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PREFACE

The World Health Organizat-on (WHO) program on air pollution monitoring was initiated
in late 1967. The program is being implemented through a number of WHO collaborating
centers and national centers on air pollution. The functions of the centers include:
harmonization of methods of measurement; introduction of reliable and effective procedures
for calibration of routine sampling and analytical methods; improvement in design of
monitoring systems, in methods of data handling, and in statistical analysis of data;
and improvement in use of data. The WHO program will also help in generating inter-
nationally comparable data on levels and trends of air pollution in some urban and
industrial areas. This information may help to identify patterns of exposure to air
pollution and thus facilitate the planning and assessment of health effects studies carried
out in different countries. This program should also aid in the comparative evaluation
of effectiveness of national air pollution control programs.

Following the recommendations of a WHO Scientific Group on the Identification and
Measurement of Air Pollutants, which met in Geneva in 1965, it was decided to prepare a
laboratory manual on the sampling and measurement of individual air pollutants. As a
follow up to Professor Katz's monograph "Measurement of Air Pollutants - Guide to the
Selection of Methods", WHO, Geneva, 1969, the manual is intended to be a practical use to
laboratory workers all over the world, even to those unfamiliar with some or all of the
procedures. Although it does not contain a comprehensive survey of all of the methods
currently available, it provides a critical review of the most widely used methods. The
number of methods discussed has been restricted so that selection of the most suitable is
as simple as possible. The application of some of these methods to special types of work
is also considered.

The manual is restricted to the methods of measurements for five pollutants: suspended
particulate matter, sulfur dioxide, carbon monoxide, oxides of nitrogen, and oxidants. For
each of these, selected methods for routine measurement, including one comparison method,
are described. It also contains a guide for the processing and reporting of air monitoring
data. Using this guide, WHO has completed a pilot study to test a scheme for handling and
statistically analyzing air pollution information.

Many national laboratories and experts have been involved at different stages in the
preparation of this manual and advice was sought from experts on alr pollution throughout
the world. The WHO Collaborating Center on Clinical and Epidemiological Aspects of Air
Pollution at the Air Pollution Unit, Medical Research Council (MRC), London, UK, prepared
the first drafts of different chapters of the manual in collaboration with and on the basis
of working papers submitted by Professor K. Bustueva, Moscow (sulfur dioxide), Professor
Chovin, Paris (carbon monoxide), Professor Saltzman, USA, (oxides of nitrogen) and
Professor Pitts, USA (ozone and oxidants). We are particularly grateful to Professor
P. J. Lawther, Director of the MRC Air Pollution Unit and the Principal Investigator of the
WHO Collaborating Center on Clinical and Epidemiological Aspects of Air Pollution and to the
members of his staff, Dr. B. Commins and Dr. J. McK. Ellison, for the great effort they
devoted to this project. At a WHO meeting held in November 1972 at the U. S. Environ-
mental Protection Agency's (EPA) Envircnmental Research Center in North Carolina, USA, a
number of experts from WHO Collaborating Centers were asked to comment on draft versions
of various sections of the proposed monograph; where possible, all the advice given has
been incorporated. During the last stage of the prevaration of the manual, invaluable
assistance was received from the WHO Collaborating Center on Air Pollution Control, EPA,
Research Triangle Park, North Carolina, from Mrs. P. Anderson Ffor editorial assistance and
from Mrs. M. Griffin for typing the numerous drafts and the final manuscript and in
particular from Dr. D. Shearer, Mr. F. Burmann, and Mr. L. Purdue, members of staff of
the center, who prepared the final text together with tae staff of the Unit for the
Control of Environmental Pollution and Hazards, Division of Environmental Health, WHO,
Geneva.
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The sampling and measurement of air pollutants is a rapidly developing subject,
and some methods and procedures described in the present manual are still of a contro-
versial nature. The views expressed here are therefore not necessarily shared by all
the contributors and reviewers. We expect that the users of this manual will draw
our attention to the difficulties they encounter in applying the proposed methods, and
make suggestions for improvement. Any comments regarding this document should be
addressed to: World Health Organization, Division of Environmental Health, 1211 Geneva
27, Switzerland. These suggestions will be used when preparing the revision of the
present manual, which is planned within the next 3-5 years.

It should be emphasized, however, that the views expressed should not be construed
as representing either decision or policy of the World Health Organization. The United
Nations Environment Programme provided the financial support for the publication of
this manual.
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GENERAL INTRODUCTION

Methods for sampling and measuring air pollutants must be chosen very carefully
and must take into account the purpose of the measurement as well as the resources
available. The criteria used for the selection relate directly to the degree to
vhich a method meets the following requirements; it should be (a) precise and
sufficiently accurate, (b) sensitive and specific, (c) economical in time, material
and instrumentation, (d) already widely accepted, and (e) preferably be tested in
interlaboratory comparison studies.

Few air pollution problems are confined to one locality, and many also occur in
other parts of the world. For pollution problems that are common to many local
situations in different parts of the world, there are obvious advantages in using
methods that permit comparison between results obtained. It is the aim of this manual
to facilitate the choice of methods that will yield reliable and, by intercalibration,
comparable results.

It is clearly much simpler to make data comparisons if only one standardized
method of measurement is used for each pollutant, but it is not necessary and often
not possible to be so restrictive. If the individual measurements are made by a
reliable method and if the results can be referred to a comparison (reference) method,
valid conclusions can be drawn using data from different sources using different
methods. For each pollutant, the selected methods described in this manual provide
those planning air pollution surveys with a number of reliable methods from which they
can choose one suited to their needs, their expertise, and their funds. The
recommended methods are well-tried and few, so that selection of the most suitable
should be easy. Most of the recommended methods require simple equipment available
in most laboratories. For each pollutant, one of the selected methods is designated
as the comparison method. The comparison method is intended to be used as a
reference method with which other methods can be compared. To improve the repro-
ducibility of measurements, this method is described in great detail, including
calibration procedures, to ensure, as far as possible, that it is always executed in
the same way, without adaptation to any local practice. The comparison method is not
necessarily the most sensitive or the most accurate; rather it is well-tried, and in
some cases needs only relatively simple equipment.

In addition to the selection of appropriate measurement techniques, attention
should be given to the siting of the sampling apparatus and the timing and frequency
of sampling. These should be chosen such that the air sampled is representative of
the air breathed by the population concerned. It is also important that those
setting up air pollution sampling networks should consult with local health officials
with detailed knowledge of the habits of the local residents. Advice should also
be sought from national and local meteorological services to ensure that adequate
meteorological information is provided for the analysis of the air pollution data.

This manual describes methods for the measurement cf suspended particulate matter,
sulfur dioxide, carbon monoxide, nitric oxide and nitrogen dioxide, and ozone and
oxldants. In each chapter the principal advantages ard limitations are described for
the selected methods for the pollutant under considerstion to facilitate the choice
of a particular method. Following this section are the procedures for each method.

The last chapter of the manual represents a guide for the reccrding and reporting
of air pollution data.
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CHAPTER 1. SUSPENDED PARTICULATE MATTER

Suspended particulates are a composite group of substances, liquids or solids,
dispersed in the atmosphfiﬁ, which range in diameter from a fraction of a micron to
several hundred microns. Suspended particulate matter requires careful definition
since its effects are determined not only by its chemical composition, but also by
its physical characteristics.

The most significant fraction of suspended particulate matter is the respirable
size, i.e., larger than about 0.1 microns and smaller than about 5-10 microns.
Particles in this size range persist in the atmosphere longer than other sizes. This
size range is significant not only in respect of health, but also in causing reduced
visibility and entering into atmospheric reactions. Furthermore, the proportion of
suspended particulate matter in the fine particulate's size range will increase as
present abatement techniques are implemented.

Of the five methods selected for this manual, three are based on gravimetric
principles, and two on photometric characteristics of particulate matter. The three
gravimetric methods involve collection of suspended particulate matter often for a
2h-hour period. The mass of particulate matter is determined by weighing filters
before and after sampling. For the photometric methods, particles are collected on
filters for periods of one to 24 hours. In these methods, transmittance or reflec-
tance of the deposited matter is measured.

A number of other methods exist for measuring specific characteféitics of
particulate matter. The "nephelometer" described by Charlson et al. is a
continuous method that measures light scattered by particles suspended in a defined
volume of air. An automatic and continuous sampler, capable of(§§mpling for 1 minute
to 16 hours, utilizing beta-radiation counting, is also in use. Several manual
methods that collect particles for specific purposes have been developed, an example
is the cascade impactor, which separates the sample into fractions for subsequent
physical or chemical analysis. Also, a dichoto?ggs sempler that collects particles
in two particle-size ranges has been developed. If suitable filters are used, the
samples can be analyzed by x-ray fluorescence analysis.

