 and 3) although a few showed no association. 6

While most of these studies have fairly well defined health outcomes, they have
relied on proxy exposure indicators such as the use of biomass fuels, the time
spent near the stove or if child is carried on the back. As illustrated in the 
preceding section, while the use of biomass fuels results in substantially higher
concentrations in these households compared with those using gas or other
modern fuels, intrahousehold differences can be substantial. Differences in 
individual exposures can be masked significantly by such binary classification
schemes and result in ambiguity in health outcome assessments. Despite these
uncertainties, the degree of consistency in terms of increased risks across 
exposure settings indicates a substantial burden of disease-attributable ALRI
owing to biomass smoke exposure (see Sect. 5).

A recent study examined the exposure–response relationship between bio-
mass combustion and ARI in children of rural Kenyan households [41]. This
was preceded by rigorous quantitative exposure assessments in the same
households [22]. Quantitative exposure assessments are therefore crucial for
the development of exposure–response relationships and greatly facilitate sub-
sequent health risk assessments.

Many studies have reported an association between exposure to biomass
smoke and chronic obstructive pulmonary disease [42–44]. Cigarette smoking
accounts for 80% of the incidence of chronic bronchitis in non-biomass-using
settings. The incidence of chronic bronchitis in women (who are largely non-
smokers) has been reported to be comparable to or sometimes higher than 
that in men (including smokers) in biomass-using households, indicating pos-
itive associations with smoke exposure. Unlike ARIs, obstructive pulmonary
disease is a chronic outcome and is less subject to confounding and studies have

6 Odds ratios represent the ratio of the probability of occurrence of an event to nonoc-
currence; for example, an elevated odds ratio in biomass-using households reflects the 
incremental risks for people in this set of households compared with risks for people in
clean-fuel-using households. An odds ratio of 2 for acute respiratory infection (ARI) in
children for biomass-using households, for example, would imply a twofold higher risk of
ARI for these children compared with the reference group of children in clean fuel (gas)
using households.



confirmed very high particulate levels in these households. Risk factors for
chronic obstructive pulmonary disease associated with tobacco smoking in-
clude bronchial hyper-reactivity, atopy and genetic susceptibility, all of which
could apply to biomass exposure [45]. These considerations together indicate
the substantial burden of obstructive pulmonary diseases (especially for
women) in biomass-using households.

Biomass exposure has also been shown to be associated with other health
outcomes, including blindness (cataracts), self-reported tuberculosis, reduced
birth weight and increased perinatal mortality but the evidence for such asso-
ciations is not as strong as what is available for ARI and chronic obstructive
pulmonary disease. They are subject to even greater uncertainties in both the
exposure and the health assessment components and the reader is referred to
the references cited earlier for individual studies concerned with particular
health risks.

5
Global Burden of Disease Attributable to Indoor Air Pollution

The global burden of disease methodology [46] allows one to calculate the
health burden in terms in terms of a common metric, disability-adjusted life
years (DALYs) – the number of healthy life expectancy years lost because of a
disease or a risk factor. It has been applied to indoor air pollution owing to the
use of solid fuels both globally and nationally in India [7, 47, 48]. Although on
a global platform this includes risks from traditional fuels other than biomass
(most importantly coal), risks from biomass are a significant portion of it, given
the much higher prevalence of use in most less developed countries (Fig. 1).

The results of such calculations are summarized in Fig. 5 and they are com-
pared with the burden from outdoor air pollution across world regions. These
assessments using rather conservative approaches, relying largely on epidemi-
ological evidence from studies carried out in developing countries, estimate 
a very high global burden attributable to indoor air pollution, up to 2 million
excess deaths and 4% of all DALYs. These risks are comparable to risks from 
tobacco and are only exceeded by malnutrition (16%), unsafe water and sanita-
tion (9%) and unsafe sex (4%). In developing countries (which bear the largest
share of this burden) this creates additional challenges, increasing pressure 
on scarce resources for mitigation of a growing number of risk factors.A more
recent WHO analysis for year 2000 done as part of the global comparative risk 
assessment exercise has determined slightly smaller risks, but they lie in the
same range (9).

As the figure also suggests, the disease burden consistently falls as the region
develops and incomes grow, reflecting the need for addressing indoor air pol-
lution in the mainstream of poverty alleviation initiatives. ARI is the leading
cause of disease burden in children under 5 years and it contributes the most
(up to 80%) to deaths and DALYs attributable to indoor air pollution in most
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biomass-using settings, thereby also indicating the need to address this issue
within mainstream children’s health initiatives. Finally, women who are at the
centre of care giving at the family level bear a significant disease burden that
can have implications beyond their own health (most importantly, children’s
health). Health risks from indoor air pollution in household settings thus have
complex interlinkages and an understanding of these linkages in a holistic
manner is crucial for the design of strategies to minimize the same.

6
Options for Interventions

Household-level energy interventions have been in the past largely centred 
on providing improved fuel efficiency either by using better fuels (which neces-
sarily use stoves with higher combustion and heat transfer efficiency) or by 
using improved stoves with the same fuels [1]. Since fuel substitution has 
not been a feasible option for most communities in less developed countries
owing to the high costs or nonavailability, improved stoves have remained 
the most common intervention. Emissions and health risks from associated 
exposures have, however, seldom been a part of technological considerations
in the design of interventions thus far. 7 In India and China, where national-
level improved stove programs have been operational for the last 2 decades,
the impact of the programs has largely been assessed in terms of the number
of units disseminated and the impact on health risk reduction remains poorly
understood. The residual pollutant levels even amongst those in regular use are
often high [21, 29, 49, 50].

Many considerations have been shown to determine the acceptability of
improved stoves among communities, including market environments, people’s
socio-cultural preferences, capital and running costs and access to wood for
fuel. People living in rural settings are often under limited pressure to conserve
wood (except in arid areas) and are not willing to spend any additional re-
sources on alternative fuels or stoves. Indeed when wood for fuel becomes
scarce people move down the energy ladder, shifting to agricultural produce
and animal dung, known to be more polluting. Perception of health risks thus
currently plays no (or a very limited) role in determining energy choices that
households make in their daily lives. Interventions that reduce exposures either
directly (through behavioural interventions) or indirectly (promote dispersion
through improved ventilation/housing design) have been described [51] but
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7 Improved efficiency is not always accompanied by reduced emissions [45]. An increase in
efficiencies may be accomplished by increasing merely the heat transfer efficiency, in which
case emissions (which are directly related to fuel combustion) are not reduced. Further,
expected gains in efficiency (set in laboratory conditions) are seldom realized under 
field conditions, with most improved stoves resulting in savings in fuel consumption of less
than 25%.



evidence for exposure and health risk reductions are not currently available
from such measures. Strengthening this evidence would enable better and 
perhaps more objective comparisons to be made across interventions and to be
advocated on the basis of relative health economic and environmental benefits.

