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ABSTRACT

Odor or malodor, which refers to unpleasant smells, is nowadays considered an important
environmental pollution issue. Odor pollution abatement has involved a number of bodies.
A comprehensive description of pollution abatement and the development of the
accompanying instrumentation technology are therefore critical links to understand the
whole dimension of odor pollution in the environment. In this paper, odor pollution in the
environment will be reviewed, including its sources and dispersion, the physical and
chemical properties of odor, odor emission regulations in selected countries, odor control
technologies as well as the state-of-the-art instrumentation and technology that are
necessary to monitor odor, e.g., chemical sensors, olfactometry, gas chromatography, and
electronic noses.
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INTRODUCTION

Odor, which refers to unpleasant smells, is considered as an important environmental
pollution issue. Attention to odor as an environmental nuisance has been growing as a
result of increasing industrialization and the awareness of people’s need for a clean
environment. As a consequence, efforts to abate odor problems are necessary in order to
maintain the quality of the environment. In this framework, understanding the odor
problem and the origin and dispersion of odors, abatement and detection methods are,
therefore, very important aspects of odor pollution in the environment.

One of the challenges when dealing with the odor pollution problem is the technique for the
detection of odor emissions. Detection is an important aspect concerning compliance with
the environmental regulations, since the detection results will be used as proof of the release
of odorous substances to the environment. A successful and excellent detection technique
will result in a sequence of accountably data. A reliable instrument, therefore, is necessary.

There is a growing tendency in industry to develop a detection system that enables real-time
measurements. In this way, a simple and quick online-monitoring system can be
established and time-consuming methods avoided. Sampling and conventional analytical
procedures are then no longer necessary, since the detection and measurement of the
odorous compounds can be carried out quickly and the results presented on demand.
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The state-of-the-art method for detecting odor emissions is the classical olfactometry. By
this method, odor assessment is based on the sensory panel of a group of selected people
(panelists) with 95% probability of average odor sensitive. The method does not exclude
that, physiological differences in the smelling abilities of the panel members can lead to
subjective results. The olfactometry method is also very costly and requires an exact
undertaking in an experienced odor laboratory in order to achieve a reliable result.
Moreover, for a continuous monitoring of time-dependent processes, a system based on the
human sensory system is not feasible.

A number of researches on the development of odor detection systems are currently being
carried out to improve the present systems. The development of new, appropriate systems
that are based on devices rather than on the human sensory system are important for
increasing the acceptance by stakeholders and avoiding subjectivity in odor measurements.
In this paper two points will be covered and are devoted to describe the relationship
between odor pollution and the detection instrumentation:

1. Survey of the biogenic odor emissions in the environment and their abatement methods.

2. Overview of the current development in odor detection instrumentation

OVERVIEW OF ODOR POLLUTION IN THE ENVIRONMENT

Sources and Dispersion of Odors

This description is presented here to point out the relationship between any activity
(industrial, agricultural, household, etc.) that can be a source of odors and their odor release.
Such a relationship is important and critical in the framework of odor abatement in order to
understand any activity that results in odorous gases and the kinds of odor compounds that
might be produced. Table 1 shows the sources of odor in the environment and the released
odor compounds. Table 2 lists some major odor compounds and their smell characteristics.

Odor substances emitted from any source will be regarded important in the context of odor
pollution if they are dispersed in the surrounding area. This means that odor molecules are
distributed from the odor sources into the environment. Without any dispersion process
odor production will not result in complaints by the people in the surrounding area. For that
reason, many researchers have studied odor dispersion in the atmosphere, using not only a
model but also direct measurements. Successful examples concerning odor emissions,
dispersion and dispersion modeling are cited in the following.

Kuroda et al. (1996) evaluated the emissions of malodorous compounds (volatile fatty acids,
ammonia, and sulfur containing compounds), greenhouse gases (methane [CH4], and nitrous
oxide [N,O]) from a facility for composting swine feces. They showed a basic emission
pattern of malodorous compounds and two greenhouse gases during composting of solid
waste. Valsaraj (1998) elaborated odor emission modeling and its relationship to
meteorology, topography and dispersion; concentration of odor (Lg) per cubic meter at any
time within the atmosphere; and the odor emission rate at a stack and point sources. Corsi
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and Olson (1998) derived models that are used for estimating volatile organic compound
(VOC) emissions from wastewater. They provide a general overview of emissions
estimation methods and available computer models.

Table 1. Sources of odor in the environment

Source Odorous compounds or group Reference
Chemical and petroleum Cheremisinoff
industries: (1992)

e Refineries e Hydrogen sulfide, sulfur

dioxide, ammonia, organic
acids, hydrocarbons,
mercaptans, aldehydes

e Inorganic chemicals e Ammonia, aldehydes,
(fertilizers, phosphates hydrogen sulfide, sulfur
production, soda ash, lime, dioxide
sulfuric acids, etc.)
e Organic chemicals (paint e Ammonia, aldehydes, sulfur
industry, plastics, rubber, dioxide, mercaptans, organic
soap, detergents, textiles) acid
Pharmaceutical industry Aldehydes, aromatic, phenol, Cheremisinoff
ammonia, etc. (1992)
Rubber, plastics, glass industries Nitro compounds (amines, Cheremisinoff

oxides), sulfur oxides, solvents,  (1992)
aldehydes, ketones, phenol,
alcohols, etc.

Composting facilities Ammonia, sulfur containing Gudladt (2001)
compounds, terpene, alcohols,
aldehydes, ester, ketones, volatile

fatty acids (VFA)
Animal feedlots Ammonia, hydrogen sulfides, Janni et al.
alcohol, aldehydes, N,O (2000)
Wastewater treatment plant Hydrogen sulfides, mercaptan, Huber (2002);
ammonia, amines, skatoles, Nurul Islam et al.
indoles, etc. (1998)

Frechen and Koster (1998) proposed a measurement method called “Odor Emission
Capacity (OEC)” to describe a parameter influencing amount and variation of the odor
emission mass flow, i.e. amount of odorants present in the liquid. They concluded that the
determination of the OEC is a new and very valuable tool when assessing the relevance of
different liquids with regard to possible odor emissions. It was also possible to determine
the emission capacity of specific compounds of the liquid phase such as hydrogen sulfide or
others.
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Mclntyre (2000) emphasized that correctly and intelligently applied atmospheric dispersion
models are a valuable part of the technical toolkit for tackling odor problems. It was also
pointed out that modeling is a good and useful tool for selecting and quantifying the
beneficial effects of odor control programs for wastewater treatment facilities.

