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FOREWORD

The amount of pollution in the air of our cities has been increasing since the industrial
revolution. In recent times, the combination of the growth of cities around the world,
increased use of vehicles, rapid industrialisation, and deficiencies in both planning and
environmental regulations, has led to health and environmental damage in several regions.
Results obtained by the GEMS/AIR network, based on close to 20 years of data collection
and assessment of common air pollutants in almost 50 countries, show that many of the
world’s population live in cities where air pollution concentrations exceed levels considered
to be a threat to human health (WHO guidelines). Although the ambient concentrations of
certain air pollutants (SO,, particles and lead) are decreasing in some countries, the level
of other pollutants are not. By the year 2000, more then 6 billion people will be living on
this planet, and nearly half of them are expected to be in urban areas.

The 1992 United Nations Conference on Environment and Development (UNCED) has
identified environmental degradation in cities as one of the areas which requires immediate
attention. Agenda-21, the sustainable development action plan for the 21st century,
highlights in several chapters the importance of urban air pollution and calls upon national
and local governments and the international community to increase their efforts towards
obtaining reliable and accessible data and information on pollutant concentrations, sources
and effects. Cities will need to develop comprehensive air quality management plans and
introduce effective control measures. Air quality monitoring is thus of fundamental
importance, both for identifying the extent and sources of any pollution problem, and for
providing the basis for developing appropriate control strategies and assessing their
SUCCess. :

GEMS/AIR is being re-oriented with the new objective of providing the comprehensive
information needed for rational air quality management. The programme will expand its
geographical coverage, with an emphasis on developing countries, improve data quality and
increase its use of other data (meteorological, traffic statistics, production statistics, etc.).
The newly formulated objectives of GEMS/AIR are designed to help cities to obtain and
interpret the information needed for developing abatement strategies. All countries,
whether industrialised, in transition, or developing have a need for clear basic information
on different aspects of measurement techniques. The GEMS/AIR Methodology Review
Handbook Series is intended to respond to this need.

The concept for the GEMS/AIR Methodology Review Handbook Series was developed
at a meeting of Government-designated experts held in November 1991. The series aims
at eventually covering the whole range of methodologies in use in the GEMS/AIR network.
The handbooks will provide a review of the state of the art of different methodologies,
appropriate and possible applications, and references to more detailed technical literature.

One of the benefits to cities of belonging to a network such as GEMS/AIR is that they
can profit from other participants’ experience. By comparing information from different
locations it is possible to draw parallels, identify appropriate strategies used in similar
situations, and assess the chances of success in reaching selected goals. At the same
time it is possible to make international assessments of the urban air quality situation.
These are increasingly important as many air pollution issues are now recognised as
transboundary, continental or global in nature, requiring international action. But to make
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maximum use of data from different sources the data must be comparable and compatible.
Cities can only reap the maximum benefit from the network when data are harmonised.

Strict adherence to agreed, well-defined quality assurance/quality control (QA/QC)
procedures, including agreement on data requirements and data presentations, is the most:
promising approach to achieving comparability and compatibility at an international scale.
Equally, careful quality assurance and control is a prerequisite to obtaining meaningful
information from any measurements obtained at different locations and at different times,
even within a homogeneous network using standardized methodologies and run by a single
operator. Thus one of the main features of this series viill be an emphasis on QA/QC
techniques and specific QA/QC requirements for different methodologies. The UNEP
Harmonisation of Environmental Measurement centre (UNEP-HEM) has been instrumental
in supporting the preparation of these handbooks, which we hope will make a contribution
to harmonisation of urban air quality measurement in the coming years.

We hope you will find this publication useful and welcome your comments.

J.W. Huismans

Assistant Executive Director
Earthwatch Co-ordination

and Environmental Assessment
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NOTE ON UNITS

In scientific usage, concentrations of mosE’air pollutants are commonly expressed
in units of weight to volume ratio, such as yg m "~ units, or as a volume to volume ratio
such as parts per million (ppm), or parts per billion (ppb). The use of these units dates
back almost a century and they are widely employed by scientists who study air pollution.
They are the units inscribed on the meters of analysis equipment and the units used by the
regulatory agencies.

Weight-to-volume measurements depend on temperature and pressure. It is
common practice to standardize measurements to a given pressure, usually one
atmosphere, and temperature. Unfortunately different national agencies standardize to
different temperatures, usually 0 °C, 15°C, 20 °C or 25 °C. Measurements given in units
of weight to volume standardized at different temperatures cannot be directly compared.
Equally the conversion from units of weight-to-volume ratio to units of volume-to-volume
‘ratio, or vice versa, requires knowledge of the temperature and pressure.

Where possible, concentrations in this report are expressed as volume-to-volume
ratios, since these can be compared directly without reference to the temperature used as
a standard.

A brief summary of some conversion factors is given below.

0°C, 1 atm 25°C, 1 atm

Sulphur dioxide (SO9)

1 m A 3 3
pp = 2856ugm 2600ug m
A ) )

1 ppb L 2856mgm°  2.600ug m®

Carbon monoxide (CO) 3 3
1 ppm = 1.250mgm 1.145mg m

1 ppb (1250 g m>) (1145 g m™)

Nitric oxide (NO) A 3 3
1 ppm = 1340ugm 1230 ug m

1 ppb A 1.340 ug m> 1.230 ug m

Nitrogen dioxide (NO,) A 3 3
1 ppm = 2050ugm 1880ugm

1 ppb A 2050ugm° 1.880ugm”

Ozone (O3) A 3 3
1 ppm = 2140ugm 2000ug m

1 ppb A 2.140 ug m> 2.000 ug m>







1.  INTRODUCTION

The need for more and improved air quality data to facilitate better global
management of air quality is becoming increasingly apparent. In particular, there is a need
for improved geographic coverage and consistency of quality, and more data are required
for the large cities and surrounding areas which can experience severe episodes of air
pollution. However, there can be serious local technical and other problems with obtaining
and ensuring reliable data, particularly in developing countries. These problems include
training and service difficulties, climatic extremes, power supply variability, and lack of
foreign exchange for equipment, consumables and replacement parts for essential
equipment. Although specialised instrument servicing skills may be difficult to obtain, good
laboratory skills are often available. In these circumstances, state-of-the-art automatic
equipment may not be the best means of obtaining reliable monitoring data, as under some
local conditions it may not be possible to meet the demands of these techniques in the long
term. Although GEMS/AIR has developed special programmes which include technical
support to involve and assist some developing countries, it is recognised that the choice
of air quality monitoring methodologies needs to pay particular attention to local
circumstances. In recent years, relatively simple and inexpensive methods have been
developed as potentially credible alternatives to the more demanding automatic monitoring
systems.