1.1 Principles, Advantages, and Limitations of Selected Methods

The Gravimetric Comparison Method (proposed) is used to determine the concen-
tration of suspended particulate matter gravimetrically by drawing a known volume of
air through a glass fiber filter of known weight; reweighing of the filter after
sampling under controlled conditions gives a direct measurement of particulate mass.
During sampling, the mass flow rate is maintained throughout the entire sampling
period by a constant flow controller. Also, a lapse time meter accurately measures
the total minutes sampled during the sampling period. Maintenance of a constant flow
rate and a running sample time are advantages of the system that are valuable for
verification of the total sample volume. Large sample collection is another advantage
of this method, allowing identification and quantification of trace contaminants in
the sample, if desired. Relative ease of operation is also a positive characteristic,
with day to day operation accomplished by personnel with minimal training. Cost to
purchase and operate this method is moderate.




With this method it is necessary to reload with a clean filter after every sampling
period. The effects of humidity of the filter and the collected particulate matter must
be eliminated by performing all weight determinations under controlled humidity conditions.
No daily peak values are obtained which, when correlated with the information on wind
direction, would provide for a more in-depth analysis of problem sources. If the exposed
filters are to be analyzed for trace metals and organic and inorganic pollutants, a back-
up laboratory is required for performing specific analyses, and possible interference from
the filter media must be considered. Contrary to all other methods in this manual, this
method has not been extensively field tested. It is merely proposed as the comparison
method at this stage.

The Environmental Protection Agency's EPA Gravimetric Method(5) (Modified) is
similar to the Gravimetric Comparison Method in principle. Advantages of the method
include ease of operation, availability of past data, availability of test results and.
evaluation procedure results, and capability of collecting samples that can be analyzed
for many contaminants. Cost to purchase and operate the equipment for this method is
low.

The primary limitation of this method compared to the comparison method is the
uncertainty in the flow determination. Also, sampling time is not recorded continually.
It is necessary to determine average flow rates during the 24-hour period by averaging an
initial and a final flow rate. Since no elapsed time meter is incorporated, it is not
possible to ascertain definitely that the sampler has operated throughout the entire 2L-
hour period.

The Organization for Economic Cooperation and Development's OECD Gravimetric Method
(as modified by the British Standards Institute [BSI]) is similar in principle to the
gravimetric comparison method and shares most of that method's advantages. The filters
are small (100 mm in diameter as compared to the 20- by 25-cm glass filter used in the
comparison method), and this may limit the number of additional analyses that can be per-
formed on the sample. The total volume of air passing through the sampler is measured
with a gas meter that allows accurate measurement of the air sampled, but the calibration
of the meter can be affected by moisture or atmospheric contaminants.

The OECD Filter Soiling Method consists of collection of suspended particulate
matter on a 25-, 50-, or 100-mm filter for a predetermined period of time (usually 2k
hours). After collection, the reflectance of the particles is determined, and the
results are reported as surface concentrations of smoke in terms of "international
standard smoke." Due to the physical characteristics of particles, it is difficult to
correlate an optical measurement with a mass measurement. However, assuming the size
and chemical composition of particles remain uniform at a given site, an estimate of
the mass concentration for each sampling period can be made. The cost to purchase and
operate the filter soiling instrument is low.

In the American Society of Testing and Material's ASTM Filter Soiling Method the
darkness of the stain produced by drawing air through filter paper is measured photo-
metrically. The readings thus obtained are expressed either as COH (coefficient of haze)
units (based on transmittance), or RUDS (reflectance of dirt shade) units (based on
reflectance). A frequently used alternate method relates photometric values to a smoke
curve in order to arrive at a particulate concentration value.




The smoke shade method produces integrated values by setting the integration period
at predetermined values. ©Since the sampling period for each spot is relatively short,
the information from each spot can be correlated with the average wind direction for that
period, permitting a more in-depth analysis of the results. Cost to purchase and operate
smoke shade measurement equipment is low.

Limitations include the following. There is generally not enough material on a spot
to permit chemical analysis. The instrument used to measure smoke shade is usually located
indoors with a sampling line leading to the outside; special housing is required. The
sampling equipment must be calibrated rather frequently, although this procedure is relatively
simple, and an adequately trained technician suffices to effect it.

The spot can be evaluated by an evaluator built into some instruments or it can be
taken out and analyzed after collection. The advantages of the built-in evaluator are that
results are immediately available, the analysis is done on the spots before they are
handled, and filter handling is avoided. However, a built-in spot evaluator increases the
cost of the instrument. Separate spot evaluating equipment, used to service a number of
samplers, 1s usually quite adequate for most studies.

In general, comparison of smoke shade data with data derived from high-volume samplers
often yield po?g)results. High-volume data may be twice as large as concurrent smoke
shade results. There is, moreover, a danger of error in using smoke shade data inter-
changeably with gravimetrically determined mass measurements because the smoke shade
measurement is predominantly an indication of dark material in air, which may not be
proportional to the total weight of suspended matter.

1.2 Procedures

1.2.1 Gravimetric High-volume Method - Comparison Method

Ambient air is drawn under a fixed-area gabled roof and through a filter by means of a
heavy duty turbine blower at a constant flow rate ranging between 1.1 and 1.7
cubic meters per minute (m;/minute), Suspended particles having diameters (Stokes equi-
valent diameter) between 0.1 and 100 um are removed from this air stream by filtration
on a glass fiber filter. The mass concentration (pg/mj) of suspended particulates in
the air is determined by measuring the mass of the collected particulates and dividing
by the volume of air sampled.

This method is ap?}%cable to measurement of mass concentrations of suspended parti-
culates in ambient air when air samples are collected for 2h-hour periods. Sufficient
particulate material for gravimgtric measurement will be obtained in atmospheres containing
concentrations as low as 1 ug/m~. If particulate levels are unusually high, a satisfactory
measurement may be obtained in 6 to 8 hours or less. Masses §re determined to the nearest
milligram; airflow rates are determined to the nearest 0.0l m~/minute; time periods are
determined to the nearest minute; and mass concentrations are reported to the nearest
microgram per cubic meter.

Based upon collaborative testing for similar gravimetric methods (specifically, the
EPA method described in Reference 5), the coefficient of variation for single operator
variation (repeatability of method) is 3.0 percent. The corresponding value for multi-
operator variation (reproducibility of the method) is 3.7 percent.

l.2.1.1 Apparatus

(1) Sampler - The sampler consists of: the faceplate and gasket; the filter
adapter, flow controller, and timer assembly; and the motor, orifice, and pressure recorder.
Figure 1-1 shows an exploded view of these parts, their relationship to each othgr, and how
they are assembled. The sampler must be capable of passing air through a 400-cm” portion
of a clean 20 by 25-cm glass fiber filter at a constant flow rate ranging between 1.1 and
1.7 m'/minute. The blower must consist of a heavy duty turbine type blower with a fixed
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Figure 1-1. High-volume sampler (exploded view) used for gravimetric comparison method.



orifice on the discharge end of the sampler housing[(B) This discharge orifice assembly
contains a flow transducer connected to a system for continuously recording the flow
rate on a circular chart. Projecting through the throat of the filter adapter is a %@?S
flow sensor connected to a flow controller that maintains a constant mass flow rate.

A resettable running time meter, indicating in minutes, measures the running time of the
sampler.

(2) Sampler shelter - It is important that the sampler and support equipment be
properly installed in a suitable shelter. The shelter should be so designed as to provide
weather-proof protection for all of the components that make up the total sampler. The
shelter should be constructed from 0.2-cm-thick anodized aluminum or properly painted
1.25-cm~thick exterior plywood. The sampler must be mounted vertically in the shelter so
that the glass fiber filter is horizontal. The shelter should have a roof such that the
filter is protected from precipitation and debris. The internal arrangement and configu-
ration of a suitable shelter with a gable roof are shown in Figures 1-2 and 1-3. The main
housing should be rectangular with the dimensions of 29 by 36 cm. The width of the
annulus inlet space between the roof and the main housing should be L.0 + 0.1 cm on all
four sides. On the front and back, this distance is measured from the main housing to the
closest point of the gable roof. As an aid for construction, a detailed drawing with
dimensions is given in Figure 1-k4.
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Figure 1-2. Internal configuration of high-volume sampler. Figure 1-3. External configuration of high-volume sampler.
(3) Flow recorder - The flow recorder should be a recording device that measures O

to 25 cm water column pressure and records the airflow rate on a 2i-hour circular chart.

(4) Flow controller - The flow controller must be capable of controlling the flow
through the sampler to * 0.028 m~/minute under variations in Tilter loading, line voltage
(95 to 125 Vac), temperature (-L° to +72°C), and pressure.

(5) Elapsed time meter - Meter capable of indicating at least 1440 minutes
(24 nhrs) with an accuracy of + 1 minute.

(6) Orifice calibration unit - A metal tube 7.6 cm inside diameter (I.D.) and 15.9
cm long with & static pressure tap 5.1 cm from one end (see Figure 1-5). The tube end
nearest the pressure tap is flanged to about 10 cm outside diameter (0.D.) with a male
thread of the same size as the inlet end of the high-volume air sampler. A single metal
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Figure 1-b. Orifice calibration unit.

plate 9 cm in diameter and 0.25 cm thick with a central orifice 3.0 cm in diameter is held

in place at the air inlet end with a female-threaded ring. The other end of the tube is

flanged to hold a loose female threaded coupling, which screws onto the inlet of the

sampler. A gasket and 5 multihole resistance plates are positioned between the orifice
and the sampler for calibration.