Wallenfang (2002) developed a gas dispersion model and verified it experimentally. The
numerical model can be used to predict the dispersion pattern of odour molecules in the
environment as well as to demonstrate the distribution of odour molecules through a
diffused obstacles.

Table 2. Major odor compounds and their senses [Cheremisinoff, 1992]

Compound Formula Odor sense
Acetaldehyde CH;CHO Pungent
Ammonia NH; Pungent

Butyric acid CH;CH,CH,COOH Rancid

Diethyl sulfide C,HsC,HsS Garlic

Dimethyl amine CH;CH;3;NH Fishy

Dimethyl sulfide CH;CH3S Decayed cabbage
Ethyl mercaptan C,HsSH Decayed cabbage
Formaldehyde HCHO Pungent
Hydrogen sulfide H,S Rotten eggs
Methyl mercaptan CH;SH Decayed cabbage
Phenol Cs¢HsOH Empyreumatic
Propyl mercaptan C;H;SH Unpleasant
Sulfur dioxide SO, Pungent
Trimethyl amine CH;CH;CH3N Fishy

Valeric acid CH;3;CH,CH,CH,COOH  Body odor

Characteristics of Odor Molecules

The odors that we identify in the space around us are the result of the interaction between
molecules given off by the odorous material and the sensory cells located in our nose.
When we sniff a rose, for example, we draw up into our nose volatile molecules that interact
with the sensory cells and our interpretation of the nerve impulses generated by this
interaction is positive [Gardner and Bartlett, 1999]. In the same way, however, an
unpleasant odor, e.g. bad egg, is sensed because of the interaction between the odorous
molecules of butyl mercaptan present in the nose cavity and the sensory cells.
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Odor Dimensions

There are four odor dimensions [EPA, 2001], i.e. detectability, intensity, quality, and

hedonic tone:

1. Detectability (or odor threshold) refers to the minimum concentration of odorant
stimulus necessary for detection in some specified percentage of the test population.
The odor threshold is determined by diluting the odor to the point where 50% of the test
population or panel can no longer detect the odor.

2. Intensity is the second dimension of the sensory perception of odorants and refers to the
perceived strength or magnitude of the odor sensation. Intensity increases as a function
of concentration. The relationship of the perceived intensity and odor concentration is
expressed by Stevens (1961) as a psychophysical power function as follows (Cha,

1998):
S=kI"
where
S = perceived intensity of odor sensation (empirically determined)
I = physical intensity (odor concentration)
k = constant
n = Stevens exponent

3. Odor quality is the third dimension of odor. It is expressed in descriptors, i.e. words that
describe the smell of a substance. This is a qualitative attribute that is expressed in
words, such as fruity. A list of smells is provided in Table 2 and Table 4.

4. Hedonic tone is a category judgement of the relative like (pleasantness) or dislike
(unpleasantness) of the odor. It can range from “very pleasant” (high score, positive) to
“unpleasant” (low score, negative).

Understanding Odor Characteristics

Understanding the odor characteristics is related to the odor pollution control technology.
Physical and chemical characteristics of odor molecules should be well understood before a
control technique is chosen. Card (1998) described an example of a choice between a
physical and a chemical separation method for odor control. The method can be physical if
the compounds are in different phases or have different particle sizes. If the compounds are
dissolved in either gases or liquids, then the separation must be chemically based. The
difference in the chemical characteristics of the target compounds to those of the
compounds in solution determines the available methods to effect this separation.

The following are examples of the relationship between the odor characteristics and their

significance for pollution control [Card, 1998]:

1. Vapor pressure. Vapor pressure is the gas phase concentration that is in equilibrium
with a pure liquid phase at a particular temperature. Knowledge of the volatility of a
compound greatly affects the options for odor and VOCs control. As an example,
hexane is highly volatile, and adsorption is ineffective since Hexane volatilizes from
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the adsorbent. In such cases, thermal oxidation may be the control technology of last
resort.

2. Solubility in water. Water solubility is defined as the concentration in the aqueous
phase that is in equilibrium with the pure component phase. The ability of a compound
to dissolve in water is the critical factor in determining whether the compound is
suitable for control by liquid scrubbing. Solubility of any odor compound or odor
mixtures in water must also be taken into account, since the sampling technique in the
field involves a cooling step where a part of odor compounds will be dissolved in the
condensate water and be drawn from the sample.

3. lonization. If an odor compound ionizes in solution, the performance and economics of
liquid scrubbing systems can generally be enhanced. For example, the removal of
ammonia and hydrogen sulfide in a gas stream is very dependent on the fact that these
gases will ionize in solution. The addition of either acid (for ammonia removal) or
caustics (for hydrogen sulfide removal) greatly increases the ability of liquid scrubbers
to remove these compounds.

Molecular Mass, Volatility and Functional Groups

Typically, odorants have relative molecular masses between 30 and 300 g/mole. Molecules
heavier than this have, in general, a vapor pressure at room temperature too low to be active
odorants. The volatility of molecules is not, however, solely determined by their molecular
weight. The strength of the interactions between the molecules also plays an important role,
with non-polar molecules being more volatile than polar ones. A consequence of this is that
most odorous molecules tend to have one or at most two polar functional groups.
Molecules with more functional groups are in general too involatile to be active odorants
[Gardner and Bartlett, 1999]. Table 3 lists the common simple functional groups found in a
range of different types of odorous molecules, and Table 4 shows the shapes of some typical
odorous molecules. These are molecules that everyone will have encountered and smelt.
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Table 3. Structure of simple functional groups found in odorous molecules