7
Challenges and Opportunities for the Future

The burden of environmental health risks is just beginning to catch the atten-
tion of health policymakers in developing countries. Developing countries are
faced with several new environmental challenges against a backdrop of tradi-
tional public health risks. Allocation of scant resources for risk reduction will
necessarily demand that the weight of evidence for each of these risk factors be
built on a strong scientific foundation. The preceding account of studies that
contribute towards better estimating the health risks associated with biomass
exposures points out the need for augmenting quantitative assessments of
health risks, which in turn rest on obtaining better exposure estimates.

Exposures to indoor air pollutants associated with household fuel combus-
tion happens every day in homes that differ widely in their configurations and,
given the multiple household level determinants of individual exposure that
vary across world regions and within countries, there is a need to collect in-
formation on both exposures and their determinants on a regional basis. The
challenge subsequently would be to identify a key set of exposure determinants
that would provide sufficient resolution, to classify populations into exposure
subcategories. The currently available techniques for the conduct of such assess-
ments are laborious, expensive and there is a need to develop newer methods
that are suited for being scaled up to local, national and regional levels.

The exposure and the health studies on this issue have largely remained
separate from each other. While financial constraints may be responsible for
some studies not being able to address them simultaneously, it is also in some
measure a reflection of the lack of capacities in performing quantitative environ-
mental health assessments in developing country settings. Even in instances
where health-based environmental standards are available (e.g. criteria outdoor
air pollutants) they are based on underlying exposure–response relationships
that are largely derived from developed country studies. Risk perception and
risk communication mechanisms within research/policy communities are
therefore significantly handicapped either owing to the lack of locally derived
relationships, which reduces acceptability, or to the lack of understanding of
methodologies, which limits transferability across settings. With indoor air 
pollution largely being a developing-country issue with strong regional differ-
ences, it is anticipated that health-based standards will have to rely on studies
largely executed in individual countries. The strengthening of local technical
capacities through academic and interagency partnerships is thus crucial to 
enhance not only the cost-effectiveness of research initiatives but also to ensure
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sustainability of subsequent environmental management initiatives and sup-
porting policies.

The issue of indoor air pollution associated with household fuels in devel-
oping countries is deeply embedded in a matrix of environmental, energy,
health, and economic/developmental considerations. An in-depth under-
standing of the potential for health risks is therefore crucial for ensuring that
the most vulnerable poor communities amongst us are not required to endure
years of suffering, before development can “catch up” with them. Indeed if hu-
man development is the goal, addressing health risks is an important mecha-
nism of ensuring equity in quality of life amongst populations and it is hoped
that the information presented here represents a small incremental step to-
wards achieving the same.
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Abstract The characteristics of indoor air pollution are reviewed. Three sources of indoor
air pollution are of great importance for the health of people indoors: fuel combustion,
indoor decorating and refurbishing materials, and building materials in China. The princi-
pal pollutants from these sources are combustion products, cooking fumes, formaldehyde,
volatile organic compounds, ammonia, and radon. The reasons for indoor air quality
problems are analyzed. Strategies and measures of controlling indoor air pollution are 
summarized. They include constituting standards and guidelines of indoor air pollution
control, framing management policies of controlling indoor air pollution from energy con-
sumption and civil building engineering work as well as other measures such as the estab-
lishment of administration, special monitoring teams, research and development, education
and training.

Keywords Indoor air pollution · Characteristics · Strategy · China

1
Introduction

In China, the study of the relationship between indoor air quality and human
health began in the1980s.According to investigations and monitoring, the main
indoor air pollutants at that time were fuel combustion products,cooking fumes,
and environmental tobacco smoke. Epidemiological studies showed that poor 
indoor air quality caused physiological dysfunction or diseases. However, ade-
quate attention was not given to the problem because of the poor awareness of
the importance of indoor air quality, the relative infrequency and multifactorial
nature of some chronic respiratory diseases, and inadequate monitoring data.

In recent years, indoor decoration and refurbishment of buildings have be-
come a focus of consumer consumption as personnel incomes have risen, and
ownership of homes has become possible as a result of China’s housing reform
(state-owned or enterprise-owned residential houses in urban areas are sold to
residents). Statistics indicate that the production value growth in the indoor
decoration and refurbishment industry over the past 5-year period has been
dramatic, with average annual increases of 20%. The total product value from
the sector reached ¥ 660 billion in 2001 [1]. On the other hand, the indoor air
quality has steadily deteriorated as a result of misusing decoration and refur-
bishment materials containing harmful substances. Significant amounts of
formaldehyde, volatile organic compounds (VOCs), ammonia and radon are
being released into indoor environments, thus posing a hazard to human
health. Reports of poisoning and even death from indoor decoration and re-
furbishment often appear in the news, and the sick building syndrome is be-
coming prevalent. Thus, the indoor air quality problem is causing deep concern
to the government and the public.

In this chapter, characteristics of indoor air pollutants in China are intro-
duced first. Then the main reasons for the indoor air quality problem are an-
alyzed. Finally, current existing strategies and measures for reduction of indoor
air pollution are described.
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2
Characteristics of Indoor Air Pollution in China

There are many sources of indoor air pollution in any home. These include (1)
occupants and their activities, (2) building, indoor decorating, and refurbish-
ing materials, (3) appliances, office equipment, and supplies, and (4) outdoor
air. The relative importance of any single source depends on how much of a
given pollutant it emits and how hazardous those emissions are.At present, res-
idential heating and cooking activities, indoor decorating, and refurbishing
materials are the major sources of indoor air pollution in China.

2.1
Indoor Air Pollution from Residential Heating and Cooking

In China, energy used by households is an important component of China’s 
energy consumption. Coal, biomass, and gas are major energy types for cook-
ing and space heating (Table 1) [2]. Burning such fuels produces large amounts
of air pollutants, including particulates, sulfur dioxide, nitrogen dioxide, carbon
monoxide, and carbon dioxide, in the confined space of the homes. Exposure
to pollutants is often far higher indoors than outdoors because of insufficient
ventilation. Recently, a series of studies done in China has shown that residen-
tial energy-related indoor air pollution is very serious [3–8].

Compared with using gas, using coal produces inhalable particulates, sulfur
dioxide, nitrogen oxides, and carbon monoxide with higher concentrations in
kitchens (Table 2) [9]. The research results from Shanghai and three other cities
also show that children who belong to coal-consuming families have more res-
piratory disease symptoms and a higher prevalence of respiratory disease than
those who belong to gas-consuming families (Table 3) [9].
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Table 1 Annual energy consumption for nonproduction purposes by variety [2]

Item 1990 1995 1998 1999

Total (104 tce)a 15,800 15,745 14,393 14,552
Coal (104 t) 16,700 13,530 8,884 8,408
Liquefied petroleum gas (104 t) 159 534 769 878
Natural gas (108 m3) 19 19 24 26
Coal gas (108 m3) 29 27 74 81
Heat (1010 kJ) 8,972 12,637 18,711 20,127
Electricity (108 kWh) 481 1,006 1,325 1,481
Kerosene (104 t) 105 64 63 71

Biomass Stalks (104 tce) 15,092 12,280 12,502
Firewood (104 tce) 10,013 8,401 7,791

a Not including biomass energy.