(1) Differential manometer - Manometer capable of measuring to at least 40 em of
water.
(8) Positive displacement meter - Calibrated in cubic meters to be used as a

certified primary standard.

(9) Barometer - Capable of measuring atmospheric pressure to the nearest milli-
meter of mercury (mm Hg).

(10) Filter conditioning chamber - Balance room or desiccator maintained at 15° to
35°C and less than 50 percent relative humidity.

(11) Analytical balance - Equipped with a weighing chamber designed to handle
unfolded 20 by 25-cm filters and having a sensitivity of 0.1 mg.

(12) Light source - Such as the type used to view X-ray films for use in inspecting
filters for defects.

(13) Numbering device - Capable of printing identification numbers on the filters.

(14) Filters - Glass fiber filters having a collection efficiency of at least 99
percent for particles of 0.3 um diameter as measured by the dioctyl phthalate (DOP) test.
If a more detailed analysis for specific elements or compounds is contemplated, care must
be exercised(ES)use filters that contain low background concentrations of the components
of interest.



1.2.1.2 Sampling Procedure

(1) Filter preparation - Number filters and expose each filter to the light source
and inspect for pinholes, particles, or other imperfections. Filters with visible imper-
fections should not be used. A small brush is useful for removi?ﬁ garticles. Equilibrate
the filters in the filter conditioning environment for 2k hours. Weigh the filters to
the nearest milligram; record tare weight and filter identification number. Do not bend
or fold the filter before collection of the sample.

(2) Sample collection - Open the shelter, loosen the wing nuts, and remove the
faceplate from the filter holder. Install a numbered, preweighed, glass fiber filter in
position (rough side up); replace the faceplate without disturbing the filter, and fasten
securely. Undertightening will allow air leakage; overtightening will damage the sponge-
rubber faceplate gasket. A very light application of talcum powder may be used on the
sponge-rubber faceplate gasket to prevent the filter from sticking. During inclement
weather, the sampler may be removed to a protected area for filter change. Close the roof
of the shelter, place recorder chart on flow recorder, check pen for inking and start
sampler operating for prescribed period of time (usually 24 hours). After sampling,
record length of time sampled (from elapsed time meter), filter number, serial number of
high-volume sampler, location, and other pertinent information on filter folder. Remove
exposed filter from sampler and fold lengthwise so that only surfaces with collected
‘particulate are in contact, and place in a manila folder. The flow recorder chart should
also be removed and attached to folder. ‘

1.2.1.3 Analytlcal Procedure

‘For grav1metr1c analysis, equilibrate the exposed filter for 2h hours in the filter-
condltlonlng environment, then welgh. After they are welghed the fllters may be saved
for chemical analysis.

The mass concentratlon of suspended partlculate is calculated with the following
formula:

‘P = (Wp - W) 6 _ o
—_—— X 10 ‘ (1-1)
V . N
T
where: SP = mass concentration of suspended particulate, ug/m3
Wf = final weight of filter, g
Wi = initial weight of filter, g
VT = total volume of air sampled, m"~
106 = conversion of g to ug

1.2.1.4 Calibration

The orifice calibration unit must first be calibrated against a certified positive
displacement standard meter. Attach the orifice calibration unit to the intake end of the
positive displacement meter and attach a high-volume blower unit to the exhaust end of the
meter. Connect one end of a differential manometer to the differential pressure tap of
the orifice calibration unit and leave the other end open to the atmosphere. Operate the
high-volume motor blower unit so that a series of different, but constant, airflows
(usually six) are obtained for definite time periods. Record the reading on the differ-
ential manometer. at each airflow. The different constant airflows are obtained by placing
a series of resistance plates, one at a time, between the calibration unit and the positive
displacement standard. Placing the orifice calibration unit and loadplates before the
inlet reduces the pressure at the inlet of the primary standard below atmospheric; therefore,
to standardize the readings, a correction must be made for the increase in volume caused
by this decreased inlet pressure. Attach one end of a second differential manometer to an



inlet pressure tap of the positive displacement meter and leave the other open to the
atmosphere. During each of the constant airflow measurements made above, measure the true
inlet pressure of the displacement meter with this second differential manometer. Measure
atmospheric pressure and temperature. Correct the measured air volume to standard air
volume using the following formula:

v = Vv (a‘ m X 2.&8) (1_2)

where: air volume at standard conditions (760 mm Hg, 25°C), m3

air volume measured by positive displacement meter, m
barometric pressure at atmospheric conditions, mm Hg
pressure drop at inlet of positive displacement meter, mm Hg

absolute temperature of the ambient air, °K

nmuwwunn

Then determine the airflow rate for each load plate using the following formula:

VS
Q@ = T (1-3)

where: QS = airflow rate, m3/minute
t time of flow, minute

Plot the differential manometer reading of thg orifice unit versus Qs on graph paper. A
straight line over the range of 1.1 to 1.7 -m3/minute should be obtained.

Since the flow controller maintains a constant mass flow rate, it is necessary only
to determine that one flow rate. Attach the calibrated orifice unit to the adapter with a
clean filter mat in place and turn on the high-volume sampler. Adjust pressure recorder
pen to a reference point on recorder paper at approximately 80 percent of chart. Record
atmospheric pressure and temperature at the site where high-volume sampler is being cali-
brated or operated. Record the pressure (AP) reading from manometer and determine from
orifice calibration chart the flow rate (Q ). Record this value (Q_ ) on the pressure
recorder chart. The total volume of air sgmpled is calculated using the following equation:

Vo = Q x ¢ (1-4)
where: VT = total volume of air sampled, 3
Qs = airflow rate, m3/minute
t° = total time sampler was operated, minute

If the barometric pressure or temperature during the high-volume sampler calibration is
substantially different from standard conditions (25°C, 760 mm Hg) a correction of the
flow rate may be required. If the barometric pressure differs by no more than % 15 percent
from standard conditions and the temperature differs by not more than * 25°C, the error in
the uncorrected flow rate (Q ) will be not more than * 15 percent. The flow rate may be
corrected using the followinz formuls which has been experimentally shown to apply to a
calibration orifice having a constant meter coefficient over the normal operating range of
the high-volume sampler:

60T
o, = q (%) (1-5)
298P2
where: Q = corrected flow rate, m3/minute
c - -
QS = airflow rate, m”/minute
T = absolute temperature during calibration
2 . . . .
P2 = barometric pressure during calibration, mm Hg



1.2.2 EPA Gravimetric High-Volume Method (Modified)

The EPA Gravimetric Method is similar to the gravimetric comparison method described
in Section 1.2.1. The major differences are that a constant flow rate is not maintained
and an elapsed time meter is not included. To ensure a complete and accurate description
of the method, it is described in detail, and some repetition of material presented in
Section 1.2.1 results.

Air 1s drawn into a covered hogsing and through a filter by means of a high-flow-rate
blower at a flow rate (1.1 to 1.7 m~/minute) that allows suspended particles having
diameters of less than 100 um (Stokes equivalent diameter) to pass to the filter surface.
Particles within the size range of 100 to 0.1 um in diameter are ordinarily collected on
glass fiber filters. The mass concentration of suspended particulates in the ambient air
(ug/m”) is computed by measuring the mass of collected particulates and the volume of air
sampled.

This method is applicab%?)to measurement of the mass concentration of suspended
particulates in ambient air. The size of the sample collected is usually adequate for
other analyses as well.

When the sampler is operated at an average flow rate of 1.7 m3/minute for 24 hours,
an adequate sample is obtaine% even in an atmosphere having concentrations of suspended
particulates as low as 1 ug/m~. If particulate levels are unusually high, a satisfactory
sample may be obtained in 6 to 8 hours or less. For determination of average concentra-
tions of suspended particulates in ambient air, a standard sampling period of 24 hours is
recommended. ‘

Weights age determined to the nearest milligram; airflow rates are determined to the
nearest 0.03 m~/minute; times are determined to the nearest 2 minutes; and mass concen-
trations are reported to the nearest microgram per cubic meter.

Particulate matter that is oily, such as photochemical smog or wood smoke, may block
the filter and cause a rapid drop in airflow at a nonuniform rate. Dense fog or high
humidity can cause the filter to become too wet and severely reduce the airflow through
the filter.

Glass fiber filters are comparatively insensitive to changes in relative humidity,
but collected particulates on the filter may be hydroscopic.

As mentioned in Section 1.2.1, collaborative testing indicated a relative standard
deviation (coefficient of variation) for single analyst variation (repeatability of the
method) of 3.0 percent. The corresponding value for multi-laboratory variation (repro-
ducibility of the method) is 3.7 percent.