Functional groups  Class of compounds Formula Example
H H
(I
Hydroxyl Alcohols R=O=H H_IC_ IC —O—H
-OH H H
Ethanol
o) H O
Il (|
Carbonyl as first or Aldehydes R=C=H H—IC— C—H
last carbon H
-CHO Acetaldehyde
o H H
, I Ln
Carbonyl as internal Ketones R—C—R H—C—C—=C—H
| |
carbon Y H
-CO- Acetone
0] H ©
Carboxyl Carboxylic acids g_o —H H_(I:_ 2_ O—H
-COOH I
b
Acetic acid
H H
Amino Amines ' '
R—N—H H—C— N—H
-NH2 I
H H
Methyl amine
H H H H
[ R
Sulfhydryl Thiols R=a = G
-SH H H
Mercaptoethanol

Observations on two composting facilities in Bonn and Stuttgart, Germany, during field
measurements showed that the results are also in accordance. The odor compounds released
from a composting facility located near Stuttgart consisted of compounds whose molecular

weights are in between 17 g/mole (ammonia) and 152 g/mole (thujone).

composting facility near Bonn also showed that the molecular masses of odorous
compounds are in between 46 g/mole (ethanol) and 136 g/mole (limonene) (Yuwono et al.,

2003).
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Table 4. The shapes of some typical odorous molecules (extracted from Smells Database,
Department of Chemistry U.C. Berkeley, CA, USA)

Odor molecule Space-fill Wire-frame
representation representation

Ethyl butyrate (fruity)

Chemical name: Butanoic acid ethyl
ester

Common name: Ethyl butyrate
Formula: C6H1202

Benzaldehyde (bitter almond)
Chemical name: Benzaldehyde

Common name: benzaldehyde
Formula: C;HcO

Citral (lemon)

Chemical name: 3,7-Dimethyl-2, 6-
octadienal

Common name: Geranial, Citral A
Formula: C;0H60

Acetic acid (acid)
Chemical name: Acetic acid
Formula: C2H402

Rotten Eggs

Chemical name: Hydrogen sulfide
Common name: Hydrogen sulfide
Formula: H,S
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Table 4. (continued)

Odor molecule Space-fill Wire-frame
Representation Representation

Smells like almond (extremely toxic)
Chemical name: Hydrogen cyanide
Common name: Hydrogen cyanide
Formula: HCN

Rancid cheese, sweaty, putrid
Chemical name: 3-Methylbutanoic
acid

Common name: Isovaleric acid
Formula: CsH;¢O,

Rotten fish, ammonia like
Chemical name: N, N-
Dimethylmethanamine

Common name: Trimethyl amine
Formula: C3HoN

Fecal odor

Chemical name: 3-Methyl-1H-indole
Common name: Skatole

Formula: CoHgN

Pungent odor

Chemical name: 2-Methylpropanal
Common name: [sobutyraldehyde
Formula: C4HgO
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Odor as an Environmental Nuisance

A list of unpleasant odor compounds that are seen as environmental nuisances is presented

in Table 2. However, agreement on whether an odor is pleasant or unpleasant is sometimes

thought of as being very personal. Pleasantness or unpleasantness is a result of emotions in

the individuals. The following indicates ideas of pleasantness and unpleasantness and the

human response to odors [Cheremisinoff, 1992]:

- Human reactions to odors are similar to our reactions to other sense stimuli: involuntary
and spontaneous, either liking or disliking, or indifference.

- Reasons for the above cannot be interpreted; i.e. usually the reasons, if there are any,
show no trends or give no explanations.

- Previous experience with an odor or with similar odors sometimes determines if an odor
is liked or disliked.

- According to bodily needs, food smells are pleasant or unpleasant.

- Pleasant odors tend to feed those emotions that are affected by “beautiful” things in the
environment.

There is a general agreement on which odors are experienced as unpleasant, e.g., odors that
are pungent (ammonia), rotten eggs, stinking (garbage wastes), and rancid odors. Odors
that are sweet (flowers), fresh (outdoor odors), and appetizing (food), are mostly
experienced as pleasant odors. A provisional conclusion can be drawn stating that if an
odor is regarded as an environmental nuisance, it means that the odor is an unpleasant one.

Individual sensitivity to the quality and intensity of an odorant can vary significantly, and
this variability accounts for the difference in sensory and physical responses experienced by
individuals who inhale the same amounts and types of compounds. This distinction
between “odor”, which is a sensation, and “odorant”, which is a volatile chemical
compound, is important for everyone dealing with the odor issue to recognize. When
odorants are emitted into the air, individuals may or may not perceive an odor. When
people perceive what they regard as unacceptable amounts or types of odor, odorous
emissions can become an “odor problem” [EPA, 2000]. Simply, an odor problem results
from an odor that is unpleasant.

Numerous regulations on control of odor in the environment are being passed in many
countries, especially in industrialized countries, where the attention to and demand for clean
air is an important aspect of the human environment. This results in odor emission
regulations and air quality norms.

In Germany, for example, regulations concerning odor control are very strict due to a high
population density and large number of waste treatment plants. Thus, it is almost
impossible to find locations for treatment plants without annoying people with odor
emissions. Many plants have already been built near residential areas and people complain
about odor emissions [Bockreis, 1999]. A number of statutes, regulations and guidelines
concerning odor that in effect regulate air emissions from facilities in Germany, Canada and
USA are listed in Table 5.
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Table 5. Odor-related regulations in selected countries (USA, Germany, and Canada)
(adapted from Hellwig (1998) and Bockreis (1999))

Country  Regulations

Remarks

USA e Clean Air Act (CAA)

e Resource Conservation and
Recovery Act (RCRA)

e Toxic Substances Control
Act (TSCA)

e Comprehensive
Environmental Response,
Compensation, and Liability
Act of 1980 (CERCLA)

¢ Occupational Safety and
Health Act (OSHA)
Germany e VDI 3881
e GIRL (Geruchsimmissions-
Richtlinie)
e VDI 3940 [VDI 1991]

Canada e The Environmental
Protection and Enhancement
Act (EAPA) in Alberta
Province
e Waste Management act in
British Columbia Province

e The Environment Act in
Manitoba Province

Regulates stationary sources of volatile organic
compounds (VOC)

Regulates emissions arising from transportation
and storage of hazardous waste and disposal
Limits the distribution, use or disposal of
chemicals that can have adverse health and
environmental effects