Four major methods for monitoring have evolved (UNEP/WHO, 1993a). These are,
in increasing order of expense and complexity :
i) Passive sampling: A sample integrated over exposure time is collected by
diffusion to the sampler,

i) Active sampling: A sample integrated over exposure time is collected by
pumping the pollutant to the sampler,

i) Automated monitoring: The sample is analysed on-line and in real-time, and

iv) Remote sensing: A sample integrated along a path between a light source and
a detector is analysed in real-time

Automated methods tend to be much more complex, expensive and technically
demanding than the passive and active sampling technologies, often prohibitively so. In
circumstances where the state-of-the-art automatic equipment cannot always be supported
with resources, the use of other technologies such as passive and active samplers, may
provide a means of obtaining reliable data which can be more easily maintained. Equally,
such technologies offer a useful means of performing wide-scale surveys, for example
screening and base-line studies, or for initial surveys to assist in site selection or determine
site representativity.

Passive samplers involve the collection of air pollutants using an absorbing material
without the use of pumps, and so they require no power supply. This makes such
samplers very easy to deploy. Moreover, passive samplers are inexpensive and, since all
analysis can be performed centrally, highly skilled personnel are not required on-site.
These advantages of low cost and simplicity facilitates their deployment in networks. They
can also have advantages in uniformity, quality assurance and quality control.

The development and use of passive samplers originated in the field of occupational
exposure monitoring. In recent years, however, diffusion sampling techniques have been




further developed and pi'oven for ambient air quality monitoring, where concentrations are
generally much lower.

Active samplers use pumps to draw air through the absorbing material. Active
samplers have been widely used for decades, and are probably the most widely used air
pollution monitoring techniques world-wide. They have been, and continue to be, used in.
many countries of Europe (Beier et al., 1986), North America and elsewhere: they also
represent the most common method of monitoring in GEMS/AIR (UNEP/WHO, 1988). The
items of equipment needed for active sampling and analysis of several air pollutants are
readily available, and are manufactured and serviced in many developing countries.

In response to the need for simple locally sustainable monitoring methodologies (see
report of UNEP/WHO Government-designated Expert Meeting, WHO/UNEP, 1992) UNEP-
HEM, on behalf of GEMS/AIR, convened an Expert Working Group in September 1992 to
consider passive and active sampler methodologies. This publication is based on these
deliberations. In preparing this report the Expert Working Group gave particular attention
to the range of likely users of this document around the world. In some cases these
laboratories may have difficulties with ensuring stable power supplies, access to
specialised chemicals, appropriate facilities for the safe disposal of toxic chemicals such
as mercury compounds, or suitable spare parts for specialised analytical instruments. It
is with consideration of these users in particular that the document has been written and
the recommendations formulated. It is intended, however, to be used by any scientists
involved in monitoring of air who wish to be assured that they are obtaining high quality,
reliable, intercomparable data from their air quality monitoring systems based on passive
and active samplers. :

The objectives of this report are to encourage more widespread global monitoring
of air quality in cities, improve the quality of monitoring data, and facilitate the international
harmonization of environmental measurements, by the provision of information on the use
of active and passive samplers, and suitable application of these techniques. This report
aims to provide an overview, which can be made accessible to people interested in air
quality monitoring using passive and active methodologies around the world, not to provide
specific technical details of the various techniques.

The general principles on which passive samplers operate are described, and
suitable sampler configurations and adsorbents for a number of important air pollution
species discussed. Quality assurance/ control methodologies for diffusion type samplers
are considered, and some examples of applications in large-scale surveys are given. The
applicability of passive samplers to future global surveys such as GEMS/AIR is also
assessed. The report also presents details of active systems which have been, and
continue to be widely used for air quality monitoring and reviews the relevance of this
technique to a global monitoring network.




PART I: PASSIVE SAMPLING METHODOLOGIES

A passive sampler for gaseous species is defined as a device which is capable of
taking samples of gas or vapour pollutants from the atmosphere at a rate controlled by a
physical process such as diffusion through a static layer or permeation through a
membrane, but which does not involve the active movement of air through the sampler
(Brown et al., 1981). Modern passive sampling methods should be clearly distinguished
from the older generation passive sampling methods, like the lead peroxide candle method,
Liesegang methods or Fukui method, which employed absorbing surfaces exposed directly
to the air without a diffusion path. The results of such measurements were strongly
dependent on meteorological conditions. The modern concept of passive sampling was
developed independently by Palmes and Gunnnison (diffusion type) and Reiszner and. West
{(permeation/diffusion type) in 1973.

A number of reviews of passive sampling methodologies provide a useful
introduction to the method including, for example, Berlin et al. (1987), Brown (1993), Khan
and Meranger (1983), Namiesnik et al. (1984), Rose and Perkins (1982), Weissgerber et
al. (1991).

2. GENERAL PRINCIPLE OF PASSIVE SAMPLERS

Passive samplers are generally designed either in a tube-type configuration with one
end open (so-called “Palmes tubes”); or in a shorter badge-type configuration, where the
open end is protected by a membrane filter or other wind screen (see Figure 1). In either
case, the closed end contains an absorber for the gaseous species to be monitored.