The accuracy with which the sampler measures the true average concentration depends
upon the constancy of the airflow rate through the sampler. The airflow rate is affected
by the concentration and the nature of the particulate matter that has already been
collected in the filter.

l.2.2.1 Apparatus

(1) Sampler - The sampler consists of three units: the faceplate and gasket, the
filter adapter assembly, and the motor unit. Figure 1-6 shows an exploded view of these
parts, their relationship to each other, and how they are assembled. The sampler must be
capable of passing air through a hgo cem portion of a clean 20 by 25 em glass fiber
filter at a rate of at least 1.1 m~/minute. The motor must be capable of contin-
uous operation for 24-hour periods. The housing for the motor unit remains airtight

10
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Figure 1-6. Exploded view of typical EPA high-volume air sampler.
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and leakfree. The life of the sampler motor can be extended by lowering the voltage by
about 10 percent with a small "buck or boost" transformer between the sampler and power
outlet.

(2) Sampler shelter - It is important that the sampler be properly installed in a
suitable shelter. The shelter is subject to extremes of temperature and humidity and to
all types of air pollutants. For these reasons, the materials of the shelters must be
chosen carefully. Properly painted exterior plywood or heavy-gauge anodized aluminum
serve well. The sampler must be mounted vertically in the shelter, so that the glass
fiber filter is parallel with the ground. The shelter must be provided with a roof so
that the filter is protected from precipitation and debris. The internal arrangement and
configuration of a suitable shelter with a gable roof are shown in Figure 1-7. The total
clearance area betweea the main housing and the roof, measured at its closest point,
should be 580 £+ 60 cm . The main housing should be rectangular with dimensions of about
29 by 36 cm. As an aid for construction, a detailed drawing with approximate dimensions
is given in Figure 1-h.

(3) Rotameter - The flow meter is marked in arbitrary units, frequently O to 7O,

and is capable of being calibrated. Other devices of at least comparable accuracy may be
used.

11
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Figure 1-7. Assembled EPA high-volume sampler and shelter.

(4)  Orifice calibration unit -~ The unit consists of a metal tube 7.6 cm I.D. and
15.9 cm long with a static pressure tap 5.1 cm from one end. The tube end nearest the
pressure tap is flanged to about 10 cm 0.D. with a male thread of the same size as the
inlet end of the high-volume air sampler. ‘A single metal plate 9 cm in diameter and 0.25 °
em thick with-a central orifice 3.0 cm in diameter is held in place at the air inlet end
with a female-threaded ring. The other end of the tube is flanged to hold a loose female-
threaded coupling, which screws onto the inlet of the sampler. - A gasket and five multi-
holed resistance plates are positioned between the orifice and the sampler for- callbratlon.
An orifice calibration unlt is shown in Figure 1-5. -

(5) Differential manometer - The manometer must be capable of measuring at least
40 em of water. :

(6) Positive displacement meter - The meter, calibrated in cubic meters, is used
as & primary standard.

12



(1) Barometer - The barometer must be capable of measuring atmospheric pressure to
the nearest millimeter.

(8) Filter~conditioning environment - The balance room or desiccator must be
maintained at 15° to 35°C and less than 50 percent relative humidity.

(9) Analytical balance - The balance must be equipped with a weighing chamber
designed to handle unfolded, 20 by 25 cm filters and have a sensitivity of 0.1 mg.

(10) Light source - A table of the type used to view X-ray films is frequently used.

(11) Numbering device - The device should be capable of printing identification
numbers on the filters. :

(12) Filter media - Glass fiber filters having a collection efficiency of at least
99 percent for particles of 0.3 ym in diameter, as measured by the DOP test, are suitable
for the quantitative measurement of concentrations of suspended particulates, although
some other medium, such as paper, may be desirable for some analyses. If a more detailed
analysis is contemplated, care must be exercised to use filters that contain low back-
ground concentrations of the pollutant being investigated. Careful quality control is
required to determine background values of these pollutants.

l.2.2.2 Sampling Procedure

(1) Filter preparation - Before sampling, expose each filter to the light source
and inspect for pinholes, particles, or other imperfections. Filters with visible imper~
fections should not be used. A small brush is useful for removing particles. Equilibrate
the filters in the filter-conditioning environment for 24 hours. Weigh the filters to the
nearest milligram and record tare weight and filter identification number. Do not bend or
fold the filter before collection of the sample.

(2) Sample collection - To begin collection, open the shelter, loosen the wing
nuts, and remove the faceplate from the filter holder. Install a numbered, preweighed,
glass fiber filter in position (rough side up), replace the faceplate without disturbing
the filter, and fasten securely. Undertightening will allow air leakage, overtightening
will damage the sponge-rubber faceplate gasket. A light application of talcum powder may
be used on the sponge-rubber faceplate gasket to prevent the filter from sticking. During
inclement weather, the sampler may be removed to a protected area for filter change.

Close the roof of the shelter, run the sampler for about 5 minutes, connect the rotameter
to the nipple on the back of the sampler, and read the rotameter ball with the rotameter
in a vertical position. Estimate to the nearest whole number. If the ball is fluctuating
rapidly, tip the rotameter and slowly straighten it until the ball gives a constant reading.
Disconnect the rotameter from the nipple; record the initial rotameter reading with the
starting time. About 5 minutes before removing the filter, reconnect the rotameter and
obtain a final rotameter reading, which should be recorded with the ending time. Remove
the faceplate as described above and carefully remove the filter from the holder, touching
only the outer edges. Fold the filter lengthwise so that only surfaces with collected
particulates are in contact, and place in a manila folder. Record on the folder the
filter number, location, and any other factors, such as meteorological conditions or
razing of nearby buildings, that might affect the results. If the sample is defective,
void it at this time. In order to obtain a valid sample, the high-volume sampler must be
operated with the same rotameter and tubing that were used during its calibration.

Careful maintenance of the high-volume sampler is extremely important. Damage to the
motor can occur if the brushes are not replaced before they become too worn. The face-
plate gasket must also be replaced when the margins of samples are no longer sharp. (The
gasket may be sealed to the faceplate with rubber cement or double-sided adhesive tape.)
The rotameter should be kept clean using alcochol.
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1.2.2.3 Analytical Procedure

For gravimetric analysis, equilibrate the exposed filters for 24 hours in the filter-
conditioning environment, then reweigh. After they are weighed, the filters may be saved
for detailed chemical analysis.

1.2.2.4 Calibration
Because only a small portion of the total air sampled passes through the rotameter

during measurement, the rotameter must be calibrated against actual airflow with the
orifice calibration unit. Before the orifice calibration unit can be used to calibrate

the rotameter, however, the orifice calibration unit itself must be calibrated against the

positive displacement primary standard.

Attach the orifice calibration unit to the intake end of the positive displacement
primary standard and attach a high-volume motor blower unit to the exhaust end of the
primary standard. Connect one end of a differential manometer to the differential pressure
tap of the orifice calibration unit and leave the other end open to the atmosphere.

Operate the high-volume motor blower unit so that a series of different, but constant,
airflows (usually six) are obtained for a definite time period. Record the reading on a
differential manometer at each airflow. The different constant airflows are obtained by
placing a series of resistance plates, one at a time, between the calibration unit and the
primary standard. Placing the orifice before the inlet reduces the pressure at the inlet
of the primary standard below atmospheric; therefore, a correction must be made for the
increase in volume caused by this decreased inlet pressure. Attach one end of a second
differential manometer to an inlet pressure tap of the primary standard and leave the
other open to the atmosphere. During each of the constant airflow measurements made
above, measure the true inlet pressure of the primary standard with this second differential
manometer. Measure atmospheric pressure and temperature. Correct the measured air volume
to true air volume, then obtain true airflow rate, Q, by Equation 1-8, which is given
later. Plot the differential manometer readings of the orifice unit versus Q.

After calibrating the orifice unit, assemble a high-volume sampler with a clean
filter in place and operate it for at least 5 minutes. Attach a rotameter, read the ball,
adjust so that the ball reads 65, and seal the adjusting mechanism so that it cannot be
changed easily. Shut off motor, remove the filter, and attach the orifice calibration
unit in its place. Operate the high~volume sampler at a series of different, but constant,
airflows (usually six). Record the reading of the differential manometer on the orifice
calibration unit, and record the readings of the rotameter at each flow. Measure atmos-
pheric pressure and temperature. Convert the differential manometer reading to cubic
meters per minute, Q, then plot rotameter reading versus Q. Thus, both the rotameter and
the sampler are calibrated to the orifice calibration unit. The calibration is not wvalid
unless the sampler is operated with the same rotameter and tubing with which it was cali-
brated.