Requires states to establish a process for
developing local emergency preparedness
programs and to receive and disseminate
information on hazardous chemicals present at
facilities within local communities

Provides the basis for regulations protecting
workers in the workplace

Olfactometry

Odor pollutants guidelines

Determination of odor in ambient air by field
inspections

Prohibitions against the release of compounds
that cause a “significant adverse effect”

Defines an air contaminant as a substance that
“interferes or is capable of interfering with the
normal conduct of business”

Includes odor in its definition of pollutant, where
it may “interfere with or is likely to interfere
with the comfort, well-being, livelihood or
enjoyment of life by a person”

Odor Pollution Reduction Technologies

There are several methods to reduce odor coming from waste gases. However, there is no
single treatment technology that can effectively and economically be applied to every
industrial or commercial application. The effectiveness of a technology can often be
defined by the flow rates and concentrations at which adequate cost-effective treatment can
be expected. For all technologies, cost-effectiveness is site specific [Devinny et al., 1999].
Seasonal fluctuations can also be an important parameter for a typical odor controlling
method, as reported by Gao et al. (2001) who made a technical and economic comparison
between biofiltration and wet chemical oxidation (scrubbing) for odor control at wastewater
treatment plants. The following parts are overview of the methods currently available.
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Biological Systems

Biological treatment is effective and economical for low concentrations of contaminants in
large quantities of air [Devinny et al., 1999; Wiibker and Friedrich, 1996]. On the other
hand, chemical treatment requires aggressive additives, causing problems to the
environment, whereas physical processes do not eliminate but transfer the pollutants to a
new stream to be treated [Wiibker and Friedrich, 1996].

Biological systems for odor control rely basically on the microorganism activity that
converts odor compounds in the waste air or wastewater to carbon dioxide and water as in a
chemical system. Biological systems include biofilters, biological scrubbers (or
bioscrubbers), and biological trickling filters (or biotrickling filters). They are often known
as bioreactors. Successful biodegradation of odor using biofilters, biotrickling filters and
bioscrubbers are listed in Table 6. The differences between these bioreactors and the
advantages as well as disadvantages are presented in Tables 7 and 8 and Figure 1.

Table 6. Examples of successful odor biodegradation using biofilter, biotrickling filter and

bioscrubber
Abatement method Biodegraded odor Process Reference
compounds efficiency
Biofilter e BTEX (benzene, toluene, > 90% Abumaizar et al. (1998)

ethylbenzene, o-xylene)
e Hydrogen sulfide (H,S), >95% Chung et al. (2000)
ammonia (NH3)

e Trichloroethylene 30-60%  Coxetal. (1998)
(C,HCl3)
e Ammonia (NH;) >95% Liang et al. (2000)
e Acrylonitrile (CsH3N) >95% Lu et al. (2000)
e Toluene (C;Hg) 84% Parvatiyar et al. (1996)
57-99%  Sorial et al. (1997)
Biotrickling filter e Toluene (C7Hg) 94% Peixoto and Mota (1998)
e Styrene (CgHg) 97-99%  Sorial et al. (1998)
e Diethyl ether (C4H;00) 72-99%  Zhuetal. (1996)
95% Zhu et al. (1998)
Bioscrubber e Hydrogen sulfide (H,S)  99% Hansen and Rindel
(2000); Koe and Yang
(2000)
e n-Butanol (C4H;00) 84 - 100%  Wuebker and Friedrich
(1996)
Hybrid bioreactor:
e Biofilter and ¢ Benzene (CgHg) 65-100% Yeom and Yoo (1999)
bubble column
e Biofilter and e Ammonia (NH3) 83% Weckhuysen et al.
bioscrubber e Butanal (C4H30) 80% (1994)
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Table 7. Difference between biofilter, biotrickling filter and bioscrubber in terms of
microorganisms and water phase [Devinny et al., 1999]

Reactor Microorganisms Water phase
Biofilter Fixed Stationary
Biotrickling filter Fixed Flowing
Bioscrubber Suspended Flowing

Table 8. Relative advantages and disadvantages of air phase bioreactors [Wittorf et al.,
1993 in Edwards and Nirmalakhandan, 1996]

Biofilter Biotrickling filters Bioscrubbers
Advantages
e Simple operation e Simple operation e  Good process control
e Low investment costs e Low investments costs possible
e Low running costs e Low running costs e  High mass transfer
e Degradation of less water- e  Suitable for moderately e  Suitable for highly
soluble pollutant contaminated waste air contaminated waste air
e Suitable for reduction of e  Ability to control pH e  Suitable for process
odorous pollutants e Ability to add nutrients modeling
e High operational stability
e  Ability to add nutrients
Disadvantages
e  Low waste-air volumetric flow ©® Limited process control e High investment cost
rate e  Channeling can be a e High running cost
e Only low pollutant problem e Production of excess
concentration e Limit service life of filter biomass
e Process control impossible bed e Disposal of water
e Channeling of air flow is *  Excess biomass not e Possible plugging in
normal disposable adsorption stage

e Limited service life of filter bed
e Excess biomass not disposable

Biofilters are the most widely used and accepted vapor-phase biological treatment systems,
and have been systematically applied in various forms throughout many parts of the world
for more than 30 years [Skladany et al., 1999; McNevin and Barford, 2000].

In biological scrubbers and biological trickling filters, gas contaminants are absorbed in a
free liquid phase prior to biodegradation by either suspended or immobilized microbes. In a
biotrickling filter, microbes fixed to an inorganic packing material and suspended microbes
in the water phase degrade the absorbed contaminants as they pass through the reactor. In
bioscrubbers, after initial contaminant absorption, the degradation of the contaminants is
performed by a suspended consortium of microbes in a separate vessel [Devinny et al.,
1999].
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Figure 1. Biofilter, biotrickling filter and bioscrubber

Chemical Systems and Hybrid Systems

As regards chemical systems, several technologies are currently available. Some of them
function through the addition of chemicals to liquid, thermal oxidation, and chemical
scrubbing.