- —Absorber at Closed End
4 ==
Length ‘ C—————3] Length
= 75mm L. | =~10mm
Membrane Screen
Open End for
Sampling
L \/ ’
Tube Type Badge Type

Fig. 1. Tube and Badge-type Samplers

The basic principle on which diffusion tube samplers operate is that of molecular
diffusion, with molecules of a gas diffusing from a region of high concentration (open end




of the sampler) to a region of low concentration (absorber end of the sampler). The
movement of molecules of gas (1) through gas (2) is governed by Fick’s law, which states
that the flux is proportional to the concentration gradient:

J=-D,, % (1)
az
where J = the flux of gas (1) through gas (2) across unit area in the z
direction (ug m 2 s )
¢ = the concentration of gas (1) in gas (2) (ug m )
z = the length of the diffusion path (m)

Dy, = the molecular diffusion coefficient of gas(1) in gas(2) (m2 s )

For a cylinder of cross-sectional area a (mz) ‘and length | (m) then Q (ug), the
quantity of gas transferred along the tube in t seconds (taken as the quantity of gas
absorbed during t) is given by:

O= D,,(C,-C)at
/

where Cj and Cy are the gas concentrations at either end of the tube.

(2)

In a diffusion tube, the concentration of gas (1) is maintained at zero by an efficient
absorber at one end of the tube (i.e. Cj = zero) and the concentration C} is the average
concentration of the gas (1) at the open end of the tube over the period of exposure.
Hence:

D,,at

The diffusion coefficient for the gas to be monitored must be determined, or
obtained from the literature. The area and length of the tube are determined by
measurement.

(3)

Particularly with badge-type samplers it may not be possible to apply equation (3)
directly because the effective diffusion rate is affected by the presence of a wind screen
(Cp>0). Instead, an empirical factor must be found for each design of sampler, using
controlled test atmospheres or comparison with an accurate active sampling method. The
concentration of analyte is calculated using the following formuia:

Ql
Dat 9
where D, = “empirical coefficient of diffusion” (m s )

(4)

The sampling rate (SR) of passive samplers can be calculated using the formula:

SA-—=— (5)

and expressed in ml of air sampled per second. This makes it possible to compare directly
sampling rates of passive samplers with those of active samplers.

2.1. Validation of Passive Samplers

Passive samplers monitor directly in the atmosphere rather than through a sample
line, as in the case of active samplers and automatic monitors. This has the major
advantage that no shelter or building is required and the sampler is simply mounted onto




a suitable piece of street furniture, e.g. lamppost or roadsign, usually by means of a small
clip. However, being mounted externally, the sampler is exposed to the full range of
environmental conditions, and the effect these may have on the accuracy of the
measurement must be checked.

New designs for passive samplers must be validated according to a detailed protocol
(summary available from UNEP-HEM).

Validation of specific types of passive samplers under realistic field conditions will
be discussed in the relevant sections for the individual samplers below. This section will
consider possible environmental influences which may affect all passive samplers.

2.1.1. Effect of Temperature, Pressure, Humidity and Sunlight

The effect of temperature and pressure on the diffusion coefficient under ideal theoretical
conditions has beep discussed by Palmes et al. (1976). If concentration of the gas is
expressed in ug m  at standard temperature and pressure, there will be no effect due to
differences in pressure and only a small effect due to temperature. At 25°C, for example,
5°C will cause a difference in the mixing ratio of only about 0.8%. In practice, variations
in temperature are generally small and may be neglected in temperate climates, although
the effects of temperature variations still need to be assessed under a broader range of
climatic conditions. There is some indication that the effect of temperature may be more
marked for samplers with a high sampling rate, i.e. badge-type samplers (D. Krochmal,
personal communication).

In some cases, when the absorption process is relatively slow, the sampling rate of
the passive sampler is determined not only by diffusion of the sampled gas through the air
inside the sampler, but also by the absorption of the gas in the collecting medium
(Yanagisawa and Nishimura, 1982; Krochmal and Gorski, 1991b). This results in a
lowering of the sampling rate in comparison to the value calculated from Fick’s law of
diffusion, and may also lead to an increase in the effect of temperature and humidity, since
the absorption process is much more sensitive than diffusion to these factors. There are
some indications that sunlight intensity may affect the response of samplers made of
translucent material (Krochmal and Gorski, 1992). This probably results from
photochemical decomposition of absorption products. These possible effects need to be
investigated more fully.

2.1.2. Effect of Wind Speed

At low wind speeds, the air at the face of the sampler may become depleted of the
monitored gas (Tompkins and Goldsmith, 1977). This results in an increase in depth of the
laminar boundary layer in which gas molecules are mainly transported to the face of the
sampler by molecular diffusion. The layer becomes thinner with increasing wind speed.
This phenomenon is called the “starvation effect”. The lengthening of the diffusion path.
of the sampled gas due to the starvation effect is equivalent to an increase in the length
of the sampler and thus results in an underestimation of measured concentrations., The
reduction in the mass of analyte collected by the sampler at velocities close to Om's  may
be as high as 30% (Lewis et al., 1985).

In the outdoor environment, the starvation effect is likely to be negligible, provided
the sampler is located in an area with a free circulation and not in a stagnant air pocket.
Badge-type samplers, especially those with high sampling rates, are more susceptible to
the starvation effect (Fig. 2).