The indoor air pollution contributed by biomass combustion is similar to or
even higher than that contributed by burning coal because of using simple
stoves, of which the average thermal combustion efficiency is only about
10–15%. Comprehensive research in rural Xianwei county has shown that 
firewood smoke contains many kinds of carcinogenic air pollutants (Table 4)
[10].

Using biomass as a fuel is often coupled with inefficient ventilation; thus,
extremely high levels of indoor air pollutants are produced. The outcome is that
people – mainly women and children in rural areas and urban slums who
spend most time in their homes – are exposed to high levels of indoor air 
pollution. It is estimated that nearly 2 million women and children die every
year in developing countries as a result. About half of these deaths occur in 
India and China [11].
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Table 2 Concentrations of pollutants in kitchens using coal and liquefied petroleum gas in
urban China [9]

Fuel Average   value ± standard deviation (mg/m3)

SO2 NO2 CO Inhalable CO2

particulates

Coal 0.53±0.34 0.09±0.08 26.47±21.8 0.64±0.55 0.76±0.57¥104

Liquefied 0.25±0.19 0.08±0.07 0 0.26±0.20 0.88±0.50¥104

petroleum gas 

Table 3 Relationship of fuel usage and incidence rate of respiratory diseases and their
symptoms expressed as a percentage of the affected population [9]

Disease or symptom Chende Shenyang Shanghai Wuhan

Coal Gas Coal Gas Coal Gas Coal Gas

Cough 57.6 49.2 27.6 25.5 72.0 28.2 26.2 26.8
Too much sputum 24.7 17.0 6.6 4.6 40.2 15.9 7.9 7.4
Tracheitis 7.2 5.8 2.0 1.1 21.9 2.3 4.2 4.4
Pharyngitis 6.9 4.8 3.2 2.7 15.4 3.3 7.5 7.0
Tonsillitis 15.4 16.0 12.4 10.9 16.7 7.0 10.3 13.1
Asthma 0.8 0.8 0.9 0.0 1.6 1.3 0.5 0.6
Congestion of throat 4.4 6.3 24.7 20.3 29.6 18.3 24.8 19.7
Retropharyngeal lymph 19.5 18.8 18.1 14.4 25.4 26.9 60.3 50.3
Folliculosis 8.2  806 6.3 3.2 10.9 2.3 27.6 20.7
Nose-excretion increase 8.2 8.6 6.3 3.2 10.9 2.3 27.6 20.7
Nose hyperonychosis 3.6 4.6 8.9 4.3 9.0 3.3 21.0 12.1

Total number of people       389      394         348      439         311      301        214     503



Fuel combustion generally occurs in kitchens, so the concentrations of
pollutants in kitchens are higher than those in bedrooms (Table 5) [12]. With
regard to different kinds of heating systems, separate ones (with small coal
stoves) in individual residence units have higher indoor pollution than central
heating systems in winter (Table 6) [13].

Perhaps the most compelling example of the health impact from indoor air
pollution contributed by coal users in households is the extremely high lung
cancer rates among nonsmoking women in rural Xianwei country. The three
communes of this county, in Yunnan, have the highest prevalence of lung cancer
in China. The age-adjusted lung cancer mortality rate between 1973 and 1979
was 125.6 per 100,000 women, compared with average rates of 3.2 and 6.3 for
Chinese and USA women, respectively, for the same time. Because surveys
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Table 4 Air pollutants in firewood smoke [10]

Pollutant Emission   factor (g/kg)

Above oven (1) Around oven (2) Ratio above oven/ 
around oven

Fluorine 0.020 0.0047 4.3
Anthracene/phenanthrene 0.006 0.0088 10.9
Phenol 0.1 0.02 5.0
Fluorane 0.022 0.0016 13.7
Pyrene 0.019 0.0016 11.9
Benzanthracene 0.0177 0.0019 9.3
Benzo[j]fluoranthene 0.009 0.0015 8.0
Benzo[ghi]pyrene 0.0059 0.0014 4.2
Benzo[a]pyrene 0.0025 0.00073 3.4
Dibenzanthracene 0.0010 0.00018 5.6
Dibenzene 0.041 0.0091 4.5
Benz[c]phenanthrene 0.0025 0.008 0.31
Dibenzopyrene 0.0007 0.0004 1.8
Formaldehyde 0.2 0.4 0.5
Propionaldehyde 0.2
Acetaldehyde 0.1
Isobutyraldehyde 0.3 0.5 0.6
Methyl phenol 0.2 0.06 3.3
o-Dihydroxybenzene 0.01 0.014 0.7

Table 5 Comparison of concentration of indoor pollutants in kitchens and bedrooms [12]

Sample number PM10 (µg/m3) SO2 (µg/m3) CO (mg/m3)

Kitchen 373 518±27 12.4±36 2.0±9.9
Bedroom 504 340±9 10.9±18 1.62±6.0



showed that virtually no women (in the county) smoked tobacco products,
other sources of potent exposure must have contributed to these troubling
rates. Analyses of indoor air and blood samples from the women indicate that
fuel burning inside their homes was largely responsible for the lung cancers.
The studies found a strong association between the existence of lung cancer 
in females and the duration of time spent cooking food indoors. The levels of
carcinogenic compounds present in smoky coal (a local type of coal that
smokes copiously) were found to be much higher in the women who used
smoky coal for cooking [14].

In addition to combustion products, cooking fumes are also major pol-
lutants that cause indoor air pollution. Stir-fry and deep-fry are the main
Chinese-style cooking methods. When heated to high temperatures in woks,
cooking oils may emit harmful fumes containing aldehydes, ketones, hydro-
carbon compounds, fatty acids, alcohols, aromatic compounds, and hetero-
cyclic compounds. These compounds potentially cause diseases of the lung, the
liver, and the immune system. Researchers from China and Canada found that
cooking in a nonseparate kitchen, heating oils to high temperatures, smokiness
in the kitchen while cooking, use of rapeseed oil to stir-fry, and frequent stir-
frying increased the risk of lung cancer in a group of nonsmoking women 
living in Shanghai. Frying in hot oil is associated with a 1.6-fold increase in lung
cancer risk. The highest risks were associated with the use of rapeseed oil and
high temperatures [15].