Addition of chemicals to liquids to control odor relies on the reaction of the odorous
components with a chemical treatment reagent. The chemical treatment reagent alters the
concentration of the odorous components in the aqueous phase and hence lowers the
emission of the component. For example, a common odorous component in wastewater is
hydrogen sulfide (H,S). Chemical addition can alter the oxygen balance in the wastewater
by (1) oxidizing sulfides, (2) precipitating dissolved sulfides, or (3) changing the ability of
the sulfate- or organic sulfides-reducing organisms to generate sulfides [Bonani, 1998).
Some examples of oxidants used are chlorine (Cly), sodium hypochlorite (NaOCI), or
potassium permanganate (KMnO,), and hydrogen peroxide (H,O»).

In thermal oxidation, a hydrocarbon odor compound is converted to carbon dioxide and
water vapor in the presence of oxygen and heat at a temperature of 700 to 1400°C. With
catalysts such as platinum, palladium, and rubidium, this process can be achieved at a
temperature of 300 to 700°C. A general equation showing this relationship is:

CuHom + (n + m/2) O, = nCO, + mH,0 + heat

When applying chemical scrubbing, odor compounds are fed in a reaction chamber in which
contact between odor compounds and a fog or droplet of chemical occurs. This odor
control system removes odor by spraying very fine mist droplets of a controlled diluted
chemical solution into an odorous stream that passes through a hollow, cylindrical reaction
chamber. Cleaned air leaving the reaction chamber is discharged through the exhaust stack
to the atmosphere (Figure 2).
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Typical DynaWave Reverse Jet Scrubber
Dirty Gas
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Pump

Figure 2. A typical scrubber (Enviro-Chem System, Monsanto Co.)

A hybrid system is a combination of different systems. In many industrial applications, this
is considered to be more cost-effective than a single standard control. Although hybrid
systems can offer improved-cost effectiveness, they require a higher degree of preliminary
engineering and understanding of each component of the hybrid system. Therefore, it is
important to carefully select the cases in which hybrid control systems are employed
[Patkar, 1998]. Yeom and Yoo (1999) showed a novel hybrid system to remove benzene by
using a combination of biofilter and bubble column. It was shown that 65-100% removal
efficiency was reached, depending on the airflow rate and benzene concentration.

ODOR POLLUTION DETECTION INSTRUMENTATION

Chemical Sensors

In the field of sensor technology, the term “chemical sensor” addresses a special group of
sensors that are different to other sensors, i.e. thermal sensors, magnetic sensors, optical
sensors, and mechanical sensors (Figure 3). According to the definition, a chemical sensor
is a device that responds to a particular analyte in a selective way through a chemical
reaction, and which can be used for the qualitative or quantitative determination of the
analyte. It can be seen that such a definition encompasses all sensors based on chemical
reactions including biosensors, which make use of highly specific and sensitive
biochemicals, and biological reactions for species recognition [Cattrall, 1997].

Gopel and Schierbaum (1991) proposed another definition. Chemical or biochemical
sensors are (miniaturized) devices that convert a chemical state into an electronic signal. A
chemical state is determined by the different concentrations, partial pressures, or activities
of particles such as atoms, molecules, ions, or biologically relevant compounds to be
detected in the gas, liquid, or solid phase. The chemical state of the environment with its
different compounds determines the complete analytical information.
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Cattrall (1997) classified the chemical sensors according to the transducer type into the
following groups: electrochemical, optical, heat-sensitive, and mass-sensitive.
Electrochemical sensors include potentiometric sensors and voltametric/amperometric
sensors. Optical sensors, which are often referred to as ‘optodes’, rely on the association
between spectroscopic measurements and the chemical reaction. Heat sensitive sensors are
often known as calorimetric sensors in which the heat of a chemical reaction involving the
analyte is monitored with a transducer such as a thermistor or a platinum thermometer.
Flammable gas sensors make use of this principle.

Mass sensitive sensors make use of the piezoelectric effect and include devices such as the
surface acoustic wave (SAW) sensor and are particularly useful as gas sensors. They rely
on a change in mass on the surface of an oscillating crystal, which shifts the frequency of
oscillation. The extent of the frequency shift is a measure of the amount of material
adsorbed on the surface [Cattrall, 1997]. The bulk acoustic wave sensor (BAW) also
belongs to the group of mass sensitive sensors. BAW is also referred to as the quartz crystal
microbalance (QCM) or thickness shear mode device (TSM). A more detailed explanation
of the QCM is presented in the next sub-chapters.

Optical Field effect sensors

Solid state
electrolyte sensors
Thermnal /

Bulk acoustic wave (BAW] sensors,
of thickness shear mode (TSM), or
quartz crystal microbalance [GCM)

Electronic conductance-
capacitance sensors

Chemicalf "
SENSORS ) ) Mass sensitive sensors
biochemical
Surface acoustic
Calorimetric sensors wave (SAW) sensor
Magnetic
Optechemical and

photometric sensors

Liquid state
electrolyte sensors

Mechanic

Figure 3. Classification of sensors showing the sensor types, including chemical
sensors, mass sensitive sensors and the quartz crystal microbalance (QCM)
sensor

Gopel and Schierbaum (1991) classified chemical and biochemical sensors according to the
different sensor characteristics used for particle detection. The most commonly used
properties are potential (field effect sensors), voltages (solid-state electrolyte sensors),
conductivity and capacity (electronic conductance and capacitance sensors), mass (mass
sensitive sensors), heat (calorimetric sensors), or optical constant (optochemical and
photometric sensors) and voltages (liquid state electrolyte sensors) (see Figure 3).

The working principles of a chemical sensor are primarily based on the interaction between
sample input (e.g. odor molecules) and the chemically sensitive materials on the sensor
surface. This interaction results in a change of mass and it is then converted into an
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electronic signal by a transducer. Figure 4 shows the basic components of a chemical
Sensor.

Chemically
sensitive Transducer
layer

Sample

input

O
®

Figure 4. Basic components of a chemical sensor (adapted from Gardner and Bartlett, 1999)

The application fields of chemical sensors are very broad. Among these are [Gopel and
Schierbaum, 1991]:

1.

2.
3.
4

W

6.

Environmental control (air, water, soil)

Working area measurements (workplace, household, car, etc.)