If the pressure or temperature during high-volume sampler calibration is substantially
different from the pressure or temperature during orifice calibration, a correction of the
flow rate may be required. If the pressures differ by no more than 15 percent and the
temperatures differ by no more than 100 percent, the error in the uncorrected flow rate
will be no more than 15 percent. If necessary, obtain the corrected flow rate as directed
below. This correction applies only to orifice coefficient. The coefficient for the
calibrating orifice described in the list of sampling apparatus above has been shown
experimentall§ to be constant over the normal operating range of the high-volume sampler
(0.6 to 2.2 m~/minute). Calculate the corrected flow rate as follows:

_ 2°1 (1-6)

1h



= corrected flow rate, m3/minute

where: Q2 3
Ql = flow rate during high-volume sampler calibration, m~/minute
Tl = absolute temperature during orifice unit calibration, °K or °R
Pl = barometric pressure during orifice unit calibration, mm Hg
T2 = absolute temperature during high-volume sampler calibration, °K or °R
P2 = barometric pressure during high-volume sampler calibration, mm Hg
1.2.2.5 Calculations

Calculate the true air volume measured by the positive displacement primary standard

using the following formula:

where:

n

barometric pressure, mm Hg

SR A

= volume measured by primary standard, m

Calculate the true airflow rate using the following formula:

Va

Q = 5
where: Q flow réte, m3/minute
T = +time of flow, minute

. . 3
= true air volume at atmospheric pressure, m

(1-7)

pressure drop at inlet of primary stan%ard, mm Hg

(1-8)

Convert the initial and final rotameter readings to true airflow rate, Q, using the

calibration curve determined as indicated in Section 1.2.2.L4.

sampled using the following formula:

Q, +Q
_ i f
vV = — % x T

air volume sampled, m3

initial airflow rate,_m~/minute
final airflow rate, m~/minute
sampling time, minute

where:

v

81
£

T

Calculate the volume of air

(1-9)

Calculate the mass concentration of suspended particulates using Equation 1-1:

6

(W -wi) x 10

v

f

S P =

where:
initial weight of filter, g
final weight of filtex, g

6 alr volume sampled, m
conversion of g to ug

b
I

HEg=E=sn

O
I

P = mass concentration of suspended particulates, ug/m

(1-1)
3
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1.2.2.6 Alternative Equipment

A flow recorder of the type used with the comparison method may also be used with the
EPA method. If such a recorder is used, the volume of air sampled, V, is calculated by
the following equation: :

V = Q x T (1-10)
where: Q@ = average sampling rate, m3/minute
T = sampling time, minutes

The average sampling rate, Q, is determined from the recorder chart by estimation if
the flow rate does not vary more than 0.1 m~/minute during the sampling period. If the
flow rate does vary more than 0.1 m~/minute during the sampling period, the flow rate is
read from the chart at 2-hour intervals and averaged.

1.2.3 OECD Gravimetric Method (as Modified by the BSI)

The OECD filter soiling method described in Section 1.2.4 has been modified to deter-
mine particulate concentration by direct weighing. To increase the volume of sample
collected as necessary for weight rather than reflectance determination, a high-volume
pump was substituted for the one used for the soiling method.

1.2.3.1 Apparatus

(1) High-volume pump - A pump with a nominal raging of 1.5 to 6.0 m3/hour, capable
of drawing the air through the apparatus at 30 to 120 m~/24 hours.

(2) Gas meter - A meter graduated at intervals of 0.025 m3 or less.

(3) Filter clamps - Two pairs of filter clamps of 100-mm internal diameter (I.D.).

(%) Funnel - A 60-degree funnel of hard glass with an inlet diameter calculated to
produce an inlet velocity of approximately 20 mm/second. The minimum radius of all bends
shall be 200 mm and the internal diameter of the tubing 13 mm.

(5) Filter - Good quality glass fiber filter suitable for relatively rapid flow
rates. These filters are fragile and must be handled carefully to avoid loss of fibers,
but this objection is outweighed by their filtration efficiency, low resistance to flow
and resistance to humidity effects. : .

(6) . Desiccator - A chamber of sufficient size to condition filters.

(1) Desiccant - Dried magnesium perchlorate (Mg[Cth]g).

(8) Balance - A balance designed to read to 0.1 mg.

The high-volume sampling apparatus is assembled in a manner similar to that used for
normsl smoke sampling (see Section 1.2.L4).

1.2.3.2 Sampling Procedure

Place two clean glass fiber filter papers in a desiccator containing dried Mg(Cl0 )2
as a drying agent and transfer the desiccator to a balance room. After a period of 2k
hours drying, remove one paper from the desiccator, simultaneously starting a seconds
timer, and determine the weight of the paper as soon as possible. Record this weight
every successive 30 seconds over a period of 3 minutes, and then plot a graph of weight
against time.
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Repeat this procedure for the second paper and plot the corresponding weight against
time graph. The extrapolation of both these graphs back to zero time will enable the
initial weight of each paper on removal from the desiccator to be deduced. The drying and
weighing procedure should be repeated at intervals of 3 hours until substantially constant
values of initial weight are recorded.

Place one glass fiber filter carefully into the 100-mm-diameter filter holder in the
sampling line, protecting the edges with gaskets of cellulose filter paper or thin aluminum
foil. Insert the second glass fiber filter likewise into another 100-mm-diameter filter
unit; this is to be used as a dummy and the filter as a control to indicate any change in
weight arising from the handling procedure. Pairs of glass fiber filter papers selected
for control and exposure should be matched as nearly as possible in weight.

Sample for a period long enough to give a deposit of suitable weight; this weight
should not be less than 10 mg and will normally require a sampling period of about 2L
hours. Carefully remove each glass fiber paper from the filter units, place them in the
desiccator, and transfer the latter to the balance room. After a drying period of 24
hours, remove each paper from the desiccator and adopt the same weighing procedure as
described above for the clean filter papers. Plot the corresponding graph and deduce the
final weight of each paper as before. Drying and weighing should be repeated until constant
final weights are recorded.

The increase in weight of the exposed paper is a measure of the weight of the dry
deposited material or smoke and any change in weight arising from the handling procedure.
A correction for errors caused by handling is made by adding or subtracting the difference
between the initial and final weights of the control paper.

The following formula is used to calculate the concentration of suspended matter:

1000w
= =% (1-11)
VH
where: C = +the mean volume concentration of suspended matter, ug/m3
W = weight of dry deposited matter, mg 3
VH = volume of air sampled by the high-volume sampler, m

1.2.4 OECD Filter Soiling Method

The sampling train is shown in Figure 1-8. (If it is intended to estimate sulfur
dioxide at the same time, a bubbler or impinger should be inserted between the filter and
pump. )

FILTER HOLDER

AND FILTER
MOISTURE FLOW
TRAP . GAS
3 T S
(DESICCATOR) PUMP METER ,NDF:QEOR
IF REQUIRED

FUNNEL
Figure 1-8. Schematic diagram of apparatus for OECD filter soiling method.
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1.2.4.1  Apparatus

(1) Suction pump - A pump, conveniently of the diaphragm tyge, with a nominal
rating of 80 liters/hour, capable of drawing between 1.5 and 2.25 m~ of air through the
apparatus in 24 hours.

(2) Gas meter - A meter, suitable for use with air, that has been tested for
accurage indication at the specified flow rate and that can be read easily at intervals of
0.01 m” or less.

(3) Smoke filter unit -~ Suitable assemblies for the 25-, 50-, and 100-mm-diamter
filter units are shown in Figure 1-9. Brass, anodized aluminum, and duralumin are suitable
materials, but, as anodized aluminum and certain aluminum alloys have been found to absorb
or to react with sulfur dioxide in the atmosphere, it is advisable to use a brass filter
unit, or to protect the surface of an aluminum unit with a coating of acid-resistant
lacquer. In use, the two pieces of the filter unit are clamped firmly together by a screw
clamp and held in a suitable support (see Figure 1-10). The clamp should be capable of
holding the filters firmly and under even pressure all round, with the two halves of the
clamp in proper registration. When the filter is very heavily soiled, reflectance is an
unreliable measure of the amount of material collected. The difficulty may be overcome by
exposing a large area of filter. Figure 1-9 gives dimensions for filter holders that
provide exposure circles of 25, 50, and 100 mm diameter. The largest would be needed only
very rarely, however. It should be noted that each size of stain requires its own formula
relatin% filter surface concentration of. smoke to concentration in air (see Equations 1-1k
to 1-16).

v il

L i S p——_

CLAMP UNIT ASSEMBLY

CONNECTOR

GROOVED FOR PVC

TUBING
UNIT A B C | D
AN 25 DIA. 25+ 0.1 48 +05 | 3 | 20
50 DIA. 50 + 0.1 71.5+05 | 3 | 20
R.
N 100 DIA. 100+ 0.1 127 +05 | 8 | 25
. :
3 | /) | —
+ W /,
T SECTION AA
c

Figure 1-9. Smoke filter units for OECD filter soiling method.
Dimensions are in millimeters.
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|
Syl

Figure 1-10.- Example of clamp holder assembly for
~ OECD filter soiling method.

(L) Filter funnel - A 60-degree funnel of borosilicate glass with a diameter of
about 40 mm (not less than 30 mm and not more than 50 mm). The funnel stem should be 6.5
mm I.D. and preferably should be fused onto the end of a piece of borosilicate glass tube,
6.5 mm diameter, bent into a right-angle of 50-mm radius. The glass tube should be at
least 30 mm long. The funnel may be protected by an open-ended wire guard. In situations
where a glass funnel could be damaged, a plastic funnel, of the seme diameter and internal
stem diameter, may be used. Such a funnel would not incorporate a right-angle bend and so
provision should be made for a clip or wire loop to hold the funnel facing downward and to
ensure that the radius of curveature of the right-angle bend is 50 mm.