Gao et al. [16] investigated the cause of death of 2,345 workers who were 
employed in cooking. The result showed that the lung cancer mortality rate was
98.02 per 100,000 workers, significantly higher than the average lung cancer
mortality rate of local residents. In addition, the epidemiological study also 
indicated that people working in kitchens preparing dishes, compared with
those dealing with rice and flour, risk having a higher lung cancer mortality rate
because of exposure to heavier fumes over longer periods.
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Table 6 Effect of heating method on concentration of indoor pollutants [13]

Inhalable SO2 (mg/m3) NO2 (mg/m3) CO (mg/m3)
particulates 
(mg/m3)

Summer Winter Summer Winter Summer Winter Summer Winter

Separate (or individual) heating system

Kitchen 0.071 0.682 0.092 0.554 0.037 0.070 2.95 8.24
Bedroom 0.057 0.286 0.079 0.397 0.032 0.053 2.31 7.96

Central heating system

Kitchen 0.074 0.262 0.072 0.180 0.045 0.087 2.54 5.86
Bedroom 0.048 0.127 0.042 0.154 0.034 0.055 1.60 5.33



2.2
Indoor Air Pollution from Indoor Decorating and Refurbishing Materials

In China, indoor air pollution is becoming more and more serious because of
the use of poor-quality decorating and refurbishing materials and processes.
The main harmful substances involved include formaldehyde and VOCs. They
are regarded as “invisible killers” in China.

Recent statistics from Beijing’s Chemical Poisonous Substances Test Centre
indicate that more than 400 poisoning accidents reported annually are the di-
rect result of indoor air pollution caused by construction and interior deco-
rating materials. The statistics also revealed that some 10,000 people suffer
from relevant accidents on an annual basis in Beijing [17].

The most significant sources of indoor formaldehyde are likely to be pressed
wood products made using adhesives that contain urea–formaldehyde resins.
Pressed-wood products made for indoor uses include particleboard (used as
subflooring and shelving and in cabinetry and furniture), hardwood plywood
paneling (used for decorative wall coverings and used in cabinets and furni-
ture), and medium-density fiberboard (used for drawer fronts, cabinets, and
furniture tops). The demand for pressed-wood products is steadily increasing
as individual incomes rise, which can give a rough idea of the consumption of
wood adhesives in China (Table 7) [18].

In China, formaldehyde emission of the pressed-wood products sold is 
generally high. A test showed that the average formaldehyde release rates of
four kinds of typical wood-based panels, i.e., particle board, medium-density
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Table 7 Estimated consumption of wood adhesives  in China units: ¥103 t [18]

Type 1994 2000 2010

Urea– Phenol– Urea– Phenol– Urea– Phenol–
formal- formal- formal- formal- formal- formal-
dehyde dehyde dehyde dehyde dehyde dehyde

Plywood
Interior 126.3 165.0 215.0
Specialty 12.6 20.0 27.6
Bamboo 4.4 9.0 12.0

Particle board 131.2 183.0 304.0

Fiberboard
Hardboard 15.7 13.5 14.5

Medium-density 43.1 216.0 332.0
fiberboard

Subtotal 300.6 32.7 564.0 42.5 851.0 54.1

Total 333.3 606.5 905.1



fiberboard, core board, and plywood were 0.66, 1.08, 3.86, and 2.92 mg/m2 h, re-
spectively [19]. A survey in Beijing, Shanghai, and Guangdong indicated the
passing rate of medium-density fiberboard, as far as the free formaldehyde
emission rate was concerned, was only 61% [20].

Indoor pollution sources that release VOCs into the air are mainly solvent
coatings for woodenware, interior architectural coatings, adhesives, wood-
based furniture, carpets, and carpet cushions used in indoor decorating and 
refurbishing materials.

The emission rates of formaldehyde and VOCs from most indoor decorat-
ing and refurbishing materials are highest in new or renovated buildings. These
compounds can “outgas” (i.e., evaporate continuously) slowly over months 
or years. As a consequence, the indoor concentration of these compounds
slowly decreases, as shown in Tables 8 and 9. However, it can be also seen from
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Table 8 Change in both indoor and outdoor formaldehyde concentrations after interior 
decoration in 15 Chinese households [21]

Time after indoor Less than 1 month 6 months 12 months
decoration 5 days

Indoor concentration 0.852–13.402 0.095–1.002 0.082–0.561 0.009–0.129
range (mg/m3)

Average indoor 2.402 0.874 0.251 0.087
concentration (mg/m3)

Average outdoor 0.0065 0.0043 0.0044 0.007
concentration (mg/m3)

Table 9 Changes in the concentrations of indoor aromatic compounds before and after 
interior decoration [9]

Before During After decorating and refurbishing 
decoration decoration (mg/m3)
(mg/m3) (mg/m3)

10 days 31 days 12months

Benzene 0.024 0.164 0.109 0.054 0.037

Methybenzene 0.026 0.248 0.168 0.086 0.042

Ethylebenzene Not  0.105 0.075 0.031 0.019
detectable

1,2-Dimethylbenzene 0.012 0.153 0.121 0.051 0.026

1,3-Dimethylbenzene Not 0.090 0.069 0.025 0.018
detectable

1,4-Dimethylbenzene 0.009 0.320 0.187 0.079 0.036



Tables 8 and 9 that the indoor formaldehyde and VOCs concentrations are still
much higher than the outdoor ones even in the 12th month after the indoor
decoration project had finished [9, 21].

In recent years, there have been many complaints relevant to indoor air
pollution caused by formaldehyde and VOCs emissions from decorating and 
refurbishing materials in China. Beijing City’s Changping District People’s
Court judged China’s first damages lawsuit for indoor air pollution in June
2001. Formaldehyde, in a concentration surpassing the indicated standard by
19.5 times, with value of 1.56 mg/m3 in the owner’s bedroom, resulted in the
lawsuit [22].

2.3
Indoor Air Pollution from Building Materials

2.3.1
Ammonia

Indoor air quality can be reduced by ammonia released from building mate-
rials, furniture, cleaning compounds, office equipment, and other sources. At
present, the acute health effects are associated with ammonia emitted from
construction concrete in China. In mixing concrete, admixtures containing 
urea are added to improve resistance to damage from freeze – thaw cycles and
to control such properties as setting time and plasticity. Later, the ammonia 
is released into the indoor environment from the concrete with an increase 
of environmental temperature, thus causing indoor air pollution. In 2000,
severe indoor ammonia pollution occurred in Beijing. Some customers who
bought apartments in a new housing development named Modern City felt
strong ammonia irritation. Monitoring revealed that the ammonia concen-
tration was about 20 times higher than the recommended limit (0.5 mg/m3).
It was confirmed that the ammonia came from construction concrete, in 
which a frost-resistant agent containing urea had been added during winter
construction [23]. Ammonia was also implicated in the first foreign-related 
indoor air pollution lawsuit in March 2001, in Beijing. A domestic real-
estate agency was prosecuted by a Beijing office of a foreign company for an 
indoor ammonia concentration as high as 8 mg/m3 in a leased writing build-
ing [24].