Emission measurements (car, waste water, etc.)

Process control and regulation (biotechnological and chemical plants, fermentation
process, etc.)

Medical applications (clinical diagnostics, anesthetics, veterinary)

Agricultural (analysis in agriculture and gardening, detection of pesticides, etc.).

In the context detection of odor and volatile organic compound (VOC) emissions, a brief
list of widespread applications of chemical sensors developed during the past years is
summarized in Table 9.
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Table 9. Chemical sensor applications relevant to the odor and volatile organic compound
(VOC) emissions detection

Application fields

Detection objects

Sensors

Reference

1. Environmental
control

- Propane, Propanol - Metal oxides sensor - Althainz et al.

- Solvent vapors
(Pentane, Hexane,
Heptane, etc)

2. Measurements in - Gas mixture

working areas

3. Emission
measurements

4. Process control
and regulation

5. Medical
applications

6. Agricultural

analysis

- Harmful organic
vapors detection

- Waste water
separation

- Ammonia emission -

- Bioreactor off-gas
composition
monitoring

- Block milk
products
classification

- Urine analysis

- Human skin odor
analysis

- Human breath
analysis

- Vinegar
discrimination

- Boar taint intensity -

discrimination

with multivariate
analysis

QCM with PCA
and neural network

MOSFET sensor
with PCA and
artificial neural
network

QCM sensors

Polypirrole sensors
with multivariate
analysis

QCM sensor array

MOSFET sensor
with PCA

Neotronics eNOSE
electronic nose

QCM sensors with
PCA

QCM sensors with
self-organizing map
(SOM) analysis
Metal oxide sensors
with signal pattern
evaluation
AromaScan
electronic nose
Conducting
polymer sensor
array with pattern
recognition routines

(1996)

- Auge et al. (1995)

- Eklov and
Lundstréom (1999)

- Dickert et al.
(2000)

- Bourgeois and
Stuetz (2000)

- Boeker et al.
(2000)

- Bachinger et al.
(2000)

- Zondervan et al.
(1999)

- Di Natale et al.
(1999)

- Di Natale et al.
(2000)

- Ehrmann et al.
(2000)

- Anklam et al.
(1998)

- Annor-Frempong
et al. (1998)

Olfactometry and Gas Chromatography

Olfactometer is the state-of-the-art odor measurement system. It is used to measure the
odor detection threshold (or recognition threshold) and the hedonic tone of an odor
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substance. The odor detection threshold is the lowest concentration of any odor substance
that can be detected by 50% of the test population (known as panelists or assessors),
whereas the hedonic tone is a scale based on ratings which measure the degree of pleasure
provided by a specific characteristic of an odor substance.

An odor measurement is expressed as an odor unit (OU). In European countries (EU), the
unit used is the European Odor Unit (OUg), a unit that has caused much confusion in the
research community because its format differs from those commonly used to describe
concentrations, i.e. mass per volume (kg/m’) or volume per volume (ppm) [Zhang, 2001].
In 2000, Australia and New Zealand jointly set up a new odor-testing standard essentially
identical to the European Standard. By definition, 1 OUg is the amount of odorants that,
when evaporated into 1 m’ of a neutral gas in standard conditions, elicits a physiological
response from a human panel equivalent to that elicited by 123 pg of n-butanol evaporated
in 1 m® gas in standard conditions [Zhang, 2001]. According to the EPA definition [EPA,
2001], 123 ng of n-butanol is known as one European Reference Odor Mass (EROM).

The hedonic tone is a subjective judgement of the relative pleasantness or unpleasantness of
any odor. A numbering system can be applied to this scale, ranging from a small number
for “dislike” (or “unpleasant”) and a large number for “like” (or “pleasant”). Another
quantification system for hedonic tone is the use of a 20-point scale, starting from “-10” for
unpleasant and “+10” for pleasant odors. An example of a hedonic tone for any odor
substance under assessment can also be defined as follows:

1=dislike very much; 2=dislike; 3=neither like nor dislike; 4=like; 5=like very much.

The problem involved in the use of olfactometry is the subjectivity of the panel’s members.
An exact replication of a measurement of the same substance is not possible, since the
sensitivity of different panels is obviously not the same. Furthermore, for measuring
harmful gases, a panel certainly cannot be recommended. Olfactory fatigue is also a
common side-effect observed in panel members.

Odor compounds can also be recognized by means of analytical instruments such as gas
chromatography. An odor-containing gas sample is fed onto the instrument through the
head of the chromatographic column. The sample is then transported through the column
by the flow of the inert and gaseous mobile phase of the carrier gas. Later, the detector
responds to the compounds but not to the carrier gas. The signal from the detector is
expressed as a graph known as a chromatograph. By comparing the respective peaks and
the reference graph, the compound present in the sample can be distinguished. Although
the measuring system is simple, the costs are high, since the instrumentation is expensive.
Gardner and Bartlett (1999) added that the use of gas chromatography requires considerable
skills. For the above reasons, the technique is not used for routine evaluation.

Electronic Noses

An electronic nose (E-nose) is an instrument that is designed to approach or to substitute the
function of the biological olfaction system (e.g. human nose). Gardner and Bartlett (1999)
defined the E-nose as an instrument that comprises an array of electronic, chemical sensors
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with partial specificity and an appropriate pattern recognition system, capable of
recognizing simple or complex odors. This definition restricts the term E-nose to those
types of sensor array systems that are specifically used to sense odorous molecules in an
analogous manner to the human nose. According to another definition by Pearce et al.
(2002), the E-nose is a machine that is designed to detect and discriminate among complex
odors using a sensor array. The sensor array consists of broadly tuned (non-specific)
sensors that are treated with a variety of odor-sensitive biological or chemical materials. An
odor stimulus generates a characteristic fingerprint (or smell-print) from the sensor array.
Patterns or fingerprints from known odors are used to construct a database and train a
pattern recognition system so that unknown odors can subsequently be classified and
identified. Thus, the E-nose instrument is comprised of hardware components for collecting
and transporting odors to the sensor array as well as an electronic circuitry to digitize and
store the sensor responses for signal processing. A diagram of the basic components of a
typical E-nose is depicted in Figure 5.