(5) Connecting tubing - Tubing of glass or smooth-bore transparent plastic,
preferably of 6.5 mm I.D. and without sharp bends or changes of internal diameter.
Transparent polyvinyl chloride has been found suitable; other plastic materials may be
satisfactory, but care should be taken that they are not subject to chemical attack or to
the accumulation of electrostatic charges.

(6) Circular filters - Filters of Schneider CA 32, Whatman No. 1, or Fiberglass
GF/A (L2.5-mm diameter for 25-mm-diameter stains, TO-mm diameter for 50-mm-diameter stains,
and 125-mm diameter for 100-mm~diameter stains). If these are not available, any good-
quality white filtering material may be used, but the calibration curves given later can
be applied only to the filters to which they refer. If other filters are used, then
calibration curves must be derived for them.

(1) Reflectometer — A reflectometer of "EEL" or "Photovolt" type. If neither of
these can be obtained, any reflectometer of the barrier-layer cell type that uses white
light and that has a linear scale marked from O to 100 percent reflectance, adjustable to
read 100 on clean, unused filter paper, may be used, but the calibration curves refer only
to the reflectometers specified.

1.2.4.2 Installation of Apparatus

The connecting tubing should not be longer than 6 m, and any bends in the tubing
should have a radius of curvature greater than 5 cm. The intake should be at least 2.5 m
above ground level and away from unrepresentative air currents.

A wet meter preceded by a leakproof pump, a dry meter preceded or followed by a pump,
or a constant volume pump may be employed, but whichever assembly is used, the error of
measurement should be not more than * 3 percent. If a dry gas meter is used, a moisture
trap containing a suitable desiccant, for example, flake calcium chloride, may be required
(see Figure 1-8) to prevent condensation of moisture in the meter. The apparatus should,
however, be installed so that extremes of temperature are unlikely to occur. For example,
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in cold weather advantage may be taken of the heat generated by the pump by placing a
suitable enclosure around the whole apparatus, and in warm weather, the enclosure can be
readjusted to exclude the pump.

If the filter paper has been held sufficiently firmly and the clamp is properly
registered, a sharp-edged circular stain will be produced. If the stain appears to diffuse
under the edges of the filter unit, the clamping pressure is insufficient; if the stain is
not circular, the two halves of the holder are not centered accurately.

1.2.4.3 Sampling Procedure

Place a clean sheet of filter paper in the filter unit; if the two faces of the paper
are not the same, the paper should be placed so that the suspended matter is collected on
the smoother one. Ensure that the two halves of the filter unit coincide (e.g., by a
suitable centering device), tighten the clamp securely (see Section 1.2.4.2), record the
reading of the gas meter and the time of starting, and switch on the pump. Leave the
apparatus running for the desired period, then switch off, record the new reading of the
meter and remove the filter paper from the fllter unit.

l;2.h.h Analytical Procedure

Set up the reflectometer according to the manufacturer's instructions. The zero of
the EEL instrument is adjusted with the instrument turned off; the Photovolt instrument is
‘adjusted to read zero on a standard black tile. When Schneider CA 32 filter paper is
used, the reflectometer, whichever type it is, is adjusted to read 100 percent when placed
on a pile of clean Schneider CA 32 filter paper. When Whatman No. 1 paper is used, the
reflectometer, whichever type it is, is adjusted to read 100 percent when placed on a
single sheet of clean Whatman No. 1 paper on & standard white ceramic tile. Fiberglass
GF/A filters should be used in conjunction with an EEL reflectometer, which is adjusted to
read 100 percent on a single sheet of Flberglass GF/A filter paper placed on a standard
white ceramic' tile.

To measure the reflectance of a soiled Schneider CA 32 paper, it is put on top of the
pile of sheets of clean paper used to set the standard of 100 percent reflectance, and the
corresponding reflectometer reading is noted. To measure reflectance of soiled Whatman
No. 1 paper or of soiled Fiberglass GF/A filters, the soiled filter is put on the standard
white ceramic tlle and the reflectometer readlng is recorded.

1.2, h 5 Calculation of Concentratlon of Smoke-ig_Air in Terms of "International Standard
Smoke"

The surface concentration of smoke in terms of "international standard smoke" is
first obtained from the reflectance factor by reference to the calibration curve appro-
priate to the filter paper and reflectometer used. The graphs, in fact, use "darkness
index", d, instead of reflectance factor as the abscissa. (Darkness index equals 100
minus the percentage reflectance factor.) Curves for Whatman No. 1, Schneider CA 32, and
Fiberglass GF/A filter papers and for EEL and Photovolt reflectometers, expressing the
surface concentration(s) in terms of a national "equivalent smoke" are given in Figures 1-
11 to 1-15. (The diagrams publiskhed by OECD refer to filter stains 1 inch (25.4 mm) in
diameter but can be taken as appllcable for 25-mm-diameter stains.)

It is sometimes more convenient to use approximations in the form of algebraic
expressions instead of referring to graphs, and when this is so, and the reflectance of
the soiled paper lies between 90 percent and 40 percent (darkness index, d, between 10
percent and 60 percent) the surface concentration, S, in micrograms per square centlmeter
may be derlved from the following polynomial approximation:

2 6

§ = ad + ad” ...+ a6d : (1-12)
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Figure 1-11. OECD proposed international standard
calibration curve; EEL reflectometer - Whatman
No. 1 filter paper, 25-mm diameter.

where the constants a....a, take on values shown in Table 1-1. The following exponential
function may also be used:

s = aPd 4+ ¢ (1-13)

where A, B, and C have the values shown in Table 1-2.

The polynomials have been fitted to the observed values of S at 4 = 0, 4 = 10, 4 =
20,...d = 60, so that at these points.the fit is exact, and at intermediate points the
error does not exceed about 0.5 ug/cm”; at most points, it is much better than this. The
exponential approximation, which is included because on many computers it will be consider-
ably quicker.to compute, is less accurate but does not give errors substantially greater
than 1 pg/em”. With both approximations, these errors are smaller by a factor of about 2
when the loading of the filter is less than 30 ug/cm . Neither approximation should be
used outside the specified range, i.e., 4@ = 10 to 60 percent.

Surface concentrations can be related to the concentration of smoke in the air by the

following equations:

c = = for a 25-mm filter (1-14)
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Table l-l.r VALUES OF COEFFICIENTS FOR POLYNOMIAL, APPROXIMATION OVER RANGE OF REFLECTANCE
FROM 90 TO 40 PERCENT OF OECD-PROPOSED INTERNATIONAL STANDARD CALIBRATION

S=ad+a.d...

Curve: 1 >

+ a6d6

. 2 .
(8 = surface concentration, ug/em ; d = darkness index

100 - reflectance)

Reflectometer and paper used ay a, 3 a), a5 a6

EEL reflectometer - 0.10388683 -0.10934603 0.91589779 -0.30960kL32 0.48923735 -0.28392782
Whatman No. 1 filter x 10 x 10"2 x 1073 x 107 x 1077
paper, 25-mm diameter '

Photovolt reflectometer - 0.30857353 0.33661823 -0.20987313 0.69341793 -0.10008623 0.544058L46
Schneider CA 32 filter x 10T x 1072 X 10‘h x 107 X 10'8
paper, 25-mm diameter

Photovolt reflectometer 0.51539775 -0.59031348 0.58712106 -0.2023794k 0.31996791 -0.18374801
Whatman No. 1 filter x 10T x 1072 x 1073 x 1077 x 1077
paper, 25-mm diameter

EEL reflectometer - 0.50864151 0.52343629 -0.25756178 0.79578207 -0.11820990 0.68930053
Schneider CA 32 filter x 107F x 10',l x107° X 10‘lL x 10~ p'e 10‘8
paper, 25-mm diameter

EEL reflectometer - 0.29550479 -0.92913301 0.97488342 -0.32086716 0.49435035 -0.2763u4k92
GF/A glass fiber filter, x 1072 x 1073 X 1o'h x 10‘6 x 10‘8

25-mm diameter
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Table 1-2. VALUES OF CONSTANTS FOR EXPONENTIAL APPROXIMATION OVER RANGE OF REFLECTANCE
FROM 90 TO 40 PERCENT OF OECD-PROPOSED INTERNATIONAL STANDARD CALIBRATION

Bd

Curve: S = Ae + C (8 = surface concentration, ug/cmz; d = darkness index

100 - reflectance)

diameter

Reflectometer and paper used A B C

EEL reflectometer - Whatman No. 1 filter paper, 12.5659 3.84337 x 1072 -12.546
25-mm diameter

Photovolt reflectometer - Schneider CA 32 filter 15.6110 2.63778 x 107% -15.521
paper, 25-mm diameter

Photovolt reflectometer — Whatman No. 1 filter paper, 7.8868 L.29872 x 1072 - 8.130

" 25-mm fiameter

EEL reflectometer - Schneider CA 32 filter paper, 13.0614 3.07231 x J.O_2 -13.333
25-mm diasmeter