2.3.2
Radon

Radon progeny – the decay products of radon gas – are a well-recognized cause
of lung cancer in miners.When radon was found to be a ubiquitous indoor air
pollutant, however, it raised a more widespread alarm for public health. Since
1994, a systematic radon survey has been done in 1,524 buildings and dwellings
of 14 cities in China. The results showed that the highest indoor radon concen-
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tration is 596 Bq/m3 (Table 10) [25]. According to incomplete statistics, 50,000
people get lung cancer from radon in China every year [26].

The building materials emitting radon include stone, brick, soil, and sand.
The radioactive species contents of common building materials in China are
given in Table 11 [27]. The relatively high radioactive species are found in
natural stone. Details of the radioactive species found in natural stone used in
China are listed in Table 12 [28].

Besides the indoor air pollution caused by residential energy consumption,
decorating and refurbishing materials, and building materials, indoor air pol-
lutants also come from other sources, such as environmental tobacco smoking,
products for household cleaning and maintenance, human metabolism, and
outdoor contaminated air, as in any other country. See other chapters of this
volume for discussions of the characteristics of indoor air pollution caused by
these sources.
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Table 10 Indoor radon level in some Chinese cities  [25]

City Sample Average Maximum >100 >200
number value value

(Bq/m3) (Bq/m3) Sample Percent- Sample Percent-
number age number age

Beijing 229 44.1 249 17 7.8 1 0.5
Qingdao 98 44.8 205 5 5.1 2 2.0
Taiyun 119 28.3 87.4 0 0.0 0 0.0
Bengbu 320 21.3 122 1 0.3 0 0.0
Lasha 44 44.6 125 1 2.3 0 0.0
Wuhan 56 25.7 170 1 1.8 0 0.0
Shangrao 150 82.1 596 38 25.3 6 4.0
Huanshan 12 49.5 96.6 0 0.0 0 0.0
Haikou 65 15.9 47.2 0 0.0 0 0.0
Guangzhuou 250 73.6 248 40 16.0 6 2.4
Shenzhen 189 35.3 332 2 1.1 1 0.5
Zhuhai 221 63.4 771 27 12.2 3 1.3
Zhengzhou 25 33.5 133 1 4.0 0 0.0
Pingliang 31 61.5 149 2 6.5 0 0.0

Total 1809 135 7.5 19 1.1

Table 11 Content of radioactive species  of common building materials in China [27]

Building material Natural stone Brick Cement Sandrock Lime Soil

226Ra 91 50 55 39 25 38
232Th 95 50 35 47 7 55
40K 1,037 700 176 573 35 584



3
Main Reasons for the Indoor Air Quality Problem

At present, indoor air pollution is already severe in China. This situation has re-
sulted from many factors. The major reasons are the following:

1. The importance of indoor air quality is not recognized. On average, up to
80% of a person’s day is spent at home and at the office, meaning the indoor
air quality is of paramount importance to people’s health. However, the pub-
lic lacks knowledge about indoor air pollutants, their sources, characteris-
tics, and health effects, because of insufficient environmental education. For
this reason, the importance of maintaining a clean indoor environment is
not widely appreciated.

2. The indoor environment administrations are not established. In China,
many departments including environmental protection, occupational safety
and health, and construction all deal with the indoor environmental prob-
lem to varying degrees. However, none of them are granted the authority or
given the responsibility of managing indoor environmental quality. As a
consequence, neither a special indoor environment supervisory agency nor
a monitoring network has been established.

3. Indoor air pollution is not comprehensively investigated. Although a study
on the indoor air pollution problem began in the early 1980s in China, only
researchers from the fields of preventive medicine have been concerned with
such a problem. Multidisciplinary research into the control of indoor air pol-
lution has been conducted. On the other hand, there is no any agency that
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Table 12 Content of radioactive species of common natural stone materials in China [28]

Type Rock 226Ra 232Th 40K
character

Average Range Average Range Average Range
value value value

Marble Ultrabasic 25.2 0.37–97 11.9 0.59–193 105 9–1,003
rock

Basic rock 9.6 4.0–25.4 13.6 0.5–53.5 353 17–787

Granite Neutral rock 52.1 20.9–155 69.6 3.2–201 941 281–1,618
Acidic rock 79.6 6.3–374 99.9 9.8–276 1,128 446–1,810
Alkali rock 126.9 53.7–200 158 65.8–252 2920 2,419–3,357

Meta- Meta- 48.2 16.7–172 48.6 18.4–81.2 1,064 754–1,369
morphite morphite

Slate Slate 10.6 4.2 241



has provided professional indoor air quality monitoring services for a 
long time in China. There are no systematic data about indoor air pollution
and its heath effects that could be used to caution the public. A scientific 
system of evaluating indoor air quality has not been set up, and economi-
cally feasible technologies for controlling indoor air pollution are not avail-
able.

4. Disordered decorating and refurbishing markets. In China, high-speed 
economic development has brought prosperity to the decorating and re-
furbishing industry. Indoor decorating and refurbishing of buildings 
have become the consumption hotspot of urban and rural residents, which
drives rapid growth of production and the use of indoor decorating and 
refurbishing materials. At the same time, some inferior products contain-
ing harmful substances also enter the market because of nonnormalized 
order.

5. Poor sanitation conditions in kitchens and bathrooms. Although the hous-
ing situation of urban and rural residents in China has greatly improved in
recent years, per capita usable floor area still is low, especially in kitchens
and bathrooms. In addition, ventilation throughout many households is
poor. Serious air pollution and high moisture exist in kitchens and bath-
rooms.

6. Poor sanitation in public places. The population density in public places
such as shopping centers, waiting rooms of hospitals and public trans-
portation, and entertainment centers tends to be very high in China. Serious
air pollution in these places occurs owing to high carbon dioxide, ammonia,
hydrogen sulfide and pathogenic organism concentrations.

7. Air-conditioning systems are improperly maintained.Air conditioning is be-
coming more and more prevalent with the improvement of people’s living
conditions. At present, air-conditioning systems are installed in almost all
modern office buildings and about 30% of urban households in China [29].
When air conditioning is in use, the building tends to be more tightly sealed,
thus reducing natural indoor–outdoor air exchange. On the other hand, the
air-conditioning systems can be the source of indoor air contamination or
can act as the pathway through which other contaminants enter the
airstream and are circulated throughout the building. Indeed, many air-con-
ditioning systems are responsible for serious indoor air pollution due to 
dirt and moisture buildup caused by improper maintenance or the age of
equipment.

4
Strategies for Reduction of Indoor Air Pollution

In order to control indoor air pollution, there have been a series of legal en-
actments, policies and measures which have been carried out since the 1980s
in China, these have included the following.
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4.1
Constituting Standards and Guidelines

As early as 1988, China published the first set of hygienic standards for public
places, in which a limit on the amount of pollution allowed was given for car-
bon monoxide, inhalabe particulates, carbon dioxide, and bacteria. The stan-
dards played an important role in improving sanitation in public places and
controlling the propagation of diseases.An amendment of the standards, issued
by the General Administration of Quality Supervision, Inspection and Quar-
antine of the People’s Republic of China, took effect in 1996, especially in-
creasing the limit for formaldehyde emission in public places (Table 13).