Flow out
I T l Analogue
Sensor signal Sensor
Odour chamber electronics
delivery .
system Flow in ]‘
Binary
Visual Micro- signal Digital
display processor converter

Digital
feature

Memory

Figure 5. Basic components of an electronic nose (E-nose) instrument system
(adapted from Gardner and Bartlett, 1999)

Considerable research has been directed towards the development of E-nose instrumentation

over the past decade. Numerous research groups now exist in countries such as Australia,

Denmark, France, Germany, Japan, Sweden, UK and USA [Gardner and Bartlett, 1996].

There is also increasing interest in the research, development and application of E-noses,

i.e. of sensors and sensor arrays, with the aim to [Gopel, 1998]:

* Complement techniques of analytical chemistry in order to classify gas mixtures, odors,
air quality, or toxicity.

= Develop cheap and small online instruments for fast imaging of specific chemicals,
odors, or toxic substances with high spatial and time resolution (including, e.g.,
instruments required for quality and process control).

= Develop new materials for odor detection based on molecular recognition principles that
are similar to those in the human nose.
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Among these, the last point (development of new materials) might be the most difficult
problem. This is in line with the fact that the fundamental problem in the application of
QCM sensors is to find a suitable coating layer and a method of reproducibility when
applying it [O’Sullivan and Guilbault, 1999].

There are a number of records of E-nose applications in daily life, including medicine,
agricultural fields, environmental monitoring, etc. In the following, a selection of
applications regarding odor detection, monitoring or measurement are listed: identification
of odors from reagents (ethanol, ether, acetone, ethyl acetate), liquors (beer, spirit, samshu,
wine), and perfumes (phenethyl alcohol, ionone, vanillyl alcohol, ethyl isobutyrate, thymol)
[Yang et al., 2000]; measurements of sewage odors [Stuetz et al., 1998; Stuetz et al., 1999];
characterization of olives oil based on their volatile substances [Stella et al., 2000]; diabetes
diagnosis based on the expired breath of diabetics [Ping et al., 1997]; discrimination of
polymer samples used in the automotive industry [Morvan et al., 2000]. A number of
electronic nose systems currently available on the market [Strike et al., 1999] are Alpha
MOS, AromaScan, Bloodhound, Lennartz Electronic, Smart Nose, Cyrano Sciences, etc.
These utilize a range of sensor technologies either alone or in combination.

Metal Oxide Sensors (MOS)

Metal oxides sensors are devices that translate the changes in the concentration of gaseous
chemical species into electrical signals. They consist basically of a sensitive layer, an
insulating layer, two electrodes and a heating heater (Barsan, 2002). A scheme of a MOS is
given in Figure 6. The semiconducting layer oxidizes the sample compound at a
temperature level of 250 to 450 °C. When the semiconducting substance absorbs the
released electrones, its conductivity changes. In consequence, the change of resistance in
the electrical circuit is registered. The sensitivity of the sensor can be adjusted by choosing
different operation temperatures and by dotation with noble metals as catalytic dopants.
The application of pattern recognition systems is made difficult by the fact that the
dependency of the sensor signal on the concentration of the gaseous species is generally not
linear.

electrodes
metal oxide

insulating layer

heating layer

—. .—
resistance

Figure 6. Scheme of a metal oxide sensor
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Table 10. Applications of metal oxide sensors for odor detection

Detected odor(s) Reference

= Five malodors collected in the field: printing houses, paint Romain et al., 2000
shop, waste water treatment plant, urban waste composting
facilities, rendering plant

= Selective detection of CO and NHj3 Chambon et al, 1999
= Organic vapors: benzene, toluene, and methanol Wang et al., 1995
* Trimethylamine Kwon et al., 1998

Conducting Polymer Sensors

Conducting polymer sensors (see Figure 7) are being widely used for odor sensing in the
form of arrays consisting of highly sensitive, scarcely selective, chemoresistive sensors
characterized by different sensitivity spectra (Stussi, 1997). The working principle of the
sensor is based on the change of the conductivity during the diffusion of gaseous molecules
in the polymer layer. Due to the use of pyrrol as a master polymonomer, the sensor is
highly sensitive to polar compounds. By an inclusion of different metal ions into the
polymer, the sensor can be adjusted for various chemical species.

conducting polymer
/

’ -
conductance/resistance
O

Figure 7. Scheme of a conducting polymer sensor

An application in the classification of odors from different Spanish wines is explained in
Guadarrama et al.(2000). Another example of an application is the sensing of aqueous
ammonia (Koul et al., 2001).

Quartz Crystal Microbalance (QCM) Sensor

The quartz crystal microbalance (QCM) sensor is an example of an extremely sensitive
detector of mass changes [Cattrall, 1997; Nanto et al., 2000]. Quartz crystal is an earth
mineral that is used as the basic material of the sensor, and the term “microbalance” is used
to describe the highly sensitive ability of this sensor to detect a very small (“micro’) mass
change on the sensor surface.

A QCM sensor makes use of the piezoelectric effect of quartz crystal materials.
Piezoelectricity literally means “pressure electricity” (“piezo” is Greek for pressure), i.e. a
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phenomenon where a mechanical stress (e.g. compression) taking place on the quartz crystal
produces an electric potential, and conversely, an application of electric potential results in
mechanical deformations (strain) on the quartz. Jacques and Pierre Curie first discovered
such a phenomenon in 1880.

By employing these properties, wave phenomena can be generated. The velocity of the
waves and, as a result, their frequencies are influenced by a large number of parameters,
including mass effects at the surface of the piezoelectric material [Nieuwenhuizen and
Venema, 1991].

A QCM sensor is a kind of mass sensitive sensor, a member of the chemical sensors group.
The basic material of the QCM sensor consists of quartz crystal, which is equipped with
metal electrodes (e.g. gold). A sensitive coating material on the sensor surface is used to
enable detection of the measurand (analyte) in the environment. An appropriate electronic
circuit is necessary to make conversion of the measured quantity to an electrical signal
possible.