At high wind speeds, turbulent mixing inside the sampler can lead to an effective
shortening of the length under which transport occurs only by molecuiar diffusion, resulting
in an overestimation of ambient concentrations. In principle, only open-ended samplers are
susceptible to this effect and the effect can be minimised by suitable design of the tube,
i.e. a high length to diameter ratio can be used to minimise the effect of wind. This
results, however, in a slow sampling uptake. If a high collection rate is required, short
wide badge-type tubes can be used, protected from wind by a microporous membrane
screen over the open end. Care must be taken to select an inert membrane in order to
ensure that it does not affect the gas being sampled.
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Fig. 2. Effect of wind velocity on passive sampler with a high sampling rate at
lower wind velocities (starvation effect) (Mulik et al., 1989)""

To avoid any effect due to wind direction, samplers should be mounted vertically,
with the open end down (with the exception of dual-faced designs, see 2.2.1). Further
recommendations on the detailed location of passive samplers are given in section 7.2.

"2.2. Passive Samplers for Specific Species -

Different samplers are appropriate for different gaseous species. These are
summarised in Table 2 and discussed in the following sections. Passive samplers have also
been developed for measuring, amongst others, NHg, HNO5, Cly, formaldehyde and acetic
acid. These have rather more specialist applications and will not be discussed further.

2.2.1. Nitrogen dioxide

The most widely used passive sampler for nitrogen dioxide (NOZ) is a diffusion tube sampler
using triethanolamine (TEA) as absorber, the so-called Palmes-tube (Palmes et al., 1976).
Such tubes have been used in a wide variety of large-scale urban and rural measurement
studies. Stainless steel mesh discs are coated with the absorber by either dipping into a
solution of TEA and acetone before assembly of the tube or direct injection of a small
quantity of this solution into the assembled tube. Care must be taken to ensure that this
procedure is undertaken in a clean atmosphere in order to ensure minimal contamination

-

Reproduced from Mulik J., Lewis R.G. and McClenny W.A., Anal. Chem. (1989), 61,
187-189. Copyright 1989, American Chemical Society.




due to atmospheric NO,. The open end of the tube is sealed and the tube stored prior to
exposure.

After exposure, the tubes are analysed by the addition of a solution of
sulphanilamide in orthophosphoric acid, N-(1-naphthyl)-ethylenediamine dihydrochloride
(NEDA) solution, to form an azo dye, which is analysed on a spectrophotometer at 540 nm
(Palmes et al. 1976; Atkins et al, 1986). The spectrophotometer is calibrated against

standard nitrite solutions, to allow the total NO, (as nitrite, NO, ) collected by the tube to
be determined.

NO, diffusion tubes have been shown to have a lower detection limit of about 200
ppb h (Atkins et al. 1986),- which is adequate for urban area monitoring, and to be
unaffected by typical outdoor wind conditions and ambient temperatures. Good agreement
has been found by Atkins and others between diffusion tubes and chemiluminescent
monitors. However, recent work (Campbell et al. 1994)has shown a systematic difference
between diffusion tube samplers and chemiluminescent monitors over a long period and
at a range of sites, and suggests that diffusion tubes may overestimate NO,
concentrations. This is consistent with a possible effect of wind turbulence on the tube
but the cause of the discrepancy has, as yet, not been positively identified.

Diffusion tubes can be used for measurement in rural areas, where concentrations
are much lower, but considerable care is required (Campbell, 1988). Some studies (Gair
et al., 1991) have shown an increasing “blank” value as the tubes are stored, and
recommended that, for the most precise measurements, the storage period should be as
short as possible and that a freezer should be used. In addition, it has been recommended
that ion chromatography be used to increase the sensitivity of sample analysis for tubes
exposed in very low concentration areas (Miller, 1984; Gair et al., 1991). Palmes-type
diffusion tubes for NO, are commercially available and cost about $ 2 each, with an
additional cost of up to $ 20 for analysis depending on the laboratory, labour costs,
charging policies and degree of QA/QC employed.

At the present time, there are at least five reasonably well developed badge-type
passive sampling methods for determination of NO4 in addition to the Palmes tube method:
the Yanagisawa and Nishimura method (Yanagisawa and Nishimura, 1982), the modified
Amaya-Sugiura method (Amaya and Sugiura, 1983; Krochmal et al., 1987; Krochmal and
Gorski, 1991a,b), the Cadoff and Hodgeson method (Cadoff and Hodgeson, 1983), the
Lewis and Mulik method (Lewis et al., 1985; Mulik et al., 1989), and the Ferm method
(Ferm, 1991). The passive sampling devices used in these methods are shown in Figure
3. Badge-type samplers with a high sampling rate have a lower detection limit than
diffusion tubes. Generally, the shortest possible exposure period of Palmes tubes is one
week, whereas badge-type samplers can be exposed for 24 hours or less. This enables
direct comparison of measured concentrations of NO, to the 24-hour guideline value
established by WHO (Annex 1). This is a considerable advantage when personal monitors
are being considered. However, the use of passive samplers to measure daily
concentrations in ambient air on a regular basis can be impractical because of the
associated labour and logistic costs. Well established active sampling techniques should
be considered if such measurements are required.
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The chemistry of all the methods listed above, apart from the Ferm method, is very
similar - triethanolamine is used as absorbent, nitrite is formed and, except for the Lewis
and Mulik method which uses ion chromatography, nitrites are determined
spectrophotometrically after formation of azo dye. The differences are in the designs of
the samplers, and the degree of evaluation and validation of the methods.

The Yanagisawa and Nishimura (Yanagisawa and Nishimura, 1982) method uses
a rectangular sampler made of polypropylene with an opening to air on one side measuring
38x26 mm. The absorbent sheet is made from a cellulose fiber filter (Toyo Roshi No. 50)
containing triethanolamine solution to absorb NO,. The diffusion controlling mat is a pile
of hydrophobic fibre filter made of a fluorinated polymer (Toyo Roshi PF1) with a total
thickness of 5 mm. The method has been tested in the laboratory against different
concentrations of NO,, wind velocities, temperature and relative humidity of air.
Considerable differences were found in the results under different conditions, but these
differences were not quantified with respect to particular factors. Thus it is not possible
to make an appropriate correction of results according to the conditions. A very limited
comparison with the Saltzman active method, under field conditions, was also carried out.
The sampler is commercially available at a price of approximately $ 5, not including
analysis costs, and it is not reusable. The method has been used in several studies,
including the WHO/UNEP Human Exposure Assessment Locations (HEAL) Programme
(Matsuhita and Tanabe, 1991).