In 1996 GB/T 16146-1995 “Standards for controlling radon concentration in
dwellings” and GB/T 16127-1995 “Hygienic standard for formaldehyde in in-
door air of house” were brought into effect after many years of investigation
into indoor radon pollution and chemical pollution.

Coal consumption is one of the major causes of both indoor and outdoor air
pollution. Although indoor coal combustion is the predominant source of in-
door pollutants, outdoor pollutant concentrations also affect indoor levels, de-
pending on the difference between indoor and outdoor concentrations and
house ventilation. In the mid 1990s, air pollution in China was very serious ow-
ing to China’s large consumption of coal as a fuel. Sulfur dioxide emissions in
China rank first in the world, and carbon dioxide emissions rank second in the
world, second to the USA. High ambient concentrations of sulfur dioxide, ni-
trogen oxides, and particulate matter occurred in China. Because of this situ-
ation, hygiene standards for carbon dioxide, inhalable particulate matter, ni-
trogen oxides, and sulfur dioxide in indoor air were issued by the General
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Table 13 Hygiene standards for public places in China

Standard number Standard name

GB 9663-1996 Hygiene standard for hotels
GB 9664-1996 Hygiene standard for public places of entertainment
GB 9665-1996 Hygiene standard for public bathrooms
GB 9666-1996 Hygiene standard for barber’s shops and beauty shops
GB 9667-1996 Hygiene standard for swimming pools
GB 9668-1996 Hygiene standard for  gymnasiums
GB 9669-1996 Hygiene standard for libraries, museums, art galleries 

and exhibitions
GB 9670-1996 Hygiene standard for shopping centers and bookstores
GB 9671-1996 Hygiene standard for hospital waiting rooms
GB 9672-1996 Hygiene standard for waiting rooms of public transit 

means of transportation
GB 9673-1996 Hygiene standard for public means of transportation
GB 16153-1996 Hygiene standard for dining rooms



Administration of Quality Supervision, Inspection and Quarantine as well as
by the Ministry of Health of the People’s Republic of China in 1997 (Table 14).

The improvement of people’s living standards in recent years has led to a
surge in home decorating in China. But substandard decorating and refur-
bishing materials and lack of national standards in stemming the harmful sub-
stances have exacerbated indoor air pollution. In order to change this situation,
a new set of national standards that cap the limit of harmful substances in 
interior decorating materials has been issued. The ten State Standards, issued
by the State General Administration for Quality Supervision and Inspection
and Quarantine, took effect on January 1, 2002 (Table 15).

The rules address homeowners’ mounting complaints about pollution by
explicitly limiting the content and intensity of harmful chemicals used in home
improvement. They include formaldehyde, VOCs, and ammonia contained in
interior architectural coatings, wood furniture, adhesives, and carpets.

The decorating and refurbishing material manufacturers, sales agents,
builders, and decorators should fully comply with the standards to minimize
the harm caused by indoor pollution. Production businesses are required to 
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Table 14 Hygiene standards for carbon dioxide, inhalable particulate matter, nitrogen
oxides, and sulfur dioxide in indoor air

Standard number Standard name

GB/T 17094-1997 Hygiene  standard for carbon dioxide in indoor air
GB/T 17095-1997 Hygiene  standard for inhalable particulate matter in indoor air
GB/T 17096-1997 Hygiene  standard for nitrogen oxides in indoor air
GB/T 17097-1997 Hygiene  standard for sulfur dioxide in indoor air

Table 15 Limits of harmful substances of indoor decorating and refurbishing materials

Standard number Standard name

GB 18580-2001 Limit of formaldehyde emission of wood-based panels 
and finishing products

GB 18581-2001 Limit of harmful substances of solvent coatings for woodenware
GB 18582-2001 Limit of harmful  substances of interior architectural coatings
GB 18583-2001 Limit of harmful substances of adhesives
GB 18584-2001 Limit of harmful substances of wood-based furniture
GB 18585-2001 Limit of harmful substances of wallpapers
GB 18586-2001 Limit of harmful substances of poly(vinyl chloride) floor 

coverings
GB 18587-2001 Limit of harmful substances emitted from carpets, carpet 

cushions, and adhesives
GB 18588-2001 Limit of ammonia emitted from concrete admixtures
GB 6566-2001 Limit of radionuclides in building materials



observe the standards immediately. The sale of any indoor decoration mater-
ial that fails to meet State standards was outlawed from July 1, 2002.

As a result of the publication of the limits of the harmful substances in the
form of national standards, consumers will have an authoritative reference
when they address any disputes that arise from indoor decoration. Some speci-
fications in the national standards, like those for VOCs in interior architectural
coatings, conform to those standards in the European Union and the USA.

In addition, GB50325-2001 “Code for indoor environmental pollution con-
trol of civil building engineering”, jointly issued by the State General Admin-
istration for Quality Supervision and Inspection and Quarantine as well as 
the Ministry of Construction of the People’s Republic of China, took effect on
January 1, 2002. The code stipulates indoor environmental pollutants have to
be monitored when civil building engineering work is examined and accepted.
Only buildings whose indoor environmental quality attains the demands given
in Table 16 are acceptable.

At present, the indoor environmental quality standard is under discussion.
On the whole, standards and regulations controlling indoor air pollution have
basically formed through many years of endeavors in China.

4.2
Strengthening Management of Energy Consumption

4.2.1
Restructuring Energy Patterns and Developing Central Heating

Heating and cooking by means of small coal or biomass stoves are one of the
major reasons leading to indoor air pollution.With regard to different kinds of
heating systems, separate ones (with small coal stoves) in individual residence
units have higher indoor air pollution than central heating systems in winter.
So, optimizing energy structure and developing central heating are reliable
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Table 16 Limit of environmental pollutants of civil building engineering work. Type 1 build-
ings include households, hospitals, homes for the elderly, kindergartens, and classrooms.
Type 2 buildings include office buildings, shopping centers, hotels, public places of enter-
tainment, bookstores, libraries, barber’s shops and beauty shops, gymnasiums, exhibitions,
restaurants, and waiting rooms of public means of transportation

Pollutant Type 1 building Type 2 building

Radon (Bq/m3) £200 £400
Free formaldehyde (mg/m3) £0.08 £0.12
Benzene (mg/m3) £0.09 £0.09
Ammonia (mg/m3) £0.2 £0.5
Total volatile organic £0.5 £0.6

compounds (mg/m3)



policies and measures for controlling both outdoor air pollution and indoor air
pollution. In recent years liquefied petroleum gas, natural gas, and city coal 
gas have been widely used and central heating capacity is rapidly rising in
China, thus greatly decreasing coal consumption (Tables 17, 18). Using lique-
fied petroleum gas, natural gas, and city coal gas as fuels will reduce sulfur
dioxide, carbon dioxide, and dust emissions, thus mitigating indoor air pol-
lution.