EEL reflectometer - GF/A glass fiber filter, 25~mm 8.8771 2.63658 x 1072 - 8.843
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Figure 1-12.- OECD proposed international standard
calibration curve; Photovolt reflectometer - Schneider
CA 32 filter paper, 25-mm diameter.

c = o.92 S& for a 50-mm filter (1-15)
_ SA - e
c = 0.8 5 for a 100-mm filter _ (1-16)

where: area of appropriate filtgr stain,'cm?
volume of air sampled, m

concentration of smoke in air, ug/m

A
v
C

(Note: These expressions are taken from Methods of Measuring Air Pollutlon,(lg) in which
it is stated that the factors 0.92 and 0.80 in the - values of C " for the larger filters were
"to allow for the lower linear velocity of the air as it meets the filter paper in these
filters causing less penetration of the smoke particles into the pores of the paper. The
document goes on to state that "This leaves more of the smoke on the surface so that a
given amount produces a darker stain." The separation of particles from an airstream by a
fibrous filter is, however, a function not only of the face velocity of the airstream but
also of particle size, shape, and den51ty‘and of the diameters and packing density of the
fibers. Consequently, factors such as those given in the above expressions cannot be
regarded as true for all aerosols, although they may perhaps be fairly widely applicable
to dark urban smoke.)
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Figure 1-13. OECD proposed international standard

calibration curve; Photovolt reflectometer - Whatman
No. 1 filter paper, 25-mm diameter.

The term C expresses the concentration in micrograms per cubic meter of air sampled,
without adjusting the measured volume of air to standard temperature and pressure and
without allowing for the small drop in pressure at the meter. This procedure is considered
to be adequate for the general run of routine observations. Some discretion may need to
be exercised if the conditions are such that clogging of the smoke filters causes an
unduly large pressure-drop at the meter. This should not be allowed to happen; however,
sampling time and the area onto which smoke is collected should be adjusted to ensure
fairly light soiling (reflectance in the range 4O to 90 percent).

1.2.4.6 Determination of the Form of Calibration Curve

Tt cannot be stated too strongly that, however surface concentration is derived from
soiling, it is imperative to use a calibration appropriate to the filter paper used, and
that, if this paper is not one of those listed above, then a calibration for thé paper
used, under the conditions of use, must be obtained. The appropriate calibration curve
may be obtained as follows:

Air is drawn through an inverted funnel and passes through 12.5-mm I.D. tubing to a
wide-mouthed, cylindrical, 5-liter bottle. The inlet tube enters the stopper centrally
and dips to within 25 mm of the base. Eight symmetrically placed 6.5-mm I.D. tubes dipping
12.5 mm into the bottle lead to 25-mm~diameter filter clamps and then to 8 meters and
pumps .
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Figure 1-14. OECD proposed international standard
calibration curve; EEL reflectometer - Schneider CA
32 filter paper, 25-mm diameter.

A timing unit is arranged to give the following 30—minute sequence actuating the 8

lines:
(1) Line 1 operates for 1-2/3 minutes in every 30 minutes.
(2) Line 2 operates for 3-1/3 mimites in every 30 minutes.
(3) Line 3 operates for 5 minutes in every 30 minutes.
(4) Line 4 operates for 10 minutes in every 30 minutes.
(5) Line 5 operates for 15 minutes in every 30 minutes.
(6) Line 6 operates for 20 minutes in every 30 minutes.
(1) Line 7 operates for 25 minutes in every 30 minutes.
(8) Line 8 operatés for 30 minutes in every 30 minutes.

The rate of airflow through eacg filter, for the time it is in use, is that defined
in the OECD report, namely about 2 m~/day. The equipment is operated for a sufficient
number of complete cycles to produce a relatively dark stain for the continuously operated
filter on line 8. The surface concentrations of smoke on the eight filter papers at the
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Table 1-15. OECD proposed international standard

calibration curve; EEL reflectometer - Fiberglass
GF/A filter, 256-mm diameter.

conclusion of the test are in the same proportion as the volumes plotted against the
darkness index of the corresponding smoke stains, and this relationship can be used to
establish the shape of the calibration curve. There remains, however, the problem of
relating the curve so obtained to the "international standard calibration concentration"
advanced by the OECD in relation to particular types of paper and particular reflectances.
This can be done only by experiments using the two types of paper side by side and so
fixing a point on the curve for the "unknown" paper in relation to a known point on the
standard paper; it is not achieved by a gravimetric calibration because the relationship
between weight and soiling potential varies widely.

1l.2.5 ASTM Filter Soiling Method

The ASTM Standard test method for "Particulate Matter in the Atmosphere-Optical
Density of Filtered Deposit" is based on the American Iron and Steel Institute (AISI)
automatic smoke sampler. It offers two different units for expressing soiling: COH
(coefficient of haze) based on transmittance, and RUDS (reflectance unit of dirt shade).
Of these units, only COH is widely used, and only this part of the ASTM standard offers
a suitable basis for an international standard.
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1.2.5.1 Sampling Period

The maximum amount of deposited matter evaluated accurately by the ASTM method is
that corresponding to a 50 percent attenuation of incident light or a maximum optical
density of about 0.30. For testing under heavily contaminated atmospheric conditions
leading to the deposition of a dense bed of particles that may give rise to higher optical
densities than the maximum range, the sampling cycle is shortened to 1 hour or less by
suitable adjustment of the instrument. Conversely, in relatively clean atmospheres, the
sampling cycle may be increased to 2-, 3-, h—, or 6-hour periods of the day. The most
useful range for measurement of the light attenuation of the circular deposits is between
optical densities of 0.05 and 0.30.

1.2.5.2 Apparatus

(1) Automatic smoke sampler - The instrument consists of an assembly containing a
sampling probe with a filter screen for removing coarse materiasl, a clamping device or
head to hold the inlet plug securely to the paper, a paper holder to accommodate a roll of
filter paper, an interval timer actuated by a clock, a calibrated flowmeter, an electrically
driven air pump, and a timer control device for adjustment of the sampling cycle (Figure
1-16). The optical density of the deposit or circular stain on the filter paper is deter-
mined by measurement of light with a transmittance meter, spectrophotometer, or photo-
electric colorimeter. (Note: To relate soiling to mass concentration of airborne material,
a parallel sample of air may be filtered through a fibrous filter at a measured flow rate
over the same period. The mass of the filtered material is determined by weighing on s
laboratory-type analytical balance.)

TIMING
INLET MECHANISM
L
J o)
FILTER : 0
PAPER TAKE-UP SPOOL

TAKE-UP SPOOL
. " MOTOR
PUMP MOTOR

VACUUM
PUMP

Figure 1-16. Diagram of automatic smoke sampler.

(2) Filter paper - Any suitable type of fibrous filter paper of relatively low
resistance to air flow and good filtering efficiency. It is essential to specify the type
of paper used in sampling, for example, Whatman No. 4 filter paper.

(3)  Flow meter - A gas meter of suitable type, such as a calibrated orifice or a
capillary flow meter, to measure air flow in the range of 2.8 to 7.0 liters/minute.

(L) Pump - A reciprocating diaphragm pump, or one of the constant displacement
type, with an initial capacity of approximately 55 liters/minute.
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(5) Clamping device and interval timer - The inlet head is equipped with a clamping
device to fasten securely over a constantly exposed area of filter paper. This area is
exposed for 1, 2, or 3 hours or more for a given spot sample, depending upon atmospheric
and meteorological conditions. At the end of this period, the sampling device releases
the paper, which is moved to expose a fresh area, and the cycle of operations is repeated.
The timing cycle must be capable of adjustment in order to avoid sample spots with
excessively dense stains. Parts that come in contact with the filter paper shall be
of stainless steel, plastic, or other corrosion-resistant, noncontaminating material.

The filter holder should leave a circular free area with a diameter of 25 mm, which
should suffice for sampling rates of 7 to 11 liters/minute.

(6) Spot sampling probe - The probe consists of a small cyclone chamber, a gravity
dust trap, or a funnel covered with a mesh screen and connected to a suitable length
of glass tubing, the other end of which is attached to the sample inlet head with short
rubber connections. This design excludes coarse particles larger than about 40 um
in diameter.

(1) Meter for measuring transmission - Any conventional laboratory instrument is
suitable if it is equipped with a stable light source and a photoelectric optical system
suitable for determining incident, transmitted, or reflected light from clean paper in
comparison with spot samples. For general survey purposes, white light may be employed,
but for some purposes it may be useful to be able to make measurements in a narrower range
of the spectrum through the use of colored filters or, preferably, an adjustment for
wavelength to give essentially monochromatic light.

1.2.5.3 Sampling Procedure

After assembling the apparatus, place a roll of clean filter paper tape in the holder
and pass the air to be tested through the sampling probe at T liters/minute if the
exposed circular area of the paper under the inlet head in equivalent to 25-mm-diameter
circle. If larger exposed areas are used, the flow rates are proportionately greater.
The time cycle on which the sampler is operated is set to avoid stains or spots of optical
density exceeding 0.30. This specification is usually met by setting the time rotor to
yield a spot sample .every 2 hours; in summer weather under normal meteorological eonditions,
it can be lengthened to 3 hours. Under winter conditions when consumption of coal or
other fuel is high and smoke conditions may be dense, the time cycle can be reduced
accordingly.