The Amaya-Sugiura sampler (Amaya and Sugiura, 1983) was modified by Krochmal
and Gorski (1991b) to minimise the wind effect on sampling rate. The modified sampler
consists of four polyethylene parts: holder, middle part, O-ring for supporting absorbing
pad, and cap. A microporous polypropylene fibre material welded to the polyethylene ring
is used as a wind screen. Either a cellulose fibre filter or a nylon textile disc coated with
triethanolamine solution are used as an absorbing pad. The internal diameter of the middle
partis 25 mm and depth 10 mm. The modified method has been thoroughly tested in the
laboratory using controlled test atmospheres (Krochmal and Gorski, 1991a). A correction
factor for eliminating temperature influence was determined. A one-year comparison was
conducted under field conditions between the modified Amaya-Sugiura method and the
chemiluminescence method (Krochmal and Gorski, 1992). The samplers, which are
reusable, are commercially available at a price of approximately $ 2 not including analysis
costs. The method has been used in numerous studies in both urban and rural areas.

The Cadoff and Hodgeson method (Cadoff and Hodgeson, 1983) utilises a
Nucleopore 47 mm aerosol filter holder. A Gelman type A glass filter coated with
triethanolamine is used for absorption of NO,. A Nucleopore 47 mm polycarbonate
membrane, 0.8 ym pore size, is applied as a wind screen. Only a small number of
measurements using controlled test atmospheres have been made. Neither wind nor
temperature influence have been established. No data have been published on any field
trials.

The Lewis and Mulik method employs a dual-faced cylinder made entirely of
stainless steel for sampling. The device has an outer diameter of 38 mm and thickness of
12 mm. Pairs of 200-mesh wire screens and perforated plates placed on each side of the
sampler serve as diffusion barriers. This sampler was developed for sampling of volatile
organic compounds (Lewis et al., 1985), and then adapted for measurements of NO, (Mulik
et al., 1989). Triethanolamine coated Whatman GF/C filters are used as the trapping
medium. Instead of spectrophotometry, a much more sophisticated method - ion

10



chromatography - is used to determine nitrites. The sampler has been calibrated using
controlled test atmospheres and the effect of wind velocity established. No data have
been published on the influence of temperature and relative humidity of air on sampling
rate. A field comparison was carried out with the chemiluminescence method. The
sampler (reusable) is commercially available at a price of approximately $ 150, not
including analysis costs.

— 38—
50

777 iz a7 a2z

b) modified maya-Sugiura method and Ferm method

* Fig. 3. Passive badge-type samplers for determination of NOg in ambient air> 3

Ferm (1991) has described a badge-type collector, using a Teflon membrane as a
wind shield, for determination of NO,, SO, and NH3. Itis made of polypropylene (diameter
25 mm, length 10 mm), with a high porosity Teflon membrane (Fluoropore) as a wind
shield. The method has been compared to active te_&hniques for NOy an SO,;. The
detection_éimits for one month sampling are 0.05 ug m " for NO,, 0.02 ug m ™ for S0, and
0.2 ug m"~ for NH3. The technique can be applied in calm air and the thickness of the
boundary layer can be measured using another sampler with the impregnated filter mounted
behind the wind shield. NO, is collected on an Nal + Na,COj impregnated filter and
analysed spectrophotometrically as nitrite (NO,). SO, is trapped on a carbonate
impregnated filter and is analysed as sulphate (8042') using ion chromatography. NHg is

2 Reprinted from Environ. Intern. (1982) 8, Yanagisawa Y. and Nishimura H." A badge-
type personal sampler for measurement of personal exposure to NO, and NO in ambient
air, 235-342. Copyright 1982 with kind permission from Pergamon Press Ltd.,
Headington Hill Hall, Oxford OX3 OBW, UK.

3 Reproduced with permission from Cadoff B. and Hodgeson J., Anal. Chem. {1983), b5,
2083-2085. Copyright 1983, American Chemical Society.
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trapped on a citric acid impregnated filter and is analysed as ammonium cation (NH,) using

flow injection analysis (FIA). NO, and SO, are currently being measured by this technique
in both background areas and urban cities in Sweden.

Table 3 summarises the characteristics of different passive sampling methods for
determination of NO,.

2.2.2. Carbon Monoxide

Recently, a sensitive passive sampler has been developed for the determination of carbon
monoxide (CO) concentrations (Lee et al., 1992). The sampler uses a Y-type zeolite
absorber and a narrow diffusion passage to optimise the collection of CO. The narrow
diffusion passage consists of a 0.32 mm diameter fused silica capillary column, which is
placed centrally in a 6 mm diameter glass tube holding the solid zeolite absorber.

After sampling, the CO collected is thermally desorbed and analysed on a gas
chromatograph with a flame ionisation detector after conversion to methane.

The sampler has been shown to successfully measure CO doses in the range 30-
1600 ppm h and to be unaffected by environmental factors such as relative humidity,
temperature and wind velocity.

2.2.3. Ozone

A passive sampler for O3 has been developed by Monn and Hangartner (1990). The
absorber used was 1,2-di-(4-pyridyl)-ethylene (DPE), which forms an aldehyde upon
exposure to ozone (Hauser and Bradley, 1966). The aldehyde formed is determined
spectrophotometrically - with 3-methyl-2-benzothiazolinone hydrazone hydrochloride
(MBTH) at 442 nm. The formation of aldehyde by ozone is not stoichiometric and hence.
the samplers must be calibrated against an independent ozone monitoring technique. In
addition, the reaction is light sensitive and Monn exposed the tubes inside a screen which
was carefully designed to eliminate light yet allow a free flow of air to the sampler. The
tubes were shown to be successful and correlated well with an UV absorption monitor.
The samplers have been used for O3 monitoring at altitude locations in Switzerland (Monn
et al., 1990).