Here, it should be pointed out that the west–east gas pipeline project, one 
of the biggest construction projects in China’s history, started in 2001 and 
will finish in 2004. The 4,000-km pipeline project will transport natural gas
from Tarim Basin in Xinjiang, Qaidam Basin in Qinghai, and Erdos Basin to 
the Yangtze River delta region. It will supply gas mainly to the Yangtze delta 
region and other provinces along the pipeline, such as the provinces of Gansu,
Shannxi, Henan, and Anhui. The west–east gas pipeline will turn the energy 
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Table 17 Per capita residential energy consumption  [2]

Year Per capita annual average residential energy consumption

Total Coal Electricity Kerosene Liquefied Natural  Gas 
energy (kg) (kWh) (kg) petroleum gas (m3)
(kgce) gas (kg) (m3)

1980 97.7 118.0 10.7 1.0 0.4 0.2 1.4
1985 126.7 148.7 21.2 1.2 0.9 0.4 1.2
1990 139.2 147.1 42.4 0.9 1.4 1.6 2.5
1991 138.1 142.0 46.9 0.8 1.7 1.6 3.1
1992 133.4 126.1 54.6 0.7 2.0 1.8 4.4
1993 130.6 120.5 61.2 0.6 2.5 1.4 4.5
1994 129.3 109.5 72.7 0.6 3.2 1.7 6.3
1995 130.8 112.3 83.5 0.5 4.4 1.6 4.7
1996 145.5 118.3 93.1 0.5 5.8 1.6 3.9
1997 133.1 99.5 101.6 0.5 6.0 1.7 4.9
1998 115.9 71.5 106.6 0.5 6.2 1.9 6.0
1999 115.3 66.6 159.4 0.6 7.0 2.0 6.5

Table 18 Basic statistics on central heating supply in China [2]

Year Volume supplied Heating capacity

Steam (t) Hot water (107 kJ) Steam (t/h) Hot water (106 W/h)

1997 20,604 62,661 65,207 69,539
1998 17,463 64,684 66,427 71,720
1999 22,169 69,771 70,146 80,591
2000 23,828 83,321 74,148 97,417



advantages of western regions into potential economic gains. It also plays 
an important role in preventing and controlling both indoor and outdoor air
pollution.

4.2.2
High-Grade Conversion and Utilization of Biomass Energy

A great deal of biomass was used as fuel for cooking and heat supply in China.
The traditional method of utilization of biomass energy has not been able to
suit the demand, along with the rapid development of the rural economy,
continuous improvement of the peasants’ living quality, and the increasing 
attention to the environment.

The grand plan of firewood-saving stoves implemented from early 1980s,
not only raised the utilization rate of biomass energy, diminished the shortage
of energy in the countryside, but also improved indoor air quality. In addition,
China has carried out extensive research and development on high-grade con-
version plants and the application of biomass technology. Significant progress
has been achieved in the aspects of gasification, liquefaction, and compact
forming of biomass. The biomass gasifying plant has already been put onto 
the market and is used for cooking, wood drying, and heat supply. The tech-
nique of fluidized-bed pyrolytic gas for centralized supply is being tested.
At present, there are many research units, factories, and companies engaged in
development, demonstration, mass production, and service of biomass energy.

High-grade conversion and utilization of biomass energy is one of the 
Priority Projects for Development of the New and Renewable Energy in China.
Its objectives are to speed up the use of the utilization technology of biomass
energy, to develop highly efficient and direct-burning technology and the 
technology of compact solid forming, gasification, and liquefaction, to estab-
lish highly efficient industrial production technology and plants. The high-
grade utilization volume of biomass energy is planned to reach 17¥106 tons 
of standard coal by 2010.

4.2.3
Alleviating Indoor Air Pollution by All Types of Intervention

In order to alleviate indoor air pollution from heating and cooking, many
interventions have been introduced in China. Some of them have been tested
to be effective in reducing indoor air pollution (Table 19).

4.3
Strengthening Management of Civil Building Engineering Work

Statistics indicate that the average annual floor spaces of newly built residences
in urban areas and rural areas were 4.5¥108 and 6.46¥108 m2, respectively, dur-
ing the Ninth 5-year Plan in China. It is forecasted that the total floor space of
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new residential buildings will be 5.7¥109 m2 between 2001 and 2005 [30]. How-
ever, per capita, residential area is very low, being only 10.3 and 24.8 m2 in urban
areas and rural areas, respectively, in 2000 because of the vast population [2].
It is without question that house buying, indoor decorating, and refurbishing
of existing and new buildings will still be in great demand. So, China lays
special emphasis on indoor environmental quality management of civil build-
ing engineering work. It is required that the construction administration is in
charge of the supervision and administration of building and refurbishment
quality. At the same time, a series of concrete measures are taken.

4.3.1
Strictly Implementing Code for Indoor Environmental Pollution Control of Civil
Building Engineering Work in the Survey, Design, and Construction of Buildings

On the one hand, indoor air pollution control has to be comprehensively con-
sidered during the engineering survey, indoor ventilation design, decorating,
and refurbishing design. On the other hand, construction inspectors should
prevent buildings and refurbishing materials whose content and intensity of
harmful chemicals surpass the limits stipulated in standards from entering
construction fields in the construction phase. At the same time, the enforce-
ment of the ISO 1400 environmental management system and cleaner pro-
duction should be introduced and encouraged during the survey, design, and
construction.
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Table 19 Interventions to alleviate indoor air pollution in China

Intervention type Intervention examples

Technologies which aim Better stove design
at improved cooking/heating Better ventilation
devices, improved fuels, or Chemical treatment of some fuels, for example, coal
reduced  need for heating Reduce the size of fuel pieces, for example, briquettes 

and pellets instead of large  coal lumps
Better insulation

Technologies aimed Partitions, walls, or screens in homes to separate 
at improving the living cooking and sleeping/living areas
environment Better ventilation or ducts and hoods to carry smoke 

and particulates outside the  house

Behavioral change to reduce Reduce the time spent in the kitchen/cooking area
exposure and/or reduce Keep lids on pots while cooking
smoke generation Proper stove maintenance and cleaning

Push fuel (especially plant stalks) deeper into the 
stove so that less smoke “escapes” into the room

Keep children away from the smoke



4.3.2
Establishing an Inspection and Acceptance System for Indoor Environmental
Quality Before Commissioning Civil Building Engineering Work

According to the demands of the code for indoor environmental pollution of
civil building engineering work, an engineering construction unit is obligated
to commission an authorized agency to monitor the contents of radon,
formaldehyde, benzene, ammonia, and total volatile organic compounds in in-
door air before commissioning civil building engineering work. Only when the
indoor environmental quality meets the requirements of the code can the
building engineering work begin.