The basic working principles of the quartz crystal microbalance sensor are depicted in
Figure 8. Analytes that are present in the surrounding space (e.g. a measuring chamber) of
a QCM sensor will interact with the sensitive coating material on the sensor surface. In this
interaction, analyte molecules are adsorbed into or absorbed onto the sensitive coating
material (e.g. polymer). The adsorption or absorption of the analytes by the coating
material results in a mass change on the sensor surface. Consequently, the mass change on
the sensor surface is converted to the frequency change.

Quartz ¥ -

Analyte molecules ——» »

Am

L@ ;

Figure 8. Basic working principles of a quartz crystal microbalance (QCM) sensor

Using an equation derived by Sauerbrey [Sauerbrey, 1959], a mass change on a QCM
sensor surface due to adsorption of any analyte by sensitive coating material can be
expressed in a frequency change quantity as follows:

Af=-2.3x10° F’ (Am/A)
where:
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Af = the frequency change [Hz]

F = the oscillating frequency of the quartz crystal [MHz] (for a typical AT-Quartz, F =
10 MHz)

Am = the mass change of the adsorbed analyte, i.e. odor substance [g]

A = the area coated by the film [cm?].

The interaction between odor molecules and the sensitive coating materials (known as
“guest-host interaction”) plays an important role in the detection process. In this
interaction, the analyte (i.e. the odor molecules) acts as the guest, whereas the sensitive
coating material is the host. There are a number of chemically sensitive material classes,
e.g. [Gopel, 1998]:

a. Polymers (polyethers, polyurethanes, polysiloxanes, polypyroles, nafion, etc.)

b. Molecular crystals (phthalocyanines, porphyrines, etc.)

c. Supramolecular structures (calixarenes, zeolites, cyclodextrines, cyclophanes, etc.)

Because of its importance, special attention has been paid to this guest-host interaction by
researchers during the last decades. Studies concerning its energy aspects, for example,
have been carried out by Dickert et al. (2000%). They show that the sensor signal of these
supramolecular analyte-receptors can be predicted by a method that uses estimated free
energies of the guest-host complex formation. Another study [Dickert et al., 2000°]
demonstrated the application of molecular modeling to provide meaningful structural
information on the guest-host interactions of cyclodextrine and chloroform. In this way,
computational chemistry helps to achieve a better understanding of what happens during the
inclusion process. This saves time- and money-consuming synthesis and makes molecular
modeling an excellent tool for the design of sophisticated chemical sensitive layers.

More detailed studies on coating materials have been performed by Buhlmann et al. (1995)
on clathrates as coating materials for dielectric transducers with regard to organic solvent
vapor sensors; by van de Leur and van der Waal (1999) on polypyrrolle for gas and vapor
detection; by Cao et al. (1996) on plasticised PVC coatings; Weil} et al. (1995) on self-
assembled monolayers of supramolecular compounds for chemical sensors; and by Zhou et
al. (1995) on silicon-containing monomers, oligomers and polymers as sensitive coatings
for the detection of organic solvent vapors.

The method for determining mass by measuring the change in the oscillation frequency of a
quartz crystal is extremely sensitive [Cattrall, 1997; Ali et al., 1999; Abe and Esashi, 2000;
Nanto et al., 2000], since this type of crystal has a sensitivity of about 10 g/Hz with a
detection limit of around 107" g [Cattrall, 1997].

Besides economical parameters (e.g. price), there are a number of technical criteria
determining the performance of a QCM sensor or sensor array, including (1) sensitivity (2)
detection limit (3) selectivity (4) stability (5) response time and recovery time, and (6)
sensor drift. In the perspective of the use of a QCM sensor for gas detection, a QCM sensor
is sensitive if a small change of gas concentration can be detected by the sensor and
expressed in a relatively large frequency change number. The second criterion (detection
limit) is important to describe the ability of a sensor to detect a very low concentration of an
analyte. The lower the detection limit of a sensor is the better. It is useful especially for
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detection of trace gases. The third criterion (selectivity) is used to indicate that the sensor,
together with the sensitive coating material, detects only a certain target analyte or a group
of analytes, according to the designed objective.

The fourth criterion (stability) is necessary to ensure that the sensor is long-term stabile
(endure) enough to be implemented in a variety of measurement locations and situations
and to show stabile results. The criteria ‘response time’ is the time required for a sensor to
read a certain percentage (e.g. 80%) of a full-scale reading after being exposed to a full-
scale concentration of a given gas, whereas ‘recovery time’ indicates the time required by a
sensor to return to normal condition and to be ready for a new measurement after a
measurement cycle. The criterion ‘sensor drift’ is a phenomenon where an undesired
change in output takes place over a period of time that is unrelated to input. Sensor drift
can be due to aging, temperature effects, or sensor “poisoning”, etc.

The QCM sensor can be used as a single sensor or as a group of sensors, known as sensor
array. A sensor array, however, is not simply a group of a number of discrete sensors that
are used together, but rather a set of an integrated sensors that are formed on a common
substrate and used as a complete unit [Boeker, 2002]. As the field of applications has been
developed, attention has moved towards the development of sensors specifically for use in
arrays. Furthermore, almost all such arrays have been made up of a single sensor type
[Gardner and Bartlett, 1999].

The advantages of the use of sensors in an array form are (1) technical conditioning, i.e.
control of temperature stability, sample mass flow rate, etc. are simpler, (2) a more compact
measuring chamber, i.e. a single measuring chamber is used by all sensors, and (3) better
description of the measurand, i.e. the measurand can be described in a better way by a series
of sensors (in form of a pattern) than if it were described by a single sensor. The quartz
crystal microbalance sensor has been used in a numerous fields of application including gas
mixture analysis [Abbas et al., 1999], detection of solvent vapors [Auge et al., 1995],
detection of organic vapors [Hierlemann et al., 1995; Kim et al., 1997], detection of carbon
dioxide (CO;) [Gomes et al., 1995], discrimination of aromatic optical isomers [Ide et al.,
1995], discrimination of odorants [Kasai et al., 2000], detection of mutagenic polycyclic
compounds [Kurosawa et al., 1997], detection of organic pollutants in water [Lucklum et al,
1996], detection of L-glutamic acid [ Liu et al., 1995], and discrimination of aromas from
various Japanese sake [Nanto et al., 1995], etc.
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