Since then, Tomkinson (personal communication) has found a significant difference
between the expected ozone uptake and that measured, which appears to be due to ozone
loss associated with the use of the screen. Detailed investigation of three samplers based
on the Monn and Hangartner design confirmed the utility of the sampler in field
measurements, with the proviso that it must first be calibrated in the field by comparison
with a continuous monitor (Campbell et al. 1992). Further investigations are in progress
using the Palmes type tube design, coated with opaque tape, and also with badge type
samplers fitted with a protective membrane. Recent results have proved most
encouraging.

A new sampler type, based on a colorant (indigo carmine) which fades on exposure
to ozone, has also been reported recently (Grosjean and Hisham, 1992). This technique
has the advantage that direct on-site measurements are possible, since the colour change
* can be readily determined by on-the-spot reflectance measurements. The use of indigo
paper as a basis for ozone passive samplers has been discussed in detail by Werner
(1992).

12
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Recently, a passive sampling device for ozone based on the oxidation of nitrite

(NGO, ) to nitrate (NOj ), with subsequent analysis of the nitrate by ion chromatography,
has been reported by Mulik et al. (1990). Measurements of ozone by this device have

been compared with measurements by a continuous monitor at a rural site in the USA
(Koutrakis et al. 1990). The results of these tests show that the new passive ozone
sampler has promise.

A further method is based on the oxidation of potassium iodide to release iodine
which forms a complex that is detected spectrophotometrically. Tests showed that the
results obtained by this method are not affected by changes in humidity and temperature
(Alexander et al. 1991).

2.2.4. Sulphur Dioxide

Two absorbers have been utilised in Palmes type diffusion tubes for the determination of
SO,. Hargreaves and Atkins (1988) used mesh discs impregnated with potassium
hydroxide (an absorbent for SOy) and glycerol (a humifactant). Exposed tubes were
analysed using di-methyl sulphanazo Il (DMSA) to form a blue barium DMSA complex
which was determined spectrophotometrically at 653 nm. Standard solutions of sulphate
in potassium hydroxide were used for calibration. The report indicates, however, that this
analytical technique is very sensitive to pH and the presence of other ionic species, and
recommends that ion chromatography should be considered as an alternative. Validation
of SO, diffusion tubes was not found to be entirely satisfactory and some unexplained
discrepancies were noted in comparisons with other measurements. Campbellet al. (1992)
have performed detailed field and laboratory tests of measurements by SO, samplers with
and without a protecting membrane. The open tubes over-predicted relative to an
ultraviolet fluorescence instrument (UVF) as a result of wind effects, whereas the
membrane-protected tubes under-predicted relative to UVF for reasons which were not
entirely clear. Campbell et al. (1992) concluded that the membrane-protected SO, tube
should first be calibrated in the field by comparison with a continuous monitor.

Hangartner et al. (1989) used S0, diffusion tubes of the same design as Hargreaves
and Atkins, but used a triethanolamine (TEA)/glycol mixture as the absorber and stabiliser
for sulphite, and the pararosaniline method of analysis (ISO 6767, 1990). However, once
again the agreement of the S0, diffusion tubes with other measurements was not good.
Possible causes for this were cited as back-diffusion, humidity, and oxidation of sulphite.

Recent work (Couling, personal communication) on the method of Hargreaves and
Atkins has shown that leakage around the end cap holding the absorbent is a major source
of contamination. Care must also be taken to avoid any potassium hydroxide,
contaminating the walls of the diffusion tube, since this may shorten the effective diffusion
path length. Also, since the walls of the tube are contaminated by particulate sulphate
during exposure, it is usual to analyse the absorbent impregnated discs separately from the
rest of the tube.

A further method developed by Ferm (1991) and using a badge-type sampler is
described in section 2.2.1. Briefly, S0, is trapped on a carbonate impregnated filter and
analysed as sulphate using ion chromatography.

14



2.2.5. Hydrocarbons

Development of passive samplers for hydrocarbon species (volatile organic compounds, VOCs)
has been closely linked with occupational exposure monitoring, and much of the literature
relates to this type of application (i.e. sampling periods of 8-24 hours at concentrations of the
order of 1 ppm) (Berlin et al., 1987).

The organic hydrocarbon samplers use various hydrocarbon trapping media as
adsorbents. Tenax, charcoal or Porapak are the most commonly used, but the most
appropriate must be selected depending on the range of hydrocarbon species to be monitored,
the sampling duration and the typical concentration levels expected. These absorbers use
physico/chemical trapping of the species, rather than chemical reaction and transformation
as in the inorganic samplers discussed so far. Hence, 100% efficiency of the absorber cannot
be assumed and the concentration of the species at the absorber end of the tube is not
necessarily zero. Simple application of Fick’s law is not possible, and validation of each
combination of species monitored and of each trapping medium used must be ensured; an
uptake rate for each combination must also be measured. This is generalty achieved by
exposing tubes to known concentrations of the species to be monitored, in a test chamber
under laboratory conditions (Health and Safety Executive, 1987).

In order to ensure efficient trapping in organic sampling diffusion tubes, a relatively
large volume of absorber is used. In most designs, the absorber fills a large part of the tube,
with only a short diffusion air gap.

Most tubes are analysed by thermal desorption of the trapped hydrocarbon species to
a gas chromatograph. In order to automate this system, a number of manufacturers (e.g.
Perkin Eimer, 3M, EPA-Monsanto) produce commercially available passive samplers which can
be directly loaded onto a carousel for automatic sequential analysis by the gas
chromatograph. However, because of the close manufacturing tolerances required, the initial
cost of purchase of this tube is much higher than for inorganic Palmes type diffusion tube
samplers.