4.3.3
Strengthening Supervision and Management for Indoor Environmental Quality
of Civil Building Engineering Work

Supervision agencies for building engineering work have to regard indoor en-
vironmental quality as one of the major supervision contents for building en-
gineering work. In engineering supervision reports submitted to administra-
tions, the last comments on the indoor environmental quality of building
engineering work have to be included. The official records are not done if the
indoor environmental quality of the building fails to meet the requirements of
the code.

4.3.4
Preventing Fake and Inferior-Quality Building and Refurbishing Materials 
from Entering the Market

In the past few years, fake and inferior-quality building, decorating, and refur-
bishing materials have been produced and sold by those who are blinded by
gain because of nonnormalized market order, thus causing severe indoor air
pollution. Because of this situation, spot checks for the building and refur-
bishing material market are routinely carried out. The production, sale, and use
of any building and refurbishing materials that fail to meet state standards will
be strictly forbidden and punished in order to ensure the quality of building,
decorating, and refurbishing.

4.3.5
Neatening Quality Certification Order

At present, there are many quality certification agencies that provide certifica-
tion services on building and refurbishing materials in China. However, the cer-
tificate market is in confusion because it lacks unified management and coor-
dination between different administrations. For this reason, the Certification
and Accreditation Administration of the People’s Republic of China, together
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with other relevant administrations, will neaten the certification market and
struggle against illegal behavior, thus creating a positive and ordered quality
certification environment.

4.4
Other Strategies

4.4.1
Establishing a Lead Enforcement Agency for Managing Indoor Environments

In order to change the disordered state of the management of indoor environ-
mental quality, the National Environmental Protection Agency has been desig-
nated as the lead agency for indoor environmental management. It was required
to coordinate with other relevant agencies, such as the Department of Con-
struction and the Ministry of Health, to address indoor air pollution problem.

4.4.2
Providing a Service of Indoor Air Monitoring

Citizens need an agency to turn to when they feel that their home or office has
a contamination problem. To respond to these concerns, many agencies which
provide indoor environmental monitoring services were organized in research
institutions and universities in the past 3 years. A national center for indoor 
environmental monitoring was established. Training on monitoring of indoor
pollutants was held many times. At the same time, special mobile monitoring
instruments have been equipped to meet the requirement of in situ monitoring.

At present, examination and certification of indoor environmental moni-
toring agencies are under discussion. It has been affirmed that a normalized 
indoor environmental monitoring market, in a not-to-distant future, will be 
established in China, and it will play an important role in ensuring the accuracy
of monitoring data.

4.4.3
Conducting Research on Indoor Air Pollution and its Health Effects

In order to gain an insight into the current situation of indoor air pollution,
many research programs are being conducted in China. Research contents 
include (1) identifying the magnitude as well as the major sources of indoor air
pollution, (2) identifying key health problems, (3) pollution control consistent
with energy conservation, and (4) assessment of the risk of exposure to indoor
air pollutants. Especially, there are three projects on indoor environment pol-
lution and its control that are listed as the Key Technologies R&D Program in
the Tenth 5-year Plan of the Ministry of Science and Technology of the People’s
Republic of China. They are health evaluation technologies of key indoor 
air pollutants, control technologies of key indoor air pollutants, and control
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technologies of indoor air pollution from coal burning. In addition, academic
conferences on indoor air pollution and its health effects have been held 
many times in recent years. Multidisciplinary collaboration in research is
strengthening.

4.4.4
Developing Effective Pollution Elimination and Control Technologies

At present, there are two different research interests in developing indoor air
pollution elimination and control technologies in China:

1. Environmental benign building, decorating, and refurbishing materials.
Manufacturing processes for building, decorating, and refurbishing mate-
rials are relatively out of date in China. To improve production processes,
especially the development and use of environmental benign building,
decorating, and refurbishing materials, is potentially simpler and a more 
effective contaminant mitigation measure than those measures that focus on
removing contaminants after they become airborne or become entrained in
indoor air. As a source control strategy, it will prevent or exclude the entry
of formaldehyde, VOCs, radon, and ammonia, into building spaces.

2. Indoor air pollution control appliances. Indoor air pollution control is 
currently one of major interests of research and development in China.
Many technologies for purifying indoor air, including adsorption, photo-
catalysis, catalysis, and plasma, are being investigated. Purification me-
chanisms, applicability, and factors affecting purification efficiency have
been established. On the basis of these studies, indoor air purifiers and air-
conditioning systems with high efficiency indoor air handling units have
been developed and have been accepted by consumers.

4.4.5
Increasing Public Awareness of the Importance of Indoor Air Quality

A key factor in reducing indoor air pollution is an improvement in public 
information. To increase public awareness of how individual activities and 
consumer choices affect the environment could make cleanup efforts more 
successful. More public information is also helpful to keep the public interested
in current environmental issues and to foster their sense of responsibility to
work for a better and greener world. It would also increase public pressure for
pollution reforms, which would in turn leverage more money from the govern-
ment for emission controls and environmental cleanups.

In recent years dissemination of indoor environmental knowledge and 
expertise has been greatly promoted in China. The general public has been 
educated about the causes and effects of pollution, especially health hazards
from certain decorating and refurbishing materials, combustion products, fur-
nishings, construction and maintenance, pesticides, home and office products,
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and appliances. At the same time, instruction in the correct use and mainte-
nance of products, substitution of nonpolluting products, and recommended
levels and frequency of ventilation are provided to the public.After having had
insight into indoor air pollution and its health effects, the public is not only
making more rational decisions in decorating households, selecting appliances,
using air-conditioning systems, etc., but is also urging the government to take
a series of measures to control indoor air pollution.

5
Concluding Recommendations

The emission of various air pollutants into indoor environments brings about
severe indoor air pollution. There is a strong desire to regulate and reduce the
levels of these pollutants. To address the challenges, we note some policy prob-
lems and make the following concluding recommendations.

First, poor quality fuels and unventilated stoves will continue to be largely
used in rural areas though enormous advances in the optimization of energy
patterns and development of central heating systems in urban areas have
achieved in the past few years. So, structural reform and rational use of fuels,
improvement of stoves and, ventilation systems will play key roles in control-
ling indoor air pollution in rural areas.

Second, it is clear that house buying and indoor decoration and refurbish-
ment of existing and new buildings will still be in great demand in view of the
economic development trend and the current living space situation in China,
especially in urban areas. Managing the construction and indoor decoration
and refurbishment of the residential buildings will continue to be one of the
most critical factors in the control of indoor air pollution in China.

Last, we successfully draw lessons from international experience in control-
ling outdoor air pollution. In the same way, it is very necessary to strengthen
cooperation with developed countries, and to make use of their experience 
and technology to solve indoor air pollution problems because these coun-
tries suffered from similar problem during their periods of rapid develop-
ment.
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