Measure the airflow frequently enough with the gas flow meter to establish the
average air sampling flow rate. The gas flow meter should be checked periodically by
calibration with a standard wet-test gas meter.

At convenient intervals, remove the exposed paper tape from the rewind spool and
measure each spot for optical density by transmittance or reflectance. Adjust the spectro-
photometer or colorimeter scale to read 100 percent reflectance or transmittance on an
equivalent area of clean filter paper. Then determine the corresponding value for the
spot sample. Record the readings in terms of the optical density scale of the spectro-
photometer.

Calculate the optical density as follows:

Optical density = log IO (1-17)
10 T
where: IO = intensity of transmitted light- through the clean paper
I = intensity of transmitted light through the sample

Optical density using reflectance is calculated in an analogous manner.
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1.2.5.4 Calibration of Soiling of Filter Paper

The ASTM standard recommends that the soiling measurements be calibrated gravimet-
rically. Although gravimetric calibrations of soiling methods may not always be reliable,
they have some value in particular cases.

1.2.5.5 Analytical Procedure

To compare similar samples collected in other sampling areas and under sampling
conditions where the area of paper exposed and the volume flow rate may be different, the
optical density values are converted to a unit scale called the COH unit. The COH unit
is defined as 100 times the optical density of the deposit, so that an optical density
of 0.301 is 30.1 COH units. Furthermore, because the intensity of the filter paper
stain is determined by the total volume of air aspirated through the filter and by the
area of the exposed filter, the size of the air sample is properly expressed .in linear
units of air, that is, the volume of air aspirated divided by the area of the filter.
For convenience, the results are reduced to multiples of 1000 linear meters of air
sample, so that the soiling for any time period is described in terms of COH units per
1000 linear meters of air.

If the quantity of air sampled during each spot sample is equal to L, in thousands of
linear meters, then, .

flow (m3/minute) X sampling time (minutes) (1-18)

1000 x circular area of spot (m2)

optical density x 100
L

COH/1000 linear meters = (1-19)

For many years, flow was measured in cubic feet per minute and the area of the spot in
square feet. For these units, results were expressed as COH per 1000 linear feet. Such
values can be converted to COH per 1000 linear meter by dividing them by 3.28.
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CHAPTER 2. SULFUR DIOXIDE

One of the major pollutants produced from man-made sources is sulfur dioxide (SO,),
much of which arises from the combustion of fossil fuels used for energy production.
Industrial processes such as smelting, sulfuric acid manufacture, and petroleum refining
also produceé sulfur dioxide.

Sulfur dioxide is a nonflammable, colorless gas that can exist in air either as a gas
or dissolved iy water droplets. It can be tasted by most people at concentrations of
about 900 ug/m~ or greater. Sulfur dioxide partially oxidizes in air to form sulfur
trioxide (803), which readily combines with water vapor to form sulfuric acid (Hgsou).

Procedures for monitoring SO, may be of the automatic or manual type. Manual tech-
niques may be either static (e.g.; sulfation plates) or mechanical (e.g. gas bubbler
devices). The two procedures for SO monitoring described in this manual are both of the
mechanical type and were selected beCause of their proven reliability and relatively
moderate purchase and operating cost.

A large number of other methods are available and currently employed to measure SO
concentrations in ambient air. One manual method involves conversion of SO to sulfate,
followed by titration or opacity measurement (after addition of barium chloride). The
automated techniques for the continuous measurement of SO. in air are especially appro-
Priate for use in air pollution control programs in which a continuous record is a neces-—
sity. The principles involved for the more commonly used continuous techniques are
conductivity, colorimetry, electrochemical diffusion, and gas chromatography coupled to
flame photometry.

2

2.1 Principles, Advantages, and Limitations of Selected Methods

The Pararosaniline Method is based on the absorption of S0, from the air in a solution
of potassium tetrachloromercurate. In this procedure, & dichlorosulfitomercurate complex
that resists oxidation by oxygen in the air is formed. The complex is made to react with
pararosaniline and formaldehyde to form the intensely colored pararosaniline methyl
sulfonic acid. The intensity of the color produced is measured by means of a colorimeter
or spectrophotometer and is related directly to the amount of 802 present in the corres-
ponding air sample by means of a calibration curve.

The method requires relatively simple apparatus for the collection of samples,
although analysis of samples requires a well-equipped analytical laboratory and a competent
laboratory technician. With the aid of automated equipment, however, the analytical
procedure can be simplified. Since the effects of principal known interferences have been
minimized or eliminated in this method, it is e§sentially specific for SO,. Concen-
trations of 50, in the range of 25 to 1000 pg/m” ¢ be measured utilizing prescribed
sampling condi%ions. Concentrations below 25 ug/m~ can be measured by sampling larger
volumes of air. One asset of the method is the relative stability of samples after
collection. For example, at 22°C losses of SO. occur at a rate of 1 percent per day.

When stored at 5°C for 30 days, no detectable Eosses of S0, occur. In colder climates,
care must be taken that samples do not freeze during collection. The air sampling
Procedures can be facilitated by use of a sequential sampler, in which the air stream
is passed sequentially through a prearranged number of bubblers. The sampling interval
for all these samplers is controlled by a timer. The cost to equip and operate a
monitoring station based on the pararosaniline method is moderate.

For the Acidimetric Method, the air sample is bubbled through a dilute hydrogen
peroxide solution where the SO, is absorbed and oxidized to form H.SO, . The acidity of
the resulting solution can be estimated by titration with alkali, and the result related
to the SO2 concentration in the corresponding air sample.
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The acidimetric method requires a simple apparatus and very limited operator skills.
The method, however, is not specific, because after oxidation of 80,, net acidity is
measured, and any acid or alkaline gas or vapor can interfere. Normally, no acid vapors
are present in ordinary urban air in concentrations that could cause substantial error,
but hydrochloric acid (HC1), nitric acid (HNO,), or acetic acid (c Hhog) of industrial
origin could give rise to difficulties. Intefference from carbon giox1de (co.) concen-
trations existing in urban air is prevented by adjustment of the absorbing regagent to pH
k.5, at which level equilibrium is attained with the normal concentration of 002 in air.
Interference from ammonia can be assessed by separate determination of the ammoria
present in the solution. It is not possible to detect less than 10 pg of 80, in 50 ml
of absorbing solution by this technique. Tests have shown that the reproducibility of
the method is good. The cost to equip and operate a station is modest.

2.2 Procedures

2.2.1 Pararosaniline Method - Comparison Method¥

This method is based on the Schiff Reaction.(l) The reaction was first us?g)as a
test for formaldehyd?3%nd later modified for use as a test for SO, by Steigmann and
adapted by Kozlyaeva for use in sampling and analyzing embient air. Many modifications
have since been proposed. The method presented here is a?h%daptation of the procedure
used by the Environmental Protection Agency in the U.S.A.

Concentrations of SO. in the range of 25 to 1000 ug/m3 can be measured with the
prescribed absorbing solu%ion volume and sample flow rates. Concentrations below 25 ug/m3
can be measured by sampling larger volumes of air, but if this is done, the absorption
efficiency of the collection system must be checked. Higher concentrations can be analyzed
either by collecting a smaller sample of gas or by using a larger volume of solution and
only part of the sample for the estimation. Beer's Law is obeyed through the working
range from 0.03 to 1.0 absorbance units or 0.8 to 27 ug of sulfite ion in 25 ml of final
solution.

If 10 ml of tetrachloromercurate solution is used, and twice the standard deviation
of duplicate estimations is taken as 0.75 ug, the lower limit of gefgstion of S0, in an
air sample of 30 liters represents a concentration of 25 ug SO, /m”. The rela%ive
standard deviation is L.6 percent for the analytical procedure using standard samples.(S)
Collection efficiency 's(gque 98 percent; efficiency may fall off, however, at concen-
trations below 25 ug/m>.' "’

The principal substances known to interfere are oxides of nitrogen (NO_), ozone (0.),
manganese (Mn), iron (Fe), and chromium (Cr). In the procedure described nére, these 3
interferents have been miniTézsdlBS eliminated. The interference from l\TOX is eliminated
by sulfamic acid (H_ NSO H), 7’ and O. interference is eliminated by & time delay.

The use(gflsshyleneéiam§ne tetraacetic ac%d disodium salt (NaEDTA) and phgiphoric acig+
(HP3O Yy o 3+prevents interference by certain metals. At least 60 ug Fe” , 10 ug Mn~ ,
and 16 ug Cr in 10 ml absorbing reagent can be tolerated in the p gcedure specified
be&gw. No significant interference was found from 10 ug c?gger-(Cu ) or 22 ug vanadium
(v'"). Ammonia, sulfides, and aldehydes do not interfere.

#The comparison method is recommended for use as a reference method with which other
methods can be compared.
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