The organic diffusive monitor system is calibrated by depositing a known mass (dose)
of the species to be determined directly on to the tube, prior to desorption and analysis. This
method is preferable to calibrating only the.chromatograph with gas standards, since both the
desorption and analysis are calibrated together. It should be noted that, not least because of
the large number of species involved, accurate calibration and operation of the gas
chromatograph requires a considerable degree of skill and experience. However, because
samples can be taken remotely and analysed centrally, as with other diffusion tube
techniques, the expertise necessary for analysis need only be available at a few centres.

Passive samplers have been validated for many hydrocarbon species for 24 h sampling
periods (Brown, 1993). There are less validation data for longer periods.

A method suitable for determination of ambient concentrations of volatile organic
chemicals (VOC) has also been developed by Lewis et al. (1985). The sampler used is similar
to that used by Mulik et al. (1989) for measuring NO,, with Tenax used as sorbent. After
thermal desorption a whole range of VOC is determined using gas chromatography.

15




16



3.  AIR QUALITY SURVEYS WITH PASSIVE SAMPLERS

Five examples of air quality surveys using passive samplers are described as an
indication of the type of studies which can be performed. These studies are good
examples of the area-comparability and area-intensive types of survey discussed in section
3.1., as well as indicating the effects observed at different types of geographical locations.

3.1. An Area-Comparability Study Using Passive samplers _

Warren Spring Laboratory has recently undertaken a national study of NO,
throughout the UK (Campbell et al. 1994). This repeats a similar study undertaken in 1986
(Bower et al. 1991a). These studies provided a coherent and comprehensive set of
measurements enabling UK cities to be ranked in terms of NOy concentrations. The first
study was timely, since the EC Directive on Air Pollution by Nitrogen Dioxide required the
monitoring of this pollutant with chemiluminescent monitors in areas where the
concentrations were likely to be highest. The diffusion tube dataset allowed cities with the
highest NO, concentrations to be readily selected for compliance monitoring with respect
to the Directive (Bower et al. 1991b).

The studies utilised the infrastructure of the UK National Smoke/SO5 monitoring
networks. In 1986, diffusion tubes were sent by post to all local authorities operating
smoke/SQO4 monitoring stations in the national network. Full instructions were given, and
a range of mounting equipment supplied. Each tube was exposed for one month.
Replacement tubes were sent each month and all exposed tubes were returned by post and
analysed centrally. A number of sites were sent blank and duplicate tubes, as part of the
quality assurance and control plan of the studies.

Over 400 sites were included in 1986 and as many as possible of these again in
1991. The results are shown in Figure 4. The figure shows the spatial distribution of NO,
in urban areas throughout the UK, determined in the two studies. The spatial distribution
is very similar in the two years, but concentrations were significantly higher in 1991. This
is consistent with the overall estimated increase in emission of oxides of nitrogen from
motor vehicles in the UK over the intervening period.

These studies demonstrate the feasibility of running large scale monitoring studies
over a wide geographical area by posting diffusion tubes to local operators for exposure,
and returning to a central laboratory for analysis and collation of results. This approach
enables large-scale surveys of NO, to be implemented in a very cost effective and efficient
manner. The success of these studies has resulted in a long-term 1200 site NO, survey of
the UK being initiated in 1993.

Recent investigations have shown that even though the diffusion tubes provide
integrated average concentrations over one month, it may also be possible to use the
results to obtain estimates of exceedances of short-term air quality guidelines. These are
estimated using appropriate scaling factors derived from a longer-term database (Carless
et al., 1994). The factors derived are presently applicable to the UK, but may also be
useful in other parts of the world.
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Fig. 4. Maps of mean NO, concentrations in urban locations in the UK, derived
from diffusion tube results from a) July to December 1986 and b) July to
- December 1991,

3.2. An Area-Intensive Study Using Passive samplers

In the second example, a large number of diffusion tube samplers were used to
determine the detailed spatial distribution of NO, in and around Gatwick Airport, the
second largest airport in the UK. Tubes were exposed in “background “areas (open areas
not directly influenced by a single nearby source) throughout the airport and in surrounding
residential areas. In total, over 100 monitoring locations were used, with tubes being
changed monthly, over a one year period.

Annual average concentrations were then interpolated between sites by a computer
package to produce a contour plot of NO, concentrations throughout the study area (Fig.
5). Itis interesting to note that the plot clearly shows that the highest NO, concentrations
are observed close to the central terminal area, with little evidence of elevated
concentrations along.the runway itself.
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Fig. 5. Results of Gatwick Airport NO, Diffusion Tube Study

3.3. An Area-Intensive Study using Badge-type Samplers.

The third example is a study conducted in the centre of Cracow fity, Poland. A
network of 120 measuring points was established over .an area of 12 km”. The modified
Amaya-Sugiura method (Amaya and Sugiura, 1983; Krochmal and Gdrski, 1991a,b) was
used to carry out 24 hour measurements of NO, concentrations. Three projects, each of
one year, were performed between 1983 and 1990. Samplers were deployed every sixth
day at all points simultaneously, using triplicates for increased precision. About 150 maps
of spatial distribution of NO, concentrations were plotted (Fig. 6). By combining this
information with meteorological data it was possible to identify major sources of NO4 in the
area. During the summer season the NO, distribution pattern was similar to the layout of
the main traffic routes, whereas in winter the main source of NO, pollution was domestic
heating systems.

Similar studies were performed in several other cities in southern Poland. A large
project was carried out in the Tatra mountains and the adjacent city, Zakopane, to
investigate the effect of city air pollution on the quality of air in the National Park.
Samplers were exposed at elevations up to 2000m above sea level. Weekly
determinations of NO, in the National Park were below 5 ppb, indicating that for NO,, city
air pollution had no significant effect on the quality of the mountain air.
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area : 12 km' ,
number of measurement sites : 120

<15 15 - 20 2 -25 25-3 30 - 35 > 35
ppb ppb ppb ppb ppb ppb
Fig. 6. Spatial distribution of NO, in the centre of Cracow (Poland) 14/16 of
December 1988

3.4. Studies of Background Levels at Different Locations

The Swedish Environmental Research Institute used passive samplersin a six month
survey of the geographic distribution of NO, and SO, in background areas surrounding 37
Swedish cities (IVL, 1992). The results showed a high correlation between increasing
latitude and decreasing concentrations of NO, and SO,. It was concluded that long range
transport makes a substantial contribution to average NO, (Fig. 7a) and SO, (Fig. 7b)
concentrations in southern Swedish cities.
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Average NO, concentrations during six months at background areas
surrounding 37 Swedish cities. The cities are arranged with increasing
latitude. It was concluded that long range transport makes a substantlaj
contribution to average NO, concentrations in Swedish cities. (10 ug m
is equivalent to 5ppb.)

“Tp=—

[ve SOm 3

i .

.......
vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

Hdganzis
Bromolla ]|
Karlshamn
Almhult
Ljungby
Falkenberg
Ménsterds
Virnamo
Eksjs
Jonkdping
Kungily
Linkbping
Mariestad
Tyresd
Orebro
Karlskoga
Koping
Karlstad
Uppsala
Sala
Avesta
Ludvika
Gévle
Hudiksvall
Timri
Himoésand
Vinnis
Skellefted
thd
Boden
Pa.-al

Fig. 7b. Average 'S0y concentrations during six months at background areas

surrounding 37 Swedish cities. The cities are arranged with increasing
latitude. It was concluded that long range transport makes a substantla‘!
contribution to average S04 concentrations in Swedish cities. (10 ug m

is equivalent to 3.5 ppb.)
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Similar diffusion tube samplers were used in a one year survey of NOy, SO5 and NHj
at sites chosen to represent regional background in Southeast Asia, and at urban sites in
China (Ferm, 1992). The main intention was to investigate the repeatability of the
techniques under different geographic and cultural conditions.

Surprisingly, the best results were obtained with the SO, samplers. Repeatability
was very good in the whole concentration range (0.1 - 76 ppb). The average relative
standard deviation for all measurements was 7.7 %.

Problems were encountered with the NO, samplers. Initially, NO, values were
abnormally low. It seemed that the reagent was being consumed by ozone, present at
higher levels than in Sweden where the samplers were developed. The problem was
resolved by improving the formula for the impregnation solution. The new samplers were
found to have high repeatability in an acceptable range of concentration.

The initial value for reproducibility of the ammonia samplers was also poor (SD
31.1%). Evaporation of ammonia from particles deposited on the wind screen, followed
by absorption by the sampler, was identified as a possible cause of the problem. A change
in protocol requiring the wind screen to be replaced with a solid lid before mailing improved
repeatability considerably (to SD 15.4%, concentration range 0.07 to 37 ppb).

The results show the importance of evaluating passive samplers under different
climatic, geographic and cultural conditions before they are used in wide-scale surveys.
Minor adjustments to the sampler or the handling protocol may be necessary when
conditions differ from those under which the sampler was initially tested. The samplers
are at present being tested under a wide range of conditions in 11 different countries
(Bangladesh, China, Hong Kong, India, Indonesia, Korea, Malaysia, Nepal, Taiwan,
Thailand, and Vietnam). The results of these tests will be available in 1994/5.

3.5. Intercomparison of Passive Samplers in the Alps

In 1992, the ARGE Alp (Association of Alpine Countries) performed a six month
intercomparison of passive samplers for ozone and NO, at six different sites in the Alps
(Kirchner et al., 1994). The study was part of a long-term project on the presence and
effects of photooxidants, in particular ozone, in the alpine region. The primary aim was
to identify a method which could be used to measure vertical distribution profiles of ozone
‘at a range of mountain locations. Different passive samplers for NO, were intercompared
at the same time. The study was coordinated by the GSF Research Centre for Environment
and Health, Neuherberg/Munich, Germany. Five alpine sites were chosen at different
heights, together with one heavily polluted urban site for comparison. All sites had
continuous analysers operating. A total of 16 different passive samplers from 10
organizations in Germany, Austria, Italy, Switzerland and the UK were exposed in parallel,
and exchanged at intervals of one or two weeks (depending on the sampler specifications),
throughout the test period. Samplers were returned to the organizations from which they
came for analysis. The results from the different sampler measurements were compared
with the results from the continuous analysers. The first results are summarised below.
A complete description of the pilot study, the samplers used, and the results is given in
Kirchner et al., (1994).

The measured values of the majority of the ten samplers tested for NO, showed
significant correlation coefficients with the corresponding averages from the continuous
analysers when compared across all six sites (> 0.9), although measurements at the two
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high altitude stations, with very low concentrations of NO,y, showed only a poor
correlation. The differences between samplers based on similar principles were small.
Although at low concentrations of NO, the samplers could not replace measurements with
continuous analysers, they did provide a good indication of NO, concentrations and could
usefully be employed in a variety of studies.

Of the six ozone samplers tested, two (a diffusion tube exposed for one week and
an indigo paper sampler exposed for two weeks) showed a significant correlation
coefficient (> 0.8) with the values measured by the continuous analysers. The first results
indicate that meteorological factors should be taken into account when interpreting the
results from the ozone passive samplers. Although the samplers could not be used to
measure precise ozone concentrations, they did provide a useful indication of trends over
time, and could be recommended for certain studies at the mountain sites. Further
improvement and field trials of these samplers is desirable.

in the second phase of this study, the two ozone samplers selected on the basis of
the results of the intercomparison test are being used to investigate the vertical distribution
profiles of ozone in different areas within the Alps.
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